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ABSTRACT

During drinking water treatment, micropollutants can react with free available chlorine
(FAC) resulting in the formation of potentially toxic disinfection byproducts (DBPs).
Sulfonamide antibiotics are a group of micropollutants commonly detected in drinking
water resources and their occurrence pose threats to public health. Previous researchers
have reported on structures of disinfection byproducts of sulfamethoxazole in reactions
with FAC. However, relatively few products were found and little is known about
products of reactions between other sulfonamide antibiotics and FAC. The objective of
this research was to investigate three sulfonamide antibiotics to address the following
questions: (1) what are the structures of the DBPs formed in the sulfonamide-FAC
reaction?; (2) what are the likely oxidation reaction pathways?; and (3) what reaction
mechanisms are common to the three sulfonamide antibiotics? The micropollutants were
spiked individually into batch reactors infused with a range of FAC concentrations.
Samples from the reactors were separated with HPLC and the residual sulfonamide
antibiotic concentrations were measured with UV-VIS to observe products. To determine
the products of the reaction, samples from same reactors were separated with HPLC and
analyzed by quadrupole-orbitrap mass spectrometry. A non-target screening workflow
was developed using the Sieve software and applied to analyze high-resolution mass
spectrometry acquisitions for potential chlorination products. Structures were proposed
for 16, 18, and 16 DBPs of sulfamethoxazole, sulfadimethoxine, and sulfathiazole,
respectively. The structures are supported with both analytical data and a discussion of

chlorine reaction mechanisms reported in the literature. Common reactions that were
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observed for all three sulfonamide antibiotics include N-chlorine substitution, hydrolysis
initiated by S-N bond cleavage, hydrolysis initiated by S-C bond cleavage, hydroxylation,
and SO; extrusion. These observations are important in extrapolating this work to other

sulfonamide antibiotics that have not yet been studied.
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CHAPTER 1 INTRODUCTION

1.1 Context

Drinking water is one of the most precious natural resources on Earth. Degraded water
quality or dwindling water quantity can have negative effects on the environment.
Unfortunately, the quality and quantity of drinking water has been constantly jeopardized
by anthropogenic activities, which have released a wide range of pollutants into water

systems, posing threats on public health!

Pollutants frequently occurring in water resources can be divided into two groups:
traditional pollutants which include nitrogen, phosphorous, or petroleum constituents and
“emerging” pollutants. Emerging pollutants are characterized here as polar to semi-polar
chemicals that are frequently found in drinking water resources in the ng/L to pg/L range*
and are consequently referred to as micropollutants. Sulfonamide antibiotics are a group
of micropollutants that are widely used in human and veterinary medicine. Sulfonamide
antibiotics have the potential to alter the composition of environmental bacterial

communities® and to cause or promote antibiotic resistance in bacteria and pathogens®.

Moreover, some of the sulfonamide antibiotics are proved to be toxic’ or carcinogenic®.

Drinking water treatment plants are designed to remove contaminants from surface and
ground water resources and to protect the public. Whereas conventional drinking water
treatment processes are designed to remove traditional pollutants, their ability to remove

emerging micropollutants is often inefficient and incomplete.*



Disinfection is a critical drinking water treatment process that protects consumers against
pathogens and microorganisms. Free available chlorine (FAC) is among the commonly
used disinfectants in drinking water treatment. Upon free chlorination, pathogens are
inactivated through oxidation of cell membranes and other vital macromolecules.
Meanwhile, other organic matter can also react with FAC and result in the formation of
disinfection byproducts (DBPs). Two major classes of DBPs are the trihalomethanes
(THMs) and the haloacetic acids (HAAs). Studies have shown that long-term exposure to
THMs and HAAs can have toxic effects® !° and the concentration of these DBPs in

drinking water are regulated by the Safe Drinking Water Act!!.

Micropollutants are generally persistent through conventional drinking water treatment
plants; any observed removal is likely the result of oxidation reactions with disinfectants
such as FAC.* However, there are a limited number of studies that explore the reactions
that could occur between micropollutants and FAC in drinking water treatment plants and
distribution systems. Therefore, major knowledge gaps include understanding which
types of micropollutants may undergo oxidation reactions in drinking water treatment
plants, understanding the types of reactions and products that may be formed in drinking
water treatment plants, and whether or not the products are of concern. It is particularly
interesting to study the oxidation of sulfonamide antibiotics as recent evidence has shown
that transformation products for a model sulfonamide antibiotic (sulfamethoxazole) may

exhibit even more toxicity than sulfamethoxazole itself'?.



1.2 Objectives

Experiments described in this thesis were designed to improve our incomplete
understanding of potential DBPs formed in reactions between sulfonamide antibiotics and
FAC. Three sulfonamide antibiotics were selected that are representative of the general

group of compounds. Specific questions were addressed as follows:

(1) What are the structures of the disinfection byproducts formed in the sulfonamide-
FAC reaction?
(2) What are the likely oxidation reaction pathways?

(3) What reaction mechanisms are common to the three sulfonamide antibiotics?



CHAPTER 2 BACKGROUND

2.1 Micropollutants

Abundant, clean, and safe drinking water is among the most essential foundations upon
which society lies. The quality and quantity of drinking water could be largely depleted
by natural processes, for example, droughts, as well as anthropogenic activities. Along
with urbanization and industrialization, anthropogenic activities consume a tremendous
amount of fresh water and also release pollutants into fresh water resources through
agricultural activities, excretion of human and animal urine and feces, flushing of unused
medication, and other household activities.'> Contamination of water resources, as a

result, could have great impact on human health, ecology, and the economy.

Contaminants in water resources can be divided into two groups: “traditional” pollutants
and “emerging” pollutants. “Traditional” pollutants include a broad range of inorganic
and organic contaminants whose sources and fate in the environment have been studied
for decades. These include nitrogen and phosphorus species, chlorinated solvents used in
industry, and petroleum constituents, among others. “Emerging” pollutants include a
broad range of chemical and microbiological entities whose sources, fate, and effects in
the environment have only been recently elucidated or remain poorly understood. As a
result, few or no regulations exist for many emerging pollutants that define monitoring

requirements or maximum contaminant limits.'



As many emerging contaminants are polar or semi-polar organic chemicals with reported
environmental concentrations in ng/L to pg/L concentration range'*, “emerging”
pollutants are also referred to as micropollutants*. Micropollutants include pesticides'?,
pharmaceuticals and personal care products (PPCPs)'® 7, endocrine disrupting

0 nanomaterials?!,

compounds (EDCs)'®, ionic liquids'?, artificial sweeteners?
microorganisms?2, perfluorinated compounds??, flame retardants®*, and other
anthropogenic compounds®. Given the wide range of micropollutant types, the U.S.
Environmental Protection Agency (EPA) has considered addressing micropollutants as
groups rather than individual pollutants. This approach is analogous to the way

disinfection byproducts (DBPs) and radionuclides have been previously regulated by the

EPA.

Clearly, there are many types of micropollutants of concern. The focus of this thesis is on

a class of pharmaceuticals known as sulfonamide antibiotics.

2.1.1 Occurrence of micropollutants in ground and surface water resources

Many recent studies have confirmed that micropollutants are widely found in ground and
surface water resources. Occurrence of micropollutants has been reported increasingly
over the years due to improvements in instrumental analysis including gas
chromatography—mass spectrometry (GC-MS), high performance liquid chromatography
— UV detection (HPLC-UV), and high performance liquid chromatography - mass
spectrometry (HPLC-MS). Benner et al. (2014), compiled data from 27 published studies

reporting on the occurrence of 133 pesticides, pesticide transformation products,



pharmaceuticals and other wastewater-derived pollutants in drinking water resources.
This study emphasizes the wide occurrence of a variety of micropollutants in ground and
surface water resources all around the world.* In the past few decades, occurrence of
micropollutants has been frequently reported in Africa®®, Asia®’, Australia®®, Europe?’,
and North America®. With these collected data, it is clear that micropollutants affect

water quality in water resources around the world.

2.1.2 Occurrence of micropollutants in finished drinking water

We rely on drinking water treatment processes to remove micropollutants from raw water
prior to distribution to consumers. Although conventional drinking water processes,
which consist of coagulation, flocculation, sedimentation, filtration, and disinfection,
have been long employed to reduce turbidity, remove nutrients, and improve the taste and
odor of finished drinking water, often the removal of micropollutants by conventional
drinking water treatment processes is incomplete and inefficient.* For example, the
majority of pesticides and pharmaceuticals are expected to remain partitioned in the
aqueous phase during coagulation, flocculation, and sedimentation®!. Indeed, it has been
reported that the removal of certain micropollutants was less than 10% during
coagulation, flocculation, and sedimentation.>*** Experiments have shown that

35-38

biologically active sand filters can contribute to the removal of some micropollutants.

However, many chemicals remain recalcitrant through biofiltration.?’

Due to the inefficiency of removing micropollutants by conventional drinking water

treatment processes, occurrence of micropollutants in finished water has been frequently



reported.* % Common antibiotics, for example, carbadox, sulfachlorpyridazine,
sulfadimethoxine, sulfamerazine, sulfamethazine, sulfathiazole, and trimethoprim, could
not be removed by conventional drinking water treatment processes effectively or
thoroughly* 32. Concentrations of micropollutants measured in finished water vary from
0.2 ng/L (the non-steroidal anti-inflammatory drug naproxen) to 1413 ng/L (the antibiotic

Lincomycin).*!

2.1.3 Toxicity of micropollutants in drinking water

The micropollutants existing in finished water raise concern. Although much is unknown
about the potential effects that micropollutants could have on humans, a small subset of
micropollutants has been reported to lead to significant developmental, reproductive,
endocrine disrupting, and other chronic health effects.*** Many other micropollutants
have been shown to have adverse effects on aquatic organisms'® which should be at least
cautionary with respect to human exposure. Effects on aquatic organisms include
endocrine disruption®, antibiotic resistance*®, inhibition of primary productivity’, among
others*’-!. Therefore, the threats that micropollutants pose on public health call for

attention. Studies on micropollutants are essential.



2.2 Chlorination and disinfection byproducts

2.2.1 Chlorination

Disinfection processes protect public health by inactivating parasites, bacteria, and
viruses from drinking water. Commonly used disinfectants include FAC, chloramines,
chlorine dioxide, ozone, and UV light. FAC, highly oxidative, is widely used as a cost
effective disinfectant to stabilize the biological quality of drinking water. Applied as Cl»
gas or solid NaOCl salts, FAC is defined as the sum of the hypochlorous acid (HOCI) and
the hypochlorite ion (OCI") concentrations. Reactions that generate HOCI are shown in
Equations (1) and (2), and the speciation reaction of HOCI in water is shown in Equation

(3). Mechanisms of how FAC inactivates pathogens may involve oxidation of microbial

membranes>? or inactivation of the electron chain or enzymes>>.

Cl, + H,0 - HOCl + HCI Equation (1)
NaOCl + H,0 - HOCl + NaOH Equation (2)
Hocl 778w+ v ocl- Equation (3)

However, chlorination has its drawbacks. Chlorine-based disinfectants are persistent in
water as long as they are not consumed by either inactivation or competitive reactions.>*
FAC is a non-selective oxidant that can inactivate a broad range of pathogens®, but
simultaneously oxidizes natural organic matter>®, as well as anthropogenic emerging

organic matter, leading to the formation of DBPs.



2.2.2 Conventional disinfection byproducts

Formation of DBPs results from both natural organic matter (NOM) and synthetic
organic compounds (SOCs). DBPs formed from NOM when in reaction with a
disinfectant, usually chlorine, are considered as conventional DBPs. They are of health
risk concern®’ and are regulated under Safe Drinking Water Act'!. Currently, U.S. EPA
has regulated 11 DBPs for occurrence in drinking water: 5 THMs, 4 HAAs, bromate, and

chlorite.

Generally, the toxic effects of chlorinated DBPs are thought to be the result of the
chlorine atom(s) on the DBP. Conventional DBPs were observed to be genotoxic and
carcinogenic®®®!; for example, association between exposure to THMs and adverse

reproductive outcomes has raised concern.®2-%

2.2.3 Emerging disinfection byproducts

Given that micropollutants widely exist in ground and surface waters and that
chlorination is commonly applied in drinking water treatment, the questions of how
micropollutants react upon chlorination and whether chlorinated products are formed are
important. To address the interaction of micropollutants with chlorine, studies on
products of those reactions have been carried out in recent years. To acquire an overall
understanding of what has been studied so far, a database summarizing previous studies

on chlorination products of micropollutants is provided in Appendix A of this thesis.



A total of 33 compounds that have been found to be parent compound of chlorination
products are included in Appendix A. Oxidation reactions, substitution reactions, addition
reactions, decarboxylation/hydroxylation reactions, and hydrolysis reactions were
commonly observed in reactions between a variety of micropollutants and FAC. Some of
the DBPs formed in these reactions were studied with respect to toxicity and several were
shown to have toxic effects. For example, in reactions with FAC, salicylic acid could
produce halogenated organics with putative toxicity.> Bedner et al. (2006) found that by
chlorination processes, acetaminophen could lead to formation of a toxic product, 1,4-
benzoquinone.®® N-chloro-p-benzoquinoneimine, which was found to be a product of
sulfamethoxazole in reaction with FAC, might possess higher acute toxicity than its

parent substrates.®’

2.3 Sulfonamide Antibiotics

Consisting of 36 total chemicals®®, sulfonamide antibiotics are synthetic antimicrobial
agents that contain a sulfonamide functional group. Sulfonamide antibiotics are active
against a wide range of Gram-positive and -negative bacteria, and they have been
extensively used to promote growth rate and weight gain of food animals and are
prescribed for treating bacterial infections.®” Sulfonamide antibiotics have been detected
with maximum concentration up to 110 ng/L in raw drinking water, with maximum
concentration of 23 ng/L in finished drinking water, and with concentrations in
wastewater orders of magnitude higher.* The frequent occurrence of these antibiotic

69, 70

compounds are possibly due to their extensive usage in agriculture® ', their usage in

10



human and veterinary medicine’!, their poor elimination in conventional wastewater

72-74 t 75

treatment plants’="", and their relative persistence in the aquatic environmen

The existence of sulfonamide antibiotics poses potential threats to public health. The
residues of sulfonamide antibiotics in water resources enhance the risk of developing
resistant bacteria and promote the spread of antibiotic resistance genes among bacteria®®.

Moreover, some of the sulfonamide antibiotics are toxic’ or carcinogenic®.

2.3.1 Sulfamethoxazole, sulfadimethoxine, and sulfathiazole

Among the micropollutants that frequently occur in ground and surface water resources
and can be removed by chlorination, three sulfonamide antibiotics, sulfamethoxazole
(SMX), sulfadimethoxine (SDM), and sulfathiazole (STZ), especially came to our
attention for the following four reasons: 1) SMX, SDM and STZ were all detected in
ground and surface water resources® *'*; 2) upon chlorination, their removal rates were
all above 50%?*; 3) they are structurally similar compounds that may enable
generalization of results to other sulfonamide antibiotics; 4) some previous research
reported the kinetics of reactions between sulfonamide antibiotics and FAC, but only few
considered the formation of emerging DBPs. Therefore, we targeted SMX, SDM and
STZ in this research and aimed to determine their chlorination products, propose reaction
pathways, and discuss chlorination mechanisms. The structures and physical chemical

properties of each sulfonamide antibiotic are provided in Table 1.
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Table 1: Physical chemical properties of SMX, SDM, and STZ.

Molecular Water
Compound Structure Weight, Da pKa logKow" Solubility®
0
\\s/'NH
“ e 7\ PKa=1.6 3942
HN S N\O/‘“CH3
SMX 253.0518 | pKn.=5.7"""8 0.89 mg/L
Cp NH__~__O.
S ‘[” r CH,
(" ‘I ‘0 NHT"'N pKa1:2.4 433.1
HoNT
SDM “cn, 310.0728 pKax=6.07 1.63 mg/L
P Ku=2.2 20030
Cr e
STZ N 255.0136 | pKn=7.27 0.05 mg/L

a. logK,w and water solubility were predicted using EPISuite. Data were acquired on

www.chemspider.com.

2.3.2 Kinetics of chlorination of sulfonamide antibiotics

Chamberlain and Adams (2006) studied the kinetics of reactions between FAC and a

variety of sulfonamide antibiotics under the assumption of second-order kinetics, that is,

first-order with respect to both sulfonamide antibiotic and oxidant concentration.®® The

second-order kinetics model was previously used to model reactions of caffeine®! and

triclosan®? with FAC and was shown to be a good fit to the experimental data. In this

model, the overall reaction rate in a batch system for FAC and a sulfonamide was

described as in Equations (4) to (7). Crot,c11s the concentration of total FAC; Crot, aB 1s the

concentration of total antibiotic (M); and k is second-order rate constant, (M~1s™1):

CTOt,AB

d
rate(M -s™1) = TR —KkCrot,ciCrot,aB

12

Equation (4)


http://www.chemspider.com/

In which,

Crot.ct = [HOCI] + [0CI7] = Cropc; (@HOCL + aOCI7) Equation (5)
In which,

aHOCl = (1 + (10776 x 10PH)) ™ Equation (6)
a0Cl™ =1— aHOCI Equation (7)

According to the experimental data from Chamberlain and Adams, at pH = 7.6, the
experimental second-order rate constants (kexp (M's!)) for SMX, SDM, and STZ were
924, 19710, and 5986, respectively.®’ Dodd and Huang also studied the kinetics of SMX
in reaction with FAC.%” Results from two research groups were in agreement with each

other.

