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Abstract

Evaluation of a UPLC-MS method using 18O-labelled
water for the identification of hydrolytic degradants of
drug substances
Viktor Kjellberg

In this master’s thesis the hydrolytic degradation in 18O-water solutions of six drug
substances has been studied. The aim was to develop a mass spectrometric method
for easier identification of degradants, since hydrolysis in 18O-water will generate
degradants with higher mass compared with hydrolysis in regular water.

The degradation was carried out in both acidic and basic conditions. About 10 %
degradation was aimed for in the study and the storage time and conditions were
adjusted to accommodate that. The samples were then analyzed with UPLC-MS.
Separation was achieved on either an Acquity BEH C18 or HSS T3, 100 x 2.1 mm, 1.7
µm column. The mobile phases consisted of water and acetonitrile with the addition
of 0.1 % formic acid. 

Structures for the detected degradants were proposed based on the molecular ion
data from the regular and 18O-experiments. Most of these degradants have
previously been reported. Structures for some previously unreported degradants are
also proposed. These structures should need to be confirmed with future studies.

The usefulness of the 18O-method has been evaluated and it was concluded that it is
valuable to use as a complement to the generic hydrolytic experiment. In this study,
the extra information gained from the 18O-experiment was used to confirm a
number of proposed structures. It was also crucial in the rejection of two proposed
structures for degradants of duloxetine. The method is most useful when confirming
water involvement in reactions, for example in drug degradation. It is also a good
alternative for obtaining structural information if the laboratory does not own a
high-resolution MS.
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Svensk sammanfattning 

Utvecklandet av ett läkemedel är en väldigt långt process som kräver arbete i en mängd 
olika fält. En av de arbetsuppgifter som då tillfaller kemisten är studier av den aktiva 
substansen. Den aktiva substansen är den molekyl som utövar effekt på patienten och dess 
aktivitet är oftast sammankopplad med dess struktur. Dock har de flesta molekyler mer eller 
mindre tendens att brytas ner under olika förhållanden. En sådan förändring i molekylens 
struktur leder oftast till en minskad eller helt utebliven effekt och i värsta fall till att molekylen 
istället blir toxisk. Därför är det oerhört viktigt att förstå hur läkemedel bryts ner. 
 
Det här arbetet har handlat om hur läkemedel bryts ner när det utsätts för vatten. Detta 
kallas för hydrolytisk nedbrytning. Denna nedbrytningsväg är väldigt vanlig för en mängd 
strukturella element som ofta förekommer i läkemedelsmolekyler. Kunskapen om sådan 
nedbrytning kan till exempel vara avgörande för vilka typer av förvaringsbetingelser ett 
läkemedel behöver ha eller hur ett läkemedel behöver formuleras för att inte brytas ner innan 
det når sin målstruktur. 
 
Till det här arbetet har sex stycken olika läkemedelssubstanser valts ut. Dessa har brutits 
ner i vattenlösningar och sedan analyserats. Deras nedbrytningsprodukter har sedan 
försökts att identifieras och strukturbestämmas. Detta har gjorts med en teknik som kallas för 
vätskekromatografi kopplat till masspektrometri. Vätskekromatografi är en teknik som 
används för att separera de olika substanserna som finns i provet. Masspektrometri är en 
teknik som gör att man kan mäta massan som molekylerna har och därigenom går det ofta 
att ta reda på molekylens struktur. 
 
Något som särskiljer den här studien från andra är att nedbrytningen av substanserna inte 
bara skett i vanligt vatten, utan även i vatten med en tung syreatom. Det gör att vissa 
nedbrytningsprodukter kommer att väga mer när de brutits ner i sådant vatten. Denna 
masskillnad kommer att kunna uppmätas och därigenom fås extra strukturinformation om 
molekylerna. Målet med arbetet har varit att utvärdera denna typ av analysförfarande. 
 
Resultatet av den här studien är att en mängd nedbrytningsprodukter har strukturbestämts. 
De flesta har tidigare blivit beskrivna av andra forskargrupper, men några nya förslag har 
även tillkommit. Tillförlitligheten för dessa nya förslag kan dock anses vara ganska låg och 
mer arbete skulle behövas för att kunna bekräfta dem. Den speciella tekniken med tungt 
vatten visade sig kunna ge starkare bevis för en mängd strukturer. Alternativt så kunde den 
göra att felaktiga strukturer kunde förkastas. 
 
Den slutgiltiga utvärderingen av analysmetoden är att den är användbar vid bekräftningar av 
vattens involvering i olika reaktioner, till exempel vid läkemedelsnedbrytning. Den är även ett 
alternativ som kan användas för att få extra strukturinformation om laboratoriet inte äger en 
högupplöst masspektrometer. Vid framtagandet av ett läkemedel är metoden förmodligen 
mest användbar i ett tidigt skede när det inte finns tillräckligt mycket substans för att 
använda sig av andra metoder för att strukturutreda molekyler. 
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Introduction 

The development of a drug is a large-scale project which requires thorough work in a lot of 
different areas. One of the tasks that falls upon the chemist is the study of the active 
substance. The active substance is the molecule that is responsible for the effect of the drug. 
Its potency is, in a vast majority of the cases, dependent on its molecular structure. 
However, most molecules are unstable to some extent and will degrade in time. The 
susceptibility for degradation is different depending on the nature of the active substance 
and its chemical surrounding. If the active substance becomes degraded it might not be able 
to retain the properties that make it active. In the worst case, the substance becomes 
harmful instead. Therefore, it is important to have knowledge about the degradation of the 
active substance when developing a drug[1]. 
 
