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Abstract

The photo-degradation behavior of a pharmaceutical compound previously under development for treatment of overactive bladder was stud-
ied. Samples of {4-(4-chloro-3-fluorophenyl)-2-[4-(methyloxy)phenyl]-1,3-thiazol-5-yl} acetic acid were stressed with visible light and were
observed to degrade into a single primary photo-degradation product. This unknown product was analyzed by liquid chromatography tandem
mass spectrometry (LC-MS/MS) with accurate mass measurement and hydrogen/deuterium exchange to determine its molecular weight and
formula, isotope distribution patterns and exchangeable protons, and product ion structures. By comparison of the fragmentation pathways of
the protonated and sodiated species, the charge was found to locate in the electron-rich part of the molecule after fragmentation. MS-derived
structural information combined with stopped-flow 'H LC-nuclear magnetic resonance (NMR) analysis suggested that the degradation product
was 4-chloro-N-(4-methoxybenzoyl)-3-fluorobenzamide. This unique photo-degradation product was subsequently isolated using preparative-scale
chromatography, and its structure was confirmed using 1D and 2D NMR techniques involving the 'H, '*C, >N and '°F nuclei. The structure of this
product suggests that {4-(4-chloro-3-fluorophenyl)-2-[4-(methyloxy)phenyl]-1,3-thiazol-5-yl} acetic acid has reacted with singlet oxygen (' A,)
via a [4 +2] Diels-Alder cycloaddition upon photo-irradiation to cause photo-oxygenation in the solid-state (as is common in solution phase),
resulting in an unstable endoperoxide that rearranges to the final degradation product structure. Photo-degradation of a structurally related thiazole,
4-(4-Chlorophenyl)thiazol-2-amine, proceeded via a similar process but in a less reactive manner. However, when exposed to the same conditions,
sulfathiazole did not degrade, indicating that this photo-degradation process may only occur for thiazole-containing compounds with specific
substituents, such as aryl rings.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction degradation products, due to its unparalleled speed, intrinsic

sensitivity, and molecular specificity [3—5]. Nuclear magnetic

It is well known that drug products may undergo physic-
ochemical degradation during manufacturing and storage. The
testing of both drug substance and the final dosage form to under-
stand inherent stability characteristics of a product is an essential
part of drug development [1]. Part of this process involves deter-
mining the chemical structures of compounds produced during
stability or forced degradation testing, to ensure that safety is
not compromised by the presence of toxic impurities [2]. Cur-
rently, tandem mass spectrometry (MS/MS), in conjunction with
high-performance liquid chromatography (HPLC), plays a key
role in the rapid, on-line structural elucidation of pharmaceutical
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resonance (NMR) spectroscopy also plays a major role in degra-
dation product analysis, particularly when the structure must be
confirmed for inclusion in regulatory documents, when response
factors are needed to assess safety coverage, or when poten-
tially toxic or mutagenic impurities or degradation products are
encountered. Two approaches are usually taken when NMR data
is required; in the first, compounds of interested are isolated
by preparative LC and analyzed by conventional solution-state
NMR using a microprobe. In the second approach, hyphen-
ated techniques such as LC-NMR and solid-phase extraction
(LC-SPE-NMR) are used in conjunction with flow-probe anal-
ysis [6-8].

Thiazoles are an important class of compounds that possess
awide range of pharmacological activity [9,10]. This importance
is reflected by the large number of marketed drugs containing
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the thiazole group, such as the anticonvulsant riluzole, the
antiparkinsonian talipexole, the antibacterial sulfathiazole, the
antiviral ritonavir [9], and the novel drug substances being
developed as the large conductance calcium-activated potas-
sium channel openers for overactive bladder indications [11].
In addition, the thiazole ring has also been widely used in the
synthesis of natural products [12], polymers [13], fluorescent
dyes [14], and insecticides [15]. Like other conjugated five-
membered heterocycles (such as furans, thiophenes, pyrroles,
indoles, oxazoles, and imidazoles), thiazoles can undergo
photo-oxygenation involving singlet oxygen (' A ¢) under photo-
irradiation in solution [16] and in the solid state [17]. Although
several modes for singlet oxygen reactions have been pro-
posed [18-20], the singlet oxygenation of these systems occurs
mainly via [4 + 2] Diels-Alder cycloaddition, leading to unstable
endoperoxides which, in addition to the classical transforma-
tions of peroxides (reduction, hydrolysis, and deoxygenation),
afford characteristic rearranged products depending on the het-
eroatoms, substitution patterns and experimental conditions.

