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Abstract

Nitrogen-containing moieties are widespread in natural waters in dissolved organic nitrogen and micropollu-
tants. They are often susceptible to an electrophilic attack by ozone because of the electron-rich nature of the
neutral form of nitrogen in organic compounds. This indicates that reactions of nitrogen-containing compounds
with ozone inevitably occur in water and wastewater treatment where ozonation is applied for disinfection or
oxidation. Despite the relevance to ozone chemistry, the knowledge on reactions of ozone with some principal
nitrogen-containing functional groups is limited. The aim of this thesis was to elucidate reaction mechanisms of
nitrogen-containing compounds with ozone for common nitrogen-containing functional groups: aliphatic amines
and azoles. The primary objectives were (1) to determine the second-order rate constants for the reactions of
nitrogen-containing compounds with ozone (ko3), (2) to identify/quantify transformation products and reactive
oxygen species, (3) to perform kinetic simulations and quantum chemical computations to supplement or cor-
roborate empirical evidences. Reaction mechanisms were proposed by compiling the results from all aspects,
providing a better understanding of nitrogen-ozone chemistry. The investigation of triethylamine, diethylamine,
and ethylamine yielded kos of the neutral form of amines ranging from 9.3 x 104 M-1s1 to 2.2 x 106 M-1s.. The
apparent kos at pH 7 for potential or identified transformation products were 6.8 x 105 M-1s1 for N,N-
diethylhydroxylamine, ~105 M-1s1 for N-ethylhydroxylamine, 1.9 x 103 M-1s'1 for N-ethylethanimine oxide, and
3.4 M-1s1 for nitroethane. All amines predominantly underwent oxygen-transfer pathways to form major trans-
formation products containing nitrogen-oxygen bonds: triethylamine N-oxide (88% per abated triethylamine)
and nitroethane (69% per abated diethylamine and 100% per abate ethylamine). N,N-diethylhydroxylamine was
a potential primary transformation product from the diethylamine-ozone reaction. Its formation was not con-
firmed due to its high ozone reactivity, but supported by measurements of reactive oxygen species, kinetic simu-
lations, and quantum chemical computations. Pyrrole and imidazole reacted fast (kos > 103 M-1s1at pH 1 - 12),
whereas pyrazole reacted moderately fast with ozone (koz = 56 M-1s'1 at pH 7). All studied azoles underwent an
addition of ozone to the C-C double bond in the ring. Subsequent pathways after the initial ozone addition varied
considerably among the azoles. Pyrrole reacted with ozone via a Criegee-type and an oxygen-addition mecha-
nism. The major identified products (yield per abated pyrrole) were maleimide (34%), formamide (14%) and
formate (54%). Imidazole predominantly reacted via a Criegee-type mechanism with ring cleavage and for-
mation of three fragments, formamide, cyanate, and formate (~100% yields, respectively), completely closing
the mass balance. For pyrazole, only carbonous products were identified (126% formate and 34% glyoxal per
abated pyrazole). Products containing hydroxypyrazole and hydrazide moieties were postulated, possibly
formed via an oxygen addition and a Criegee-type mechanism, respectively. The nitrogenous transformation
products identified during this study may have different environmental implications. Some of them (e.g., nitroal-
kanes, N-formyl compounds) require further efforts to understand their impact on the aquatic environment and

human health.
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Zusammenfassung

Stickstoffhaltige Verbindungen findet man haufig in natiirlichen Gewassern in Form von geléstem organischem
Stickstoff oder Spurenstoffen. Diese stickstoffhaltigen Verbindungen reagieren mit Ozon wahrend der Ozonung
von Trink- oder Abwasser. Die elektronenreichen Eigenschaften des neutralen Stickstoffs begilinstigen eine
elektrophile Addition von Ozon. Trotz der Relevanz fiir die Ozonchemie sind Reaktionen von Ozon mit stickstoff-
haltigen funktionellen Gruppen noch wenig verstanden. Ziel dieser Dissertation war es, die Reaktionsmechanis-
men von stickstoffhaltigen Verbindungen mit Ozon am Beispiel von zwei verbreiteten funktionellen Gruppen,
den aliphatischen Aminen and Azolen, zu ermitteln. Der Fokus lag dabei auf (1) der Ermittlung der Geschwindig-
keitskonstanten 2. Ordnung der Reaktionen zwischen Ozon und stickstofthaltigen Verbindungen (kos), (2) der
Identifizierung/Quantifizierung von Transformationsprodukten und reaktiven Sauerstoffspezies, (3) der Durch-
fiihrung von kinetischen Simulationen und quantenchemischen Berechnungen um die Resultate zu erharten. Die
Untersuchung von Triethylamin, Diethylamin und Ethylamin ergaben kos im Bereich von 9.3 x 104 M-1s1 bis 2.2
x 106 M-1s! fiir die neutralen Amine. Die apparenten ko3 (pH 7) fiir Transformationsprodukte waren ~10> M-1s1
fiir N,N-Diethylhydroxylamin und N-Ethylhydroxylamin, 1.9 x 103 M-1s1 fiir N-Ethylethaniminoxid, und 3.4 M-1s!
fiir Nitroethan. Alle Amine reagierten vorwiegend via Sauerstofftransfer, was zur Bildung von Transformations-
produkten mit N-O-Bindungen fiihrte: Triethylamin-N-oxid (88% pro abgebautes Triethylamin) und Nitroethan
(69% und 100% pro abgebautes Triethylamin und Ethylamin). Die Bildung von N,N-Diethylhydroxylamin, ein
potentielles, priméres Transformationsprodukt aus der Ozonung von Ethylamin konnte aufgrund seiner hohen
Reaktivitdat mit Ozon nur durch Messungen von reaktiven Sauerstoffspezies, kinetischen Simulationen und quan-
tenchemischen Berechnungen bestitigt werden. Pyrrol und Imidazol haben eine hohe Reaktivitat mit Ozon (ko3 >
103 M-1s1, pH 1 - 12), wahrend Pyrazol nur realtive langsam reagiert (koz = 56 M-1s1 at pH 7). Die Reaktionsme-
chanismen unterschieden sich deutlich fiir die verschiedenen Azole. Pyrrol reagierte mit Ozon tiber einen Crie-
gee Mechanismus, sowie iiber eine Sauerstoffaddition. Die hauptsachlich identifizierten Produkte (Ausbeute auf
abgebautes Pyrrol normiert) waren Maleimid (34%), Formamid (14%) und Formiat (54%). Imidazol reagierte
hauptséachlich iiber den Criegee Mechanismus mit einer Ringspaltung und der Bildung von drei Fragmenten,
namlich, Formamid, Cyanat und Ameisensaure (jeweils 100% Ausbeute) was einer vollstindigen Massenbilanz
entspricht. Fiir Pyrazol wurden nur kohlenstoffhaltige Produkte identifiziert (126% Formiat und 34% Glyoxal
auf das abgebaute Pyrazol normiert). Produkte welche Hydroxypyrazol und Hydrazid-Gruppen beinhalteten,
wurden wahrscheinlich jeweils durch eine Sauerstoffaddition und den Criegeemechanismus gebildet. Die anhand
der Resultate in dieser Arbeit postulierten Reaktionsmechanismen tragen zu einem besseren Verstidndnis der
Stickstoff-Ozon-Chemie bei. Die hierbei identifizierten, stickstoffhaltigen Transformationsprodukte haben unter-
schiedliches Umweltverhalten. Einige Transformationsprodukte (z.B. Nitroalkane, N-Formyl Verbindungen)
bendtigen weitere Untersuchungen um ihre Auswirkungen auf die aquatische Umwelt und die menschliche Ge-

sundheit zu verstehen.

Schlagworter

Ozon, aliphatische Amine, Azole, Reaktionskinetik, Reaktionsmechanismen
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Chapter 1 Introduction

A critical review on reactions of nitrogen-containing compounds with

ozone: Kinetics and mechanisms

S. Lim and U. von Gunten, In preparation.



Introduction

1.1  Nitrogen-containing compounds in water and wastewater treatment

Since the invention of the industrial production of ammonia in the early 1900s, nitrogen-containing compounds
were extensively synthesized and applied in agriculture (as fertilizers) and numerous industrial applications
(explosives, rocket repellents, dyes, drugs, etc.).! The extensive use of nitrogen compounds has increased the
amount of nitrogen returning to the environment.? Increased nitrate concentrations have been observed in riv-
ers and groundwaters worldwide,! raising potential health concerns in drinking water.3 Nitrate in groundwaters
is mostly attributed to agricultural activities,* but leaky sewer and solid waste disposals also contribute to the
increased nitrate levels especially beneath urban areas.> Recently, growing emphasis has been laid on organic
nitrogen which has been also found in elevated concentrations in surface waters. Major sources are considered

intensive farming® and discharge of municipal wastewater.”

1.1.1 Dissolved organic nitrogen

Total dissolved nitrogen occurs in two forms: dissolved inorganic nitrogen such as nitrite, nitrate, and ammo-
nia/ammonium, and dissolved organic nitrogen (DON) such as amino acids, peptides and nucleotides.
Wastewater discharge and agricultural activities have been shown to increase DON levels in many surface wa-
ters.” Typical DON concentrations range from 0.2 to 0.9 mg N L-! for surface waters with varying dominant
land-uses (e.g., urban, agricultural, and natural sites).”.10-12 Because of population growth, higher water demand,
and water scarcity, these impaired waters become more dominant drinking water sources worldwide. As a re-
sult, the impact of the high DON levels on drinking water quality has received increasing attention. DON contains
potential precursors of nitrogenous disinfection byproducts (N-DBPs) formed during the reactions with disin-
fectants commonly applied in water treatment (e.g., chlorine, chloramine, and ozone). Many studies have identi-
fied N-DBPs including haloacetonitriles, haloacetamides, halonitromethanes and nitrosamines from low molecu-
lar weight DON (e.g., free amino acids and simple aliphatic amines) to larger DON (e.g., algae or isolated organic
material with high N contents).’® The majority of DON is still unidentified.** The most common and identifiable
DON components are combined amino acids (proteins and peptides) and free amino acids, which account for 7 -
50% of DON in natural waters and wastewater effluents (Table 1.1).>%14 Heterocyclic nitrogen compounds are
considered to be the next dominant DON.® They may be purines and pyrimidines, building blocks of RNA and

DNA, but their proportions of DON in natural waters are largely unknown.'® Urea and simple aliphatic amines

(e.g., methylamine) were also detected possibly as microbial degradation products.’®

Table 1.1. Constituents of dissolved organic nitrogen in natural waters and wastewater effluents.

Compound Percentage in DON References
Total amino acids - the sum of the free and combined amino acids 7 - 50% 791114

Free amino acids 1-5% (a8

Urea 6% 11
Methylamines <1% u

Nucleic acids (DNA and RNA), purines, and pyrimidines NA2 15

aGeneral proportion in DON is unknown, but a few measured concentrations in rivers and lakes are summarized in Jgrgensen (2009)' as
0.006 - 0.95 pM N for DNA, 0.25 - 9.30 pM N for RNA, and 0.06 uM N for purines.
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1.1.2 Micropollutants containing nitrogen

Another important pool of nitrogen-containing compounds consists of micropollutants. Micropollutants include
pharmaceuticals, pesticides, and personal care products that are not fully removed by conventional wastewater
treatment plants and therefore are discharged to the aquatic environment.'® As they are often biologically active,
micropollutants are of growing concern because of their possible adverse effects on the aquatic environment and
human health. Many micropollutants contain nitrogen and some have shown to be transformed into toxic trans-
formation products after oxidation processes in water and wastewater treatment.'” In reality, chemical oxidants
applied for water treatment are mostly consumed by DON present in much higher quantity (0.01 - 0.15 mM as
N)”* rather than by micropollutants (<< 0.1 pM) in surface waters and wastewater effluents.'® However, certain
micropollutants can produce toxic transformation products with high molar yields, which have gained particular
attention: e.g., ranitidine transformed into N-nitrosodimethylamine (NDMA) by chloramine with > 70% yield,’
N,N-dimethylsulfamide into NDMA by ozone with > 50% yield,'**® semicarbazide derivatives into NDMA by
ozone with 10% and 27% yields,?! and daminozide into NDMA by ozone with 100% yield.?? Based on these high
yields of toxic compounds, micropollutants may still contribute significantly to the overall oxidant-induced tox-

icity, even though they are present in much smaller concentrations than DON.

1.2 Ozonation in water and wastewater treatment

Ozone has been applied in water and wastewater treatment as a disinfectant and/or oxidant since the early
1900s.23 As a disinfectant, ozone is considered as an alternative to chlorine disinfection, as it not only effectively
kills bacteria, viruses, and protozoa, but also prevents the formation of trihalomethanes and haloacetic acids, the
disinfection byproducts associated with chlorine. Ozone is also used as a powerful oxidant in conjunction with
hydroxyl radical, a secondary oxidant produced from ozone decay in water. As an electrophile, ozone reacts pref-
erentially with electron-rich compounds such as olefins, activated aromatic compounds, neutral amines and
reduced sulfur compounds with second-order rate constants of ko3 = 103 M-1s-1to 10° M-1s-1.23 Hydroxyl radical
oxidizes almost all organic and inorganic compounds including ozone-refractory compounds (e.g. saturated ali-
phatic hydrocarbons) with nearly diffusion-controlled second-order rate constants of k.on 2 10° M-1s-1.24 Despite
these advantages, ozonation has potential to form disinfection byproducts such as bromate,?5 quinones,2¢ and
low molecular weight oxygen-containing organic compounds.27.28 Most of the byproducts are biodegradable and
easily removed by biological post-treatment implemented after ozonation.2”.2° Bromate is hardly abated by con-
ventional treatment processes, and therefore, minimizing its formation is an important mitigation strategy for

ozonation.25

Recently, ozonation has been considered a viable option for enhanced abatement of micropollutant loads in
wastewater treatment plants.>® It has been demonstrated to efficiently abate various micropollutants in labora-
tory-, pilot-, and full-scale systems.3*3> However, micropollutants are not fully mineralized with common ozone
doses applied in treatment plants, but rather converted to transformation products whereof the structures, bio-
logical activities, or ecotoxicity aspects are largely unknown. Generally, overall toxicity after ozonation is de-
creased by selective reactions of ozone with the specific moieties responsible for biological activities.>*"3® Even
when transformation products exerting toxicity (e.g., assimilable organic carbon) are formed, biological post-
treatment after ozonation usually effectively removes such compounds and ensures the quality of treated wa-

ters.?”° However, some transformation products are more persistent than others during the biological post-
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)?94% wherefore, the possibility of the presence of toxic products in treated waters can-

treatment (e.g., N-oxides
not be entirely ruled out. To predict transformation products and assess their impact on the receiving waters,
detailed knowledge is required on the kinetics and mechanisms of the reactions of micropollutants with ozone.
Over the last few decades, a wealth of information has been collected regarding reactions of ozone with ozone-
reactive compounds such as olefins and aromatic compounds and the relevant information has been well com-
piled.?® Based on the kinetic/mechanistic information, computational tools have been developed to predict reac-
tion kinetics and transformation products upon ozonation.*42 Such tools highly depend on the underlying em-
pirical information which should ideally include all ozone-reactive moieties. However, for nitrogen-containing
compounds, previous studies have been focused on certain moieties (e.g., tertiary amines and anilines). In-depth
understanding on the reactions of ozone with other principal nitrogen-containing functional groups is still miss-

ing.

1.3 Reactions of nitrogen-containing compounds with ozone

According to a comprehensive list including > 500 organic substances such as pharmaceuticals, pesticides, per-
sonal care products, food additives, industrial chemicals, and their metabolites (selected based on measurement
campaigns in Swiss surface waters, chemical consumption data, and various international substances lists),
about 85% of the selected substances have at least one nitrogen in their structures.’®*** These nitrogen-
containing compounds contain a variety of nitrogen-containing functional groups including aliphatic amines,
heterocyclic amines, amides, anilines, etc. Aliphatic amines (AA) including primary, secondary, or tertiary amines
comprise 40% of the nitrogen-containing micropollutants as a single functional group or along with other func-
tional groups (AA, AA mix, and AA+HA mix, Figure 1.1). Saturated heterocyclic amines containing secondary or
tertiary amines are also classified as aliphatic amines as they behave similarly with regard to the reaction with
ozone (see section 1.3.2). Another common functional groups are unsaturated heterocyclic amines (HA) account-
ing for 44% of the nitrogen-containing micropollutants (HA, HA mix, and AA+HA mix, Figure 1.1). The sum of the
proportions of AA, HA, and their combinations is 70%; in other words, micropollutants containing neither AA nor
HA functional groups account for only 30% of the nitrogen-containing micropollutants. Many micropollutants
contain multiple types of nitrogen-containing functional groups within the structures (Figure 1.2). Amides (in-
cluding sulfonamides, urea-based compounds, and sulfamides) and anilines are also common functional groups
but usually present along with aliphatic amines or unsaturated heterocyclic amines in the micropollutants (in-
corporated in AA mix, HA mix, and AA+HA mix, Figure 1.1). Aliphatic amines and unsaturated heterocyclic
amines are also commonly found together in the structures of micropollutants (AA+HA mix, Figure 1.1). As mi-
nor groups, carbamates, nitriles, imines, hydrazines, and nitro compounds are present (Others and Others mix,
Figure 1.1). The classification shows clear prevalence of aliphatic amines and heterocyclic amines as structural
units of micropollutants. The following section discusses key features for each nitrogen-containing functional

group with regard to its reaction with ozone.



Introduction

Nitrogen-containing micropollutants (466 compounds)

Unsaturated heterocyclic amines
(HA, 9%)

HA mix (21%)

Figure 1.1. Distribution of nitrogen-containing functional groups found in nitrogen-containing micropollutants (466 compounds). The entire
list of the micropollutants (from a total of 550 compounds as nitrogen and non-nitrogen compounds) is available in Bourgin et al. (2018).2°
Solid patterns indicate micropollutants containing only one type of functional group; dashed patterns indicate micropollutants containing
multiple types of functional groups. The functional groups were classified as AA: aliphatic amines or saturated heterocyclic amines, contain-
ing primary, secondary, or tertiary amines; HA: unsaturated heterocyclic amines; Amides: amides, sulfonamides, urea-based compounds, and
sulfamides; Anilines: substituted anilines; Others: unclassified functional groups including (in order of frequency) carbamates, nitriles,
imines, hydrazines, nitro compounds, etc.; X mix: micropollutants containing Amides, Anilines, or Others in addition to the functional group X,
where X indicates AA, HA, AA+HA, and Others.

Amides HA Amides HA Others
ilii Anilines X (carbamate)
Anilines fo) N NH O

L T (& o

N AL © | )\ L NH
AA 1/"“]\/\0 07 “NH
O NH, (o]
AA Amides

Metoclopramide Sulfadimethoxine Doxylamine Iprovalicarb
(AA mix) (HA mix) (AA+HA mix) (Others mix)

Figure 1.2. Examples of micropollutants containing multiple types of nitrogen-containing functional groups. The category to which each
micropollutant belongs is shown in parentheses.
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1.3.1 Aliphatic amines

Aliphatic amines are some of the most frequently found nitrogen-containing functional groups in micropollu-
tants and also common moieties of DON. Aliphatic amines are derivatives of ammonia for which hydrogen atoms
are substituted with one or more alkyl groups. Depending on the number of alkyl substituents, aliphatic amines
can be categorized as primary, secondary, or tertiary amines as illustrated in Figure 1.3 for some examples. The
nitrogen of aliphatic amines has a lone electron pair which can be easily attacked by ozone. If an amine is proto-
nated, the electron pair is no longer available for an ozone attack, leading to a dramatic decrease in its reactivity
with ozone. Therefore, the ozone reactivity of aliphatic amines is highly influenced by the speciation of amines
determined by the pH of the solution. Examples of second-order rate constants for the reactions of aliphatic
amines (as simple compounds and as micropollutants) with ozone are summarized in Table 1.2. Generally, ali-
phatic amines present in the neutral form react fast with ozone with ko3 ranging from 103 to 108 M-1s-1. The
ozone reactivity of aliphatic amines tends to increase as the number of alkyl substituents increases (i.e., ko3 =
primary < secondary < tertiary), with the highest second-order rate constant kos of 108 M-1s-1determined for
micropollutants containing a tertiary amine moiety (tamoxifen and toremifene).** The tendency is likely related
to the electron-donating nature of alkyl substituents, increasing the electron density leading to a higher reactivi-

ty of the nitrogen with the electrophilic ozone.

OH
H O//, .\\O H

\
K e
HOa_~_aNHz NH, )\ |
Q Yo SR
N
OH
OH o/\/N\

HO 0 .\\O
HN
HOY “/oH N2
(o)
NH,
Amikacin Metoprolol Tamoxifen

Figure 1.3. Examples of pharmaceuticals containing aliphatic amine moieties (primary, secondary, and tertiary amines from left to right;
marked in red).
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Table 1.2. Second-order rate constants for the reactions of neutral forms of selected aliphatic amines with ozone.

Compound Amine type pK. pH? ko3, M'1s'lb Reference

Simple aliphatic amines

Ammonia - 9.2 20 45
Alanine primary 9.9 6.4 x 104 45
Glycine primary 9.8 1.3 x 105 45
Methylamine primary 10.6 <14x105 4
Dimethylamine secondary 11.0 1.9 x 107 45
Diethylamine secondary 10.5 6.2 x 105 46
Trimethylamine tertiary 9.8 4.1 x 106 45
Triethylamine tertiary 11.0 2.1 x 108 46
Micropollutants

Amikacin primary 6.7,84 7 1.8 x 103¢ 47
Propranolol secondary 9.5 7 ~1x10%¢ 48
Metoprolol secondary 9.7 8.6 x 105 48
Spectinomycin secondary 6.8, 8.8 1.3 x 106 49
Venlafaxine tertiary 9.3 7 3.3 x 104¢ 50
Clarithromycin tertiary 9.0 7 4.0 x 10%c 38
Roxithromycin tertiary 9.2 1.0 x 107 3551
Tylosin tertiary 7.7 2.7 x 106 51
Nitrilotriacetic acid (NTA) tertiary Multipled 9.8 x 105 52
Ethylenediaminetetraacetic acid (EDTA) tertiary Multipled 3.2 x106 52
Tramadol tertiary 9.4 1.0 x 106 53
Tamoxifen tertiary 9.5 3.2x108 44
Toremifene tertiary 9.6 1.5x 108 44

ameasured pH for determining apparent second-order rate constants; Pspecies-specific second-order rate constants of the neutral form of
amines except amikacin, propranolol, venlafaxine, and clarithromycin; capparent second-order rate constants at pH 7. dpK, values are 1.7, 2.9,
10.3 for NTA and 0.3, 1.0, 2.0, 2.7, 6.2, 10.2 for EDTA.

Mechanistic investigations of the reaction of aliphatic amines with ozone have mainly focused on tertiary

amines38'44'5°'52_54

and the findings are summarized in Figure 1.4. N-oxides and singlet oxygen were often identi-
fied as major products from tertiary amines upon ozonation. Accordingly, it has been suggested that ozone ini-
tially forms an adduct on the nitrogen (reaction 1), which is then further degraded to a N-oxide and singlet oxy-
gen (reaction 2). In competition, the adduct can decompose into an amine radical cation and an ozonide radical
anion (reaction 3), which can be also produced via an electron transfer pathway (reaction 5). The radicals can
react again to form a N-oxide and oxygen in its triplet state (reaction 4) or react separately with dissolved oxy-
gen (reaction 6) and water (reaction 7) to yield an N-dealkylated amine (a secondary amine) and hydroxyl radi-

cal.
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Figure 1.4. Proposed mechanisms for the reactions of tertiary amines with ozone from various sources.384450,52-54

The reactions of secondary and primary amines with ozone have been studied as well but to a lesser extent than
tertiary amines. Hydroxylamines and primary amines were identified from secondary amines upon ozonation
(Figure 1.5a).°>"°® They are analogous to N-oxides and secondary amines from the reactions of tertiary amines
with ozone. Ozone reaction studies for primary amines were performed for methylamine5° and amino acids such

6061 and serine.®” Methylamine was transformed into nitromethane with an almost 100% yield by 12

as glycine
molar equivalents of 0zone.5 Glycine and serine were transformed into nitrate with about 90% yields by 5 to 20
molar equivalents of 0zone.69-62 Only highly oxidized products (nitroalkanes and nitrates) were identified during
the reactions of primary amines with ozone, due to the excessive ozonation conditions. Initial ozonation prod-

ucts of primary amines are still unknown.

H
(@) l+ -
—> R—ril—o + '0, —™» R—N—OH
R R
H .
I Hydroxylamines
R_T: + O3 —
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H H
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amines — R_T- *0T T RTNT T R—NH T CH,
CHs -0z CH, Primary amines
(b)
H
| i
— + O —> -
RN =  R—N-O NO;~
H +
Primary amines Nitroalkanes Nitrate

Figure 1.5. Proposed mechanisms for the reactions of (a) secondary amines and (b) primary amines with ozone based on the available litera-
ture.55762
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1.3.2 Heterocyclic amines

Heterocyclic amines form other principal nitrogen-containing functional groups as structural components of
micropollutants as well as of DON. They are cyclic compounds containing at least two different elements includ-
ing nitrogen in a ring structure. The heterocyclic amines found in micropollutants and DON usually consist of 5-
membered, 6-membered or fused rings resulting from a combination of both. They are divided into two groups

depending on the degree of saturation.

Saturated heterocyclic amines. Saturated heterocyclic amines (e.g., piperazine in cetirizine and piperidine in
fexofenadine, Figure 1.6) are structurally close to aliphatic amines and behave similarly with regard to ozone
reactions. According to a study on the reaction of cetirizine and fexofenadine with ozone, they are transformed
into N-oxides as major products and dealkylated products as minor products in the same way as aliphatic ter-
tiary amines (Figure 1.7).>* They react fast with ozone with species-specific second-order rate constants kos of
2.8 x 105 M1s1 (cetirizine) and 5.6 x 105> M-1s1 (fexofenadine), within the range of the rate constants of mi-
cropollutants containing tertiary amine moieties (Table 1.2). Another recent study on secondary heterocyclic
amines found a high yield of N-hydroxylamine from piperidine, similar to ozonation products of aliphatic sec-

ondary amines.>’

Unsaturated heterocyclic amines. The more interesting group of heterocyclic amines is unsaturated heterocycles
(e.g. pyridine in sulfapyridine, imidazole in climbazole, and benzimidazole and tetrazole in candensartan, Figure
1.6). The second-order rate constants for the reactions of ozone with unsaturated heterocyclic amines available
to date are summarized in Table 1.3. The ozone reactivity of unsaturated heterocyclic amines significantly varies
with ko3 ranging from 101 M-1s! to 108 M-1s1. Six-membered heterocyclic amines like pyridine and pyrazine
react very slowly with ozone, whereas compounds containing an imidazole moiety such as histidine and irbesar-
tan exhibit very high ozone reactivity. This difference may be due to the effect of the nitrogen atom on the elec-
tronic distribution in the aromatic ring, which can induce or withdraw m electrons.®3 Six-membered heterocyclic
amines, pyridine, pyridazine, and pyrazine, were thoroughly studied with regard to their reactions with ozone,
and N-oxides were found as major transformation products (Figure 1.8).5%%> However, ozone reaction mecha-
nisms of five-membered heterocyclic amines, expected to be much more reactive towards ozone, are largely

unknown.
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(a) Saturated heterocyclic amines

OH

N/\/ \)I\OH ' 0
g L
HO
Cetirizine O Fexofenadine

(piperazine) (piperidine)

(b) Unsaturated heterocyclic amines

007 o 25

Sulfapyridine Climbazole Candesartan
(pyridine) (imidazole) (benzimidazole, tetrazole)

Figure 1.6. Examples of pharmaceuticals containing (a) saturated and (b) unsaturated heterocyclic amines moieties (the names of the nitro-
gen-containing functional groups, marked in red, are given in parentheses).

R R
>N SN
+ +
O O
N Piperidine N-oxides
O + 03 1 R
| H
NN N
Piperidines O — O

Dealkylated piperidines

Figure 1.7. Proposed mechanisms for the reactions of piperidine and piperidine derivatives with ozone.>**’
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Table 1.3. Second-order rate constants for the reactions of unsaturated heterocyclic amines with ozone.

Compound Substructure pKa pH? ko3, M's1t  Reference
Simple heterocyclic amines

3,5-Dimethylisoxazole isoxazole NA 5.4 x 10! 51
4-Methylimidazole imidazole 7.5 3.1x 106 46
5,6-Dimethylbenzotriazole benzotriazole ~2 8.8 x 102 23
5-Chlorobenzotriazole benzotriazole 0,7.5 1.3 x 10! 23
5-Methylbenzotriazole benzotriazole ~1.7,~8.5 1.6 x 102 23
Creatinine imidazole + primary amine 12.3 6 ~2¢ 45
Histidine imidazole + primary amine 6.0 2.1x105 46
Imidazole imidazole 7.0 2.4 x 105 46
N-(4)-Acetylsulfamethoxazole isoxazole 5.5 2.6 x 102 51
N-a-Acetylhistidine imidazole 7.3 8.4 x 105 46
Quinoline quinoline 4.9 5.1x 10! 66
Pyrazine pyrazine 0.7 1.7 x 101 65
Pyridazine pyridazine 2.2 1.4 65
Pyridine pyridine 5.2 3 45
Pyrimidine pyrimidine 1.2 6.6 x 102 65
Micropollutants

4-Dimethylaminoantipyrine pyrazole + tertiary amine 5.1 1.7 x 108 67
Atrazine triazine + secondary amine 1.6 2 6.0¢ 68
Benzotriazole benzotriazole 1.6,8.2 3.5x 10! z
Candesartan indazole + tetrazole Multipled 7 5.6 x 102¢ 29
Diazepam diazepine 3.4 7 7.5 x101¢ 35
Irbesartan imidazole + tetrazole 3.7, 4.469 7 2.4 x 101¢ 29
Lamotrigine triazine + primary amine NA 6 ~4e¢ 70
Losartan imidazole + tetrazole 3.0, 4.369 7 2.1 x105¢ 29
Prometon triazine + secondary amine 4.3 75 <12x10tc 7
Simazine triazine + secondary amine 2.0 4.8 72
Telmisartan indazole NA 7 1.2 x 105¢ 29
Trimethoprim pyrimidine + primary amine  3.2,7.1 5.2x10°% 51

ameasured pH for determining apparent second-order rate constants; Pspecies-specific second-order rate constants of the neutral form of
amines except creatinine, atrazine, candesartan, diazepam, irbesartan, lamotrigine, losartan, prometon, and telmisartan; capparent second-

order rate constants at the measured pH. 9pK, values are 2.1, 3.3, and 4.5.9°

Pyridine

0—0—0"~ o

NS i N
e (=
G G

Pyridine N-oxide

Figure 1.8. The major pathway of the reaction of pyridine with ozone.%4%>
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1.3.3 Amides, sulfonamides, and sulfamides

Amides and sulfonamides are common nitrogen-containing functional groups present in micropollutants (Figure
1.9). Due to the electron-withdrawing nature of the carbonyl and sulfonyl groups, the lone electron pair on nitro-
gen is delocalized into the neighboring atom and no longer available for the electrophilic attack of ozone. As a
result, the second-order rate constants for the reactions of amides with ozone are low with ko3 < 102 M-1s-1,473
However, if the electron-withdrawing effect of the neighboring group is strong enough, the nitrogen becomes
acidic and a deprotonation may occur (R2NH < RzN- + H*). The deprotonated species has a higher reactivity to-
wards ozone due to the development of the negative charge on the nitrogen. This occurs in the nitrogen of the
cyclic sulfonyl moiety of hydrochlorothiazide which reacts fast with ozone (ko3 > 105> M-1s'1) at pH > 8 where the
deprotonated cyclic sulfonyl moiety is expected.”* The deprotonated hydrochlorothiazide reacts with ozone to
form chlorothiazide as a major product with an almost 100% yield (Figure 1.10).>* Electrophilic addition and

electron transfer mechanisms were proposed (Figure 1.10), in analogy to the reactions of tertiary and secondary
amines with ozone (Figure 1.4 and Figure 1.5).

Sulfamides are not as common moieties as amides or sulfonamides. However, they have potential to form N-
nitrosodimethylamine (NDMA), a nitrogenous disinfection byproduct, upon ozonation under certain circum-
stances. Dimethylsulfamide, a degradant of the fungicide tolylfluanide, reacts slowly with ozone with the second-
order rate constant kos of ~20 M-1s1, and the reaction does not lead to NDMA formation.2® However, in presence
of bromide (ubiquitous in all waters), dimethylsulfamide reacts fast with hypobromous acid formed by the reac-
tion of bromide with ozone (kuosr = 7.1 x 108 M-1s1, for the deprotonated form of dimethylsulfamide), and fur-
ther degrades into NDMA (Figure 1.11).207475 During the reaction, bromide is released and reacts with ozone

again, acting as a catalyst.2074

H O§ 40 O\\S/NHZ
NY\N/\ HN™ \\O Cl CI o
I § F)(S/N\S//
N cl PNNTT
H o)

Lidocaine Hydrochlorothiazide Tolylfluanide

Figure 1.9. Examples of pharmaceuticals containing amide, sulfonamide, and sulfamide moieties (from left to right; marked in red).
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Figure 1.11. Proposed mechanisms for the reaction of diemethylsulfamide with ozone forming N-nitrosodimethylamine (NDMA).20.74

1.3.4 Anilines

Anilines are often found in the structures of micropollutants with various substituents on the ring (Figure 1.12).
Aniline itself reacts very fast with ozone (koz > 106 M-1s-1).4>7677 Sybstituted anilines show different reactivity
depending on the effect of ring substituents on the benzene ring.”®’”’ The sites of ozone attack have been found to

)77

be both the nitrogen and the activated aromatic ring (Figure 1.13).”” Nitrosobenzene, nitrobenzene, azobenzene

and azoxybenzene were identified as the products from the addition of ozone to nitrogen (reaction 11),”7”° yet

the reaction seems minor according to their low yields (< 8%).”

The products with two additional aniline sub-
stituents were hypothesized (2-amino-5-anilino-benzochinon-anil and 2,5-dianilino-p-benzochinon-imin), likely
formed from the aminyl radical form of aniline via an electron transfer pathway (reaction 10) and subsequent

reactions with other products.”” The major identifiable reaction pathways were the ozone additions on the aro-
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matic ring which resulted in p-hydroxyaniline and o-hydroxyaniline with about 40% yield as a sum of the yields

of all hydroxyanilines (reactions 8 and 9).

(0]
o] (
Py N HO o

/Y N H
o H
H,N o~

(¢]]

Amisulpride Diclofenac

Figure 1.12. Examples of pharmaceuticals containing aniline moieties.
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Figure 1.13. Proposed mechanisms for the reaction of aniline with ozone.”

1.3.5 Hydrazines, hydrazides, semicarbazides

Hydrazine derivatives such as hydrazides and semicarbazides comprise a minor group in nitrogen-containing
micropollutants. However, their occurrences in ozonation may be of great significance, as they can be trans-
formed into NDMA with high yields, especially if substituted by a N,N-dimethylamino group (Figure 1.14). Indus-
trial chemicals containing semicarbazide moieties were identified as NDMA precursors with molar NDMA for-
mation yields of up to 140% upon ozonation.2180 Daminozide, a pesticide containing a hydrazide moiety, yielded

100% NDMA by the reaction with ozone.22 They exhibit high reactivity to ozone with apparent second-order rate

14
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constants at pH 7 higher than 105 M-1s-1.22 Electrophilic addition and electron transfer were proposed as initial

reaction pathways, followed by secondary ozone reactions to eventually form NDMA (Figure 1.15).22

(0} (0} |
NH
Ny 2 NH NH__NH_ A~ A~ N
rr Ny MOH N TI/ NHJ]\NH/ ~
! (6] | (6]
1,1-dimethylhydrazine Daminozide 4.4'-hexamethylenebis (1,1-dimethylsemicarbazide)
(hydrazine) (hydrazide) (semicarbazide)

Figure 1.14. Examples of NDMA precursors containing a hydrazine, hydrazide, or semicarbazide moiety (moieties are marked in red and
shown in parentheses).21.22
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Figure 1.15. Proposed mechanisms for the reactions of hydrazine derivatives with ozone forming N-nitrosodimethylamine (NDMA).22

Overall, nitrogen-containing compounds widely present as natural (DON) and artificial (micropollutants) sub-
stances react fast with ozone when they are in neutral forms, because of the electron-rich nature of nitrogen in
its reduced form. This indicates that the reactions of nitrogen-containing compounds with ozone inevitably occur
in water and wastewater treatment where ozonation is applied for disinfection or oxidation. Despite the great
relevance of nitrogen-containing compounds to ozone chemistry, knowledge gaps still exist for some principal
nitrogen-containing functional groups. Many studies were conducted on the reactions of aliphatic amines with
ozone, but most focused on tertiary amine moieties. The reactions of primary/secondary amines with ozone
were investigated to a lesser extent, and their mass balances and primary transformation products are relatively
unknown. Unsaturated heterocyclic amines comprise a large percentage of the nitrogen-containing micropollu-
tants, but only some specific subgroups (e.g., six-membered heterocycles) were studied with regard to their reac-
tions with ozone. Moreover, previous mechanistic studies have focused mainly on micropollutants with complex
structures and their results are often very specific. More information is needed on fundamental ozone reaction
mechanisms by using simple model compounds representing structural units of complex nitrogen-containing

compounds.
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1.4  Thesis layout

The aim of this thesis was to elucidate reaction mechanisms of nitrogen-containing compounds with ozone based
on principal nitrogen-containing functional groups. The nitrogen-containing functional groups were selected
based on the following criteria: (1) common structural unit of DON and micropollutants, (2) high/moderate reac-
tivity towards ozone, and (3) lack of understanding with regard to ozone reaction mechanisms. Based on these
criteria, the nitrogen-containing functional groups selected were aliphatic amines and five-membered heterocy-
clic amines (Figure 1.16). A set of compounds was chosen for each functional group with a slight modification in
their structures (e.g. ethylamine, diethylamine and triethylamine for the group of aliphatic amines) to facilitate

systematic investigations of the reaction mechanisms.

Aliphatic amines Five-membered heterocyclic amines
CH,CH; CH,CH;, H H H
N N N
CH3CH2_T CH3CH2_NH CH3CH2_NH2 7 \N
v W Y
Triethylamine Diethylamine Ethylamine Pyrrole Imidazole Pyrazole

Figure 1.16. Selected nitrogen-containing model compounds for detailed kinetic and mechanistic studies in this thesis.

With the selection of nitrogen-containing compounds, the following objectives were set:

1) Determination of second-order rate constants for the reactions of the selected nitrogen-containing com-

pounds with ozone,
2) Identification/quantification of transformation products and reactive oxygen species,
3) Kinetic simulations and quantum chemical computations to supplement empirical evidences.

The following chapters proceeded towards the goal of a better understanding of nitrogen-ozone chemistry while

pursuing the three objectives.

Chapter 1 compiles the general background of nitrogen-containing compounds in the context of ozonation pro-

cesses in water and wastewater treatment.

Chapter 2 presents the investigations of the reactions of ozone with the aliphatic amines, ethylamine, diethyla-

mine, and triethylamine.

Chapter 3 presents the investigations of the reactions of ozone with the five-membered heterocyclic amines,

pyrrole, imidazole, and pyrazole.

