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Antibiotic resistance is a growing global problem that continues to accelerate, driven, amongst other things,

by the presence of antibiotics in the environment, excreted after treatment, unchanged and still bioactive.

The rational design of antibiotics with a built-in light-triggered self-destruction mechanism that is activated

during already existing wastewater treatment strategies (human use) or by sunlight (veterinary use) would

significantly contribute to combating the development of multidrug-resistant bacteria. To ensure that

such antibiotics would degrade rapidly, efficiently, and safely, it is crucial to understand their

photodegradation and identify the resulting degradation products. In this LED-illuminated NMR and MS

study, we investigated the photodegradation of compounds containing three structurally related

functional groups susceptible to light-induced degradation: oxazolidine, dioxazepine, and ethanolamine.

Both oxazolidine and dioxazepine were found to converge to a common degradation intermediate,

ethanolamine, which subsequently decomposes into two major products: aniline and dioxane

bishemiacetal. The high sensitivity of MS provided additional insights by revealing nine minor degradation

products formed during photolysis. Elucidating the degradation pathways of these model compounds

establishes a predictive framework for understanding light-induced degradation and may facilitate the

rational design of more sustainable drug candidates.
Sustainability spotlight

Imagine an antibiotic designed with an inherent light-triggered self-destruct mechanism that activates aer excretion during organized wastewater treatment
(for human applications) or upon exposure to sunlight (for veterinary applications). Our goal is to identify functional group(s) that can be incorporated into
active pharmaceutical molecules to enable their rapid, effective, and safe degradation aer use. To achieve this, we investigate photodegradationmechanisms in
detail and identify the resulting breakdown products, thereby minimizing the risk of forming secondary pollutants. Through this research, we aim to contribute
to the ght against antimicrobial resistance, in alignment with the United Nations Sustainable Development Goals, particularly Good Health and Well-Being
and Responsible Consumption and Production.
1 Introduction

Bacterial mutations drive the development of antibiotic resis-
tance.1,2 The emergence of bacterial resistance is not new;
Alexander Fleming, the discoverer of penicillin, highlighted
this issue in his Nobel lecture.3 The lifesaving capability of
antibiotics is under attack by the overuse in both human
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medicine and in livestock. One factor contributing to
resistance development is the presence of antibiotics in the
sewage system and in the environment4 since many antibiotics
are poorly metabolized in the body and are excreted
unchanged and remain as biologically active as they were when
they entered the patient.5 Some of these compounds exhibit
long half-lives in the environment, providing bacteria with
ample opportunity to develop resistance, which explains why
they are included in the European Commission JRC Selection of
substances for the 4th Watch List under the Water Framework
Directive.6 A long half-life is also common for a range of other
pharmaceuticals7,8 resulting in accumulation in the environ-
ment where they have unknown long-term effects on non-target
organisms.9

There is an urgent need for designing greener pharmaceu-
ticals,10,11 a task that our research group has been engaged in for
some time by developing antimicrobial agents capable of
RSC Sustainability
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degradation by exposure to light12–14 aer excretion from the
patient. This is achieved by incorporating a functionality in
the compound that facilitates photodecomposition upon
exposure to light, which can be controlled so that it only occurs
aer the pharmaceutical has been excreted from the patient.
The ethanolamine moiety was identied as suitable for this
purpose resulting in compounds with promising antimicrobial
activity, exemplied by minimum inhibition activity (MIC) of
6.3 mM for ethanolamine 1 towards S. agalactiae (Scheme 1a),
and the ability to undergo photodegradation within 24 hours
under illumination from a medium-pressure mercury lamp
resulting in products with no antimicrobial activity.12,14

Building on this proof of concept, we found that converting the
ethanolamine to the corresponding oxazolidine 2 (Scheme 1a)
reduced the time required for full decomposition to two hours
under the same conditions. However, this enhanced degrada-
tion rate was accompanied by a reduction in the antimicrobial
activity (MIC 25 mM towards S. agalactiae) (Scheme 1a).15 The
improvement in degradation speed in addition to the fact that
the structurally related oxazolidinone ring system is found in
several antibiotics such as linezolid and tedizolid16 prompted
the synthesis of a series of oxazolidines including compound 4
derived from ethanolamine 3 (Scheme 1b).

Although we have not yet succeeded in enhancing the anti-
microbial activity of the oxazolidine-based compounds beyond
a MIC of 25 mM (as observed for compound 2) the improved
decomposition rate warranted a more in-depth investigation of
the photodegradation process and mechanism by LED-illumi-
nated NMR.17–19 For this mechanistic study we chose to use
oxazolidine 4 as a model compound since it was readily avail-
able in our laboratories and, based on our previous photode-
composition studies, the oxazolidines as a class undergoes
degradation through bond cleavage at the oxazolidine group,
irrespective of their substituents. This study was aimed at
discovering details of that cleavage and identifying pathways
forward which would be applicable to the whole class. The
accumulated NMR in combination with MS data enabled the
Scheme 1 (a) Synthesis of oxazolidine 2 from the corresponding
ethanolamine 1 and antimicrobial activity against S. agalactiae; (b)
structure of ethanolamine 3 and antimicrobial activity against S. aga-
lactiae and the structure of oxazolidine 4. Compound numbering
shown for compounds 3 and 4.
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elucidation of the photodecomposition products and their
mechanism of formation.
2 Materials and methods
2.1 General

