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Reactions of pyrrole, imidazole, and pyrazole with
ozone: kinetics and mechanisms†

Agnes Tekle-Röttering,‡a Sungeun Lim, ‡bc Erika Reisz,d Holger V. Lutze,efgj

Mohammad Sajjad Abdighahroudi, e Sarah Willach,e Winfried Schmidt,af

Peter R. Tentscher,h Daniel Rentsch, i Christa S. McArdell, b

Torsten C. Schmidt *efg and Urs von Gunten*bc

Five-membered nitrogen-containing heterocyclic compounds (azoles) belong to potential moieties in com-

plex structures where transformations during ozonation can occur. This study focused on the azole–ozone

chemistry of pyrrole, imidazole, and pyrazole as model compounds. Reaction kinetics and ozonation products

were determined by kinetic and analytical methods including NMR, LC-HRMS/MS, HPLC-UV, and IC-MS.

Analyses of reactive oxygen species (1O2, ˙OH, H2O2), 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) × 106 M−1

s−1 and (2.3 ± 0.1) × 105 M−1 s−1, respectively. Pyrazole reacted more slowly with ozone at pH 7 (kapp = (5.6 ±

0.9) × 101 M−1 s−1). Maleimide was an identified product of pyrrole with a 34% yield. Together with other prod-

ucts, formate, formamide, and glyoxal, C and N mass balances of ∼50% were achieved. Imidazole reacted

with ozone to cyanate, formamide, and formate (∼100% yields per transformed imidazole, respectively) with a

closed mass balance. For pyrazole, a high ozone :pyrazole molar stoichiometry of 4.6 was found, suggesting

that 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 of

65%). Overall, the identified major products are suspected to hydrolyze and/or be biodegraded and thereby

abated by a biological post-treatment typically following ozonation. However, as substructures of more com-

plex compounds (e.g., micropollutants), they might be more persistent during biological post-treatment.

Introduction

Micropollutants are ubiquitously present in the aquatic envi-
ronment.1,2 Although micropollutants are present in surface
waters only in the μg L−1 to ng L−1 range, they may be harm-

ful to the aquatic ecosystem and/or pose a potential risk to
human health through contamination of drinking water.3

Ozonation has been proven to successfully abate micro-
pollutants in drinking waters and wastewater effluents.4–7

During ozonation, micropollutants are not mineralized but
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Water impact

Azoles are commonly found structures in biomolecules and micropollutants. However, their fate during ozonation is not well understood. This study
provides information on the kinetics and mechanisms of ozone-reactions with pyrrole, imidazole, and pyrazole as model compounds. The findings of this
study lead to a better understanding of the fate of micropollutants containing azole moieties during water treatment with ozone.
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converted to transformation products. Often, biologically ac-
tive micropollutants lose their effects upon transformation
during ozonation,8–11 however in some cases, transformation
products with higher toxicity than their parent compounds
were formed.12–16 To predict the transformation products
and assess their toxicities upon ozonation, a detailed knowl-
edge of ozone reaction mechanisms is needed. To this end,
several compilations of known reaction pathways are avail-
able,17,18 which recently resulted in an ozone pathway predic-
tion tool.19 Many well-known ozone-reactive groups, such as
phenols, olefins and nitrogen-containing moieties are com-
monly found as structural units of micropollutants. Several
studies were carried out to understand ozone–nitrogen inter-
actions for primary, secondary and tertiary amines and ani-
lines.18,20,21 Information is also available for some heterocy-
clic amines such as N-heterocyclic aromatics, piperidine,
piperazine, and morpholine.22–24 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 (Fig. 1), which are commonly present in natural and
synthetic organic compounds. Essential amino acids, histi-
dine and tryptophan, contain an imidazole or a fused pyrrole
moiety, respectively.25 The nucleobases, adenine and gua-
nine, contain a fused imidazole moiety, as part of the DNA.25

Naturally occurring pigments, chlorophyll a (green pigments
in plant) and heme (red pigments in blood) contain four pyr-
role units which jointly form a larger ring system that com-
plexes metal ions in the center.25 Azoles are also of great sig-
nificance as synthetic compounds. They have been widely
used as core units of pharmaceuticals, pesticides, dyes, plas-
tics, etc.26–28

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 micro-
pollutants for the aquatic environment,7 approximately 50%
are heterocyclic compounds and about 20% of the heterocy-
cles contain pyrrole, imidazole, or pyrazole moieties, based
on our assessment. Ionic liquids, considered as promising re-
placements for traditional organic solvents, contain cationic
head groups such as imidazolium. They have received an in-
creasing attention as emerging contaminants in the aquatic
environment because of their chemical and thermal stability
and high solubility in water.29,30 Pyrazole has recently been
detected in the rivers Meuse and Rhine with exceptionally
high concentrations (∼100 μg L−1).31 The source was identi-

fied to be industrial processes related to acrylonitrile synthe-
sis 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 disinfec-
tion by-products.30 Tribromopyrroles were detected during
chlorine disinfection of drinking water and wastewater
containing high bromide levels.32,33 2,3,5-Tribromopyrrole was
found to be a strong cytotoxin and genotoxin in mammalian
cells.32 Tetrapyrroles, metabolites of the above-mentioned nat-
ural pigments, were suggested to be precursors.33 Tri- and di-
bromo-1-methylimidazoles were detected in swimming pool
and spa waters treated by bromine.34 Histidine introduced by
urine, sweat, and personal care products containing an imidaz-
ole moiety was proposed as a possible precursor.