Chapter 4 provides general conclusions summarizing major findings of the thesis, their implications, and an
outlook.
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Reactions of aliphatic amines with ozone: Kinetics and mechanisms

Abstract

Aliphatic amines are common constituents in micropollutants and dissolved organic matter and present in ele-
vated concentrations in wastewater-impacted source waters. Due to high reactivity, reactions of aliphatic amines
with ozone are likely to occur during ozonation in water and wastewater treatment. We investigated the kinetics
and mechanisms of the reactions of ozone with ethylamine, diethylamine, and triethylamine as model nitroge-
nous compounds. Species-specific second-order rate constants for the neutral parent amines ranged from 9.3 x
10% to 2.2 x 10¢ M-1s1 and the apparent second-order rate constants at pH 7 for potential or identified transfor-
mation products were 6.8 x 105 M-1s1 for N,N-diethylhydroxylamine, ~105 M-1s1 for N-ethylhydroxylamine, 1.9
x 103 M-1s1 for N-ethylethanimine oxide, and 3.4 M-1s1 for nitroethane. Product analyses revealed that all
amines were transformed to products containing a nitrogen-oxygen bond (e.g., triethylamine N-oxide and ni-
troethane) with high yields, i.e.,, 64 - 100 % with regard to the abated target amines. These findings could be
confirmed by measurements of singlet oxygen and hydroxyl radical which are formed during the amine-ozone
reactions. Based on the high yields of nitroethane from ethylamine and diethylamine, a significant formation of
nitroalkanes can be expected during ozonation of waters containing high levels of dissolved organic nitrogen, as
expected in wastewaters or wastewater-impaired source waters. This may pose adverse effects on the aquatic

environment and human health.
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2.1 Introduction

Ozone has been used as a disinfectant and/or oxidant in water and wastewater treatment since the early 20t
century.! It has a significant potential for the abatement of micropollutants in drinking waters and also recently
in wastewater effluents.?”> In general, ozonation reduces the overall toxicity exerted by micropollutants by elim-
inating or altering the moieties responsible for biological activities.®® However, an increased toxicity has also
been observed in ozone-treated waters.>%° This resulted mainly from the reaction of ozone with dissolved or-
ganic matter (DOM), thereby forming byproducts such as quinones,® low molecular weight organic carbon com-
pounds,***? and compounds containing nitrogen-oxygen bonds.*® Micropollutants can also be transformed to
toxic transformation products upon ozonation, but their contribution to the overall toxicity is expected to be
smaller, as DOM is present in much higher concentrations than micropollutants in real water matrices and con-
sumes by far the largest fraction of the oxidants.> Toxic oxygen-containing products, whether they are byprod-
ucts from DOM or transformation products from micropollutants, are typically expected to be removed by bio-
logical post-treatment.!* However, some products (e.g., N-oxides) are persistent even during a biological post-
treatment step.!*!> To better understand the formation of persistent transformation products or byproducts,
many studies have been conducted to reveal their formation pathways!®'’ and to identify transformation prod-
ucts.>? Recently, computational tools have been developed based on the current kinetic/mechanistic knowledge
to predict ozone exposure, reaction kinetics, and transformation products upon ozonation.'®® A successful im-
plementation of such prediction tools will depend on the quality of the underlying reaction mechanisms which
ideally cover a comprehensive compilation of ozone-reactive moieties. A considerable wealth of information is
available for the reactions of ozone with ozone-reactive moieties such as olefins, aromatic compounds, and sul-
fur-containing compounds, and the relevant information is also well documented.® However, there is less in-
formation on the ozone-reactivity of nitrogenous compounds and a need for a more fundamental understanding

of the corresponding reaction mechanisms.

Aliphatic amines, one of the simplest forms of nitrogen-containing compounds, are common constituents of dis-
solved organic nitrogen (DON).* Understanding the reactions of aliphatic amines with ozone has been im-
portant, because, due to water scarcity, water suppliers increasingly use impaired water resources with higher
levels of DON. Such sources are surface waters impacted by wastewater discharge, agricultural activities, or algal
blooms?®?2 and wastewater effluents treated for the purpose of direct potable reuse.? Aliphatic amines are also
commonly found as functional groups in many organic micropollutants. From a list of 550 environmentally rele-
vant substances,'* more than 80 % of micropollutants contain a nitrogen and about a quarter of the nitrogen-
containing micropollutants are categorized as aliphatic amines. Aliphatic amines in their neutral forms react fast
with ozone due to the lone electron pair on the nitrogen atom susceptible to an electrophilic attack by ozone
with second-order rate constants ko3 = 103 - 107 M-1s-1.! Certain primary and secondary amines have the poten-
tial to be transformed to harmful products such as N-nitrosodimethylamine with low yields of less than 0.02 %
upon ozonation?2?* and chloropicrin with ~50 % yield upon ozonation followed by post-chlorination.’® These
nitrogenous disinfection byproducts (e.g., N-nitrosamines, halonitroalkanes) are significantly more toxic than
regulated disinfection byproducts (e.g., trihalomethanes, haloacetic acids), wherefore the formation of the ni-
trogenous disinfection byproducts has gained increasing attention recently.'’2%?” Despite the great relevance of
aliphatic amines to the ozone chemistry in water and wastewater treatment (common moieties, high reactivity
towards ozone, potential of harmful products), their reactions with ozone have not been entirely elucidated. In-
depth investigations on ozone-amine reactions were reported by Bailey in 1960s - 1970s but most experiments
were carried out in organic solvents.?®* Current knowledge on amine-ozone reactions in aqueous solutions is

mostly limited to tertiary amines. N-oxides have often been detected as major products during ozonation of mi-
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30-35 Accordingly, the principal mechanism of the reaction of

cropollutants containing a tertiary amine moiety.
tertiary amines with ozone has been proposed as an oxygen transfer reaction where ozone initially attacks a
tertiary amine nitrogen to form a -N+-0-0-0- adduct which further dissociates into a N-oxide and singlet oxygen.!
Alternatively, tertiary amines can react with ozone via an electron transfer pathway to yield an amine radical
cation and an ozonide radical anion. The ensuing radicals further dissociate into a N-dealkylated amine and a
hydroxyl radical, respectively.! For the reaction of secondary amines with ozone, hydroxylamines (an analogous
product to N-oxides for tertiary amines) and primary amines were identified as products, but there is only lim-
ited molar yield information.3*-3° For the reaction of primary amines with ozone, nitrate and ammonia were iden-
tified as final products,*®*? but the studies were conducted under ozone excess conditions and the initial ozona-

tion products of primary amines are still unknown.

The aim of this study was to investigate the chemistry of the ozone-amine reactions for simple aliphatic amines
such as ethylamine, diethylamine, and triethylamine. The second-order rate constants for the reactions of the
model compounds with ozone, transformation products and reactive oxygen species (singlet oxygen and hy-
droxyl radical) were determined by various experimental approaches and analytical methods. In addition, kinet-
ic experiments/simulations and quantum chemical computations were performed. Based on these results, reac-
tion mechanisms for primary, secondary and tertiary amines were proposed, allowing a comprehensive assess-

ment of the fate of these moieties during ozonation.

2.2 Materials and methods

Chemical reagents. Chemicals and suppliers are listed in Table S2.1 in the Supporting Information for Chapter 2.
N-ethylethanimine oxide was synthesized at Eawag (Text S2.1) and UV-vis spectra of this compound were rec-
orded as received (Amax = 224 nm). Working stocks of N-ethylethanimine oxide were freshly made every day and

the concentrations were determined based on the absorbance at 224 nm (Figure S2.1).

Ozonation experiments. Ozone stock solutions were prepared by sparging ozone-containing oxygen through ul-
trapure water kept on ice.*® The concentration of ozone in the stock solution (1.3 - 1.5 mM) was determined
spectrophotometrically based on the molar absorption coefficient of ozone, € = 3200 M-1cm! at 260 nm.! An
aliquot of the ozone stock solution was added to the solution containing the target amine compound to initiate
the ozone reaction with doses ranging from 0 - 300 pM. The solutions of the model compounds (ethylamine,
diethylamine, N,N-diethylhydroxylamine, N-ethylethanimine oxide, or triethylamine; initial concentrations ~100
uM) were prepared in 10 mM phosphate buffer at pH 7. 50 mM of t-butanol was present in the solutions as a
hydroxyl radical scavenger to suppress unwanted side reactions associated with hydroxyl radical. The ozonated
samples were typically allowed to react for 24 hours at room temperature to ensure a complete consumption of

ozone and stored at 4°C for less than a week prior to further analyses.

Reaction kinetics. Second-order rate constants for the reactions of the model compounds and their transfor-
mation products with ozone in the pH range far below the pKa of the amines were determined by a direct meas-
urement of the ozone decrease with the indigo reagent (Text $2.2).** Under these conditions, the amines were
predominantly present in the protonated form, which lowered the reaction kinetics sufficiently to allow meas-
urements by a direct method. The species-specific second-order rate constants for the neutral amines were then
obtained by extrapolating the determined apparent second-order rate constants to a higher pH.* Additionally, a

competition Kinetic method with cinnamic acid as a competitor®® was used for determining apparent second-
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order rate constants of N,N-diethylhydroxylamine at pH 5 - 8, which are too high to be determined by the direct
method.

Analytical methods. Diethylamine, N-ethylethanimine oxide, triethylamine, triethylamine N-oxide were analyzed
by liquid chromatography coupled with high resolution tandem mass spectrometry (LC-HRMS/MS) and ni-
troethane was analyzed by GC-MS. Ethylamine was derivatized with 9-fluorenylmethylchloroformate and the
derivatized product was analyzed by HPLC-UV.*® Nitrite and nitrate were determined by ion chromatography
with conductivity detection. All chromatographic conditions and detection methods including the limits of quan-
tification and the measuring ranges are provided in detail in Text S2.3 and Table S2.2. Singlet oxygen was quanti-
fied by a near-infrared photomultiplier tube which directly measured a characteristic phosphorescence of singlet
oxygen emitted at 1270 nm. The setup and the reference reaction to calibrate the instrument were adapted from
a previous study* and described in Text S2.4. Hydroxyl radicals were indirectly quantified by measuring the
concentration of formaldehyde, a known product of the reaction of hydroxyl radicals with ¢t-butanol.*#*° Formal-
dehyde was quantified by derivatization with 2,4-dinitrophenylhydrazine followed by HPLC-UV analysis (Text
$2.5).5° Hydrogen peroxide was indirectly quantified by measuring singlet oxygen formation after adding hypo-

chlorous acid to the samples containing hydrogen peroxide (Text S2.6).3

Quantum chemical computations. All computations were conducted by the Gaussian 09 program (Revision
D.01).5! Gas phase electronic energies of all molecules were computed by the CCSD(T) functional® with the jul-
cc-pVTZ basis set.>® Aqueous Gibbs free energies were calculated by adding gas phase thermal corrections (com-
puted by B3LYP/CBSB7)%*5> and solvation effects (by M062X/6-31G*)°¢°8 to the gas phase electronic energies.
More details are provided in Text S2.8.

2.3 Results and discussion

The mechanisms for the reactions of ozone with aliphatic amines were elucidated as follows: (1) Determination
of apparent and species-specific second-order rate constants for the reactions of the selected amines with ozone,
(2) identification/quantification of transformation products and (3) reactive oxygen species (102 and *OH)
formed during the amine-ozone reactions, (4) quantum chemical computations, and (5) kinetic simulations. In

the following these aspects are discussed and compiled to overall proposed reaction mechanisms.

2.3.1 Ozone reaction kinetics

Apparent second-order rate constants for the reactions of ethylamine, diethylamine, and triethylamine with
ozone were determined in the pH range 3 - 7. Based on this, the species-specific second-order rate constants
were calculated and are summarized in Table 2.1. The species-specific second-order rate constants for the reac-
tions of ozone with the neutral amines are in the range of 9.3 x 104 - 2.2 x 106 M-1s'1. They are comparable to
literature values within a factor of 2.6, an acceptable deviation commonly found among kinetic studies. At pH 7,
the apparent second-order rate constants (kobspn7) for the ozone reactions with all amines were 3 - 4 orders of
magnitude lower because the protonated amines (pKa values 10.5 - 11.0) which are dominant at pH 7, are prac-
tically unreactive with ozone. The second-order rate constants for the reactions of potential or identified trans-
formation products were also determined. N,N-diethylhydroxylamine, a potential product from the diethyla-
mine-ozone reaction, was very reactive at pH 7 due to its lower pKa (5.4, see below) compared to other amines,
which leads to an almost 100 % fraction of the neutral amine species at this pH. The pKa of N,N-

diethylhydroxylamine was estimated by fitting the apparent second-order rate constants determined in the pH
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range 1.6 - 8.0 to an expression for the species-specific second-order rate constant. This includes the degree of
dissociation of the amine at a given pH and the corresponding species-specific rate constants, i.e., k = knu+(1-a) +
kna and a = 1/(1 + 10rkapH), where knu+ and kn are the species-specific second-order rate constants for the pro-
tonated and the neutral amines, respectively, and a is the fraction of the neutral amine. As a result of the fitting
(shown in Figure S2.2), the estimated pKa value is 5.4, similar to the predicted value of 5.7 determined by a
commercial pKa prediction software (ACD/Labs, V 11.02) (https://www.acdlabs.com). The species-specific sec-
ond-order rate constant of N,N-diethylhydroxylamine was estimated as 7.0 x 105 M- s-1, N-ethylhydroxylamine, a
potential product from the ethylamine-ozone reaction, was also very reactive at pH 7. The estimated apparent
second-order rate constant at pH 7 (kobspn7) was ~10% M-1s-1, based on the measured apparent second-order rate
constants at pH 2 and 4 and a predicted pKa value of 6.2 (ACD/Labs, V 11.02). The kobs,pu7 is only a rough estimate
because only two pH conditions were applied. The reaction kinetics of N-ethylethanimine oxide, an identified
product from the reactions of diethylamine and triethylamine with ozone, was determined with a fresh N-
ethylethanimine oxide solution prepared in situ to minimize the impact of dimers on the reaction kinetics (Text
S$2.2). N-ethylethanimine oxide was moderately reactive to ozone at pH 7 with an apparent second-order rate
constant at pH 7, kobspn7 = 1.9 x 103 M-1s1, Nitroethane, identified as a final product from all amine-ozone reac-

tions, reacted slowly with ozone with an apparent second-order rate constant at pH 7, kobspn7 = 3.4 M-1s-1,

Table 2.1. Species-specific and apparent second-order rate constants for the reactions of the selected amines with ozone and pKa values of the
amines.

Compound pKa Method¢ pH¢ k, M1s1 Kobs,pi7, M1s°1 Reference
Ethylamine 10.6 Indigo 50-7.0 (9.3+0.1) x 104 21 This study

2.4 x 105 3
Diethylamine 10.5 Indigo 3.0-7.0 (39+0.1) x 105 1.3 x 102 This study

6.2 x 105 59

9.1 x 105 3
Triethylamine 11.0 Indigo 40-6.5 (2.2+£0.1) x 10¢ 2.2 %102 This study

2.1 x106 o

4.1 x 106 3
N,N-Diethylhydroxylamine 5.42 Indigo; CK 1.6-8.0 (7.0 £0.02) x 105 6.8 x 105 This study
N-Ethylhydroxylamine 6.2> Indigo 2and 4 ND ~10% This study
N-Ethylethanimine oxide NA Indigo 7.0 only ND (1.9£0.04) x 103 This study
Nitroethane NA Indigo 7.0 only ND 34+0.1 This study

apK, of N,N-diethylhydroxylamine was estimated from the apparent second-order rate constants measured at varying pH conditions (see the
fitting equation and the result in Text S2.2 and Figure S2.2). ’pK. of N-ethylhydroxylamine was predicted by a commercial software
(ACD/Labs, V11.02) (https://www.acdlabs.com). ‘Reaction kinetics were determined by direct monitoring of the ozone decrease with the
indigo method (indigo) or by competition kinetics with cinnamic acid (CK) as described in detail in Text S2.2. ¢dExperimental pH range.
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2.3.2 Product analyses and reaction mechanisms

2.3.2.1 Triethylamine-ozone reaction

Transformation products. The abatement of triethylamine and the evolution of transformation products as a
function of the ozone doses were measured in presence of t-butanol as a hydroxyl radical scavenger (Figure
2.1a). All compounds presented in Figure 2.1 were quantified by various analytical methods with reference
standards (Text S2.3). Triethylamine (94 pM initial concentration) gradually decreased for ozone doses of <100
uM and was completely abated for an ozone dose of ~110 pM, yielding a molar ozone:triethylamine reaction
stoichiometry of about 1. The major product was triethylamine N-oxide, in agreement with previous findings
from reactions of tertiary amines with ozone in laboratory- and full-scale studies.1#30-323435 A minor product is
nitroethane, which was formed in small concentrations but gradually built up with increasing ozone doses. Tri-
ethylamine N-oxide and nitroethane were final products with yields of 87 % and 9 %, respectively, based on the
abated triethylamine at the highest applied ozone dose (300 uM). Diethylamine and N-ethylethanimine oxide
were formed as transient products to a lesser extent (insert of Figure 2.1a) and were subsequently degraded at
high ozone doses, likely concomitant with the formation of nitroethane (see the section 2.3.2.2). The sum of the
concentrations of all nitrogen species is presented as a mass balance in Figure 2.1a. The mass balance was main-
tained at 89 - 110 % for all ozone doses. As this is a very reasonable mass balance for a product study, it can be
concluded that no major transformation products are missing for the ozone-induced transformation of triethyl-

amine.

Reactive oxygen species. The reaction of triethylamine with ozone exerted a high yield of 102 (70 % of the con-
sumed ozone, Table 2.2). In contrast, the *OH yield was only 6.4 %. These yields are roughly within the same
range compared to previously reported values of 80 % for 10zand 15 % for *OH.**® The previously reported 10:
yields were determined without ¢-butanol. Nevertheless, the yields determined under amine-excess conditions
(amine:ozone = 10)* can be compared to our results because the effect of *OH on amine and ozone concentra-
tions is minimal under these conditions despite the absence of an *OH scavenger. We also measured 102 yields
for conditions with the amine in excess without ¢t-butanol and obtained comparable results (70 %, Table S2.3).
The yields of 102 and *OH correspond well to the product formation trend where triethylamine N-oxide (yielding
102) was observed in much higher concentrations than the dealkylated amine, diethylamine (yielding *OH) and
its identified transformation products, nitroethane (see the section 2.3.2.2). Both results from the formation of
transformation products and the detection of reactive oxygen species indicate that the reaction of triethylamine
with ozone predominantly occurs via oxygen transfer forming triethylamine N-oxide and 'Oz rather than via

electron transfer forming diethylamine and *OH.
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Figure 2.1. Evolution of the amine model compounds and transformation products as a function of the ozone doses for the reactions of ozone
with (a) triethylamine, (b) diethylamine, (c) N,N-diethylhydroxylamine, and (d) ethylamine. Inserts in (a) and (b) have the same axis labels as
the main plots. The symbols indicate measured concentrations (duplicate or triplicate) and the dotted lines in (b) and (c) indicate simulated
concentrations based on the kinetic models described in Table S2.7 and Table S2.5, respectively. The vertical line in (c) is at an ozone dose of
270 pM. The errors were calculated as standard deviations. Experimental conditions: [amine]o ~ 100 pM, [ozone] = 0 - 300 pM, [t-butanol] =
24 h (triethylamine, diethylamine, and ethylamine) or 3 - 5 h (N,N-

Ozone dose, M

50 mM, 10 mM phosphate buffer (pH 7), and reaction time

diethylhydroxylamine).
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Table 2.2. Yields of reactive oxygen species (102 and *OH) per consumed ozone at an amine:ozone ratio of 1:1 (yields for other ratios are given
in Table S2.3 and Figure S2.12). Ozone concentrations were 0.1 or 0.4 - 0.5 mM for 02 measurements and 0.09 mM for *OH measurements.
All measurements were performed at pH 7, except for 10z formation from ethylamine (pH 9). t-Butanol was added for all 102 measurements
carried out in this study. Yields were averaged for 5-9 replicates for 10z and duplicates for *‘OH and standard deviations were within 10 % of
the average values.

Compound Type 102/03 Reference *‘OH/03 Reference

Triethylamine Tertiary amine 0.70 This study 0.064 This study
0.802 4 0.15 8

Diethylamine Secondary amine 0.46 This study 0.26 This study
0.20° 4

Piperidine - 0.28 38

Ethylamine Primary amine 0.27 This study 0.33 This study
0.17° 4

Glycine - 0.25 4

N,N-Diethylhydroxylamine = Hydroxylamine 0.38 This study 0.43 This study

N-Ethylethanimine oxide Nitrone 0.43¢ This study 0.43¢ This study

awithout t-butanol, pH 8, and molar amine:ozone = 100; bwithout ¢-butanol, pH 10.5, and molar amine:ozone = 10; <possibly influenced by the
presence of a dimer.

Reaction pathways. The experimental findings on the triethylamine-ozone reactions are described well by two
pathways: The formation of triethylamine N-oxide and 102 via an oxygen transfer and the formation of diethyla-
mine and *OH via an electron transfer mechanism (Figure 2.2). The extent of oxygen transfer and electron trans-
fer was further elucidated by calculating the yields of transformation products and reactive oxygen species. The
concentrations of the products were divided by the concentrations of abated triethylamine determined at an
ozone dose of 93 uM (A[Triethylamine] = 83 uM) and expressed in percentage in Figure 2.2. For the reactive
oxygen species, the yields determined with regard to consumed ozone in Table 2.2 were converted to the yields
per abated triethylamine to be comparable with the transformation product yields (e.g., the converted 102 yield =
(102/03) x [03] / A[Triethylamine] = 0.70 x 93 uM/83 uM = 78 %). In summary, of the abated 83 uM of triethyl-
amine at 93 pM of ozone, 88 = 3 % was transformed into triethylamine N-oxide and 5 = 1 % into diethylamine.
The yields of reactive oxygen species matched quite well the yields of the transformation product counterparts,
namely 78 + 3 % of 10z and 7 £ 0.3 % of “OH.
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Figure 2.2. Proposed mechanism for the reaction of triethylamine with ozone. Product yields (in %) were calculated by dividing the meas-
ured concentrations of the transformation products and the reactive oxygen species by the abated triethylamine (83 pM) at an ozone dose of
93 uM. The yields of transformation products and reactive oxygen species are emphasized in blue and red, respectively. The bold arrow
indicates the major pathway of the branched reaction.
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2.3.2.2 Diethylamine-ozone reaction

Transformation products. Figure 2.1b shows the abatement of diethylamine and the corresponding product for-
mation upon ozonation. In contrast to triethylamine, diethylamine required a much higher specific ozone dose
with a molar stoichiometry ozone:diethylamine of about 4 for a complete abatement. Nitroethane, a highly oxi-
dized form of nitrogen with an oxidation state of +3 (in comparison to -3 of diethylamine), was the major prod-
uct with a 64 % yield based on the diethylamine abatement at 300 pM ozone. N-ethylethanimine oxide and
ethylamine were additionally detected as minor products with yields of 2 % and 7 %, respectively, at 300 pM
ozone (insert in Figure 2.1b). N-ethylethanimine oxide is a N-oxide of an imine derivative of diethylamine and
belongs to the class of nitrones. N-ethylethanimine oxide was formed in small quantities for ozone doses < 100
uM and was abated again for higher ozone doses. The decline in the N-ethylethanimine oxide concentrations is
likely associated with the formation of nitroethane. Nitrones have been suggested as intermediates during the
transformation of secondary amines into nitroalkanes upon ozonation.'*?° Ethylamine, the other minor product,
gradually increased with increasing ozone doses, persisting as a final product along with nitroethane. The nitro-
gen mass balance was well maintained up to an ozone dose of 100 uM but fell short by 10 - 24 % for higher
ozone doses, which is still reasonable compared to typical product studies. Attempts were made to identify N,N-
diethylhydroxylamine as another possible transformation product by LC-MS/MS with the reference standard,
but this compound was not detected (LOQ = 2.5 uM) at any ozone dose.

Reactive oxygen species. During the diethylamine-ozone reaction, 46 % of 102 and 26 % of *OH were found rela-
tive to the consumed ozone (Table 2.2). The 10; yield was higher than the reported value of 20 %.*” However, a
102 yield of 29 % (Table S2.3) determined under similar conditions to the previous study (i.e., amine excess and
without t-butanol) was closer to the reported value. The *OH yield was similar to a reported value of 28 % for
piperidine which contains a secondary amine moiety.?® The relatively high *OH yield found in the reaction of
diethylamine with ozone does not match to the low formation of the corresponding dealkylated product, ethyla-
mine. There seems another reaction pathway responsible for the excess of *OH apart from the electron transfer

pathway of diethylamine leading to ethylamine (see the section 2.3.2.3).

Reaction pathways. The diethylamine-ozone reaction can also be described by oxygen transfer and electron
transfer pathways (Figure 2.3). However, it entailed secondary ozone reactions with the primary transformation
products, which makes the elucidation of the reaction mechanism more complicated than in the case of triethyl-
amine. The yields of the identified transformation products at an ozone dose of 93 uM was calculated in analogy
to the triethylamine-ozone reaction (transformation product formed/diethylamine abated): 26 + 1 % N-
ethylethanimine oxide, 69 * 13 % nitroethane, and 8 * 1 % ethylamine. The total yield of the products with the
oxygen addition (N-ethylethanimine oxide and nitroethane) was about 95 %, outweighing the yield of the
dealkylated amine (ethylamine, 8%). This suggests that the diethylamine-ozone reaction also predominantly
undergoes an oxygen transfer pathway (step (a), Figure 2.3). However, the reactive oxygen species yields were
much higher than the yields of the corresponding transformation products: 186 % for 102 and 105 % for *OH due
to the little abatement of diethylamine (A[Diethylamine] = 23 uM). These high yields of reactive oxygen species
as well as the high ozone stoichiometry (4 mole equivalents of ozone, Figure 2.1b) and the highly oxidized prod-
uct (nitroethane) imply secondary reactions of primary transformation products with ozone during the diethyl-
amine-ozone reaction. It is hypothesized that N,N-diethylhydroxylamine might be a transient product. This is in
analogy to N-oxides for the case of tertiary amines, as often suggested in other studies on the reaction of second-
ary amines with ozone.3%3%3° However, N,N-diethylhydroxylamine was not detected in our experiments. This
contrasts a recent finding in the reaction of piperidine (a secondary amine) with ozone where a yield of 94 % N-

hydroxypiperidine was reported.*® The apparent disagreement can be explained by different pH conditions ap-
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plied in the two studies. In the current study, the experiments were carried out at pH 7, where the apparent sec-
ond-order rate constant for the reaction of N,N-diethylhydroxylamine with ozone is more than three orders of
magnitude higher than the corresponding rate constant for diethylamine (kobspn7, Table 2.1). Therefore, even if
N,N-diethylhydroxylamine is formed as a primary transformation product during the diethylamine-ozone reac-
tion, it would quickly react with ozone and be further oxidized, which would hinder its detection. In contrast, the
experiment in the previous study was carried out at pH 11.5 where the kinetics for the reactions of ozone with
piperidine and N-hydroxypiperidine only differ by a factor of two. Under these conditions and in excess of piper-

idine relative to ozone, N-hydroxypiperidine can be detected.

(|3H20H3
H;CH,C-NH
Diethylamine
A=23uM
]
03 03
(a) -16.4 +9.3 (b)
10 03. —>» OH
2 H*
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N, N-diethylhydroxylamine Diethylaminyl radical
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O3
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CHCH, H3;CH,C—NH,
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Figure 2.3. Proposed mechanism for the reaction of diethylamine with ozone. Product yields (in %) were calculated by dividing the measured
concentrations of the transformation products and the reactive oxygen species by the abated diethylamine (23 pM) at an ozone dose of 93
uM. The yield of N,N-diethylhydroxylamine in parenthesis is a theoretical yield based on the sum of the N-ethylethanimine oxide and ni-
troethane yields. The 102 and *OH yields in parentheses are also theoretical yields based on the yields of the corresponding transformation
products and the total 02 and *OH yields determined for the diethylamine-ozone reaction (186 % 02 and 105 % *OH). The yields of trans-
formation products and reactive oxygen species are emphasized in blue and red, respectively. Bold numbers next to the reaction steps are
calculated aqueous Gibbs free energies in kcal mol-L. The bold arrow indicates the major pathway of the branched reaction.
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Quantum chemical computations. Quantum chemical computations were performed to calculate aqueous Gibbs
free energy of reaction (AGaqrxn) for the oxygen transfer and electron transfer pathways of the diethylamine-
ozone reaction by assuming N,N-diethylhydroxylamine as the primary product of the oxygen transfer pathway
(steps (a) and (b) in Figure 2.3 and Reactions No. 1 and 2 in Table S2.4). The calculations were made for the ini-
tial reaction step of each pathway in which diethylamine and ozone react to form N,N-diethylhydroxylamine and
102 via an oxygen transfer (step (a), Figure 2.3) or diethylaminyl radical ((CH3CHz)N*), proton (H*), and ozonide
radical anion (03*) via electron transfer (step (b), Figure 2.3). The AGaqrxn Was compared to estimated values
based on more accurate gas-phase reactions for the oxygen transfer pathway®® or to reported one-electron
standard reduction potentials for the electron transfer pathway.?%? The difference in AGagrxn between the purely
computed and the estimated values was < 4 kcal mol! (details are given in Text S2.8 and Table S2.4), and the
uncertainty of calculation should be in the same range. The results clearly show that the oxygen transfer path-
way (AGagrxn = -16.4 kcal mol-1) is thermodynamically more feasible than the electron transfer pathway (AGagxn =
+9.3 kcal mol1). This is another strong indication suggesting a predominance of an oxygen transfer pathway over

an electron transfer pathway during the initial phase of the diethylamine-ozone reaction shown in Figure 2.3.

2.3.2.3 N,N-Diethylhydroxylamine-ozone reaction

Transformation products. To further investigate whether N,N-diethylhydroxylamine can be an intermediate of
the diethylamine-ozone reaction, N,N-diethylhydroxylamine was treated with ozone separately and its transfor-
mation products (Figure 2.1c) were compared with those of diethylamine (Figure 2.1b). N,N-
diethylhydroxylamine was indeed transformed to N-ethylethanimine oxide and nitroethane, the identical prod-
ucts as formed in the diethylamine-ozone reaction. N-ethylethanimine oxide was detected even for the samples
without ozone (i.e., at 0 uM ozone), which was due to the spontaneous oxidation of hydroxylamines by oxygen to
form nitrones.®* Accordingly, the reaction time was reduced to 3 - 5 hours to minimize the autoxidation. N-
ethylethanimine oxide reached the maximum formation at 150 uM ozone where N,N-diethylhydroxylamine was
completely abated, and decreased for higher ozone doses. The decrease in N-ethylethanimine oxide coincided
with a gradual increase in nitroethane formation. Thus, the transformation reaction occurred in the sequence
N,N-diethylhydroxylamine — N-ethylethanimine oxide — nitroethane. The mass balance of N,N-
diethylhydroxylamine and the detected transformation products was within 82 - 116 % for the entire range of

ozone doses.

Reactive oxygen species. Similar yields of 'Oz and °*OH were determined for the reaction of N,N-
diethylhydroxylamine with ozone (38 % and 43 %, Table 2.2). The 102 yield increased to 50 % at amine:ozone
molar ratios > 1 (Table S2.3). Under these conditions with amine in excess, N,N-diethylhydroxylamine was trans-
formed into N-ethylethanimine oxide with 100 % yield (0 - 150 uM ozone dose, Figure 2.1c). Therefore, the ini-
tial phase of the N,N-diethylhydroxylamine-ozone reaction can be characterized by two distinct pathways yield-
ing 102 and *OH, which both led to the same product, N-ethylethanimine oxide. To investigate the secondary
phase of the N,N-diethylhydroxylamine-ozone reaction where N-ethylethanimine oxide was transformed to ni-
troethane, we attempted to determine 10; yields under ozone excess conditions (amine:ozone < 1) and found the
yields decreased as the specific ozone dose increased (Table S2.3). The low 102 yields might be underestimated
by the excess ozone which could quench 102 formed during the N,N-diethylhydroxylamine-ozone reaction. The
reaction of 102 with ozone in the gas phase is known (k = 2 x 106 M-1s'1).%* However, currently little information

is available for the quenching reaction in the aqueous phase.
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Comparison of reactive oxygen species yields for diethylamine- and N,N-diethylhydroxylamine-ozone reactions. The
reactive oxygen species yields of N,N-diethylhydroxylamine were compared to those of diethylamine to further
examine the possibility of forming N,N-diethylhydroxylamine as a primary product of the diethylamine-ozone
reaction. During the initial phase of the diethylamine-ozone reaction, 95 % 02 and 8 % *OH would have been
formed based on the yields of the corresponding transformation products, N,N-diethylhydroxylamine and ethyl-
amine (steps (a) and (b), Figure 2.3). As mentioned above, the total 102 and *OH yields determined for the di-
ethylamine-ozone reaction were 186 % and 105 %, respectively, thus the remaining 91 % 102 and 97 % *OH
would have resulted from secondary reactions of a primary transformation product, e.g, NN-
diethylhydroxylamine. The hypothetical 102 and *OH yields for the reaction of N,N-diethylhydroxylamine with
ozone were estimated for the condition where N-ethylethanimine oxide and nitroethane were formed with 26 %
and 69 % yields, respectively, as found in the diethylamine-ozone reaction. The ozone dose required for these
specific product yields was approximately 270 pM (shown as a vertical line in Figure 2.1c) for N,N-
diethylhydroxylamine with an initial concentration of ~110 pM. For this ozone dose, N,N-diethylhydroxylamine
was transformed to 31 uM N-ethylethanimine oxide (29 % of the abated N,N-diethylhydroxylamine) and 80 pM
nitroethane (72 %) based on the simulated concentrations of the products (dotted lines in Figure 2.1c; details on
the simulation are discussed in the section 2.3.2.4). Converting the 102 and *OH yields determined with regard to
ozone (38 % and 43 %, Table 2.2) into the yields per abated N,N-diethylhydroxylamine with [O3] = 270 uM and
A[N,N-diethylhydroxylamine] = 110 pM resulted in 93 % 10z and 106 % *OH. This agrees well with the aforemen-
tioned hypothetical yields, supporting N,N-diethylhydroxylamine as an intermediate of the diethylamine-ozone

reaction.

Detailed reaction mechanisms. N,N-diethylhydroxylamine is a highly probable intermediate of the diethylamine-
ozone reaction with a high theoretical yield of 95 %. Therefore, it is important to understand how N,N-
diethylhydroxylamine reacts with ozone to obtain a complete picture of the diethylamine-ozone reaction. Clear-
ly, our results show that N,N-diethylhydroxylamine was quantitatively transformed into N-ethylethanimine ox-
ide upon ozonation during the initial phase of the reaction (Figure 2.1c). Based on the similarly high yields of 102
and *OH from N,N-diethylhydroxylamine (38 % for 102 and 43 % for *OH, Table 2.2), both oxygen transfer and
electron transfer seem to play an important role in the initial transformation of N,N-diethylhydroxylamine into
N-ethylethanimine oxide. The oxygen transfer pathway would proceed via a N*-0-0-O- adduct from an ozone
attack on N,N-diethylhydroxylamine, which would then degrade into N-ethylethanimine oxide, 102, and water
(step (c), Figure 2.4). The formation of a N*-0-0-0- adduct of a hydroxylamine was suggested by a study on the
reaction of a primary amine with ozone in an organic solvent where a hydroxylamine was expected as a reaction
intermediate, but with lack of experimental evidence.?® In contrast, the electron transfer pathway would result in
diethylnitroxide and ozonide radical anion (0O3*) as primary products (step (d), Figure 2.4). Electron transfer
pathways forming nitroxide compounds were often suggested by other studies to describe the oxidation of hy-
droxylamines, e.g., with ozone as an oxidant in the gas phase,® with molecular oxygen,®® with 102,%® and during
photooxidation.®” The formation of diethylnitroxide during the photooxidation of N,N-diethylhydroxylamine was
experimentally confirmed by detecting the characteristic EPR signal.’’ Nitroxides containing a-hydrogens are
susceptible to an attack by other radicals to form nitrones.®® Similarly, an a-hydrogen of diethylnitroxide can be
abstracted by other radicals and transformed into N-ethylethanimine oxide (step (h), Figure 2.4). Such radicals
can be diethylnitroxide itself inducing a bimolecular reaction forming N-ethylethanimine oxide and N,N-
diethylhydroxylamine® or t-butanol derived peroxyl radicals (e.g., C(CH3)2(OH)CH200¢, hereafter referred to t-
Bu00+)*8 likely present in the reaction system with high yields of *OH. Alternatively, diethylnitroxide can further
react with ozone to form an aminyl radical (RzN*), which will likely further react with ozone and cause an ozone-

consuming chain reaction (steps (e) and (f), Figure 2.4)%7° or react also with ¢-Bu0O* to decompose to 2-Methyl-
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1,2-propanediol and N-ethylethanimine oxide (step (i), Figure 2.4). The ozone reaction kinetics of diethylnitrox-
ide have not been determined yet. A similar compound with a nitroxide group but with no a-hydrogen, TEMPO,
has a very high second-order rate constant for its reaction with ozone (koz = 107 M-1s1).”t As the calculated
AGagrxn for the diethylnitroxide-ozone reaction (-16.7 kcal mol, step (e) in Figure 2.4) is slightly energetically
less favorable than the reported AGagqrxn for the TEMPO-ozone reaction (-23.2 kcal mol-1),”? the kinetics of the
diethylnitroxide-ozone reaction may be lower than 107 M-1s'L. In contrast, the kinetics of the reaction of diethyl-
nitroxide with radical species vary widely from 8.0 x 102 M-1s1 (as the bimolecular reaction of diethylnitrox-
ide)”® to 2.8 x 107 M-1s"! (as the reaction of TEMPO with t-Bu00).”* Based on the available kinetic information,
both reactions of diethylnitroxide with ozone and with radical seem probable, but we still propose that the radi-
cal reaction outcompetes the ozone reaction because of the following reasons: (1) Diethylaminyl radical resulted
from the further ozone reaction would degrade into ethylamine via 1,2-H shift followed by a reaction with Oz and
hydrolysis (step (g), Figure 2.4),* which conflicts with the quantitative formation of N-ethylethanimine oxide as a
primary product of the N,N-diethylhydroxylamine-ozone reaction (Figure 2.1c); (2) A catalytic ozone consump-
tion accompanied with the further ozone reactions (steps (e) and (f)) is inconsistent with the relatively low stoi-
chiometry of about 1.5 mole equivalents of ozone for the initial phase of the N,N-diethylhydroxylamine-ozone

reaction (Figure 2.1c).
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Figure 2.4. Proposed mechanism for the reaction of N,N-diethylhydroxylamine and N-ethylethanimine oxide with ozone. Product yields (in
%) were calculated by dividing the simulated concentrations of the transformation products and the measured concentrations of reactive
oxygen species by the abated N,N-diethylhydroxylamine (110 pM) at an ozone dose of 270 puM. The yields of transformation products and
reactive oxygen species are emphasized in blue and red, respectively. Bold numbers next to the reaction steps are calculated aqueous Gibbs
free energies in kcal mol-L. For discussion of reactions (c) - (i) see text.

Quantum chemical computations. Quantum chemical computations of the AGaqmn for the NN-
diethylhydroxylamine-ozone reaction were performed to test for an oxygen transfer or an electron transfer as
the initial reaction step (steps (c) and (d) in Figure 2.4 and Reactions No. 3 and 4 in Table S2.4). The results
showed that the oxygen transfer pathway is significantly and thermodynamically more favorable than the elec-
tron transfer pathway (-61.2 kcal mol! for the oxygen transfer, -6.1 kcal mol! for the electron transfer). Howev-
er, it is worth to note that the electron transfer pathway is exergonic for the N,N-diethylhydroxylamine-ozone
reaction, in contrast to the diethylamine-ozone reaction where the AGaqrxn of the electron transfer pathway is
+9.3 kcal mol-l. This implies that N,N-diethylhydroxylamine-ozone reaction may have a higher probability to
undergo an electron transfer pathway than the diethylamine-ozone reaction, which is confirmed by similar 102
and *OH yields.
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2.3.2.4 N-Ethylethanimine oxide-ozone reaction

Transformation products. The last piece of information needed to understand the diethylamine-ozone reaction is
the transformation of N-ethylethanimine oxide to nitroethane. An ozonation experiment was carried out for N-
ethylethanimine oxide using the synthesized stock described in Text S2.1 to investigate if it could be a transient
product with a high yield of nitroethane. Nitroethane was indeed identified as a major product with a 73 % yield
based on the abated N-ethylethanimine oxide at 300 pM ozone (Figure S2.13). However, there were a few distin-
guishing features observed in this separate ozonation experiment with N-ethylethanimine oxide as a starting
material, compared to the N,N-diethylhydroxylamine-ozone reaction (Figure 2.1c) where N-ethylethanimine
oxide was formed as an intermediate and further degraded. We assume the difference was caused by a sponta-
neous dimerization of N-ethylethanimine oxide,”>’® which contaminated the primary stock solution used in the
separate ozonation experiment and affected the reaction of N-ethylethanimine oxide with ozone (Text S2.7).
Therefore, for further discussions regarding N-ethylethanimine oxide, we rely on the result from the N,N-
diethylhydroxylamine-ozone reaction at high ozone doses (100 - 300 pM). Under these conditions, N-
ethylethanimine oxide is formed in situ and not affected by dimerization. Because of these experimental short-
comings, also the results of the reactive oxygen species in the experiments with N-ethylethanimine oxide should

be interpreted cautiously by taking the presence of a dimer into account.