In this communication, we report the photo-oxygenation
behavior of solid {4-(4-chloro-3-fluorophenyl)-2-[4-(methyl-
oxy) phenyl]-1,3-thiazol-5-yl} acetic acid upon photo-
irradiation (structure I in Fig. 1). This molecule is a
pharmaceutically active compound previously under develop-
ment for the treatment of overactive bladder [11]. LC-MS/MS
analysis and accurate mass determinations are used to rapidly
identify the major photo-degradation product as 4-chloro-N-(4-
methoxybenzoyl)-3-fluorobenzamide (II), which is most likely
formed via a [4+2] Diels-Alder cycloaddition as described
above. Preparative chromatography was used to isolate the
degradation product of interest for 1D and 2D NMR exper-
iments (including I5SN' NMR) to confirm its structure as
II. The generality of this photo-degradation mechanism in
thiazole-containing drugs is explored by LC-MS analysis of
4-(4-Chlorophenyl)thiazol-2-amine (III) and the antibacterial
drug sulfathiazole (IV) after exposure to similar photo-
degradation conditions. The ability to understand the structure
of significant photo-degradation products of thiazoles allows for
better decision-making and control during the drug development
process.

2. Experimental
2.1. Chemicals and reagents

{4-(4-Chloro-3-fluorophenyl)-2-[4-(methyloxy)  phenyl]-
1,3-thiazol-5-yl} acetic acid was synthesized by GSK. Further
discussion of the synthetic preparation of this compound may be
found in literature [11]. Samples of 4-(4-Chlorophenyl)thiazol-
2-amine and sulfathiazole were purchased from Sigma—Aldrich
(Milwaukee, WI, USA).

2.2. LC-MS and LC-MS/MS analysis
Samples were separated on an Agilent 1100 HPLC system

(Agilent Technologies, Wilmington, DE, USA). Reversed-phase
chromatographic separation was achieved using an Agilent

I: C 4H,3CIFNO;S (Exact Mass: 377.0289)

CHjy

II1: CyH,CIN,S (Exact Mass: 210.0018)

)

Cl

IV: C4HgN50,S, (Exact Mass: 255.0136)

NH,

Fig. 1. Structures of the thiazoles examined in this study with their
molecular formulae and exact masses. I: 4-(4-Chloro-3-fluorophenyl)-2-(4-
ethoxyphenyl)-5-thiazole acetic acid (shown with its numbering scheme). II:
The photo-degradation product of I. III: 4-(4-Chlorophenyl)thiazol-2-amine.
IV: Sulfathiazole.

Zorbax SB-Phenyl column (150 mm x 4.6 mm, 3.5 pum particle
size) with a mobile phase A of 0.1% formic acid (FA) in water
and mobile phase B of 0.1% FA in acetonitrile. The column
temperature was kept at 35 °C. The mobile phase composition
was linearly ramped to 95% B from 35% B over 10 min with
a flow rate of 1 ml/min. UV detection was performed using an
Agilent 1100 diode-array detector in the wavelength range of
190-400 nm. For H/D exchange experiments, D,O was substi-
tuted for H,O in the mobile phase.

The exact mass measurements and MS/MS experiments were
performed on a Q-TOF Premier quadrupole orthogonal accel-
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eration time-of-flight mass spectrometer with Lockspray™
(Waters Corporation, Manchester, UK) controlled by MassL-
ynx 4.1 software. The electrospray ionization (ESI) source was
operated in the positive ion mode with a spray voltage of 3.5kV,
source and desolvation gas temperatures of 120 and 300 °C, an
argon collision gas flow rate of 0.45 ml/min in the T-Wave™
guide Mark II collision cell, a collision energy of 30 eV, a desol-
vation gas flow rate of 600 1/min, and a sample cone voltage of
30 V. The Lockspray ™ was operated under identical conditions
except with a flow rate at 3 pl/min for infusion of leucine-
enkephalin (Leu-Enk). The Q-TOF was calibrated with sodium
formate solution at a suitable concentration. All masses were
corrected by the internal reference ion with m/z 556.2771 (pro-
tonated Leu-Enk) that was introduced by the Lockspray ™. The
atmospheric pressure chemical ionization (APCI) source was
operated in the positive ion mode with a corona discharge voltage
of 3.0kV.