2.3.2 Chlorination products of SMX

No previous studies regarding the chlorination products of SDM or STZ were found at
the time of the writing of this thesis. For SMX, Dodd and Huang proposed chlorination
byproducts pathways and reaction mechanisms in 2004.°” Moreover, Gao et al. proposed
reaction pathways and mechanisms for SMX when oxidized by chlorine in 2014 as

well.?3
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2.3.2.1 Chlorination products, reaction pathways and mechanisms of SMX proposed

by Dodd

A total of five products were identified by Dodd and Huang (2004)®” in chlorination
reactions with SMX as shown in Figure 1. In under-chlorinated systems, two products

were identified. The major one, N-chlorinated SMX288 (I), and the minor one, ring-
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Figure 1: Chlorination products and reaction pathways of SMX proposed by Dodd and

Huang. Compounds in brackets are proposed intermediates. [M+H]" is the nominal mass.
RT is the reported retention time of each product.
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chlorinated SMX288 (II). In over-chlorinated systems, a prominent product, SMX99, was
identified as 3-amino-5-methylisoxazole (AMI). Though with low yield, compounds
formed in coupling reactions were also detected. Among those, they were able to identify
a dimeric product. SMX503, as azosulfamethoxazole. Though not detected in LC/MS, a
major product, SMX141, N-chloro-p-benzo-quinoneimine (NCBQ) was observed with
HPLC-UV, isolated via fractionation methods, and analyzed by GC/MS and 'H NMR.%’
Reaction pathways of the five identified products and predicted intermediate products

were proposed accordingly, as illustrated in Figure 1.
2.3.2.2 Chlorination products, reaction pathways and mechanisms of SMX proposed

by Gao et al.

Another study on chlorination products of SMX was published by Gao et al. (2014).3 A
total of seven oxidation products were detected and identified. Similar to Dodd’s
findings, AMI, N-chlorinated SMX, and azosulfamethoxazole were also detected and
identified. They did not find NCBQ which was determined as a major product by Dodd et
al. (2004), while they found new products. For example, SMX27 was a hydroxylated
product formed via the addition of a hydroxyl group to the SMX structrue®’; SMX282
was produced when the aniline moiety on SMX was oxidized to a nitrobenzene moiety.*

Pathways and reaction mechanisms were proposed accordingly, as shown in Figure 2.
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Figure 2: Chlorination products and reaction pathways of SMX proposed by Gao et al.
(2014). Compounds in brackets are proposed intermediates or end products. Compounds
in brackets are proposed intermediates. [M+H]" is the mass acquired by LC-MS. RT is
the reported retention time of each product.

The objective of this work was to identify products in reactions involving FAC and three
sulfonamide antibiotics, propose reaction pathways, and discuss mechanisms of these
reactions. By understanding the reaction pathways and mechanisms of sulfonamide
antibiotics and FAC, we contribute to filling a knowledge gap in understanding the DBPs
of these micropollutants and — with their subsequent, proper regulation —contribute to

protection of public health.
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CHAPTER 3 MATERIALS AND METHODS

3.1 Standards and reagents

SMX, SDM, and STZ are the three selected sulfonamide antibiotics. SDM and STZ were
both obtained from Fluka (Pittsburgh, PA). SMX was obtained from United States
Pharmacopeia via Sigma-Aldrich (Rockville, MD). One gram per liter SMX, SDM, STZ
stock solutions (for use in HPLC-UV and HPLC-MS product characterization studies)

were prepared using 100% HPLC - grade methanol. Stock solutions were stored at -20°C.

A stock solution of 0.02 M potassium phosphate buffer (pH = 7.6) was prepared by
combining 86.6 mL 0.2 M KoHPO4 and 13.4 mL 0.2 M KH2POs solutions with 900 mL
nanopure water. KH>PO4 and KH>PO4 were both obtained from Fisher Scientific
(Pittsburgh, PA). Aqueous sodium hypochlorite solution (5% chlorine) was obtained
from Acros Organics and was diluted to yield both 50 and 500 mg/L FAC reagents. All

FAC reagents were freshly prepared before each experiment.

3.2 Experimental procedures

Experiments with FAC and each sulfonamide antibiotic were carried out at a pH of 7.6
and solutions were chlorinated to six different levels to achieve conditions of under- and
over- chlorination. To ensure that chlorination products could be detected in the
analytical procedure with no limitations due to detection limits, relatively high initial
concentrations of sulfonamide antibiotics were investigated. We chose 10 mg/L as the

initial concentration of sulfonamide antibiotics in our experiments (SMX: 0.0395
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mmole/L; SDM: 0.0320 mmole/L; STZ: 0.0392 mmole/L). Although the selected initial
concentration of sulfonamide antibiotics is much larger than that in drinking water
resources, the experiment is still of environmental relevance because chlorine chemistry
is based on stoichiometry and results are transferrable to lower concentrations. Volumes
of sulfonamide antibiotic stock solution (SDM, SMX or STZ), volumes of FAC stock
solution, and volumes of buffer (phosphate buffer at pH 7.6) stock solution were
calculated to achieve the initial sulfonamide antibiotic concentration of 10 mg/L and
initial FAC concentrations of 0, 2, 4, 8, 16, 48 mg/L, respectively. Exact calculated

volumes can be found in Table 2.

Table 2: Calculated volumes of reagents for each experiment.

Desired Initial FAC
Concentration, [mg/L] 0 2 4 8 16 48

Desired Initial FAC
Concentration, [mmole/L] 0 0.055 | 0.110 | 0.219 | 0.438 | 1.315

Volume of SMX/SDM/STZ
Stock Solution, [pL] 100 100 100 100 100 100
Volume of Buffer Stock
Solution, [mL] 9.90 | 9.50 | 9.10 | 8.30 | 9.58 | 8.84
Volume of 50 ppm FAC
Stock Solution, [uL] 0 400 800 | 1600 0 0
Volumne of 500 ppm FAC
Stock Solution, [pL] 0 0 0 0 320 960
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FAC concentrations were verified by the N, N-diethyl-p-phenylenediamine (DPD)
chlorimetric method.> The DPD reagent reacts with FAC, resulting in color intensity
change that is proportional to the FAC concentration. DPD reagents were provided by
PPD-2DPD Powder Pop Dispenser (HF Scientific). FAC concentrations were read
directly from the Free Chlorine Pocket Photometer (HF Scientific). The photometer has a

reported accuracy of = 2% within the designed concentration range.

Reactions were initiated by adding calculated volumes of FAC into reactors containing
the designed volumes of SMX/SDM/STZ and buffer solutions. For each reaction, no
quenching agent was used and 10-minute contact time was allowed before analysis.
Chlorination reactions of SMX, SDM, and STZ were considered completed after 10
minutes according to previous kinetics studies.’ 6783 Two parallel samples were
collected simultaneously from each reactor. One was for use for HPLC-UV analysis and
the other was for use for HPLC-MS analysis. All experiments were carried out in 10 mL
clear glass reactors obtained from Fisher Scientific (Pittsburgh, PA). All experiments

were conducted in triplicate. The experimental procedure is illustrated in Figure 3.

19



—
1.0000 gL

SNI/SDM/STZ 002MpH=76

Stock Solution Phozphate buffer

30 mg/Lor 300 mg/L
FAC Stock Solution

v

L L L}
— — -—
Initial Conditions:
A B C 10 mg/L SMISDM/STZ
0,2.4,8,16,48 mg/LFAC
10 ml glass vial reactor
unguenched 10-min reaction time

- - -
AI_‘ U Bl_‘ U
|

= =
la
|

nill

For HPLC-MS analysis

Figure 3: Summary of procedures of chlorination reaction experiments.
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3.3 Analytical methods

Chemical analysis was performed on both high-performance liquid chromatography

coupled to a UV detector (HPLC-UV) and a mass spectrometry detector (HPLC-MS).

In both HPLC-UV and HPLC-MS analyses, compounds were separated on an Atlantis T3
3um column (150 x 3.0 mm) at a flow rate of 300 pL with a previously reported
analytical method.3* 3 The constitution and gradient of mobile phase were adopted based
on previously reported research®® %’ consisting of nanopure water (A) and HPLC— grade
methanol (Acros Organics, Geel, Belgium, B), each amended with 0.1% (volume) formic
acid (98 to 100%; Acros Organics, Geel, Belgium). Samples were injected into the
column at 50 uL (UV analyses) and 20 pL (MS analyses) with an initial mobile phase of
90:10 water/methanol and elution from the column was achieved with a final mobile
phase of 5:95 water/methanol. An eluent gradient was applied to achieve separation of
products. The percentage of (A) was changed linearly according to time: 0-15 min, 90%;
30 min, 30%; 33min, 30%; 36min, 90%.%” A Figure illustrating the gradient mobile phase

is provided in Appendix B. Total length of the separation method was 50 min.

HPLC-UV analyses were performed on an ultimate 3000 HPLC system (Thermo
Scientific) with a WPS-3000 SL autosampler and a VWD-3400 RS dual beam detector.
Injection volume for each measurement was chosen at 50 pL. Each measurement was
carried out at three wavelengths at the same time: 257 nm, 268 nm, 282 nm, which were
the maximum absorption wavelengths for SMX, SDM, STZ, respectively. The maximum

absorption wavelengths were previously determined by injecting 100 ppm
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SMX/SDM/STZ solution directly into UV detector followed by a spectral scan. The
Chromeleon Client, version 7 (Dionex), was used for chromatogram analysis and peak

interpretation.

HPLC-MS analyses were performed on a high-resolution mass spectrometer (QExactive,
Termo, Waltham, MA, USA). The QExactive spectrometer was used with electrospray
ionization in both positive and negative modes. Mass calibrations and mass accuracy
checks were performed before each experiment; resolution was always greater than
60,000 and mass accuracy was always within & 2 ppm. Injection volume for each
measurement was chosen at 20 uL. The QExactive acquired full-scan MS data within a
mass-to-charge (m/z) range of 75-600 for each sample. XCalibur, version 2.0.7 (Thermo,

Waltham, MA), was used for chromatogram analyses and interpretation.

3.4 Disinfection byproduct identification

3.4.1 Identification of peaks observed by HPLC-UV-VIS

The formation of DBPs that absorb light at the measured wavelengths can be directly
observed as peaks in the HPLC-UV-VIS chromatograms. The linearity of the
chromatographic responses was verified for SMX, SDM, STZ, and N-chloro-p-benzo-
quinoneimine (NCBQ) using external calibration standards containing at least 6 points.
R? values ranged from 0.9999 to 1.0000. Concentrations of SMX, SDM, STZ, and NCBQ
were calculated according to the linear response of the calibration. For all the other peaks

on chromatograms, a peak area was used to describe the yield of each product.
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3.4.2 Identification of other masses

The mass spectrometry experiments were designed to acquire full scan mass spectra for
each sample in the m/z range of 75-600. Full scan mass spectra for each sample were
analyzed using the Sieve 2.0 software (Thermo Fisher Scientific). The Sieve software is
designed for semi-quantitative differential analysis of complex MS datasets. Each treated
sample (initial FAC concentration great than 0) is compared to the control sample (initial
FAC concentration is 0) and the Sieve software identifies components with statistically
significant inter-sample differences in abundance. Many parameters are adjustable in
designing a Sieve workflow. The workflow used in this work was adopted from Meier et

al.(2014) and is summerized in Figure 4 and briefly descibed in the following.

The Sieve software requires users to first select a domain, a signal detection algorithm,
and an experiment type. For this work, small molecule, control compare trend, and
chromatographic alignment and framing were selected, respectively. Control compare
trend is particularly useful for the data acquired in these experiments because this enables
analysis of trends over a time series of data points in a kinetic study or over a series of
reaction experiments conducted to varying degrees of completion. Next, all of the raw

data files from the MS are imported into Sieve and control and treated groups are defined.
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For each sulfonamide antibiotic, 18 raw files were generated representing the triplicate

experiments conducted for the control and each of the five treated conditions. The control

experiments are defined as the reference group and the remaining samples are grouped as

triplicates. Finally, in the “parameters settings” step of the Sieve workflow, all
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parameters were kept at software default values except for “Maximum Frames”, which
was set to 15,000, and “Intensity Threshold”, which was set to 100,000. The software
then runs an alignment and analysis and the output is a list of “frames”. Frames are
defined as components with statistically significant inter-sample differences in abundance

relative to the control group.

The resulting group of frames is expected to include DBPs, but also includes a lot of
spurious data that is inherent to high-resolution MS datasets. Therefore, a series of filters
were developed to narrow down the suspected products to ones that were of most interest,
as illustrated in Figure 5. Three filters were applied step by step. The first filter removed
frames assigned to masses that did not change appreciably in the treated groups relative
to the control group. The second filter removed frames that had a maximum intensity of
less than SE4. Frames that had intensities lower than SE4 were considered as minor
products or noise and were not excluded in further study. The third filter removed frames
that showed significant variance across triplicate experiments. This was justified because
the formation of DBPs in oxidation reactions is expected to be highly repeatable.
Approximately 90% of the candidate DBPs were removed following application of these

three filters.
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Figure 5: Workflow in product identification using the Sieve software. Numbers here
show general reduction of candidate DBP frames. Real numbers of frames of candidate
DBP will be given for each compound later in the thesis.

Following the filtering of the Sieve output, peak quality was assessed by manual peak
inspection. To be considered as a real peak, the “reconstructed ion chromatogram” in
Sieve was required to have a symmetric peak shape. For example, in Figure 6a, the frame
was considered to have a symmetric peak; while in Figure 6b, the frame was not
considered as a real peak. This step was rather subjective and thus a conservative

approach was taken and only frames that were clearly not peaks such as shown in Figure
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6b were removed. It is not clear why the Sieve software selects frames as shown in

Figure 6b as candidate products.
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Figure 6: Reconstructed ion chromatograms in sieve: a) a real peak b) not a real peak.

Following manual inspection of peak shape, another filter was applied restricting
intensities of the frames; only frames with an intensity greater than 1E6 in at least one
experimental treatment were considered for further inspection. Finally, the remaining
frames were carefully manually examined to determine whether they represented masses
of candidate DBPs or isotopes or adducts of candidate DBPs. Isotopes and adducts have
the same retention time and peak shape as parent molecules. Isotopes are a function of the
molecular formula and generally '*C, 3*S, and *’Cl isotopes were observed. Adducts form
inside the mass spectrometer. The most common adducts formed were from Na* and

CHsO'.
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Following all of the data reduction steps outlined in the preceding, a list of candidate
DBP masses was obtained and examined for structure elucidation. This process was done
in both positive and negative mode. In negative mode, only unique frames that did not
appear in the positive mode analyses were kept for consideration. The QualBrowser
function of the XCalibur software (Thermo Fisher Scientific) was used to examine
extracted ion chromatograms, exact masses, and isotope patterns. From these data, a
molecular formula of the candidate DBPs was proposed. From the molecular formula,
knowledge of chlorine chemistry, and reported oxidation reactions of sulfonamide
antibiotics, structures of DBPs were proposed. Not every molecular formula was matched
with a reasonable structure. Only frames with assigned structures were taken into
consideration when proposing pathways and mechanisms of those reactions. This
procedure enables a comprehensive analysis of products formed in a chemical reaction

and was expected to yield an unprecedented picture of sulfonamide transformations.
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 Product identification

4.1.1 Identification of peaks observed by HPLC-UV-VIS

Figure 7 presents the HPLC-UV-VIS chromatograms revealing separation of DBPs for
reactions between SMX, SDM, STZ and varying initial FAC concentrations after 10
minutes of RT. Figure 7 a), b) and ¢) were drawn to the same scale, showing initial parent
chemicals as well as putative DBPs for SMX, SDM, and STZ, respectively. Figure 7 d),
e), and f) were adjusted to the scale of the most prominent product in each reaction for
better visualization of peaks corresponding to DBPs. In Figure 7a, the first critical
observation is the preponderance of separated components in this chromatogram, with at
least 9 peaks of varying size being discernible at distinct RTs. The peak at RT = 30.4 min
is SMX. The remaining 8 peaks, therefore, are putative DBPs. Similarly, in Figure 7b and
Figure 7c, SDM and STZ appeared at RT = 33.3 min and RT = 25.2 min, respectively;
the remaining 9 and 8 peaks are DBPs formed in SDM-FAC and STZ-FAC reactions,

respectively.