Kinetic simulation: N,N-diethylhydroxylamine- and N-ethylethanimine oxide-ozone reactions. Based on the infor-
mation obtained so far, we performed kinetic simulations to describe the evolution of N,N-diethylhydroxylamine,

N-ethylethanimine oxide, and nitroethane during the N,N-diethylhydroxylamine-ozone reaction by using the

Kintecus software (www.kintecus.com)’’ (Table S2.5 and Figure 2.1c, dotted lines). The kinetic model contained
the initial transformation reaction of N,N-diethylhydroxylamine to N-ethylethanimine oxide, diethylnitroxide,
and an unknown radical species, X, via oxygen transfer and electron transfer pathways with a 1:1 branching ra-
tio. X is a radical species (e.g., t-Bu0O*) derived from the scavenging reaction of *OH with t-butanol, formed by
the electron transfer reaction along with diethylnitroxide. The 1:1 ratio was selected based on the similar yields
of 102 and °*OH, the indicators of oxygen transfer and electron transfer, for the conditions where N,N-
diethylhydroxylamine was in molar excess of ozone (i.e., amine:ozone > 1, Table S2.3 and Figure S2.12). The
ensuing products of electron transfer, diethylnitroxide and X, react with each other and subsequently form N-
ethylethanimine oxide. Additionally, the autoxidation of N,N-diethylhydroxylamine was included assuming oxy-
gen saturation at 20 °C ([0:2 (aq)] ~ 9 mg/L). A bimolecular reaction of diethylnitroxide to form N,N-
diethylhydroxylamine and N-ethylethanimine oxide was also included to describe the decay of diethylnitroxide
under conditions without ozone (0 uM ozone). Lastly, two more reaction steps were added to describe the trans-
formation of N-ethylethanimine oxide into nitroethane via an unknown intermediate, Y, which was assumed to
react very fast with ozone (assumed kobspn7 = 1 x 106 M-1s1) to form nitroethane. The simulation results shown
in Figure 2.1c (dotted lines) are in reasonable agreements with the experimental findings of the N,N-
diethylhydroxylamine-ozone reaction which formed N-ethylethanimine oxide and nitroethane in a sequential

order.

Detailed reaction mechanisms. Compounds containing C-N double bonds like nitrones and oximes typically form
C-nitroso compounds upon ozonation according to the studies conducted in organic solvents.?*’%7® Similarly, N-
ethylethanimine oxide could react with ozone to form nitrosoethane which would be further oxidized by ozone
to form nitroethane (steps (j) and (k), Figure S2.17). However, as the nitroso moiety is a strong electron-
withdrawing group, nitrosoethane cannot be the intermediate Y hypothesized to be highly reactive to ozone in
the kinetic simulation. This was tested by a kinetic simulation substituting nitrosoethane for Y and using the

same kinetic model but with a different kobspnz of the reaction No. 6 set at 1.0 x 102 M-1s1 instead of 1.0 x 106 M1
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s'1(Table S2.6). The new model with nitrosoethane as an intermediate did not perform as well as the previous
one, featuring a lower ozone stoichiometry of the abatement of N-ethylethanimine oxide than the measured val-
ue (Figure S2.16b). Another possible mechanism of the N-ethylethanimine oxide-ozone reaction can be a
Criegee-type mechanism forming an ozonide via a cycloaddition of ozone to the C-N double bond (step (1), Figure
$2.17).8%81 The ozonide would dissociate into nitroethane and a peroxide intermediate. The latter would subse-
quently react with water to form acetaldehyde and hydrogen peroxide.®%8? To test this hypothesis, the formation
of hydrogen peroxide was determined in ozonated N-ethylethanimine oxide samples. The N-ethylethanimine
oxide solution was prepared in situ by oxidizing ~100 uM N,N-diethylhydroxylamine with 180 uM ozone to en-
sure all N,N-diethylhydroxylamine was converted to N-ethylethanimine oxide. Thereafter, 100 uM ozone was
added to the N-ethylethanimine oxide solution. The concentrations of hydrogen peroxide in the N-
ethylethanimine oxide solution before and after the ozone addition remained the same (16 * 4 uM for both). This
confirms that hydrogen peroxide was not formed during the reaction of N-ethylethanimine oxide with ozone and
thus, makes the Criegee-type mechanism very unlikely. The other hypothesis is an electron transfer pathway
forming a N-ethylethanimine oxide radical cation and an ozonide radical anion (step (m), Figure S2.17). This
pathway can explain the possibly high *OH yield of N-ethylethanimine oxide (43 %, Table 2.2). One-electron oxi-
dation of nitrones has been postulated as an alternative spin trapping mechanism when nitrones were used as
radical spin traps.®38* The resulting nitrone radical cations were detected experimentally.®* However, little is
known whether a similar pathway can be applied to the ozone reaction and how the radical cation further de-

grades into nitroethane.

Quantum chemical computations. The hypothesized mechanisms of the N-ethylethanimine oxide-ozone reaction
(steps (j) and (1), Figure S2.17) were examined by calculating AGaqrxn of the reactions. The AGaqxn of the reaction
step (m) could not be calculated because of an unreliable result of the computation of the N-ethylethanimine
oxide radical cation at the CCSD(T)/ jul-cc-pVTZ level, resulting in T1 diagnostic > 0.03.2° Besides the ozone reac-
tions, the hydrolysis of N-ethylethanimine oxide forming N-ethylhydroxylamine and acetaldehyde (step (n), Fig-
ure S2.17), suggested by an earlier study,*® was also examined because this could compete with the further reac-
tion of N-ethylethanimine oxide with ozone. The calculations show that the further reactions with ozone are
thermodynamically more feasible than the hydrolysis which is endergonic (-40.8 kcal mol-! and -70.8 kcal mol-
for the ozone reactions and +8.4 kcal mol-! for hydrolysis, steps (j), (1), and (n) in Figure S2.17 and Reaction No. 6
- 8 in Table S2.4). However, despite the thermodynamic feasibility of the reaction steps (j) and (1), neither of
them were justified by the experimental findings as discussed above. This demonstrates that the results from
quantum chemical computations must be interpreted cautiously and considered as supplementary information

to experimental findings.

Kinetic simulation: diethylamine-ozone reaction. Finally, a kinetic simulation for the diethylamine-ozone reaction
was carried out (Table S2.7 and Figure 2.1b, dotted lines). The kinetic model included the initial transformation
reaction of diethylamine to N,N-diethylhydroxylamine and diethylaminyl radical with a 9:1 branching ratio based
on the product yields. The follow-up reaction steps were applied as in the model for the NN-
diethylhydroxylamine-ozone reaction (Table S2.5). The trends for the abatement of diethylamine and the evolu-
tion of the various transformation products were well described. However, the simulated concentrations of the
final products (nitroethane and ethylamine) at 300 uM ozone dose were about 50 % higher than the measured

concentrations (Figure 2.1b). For such a complex reaction system, this is a reasonable outcome.
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2.3.2.5 Ethylamine-ozone reaction

Transformation products. About 5.5 molar equivalents of ozone were required for a complete abatement of ethyl-
amine (Figure 2.1d). Nitroethane was the major product with close to 100 % yields at all ozone doses, resulting
in a very good mass balance. Therefore, only very limited additional products are expected from the ethylamine-
ozone reaction. The high yield of nitroethane observed in the ethylamine-ozone reaction is in agreement with a
recent study that found 100 % nitromethane from methylamine with a molar ozone:methylamine ratio of 12.13
However, these results disagree with previous studies, where nitrate was detected as a final product from the
ozone reactions of ammonia® and amino acids containing a primary amine moiety.***? In the current study, only
traces of nitrite and nitrate were detected from ethylamine over the entire range of ozone doses (< 1 %, not
shown in Figure 2.1d). Additional ozonation experiments were carried out with ozone:ethylamine ratios of 20,
but still only about 10 % nitrate was detected. This is far smaller than previously reported nitrate yields from
amino acids (glycine and serine) of 85 - 90 % with molar ozone:model compound ratios of 5-20.4%? The discrep-
ancy may be due to the presence of a carboxylic group in the amino acids, which alters the reaction pathway to
favor nitrate rather than nitroalkanes as final products (see the section “primary amines vs amino acids” below).
Ammonia, a dealkylated product from ethylamine, is unlikely to be formed, because the nitrogen mass balance
was completed by nitroethane alone. No ammonia formation was also reported in the oxidation of glycine by

ozone in presence of a radical scavenger.*

Reactive oxygen species. Similar yields of 102 and *OH were determined for the ethylamine-ozone reaction (27 %
and 33 % relative to the consumed ozone for 102 and *OH, respectively, Table 2.2). The 102 yield was slightly
higher than the previously reported value of 17 %.*” The *OH yield was similar to the yield from glycine which
contains a primary amine moiety.*! Similar to the diethylamine-ozone reaction, the significant yield of *OH seems
to be a result of secondary ozone reactions of primary transformation products rather than from the initial phase

of the ethylamine-ozone reaction.

Reaction pathways. The ethylamine-ozone reaction can be understood similarly to the diethylamine-ozone reac-
tion as it was characterized by the same features: high ozone stoichiometry, the formation of a highly oxidized
product (nitroethane), and high yields of reactive oxygen species per abated amine (Figure 2.5). The yields of
nitroethane and reactive oxygen species (102 and *OH) at 93 uM ozone are 100 %, 120 % and 146 %, respective-
ly, where A[Ethylamine] = 21 pM. The ethylamine-ozone reaction mainly underwent oxygen transfer reaction
based on a 100 % yield of nitroethane. Accordingly, N-ethylhydroxylamine and 10z, the primary transformation
product and the reactive oxygen species of the oxygen transfer pathway, would be formed with 100 % theoreti-
cal yields. The remaining 102 and *OH yields (20 % and 146 %) should be associated with secondary reactions
leading to nitroethane. However, considering the high ozone stoichiometry of 5.5 mole equivalents of ozone (or
550 % ozone in relation to abated ethylamine), the total reactive oxygen species yield (266 %) was too low.
Thus, more reactive oxygen species (e.g., 102 and *OH which might have been underestimated or superoxide rad-
ical and hydrogen peroxide which have not been determined) seems to be involved in the secondary reactions

than what were actually measured.
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Figure 2.5. Proposed mechanism for the reaction of ethylamine with ozone. Product yields (in %) were calculated by dividing the measured
concentrations of the transformation products and the reactive oxygen species by the abated ethylamine (21 pM) at an ozone dose of 93 pM.
The yield of N-ethylhydroxylamine in parenthesis is a theoretical yield based on the nitroethane yield. The 10z and *OH yields in parentheses
are also theoretical yields based on the yields of the corresponding transformation products and the total 102 and *OH yields determined for
the ethylamine-ozone reaction (120 % !0z and 146 % *OH). The yields of transformation products and reactive oxygen species are empha-
sized in blue and red, respectively. The bold arrow indicates the major pathway of the branched reaction.

Detailed reaction mechanisms. N-ethylhydroxylamine is expected as a primary transformation product via oxy-
gen transfer in analogy to N,N-diethylhydroxylamine of the diethylamine-ozone reaction. Similar to N,N-
diethylhydroxylamine, N-ethylhydroxylamine (kobspn7 ~105 M-1s'1 Table 2.1) reacts much faster with ozone than
the parent amine, wherefore, it was not detectable and the formation of further oxidized products can be ex-
pected. During the further reaction of N-ethylhydroxylamine with ozone, a dihydroxylamine intermediate would
be formed (Figure S2.18a), as suggested by studies on ozone reactions of primary amines in organic solvents.2887
The dihydroxylamine intermediate would degrade to nitrosoethane or acetaldoxime by releasing water. Neither
of these products were identified due to the lack of reference standards or an applicable analytical method. Ni-
troso compounds and oximes are tautomers of each other and oximes are known to be the more stable forms.88

Although the tautomeric equilibrium would favor the formation of acetaldoxime, nitrosoethane still seems a
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more probable product based on the predominant formation of nitroethane. If acetaldoxime was formed, the
major product would have been nitrate, since acetaldoxime is hydrolyzed to hydroxylamine which can react fast
with ozone (kosz = 2.1 x 104 M-1s1 for hydroxylamine)8? to nitrate. Therefore, the high yield of nitroethane sup-

ports nitrosoethane as a precursor rather than acetaldoxime.

Primary amines vs amino acids. The different nitrate yields for primary amines and amino acids upon ozonation
may be related to the secondary reaction pathways involving dihydroxylamines, nitroso compounds, or oximes
as intermediates. Ethylamine and glycine, differing only by a substituent of the a-carbon (methyl for ethylamine
and carboxyl for glycine), are compared in detail in Figure S2.18. The nitrate yields per abated amines under
ozone-excess conditions (= 5 molar equivalent ozone) were 10 % for ethylamine (determined in this study) and
90 % for glycine.#0 To explain the high nitrate yield from glycine, we hypothesized that the nitroso intermediate
of glycine can not only degrade into nitroacetic acid,!3 but also produce nitrate as a final product similar to the
oxime counterpart (Figure S2.18b). This is because the carboxyl group in the nitroso intermediate of glycine can
decarboxylate, leaving formaldehyde oxime as the other product. The resulting formaldehyde oxime would be
transformed into hydroxylamine and then nitrate in the same manner as the other oxime intermediates. The
same decarboxylation mechanism was suggested for oxidation of amino acids by dimethyldioxirane, an electro-
philic compound, for which the corresponding oximes and the carboxylic acids (resulted from further decompo-
sition of the oximes) were found as major products.?® In comparison, the reactions of primary amines with dime-
thyldioxirane produce nitro compounds with high yields.?! Alternatively, it can be hypothesized that the carboxyl
group can withdraw electron density from the neighboring a-carbon and render the a-carbon more acidic and
thus prone to lose a proton. As a result, the oxime intermediate may be formed more efficiently than the nitroso
counterpart. The deprotonation of the a-carbon of amino acids has been accepted as a key step of the racemiza-
tion of amino acids.?? The pKa of the a-carbon of glycine in the zwitterion form was determined to be 29 in aque-
ous solution.?3 With the two additional hydroxyl groups, the a-carbon of the dihydroxylamine intermediate of
glycine may be characterized by a much lower pKa. Overall, the involvement of the oxime intermediates, either
derived from dihydroxylamine intermediate or from nitroso intermediate, seems a decisive factor to explain the

high nitrate yield from amino acids in comparison to primary amines.

2.3.2.6 Reaction mechanisms of aliphatic amines with ozone

28-30,34,35,37,38,40,41 the reactions Of

Based on the findings of this study as well as available information in literature,
aliphatic primary, secondary, and tertiary amines with ozone are summarized in Figure 2.6. Our study revealed
that all amines were predominantly transformed into products containing nitrogen-oxygen bonds, i.e., triethyla-
mine N-oxide or nitroethane (64 - 100 % of the transformed parent amines at the highest applied ozone dose).

Dealkylated products were formed only as small fractions of the transformed parent compounds (0 - 9 %).
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Figure 2.6. Summary of the reactions of aliphatic primary, secondary, and tertiary amines with ozone in aqueous solution based on this and
other studies (both acyclic and saturated heterocyclic amines as shown in the examples).28-30.343537.384041 Bold arrows indicate the dominant
pathway. Identified transformation products are highlighted in blue. 2Detected only in organic solvent.? bIndirectly confirmed based on a
change in color of the solution.?®

2.3.3 Practical implications

Nitroethane was detected as a final product in all tested amine-ozone reactions. The yield was considerable for
almost all amines (> 60 % for diethylamine, ethylamine, N,N-diethylhydroxylamine, and N-ethylethanimine ox-
ide) except for triethylamine (9 %). Short-chain aliphatic amines such as methylamine, dimethylamine, ethyla-
mine, and diethylamine are typically present up to 0.1 uM in surface waters and up to 5 pM in wastewater efflu-
ents.** %8 Considering the amount of aliphatic amines formed as breakdown products from more complex organic
compounds, the total concentration of the short-chain nitroalkanes derived from aliphatic amines can be higher
than 5 pM after ozonation. The reactivity of nitroalkanes towards ozone is expected to be low based on the low
second-order ozone rate constant of nitroethane determined in this study (k = 3.4 M-1s-1, Table 2.1). Thus, once
formed, nitroalkanes would not be further transformed by ozone but persistent in water as they are not easily
hydrolyzed nor biodegradable.”® Moreover, the volatility of short-chain nitroalkanes is in the same range as tri-
halomethanes, known disinfection byproducts in chlorinated waters, based on the comparable Henry’s constants
(29 x 105 - 1.2 x 10* atm m3 mol! for nitroalkanes and 4.4 x 10 - 7.8 x 10-3 atm m3 mol! for trihalome-
thanes).!® Therefore, exposures to nitroalkanes could occur via inhalation or dermal adsorption during shower-
ing and bathing, similarly to trihalomethanes.'®* The short-chain nitroalkanes such as nitromethane, nitroethane,
1-nitropropane, and 2-nitropropane are widely used as industrial solvents, building blocks for chemical synthe-
ses, and fuels in combustion engines.'®* Accordingly, studies on the toxicity of the nitroalkanes have mostly been

conducted in the context of occupational exposures at workplaces where the nitroalkanes are used in high con-
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centrations. Exposure to high levels of nitroalkanes causes acute and short-term toxicity (nitrite-induced me-
themoglobinemia) typically with little lingering effects. Such high levels of nitroalkanes are unlikely to be formed
during water and wastewater treatment. Some nitroalkanes (nitromethane and 2-nitropropane) are reasonably
anticipated to be human carcinogens!®® and effects of long-term exposure to them have been of great concern.
Therefore, further information is needed on the occurrence of nitroalkanes during ozonation, especially in the
context of wastewater-impacted source waters and water reuse systems, where relatively high concentrations of

aliphatic amines are expected in the dissolved organic matter.

2.4 Conclusion

All amines predominantly underwent oxygen transfer reactions as initial ozone reaction pathways to form major
products containing nitrogen-oxygen bonds, e.g., triethylamine N-oxide (triethylamine) or nitroethane (diethyl-
amine and ethylamine). The yields of the major products were 69 - 100 % per abated amines with one molar
equivalent of ozone (93 uM). N-dealkylated products were additionally identified for triethylamine and diethyl-
amine, but the yields were lower than 10 %. Good nitrogen mass balances were achieved for all amine-ozone

reactions (> 70 %).

N,N-diethylhydroxylamine, a potential intermediate of the diethylamine-ozone reaction, escaped from our detec-
tion because of its high reactivity towards ozone in comparison to the ozone reactivity of diethylamine. However,
the measurements of reactive oxygen species (102 and *OH), quantum chemical computations, and kinetic simu-

lations support the possibility of forming N,N-diethylhydroxylamine during the diethylamine-ozone reaction.

Different from the triethylamine-ozone reaction, the reactions of diethylamine and ethylamine with ozone were
characterized by the high ozone molar stoichiometry (ozone:amine 2 4), which resulted in the formation of the

highly oxidized product (nitroethane) and the excess formation of 102 and *OH.

The high yields of nitroethane from diethylamine- and ethylamine-ozone reactions determined in this study
imply significant formation of nitroalkanes during ozonation especially for waters containing high levels of dis-
solved organic nitrogen (e.g., wastewater-impacted sources waters). Further efforts are required to understand

the occurrence of nitroalkanes and their impact on the receiving aquatic environment and human health.
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Text S2.1. Chemical reagents

The chemicals used in this study are listed in Table S2.1. N-ethylethanimine oxide was synthesized by the AuA
laboratory at Eawag with N,N-diethylhydroxylamine as a starting material and mercury (II) oxide as an oxi-
dant.? The purity of the synthesized chemical was checked by comparing 'H and 13C NMR signals of N-
ethylethanimine oxide to those of the starting material, N,N-diethylhydroxylamine, which yielded > 98 % in
mol/mol. The UV absorbance at Amax = 224 nm was recorded with the synthesized product as received to obtain a
calibration curve (Figure S2.1) which was used to determine the concentrations of the working stocks. The molar

absorption coefficient was calculated to be € = 6964 M-1cm! at 224 nm with a 1 cm path length.
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Figure S2.1. Calibration curve of N-ethylethanimine oxide standards at 224 nm (1 cm cell).

Table S2.1. List of chemicals used.

Chemicals Suppliers Product No.
Ethylamine hydrochloride, 98% Sigma-Aldrich 232831
N,N-Diethylhydroxylamine, > 98% Sigma-Aldrich 471593
N-ethylhydroxylamine hydrochloride, 95% Enamine EN300-170097
Triethyl-dis-amine, 99.2% CDNisotopes D-1221
Diethyl-dio-amine HCI, 98.5% CDNisotopes D-5132
N,N-diethylethanamine oxide (“Triethylamine N-oxide”), 2 97% SelectLab S7042
Nitroethane, 99% Alfa Aesar A10855
Diethylamine hydrochloride, 99% Sigma-Aldrich 127744
N-Ethylacetamide, 99% Alfa Aesar L10300
Nitroethane-ds, 99.1% CDNisotopes D-5262
Triethylamine hydrochloride, = 99.0% Fluka 90350
Acetaldoxime, syn + anti, 98% Alfa Aesar A10640
tert-Butanol, = 99.7% Sigma-Aldrich 19460
Sodium dihydrogen phosphate monohydrate, 99-102% Merck 106346
di-Sodium hydrogen phosphate dihydrate, 2 99.5% Merck 106580
Phosphoric acid, 2 85% Sigma-Aldrich 30417
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9-Fluorenylmethoxycarbonyl chloride, 299.0% Sigma-Aldrich 23186
Amantadine hydrochloride, = 98% Sigma-Aldrich A1260
Sodium hypochlorite solution, 6-14% active chlorine Sigma-Aldrich 13440
Hydrogen peroxide solution, >35% Sigma-Aldrich 95299
Sodium sulfate, = 99.0% Sigma-Aldrich 239313
trans-Cinnamic acid, = 99% Sigma-Aldrich C80857
Benzaldehyde, = 99.0% Sigma-Aldrich 12010
2,4-Dinitrophenylhydrazine, 2 99.0% Sigma-Aldrich 42210

Text S2.2. Reaction Kinetics

Indigo method. Second-order rate constants for the reactions of the tested compounds (ethylamine, diethyla-

mine, triethylamine, N-ethylhydroxylamine,  N-ethylethanimine oxide, nitroethane, and NN-
diethylhydroxylamine (at pH < 2 for N,N-diethylhydroxylamine)) with ozone were determined by a direct meas-

urement of the ozone decrease as a function of time under pseudo first-order conditions where the molar [com-
pound]o : [O3]oratio is = 20. The decrease in the ozone concentration was determined by quenching the remain-
ing ozone with the indigo reagent and measuring the decolorization of the indigo by a UV-vis spectrophotometer
at 600 nm.? For triethylamine, diethylamine, and ethylamine, the pH of the solutions was set far below the pKa of
the amines so that the amines were mostly present in the protonated forms and the reaction rates were low
enough to be measured by the direct method. The second-order rate constants for the neutral form of the amines
were obtained by extrapolating the measured apparent second-order rate constants to a higher pH.* The plots

for the determination of the pseudo first-order kinetics are summarized in Figure S2.3.

Competition kinetic method. The apparent second-order rate constants for the reaction of N,N-
diethylhydroxylamine with ozone at pH 5 - 8 were determined by using a competition kinetic method with
trans-cinnamic acid as a competitor. Benzaldehyde, a product of the reaction of trans-cinnamic acid with ozone,
was quantified by HPLC® at varying ratios of [N,N-diethylhydroxylamine]o to [trans-cinnamic acid]o. The second-
order rate constant of N,N-diethylhydroxylamine (ko3, NN-diethylhydroxylamine) Was deduced based on the following

equation:®

[Benzaldehyde], _ ko, n,N-diethylhydroxylamine [N, N-diethylhydroxylamine]

[Benzaldehyde] Ko, trans-cinnamic acia[trans-cinnamic acid]

Estimating pKa of N,N-diethylhydroxylamine based on kapp. The pKa of N,N-diethylhydroxylamine was estimated by
fitting the determined apparent second-order rate constants for the reactions of N,N-diethylhydroxylamine with
ozone in the pH range 1.6 to 8.0 (pH < 2 by the direct method and 5 < pH < 8 by the competition kinetics meth-
od). The fitting was performed by the GraphPad software (version 5.02) based on the following equation: k =
knu+(1-a) + kna, where knu+ and kn are species-specific second-order rate constants for the protonated and neu-
tral forms of N,N-diethylhydroxylamine and « is the fraction of the neutral form expressed as a = 1/(1 + 10prKa-pH),
The fitting result as well as the measured rate constants are shown in Figure S2.2. The best-fit values with stand-
ard errors were (7.0 + 0.02) x 105 M-1s1 for kv and 5.4 + 0.01 for pK-.
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Figure S2.2. pH-dependent second-order rate constants for the reaction of N,N-diethylhydroxylamine with ozone. The symbols and the line
indicate the measured and predicted data, respectively.

Determining ozone kinetics of N-ethylethanimine oxide. The synthesized N-ethylethanimine oxide stocks were
suspected to contain a considerable amount of a dimer (Text S2.7), which hindered accurate determination of
the reaction kinetics. For this reason, the N-ethylethanimine oxide solution was prepared in situ by oxidizing
N,N-diethylhydroxylamine with a 1.5-fold stochiometric excess of ozone, which yielded ~100 % N-

ethylethanimine oxide (Figure 2.1c in main text), and kinetic experiments were carried out by the indigo method.
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Figure S2.3. Pseudo-first-order Kkinetic plots for the reactions of ozone with ethylamine, diethylamine, triethylamine, N,N-
diethylhydroxylamine, N-ethylhydroxylamine, N-ethylethanimine oxide, and nitroethane under varying pH conditions. The plots from com-
petition kinetics (CK) are also presented for N,N-diethylhydroxylamine. Data points shown in the plots were from single measurements.
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Text S2.3. Analyses of amines and their transformation products: LC-HRMS, GC-MS, IC, and HPLC methods

LC-HRMS for Diethylamine, N,N-diethylhydroxylamine, N-ethylethanimine oxide, Triethylamine, and Triethylamine
N-oxide. Non-ozonated (ozone dose = 0 uM) and ozonated samples were diluted 10-fold in acetonitrile to achieve
the composition of sample solvent (90 % acetonitrile and 10 % aqueous solution) suitable for hydrophilic inter-
action liquid chromatography (HILIC). A mixture of triethyl-dis-amine and diethyl-dio-amine (10 puM in each as
final concentration) dissolved in acetonitrile were added as internal standards. Compounds in the diluted sam-
ples were separated on a HILIC column (XBridge™ BEH HILIC XP, 2.5 uM particle size, 3.0 x 150 mm, Waters) at
30 °C with a flow of 400 pL/min and ultrapure water and an acetonitrile mixture (95:3:2 of acetoni-
trile:methanol:ultrapure water) as eluents. 1 mM ammonium formate and 0.1 % formic acid were added to both
eluents. The gradient started with 100 % of the acetonitrile mixture during the first 2 min, which linearly de-
creased to 5 % between 2 min and 12 min, maintained at 5 % until 17 min, increased to the initial conditions of
100 % acetonitrile mixture at 17.1 min, and maintained at 100 % until 37 min for column re-equilibration. After
separation, compounds were detected by a Thermo Scientific Q-Exactive high-resolution mass spectrometer (R =
70,000) with electrospray ionization (ESI) in positive full scan mode with a spray voltage of 4000 V, a capillary
temperature of 350 °C, a sheath gas flow rate of 40, and an auxiliary gas flow rate of 10. The limits of quantifica-
tions (LOQ) were estimated based on the slope of the calibration curve (s), the standard deviation of the y-
intercept of the calibration curve (o), and the equation of LOQ = 10 x ¢/s, and summarized in Table S2.2. The
measuring range for N,N-diethylhydroxylamine was 3 uM - 10 pM and for the other compounds were 0.5 pM -
10 uM with linear correlation coefficients (R2) above 0.99.

Table S2.2. List of compounds analyzed by LC-HRMS, their exact masses, and LOQ.

Compound Molecular formula (M) Exact mass as [M+H]+ LOQ, pM
Triethylamine C6H15N 102.1277 0.2
Triethylamine N-oxide C6H15NO 118.1226 0.1
Diethylamine C4H11N 74.0964 0.4
N-ethylethanimine oxide C4HONO 88.0757 0.4
N,N-diethylhydroxylamine C4H11NO 90.0913 2.5

Liquid-liquid extraction + GC-MS for nitroethane. Nitroethane in ozonated samples was extracted from the aque-
ous phase by liquid-liquid extraction with methyl tert-butyl ether (MTBE). 2.5 mL of MTBE was added to 2.5 mL
of a sample and the mixture was shaken for 5 min. After shaking, 1 mL of the organic phase was transferred to a
GC sample vial via a Pasteur pipette filled with a cotton ball and a thin layer of sodium sulfate for drying. Ni-
troethane-ds was added as an internal standard (100 puM as final concentration). The extraction efficiencies test-
ed for a low to high concentrations of nitroethane (10 uM, 50 uM, and 100 puM) were typically about 90 %. After
extraction, analytes were separated on a Rtx-VMS column (60 m, 0.32 mm ID, 1.8 um dr, RESTEK) by injecting 1
uL in the splitless mode with an inlet temperature of 230 °C. The column oven was initially at 40 °C, ramped to
110 °C between 1 min and 15 min, ramped to 220 °C between 15 min and 18 min, and held at 220 °C until 23
min. After separation, nitroethane was detected by a Thermo Scientific DSQ II mass spectrometer with positive
SIM mode. Quantification ions for nitroethane were m/z 27 and 29. LOQ ~ 5 uM was estimated based on a signal-
to-noise ratio of 5 uM nitroethane standard solution greater than 10 (Figure S2.4). A signal-to-noise ratio of 10 is

generally accepted for estimating LOQ.” The measuring range was 3 uM - 100 uM.
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Figure S2.4 Example of chromatogram of 5 uM nitroethane standard solution in GC-MS, filtered with m/z = 27.

Fmoc chloride derivatization + HPLC-UV for ethylamine. Ethylamine was analyzed by a derivatization method
using 9-Fluorenylmethoxycarbonyl chloride (Fmoc chloride)® because of the low molecular weight (45 as aver-
age mass) that cannot be detected by the mass spectrometer of the LC-HRMS system. Derivatization was per-
formed by mixing 150 uL of samples containing ethylamine with 150 pL of 0.4 M borate buffer (pH 9) and with
300 pL of 0.1 mM Fmoc chloride dissolved in acetonitrile. After 30 min, the reaction was stopped by adding 50 uL
of 40 mM Amantadine. Derivatized analytes were then separated on a Cosmosil C18 column (5C18-MS-II, 3.0 x
100 mm, NACALAI TESQUE, INC.) with a gradient (1 mL/min) of acetonitrile and ultrapure water. Both eluents
were acidified by 0.1 % formic acid. The gradient started at 95 % ultrapure water during 5 min, which linearly
decreased to 5 % between 5 min and 15 min, maintained at 5 % to 25 min, increased back to the initial condition
of 95 % ultrapure water until 27 min, and maintained at the initial condition until 33 min. The derivatized prod-
uct of ethylamine was analyzed by UV detection at 262 nm. LOQ calculated based on the calibration curve was

0.4 uM and the measuring range was 0.5 uM - 100 pM.

IC-conductivity detection for nitrite and nitrate. Ozonated samples were diluted 4-fold in ultrapure water to min-
imize a background peak of phosphate. The anions in the diluted samples were then separated on a capillary
anion-exchange IC column (IonPac AS19-4uM, 0.4 x 250 mm, Dionex) with KOH as eluent with a flow rate of 0.01
mL/min. The eluent concentration was initially at 10 mM for 10 min, increased to 28.5 mM between 10 min and
15 min, increased to 120 mM between 15 min and 15.1 min, was maintained at 120 mM until 23 min, went back
to the initial concentration of 10 mM between 23 min and 23.1 min, and held at 10 mM until 32 min. The anions
were detected by suppressed conductivity (ACES 300 Capillary Electrolytic Suppressor, Dionex). LOQ and the
measuring ranges calculated based on the calibration curves were 0.05 uM and 0.05 uM - 2 uM for nitrate and
1.4 uM and 1.4 pM - 20 uM for nitrite.
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Text S2.4. Analysis of reactive oxygen species: Singlet oxygen

102 detector setup: A schematic diagram of the 102 detection setup is shown in Figure S2.5. A near-infrared pho-
tomultiplier tube (NIR-PMT, H10330B-45, Hamamatsu) was used to quantify 10z formation by detecting the
characteristic phosphorescence emitted by 102 at 1270 nm. In-situ 102 formation was initiated by injecting an
ozone solution (1 mL) to an amine solution (1 mL) placed in a cuvette (100-QS, 10 mm, Hellma). A cuvette holder
(CVH100/M, Thorlabs) accommodating the cuvette was closely attached to NIR-PMT to minimize loss of photons
(the distance between the cuvette holder and NIR-PMT was ~40 mm in our setup). A bandpass filter with 1270 *
3 nm central wavelength (bk-1270-10-B, bk Interferenzoptik) was placed between the cuvette and the output
port of the cuvette holder. A lens with an anti-reflective coating for near-infrared light (LA1951-C, Thorlabs) and
a concave mirror with a protected gold coating (CM254-019-M01, Thorlabs) were installed in front of and be-
hind the cuvette to enhance the efficiency of photon collection. The lens was housed in a lens tube with matching
threads to the input window of NIR-PMT and the output port of the cuvette holder to ensure a light-tight setup.
Output signals (multiplied photoelectrons) of NIR-PMT were counted by a following photon counting unit
(C9744, Hamamatsu) with a predetermined threshold level (200 mV) and converted into digital signals. The
digital signals were then counted by a pulse counting unit (C8805-01, Hamamatsu) equipped with a USB port to
be connected to a PC. The final signals were expressed as counts per gate (with a typical gate time of 5 ms) and
recorded by a sample software (Hamamatsu) provided together with the pulse counting unit. Experiments were
carried out in a dark room with a LED lamp (3W, cool white) to protect the photocathode of NIR-PMT from ex-
cessive light and minimize background noise. The voltage of NIR-PMT was set as 800 V and the gate time was

typically set as 5 ms unless mentioned otherwise.
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Figure S2.5. Schematic diagram of a 02 detection setup.

Calibration: The 102 detection of NIR-PMT was calibrated by the reaction of hydrogen peroxide with hypo-
chlorous acid (H202 + HOCI = 102 + H20 + HCI) at pH 10. In a previous study on 10z formation during ozone reac-
tions,” the calibration reaction was performed at pH 7 where a 100 % yield of 102 can be expected. However, our
setup detected somewhat greater 102z signals at pH 10 than at lower pH values (Figure S2.6). The seemingly mar-
ginal difference between pH 7 and 10 can give rise to different results in quantification. For this reason, in this
study, the calibration reaction was performed at pH 10 where the highest 102 yield was observed. The reaction
was initiated by injecting 1 mL of a 0.04 - 0.6 mM HOCI solution by a glass syringe to 1 mL of 10 mM H:0: solu-
tion placed in a cuvette in the cuvette holder attached to NIR-PMT as in Figure S2.5. The measurements were

repeated at least five times to reduce the deviations of the data which might be caused by incomplete mixing. The
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concentrations of the HOCI and H20: solutions were determined spectrophotometrically (¢ = 350 M1 cm™ at 290
nm for HOCl and € = 40 M-1cm at 240 nm for H202). Considering the dilution factor of 2, the final 102 concentra-
tions were expected to be 0.02 - 0.3 mM. A calibration curve was obtained by plotting integrated areas of the 102
signals as a function of the final 102 concentrations (Figure S2.7). LOQ ~ 3 uM was determined based on a signal-
to-noise ratio greater than 10 for the calibration solution theoretically producing 3 uM 102 by the reaction of 10
mM H202 with 6 pM HOCI (Figure S2.8).

300
250 | 1
200 | ® § i § |
150 | 1

100 1

Integrated peak area, CPG*time

50 1

pH

Figure S2.6. Integrated 102 signals formed during H202-HOCI reaction (5 mM H202 and 0.1 mM HOCI) under various pH conditions ranging
from 7 to 10. Data points were averaged values over five repetitions.
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Figure S2.7. Integrated 10: signals as a function of theoretical concentrations of 102 formed during the reaction of hydrogen peroxide with
hypochlorous acid, yielding a 100 % 02 yield at pH 10. Data from five individual experiments are shown with 10 mM H:0: and 0.04 - 0.6 mM
HOCL

58



Supporting Information for Chapter 2

20 T T T i T T T T T

16 signal-to-noise ratio B
=2H/h
14r =14 1

12 1

Counts per gate
>
o

Time, sec

Figure S2.8. Example of a 10; signal of a calibration solution (10 mM H20; and 6 pM HOCI), theoretically yielding 3 pM 10..

10, determination in ozone reactions: The formation of 102 during various amine-ozone reactions was quantified
by injecting 1 mL of 0.1 - 1 mM ozone solution by a glass syringe to 1 mL of 0.04 - 20 mM of amine solution
placed in the cuvette attached to NIR-PMT. Ozone concentrations were determined in parallel for each meas-
urement by using an indigo reagent® and measuring decolorization of the indigo spectrophotometrically. Most
experiments were performed in presence of t-butanol to scavenge *OH which could consume amines and ozone,
but experiments without ¢t-butanol were also carried out to compare the results to those from a previous study.’

The results and the full details of the experimental conditions are summarized in Table S2.3. Examples of 102

signals corresponding to the results in Table S2.3 are shown in Figure S2.9.
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Table S2.3. Measuring conditions and 'O yields of various amine-ozone reactions. Each condition was repeated 5 - 9 times and the average
values are shown in bold at the last row for each condition. The standard deviations were within 10 % of the average values. C and Oz are
final concentrations in the mixed solution by taking the dilution factor of 2 (1:1 mixing ratio) into account.