Despite the importance of understanding the fate of
azoles in water and wastewater treatment, only limited infor-
mation 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.35–38 More recently, six-membered heterocyclic
amines, such as pyridine, pyridazine, pyrimidine and pyr-
azine were thoroughly investigated in terms of their reactions
with ozone in aqueous solution.23 They were found to react
slowly with ozone with second-order rate constants <102 M−1

s−1.23 On the contrary, imidazole and histidine showed very
high reactivity towards ozone with second-order rate con-
stants >105 M−1 s−1.39 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 (Fig. 1). The second-
order rate constants of the reactions of azoles with ozone were
determined by competition kinetics with 3-buten-2-ol as a
competitor or by direct monitoring of the ozone decrease.
Transformation products formed during the azole–ozone reac-
tions were identified by nuclear magnetic resonance (NMR),
liquid chromatography coupled with high resolution tandem
mass spectrometry (LC-HRMS/MS), ion chromatography
coupled with conductivity detection (IC-CD) or mass spectrom-
etry (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. Finally, kinetic simulations
and quantum chemical computations were conducted to ob-
tain additional mechanistic insights. The combination of the
results of all these methods and approaches were used to de-
rive reaction mechanisms of the azole–ozone reactions.

Materials and methods
Chemical reagents

A list of chemicals used in this study is shown in Table S1 in
the ESI.†

Fig. 1 Azole model compounds investigated in this study: chemical
structures of pyrrole, imidazole, and pyrazole.
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Ozone reaction kinetics

All the applied kinetic methods are described in Text S1
(ESI†) and examples of competition kinetic and pseudo-first-
order kinetic plots are shown in Fig. S1 (ESI†). With the de-
termined kapp, kinetic simulations were performed by the
Kintecus software40 based on the models described in Text S2
(ESI†). Apparent second-order rate constants (kapp) for the re-
actions 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.41 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 con-
ditions 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-trisulfonate42 under pseudo-first-
order conditions of excess substrate. 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 required initial concentrations of azoles and ozone var-
ied depending on subsequent analyses for product identifi-
cation. Accordingly, various ozonation conditions were ap-
plied in this study and are described in detail in Text S3
(ESI†). For most analyses including LC-HRMS/MS and IC-
CD, ozonation experiments were conducted by preparing
approximately 100 μM of azole and 50 mM of t-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.42 The concentrations of ozone (typically
1.4–1.6 mM) were determined spectrophotometrically with
ε260nm = 3200 M−1 cm−1.18 Aliquots of the ozone stock solu-
tion were added to the azole solutions under rapid stirring
to initiate ozone reactions with ozone doses ranging from
0 to 200 μM. Ozonated solutions were left at room temper-
ature for 4–6 hours to ensure complete consumption of oz-
one 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(b), ESI†). For NMR identifying products from the pyr-
role–ozone solution, ozone-containing oxygen-gas was di-
rectly sparged to the pyrrole solution (Text S3(d), ESI†).
Some experiments were conducted in ultrapurified water
without buffering agents (Text S3(c) and (d), ESI†), which
resulted in significant differences in pH before and after
ozonation (differed by maximum 2 pH units). Under such
conditions, ozone reactivity of azoles and their transforma-
tion products might change over the course of the reaction,
especially for dissociating compounds, and thus the evolu-
tion 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, maleimide, 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. Form-
amide was analyzed by HPLC-UV as well as GC-MS. Total
N-nitrosamines were analyzed by a UV-photolysis–
chemiluminescence system.43 Glyoxal was analyzed by a deriv-
atization method using o-phenylendiamine and the
derivatized product, quinoxaline, was determined by HPLC-
UV.44 Singlet oxygen (1O2) was quantified by detecting the
phosphorescence emitted by 1O2 at 1270 nm by a near-
infrared photomultiplier tube.20 Hydroxyl radicals (˙OH) were
quantified by using the ˙OH quencher t-butanol. Formalde-
hyde, a product of the reaction of t-butanol with ˙OH with a
reported yield of ∼50%,45 was quantified by the Hantzsch
method.46 Formaldehyde formed during the reaction of
pyrazole with ozone was taken into account for calculating its
˙OH yield. For pyrrole and imidazole, formaldehyde forma-
tion from the direct ozone reactions was minimal and thus
disregarded. Hydrogen peroxide (H2O2) was quantified
spectrophotometrically with Allen's reagent (molybdate-acti-
vated iodide).47,48 More details on the methods are provided
in Texts S4 and S5, Fig. S3 to S10, Tables S5 to S7 (ESI†). The
limit of quantifications (LOQ) and precisions of the methods
are summarized in Table S6 (ESI†).

Quantum chemical computations

All computations were performed with Gaussian09 vD.01.49

The thermodynamic feasibility of the proposed reactions was
tested with free energy calculations, along with the connectiv-
ity of intermediates on the potential energy surface.50 The
LC-ωPBE51 functional was chosen for the description of the
initial ozone reactivity52 and for its generally sound descrip-
tion of the thermochemistry.51 The SMD implicit solvation
model was used.53 Free energy differences are reported with
respect to the isolated molecules, ozone and an azole. Details
are given in Text S6 (ESI†).

