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Ibuprofen is a widely used non-steroidal anti-inflammatory drug dispensed in tablets, capsules, 

suspensions, oral solutions, creams, and gels. Ibuprofen's poor water solubility and gastrointestinal side-

effects present ongoing formulation challenges. Alcoholic excipients are often employed to enhance solu-

bility and minimise adverse effects. Solketal (1,2-isopropylidene glycerol), a ketal produced by the con-

densation of glycerol with acetone, offers further versatility as an excipient due to its free hydroxyl group, 

which enables esterification reactions with acidic active pharmaceutical ingredients like ibuprofen. Intro-

ducing any excipient, especially in direct contact with the active pharmaceutical ingredient, necessitates 

careful evaluation of potential drug–excipient interactions, as these can alter the drug's physicochemical 

properties and impact clinical performance. Chromatographic techniques coupled with mass spectrometry 

and nuclear magnetic resonance spectroscopy remain essential for identifying and characterizing related 

and degradation products in pre-formulation studies. In this study, we investigated the esterification of 

ibuprofen with solketal to identify possible interaction products. Two major compounds were isolated and 

thoroughly characterised by MS and NMR, confirming their chemical structures: 1-mono-glycerol ester 

of ibuprofen and ibuprofen-solketal-ester, which contained a 1,3-dioxolane ring. This finding highlights 

the importance of comprehensive analytical evaluation of drug–excipient interactions during formulation 

development, as these can affect drug stability and performance. 
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LC-HRMS И NMR СТУДИЈА НА ПРОИЗВОДИТЕ НА ЕСТЕРИФИКАЦИЈА  

НА ИБУПРОФЕН СО СОЛКЕТАЛ: ОБРАЗУВАЊЕ, ИЗОЛАЦИЈА И ИДЕНТИФИКАЦИЈА 

 

Ибупрофенот е широко распростанет нестероиден антиинфламаторен лек кој постои во 

форма на таблети, капсули, орални суспензии, креми и гелови. Слабата растворливост на 

ибупрофенот во вода и несаканите гастроинтестинални ефекти претставуваат постојани 

предизвици за формулаторите на лекови. Алкохолни ексципиенти често се користат за 

подобрување на растворливоста и минимизирање на несаканите ефекти. Солкетал (1,2-

изопропилиден глицерол), кетал произведен со кондензација на глицерол со ацетон, е 

разнообразен како ексципиент поради неговата слободна хидроксилна група, која овозможува 

реакции на естерификација со кисели активни фармацевтски состојки како што е ибупрофенот. 

Воведувањето на кој било ексципиент, особено оние во директен контакт со активната 

фармацевтска состојка, бара внимателна евалуација на потенцијалните интеракции помеѓу 

активната состојка и ексципиентот, бидејќи тие можат да ги променат физичко-хемиските својства 

на лекот и да влијаат на клиничките перформанси. Хроматографските техники во комбинација со 

масена спектрометрија и нуклеарна магнетна резонанца се неопходни за идентификација и 

карактеризација на сродни и деградациони продукти при предформулациските студии. Во рамките 
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на оваа студија беше испитана естерификацијата на ибупрофен со солкетал со цел идентификација 

на можни интеракциски производи. Два главни продукта беа изолирани и темелно 

карактеризирани со масена спектрометрија и нуклеарна магнетна резонанца, потврдувајќи ги 

нивните хемиски структури: 1-моно-глицерол естер на ибупрофен и ибупрофен-солкетал-естер со 

1,3-диоксолански прстен. Ова откритие ја истакнува важноста на сеопфатната аналитичка 

евалуација на интеракциите помеѓу активната фармацевтска состојка и ексципиентите за време на 

развојот на формулацијата на фармацевтскиот производ, бидејќи тие можат да влијаат на 

стабилноста и перформансите на лекот. 

 

Клучни зборови: ибупрофен; естерификација; солкетал; LC-HRMS; NMR 

 

 

1. INTRODUCTION 

 

The group of non-steroidal anti-inflam-

matory drugs (NSAIDs) comprises various drugs 

with proven non-narcotic analgesic, anti-inflam-

matory, and antipyretic properties. NSAIDs are 

considered among the most widely used drugs 

worldwide, due to their effectiveness in the treat-

ment of symptoms such as pain and inflammation 

caused by conditions such as fever, rheumatoid 

arthritis, and ankylosing spondylitis.1–3  

Ibuprofen (2-(4-isobutyilphenyl)propionic ac-

id) is a well-known, commonly prescribed NSAID 

that acts as a prostaglandin inhibitor and belongs to 

the group of profens (2-arylpropionic acids).1–7 Its 

structure is shown in Figure 1a. Due to the presence 

of the aromatic ring with alkyl substituents and a car-

boxylic group in the structure, the solubility of ibu-

profen in aqueous acidic media in the stomach is lim-

ited.3,5 On the other hand, long-term oral administra-

tion has been associated with different gastrointesti-

nal side-effects, as it blocks the protection of the gas-

tric mucosa.4 This active pharmaceutical ingredient 

(API) is mainly administered in tablet form or sus-

pensions and oral solutions, but there have been at-

tempts to design formulations of ibuprofen that 

achieve therapeutic benefits despite its poor aqueous 

solubility and overcome the side-effects of oral use. 