There are four main pathways of degradation for a drug substance: hydrolytic, oxidative, 
photolytic and thermal degradation. In this study, it is the hydrolytic pathway that has been in 
focus. In the book Organic Chemistry of Drug Degradation M. Li writes that “Hydrolytic 
degradation is probably the most commonly observed drug degradation pathway…” and he 
lists two reasons for this. The first is that there are many functional groups that are 
susceptible to hydrolysis. The second is that water is almost always present to some extent 
in all pharmaceutical formulations[2]. 
 
A classic example of hydrolysis is the cleavage of a bond next to a carbonyl carbon by the 
substitution of water. A water molecule makes a nucleophilic attack on the carbonyl carbon 
which results in a tetrahedral intermediate. A leaving group is then eliminated which results 
in a carboxylic acid. A reaction scheme can be found in Figure 1. This reaction is frequently 
utilized when designing prodrugs, a type of drug that starts out as inactive, but becomes 
active in the body after hydrolysis. Hydrolysis is dependent on a number of factors, but the 
most important one is the pH-value of the microenvironment of the drug molecules. 
 

 
Figure 1: Reaction scheme for the hydrolysis of a carbonyl compound at either acidic or basic 

conditions. Adapted from Organic Chemistry of Drug Degradation by M. Li[2]. 

 
The analysis of the degradation products of drug substances is usually made with liquid 
chromatography (LC) coupled with an UV detector. If the structure of the degradant is 
unknown, it is advantageous to use a mass spectrometer (MS) as the detector. The MS 
gives information about the weight of the molecule and with that knowledge it is usually 
possible to deduct the molecular formula and maybe also the structure[3]. 
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In this study, the hydrolytic degradation of six drug substances was studied: sildenafil, 
fluticasone propionate, duloxetine, clopidogrel, amlodipine and valsartan. The substances 
were chosen from different classes of drugs and they all have varying structure and 
functional groups. The degradation has been made in solutions with acidic or basic pH. 
Separation of the drug substances and the degradants was achieved on an Acquity BEH 
C18, sub 2 µm column. The analysis was made with a UPLC system coupled with a single 
quadropole detector (SQD). The structures of the substances can be found in Figure 2. 
 

 
Figure 2: The hydrolysis of these six drug substances were studied in this work 

 
The degradation of the drug substances was conducted in two different ways: In regular 
water in which the oxygen weighs 16 Da and in isotopically enriched water in which the 
oxygen weighs 18 Da. If the water molecule is incorporated into the structure of the 
degradant it will show up with different mass in the two experiments. It will therefore be 
possible to confirm if a water molecule has reacted with the substance. An example of this 
kind of reaction can be found in Figure 3. 
 

 
Figure 3: The incorporation of an 

18
O-atom by hydrolysis 

 
18O-water in conjunction with an MS detector has not been very frequently used in the 
analysis of drug substances. The additional structural information that is provided through 
this method could in many cases be obtained by using a high-resolution MS instrument 
instead. However, the possibility of atom exchange between the drug molecules and the 
solvent when using 18O-water can give information regarding the kinetics of the potential 
reaction sites. Today 18O-water coupled with MS is more widely used in the analysis of 
proteins where a method for measuring fractions of proteins between different samples was 
proposed by Fenselau et al. in 2001[4]. 
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The degradation of sildenafil[5, 6], fluticasone propionate[7, 8], duloxetine[9, 10], 
clopidogrel[11, 12], amlodipine[13, 14] and valsartan[15, 16] has already been studied by 
other groups of scientists, but never by using 18O-water. These findings have been a good 
starting point for this work. Stability studies of the drug substances must also have been 
carried out by the company that first developed the drugs, but these results are not publically 
available. 
 
One of the aims of this work has been to try to characterize the hydrolytic degradants of the 
drug substances by using MS. Knowledge of the degradation of the substances can be a 
good starting point when studying structurally similar substances. The general aim has been 
to evaluate the usefulness of the 18O-water method for the analysis of the hydrolytic 
degradation of drug substances. Having access to many different methods of analysis is 
useful when tackling an analytical problem. 
 

Analytical techniques 

There are two analytical techniques that have been used for this work. They are liquid 
chromatography (LC) and mass spectrometry (MS) and they will be explained briefly in the 
next sections. LC is a separation method that is based on the distribution of molecules 
between a stationary phase and a mobile phase. The molecules alter between being bound 
to the stationary phase and being carried by the flow of the mobile phase. Different 
molecules have different distribution between the two phases and this leads to separation of 
the compounds. The most common stationary phases consist of silica particles with surfaces 
that are modified with carbon chains. The particles are contained in a metal column. The 
mobile phase is chosen with regard to the stationary phase. Usually it consists of water with 
the addition of acetonitrile or methanol. The pH value also has to be adjusted with some kind 
of buffer component[3]. 
 
LC is the most dominating separation methods that are used in pharmaceutical 
development[3]. The instrument that has been used in this study was a UPLC system, which 
is the newest generation of LC systems. The major difference compared with its 
predecessors is that the UPLC is able to operate at higher pressures. That makes it possible 
to use smaller particles in the stationary phase, which is one way of making the separation 
more efficient[3]. A schematic picture of an LC system can be found in Figure 4. 
 

 
Figure 4: Schematic picture of an LC system. Reproduced from “Introduction to Pharmaceutical 

Chemical Analysis” by S. Hansen et al.[3] 
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Mass spectrometry (MS) is a collective name for a number of different techniques that can 
measure the mass, or more specifically mass divided by charge (m/z), of a molecule. These 
different techniques require different types of instruments. The instrument that has been 
used for the majority of this work was a single quadropole instrument (SQD). It consists of 
four metal rods in between which an oscillating electric field is generated. Only ions with a 
specific m/z are able to traverse this field and arrive at the detector. By altering the electric 
field in a stepwise fashion and allowing ions with different m/z to reach the detector a 
spectrum can be constructed[17]. 
 