All chemicals were obtained from Sigma-Aldrich/Merck (Read-
ington, NJ, USA) or VWR (Radnor, PA, USA) and used as
supplied. When specied, solvents were dried by storing over 4
Å molecular sieves. For petroleum ether (pet. ether), the 40–60 °
C fraction was used. All reactions were carried out under
a nitrogen or argon atmosphere, unless otherwise specied.
Thin-layer chromatography (TLC) was carried out with silica gel
(60 F254) on aluminium sheets with solvent systems consisting
of various mixtures of pet. ether, ethyl acetate, and di-
chloromethane (DCM). Visualization was achieved with either
UV light (254 and/or 365 nm), or a potassium permanganate
stain. Flash chromatography was performed with a hand pump
and 230–400 mesh silica gel.

IR spectra were recorded on an Agilent Cary 630 FT-IR
spectrophotometer equipped with an attenuated total reec-
tance attachment. Samples were analysed neat on a ZnSe
crystal, and the absorption frequencies are given in wave
numbers (cm−1).

Deuterated solvents for NMR spectroscopy were purchased
from EurIsotop (Saint Aubin, France). All NMR spectra were
recorded at 25 °C using standard pulse sequences on the Bruker
Ascend 400 and Bruker Avance AV600 spectrometers (Bruker,
Billerica, MA, USA). The structures were elucidated using 1D and
2DNMR spectra (1H, APT, COSY, HSQCe andHMBC) as shown in
Fig. S1–S30. Proton–proton and carbon–uorine coupling
constants (J) from proton and carbon spectra, respectively, are
given in Hz, and themultiplicity is reported as singlet (s), doublet
(d), triplet (t), quartet (q), sextet (s), multiplet (m), and broad
singlet (bs). Chemical shis are reported in ppm in the order
downeld to upeld, and calibration is performed using the
residual solvent signals for ACN-d3 (

1H 1.94 ppm; 13C 1.32 ppm).20

All acquired NMR spectra were processed using Bruker TopSpin
4.3.0. (Bruker, Billerica, MA, USA) and ACD/Labs Spectrus
Processor v2021 (ACD Systems, Victoria, BC, Canada) soware.

Acetonitrile and formic acid were MS grade and were
purchased from Carlo Erba (Milano, Italy). Ultrapure water was
obtained from aMilli-Q Advantage A10 purication system from
Merck KGaA (Darmstadt, Germany). All LC-HRMS analyses
(Fig. S31–S80) were performed using Agilent 1290 Innity II
UHPLC coupled with Agilent 6550 iFunnel Q-TOF (Agilent
Technologies, Santa Clara, CA, USA). LC-UV analyses (Fig. S81
and S82) were performed on Agilent 1290 Innity II UPLC-DAD
(Agilent Technologies, Santa Clara, CA, USA), while UV-vis
spectrum of oxazolidine 4 (Fig. S83) was recorded using Genesys
50 UV/vis spectrophotometer (Thermo Fisher Scientic, Wal-
tham, MA, USA).
2.2 Synthesis

2.2.1 Synthesis of 3-(6-bromo-2,3,4-triuorophenyl)-5-(4-
nitrobenzyl)oxazolidine (4). Formaldehyde (0.03 mL, 0.76 mmol)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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and formic acid (0.01 mL, 0.21 mmol) was added to a stirred
solution of 1-((6-bromo-2,3,4-triuorophenyl)amino)-3-(4-nitro-
phenyl)propan-2-ol (78 mg, 0.19 mmol) in 1,2-dichloroethane
(4 mL). The resulting reaction mixture was stirred at room
temperature for 38 h before the reaction was quenched with H2O
(5 mL). The aqueous phase was extracted with DCM (3 × 10 mL)
and the combined organic fractions were washed with brine (1×
10 mL) and dried over MgSO4. Filtration and concentration gave
the crude product which was puried by silica-gel column chro-
matography (DCM : pet. ether 7 : 3 / 8 : 2). Isolation of the
relevant fractions (Rf = 0.5, DCM : pet. ether 8 : 2) gave the title
compound 4 as a colourless oil (32mg, 42%). IR (neat): lmax (lm)
1927, 1501, 1343, 1190 cm−1; UV: lmax (EtOAc) 288 nm, 3 7054
M−1 cm−1; 1H NMR (600MHz, CD3CN : D2O, 7 : 3): d= 8.11 (d, J=
8.1 Hz, 2H, 9, 11), 7.47 (d, J= 8.8 Hz, 2H, 8, 12), 7.41 (ddd, J= 2.6,
7.9, 10.1 Hz, 1H, 17), 4.77 (d, J = 4.8 Hz, 1H, 20), 4.63 (d, J = 4.8
Hz, 1H, 200), 4.36 (quin, J = 6.6 Hz, 1H, 5), 3.57 (dd, J = 6.6, 10.5
Hz, 1H, 40), 3.12 (dd, J = 7.0, 10.5 Hz, 1H, 400), 3.02 (d, J = 6.6 Hz,
2H, 6); 13C NMR (151 MHz, CD3CN : D2O, 7 : 3): d= 147.2 (dd, J =
2.4, 258.3 Hz, 1C, 16), 147.2 (dd, J = 3.6, 237.9 Hz, 1C, 14), 146.2
(1C, 10), 146.1 (1C, 7), 139.3 (dt, J = 16.1, 251.4 Hz, 1C, 15), 132.3
(d, J = 9.6 Hz, 1C, 13), 130.0 (2C, 8, 12), 122.9 (2C, 9, 11), 116.5
(1C, 18), 115.5 (d, J = 20.4 Hz, 1C, 17), 82.8 (d, J = 6.0 Hz, 1C, 2),
76.9 (1C, 5), 55.3 (d, J = 3.6 Hz, 1C, 4), 38.49 (1C, 6); although
oxazolidine 4 produces a large chromatographic peak at RT =