Results and discussion
1. Ozone reaction kinetics

Apparent second-order rate constants (kapp) for the reactions
of ozone with pyrrole, imidazole, and pyrazole show that pyr-
role and imidazole react fast with ozone with kapp > 103 M−1

s−1 for pH 0.5–12 and pyrazole reacts moderately fast with
kapp = (5.6 ± 0.9) × 101 M−1 s−1 at pH 7 (Table 1, Table S2,
ESI†). kapp of pyrrole was hardly affected by pH (Fig. S2,
ESI†), with averaged kapp of (1.4 ± 1.1) × 106 M−1 s−1. kapp of
imidazole changed over two orders of magnitude in the pH
range 2–12. This is due to the acid–base speciation of imidaz-
ole with a pKa of 7.0, which lies in the investigated pH range
where pyrrole is present as a neutral species54 (note that
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generally deprotonated species react faster with ozone than
protonated ones).18 The determined kapp values of imidazole
were fitted by the expression kapp = kNH+(1 − α) + kNα and α =
1/(1 + 10pKa-pH) (Fig. S2, ESI†). kNH+ and kN are the species-
specific second-order rate constants for the reactions of ozone
with the protonated and the neutral imidazole, respectively,
and α is the fraction of the neutral imidazole. Based on this ap-
proach, the species-specific second-order rate constant for the
reaction of ozone with the neutral imidazole was determined to
be (2.3 ± 0.1) × 105 M−1 s−1 (Table 1), identical to the previously
reported value of 2.4 × 105 M−1 s−1.39 The species-specific sec-
ond-order rate constant for the protonated imidazole is (1.5 ±
0.1) × 103 M−1 s−1 (Table 1). The kapp values determined in ab-
sence of an ˙OH scavenger were similar to those determined in
presence of an ˙OH scavenger (Table S2, ESI†). Maleimide, an
identified product of the pyrrole–ozone reaction, reacts fast
with ozone with kapp = (4.2 ± 0.2) × 10

3M−1 s−1 at pH 7. Themod-
erate to high ozone reactivity of azoles is especially remarkable
when compared to six-membered heterocyclic amines such as
pyridine, pyrazine, and pyridazine with second-order rate con-
stants for the reactions with ozone of<2M−1 s−1.23 The high oz-
one reactivity of pyrrole probably relates to the effect of the ni-
trogen atom in the π-aromatic system, which increases the
electron density of the ring.25 Consequently, ozone reacts faster
with pyrrole than with typical, unsubstituted aromatic rings,
e.g., benzene, of which kO3

= 2 M−1 s−1.55 In contrast, the nitro-
gen in pyridine withdraws the electron density from the ring,25

rendering the nitrogen more susceptible to the ozone attack,
rather than the ring. This agrees with the high yield of pyridine
N-oxide determined after ozonation.23 Interestingly, these reac-
tions show much lower kinetics than reactions of tertiary
amines with ozone (typical kO3

≥ 106 M−1 s−1),20,56 which also
formN-oxides asmajor products.

2. Reactive oxygen species

Reactive oxygen species (ROS) such as singlet oxygen (1O2),
hydroxyl radical (˙OH), and hydrogen peroxide (H2O2) can be
used to elucidate reaction mechanisms.18 In this study, they

were quantified for the reactions of azoles with ozone with
molar excess of azole relative to ozone ([azole]0/[O3] > 1) and
the corresponding yields are summarized in Table 2. The
ROS yields per consumed ozone (Δ[ROS]/Δ[O3]) varied signifi-
cantly for pyrrole, imidazole, and pyrazole. All measured data
for 1O2, ˙OH, and H2O2 are summarized in Table S7, Fig. S9
and S10 (ESI†), respectively. Pyrrole produced mostly 1O2

(11%) and H2O2 (7%) and only minor quantities of ˙OH (2%),
whereas pyrazole produced mostly ˙OH (8%) and only traces
of 1O2 (2%) and H2O2 (2%). Imidazole showed almost no for-
mation 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 1O2 and
˙OH yields per consumed ozone determined for aliphatic
amines.20 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 (Δ[ROS]/
Δ[azole]) (Table 2). These yields will be compared with the
yields of the formed transformation products below.

3. Transformation products and reaction pathways

Reaction pathways of the azole–ozone reactions were investi-
gated by identifying transformation products and taking into
consideration the formation of ROS. Quantum chemical com-
putations for Gibbs energies of reaction pathways were addi-
tionally performed to elucidate the plausibility of the pro-
posed mechanisms.

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 pre-
pared for NMR analysis and for glyoxal determination (no
buffer, Text S3, ESI†). Fig. 2 shows the abatement of pyrrole
as a function of the molar ozone : pyrrole ratio (initial
concentrations) ([O3]/[pyrrole]0). The ozonated pyrrole

Table 1 Species-specific second-order rate constants (k) and apparent second-order rate constants at pH 7 (kapp,pH7) 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 decrease with the indigo method (Text S1, ESI†)

Compound pKa
a pHb k, M−1 s−1 kapp,pH7, M

−1 s−1 Ref.

Pyrrole −3.8 0.5–12 (1.4 ± 1.1) × 106c (8.6 ± 0.7) × 105 This study
Imidazole 7.0 2–12 (2.3 ± 0.1) × 105 (as kN)

d (1.7 ± 0.2) × 105 This study
(1.5 ± 0.1) × 103 (as kNH+)

d This study
2.4 × 105 (as kN) 39
2.1 × 102 (as kNH+) 39

Pyrazole 2.5 7 ND (5.6 ± 0.9) × 101 This study
Maleimide 9.5 7 ND (4.2 ± 0.2) × 103 This study
4-Hydroxypyrazole Not available 7 ND >9 × 104e This study

a pKa values were based on the protonated form for pyrrole, imidazole, and pyrazole (i.e., NH2
+ → NH)54 and based on the neutral form for