Examples include: salt conjugates (lysinate, arginate); 

soft gelatin capsules filled with solubilised ibuprofen; 

and topical dermal dosage forms, commonly pre-

pared from water with alcohol and a gelling 

agent.3,5,7,8 

However, the introduction of any component 

in the formulation of the drug product, which 

comes into direct contact with the API, may lead to 

a reaction between the API and such component. 

These reactions (referred to as drug-excipient in-

teractions) are carefully studied and their effects on 

the physicochemical properties of the drug product 

are closely monitored. In physical interactions, 

there is an alteration in physicochemical properties 

such as solubility, dissolution rate, organoleptic 

properties, polymorphic form, or crystallisation of 

the API, but no chemical reaction occurs. A chem-

ical interaction involves a direct chemical reaction 

between the API and the excipient (or present im-

purities) and may result in the formation of new 

products, degradation, or loss of potency. It is im-

portant to note that such interactions may arise not 

only from the components themselves but also 

from their concentrations and the conditions pre-

sent. While these interactions are possible, they 

can be controlled if identified early during drug 

product development. Moreover, in some cases, 

interactions between the drug and the excipient are 

intentionally designed to enhance the properties of 

the drug product, such as improving the solubility 

and bioavailability of the API.7–13  

The identification of these reactions in the 

early development and prediction of the drug 

product stability can guide the selection of appro-

priate formulation components, the production 

process conditions, as well as support regulatory 

findings to justify proposed shelf life. The rate and 

extent of these reactions are influenced by factors 

such as chemical reactivity and ionisation of the 

compound, solvent content, presence of water, and 

manufacturing and storage conditions. Thus, if the 

possible reactions are known, the rate and extent 

can be limited by the formulator. An example is 

the formulation of soft gelatin capsules of ibu-

profen where, during pre-formulation, several in-

teraction products were identified along with pos-

sible strategies to prevent their formation in the 

final product.7,11,14 

Consequently, specially designed compati-

bility studies are conducted during the pre-

formulation phase and any detected reaction is rec-

orded and analysed. For this purpose, binary mix-

tures of the API and the excipient are prepared in a 

ratio of 1:1 (w/w) – a worst-case scenario that max-

imises the contact amongst reactants – and subject-

ed to elevated thermal and humidity techniques 

(usually at least 1 month). Samples are then ana-

lysed using different analytical techniques. Ther-

moanalytical techniques are mainly used for the 

detection of physical interactions. Chromatographic 
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techniques such as reversed-phase high-performance 

liquid chromatography (RP-HPLC) with various de-

tectors are employed for studying chemical interac-

tions. Characterisation of detected products with 

mass spectrometry (MS) and nuclear magnetic reso-

nance (NMR) spectroscopy has been established as 

an essential tool in early drug product development, 

contributing to awareness and early prediction of 

possible chemical interaction products,12–15 high-

resolution mass spectrometry (HRMS) being even 

more effective in providing data. 

Studies have previously been performed in 

our laboratory to predict possible solid-state inter-

actions of ibuprofen with different solid-state ex-

cipients. An interaction between ibuprofen and 

sodium hydrogen carbonate, as well as ibuprofen 

with magnesium stearate, was reported, providing 

experimental evidence of the formation of new 

molecular entities.9,10 Regarding chemical interac-

tions, ibuprofen–polyethylene glycol monoester 

and diester were reported in literature as products 

formed by the esterification of ibuprofen with pol-

yethylene glycol, as well as ibuprofen–sorbitol es-

ter and ibuprofen–sorbitan ester from the reaction 

with sorbitol and sorbitan. The use of these alco-

holic excipients is well established as solvents in 

ibuprofen formulations for topical applications and 

as components of soft gelatin capsules.7–11  

Glycerol (propane-1,2,3-triol, Fig. 1b), a 

non-toxic and non-irritating polyalcohol, is one of 

the most commonly used excipient in cosmetic, 

pharmaceutical, chemical, and food industries. The 

reaction between glycerol and ibuprofen is de-

scribed in the literature, since the products of this 

reaction (mono-ester and di-ester between ibuprofen 

and glycerol) are often used in drug design for im-

proved ibuprofen aqueous solubility.4–6 On the other 

hand, due to the relatively easy synthesis, much at-

tention has been dedicated to (2,2-dimethyl-1,3-

dioxolane-4yl)methanol or solketal, hereafter. Sol-

ketal, also known as 1,2-isopropylidene glycerol, is 

a cyclic acetal (ketal) synthesised by condensation 

of glycerol with acetone, resulting in two possible 

solketal isomers: the isomer with a 1,3-dioxolane 

(five-membered ring, Fig. 1c) and the other isomer 

(2,2-dimethyl-1,3-dioxane-5-yl)methanol with a 

1,3-dioxane (six-membered ring, Fig. 1d). Howev-

er, the more desirable product for industry is the 

five-membered ring isomer, and when glycerol is 

converted to solketal, the five-membered ring is 

the major product.16–19 Solketal, like glycerol is 

currently used as a solvent for pharmaceutical for-

mulations. Due to the presence of a free hydroxyl 

group, solketal, like glycerol, remains available for 

esterification reactions.16 Furthermore, since the 

reaction of glycerol with acetone is reversible in 

the presence of weak acids, the likelihood remains 

of obtaining different esterification products in the 

presence of a carboxylic acid such as ibu-

profen.16,18,19 

 