2.3. NMR analysis and preparative LC isolation

LC-NMR experiments were performed on a Bruker DRX700
spectrometer (Bruker Instruments, Billerica, MA, USA) with a
3mm 'H/3C SEI flow probe (60 pl active volume) operating
at a 'H frequency of 700.13 MHz. An Agilent 1100 (Agilent
Technologies) LC was hyphenated to the NMR system via a
Bruker HyStar interface, including a Bruker BPSU36-2 peak
sampling unit and BMSO column switching unit. An automated
on-line Spark-Holland SPE system (Spark, Emmen, The Nether-
lands) was also used for peak trapping. 'H LC-NMR spectra
were obtained in stopped-flow mode with D,O substituted
in the mobile phase and a pre-saturation solvent suppres-
sion pulse sequence with a 5s relaxation delay. Spectra were
approximately referenced to the acetonitrile signal at 1.95 ppm.
LC-SPE-NMR spectra were obtained in d3-acetonitrile solution
using the basic pulse-and-acquire method with a 10 s relaxation
delay.

Samples were isolated for NMR analysis using an Agilent
1100 preparative LC system with an automatic fraction collector
(Agilent Technologies). An isocratic method was developed for
the preparative isolation of IT using 45 and 55% of mobile phases
A and B, respectively. A Zorbax SB-Phenyl (150 mm x 9.4 mm,
5 pm particle size) column was selected and the flow rate was
increased to 4.7 ml/min for the preparative chromatography. The
photo-degradation product of interest was observed to elute at
a retention time of 15 min (ahead of the major at 20 min) using
this isocratic LC method. A loading study was conducted to
determine the maximum injection mass; the result was that at
a concentration of approximately 5.5 mg/ml, a total of 85 runs
each using 700 pl injections were performed, and the fractions
combined. Each injection required a 32 min run. The collected
fraction was stripped of acetonitrile using arotary evaporator and
was subsequently lyophilized to remove residual water. After
isolation, samples were checked using LC-MS. Approximately
2 mg of isolated sample was produced with a purity of about
97% (estimated by LC and solution-state NMR).

NMR experiments on the preparative isolate were also con-
ducted on the DRX700 NMR system using a 5 mm Bruker

broadband inverse (BBI) probe with triple-axis gradients. NMR
structure elucidation was performed using standard 1D and
2D NMR experiments including '*C spectral editing with the
gated spin-echo (GASPE) method, and short and long-range
heteronuclear correlation with the heteronuclear single-quantum
coherence (HSQC) and heteronuclear multiple-bond coherence
(HMBC) experiments [21], respectively. In addition, 'H-°N
2D spectra were recorded with heteronuclear multiple-quantum
coherence (HMQC) experiments with the J-evolution delay set
to values ranging from 90 Hz (optimized for one-bond coupling
constants) to 1 Hz (optimized for long-range four-bond coupling
constants) [21]. 1°F 1D spectra were acquired using a Bruker
Avance 400 spectrometer equipped with a 5mm QNI probe
using single-pulse experiments with and without 'H broadband
decoupling. 'H and '3C NMR spectra were referenced using a
small amount of tetramethylsilane added to the samples, while
5N and '°F spectra were externally referenced to nitromethane
and CFCls, respectively.

2.4. Stress testing under exposure to artificial light

Stress testing was carried out according to ICH guidelines
for photo-stability testing of drug substances and drug products
[22]. The photo-irradiation experiments were performed using a
Heraeus Suntest CPS + accelerated exposure testing instrument
equipped with a xenon lamp (300—800 nm) with an irradiance
of 765 W/m? to achieve an exposure equivalent to 2 x ICH con-
ditions.