10; Measuring conditions Results
Compound (C) C, mM 03, mM 03/C2 | t-BuOHP pH Area 102, nM 102/03
Triethylamine 5 0.20 Yes 7 299.38 0.15 0.73
0.21 279.17 0.14 0.66
0.20 255.17 0.13 0.63
0.19 293.77 0.14 0.76
0.21 266.84 0.13 0.63
0.20 340.00 0.14 0.68
0.20 0.04 0.14 0.68
0.5 0.48 Yes 7 727.08 0.35 0.72
0.47 700.16 0.33 0.71
0.51 702.33 0.33 0.66
0.46 701.55 0.33 0.73
0.49 674.14 0.34 0.68
0.48 678.72 0.34 0.70
0.49 1 0.34 0.70
10 0.17 No 8 271.52 0.12 0.72
0.18 248.94 0.11 0.63
0.17 292.21 0.13 0.75
0.16 249.44 0.11 0.69
0.16 250.36 0.11 0.71
0.17 0.02 0.12 0.70
Diethylamine 5 0.19 Yes 7 129.29 0.067 0.35
0.21 135.64 0.070 0.34
0.21 127.97 0.067 0.32
0.21 142.65 0.074 0.36
0.20 123.07 0.064 0.32
0.20 128.59 0.069 0.34
0.20 0.04 0.069 0.34
0.5 0.35 Yes 7 320.14 0.16 0.45
0.35 328.62 0.16 0.45
0.38 369.48 0.18 0.47
0.35 338.81 0.17 0.48
0.39 351.70 0.17 0.44
0.36 1 0.17 0.46
10 0.17 No 8 100.88 0.050 0.30
0.17 82.19 0.043 0.25
0.17 87.25 0.045 0.27
0.16 93.62 0.047 0.29
0.16 103.58 0.051 0.32
0.17 0.02 0.047 0.29
Ethylamine 5 0.21 Yes 7 146.40 0.075 0.35
0.21 135.64 0.070 0.34
0.21 127.97 0.067 0.32
0.21 142.65 0.074 0.36
0.20 123.07 0.064 0.32
0.19 129.29 0.067 0.35
0.20 128.59 0.069 0.34
0.20 0.04 0.069 0.35
0.5 0.46 Yes 9 280.26 0.14 0.30
0.46 273.43 0.13 0.29
0.46 256.81 0.13 0.28
0.46 246.22 0.12 0.26
0.46 242.59 0.12 0.26
0.45 234.59 0.12 0.26
0.43 257.92 0.13 0.30
0.45 235.58 0.12 0.26
0.47 226.41 0.11 0.24
0.46 1 0.12 0.27
10 0.20 No 9 113.59 0.055 0.28
0.21 107.79 0.053 0.26
0.20 106.53 0.052 0.26
0.19 113.09 0.055 0.28
0.19 116.17 0.056 0.30
0.20 0.02 0.054 0.28
N,N-diethyl- 0.5 0.050 Yes 7 45.16 0.028 0.56
hydroxylamine 0.055 47.54 0.029 0.53
0.056 43.01 0.027 0.49
0.046 48.11 0.030 0.64
0.052 53.17 0.029 0.55
0.052 0.1 0.029 0.55
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0.25 0.061 Yes 7 38.61 0.025 0.41
0.048 48.13 0.030 0.62
0.049 35.44 0.024 0.48
0.040 45.05 0.028 0.70
0.057 41.31 0.026 0.46
0.058 36.27 0.024 0.41
0.052 0.2 0.026 0.52
0.1 0.09 Yes 7 59.12 0.035 0.37
0.10 63.45 0.037 0.38
0.10 66.50 0.038 0.39
0.10 62.66 0.036 0.38
0.09 61.54 0.036 0.38
0.10 60.94 0.036 0.38
0.10 1 0.036 0.38
0.03 0.10 Yes 7 45.50 0.028 0.28
0.095 36.52 0.024 0.25
0.089 43.18 0.027 0.31
0.090 41.91 0.027 0.30
0.090 46.93 0.029 0.32
0.093 43.68 0.027 0.29
0.093 3 0.027 0.29
0.02 0.53 Yes 7 65.60 0.038 0.071
0.50 65.59 0.038 0.076
0.53 65.96 0.038 0.071
0.50 64.31 0.037 0.074
0.51 64.74 0.037 0.072
0.52 64.60 0.038 0.073
0.52 26 0.038 0.073
10 0.19 No 3 69.05 0.037 0.20
0.19 87.12 0.045 0.23
0.19 66.14 0.036 0.19
0.19 97.44 0.049 0.26
0.19 76.02 0.040 0.22
0.19 0.02 0.041 0.22
10 0.20 No 7 89.78 0.044 0.23
0.19 83.35 0.042 0.22
0.18 65.32 0.035 0.19
0.17 88.47 0.044 0.25
0.17 83.44 0.042 0.25
0.18 0.02 0.041 0.23
N-ethylethan- 0.5 0.054 Yes 7 29.95 0.021 0.39
imine oxide 0.052 32.59 0.022 0.43
0.051 30.90 0.022 0.42
0.047 30.63 0.021 0.46
0.043 29.22 0.021 0.48
0.045 28.59 0.020 0.46
0.049 0.1 0.021 0.44
0.1 0.081 Yes 7 60.75 0.035 0.44
0.076 65.37 0.038 0.50
0.086 63.08 0.037 0.42
0.089 64.53 0.037 0.42
0.092 58.29 0.034 0.37
0.085 56.89 0.036 0.43
0.085 1 0.036 0.43
0.03 0.10 Yes 7 37.88 0.025 0.25
0.092 40.24 0.026 0.28
0.082 38.90 0.025 0.31
0.083 36.42 0.024 0.29
0.084 36.98 0.024 0.29
0.088 38.60 0.025 0.28
0.088 3 0.025 0.28
10 0.17 No 7 75.35 0.040 0.23
0.16 47.26 0.028 0.17
0.16 57.46 0.033 0.21
0.15 63.94 0.035 0.23
0.15 54.86 0.032 0.22
0.16 0.02 0.034 0.21

aMolar ozone:compound ratio, b Yes = with ¢-butanol, No = without ¢t-butanol.
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Figure S2.9. 102 signals of triethylamine, diethylamine, ethylamine, N,N-diethylhydroxylamine, and N-ethylethanimine oxide, corresponding
to the results in Table S2.3. Signals shown were from single measurements.

Effects of measuring conditions on 102 signals: The shape of 102 signals strongly depends on the kinetics of 102
formation: as the reaction gets faster, the signal becomes sharper and narrower (Figure S2.10). Ideally, the inte-
grated areas of the 02 signals should be maintained regardless of the reaction kinetics. However, as previously
mentioned by Muiioz et al. (2001)° when the reaction is too fast, complete mixing of the solution is hardly
achieved, leading to a higher error. In contrast, if the reaction is too slow, the 102 signals can disappear in the
noise, resulting in underestimation of the 102 formation. In addition to the pH, the initial amine concentrations,
which determined the molar amine:0s3 ratios also affect the reaction kinetics and thereby the shape of the 10:
signals. For example, the signals obtained for a molar amine:0s3 ratio of 118:1 (achieved by 10 mM triethylamine
and 0.085 mM ozone) were sharper than the signals for an amine:03 ratio of 58:1 (by 5 mM triethylamine and
0.086 mM ozone) (Figure S2.11). This clearly becomes a drawback of this measurement such that the measuring
conditions (e.g., pH of the solution and concentrations of amine and ozone solutions) should be always taken into

account to interpret the data. Only the results obtained under similar conditions are comparable to each other.
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Figure S2.10. 102 signals of the triethylamine-ozone reactions at pH 6.7, 7.3, and 8.3 where kosztea = 1.1 x 102, 4.3 x 102 and 4.3 x 103 M-1s7,
respectively. The concentrations of triethylamine and ozone were 5.0 mM and 0.18 mM, respectively, for all pH conditions. Gate time of PMT
was 5 ms. The averages of the integrated 10 signals (+ standard deviation with n = 5) were 271 (% 7), 263 (+ 7), and 300 (% 21) for pH 6.7,
7.4,and 8.3, respectively.
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Figure S2.11. '0; signals of triethylamine-ozone reaction at a triethylamine:ozone ratio of 118:1 (10 mM triethylamine and 0.085 mM ozone)
and 58:1 (5 mM triethylamine and 0.086 mM ozone). The pH was maintained at pH 7.5 for both conditions. Gate time of PMT was 200 ms.
The averages of the integrated 102 signals (* standard deviation with n = 4 or 5) were 129 (* 8) and 128 (* 9) for 10 mM and 5 mM triethyl-
amine, respectively.
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Text S2.5. Analysis of reactive oxygen species: Hydroxyl radicals

The concentration of *OH was determined for varying ozone doses (0 - 300 uM) in the batch ozonation experi-
ments by using an *OH scavenger, t-butanol (50 mM). After the batch experiments, formaldehyde, a product of
the reaction of t-butanol with hydroxyl radicals, was quantified by a derivatization method with 2,4-
dinitrophenylhydrazine.’® The *OH concentrations were estimated by doubling the determined formaldehyde
concentrations based on the previously reported formaldehyde yield of ~50 %.* The derivatization was per-
formed by adding 0.05 mL of 9 mM 2,4-dinitrophenylhydrazine prepared in acetonitrile and 0.05 mL of 1 M per-
chloric acid in acetonitrile to 0.9 mL of the sample solution.'®!! The mixture was allowed to stand for 45 min at
room temperature. The derivatized product (2,4-dinitrophenylhydrazone) was analyzed by HPLC-UV using a
Cosmosil C18 column (5C18-MS-II, 3.0 x 100 mm, NACALAI TESQUE, INC.), 50:50 actonitrile:water as a mobile
phase with a flow rate of 0.1 mL/min, and UV detection at 360 nm. The LOQ was ~ 4 pM. The determined *OH
concentrations for all tested amine-ozone reactions as a function of the ozone dose are presented in Figure S2.12.
The numbers next to the compound names indicate the *OH yields derived from the slopes of the linear regres-
sion of the determined *OH concentrations at low ozone doses (i.e., A[*OH]/A[Os] at 0 - 100 pM ozone). We ig-
nored the higher range of ozone doses (> 100 uM), because under these conditions most *‘OH was formed by self-
decay of ozone or secondary oxidation reactions with other reaction intermediates than the target amine. The
*OH yields derived from A[*OH]/A[O3] are similar but differently determined yields compared with those pre-
sented in the main text (Table 2.2). The yields in the main text were derived from a single ozone dose (i.e.,
[*OH]/[03] at ~100 uM ozone) to be compared with the 102 yields.
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Figure S2.12. Hydroxyl radical (*OH) formation during the reactions of ozone with ethylamine, diethylamine, triethylamine, N,N-
diethylhydroxylamine, and N-ethylethanimine oxide (initial concentrations ~100 uM). Symbols indicate the determined *OH concentrations
and lines are the linear regression of the data for ozone doses in the range of 0 - 100 uM. Numbers next to the compound names are the
slopes of the linear regression. R-squared values for all regression were > 0.95.
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Text S2.6. Analysis of reactive oxygen species: Hydrogen peroxide

Hydrogen peroxide (H202) was indirectly quantified by adding hypochlorous acid (40 mM prepared in 100 mM
phosphate buffer solution at pH 6.8) to samples or to H202 standard solutions (5 - 50 pM prepared in ultrapure
water) and detecting 102 formation by the 102 detector.’ The determined 102 concentration was used to estimate
the H202 concentration based on the reaction of H202 + HOCl = 102 + H20 + HCL.®

Text S2.7. N-ethylethanimine oxide-ozone reaction

An additional ozonation experiment was carried out with N-ethylethanimine oxide (Figure S2.13) to investigate
if it is transformed to nitroethane with a high yield. The N-ethylethanimine oxide solution was prepared from the
synthesized stock as described in Text S2.1. Nitroethane was indeed identified as a major product with a 73 %
yield based on the abated N-ethylethanimine oxide at 300 uM ozone. However, some differences were found
compared to the case of N-ethylethanimine oxide formation as an intermediate during the N,N-
diethylhydroxylamine-ozone reaction. First, a high ozone stoichiometry (> 3 molar equivalents of ozone) was
found, which suggests other compounds consuming more ozone were involved in the reaction. This is different
from the almost direct formation of nitroethane from N-ethylethanimine oxide, which we observed during the
N,N-diethylhydroxylamine-ozone reaction (between 150 - 300 uM ozone, Figure 2.1c in the main text). The over-
stoichiometric feature can be attributed to a N-ethylethanimine oxide dimer present in the sample solution prior
to ozonation. Dimerization of nitrones forming a six-membered heterocycle (e.g., Figure S2.14) has been experi-
mentally and theoretically confirmed by NMR and quantum chemical computations for cyclic nitrones.'*6 Qur
LC-HRMS data also showed a considerable peak intensity with an exact mass of 175.1441 corresponding to the
mass of the N-ethylethanimine oxide dimer as [M+H]* for the ozonated N-ethylethanimine oxide samples (Figure
S2.15b). On the contrary, no significant peaks for 175.1441 were detected for the ozonated N,N-
diethylhydroxylamine samples even at 100 - 200 pM ozone doses where the maximum formation of N-
ethylethanimine oxide was observed (Figure S2.15a). This implies that our primary N-ethylethanimine oxide
stock contained a significant amount of the dimer and thereby resulted in a different behavior upon ozonation
compared with N-ethylethanimine oxide freshly formed during the N,N-diethylhydroxylamine-ozone reaction.
Second, nitrite was detected along with nitroethane at high ozone doses (> 200 pM ozone) for the ozonation
experiments with N-ethylethanimine oxide (Figure S2.13). This was not detected for any ozone doses during the
N,N-diethylhydroxylamine-ozone reaction. If nitrite was formed during the ozone reaction, it would have been
oxidized very efficiently to nitrate due to its high ozone reactivity (kos = 1.8 x 105 M-1s'1).1” However, only a few
UM of nitrate was found at the highest ozone dose at which 25 uM of nitrite was detected. Thus, the nitrite de-
tected at high ozone doses was assumedly derived from an unidentified transformation product which formed

nitrite after the ozone was completely depleted.
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Figure S2.13. Evolution of transformation products as a function of the ozone dose for the reaction of N-ethylethanimine oxide with ozone. N-
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ethylethanimine oxide was prepared from the synthesized stock as described in Text S2.1.
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Figure S2.15. Integrated peak areas for N-ethylethanimine oxide and [M+H]* = 175.1441 as a function of ozone doses for (a) N,N-
diethylhydroxylamine-ozone and (b) N-ethylethanimine oxide-ozone reactions.

Text S2.8. Quantum chemical computations

Methods. All computations were performed on the Gaussian 09 software package (Revision D.01).*® The struc-
tures of all molecules were first optimized at the B3LYP/CBSB7 level of theory.'®?° The optimized structures
were then used to calculate the gas phase electronic energies (Egas) at the CCSD(T)/jul-cc-pVTZ level of theo-
ry.2+22 For radical species (diethylnitroxide, diethylaminyl radical, and ozonide radical anion), the Egas were com-
puted based on both unrestricted and restricted Hartree-Fock wave functions (UHF and ROHF), which are
known to perform well for small radicals.” The resulting Egas differed by < 0.1 kcal mol-! between UHF and ROHF,
and the ROHF values were used to calculate the aqueous Gibbs free energy. The solvation energies (AGsolv) were
calculated at the M062X/6-31G* level of theory?*?® with the SMD model?® by using the same optimized structures
(B3LYP/CBSB7) as initial inputs and re-optimizing them for both gas and solution phases. The AGsoiv was ob-
tained by subtracting the gas phase electronic energy from the solution phase electronic energy. Vibrational and
rotational contributions were not included in the electronic energies. For the radical species, AGsoiv were com-
puted by an unrestricted Kohn-Sham method, and the spin contamination was insignificant in all results ((S?) <
0.76). For the proton, the absolute aqueous solvation free energy was used as reported in literature (AGsolv (H*) =
-265.9 kcal mol-1).?” The thermal corrections to the electronic energies caused by rotation and vibration in gas
phase (AGtherm) were taken from the B3LYP/CBSB7 computations. The total aqueous Gibbs free energy of a com-
pound (Gaq) was then obtained by summing up Egas, AGsolv, and AGterm. Finally, the aqueous Gibbs free energy of a
reaction (AGaqrxn) Wwas obtained by subtracting the sum of the total aqueous Gibbs free energies of reactants to

the sum of the total aqueous Gibbs free energy of products: i.e., AGaq,rxn = Gaq (products) — Gaq (reactants).

Additional confirmation of AGaqrn for ozone reactions. Ozone is a problematic molecule in quantum-chemical
computations because of its diradical character which is considered as a multireference system.?®? For this rea-
son, the calculated AGaq,rxn of the reactions associated with ozone were additionally confirmed by using previous-
ly calculated values based on more accurate computation methods® or by using reported one-electron standard
reduction potentials3"32 which can deduce AGagrxn. For oxygen transfer pathways forming 102 (step (a) in Figure

2.3, step (c) in Figure 2.4, and step (j) in Figure S2.17), the gas phase components (Egas) of the AGaq,rxn Were esti-
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mated based on the results obtained by higher levels of coupled-cluster theory.*® To this end, the reactions were
first divided into two parts: e.g.,, (1) O3 — 102 + 30 (30: triplet oxygen atom) and (2) diethylamine + 30 — N,N-
diethylhydroxylamine. The AGaqrxnof the sub-reaction (1) with the problematic species, O3, took the best esti-
mate value calculated by Trogolo et al. (49.8 kcal mol-1)*® and the AGagrxn of the sub-reaction (2) was calculated
by our method as described above. The AGag,rxn of the overall reaction was obtained by summing up the AGagrxn of
the sub-reactions. The newly estimated AGaqrxn were -17.3, -62.1, and -41.8 kcal mol! for step (a) in Figure 2.3,
step (c) in Figure 2.4, and step (j) in Figure S2.17, respectively, ~1 kcal mol-! lower than our results (Table S2.4).
For electron transfer pathways forming ozonide radical anions (step (b) in Figure 2.3 and step (d) in Figure 2.4),
the aqueous Gibbs free energies were estimated from the reported one-electron standard reduction potential of
ozone (1.01 V for 03/03*)3? and diethylamine (1.36 V for (CH3CH2):NH**/(CH3CH2):NH).3! The AG of each reduc-
tion reaction was derived by the Nernst equation, AG = -nFE and used to calculate AGag,rxn. The resulting AGag,rxn
were +8.1 and -2.7 kcal mol! for step (b) in Figure 2.3 and step (d) in Figure 2.4, differing by < 4 kcal mol-! to our
results (Table S2.4).

Table S2.4. Summary of calculated and estimated? Gibbs free energies of the possible primary and secondary reactions of the diethylamine-0s
reaction.

No. Reaction Reaction index ﬁf;ib;:::)l-lﬂ
1 Diethylamine + O3 ==> N,N-diethylhydroxylamine + 10 Step (a), Figure 2.3 -16.4 (-17.3)
2 Diethylamine + O3 ==> Diethylaminyl radical + Oz*- + H* Step (b), Figure 2.3 +9.3 (+8.1)
3 N,N-diethylhydroxylamine + O3 ==> N-ethylethanimine oxide + 102 + H20 Step (c), Figure 2.4 -61.2 (-62.1)
4 N,N-diethylhydroxylamine + O3 ==> Diethylnitroxide + Oz* + H* Step (d), Figure 2.4 -6.1 (-2.7)

5 Diethylnitroxide + O3 ==> Diethylaminyl radical + 20- Step (e), Figure 2.4 -16.7

6 N-ethylethanimine oxide + O3 ==> Nitrosoethane + Acetaldehyde(CH3CHO) + 102 Step (j), Figure S2.17  -40.8 (-41.8)
7 N-ethylethanimine oxide + O3 + H20 ==> Nitroethane + Acetaldehyde(CH3CHO) + H20: Step (1), Figure S2.17  -70.8

8 N-ethylethanimine oxide + H20 ==> N-ethylhydroxylamine + Acetaldehyde(CH3CHO) Step (n), Figure S2.17  +8.4

aThe values in parentheses were estimated from a more accurate gas-phase result (Reaction No. 1, 3, and 6)* or from reported one-electron

standard reduction potentials (Reaction No. 2 and 4).3%32
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Text S2.9. Kinetic simulations

The evolution of N,N-diethylhydroxylamine and its transformation products as a function of ozone dose was
simulated by a kinetic model described in Table S2.5. The predicted concentrations based on the model are pre-
sented in Figure 2.1c (dotted lines) in the main text. The evolution of diethylamine and its transformation prod-
ucts was also simulated based on a model described in Table S2.7 and the results are presented in Figure 2.1b

(dotted lines) in the main text.

The reported second-order rate constants of the autoxidation of hydroxylamines are incoherent among previous
studies:

0.06 M-1s1 N,N-diethylhydroxylamine at pH 12,3

0.6 M-1st for N,N-diethylhydroxylamine at pH 7.2,3

4.0 M1st for N,N-diethylhydroxylamine at pH 10.1,** and
0.09 M-ts1 for hydroxylamine at pH 7.3

We tested two rate constants, 0.06 M-1s! and 0.6 M-1s1, for the kinetic simulation and confirmed the predicted
initial concentrations of N,N-diethylhydroxylamine (at 0 pM O3) were close to the measured concentration for
simulation times of 1 hour for 0.6 M-1s1 and 6 hours for 0.06 M-1s1. When the simulation time was applied the
same for both rate constants (e.g, 6 hours for 0.6 M-1s'Tand 0.06 M-1s1), the predicted initial concentrations of
N,N-diethylhydroxylamine differed by 66 % between the rate constants ([N,N-diethylhydroxylamine]o = 31 uM
for 0.6 M-1s-1 and 92 puM for 0.06 M-1s-1). For further simulations, we used the autoxidation rate constant of 0.06
M-1st and the simulation time of 6 hours. The abatement trend of N-ethylethanimine oxide and the formation
trend of nitroethane remained the same regardless of the second-order rate constant of the autoxidation and the

simulation time.

Table S2.5. Kinetic model for the N,N-diethylhydroxylamine- and N-ethylethanimine oxide-ozone reactions performed by Kintecus.3® The
initial concentrations of N,N-diethylhydroxylamine, oxygen, and ozone were set as [N,N-diethylhydroxylamine] = 111 pM, [0z] = 300 puM, and
[03] =0 -350 pM (in 2 pM increments). Simulation time was set as 6 h.

No. Reaction Reaction index Kobs,pu7, M'1s1  Reference
N,N-diethylhydroxylamine + O3 ==> Step (c) and (d) with a 1:1 Table 2.1 of main
1 0.5*N-ethylethanimine oxide + 0.5*Diethylnitroxide branching ratio, Figure 2.4 6.8 x 105 text ’
+0.5%Xa (main text)
Step (h) with X2 as an active estimated from the
2 diethylnitroxide + X2 ==> N-ethylethanimine oxide radical species, Figure 2.4 2.8 x 107 reaction of TEMPO
(main text) with t-Bu00+¥’
3 N,N-diethylhydroxylamine + Oz ==> diethylnitroxide = Autoxidation 6.0 x 10-2¢ 3
4 2*diethylnitroxide + O3 ==> N-ethylethanimine oxide  Step (h) as a bimolecular reac- 8.0 x 102 38
+ N,N-diethylhydroxylamine tion, Figure 2.4 (main text) '
5 N-ethylethanimine oxide + 03 ==> Yb Step (), (1), or (m) in Figure 1.9% 103 Table 2.1 of main
S2.17 orelse text
assumed as a fast
6 Yb+ O3 ==> nitroethane Not assigned 1.0x 10¢ ozone-consuming

reaction

aX is a radical species formed during the *OH scavenging reaction by t-butanol, e.g, t-BuOO-. bY is an unknown product of the reaction of N-
ethylethanimine oxide with ozone, which presumably reacts fast with ozone to form nitroethane. <See the Text S2.9 for the result from anoth-
er rate constant.
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Table S2.6. Kinetic model for the N,N-diethylhydroxylamine- and N-ethylethanimine oxide-ozone reactions performed by Kintecus*® by as-

suming nitrosoethane as the

intermediate of N-ethylethanimine oxide-ozone reaction. The

initial

concentrations of N,N-

diethylhydroxylamine, oxygen, and ozone were set as [N,N-diethylhydroxylamine] = 111 pM, [02] = 300 uM, and [O3] = 0 - 350 puM (in 2 uM
increments). Simulation time was set as 6 h.

No. Reaction Reaction index Kobs,pu7, M'1s1  Reference
N,N-diethylhydroxylamine + O3 ==> Step (c) and (d) with a 1:1 Table 2.1 of main
1 0.5*N-ethylethanimine oxide + 0.5*Diethylnitroxide branching ratio, Figure 2.4 6.8 x 105 text ’
+0.5%Xa (main text)
Step (h) with X2 as an active estimated from the
2 diethylnitroxide + X2 ==> N-ethylethanimine oxide radical species, Figure 2.4 2.8 x 107 reaction of TEMPO
(main text) with t-Bu00+¥’
3 N,N-diethylhydroxylamine + Oz ==> diethylnitroxide =~ Autoxidation 6.0 x 102 3
4 2*diethylnitroxide + O3 ==> N-ethylethanimine oxide  Step (h) as a bimolecular reac- 8.0 x 102 38
+ N,N-diethylhydroxylamine tion, Figure 2.4 (main text) '
5 N-ethylethanimine oxide + O3 ==> nitrosoethane Step (j), (1), or (m) in Figure 1.9x 103 Table 2.1 of main
S2.17 orelse text
assumed as a slow
6 nitrosoethane + O3 ==> nitroethane Step (j), Figure S2.17 1.0x 102 ozone-consuming

reaction

aX is a radical species formed during the *OH scavenging reaction by t-butanol, e.g., t-Bu0OO-.
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Figure S2.16. Kinetic simulation results of the N,N-diethylhydroxylamine-ozone reaction with two scenarios described as in (a) Table S2.5
and (b) Table S2.6. Figure S2.16a is same as Figure 2.1c in the main text and presented here again to be compared with Figure S2.16b.

Table S2.7. Kinetic model for the diethylamine-ozone reaction performed by Kintecus.*® The initial concentrations of diethylamine, oxygen,
and ozone were set as [diethylamine] = 94 uM, [02] =300 pM, and [03] = 0 - 350 pM (in 2 pM increments). Simulation time was set as 24 h.

No. Reaction Reaction index Kobspu7, M'1s1  Reference
diethylamine + O3 ==> Step (a) and (b) with 9:1 .

1 0.9*N,N-diethylhydroxylamine + 0.1*Diethylaminyl branching ratio, Figure 2.3 .3 x 102 tT;ile 2.1 of main
radical (main text)

2 Same as in Table S2.5
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Figure S2.17. Possible mechanisms for the reactions of N-ethylethanimine oxide with ozone (solid lines, reaction steps (j) - (m)) and hydroly-
sis of N-ethylethanimine oxide (dashed line, reaction step (n)). Bold numbers next to the reaction steps are calculated aqueous Gibbs free
energies in kcal mol-.
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Figure S2.18. Comparison of ozone reaction mechanisms between (a) a primary amine, ethylamine, and (b) an amino acid, glycine. Nitrate
yields in parenthesis were determined by this study (for ethylamine, under 20-fold ozone) and by Berger et al. (1999)* (for glycine, under 5-
fold ozone). Bold arrows indicate a dominant pathway. The pathway of the formation of nitroacetic acid followed by nitromethane in the
glycine-ozone reaction (b) was proposed by McCurry et al. (2016).4°
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Abstract

Five-membered nitrogen-containing heterocyclic compounds (azoles) belong to potential moieties in complex
structures where transformation occurs during ozonation. This study focused on the azole-ozone chemistry of
pyrrole, imidazole, and pyrazole as model compounds. Reaction kinetics and ozonation products were deter-
mined by kinetic and analytical methods including NMR, LC-HRMS/MS, HPLC-UV, and IC-MS. Analyses of reactive
oxygen species (102, *OH, H202), quantum chemical computations (Gibbs energies), and kinetic simulations were
used to further support the proposed reaction mechanisms. The species-specific second-order rate constants for
the reactions of ozone with pyrrole and imidazole were (1.4 + 1.1) x 106 M-1st and (2.3 + 0.1) x 105> M1s, re-
spectively. Pyrazole reacted more slowly with ozone at pH 7 (kapp = (5.6 = 0.9) x 101 M-1s1). Maleimide was an
identified product of pyrrole, with a 34% yield per transformed pyrrole. Together with other products, formate,
formamide, and glyoxal, C and N mass balances of ~50% were achieved. Imidazole reacted with ozone to cya-
nate, formamide, and formate (~100% yields per transformed imidazole, respectively) with a closed mass bal-
ance. For pyrazole, a high ozone:pyrazole molar stoichiometry of 4.6 was found, suggesting the transformation
products contributed to the over-stoichiometric consumption of ozone (e.g., hydroxypyrazoles). Glyoxal and
formate were the only identified transformation products (C mass balance: 65%). Overall, the identified major
products are suspected to hydrolyze and/or biodegraded and thereby abated by a biological post-treatment
typically following ozonation. However, as subunits of more complex compounds (e.g., micropollutants), they

might be more persistent during the post-treatment.
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3.1 Introduction

.22 Although micropollutants are present in

Micropollutants are ubiquitously present in the aquatic environmen
surface waters only in the pg L1 to ng L'! range, they may be harmful to the aquatic ecosystem and/or pose a
potential risk to human health through contamination of drinking water.® Ozonation has been proven to success-
fully abate micropollutants in drinking waters and wastewater effluents.*’ During ozonation, micropollutants
are not mineralized but converted to transformation products. Often, biologically active micropollutants lose
their effects upon transformation during ozonation,® ! however in some cases, transformation products with
higher toxicity than their parent compounds were formed.'>"'® To predict the transformation products and as-
sess their toxicities upon ozonation, a detailed knowledge of ozone reaction mechanisms is needed. To this end,

17.18 which recently resulted in an ozone pathway

several compilations of known reaction pathways are available,
prediction tool.’® Many well-known ozone-reactive groups, such as phenols, olefins and nitrogen-containing
moieties are commonly found as structural units of micropollutants. Several studies were carried out to under-
stand ozone-nitrogen interactions for primary, secondary and tertiary amines and anilines.'®?%?! [nformation is
also available for some heterocyclic amines such as N-heterocyclic aromatics, piperidine, piperazine, and mor-
pholine.?2"2* Nevertheless, there is still lack of information on the reactivity and/or transformation reactions of
five-membered nitrogen-containing heterocyclic compounds (or azoles) such as pyrrole, imidazole, and pyrazole
(Figure 3.1), which are commonly present in natural and synthetic organic compounds. Essential amino acids,
histidine and tryptophan, contain an imidazole or a fused pyrrole moiety, respectively.”® The nucleobases, ade-
nine and guanine, contain a fused imidazole moiety, as part of the DNA.?*> Naturally occurring pigments, chloro-
phyll a (green pigments in plant) and heme (red pigments in blood) contain four pyrrole units which jointly form
a larger ring system that complexes metal ions in the center.?® Azoles are also of great significance as synthetic

compounds. They have been widely used as core units of pharmaceuticals, pesticides, dyes, plastics, etc.2672

Because of their widespread occurrences and numerous applications in medical and material sciences, azoles are
likely to be present in municipal and industrial wastewaters. Among more than 500 environmentally relevant
micropollutants for municipal wastewaters,” approximately 50% are heterocyclic compounds and about 20% of
the heterocycles contain pyrrole, imidazole, or pyrazole moieties, based on our assessment. lonic liquids, consid-
ered as promising replacements for traditional organic solvents, contain cationic head groups such as imidazoli-
um. They have received an increasing attention as emerging contaminants in the aquatic environment because of
their chemical and thermal stability and high solubility in water.?>3° Pyrazole has recently been detected in the
rivers Meuse and Rhine with exceptionally high concentrations (~100 pg L-1).3! The source was identified to be

industrial processes related to acrylonitrile synthesis which produces pyrazole as a by-product.

Recently, haloazoles, azoles substituted with one or more halogen atoms, have been identified as a new class of
disinfection byproducts.?® Tribromopyrroles were detected during chlorine disinfection of drinking water and
wastewater containing high bromide levels.3*33 2,3,5-tribromopyrrole was found to be a strong cytotoxin and
genotoxin in mammalian cells.?” Tetrapyrroles, metabolites of the above-mentioned natural pigments, were sug-
gested to be precursors.®® Tri- and di-bromo-1-methylimidazoles were detected in swimming pool and spa wa-
ters treated by bromine.3* Histidine introduced by urine, sweat, and personal care products containing an imid-

azole moiety was proposed as a possible precursor.
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Despite the importance of understanding the fate of azoles in water and wastewater treatment, only limited in-
formation is available regarding the kinetics and mechanisms of their reactions with oxidants and in particular
with ozone. Early investigations on the oxidation of azoles, which date back to the 1960s, were mostly carried
out in organic solvents.>*>8 More recently, six-membered heterocyclic amines, such as pyridine, pyridazine, py-
rimidine and pyrazine were thoroughly investigated in terms of their reactions with ozone in aqueous solution.?®
They were found to react slowly with ozone with second-order rate constants < 102 M-1s-1,22 On the contrary,
imidazole and histidine showed very high reactivity towards ozone with second-order rate constants > 105 M1s
139 This implies that different reaction mechanisms are involved in the reactions of ozone with five-membered

heterocyclic amines in comparison to the six-membered ones.

In this study the kinetics and mechanisms of the reactions of five-membered heterocycles, i.e., pyrrole, imidazole,
and pyrazole with ozone were investigated (Figure 3.1). The second-order rate constants of the reactions of az-
oles with ozone were determined by competition kinetics with 3-buten-2-ol as a competitor or by direct moni-
toring of the ozone decrease. Transformation products formed during the azole-ozone reactions were identified
by nuclear magnetic resonance (NMR), liquid chromatography coupled with high resolution tandem mass spec-
trometry (LC-HRMS/MS), ion chromatography coupled with conductivity detection (IC-CD) or mass spectrome-
try (IC-MS), and high performance liquid chromatography coupled with UV detection (HPLC-UV). Additionally,
reactive oxygen species including singlet oxygen, hydroxyl radical, and hydrogen peroxide were quantified. Fi-
nally, kinetic simulations and quantum chemical computations were conducted to obtain additional mechanistic
insights. The combination of the results of all these methods and approaches were used to derive reaction mech-

anisms of the azole-ozone reactions.

N N N
°N
\ ﬁ_w W
N
Pyrrole Imidazole Pyrazole

Figure 3.1. Azole model compounds investigated in this study: Chemical structures of pyrrole, imidazole, and pyrazole.

3.2 Material and methods

Chemical reagents. A list of water and chemicals used in this study is shown in Supporting Information (SI) for
Chapter 3, Table S3.1.

Ozone reaction kinetics. All the applied kinetic methods are described in Text S3.1 and examples of competition
kinetic and pseudo-first-order kinetic plots are shown in Figure S3.1. With the determined kapp, kinetic simula-
tions were performed by the Kintecus software*® based on the models described in Text S3.2. Apparent second-
order rate constants (kapp) for the reactions of pyrrole and imidazole with ozone in the pH range 0.5 to 12 were
determined by a competition kinetic method with 3-buten-2-ol as a competitor.** kapp for the reaction of pyrazole
with ozone at pH 7 was determined by following the pyrazole decrease by HPLC-UV under pseudo-first-order
conditions of excess ozone. Additionally, kapp for the reactions of maleimide and 4-hydroxypyrazole (an identified
and a suspected transformation product, respectively) with ozone at pH 7 were determined by following the

ozone decrease by measurement with indigo-trisulfonate*? under pseudo-first-order conditions of excess sub-
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strate. All kinetic experiments were carried out in presence of dimethylsulfoxide (DMSO) or t-butanol, as *OH

scavengers.

Ozonation experiments for target compounds abatement and determination of transformation products. The re-
quired initial concentrations of azoles and ozone varied depending on subsequent analyses for product identifi-
cation. Accordingly, various ozonation conditions were applied in this study and are described in detail in Text
S3.3. For most analyses including LC-HRMS/MS and IC-CD, ozonation experiments were conducted by preparing
approximately 100 uM of azole and 50 mM of ¢-butanol (*OH scavenger) in 10 mM phosphate buffer solution at
pH 7 with a total volume of 10 mL. Ozone stock solutions were prepared by sparging ice-cooled water with
ozone-containing oxygen.*? The concentrations of ozone (typically 1.4 mM - 1.6 mM) were determined spectro-
photometrically with £260nm = 3200 M- cm1.*® Aliquots of the ozone stock solution were added to the azole solu-
tions under rapid stirring to initiate ozone reactions with ozone doses ranging from 0 to 200 pM. Ozonated solu-
tions were left at room temperature for 4 — 6 hours to ensure complete consumption of ozone and stored at 4 °C
prior to further analyses carried out within a week. For HPLC-UV quantifying formamide, higher concentrations
of azoles and ozone were applied (Text S3.3(b)). For NMR identifying products from the pyrrole-ozone solution,
ozone-containing oxygen-gas flow was directly sparged to the pyrrole solution (Text S3.3(d)). Some experiments
were conducted in ultrapurified water without buffering agents (Texts S3.3(c) and S3.3(d)), which resulted in
significant differences in pH before and after ozonation (differed by maximum 2 pH units). Under such condi-
tions, ozone reactivity of azoles and their transformation products might change over the course of the reaction,
especially for dissociating compounds, and thus the evolution of products might be different from the results

obtained under buffered conditions.

Analytical methods. N-(3-oxo-1-propen-1-yl)formamide (TP1), 5-Hydroxy-1,5-dihydro-2H-pyrrol-2-one (TP2),
and maleimide were identified by NMR. Pyrrole, imidazole, pyrazole, 1-benzylimidazole, 1-benzylpyrazole, ma-
leimide, urea, and N-benzylformamide were analyzed by LC-HRMS/MS. Cyanate was analyzed by IC-CD as well as
IC-MS. Formate was analyzed by IC-CD. Formamide was analyzed by HPLC-UV as well as GC-MS. Total N-
nitrosamines were analyzed by a UV-photolysis-chemiluminescence system.** Glyoxal was analyzed by a deri-
vatization method using o-phenylendiamine and the derivatized product, quinoxaline, was determined by HPLC-
UV.* Singlet oxygen (102) was quantified by detecting the phosphorescence emitted by 102 at 1270 nm by a near-
infrared photomultiplier tube.?® Hydroxyl radicals (*OH) were quantified by using the *OH quencher t-butanol.
Formaldehyde, a product of the reaction of t-butanol with *OH with a reported yield of ~50%,* was quantified
by the Hantzsch method.*® Formaldehyde formed during the reaction of pyrazole with ozone was taken into ac-
count for calculating its *OH yield. For pyrrole and imidazole, formaldehyde formation from the direct ozone
reactions was minimal and thus disregarded. Hydrogen peroxide (H202) was quantified spectrophotometrically
with Allen’s reagent (molybdate-activated iodide).*”*® More details on the methods are provided in Texts S3.4
and S3.5, Figures S3.3 to S3.10, Tables S3.5 to S3.7. The limit of quantifications (LOQ) and precisions of the meth-

ods are summarized in Table S3.6.

Quantum chemical computations. All computations were performed with Gaussian09 vD.01.%° The thermodynam-
ic feasibility of the proposed reactions was tested with free energy calculations, along with the connectivity of
intermediates on the potential energy surface.®® The LC-wPBE®! functional was chosen for the description of the
initial ozone reactivity®? and for its generally sound description of the thermochemistry.>* The SMD implicit solv-
ation model was used.>® Free energy differences are reported with respect to the isolated molecules, ozone and

an azole. Details are given in Text S3.6.
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3.3 Results and discussion

3.3.1 Ozone reaction kinetics

Apparent second-order rate constants (kapp) for the reactions of ozone with pyrrole, imidazole, and pyrazole
show that pyrrole and imidazole react fast with ozone with kapp > 103 M-1s! for pH 0.5 - 12 and pyrazole reacts
moderately fast with kapp = (5.6 + 0.9) x 10! M-1s'1 at pH 7 (Table 3.1, Table S3.2). kapp of pyrrole was hardly af-
fected by pH (Figure S3.2), with averaged kapp of (1.4 + 1.1) x 106 M-1s1, kapp of imidazole changed over two or-
ders of magnitude in the pH range 2 - 12. This is due to the acid-base speciation of imidazole with a pKa. of 7.0,
which lies in the investigated pH range where pyrrole is present as a neutral species® (note that generally
deprotonated species react faster with ozone than protonated ones).!® The determined kapp values of imidazole
were fitted by the expression kapp = knu+(1-a) + kna and o = 1/(1 + 10pKa-PH) (Figure S3.2). knu+ and kn are the
species-specific second-order rate constants for the reactions of ozone with the protonated and the neutral imid-
azole, respectively, and a is the fraction of the neutral imidazole. Based on this approach, the species-specific
second-order rate constant for the reaction of ozone with the neutral imidazole was determined to be (2.3 + 0.1)
x 105 M-1s1 (Table 3.1), identical to the previously reported value of 2.4 x 105 M-1s13° The species-specific sec-
ond-order rate constant for the protonated imidazole is (1.5 = 0.1) x 103 M-1s-1 (Table 3.1). The kapp values de-
termined in absence of an *OH scavenger were similar to those determined in presence of an *OH scavenger (Ta-
ble S3.2). Maleimide, an identified product of the pyrrole-ozone reaction, reacts fast with ozone with kapp = (4.2 *
0.2) x 103 M-1s1 at pH 7. The moderate to high ozone reactivity of azoles is especially remarkable when com-
pared to six-membered heterocyclic amines such as pyridine, pyrazine, and pyridazine with second-order rate
constants for the reactions with ozone of < 2 M-1s-1.2 The high ozone reactivity of pyrrole probably relates to the
effect of the nitrogen atom in the m-aromatic system, which increases the electron density of the ring.?> Conse-
quently, ozone reacts faster with pyrrole than with typical, unsubstituted aromatic rings, e.g., benzene, of which
koz = 2 M-1s'15> In contrast, the nitrogen in pyridine withdraws the electron density from the ring,® rendering
the nitrogen more susceptible to the ozone attack, rather than the ring. This agrees with the high yield of pyri-
dine N-oxide determined after ozonation.?® Interestingly, these reactions show much lower kinetics than reac-

tions of tertiary amines with ozone (typical ko3 = 106 M-1 s-1),2%% which also form N-oxides as major products.
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Table 3.1. Species-specific second-order rate constants (k) and apparent second-order rate constants at pH 7 (Kapp, pn7) for the reactions of
ozone with pyrrole, imidazole, pyrazole, maleimide, and 4-hydroxypyrazole. Reaction kinetics were determined in presence of *OH scavenger
(DMSO or t-butanol) by competition kinetics with 3-buten-2-ol as a competitor or by direct monitoring of ozone or substrate decrease over
time (Text S3.1).