12.50 (Fig. S81) in LC-DAD, the peak of matching intensity is not
observed in any of the recorded LC-HRMS spectra. The small
peak present at RT 12.5 in ESI− does not have a corresponding
interpretable HRMS spectrum underneath, likely due to the
compound's low ionization efficiency.

2.2.2 Synthesis of 1-amino-3-(4-nitrophenyl)propan-2-ol
(9). 2-(4-Nitrobenzyl)oxirane (100 mg, 0.52 mmol) was dissolved
in 25% ammonia solution (10 mL). The mixture was stirred at rt
for 17 h before being quenched with water (10 mL). The
aqueous layer was extracted with CHCl3 (3 × 10 mL) and the
combined organic phases were dried over MgSO4. Filtration and
concentration under reduced pressure gave the crude product
that was subjected to purication by silica-gel column chro-
matography (DCM/MeOH, 9 : 1). Concentration of the relevant
fractions (Rf 0.1 in DCM :MeOH 9 : 1) gave a yellow solid that
was recrystalized in EtOAc/hexane to yield the title compound 9
as a light-yellow solid (9 mg, 9%, mp 120–123 °C). IR (neat): lmax

3355, 3280, 2843, 1907, 1511, 1340 cm−1; 1H NMR (400 MHz,
CD3CN): d = 8.13 (d, J = 8.6 Hz, 2H), 7.46 (d, J = 8.6 Hz, 2H),
3.68–3.62 (m, 1H), 2.87 (dd, J = 13.6 Hz, 4.3 Hz, 1H), 2.75–2.68
(m, 2H), 2.48 (dd, J = 12.7 Hz, 7.3 Hz, 1H); 13C NMR (100 MHz,
CD3CN): d = 149.1, 147.5, 131.4, 124.1, 73.7, 48.2, 41.6; HRMS:
calculated for C9H12N2O3 M + H+, 197.0921; found 197.0925
(diff: 2.19 ppm).
2.3 Dioxazepine 5

Structure elucidation of dioxazepine 5 was performed in the
mixture with oxazolidine 4. The presence of the dioxazepine
moiety in 5 was supported by a sequence of COSY correlations
(H-6/H-5/H-4), as well as an extensive number of 1H–13C HMBC
correlations spanning the seven-membered ring and linking it
© 2026 The Author(s). Published by the Royal Society of Chemistry
to the aromatic rings on both sides of the molecule (Fig. S15–
S19). All proton and carbon NMR chemical shis, as well as
coupling constants, were consistent with the determined
structure.1H NMR (600 MHz, CD3CN : D2O, 7 : 3): d= 8.11 (d, J=
8.8 Hz, 2H), 7.44 (d, J= 8.8 Hz, 2H), 4.94 (d, J= 6.2 Hz, 1H), 4.87
(d, J = 5.9 Hz, 1H), 4.79 (d, J = 0.7 Hz, 1H), 4.59 (d, J = 10.6 Hz,
1H), 4.26–4.16 (m, 1H), 3.23 (d, J = 6.2 Hz, 2H), 2.94–2.89 (m,
1H), 2.88 (d, J = 5.1 Hz, 1H); 13C NMR (151 MHz, CD3CN : D2O):
d = 146.2 (s, 1C, 7), 133.3 (s, 1C, 13), 129.9 (s, 2C, 8,12), 122.8 (s,
2C, 9,11), 115.5 (d, J = 20.4 Hz, 1C, 17), 92.2 (s, 1C, 27), 81.5 (s,
1C, 2), 79.7 (s, 1C, 5), 57.6 (s, 1C, 4), 37.9 (s, 1C, 6); although
a large chromatographic peak at RT = 12.50 (Fig. S82) is visible
in the LC-DAD chromatogram of the oxazolidine 4 and di-
oxazepine 5 mixture, a peak of matching intensity is not
observed in any of the recorded LC-HRMS spectra. The small
peak present at RT 12.5 in ESI− does not have a corresponding
interpretable HRMS spectrum, likely due to the compound's
low ionization efficiency. When compared to the pure oxazoli-
dine 4, both LC-DAD and LC-HRMS peaks of the mixture exhibit
a shoulder, suggesting the presence of two different compounds
eluting from the column almost simultaneously.

2.4 Degradation

To compare the inuence of different decomposition triggers
on the stability of oxazolidine 4 in an acetonitrile/water mixture,
a total of 4.2 mg was dissolved in 1650 mL of ACN-d3 : D2O (7 : 3).
Aliquots of 550 mL were then transferred to three 5 mm NMR
tubes: one was le unaltered to establish baseline, 0.55 mL of
formic acid was added to the second, and the third was sub-
jected to UV irradiation (310 nm). All three experiments were
initiated simultaneously and monitored over a 14 day period at
room temperature.