When initial FAC increased, the detected concentrations of parent compounds (SMX,
SDM and STZ) decreased. At Conoct = 2 mg/L, SMX decreased by 32%; when Co,noci =
4 mg/L, SMX decreased by 83%; when Conoci was raised above 4 mg/L (8 mg/L, 16
mg/L, and 48 mg/L), a peak representing SMX with about 5% of its initial concentration
was constantly observed. This probably indicates that a certain product of the
chlorination reaction was undergoing a back-reaction, yielding the parent SMX again.

The back-reaction proposal is in agreement with studies by Dodd and Huang®’, as well as
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Gassman and Campbell®®. The concentration of SDM dropped to 25% of that when no
FAC was added after reacting with 2 mg/LL. FAC. No SDM was observed when initial
FAC was 4 mg/L or higher. STZ degraded by 38% at 2 mg/LL. HOCI and by 66% at 4
mg/L initial FAC. STZ peak was completely gone when initial FAC was 8 mg/L. Peaks
corresponding to SDM and STZ disappeared in over-chlorinated experiments, exhibiting
no similar back-reaction as observed with SMX-FAC. This does not necessarily indicate
no back-reaction happened in SDM-FAC and STZ-FAC reactions; instead, it may still
have taken place. However, given the relatively fast kinetics of the latter two reactions,
parent compounds yielded by back-reaction might have been consumed by excess FAC

again, and therefore were not observed on the chromatogram.
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Figure 7: Separation of DBPs at six chlorination levels observed by HPLC-UV: a) full
DBP peaks in SMX-FAC, b) full DBP peaks in SDM-FAC, c) full DBP peaks in STZ -
FAC,; d) partial DBP peaks in SMX-FAC, e) partial DBP peaks in SDM-FAC, f) partial
DBP peaks in STZ-FAC.
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Along with the shrinking of peaks corresponding to parent compounds, rose the peaks of
putative DBPs. The peak areas of putative DBPs and the concentrations of parent
compounds calculated from the external calibration are provided in Appendix C. The
changes of the peak areas of putative DBPs following reactions with FAC are presented
in Figure 8. This Figure provides visual information regarding the following three
aspects: 1) In each reaction, some putative DBPs had larger yields than others. The
putative DBP that formed at RT = 33.3 min, 36.9 min, and 30.0 min in SMX-FAC
reactions, at RT = 35.8 min, 34.5 min, 32.8 min in SDM-FAC reactions, and at RT = 33.3
min, 36.9 min, and 18.6 min in STZ-SMX reactions were more prominent than peaks at
other RTs. 2) The graphs clearly illustrate how peaks of each product changed with
different initial FAC. 3) The graphs also show the initial FAC at which a certain product
reached maximum yield. This information is useful in identifying peaks by matching
them with masses obtained by HPLC-MS according to retention time. At certain retention
times, more than one mass was obtained by HPLC-MS. In these scenarios, if the mass-
FAC pattern from MS analysis matches the peak-FAC from UV analysis, structures can
be assigned also to the matching UV peaks. All three of the criteria listed above should

be met in matching processes.
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4.1.2 Identification of masses observed by HPLC-MS

The Sieve workflow described in the Materials and Methods section was used to identify
candidate DBPs of SMX, SDM, and STZ measured by HPLC-MS. Each sulfonamide
antibiotic was examined in positive and negative ionization modes. Negative ionization
measurements yielded 4, 3, and 11 unique candidate DBP masses, respectively, but no
structures could be assigned using the procedures described in this thesis. The results of
the candidate DBP selection procedure for each compound in positive ionization mode
are presented in Figure 9. In SMX-FAC reactions, masses of 35 candidate DBPs were
selected and 16 of them were proposed with structures. Among the structures proposed, 8

d 3% and 6 are believed to be reported here for the first time. In

were previously reporte
SDM-FAC and STZ-FAC reactions, a total of 18 and 16 DBPs were identified,

respectively. They are believed to be firstly reported here in this study.

Spectra in HR-MS acquisition (10 ppm, positive mode)
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Figure 9: Product identification workflow for SMX, SDM and STZ in reaction with FAC
in positive mode.
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To illustrate how DBPs of the reactions investigated in this work were identified, the
analytical details used to propose the structure of one of the products in SMX-FAC
reactions and one of the products in SDM-FAC reactions are presented below. The
analytical details and structure assignments for all products in SMX-FAC, SDM-FAC
and STZ-FAC reactions are provided in Appendix D. All products were identified based
on the intensity plots, the XIC, and MS spectra. However, the proposed structures cannot
be confirmed until further experiments in which MS/MS data can be yielded for
interpretation and complementary analytical techniques (such as NMR) can be employed.
All proposed DBPs are named from the parent sulfonamide antibiotics and in accordance
to their nominal masses. For example, the DBP identified for SMX at an exact mass

[M+H]" of 298.0488 is referred to as SMX298.

Figure 10 shows: (a) the plot of the intensity of SMX298 in each sample; (b) the
extracted ion chromatogram (XIC); and the (c) MS spectra. The intensity plot shows an
increasing intensity of SMX298 from reactions where the initial FAC is 2 mg/L to
reactions where the initial FAC is 16 mg/L. This evolution in the magnitude of the
intensity is strong evidence that a compound with this mass is forming to varying extents
upon free chlorination of SMX. The variability in the yield of this product at initial FAC
concentrations of 16 ppm is higher than many other DBPs, but was within the tolerance
of our filter criteria for acceptance. The XIC at the exact mass of SMX 298 reveals a
clear peak at RT of 30.2 min. The MS spectra contains peaks at the exact mass of
SMX298 along with those corresponding to its *C and **S monoisotopic masses.

Additionally, the relative abundance of '*C and **S monoisotopic masses match the
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theoretical abundances for a compound containing eleven carbon atoms and one sulfur
atom. Based on this evidence, a molecular formula of C11H1205N3S can be predicted.
This molecular formula has a predicted exact mass that deviates -1.401ppm from the

measured mass. A structure for SMX298 can be proposed.
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Figure 10: Sieve integrated intensity graph, XIC, and MS spectra, for SMX 298 (m/z
=298.0488 for MH").

The proposed structure is that of a carboxylation product, which is a common reaction
endpoint in organic chemistry. The carboxylation is proposed to occur on the aniline
nitrogen based on known reaction mechanisms, though the exact placement cannot be
resolved with the analytical techniques employed. The formation of SMX298 is

supported by previous transformation experiments with SMX®” and well known chlorine
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reaction pathways. The full reaction pathway and putative mechanism are discussed in

more detail in the following section.

Similarly, Figure 11 shows: (a) the plot of the intensity of SDM379 in each sample; (b)
the XIC; and the (c) MS spectra. The intensity plot shows an increasing intensity of
SDM379 from reactions where the initial FAC is 0 ppm to reactions where initial FAC is
4 ppm, and a decreasing intensity from reactions where the initial FAC is 4 ppm to
reactions where the initial FAC is 48 ppm. This evolution in the magnitude of the
intensity is strong evidence that a compound with this mass is forming to varying extents
upon free chlorination of SDM. The XIC at the exact mass of SDM379 reveals 2 peaks at
RT = 34.79 min and 35.74 min, respectively. The MS spectra at each of those RTs
contain peaks at the exact mass of SDM379 along with those corresponding to its '*C and
37Cl monoisotopic masses. The relative abundance of *C and *’C1 monoisotopic masses
suggests that SDM379 contains 12 carbon atoms and 2 chlorine atoms, theoretically. As a
result, a molecular formula of C12H1204N4Cl2S can be predicted. This molecular formula
has a predicted exact mass that deviates -0.547 ppm from the measured mass. A structure
of SDM379 can be proposed based on literature data and knowledge of chlorine
chemistry. Considering reaction pathways of SMX-FAC proposed by Dodd and Huang
(2004) and Gao et al (2014), one of these isomers could have both chlorine atoms
attached at the same aniline N. In the other isomer, the second CI atom could substitute
the H atom on the ortho-C of aniline. This pathway and mechanism will be discussed in

more detail in the following.
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Figure 11: Sieve integrated intensity graph, extracted ion chromatogram (XIC), and MS
spectra for SDM379 (m/z =379.0026 for MH").

4.1.3 Comparing peaks from UV to MS

Matching peaks observed by HPLC-UV-Vis and masses obtained by HPLC-MS was
conducted based on criteria described in 3.4.2. Since product separation was done on the
same column, the order that parent compounds and products came out of the column and
got detected, generating a signal on either UV-VIS inspector or MS detector should be
the same. Theoretically, the RT of each chemical observed by HPLC-UV-Vis and by
HPLC-MS should shift by a constant amount of time, if not exactly the same amount of
time. Due to systematical errors (difference in length of capillaries connecting multiple
parts of instruments), for each compound, a RT shift between the two instruments was
observed. The RT shift was determined to be approximately 2.8 min for both products in

SMX-FAC and SDM-FAC reactions and 2.2 min for those in STZ-FAC reactions.
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The matching is illustrated in Figure 12. Structures of those masses that were matched
with the UV peaks can be found in Figures 20, 26 and 27 for SMX, SDM, and STZ,
respectively. Detailed descriptions of the analytical data supporting each structure are
presented in Appendix D. Noticeably, the UV analysis suggested that there should be 8,
9, and 8 DBPs for SMX-FAC, SDM-FAC, and STZ-FAC reactions, respectively.
However, the MS analysis yielded several more. One possible reason is that some
products have lost the chromophore structure that absorbs light by such reactions as
oxidative opening of the aromatic ring, thus they could not be detected by HPLC-UV.
The other reason is that due to detection limit on UV, some DBPs were not detected.
Moreover, not all of the UV peaks were identified in the MS analysis. This suggests that
these DBPs can absorb light at the wavelengths measured, but were not ionizable or
otherwise escaped our detection in MS. These observations show the importance of using

multiple analytical techniques when screening for reaction products.
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Figure 12: Matching peaks observed on HPLC - UV and masses/frames obtained by
HPLC-MS.
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4.2 Proposed Reaction Pathways and Putative Mechanisms

4.2.1 Reaction pathways of SMX-FAC

For chlorination of SMX, the proposed transformation pathway is provided in Figure 13.

A total of 6 distinct pathways are proposed and described, as follows.

Pathway A: In reaction with FAC, a mono-chlorinated product molecule was observed
(SMX288). Though the data acquired did not enable structural resolution of where the
chlorine atom was added, results from prior chlorination studies with SMX and expected
aniline chlorination patterns suggest chlorine addition at the amino nitrogen position or at
the ortho- position of the aniline group.’”- 83?992 Based on the apparent high yield of
SMX288 and literature data®’, it is proposed that SMX288 observed in this work is the
result of a nucleophilic substitution of a chlorine atom at the amino nitrogen position of
SMX, leading to the formation of SMX288. A back-reaction from SMX288 to SMX is
also proposed given the existence of SMX in over-chlorinated reactions observed by
HPLC-UV, which was also observed by Dodd®’. This reaction is the result of a

8

heterolysis of the N-Cl bond to produce a phenylnitrenium ion®®, which reverts into

SMX.

In the presence of excess FAC, SMX288 could be further chlorinated and is proposed to
form an intermediate, N,N-dichlorinated SMX, shown as proposed intermediate al in
Figure 13. This intermediate, though not observed in previous or the current work, can
explain the formation of the following observed DBPs because it could lead to cleavage
of the sulfonamide moiety. First, by heterolysis of the aromatic chloramine’s N-Cl bond,

proposed intermediate al generates an arylnitrenium cation, N-chlorinated SMX
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Figure 13: Proposed products and pathways for reactions of SMX with FAC. Red arrows show pathways that are initiated directly
from SMX. Blue arrows show pathways following initial pathways. Products shown in parentheses are proposed intermediates or
products based on putative reaction mechanisms.
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nitrenium ion”', which can lead to distribution of strong electron-deficiency to the
aromatic ring’s para and ortho positions (see Appendix D, Figure D3). Aqueous
reactions of para-substituted nitrenium ions lead to p-hydroxy intermediates® °! (shown
for the case of SMX as the proposed intermediate a2 in Figure 13) that can subsequently
rearrange to a p-benzoquinoneimine structure, SMX142 and correspondingly SMX99
while releasing sulfur dioxide (SO)." ¥ SMX142 is N-chloro-p-benzoquinoneimine
(NCBQ), which was previously reported as a product in SMX-FAC reactions®’. An
analytical standard was available for NCBQ and its maximum yield was 9.8% at an initial
FAC concentration of 8 ppm. Concentrations of NCBQ and SMX in each reaction could

be found in Appendix C.

Pathway B: SMX99 could also be directly formed by hydrolysis of the S-N bond in
SMX”, however, the expected p-sulfoaniline product (proposed intermediate b1) was not
found in this work suggesting the nitrenium pathway (Pathway A) may be dominant.
Previous studies found that direct S-N bond hydrolysis and SMX99 formation could
happen when SMX was treated by ozone®, permanganate® manganese oxide’,

9. 96 TiO, photocatalysis®’, photo-fenton’®, and other processes. Whether

photolysis
SMX99 formed through S-N bond hydrolysis or the nitrenium pathway, SMX99

continued to react via coupling reactions, forming its dimeric compound, SMX193.

Pathway C: The observed formation of SMX179 suggests hydrolytic cleavage of the S-C
bond, though the mass of the corresponding product aniline (proposed intermediate b1)
was outside the range of our full scan MS acquisition and therefore not directly
measured. The facile cleavage of a S-C bond was also observed by Kwart and Body
(1965) in reactions of 4-quinoline sulfonyl chloride (a heterocyclic quinolone with the

sulfonyl group in the para position relative to a nitrogen) and free chlorine.”” This
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reaction was attributed to interactions between chlorine and the nitrogen resulting in a
delocalization of the electrophilic nature of the aromatic system leaving the a-carbon
adjacent to the sulfur atom susceptible to nucleophilic attack. * Zhao et al. (1999) also
found that certain groups were capable of withdrawing sufficient electron density from a-
carbons adjacent to sulfonyl groups leading to cleavage of the S-C bond.'® Those groups
were positioned at ortho and/or para locations on aromatic or heteroaromatic rings.'®
The group attached to the sulfonyl group in SMX is an aromatic ring with an amino

group at the para position, which could lead to cleavage of the S-C bond in this way.

SMX110 can be formed from proposed intermediate bl following aniline transformation
into a para-hydroxyl compound'®'"' which results in the formation of SMX108'%. This
reaction pathway was also observed by Ricken, et al. (2015) in studying downstream
biodegradation pathways of SMX.!% (see Appendix D, Figure D4) The observed trends
in the intensity-FAC patterns of SMX110 and SMX108 (see Appendix D, Figure D8 and
Figure D10) also suggest that SMX108 is formed from SMX110 because the intensity of
SMX108 is higher at higher FAC concentrations. Through hydrochlorination, SMX108
transforms into SMX144. A similar hydrochlorination reaction was also previously
observed in the chlorination of N-acetyl-4-aminophenol.!® Though the structures of
SMX144 and SMX142 are quite similar, no reaction mechanisms were identified that
could readily explain a reactive relationship between them. Thus, the proposed pathway
in Figure 13 shows two distinct pathways resulting in the formation of these two

products.

Pathway D: SMX270 suggests the formation of a mono-hydroxylated product. As with
the mono-chlorinated DBP SMX288, the exact position of the hydroxylation cannot be

discerned from the acquired data. Hydroxylation reactions of SMX in reaction with FAC
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was also observed by Gao et al. (2014) where the hydroxylation is proposed to occur on
the phenyl ring (see Figure 2), though no analytical evidence supports that structural
assignment.®® The structure of SMX270 in Figure 13 shows the hydroxylation on the
amino group; this structural assignment is based on the known preferential nucleophilic
substitution on para-substituted anilines as was reasoned for SMX288. The formation of
SMX284 suggests further oxidation of SMX270. The oxidation is proposed as shown on
the methyl group in Figure 13 because it is the only structural feature that can accept a

fully oxidized oxygen atom.