maleimide (NH → N−).84 b Experimental pH range. c Obtained by averaging kapp for the pH range 0.5–12 (Table S2). d Obtained by fitting kapp
for the pH range 2–12 with the expression kapp = kNH+(1 − α) + kNα and α = 1/(1 + 10pKa-pH) (dotted line in Fig. S2, ESI†). e See Text S1 (ESI†) for
the estimation.
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samples were analyzed by various methods including NMR,
LC-HRMS/MS, HPLC-UV, and IC-CD. Based on the combina-
tion 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), maleimide, formamide, formate, and glyoxal (for
chemical structures see Fig. 3). Maleimide, formamide, for-
mate, and glyoxal for which reference standards are available,
were quantified at varying ozone doses. The formation trends
are shown in Fig. 2 and the product yields are summarized
in Table 2. Product concentrations in Fig. 2 are expressed as
pyrrole-normalized relative product concentrations, because
the initial pyrrole concentrations were different for the vari-
ous 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 ([O3]/[pyrrole]0 < 1). The
fitting results for pyrrole as well as other azoles are shown in
Fig. S11 (ESI†). Pyrrole decreased with an ozone : pyrrole mo-
lar stoichiometry of 1.2, close to 1. Maleimide was gradually
formed with a yield of 34% per consumed pyrrole up to about
one molar equivalent of ozone ([O3]/[pyrrole]0 = 1) and then
decreased at higher molar ratios of [O3]/[pyrrole]0. The con-
centrations of pyrrole and maleimide were predicted by a ki-
netic simulation by the Kintecus software,40 with measured
apparent second-order rate constants for the reactions with
ozone at pH 7 (8.6 × 105 M−1 s−1 and 4.2 × 103 M−1 s−1 for pyr-
role and maleimide, respectively, Table 1). The model in-
cludes the stoichiometric coefficient for maleimide formation
of 0.34, based on the measured maleimide yield (Table S3,

Table 2 Reaction stoichiometry, reactive oxygen species (ROS) yields, and transformation product yields for the reactions of pyrrole, imidazole,
1-benzylimidazole, pyrazole, and 1-benzylpyrazole with ozone at pH 7.0–7.6 in presence of t-butanol. The yields are expressed relative to the ozone
consumption (Δ[X]/Δ[O3]) or relative to the azole consumption (Δ[X]/Δ[azole]). Δ[X]/Δ[N] and Δ[X]/Δ[C] are the yields per nitrogen and per carbon, respec-
tively, obtained by comparing the numbers of nitrogen and carbon of the products with those of the parent azole compounds

Azole Product (X) X typea Ozone : azole molar stoichiometryb Δ[X]/Δ[O3]
c Δ[X]/Δ[azole]d Δ[X]/Δ[N]e Δ[X]/Δ[C]e

Pyrrole ˙OH ROS 1.2 2% 2% — —
H2O2 ROS 1.2 7% 8% — —
1O2 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%
Total f 48% 54%

Imidazole ˙OH ROS 1.0 1% 1% — —
H2O2 ROS 1.0 0.2% 0.1% — —
1O2 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
Total f 109% 105%

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

Pyrazole ˙OH ROS 4.6 8% 35% — —
H2O2 ROS 4.6 2% 7% — —
1O2 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%
Total f 0% 65%

1-Benzylpyrazole N-Benzylformamide TP_N 6.5 1% 9% 4.5% 3%

a ROS, TP_N, and TP_C represent reactive oxygen species, nitrogenous transformation products, and carbonaceous transformation products,
respectively. b Ozone : azole molar stoichiometry values were obtained by inverting the slopes from the linear regression of the measured
concentrations and taking the absolute values (Fig. S11, ESI†). c For ˙OH, H2O2, 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 [O3]/
[azole]0 ≤ 1. For 1O2, the yields were averaged for 6 replicates at a fixed molar ratio of [O3]/[azole]0 = 0.03–0.04. For formamide, the yields
were averaged for duplicate experiments at fixed molar ratios of [O3]/[azole]0 = 2.0 for the pyrrole–ozone reaction and at [O3]/[azole] = 0.4 and
0.8 for the imidazole–ozone reaction. d Yields per consumed azoles were calculated by multiplying yields per ozone (Δ[X]/Δ[O3]) by the ozone :
azole molar stoichiometry. e 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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ESI†). The predicted concentrations are shown as lines in
Fig. 2 and agree well with the measured data. Formamide
was formed with a yield of 14% per consumed pyrrole at a ra-
tio of [O3]/[pyrrole]0 = 2. It was not possible to quantify form-
amide at lower molar ratios of [O3]/[pyrrole]0 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 [O3]/[pyrrole]0 with a yield
of 54% per consumed pyrrole. Glyoxal was quantified as a mi-
nor 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 1/4 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%, re-
spectively (Table 2). This means about half of nitrogen and car-
bon mass balances were completed based on the quantified
products. The other missing half of the mass balances can be
partially explained by TP1 and TP2 for which the formation was
only qualitatively confirmed (see below). The formation of
maleimide and TP2 involve various intermediates (Fig. 4)
which may also contribute to the mass balances. Product yields
determined under the different pH conditions (pH 2 and 11)
are summarized in Fig. S12 and Table S8 (ESI†). 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.

Identified but not quantified products. The formation of
TP1, TP2, and maleimide were qualitatively confirmed by
NMR (Text S7, ESI†). Assignments of 1H and 13C NMR data of
TP1, TP2, and maleimide are summarized in Table S9 (ESI†)
and the recorded NMR spectra are shown in Fig. S14 to S17
(ESI†). 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 soluble in acetone-d6 (NMR solvent), hindering an
estimation of the relative quantities of TP1 and TP2 based on
the comparison of 1H signal intensities (Text S8, ESI†). 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 C4H5NO2) that showed up
as two peaks at retention times of 4.2 min and 6.3 min
(C4H5NO2_4.2 and C4H5NO2_6.3, Fig. S18b, ESI†) with distinct
MS2 fragmentation patterns (Fig. S19, ESI†). C4H5NO2_4.2
produced mostly a fragment ion of m/z = 83.0125,
corresponding to C4H2O2 (loss of NH3), whereas C4H5NO2_6.3
produced mostly m/z = 72.0443, corresponding to C3H5NO
(loss of CO). TP1 with a carbonyl group at the end of the
open-chain structure appears to be able to more readily re-
lease CO and form C3H5NO during fragmentation (Fig. S20b,
ESI†) than TP2 with a cyclic structure (Fig. S21b, ESI†). In
contrast, TP2 might more easily produce C4H2O2 than TP1,
because TP1 requires an intramolecular rearrangement to re-
lease NH3 (Fig. S21a, ESI† for TP2 and Fig. S20a, ESI† for
TP1). Examples of possible fragmentation pathways pre-
dicted by the mass spectra interpretation software (Mass
Frontier™, Thermo Scientific) are illustrated in Fig. S20 and
S21 (ESI†). Based on the structural characteristics and the
distinct MS2 fragmentation patterns, C4H5NO2_4.2 and
C4H5NO2_6.3 are likely to correspond to TP2 and TP1,
respectively.