When coupling a LC instrument to an MS there is one big technical difficulty that has to be 
assessed. In the LC it is a solvent that is carrying the analyte molecules, but the MS has to 
be operated at very low pressures having the analyte molecules as ions in the gas phase. 
The most common way to solve this problem is to use electrospray ionization (ESI). In ESI 
the solvent from the LC is sprayed from a needle at which an electrostatic field is present, 
creating a fine mist. The electrically charged droplets are heated with hot gas and the 
solvent starts to evaporate. The droplets therefore become smaller, but the electric charge 
remains the same. When the repulsive electric forces within the shrinking droplet becomes 
too strong the droplet bursts and releases the analyte molecules as gas phase ions. The 
ions are then introduced to the reduced pressure of the MS through inlets[17]. A schematic 
picture of an ESI interface can be found in Figure 5. 
 

 
Figure 5: Schematic picture of an ESI interface. Reproduced from “Mass Spectrometry” by J. H. 

Gross[17]. 
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Experimental 

Chemicals 

Sildenafil citrate (>98%) was bought from AK Scientific (Union City, CA, USA). Duloxetine 
hydrochloride (EP reference standard) was bought from Council of Europe (Strasbourg, 
France). Fluticasone propionate (>98%) was bought from Tokyo Chemical Industry (Tokyo, 
Japan). Clopidogrel bisulphate (>97%) and amlodipine besylate (>97%) was bought from 
Zhejiang Jiuzhou Pharmaceutical (Taizhou City, PRC). Valsartan (>98%) was bought from 
Sigma-Aldrich Chemie (Steinheim, Germany). 
 
 
18O-water (>98 atom %) was bought from Taiyo Nippon Sanso (Tokyo, Japan). Milli-Q-water 
was obtained from a Milli-Q Gradient A10 system. Acetonitrile (Reag. Ph Eur), formic acid 
(Reag. Ph Eur), ammonia solution 25% (Reag. Ph Eur), sodium dihydrogen phosphate 
(Reag. Ph Eur) and hydrochloric acid 37% (Reag. Ph Eur) was obtained from Merck 
Millipore (Darmstadt, Germany). Ammonium acetate (Reag. Ph Eur) was bought from 
Scharlau (Barcelona, Spain). Sodium hydroxide 50% (HPLC) was bought from Sigma-
Aldrich Chemie (Steinheim, Germany). Disodium hydrogen phosphate (>99.5%) was bought 
from PanReac AppliChem (Barcelona, Spain). 
 

Preparation of standard solutions for the preliminary tests 

Standard substance was weighed and transferred to a 10 ml volumetric flask. The weight 
varied between 1.1 and 5 mg. The substance was dissolved in a solution of 50:50 ACN/H2O. 
If needed for complete dissolution, the flask was put in an ultrasonic bath. 
 

Preparation of samples for the preliminary tests 

A volume of standard solution corresponding to 0.1 mg of standard substance was 
transferred to a 2 ml amber vial. 50:50 ACN/H2O-solution was added to make the total 
volume 900 µl. 100 µl of reagent was then added which consisted of either 1 M HCl, 1 M 
NaOH or 0.1 M phosphate buffer with pH 6.7. For the reference sample 100 µl of 50:50 
ACN/H2O-solution was added instead of the reagent. The samples were incubated at 50 °C 
for 24 h, 48 h and 7 d respectively. The samples were frozen if the analysis were not made 
directly at the planned time. Further tests were conducted with shorter time and/or at 
decreased temperatures in regard to the results from the first tests. 
 

Preparation of standard solutions for the 18O-experiments 

Standard substance was weighed and transferred to a 10 ml volumetric flask. The weight 
varied between 2.1 and 4.7 mg. The substance was dissolved in ACN. If needed for 
complete dissolution, the flask was put in an ultrasonic bath. 
 

Preparation of samples for the 18O-experiments 

200 µl of standard solution and 800 µl of water containing 16O or 18O were added to a 2 ml 
amber vial. Either 8 µl 37% HCl-solution or 5 µl 50% NaOH-solution was then added. For the 
reference sample no reagent was added. The samples were incubated at 50 °C or stored at 
room temperature. 
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Chromatography 

Chromatography was performed on a Waters Acquity UPLC system equipped with a 
photodiode array (PDA) detector and a single quadropole detector (SQD). The stationary 
phase that was used was an Acquity BEH C18, 100 x 2.1 mm, 1.7 µm column. For the 
analysis of duloxetine, an Acquity HSS T3 C18, 100 x 2.1 mm, 1.8 µm column was used 
instead. 
 
For methods using positive electrospray ionization, mobile phase A consisted of 0.1% formic 
acid in water and mobile phase B consisted of 0.1% formic acid in ACN. For the method 
using negative electrospray ionization, mobile phase A consisted of 10 mM ammonium 
acetate plus 5 mM ammonium hydroxide in water and mobile phase B consisted of pure 
ACN. The flow rate was set to 0.6 ml/min and the column temperature was 40 °C. The 
samples were cooled to 5 °C in the sample manager. The injection volume was 3 µl. The 
generic gradient program used for the initial analyses can be found in Table 1. The settings 
that were used for the SQD can be found in Table 2. The only parameter that varied 
between the different analytes was the cone voltage and the corresponding values for each 
analyte can be found in Table 3. The cone voltage was optimized for each substance by 
infusing the sample solution combined with the mobile phase flow directly into the MS. 
 