Pathway E: The extracted ion chromatogram for SMX190 shows two distinct peaks at
different retention times (see Appendix D, Figure D18 and Figure D19). This suggests
the formation of two isomers. SMX190 is an SO extrusion product of SMX.
Mechanisms leading the SO extrusion reaction is illustrated in Figure D20. In addition to
the two product isomers, a peak representing SMX190 was also detected at RT = 27.6 in
lower chlorinated solutions, which was the same RT for SMX. This suggests that
SMX190 was also formed during in-source fragmentation and was an artefact of the
measurement, similar to an adduct. Wang et al. (2003) also observed the loss of SO> in
sulfonamides during in-source fragmentation and they proposed several mechanisms for
the formation of the SO extrusion product.® According to their study, one of the aromatic
carbon atoms was proposed to undergo nucleophilic attack by the lone pair of electrons
on the nitrogen atom, leading to the loss of SO2, as illustrated in Figure D20, Appendix
D. The structures of the two product isomers are proposed as el and e2 in Figure 13.
Product e2 has been previously reported as characteristic of indirect photodegradation

studies of sulfonamide antibiotics’® %> %

as well as a common product in biodegradation
processes'?’. The mechanism of formation is presumed to be similar to that described by

Wang et al. (2003). The structure of el is proposed here as a substitution at the ortho
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position of the aniline, though no known mechanism can explain this rearrangement. Two
additional products were identified following SO extrusion that likely form following
formation of mono- and di-chloro intermediates that were not directly measured but are
shown as proposed intermediates e3 and e4 in Figure 13. Formation of SMX238 results
from further oxidation of e3. The reaction is similar to that described earlier in Pathway
D where SMX270 was oxidized and formed SMX284. SMX222 was formed by a
nucleophilic aromatic substitution of the aniline via Aryl nitrenium ions were previously
studied by Gassman et al. (1971)!% The reaction was similar to that leading to the
formation of a2 from al. According to Gassman et al. (1971), the heterolytic cleavage of
the N-X bond would lead to formation of a phenylnitrenium ion (anilenium ion), as
illustrated in Figure 3 in Appendix D. Products of similar structure were found by Perisa

etal. (2013).1%

Pathway F: The formation of SMX298 also suggests the formation of an intermediate
structure that has been previously observed in biotransformation and photolysis reactions,
but was not identified in this work.” N-acetyl SMX is shown as proposed intermediate f1
in Figure 13. Proposed intermediate f1 is a well characterized human metabolite and a
photolysis product of SMX and it forms by substitution of an acetyl moiety on the amino
group of the aniline. N-acetyl SMX 1is then proposed to undergo a series of base-
catalytzed reactions that result in chlorinated intermediates that are expelled as
trichloromethane in the final step and yields SMX298. The reaction mechanism is shown
in Figure D16 in Appendix D. This suggested pathway is in compliance with mechanisms
proposed by previous studies.!!®!!> Measurement of trichloromethane was outside the
scope of this research, but this finding suggests SMX could also be a source of

conventional DBPs.
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Pathway G: The SMX dimer identified as SMX503 was observed in the current and
previous chlorination studies of SMX.®”> 83 Dimeric compounds can be formed as
artefacts in mass spectrometry, but the unique retention time observed here suggests
formation of SMX503 in the chlorination experiment. One possible mechanism leading to
the formation of SMXS503 is through a simple coupling reaction of SMX. Others have
suggested that SMX503 may form through coupling reactions of N,N-dichlorinated SMX

(proposed intermediate al, Figure 13).%” Similar coupling reactions following N,N,-

dichlorination ~were also reported to occur during chlorination of aromatic amines.!!3 114

4.2.2 Reaction pathways of SDM-FAC

No previous studies have examined the formation of oxidation products of reactions
between SDM and FAC. It was expected that many of the reaction mechanisms
previously reported and observed in this work for SMX would likewise lead to SDM
products. The product spectrum and proposed SDM oxidation pathways are provided in
Figure 14 and a detailed discussion of the pathways follows. If a mechanism has been
discussed with SMX-FAC reaction in the previous section, it will not be discussed again
for SDM-FAC reactions. A total of 6 distinct pathways are proposed and described, as

follows.
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Figure 14: Proposed products and pathways for reactions of SDM with FAC. Red arrows show pathways that are initiated directly

from SDM. Blue arrows show pathways following initial pathways. Products shown in parentheses are proposed intermediates or
products based on putative reaction mechanisms.
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Pathway A: As with SMX, the discussion begins with the observed formation of a mono-
chlorinated DBP identified as SDM345. In SDM345, the proposed N-chloroaniline group
is strongly suggested as the result of a nucleophilic substitution at the amino nitrogen
group of the aniline substructure. SDM361 was formed from SDM345 via a
hydroxylation reaction. Hydroxylation is proposed to occur at the amino group for the
same reasoning discussed in SMX-FAC reaction pathways. Unlike SMX, a di-chlorinated
product was also directly measured and identified as SDM379. N,N-dichlorinated amino

acids were reported to be formed with excess FAC from amino acids, !5’

providing
evidence that this reaction is likely to happen. It is not clear whether it formed and
reacted very quickly for SMX (kinetics) or it is a more favorable pathway for SDM
(thermodynamics) led to the dichlorinated product being observed for SDM and not
SMX. As was proposed for SMX, the N,N-dichlorinated SDM led to the formation of a
proposed p-hydroxy intermediate®® °! (shown as proposed intermediate al in Figure 14)
that subsequently rearranged to a p-benzoquinoneimine structure, SDM142 which is
again NCBQ. Maximum yield of NCBQ was xx% at an initial FAC concentration of xx
ppm. The highly similar reaction pathways between SMX-FAC reaction and SDM-FAC

reaction indicate that those pathways were likely to happen as reaction mechanisms rather

than coincidence.

Pathway B: Contrary to SMX, both hydrolysis products were ubserved following
cleavage of the S-N bond leading to the formation of SDM174 and SDM156. The
mechanism leading to the cleavage of S-N bonds has been described in Pathway A of the

SMX-FAC reaction. A single downstream product was also observed following this
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hydrolysis. SDM190 is the mono-chlorination product of SDM156. The position of
chlorine atom is not fully confirmed, but N-chlorination is strongly suggested as has been

discussed for the proposed structures of SMX288 and SDM345.

Pathway C: The observed formation of SDM269 suggests a hydrolytic cleavage of the S-
C bond of SDM as well. However, the direct hydrolysis products were not observed and
are shown in Figure 14 as proposed intermediates c1 and c2. SDM269 is then proposed as
the mono-chlorination product of c2. The position of the chlorine atom is not fully
resolved with the data acquired and is therefore shown as delocalized in Figure 14,
though the secondary amino structure is the most likely location of a nucleophilic
substitution. As with SMX, aniline (proposed intermediate c1) is a product of the S-C
hydrolysis and aniline can react with chlorine to form SDM110, SDM108, and SDM 144.
The proposed pathway and putative mechanism is as discussed for SMX and provides
evidence that aniline substituted sulfonamide antibiotics are likely to form these products

upon chlorination.

Pathway D: SDM327 was identified as a mono-hydroxylated product of SDM. As was
discussed for SMX, the hydroxylation is proposed to be a nucleophilic substitution on the

amino group of the aniline substructure of SDM.

Pathway E: Proposed product SDM247 was the result of a sulfonate extraction
mechanism. Unlike what was discussed for SMX, only a single peak was observed for the
sulfonate extrusion product for SDM and a single structure is therefore proposed as

shown in Figure 14. SDM247 reacted further to form several other products. SDM281 is
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the mono-chlorinated product of SDM247. The chlorination is again proposed to be a
nucleophilic substitution at the amino position of the aniline substructure. Successive
deamination and hydroxylation reactions provide products of SDM248 and SDM282
from SDM247 and SDM281, respectively. The deamination is likely to happen to the
original sulfonamide nitrogen moiety because the same reaction happens to SDM247 and
its mono-N-chlorinated product, SDM281, suggesting that the amine portion of the
aniline substructure is not where deamination takes place. No known mechanism was
identified to explain sulfonamide deamination. The hydroxyl group is again proposed as a
nucleophilic substitution on the amino group of the aniline substructure as has been
previously discussed. SDM410, a tri-chlorinated product of SDM247, suggests greater
extents of chlorine substitutions on SDM than on SMX in the presence of excess FAC.
The chlorines are shown as delocalized in Figure 14, but the most likely positions are di-
chlorination at the amino group of the Aniline substructure and at the secondary amino

group of the sulfonamide.

Pathway F: The identification of SDM330 suggests one of two possible reaction
mechanisms: direct substitution of the amino group with a chlorine atom or cleavage of
the C-N aniline bond followed by substitution of a chlorine. Amino cleavage of para-
substituted anilines has previously been reported in photolysis reactions of sulfonamides
and is therefore a better supported proposed mechanism.’® > However, this product was
not directly measured in this work and is therefore shown as proposed intermediate f1.

SDM330 is therefore proposed to form via mono-chlorination of f1.The location of the
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chlorine atom in the molecule is not resolved and is shown as delocalized in Figure 14,

yet it is most likely to be in the para- or ortho- position of the benzene ring.!!8- 11

4.2.3 Reaction pathways of STZ-FAC

No previous studies have examined the formation of oxidation products of reactions
between STZ and FAC either. As with SDM, it was expected that many of the reaction
mechanisms previously reported and observed in this work for SMX or SDM would
likewise lead to STZ products. The product spectrum and proposed STZ oxidation
pathways are provided in Figure 15 and a detailed discussion of the pathways follows. If
a mechanism has been discussed with SMX-FAC or SDM-FAC reactions in the previous
section, it will not be discussed again for STZ-FAC reactions in the following. A total of

8 distinct pathways are proposed and described, as follows.

Pathway A: Once again, Pathway A starts off with a mono-chlorinated product identified
as STZ289 in Figure 15. The chlorination is expected to occur as the result of a
nucleophilic substitution on the amino group of the aniline substructure of STZ. As was
observed with SDM, a mono-hydroxylated product was subsequently formed and is
identified as STZ305 in Figure 15. The mechanism of formation is likewise presumed to

be nucleophilic substitution, as was previously discussed.

Pathway B: The S-N hydrolysis reactions observed for SMX and SDM were likewise
observed for STZ, supported by the direct measurement of both hydrolysis products STZ
174 and STZ101. STZ101 reacted further with FAC to form a mono-chlorinated product
as shown in Figure 15 as STZ134. It is proposed that this is a nucleophilic substitution on

the primary amino group.
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Figure 15: Proposed products and pathways for reactions of STZ with FAC. Red arrows show pathways that are initiated directly

from STZ. Blue arrows show pathways  following initial pathways. Products shown in parentheses are proposed intermediates
or products based on putative reaction mechanisms.
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Pathway C: The S-C hydrolysis reactions discussed with respect to SMX and SDM were
somewhat directly supported by the measurement of the resulting sulfonate product
(SMX) or the mono-chlorinated sulfonate product (SDM). Neither the aniline nor the
sulfonate product (or any downstream products) were directly measured for STZ.
However, the downstream products of aniline oxidation were measured and provide some
evidence that S-C hydrolysis was occurring with STZ as well. Therefore, the S-C
hydrolysis products of STZ are shown as proposed intermediates c1 and c2 and the
aniline hydroxylation product is shown as proposed intermediate c3 and its downstream
rearrangement as proposed intermediate c4. Then, STZ144 forms from proposed
intermediate c4 as was previously described for SMX and SDM. Contrary to SMX and

SDM, a subsequent di-chlorinated product was observed as STZ177.

Pathway D: A mono-hydroxylated product was observed as STZ272 as was observed
with the other sulfonamide antibiotics. The mechanism is as proposed in the preceding

discussion.

Pathway E: Proposed product STZ192 was the result of a sulfonate extraction
mechanism. Similar as SDM, a single peak was observed for the sulfonate extrusion
product for STZ and a single structure is therefore proposed as shown in Figure 15.
STZ192 reacted further to form several other products. In the presence of excess FAC,
STZ192 was chlorinated and formed an intermediate, N,N-dichlorinated STZ192, shown
as proposed intermediate el in Figure 15. STZ224 was formed from h1 by a nucleophilic
aromatic substitution of the aniline via Aryl nitrenium ions. The reaction was similar to
that leading to the formation of a2 from al in SMX-FAC reactions in Figure 13, and that
leading to the formation of SMX222 from e4 in SMX-FAC reactions in Figure 13.

Also, STZ192 could undergo successive deamination and hydroxylation reactions and
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form product STZ193. The reaction was similar to that leading to the formation of

SDM248 from SDM247, and that leading to the formation of SDM282 from SDM281.

Pathway F: The observed formation of coupling products was unique to STZ. In Pathway
E, a product was formed and the analytical data supports the proposed structure of
STZ351. This product appears to be a conjugation of STZ and one of the previously
discussed products STZ101. Whereas a conjugation of primary amines in oxidative
environments is not unusual (see discussion for SMX503), this reaction product type was

not observed for the other sulfonamide antibiotics studied.

Pathway G: Another apparent coupling reaction initiates proposed Pathway G. Here, the
primary amino groups in STZ interacts with the primary amino group in the free aniline
from proposed intermediate b1. The result is STZ379, which is a conjugation and mono-
chlorinated product. The exact location of the chlorination in unresolved and shown as
delocalized in Figure 15. Two related products were also observed, STZ347 and STZ38]1.
These products are the result of a dehydrogenation reaction and dechlorination reaction,
respectively. The observed trends in the intensity-FAC patterns of STZ379, STZ347, and
STZ381 (see Appendix D) suggest that SMX347 and STZ381 form from STZ379.
STZ381 is a hydrogenation product of STZ379, though it is not clear which double bond

becomes saturated. STZ347 is a dechlorination and hydrogenation product of SZT379.

Pathway H: Another unique product observed for STZ was cleavage of the aryl ring
connected to the sulfonamide bond. This cleavage led to the formation of proposed
intermediate hl which could be subsequently hydroxylated to yield STZ216. Ring
cleavage reactions are not uncommon oxidation reactions,'?® though a specific

mechanism resulting in these products was not determined.
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4.3 Reaction mechanisms proposal

Combing the similarities of the above three reactions, we are able to identify some
underlying mechanisms behind sulfonamide antibiotics, as a group, in reactions with

FAC. Only mechanisms that could be observed in all three reactions are included here.

Pathway A: chlorine substitution reactions. Pathway As in the three reactions indicate
that upon free chlorination, nucleophilic substitution of a Cl atom takes place at the
amino nitrogen of sulfonamides, forming a mono-N-chlorinated product. Another Cl
substitution could take place in the same manner, but the di-N-chlorinated product is not
stable and was only observed in SDM-FAC reaction. The di-N-chlorinated product is
expected to be unstable and form downstream products analogous to work done with

anilines.!'® 117

Pathway B: hydrolysis reactions initiated by S-N bond cleavage. Facile cleavage of
the S-N bond in sulfonamides enables the potential of hydrolysis reactions; this
mechanism was observed in Pathway Bs of all three reactions. The para-sulfonate aniline
product was only directly measured for SDM and STZ, but the corresponding hydrolysis

product was measured for all three sulfonamide antibiotics.

Pathway C: hydrolysis reactions initiated by S-C bond cleavage. Observed products
formed from all three sulfonamide antibiotics with nominal masses of 110, 108, or 144
likewise suggest a direct hydrolysis of the S-C bond yielding aniline as a primary product
for all sulfonamide antibiotics investigated in this thesis. This mechanism was

responsible for Pathway Cs in the three reactions.
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Pathway D: hydroxylation reactions. Pathway Ds in the three reactions show that
reactions with FAC also yield hydroxylation products. The mechanism resulting in stable
hydroxylation products is purportedly through nucleophilic substitution on the N-aniline
group. This was not observed as prominently as the mono-N-chlorination products and is

therefore considered perhaps to be less favorable.

Pathway E: SO: extrusion reactions. Reactions that form products following extrusion
of SO, groups were also observed for all of the investigated sulfonamide antibiotics and
were indicated in Pathway Es. Mechanisms that support these findings have been
proposed for in-source formation of SO extrusion products in mass spectrometers,
though no mechanism has been proposed for chemically mediated reactions. SO»
extrusion products have been reported for sulfonamides undergoing photodegradation
and biodegradation, but this appears to be an under-reported reaction pathway in the

literature.

4.4 Environmental relevance

Sulfonamide antibiotics are frequently detected in the environment and have been shown
to be persistent and resistant to many environmental processes. During drinking water
treatment, sulfonamide antibiotics can be rapidly removed during chlorination, but there

1s concern over the formation of toxic chlorination byproducts.