3. Results and discussion

3.1. MS and MS/MS analysis of the photo-degradation
product

3.1.1. Molecular weight and formula determination by
accurate mass measurement

Both LC-UV (Fig. 2a) and LC-ESI-MS (Fig. 2b) detected
the precursor compound I and its photo-degradation product II
at elution time of 11.4 and 8.6 min, respectively. The extracted
ion chromatogram (EIC) of [I+H]" at m/z 378 (Fig. 2¢) con-
firmed that the peak at 11.4 min corresponded to I. Based on the
UV peak area, the photo-degradation product II accounted for
approximately 2% of the photo-degradation sample, in compar-
ison with a control sample. Fig. 3 displays the MS spectrum of
this peak, showing the major ions at m/z 308, 330 and 637. It is
clear that Fig. 3 inserts (a and b) contain one chlorine atom; while
Fig. 3 insert (c) has two chlorine atoms. EICs of these three ions
suggested that they were all attributable to the same compound.
Fragmentation of these three ions is shown in Fig. 4. Since frag-
mentation of the ion at m/z 637 (Fig. 4a) completely gave rise
to the ion with m/z at 330 by a neutral loss of 307 Da in the
MS/MS experiment, it indicates that it is a loosely bound sodi-
ated dimer whose dissociation behavior was extensively studied
by the kinetic method [23,24]. In the low m/z region in Fig. 3,
there is a predominant ion at m/z 135, which resulted from the
in-source fragmentation as confirmed by EIC of m/z 135 and
308 and the MS/MS experiment of the protonated species of the
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Fig. 2. LC-UV and LC-MS detection of I and its photo-degradation product II. The UV trace is shown in absorbance units in (a) is the sum of the data between the
wavelengths of 190-400 nm. The total ion current (in percent abundance) detected by LC-MS is shown in (b), and the extracted ion chromatogram (EIC) at m/z 378

of the protonated molecule of I is shown in (c).

degradant at m/z 308 (Fig. 4b). From this it was proposed that the
degradation product has a nominal mass of 307 Da and the ions
at m/z 330 and 637 were sodium-bound cluster ions [M+Na]*
and [2M+Na]*, respectively. This proposal is also consistent
with the results from H/D exchange experiments using D>,O
in the mobile phase, in that both [Mp+D]* and [2Mp+Na]*
showed an increase of two mass units while [Mp+Na]* showed
an increase of one mass unit. The H/D exchange experiment
also confirmed that the unknown photo-degradation product
IT contained one exchangeable hydrogen. The identification of
the protonated molecule is further supported by the LC/APCI-
MS experiment. The APCI-MS spectrum (not shown) detected
only two ions at m/z 308 and 135, since sodium-bound cluster
ions are not easy to generate by APCI where proton transfer
accounted for the main mechanism of ionization of a molecule
[25].

The exact mass determination of II was based on the mass
of both the protonated species [M+H]* and the sodium adduct
[M+Na]" measured on the Q-TOF MS in full-scan mode. After
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(a) 332.0289
637.0968
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Fig. 3. ESI mass spectrum of compound II obtained on the LC peak eluting at
8.6 min (in the gradient method, see Fig. 2). The insets show enlarged regions of
the mass spectrum for ions with m/z 308 (a), m/z 330 (b), and m/z 637 (c). These
signals are assigned to [M+H]*, [M+Na]* and [2M+Na]" ions, respectively.

external lock mass correction, the experimentally determined
accurate masses for these ions were 308.0498 and 330.0318 Da,
respectively. Using the molecular formula search program in
the MassLynx 4.1 software package, the closest match to the
molecular formula of the degradation product was found to
be C;sH;1CIFNO;3. This elemental composition was concor-
dant with the experimental measurement to within an error of
3.0 ppm.