The C4H5NO2_4.2 and C4H5NO2_6.3 peaks were not only
observed in the sample prepared for NMR analysis but also
in the samples with varying molar ratios of [O3]/[pyrrole]0 dur-
ing the pyrrole abatement and the maleimide formation
(Fig. 2). The integrated peak areas as a function of the molar
ratios of [O3]/[pyrrole]0 are plotted in Fig. S22 (ESI†). Both
peaks were gradually formed reaching a maximum formation
at about one molar equivalent of ozone ([O3]/[pyrrole]0 = 1)
and decrease at higher ozone doses, similarly to maleimide
(Fig. 2). Considering the similar formation trends, TP1, TP2,
and maleimide seem to be formed in parallel via different re-
action pathways.

Unidentified products. A non-target screening with LC-
HRMS/MS of the ozonated pyrrole samples revealed two addi-
tional peaks at retention times of 5.4 min and 7.0 min
(C4H5NO_5.4 and C4H5NO_7.0, Fig. S23a, ESI†), which
showed significant intensities for the ozonated pyrrole sam-
ples in comparison to the ozonated blank (no pyrrole) samples.

Fig. 2 Relative abatement of pyrrole and the formation (and
consumption) of transformation products as a function of the
molar ratio of [O3]/[pyrrole]0. The inset has the same axis labels as
the main figure. The symbols indicate the measured concentrations
(single measurement for glyoxal and duplicate/triplicate for the
other compounds) and the lines indicate simulated concentrations
based on the kinetic models described in Table S3 (ESI†). All
measurements were carried out in presence of t-butanol (0.05–1
M). 10 mM phosphate buffer was used for all measurements but
glyoxal. The initial pyrrole concentrations were around 110 μM for
determining pyrrole, maleimide, and formate, 0.8–2.0 mM for deter-
mining formamide, and 1 mM for determining glyoxal (Text S3,
ESI†).
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Both peaks correspond to the exact mass of C4H5NO with a mass
deviation of 3 ppm. 1,5-Dihydro-pyrrole-one (see the structure in
Fig. S23b, ESI†) was suspected, based on previous studies
reporting it as an oxidation product of pyrrole.35,57 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
(Fig. S23b, ESI†). The fragmentation patterns look similar for the
ozonated pyrrole sample and the standard with the same frag-
ment ion of m/z = 56.0500 (Fig. S24, ESI†).

The C4H5NO_5.4 and C4H5NO_7.0 peaks are plotted against
the molar ratio of [O3]/[pyrrole]0 (Fig. S25, ESI†). They were
formed at a molar ratio of [O3]/[pyrrole]0 of 0.5, followed by a
gradual decrease, concurrent with the increase of C4H5NO2 (Fig.
S26, ESI†). This implies C4H5NO was formed at an earlier stage of
the pyrrole–ozone reaction and could be a precursor of C4H5NO2.

Initial reaction pathways. Based on the product
identification, possible formation pathways for the
transformation products formed during the reactions of
pyrrole with ozone are proposed (Fig. 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 hydrocarbons (e.g., ethene and
ethyne) with ozone in aqueous phase by a recent quantum
chemical study.52 The pyrrole–nitrogen is excluded as a possi-
ble attack site, because its lone electron pair is delocalized in
the π-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−1 for N-addition and −19 kcal mol−1 for C2-
addition).58 Pathways A and B are cycloadditions 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 at-
tack 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
O–O 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.59 Additionally, earlier studies which investigated the
oxidation of substituted pyrroles with singlet oxygen
suggested both C2,C3- and C2,C5-cycloadditions.60–62 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 iden-
tified or hypothesized as minor products.61,62 The minor
product containing a formamide moiety was presumably
formed by subsequent degradation of the ring-opened prod-
uct,61 which could also explain the formation of formamide
as well as formate and glyoxal observed in our study.

Fig. 3 Initial reaction pathways (A–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 with quantum chemical computations. The full
descriptions of the initial pathways including computed transition structures are shown in Fig. S27–S29 (ESI†).
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Quantum chemical computations. Additional evidence
supporting the proposed pathways was obtained by quantum
chemical computations of the energies of the products and
their transition structures. All initial pathways (A–C) are
exergonic reactions with −10 to −34 kcal mol−1 for the
calculated energies of the products with respect to the initial
reactants, pyrrole and ozone (Fig. 3 and more details in Fig.
S27–S29, ESI†). However, our calculations found transition
structures only for pathway C, but not for pathways A nor B
(presented as dashed arrows in Fig. 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 molecule to be treated by
quantum chemical computations.50,63,64 If the cycloaddition
pathways A and B occur, pathway 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 S10, ESI†). For pathway C and the
rearrangement to the cycloadducts, transition structures were
found between the zwitterion and the C2,C3-cycloadduct and
between the zwitterion and C2,C5-cycloadduct (Fig. S27,
ESI†). Once the cycloadducts are formed, further reactions to
the identified products, TP1 or maleimide, are exergonic with
defined transition structures (Fig. S28 and S29, ESI†). 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 S10–S12 (ESI†).