Compound pKa? pH?Y k, M-1s1 Kapp, pu7, M-1s1 Reference
Pyrrole -3.8 05-12 (1.4+1.1) x106¢ (8.6 £0.7) x 105 This study
Imidazole 7.0 2-12 (2.3+0.1) x 105 (as kn) d (1.7 £0.2) x 105 This study

(1.5+0.1) x 103 (as knu-+) ¢ This study

2.4 x 105 (as kn) 39

2.1 x 102 (as knn+) 3
Pyrazole 2.5 7 ND (5.6 +0.9) x 10t This study
Maleimide 9.5 7 ND (4.2+0.2) x 103 This study
4-Hydroxypyrazole NA 7 ND > 9 x 10%e This study

a pKa values were from * and #; b experimental pH range; ¢ obtained by averaging kapp for the pH range 0.5 - 12 (Table S3.2); 4 obtained by
fitting kapp for the pH range 2 - 12 with the expression kapp = knu+(1-a) + kna and a = 1/(1 + 10rk=pH) (dotted line in Figure S3.2). ¢ See Text
S3.1 for the estimation.

3.3.2 Reactive oxygen species

Reactive oxygen species (ROS) such as singlet oxygen (102), hydroxyl radical (*OH), and hydrogen peroxide
(H202) can be used to elucidate reaction mechanisms.*® In this study, they were quantified for the reactions of
azoles with ozone with molar excess of azole relative to ozone ([azole]o/[03] > 1) and the corresponding yields
are summarized in Table 3.2. The ROS yields per consumed ozone (A[ROS]/A[03]) varied significantly for pyr-
role, imidazole, and pyrazole. All measured data for 102, *OH, and H202 are summarized in Table S3.7, Figure S3.9,
and Figure S3.10, respectively. Pyrrole produced mostly 102 (11%) and H202 (7%) and only minor quantities of
*OH (2%), whereas pyrazole produced mostly *OH (8%) and only traces of 102 (2%) and H202 (2%). Imidazole
showed almost no formation of any type of ROS (all < 1%). The sum of all ROS yields per consumed ozone was
only up to 20% for azoles, which is much smaller than 60% - 76%, the sum of the 102 and *OH yields per con-
sumed ozone determined for aliphatic amines.?’ The low ROS yields for the azole-ozone reactions are most likely
due to reaction pathways, which do not form any ROS (see below). The ROS yields per consumed ozone were
also multiplied by the ozone:azole molar stoichiometry to calculate the ROS yields per consumed azole
(A[ROS]/A[Azole]) (Table 3.2). These yields will be compared with the yields of the formed transformation

products below.
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Table 3.2. Reaction stoichiometry, reactive oxygen species (ROS) yields, and transformation product yields for the reactions of pyrrole, imid-
azole, 1-benzylimidazole, pyrazole, and 1-benzylpyrazole with ozone at pH 7.0 - 7.6 in presence of t-butanol. The yields are expressed rela-
tive to the ozone consumption (A[X]/A[Os]) or relative to the azole consumption (A[X]/A[Azole]). A[X]/A[N] and A[X]/A[C] are the yields per
nitrogen and per carbon, respectively, obtained by comparing the numbers of nitrogen and carbon of the products with those of the parent
azole compounds.

Azole Product (X) Xtype2 Ozone:azole A[X]/A[Os]c  A[X]/A[Azole]d A[X]/A[N]e A[X]/A[C]e
molar
stoichiometry®

Pyrrole *OH ROS 1.2 2% 2% - -
H20: ROS 1.2 7% 8% - -
10, ROS 1.2 11% 13% - -
Maleimide TP_N 1.2 29% 34% 34% 34%
Formamide TP_N 1.2 12% 14% 14% 3.5%
Formate TP_C 1.2 46% 54% 0% 14%
Glyoxal TP_C 1.2 4% 5% 0% 2.5%
Totalf 48% 54%

Imidazole *OH ROS 1.0 1% 1% - -
H20: ROS 1.0 0.2% 0.1% - -
10, ROS 1.0 0.1% 0.1% - -
Formamide TP_N 1.0 105% 104% 52% 35%
Cyanate TP_N 1.0 114% 113% 57% 38%
Formate TP_C 1.0 98% 97% 0% 32%
Glyoxal TP_C 1.0 <LD <LD <LD <LD
Totalf 109% 105%

1-Benzylimidazole = N-Benzylformamide  TP_N 1.0 93% 91% 46% 30%

Pyrazole *OH ROS 4.6 8% 35% - -
H20. ROS 4.6 2% 7% - -
102 ROS 4.6 2% 8% - -
Formamide TP_N 4.6 <LD <LD <LD <LD
Nitrosamines TP_N 4.6 <LD <LD <LD <LD
Formate TP_C 4.6 28% 126% 0% 42%
Glyoxal TP_C 4.6 7% 34% 0% 23%
Totalf 0% 65%

1-Benzylpyrazole N-Benzylformamide  TP_N 6.5 1% 9% 5% 3%

aROS, TP_N, and TP_C represent reactive oxygen species, nitrogenous transformation products, and carbonaceous transformation products,
respectively, P Ozone:azole molar stoichiometry values were obtained by inverting the slopes from the linear regression of the measured
concentrations and taking the absolute values (Figure S3.11); < For *OH, H20;, maleimide, formate, glyoxal, cyanate, and N-benzylformamide,
the yields per consumed ozone were determined by slopes from the linear regression of the measured concentrations at molar ratios of
[03]/[Azole]o < 1. For 102, the yields were averaged for 6 replicates at a fixed molar ratio of [03]/[Azole]o = 0.03 - 0.04. For formamide, the
yields were averaged for duplicate experiments at fixed molar ratios of [03]/[Azole]o = 2.0 for pyrrole-ozone reaction and at [03]/[Azole] =
0.4 and 0.8 for imidazole-ozone reaction; ¢ Yields per consumed azoles were calculated by multiplying yields per ozone (A[X]/A[O3]) by the
ozone:azole molar stoichiometry. ¢ Yields per nitrogen (or carbon) were calculated by multiplying the number of nitrogen (or carbon) of the
product and dividing the number of nitrogen (or carbon) of the azole, with the yields per abated azole. f Total represents nitrogen or carbon
mass balance.
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3.3.3 Transformation products and reaction pathways

Reaction pathways of the azole-ozone reactions were investigated by identifying transformation products and
taking into consideration the formation of ROS. Quantum chemical computations for Gibbs energies of reaction

pathways were additionally performed to elucidate the plausibility of the proposed mechanisms.

3.3.3.1 Pyrrole-ozone reaction

Quantified products. To identify transformation products from the pyrrole-ozone reaction, pyrrole was oxidized
by ozone in presence of t-butanol as a *OH scavenger mostly at pH 7 (10 mM phosphate buffer) except for the
samples prepared for NMR analysis and for glyoxal determination (no buffer, Text S3.3). Figure 3.2 shows the
abatement of pyrrole as a function of the molar ozone:pyrrole ratio (initial concentrations) ([03]/[Pyrrole]o). The
ozonated pyrrole samples were analyzed by various methods including NMR, LC-HRMS/MS, HPLC-UV, and IC-CD.
Based on the combination of these analyses, the formation of six transformation products were confirmed: N-(3-
oxo-1-propen-1-yl)formamide (TP1, hereafter), 5-hydroxy-1,5-dihydro-2H-pyrrol-2-one (TP2, hereafter), ma-
leimide, formamide, formate, and glyoxal (for chemical structures see Figure 3.3). Maleimide, formamide, for-
mate, and glyoxal for which reference standards are available, were quantified at varying ozone doses. The for-
mation trends are shown in Figure 3.2 and the product yields are summarized in Table 3.2. Product concentra-
tions in Figure 3.2 are expressed as pyrrole-normalized relative product concentrations, because the initial pyr-
role concentrations were different for the various analytical methods. The stoichiometry for the reaction of
ozone with pyrrole was calculated by the slope from a linear regression of the pyrrole concentrations measured
with substoichiometric doses of ozone ([03]/[Pyrrole]o < 1). The fitting results for pyrrole as well as other azoles
are shown in Figure S3.11. Pyrrole decreased with an ozone:pyrrole molar stoichiometry of 1.2, close to 1. Ma-
leimide was gradually formed with a yield of 34% per consumed pyrrole up to about one molar equivalent of
ozone ([03]/[Pyrrole]o = 1) and then decreased at higher molar ratios of [03]/[Pyrrole]o. The concentrations of
pyrrole and maleimide were predicted by a kinetic simulation by the Kintecus software,* with measured appar-
ent second-order rate constants for the reactions with ozone at pH 7 (8.6 x 105> M-1s1 and 4.2 x 103 M-1s for
pyrrole and maleimide, respectively, Table 3.1). The model includes the stoichiometric coefficient for maleimide
formation of 0.34, based on the measured maleimide yield (Table S3.3). The predicted concentrations are shown
as lines in Figure 3.2 and agree well with the measured data. Formamide was formed with a yield of 14% per
consumed pyrrole at a ratio of [03]/[Pyrrole]o = 2. It was not possible to quantify formamide at lower molar rati-
os of [0s]/[Pyrrole]o of 1.1 and 0.8, because of an interference of neighboring peaks in the HPLC-UV method.
Formate shows a gradual formation over the entire range of molar ratios of [03]/[Pyrrole]o with a yield of 54%
per consumed pyrrole. Glyoxal was quantified as a minor product with a yield of 5% per consumed pyrrole. The
product yields per consumed pyrrole can be further assessed in terms of nitrogen or carbon mass balances. For
example, the yield of formamide was 14% per consumed pyrrole, which corresponds to 3.5% per carbon, as
formamide contains only % of carbons in comparison to pyrrole. The yields of other products were converted
likewise, and the sum of the yields per nitrogen and per carbon for all products were 48% and 54%, respectively
(Table 3.2). This means about half of nitrogen and carbon mass balances were completed based on the quantified
products. Product yields determined under the different pH conditions (pH 2 and 11) are summarized in Figure
S3.12 and Table S3.8. Maleimide was formed with similar yields at pH 2 and 7. Formate was formed with a higher
yield at pH 11. This may indicate that the reaction proceeds differently at higher pH, but further investigations

are needed to confirm this.
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Figure 3.2. Relative abatement of pyrrole and the formation (and consumption) of transformation products as a function of the molar ratio of
[0s]/[Pyrrolelo. The inset has the same axis labels as the main figure. The symbols indicate the measured concentrations (single measure-
ment for glyoxal and duplicate/triplicate for everything else) and the lines indicate simulated concentrations based on the kinetic models
described in Table S3.3. All measurements were carried out in presence of t-butanol (0.05 - 0.5 M). 10 mM phosphate buffer was used for all
measurements but glyoxal. The initial pyrrole concentrations were around 110 pM for determining pyrrole, maleimide, and formate, 0.8 mM
- 2.0 mM for determining formamide, and 1 mM for determining glyoxal (Text S3.3).

Identified but not quantified products. The formation of TP1, TP2, and maleimide were qualitatively confirmed by
NMR (Text S3.7). Assignments of 1H and 13C NMR data of TP1, TP2, and maleimide are summarized in Table S3.9
and the recorded NMR spectra are shown in Figures S3.14 to S3.17. Because of the lack of reference standards,
quantification of TP1 and TP2 was not possible. Moreover, the isolated solid from the ozonated pyrrole sample
was not fully dissoluble in acetone-d¢ (NMR solvent), hindering an estimation of the relative quantities of TP1
and TP2 based on the comparison of 1H signal intensities (Text S3.8). The NMR sample containing TP1 and TP2
was also analyzed by LC-HRMS/MS to additionally support their presence and identification. Both TPs have an
exact mass of m/z = 100.0393 as [M+H]* (molecular formula of C4HsNOz) that showed up as two peaks at reten-
tion times of 4.2 min and 6.3 min (C4sHsNO2_4.2 and C4HsNO2_6.3, Figure S3.18b) with distinct MS2 fragmentation
patterns (Figure S3.19). C4HsNO2_4.2 produced mostly a fragment ion of m/z = 83.0125, corresponding to C4H20>
(loss of NHs), whereas C4HsNO2_6.3 produced mostly m/z = 72.0443, corresponding to CsHsNO (loss of CO). TP1
with a carbonyl group at the end of the open-chain structure appears to be able to more readily release CO and
form CsHsNO during fragmentation (Figure S3.20b) than TP2 with a cyclic structure (Figure S3.21b). In contrast,
TP2 might more easily produce C4H202 than TP1, because TP1 requires an intramolecular rearrangement to
release NHs (Figure S3.21a for TP2 and Figures S3.20a for TP1). Examples of possible fragmentation pathways
predicted by the mass spectra interpretation software (Mass Frontier™, Thermo Scientific) are illustrated in
Figures S3.20 and S3.21. Based on the structural characteristics and the distinct MS2 fragmentation patterns,
C4HsNO2z_4.2 and C4HsNO2_6.3 are likely to correspond to TP2 and TP1, respectively.

The C4Hs5NO2_4.2 and C4HsNO2_6.3 peaks were not only observed in the sample prepared for NMR analysis but
also in the samples with varying molar ratios of [Os]/[Pyrrole]o during the pyrrole abatement and the maleimide
formation (Figure 3.2). The integrated peak areas as a function of the molar ratios of [03]/[Pyrrole]o are plotted
in Figure S3.22. Both peaks were gradually formed reaching a maximum formation at about one molar equiva-

lent of ozone ([03]/[Pyrrole]o = 1) and decrease at higher ozone doses, similarly to maleimide (Figure 3.2). Con-
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sidering the similar formation trends, TP1, TP2, and maleimide seem to be formed in parallel via different reac-

tion pathways.

Unidentified products. A non-target screening with LC-HRMS/MS of the ozonated pyrrole samples revealed two
additional peaks at retention times of 5.4 min and 7.0 min (C4HsNO_5.4 and C4HsNO_7.0, Figure S3.23a), which
showed significant intensities for the ozonated pyrrole samples in comparison to the ozonated blank (no pyr-
role) samples. Both peaks correspond to the exact mass of C4aHsNO with a mass deviation of 3 ppm. 1,5-dihydro-
pyrrole-one (see the structure in Figure S3.23b) was suspected, based on previous studies reporting it as an
oxidation product of pyrrole.®>*” However, the reference standard, which is commercially available, resulted in
too many peaks, probably due to the presence of impurities or isomers, which made it ambiguous to match the
retention times (Figure S3.23b). The fragmentation patterns look similar for the ozonated pyrrole sample and
the standard with the same fragment ion of m/z = 56.0500 (Figure S3.24).

The C4HsNO_5.4 and C4HsNO_7.0 peaks are plotted against the molar ratio of [03]/[Pyrrole]o (Figure S3.25). They
were formed at a molar ratio of [O3]/[Pyrrole]o of 0.5, followed by a gradual decrease, concurrent with the in-
crease of C4HsNO2 (Figure S3.26). This implies C4HsNO was formed at an earlier stage of the pyrrole-ozone reac-

tion and could be a precursor of C4HsNOz.

Initial reaction pathways. Based on the product identification, possible formation pathways for the transfor-
mation products formed during the reactions of pyrrole with ozone are proposed (Figure 3.3). Ozone initially
attacks at a double bond of pyrrole via a Criegee-type mechanism (pathways A and B) or addition on C2-position
(pathway C). Such concerted cycloadditions have been studied in depth for reactions of simple unsaturated hy-
drocarbons (e.g., ethene and ethyne) with ozone in aqueous phase by a recent quantum chemical study.>? The
pyrrole-nitrogen is excluded as a possible attack site, because its lone electron pair is delocalized in the m-system
of the ring. A recent study demonstrated that the addition of atomic oxygen on the pyrrole-N is very unlikely
compared to the addition on C, based on quantum chemical computations of the energies of the corresponding
products (+39 kcal mol-! for N-addition and -19 kcal mol-! for C2-addition).>® Pathways A and B are cycloaddi-
tions of ozone to different positions of the ring. The ozone addition to the C2,C3-positions may lead to the ring-
opened product, TP1, which could further degrade into formamide, formate, and glyoxal. In contrast, the addition
to the C2,C5-positions could result in TP2 or maleimide. Besides cycloadditions, ozone can also attack at the C2
position to form a zwitterionic adduct (pathway C). The zwitterion can be rearranged to the C2,C3- or C2,C5-

cycloadducts or follow other routes such as via cleavage of an 0-0 bond. The latter is discussed below in detail.

Addition of ozone to the C2,C5-positions of the five-membered ring was proposed for the reaction of furan with
ozone.*® Additionally, earlier studies which investigated the oxidation of substituted pyrroles with singlet oxygen
suggested both C2,C3- and C2,C5-cycloadditions.’%2 These studies found the product with two oxygen atoms
added to the C2,C5-positions (equivalent to TP2) and the ring-opened product (equivalent to TP1). Compounds
containing a maleimide, formamide, or an epoxide moiety were also identified or hypothesized as minor prod-
ucts.?62 The minor product containing a formamide moiety was presumably formed by subsequent degradation
of the ring-opened product,! which could also explain the formation of formamide as well as formate and glyoxal

observed in our study.
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Figure 3.3. Initial reaction pathways (A, B, and C) proposed for the reaction of pyrrole with ozone based on the identified transformation
products (highlighted in blue) and reactive oxygen species (in red). Bold numbers below the products and the intermediates are calculated
Gibbs energies with respect to the initial reactants (pyrrole and ozone) in kcal mol-1. Double arrows represent pathways involving more than
one reaction step. Dashed arrows indicate that the transition structures have not been found or investigated during quantum chemical com-
putations. The full descriptions of the initial pathways including computed transition structures are shown in Figures S3.27, $3.28, and S3.29.

Quantum chemical computations. Additional evidences supporting the proposed pathways were obtained by
quantum chemical computations of the energies of the products and their transition structures. All initial path-
ways (A, B, and C) are exergonic reactions with -10 to -34 kcal mol! for the calculated energies of the products
with respect to the initial reactants, pyrrole and ozone (Figure 3.3 and more details in Figures S3.27, S3.28, and
S3.29). However, our calculations found transition structures only for pathway C, but not for pathways A nor B
(presented as dashed arrows in Figure 3.3). Even though this implies pathway C as the only plausible reaction,
we cannot exclude the possibility of pathways A and B, because ozone is typically considered as a difficult mole-
cule to be treated by quantum chemical computations.>®3#* If the cycloaddition pathways A and B occur, path-
way A seems more likely than pathway B, because the ring strain of the C2,C5-cycloadduct is probably more
pronounced than that of the C2,C3-cycloadduct (Text S3.10). For pathway C and the rearrangement to the cy-
cloadducts, transition structures were found between the zwitterion and the C2,C3-cycloadduct and between the
zwitterion and C2,C5-cycloadduct (Figure S3.27). Once the cycloadducts are formed, further reactions to the
identified products, TP1 or maleimide, are exergonic with defined transition structures (Figures S3.28 and
$3.29). The reaction of the C2,C5-cycloadduct to form TP2 could not be assessed, because of lack of details about
the corresponding reaction mechanism. The full assessment of the proposed initial reaction pathways on the

basis of the computation results are summarized in Texts S3.10, S3.11, and S3.12).

Subsequent reactions from pathway C. The zwitterion, the initial product of pathway C, can undergo diverse sub-
sequent reactions, with a cleavage of an 0-0 bond and production of 10z, hydrogen peroxide anion, or hydroper-
oxyl radical as transient oxygen species (Figure 3.4). The cleavage of the 0-O bond to form 102 would produce
2H-pyrrole-2-ol, an isomer of 1,5-dihydro-pyrrole-one with the molecular formula of C4HsNO, which could fur-

ther react with ozone to produce TP2 and another 102 (pathway D). The formation of 1,5-dihydro-pyrrole-one
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was confirmed by other studies during the oxidation of pyrrole with hydrogen peroxide.?>” Our analyses suggest
the formation of 1,5-dihydro-pyrrole-one by the detection of its exact mass by LC-HRMS, but could not clearly
identify it (Figure S3.23). Pathways E and F involve a cleavage of the 0-O bond associated with H-transfer from
the C2 position of the ring to form a hydrogen peroxide anion and a cationic form of 2 H-pyrrole-2-one. The ensu-
ing ions can be recombined by two ways. First, the hydrogen peroxide anion can abstract H* from N-H of the
cation to form H202 and 2H-pyrrole-2-one (pathway E). The latter can react with water to form TP2. Second, the
hydrogen peroxide anion can also attack the C5 position of the ring to eventually form maleimide (pathway F).
Such recombinations seem to occur as cage reactions based on the minimal free energy barrier (Figure S3.31).
The cleavage of the 0-0 bond can also occur homolytically by forming the hydroperoxyl radical (pathway G). The
radical further reacts with the ring at the C5 position to form maleimide. The maleimide formation pathways
forming hydrogen peroxide anion or the hydroperoxyl radical followed by its subsequent attack on the C5 posi-
tion of the ring (pathways F and G) do not produce any reactive oxygen species. These pathways can explain the
low total ROS yields of 23% measured per consumed pyrrole as the sum of *OH, 102, and H202 (Table 3.2). All
pathways depicted in Figure 3.4 are thermodynamically feasible based on quantum chemical computations and
the corresponding Gibbs energies are shown in bold numbers underneath the chemical structures (kcal mol-1).
Detailed discussion and results including transition structures for each pathway are presented in Texts S3.13,
S3.14,and S3.15.
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Figure 3.4. Detailed reaction mechanisms of the subsequent degradation of the zwitterion formed via C2-addition (pathway C in Figure 3.3)
of the pyrrole-ozone reaction (pathways D - G). Bold numbers below the products and the intermediates are calculated Gibbs energies with
respect to the initial reactants (pyrrole and ozone) in kcal mol-l. Dashed arrows indicate that the corresponding reactions have not been
investigated by quantum chemical computations. The full descriptions of the pathways including computed transition structures are shown
in Figures S3.30, S3.31, and S3.32.

3.3.3.2 Imidazole-ozone reaction

Quantified products. The abatement of imidazole and the formation of the ozone-induced transformation prod-
ucts are shown in Figure 3.5. Imidazole reacts with ozone with an ozone:imidazole molar stoichiometry of 1
(Figure S3.11). Cyanate, formamide, and formate were identified as major products with high yields of (113 *
5)%, (104 £ 5)%, and (97 + 4)%, respectively, per consumed imidazole (Table 3.2). Urea was also detected as a
minor product with a yield of less than 10% (Text S3.16 and Figure S3.33). The total yields of cyanate, forma-

mide, and formate were (109 * 4)% per nitrogen and (105 * 3)% per carbon, resulting in almost perfect nitrogen
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and carbon mass balances. The three products were formed concurrently, as all of them reached the maximum
formation at one molar equivalent of ozone ([03]/[imidazole]o = 1). In addition, a kinetic simulation (lines in
Figure 3.5) could well describe the evolution of imidazole and the products as a function of the ozone doses,
based on the apparent second-order rate constants for the reactions of ozone with imidazole (k= 1.7 x 105 M-1s1
(Table 3.1)), cyanate (k < 102 M-1s1),%® formamide (k < 102 M-1s1, estimated), and formate (k = 46 M-1s1)% at
neutral pH (Table S3.4). The second-order rate constant for the reaction of formamide with ozone was estimated
to be small, considering its similar evolution as for cyanate. Under the condition where imidazole was completely
consumed ([03]/[imidazole]o > 1), formate shows a gradual decrease because its ozone reactivity is much higher
than for cyanate and formamide. At a high ozone dose ([O3]/[imidazole]o ~ 2), the measured concentration of
formate was higher than the predicted concentration, due to currently unknown reasons. The yield of formate
decreased significantly at pH 2 (Figure S3.12), which suggests that the proposed mechanism may not be applica-
ble to acidic conditions. However, more information (e.g., cyanate and formamide yields at low pH) is needed to

confirm these findings.

The formation of formamide as a major product was also observed for another imidazole-containing compound
(1-benyzlimidazole) in this study. Similar to imidazole, 1-benzylimidazole was fully consumed at a 1:1 molar
ratio of ozone to 1-benzylimidazole and transformed into N-benzylformamide with a 91% yield (Figure S3.35).
This additionally supports the efficient conversion of imidazole to formamide upon ozonation and implies a simi-

lar reaction can also occur in more complex compounds.
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Figure 3.5. Relative abatement of imidazole and the formation of transformation products as a function of the molar ratio of
[03]/[Imidazole]o. The symbols indicate the measured concentrations (duplicate or triplicate) and the lines indicate simulated concentrations
based on the kinetic models described in Table S3.4. Total N indicates the sum of the concentrations of the nitrogen in the remaining imidaz-
ole and all nitrogen-containing transformation products. All measurements were carried out in presence of t-butanol at pH 7 (10 mM phos-
phate buffer). The initial imidazole concentration was around 100 uM for all experiments except for formamide determination where it was 1
mM - 4 mM (Text S3.3).
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Reaction mechanisms. Three key findings can be summarized based on the product identification of the imidaz-
ole-ozone reaction: (1) Upon ozonation, imidazole was degraded into three compounds, namely cyanate, forma-
mide, and formate; (2) the reaction was complete with one molar equivalent of ozone; (3) the reaction produced
almost no reactive oxygen species. Based on these findings, a mechanism for the imidazole-ozone reaction is
proposed in Figure 3.6. Ozone initially attacks at the C-C double bond of imidazole to form an ozonide intermedi-
ate, similarly to pathway A in the pyrrole-ozone reaction. However, different from the pyrrole case, the zwitteri-
on derived from the ozonide intermediate is rearranged into a 3H-1,2,4-dioxazole ring to form a dioxazole in-
termediate, as hypothesized in Figure 3.6. The dioxazole intermediate then further decomposes to formamide
and formyl isocyanate with the aid of a base and a proton. The resulting formyl isocyanate further hydrolyzes
into formate and cyanate. Based on this mechanism, all oxygen atoms in ozone are transferred to the products,

with no reactive oxygen species being formed.
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Figure 3.6. Proposed mechanisms for the reaction of imidazole with ozone based on the identified transformation products (highlighted in
blue). Bold numbers below the products and the intermediates are calculated Gibbs energies with respect to the initial reactants (imidazole
and ozone) in kcal mol-.. Dashed arrows indicate that the corresponding reactions have not been investigated by quantum chemical computa-
tions. The full description of the pathway including computed transition structures is shown in Figure S3.36.

Quantum chemical computations. The proposed reaction mechanisms were partially investigated by quantum
chemical computations. The cycloaddition on the C-C double bond, the ring cleavage, and the rearrangement of
the zwitterion to the hypothesized dioxazole intermediate are exergonic reactions with -42, -65, and -97 kcal
mol-l, respectively, for the calculated energies with respect to the initial reactants, imidazole and ozone (Figure
3.6). The corresponding transition structures to the investigated reaction steps were found by the computations
and are presented in Figure S3.36. The subsequent reactions from the dioxazole intermediate were not investi-

gated in detail, but expected to be exergonic (Text S3.17).

Information on oxidation products of imidazole is not easily available. A few studies investigated the oxidation of
histidine, an amino acid containing an imidazole moiety, but no mechanistic consensus has been obtained.5”"°
The carbon between the two nitrogens in the imidazole ring was suggested as a main attack site of the oxidation
of histidine in metal-catalyzed systems®’° and by ozone.®” This led to the formation of 2-oxohistidine as a final
product. However, a product with three oxygens added to histidine was also reported during the oxidation of

histidine with ozone,®® which could be formed by an ozone attack on the C-C double bond of the imidazole ring.
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However, the previous ozonation experiments®-® were performed without *OH scavenger, and thus it is unclear
whether the products were formed by the reaction with ozone or with *OH. Our findings strongly suggest the
ozone attack at the double bond of the ring rather than at the carbon between the two nitrogens, according to the

concomitant formation of the three major products by one molar equivalent of ozone, as discussed above.

3.3.3.3 Pyrazole-ozone reaction

Quantified products. The abatement of pyrazole as a function of the molar ratio of [03]/[Pyrazole]o is shown in
Figure 3.7. Pyrazole required about 5 molar equivalents of ozone for its full abatement (Figure S3.11), which is
much higher than for the pyrrole- and imidazole-ozone reactions. The *OH yield was also particularly high (35%
per consumed pyrazole, Table 3.2) in comparison to the other azole-ozone reactions. The *OH yield was even
higher at pH 11 (87%, Figure S3.12 and Table S3.8). The ozone reactivity of hydroxide ion (k = 70 M1 s1)7! js
similar to that of pyrazole. Therefore, at high pH where hydroxide ions are predominantly present, the reaction
of hydroxide ion with ozone can outcompete the pyrazole-ozone reaction and result in forming excess *OH. For-
mate and glyoxal were the only quantifiable transformation products, with yields of 126% and 34% per con-
sumed pyrazole, respectively. The total yield of formate and glyoxal achieved 65% of the carbon mass balance.
Formate yields remained similarly high for pH 2, 7, and 11 (Figure S3.12). No nitrogen-containing products were
identified. Formamide was not detected (LOQ = 1.6 uM) even for high molar [03]/[Pyrazole]o ratio of 5, for which
pyrazole should be completely abated according to the ozone:pyrazole molar stoichiometry. N-nitroso com-
pounds were suspected because of the N-N bond present in pyrazole, but they were not detected for any molar
[03]/[Pyrazole]o ratios by the analysis of the total concentrations of N-nitroso compounds (LOQ = 0.7 uM).** A
non-target screening using LC-HRMS/MS resulted in three exact masses of interest, showing increases in the
peak intensities with increasing ozone doses (Figures S3.37 and S3.38). However, molecular formulas assigned
for these masses are not reasonable (e.g., containing five nitrogens for m/z = 201.1009, Table S3.13). Moreover,
MS2 spectra were not measurable, probably due to the low intensity, which hindered obtaining further structur-
al evidence. It seems that the products formed during the pyrazole-ozone reactions were not retained well on the
applied LC column, poorly ionized by ESI-MS, or of the masses under the scan range of the MS detector (m/z = 50

as the lower limit), since pyrazole itself has only a mass of 68.
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Figure 3.7. Relative abatement of pyrazole and the formation of formate as a function of the molar ratio of [03]/[Pyrazole]o. The inset has the
same axis labels as the main figure. The symbols indicate the measured concentrations (triplicate for pyrazole and single measurements for
formate and glyoxal). All measurements were carried out in presence of t-butanol. 10 mM phosphate buffer was used for all measurements
but glyoxal. The initial pyrazole concentrations were around 100 uM for determining pyrazole and formate, and 1 mM for determining glyox-
al (Text S3.3).

Benzylpyrazole-0s reaction. To facilitate the product identification by LC-HRMS/MS, 1-benzylpyrazole, a substi-
tuted pyrazole with a benzyl group, was chosen as an alternative model compound. A similarly inefficient abate-
ment was observed as for the pyrazole-ozone reaction, with an ozone:1-benzylpyrazole molar stoichiometry of
6.5 (Table 3.2 and Figure S3.39). N-benzylformamide was detected as a minor product with a yield of 9% per
consumed 1-benzylpyrazole. N-nitroso compounds were not detected at molar [03]/[1-Benzylpyrazole]o ratios
of 2 and 4. A non-target screening found three masses with m/z = 191.0813, 163.0864, and 151.0864 (as
[M+H]*), corresponding to the molecular formulas C10H10N202, CsH10N20, and CsH10N20, respectively, with a mass
deviation of less than 2 ppm (note that the molecular formula of 1-benzylpyrazole is Ci0H1oN2). All masses are
characterized by a similar formation trend, increasing in peak intensities for increasing molar ratios of [03]/[1-
Benzylpyrazole]o, reaching a maximum at 1 < [03]/[1-Benzylpyrazole]o < 2, and then slightly decreasing at
[03]/[1-Benzylpyrazole]o > 2.5 (Figure S3.40). The evolution of these compounds is quite similar, implying they

were formed in parallel and not sequentially.

To elucidate their structures, MS2 spectra of m/z = 191.0813, 163.0864, and 151.0864 were measured (Figures
S3.41, S3.42, and S3.43) and compared with simulated fragment ions of candidate structures by an in silico frag-
menter, MetFrag.”? The candidate structures for each mass were found by searching the exact mass (e.g, m/z =
191.0813 as [M+H]*) in a compound database, PubChem,”® and were further processed by MetFrag’ to generate
a list of theoretical fragments based on a bond dissociation approach. More details of procedures and results are
described in Text S3.18. The MetFrag analyses proposed two types of transformation products: a ring product
with the addition of two oxygens in ketone and enol forms, corresponding to m/z = 191.0813 (shown as candi-
date 1914, Figure 3.8 and Figure S3.41D) and a ring-opened product containing a hydrazide moiety, correspond-
ing to m/z = 151.0864 (shown as candidate 151c, Figure 3.8 and Figure S3.43D). For m/z = 163.0864, no valid hit

was found.

92



Reactions of pyrrole, imidazole, and pyrazole with ozone: Kinetics and mechanisms

Reaction mechanism. Based on the proposed transformation products, a potential mechanism of the reactions of
1-benzylpyrazole with ozone is proposed in Figure 3.8. The first pathway (H) explains the formation of the ring
product (candidate 191a) via a series of oxygen-addition mechanisms. The second pathway (I) describes the
formation of the ring-opened product (candidate 151c) or N-benzylformamide via a Criegee-type mechanism
followed by hydrolysis of the resulting hydrazone. Both pathways are initiated by an ozone attack on the pyra-
zole moiety rather than on the benzene moiety. This can be substantiated because of the higher ozone reactivity

of pyrazole than of benzene (kos = 5.6 x 101 M-1s1 for pyrazole (Table 3.1) and 2 M-1s1 for benzene®?).

Candidate 191a contains two oxygen atoms added to the C4 and C5 positions of the pyrazole ring. Therefore, it is
speculated that a reaction intermediate containing a hydroxypyrazole moiety preceded candidate 191a (e.g., 4-
hydroxypyrazole or 5-hydroxypyrazole intermediates, Figure 3.8). The ozone reactivity of 4-hydroxypyrazole
was determined as a representative case for hydroxypyrazoles. Its apparent second-order ozone rate constant at
pH 7 was estimated to be higher than 9 x 104 M-1s1 (Table 3.1 and Text S3.1), much higher than for that of ben-
zene. Thus, the hydroxypyrazole moiety is significantly more reactive to ozone than the benzene moiety, where-
fore, it can further react with ozone to form candidate 191a as a secondary ozonation product. The exact mass of
the 4-hydroxypyrazole intermediate was not detected by LC-HRMS/MS for the ozonated benzylpyrazole sam-
ples. If the 4-hydroxypyrazole intermediate was formed, it would have been quickly oxidized to the subsequent
product and escaped the detection. The fate of the resulting candidate 191a, whether it would be hydrolyzed or
further oxidized, is unknown. Candidate 151c formed by the cycloaddition pathway (I) accompanies glyoxal as
the other product fragmented from the pyrazole ring (Figure 3.8). Glyoxal was not measured for the benzylpyra-
zole-ozone reaction, but measured for the pyrazole-ozone reaction (34% glyoxal per consumed pyrazole, Table
3.2). If a similarly high yield of glyoxal is assumed for the benzylpyrazole-ozone reaction, the reaction seems to
proceed to a large extent through the cycloaddition pathway.

By extrapolating the findings of the benzylpyrazole-ozone reaction to the pyrazole-ozone reaction, pyrazole
would be transformed into 4,5-dihydroxypyrazole and formylhydrazine, equivalent to the candidates 191a and
151c, respectively. However, the corresponding exact masses of the products (101.0346 and 61.0396 as [M+H]+)
were not detected by LC-HRMS/MS for any ozonated pyrazole samples. Nevertheless, their formation cannot be
entirely ruled out. In addition to the proposed oxygen-addition and cycloaddition pathways, electron transfer
pathways seem to be involved in the pyrazole-ozone reaction, based on the particularly high *OH yield (35% per
consumed pyrazole, Table 3.2). The primary ozone attack on pyrazole or secondary ozone reactions of transient
reaction intermediates may undergo electron transfer pathways and form excessive *OH. However, the product

information is not sufficient to propose a plausible reaction mechanism.

The high molar ozone:azole stoichiometry of the pyrazole and 1-benzylpyrazole is probably attributed to the
formation of reaction intermediates at least as reactive with ozone as pyrazole, consuming ozone over-
stoichiometrically. Potential ozone consuming products could be hydroxypyrazoles which have been suggested
on the basis of the LC-HRMS/MS results. However, their formation upon ozonation still needs to be confirmed by
reference standards. Moreover, the formation of hydroxypyrazole alone cannot fully explain the high stoichiome-

try and more unknown intermediates must have been involved.
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Figure 3.8. Proposed mechanisms for the reaction of 1-benzylpyrazole with ozone based on the identified (highlighted in blue) and the pro-
posed products. Glyoxal was confirmed by a reference standard for the reaction of pyrazole with ozone. Candidates 191a and 151c were
proposed based on the exact masses detected by LC-HRMS/MS analyses. Theoretical exact masses are shown in parentheses.

3.3.4 Implications

Pyrrole, imidazole, and pyrazole are present as substructures of biomolecules or micropollutants. Upon ozona-
tion, effective abatement of pyrrole and imidazole is expected according to the high ozone reactivity determined
in this study (k > 103 M-1s-1). The micropollutants containing pyrrole or imidazole were present in the concentra-
tions below LOQ after ozonation or significantly abated during ozonation (typically > 70% abatement) based on
the result reported by a previous study monitoring abatement of micropollutants at a full-scale wastewater
treatment plant (Table S3.14).” Pyrrole and imidazole derivatives would be transformed by ozone into the prod-
ucts containing a maleimide, formamide, or cyanate moiety with a moderate to high yield, according to our find-
ings (34% maleimide from the pyrrole-ozone reaction, ~100% formamide and ~100% cyanate from the imidaz-
ole-ozone reaction). As single compounds, maleimide, cyanate, and formamide do not appear to be persistent in
the aquatic environment, but are rather hydrolyzed” > or biodegraded.”® Since ozonation is typically followed by
a biological post-treatment,® they would be readily abated during the post-treatment. However, as substructures
of more complex molecules, they may behave differently during the post-treatment and their possible toxic ef-
fects may be still relevant. The C-C double bond in maleimide with two neighboring carbonyl groups is highly
susceptible to nucleophilic additions. Therefore, maleimide reacts fast and selectively with thiol groups.’”” Such
selectivity may induce toxic effects by converting cysteine residues of proteins, in analogy to a,f-unsaturated
enedials and oxoenals produced by oxidation of phenols.”? Formamide is polar and biodegradable and is less
prone to be bioaccumulated in aquatic organisms.”® However, some studies reported toxic effects possibly asso-
ciated with a formamide moiety in more complex compounds. An increased toxicity observed in phototransfor-
mation studies of herbicides was assigned to N-formylated products.”®2° Similarly, a recent study on phototrans-
formation of ionic liquids containing an imidazole moiety reported an increased toxicity possibly induced by N-
formyl transformation products.®! Compared to pyrrole and imidazole, pyrazole reacts slower with ozone (Kapp=
56 M-1s1at pH 7) and exhibits a much higher ozone:azole molar stoichiometry. Compounds with low ozone reac-
tivity can be still abated during ozonation process by *OH. Examples are irbesartan and acesulfame which are not
highly reactive towards ozone (ko3 = 23 M-1s1 for irbesartan’ and 88 M-!s'! for acesulfame®?), but still significant-

ly or reasonably well abated under a conventional ozonation condition (75% for irbesartan and ~50% for
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acesulfame).” The *OH reactivity of pyrazole lies between irbesartan and acesulfame (k.on = ~1010 M-1s1 for
irbesartan,” 4.6 x 10% M-1s! for acesulfame,® and ~8 x 109 M-1s-1 for pyrazole®). Therefore, at least moderate
abatement of pyrazole is expected during ozonation process. Ozonation products of pyrazole are still largely
unknown. Transformation products, at least as reactive towards ozone as pyrazole (e.g., hydroxypyrazoles), are

postulated, but none of them could be confirmed by reference standards, which requires further investigations.