Photodegradation of pure oxazolidine 4 (9 mg), as well as the
mixture (16 mg) of oxazolidine 4 (ca 75% molar content) and
dioxazepine 5 (ca 25% molar content) was performed in 550 mL
ACN-d3 : D2O (7 : 3) at 25 °C. A series of 1H spectra were recorded
over a period of approximately three weeks.

The equipment for LED-illuminated NMR17–19 was purchased
from ThorLabs GmbH (Bergkirchen, Germany). It included
ThorLabs DC2200 LED driver, LED M310F1 and optical bre.
LED used in photodegradation experiments had wavelength of
310 nm and electrical power of 3 W.21 The optical bre tip was
modied17 to enable uniform light emission in all directions
and was inserted into the sample inside the NMR tube using
a quartz coaxial insert to prevent contamination. The LED
output power measurement was performed at the sample (tip of
the optical bre) by integrated sphere with calibrated UV
sensitive photodiode as detector. Output power of LED in our
setup wasmeasured to be around 0.5 mW. From this the photon
ux at 310 nm was calculated to be 7.8 × 1014 photons per s.

2.5 HRMS analysis

The chromatographic separation was performed on Zorbax
Eclipse Plus C18 RRHD (1.8 mm, 3.0 × 50 mm) column with the
temperature set at 40 °C. The mobile phase consisted of 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile (B)
RSC Sustainability



RSC Sustainability Paper
with the gradient elution prole as follows: 0 min 95% A; 10–13
min 5% A. The ow rate was set at 0.2 mL min−1, and the
injection volume was 1 mL. HRMS analyses were performed by
electrospray ionization in positive and negative mode ranging
fromm/z 50 tom/z 1500 with optimized parameters as indicated
in Table S1. Collision-induced dissociation was performed
using collision energies (CE): 5, 10, 20, 30, and 40 V.
3 Results and discussion
3.1 Photodegradation of a mixture of oxazolidine 4 and
dioxazepine 5

Initially, we investigated the photochemistry of oxazolidine 4
using a sample that additionally contained 25% of dioxazepine
5, the unusual compound most likely formed via the process
depicted in Scheme 2.22 The hydroxyl group in the imine
intermediate reacts with an additional formaldehyde prior to
cyclizing resulting in the formation of dioxazepine 5.

The 3 : 1 mixture of compound 4 and 5 showed a lmax of 310
nm in acetonitrile (ACN), thus we commenced our studies by
subjecting the mixture (16 mg) in ACN-d3 : D2O (7 : 3) to irradi-
ation with 310 nm light. Water was included in the solvent to
resemble environmental conditions while simultaneously
keeping the concentration of the analytes at a level that facili-
tated acquisition of NMR data.

Since photodegradation was scheduled to begin only aer
NMR spectra for structure elucidation were acquired, the
sample was inadvertently exposed to room temperature in the
dark for three days before irradiation experiments commenced.
During this period, oxazolidine 4 spontaneously began
decomposing, yielding approximately 8% ethanolamine 3,
while compound 5 remained stable (Fig. 1, 0 h). In this mixture,
formation of the ethanolamine 3 was determined by proton
chemical shi comparison to signals of an authentic compound
Scheme 2 Mechanism for formation of the major product, oxazoli-
dine 4, and formation of dioxazepine 5. Numbering used in the
chemical shift assignment in NMR are inserted for compound 5.
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(Fig. S1–S5) synthesized following our previously reported
procedure.12

Although the irradiation of this mixture lasted in total 417
hours (Fig. S20), the most interesting transformations occurred
within the rst 48 hours (Fig. 1). Under irradiation dioxazepine
5 undergoes degradation via the loss of methanediol, forming
intermediate 6 (Fig. 1 and Scheme 3).

The structure of intermediate 6 was determined through
detailed NMR analysis of the degradation mixture aer 19.5
hours of irradiation (Fig. S21–S25), followed by LC-HRMS
analysis in negative mode (Fig. S70–S72), where the product
exhibited a retention time of 11.91 min. Characteristic ions
included [M + Cl]− at m/z 468.9780 and [M + HCOO]− at m/z
479.0071. Additional signals at m/z 295.9531 and 136.0400 were
identied as in-source fragments. MS/MS analysis of the [M +
HCOO]− ion at m/z 479.0071 further conrmed the structure,
and a possible fragmentation pathway was proposed. The
concentration of intermediate 6 declines as it is converted into
ethanolamine 3 through the loss of an additional methanediol
unit (Scheme 3).

At this point the photodegradation pathways of oxazolidine 4
and dioxazepine 5 converge at formation of ethanolamine 3.
Further degradation of ethanolamine 3 yields dimer 7 and
aniline 8 (Scheme 3 and Fig. S20). The structures of both dimer
7 and aniline 8 were determined through NMR analysis of the
degradation mixture aer 417 hours of irradiation (Fig. S26–
S30). The structure of dimer 7 was determined through the key
1H–13C HMBC correlations shown in Fig. S30, along with
characteristic chemical shis of C-4 (92.7 ppm) and C-5 (75.6
ppm). The formation of aniline 8 was unambiguously
conrmed by chemical shis comparison with an authentic
sample (Fig. S11–S14).
3.2 Photodecomposition of oxazolidine 4

A fresh batch of oxazolidine 4 was prepared and carefully
puried by ash chromatography to obtain sufficient material
for photodegradation. We rst assessed the baseline stability
under aqueous and acidic conditions (Fig. 2) since the ndings
with the mixture indicated stability issues for oxazolidine 4.