The antibacterial activity of sulfonamide antibiotics is believed to be linked to the
sulfonamide functional group.'?! In this work, the structures of a total of 45 chlorination
byproducts were proposed in reactions between three sulfonamide antibiotics and FAC.
Of these 45 chlorination byproducts, 18 of them were unaltered at the sulfonamide

functional group. This suggests that these chlorination products may retain antibacterial
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activity. Further, chlorinated organic chemicals are purportedly toxic since the halogens
groups are highly electronegative — therefore, they are highly reactive and can gain an
electron through reaction with other elements.'”? A total of 24 of the proposed
chlorination products contained at least one chlorine atom in its structure. These products
should be considered for toxicity screening to determine if there are any effects. Finally, a
total of 13 of the proposed chlorination products contained no sulfonamide functional
group or no chlorine atom or atoms. From a cursory inspection, it may be considered that
these chlorination products have completely or partially lost their antibacterial activity.
However, some of these products have also been shown to have toxic effects. For
example, N-chloro-p-benzoquinone imine (NCBQ) has been shown to have a higher
acute toxicity than sulfamethoxazole.'”® NCBQ was shown to form from SDM as well as
SMX, the maximum yield of which (9.8%) was from SMX. The results from this thesis
suggest that more detailed study of the toxicity of sulfonamide chlorination products is

warranted.
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CHAPTER 5 CONCLUSION

Sulfonamide antibiotics can be readily removed by free chlorination in drinking water
treatment plants. Reactions were simulated in under-chlorinated and over-chlorinated
conditions. Results showed that DBPs were formed from SMX, SDM, and STZ in
reaction with FAC. In SMX-FAC, SDM-FAC, and STZ-FAC reactions, 8, 9, and 8 DBP
peaks were observed on HPLC-UV-VIS and 16, 18, and 16 candidate DBP masses were
detected by HPLC-MS, respectively. Most peaks observed on UV-VIS can be matched
with masses obtained by MS according to RTs and trends of peak area over FAC
concentrations. The MS data were used to propose structures of the DBPs. Each structure
was proposed according to the integrated intensity of each sample, XIC, the MS spectra,
reported oxidation reaction mechanisms of sulfonamide antibiotics and chlorination
reaction mechanisms. Pathways of chlorination reaction for each of the studied
sulfonamide antibiotics (SMX, SDM, and STZ) were proposed according to the proposed
structures of products, Sieve integrated intensity data, and previously published reaction
mechanisms. A total of 7, 6, 8 pathways were proposed to explain the formation of
products in SMX-FAC, SDM-FAC, and STZ-FAC reactions, respectively. Among them,
5 pathways were common to all three reactions. The mechanisms responsible for those 5
pathways were considered as mechanisms of how the three sulfonamide antibiotics react
with FAC: when in reaction with FAC, chlorine substitution reaction, hydrolysis reaction
initiated by S-N bond cleavage, hydrolysis reaction started with S-C bond cleavage,

hydroxylation reaction, and SO extrusion reaction are likely to take place. This result is
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important in predicting how sulfonamide antibiotics, as a group of micropollutants, react

upon free chlorination.

Limitations of this study mainly include three aspects: first, some masses/frames that are
possible DBPs were not assigned with structures. Among the 35, 31, 28 candidate DBP
masses in positive ionization mode and the 4, 3, 11 candidate DBP masses in negative
ionization mode in SMX-FAC, SDM-FAC, STZ-FAC reactions, only 16, 18, and 16 of
them were assigned with structures, respectively. Those candidate DBP masses still have
the potential to be proposed with structures given more time, more knowledge in
oxidation reactions of sulfonamide antibiotics, and more knowledge of chlorination
reactions. Second, proposed structures of DBPs are not confirmed. With no MS/MS data,
structures of DBPs are considered only tentatively assigned. The confirmation of
pathways and mechanisms rely on confirmation of structures of DBPs. Third, toxicity of
most proposed DBPs remains unstudied. Though some DBPs were reported with toxicity,
others were considered toxic because they preserved certain functional group. If they
preserve toxicity, and if they do, would the toxicity worth our attention remain

undiscussed in this thesis.

Six questions remain to be answered in future research. First, although toxicity of every
DBP formed in the sulfonamide antibiotics-FAC reactions was not fully investigated in
this study, it is worth studying in the future since it can be a concern to public health.
DBPs formed that still preserve the sulfonamide functional groups may still preserve

antibacterial activity, but the antibacterial activity for each DBP needs to be confirmed.
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Also, the DBPs that have neither the sulfonamide functional group nor the halogen group
could still be toxic, and their toxicity is worth future investigation. Second, the structures
assigned for each DBP in this study were based on the available data and should be
considered as proposals at this stage. The structures can be further validated by acquiring
MS/MS data and confirmed by purchasing or synthesizing an authentic standard. Also,
complementary analytical techniques (such as NMR) can be employed to confirm
proposed structures. After validating assigned structures, proposed pathways and putative
mechanisms need to be consolidated accordingly. Third, for some putatively identified
DBPs, pathways leading to the formation of them are still unclear. Future research should
investigate the mechanisms of these reaction pathways further for a comprehensive
understanding of the reactions. Fourth, to examine if the putative mechanisms are
applicable to all sulfonamide antibiotics, more experiments regarding sulfonamide
antibiotics and FAC reactions could be done with other kinds of sulfonamide antibiotics.
Fifth, the experiments were conducted with initial concentrations of sulfonamide
antibiotics which were much higher than their concentrations in drinking water resources.
Since previous studies reported that kinetics of chlorination reactions of certain
sulfonamide antibiotics were influenced by the concentration of sulfonamide antibiotics,
would the DBPs formed in environmental relevant concentrations of sulfonamide
antibiotics and FAC within the time of drinking water treatment processes the same as
what we determined here is a question worth exploring. Sixth, mechanisms of how
sulfonamide antibiotics react with FAC may be applicable to other micropollutants with

similar structures in reactions with FAC. Combining chlorination products of other
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micropollutant included in Appendix A, future research studying if the mechanisms
behind sulfonamide antibiotics-FAC reactions are behind reactions of other
micropollutants upon chlorination is of broader significance. This is important in
enhancing our understanding of DBPs in drinking water treatment and is worth being

studied in the future.

In the process of doing research and writing this thesis, | have gained skills in analytical
chemistry, data analysis, and academic writing. | particularly enjoyed the process of
proposing pathways for those reactions. Studying the chlorination reaction mechanisms
and previously reported oxidation reaction mechanisms of sulfonamide antibiotics and
other chemicals became so interesting and motivating when the gained knowledge can be
applied directly. The world of how micropollutants react with FAC is fascinating. | have
gained a lot of valuable experience from doing this thesis, yet the one thing I benefit from
this study that is maybe of most importance to me, is my developed interests in the
mysterious world of chemical reactions: there are so many chemicals, so many
micropollutants exist, and their structures differ and their reactions upon FAC differ. But
there are similarities in their reaction mechanisms. That diversity and that integrity, to
me, are more of art than science. And the beauty behind those structures of chemicals and
reaction mechanisms is enchanting, and | will never stop pursing the beauty from now on.
For me, that is the meaning of attending graduate school. And | have my eternal gratitude

to my advisor, for leading me along the way.
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REACTIONS BETWEEN ORGANIC CHEMICALS AND FREE CHLORINE
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and Technology 6060
Contaminant Chlorine Reaction Time pH
Concentration (UM) Concentration (UM)
100 10-fold molar excess | 8 min 4,7,10
of NaOCl
Name Smile Structure
1 | (5-methyl-1H-imidazol-4- CclncnclCO H
yl)methanol N
( CH4
\_/
OH
2 | N,N"-dimethyl-N'-{2-[(5- CclncnclCS(=0)CCNC(=N\C | & o
methyl-1H-imidazol-4- )NC (% .
yl)methanesulfinyl]ethyl}guani " &
H N—CHs
dine \/\NH 4
NH-CHg
3 | 4-chloro-5-methyl-1H- CclncnclCl H
imidazole N
( CH,
\
Cl
4 | (2-methyl-1,1-dioxo-1(15,2,4- | CN1C(\NCCS1(=0)=0)=N\C# CH,

thiadiazinan-3-

ylidene)cyanamide

N




Ciprofloxacin

Ciprofloxacin

Smile
CC(N)Cclccc20C0Oc2cl HN
Potential Harm
Continuous exposure of bacterial communities K/N N
to growth-inhibitory concentrations of
antibacterial agents can promote induction or ‘ ‘
dissemination of resistant bacterial OH
phenotypes. Induction of fluoroquinolone F || ||
resistance can also bring about cross-
resistance to various other classes of
antibacterial agents.
Author Pu\tgleigrrled Journal Paper Link
Dodd 2005 Environmental Science | http://pubs.acs.org/doi/abs/10.1021/es050
and Technology 054e
Contaminant . .
Concentration Chlorine Co;}fentratlon Reaction Time pH
270x 107° 0.6-1.2x 107° 30 min 7
Product Name Smile Structure
1 7-(4-chloropiperazin-1- 0O=C(0)C2=CN(clc C'\Nﬁ Y
yl)-1-cyclopropyl-6- c(c(F)cc1C2=0)N3 (w N
fluoro-4-oxo-1,4- CCNCC3)c4cc4 -
dihydroquinoline-3- F |
carboxylic acid ©
2 7-[(2-aminoethyl)amino]- | O=C(O)C2=CN(clc ™ 7
1-cyclopropyl-6-fluoro-4- | c(NCCN)c(F)cc1C2 HN N
oxo-1,4- =0)C3CC3 |
dihydroquinoline-3- F Y on
carboxylic acid o o
3 CF-la2
HN
2Cl ﬁHN Y
g
.
(0] o
4 CF-la3




5 7-amino-1-cyclopropyl-6-
fluoro-4-oxo-1,4-
dihydroquinoline-3-
carboxylic acid

0O=C(0)C2=CN(clc
c(N)c(F)cclC2=0)
c3ccec3

6 7-amino-8-chloro-1- 0O=C(0)C2=CN(clc o
cyclopropyl-6-fluoro-4- (Chc(N)c(F)ccliC2= HoN \
0x0-1,4- 0)C3CCs3 B
dihydroquinoline-3- F oH
carboxylic acid |c|, I
Diclofenac sodium
Diclofenac sodium N
Smile "
[Na+].Clc2ccec(Cl)c2NcelecceclCC([
O']):O + Cl
Na
- O—
Potential Harm o
Year
Author | Publishe Journal Paper Link
d
Quintana 2010 Water Research http://www.ncbl.nlmér;g].gov/pubmedll%oo
Contaminant Chlorine Reactio
Concentration Concentratio A Time pH
(ng/L) n (mg/L)
10 (Cly)
Protduc Name Smile Structure
(0]
|
HO Cl
1 Cl-diclo NA
| X
=
e
CH, Cl
Cl-diclo- AN
2 co NA | >
o cl OH

“*Kinetics studied




Enrofloxacin

Enrofloxacin

Smile

CCN1CCN(CC1)c2cc3c(cc2F)c(=0)c(cn3C4CC4)C(=0)0

Potential Harm

CH3
Author | Year Journal Paper Link
Published
Dodd | 2005 Environmental Science and http://pubs.acs.org/doi/abs/10.10
Technology 21/es050054e
Contaminant Chlorine Concentration Reaction Time pH
Concentration (mg/L) (mg/L)
280x 10°° 140-560x 10~° 30 min 7
Product | Name Smile Structure
1 3-chloro-1- CCN1CCN(CC1)c2cc3N(C= o)
cyclopropyl-7-(4- | C(CI)C(=0)c3cc2F)C4CC4 F al
ethylpiperazin-1- m
yl)-6-
fluoroquinolin- O\' N
4(1H)-one (N A
CHj
2 8-chloro-1- CCN1CCN(CC1)c4c(F)ce3C( o o
cyclopropyl-7-(4- | =0)C(=CN(C2CC2)c3c4Cl)C . I
ethylpiperazin-1- | (=0)O m%
yl)-6-fluoro-4-
0Xx0-1,4- O 4 g
dihydroquinoline- (
3-carboxylic acid CHg
3 3,8-dichloro-1- CCN1CCN(CC1)c2ce3N(C= 0
cyclopropyl-7-(4- | C(CI)C(=0)c3cc2F)C4CC4 . -
ethylpiperazin-1- |
yl)-6-
fluoroquinolin- h’\' N
4(1H)-one KNJ c A
CHj3

*Kinetics studied




Ethinylestradiol (EE2)

Ethinylestradiol
Smile
Oc3cc4CC[C@@H]2[C@H](CCI[C@@]1(C)[C@H]2C
C[C@@]1(O)C#C)c4cc3 E
///* H;C
Potential Harm HC
The results suggest that products of estrogen
bromination are potentially biologically active, and that
their formation, as well as the presence of reactive
bromine species in municipal drinking water, could
perturb ecotoxicity studies with waterborne
contaminants.
Author Year Journal Paper Link
Published
Pereira 2011 Chemosphere http://www.sciencedirect.com/science/artic
le/pii/S0045653508009119
Contaminant Concentration Chlorine Reaction Time pH
(ng/L) Concentration
(mg/L)
Product Name Smile Structure
1 4-chloro-EE2
2 2, 4-dichloro-EE2 o

Fluoxetine

Fluoxetine

Smile

FC(F)(F)c2ccc(OC(CCNC)clcceecl)cc?

Potential Harm

HN
CH,




Author | Year Journal Paper Link
Published
Bedner | 2006 Chemosphere http://lwww.sciencedirect.com/science/article/pi
1/50045653506007545
Contaminant Chlorine Concentration Reaction pH
Concentration (mg/L) Time
(ng/L)
10uM 57 uM <2min 7.0
Name Smile Structure
1 N- FC(F)(F)c2ccc(OC(CCN(C)CI) F
chlorofluoxetine | clcccecl)cc? F
F
(0]
CI—N\

CHj
Gemfibrozil
Gemfibrozil HO
Smile Heew /0
0=C(0)C(C)(C)CCCOclcc(C)eeclC -
Potential Harm *
Gemfibrozil has the potential of enhanced bioavailability
due to halogenation.

HsC 0

CH,
Author | Year Journal Paper Link
Published
Bulloch | 2012 Environmental Science http://pubs.acs.org/doi/abs/10.1021/es30061
and Technology 73

Contaminant Chlorine Concentration (mg/L) | Reaction Time | pH
Concentration
(ng/L)
100 pg/L 13% active chlorine solution 60min




Name Smile Structure
4’-chloro- Cclcc(OCCCC(C)(C)C(=0)0O)c(C)cclCl HO
gemfibrozil He )=
CH,
H,C
d *
4.6°- Cclcc(OCCCC(C)(C)C(=0)0O)c(cclCnC H

dichlorogemfibroz
il

Cl

—O0
HsC

je!

CHgy

3°.4°,6-
trichlorogemfibroz
il

CICclcc(OCCCC(C)(C)C(=0)O)c(cc1Cly
CClI

H

z
S

0
CH
o}
c CH,
o)
0

6’-
chlorogemfibrozil

Cclcc(OCCCC(C)(C)C(=0)0O)c(C)cclCl

HO

I

HsC
CH,

| Cl

H,C —0

CHy
éo

CHs3

Cl
Cl
Cl




Indomethacine

Indomethacine

Smile

Cclc(c2cc(cecec2n1C(=0)c3cec(cc3)CHOC)CC(=0)0

Potential Harm

H,C—O HO_~

Cl

Author | Year
Published

Journal

Paper Link

Quintana | 2010

Analytical and Bioanalytical

Chemistry

http://link.springer.com/article/10.
1007%?2Fs00216-011-5707-7

Contaminant
Concentration (pg/L)

Chlorine Concentration (mg/L)

Reaction Time pH

1 10 (as Cly) 24 h
Product | Name Smile Structure
1 OH-indo
HyC—O
/\ / \
Cl
2 OH-indo-CO2 WA
vo Y )
N CH,q
Q
Cl
3 Indo-H2 Clclcee(ccl)C(=0)N3c2cce(cc2\C(=C oo o P
/C(=0)0)C3=C)0C : )
N ch,
Cl
4 4-chlorobenzoic | OC(=0)clccc(Cl)ccl o
acid >—©—CI
HO




Levofloxacin

Levofloxacin

Smile

C[C@H]1COc2c3nlcc(c(=0)c3cc(c2NACCN(CC4)C)F)C(=0)0

Potential Harm

(¢] F
[Nj
|
CHy

Author

Year Published

Journal

Paper Link

Naijar

2013

Chemosphere

http://www.ncbi.nlm.nih.gov/pubmed/23850240

Contaminant
Concentration (ng/L)

Chlorine Concentration (mg/L)

Reaction Time | pH

0.36

>2.13

<<1min 7.2

Product

Name

Smile

Structure

1

(3S)-6-chloro-9-
fluoro-3-methyl-
10-(4-
methylpiperazin-
1-y)-2,3-dihydro-
7TH-
[1,4]oxazino[2,3,
4-ij]quinolin-7-
one

CN1CCN(CC1)cac(F)cc2e3N(C=C(

CI)C2=0)[C@@H](C)COc34

Cl
T
H3C,,M.[N
(@] F
[Nj

N

(3S)-6-chloro-9-
fluoro-3-methyl-
10-{[2-
(methylamino)eth
yllamino}-2,3-
dihydro-7H-
[1,4]oxazino[2,3,
4-ij]quinolin-7-
one

Fc3cclc2N(C=C(Cl)C1=0)[C@@H

](C)COCc2c3NCCNC

\
CHg
Cl
(0]
NP
HsC.,, [N
(o] F
[NH

TH

CHj3

Metoprolol

Metoprolol

Smile

CC(C)NCC(COclcee(ccl1)CCOC)O

Potential Harm

Several studies focusing on the toxicological potential of
propranolol signify an environmental relevance. Huggett et
al. showed an effect on the reproduction and steroid levels
in medaka (Oryzias latipes) at propranolol concentrations as

HysC—O

R

o
OH

NH

H3C—<

CHy




low as 0.5 pg/L for a 4-week exposure experiment. For
mixtures of beta blockers toxicological effects were also

found at lower concentrations.