Table 1: Gradient for the generic method 

Time (min) % B 

0 5 
12 90 
13.2 90 
13.3 5 
15.2 5 

 
Table 2: Method settings for the MS-detector 

Parameter Value 

Capillary voltage 1.00 kV 
Cone voltage 15-50 V 
Extractor voltage 3 V 
RF Lens voltage 0.1 V 
Source temperature 150 °C 
Desolvation temperature 450 °C 
Desolvation gas flow 700 l/h 
Cone gas flow 30 l/h 

 
Table 3: Cone voltage used for each analyte 

Substance Cone voltage (V) 

Sildenafil 50 
Fluticasone propionate 30 
Duloxetine 15 
Clopidogrel 30 
Amlodipine 20 
Valsartan 25 

 
The high-resolution MS experiments were performed on a Waters Acquity UPLC I-class 
system equipped with a photodiode array (PDA) detector and a XEVO G2-XS QTof. An 
Acquity BEH C18, 100 x 2.1 mm, 1.7 µm column was used as the stationary phase. The 
mobile phases, column temperature and sample temperature were the same as above. The 
flow rate was set to 0.5 ml/min. The gradient program used can be found in Table 4. 
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Table 4: Gradient for the high-resolution MS method 

Time (min) % B 

0 10 
0.5 10 
10 50 
12 80 
12.1 10 
13 10 

 

Other equipment 

Weighing was made on a Mettler Toledo MT5 micro balance (Mettler-Toledo, Greifensee, 
Switzerland). 
 

Analysis of sildenafil 

For the preliminary tests, samples were prepared in accordance with the earlier description. 
However, the 48 h sample was omitted and replaced with a 4 d sample. This was because 
no general plan for the storage time was defined at the time. The samples were then 
analyzed with the generic method. No further studies were made for this substance. 
 

Analysis of fluticasone propionate 

For the preliminary tests, samples were prepared in accordance with the earlier description. 
The samples were then analyzed with the generic method. The samples in acidic and neutral 
conditions had minor degradation after 7 days. The samples in basic condition had complete 
degradation already at 24 h. New samples in basic condition were prepared in the same way 
as before and they were taken out of the oven after 2 h, 4 h and 6 h. Even after 2 h the 
degradation was too extensive and additional samples were prepared. These samples were 
kept in room temperature for 1 h, 2 h and 3 h. 
 
Because of the similarities in retention time between the degradant and the mother 
substance using the generic method some method development was made. An isocratic 
elution was chosen and a number of different proportions between water and acetonitrile 
were tested. In the end, 50 % water and 50 % acetonitrile with a 4 min run time was chosen. 
The samples that were kept in room temperature were analyzed with the new method. 
 
Samples with 18O-water were prepared in accordance with the earlier description. The 
samples with NaOH were kept in room temperature for 1 h before analysis. The degradation 
was not enough, so they were stored at 50 °C for 1 h before being reanalyzed. The samples 
were then put back into 50 °C and were stored for an additional 48 h before being analyzed 
again. Samples with HCl were stored at 50 °C for 7 d before being analyzed. In all samples, 
substance had precipitated so they were diluted with ACN before analysis. 
 

Analysis of duloxetine 

For the preliminary tests, samples were prepared in accordance with the earlier description. 
The samples were then analyzed with the generic method. The samples in neutral condition 
had minor degradation after 7 d. The samples in basic condition had some degradation after 
7 d. The sample in acidic condition had complete degradation after 24 h. New acidic 
samples were prepared and kept at 50 °C for 2 h, 4 h and 6 h respectively before analysis. 
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Some method development was made. To get better retention for the most polar degradant 
a HSS T3 column was used instead. Various gradients were tested and the one that gave 
the best results can be found in Table 5. Two new batches of acidic samples were also 
prepared and analyzed with the new method. The first ones were kept at 50 °C for 30 min, 1 
h and 2 h. The second ones were stored at room temperature for 1 h, 2 h and 4 h. 
 
Table 5: Gradient for the duloxetine method 

Time (min) % B 

0 10 
3 50 
4.2 50 
4.3 10 
6.2 10 

 
An analysis of the acidic 2 h sample was also made with negative electrospray. The gradient 
program had the similar increase in component B as the generic method, but it was halted at 
60 % B instead of 90 %. 
 
Samples with 18O-water were prepared in accordance with the earlier description. The 
samples with HCl were kept in 50 °C for 30 min before analysis. The samples with NaOH 
were stored at 50 °C for 7 d before analysis. These samples had too much degradation, so 
new samples were prepared and stored at 50 °C for 3 d before analysis. The 3 h basic 
samples were also analyzed with high-resolution MS. 
 

Analysis of clopidogrel 

For the preliminary tests, samples were prepared in accordance with the earlier description. 
The samples were then analyzed with the generic method. The acidic and neutral samples 
had minor degradation after 7 d. The basic sample was completely degraded after 24 h. New 
samples were prepared and kept in room temperature for 1 h, 2 h and 4 h. After 1 h, the 
degradation was already too extensive. A new sample that was kept in room temperature for 
15 min was prepared and analyzed. 
 
Some method development was made. The separation was already good, so a faster 
gradient was chosen. The gradient program can be found in Table 6. 
 
Table 6: Gradient for the clopidogrel method 

Time (min) % B 

0 20 
2 60 
3.2 60 
3.3 20 
5.2 60 

 
Samples with 18O-water were prepared in accordance with the earlier description. The 
samples with NaOH were kept in room temperature for 30 min before analysis. The samples 
with HCl were stored at 50 °C for 4 d before analysis. The degradation was not enough, so 
the samples were kept at 50 °C for an additional 2 d before being reanalyzed. The basic 
samples were also reanalyzed after 2 d in room temperature. 
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Analysis of amlodipine 

For the preliminary tests, samples were prepared in accordance with the earlier description. 
The samples were then analyzed with the generic method. The neutral sample showed 
acceptable degradation after 48 h. Both the acidic and basic sample had too much 
degradation after 24 h. New samples were prepared that were kept in room temperature for 
4 h, 6 h and 24 h. 
 