Aqueous conditions were examined due to the known
susceptibility of oxazolidines to hydrolysis in water,23 while
acidic conditions were tested since formic acid, a predicted
photodegradation product,12 has been reported to induce ring-
opening of oxazolidines.24 To this end, three aliquots of
compound 4 in ACN-d3 : D2O (7 : 3) solution were monitored at
room temperature approximately three weeks by 1H NMR
spectroscopy while subjected to the following conditions: (1)
shielded from light; (2) addition of 0.1% formic acid while
shielded from light; and (3) irradiated at 310 nm. Although pure
oxazolidine 4 had lmax = 288 nm (Fig. S83), we decided to
conduct the investigation with the same light source (310 nm)
as in the previous experiments to facilitate data comparison.

The results depicted in Fig. 2a demonstrate that oxazolidine
4 in ACN-d3 : D2O (7 : 3) remains stable for at least 22 hours
when kept in the dark at room temperature, and aer three days
less than 1% of the material had decomposed. This result was
© 2026 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 The first 63 hours photodecomposition of compound 4 (75%) and 5 (25%) mixture in ACN-d3 : D2O (7 : 3) at room temperature using UV
light (l = 310 nm).
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unexpected since oxazolidine 4 in the 3 : 1 mixture of
compounds 4 and 5 under the exact same conditions underwent
8% decomposition. The most probable explanation for different
degradation rates is the signicantly higher (16 times)
concentration of 4 in the previously analysed mixture.

The second aliquot showed that if formic acid is introduced
under otherwise identical conditions, oxazolidine 4 undergoes
complete decomposition to ethanolamine 3 in less than three
hours. Based on the 1H NMR data (Fig. 2b) this decomposition
initiates almost immediately upon the addition of formic acid,
as evident by the spectral data recorded aer 48 min. The rapid
conversion of compound 4 to the more stable ethanolamine 3
under mildly acidic conditions occurred more swily than ex-
pected. This rapid degradation would pose a challenge if oxa-
zolidines were intended for use as oral drugs. However, this
property also underscores the potential of oxazolidines as pro-
drugs for potent ethanolamines, which can be an interesting
ability given the higher antimicrobial activity of compound 1
compared to its corresponding oxazolidine 2 and ethanolamine
3 vs. oxazolidine 4.

The analysis of the third aliquot revealed that the effect of
light is not as dramatic as the addition of formic acid, although
it still accelerates the decomposition (Fig. S86 vs. Fig. 2b).
© 2026 The Author(s). Published by the Royal Society of Chemistry
Oxazolidine 4 started to photodegrade to ethanolamine 3 (lmax

= 311 nm) which under further continuous irradiation at 310
nm eventually decomposes into several new compounds.

During this study it was observed that decomposition of
oxazolidines occurs signicantly faster (2 hours) when using 6
Wmedium-pressure mercury-vapor lamp ltered through Pyrex
glass, compared to 3 W LED irradiation at a single wavelength,
namely 310 nm. Considering that the oxazolidine concentration
was of the same order of magnitude in both experiments (1.4
mg in 550 mL for the LED-illuminated in situ NMR experiment
and 13 mg in 75 mL for the photoreactor experiment), the
observed difference in reaction rate is unlikely to originate from
differences in substrate concentration. Instead, it may be
explained by the broader spectral output of the Pyrex-ltered
medium-pressure mercury lamp, which emits several intense
spectral lines between 300 and 365 nm and may therefore
promote the reaction more effectively than the monochromatic
LED. Furthermore, the LED used for the in situ NMR experi-
ments had a lower electrical power (3 W vs. 6 W for the mercury
lamp), and the photon ux reaching the sample was likely
further reduced by transmission losses through the optical
bre.
RSC Sustainability



Scheme 3 Photodegradation pathway for dioxazepine 5 exposed to
light with wavelength 310 nm in ACN-d3 : D2O (7 : 3) at room
temperature. Numbering used in the chemical shift assignment in
NMR are inserted for compound 6.
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3.3 Photodegradation products of oxazolidine 4

To facilitate the structure elucidation of photodegradation
products and discovery of the reaction pathway, 9 mg of pure
oxazolidine 4 was dissolved in 550 mL ACN-d3 : D2O (7 : 3) and
subjected to the same reaction conditions as before. In addition
to monitoring the decomposition by NMR spectroscopy
(Fig. 3), MS analysis (HRMS and MS/MS) monitoring was
also performed at specic time points: before irradiation
(0 hours) and aer 7, 25, 49, 122, and 195 hours of irradiation at
310 nm.