3.4 Conclusion

All azole-ozone reactions investigated in this study were initiated by an ozone attack on the C-C double bond in
the ring. From the initial attack, the reactions went through distinct pathways clearly differentiated among pyr-
role, imidazole, and pyrazole. Pyrrole reacted with ozone via multiple mechanisms (Criegee and oxygen-
addition) to form ring products (5-Hydroxy-1,5-dihydro-2H-pyrrol-2-one and maleimide) as well as a ring-
opened product (N-(3-oxo-1-propen-1-yl)formamide). The major quantified products from the pyrrole-ozone
reaction were maleimide, formamide, and formate with yields of 34%, 14%, and 54%, respectively, per con-
sumed pyrrole. The total yields of all identified products accounted for 48% of the nitrogen mass balance and

549% of the carbon mass balance.

Imidazole reacted with ozone predominantly via a Criegee mechanism with ring cleavage to form three frag-
ments (formamide, cyanate, and formate). The fragmentation was initiated by only a single attack of ozone, and
all oxygen atoms ended up in the products, producing almost no reactive oxygen species. The sum of the yields of

the three products was ~100% per nitrogen and per carbon, completely closing the mass balance of imidazole.

Pyrazole is the most persistent compound against ozonation among the studied azoles, showing an ozone reac-
tivity at least three orders magnitude lower than those of pyrrole and imidazole. Also, pyrazole requires about
five molar equivalents of ozone for a complete abatement. The exceptionally high stoichiometry suggests the
formation of primary products, such as hydroxypyrazoles, reacting fast with ozone. Hydroxypyrazoles and hy-
drazides were postulated, possibly formed via an oxygen-addition and a cycloaddition pathway. Glyoxal and
formate were identified as major products, accounting for 65% of the carbon mass balance. No nitrogenous

products were identified from the pyrazole-ozone reaction.

All confirmed nitrogenous transformation products (maleimide, formamide, and cyanate) are expected to be
readily hydrolyzed and/or biodegraded. Therefore, they are supposed to be well removed by a biological post-
treatment typically following ozonation. They do not appear to pose a direct threat to the aquatic environment as
single substances, but as subunits of more complex compounds (e.g., micropollutants), they might be persistent

during the post-treatment, with unknown (eco)toxicological consequences.
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All reagent solutions (aqueous) were prepared in ultrapurified water obtained from Barnstead™ Nanopure™
(Thermo Scientific) or Direct8/16system (Merck Millipore).

Table S3.1. List of chemicals used.

Chemicals and purity Suppliers Product No.
1,5-Dihydro-pyrrol-2-one 298% Chem-Impex CH6371383198
1-Benzylimidazole 99% Sigma Aldrich 116416
1-Benzylpyrazole 98% abcr AB312011
1H-Pyrazol-4-01 97% abcr AB416886
1H-Pyrazole-3,4,5-d3 Toronto Research Chemicals P842197

6-benzyladenine 98.5%

Dr. Ehrenstorfer

DRE-C10569600

Acetic acid (glacial) 100% Merck 1370002500
Acetone-ds 99.9% Cambridge Isotope Laboratories DLM-9-25
Acetonitrile Optima™ LC/MS Grade Fisher Chemical A955-212
Acetylacetone 299% Sigma Aldrich 8000230250
Ammonium acetate 298% Merck 1011160500
Ammonium bicarbonate 299.5% Sigma Aldrich 09830-500G
Ammonium formate 299.0% Sigma-Aldrich 17843
Dimethylsulfoxide 99.9% J.T. Baker

di-Sodium hydrogen phosphate dihydrate 299.5% Merck 106580
DMSO-ds 99.9% Cambridge Isotope Laboratories DLM-10-100
EPA 8270/Appendix IX Nitrosamines Mix Sigma Aldrich 502138
Formaldehyde 37% Merck

Formic acid 98-100% Merck 100264
Imidazole anhydrous 299% Sigma Aldrich 792527
Imidazole-d+ 98% Cambridge Isotope Laboratories DLM-3033-1
Maleimide 99% Sigma Aldrich 129585-2G
Methanol Optima™ LC/MS Grade Fisher Chemical A456-212
N-Benzylformamide 99% abcer AB131671
Phosphoric acid 285% Sigma Aldrich 30417
Potassium indigotrisulfonate Sigma Aldrich 234087
Pyrazole 98% Sigma Aldrich P56607-5G
Pyrrole-ds 98% Cambridge Isotope Laboratories DLM-3192-1
Sodium cyanate 96% Sigma Aldrich 185086
Sodium dihydrogen phosphate monohydrate 99-102% Merck 106346
tert-Butanol 2 99.7% Sigma Aldrich 19460
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Text S3.1. Reaction Kinetics

This section describes the methods used for determining the reaction kinetics of the reactions of azoles with
ozone and presents the data plots from competition kinetics and pseudo-first-order kinetic experiments (Figure
S3.1).

Competition kinetics for determination of kos of pyrrole and imidazole. The apparent second-order rate constants
for the reactions of pyrrole, imidazole, and pyrazole with ozone (kapp) at pH 0.5 to 12 were determined by a com-
petition kinetics method with 3-buten-2-ol as a competitor. Reaction vessels containing an azole (typically 0.1 -
0.6 mM for pyrrole and 1 - 5 mM for imidazole), 3-buten-2-ol (1 mM) at various ratios and dimethylsulfoxide
(DMSO, 0.1 M) as a *OH scavenger were prepared and a fixed dosage of an ozone stock solution (~40 pM) was
added under rapid mixing. DMSO was used to quench *OH instead of ¢t-butanol, because the reaction of ¢t-butanol
with *OH produces formaldehyde, the same product as expected for the reaction of 3-buten-2-ol with ozone. The

second-order rate constants are 8.2 M-1s! for the reaction of DMSO with ozone® and 6.6 x 109 M-!s'! for the reac-
tion of DMSO with *OH.2 After the reaction, formaldehyde, a product of the reaction of 3-buten-2-ol with ozone,
was quantified by the Hantzsch method.® The second-order rate constant of an azole was deduced based on the

following equation with 7.9 x 104 M-1 s as ko3 3-buten-2-0l.*

[formaldehyde], .\ ko, azole[azole]

[formaldehyde] ~ ko, 3-buten-2-01[3-buten-2-ol]

Direct measurement of pyrazole decrease for determination of kosz of pyrazole. The apparent second-order rate
constant for the reaction of pyrazole with ozone at pH 7 was determined by a direct method following pyrazole
decrease over time under conditions with ozone in excess. Using the ozone-excess condition was necessary, be-
cause otherwise the ozone-reactive transformation products formed during the pyrazole-ozone reaction (see the
section 3.3.3.3 of the main text) would lead to an overestimation of the second-order ozone rate constant. A solu-
tion containing 5 pM of pyrazole and 0.3 mM of t-butanol as a *OH scavenger was prepared at pH 7 (10 mM
phosphate buffer). An aliquot of the primary ozone stock solution (typically 1.3 - 1.5 mM) was added to the py-
razole solution to yield 100 uM ozone. Samples were taken by a laboratory dispenser at pre-determined reaction
times (starting from 15 s) at which the residual ozone concentrations in the samples were quenched by approx-

imately 200 puM cinnamic acid. The pyrazole concentrations were determined by HPLC-UV.

Direct measurement of ozone decrease by a quench-flow apparatus for determination of kos of maleimide and 4-
hydroxypyrazole. A solution containing 1.9 mM of maleimide or 4-hydroxypyrazole and 0.5 M of t-butanol was
prepared at pH 7 (10 mM phosphate buffer). An ozone stock solution (0.275 mM) was prepared by diluting the
primary ozone stock solution (typically 1.3 - 1.5 mM) with 1 mM hydrochlorous acid solution and kept in ice
packs. The reaction was initiated by mixing the substrate and the ozone solutions at a ratio of 10:1 (1.7 mM sub-
strate and 0.025 mM ozone as the concentrations after mixing) and an indigotrisulfonate solution (0.038 mM)
was added at pre-determined reaction times to quench the remaining ozone. The experiments were conducted
by a quench-flow apparatus (BioLogic, SFM-400/Q) which allows quenching the reactions within a ms range. The
ozone concentrations were determined by the decolorization of the indigo solution measured spectrophotomet-
rically at 600 nm (g600nm = 20,000 M-1cm-1).> For 4-hydroxypyrazole, ozone was completely consumed within the
shortest reaction time (22 ms). Assuming 98% of ozone is consumed at 22 ms, the second-order rate constant for

the reaction of 4-hydroxypyrazole with ozone was estimated to be higher than 9 x 104 M-1s-1,
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Figure S3.1. Competition Kinetics plots for the reactions of ozone with pyrrole, imidazole, and pyrazole under varying pH conditions corre-
sponding to the results presented in Table S3.2. A pseudo-first-order kinetic plot for the reaction of maleimide with ozone at pH 7 is also
shown. Data points shown in each plot are from single measurements.
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Table S3.2. Compilation of the apparent second-order rate constants (kapp) for the reactions of pyrrole, imidazole, pyrazole, and maleimide
with ozone for the pH range 0.5 - 12.

Compound pH *OH scavenger Kapp, M1s1
Pyrrole 0.5 DMSO (8.3+0.6) x 105
2.0 DMSO (8.7+0.6) x 10°
7.3 DMSO (8.6 £0.7) x 10°
7.3 None (1.1+£0.2) x 106
12.0 DMSO (3.1+£0.4) x 1086
Imidazole 2.0 DMSO (1.5+0.1) x 103
6.0 DMSO (5.0 £0.5) x 10*
7.4 DMSO (1.7 £0.2) x 105
7.4 None (1.5+£0.1) x 108
12.0 DMSO (2.2+0.2) x 105
Pyrazole 7.0 t-butanol (5.6 £0.9) x 10
Maleimide 7.1 t-butanol (42+0.2) x 103
1 1 1 1 1 1
10" 4
] F
10°{e ©

w1077 & 3
4] I -
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Figure S3.2. Logarithmic apparent second-order rate constants (kapp) for the reactions of pyrrole, imidazole, and pyrazole with ozone as a
function of the pH in the range 0 to 12. The kap, values of imidazole were fitted to the expression: kapp = knn+(1-a) + knot and o = 1 /(1 + 10rKa-
PH), where knu:+ and ky are the species-specific second-order rate constants for the protonated and the neutral imidazole, respectively, « is the
fraction of the neutral imidazole, and a pKa value of imidazole is 7.0.8 The following species-specific second-order rate constants were ob-
tained: (2.3 £ 0.1) x 105> M-1s! for neutral imidazole (kn) and (1.5 + 0.1) x 103 M-1s! for protonated imidazole (knu:). The species-specific
second-order rate constant for the reaction of pyrrole with ozone was obtained to be (1.4 + 1.1) x 106 M1 s'! by averaging kapp for the pH
range 0.5 - 12.
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Text S3.2. Kinetic simulations

The evolution of pyrrole and its transformation products as a function of the molar ratio of [03]/[Pyrrole]o was
simulated by a kinetic simulation with the Kintecus software’ based on a model described in Table 3.3. The simu-
lated concentrations are shown as lines in Figure 3.2 in the main text. The imidazole-ozone reaction was also
simulated based on a model described in Table 3.4 and the results are shown as lines in Figure 3.5 in the main

text. Only the consumption of ozone by pyrrole, imidazole, and their transformation products were considered.

Table S3.3. Kinetic model for the pyrrole-ozone reactions performed by Kintecus.” The initial concentrations of pyrrole and ozone were set as
[pyrrole] = 115 uM and [Os] = 0 - 250 uM (in 2 puM increments). Simulated reaction time was set as 4 h.

No. Reaction Kapp,pu7, M1s1 Reference
1 Pyrrole + 03 = 0.34*maleimide 8.6 x 105 Table 3.1 of main text
2 Maleimide + O3 = Products 4.2 x103 Table 3.1 of main text

Table S3.4. Kinetic model for the imidazole-ozone reaction performed by Kintecus.” The initial concentrations of imidazole and ozone were
set as [pyrrole] = 94.5 pM and [03] = 0 - 250 pM (in 2 uM increments). Simulated reaction time was set as 4 h.

No. Reaction Kapp,pn7, M-1s°1 Reference
1 Imidazole + O3 = Cyanate + Formamide + Formate 1.7 x 105 Table 3.1 of main text
2 Cyanate + O3 = Products 1.0 x 102 Hoigné etal. (1985)8

assumed as a slow reaction, considering
3 Formamide + Oz = Products 1.0 x 10-2 the similar evolution as for cyanate (see
Figure 3.5 in the main text)

4 Formate + O3 =» Products 46 Reisz et al. (2014)9

Text S3.3. Ozonation experiments

The required initial concentrations of azoles and ozone doses varied depending on the applied analytical meth-
ods for product identification. For example, NMR analyses require at least a few milligrams of isolated solids,
whereas LC-HRMS is capable of detecting submicromolar concentrations. Accordingly, various ozonation condi-

tions were applied in this study and are described below.

a) Ozonation experiment for quantifying pyrrole, imidazole, pyrazole, 1-benzylimidazole, 1-benzylpyrazole,
maleimide, urea, N-benzylformamide, cyanate, formate, and total N-nitrosamines by LC-HRMS/MS, IC-CD,
and total N-nitrosamine analyses. Ozonation experiments were conducted under the condition as de-
scribed in the section 3.2 of the main text: [azole] ~100 pM, [t-butanol] = 50 mM, [ozone] = 0 - 200 uM,
and 10 mM phosphate buffer (pH 7). Ozone stock solutions were prepared by an ozone generator (BMT
MESSTECHNIK GMBH, BMT 803 BT). The oxygen gas flow rate was set as 0.15 NL min'! (N stands for
normal conditions being 0 °C and 1 atm) and the power of ozone generator was 100%. Based on the in-
strument manual (Rev. 05/2014), this condition yielded approximately 2.4 g h-1 of ozone production
rate. Additionally for quantifying maleimide, 100 pM of pyrrole and 50 mM of ¢t-butanol were prepared
at pH 2 (10 mM phosphate buffer) to investigate the pH effect on maleimide formation.
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b)

d)

Ozonation experiment for quantifying formamide by HPLC-UV. Because of the high dilution factor (100-
fold) required for quantification of formamide by HPLC-UV (see Text S3.4 for detailed method), a milli-
molar range of formamide should be formed during the azole-ozone reactions for the detection. Millimo-
lar concentrations of azole and ozone were required accordingly. To this end, the primary ozone stock
solution (1.59 * 0.05 mM) was prepared as described above and 9 mL of the ozone stock solution were
transferred to a 10 mL reaction vessels containing 1 - 2 mL of the mixture of azole, 1 M t-butanol, and 10
mM phosphate buffer solution at pH 7 under rapid stirring. The concentrations of azole in the mixtures
were 0.8 mM - 2 mM of pyrrole, 1 mM - 4 mM of imidazole, and 0.3 mM - 1.5 mM of pyrazole, to pro-
duce varying molar [03]/[azole]o ratios of 0.8 - 2.0 for pyrrole, 0.4 - 1.5 for imidazole, and 1.0 - 5.6 for
pyrazole. The ozonated solutions were left at room temperature for 4 hours and stored at 4 °C prior to

HPLC-UV analysis carried out within 3 days.

Ozonation experiment for quantifying glyoxal by derivatization followed by HPLC-UV and for quantifying
formate by IC-CD. 1 mM of azoles were prepared in ultrapurified water without buffering agents in a vol-
ume of 20 - 25 mL in presence (0.1 - 0.5 M) or absence of t-butanol. Additionally, 1 mM of azoles in
presence (0.1 - 0.5 M) or absence of t-butanol were prepared at pH 2 (by adding sulfuric acid) or pH 11
(by adding sodium hydroxide) to investigate the pH effect on glyoxal and formate formation. Ozone
stock solutions were prepared by another ozone generator (Erwin Sander Elektroapparatebau GmbH,
Laboratory Ozonizer 300.5), yielding the maximum concentration of the stock solution of 1 mM. An ali-
quot of the ozone stock solution was added to the azole solution to initiate ozonation with ozone doses
ranging from 40 uM to 200 puM. The pH of the azole solution without buffering agents was in the range of
pH 6.5 - 7.4 prior to ozonation, which decreased to pH 4.3 - 6.1 after ozonation. The pH of the acidified
(pH 2) and basified (pH 11) solutions remained the same after ozonation. The complete consumption of

ozone was verified regularly with indigotrisulfonate.

Ozonation exexperiments for identifying TP1, TP2, and maleimide by NMR. Solutions containing 1 mM of
pyrrole and 1 M of ¢t-butanol were prepared in ultrapurified water without buffering agents with a total
volume of 1 L. Buffering agents could not be used because they would remain in too large quantities af-
ter work-ups for NMR (Text S3.4), which makes it difficult to isolate ozonation products. A decrease in
pH was observed from pH 5.8 before ozonation to pH 4.5 after ozonation. Ozonation was initiated by di-
rectly sparging an ozone-containing oxygen gas flow produced by an ozone generator (BMT MESS-
TECHNIK GMBH, BMT 803 BT) to the pyrrole solution, which was kept at room temperature under con-
stant stirring. The oxygen gas flow rate was set as 0.02 NL min-! and the power of ozone generator was
30 %. Under this condition, the ozone production rate would be roughly 0.1 g h-%. During ozonation, 100
uL of samples were withdrawn at pre-defined reaction times, to analyze the remaining pyrrole concen-
trations in the solution by HPLC-UV. As a result, a 30 min ozonation time was selected for NMR analyses,
for which more than 80% pyrrole was abated. A control experiment by sparging oxygen gas with the
same flow rate but without generating ozone was performed in parallel to confirm the effect of the gas
flow on evaporation or abatement of pyrrole. The HPLC-UV result of the control experiment confirmed

that the pyrrole concentrations remained unchanged over 90 min under the oxygen gas flow.
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Text S3.4. Analytical methods for azoles and their transformation products

This section describes the analytical methods used for quantifying abatement of azoles upon ozonation and for

identifying/quantifying transformation products formed during the azole-ozone reactions.

NMR analyses for TP1, TP2, and maleimide. Prior to NMR analyses, t-butanol and water in ozonated solutions
were removed by (1) rotary evaporation (Hei-VAP, Heidolph) at 40 °C to dryness, or (2) rotary evaporation at 25
°C to 20 % removal in weight, followed by lyophilization (LYOVAC GT 2-E, STERIS) to dryness. The work-up pro-
cedure (2) was employed to minimize the increase of temperature in the solution, which appeared to promote
polymerization of ozonated products. The isolated solids were dissolved in acetone-d¢ or DMSO-de. 1H and 13C
NMR data were measured at 400.2 MHz and 100.6 MHz using a 5 mm CryoProbe™ Prodigy probe equipped with
z-gradient on a Bruker Avance III 400 NMR spectrometer (Bruker Biospin AG, Fallanden, Switzerland). The 1D
1H, 13C and 'H 1D-NOESY NMR experiments and the 2D correlated 1H-13C HSQC, 1H-13C HMBC, 1H-1H DQF-COSY,
and 'H-1H NOESY experiments were performed at 298 K using the Bruker standard pulse programs and parame-
ter sets applying 90° pulse lengths of 11.4 ps (*H) and 10.0 us (13C). Chemical shifts (8) in ppm are calibrated to
residual solvent peaks (DMSO-de: 6 = 2.49 and 38.5 ppm; acetone-des: & = 2.05 and 29.8 ppm). Details of product
identification by the NMR analyses are provided in Text S3.7.

LC-HRMS for pyrrole, imidazole, pyrazole, 1-benzylimidazole, 1-benzylpyrazole, maleimide, urea, and N-
benzylformamide. Non-ozonated (ozone dose = 0 pM, azole concentration 100 uM) and ozonated samples were
diluted 10-fold (for imidazole, pyrazole, 1-benzylimidazole, urea, and N-benzylformamide) or 20-fold (for pyr-
role and 1-benzylpyrazole) in ultrapurified water or in acetonitrile depending on the applied LC column. For
quantifying maleimide, ozonated samples were analyzed without dilution, because of the relatively poor sensitiv-
ity of detecting maleimide by LC-HRMS/MS (see the limits of quantification of maleimide and other compounds
summarized in Table S3.6). Pyrrole-d5 (5 uM as final concentration), imidiazole-d5 (10 pM), pyrazole (1 uM), or
6-benzyladenine (1 uM) prepared in acetonitrile or in ultrapurified water were used as internal standards for all
analytes except urea (Text S3.16). Pyrrole, pyrazole, 1-benzylimidazole, 1-benzylpyrazole, and N-
benzylformamide in the samples diluted in ultrapurified water were separated on a C18 reversed-phase (RP)
column (Atlantis® T3, 3 um particle size, 3.0 x 150 mm, Waters) at 30 °C with a flow of 300 pL/min and ultrapu-
rified water and methanol as eluents. 0.1% formic acid was added to both eluents. The gradient started with 98%
of ultrapurified water during the first 1.5 min, which linearly decreased to 2% between 1.5 min and 17.5 min,
maintained at 2% until 25 min, returned to the initial condition of 98% ultrapurified water at 25.1 min, and
maintained at 98% until 29.5 min for column re-equilibration. Imidazole and urea in the samples diluted in ace-
tonitrile were separated on a hydrophilic interaction liquid chromatography (HILIC) column (XBridge™ BEH
HILIC XP, 2.5 um particle size, 3.0 x 150 mm, Waters) at 30 °C with a flow of 400 pL min-! and ultrapurified water
and an acetonitrile:methanol:ultrapurified water mixture (95:3:2) as eluents. 1mM ammonium formate and
0.1% formic acid was added to both eluents. The gradient started with 100% of the acetonitrile mixture during
the first 2 min, which linearly decreased to 5% between 2 min and 12 min, maintained at 5% until 17 min, re-
turned to the initial condition of 100% acetonitrile mixture at 17.1 min, and maintained at 100% until 37 min for
column re-equilibration. After separation on the RP or HILIC column, compounds were detected by a Thermo
Scientific Q-Exactive high-resolution mass spectrometer (R = 70,000) with electrospray ionization (ESI) in posi-
tive full scan mode with a spray voltage of 4000 V, a capillary temperature of 350 °C, a sheath gas flow rate of 40
(arbitrary units), and an auxiliary gas flow rate of 10 (arbitrary units). Detected and theoretical exact masses
deviated typically within 5 ppm (Table S3.5), except urea which showed high mass deviation of ~50 ppm for
both ozonated samples and standards (Text S3.16).
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Table S3.5. Theoretical and detected exact masses as [M+H]* of the compounds (parent compounds (azoles) and identified or suspected
transformation products) measured by LC-HRMS/MS.

Compound Type Molecular formula Theoretical mass Detected mass
Pyrrole Parent C4HsN 68.0495 68.0495
Maleimide TP C4H3NO2 98.0237 98.0236
N-(3-oxo-1-propen-1- TP C4HsNO2 100.0393 100.0391
yl)formamide (TP1)

5-Hydroxy-1,5-dihydro-2H- TP C4HsNO2 100.0393 100.0391
pyrrol-2-one (TP2)

1,5-dihydro-pyrrole-one TP C4HsNO 84.0444 84.0443
Imidazole Parent CsH4N2 69.0447 69.0448
Urea TP CH4N20 61.0396 61.0368
1-Benzylimidazole Parent C10H10N2 159.0917 159.0915
N-Benzylformamide TP CsHoNO 136.0757 136.0755
Pyrazole Parent C3HaN2 69.0447 69.0448
Formylhydrazine TP CH4N:20 61.0396 ND
4,5-dihydroxypyrazole TP C3H4N20: 101.0346 ND
1-Benzylpyrazole Parent C10H1oN2 159.0917 159.0919
Candidate 191 TP C10H10N202 191.0815 191.0813
Candidate 151 TP CsH10N20 151.0866 151.0864

Table S3.6. Limits of quantification (LOQ) of azoles and identified or suspected transformation products.

Compound Method LC LOQ, Calibration R? of Retention
column  pM? calibration time
curve
Pyrrole LC-HRMS/MS RP 1.1 0.5uM -5 uM >0.99 9.2
Imidazole LC-HRMS/MS HILIC 0.8 1uM-10pM >0.99 6.8
Pyrazole LC-HRMS/MS RP 2.5 1puM-10puM >0.99 6.4
1-Benzylimidazole LC-HRMS/MS RP 3.0 1puM-10puM >0.99 8.6
1-Benzylpyrazole LC-HRMS/MS RP 2.7 0.5uM -5 pM 0.97 15.8
Maleimide LC-HRMS/MS RP 12.9 10 pM - 100 pM >0.99 4.9
N-(3-oxo-1-propen-1- LC-HRMS/MS RP ND ND ND 6.3b
yl)formamide (TP1)
5-Hydroxy-1,5-dihydro- LC-HRMS/MS RP ND ND ND 4.2b
2H-pyrrol-2-one (TP2)
1,5-Dihydro-pyrrole-one LC-HRMS/MS RP ND ND ND Unconfirmede
Uread LC-HRMS/MS HILIC 2.1 1uM-10pM >0.99 4.0
N-benzylformamide LC-HRMS/MS RP 2.9 1puM-10puM >0.99 12.6
Candidate 191 LC-HRMS/MS RP ND ND ND 12.0
Candidate 151 LC-HRMS/MS RP ND ND ND 11.7
Cyanate IC-CD AS19 0.5 1puM-20uM >0.99 10.0
Formate IC-CD AS19 1.0 1puM-20uM >0.99 6.2
Formamide HPLC-UV HILIC 1.6 1uM-10uM >0.99 2.9
Total N-nitrosamines UV-Photolysis and NA 0.7¢ 0.4 uM - 4 uM 0.94 NA
Chemiluminescence!?
Glyoxal Deriv-HPLC-UV! RP 0.8 1puM-20puM - 9.3

aL,0Qs were estimated based on the slope of the calibration curve (s) and the standard deviation of the y-intercept of the calibration curve (o)
with the following equation, LOQ = 10 x o/s,** for all compounds except total N-nitrosamines. "Inconclusive but suggested based on structural
characteristics and distinct MS2 fragmentation patterns (see main text). <Because of too many peaks (Figure S3.23b). dUrea quantification
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was performed without internal standard. ¢eLOQ of total N-nitrosamine analysis was determined based on a signal-to-noise ratio of 10.1? fo-
phenylendiamine derivatization followed by HPLC-UV analysis.*

IC-CD for cyanate and formate and IC-MS for cyanate. Ozonated samples in the pH 7 buffered system (parent con-
centration 100 uM) were diluted 4-fold in ultrapure water to reduce column overloading from phosphate buffer.
Cyanate and formate in the diluted samples were then separated on a capillary anion-exchange IC column (lon-
Pac AS19-4pM, 0.4 x 250 mm, Dionex) with a gradient of KOH as eluent with a flow rate of 0.01 mL min. The
eluent concentration was initially at 10 mM for 10 min, increased to 28.5 mM between 10 min and 15 min, in-
creased to 120 mM between 15 min and 15.1 min, was maintained at 120 mM until 23 min, went back to the
initial concentration of 10 mM between 23 min and 23.1 min, and held at 10 mM until 32 min. The anions were
detected by suppressed conductivity (ACES 300 Capillary Electrolytic Suppressor, Dionex). Examples of chroma-
tograms of an ozonated sample and standards are shown in Figure S3.3. For cyanate, additional confirmation
was carried out once by using a mass spectrometer (TSQ-Vantage, Thermo Scientific) by following a fragmenta-
tion reaction: m/z = 42.0 > 26.0 (36 V collision energy). The MS measurements were performed in negative
mode, HESI at 150°C. The peak corresponding to cyanate was observed at a retention time of 11.0 min. Formate
in the ozonated samples without buffering agents or under pH 2 and 11 conditions (parent concentration 1 mM)
was analyzed by IC-CD (883 Basic IC plus, Metrohm) equipped with a Metrosep Organic Acids column
(Metrohm). The eluent was 0.5 mM sulphuric acid with a flow rate of 0.5 mL min-1. The suppressor was regener-

ated with a 30 mM lithium chloride solution.
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Figure S3.3. Stacked IC-CD chromatograms of (a) a 20 uM formate standard, (b) an ozonated imidazole solution at [0s]/[imidazole]o ~ 1
diluted 4-fold in ultrapurified water, and (c) 20 uM cyanate standard.
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HPLC-UV for pyrrole, imidazole, and pyrazole. Pyrrole and imidazole which were ozonated by sparging ozone
directly into the azole solution for NMR and GC-MS analyses were analyzed by HPLC-UV to quantify the abate-
ment. 100 pL of samples were withdrawn during ozonation at pre-determined time points and diluted 10-fold
with ultrapurified water. Pyrazole of which ozone reactivity was determined by following the pyrazole decrease
over time, was also analyzed by HPLC-UV without dilution. The samples for analyzing pyrrole and imidazole
were separated on a Cosmosil C18 column (5C18-MS-II, 3.0 x 100 mm, NACALAI TESQUE, INC.) with a gradient
(0.5 mL min-1) of acetonitrile as eluent A and ultrapurified water (for pyrrole) or 10 mM phosphate buffer at pH
7.5 (for imidazole) as eluent B. The gradient started at 5% acetonitrile (eluent A) during 1.5 min, which linearly
increased to 95% between 1.5 min and 17.5 min, maintained at 95% to 22.5 min, decreased back to the initial
condition of 5% acetonitrile until 23 min, and maintained at the initial conditions until 28 min. The samples for
analyzing pyrazole were separated on the same column with an isocratic method (0.5 mL min't) with 5% ace-
tonitrile and 95% 10 mM phosphate buffer (pH 7). All azoles were analyzed by UV detection at 210 nm.

HPLC-UV for formamide. The ozonated samples containing formamide (parent concentrations 0.3 mM - 4 mM)
were diluted 100-fold in acetonitrile and were separated on the HILIC column (XBridge™ BEH HILIC XP, 2.5 pm
particle size, 3.0 x 150 mm, Waters) at 30 °C with a flow of 400 uL min-! via isocratic eluents of 3% ultrapurified
water and 97% acetonitrile. The high dilution factor (100-fold) was required to achieve the ideal sample compo-
sition of 99% acetonitrile and 1% aqueous solution for the HILIC column. Because of the low molecular weight
(m/z 45) below the MS scan range (m/z = 50), formamide could not be detected by MS. Instead, it was analyzed
by UV detection at 210 nm. Known concentrations of formamide standards (5 uM and 10 pM) were added to the
ozonated samples containing formamide to additionally confirm the peak retention time and the quantified re-
sults. The peak retention times remained the same (2.94 min) before and after the addition of standard solutions
(Figure S3.4). The averages of the relative difference between the measured increase in formamide concentra-
tion of the spiked sample and the concentration of the spiked formamide standard were (9 + 7)% for 5 uM addi-
tion and (11 + 1)% for 10 uM addition.
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Figure S3.4. Stacked HPLC-UV chromatograms for (a) a 10 uM formamide standard, (b) an ozonated imidazole solution at [03]/[imidazole]o ~
1, (c) the ozonated imidazole solution after the addition of a 5 pM formamide standard, and (d) the ozonated imidazole solution after the
addition of a 10 uM formamide standard. The dead volume time of the column was 2.65 min and the retention time of formamide was at 2.94
min.

GC-MS for formamide. The formation of formamide from the imidazole-ozone reaction was additionally con-
firmed by GC-MS. Because of very low sensitivity of formamide by the GC-MS method (LOQ = 3.3 mM) and lack of
extraction methods for formamide, the method was applied only once and thereafter no longer applied for fur-
ther quantifications. To yield high production of formamide suitable for the GC-MS method, an ozonation exper-
iment was carried out by using high initial concentrations of imidazole (1 mM) and t-butanol (1 M) prepared in 1
L of ultrapurified water by directly sparging ozone-containing gas to the imidazole solution with an oxygen gas
flow of 0.02 NL min-! and ozone generator power of 30 % (BMT MESSTECHNIK GMBH, BMT 803 BT). After 90
min of ozonation, when a complete abatement of imidazole was confirmed by HPLC-UV, the resulting solution
was further processed by an evaporator (Biichi Syncore® Analyst) with preset operating parameters (heating
temperature of 40 °C, cooling temperature of 15 °C, target pressure of 45 mbar over 3 hours, and 230 RPM) to

remove t-butanol and subsequently by a lyophilizer (STERIS, LYOVAC GT 2-E) to remove the remaining water in
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the ozonated solution. The resulting particles were dissolved in 0.7 mL dimethylformamide and analyzed by GC-
MS equipped with a Restek-Stabilwax column (60m, 0.32mm [.D., 1 um df, Restek) by injecting 1 pL in the split-
less mode with an inlet temperature of 220 °C. The column oven was initially at 100 °C for 1 min, ramped to 180
°C between 1 min and 9 min, held at 180 °C between 9 min and 24 min, ramped to 220 °C between 24 min and 25
min, and held at 220 °C until 30 min. After separation, formamide was detected by a Thermo Scientific DSQ II
mass spectrometer with positive SIM mode. A quantification ion for formamide was m/z = 45. No internal stand-
ards were applied. The GC-MS chromatograms of the formamide standard solutions and the ozonated imidazole
solution further treated by evaporation and lyophilization are shown in Figure S3.5. The concentration of
formamide present in the ozonated sample was determined to be 2.4 mM based on the calibration of peak areas
(R? = 0.98). This corresponds to 0.0017 mmol of formamide (by multiplying the volume of added dimethylfor-
mamide, 0.7 mL), which is 0.17 % of the initial amount of imidazole of 1 mmol (1 mM imidazole prepared in 1 L
of ultrapurified water). The determined yield may underestimate the actual amount of formamide formed during

the ozonation, because formamide could be degraded or evaporated during evaporation and lyophilization.
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Figure S3.5. Stacked GC-MS chromatograms of (a) - (d) formamide standard solutions and (e) an ozonated imidazole solution treated by
evaporation and lyophilization. The intensities of the highest peaks of (a) - (e) are 6.72 x 106, 1.11 x 107, 5.03 x 107, 1.09 x 108, and 1.93 x
107.

UV-photolysis-chemiluminescence for total N-nitrosamines. Ozonated pyrazole and 1-benzylpyrazole samples
(parent concentration 100 uM) were analyzed by a UV-photolysis-chemiluminescence system?® to determine
total N-nitrosamines (TONO). The total N-nitrosamine standards were prepared from a mix comprising N-
nitrosodimethylamine (NDMA), N-nitrosodiethylamine (NDEA), N-nitrosodipropylamine (NDPA), N-
nitrosodibutylamine  (NDBA), N-nitrosodiphenylamine (NDPhA), N-nitrosopiperidine (NPIP), N-
nitrosopyrolidine (NPYR), and N-nitrosomorpholine (NMOR). A signal of the lowest concentration of the stand-
ard (0.4 pM) is shown in Figure S3.6.
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Figure S3.6. Example of a chemiluminescence signal of a 0.4 uM total N-nitrosamine standard in ultrapurified water. The signal-to-noise was
5.7.LOQ calculated based on the signal-to-noise was 0.7 pM by the equation of LOQ = [concentration of standard]/[signal-to-noise] x 10.

OPD derivatization followed by HPLC-DAD for glyoxal. Glyoxal in the ozonated samples (parent concentration 1
mM) was analyzed by a derivatization method using o-phenylendiamine (OPD).® Derivatization was performed
by adding sodium hydroxide to 10 mL of the ozonated sample to make the solution alkaline and then by mixing it
with 1 mL of the OPD solution prepared by dissolving 0.5 g of OPD in 100 mL of ultrapurified water. The mixture
was heated at 60 °C for 3 h. After cooling, the derivatized product, quinoxaline, was determined by HPLC-DAD
(LC 20, Shimadzu). The instrument was equipped with a C18 column (Prontosil, NC-04, 250 mm x 4.0 mm I.D,,
5.0 um, Bischoff). 50 pL of the derivatized solution was separated by a water/acetonitrile gradient system (35%
ACN/ 5 min, 45% ACN/ 10 min, 100% ACN) with a flow rate of 0.5 mL min-! for the ozonated imidazole and py-
razole samples. For the ozonated pyrrole samples, a water/methanol gradient system was used (20% MeOH/ 2
min, 80% MeOH/ 5 min). Quinoxaline was quantified by UV detection at 380 nm.

Text S3.5. Analytical methods for reactive oxygen species

This section describes the analytical methods used for quantifying reactive oxygen species (singlet oxygen, hy-

droxyl radical, and hydrogen peroxide) formed during the azole-ozone reactions.

Singlet oxygen. The formation of 102 formed during the azole-ozone reactions was quantified by detecting the
phosphorescence emitted by 102 at 1270 nm by a near-infrared photomultiplier tube (NIR-PMT, H10330B-45,
Hamamatsu). The setup is described in detail in a previous study.'* The 10 signals were calibrated by the reac-
tion of triethylamine with ozone ([triethylamine] = 2 mM and [ozone] = 5 - 50 uM, as initial concentrations),
which forms 102 with a 70% yield.** The calibration reaction needs similar reaction Kinetics to the azole-ozone
reactions, because the shape of 102 signals strongly depends on the kinetics of 102 formation and could affect the
peak integration and quantification.}* Therefore, the calibration was performed at pH 10 (achieved by 20 mM
carbonate buffer) where the triethylamine reacts with ozone with a second-order rate constant > 105 M-1s1,
similar to the apparent second-order rate constants of the azole-ozone reactions at pH 7. The calibration reaction

by hydrogen peroxide and hypochlorous acid, applied in previous studies,**** could not be used, because of its
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lower reactivity (maximum k ~ 3 x 103 M-1s'! at around pH 10).1® The calibration curve is shown in Figure S3.7.
The azole-ozone reactions were carried out under azole-excess conditions where [azole] = 2 mM or 3 mM and
[ozone] =90 - 100 puM as initial concentrations. 1 M t-butanol was added and the pH was maintained at pH 7 - 8
by 20 mM phosphate buffer. The results are summarized in Table S3.7 and examples of 102 signals are shown in
Figure S3.8.
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Figure S3.7. Integrated !0 signals as a function of the theoretical concentrations of !0, formed during the reaction of triethylamine with
ozone, producing a 70% yield of 102 at pH 10. Data points are average values of five individual measurements. Conditions: [triethylamine]o =
2mM, [ozone]o =5 pM - 50 puM, and pH 10 (20 mM carbonate buffer).

Table S3.7. Measuring conditions and 'O yields of the azole-ozone reactions. All reactions were performed in presence of 1 M t-butanol. Each
condition was repeated at least five times and the average values * standard deviations are shown in bold at the last row for each condition.

102 Measuring conditions Results
Compound C, mMa 03, mMa pH Peak area 102, mM 102/03
Pyrrole 3 0.101 7.3 63.27 0.0128 13%
0.094 42.96 0.0087 9%
0.098 65.51 0.0132 14%
0.101 49.58 0.0100 10%
0.096 50.34 0.0102 11%
0.098 0.0110 + 0.0020 (11+£2)%
Imidazole 2 0.096 7.6 0.70 0.00008 0.08%
0.089 1.08 0.00015 0.17%
0.086 0.70 0.00008 0.09%
0.087 0.77 0.00009 0.10%
0.089> 0.88 0.00011 0.13%
0.089b 0.86 0.00011 0.12%
0.089 0.00010 + 0.00003 (0.12 +0.03)%
Pyrazole 3 0.096 7.5 8.56 0.00167 1.7%
0.096 8.64 0.00169 1.8%
0.088 8.49 0.00166 1.9%
0.091 8.98 0.00176 1.9%
0.093b 8.19 0.00160 1.7%
0.093 0.00167 + 0.00006 (1.8 +0.1)%

aconcentration in the mixture, bthe original measured concentration was missing and therefore replaced by the average value of the other
ozone concentrations measured for the same condition.
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Figure S3.8. Examples of 10; signals for the reactions of (a) pyrrole, (b) imidazole, and (c) pyrazole with ozone.