3.1.2. Structural information obtained by LC-MS/MS with
exact mass measurements

In order to facilitate structural elucidation, the MS/MS
experiment of the protonated species of the photo-degradation
product II was studied with exact mass measurements. One
of advantages in using the Q-TOF instrument is that it pro-
vides structural information such as fragmentation pathways and
accurate mass measurements simultaneously, as shown in anal-
ysis of carbofuran and its photo-degradation by-products [26].
Fragmentation exclusively gave rise to the product ion at m/z
135.0441 (Fig. 4b). This ion was tentatively assigned to an oxo-
nium ion of 4-methoxybenzaldehyde, which could result from
an alpha-cleavage of a weak amide bond, indicating that the
methoxyphenyl group originally present in I is preserved in II
(as shown in Fig. 5a). The calculated m/z for the oxonium ion of
4-methoxybenzaldehyde is 135.0446, which is consistent with
the measured value at m/z 135.0441 (—3.7 ppm error). Since the
precursor did not have an amide bond, this result also implied that
photo-irradiation had caused ring-opening of the five-membered
thiazole ring and the formation a new amide bond. In addition,
the MS data showed one chlorine isotope pattern, suggesting
that the chlorinated aromatic ring remained intact in the struc-
ture of II. By combining this information with the molecular
formula determined for II, the photo-degradation product was
believed to possess a second C=0 group. This data, although ten-
tative, was the first to suggest that the photo-degradation of solid
I had occurred through singlet oxygen (102) [4 +2] addition
followed by rearrangement to produce the photo-degradation
product (Fig. 6).
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Fig. 4. LC-MS/MS spectra of ions corresponding to II at: (a) m/z 637; (b) m/z 308; (c) m/z 330. (See Fig. 3.)
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Fig. 5. (a) MS/MS fragmentation pathway proposed for the protonated molecule of II at m/z 308. (b) MS/MS fragmentation pathway proposed for the sodiated
species of II at m/z 330.
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Fig. 6. Proposed photo-degradation process for I via singlet photo-oxygenation to II.

3.1.3. Comparison of fragmentation pathways of
protonated and sodiated species of the degradant

Since MS/MS generally provides indirect structural infor-
mation of a molecule based on partial structures of product
ions, it is useful to obtain more confirmative structural infor-
mation before reverting to more time-consuming methods such
as NMR. In ESI, it is common that both the protonated species
and the sodium adduct can be formed. However, their frag-
mentation pathways are normally different, and examination
of the differences can provide useful cross-check information
about unknown structures. Therefore, a further MS/MS exper-
iment on the sodium adduct of II was performed to determine
whether further support could be obtained for the proposed
structure.

For the protonated molecule of II, it is interesting to observe
that one product ion is formed exclusively by the alpha-cleavage
of one amide bond but not the other (Fig. 4b). However, when
carefully examining the electron density properties of the precur-
sor molecule, it is apparent that the methoxyphenyl ring has one
electron donating methoxy group and the fluorochlorophenyl
ring has two strong electron-withdrawing groups. The electron-
rich part would be expected to stabilize the product ion by
delocalizing the charge in the oxonium ion (Fig. 5a). Therefore,
the fragmentation pathway of the protonated species supports
the proposed structure of II.

Fig. 4c shows the MS/MS spectrum of the sodium adduct
of II. As a metal cation, sodium can chelate with nitro-
gen and one oxygen in the carbonyl group connected to the
methoxyphenyl ring, forming a stable sodium-bound cluster
(adduct) ion (Fig. 5b) [24]. Similar to the fragmentation of the
protonated molecule, the charge remains in the electron-rich por-
tion of II after a proton-rearrangement cleavage, giving rise to
one of the product ions at m/z 174.0542. This product ion under-
went further dehydration by the loss of a molecule of H>O to
form a nitrile which showed the sodium adduct at m/z 156.0433.
Therefore, fragmentation of the sodiated species also supports
the proposed structure of II.

3.2. NMR analysis
After the initial MS results, efforts to confirm the proposed

structure of II first centered on LC-NMR experiments. Stopped-
flow LC-NMR is typically a very rapid approach to impurity and

degradation product identification in drug development; how-
ever, in practice only sensitive nuclei (such as 'H and '°F)
can be studied with this approach [27,28]. Stopped-flow exper-
iments with solvent suppression of both CH3CN and residual
water yielded spectra consistent with the proposed structure of
II. In particular, the signal from the methylene protons at the
10-position was missing from the spectra. The spectrum of 1
otherwise closely resembled that of I, in that all other 'H res-
onances observed in spectrum of I were also present in the
spectrum of II, and no additional resonances were detected.
Three 'H resonances attributable to the 3-fluoro-4-chlorobenzyl
group retained their characteristic J-couplings, but were down-
field by 0.2-0.3 ppm compared to the 'H signals in I.