As in previous experiments, oxazolidine 4 photodegrades to
ethanolamine 3 by eliminating methanediol (observed as
a singlet at 4.67 ppm), which, over time, undergoes further
oxidation to formic acid (small singlet at 8.11 ppm) due to the
presence of oxygen in the solution (as the solution was not
degassed prior to the experiment to simulate real-life environ-
mental conditions). Ethanolamine 3 was conrmed by LC-
HRMS analysis (Fig. S31–S36) through the detection of a peak
with retention time (RT) 11.45 min, corresponding to the
observed accurate mass of the singly deprotonated ion at m/z
402.9908 (calculated m/z 402.9911, error −0.65 ppm). Further
supporting evidence included characteristic ions such as [M +
Cl]− at m/z 438.9690 (calculated m/z 438.9677, error 2.87 ppm)
and [M + HCOO]− at m/z 448.9970 (calculated m/z 448.9965,
RSC Sustainability
error 1.02 ppm). The MS spectrum also displayed signals at m/z
265.9439 and 136.0410, which were later assigned to in-source
fragmentations based on detailed MS/MS analysis by collision-
induced dissociation (CID). Using this data, a possible frag-
mentation pathway for ethanolamine 3 [M − H]− ion (m/z
402.9908) was proposed.

Aer 17 hours, no detectable traces of oxazolidine 4
remained in the 1H NMR spectra, while signals corresponding
to photodecomposition products derived from ethanolamine 3
began to emerge. As before, two major photodegradation
products of ethanolamine 3 were discovered to be: dimer 7 and
aniline 8 (Scheme 4).

Aniline 8 can be formed via homolytic cleavage of ethanol-
amine 3 (Scheme 5a). Ethanolamine 3 can also undergo an
oxidation to form the iminium 3a. Through hydrolysis of the
iminium, the a-hydroxy aldehyde 3b is produced, which
subsequently dimerizes to form the dioxane bishemiacetal 7
(Scheme 5b). Evidence for the formation of compound 3b is
derived from MS analysis (Table 1) while substrate 7 is deduced
from the 1H NMR data.
3.4 Structure elucidation and degradation pathways for
minor degradation products

The twomajor products, viz. compound 7 and 8, are not the only
chemical fate of ethanolamine 3, as LC-HRMS analysis revealed
the presence of several minor photodegradation products
(Table 1). Their concentrations were too low for detection by
NMR spectroscopy. None of these compounds were detected
prior to irradiation, and most appeared at the rst sampling
point aer 7 hours, suggesting that they are all photo-
degradation products. The structural elucidation of these
compounds was conducted using a combination of HRMS data
and MS/MS fragmentation pattern analysis and their mecha-
nisms of formation are proposed (Scheme 6).

The HRMS spectrum of the degradation product 3b (RT =

6.03 min) displayed a singly deprotonated ion at m/z 194.0460
(Fig. S37 and S38), while MS/MS analysis revealed the presence
of a characteristic negatively charged 1-methyl-4-nitrobenzene
ion atm/z 136 (Fig. S39 and S40), a feature consistently observed
across degradation products where the nitro group remains
intact. The identication of this compound within the degra-
dation mixture supports the proposed degradation mechanism
outlined in Scheme 5b.

Compound 9 was identied via LC-HRMS analysis at
a retention time of 4.65 min, with an m/z 197.0912 for [M + H]+

detected in positive mode. Its structure was unambiguously
conrmed by comparing the LC-HRMS spectra with those of an
authentic synthetic sample of ethanolamine 9 (Fig. S41–S42),
which was prepared following a literature procedure25 Mecha-
nistically, ethanolamine 9 is likely formed through the homo-
lytic cleavage of ethanolamine 3, a process that also generates
aniline 8, as depicted in Scheme 5. The fact that ethanolamine 9
is detected only as a minor product suggests that it undergoes
further degradation reactions.

The HRMS spectrum of degradation product 10 (RT = 7.15
min) exhibited a signal atm/z 257.0334, corresponding to the [M
© 2026 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Structural integrity of oxazolidine 4 in ACN-d3 : D2O (7 : 3) during 14 days at room temperature: (a) shielded from light and (b) with 0.1%
formic acid in the dark.
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+ Cl]− adduct, and a signal atm/z 194.0459 (Fig. S44), which was
assigned to an in-source fragment based on CID experiments
(Fig. S45 and S46).
© 2026 The Author(s). Published by the Royal Society of Chemistry
Degradation products 11 and 12 were observed at retention
times of 9.59 and 10.51 min, respectively. Unexpectedly, their
HRMS spectra were almost identical, each displaying only one
characteristic signal at m/z 400.9954 (11) and m/z 400.9963 (12)
RSC Sustainability



Fig. 3 Photodegradation of oxazolidine 4 through comparison of 1H NMR spectra recorded during irradiation at 310 nm for the duration of 514
hours in ACN-d3 : D2O (7 : 3) at room temperature.
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(Fig. S48 and S49). Both signals corresponded to a molecular
formula of C15H13BrF2N2O4, suggesting they are regioisomers
resulting from either uorine being substituted by a hydroxyl
group. Examination of the isotopic pattern of the corresponding
ions conrmed the presence of a Br atom in both regioisomers
11 and 12, as evidenced by the characteristic M + 2 Da signal. A
similar uorine-to-hydroxyl substitution during photolysis was
Scheme 4 Photodegradation pathway for oxazolidine 4 exposed to
light with wavelength 310 nm in ACN-d3 : D2O (7 : 3) at room
temperature.