Some method development was made. A few different gradient programs were tested, but it 
was decided that the generic program gave the best separation. It was shortened to the 
gradient program that can be found in Table 7. 
 
Table 7: Gradient for the amlodipine method 

Time (min) % B 

0 5 
6 50 
7.2 50 
7.3 50 
9.2 5 

 
Samples with 18O-water were prepared in accordance with the earlier description. The 
samples with NaOH were stored at 50 °C for 3.5 h before analysis. The samples with HCl 
were stored at 50 °C for 4.5 h before analysis. 
 

Analysis of valsartan 

For the preliminary tests, samples were prepared in accordance with the earlier description. 
The samples were then analyzed with the generic method. The neutral and basic sample 
showed no degradation after 7 d. The acidic sample showed minor degradation after 7 d. 
 
Samples with 18O-water were prepared in accordance with the earlier description. Only 
samples with HCl were prepared. The samples were stored at 50 °C for 5 d before analysis. 
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Results and discussion 

Sildenafil 

Sildenafil showed no degradation in the preliminary tests. It would probably have been 
possible to acquire hydrolysis of the sulfonamide if harsher conditions would have been 
used, like in the studies by J. C. Reepmeyer [5, 6]. However, that is not relevant to this study 
because such circumstances would be highly improbable with normal handling of the drug 
substance. The structure of sildenafil can be found in Figure 6. 
 

 
Figure 6: The structure of sildenafil 

 

Fluticasone propionate 

In accordance with the studies by M. da Silva Sangoi et al.[7], one major degradation 
product was formed. The reaction was fast in basic conditions with the degradation being 
about 10 % after 1 h. The same amount of degradation could be found in acidic conditions 
after 7 d. The retention times and the appearance of the MS spectra were almost identical 
for the different conditions, therefore the degradation product is assumed to be the same. 
The structure for fluticasone propionate can be found in Figure 7. A chromatogram for the 
sample in basic conditions can be found in Figure 8. A summary of the m/z of the main 
peaks can be found in Table 8. All chromatograms in the results section are extracted-ion 
chromatograms between m/z = 150 – 600 unless specifically stated otherwise. 
 

 
Figure 7: The structure of fluticasone propionate 
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Figure 8: Chromatogram for the fluticasone propionate sample in basic condition 

 
Table 8: Peak summary for the fluticasone propionate sample in basic condition 

Retention time (min) m/z in 16O-water m/z in 18O-water 

0.94 453.3 457.3 
2.43 (Fluticasone) 501.3 503.3 

 
The peak with m/z = 501.3 corresponds to fluticasone propionate. The most probable 
explanation for the peak with m/z = 453.3 would be that it is the product formed by the 
hydrolysis of the thioester. At first, the results from the 18O experiment seemed inconsistent 
with this theory because of the m/z increase of 4, which would correspond to two 
incorporated water molecules. Hydrolysis should only lead to one water molecule being 
incorporated. However, when the m/z of the peak from the mother substance is considered 
the argument makes sense again. That peak has increased in m/z by two. An oxygen atom 
somewhere in the molecule must have been exchanged with the water. As an example of 
how the MS-spectra looked like in the different experiments these four spectra are shown in 
Figures 9, 10, 11 and 12. The structure for fluticasone propionate along with the proposed 
structure of the degradant can be found in Figure 13. 
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Figure 9: MS spectrum for the peak at 0.94 min from the fluticasone propionate sample in basic condition 

and regular water 

 

 
Figure 10: MS spectrum for the peak at 0.94 min from the fluticasone propionate sample in basic 

condition and 
18

O-water 
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Figure 11: MS spectrum for the peak at 2.43 min from the fluticasone propionate sample in basic 

condition and regular water 

 

 
Figure 12: MS spectrum for the peak at 2.43 min from the fluticasone propionate sample in basic 

condition and 
18

O-water 
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Figure 13: The structure of fluticasone propionate along with the proposed structure of its degradant 

 
Two questions still remain to be answered regarding the experiment: Why did no hydrolysis 
occur at the other ester group and which oxygen was exchanged to its heavy counterpart 
when 18O-water was used? A partial answer to both questions can be addressed by looking 
at results from the basic sample again, but from the analysis that was made after the sample 
was put back into 50° C for 48 h. In this sample the peak that is presumed to correspond to 
the double hydrolysis product can be found when looking at the single m/z of 397.3 in the 
chromatogram. The peak however has a very low intensity compared to the other peaks that 
are present. The structure of the double hydrolysis degradant can be found in Figure 14. 
 

 
Figure 14: The structure of the degradant resulting from double hydrolysis 

 
In the 18O-water experiment, the double hydrolysis peak is found at m/z = 401.3. If the 
oxygen that was exchanged would have been the one in the now removed ester group, this 
product would have shown up with m/z = 399.3. Therefore, it can be concluded that the 
oxygen exchange takes place elsewhere in the molecule. It can also be concluded that the 
ester group is much more stable than the thioester group in the molecule. 
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The question of the exchanged oxygen still remains, and there are now three possible sites 
where this could occur: at the carboxylic acid, at the alcohol or at the ketone. No definitive 
answer could be found in this study, but the most prominent speculation is that it is the 
ketone that is responsible for the exchange. The acid could be ruled out based on proposed 
structures of the two in-source-fragments with m/z = 293.2 and 313.2 that are present in the 
spectra of both fluticasone propionate and the degradant. These fragments differ in m/z by 
two between the two experiments which indicates that the 18O-atom still is present, and it 
must therefore be the ketone or the alcohol. 
 

 
Figure 15: Proposed structures of two in-source-fragments of fluticasone propionate 

 
The exchange of the ketone could be made with a two step reaction: first the addition of 
water to make a diol and then the elimination of water and the re-formation of the ketone 
which now contains either a regular or a heavy water. The carbonyl carbon of the ketone 
should also be more electrophile than the carbon next to the alcohol, even though the 
ketone is stabilized by the conjugated system. Oxygen exchange of ketones has been 
studied by M. Byrn and M. Calvin[18], so it is proven that it happens in some cases. 
 