Because of the limitations of 'H data in the present case,
attempts were made to use on-line solid-phase extraction to con-
centrate material for 'C NMR. Generally, multiple trapping
experiments on resin or alkane-functionalized cartridges can be
used to pre-concentrate compounds for analysis, after which
cartridges can be dried and flushed using deuterated solvent in a
concentrated band into a flow probe [29]. Two types of cartridge,
the HySphere Resin GP and the HySphere C8 (Spark-Holland)
were evaluated. However, in the present case, SPE experiments
using these phases were unsuccessful in trapping enough mate-
rial for 13C NMR, presumably because of either poor trapping
efficiency or a tendency for the analyte to wash off the cartridge
too easily. Instead, preparative LC isolation was found to be a
more successful and efficient approach in the present case, since
itrequired about 3 days of system time versus a larger amount of
time needed to screen SPE cartridges and conduct multiple traps
(which were not successful). Preparative LC was therefore used
to isolate about 3 mg of the degradation product for traditional
tube-based NMR analysis.

"H and '3C NMR spectra of the isolated sample were obtained
and were fully assigned using a series of 2D experiments.
Expanded regions of the assigned 'H spectra of compounds I
and II are shown in Fig. 7, with assignments given in Table 1.
Iy integrals and 3¢ multiplicities (C, CH, CH,, CH3) as deter-
mined by the GASPE experiment were fully consistent with
the assignments reported in Table 1. Several features of the
'H and '3C NMR data are noteworthy. In the '*C spectrum of
II, two resonances attributable to the amide carbonyl positions
were observed at 166.49 and 165.84 ppm. Three-bond correla-
tions were detected between aromatic protons and the respective
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Fig. 7. Comparison of the 'H NMR spectra in dg-DMSO solution of the parent compound I (top) and the preparatively isolated photo-degradation product II (bottom).

Numbered peaks are in reference to the structures shown in Fig. 1.

amide carbonyls in the 'H-'3C heteronuclear multiple-bond
coherence experiment. A portion of this HMBC spectrum is
depicted in Fig. 8, from which several key aspects of the struc-
ture can be readily observed. (The only HMBC correlation not
shown in Fig. 8 is that between the protons attached to C1 and
C2.) Coupling partners of interest are noted on the spectrum.

The 'H and '3C NMR results were thus consistent with the ini-
tial structure proposed by MS and 'H LC-NMR experiments.
(Although no structural revisions were necessary, it was at least
conceivable prior to the full NMR assignment that the C8 and
C12 carbonyl groups might have been directly attached to one
another, with the amide ipso- to one of the aromatic rings. Upon

Table 1
NMR chemical shift assignments and J-couplings for I and II in dg-DMSO solution®
Position Compound I Compound II

'H parameters (ppm) 13C, 5N or !°F parameters (ppm) 'H parameters (ppm) 13¢, N or '°F parameters (ppm)
1 3.83s 55.31 3.87s 55.51
2 - 160.98 - 162.93
317 7.06d (J=8.8 Hz) 114.52 7.18d (J=8.7Hz) 113.62
4/6 7.91d (J=8.8Hz) 127.57 7.93m 131.00
5 - 125.46 - 125.39
8 - 164.78 - 166.49
9 - 126.64 - -
10 4.02s 32.40 - -
11 12.94 s 171.20 - -
12 - 149.69 (d, *Jci2F1 = 1.7 Hz) - 165.84 (d, *Jci2.r1 =2.0 Hz)
13 - 135.35 (d, 3Je3.p1 =7.5 Hz) - 134.99 (d, *Jc13 51 = 6.1 Hz)
14 7.56 dd (J=8.4,2.2Hz) 125.41 (d, *Jc14F1 =3.4Hz) 7.77m 125.74 (d, *Jc14F1 =3.3 Hz)
15 7.72m 130.72 (d, 3Jc15.61 = 0 Hz) 7.7 m 130.65 (d, 3Jc1sp1 =0 Hz)
16 - 119.00 (d, 2Jc17.p1 = 17.5Hz) - 123.62 (d, 2Jc17.p1 = 17.7Hz)
17 - 157.05 (d, "Jc17.51 =246.5 Hz) - 156.73 (d, 'Jc17.51 =247.8 Hz)
18 7.72m 116.41 (d, 2Jcisp1 =222 Hz) 7.93m 116.83 (d, 2Jcis p1 =22.6 Hz)
N1 - —68.6° 11.28s —228.5 (d, 'Joninm = 89.8 Hz)
Fl - —115.74 (dd, J=10.7, 10.5 Hz) - —115.65 (dd, J=10.2, 9.8 Hz)

a4 Chemical shifts are given in ppm relative to tetramethylsilane ('H and '3C), nitromethane (">N), or CFCl3 ('°F). 'H integrals are rounded to the nearest integer.
Multiplicity is indicated as s (singlet), d (doublet), t (triplet), q (quartet), or m (multiplet).