Author Year Journal Paper Link
Published
Bedner | 2006 Environmental Science | http://pubs.acs.org/doi/full/10.1021/es90
and Technology 0282c

Contaminant

Chlorine Concentration

Reaction Time pH

Concentration (ng/L) (mg/L)
10uM 57 uM <2min 7.0
Product | Name Smile Structure
1 N-chlorometoprolol | CC(C)N(CI)CC(O)COclcce(cc | nec—o
1)CCOC
o
}OH
N—ClI
HSC4<CH3
Naproxen
Naproxen
Smile

C[C@@H](clccec2ec(cec2cl)OC)C(=0)0

Potential Harm

CH,
h OO
OH CH,
O/

Author | Year Journal Paper Link
Published
Quintana | 2010 Water Research http://www.sciencedirect.com/science/article/
pii/S0043135409005983
Contaminant Chlorine Reaction Time pH
Concentration (ng/L) | Concentration
(mg/L)
10 (Clp) 24h
Product | Name Smile Structure
Naproxen o Cl

OH X _CHg




Nicotine

Nicotine N
Smile
CN2CCC[C@H]2clcncecl N\ /
Potential Harm H
Genotoxic evaluation of main degradation
products of nicotine H,c—N
Autho | Year Journal Paper Link
r Publish
ed
Zarrell | 2012 Science of the Total http://www.sciencedirect.com/science/article/pii/S
i Environment 0048969712004081
Contaminant Chlorine Reaction Time pH
Concentration (g/L) | Concentration
(mg/L)

1 10% HOCI 30 min 85-9.5

Name Smile Structure
1 (5S)-1-methyl-5- CN2C(=0O)CC[C@H]2c

(pyridin-3- lcncecl

yl)pyrrolidin-2-one

2 3-(3,4-dihydro-2H-
pyrrol-5-
yl)pyridine

clnce(ccl)C=2CCCN=2

3 3-(3-chloro-3,4-
dihydro-2H-pyrrol- | 2
5-yl)pyridine

CIC1CC(=NC1)c2cncce

4 3-(1-methyl-1H-
pyrrol-2-
yl)pyridine

Cn2cccc2clcencecl




5 3-(5-chloro-1-
methyl-1H-pyrrol-
2-yl)pyridine

Clc2ccce(clencecl)n2C

6 pyridine-3-
carboxylic acid

0=C(O)clccencl

7 3- CNCCC(=0)O
(methylamino)prop
anoic acid
8 3-[(2S)-pyrrolidin- | clncc(ccl)[C@@H]2CC N
2-yl]pyridine N2
yllpy C \_/
HNO
Nonylphenol
Nonylphenol
Smile
CCCCCCCCCclccccclO H
Potential Harm
Products may be able to disturb the hormone
imbalance of exposed organisms. CH,
Author Year Journal Paper Link
Published
Petrovic | 2003 Environmental http://pubs.acs.org/doi/pdf/10.1021/es034139w
Science and
Technology
Contaminant Chlorine Reaction Time pH
Concentration (ng/L) Concentration
(mg/L)
8.3t0 22 1.4-2.05
Product | Name Smile Structure
1 Chlorinated OH
nonylphenol
Cl\i\
=
C9H19




Oxcarbazepine (OXC)

Oxcarbazepine

Smile

clccc2c(cl)CC(=0)c3ccccc3N2C(=0)N

Potential Harm

o}

N

)\NHZ

O

Author | Year Published | Journal Paper Link
Li 2011 Water http://www.sciencedirect.com/science/article/pii/S004
Research | 313541000816X

Contaminant
Concentration (ng/L)

Chlorine Concentration (mg/L)

Reaction Time | pH

Name Smile Structure
1 10-chloro-11-0x0-10,11- NC(=0O)N3clccceclC(= cl
dihydro-5H- 0)C(Cl)c2cccce23 AN
dibenzo[b,flazepine-5-
carboxamide O
N
O/\\NH2
2 10,10-dichloro-11-0x0-10,11- | NC(=O)N3clccceclC(=
dihydro-5H- 0)C(CI)(Cl)c2cceec23 o, g
dibenzo[b,flazepine-5-
carboxamide O
O
O)\NHZ
3 N,N-bis(2-formylphenyl)urea | O=C(N)N(clccccclC=0 0
Yc2ceeec2C=0 AN
dﬂg
o/\'\NH2
4 2-(4-hydroxy-2-o0x0-3,4- O=CclccceccIN3c2ccece OH

dihydroquinazolin-1(2H)-
yl)benzaldehyde

2C(O)NC3=0

P




Oxytetracycline

Oxytetracycline

(0]

Smile | >
CC(N)Cclccc20COc2cl o
Potential Harm
HsC NH,
Author Year Journal Paper Link
Published
Wang 2011 Water Research | http://www.sciencedirect.com/science/article/pii/SO
043135410008171
Contaminant Chlorine Concentration Reaction Time pH
Concentration (uM) (uM)
400 uM 800 uM 7
Name | Smile | Structure
Byproduc | They detected signals of potential products. But they did not identify them.
t
Table S6 - LC-ESI-MS fragments of OTC and its oxidation products by free chlorine.
OTC (M) M+16 M+34 M+42
Abundance — 22% 37% 41%
RT (min) 19.011 20.112 22.934 24.576
m/z | int. | m/z | int. | m/z | int. | m/Zz | int
[MH]" 0 | 461 | 100 | 477 | 100 | 495 | 100 | 503 | 100
[M-NH;]" -17 | 444 | 56 478 | 23 - -
[M-H,0] -18 | - - | 459 | 32 . . -
[M-NH;-H,0]" -35 | 426 22 - - -

*Kinetics studied

Phenazone

Phenazone

Smile

Cclcc(=0)n(n1C)c2ccecc2

Potential Harm

&

0]
The ecotoxicity of phenazone-type drugs is still largely h 7
unknown. Their expected EC50 values estimated from HSC/NP
QSAR calculations are in the 0.8-6.7 mg/L level (Sanderson
et al., 2003). HsC
Author | Year Journal Paper Link
Published
Rodil | 2012 Water Research | http://www.sciencedirect.com/science/article/pii/S0043
135412001212




Contaminant Chlorine Concentration Reaction | pH
Concentration (ng/L) (mg/L) Time
50 1-10 346 s 5.7-8.3
Name Smile Structure
1 4-chloro-1,5- O=C2C(CI)=C(C)N(C)N2clc
dimethyl-2- ccccl
phenyl-1,2-
dihydro-3H- I
pyrazol-3-one /
(Cl - Phe) H3C/N\;\Cl
HaC
2 4-chloro-5- O=C2C(CI)=C(CO)N(C)N2c
(hydroxymethyl | lcccecl
)-1-methyl-2-
phenyl-1,2-
dihydro-3H-
pyrazol-3-one
(Cl, OH —Phe)
3 (Clz, OH —Phe) | O=C2C(Cl)=C(CO)N(C)N2c
Leceecl Q
N
/ j\
H,c—N \ o
b
HO
4 Clz, OH —Phe - | O=C2C(CI)=C(CO)N(C)N2c
Me lccccecl Q
N
/
HN Q\
cl
j Cl
HO
5 4-chloro-5- OCC=2NN(clcccccl)C(=0)
(hydroxymethyl | C=2CI
)-2-phenyl-1,2-
dihydro-3H- Y //0
pyrazol-3-one /
(Cl, OH — Phe - N A ~g
Me)
HO

*Kinetics studied




Propyphenazone

Propyphenazone

Smile

Cclc(c(=0)n(n1C)c2ccccc2)C(C)C

E o
N
/

Potential Harm 4
The ecotoxicity of phenazone-type drugs is still largely unknown. N\~ s
Their expected EC50 values estimated from QSAR calculations are HC CH,
in the 0.8-6.7 mg/L level (Sanderson et al., 2003).
Author | Year Journal | Paper Link
Published
Rodil | 2012 Water http://www.sciencedirect.com/science/article/pii/S0043135412
Research | 001212
Contaminant Chlorine Concentration (mg/L) Reaction Time | pH
Concentration (ng/L)
50 1-10 346 s 57-8.3
Product | Name Smile Structure
1 OH - Prophe CC(C)C=2C(=0O)N(clcccccl)N
(C)c=2CO Q
N
H3C/N/J;\(CH3
CHjy
HO
2 (OH)2 - Prophe CN2C(CO)C(0O)(C(=0O)N2clcc
cccl)C(C)C Q
N
HSC/N/ CHgq
OH CHy
HO
3 (OH)z - Prophe OCN2C(CO)C(0)(C(=0O)N2clc
ccecl)C(C)C Q
N—
HO /
NN CH,
OH CH,
HO
4 OH — Prophe - Me CC(C)C2=C(CO)NN(c1cccecl)
C2=0 Q
N
HN/ _ CHg
Ho CHgy




5 Cl - Prophe CC(C)C/2C(=O)N(clcceecl)N(
C)C\2=C\Cl Q
N
H3C/NP\(CH3
U
6 Cl, OH- Prophe CC(C)C2(CIHC(=O)N(clccececl

)N(C)/C2=C\O

*Kinetics studied

Propranolol

Propranolol

Smile

CC(C)NCC(COclccec2cleecc2)O

Potential Harm

Author | Year Journal Paper Link
Published
Benner | 2009 Environmental Science | http://pubs.acs.org/doi/pdf/10.1021/es900282
and Technology Cc
Contaminant Chlorine Reaction Time pH
Concentration (ng/L) | Concentration
(mg/L)
Name Smile Structure
1 1-amino-3- NCC(O)COc2cccclcccecl NH,

[(naphthalen-1-

yl)oxy]propan-2-ol

2

2 1-[(prop-2-en-1-
yl)oxy]naphthalene

C=CCOc2cccclcceecl?




3 1-
methoxynaphthalene

COc2cccclcceccel?

4 1-ethenylnaphthalene

C=Cc2cccclceeccl?

5 1-[(propan-2-
ylidene)amino]propan

CIC(C)=N\CC(C)O

-2-0l N7~ “CH,
HO
CHy
6 N-[(1E)-prop-1-en-1- | C/C(C)=N\C=C\C CH,
yl]propan-2-imine
N7~ “CH,
¢
CHy
7 1-iminopropan-2-ol N=CC(C)O NH
HO\A
CHy
Salbutamol
Salbutamol HO
Smile
CC(C)(C)NCC(clcee(c(c1)CO)O)O "
Potential Harm OH
H.C NH
3
><CH3
HyC
Author | Year Journal Paper Link
Published
Quintana | 2012 Analytical and http://link.springer.com/article/10.1007%
Bioanalytical 2Fs00216-011-5707-7
Chemistry
Contaminant Chlorine Concentration (mg/L) | Reaction Time pH
Concentration (ng/mL)
1 10 mg/L Cl 72h 7.1




Name Smile Structure
4-[2-(tert-butylamino)-1- Oc1c(CO)cc(cclCl) Ho ¢
hydroxyethyl]-2-chloro-6- C(O)CNC(C)(C)C
(hydroxymethyl)phenol "G
OH
HyC NH
2 4-[2-(tert-butylamino)-1- Oclccc(cclChHC(O) HO
hydroxyethyl]-2-chlorophenol | CNC(C)(C)C
OH
HsC NH
H3C><CH3
Sulfamethoxazole
Sulfamethoxazole H N
Smile
Cclcc(nol)NS(=0)(=0)c2ccc(cc2)N
Potential Harm
s7°
HNT N\
o)
7
A
o)
CH,
Author Year | Journal Paper Link
Publi
shed
Dodd 2011 | Environmental http://pubs.acs.org/doi/abs/10.1021/es0
Science and 35225z
Technology
Contaminant Chlorine Concentration (mg/L) Reaction Time pH
Concentration (ng/L)
4-10 100 30min 6.5
Product | Name Smile | Structure




N — Cc2cc(NS(=0)(=0)clcec(NCl)ecl)no2 !
chlorinated HN
SMX i:;
_0
HN/S\\
(0]
N
Q
CH,
Ring- Cc2cc(NS(=0)(=0)clcec(NCl)ecl)no2 HN
chlorinated Cl
SMX 720
—\ _o
sz
7
HN \\o
N
\ /Z
CHj
Azosulfam | Cc2cc(NS(=0)(=0)clccc(NCl)ccl)no2 N=N
ethoxazole | Ccdcc(NS(=0)(=0)c3ccc(\N=N/clccc(ccl
)S(=0)(=0)Nc2cc(C)on2)cc3)nod
O§ 40
O//S\NH HN/S\\O
NN NP
H3C CH3
5-methyl- | Cclcc(N)nol NH,
1,2-oxazol-
3-amine N
(AMI) \ /)
o)
CH,
N-(4- CI\N=C1/C=CC(=0)C=C1 cl
oxocyclohe N~
xa-2,5-
dien-1-
ylidene)hyp
ochlorous
amide I
o}

(NCBQ)




Author | Year Journal Paper Link
Published
Gao 2014 Journal of http://www.ncbi.nlm.nih.gov/pubmed/24793298
Hazardous
Materials

Contaminant Chlorine Concentration (mg/L) Reaction Time pH

Concentration (ng/L)

4-10 100 30min 6.5

Product | Name Smile Structure

1 N-— Cc2cc(NS(=0)(=0)clccc(NCl)cel)n al
chlorinated | 02 HN
SMX Q

40
HN/S\\O
NS
O

CHj

2 Azosulfame | Cc2cc(NS(=0)(=0)clccc(NClycecl)n N=N
thoxazole 02

Cc4cc(NS(=0)(=0)c3ccc(\N=N/clcc o o
c(cc1)S(=0)(=0)Nc2cc(C)on2)cc3)n C?,S\NH HN/S\{)
04

HsC CHj

3 5-methyl- Cclcc(N)nol NH,
1,2-oxazol-
3-amine z
(AMI) \ /Z

o]
CH,

4 hydroxy{4- | Cc2cc(NS(=0)(=0)clccc(ccl)[N+]( o
[(5-methyl- | =O)O)no2 HO—N’
1,2-oxazol-

3-

yl)sulfamoy #°

[Jphenyl}ox HNT Y

oammoniu N)Q

m L
CHj3




5 OH-SMX H,N o
%
— _0
HN/S\g
N
CHy
6 4- Cc2cc(NS(=0)(=0)C1(O)C=C/C(= A
(chloroimin | N\CI)C=C1)no2 "\
0)-1-
hydroxy-N-
(5-methyl- HO™ N\ 2O
1,2-oxazol- N,
3' N/
yl)cyclohex \O)l
a-2,5-diene- CH,
1-
sulfonamide
7 (5-methyl- | Cclcc(NS(O)(=0)=0)nol HO
1,2-oxazol- \540
3- HNT N\
yl)sulfamic
acid NS
\ )
o)
CH,
*Kinetics studied
Sulfamethazine
Sulfamethazine CH,
Smile N
Cclce(ne(n1)NS(=0)(=0)c2cce(cc2)N)C \H {/ A\
Potential Harm SN -
S. N
~o
CH,
H,N
Author | Year Journal Paper Link
Published
Melton | 2012 International Journal of | http://www.hindawi.com/journals/ijmc/2012
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They only detected signals of potential products. They did not identify the products.

Table S5 - LC-ESI-MS fragments of TTC and its oxidation products by free chlorine.

TIC (M) M+52 M+25 M+42
Abundance — 47% 24% 29%
RT (min) 19.218 18.304 21.311 24.150
m/z | int. | m/z | int. m/z | int. | m/z | int.
[MH]™ 0 | 445 | 100 | 497 | 100 | 470 | 100 | 487 | 100
[M-NH3]™ -17 | 428 | 29 - - 453 | 36 - -
[M-H,0] -18 479 | 45 . - - .
[M-NH:-H.OJ -35 | 410 | 42 = = = = = =
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Table S1 - Reaction products of TMP with FAC at pH 4.0 detected by LC/MS in unquenched reaction solutions ([TMP]p= 3.4 x 10™
M. [FAC]y=6.8 x 10™ M).

Orderof R.T. Compd m/zof molecular and fragment ions #Cl1
abund. (min) atoms
12.02 TMP 291 -
14.40 377(379. 381). 215 (18%. 217) 2
1 1574  PI-A 325(327) 1
2 17.07  P2-A 359 (361. 363). 325 (17%. 327) 2
22.08 411 (413, 415, 417), 325 (12%), 215 (29%. 217) 3
3 2433 P3-A 445 (447. 449, 451), 249 (22%, 251). 215 (38%. 13) 4
27.88 459 (461, 463, 465), 249 (21%, 251). 215 (66%. 19) 4
28.59 445 (447, 449, 451). 375 (17%. 377). 344 (19%). 249 (43%, 251). 215 (47%. 217) 4
28.96 303 (395, 397, 399), 323 (7%, 325). 287 (8%) 3

¢ R.T. =LC retention time.

» Most abundant products are shown in red and indicated with their order of abundance in the LC/MS chromatogram.

e Base peaks are shown in bold, with fragment ion peaks in plain text. Relative fragment peak abundances are given in parentheses as
percentage of base peak height. m/z values of Cl isotope peaks are also indicated in parentheses.