Hydroxyl radical. The concentrations of *OH formed during the reactions of pyrrole, imidazole, and pyrazole with
ozone were quantified by using the *OH scavenger t-butanol. An azole solution containing 1 mM azole and 0.5 M
t-butanol was prepared at pH 7 (5 mM phosphate buffer). Additionally, an azole solution containing 1 mM azole
and 0.1 M t-butanol was prepared at pH 2 (by adding sulfuric acid) or at pH 11 (by adding sodium hydroxide) to
investigate the pH effect on *OH formation. Varying doses of ozone (30 uM - 300 uM) were applied to the solu-
tion. After the reaction, formaldehyde, a product of the reaction of t-butanol with *OH, was quantified by the
Hantzsch method?® which derivatizes formaldehyde with acetylacetone and ammonium acetate and measures the
absorbance of the derivatized product (diacetyldihydrolutine) at the wavelength of 412 nm (¢ = 7700 M-1cm1).
The *OH concentrations were estimated by doubling the formaldehyde concentrations based on the previously
reported formaldehyde yield of ~50%.%” The determined *OH concentrations as a function of the ozone doses for

the azole-ozone reactions are shown in Figure S3.9.
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Figure S3.9. ‘OH formation during the reactions of (a) pyrrole, (b) imidazole, and (c) pyrazole with ozone (initial azole concentration = 1
mM). Symbols indicate the determined *OH concentrations and lines are the linear regression of the data for ozone doses ranging from 30 uM
to 300 uM. Numbers in percentage are *OH yields obtained by the slopes of the linear regression.

Hydrogen peroxide. An azole solution containing 1 mM azole and 0.5 M t-butanol was prepared at pH 7 (5 mM
phosphate buffer). Additionally, an azole solution containing 1 mM azole in absence of a *OH scavenger was pre-
pared at pH 2 (by adding sulfuric acid) or at pH 11 (by adding sodium hydroxide) to investigate the pH effect on
H202formation. Varying doses of ozone (30 uM - 300 uM) were applied to the solution. After the reaction, H202
was quantified spectrophotometrically with Allen’s reagent (molybdate-activated iodide).’®'° H202 oxidizes mo-

lybdate activated iodide ions to iodine, which can be detected as I3- according to the following equations:
H,0, + 21~ - I, + 20H"~
L+I"2 13

The quantitative determination of H202 was achieved by adding the following solutions to UV-cells (1 cm path
length): 1 mL of Allen’s reagent A (1 g NaOH + 33 g KI + 0.1 g (NH4)6M07024 - H20 filled up to 500 mL ultrapurified
water), 1 mL of Allen’s reagent B (10 g potassium hydrogen phthalate (KHP) dissolved in 500 mL ultrapurified
water), and 1 mL of sample. After rapid mixing, the H202 concentrations were derived by spectrophotometrically
measuring the absorbance at 350 nm (€3sonm = 25,500 M-1 cm1). The H202 measurements were carried out in
presence and absence of t-butanol, both of which show similar results (Figure S3.10). It has to be noted that oxi-
dation of iodide may also be induced by other peroxides. Organic peroxides can be formed via recombination of
oxyl radicals. These oxyl radicals can either be formed by HO:* cleavage of an ozone adduct after insertion, or

from tetroxide decay. These reactions have rarely been reported, indicating that they may be of minor im-
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portance. Yet, such interferences can also not be fully excluded by other methods for H202 determination such as

peroxidase catalyzed oxidation of N,N-diethyl-p-phenylenediamine (DPD).?

a b e
(a) 2,04 Pyrrole: 0, without t-BuOH: 5.3% ( ) s |Imidazole: H,0, without t-BuOH: 0.16%
s | witht-BuOH 6.9% s ¢ with -BuOH 0.15%
£ £
~ < 3
s o 3-
~ 1,04 ~
ON C()(: 24
~ X
L 0,5 o
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Figure S3.10. H20: formation during the reactions of (a) pyrrole, (b) imidazole, and (c) pyrazole with ozone (initial azole concentration = 1
mM). Symbols indicate the determined H202 concentrations with t-butanol (circle) and without ¢-butanol (square) and lines are the linear
regression of the data for ozone doses ranging from 30 uM to 300 pM. Numbers in percentage are H:0: yields obtained by the slopes of the
linear regression.

Text S3.6. Detailed methods of quantum chemical computations

All computations were performed with Gaussian09 vD.01.2' Geometry optimizations used the LC-wPBE/6-
31+G(d,p)* method together with the implicit SMD?* model to account for aqueous solvation. The nature of all
stationary structures was verified by normal mode analysis. Internal Reaction Coordinate?* (IRC) calculations
were performed to verify the connectivity of transition structures on the potential energy surface (PES). Energy
differences are reported with respect to separate reactants ozone and pyrrole as follows: Electronic energy dif-
ferences were evaluated with the LC-wPBE/def2-tzvppd???*> model chemistry in combination with the SMD solv-
ation model, using the structures described above. Additional electronic energy calculations were performed
with the M06-2X/tzvppd model chemistry,? also using the LC-wPBE-optimized geometries. All calculations used
the restricted Kohn-Sham approach for singlet systems, unless mentioned otherwise. For doublet systems, unre-
stricted Kohn-Sham was used for geometry optimization and frequency calculations, and unrestricted open shell

Kohn-Sham for single point energy calculations with the tzvppd basis set. For doublet species, the energetic dif-
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ference between unrestricted and restricted open shell calculations was 4 kcal mol-! in the most pronounced

case, and did not affect the mechanistic interpretation.

Rotational, vibrational, and translational contribution to the Gibbs free energy were estimated with the harmonic
oscillator/rigid rotor models at the LC-wPBE/6-31+G(d,p) level at 1 atm and 298.15 K, and were modified with
the GoodVibes software package using standard options. All vibrational frequencies were scaled by a factor of

0.9367,%” and vibrational frequencies below 100 cm! were treated with the free rotor approach.

The accuracy of the free energy differences can be expected to be somewhere in a 5-10 kcal mol! range, owing to
cumulative errors of the electronic structure methods and the solvation models. The absolute error in the free
energy difference is expected to be larger, since describing ozone additions is challenging for density functional
theory methods.?®?® However, this is the result of an error in the description of ozone, and this systematic error
will propagate through all results. Conversely, when comparing molecules with similar charge distribution and
bonding pattern, or comparing reactions of the same type, the error should be < 5 kcal mol-1. Three types of en-
ergies are reported: LC- wPBE energies at 0 K that include zero-point vibrational energies, LC- wPBE Gibbs free
energies at 298 K, and M06-2X Gibbs free energies at 298 K. Throughout the reaction schemes presented from
Figure S3.27 to Figure S3.32, and presented in Figure S3.36, these highlight that the results especially for charged
species strongly depend on the choice of density functional and on the inclusion of temperature effects. For eval-
uating the feasibility of each step, it should be most instructive to compare all three types of energy to the pre-

ceding molecule. In the main text, the LC- wPBE Gibbs free energies at 298 K were used for discussion.

The explored reaction pathways involve the addition of HO-, deprotonation by HO-, or protonation. To treat this
in an energetically consistent fashion, the given energies refer to a reference energy corresponding to the addi-
tion of two H20 molecules to the system. These have to undergo proton transfer to form H30* and HO-, which are
the species used in actual reactions. In the presented schemes, every time a reaction with HO- is involved, it is

preceded by the reaction:
2 H20 — H30* + HO-

It should be noted that the SMD implicit solvation model underestimates the free energies of solvation of H30*
and HO- by 6 kcal mol! and 10 kcal mol!, respectively, owing to the strong specific interaction of these species
with solvent molecules. This leads to a miss-estimation of the free energy differences associated with these reac-

tions.

Figures S3.27 to S3.32 and Figure S3.36 depict mechanisms that are based on these quantum chemical computa-
tions. These are annotated with reaction energies, where the energetic references are always isolated molecules
of ozone and pyrrole or imidazole. For each species, the three energies given are: LC- wPBE/def2-tzvppd//LC-
wPBE/6-31+G(d,p), including (1) zero-point vibrational energy, (2) thermal corrections to Gibbs free energy,
and (3) M06-2X/def2-tzvppd//LC- wPBE/6-31+G(d,p) including thermal corrections to the Gibbs free energy.
Transition structures (first order saddle points on the potential energy surface) are marked with square brackets
and a double dagger. Usually, chemical species should be connected by a transition structure. If this is not drawn,
then calculations were not carried out. If arrows connecting stable species and transition structures are dotted,
then internal reaction coordinate (IRC) calculations did not succeed for technical reasons. The connectivity was
then concluded from visualizing the imaginary vibrational mode of the transition structure, and from “relaxed
scan” calculations that were used to locate the transition structure in the first place. Relaxed scans vary a select-
ed bond distance between two atoms systematically and keep it fixed in each step, while the geometry of the

remainder of the system is optimized with respect to the potential energy. Thus, if the chosen bond distances
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closely correspond to the reaction coordinate, these calculations give an indication of the connectivity on the PES

and possible product structures.
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Figure S3.11. Ozone:azole molar stoichiometry calculated by inverting the slopes from linear regressions of the measured azole concentra-
tions as a function of the molar ratio of [03]/[azole]o: (a) Pyrrole, (b) imidazole, (c) pyrazole. All measurements were carried out in presence

of 50 mM t-butanol at pH 7 (10 mM phosphate buffer). The initial azole concentrations were 100 - 110 uM.

121



Supporting Information for Chapter 3

(a)
1.0
@ w tBA pH2
Q@ = w_tBA_pH2_buffered
o 0.8 = w_tBA pH7
5 7 O w_tBA_pH7_buffered
o w_tBA_pH11
o wo_tBA_pH2
2 0.6+ ra wo_tBA_pH7
9 wo_tBA _pH11 -
©
—
Q 04‘
a:
n
o
= /
© 0.2 7
= 7 .7
a) [aYaY ol ala) N7 ) V/ o—0 I/ allal |leacaca
0.0 2 Z 22 zzl_IDz mz 42 —z[lz zlzllzz=z=
- [ I I N I 1
I o &* ® &
& & &
&
(b)
1.07
o @ w_tBA_pH2 o [l
° o w_tBA pH7
N 0.8- O w_tBA_pH7_buffered
oy M w_tBA_pH11
= ra wo_tBA pH2
= 1 wo_tBA_pH7
o 0.6 wo_tBA_pH11
‘.G_J,
®
G
o 0.4
]
a
%)
S 0.2
Q2
> ooo o a) ’7 é
0.0+ ——=— Zz2Z2z2 = 2. 7\
| O\z\ I oV I '5@ ]
s ¥ ((o&‘
(c)
o 1.24 = w_tBA pH2 ]
o o w_tBA_pH7
N = w_tBA_pH7_buffered
© 1.0+ w_tBA_pH11 O
. ra wo_tBA_pH2
o) 0 8_ 1 wo_tBA_pH7 ]
@ . wo_tBA_pH11
T
< 0.6
| S
)]
Q 0.4+ %
3 oclp ] 7
2 0249 |
s %
ooo o o, fﬁ I:l = V/
0.0  BEEN |22 = == A BIEEN A Z v Vo
v Q> I 0 I o | N ]
O R é"b\ c,\~\°+(b
3

3

Figure S3.12. Product yields measured under various pH and *OH scavenging conditions for the reactions of (a) pyrrole, (b) imidazole, and (c)
pyrazole with ozone. The yields are expressed with regard to the abatement of azole under the corresponding reaction condition as shown in
Table S3.8. Blue, red, and yellow bars indicate pH 2, 7, and 11, respectively. Solid and hashed patterns indicate the presence and absence of
*OH scavenger, respectively. Experiments were carried out with or without buffering agents and the results obtained under the buffered
condition (10 mM phosphate buffer for pH 2 and 7) are shown as bars with black edges.
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Table S3.8. Reaction stoichiometry and product yields for the reactions of pyrrole, imidazole, and pyrazole with ozone at pH 2, 7, and 11 in
presence and absence of t-butanol. The yields are expressed as the specific ozone consumption (A[X]/A[O3]) or relative to the abatement of
azole (A[X]/A[Azole]).

azole product (X) X type pH Buffer t-butanol 03:azole A[X]/A[03] A[X]/A[azole]
stoichiometry

pyrrole *OH ROS 2.0 none presence 1.9 0.013 0.025
*OH ROS 7.3 none presence 1.8 0.017 0.030
*OH ROS 11.0 none presence 1.8 0.016 0.029
*OH ROS 7.0 PBS 5mM presence 1.2 0.017 0.020
H202 ROS 2.0 none absence 1.7 0.10 0.172
H202 ROS 7.3 none absence 2.0 0.057 0.114
H202 ROS 11.0 none absence 1.9 0.025 0.047
H202 ROS 7.3 none presence 1.8 0.072 0.126
H202 ROS 7.0 PBS 5mM presence 1.2 0.069 0.081
formate TP_C 2.0 none absence 1.7 0.065 0.112
formate TP_C 7.3 none absence 2.0 0.12 0.240
formate TP_C 11.0 none absence 1.9 0.53 1.000
formate TP_C 2.0 none presence 1.9 0.056 0.108
formate TP_C 7.3 none presence 1.8 0.11 0.193
formate TP_C 11.0 none presence 1.8 0.51 0.911
fomate TP_C 7 PBS 10mM presence 1.2 0.46 0.539
glyoxal TP_C 2.0 none absence 1.7 0.036 0.062
glyoxal TP_C 7.3 none absence 2.0 0.053 0.106
glyoxal TP_C 11.0 none absence 1.9 0.047 0.089
glyoxal TP_C 2.0 none presence 1.9 0.021 0.040
glyoxal TP_C 7.3 none presence 1.8 0.039 0.068
glyoxal TP_C 11.0 none presence 1.8 0.043 0.077

imidazole *OH ROS 2 none presence 1.4 0.0007 0.001
*OH ROS 7.4 none presence 1.2 0.0009 0.001
*OH ROS 11 none presence 1.1 0.0009 0.001
*OH ROS 7 PBS 5mM presence 1.0 0.006 0.006
H202 ROS 2 none absence 1.3 0.037 0.047
H202 ROS 7.4 none absence 1.1 0.0019 0.002
H202 ROS 11 none absence 1.1 0.0075 0.008
H20: ROS 7.4 none presence 1.2 0.0017 0.002
H20: ROS 7 PBS 5mM presence 1.0 0.0015 0.001
formate TP_C 2 none absence 1.3 0.099 0.127
formate TP_C 7.4 none absence 1.1 0.78 0.897
formate TP_C 11 none absence 1.1 091 0.989
formate TP_C 2 none presence 1.4 0.11 0.153
formate TP_C 7.4 none presence 1.2 0.8 0.941
formate TP_C 11 none presence 1.1 0.94 0.989
formate TP_C 7 PBS 10mM presence 1.0 0.98 0.968

pyrazole *OH ROS 2 none presence 3.7 0.070 0.259
*OH ROS 6.5 none presence 3.4 0.061 0.207
*OH ROS 11.0 none presence 8.3 0.105 0.872
*OH ROS 7.0 PBS 5mM presence 4.6 0.077 0.354
H202 ROS 2 none absence 3.4 0.023 0.079
H202 ROS 6.5 none absence 4.2 0.016 0.067
H20: ROS 11.0 none absence 4.5 0.011 0.050
H202 ROS 6.5 none presence 3.4 0.011 0.038
H202 ROS 7.0 PBS 5mM presence 4.6 0.015 0.068
formate TP_C 2 none absence 3.4 0.13 0.448
formate TP_C 6.5 none absence 4.2 0.083 0.346
formate TP_C 11 none absence 4.5 0.2 0.909
formate TP_C 2.0 none presence 3.7 0.27 1.000
formate TP_C 6.5 none presence 3.4 0.25 0.862
formate TP_C 11 none presence 8.3 0.13 1.083
formate TP_C 7 PBS 10mM presence 4.6 0.28 1.262
glyoxal TP_C 2 none absence 3.4 0.04 0.124
glyoxal TP_C 6.5 none absence 4.2 0.032 0.133
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glyoxal TP_C 11 none absence 4.5 0.023 0.105
glyoxal TP_C 2 none presence 3.7 0.039 0.144
glyoxal TP_C 6.5 none presence 3.4 0.085 0.293
glyoxal TP_C 11 none presence 8.3 <LD <LD

Text S3.7. NMR results - Identification of TP2, maleimide, and TP1 formed upon ozonation of pyrrole.

This section presents assignments of 'H and 13C NMR data and NMR spectra overviews and expanded parts of the
1D 1H, 'H-NOESY, and 13C, as well as the 2D, 1H-13C HSQC, 'H-13C HMBC, and 'H-1H DQF-COSY NMR spectra, ana-

lyzed to identify TP1, TP2, and maleimide, formed during the reaction of pyrrole with ozone.

The H and 13C NMR spectra of isolated products from ozonated pyrrole samples show many resonances from
unknown products (indicated as “by-products” in Figure S3.14a, Figure S3.14b, Figure S3.15a, Figure S3.17a, and
Figure S3.17b). Moreover, it seems that the broad resonances observed in the base of the 'TH NMR spectra origi-
nate from polymerized substances which had been formed during ozonation or during the sample work-up. De-
spite the large number of the unidentifiable signals in the NMR spectra, some characteristic H and 13C NMR
chemical resonances were observed and successfully assigned to specific chemical structures (TP2, maleimide,
and TP1, Figure S3.13). Two different sample work-up procedures were applied after ozonation: (1) only rotary
evaporation until dryness, and (2) rotary evaporation followed by lyophilization (Text S3.4). Depending on the
applied work-up (1) or (2), different product compositions were detected by the NMR analysis for the samples
prepared under the same ozonation condition. Isolated solids by the work-up (1) contained TP2 and maleimide,
whereas isolated solids by the work-up (2) mainly contained TP2 and TP1. TP2 could be identified as a main
product regardless of the work-up procedures. The following sections discuss the assignments of 'H and 13C NMR

chemical shifts to the identified products for NMR samples.

| Jd.
H. 4 H. 4
. . N/&O N~ H
4 3 3 3 3 3
0% “H 07 H
TP2 Maleimide TP1 a TP1 b
N J
v
TP1

Figure S3.13. Chemical structures of TP2 (5-Hydroxy-1,5-dihydro-2H-pyrrol-2-one), maleimide, and TP1 (N-(3-oxo-1-propen-1-
yl)formamide), isolated from the reaction of pyrrole with ozone. TP1_a and TP1_b are two stereoisomers of TP1 present in equilibrium.
Positions used for NMR resonance assignments are indicated as red numbers.
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1) NMR identification of TP2 isolated by the work-up (1). The NMR data recorded in DMSO-ds for the NMR
sample processed by the work-up (1) show one set of resonances that could be assigned to TP2. The full
assignment of 1H and 3C NMR data to TP2 is shown in Table S3.9 and Figure S3.14. In the 'H-1H DQF-
COSY NMR spectrum (Figure S3.14e), the cross signals observed between H-3, H-4, and H-5 prove that
the three protons belong to the same spin system. Additionally, weak correlations of H-3, H-4, and H-5 to
H-1 were detected (spectral region not shown in Figure S3.14e). From chemical shift reasons and from
the 1H-13C HSQC correlation (Figure S3.14c), it is clear that position 5 of TP2 can be assigned to a R-
CH(OH)-R group. From the NOESY NMR data (Figure S3.14f), it is clear that the NH group must be next
to position 5 and subsequently H-4 (NOE to H-5) and H-3 (NOE to H-4 and coupling J34= 5.7 Hz) could be
assigned. All observed 1H-13C HMBC long-range correlations (Figure S3.14d and Table S3.9) support the
proposed chemical structure. The NMR data of the same sample recorded in acetone-ds (Figure S3.15)
shows considerably reduced amounts of resonances and is consistent with the assignments discussed
above. The isolate was only partially soluble in acetone-de and therefore the sample composition was
different from the isolated dissolved in DMSO-ds (see Text S3.8).
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Table S3.9 Assignments of 'H and 13C NMR data of extracted products from the reaction of pyrrole with ozone (TP2, maleimide, TP1_a, and TP1_b as shown in Figure $3.13) and the reference standard of maleimide.

1H NMRe 13C NMR¢
Compound? | Solvent? Position? | 8'H Cp J [Hz] no.H | 813C mult. | Correlations observed: HMBC, DQF-COSY, NOESY (w = weak)e
TP2 acetone-ds | 1 n.d. HMBC (Figure S3.15c): H-3 = C-(2, 4, 5); H-4 - C-(2,3,5); H-5 = C-(2,3,4)
TP2 acetone-ds | 2 172.3 s
TP2 acetone-ds | 3 5.95 d(br) 5.8 1 128.4 d
TP2 acetone-ds | 4 6.99 d(br) 5.8 1 149.4 d
TP2 acetone-ds | 5 5.61 m 1 81 d
TP2 DMSO0-ds 1 8.36 s(br) 1 HMBC (Figure S3.14d): H-1 - C-(4w) (not shown); H-3 = C-(2, 4, 5); H-4 - C-(2, 3,5); H-5->C-(2, 3,4)
TP2 DMSO-ds 2 171.7 S DQF-COSY (Figure S3.14e): H-1 = H-(3w, 4w, 5w) (not shown); H-3 = H-(1w, 4, 5);
TP2 DMSO-ds 3 5.97 d(br) 5.7 1 127.3 d H-4 - H-(1w, 3, 5); H-5 - H-(1w, 3, 4)
TP2 DMSO-ds | 4 6.98 d(br) 5.7 1 149.4 d NOESY (Figure $3.14f): H-1 - H-(5); H-3 - H-(4); H-4 - H-(3, 5); H-5 - H-(1, 4)
TP2 DMSO-ds 5 5.44 m 1 79.9 d
Maleimide acetone-ds | 1 n.d. HMBC (Figure S3.15c): H-3 = C-(2, 3w)
Maleimide acetone-ds | 2 172.4 S
Maleimide acetone-ds | 3 6.79 s 2 136.0 d
Maleimide DMSO-ds 1 n.d. HMBC (Figure S3.14d): H-3 - C-(2, 3w)
Maleimide DMSO0-ds 2 172.7 s
Maleimide DMSO-ds 3 6.87 s 2 135.2 d
Maleimidef DMSO-ds 1 10.9 s(br) 1 HMBC (Figure S3.16d): H-3 - C-(2, 3w)
Maleimidef DMSO0-ds 2 172.7 s
Maleimidef DMSO0-ds 3 6.87 S 2 135.2 d
TP1.a acetone-ds | NH 10.3 s(br) 1 HMBC (Figure S3.17d-1): H-1 —» C-(3, 4); H-3 = C-(2); H-4 = C-(1)
TP1.a acetone-ds | 1 7.89 dd 14.2/114 1 144.5 d DQF-COSY (Figure S3.14¢): H-1 - H-(2); H-2 -» H-(1, 3); H-3 - H-(2)
TP1_a acetone-de | 2 5.91 dd 14.2/8.1 1 115 d
TP1_a acetone-ds | 3 9.48 dd 8.1 1 192.9 d
TP1_a acetone-ds | 4 8.40 S 1 160.7 d
TP1.b acetone-ds | NH 10.2 s(br) 1 HMBC (Figure $3.17d-1): H-1 - C-(3, 4); H-3 - C-(2)
TP1.b acetone-ds | 1 7.89 dd n.d. 1 150.6 d DQF-COSY (Figure S3.17€): H-1 - H-(2); H-2 - H-(1, 3); H-3 - H-(2)
TP1_b acetone-ds | 2 5.79 dd 13.7/8.0 1 113.2 d
TP1_b acetone-ds | 3 9.38 dd 8.0 1 191.6 d
TP1_b acetone-d¢ | 4 8.64 d(br) 8.7 1 164.9 d

aCompound structures and numbering of positions are shown in Figure S3.13; ® NMR solvent used, ¢ “Cp” indicates coupling patterns described as s = singlet, d = doublet, dd = doublet of doublets, m = multiplet, br =
broad; “no. H” indicates the number of hydrogens, 4 “mult.” Indicates multiplicities of carbons described as s = quaternary and d = doublet (= CH group). ¢ numbers next to H- or C- indicate the positions as described
in Figure S3.13. fa commercially available reference standard of maleimide.
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Figure S3.14. NMR data of ozonated pyrrole sample prepared by the work-up (1) (Text S3.7) recorded in DMSO-ds: (a-1 and a-2) 'H with
chemical structures of TP2 and maleimide, (b-1 and b-2) 13C, (c) 'H-13C HSQC, (d) 'H-13C HMBC, (e) 'H-'H DQF-COSY, and (f) 1D-NOESY with
arrows indicating the selectively excited resonances. 'H and 13C NMR spectra of the full spectral regions (a-1 and b-1) and of the regions of
interest (a-2 and b-2) are shown. The numbers assigned across the NMR spectra correspond to the positions of the structures of TP2 (in red)
and maleimide (in black).
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Figure S3.15. NMR data of ozonated pyrrole sample prepared by the work-up (1) (Text S3.7) recorded in acetone-de: (a-1 and a-2) 'H with
chemical structures of TP2 and maleimide, (b) 'H-13C HSQC, and (c) 'H-13C HMBC. 'H NMR spectra of the full spectral region (a-1) and of the
region of interest (a-2) are shown. The numbers assigned across the NMR spectra correspond to the positions of the structures of TP2 (in

red) and maleimide (in black).
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2) NMR identification of maleimide isolated by the work-up (1). The singlet signal observed at 6.87 ppm in
the 'H NMR spectrum shows a direct attachment to carbon at 135.2 ppm, in the olefinic region of chemi-
cal shifts (Figure S3.14c). It also shows long-range correlations to carbons at 172.7 ppm (Figure S3.14d)
as well as a weak correlation to 135.2 ppm (correlation to “itself”) (Figure S3.14d). Therefore, we con-
cluded that this chemical species must be symmetrical and maleimide was suggested as a potential can-
didate. The 'H and 3C NMR data of a commercially available reference standard of maleimide recorded
in DMSO-de solution (Figure S3.16 and Table S3.9) show exactly the same chemical shifts as obtained
from the isolated species, unambiguously confirming the presence of maleimide in the NMR sample of

the ozonated pyrrole solution.
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Figure S3.16. NMR data of a commercially available reference standard of maleimide recorded in DMSO-ds: (a-1 and a-2) 'H with chemical
structure of maleimide, (b-1 and b-2) 13C, (c) 'H-13C HSQC, and (d) 'H-13C HMBC. 'H and '3C NMR spectra of the full spectral regions (a-1 and
b-1) and of the regions of interest (a-2 and b-2) are shown. The numbers assigned across the NMR spectra correspond to the positions of the
structures of maleimide.

3) NMR identification of TP2, TP1_a, and TP1_b isolated by the work-up (2). The presence of TP2 in the iso-
late prepared by the work-up (2) was confirmed by the H and 13C NMR chemical shifts and 2D NMR cor-
relation signals (Figure S3.17) based on the assignments as discussed above in “1) NMR identification of
TP2 isolated by the work-up (1)”. Unlike the isolate prepared by work-up (1), the isolate prepared by the
work-up (2) did not seem to contain much maleimide. The low intensity signal at 6.9 ppm (singlet) in the
1H NMR spectrum can be attributed to traces of maleimide (resonance assignments not shown in Figure
S$3.17). In addition to TP2 and traces of maleimide, resonances of two additional chemical species were
found. The 'H-13C HSQC experiment resulted in prominent correlations between 9.48 ppm and 192.9
ppm and between 9.38 ppm and 191.6 ppm, respectively (Figure S3.17c-1 and Table S3.9), indicating the
presence of aldehyde groups. Furthermore, formamide-type correlations were found between protons
and carbons at 8.40 ppm and 160.7 ppm and between 8.64 ppm and 164.9 ppm, respectively (Figure
S3.17c-2 and Table S3.9). As a result of the H-1H DQF-COSY experiment (Figure S3.17e) and 'H-13C long-
range correlations (Figure S3.17d), the chemical structure of TP1 (with no specific stereochemistry yet)
was presumed with the skeleton structure of C(=0)H-NH-CH=CH-C(=0)H. For small molecules, typically
the opposite sign is expected for 2D NOESY interactions with respect to the diagonal peaks: e.g., the
cross signal of H-3 to H-4 of TP2 in Figure S3.17f. However, all other observable 2D NOESY NMR cross
peaks have the same sign as the diagonal peaks (Figure S3.17f), wherefore, a chemical exchange process
between two stereoisomers must be postulated. For the isomers TP1_a and TP1_b, J(H-1, H-2) of 14.2 Hz
and 13.7 Hz were determined, respectively (Table S3.9). Therefore, H-1 and H-2 must be in trans config-
uration to each other at the double bond. For both isomers, J(H-2, H-3) of 8.0 Hz was found. This indi-
cates a trans configuration of H-2 and H-3. Because of the presence of the aldehyde group, the coupling
constants between H-2 and H-4 are considerably smaller than J(H-1, H-2). Finally, /(H-4, NH) = 8.7 Hz for
TP1_b proved that H-4 and NH of the TP1_b must be trans to each other. In contrast, for TP1_a, J(H-4,
NH) was small and not resolved, indicating cis configuration of H-4 and NH. Such isomer specific J values

can be found in literature, e.g., for formamide as reference compound.30
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Figure S3.17. NMR data of an ozonated pyrrole sample prepared by the work-up (2) (Text S3.7) recorded in acetone-de: (a-1 and a-2) 'H with
chemical structures of TP2, TP1_a and TP1_b, (b-1, b-2, and b-3) 13C, (c-1, c-2, and c-3) 'H-13C HSQC, (d-1 and d-2) 'H-13C HMBC, (e) 'H-'H
DQF-COSY, and (f) *H-'H NOESY. 'H and 13C NMR spectra of the full spectral regions (a-1 and b-1) and of the regions of interest (a-2, b-2, and
b-3) are shown. The numbers assigned across the NMR spectra correspond to the positions of the structures of TP2 (in red), TP1_a (in green),
and TP1_b (in blue).
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Text S3.8. NMR results - 1H peak integration for TP1, TP2, and maleimide

The relative amounts of TP1, TP2, and maleimide in the NMR samples can be determined by integrating sub-
stance-specific tH NMR resonances. However, the isolated solids from the ozonated pyrrole solution were only
partially soluble in acetone-ds, making a reproducible estimate of the isolated products impossible. Moreover,
the 1H NMR signal intensities varied significantly depending on the applied work-up procedures for removal of
water after ozonation (Text S3.4). Specifically, the ratio of the integrated peak areas of TP2:TP1:maleimide was
1:0.1:0.5 for the sample isolated by work-up (1) treated by rotary evaporation with an elevated temperature
(Table S3.10), whereas the ratio was 1:1.8:0.02 for the sample isolated by work-up (2) treated by rotary evapo-
ration and lyophilization (Table S3.11). The isolated solids were almost completely soluble in DMSO-ds but with
the disadvantage that broad background resonances of polymerized material made reliable integration of the
signals of interest difficult. Therefore, a different sample composition of 1:0.08:0.3 for TP2:TP1:maleimide was
obtained compared to those in acetone de solutions (Table S3.10 and Table S3.12).

Table S3.10. Peak integration of tH NMR spectra recorded in acetone-ds for TP1, TP2, and maleimide detected in the ozonated pyrrole sample
treated by the work-up (1) (only rotary evaporation to dryness).

Compound §'H No.of H Peakintegration Peak integration per H
TP2 7.0/6.0/54 3 3.000 1.000
TP1.a 9.5 1 0.076 0.076
TP1_b 9.4 1 0.032 0.032
Maleimide 6.8 2 0.948 0.474

Table S3.11. Peak integration of 'H NMR spectra recorded in acetone-ds for TP1, TP2, and maleimide detected in the ozonated pyrrole sample
treated by work-up (2) (rotary evaporation followed by lyophilization).

Compound §'H No.of H Peakintegration Peak integration per H
TP2 7.0/6.0/54 3 3.004 1.001
TP1.a 9.5/8.4/59 3 3.518 1.173
TP1_b 9.4/8.7/5.7 3 1.846 0.615
Maleimide 6.8 2 0.041 0.021

Table S3.12. Peak integration of 'H NMR spectra recorded in DMSO-ds for TP1, TP2, and maleimide detected in the ozonated pyrrole sample
treated by the work-up (1) (only rotary evaporation to dryness).

Compound §'H No.of H Peakintegration Peak integration per H
TP2 7.0/6.0/5.4 3 2.976 0.992
TP1.a 9.4 1 0.045 0.045
TP1_b 9.3 1 0.038 0.038
Maleimide 6.9 2 0.506 0.253
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Text S3.9. LC-HRMS/MS results - detection of C4HsNOz and C4HsNO upon ozonation of pyrrole.

This section presents LC-HRMS/MS chromatograms, MS2 spectra, and integrated LC-MS peak areas as a function

of the molar ratio of [03]/[Pyrrole]o for C4HsNO2 and C4HsNO formed during the reaction of pyrrole with ozone.
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Figure S3.18. LC-HRMS/MS total ion chromatogram filtered by 100.0393, the exact mass of C4HsNO2z as [M+H]* for (a) a blank sample with
ultrapurified water and (b) a sample containing pyrrole ozonated and analyzed by NMR.
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Figure S3.19. MS2 fragmentation patterns for the peaks at retention times of (a) 4.2 min and (b) 6.3 min for m/z = 100.0393 as shown in
Figure S3.18.
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Figure S3.20. Fragmentation pathways predicted by a mass spectra interpretation software (Mass Frontier™, Thermo Scientific) from TP1 (a)
to a fragment ion of m/z = 83.0125 and (b) to a fragment ion of m/z = 72.0443. Only selected patterns with the shortest pathway are shown.
The codes used to describe the pathways are m: pi-electron ionization, Lib: fragmentation library mechanism, rHg: charge site rearrangement
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Figure S3.21. Fragmentation pathways predicted by a mass spectra interpretation software (Mass Frontier™, Thermo Scientific) from TP2 (a)
to a fragment ion of m/z = 83.0125 and (b) to a fragment ion of m/z = 72.0443. Only selected patterns with the shortest pathway are shown.
The codes used to describe the pathways are +H*: protonation, i: inductive cleavage, Lib: fragmentation library mechanism, rHg: charge site

rearrangement (y).
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Figure S3.22. Integrated peak areas of (a and b) pyrrole, (a) CsHsNO2_4.2, and (b) C4sHsNO2_6.3 as a function of the molar ratio of
[03]/[Pyrrole]o. C4HsNO2z_4.2 and C4HsNO2_6.3 are peaks with m/z = 100.0393 (as [M+H]*) as shown in Figure S3.18. All measurements were

carried out in presence of 50 mM t-butanol at pH 7 (10 mM phosphate buffer). The initial pyrrole concentration was around 110 pM.
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Figure S3.24. MS2 fragmentation patterns for the peaks (a) at a retention time of 7.0 min for an ozonated sample with a molar [03]/[Pyrrole]o
ratio of ~ 1 and (b) at a retention time of 7.2 min for 10 uM 1,5-dihydro-pyrrole-one, as shown in Figure S3.23.
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Figure S3.25. Integrated peak areas of (a and b) pyrrole, (a) C4HsNO_5.4, and (b) C4sHsNO_7.0 as a function of the molar ratio of
[03]/[Pyrrole]o. C4HsNO_5.4 and C4HsNO_7.0 are unknown peaks with m/z = 84.0444 (as [M+H]*) as shown in Figure S3.23. All measure-
ments were carried out in presence of 50 mM t-butanol at pH 7 (10 mM phosphate buffer). The initial pyrrole concentration was around 110
uM.
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Figure S3.26. Integrated peak areas of pyrrole, C4HsNO_5.4, and CsHsNO2_4.2 as a function of the molar ratio of [03]/[Pyrrole]o. The areas
were normalized by the largest area detected for each compound. C4HsNO_5.4, and C4HsNO2z_4.2 are the same as shown in Figure S3.25 and
Figure S3.22, respectively. All measurements were carried out in presence of 50 mM t-butanol at pH 7 (10 mM phosphate buffer). The initial
pyrrole concentration was around 110 pM.

Text $3.10. Quantum chemical computation results: initial pathways (A - C) of the pyrrole-ozone reaction

Based on the methods described in Text S3.6, the proposed reaction mechanisms of the pyrrole-ozone reaction
were further investigated by quantum chemical computations. For the initial attack of ozone on pyrrole, different
mechanisms are imaginable (Figure 3.3 in the main text and Figure S3.27). Following the formation of a pre-
reactive complex, ozone could undergo concerted, bidentate cycloadditions at C2 and C3, or at C2 and C5. The
other possibility is a monodentate addition at position C2. Transition structures for the monodentate attack were
found using restricted as well as unrestricted calculations. We searched for transition structures for the biden-
tate attack by first optimizing the system keeping the C2-0 and C3-0 (or C2-0 and C5-0) distances fixed at the
same value (different values were tried), and optimizing the rest of the system. Starting from these partially op-
timized structures, a conventional transition structure optimization was performed. Neither for restricted nor
for unrestricted (preceded by a wavefunction stability analysis) calculations were we able to obtain a transition
structure for a concerted cycloaddition. Instead, the optimizations yielded transition structures for monodentate

additions.

We note that the LC-wPBE density functional was chosen as it performed best in reproducing gas phase barrier
heights for ozone reactions with different substrates, including bidentate cycloaddition to ethane/ethyne, and
monodentate attack on trimethylamine and bromide.?® This suggests that if a bidentate cycloaddition to pyrrole
in implicit water solvation is possible, LC-wPBE should have been the most suitable density functional to find
such transition structures. In contrast, a polar solvent can be expected to somewhat favor ionic reaction mecha-
nisms, such as the monodentate attack that yields a zwitterion as an unstable intermediate. Lastly, as ozone is
considered a multireference system, results obtained with single-reference methods have to be interpreted with

caution, and the possibility of a bidentate attack cannot be entirely ruled out.

If a bidentate attack was possible, we would expect the barrier for formation of the C2,C5-cycloadduct to be
higher than that for the formation of the C2,C3-cycloadduct. We reason that the strain in the C2,C5-cycloadduct

that is responsible for its inferior stability compared to the C2,C3-cycloadduct is also partly present in the transi-
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tion structure, and will destabilize the latter. We thus think that the formation of the C2,C5-cycloadduct is rather
unlikely (see also Text S3.12).

The zwitterion that results from monodentate attack can exist in at least two stable conformations, which are
separated by a low energetic barrier. Despite failing IRC calculations, the imaginary frequency of the transition
structure is clearly associated with the torsion that would interconvert these conformers. From these, the C2,C3-
cycloadduct can be reached also by a low barrier, whereas the C2,C5-cycloadduct can be reached only passing a

higher barrier.

Itis discussed in Text S3.11 to Text S3.15 that pathways (A) and (C) (including the subsequent pathways (D - G))
could be competitive, at least within the margin of error of the simulations, whereas pathway (B) is predicted to

be rather unlikely.
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Figure S3.27. Computational depiction of the initial pathways (A - C) of the pyrrole-ozone reactions. The three numbers below each reaction
species indicate LC-wPBE energies at 0 K including zero-point vibrational energies, LC-wPBE Gibbs free energies at 298 K, and M06-2X Gibbs
free energies at 298 K (from left to right).

142



Supporting Information for Chapter 3

Text S3.11. Quantum chemical computation results: pathway (A) of the pyrrole-ozone reaction

Figure S3.28 shows how the double bond can be cleaved from the C2,C3-cycloadduct, leading eventually to the
observed product TP1 and H20: in an exothermic/exergonic reaction. However, in the Gibbs free energy picture,
the barrier for breaking the remaining C-C single bond is rather high, and the energy rises back to -10/-18 kcal
mol-L. This free energy of the transition structure is comparable to that of transition structures that connect the

monodentate adduct to products, suggesting possible competition between different pathways.

(A) C2,C3-cycloaddition and Criegee pathway
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Figure S3.28. Computational depiction of the pathway (A), the cleavage of the double bond, following the formation of a cyclic adduct during
the pyrrole-ozone reaction. The three numbers below each reaction species indicate LC-wPBE energies at 0 K including zero-point vibration-
al energies, LC-wPBE Gibbs free energies at 298 K, and M06-2X Gibbs free energies at 298 K (from left to right).

Text S3.12. Quantum chemical computation results: pathway (B) of the pyrrole-ozone reaction

The first step of the reaction refers to the autoprotolysis of two water molecules, which formally consumes ~51
kcal mol-1. Hydroxide can abstract a proton from the cycloadduct with a relatively high barrier (AG* = 27 /23 kcal
mol-, Figure $3.29). This leads immediately to the cleavage of an 0-0 bond, a planarization, and formation of a
C=0 double bond. The resulting peroxo-anion can be protonated to yield a stable intermediate. The intermediate
can be reacted to the observed product maleimide, cleaving one water molecule. This reaction needs to be cata-
lyzed by another HO-, but seems kinetically feasible (AG* = 17/14 kcal mol-1), and leads to an unstable intermedi-

ate that cleaves HO- to yield maleimide.