b Observed via 'H-'SN HMQC experiment optimized for 1 Hz J-coupling.
¢ Observed via 'H-'>N HMQC experiment optimized for 90 Hz J-coupling.
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Fig. 8. Expanded region of the 2D 'H-'3C HMBC spectrum of compound II,
shown as a contour plot. Heteronuclear correlations of interest include those
involving the C8 and C12 carbonyls (*Ju14.c12 and 3Juase.cs), which clearly
assign these positions. The only correlation not shown in the figure is that
between the protons attached to C1 and C2. The 1D '3C multiplicity-edited
GASPE spectrum is shown along the Fy axis and the 'H spectrum is shown
along the F axis.

completion of the '3C NMR experiments, these possible struc-
tures were ruled out by the lack of a '3C aromatic signal for an
aniline, and by the observation of all expected couplings in the
HMBC spectrum.)

In addition to the 'H and 'C NMR analysis, '°F spectra of
compounds A and B were also obtained on the same samples,
resulting in the parameters shown in Table 1. The '°F chemi-
cal shifts of I and II are similar, as expected, and only serve to
confirm the presence of aryl fluorine in the degradation product.
(However, this is a useful result in itself, as °F NMR comple-
ments the ability of MS to determine the presence of chlorine in
the structure of I, and LC-NMR can be used to quickly observe
its presence.) The shifts are consistent with values reported in the
literature for substituted 1-chloro-2-fluorobenzenes [30,31]. A
value of —115.9 ppm was reported for 1-chloro-2-fluorobenzene
in dg-DMSO solution, in close agreement with the results in
Table 1 [30].

The "N chemical shifts of compounds I and II were not
determined by direct observation but were measured using
inverse-detected 2D HMQC experiments, for sensitivity rea-
sons [32]. Unlike the !°F results, the 1>N chemical shifts were
highly indicative of the structural change occurring upon photo-
degradation. The parent compound I exhibited a chemical shift
of —68.6 ppm relative to CH3NO; (311.8 ppm relative to ammo-
nia) via the HMQC experiment, in which all four expected *J
'H-3N correlations were detected. Thiazole rings are known
to have highly distinctive >N chemical shifts; for example,
neat liquid thiazole is reported to have a >N chemical shift

of —58.4 ppm [33]. Substitution at the carbon position between
the sulfur and the nitrogen can strongly affect the YN chemical
shift (generally causing a shielding trend), as can protonation
or formation of a quaternary nitrogen thiazole [30]. Thiazoles
with aliphatic carbon substituents between the sulfur and nitro-
gen are reported to have !N shifts in the —30 to —70ppm
range, consistent with the value observed for I [30]. In contrast,
the photo-degradation product IT has a >N chemical shift of
—228.5 ppm relative to CH3NO; (151.9 ppm relative to ammo-
nia). This chemical shift is indicative of relatively deshielded
amide-like nitrogen, which is fully consistent with nitrogen
situated between two carbonyl groups. For example, the °N
chemical shift for II is similar to the —228 ppm shift reported
for phthalimide in dg-DMSO solution [34], and is also within
~15 ppm of values reported for phenytoin, aminoglutethimide,
phensuximide, salacetamide, and other compounds containing
—CONHCO- functional groups [35,36]. It should also be noted
that the >N signal for IT was detected via a '"H-"N HMQC
with a J-evolution delay adjusted for 90-Hz coupling constants,
so that the experiment also confirmed direct attachment of the
nitrogen to the 'H signal at 11.28 ppm. The drastic 180 ppm
upfield shift in 13N frequency between I and II contrasts with the
similarity in their 'H and '3C spectra, and highlights the useful-
ness of including natural-abundance 'H-'>N NMR experiments
in the analysis of unknown or partially known pharmaceutical
compounds [31].