» Number of Cl atoms deduced from observed Clisotope peak signal ratios

e The listed mass spectral information was obtained at 70 ¢V fragmentation voltage. Higher voltage (120 €V) resulted in similar
fragmentation patterns with only difference in relative abundance.

Table S2 - Reaction products of TMP with FAC at pH 7.0 detected by LC/MS in unquenched reaction solutions ([TMP]o = 3.4 x 10°
M. [FAC]o = 6.8 x 107 M).

Ovder of R.T. Compd m/zof molecular and fragment ions #Cl
abund.  (min) atoms
11.46 359 (361. 363). 181 (17%) 1

11.73 TMP 201

73 (76%. 375.377). 291. 181 (36%) 1

4 P1-N ) 1
2 ). 181 (22%%) 2
1 P2-N 377 (37¢ ) 2
391 (393. 395). 3 5%. 359). 181 (19%) 2

18.12 393 (395, 397). 35 . 359). 321 (8%). 215 (29%. 217). 181 (41%) 2

5 19.69 P3N 377 (3 381). 181 2
20.60 407 (409, 411). 37 : 2

3 21.92 411 (413.415.417). 375 (. . 215 (11%. 217). 181 (29%) 3
24.33 445 (447, 449, 451, 453). 427 (15%., 429) 4

25.80 425 (427,429, 431). 391 (20%, 393). 357 (15%. 359). 181 (56%) 3

* R. T. = LC retention time.

e Most abundant products are shown in red and indicated with their order of abundance in the LC/MS chromatogram.

e Base peaks are shown in bold. with fragment ion peaks in plain text. Relative fragment peak abundances are given as percentage of
base peak height. Cl isotope peak masses are also indicated in parentheses.

o Number of CI atoms deduced from observed Cl isotope peak signal ratios

e The listed mass spectral information was obtained at 70 ¢V fragmentation voltage. Higher voltage (120 V) resulted in similar
fragmentation patterns with only difference in relative abundance




APPENDIX B-MOBILE PHASE FOR HPLC-UV AND HPLC-MS
ANALYSIS

h i
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Figure B1: An eluent gradient mobile phase was applied to achieve separation of products. The

mobile phase consists of nanopure water (A) and HPLC—grade methanol (B), each amended with
0.1% (volume) formic acid (98 to 100%). The percentage of (A) was changed linearly according
to time: 0-15 min, 90%; 30 min, 30%; 33min, 30%; 36min, 90%. The flow rate was 0.3 mL/min.



Table C1: Peak Areas of SMX/SDM/STZ Reacting with Different Concentrations of FAC on HPLC-UV-Vis. Concentrations are provided in lieu of

APPENDIX C - PEAK ARES OF SULFONAMIDES REACTING WITH FREE CHLORINE

peak areas for SMX, SDM, and STZ along with the product NCBQ based on an external calibration.

SMX SDM STZ
Coy |:A(;:L RT2 AVg PA4 C5 CO, FAC RT AVg PA C Co, FAC RT AVg PA C
[mg/L] | [min] | N® | [mAU*min] [mg/L] [mg/L] | [min] | N | [mAU*min] [mg/L] [mg/L] | [min] | N | [mAU*min] [mg/L]
0 304 | 2 72.9 9.97 0 333 | 2 92.6 9.35 0 252 | 3 94.0 10.03
2 304 | 3 49.7 6.80 2 333 |3 23.1 2.37 2 252 | 3 58.0 6.18
2 186 | 3 8.2 - 2 328 | 3 4.6 - 2 38 |3 1.3 -
2 355 | 3 0.4 - 2 345 | 3 455 - 2 6.3 |3 2.3 -
4 304 | 3 29.2 4.01 2 358 | 3 0.7 - 2 325 | 3 1.8 -
4 186 | 3 12.1 - 2 377 | 3 0.8 - 4 252 | 3 32.0 341
4 333 | 3 6 0.12 4 328 | 3 18.7 - 4 38 |3 1.6 -
4 355 | 3 0.6 - 4 345 | 3 38 - 4 63 |3 3.6 -
8 304 | 3 2.4 0.37 4 358 | 3 9.1 - 4 325 | 3 2.4 -
8 186 | 3 0.6 - 4 377 | 3 31 - 4 278 | 3 0.3 -
8 333 | 3 26.9 0.98 4 6.2 |3 1.7 - 4 333 |3 0.8 -
8 355 | 3 2.4 - 4 294 | 3 0.3 - 8 252 | 3 5.4 0.56
8 388 | 2 0.5 - 4 350 | 3 1.3 - 8 38 |3 11 -
8 36.7 | 2 1.2 - 4 369 |3 0.9 - 8 6.3 |3 3.6 -
16 304 | 3 0.5 0.11 8 332 | 3 4.5 - 8 325 |1 1.7 -
16 333 | 3 22 0.77 8 328 | 3 4.2 - 8 278 | 1 0.6 -
16 388 | 3 0.7 - 8 345 | 3 4 - 8 333 | 3 2.6 -
16 273 | 1 1.3 - 8 358 | 3 37 - 8 321 | 3 0.4 -
16 309 | 3 8.7 - 8 377 | 3 0.8 - 8 133 | 2 0.3 -
16 369 | 3 20.5 - 8 6.2 |3 1.3 - 8 306 |1 0.5 -
48 304 | 3 0.4 0.09 8 294 | 2 0.4 - 16 6.3 |3 1.6 -
48 388 | 3 0.7 - 8 350 |3 1.5 - 16 278 | 3 0.6 -
48 273 | 1 34 - 8 36.9 | 3 4.5 - 16 333 | 3 7.1 -
48 309 | 3 13 - 16 332 |3 2.8 - 16 321 | 2 1 -
16 345 | 3 0.5 - 16 133 | 3 0.2 -
16 358 | 3 43.1 - 48 333 | 3 10.6 -
16 36.9 |3 4.8 - 48 306 | 2 2.2 -
48 332 | 3 1.2 -
48 358 | 3 375 -
48 36.9 | 3 3.7 -

1Corac is the finial concentration of free chlorine in the experiments. Concentration was measured for SMX and assumed for SDM and STZ. 2RT is the retention time in
the HPLC-UV-Vis. N is the number of samples in which a peak was observed. “PA is the peak area in the HPLC-UV-Vis. °C is the concentration calculated from
calibration curve.



APPENDIX D - ANALYTICAL DATA TO SUPPORT STRUCTRUE
ASSIGNMENT OF TRANSFORMATION PRODUCTS

1.1 SMX288
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Figure D1: SMX288 had a RT of 31.15 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 288.0202 for MH', Am=-1.792 ppm) and the theoretical abundance
(10%) of the *C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.

SMX288 was formed primarily in under-chlorinated reactions: abundance of SMX288 was much
higher at initial FAC = 2 ppm and 4 ppm than at initial FAC = 8 ppm. This might suggest that
SMX288 was one of the transformation products (TPs) that were directly formed from SMX-
FAC reaction instead from TPs that were formed from other TPs. Abundance of *’Cl
monoisotopic mass suggested that SMX288 was a mono-chlorinated chemical. Combing
previous studies reporting the formation of SMX288 in SMX-FAC reactions' 2 and theories on
aniline chlorination patterns®>, we propose SMX288 is the mono-chlorinated SMX. And the

chlorination happened at the amino group of the aniline portion of SMX. Structure is shown in

Figure DI.



1.2 SMX142
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Figure D2: SMX142 had a RT of 30.63 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 142.0055 for MH", Am= 0.577 ppm) and the theoretical abundance
(6%) of the '*C monoisotopic mass and the theoretical abundance (40%) of the *’Cl
monoisotopic mass.

SMX142 was formed in over-chlorinated reactions: mainly at initial FAC = 8 ppm and 16 ppm.
In over-chlorinated reactions, SMX288 underwent another chlorination substitution reaction and
formed an intermediate, N, N-dichlorinated SMX, a heterolytic cleavage of N-X bond of which

would lead to a phenylnitrenium ion (anilenium ion) represented by the resonance contributors 2,

3, 4 as shown in Figure D3.
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Figure D3: the presence of a suitable leaving group on the hetero atom could result in a
positively charged species being generated, which, through charge delocalization, would render
the aromatic nucleus vulnerable to nucleophilic attack. For instance, heterolytic cleavage of the
N-X bond of 1, under solvolytic conditions,would lead to a phenylnitrenium ion (anilenium ion)
represented by the resonance contributors 2, 3, and 4. Theory and picture from Gassman, et al.
(1971)

Similarly, the N,N-dichlorinated SMX generated an arylnitrenium cation, N-chlorinated SMX
nitrenium ion, which can lead to distribution of strong electron-deficiency to the aromatic ring’s

para and otho positions, resulting in the formation of SMX144. Similar structure rearrangement

was found in biodegradation of SMX as illustrated in Figure D4. ¢
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o] o OH OH

) H h ) OH
JA/)/\\S\\/ \ Wy~ o o .
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NH,

Figure D4: Ricken et al (2015) proposed degradation pathway of SMX by Microbacterium sp.
strain BR1. The oxidation of SMX (a) at the ipso position leads to an instable intermediate (b)
after electron rearrangement which subsequently fragments to 3A5SMI (h), p-benzoquinone imine



(c), and SO2 as previously postulated [5]. Upon hydrolysis to benzoquinone (d), the latter may
be reduced to hydroquinone (e) which is then further transformed to 1,2,4-trihydroxybenzene (f).
Alternatively, p-benzoquinone imine may be reduced to p-aminophenol (g), which could then be
further transformed to hydroquinone by hydrolase activity.

1.3 SMX99
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Figure D5: SMX99 had a RT of 10.60 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 99.0554 for MH", Am= 1.116 ppm) and the theoretical abundance
(4%) of the '*C monoisotopic mass.

SMX99 was also detected and identified by Dodd and Huang!, as well as by Gao et al.? as
transformation product in chlorination of SMX. In addition, previous studies demonstrated that
AMI could also be produced by SMX upon other oxidation treatment, such as ozone,
permanganate, TiO» photocatalysis, Photo — Fenton, UV photolysis, etc.!: % 1% It was also
proposed as a breakdown product in biotransformation reactions.!! Its common occurrence found
in oxidation reactions indicated that the S-N bond on the SMX was easily to be cleaved upon
chemical oxidation and biodegradation. It could also be formed from intermediate a2 (see Figure

13 in Chapter 4.2.1) rearranged to a p-benzoquinoneimine structure, SMX144. The -NH> moiety



in AMI prepared it for further reaction: for example, though conjugation reactions, AMI could

form a dimeric product, SDM 193, as illustrated in the next following section.

1.4 SMX193
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Figure D6: SMX193 had a RT of 33.92 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 193.0720 for MH", Am= 0.507 ppm) and the theoretical abundance
(8%) of the *C monoisotopic mass.

SMX193 was the product formed from coupling reactions of SMX99. The Sieve integrated

intensity pattern also suggest that SMX193 was possibly formed from SMX99.



1.5 SMX179
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Figure D7: SMX179 had a RT of 10.77 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 179.0121 for MH", Am= -0.022 ppm) and the theoretical abundance
(4%) of the '*C monoisotopic mass and the theoretical abundance (2%) of the **S monoisotopic
mass.

SMX179 indicated the occurrence of hydrolysis reaction of SMX when the S-C bond cleaved. It

was only detected in highly over-chlorinated reactions: at initial FAC = 48 ppm.



1.6 SMX110
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Figure D8: SMX110 had a RT of 30.65 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 110.0600 for MH+, Am= 0.040 ppm) and the theoretical abundance
(6%) of the '*C monoisotopic mass.

SMX110 was the hydroxylated product of an aniline, which was formed along with SMX179
through hydrolytic reaction. The hydroxylation could take place on both ortho- and para-
positions of an aniline.!? The substitution reaction was illustrated in Figure D9. Particularly, we
are interested in the para- substituted SMX110, which could undergo further reactions and form

other products that we identified.
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Figure D9: Hydroxylation happened on both ortho- and para- position of aniline.
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Figure D10: SMX108 had a RT of 30.67 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 108.0444 for MH", Am= 0.010 ppm) and the theoretical abundance
(6%) of the '*C monoisotopic mass.



1.8 SMX144
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Figure D11: SMX144 had a RT of 26.53 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 144.0210 for MH", Am= 0.081 ppm) and the theoretical abundance

(6%) of the '*C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.



1.9 SMX270
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Figure D12: SMX270 had a RT of 27.06 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 270.0542 for MH', Am=-0.382 ppm) and the theoretical abundance
(10%) of the *C monoisotopic mass and the theoretical abundance (2%) of the **S monoisotopic
mass.

Hydroxylation reactions lead to the formation of SMX270, which is the hydroxylated SMX. The
—OH moiety took place at the N- ammonia on the aromatic amine portion of SMX for the same

reason that SM X288 was N-chlorinated.



1.10SM X284
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Figure D13: SMX284 had a RT of 27.27 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 284.0333 for MH', Am=-1.998 ppm) and the theoretical abundance
(10%) of the *C monoisotopic mass and the theoretical abundance (2%) of the **S monoisotopic

mass.

SMX284 is a product formed from SMX270 when further oxidized. Similar oxidation reaction

also took place in biodegradation’

g\':) P putida é

Figure D14: Toluene monooxygenase (aromatic oxidation) vs.xylene monooxygenase (benzylic
oxidation) and subsequent dehydrogenation for the synthesis of phenols, alcohols, aldehydes.
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Theory and figure by Lewis et al. (2010).

3, as illustrated in Figure D14.




1.11 SMX298
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Figure D15: SMX298 had a RT of 30.24 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 298.0488 for MH', Am=-1.401 ppm) and the theoretical abundance
(11%) of the *C monoisotopic mass and the theoretical abundance (2%) of the **S monoisotopic
mass.

SMX298 was mostly formed in over-chlorinated reactions: at initial FAC = 8 ppm and 16 ppm.
The formation of SMX298 probably suggested the formation of an intermediate, Ac-SMX,

which was commonly recognized as a metabolite of SMX.! Mechanism of transformation from

AC-SMX to SMX298 was previously reported as illustrated in Figure D16.'
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Figure D16: Base-catalyzed reaction pattern proposed for the reaction of chlorine with
aldehydes and ketones. Adapted from Deborde and von Gunten (2007).
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Figure D17: SMX503 had a RT of 36.92min and MS spectra matched the exact mass of the
proposed chemical (m/z = 503.0795 for MH", Am= -1.392 ppm) and the theoretical abundance
(20%) of the *C monoisotopic mass and the theoretical abundance (4%) of the **S monoisotopic
mass.
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Figure D18: SMX190 el had a RT of 22.42 or 29.82 min and MS spectra matched the exact
mass of the proposed chemical (m/z = 190.0974 for MH*, Am= -0.466 ppm) and the theoretical
abundance (10%) of the '*C monoisotopic. Structure shown in this figure is el in Figure 13 of
Chap 4.2.1 of the thesis.

The two different RTs suggested that two isomers were formed. SMX190 (el) was proposed
here as a substitution at the ortho position of aniline. SMX190 (e2) resulted from SO> extrusion

reaction. Mechanisms of SO» extrusion reactions were studied with photolysis reactions of

SMX!® and are illustrated in Figure 20.
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Figure D19: Proposed mechanisms of SO2 extrusion reaction in sulfonamides by Perisa et al.
(2013).
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Figure D20: SMX190 e2 had a RT of 22.42 or 29.82 min and MS spectra matched the exact
mass of the proposed chemical (m/z = 190.0974 for MH', Am= -0.466 ppm) and the theoretical
abundance (10%) of the '*C monoisotopic. Structure shown in this figure is 2 in Figure 13 of
Chap 4.2.1 of the thesis.
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Figure D21: SMX238 had a RT of 32.85 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 238.0376 for MH', Am=-0.759 ppm) and the theoretical abundance
(10%) of the 1*C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.

SMX238 was mainly formed in over-chlorinated reactions: at initial FAC = 16 ppm, abundance
of SMX238 reached its highest. The oxidation reaction from SMXf3 to SMX238 was very

similar with that from SMX270 to SMX2&4.
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Figure D22: SMX222 had a RT of 35.64 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 222.0431 for MH', Am= 1.053 ppm) and the theoretical abundance
(10%) of the 1*C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.
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Figure D23: SDM345 had a RT of 31.77 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 345.0416 for MH", Am=-1.101 ppm) and the theoretical abundance
(12%) of the *C monoisotopic mass and the theoretical abundance (40%) of the *’Cl
monoisotopic mass.

SDM345 was formed mainly in under-chlorinated reactions: at initial FAC = 2 ppm and 4 ppm.
The pattern of SDM345-FAC was very similar to that of SMX288-FAC, suggesting that
SDM345 could possibly be one of the TPs that were formed directly from SDM in reaction with
FAC. SDM345 was considered a N-chlorinated chemical for the same reason SMX288 was

considered N-chlorinated.
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Figure D24: SDM361 had a RT of 30.07 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 361.0365 for MH', Am=-1.101 ppm) and the theoretical abundance
(12%) of the *C monoisotopic mass and the theoretical abundance (40%) of the *’Cl
monoisotopic mass.