RSC Sustainability
recently reported26,27 during the photodegradation of Sitagliptin
in aqueous media. The most plausible reaction mechanism for
this photosubstitution (Scheme 6b) was proposed for
uoroquinolones.28

The suggested mechanism involves the addition of water
followed by the elimination of a uoride anion via the triplet
state, which was previously postulated31 for light-induced
substitution reactions in other aromatic compounds. In that
study, it was determined that position 5 in quinolone was
preferred over position 6 for photosubstitution. In our case,
three possible substitution positions were available, and
although CID experiments revealed distinct fragmentation
patterns (Fig. S50 and S52), the exact position of substitution
could not be determined unambiguously (Fig. S51 and S53).
Scheme 5 Photodegradation of ethanolamine 3 to give major
degradation products: (a) aniline 8; (b) dioxane bishemiacetal 7.

© 2026 The Author(s). Published by the Royal Society of Chemistry



Table 1 Minor degradation products of ethanolamine 3 discovered by LC-HRMS after irradiation with UV light (310 nm) in ACN-d3 : D2O (7 : 3) at
room temperature

DP RT/min Ion Obs. m/z Calc. m/z Error/ppm Suggested structure tIRR/h

3b 6.03 [M − H]− 194.0460 194.0459 0.61 7
[M + HCOO]− 240.0510 240.0514 −1.5

9 4.64 [M + H]+ 197.0912 197.0921 −4.41 7

10 7.15
[M + Cl]− 257.0334 257.0335 −0.23

7[M + HCOO]− 267.0618 267.0623 −1.72

11 regioisomers 9.59
[M − H]− 400.9954 400.9954 0

7
[M + Cl]− 436.9732 436.9721 2.57

12 regioisomers 10.51 [M − H]− 400.9963 400.9954 2.24 7

13 9.86
[M − H]− 341.0758 341.0755 0.98

7[M + Cl]− 377.0507 377.0521 −3.83

14 multiple isomers
possible

10.28 [M + HCOO]− 428.9908 428.9903 1.13 25

15 11.57
[M − H]− 386.9947 386.9961 −0.13

7[M + Cl]− 422.9729 422.9728 0.17
[M + HCOO]− 433.0011 433.0016 −1.22

16 11.86

[M − H]− 430.9857 430.9860 −0.64

7
[M + Cl]− 466.9630 466.9627 0.74
[M + HCOO]− 476.9913 476.9915 −0.33
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The HRMS signal at m/z 341.0758 (Fig. S54 and S55) for
degradation product 13 (RT = 9.86 min) corresponded to the
molecular formula C15H13F3N2O4, indicating that bromine was
substituted by a hydroxyl group. Careful examination of the
isotopic pattern ofm/z 341.0758 and its in-source fragment atm/
z 323.0649 conrmed the absence of a bromine atom, as evident
by the lack of the characteristic M + 2 Da signal. A degradation
mechanism29 leading to this outcome involves the formation of
a radical pair following debromination, which then reacts with
a water molecule to yield a stable hydroxy derivative (Scheme
6a). Similar mechanism was recently described for the phar-
maceutical ambroxol32 and a series of bromophenols.33

The degradation product 14 (RT = 10.28 min) was identied
by a signal at m/z 428.9908, corresponding to the [M + HCOO]−

ion in the HRMS spectrum (Fig. S58 and S59) and matching the
molecular formula C15H11BrF3N2O3. This molecular formula,
however, can correspond to at least three regioisomers and two
double bond congurations (E and/or Z conguration), so this
structure is tentative. Similar to degradation products 11 and
12, the presence of a Br atom in degradation product 14 was
readily conrmed by MS due to the characteristic 79Br- and 81Br-
isotope. Compared to the structure of ethanolamine 3, this
compound has undergone the loss of one water molecule,
resulting in double bond formation, while one of its aromatic
uorine atoms has been substituted by a hydroxyl group.
Compound 14 was the only degradation product detected at the
second sampling time (25 h), suggesting that it may be
a secondary degradation product. Given its structural similarity
to compounds 11 and 12, it is most likely derived from the
dehydration of one of these compounds (Scheme 6b).
© 2026 The Author(s). Published by the Royal Society of Chemistry
Additionally, MS/MS analysis (Fig. S60) revealed an interesting
fragmentation pathway involving the loss of hydrogen bromide
(Fig. S61) recently described in fragmentation of brominated
aromatic compounds.34

The HRMS signals at m/z 386.9947, 422.9729, and 433.0011
(Fig. S62 and S63) for degradation product 15 (RT 11.57) were
assigned to [M − H]−, [M + Cl]− and [M + HCOO]− ions. MS/MS
analysis (Fig. S64 and S65) did not yield the characteristic
fragmentm/z 136 (from 1-methyl-4-nitrobenzene). However, the
presence of the fragment at m/z 120.0452 was observed, indi-
cating reduction of the nitro group to the corresponding nitroso
derivative. This degradation mode has previously been reported
during photolysis of various nitroaromatic compounds in solid
state35,36 and in solution.37,38 The possible mechanism was
suggested30 and involves proton-coupled electron transfer
(PCET) or hydrogen atom transfer (HAT), formation of di-
hydroxylamine (–N(OH)2) intermediate, followed by the loss of
water (Scheme 6c).