Duloxetine 

Duloxetine showed different types of degradation in acidic and basic condition. The 
degradation was fast in the acidic condition, with the desired 10 % degradation after just 30 
min at 50° C. It was slower in the basic condition, with about the same amount of 
degradation in 3 d at the same temperature. The structure of duloxetine can be found in 
Figure 16. The results from the acidic experiment will be discussed first and the 
chromatogram and peak summary can be found in Figure 17 and Table 9 respectively. 
 

 
Figure 16: The structure of duloxetine 
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Figure 17: Chromatogram for the duloxetine sample in acidic condition 

 
Table 9: Peak summary for the duloxetine sample in acidic condition 

Retention time (min) m/z in 16O-water m/z in 18O-water 

0.73 172.0 174.0 
2.83 298.2 298.2 
3.09 298.2 298.2 
3.35 (Duloxetine) 298.2 298.2 

 
The peak with a retention time of 3.35 min corresponds to duloxetine. The peak with m/z = 
172.0 is most likely the product that is formed by the hydrolysis of the ether. The retention 
time is much lower which is to be expected when the naphthalene group is removed and it is 
also consistent with the m/z increase of 2 in the 18O-experiment. 
 
The other two peaks have the same m/z as duloxetine. These peaks are most likely some 
kind of isomers of duloxetine. These degradants has been studied by V. R. Arava et al.[9] 
and it was shown that they are ortho- and para isomers as to where the bonds from the 
naphthalene ring are located. Instead of an ether bond, these isomers have a carbon-carbon 
bond between the naphtalene ring and the rest of the molecule. The peak at 2.83 min 
corresponds to the para isomer and the peak at 3.09 corresponds to the ortho isomer. 
 
The reaction that produces all of these degradants has been described by M. Li[2] and it is 
an A1- mechanism that begins with the formation of a conjugation stabilized cation by the 
loss of 1-naphthol. After that, either a water molecule or 1-naphthol adds to the positively 
charged carbon. The 1-naphthol can either add ortho or para to the hydroxyl group or with 
the hydroxyl group itself, thus forming the original structure again. The reaction scheme can 
be found in Figure 18. 
 

 
Figure 18: Reaction scheme for the degradation of duloxetine in acidic conditions. Reproduced from 

“Organic Chemistry of Drug Degradation” by M. Li.[2] 



Page 19 of 30 
 

 
However, if hydrolysis of the ether bond takes place, why can’t the 1-naphthol be seen? It is 
not present anywhere in the MS chromatogram. On the other hand, in the PDA 
chromatogram there is one large peak that can be seen approximately 20 seconds after the 
duloxetine peak. The UV spectrum of that peak is roughly the same as duloxetine, so this is 
most likely 1-naphthol. To confirm this, an experiment using negative electrospray was 
made. In that experiment, a peak in the MS with m/z = 143.0, which corresponds to 1-
naphthol, was found at 5.55 min. A large peak in the PDA-chromatogram was present at the 
same retention time and with matching UV-spectrum from the peak from the earlier 
experiment. The extracted-ion chromatogram for m/z = 143.0 can be found in Figure 19 and 
the MS spectrum for the peak can be found in Figure 20. 
 

 
Figure 19: Extracted-ion chromatogram for m/z = 143.0 for the experiment using negative electrospray for 

the duloxetine sample in acidic condition 

 

 
Figure 20: MS spectrum for the peak at 5.55 min from the experiment using negative electrospray for the 

duloxetine sample in acidic condition 

 
Now that all the degradants in the acidic experiment has been explained, the basic 
experiment will be discussed. The chromatogram is shown in Figure 21 and the peak 
summary is found in Table 10. 
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Figure 21: Chromatogram for the duloxetine sample in basic condition 

 
Table 10: Peak summary for the duloxetine sample in basic condition 

Retention time (min) m/z in 16O-water m/z in 18O-water 

0.80 172.0 174.0, 172.0, 176.0 
3.11 296.2 298.2 
3.28 298.2 298.2 
3.37 312.2 312.2, 314.2, 316.2 
3.56 (Duloxetine) 298.2 298.2 

 
Looking at these results, we can see that some degradants seems to be the same as in the 
acidic experiment. The first eluted substance seems to be the product of the ether 
hydrolysis, although the isotopic pattern is different in the 18O-experiment. No explanation 
has been found so far. It is worth noting however that the intensity of this peak is significantly 
lower than the peak in the acidic experiment. The peak at 3.28 corresponds to the ortho 
isomer of duloxetine and the peak at 3.56 is duloxetine itself. 
 
The remaining two peaks proved to be harder to find structures for. The peak at 3.11 min 
was first believed to be loss of two hydrogens, either by forming a double bond or some kind 
of ring structure. But in the 18O-experiment, the m/z increases by two. This means that some 
kind of reaction or exchange with water takes place. However, we don’t see any exchange in 
the mother substance and no degradant structure could be proposed that was sufficiently 
different from duloxetine to motivate this kind of exchange. The molecular formula was 
confirmed to be C18H17NOS with high-resolution MS. 
 