3.3. Generality of photo-degradation reaction of thiazoles

It is proposed that the solid thiazole I underwent photo-
oxygenation by reacting with singlet oxygen (lAg) upon
photo-irradiation as in solution, leading to unstable endoper-
oxides [16]. However, it is known that in solution, the final
characteristic rearranged degradation products depend on the
heteroatoms, substitution patterns and experimental conditions.
Therefore, an additional photo-irradiation experiment on com-
pound III was performed under the same conditions applied to
I. Based on the reaction mechanism illustrated schematically in
Fig. 6, the expected photo-degradation product should have a
nominal mass of 198 Da (figure not shown). By LC-MS, EIC
of m/z 199 (IM+H]*) and 221 ([M+Na]*) showed the presence
of a some amount of this degradation product, indicating that 4-
(4-Chlorophenyl)thiazol-2-amine could also undergo a similar
process (data not shown). Furthermore, other closely related thi-
azole compounds studied during early-stage development were
also observed to undergo the same photo-degradation process
by both LC-MS analysis and analysis by preparative isolation
and NMR.

The results presented here, although limited to a small
number of compounds, suggest that the presence of aromatic
substituents on the thiazole ring at the C12 position in I and
IIT may play a role in the photo-degradation process described
here by stabilizing the intermediate depicted in Fig. 6, allow-
ing for the subsequent rearrangement. This was evidenced by
another photo-irradiation experiment performed on the antibac-
terial compound sulfathiazole (IV), which possesses a thiazole
ring with sulfonamide substituent and no aromatic substituents.
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This compound showed no evidence of photo-degradation in
the manner of I and III by LC-MS analysis using two differ-
ent LC methods and high-sensitivity EIC detection. However, it
is believed that the favorable photo-degradation of compound
I resulted from an intra-molecular proton transfer from the
acid group (—COOH) to the nitrogen during rearrangement.
In contrast, compound III does not possess a carboxylic acid
group, and adventitious water might instead be involved in the
proton transfer to form the photo-degradation product, caus-
ing this compound to be less a reactive participant in this
photo-degradation. Further investigation of a wider range of
compounds containing the thiazole ring, especially using 80,
gas, is needed to fully understand the structural features neces-
sary for photo-oxygenation.

4. Conclusions

The photo-degradation of solid {4-(4-chloro-3-fluorophenyl)
-2-[4-(methyloxy) phenyl]-1,3-thiazol-5-yl} acetic acid was
studied by LC-MS/MS and NMR. Because of the somewhat
unusual nature of the photo-degradation product, an extensive
set of MS and NMR tools was applied to conclusively deter-
mine its structure. Based on the structures determined with
these techniques, the thiazoles selected in this study are pro-
posed to have reacted with singlet oxygen (lAg) via [4+2]
Diels-Alder cycloaddition upon solid-state photo-irradiation to
cause photo-oxygenation as in the solution phase, resulting
in unstable endoperoxides which lead to the final character-
istic rearranged degradation products. A second structurally
related thiazole, (4-(4-Chlorophenyl)thiazol-2-amine), exhib-
ited the similar photo-degradation but less reactive behavior.
However, a third compound (sulfathiazole) did not degrade in
the same manner, suggesting that aromatic substituent groups
play arole in this degradation process. As this degradation path-
way may represent a significant issue for this class of compounds
and might be facilitated by the intra-molecular proton transfer,
future investigations will be focused on the photo-degradation
behavior of a wider range of five-membered heterocylic com-
pounds, including other thiazole-containing compounds with
various substituents, as well as analogs such as oxazoles.

The present work also demonstrates the utility of LC-MS/MS
and accurate mass measurements by the Q-TOF instrument
in rapidly providing unambiguous structural information for
degradation products, including molecular weight and formula,
isotope distribution patterns, number of exchangeable hydro-
gens, and comparison of fragmentation pathways for protonated
and sodiated molecules. In the present case, this information
allowed the fragmentation patterns to be rationalized and, con-
sequently, the structures of the photo-degradation products to be
elucidated; and also allowed for well-supported proposed struc-
tures to be intelligently evaluated as necessary using NMR-based
analyses. To confirm the structure of II, preparative isolation of
the photo-degradation product of interest was found to be most
efficient approach, as SPE trapping of these compounds was not
capable of delivering enough material for the requisite '>*C NMR
analysis. In addition, the amount of material produced in rapid
preparative isolation (when input material quantities of several

grams are available) is also sufficient for 'H-'>N NMR analy-
sis, which can offer important structural information beyond that
available in 13C experiments when nitrogen atoms are present.
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