Degradation product 16, with an RT of 11.86 min, exhibited
a complex HRMS spectrum (Fig. S67) characterized by di-
stinguishing signals at m/z 430.9857 ([M − H]−), 466.9630 ([M +
Cl]−), and 476.9913 ([M + HCOO]−). MS/MS analysis of the [M +
HCOO]− ion (Fig. S68 and S69) revealed that the signals at m/z
364.9749 and 384.9812 in the native HRMS spectrum correspond
to in-source fragments. Formic acid, which is generated in the
mixture as a photodegradation product, can react with ethanol-
amine 3 to form esters such as degradation product 16. The high
acidity of formic acid allows it to self-catalyse esterication
reactions.39However, due to steric hindrance around the hydroxyl
RSC Sustainability



Scheme 6 Photodegradation of ethanolamine 3 to give degradation products through three previously described mechanisms: (a) ethanol-
amine 13;29 (b) compounds 11, 12, and 14;28 (c) nitroso 15.30
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group, tertiary alcohols are less reactive than primary alcohols,40

explaining why compound 16 is only a minor product.
Given that the solvent used in the degradation studies con-

tained 30% D2O, it is intriguing that water plays a crucial role in
all described degradation mechanisms. Since the degradation
reactions were conducted in an NMR tube, one might expect
deuterium, rather than protons, to be detectable in the HRMS
spectra. However, as only small aliquots (1 mL) of the deuterated
degradation mixture were extracted and injected into the
mobile phase containing protonated acetonitrile, water, and
0.1% formic acid, deuterium-proton exchange likely occurred,
preventing the detection of deuterium in the MS analysis.

The comparison of the EIC areas measured at 7 hours and 195
hours (Fig. S73–S80) revealed that the majority of detected
degradation products (3b, 9, 10, 11, 12, and 14) were continuously
formed throughout the irradiation period, as indicated by their
increasing intensities over time. Compound 13 was the only
degradation product that was exclusively generated during the
rst 7 hours and remained stable thereaer, as evident by its
consistent EIC area. In contrast, degradation products 15 and 16
exhibited lower concentrations at 195 hours compared to the rst
sampling time, suggesting that these compounds may undergo
further degradation at a faster rate than their formation.
RSC Sustainability
4 Conclusions

This work follows our benign-by-design strategy for combating
antibiotic resistance by developing antimicrobial scaffolds that
intentionally photodegrade aer use, reducing environmental
persistence of bioactive compounds. In this study we have
investigated the photodegradation of compounds containing
three structurally related functional groups whose degradation
could be triggered by light: oxazolidine 4, dioxazepine 5 and
ethanolamine 3. Solid understanding of the chemical fate of
these compounds aer exposure to light is important in order to
gain the knowledge required to successfully design pharma-
ceuticals following the strategy ‘benign by design’.10,11,41

Oxazolidine 4 undergoes spontaneous decomposition into
ethanolamine 3 at room temperature in ACN-d3 : D2O (7 : 3).
This process is signicantly accelerated by the addition of acid
or irradiation with UV light (l = 310 nm). Ethanolamine 3
subsequently undergoes homolytic cleavage, producing the
major decomposition product aniline 8 and minor degradation
product 1-amino-3-(4-nitrophenyl) propan-2-ol (9) (Table S1 and
Fig. S41, S42). The formation of the second major product
dioxane bishemiacetal 7 is believed to result from the oxidation
of ethanolamine 3, followed by hydrolysis and dimerization of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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compound 3b. However, the photodegradation of ethanolamine
3 is not limited to these, as, in addition to compound 9, eight
other minor degradation products were identied through LC-
HRMS analysis, and their structures and mechanisms of
formation proposed.

The second compound studied, dioxazepine 5, does not
appear to undergo spontaneous decomposition, as it remained
stable for three days at room temperature during structure
determination. However, immediately aer the initiation of UV
irradiation (310 nm), the formation of intermediate 6 was
observed. Intermediate 6 was then hydrolysed into ethanol-
amine 3.

Understanding the photodegradation mechanism of di-
oxazepine 5, oxazolidine 4 and ethanolamine 3 enables us to
predict the degradation behaviour of compounds with such
structural motifs when exposed to UV light.

In conclusion, both oxazolidine and dioxazepine derivatives
converge to a common degradation intermediate ethanolamine
which further decomposes into two major products: aniline and
dioxane bishemiacetal. This knowledge provides predictive
framework for the design of greener drugs for future light-
degradable pharmaceuticals with known, traceable breakdown
products.
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Krznarić: data curation, formal analysis. L. N. Van Sang: data
curation, formal analysis, writing – review and editing. S.
Estopiña-Duran: data curation, formal analysis, investigation.
M. O. Sydnes: conceptualization, data curation, formal analysis,
funding acquisition, investigation, methodology, project
administration, resources, soware, supervision, validation,
visualization, writing – original dra, writing – review and
editing.

Conflicts of interest

The authors declare that they have no competing nancial or
non-nancial interests, currently or previously.

Data availability

All data generated during this research is included in the
submitted article and accompanying supplementary informa-
tion (SI). Supplementary information: (Fig. S1–S86 and Table
S1) contains experimental conditions for degradation, full
analytical characterisation of each identied compound, MS
spectra and fully assigned NMR spectra with extracted proton
and carbon chemical shis. See DOI: https://doi.org/10.1039/
d6su00265j.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Acknowledgements

This article/publication is based upon work from COST Action
EURESTOP, CA21145, supported by COST (European Coopera-
tion in Science and Technology). Work conducted at University
of Stavanger was supported by Universitetsfondet through the
ToppForsk program. Additional funding from Fridtjof Nansens
Fond til Videnskabens Fremme (IN-12634) is gratefully
acknowledged. Work conducted at RuCer Bošković Institute and
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