The peak at 3.37 min also shows strange behavior in the 18O-experiment. The three m/z are 
present in almost equal abundance. This would mean that either none, one or two oxygen 
atoms has been exchanged with the molecule. The molecular formula was presumed to be 
C18H17NO2S, which is plus one oxygen and minus two hydrogens from the molecular formula 
of duloxetine. This molecular formula was confirmed by analyzing the sample with a high-
resolution MS. The degradants for which a structure could be proposed can be found in 
Figure 22. 
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Figure 22: The structure of duloxetine along with the proposed structures of its degradants 

 

Clopidogrel 

Just like fluticasone propionate, clopidogrel showed similar degradation products, but with 
vastly different rate of formation in acidic and basic condition. In acidic condition, the 
degradation was only small after 6 d in 50° C. In basic conditions, the degradation was more 
than 50 % after 30 min in room temperature. The structure of clopidogrel can be found in 
Figure 23. A chromatogram can be found in Figure 24 and the peak summary can be found 
in Table 11. 
 

 
Figure 23: The structure of clopidogrel 

 

 
Figure 24: Chromatogram for the clopidogrel sample in basic condition 

 
Table 11: Peak summary for the clopidogrel sample in basic condition 

Retention time (min) m/z in 16O-water m/z in 18O-water 

1.23 308.1 310.1 
2.90 (Clopidogrel) 322.1 322.1 
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The peak at 2.90 is clopidogrel and the peak at 1.23 is presumed to be the hydrolysis 
product. The molecular mass is correct, the m/z increase with the 18O-water is in accordance 
with what it should be and considering the structure of the molecule, the hydrolysis product 
is the degradant that should be formed most easily. Clopidogrel is a prodrug and it is 
designed with this reaction in mind. It is the hydrolysis product that is the active form in the 
body. The structures of clopidogrel and its degradant can be found in Figure 25. 
 

 
Figure 25: The structure of clopidogrel along with the proposed structure of its degradant 

 
Further degradation of the basic sample was carried out to examine if the second oxygen in 
the carboxylic acid group also could be exchanged. After 2 d in 50° C the sample was 
analyzed again. However, the isotopic pattern was more or less unchanged compared with 
the 30 min sample. It seems that the carboxylic acid in the clopidogrel degradant does not 
undergo oxygen exchange with water in basic conditions. 
 

Amlodipine 

Amlodipine was the substance that had the largest number of degradants in the study. The 
degradation was rather rapid, both in acidic and basic conditions with 4.5 h and 3.5 h 
respectively. The first experiment to be discussed will be the acidic. The structure for 
amlodipine can be found in Figure 26. A chromatogram can be seen in Figure 27 and the 
peak summary in Table 12. 
 

 
Figure 26: The structure of amlodipine 
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Figure 27: Chromatogram for the amlodipine sample in acidic condition 

 
Table 12: Peak summary for the amlodipine sample in acidic condition 

Retention time (min) m/z in 16O-water m/z in 18O-water 

4.97 407.2 407.2 
5.12 409.2 409.2 
5.52 (Amlodipine) 409.2 409.2 

 
The peak from amlodipine is the one with retention time of 5.52 min. At 5.12 min there is 
another peak with the same m/z, this is most likely some kind of isomer. The exact structure 
could not be confirmed, but it could be a rearrangement of the double bonds in the 1,4-
dihydropyridine ring. This would result in a larger conjugated system. At 4.97 min there is a 
peak with m/z that is two less than amlodipine. This peak is most likely a degradant where 
the 1,4-dihydropyridine ring has been oxidized to a pyridine ring. As with the previous 
degradant, this would lead to increased stability. 
 
The results from the basic experiment turned out to be a bit more complex than the results 
from the acidic experiment. A chromatogram can be found in Figure 28 and a peak summary 
in Table 13. 
 

 
Figure 28: Chromatogram for the amlodipine sample in basic condition 
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Table 13: Peak summary for the amlodipine sample in basic condition 

Retention time (min) m/z in 16O-water m/z in 18O-water 

3.46 349.2 353.2, 351.2 
3.80 349.2 353.2, 351.2 
4.01 381.2 383.2, 385.2 
4.06 381.2 383.2 
4.18 395.2 397.2 
4.54 409.2 409.3 
4.67 409.3 409.3 
5.56 (Amlodipine) 409.3 409.2 

 
In this experiment there were two peaks that showed up with the same m/z as amlodipine. 
Once again, the structures proposed are isomers with rearranged double bonds. However, 
when considering both experiments, there are now three different isomers to which this type 
of structure has been assigned. Only two of the possible isomers will have the large 
conjugated system with more stability and the rest will instead have smaller and less stable 
ones. This is a bit contradicting, but unfortunately no better explanation for these degradants 
could be found. 
 
At 4.01 min, 4.06 min and 4.18 min there are peaks that have m/z that are 28 or 14 less than 
amlodipine. These are most likely the ester hydrolysis products, which were expected to be 
formed in basic condition. This was further confirmed by the 18O-experiment where the 
degradants had increased in m/z by two. It was however unexpected that one of the 
hydrolysis products showed up as two peaks. Once again, the best explanation found is that 
this is some kind of isomerism in the double bond structure. One of the peaks also shows 
some oxygen exchange, but that information could not be used to draw any additional 
conclusions. 
 
The peaks at 3.46 min and 3.80 both have m/z = 349.2. A possible explanation for these 
degradants was found in an article by K. Bodapati et al.[13] If the amine makes a 
nucleophilic attack on a carbonyl carbon of one of the esters an internal amide is formed. 
This, in addition with the hydrolysis of the other ester, gives the sought after m/z. The article 
only proposed the structure where the reaction takes place on the same side of the ring. It 
could however be possible that the reaction also takes place on the other side of the ring. In 
18O-water the m/z increased by four or two. This could be due to the amide group 
exchanging oxygen atoms with the water. The structures of all proposed degradants can be 
found in Figure 29. 
 