Subsequent reactions from pathway C. The zwitterion, the
initial product of pathway C, can undergo diverse subsequent
reactions, with a cleavage of an O–O bond and production of

Fig. 4 Detailed reaction mechanisms of the subsequent transformation of the zwitterion formed via C2-addition (pathway C in Fig. 3) of the pyr-
role–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−1. 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 Fig. S30–S32 (ESI†).
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1O2, hydrogen peroxide anion, or hydroperoxyl radical as
transient oxygen species (Fig. 4). The cleavage of the O–O
bond to form 1O2 would produce 2H-pyrrole-2-ol, an isomer of
1,5-dihydro-pyrrole-one with the molecular formula of
C4H5NO, which could further react with ozone to produce
TP2 and another 1O2 (pathway D). The formation of 1,5-
dihydro-pyrrole-one was confirmed by other studies during
the oxidation of pyrrole with hydrogen peroxide.35,57 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 (Fig. S23, ESI†). Pathways E and F involve a
cleavage of the O–O bond associated with H-transfer from
the C2 position of the ring to form a hydrogen peroxide an-
ion and a cationic form of 2H-pyrrole-2-one. The ensuing ions
can be recombined by two ways. First, the hydrogen peroxide
anion can abstract H+ from N–H of the cation to form H2O2

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
(Fig. S31, ESI†). The cleavage of the O–O 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 the hydrogen peroxide anion or the hydroperoxyl
radical followed by its subsequent attack on the C5 position
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, 1O2, and H2O2 (Table 2). All pathways depicted in Fig. 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 transi-
tion structures for each pathway are presented in Texts S13–
S15 (ESI†).

3.2. Imidazole–ozone reaction
Quantified products. The abatement of imidazole and the

formation of the ozone-induced transformation products are
shown in Fig. 5. Imidazole reacts with ozone with an ozone :
imidazole molar stoichiometry of 1 (Fig. S11, ESI†). Cyanate,
formamide, and formate were identified as major products
with high yields of (113 ± 5)%, (104 ± 5)%, and (97 ± 4)%, re-
spectively, per consumed imidazole (Table 2). Urea also
seems to be formed as a minor products with a yield of 8%
(Text S16 and Fig. S33, ESI†). However, its formation and
yield were determined by a semi-quantitative approach and
therefore require further confirmation (Text S16†). The total
yields of cyanate, formamide, and formate were (109 ± 4)%
per nitrogen and (105 ± 3)% per carbon, resulting in almost
perfect nitrogen and carbon mass balances. The three prod-
ucts were formed concurrently, as all of them reached the
maximum formation at one molar equivalent of ozone ([O3]/
[imidazole]0 = 1). In addition, a kinetic simulation (lines in
Fig. 5) could well describe the evolution of imidazole and the
products as a function of the ozone doses, based on the ap-
parent second-order rate constants for the reactions of ozone
with imidazole (k = 1.7 × 105 M−1 s−1 (Table 1)), cyanate (k ≤
10−2 M−1 s−1),65 formamide (k ≤ 10−2 M−1 s−1, estimated), and
formate (k = 46 M−1 s−1)66 at neutral pH (Table S4, ESI†). 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 imidaz-
ole was completely consumed ([O3]/[imidazole]0 > 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]0 ∼ 2), the measured concentration of for-
mate was higher than the predicted concentration, due to
currently unknown reasons. The yield of formate decreased
significantly at pH 2 (Fig. S12, ESI†), which suggests that the
proposed mechanism may not be applicable to acidic condi-
tions. However, more information (e.g., cyanate and formam-
ide yields at low pH) is needed to confirm these findings.

Fig. 5 Relative abatement of imidazole and the formation of transformation products as a function of the molar ratio of [O3]/[imidazole]0. The
symbols indicate the measured concentrations (duplicate or triplicate) and the lines indicate simulated concentrations based on the kinetic models
described in Table S4 (ESI†). Total N indicates the sum of the concentrations of the nitrogen in the residual imidazole and all nitrogen-containing
transformation products. All measurements were carried out in presence of t-butanol at pH 7 (10 mM phosphate buffer). The initial imidazole con-
centration was around 100 μM for all experiments except for formamide determination where it was 1–4 mM (Text S3, ESI†).
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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 (Fig. S35, ESI†). This ad-
ditionally supports the efficient conversion of imidazole to
formamide upon ozonation and implies that a similar reac-
tion can also occur in more complex compounds.

Reaction mechanisms. Three key findings can be
summarized based on the product identification of the
imidazole–ozone reaction: (1) upon ozonation, imidazole was
degraded into three compounds, namely cyanate, formamide,
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
Fig. 6. Ozone initially attacks at the C–C double bond of im-
idazole to form an ozonide intermediate, similarly to pathway
A in the pyrrole–ozone reaction. However, different from the
pyrrole case, the zwitterion derived from the ozonide inter-
mediate is rearranged into a 3H-1,2,4-dioxazole ring to form a
dioxazole intermediate, as hypothesized in Fig. 6. The dioxa-
zole 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 for-
mate and cyanate. Based on this mechanism, all oxygen
atoms in ozone are transferred to the products, with no reac-
tive oxygen species being formed.

Quantum chemical computations. The proposed reaction
mechanisms were partially investigated by quantum chemical
computations. The cycloaddition on the C–C double bond,

Fig. 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−1. Dashed arrows indicate that the corresponding reactions have not been investigated by quantum chemical computations. The full
description of the pathway including computed transition structures is shown in Fig. S36 (ESI†).