The overall feasibility of this route depends on (a) if the C2,C5-cycloadduct can be formed and (b) if the initial
deprotonation of the cycloadduct is not outcompeted by the back-reaction from the cycloadduct. Since in the real
system, hydroxide originates from the (fast) autoprotolysis of water, it will be present at a steady state concen-
tration of 107 M at pH 7, which should be multiplied with the rate constant to yield an apparent first order rate
constant. If an underestimation of the barrier by 5 kcal mol! is assumed, the Eyring equation will still predict a
second order rate constant of 4 x 10-1 M-1s1, and an apparent rate constant of 4 x 10-8 s'1. The barrier for the
reaction of the cycloadduct back to the monodentate adduct is predicted to be ~20 kcal mol1, corresponding to a
rate constant of 1 x 10-2 s'1. To proceed with pathway (B), the barrier of this back-reaction would need to be

underestimated by ~5 kcal mol-1. Conversely, it can be argued that the implicit solvation model should underes-
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timate the solvation energy of hydroxide, and to a lesser extent also the solvation energy of the trioxoanion sub-
stituent. This should lead to the opposite effect: an underestimation of the barrier connected to the attack of
hydroxide, and an overestimation of the barrier of the back-reaction. Thus, pathway (B) seems rather unlikely,

even if the C2,C5-cycloadduct can be formed in some way.

(B) Deprotonation of C2,C5-Cycloadduct
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Figure S3.29. Computational depiction of the pathway (B), the deprotonation of the C2,C5-cycloadduct during the pyrrole-ozone reaction. The
three numbers below each reaction species indicate LC-wPBE energies at 0 K including zero-point vibrational energies, LC-wPBE Gibbs free
energies at 298 K, and M06-2X Gibbs free energies at 298 K (from left to right).

Text S3.13. Quantum chemical computation results: pathway (D) of the pyrrole-ozone reaction

All energies in Figure S3.30 depict a low barrier (2-3 kcal mol!) for cleaving singlet oxygen from the monoden-
tate adduct. Although IRC calculations did not succeed, the imaginary frequency of the transition structure clear-
ly corresponds to the relevant 0-O stretch. This reaction is depicted as exergonic by free energy calculations, but
as endothermic when neglecting temperature effects. Either way, the energy is drastically lowered when the
resulting singlet oxygen converts to its triplet ground state in an irreversible reaction. Cleaving oxygen yields a
zwitterion, from which different rearrangements are imaginable, of which we only report final energies. One of

the products, 2-hydroxypyrrole, would be fast-reacting with ozone, and could form secondary products.
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(D) Cleavage of singlet oxygen ('0,)
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Figure S3.30. Computational depiction of the pathway (D), the deprotonation of singlet oxygen cleavage from a monodentate adduct. The
three numbers below each reaction species indicate LC-wPBE energies at 0 K including zero-point vibrational energies, LC-wPBE Gibbs free
energies at 298 K, and M06-2X Gibbs free energies at 298 K (from left to right).

Text S3.14. Quantum chemical computation results: pathways (E) and (F) of the pyrrole-ozone reaction

The zwitterionic adduct can undergo a rearrangement reaction, in which the negatively charged oxygen attacks
the C-H position (Figure S3.31). Calculations could locate a closed-shell transition structure for this reaction, but
IRC calculations failed, probably owing to a relatively flat PES around the transition structure. Relaxed scans
along H-O distance would yield a zwitterionic, closed shell complex, which is highly unstable. Two possible cage
reactions are N-H proton transfer to HOO- or addition of HOO- to the ring, both with negligible barriers. These
could lead either to the observed product maleimide, or to pyrrole-2-one. Pyrrole-2-one can potentially hydro-
lyze, which would lead to the observed TP2. If this reaction is kinetically feasible is not easily answered, as the

barrier for reactions with hydroxide could be severely underestimated.

In contrast, a radicalic mechanism should also be possible from the beginning. Owing to limitations of the used
methods, complexed radical pairs cannot be simulated. However, the energy of isolated radicals is much lower
than that of the zwitterionic complex. A transition structure for radical recombination could be found, though,

and this pathway should be kinetically feasible.
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(E/ F) Rearrangement

Hs He ¥
N\ e S
R el =
o
-22.0/-10.8/-18.
QI-I0B 183 _-16.7/-5.1/-12.9 __
“"’——” \\\\~‘~; O—H
O0=OH 2
H. o H
NG || Seemsssss e e sRaEstess e et > N
(0] "0
] Y
50.3/-48.7 / -59.9 separate molecules
' ! ' ' -77.8/-78.6 / -80.3
; 1
Ho-o-.,, T# HO 1%
H H 0"
v H O-oH|¥

OQ& O\V\z\j‘ O:@‘A:"H

k - 4 -76.1/-65.3 /-72.7
57.5/-47.0/-58.9 57.4/-46.9/-57.8 / /

l' H,0, 8 l

N

(0] A
= “
-85.3/-85.7 /-95.0 n 0-OH
="
_J"H

2 Hzo\‘ -117.5/-106.3 / -114.2

\'H3o+ see (B) l - H,0
HO"

4
H
N OH R N
separate = maleimide
molecules -32.2/-24.4/-36.7 -189.4 /-187.9/-195.7
-33.5/-33.9/-43.6
H;0"
H 3
O:CYOH . J 0 N _-OH oA _-OH
S il O
TP 2 H,0
s .66.1/-57.6 /-67.1

-112.2 /-102.9/-109.7

Figure S3.31. Computational depiction of the pathways (E) and (F), the rearrangement reactions of the zwitterionic adduct. The three num-
bers below each reaction species indicate LC-wPBE energies at 0 K including zero-point vibrational energies, LC-wPBE Gibbs free energies at

298 K, and M06-2X Gibbs free energies at 298 K (from left to right).
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Text S3.15. Quantum chemical computation results: pathway (G) of the pyrrole-ozone reaction

Computations predict that the monodentate adduct can undergo another proton transfer reaction, in which the
N-H proton is transferred to the trioxoanion moiety (Figure S3.32). This reaction is depicted as exergonic. A fur-
ther exergonic rearrangement is catalyzed by water in the form of hydroxide and hydronium cation, and yields
pyrrole with a ~-OOOH substituent. This molecule should dissociate rather easily into a hydroperoxyl radical and
an organic radical, in which the unpaired electron can be stabilized by delocalization in the ring. This reaction is

analogous to pathway (E/F) (see above), with the same limitation that the radical pair cannot be simulated.

The initial proton transfer is clearly kinetically feasible, but leads to an only slightly more stable product. From
this product, the back-reaction (and subsequent reaction through other pathways) may be in competition with
deprotonation by HO". The free energy barrier of the reaction with hydroxide is predicted at 6-10 kcal mol-!, but
may be underestimated because of shortcomings in the solvation model. In a “back of the envelope” estimation
with the Eyring equation, a barrier of 6 kcal mol-! would yield a rate constant of 2 x 108 M-1s-1, and an apparent
first order rate constant of 2 x 101 s'1, In comparison, the barrier for the back-reaction is predicted as 16-17 kcal
mol!, formally corresponding to a rate constant of 1 x 10! s1. Thus, an equilibrium between the proton-
transferred structure and the monodentate adduct cannot be excluded, and the forward reaction eventually lead-

ing to the observed product maleimide may compete with the back-reaction to the monodentate adduct.
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(G) Proton transfer

5 ik
(0) _
O O—H 2H20 O0—H
S i, 5 o o
oy, — AL | — A \
= "~ o s
— S\ HO -
3 separate
-21.3/-10.3/-18.0  -19.4/-7.6/-15.3  -34.2/-23.0/-32.4 molecules
17.6 /28.8/19.
O—H ¥
o/ O—H H,O™* O—H et ¥
. H 7 3 2 0
" N 0 H 0 - H,0 \
0 -— N \ N ————— o N
YT ") O
H,0 \ O —
bl
-45.3/-34.2/-445  -49.7 /-38.6 ] -47.8 -7.0/3.4/-8.8 H
18.9/38.4/ 26.¢
O_
o H
= . H 0-OH|¥ H o H-.O H
N : N gt 2 o) -

.O\@ T Oﬁ{m T O:(_?'/"H T :/\=7§

separate see (B) maleimide
molecules
-77.8/-78.6/-80.3 -76.1/-65.3/-72.7 -117.5/-106.3/-114.2 -189.4 /-187.9/-195.7

T

The organic radical is stabilized by resonance!

H H H
N - N .
Oi/CH __SQH(C] Hoﬁ

Figure S3.32. Computational depiction of the pathway (G), the proton transfer pathway starting from the zwitterionic adduct. The three
numbers below each reaction species indicate LC-wPBE energies at 0 K including zero-point vibrational energies, LC-wPBE Gibbs free ener-
gies at 298 K, and M06-2X Gibbs free energies at 298 K (from left to right).
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Text S3.16. Semi-quantification of urea during the imidazole-0s3 reaction.

A minor formation of urea during the reaction of imidazole with ozone was suggested by LC-HRMS/MS with the
corresponding reference standard by matching the retention time. The formation of urea as a function of the
molar ratio of [03]/[Pyrrole]o is shown in Figure S3.33. Accordingly the yield of urea per consumed imidazole
was determined to be 8%. However, the urea concentrations should be considered as only semi-quantitative,
since they were determined without any internal standards. Moreover, for this analysis, a high mass deviation of
~50 ppm was observed for both ozonated samples and standards (the detected exact mass = 61.0368 in compar-
ison to the theoretical exact mass = 61.0396 for urea as [M+H]*), probably caused by an inadequate mass calibra-
tion. This was much higher than the usual mass deviations within 2 ppm for all other analytes (Table S3.5).
Therefore, additional tests with a more careful mass calibration and with an internal standard are required to

confirm the formation of urea and its yield for certain.
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Figure S3.33. Formation of urea as a function of the molar ratio of [03]/[Imidazole]o determined by LC-HRMS/MS without internal standards.
All measurements were carried out in presence of 50 mM t-butanol at pH 7 (20 mM bicarbonate buffer). The initial imidazole concentrations
were around 100 uM.
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Figure S3.34. Relative abatement of imidazole and the formation of transformation products as a function of the molar ratio of
[03]/[Imidazole]o, as shown in Figure 3.5 in the main text. The symbols indicate the measured concentrations (duplicate or triplicate) and the
lines indicate simulated concentrations based on the kinetic models described in Table S3.4. Total C indicates the sum of the concentrations
of all carbons in the remaining imidazole and the carbon-containing transformation products.
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Figure S3.35. Relative abatement of 1-benzylimidazole (BI) and formation of N-benzylformamide as a function of the molar ratio of [03]/[Bl]o.
All measurements were carried out in presence of 50 mM t-butanol at pH 7 (10 mM phosphate buffer). The initial BI concentrations were
around 90 pM.
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Text S3.17. Quantum chemical computation results: the imidazole-ozone reaction

The fate of the cyclic ozonide formed by addition to imidazole was investigated (Figure S3.36). This reaction can
initially follow the Criegee pathway to cleave the double bond. In the resulting acyclic molecules with a
zwitterion form, mesomeric effects delocalize the positive charge that is formally assigned to a carbon atom. A
ring formation seems then possible with the anionic peroxo substituent of the zwitterion acting as a nucleophile.
Two cyclic intermediates containing a dioxazole moiety can be formed in these exergonic reactions. From both
structures, rearrangement reactions to formamide and formylisocyanate are imaginable, but were not
investigated in more detail. However, this reaction would be strongly exergonic. Reactions of possible

monodentate adducts that may be in competition with the shown Criegee mechanism were not investigated.
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Figure S3.36. Computational depiction of the reaction of imidazole with ozone. The three numbers below each reaction species indicate LC-

wPBE energies at 0 K including zero-point vibrational energies, LC-wPBE Gibbs free energies at 298 K, and M06-2X Gibbs free energies at 298
K (from left to right).
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Figure S3.37. LC-HRMS/MS chromatogram filtered by m/z = (a) 196.1458, (b) 132.0612, and (c) 201.1009 for an ozonated pyrazole sample
with a molar [03]/[Pyrazole]o ratio of ~ 3. All measurements were carried out in presence of 50 mM ¢t-butanol at pH 7 (10 mM phosphate
buffer). The initial pyrazole concentration was around 100 uM.

9_ 1 1 1 1 1 L 6_‘ T 1 1 1 R
20x107 (a) pagr=e— 60x107 () A miz 132
03 A miz132 6] O miz19s| ¥
§ O miz196 5.0x10 v m/z201| [
15x10| ¢ v miz201 | [ ;
g & g 4.0x10
© 9| B © 6. |
x 1.0x10 $ x 30x10
i @ 6 A
® 2.0x10 7
05x10 ] ] =
1.0 x10 =
0.0x10M % & — -
00 05 10 15 20 25 30 00 05 10 15 20 25 30
[O3)/[Pyazole]y [Os)[Pyazole],

Figure S3.38. Integrated peak areas of (a) pyrazole and (b) m/z = 132.0612, 196.1458, and 201.1009 as a function of the molar ratio of
[03]/[Pyrazole]o. All measurements were carried out in presence of 50 mM t-butanol at pH 7 (10 mM phosphate buffer). The initial pyrazole
concentration was around 100 pM.

Table S3.13. Possible molecular formulas for the exact masses of m/z = 132.0612, 196.1458, and 201.1009 by assuming the maximum num-
bers of occurrences of the isotopes 12C, 14N, 160, 1H, and 23Na to be 10, 10, 10, 20, and 1, respectively. Only the formulas with mass deviations
of less than 20 ppm are shown.

Exact mass | Possible molecular formula | Mass deviation, ppm
132.0612 CH902N4Na -4.3
CHsON7 -12.4
196.1458 C10H1s0N3 6.9
CsH16Ns 13.8
CsH190N3Na 19.2
201.1009 C10H11Ns 0.03
C10H140N2Na 5.3
CoH1504N 6.7
CsH12NsNa 12.0
C7H1303N4 13.3
C7H1604Nna 18.6
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Figure S3.39. Relative abatement of 1-benzylpyrazole (1BP) and the formation of N-benzylformamide as a function of the molar ratio of
[03]/[1BPJo. The ozone:1BP molar stoichiometry was calculated by inverting the slopes from a linear regression of the measured 1BP con-
centrations. All measurements were carried out in presence of 50 mM t-butanol at pH 7 (10 mM phosphate buffer). The initial 1BP concentra-
tion was around 70 pM.
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Figure S3.40. Integrated peak areas of N-benzylformamide (triangle), m/z = 151.0864 (diamond), 163.0864 (inversed triangle), and
191.0813 (square) as a function of the molar ratio of [03]/[1BP]o for ozonated 1-benzylpyrazole samples. All measurements were carried out
in presence of 50 mM ¢t-butanol at pH 7 (10 mM phosphate buffer). The initial 1BP concentration was around 70 uM.
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A. Chromatogram

C. Proposed molecular formula
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Figure S3.41. (A) LC-HRMS/MS total ion chromatogram filtered by m/z = 191.0813, (B) the corresponding MS2 spectrum, (C) a proposed
molecular formula, and (D) candidate structures of m/z = 191.0813 found by MetFrag analyses for an ozonated 1-benzylpyrazole sample
with a molar ratio of [03]/[1BP]o ~ 1. The fragment ions denoted with asterisks (*) match those simulated by MetFrag as shown in Figure
S3.44 and Figure S3.45. The candidate structure highlighted by a red square indicates the most plausible structure (Text S3.18).
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Figure S3.42. (A) LC-HRMS/MS total ion chromatogram filtered by m/z = 163.0864, (B) the corresponding MS2 spectrum, (C) a proposed
molecular formula, and (D) a candidate structure of m/z = 163.0864 found by MetFrag analyses for an ozonated 1-benzylpyrazole sample

with a molar ratio of [03]/[1BP]o ~ 1. The fragment ions denoted with asterisks (*) match those simulated by MetFrag as shown in Figure
S3.46.
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Figure S3.43. (A) LC-HRMS/MS total ion chromatogram filtered by m/z = 151.0864, (B) the corresponding MS2 spectrum,(C) a proposed
molecular formula, and (D) candidate structures of m/z = 151.0864 found by MetFrag analyses for an ozonated 1-benzylpyrazole sample
with a molar ratio of [03]/[1BP]o ~ 1. The fragment ions denoted with asterisks (*) match those simulated by MetFrag as shown in Figures
S3.47 to S3.50. The candidate structure highlighted by a red square indicates the most plausible structure (Text S3.18).
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Text S3.18. MetFrag procedure and results for m/z 151.0864, 163.0864, and 191.0813 found in the reaction of
1-benzylpyrazole with ozone

To elucidate structures of unknown LC-MS peaks with the exact masses of m/z = 151.0864, 163.0864, and
191.0813 (as [M+H]*) detected in ozonated 1-benzylpyrazole samples, their MS2 spectra were recorded (Figures
S3.41 to S3.43) and compared with simulated fragment ions of candidate structures obtained by a compound
database, PubChem?! and an in silico fragmenter, MetFrag.3 The database search is incorporated into the web-
based MetFrag workflow, available at https://msbi.ipb-halle.de/MetFragBeta/. It should be noted that this ap-
proach has the limitation that it only covers the candidate structures available in the applied database, Pub-
Chem.*! Moreover, in some cases, the recorded MS2 spectra contained only a few distinguishing fragment ions,

providing only limited structural information (see the cases of m/z =151.0864 and 163.0864 as examples).

Preliminary candidate structures were obtained by searching PubChem for the exact mass (e.g., 151.0864 as
[M+H]*) with mass deviation of 5 ppm. The resulting candidates (total 2993 entries for 151.0864) were further
narrowed down (to 4 entries) by filtering their structures with a specific substructure, selecting only the candi-
dates containing a N-benzylhydrazine moiety (or “clccc(cc1)[CH2]NN” as an input for the structural identifier,
SMILES arbitrary target specification), based on the assumption that the moiety should be less reactive towards
ozone and thus still be seen as a transformation product. The final candidate structures were then fragmented by
MetFrag, using a bond dissociation approach. The resulting fragments were compared with the measured frag-
ment ions by submitting a list of m/z (of fragments) and the corresponding intensities recorded by LC-HRMS/MS
measurements. The results are presented below for m/z = 191.0813, 163.0864, and 151.0864, respectively.

a) m/z =191.0813 corresponding to Ci0H10N202with a mass deviation of -1.1 ppm. A total of four candidate
structures (candidates 191a - 191d as shown in Figure $3.41D) resulted from the PubChem search. Can-
didate 191a forms benzylpyrazole with two oxygens added to the pyrazole ring. The other three candi-
dates, candidates 191b - 191d, form benzylpyrazole with two oxygens added to the pyrazole and the
benzene rings, respectively. The only difference among candidates 191b - 191d is the location of the hy-
droxyl group on the benzene ring and thus only candidate 191b is discussed as a representative case
hereafter. The candidate structures processed by MetFrag are shown in Figures S3.44 and S3.45. The MS2
fragments simulated by MetFrag and matched to the detected fragments are also compiled. The substruc-
ture of the candidate structure, forming an individual fragment is highlighted in green. Candidates 191a
and 191b share all fragments in common. Thus, it is difficult to conclude which is more plausible than the
other based on this analysis. Based on the ozone reactivity, 4-hydroxypyrazole (a possible precursor of
both candidates 191a and 191b) is more reactive towards ozone than benzene (Table 3.1 in the main
text). Accordingly, the 4-hydroxypyrazole moiety is more susceptible to the ozone attack than the ben-

zene ring, and therefore, candidate 191a is more plausible than candidate 191b.
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Candidate 191a
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Name: 2-benzyl-4-hydroxy-1H-pyrazol-3-one
Molecular formula: C10H10N202

Monoisotopic mass: 190.074

[M+H]" = 191.081

Fragment 1

Formula [C7H7]+
Mass 91.0543
Peak m/z 91.0542

Fragment 2

Formula [C8H7N-H]+
Mass 116.0495
Peak m/z 116.0492

Fragment 3

Formula [C8H7N]+
Mass 117.0573
Peak m/z 117.0573

Fragment 4

Formula [C8H7N]+H+
Mass 118.0652
Peak m/z 118.0650

Fragment 5

Formula [C8H8N2-H]+
Mass 131.0604
Peak m/z 131.0604

Fragment 6

Formula [COHIN2-H]+
Mass 144.0682
Peak m/z 144.0683
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Fragment 7

Formula [C9H7NO]+
Mass 145.0522
Peak m/z 145.0520

Fragment 8

Formula [C9HIN2]+
Mass 145.0761
Peak m/z 145.0761

Fragment 9

Formula [CO9H7NO]+H+
Mass 146.0601
Peak m/z 146.0601

Fragment 10

Formula [C9H8N20O-H]+
Mass 159.0553
Peak m/z 159.0553

Fragment 11

Formula [C10H9N20]+
Mass 173.0710
Peak m/z 173.0710

Figure S3.44. MetFrag results of the candidate 191a. Eleven fragments of 191a obtained by in silico fragmentation of MetFrag are shown
under “Fragments”. The substructure of 191a forming an individual fragment is highlighted in green. “Mass” indicates the theoretical exact
mass of the fragment and “Peak m/z” indicates the exact mass detected by LC-HRMS/MS measurement as shown in Figure S3.41B.
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Candidate 191b

Name: 1-[(2-hydroxyphenyl)methyl]pyrazol-4-ol

Molecular formula: CLOH10N202

Monoisotopic mass: 190.074
[M+H]* = 191.081

HO— i
—N
Fragments
Fragment 1 Fragment 7
OH Formula [C7H6]+H+ OH Formula [C9H8NO-H]+
Mass 91.05426 Mass 145.0522
"o {r’u Peakm/z  91.0542 vo— il " Peakm/z  145.052
—N =N
Fragment 2 Fragment 8
oH Formula [C8H7N-H]+ OH Formula  [COH8N2J+H+
- Mass 116.0495 Mass 145.0761
HO 7 Peak m/z  116.0492 HO 7 N Peak m/z  145.0761
| |
—nN =N
Fragment 3 Fragment 9
OH OH
Formula [C8H7N]+ Formula [C9H8NO]+
o _CT. Masks 117.0573 vo AP T Masks 146.0601
— Peak m/z  117.0573 — Peak m/z  146.0601
Fragment 4 Fragment 10
OH OH
Formula [C8H7N]+H+ Formula [C9H8N20-H]+
HO —CT Mass 118.0652 HO—C? Mass 159.0553
=N Peak m/z 118.065 —N Peak m/z  159.0553
aH Fragment 5 oH Fragment 11
Formula [C8H7N2]+ Formula [C10H9N20O]+
N N
HO‘—CNI /\© Mass 131.0604 HO‘—CI Mass 173.071
Peak m/z  131.0604 N Peak m/z 173.071
OH Fragment 6
HO{"" Formula [COH8N2]+
=N Mass 144.0682
Peak m/z  144.0683

Figure S3.45. MetFrag results of the candidate 191b. Eleven fragments of 191b obtained by in silico fragmentation of MetFrag are shown
under “Fragments”. The substructure of 191b forming an individual fragment is highlighted in green. “Mass” indicates the theoretical exact
mass of the fragment and “Peak m/z” indicates the exact mass detected by LC-HRMS/MS measurement as shown in Figure S3.41B.
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b) m/z=163.0864 corresponding to CoH1oN20 with a mass deviation of -1.2 ppm. The MetFrag analysis result-
ed in only one candidate structure characterized by an aminoisocyanate moiety (Figure S3.46). It can
form by the prior ozone attack on the pyrazole ring, followed by ring cleavage via a Criegee mechanism.
However, it is unlikely that the ring cleavage reaction leaves the methyl substituent on the nitrogen. In-
stead, carbonyl compounds are often produced as a result of the Criegee mechanism. Therefore, another

compound, probably not included in the PubChem database, seems responsible for m/z = 163.0864.

Candidate 163

Name: N-isocyanato-N-methyl-1-phenyl-methanamine

O=C=N Molecular formula: C9H10N20O
/N Monoisotopic mass: 162.079
H;C b [M+H]" = 163.086
Fragments
Fragment 1 Fragment 4
O=C=N O=C=N
AN Formula [C5H5]+ \ Formula [C7H7N]+H+
/N Mass  65.0386 N Mass 106.065
Peak m/z 65.0388 / Peak m/z 106.066
Fragment 2 Fragment 5
O=—=C=—=N
O—C=N
Formula [C7HT7]+ \N Formula [COH10N2-H]+

Mass 91.0543 / Mass 145.0761
Peak m/z 91.0542 Peak m/z  145.076

O0=C=N Fragment 3

Formula [C7H7N-H]+
Mass 104.05
Peak m/z  104.05

N

g o o

Figure S3.46. MetFrag results of the candidate 163. Five fragments of 163 obtained by in silico fragmentation of MetFrag are shown under
“Fragments”. The substructure of 163 forming an individual fragment is highlighted in green. “Mass” indicates the theoretical exact mass of
the fragment and “Peak m/z” indicates the exact mass detected by LC-HRMS/MS analysis as shown in Figure S3.42B.
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c) m/z=151.0864 corresponding to CsH1oN20 with a mass deviation of -1.3 ppm. The MetFrag analysis result-
ed in four candidate structures, candidates 151a - 151d (Figures S3.47 to S3.50). Candidates 151b and
151d contain an N-nitroso moiety of which presence was rejected by the total N-nitrosamine analysis
that detected no nitrosamines. The remaining candidates 151a and 151c contain a hydrazide moiety and

candidate 151c is more likely to form via a Criegee mechanism as shown in Figure S3.8 in the main text.

Candidate 151a

Name: N-(benzylamino)formamide
Molecular formula: CBH10N20
Monoisotopic mass: 150.079
[M+H]" = 151.086

I Z/

Fragments
Fragment 1 Fragment 4
" Formula [C5H5]+ " Formula [C7TH7+H]+H+
o) N Mass 65.0386 Q N Mass 93.0699
S ~ T ~
=~ N Peak m/z 65.0389 =~ N Peak m/z 93.0698
Fragment 2 Fragment 5
o Formula [C2H5N20]+ o H Formula [C8H10N2-H]+
- Mass 73.0397 S Mass 133.076

Peak m/z 73.0397

Fragment 3

Formula [C7H7]+
Mass 91.0543
Peak m/z 91.0543

Peak m/z 133.077

Figure S3.47. MetFrag results of the candidate 151a. Five fragments of 151a obtained by in silico fragmentation of MetFrag are shown under
“Fragments”. The substructure of 151a forming an individual fragment is highlighted in green. “Mass” indicates the theoretical exact mass of
the fragment and “Peak m/z” indicates the exact mass detected by LC-HRMS/MS analysis as shown in Figure S3.43B.
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Candidate 151b

Fragments

Name: N-benzyl-N-methyl-nitrous amide
Molecular formula: CBH10N20O
Monoisotopic mass: 150.079

[M+H]* = 151.086

Fragment 1 |

Formula [C5H5]+ o /N
Mass 65.0386 m

Peak m/z 65.0389

Fragment 2

= e

Formula [C2H5N20]+ AN
Mass 73.0397
Peak m/z 73.0397

Fragment 3

Formula [C7TH7]+
Mass 91.0543
Peak m/z 91.0543

Fragment 4

Formula [C7TH7+H]+H+
Mass 93.0699
Peak m/z 93.0698

Fragment 5

Formula [C8H10N2-H]+
Mass 133.076
Peak m/z 133.077

Figure S3.48. MetFrag results of the candidate 151b. Five fragments of 151b obtained by in silico fragmentation of MetFrag are shown under
“Fragments”. The substructure of 151b forming an individual fragment is highlighted in green. “Mass” indicates the theoretical exact mass of
the fragment and “Peak m/z” indicates the exact mass detected by LC-HRMS/MS analysis as shown in Figure S3.43B.
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Candidate 151c

N

Name: N-amino-N-benzyl-formamide
Molecular formula: CBH10N20O

1) N Monoisotopic mass: 150.079
I\|.IH [M+H]" = 151.086
Fragments
Fragment 1 Fragment 4
Formula [C5H5]+ Formula [C7H7+H]+H+
O%\N Mass 65.0386 O&\N Mass 93.0699
| Peak m/z 65.0389 | Peak m/z 93.0698
NH, NH,
Fragment 2 Fragment 5
Formula [C2H5N20]+ Formula [C8H10N2-H]+
0F N Mass  73.0397 0% N Mass  133.076
n|IH Peak m/z 73.0397 ILH Peak m/z 133.077
2 2
Fragment 3
%\N Formula [C7H7]+
o Mass 91.0543
|
NH, Peak m/z 91.0543

Figure S3.49. MetFrag results of the candidate 151c. Five fragments of 151c obtained by in silico fragmentation of MetFrag are shown under
“Fragments”. The substructure of 151c forming an individual fragment is highlighted in green. “Mass” indicates the theoretical exact mass of
the fragment and “Peak m/z” indicates the exact mass detected by LC-HRMS/MS analysis as shown in Figure S3.43B.
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Candidate 151d

Hsc@
HN—N,

A

(8]

Fragments

‘@ﬂM

‘@m
@m-w
e

Name: N-(p-tolylmethyl)nitrous amide
Molecular formula: CBH10N20O
Monoisotopic mass: 150.079

[M+H]* = 151.086

Fragment 1
Formula [C5H6-H]+

Mass 65.0386
Peak m/z 65.0389

Fragment 2

Formula [C2H3N20+H]+H+

Mass 73.0397 _Q_\

Peak m/z 73.0397 Hi—n
\:\O

Fragment 3
Formula [C7H6-H]+

Mass 89.0386
Peak m/z 89.0386

Fragment 4

Formula [C7HT7]+ —Qﬂ
Mass 91.0543 HN—N

Peak m/z 91.0543

@m,N
\:\O

— )
\\O

Fragment 5

Formula [C7TH7+H]+H+
Mass 93.0699
Peak m/z 93.0698

Fragment 6

Formula [C7H8+2H]+H+
Mass 95.0856
Peak m/z 95.0854

Fragment 7

Formula [C8H9+H]+H+
Mass 107.086
Peak m/z 107.086

Fragment 8

Formula [C8H10N2-H]+
Mass 133.076
Peak m/z 133.077

Figure S3.50. MetFrag results of the candidate 151d. Eight fragments of 151d obtained by in silico fragmentation of MetFrag are shown under
“Fragments”. The substructure of 151d forming an individual fragment is highlighted in green. “Mass” indicates the theoretical exact mass of
the fragment and “Peak m/z” indicates the exact mass detected by LC-HRMS/MS analysis as shown in Figure S3.43B.
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Table S3.14. Average abatement of the micropollutants containing a pyrrole, imidazole, or pyrazole moiety during ozonation at a full-scale
wastewater treatment plant, based on the Table S7 in Bourgin et al. (2018).33 The abatements were calculated by comparing the average
concentrations after biological treatment with after ozonation. For the substrates of which concentrations were below LOQ after ozonation,

their abatements were calculated by using the LOQs and presented as the minimum abatements with “>” signs.??

ggszzrglfration Ic‘(‘)lr(::ﬁ:ration Average
Substance Substructure Use LOQ,ng L1 after after Zzigslgnem

biological ozonation, ozonation, %

treatment, ngL? nglL1 ’
Fluvastatin Pyrrole Pharmaceuticals 1.3 4 <LOQ > 67
Fludioxonil Pyrrole Pesticides 1 3 <LOQ > 64
Atorvastatin Pyrrole Pharmaceuticals 35 60 <L0Q > 41
Etodolac Pyrrole Pharmaceuticals 0.8 110 <L0Q >99
Indomethacin Pyrrole Pharmaceuticals 2 91 <L0Q >98
Thiabendazol Imidazole Pesticides 1.6 6 1 > 65
Candesartan Imidazole Pharmaceuticals 5 330 91 72
Eprosartan Imidazole Pharmaceuticals 3 45 <LOQ >93
2-Aminobenzimidazol Imidazole Biocides 5 10 <L0Q >50
Metronidazol Imidazole Pharmaceuticals 8 112 47 58
Carbendazim Imidazole Biocides 3 28 <LOQ >89
Climbazol Imidazole Personal Care Products 1 66 2 98
Losartan Imidazole Pharmaceuticals 4 260 3 >98
Ketoconazol Imidazole Pharmaceuticals 10 65 <L0Q > 84
Telmisartan Imidazole Pharmaceuticals 1 93 22 76
Fipronil Pyrazole Pesticides 0.9 5 2 58
Fipronil-sulfon Pyrazole Pesticides 0.5 2 1 58
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Nitrogen-containing compounds in water and wastewater treatment where ozonation is applied for disinfection
or oxidation are of significance in terms of three aspects: (1) they are commonly found in natural waters in dis-
solved organic nitrogen and micropollutants; (2) they are often susceptible to an electrophilic attack by ozone
because of the electron-rich nature of the neutral form of nitrogen in organic compounds; (3) they have potential

to form nitrogenous disinfection byproducts or harmful transformation products upon ozonation (e.g.,, NDMA).

A considerable number of studies had been conducted about the fate and behavior of nitrogenous compounds
during ozonation. However, the reactivity of some common nitrogen-containing functional groups towards
ozone is only poorly understood. This thesis summarizes the up-to-date information available for the reactions
of nitrogen-containing compounds with ozone (Chapter 1) and provides novel information on experimental in-
vestigations of the reactions of ozone with aliphatic amines (Chapter 2) and azoles (Chapter 3). The investiga-
tions were carried out according to the main objectives of (1) determining the second-order rate constants (ko3)
of the reactions of nitrogen-containing compounds with ozone, (2) identifying/quantifying transformation prod-
ucts and reactive oxygen species, (3) performing kinetic simulations and quantum chemical computations to
supplement or corroborate empirical evidences. Reaction mechanisms were proposed by compiling the results
from all aspects, providing a better understanding of the reactions of nitrogen-containing compounds with

ozone.

The first nitrogen-containing functional groups investigated were the simple aliphatic amines, triethylamine,
diethylamine, and ethylamine (Chapter 2), with an emphasis on diethylamine and ethylamine (a secondary and a
primary amine, respectively). For these compounds, mass balances and transformation products upon ozonation
have only been investigated scarcely compared to triethylamine (a tertiary amine). Species-specific ko3 of the
neutral forms of amines ranged from 9.3 x 104 M-1s-1to 2.2 x 106 M-1s'1, The apparent ko3 at pH 7 for potential or
identified transformation products were 6.8 x 105 M-1s1 for N,N-diethylhydroxylamine, ~10> M-1s for N-
ethylhydroxylamine, 1.9 x 103 M-1s1 for N-ethylethanimine oxide, and 3.4 M-1s! for nitroethane. Product anal-
yses revealed that all amines predominantly underwent oxygen-transfer pathways to form major transformation
products containing nitrogen-oxygen bonds: triethylamine N-oxide (88% per abated triethylamine) and ni-
troethane (69% per abated diethylamine and 100% per abate ethylamine). N-dealkylated products were found
as minor products for triethylamine and diethylamine (< 10% per abated amines). Diethylamine and ethylamine
exhibited high ozone molar stoichiometry (ozone:amine = 4), which resulted from the formation of primary
transformation products highly reactive towards ozone. N,N-diethylhydroxylamine was a potential primary
transformation product during the diethylamine-ozone reaction. Its formation was not confirmed due to its high
ozone reactivity, but supported by measurements of reactive oxygen species, kinetic simulations, and quantum

chemical computations.

The second target groups were the five-membered heterocyclic compounds (azoles) pyrrole, imidazole, and
pyrazole (Chapter 3). They are widespread in nature as substructures of biomolecules and micropollutants, but
the kinetics and mechanisms of their reactions with ozone had not been well known. Pyrrole and imidazole re-
acted fast with ozone for a wide pH range (kos > 103 M-1s-1 at pH 1 - 12). Pyrazole reacted moderately fast with
ozone (ko3 = 56 M-1s1 at pH 7). All azoles underwent an addition of ozone to the C-C double bond in the ring.
Subsequent pathways after the initial ozone addition varied considerably among the azoles. Pyrrole reacted with
ozone via multiple mechanisms (Criegee-type and oxygen-addition) to form ring products (5-Hydroxy-1,5-
dihydro-2H-pyrrol-2-one and maleimide) as well as a ring opened-product (N-(3-oxo-1-propen-1-
yl)formamide). The major identified products (yield per abated pyrrole) from the pyrrole-ozone reaction were
maleimide (34%), formamide (14%) and formate (54%). Imidazole predominantly reacted via a Criegee-type

mechanism with ring cleavage and formation of three fragments, formamide, cyanate, and formate. The fragmen-
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tation required only a single attack of ozone and all oxygen atoms ended up in the products. The yields of the
three products were ~100 % respectively, completely closing the mass balance of imidazole. Among the azoles,
pyrazole is the most persistent compound towards ozone, showing an exceptionally high ozone molar stoichi-
ometry (ozone:pyrazole = 4). Only carbonous products were identified (126% formate and 34% glyoxal per
abated pyrazole). Products containing hydroxypyrazole and hydrazide moieties were postulated, possibly

formed via an oxygen addition and a Criegee-type mechanism, respectively.

Various nitrogenous transformation products were identified during the studies presented in Chapters 2 and 3,
which may have different implications for the aquatic environment. The high yields of nitroethane determined
during the diethylamine- and ethylamine-ozone reactions implies significant formation of nitroalkanes upon
ozonation especially for waters with high dissolved organic nitrogen contents. Toxic effects of nitroalkanes seem
to be compound specific: nitroethane considered rather a tolerable substance in mammalian systems, whereas
nitromethane and 2-nitropropane are considered suspect human carcinogens. Thus, further efforts are needed to
understand occurrences of nitroalkanes and their impact on the aquatic environment and human health. In con-
trast, the nitrogenous products identified during the azole-ozone reactions (maleimide, formamide, and cyanate)
are readily hydrolyzed or biodegraded and thus are expected to be well abated by biological post-treatment after
ozonation. However, maleimide may induce toxic effects attributed to its high selectivity to thiol groups which
can cause protein damage. Additionally, a formamide moiety developed by oxidation of imidazole derivatives
was reported as possibly responsible for an observed increased toxicity. This indicates different toxic effects may
be induced when the identified products are present as substructures in more complex compounds (e.g., mi-
cropollutants).

The results obtained in this work provide new insights into the reactions of ozone with common nitrogen-
containing functional groups such as primary amines, secondary amines, hydroxylamines (as ozonation products
of primary/secondary amines), and azoles. However, these functional groups can branch into numerous subcat-
egories that may react with ozone differently and certainly worth future investigation. Examples are azoles con-
taining more than two nitrogen atoms in the ring such as triazoles and tetrazole. Triazoles exist in two isomers,
1,2,3-triazole and 1,2,4-triazole. Kinetics and reaction mechanisms of 1,2,3-triazole upon ozonation can be sup-
posed by previous studies on the reaction of benzotriazole with ozone. However, information on the reaction of
ozone with 1,2,4-triazole, a common moiety of antifungal drugs, is not available. 1,2,4-triazole contain a N-N
single bond in the five-membered ring like pyrazole, and therefore, understanding the 1,2,4-triazole-ozone reac-
tion also may shed light on the pyrazole-ozone reaction of which nitrogenous transformation products still re-

main unidentified.

Besides the azole functional groups, there are still many heterocyclic moieties with diverse structures present in
micropollutants. To predict kinetics and product formation of the reactions of the heterocycles with ozone, un-
derstanding their chemical properties seems important. For example, different m-electron distributions of the
five- and six-membered heterocyclic amines (e.g., m-excessive pyrrole vs. m-deficient pyridine) result in distinct
ozone reaction pathways (ozone attack on the C=C double bond vs. on the nitrogen) and consequently different
transformation products (ring-opened products vs. N-oxides). Such chemical properties of the aromatic systems
have been extensively studied for simple heterocyclic compounds and also can be simulated by quantum chemi-
cal computations. Therefore, a future study to identify which properties are responsible for deciding dominant
ozone reaction pathways would be helpful for a better prediction of the fate of micropollutants containing com-

plex heterocyclic moieties upon ozonation.
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