The Sieve integrated intensity patterns suggested that SDM361 was likely to be a TP of
SDM345. Hydroxylation reaction mechanisms of SDM361 being formed was the same as

previously explained for formation of hydroxylated SMX.
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Figure D25: SDM379 had RTs of 34.79 and 35.74 min and MS spectra matched the exact mass
of the proposed chemical (m/z = 379.0026 for MH®, Am= -0.547 ppm) and the theoretical
abundance (12%) of the '*C monoisotopic mass and the theoretical abundance (70%) of the *’Cl
monoisotopic mass.

Sieve integrated intensity graphs suggested that SDM379 could also be a TP of SDM345. Being
observed at two different RTs, SDM379 probably had two isomers. Given the first chlorine was
substituted on the amino group of the aromatic amine portion of SDM as previously explained,
the second chlorine substation could take place at two different places. One possible isomer was
N,N-dichlorinated SDM, given that previous researchers proposed that N,N-dichlorinated SMX

could be formed in highly chlorinated solution.! Identification of structure of the other isomer

was frustrated due to lack of MS-MS data.
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Figure D26: SDM142 had a RT of 33.57 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 142.0055 for MH", Am= 0.577 ppm) and the theoretical abundance
(6%) of the '*C monoisotopic mass and the theoretical abundance (40%) of the *’Cl
monoisotopic mass.

SDM142 was proposed to be exactly the same chemical as SMX142 that was formed in a similar
reaction in SMX-FAC. Pathways and mechanisms of how SDM142 was formed was the same as

those of how SMX142 was formed.
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Figure D27: STZ174 had a RT of 6.36 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 174.0219 for MH", Am= -0.806 ppm) and the theoretical abundance
(6%) of the '*C monoisotopic mass.

SDM174 was proposed to be exactly the same chemical as STZ174. See description of STZ174

for details.
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Figure D28: SDM156 had RTs of 17.89 and 31.66 min and MS spectra matched the exact mass
of the proposed chemical (m/z = 156.0768 for MH*, Am= -0.300 ppm) and the theoretical
abundance (6%) of the *C monoisotopic mass.

SDM156 was detected at RT = 17.89 and 31.66, suggesting that there might be two isomers.
Only one structure was proposed according to our understanding of the reaction mechanisms at
the time of writing this thesis. SDM156, shown in FigureD28, was formed upon hydrolysis of

SDM when the S-N bond cleaved. The Sieve integrated intensity pattern was in compliance of

our reasoning.
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Figure D29: SDM190 had a RT of 32.36 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 190.0376 for MH', Am= -0.425 ppm) and the theoretical abundance
(6%) of the '*C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.

Sieve integrated intensity patterns indicated that SDM190 was possibly the TP of SDM156. The
chlorination reaction possible happened at ammonia moiety, yet confirmation of the structure

still needed MS-MS data.
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Figure D30: SDM110 had a RT of 30.66 min and MS spectra matched the exact mass of the

proposed chemical (m/z = 190.0376 for MH", Am= 0.040 ppm) and the theoretical abundance
(6%) of the '*C monoisotopic mass.
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Figure D31: SDM108 had RTs of 6.36 and 31.66 min and MS spectra matched the exact mass
of the proposed chemical (m/z = 108.0444 for MH', Am= 0.089 ppm) and the theoretical
abundance (6%) of the *C monoisotopic mass.

SDM108 was formed from SDM110. The reaction mechanism was the same as that when
SMX110 formed SMX108. The sieve integrated intensity patterns were in compliance with the
formation reasoning. Two peaks were observed on XIC. Only one structure was proposed at this

time and it is shown in Figure D31.
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Figure D32: SDM144 had a RT of 6.61 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 144.0210 for MH', Am=-0.473 ppm) and the theoretical abundance

(6%) of the '*C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.

SDM 144 was the chlorinated product of SDM108. The mechanism of the chlorination reaction

was the same as that leading to the formation of SMX144 from SMX108. In addition, the Sieve

integrated intensity patterns were in support of the happening of the reaction.




2.11 SDM269

8,085

6.0E5
£ 4088
z

2,065 1 ——

0.0E0 [T T 1

[ oem | 2em | 4pm | sem | teppm | agem |
_ 269.9942
100 — Eglmﬂ_ 8 ppm 27 82 CH=0:N:CIS
] * 100
2 a0 Sample B = 3 1_2?[1.99?4
= 80 ~ 2 gp C:PCH:0:N:CIS
E 4 Appm=-1.121 = ] |
S 50 S gp 3
2 3 2 1
< 3 = g 271.9911
2403 = 403 CsHaO:NTCIS
] . o 7
E 20 e 207 J |
D - r— T rrrrrprrrr T T T T T T T T T T T T T D _| T U T | T
0 15 20 25 30 35 40 270 272
Time (min}) miz

Figure D33: SDM269 had a RT of 27.82 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 269.9942 for MH", Am= -1.464ppm) and the theoretical abundance
(6%) of the 1*C monoisotopic mass and the theoretical abundance (35%) of the 3’Cl
monoisotopic mass.

SDM269 was the mono-chlorinated TP of c2, which resulted from a hydrolytic reaction of SDM

when S-C bond cleaved.
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Figure D34: SDM327 had RTs of 22.79 and 28.29 min and MS spectra matched the exact mass
of the proposed chemical (m/z =327.0754 for MH', Am=-1.121 ppm) and the theoretical
abundance (12%) of the *C monoisotopic mass the theoretical abundance (2%) of the S
monoisotopic mass.
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Figure D35: SDM330 had a RT of 34.87 min and MS spectra matched the exact mass of the
proposed chemical (m/z =330.0304 for MH", Am= -1.760 ppm) and the theoretical abundance
(12%) of the *C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.
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Figure D36: SDM247 had a RT of 26.12 min and MS spectra matched the exact mass of the
proposed chemical (m/z =247.1187 for MH", Am= -1.021 ppm) and the theoretical abundance
(12%) of the *C monoisotopic mass.

SDM247 was TP of SMX formed from the SO extrusion reactions. The mechanisms were the

same as those leading to the formation of SMX190, which was a chemical formed when SMX

lost the SO> group.
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6.0E6

5.0E6 I

= 4086
3.086 T

= 2,086 | T
1,086 — —
D'DEUI—'___I__ '_|_|_‘

ntens

_ 281.0795
1005 HOCh=8 ppm 29.56 C12H14 02 N4 Cl
1 ESI+ 100
@ o o ] 282.0829
g 80 ] Sample B c 80 7 Cr3CH140,N,CI
k) Appm=-1.707 NH O. © ]
T =] -
€ 60 & W CHs 2 60 ]
2 | |N ER 2830766
240 . e N, S 40 3 C15H1405N27CI
e 2 cl Y Z
< 20 4 0 33.92 < 20 L
@ E \CH3 & ] ‘]
0 rrTrrTr T T T T T rrrrrr T T T T T \}T T T T 0 T T | ! T
0 5 10 15 20 25 30 35 40 282
Time (min) m/z

Figure D37: SDM281 had a RT of 29.56 min and MS spectra matched the exact mass of the
proposed chemical (m/z =281.0795 for MH", Am= -1.707 ppm) and the theoretical abundance
(12%) of the 1*C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.

SDM281 was the mono-chlorinated TP of SDM247. The sieve integrated intensity patterns were
in compliance with the proposed reaction. Similar to chlorination of SMX and SDM, the chlorine
substitution reaction of SDM247 probably happened at the amino group in the aromatic amine
group as well. Correspondingly, the proposed structure was a N-chlorinated product from the

chlorinolysis reaction.
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Figure D38: SDM248 had RTs of 28.16 and 31.83 min and MS spectra matched the exact mass
of the proposed chemical (m/z =248.1028 for MH", Am= 1.210 ppm) and the theoretical
abundance (10%) of the *C monoisotopic mass.
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Figure D39: SDM282 had a RT of 30.15 min and MS spectra matched the exact mass of the
proposed chemical (m/z =282.0637 for MH", Am= -0.693 ppm) and the theoretical abundance
(12%) of the *C monoisotopic mass and the *’Cl monoisotopic mass (m/z =284.0608 for MH").

SDM282 was the TP of SDM281 after a successive reaction of losing ammonia group between
the aromatic amine and the heterocyclic ring and a hydroxylation reaction. The Sieve patterns
were in support of the sequence of the reaction. Due to lack of MS-MS data, the position where

hydroxylation happened could not be determined for the time-being.
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Figure D40: SDM410 had a RT of 34.00 min and MS spectra matched the exact mass of the
proposed chemical (m/z =410.9477 for MH", Am= -1.424 ppm) and the theoretical abundance
(12%) of the *C monoisotopic mass and the theoretical abundance (105%) of the *’Cl
monoisotopic mass.

Sieve integrated intensity patterns of SDM410 and SDM281 suggested that SDM410 could be
formed from SDM281. According to abundance of the *’Cl monoisotopic mass, SDM410 was

formed when SDM281 was substituted with 2 more chlorine atoms.
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Figure D41: STZ289 had a RT of 29.80 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 288.9816 for MH", Am= -1.111 ppm) and the theoretical abundance
(9%) of the '*C monoisotopic mass and the theoretical abundance (40%) of the *’Cl
monoisotopic mass.

STZ289 was the mono-N-chlorinated TP of STZ. The reaction mechanism was the same as those
that led to the formation of mono-N-chlorinated SMX and mono-N-chlorinated SDM. The sieve
integrated intensity graph indicated that STZ289 was mainly formed in under-chlorinated

reactions, suggesting that STZ289 was possibly one of the TPs that were formed directly from

STZ.
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Figure D42: STZ305 had a RT of 30.58 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 305.9765 for MH", Am=-1.101 ppm) and the theoretical abundance
(9%) of the '*C monoisotopic mass and the theoretical abundance (40%) of the *’Cl
monoisotopic mass.

STZ305 resulted from hydroxylation reactions of STZ289. The position where hydroxylation
took place remain unknown due to lack of MS-MS data. Having the -OH moiety substituting the

hydrogen atom on the ammonia moiety of the aromatic amine was one possible structure.
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Figure D43: STZ144 had RTs of 26.54 and 33.51 min and MS spectra matched the exact mass
of the proposed chemical (m/z = 144.0210 for MH*, Am=-0.473 ppm) and the theoretical
abundance (6%) of the *C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.

STZ144 was a mono-chlorinated TP, possibly formed from an intermediate, 4-aminophenol,
which was resulted from hydroxylation reactions of aniline. Aniline was proposed to be formed

from hydrolytic reaction of STZ when S-C bond cleaved. Formation of aniline from 4-

aminophenol was previously discussed in SMX-FAC reactions.
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Figure D44: STZ177 had RTs of 30.86 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 177.9819 for MH", Am= -1.100ppm) and the theoretical abundance
(6%) of the '*C monoisotopic mass and the theoretical abundance (70%) of the *’Cl
monoisotopic mass.

STZ177 was a dichlorinated product judging from the abundance of the *’Cl monoisotopic mass.

The sieve patterns suggested that STZ177 could possibly be formed from STZ144.
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Figure D45: STZ174 had a RT of 6.19 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 174.0218 for MH", Am= -0.806 ppm) and the theoretical abundance
(6%) of the '*C monoisotopic mass.

STZ174 was a TP resulted from hydrolytic reaction of STZ when the S-N bond cleaved.

Cleavage of S-N was previously discussed in SMX-FAC and STZ-FAC reactions.
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Figure D46: STZ101 had a RT of 3.51 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 101.0168 for MH", Am= -0.045 ppm) and the theoretical abundance
(3%) of the '*C monoisotopic mass and the theoretical abundance (2%) of the **S monoisotopic
mass.

STZ101 was possible formed along with the formation of STZ174 when the S-N bond cleaved
and hydrolytic reactions took place with STZ. The sieve integrated intensity graphs of STZ101

and STZ174 were similar to each other, confirming the happening of the hydrolytic reaction.
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Figure D47: STZ134 had a RT of 12.03 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 134.9777 for MH", Am= 0.912 ppm) and the theoretical abundance
(3%) of the '*C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.
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Figure D48: STZ272 had a RT of 23.71 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 272.0155 for MH', Am= -1.136 ppm) and the theoretical abundance
(9%) of the '*C monoisotopic mass and the theoretical abundance (4%) of the **S monoisotopic

mass.

STZ272 was formed as a result of STZ undergoing hydroxylation reactions. Position of where

hydroxylation reaction took place could not be confirmed yet due to lack of MS-MS data.

However, for the same reasons as we discussed previously why hydroxylation could take place at

the ammonia moiety on the aromatic amine portion of SMX and SDM, we proposed that it

would be the same case with STZ.
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Figure D49: STZ351 had a RT of 32.65 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 351.9988 for MH", Am= 0.757 ppm) and the theoretical abundance
(12%) of the *C monoisotopic mass and the theoretical abundance (6%) of the **S monoisotopic
mass.

STZ351 was formed in a coupling reaction of STZ.
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Figure D50: STZ347 had a RT of 23.31 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 347.0627 for MH", Am= 0.744 ppm) and the theoretical abundance
(15%) of the *C monoisotopic mass and the theoretical abundance (4%) of the **S monoisotopic
mass.



3.11 STZ381

1.2€6
1.0E6 ]
» B.0E5 — |
§ 6.0E5
5 4085
2065 _I—
0.0E0 —i T | I_|_'_|
[ oppm | oppm [ appm | spm |  aeppm |  agppm |
_ 381.02386
100 — HOCIl,= 8 ppm 27.81 C15H140:N4CIS,
1 ESl + 100
] . 382 0269
8 80 7 Sample C Bgpd  [Crs"CHIOMNLCIS,
k| 4 Appm=-1.368 s 3
5 60 4 C\\ S/ﬁ EGU E
2 J 0 o ] 383.0203
< q \ 0 — < ]
o 40 ¢ \/*N(' i N 240 Ci5H140aNA7CIS,
£ 7] — NH S—NH £ 1
g 204 | s 20 ~
v . o] o . I
D T T ‘ L | T T ‘ L | T T ‘ 11T | T T IL T ‘ L | ﬂ T T | T
0 15 20 25 30 35 40 3a2
Time (min) miz

Figure D51: STZ381 had a RT of 27.81 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 381.0236 for MH", Am= -1.368 ppm) and the theoretical abundance
(15%) of the 1*C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.

STZ381 was the mono-chlorinated TP of STZ347. The position where chlorine substitution
happened could not be fully confirmed yet, but according to aromatic substitution rules, the

chlorine was possibly attached to the ortho- or para- positon of the benzene ring on the aniline

part of STZ347.16
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Figure D52: STZ379 had a RT of 34.50 min and MS spectra matched the exact mass of the
proposed chemical (m/z =379.0081 for MH", Am= -0.980 ppm) and the theoretical abundance
(15%) of the '*C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.

STZ379 could be TP formed when STZ381 was further oxidized and lost two hydrogen atoms.
Possibly, there were STZ379 formed in this pathway; though the major of STZ379 was formed
through a coupling reaction when the nitrogen moieties of a chlorinated aniline and the nitrogen
on the aromatic amine portion of STZ combine together. The reaction mechanisms were similar

to that leading to the formation of STZ351.
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Figure D53: STZ347 had a RT of 19.56 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 216.0436 for MH', Am= -0.641 ppm) and the theoretical abundance
(7%) of the '3C monoisotopic mass and the theoretical abundance (2%) of the **S monoisotopic
mass.
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Figure D54: STZ192 had a RT of 6.20 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 192.0587 for MH", Am= 0.503 ppm) and the theoretical abundance
(9%) of the '*C monoisotopic mass and the theoretical abundance (2%) of the **S monoisotopic
mass.

STZ192 was the TP formed when STZ went through a SO extrusion reaction. The mechanisms

behind this reaction was the same as those in reactions when SMX and STZ lost the SO> group

as previously discussed.
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Figure D55: STZ193had a RT of 25.43 min and MS spectra matched the exact mass of the
proposed chemical (m/z =193.0429 for MH", Am= -0.571 ppm) and the theoretical abundance
(9%) of the '3C monoisotopic mass and the theoretical abundance (12%) of the **S monoisotopic
mass.

Successive reactions including losing ammonia moiety and gaining —OH group through
hydroxylation took place with STZ192, leading to the formation of STZ193. The reaction
pathway was very similar with that in SDM-FAC reactions, when SDM247 formed SDM248,

and when SDM281 formed SDM282.
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Figure D56: STZ224 had a RT of 30.60 min and MS spectra matched the exact mass of the
proposed chemical (m/z = 224.0042 for MH", Am= -0.769 ppm) and the theoretical abundance
(9%) of the '*C monoisotopic mass and the theoretical abundance (35%) of the *’Cl
monoisotopic mass.

Formation of STZ224 was similar to formation of SMX222. See description in SMX-FAC for

the reaction mechanisms.
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