 
Figure 29: The structure of amlodipine along with the proposed structures of its degradants 
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Valsartan 

In the preliminary tests valsartan showed slight degradation in acidic condition and no 
degradation in basic condition. 18O-experiments were first deemed unnecessary because the 
proposed structure for the single degradation product that was formed wouldn’t change in 
m/z. However, it was interesting to see which oxygens would be exchangeable, so an 18O-
experiment in acidic condition was carried out anyway. The structure of valsartan can be 
found in Figure 30. The chromatogram can be seen in Figure 31 and the peak summary in 
Table 14. 
 

 
Figure 30: The structure of valsartan 

 

 
Figure 31: Chromatogram for the valsartan sample in acidic condition 

 
Table 14: Peak summary for the valsartan sample in acidic condition 

Retention time (min) m/z in 16O-water m/z in 18O-water 

3.06 352.2 352.3, 354.3, 356.3 
6.70 (Valsartan) 436.3 438.3, 440.3, 436.3, 442.3 
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The peak at 6.70 min corresponds to valsartan and the peak at 3.06 to the product that is 
formed by hydrolysis of the amide bond. The valeric acid that also is formed is not visible in 
either positive electrospray or UV. The structures for valsartan and its degradant can be 
found in Figure 32. 
 

 
Figure 32: The structure of valsartan along with the proposed structure of its degradant 

 
Some interesting information could be extracted from the 18O-experiment: The m/z with 
highest abundance in the spectrum of valsartan was 438.3 and 440.3. Slightly lower was 
436.3 and 442.3. This means that one or two exchanged oxygens were the most common 
and none and three exchanged oxygens were less common, but still occurring. Looking at 
the peak for the degradant it can be seen that the most common was no exchanged 
oxygens, followed by one and two. This indicates that the amide group has the greatest 
tendency for oxygen exchange and the acid group has slightly lower. This is probably 
because the amide group is positively charged at this pH while the acid is neutral. 
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Conclusions 

The stability studies carried out in this work have led to a number of proposed structures for 
degradants. Most of these structures have been reported earlier by other groups. The 
hydrolytic degradants that were found could also be confirmed with the 18O-method. Some of 
the proposed structures, namely the isomers of amlodipine and one of the cyclic amides, 
were however not found in the literature. These structures are based solely on the molecular 
mass of the degradants. More work would be needed to confirm these structures, such as 
tandem MS, comparing with synthesized substances and/or NMR. NMR was considered for 
this study, but it was concluded that it fit within neither the scope nor timeframe of this 
project. It would also be necessary to use a very large amount of standard substance to 
obtain enough degradant for the NMR-sample. 
 
For two degradants of duloxetine with m/z of 312.2 and 296.2, no proposition of the structure 
could be made. The molecular formula was however determined by high-resolution MS. In 
the literature that was reviewed in this study, these degradants have been reported. The 
same kind of follow-up studies as mentioned earlier would be needed to find out the 
structures for these degradants. They are interesting for this study for an additional reason: if 
not for the 18O-experiments, a number of possible structures that most likely are incorrect 
could have been proposed. However, because of the oxygen exchange that was proven to 
take place, these structures could be rejected. 
 
The oxygen exchange was observed in a number of different functional groups. In valsartan 
it was shown that it occurred in amides and to a small extent in acids in acidic condition. For 
clopidogrel, no exchange in the acid group was observed in basic condition. In fluticasone 
propionate it was suspected that it was the ketone group that was responsible for the 
exchange. In the unknown degradant of duloxetine the exchange pattern could not be 
explained at all. It was not seen in esters and that is probably because the alcohol is such a 
good leaving group. In order for an ester to exchange oxygen with 18O-water it needs to get 
rid of another water molecule instead of the alcohol and this is not very probable. 
 
By looking at the amlodipine experiment in basic condition a clear distinction between the 
exchange behavior of esters and amides can be seen. In amlodipine, its isomers and the 
hydrolysis products no exchange could be observed. These are all esters. However in the 
two degradants with m/z = 349, where one of the ester groups has become an amide, the 
exchange occurs. 
 
The degradation of the substances was for the most part in accordance with what was 
expected. The fastest reaction was the hydrolysis of esters in basic conditions. However, the 
ester group in fluticasone propionate was surprisingly stable. The preference for the 
thioester group over the ester group could be due to the fluor atom being electron 
withdrawing, thus making the carbonyl more electropositive. However, this does not explain 
why the ester group isn’t hydrolyzed after that. Ester hydrolysis in acidic condition was also 
present, but it was slower than the basic counterpart. 
 
For duloxetine, a very rapid ether hydrolysis could be seen in acidic conditions. As explained 
in the results section, this is because of the resonance stabilized cation that is formed. In the 
cases of sildenafil and amlodipine no hydrolysis of the ether was seen. The last type of 
hydrolysis that was observed was amide hydrolysis. It was seen in valsartan, but not in 
sildenafil. The reason for this could be because the cyclic amide in sildenafil is resonance 
stabilized. 
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The final question that has to be answered is: how useful is this method of analysis? As 
stated before, the ability to know if a water molecule is incorporated into a degradant or if 
any oxygens in the molecule are available for exchange can sometimes either confirm or 
disprove a proposed molecular structure. This information would not have been possible to 
obtain even with high resolution MS. Using a tandem MS instrument is probably the closest 
comparison of what you would need to get this information with another method, however it 
is required that the molecule generates specific fragments so that the information can be 
obtained. NMR is of course also always a consideration when structural information is 
desired, but a large amount of sample that is reasonable pure would be needed to carry out 
the analysis. 
 
Two main uses for this method of analysis are proposed: firstly, it can be a useful way of 
getting additional structural information from your unit resolution MS if the laboratory doesn’t 
own a high-resolution MS. The second is that it can be used to get additional information 
about the water involvement of a reaction if the result from a regular MS experiment is 
inconclusive. On a timescale in drug development the method could be useful in the early 
stages when characterizing potential impurities and/or degradants if there isn’t enough 
substance to run preparative LC followed by NMR. 
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