Fig. 7 Relative abatement of pyrazole and the formation of formate as a function of the molar ratio of [O3]/[pyrazole]0. 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 ini-
tial pyrazole concentrations were around 100 μM for determining pyrazole and formate, and 1 mM for determining glyoxal (Text S3, ESI†).
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the ring cleavage, and the rearrangement of the zwitterion to
the hypothesized dioxazole intermediate are exergonic reac-
tions with −42, −65, and −97 kcal mol−1, respectively, for the
calculated energies with respect to the initial reactants, imid-
azole and ozone (Fig. 6). The corresponding transition struc-
tures to the investigated reaction steps were found by the
computations and are presented in Fig. S36 (ESI†). The sub-
sequent reactions from the dioxazole intermediate were not
investigated in detail, but expected to be exergonic (Text S17,
ESI†).

Information on oxidation products of imidazole is not eas-
ily available. A few studies investigated the oxidation of histi-
dine, an amino acid containing an imidazole moiety, but no
mechanistic consensus has been obtained.67–70 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 systems69,70 and by ozone.67 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,68

which could be formed by an ozone attack on the C–C double
bond of the imidazole ring. However, the previous ozonation
experiments67,68 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 sug-
gest 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. Pyrazole–ozone reaction
Quantified products. The abatement of pyrazole as a

function of the molar ratio of [O3]/[pyrazole]0 is shown in
Fig. 7. Pyrazole required about 5 molar equivalents of ozone
for its full abatement (Fig. S11, ESI†), which is much higher
than for the pyrrole- and imidazole–ozone reactions. The ˙OH
yield was also particularly high (35% per consumed pyrazole,
Table 2) in comparison to the other azole–ozone reactions.
The ˙OH yield was even higher at pH 11 (87%, Fig. S12 and
Table S8, ESI†). The ozone reactivity of hydroxide ion (k = 70
M−1 s−1)71 is 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–oz-
one reaction and result in forming excess ˙OH. Formate and
glyoxal were the only quantifiable transformation products,
with yields of 126% and 34% per consumed pyrazole, respec-
tively. 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 (Fig. S12, ESI†). No nitrogen-
containing products were identified. Formamide was not
detected (LOQ = 1.6 μM) even for high molar [O3]/[pyrazole]0
ratio of 5, for which pyrazole should be completely abated
according to the ozone : pyrazole molar stoichiometry.
N-Nitroso compounds were suspected because of the N–N
bond present in pyrazole, but they were not detected for any
molar [O3]/[pyrazole]0 ratios by the analysis of the total con-
centrations of N-nitroso compounds (LOQ = 0.7 μM).43 A

non-target screening using LC-HRMS/MS resulted in three ex-
act masses of interest, showing increases in the peak intensi-
ties with increasing ozone doses (Fig. S37 and S38, ESI†).
However, molecular formulas assigned for these masses are
not reasonable (e.g., containing five nitrogens for m/z =
201.1009, Table S13, ESI†). Moreover, MS2 spectra were not
measurable, probably due to the low intensity, which hin-
dered obtaining further structural 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 had 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.

Benzylpyrazole-ozone reaction. To facilitate the product
identification by LC-HRMS/MS, 1-benzylpyrazole, a
substituted pyrazole with a benzyl group, was chosen as an
alternative model compound. A similarly inefficient
abatement was observed as for the pyrazole–ozone reaction,
with an ozone : 1-benzylpyrazole molar stoichiometry of 6.5
(Table 2 and Fig. S39, ESI†). 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 [O3]/[1-benzylpyrazole]0 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 C10H10N2O2, C9H10N2O, and C8H10N2O, respectively,
with a mass deviation of less than 2 ppm (note that the mo-
lecular formula of 1-benzylpyrazole is C10H10N2). All masses
are characterized by a similar formation trend, increasing in
peak intensities for increasing molar ratios of [O3]/[1-
benzylpyrazole]0, reaching a maximum at 1 < [O3]/[1-
benzylpyrazole]0 < 2, and then slightly decreasing at [O3]/[1-
benzylpyrazole]0 > 2.5 (Fig. S40, ESI†). 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 (Fig. S41–
S43, ESI†) and compared with simulated fragment ions of
candidate structures by an in silico fragmenter, MetFrag.72

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,73 and were further
processed by MetFrag72 to generate a list of theoretical frag-
ments based on a bond dissociation approach. More details
of procedures and results are described in Text S18, ESI.† The
MetFrag analyses proposed two types of transformation prod-
ucts: a ring product with the addition of two oxygens in ke-
tone and enol forms, corresponding to m/z = 191.0813 (shown
as candidate 191a, Fig. 8 and S41D, ESI†) and a ring-opened
product containing a hydrazide moiety, corresponding to m/z
= 151.0864 (shown as candidate 151c, Fig. 8 and S43D, ESI†).
For m/z = 163.0864, no valid hit was found.

Reaction mechanism. Based on the proposed
transformation products, a potential mechanism of the
reactions of 1-benzylpyrazole with ozone is proposed in
Fig. 8. The first pathway (H) explains the formation of the
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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 ini-
tiated by an ozone attack on the pyrazole moiety rather than
on the benzene moiety. This can be substantiated because of
the higher ozone reactivity of pyrazole, higher than of ben-
zene (kO3

= 56 M−1 s−1 for pyrazole (Table 1) and 2 M−1 s−1 for
benzene55).

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, Fig. 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 × 104 M−1 s−1 (Table 1 and Text S1, ESI†), much higher
than for benzene. Thus, the hydroxypyrazole moiety is signifi-
cantly more reactive to ozone than the benzene moiety,
wherefore, 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 samples. 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 un-
known. Candidate 151c formed by the cycloaddition pathway
(I) accompanies glyoxal as the other product fragmented from
the pyrazole ring (Fig. 8). Glyoxal was not measured for the
benzylpyrazole–ozone reaction, but measured for the
pyrazole–ozone reaction (34% glyoxal per consumed pyrazole,
Table 2). If a similarly high yield of glyoxal is assumed for

the benzylpyrazole–ozone reaction, the reaction seems to pro-
ceed 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 2). The primary oz-
one attack on pyrazole or secondary ozone reactions of tran-
sient reaction intermediates may undergo electron transfer
pathways and form excessive ˙OH. However, the product in-
formation 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 re-
sults. However, their formation upon ozonation still needs to
be confirmed by reference standards. Moreover, the forma-
tion of hydroxypyrazole alone cannot fully explain the high
stoichiometry and more unknown intermediates must have
been involved.

4. Implications

Pyrrole, imidazole, and pyrazole are frequently present as
substructures of biomolecules or micropollutants. Upon

Fig. 8 Proposed mechanisms for the reaction of 1-benzylpyrazole with ozone based on the identified (highlighted in blue) and the proposed
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.
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ozonation, effective abatement of pyrrole- and imidazole-
moieties is expected according to the high ozone reactivity
determined in this study (k > 103 M−1 s−1), which warrants
the formation of the identified products. Pyrrole and imidaz-
ole 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 findings
(34% maleimide from the pyrrole–ozone reaction, ∼100%
formamide and ∼100% cyanate from the imidazole–ozone re-
action). However, as substructures of more complex mole-
cules, they may behave differently during ozonation. Kinetics
and products can be altered by substitutions by other func-
tional groups. Examples are sartan drugs containing imidaz-
ole. Depending on the substitution on imidazole, the ozone
reactivities of the sartans differ up to four orders of magni-
tude (e.g., k = 23 M−1 s−1 for irbesartan and k = 2.1 × 105 M−1

s−1 for losartan).7 Despite the possible low ozone reactivity
due to the substitution effect, micropollutants containing
pyrrole or imidazole were typically well abated during ozona-
tion at a full scale wastewater treatment plant (Table S14,
ESI†).7 In this case, this is mostly due to reactions with ˙OH
formed during ozonation and a different set of products is
expected in this case.

As single compounds, the ozone products maleimide, cya-
nate, and formamide do not appear to be persistent in the
aquatic environment, but are rather hydrolyzed74,75 or bio-
degraded.76 Since ozonation is typically followed by a biologi-
cal post-treatment,5 they might be readily abated during the
post-treatment. The C–C double bond in maleimide with two
neighboring carbonyl groups is highly susceptible to nucleo-
philic additions. Therefore, maleimide reacts fast and selec-
tively with thiol groups.77 Such selectivity may induce toxic ef-
fects by converting cysteine residues of proteins, in analogy
to α,β-unsaturated enedials and oxoenals produced by oxida-
tion of phenols.78 Formamide is polar and biodegradable and
is less prone to be bioaccumulated in aquatic organisms.76

However, some studies reported toxic effects possibly associ-
ated with a formamide moiety in more complex compounds.
An increased toxicity observed in phototransformation stud-
ies of herbicides was assigned to N-formylated products.79,80

Similarly, a recent study on phototransformation of ionic liq-
uids containing an imidazole moiety reported an increased
toxicity possibly induced by N-formyl transformation prod-
ucts.81 Compared to pyrrole and imidazole, pyrazole reacts
slower with ozone (kapp = 56 M−1 s−1 at pH 7) and exhibits a
much higher ozone : azole molar stoichiometry. Compounds
with low ozone reactivity can be still abated during an ozona-
tion process by ˙OH. Examples are irbesartan and acesulfame
which are not highly reactive towards ozone (kO3

= 23 M−1 s−1

for irbesartan7 and 88 M−1 s−1 for acesulfame82), but still sig-
nificantly or reasonably well abated under a conventional
ozonation condition (75% for irbesartan and ∼50% for
acesulfame).7 The ˙OH reactivity of pyrazole lies between
irbesartan and acesulfame (k˙OH = ∼1010 M−1 s−1 for
irbesartan,7 4.6 × 109 M−1 s−1 for acesulfame,82 and ∼8 × 109

M−1 s−1 for pyrazole83). Therefore, at least a moderate abate-

ment of pyrazole is expected during ozonation process. Ozon-
ation products of pyrazole are still largely unknown. Transfor-
mation 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 re-
quires further investigations.

Conclusion

All azole–ozone reactions investigated in this study were initi-
ated 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 pyrrole, 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 reac-
tion were maleimide, formamide, and formate with yields of
34%, 14%, and 54%, respectively, per consumed pyrrole. The
total yields of all identified products accounted for 48% and
54% of the nitrogen and carbon mass balances, respectively.

Imidazole reacted with ozone predominantly via a Criegee
mechanism with ring cleavage to form three fragments (form-
amide, cyanate, and formate). The fragmentation was initi-
ated by only a single attack of ozone, and all oxygen atoms
ended up in the products, producing almost no reactive oxy-
gen 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 ozona-
tion among the studied azoles, showing an ozone reactivity at
least three orders magnitude lower than those of pyrrole and
imidazole. Also, pyrazole requires about five molar equiva-
lents of ozone for a complete abatement. The exceptionally
high stoichiometry suggests the formation of primary prod-
ucts, such as hydroxypyrazoles, reacting fast with ozone.
Hydroxypyrazoles and hydrazides were postulated, possibly
formed via an oxygen-addition and a cycloaddition pathway.
Glyoxal and formate were identified as major products, com-
pleting 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., micro-
pollutants), they might be persistent during the post-treat-
ment, with unknown (eco)toxicological consequences.
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