 

a)  b) c)  d)  
 

Fig. 1. Molecular structures of the reacting compounds: a. ibuprofen; b. glycerol;  

c. five-membered ring solketal isomer; d. six-membered ring solketal isomer 
 

 

The aim of the present paper is to investigate 

the possibility of direct esterification of ibuprofen 

with solketal, in order to identify possible new 

products of a chemical interaction. An additional 

question is whether the same interaction products 

can be formed in the reaction between ibuprofen 

and solketal, as that obtained with glycerol. We 

suggest the possibility that, in presence of an acidic 

compound such as ibuprofen, solketal may undergo 

a ring-opening reaction to glycerol and result in the 

generation of the same product of chemical reaction 

as glycerol. To the best of the authors' knowledge, 

the drug–excipient interaction between ibuprofen 

and solketal has not yet been investigated. 
The only work where a product from the es-

terification of ibuprofen with solketal was men-
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tioned is a study on nanocarriers for the targeted 

delivery of NSAIDs for tumour therapy, where an 

ester between ibuprofen and solketal was briefly 

noted as an intermediate product in the process of 

obtaining specific phosphoester polymers.20 Sever-

al different methods for synthesis, isolation, and 

purification of other ibuprofen esters have been 

described in the literature.21,22 However, the avail-

able published literature data lack characterisation 

of the obtained products using MS and NMR spec-

troscopy.21,22 

The products in the current work were syn-

thesised by means of direct, acid catalysed, esteri-

fication, separated by RP-HPLC, purified using 

column chromatography on silica, and systemati-

cally characterised by thin-layer chromatography 

(TLC), MS, and NMR. 
 

 

2. EXPERIMENTAL SECTION 

 

2.1. Chemicals, solvents, and standards 

 

Ibuprofen powder grade 38 was supplied as a 

non-commercial sample for research purposes, 

while solketal (1,2-isopropylidene glycerol) and 

glycerol (propane-1,2,3-triol, 85 %) were obtained 

as pharmaceutical-grade excipients provided as gift 

samples. Sulfuric acid (95 – 97 %) was manufac-

tured by Alkaloid AD (Skopje, N. Macedonia), 

whereas formic acid, sodium carbonate, anhydrous 

sodium sulfate, n-hexane, ethyl acetate, acetonitrile, 

and silica gel for column chromatography 60 were 

sourced as analytical-grade reagents from Merck 

KGaA (Darmstadt, Germany). The reference stand-

ard 2,3-dihydroxypropyl 2-(4-isobutylphenyl)pro-

panoate was purchased from Toronto Research 

Chemicals – TRC (Toronto, Canada). 
 

2.2. Procedure for esterification of ibuprofen 

 

For accelerated thermal degradation, binary 

mixtures in a ratio of 1:1 (w/w) of ibuprofen with 

solketal and ibuprofen with glycerol (85 %) were 

placed in a drying oven at a temperature of 80 °C 

for 66 and 42 h, respectively. 

For isolation of the detected products, 50 g of 

ibuprofen powder was mixed with 90 ml of solketal. 

A catalytic amount (approximately 3 drops) of con-

centrated sulfuric acid was added, and the obtained 

solution was maintained under reflux at 100 ℃, for 

3.5 hours on a magnetic stirrer. After that, the solu-

tion was cooled to room temperature and repeatedly 

washed in a separatory funnel with a 1% solution of 

sodium carbonate to dissolve and remove the major-

ity of unreacted ibuprofen. The extract was then 

washed repeatedly with water to remove any re-

maining solketal and sodium carbonate, then dried 

by shaking with anhydrous sodium sulfate. The ob-

tained extraction mixture was stored over additional 

anhydrous sodium sulfate and evaluated using a 

previously optimised HPLC-DAD method to moni-

tor the esterification products. 

 

2.3. HPLC method for evaluation  

of the extraction mixture 
 

All of the RP-HPLC-MS investigations were 

performed on a Vanqish UHPLC system coupled 

with a diode-array detector (DAD) and Orbitrap Ex-

ploris 120 High Resolution Mass Spectrometer (LC-

HRMS) (Thermo Scientific Co., US). Chromato-

graphic separations were conducted on a Zorbax Ex-

tend-C18 column (150 mm × 4.6 mm, 5 μm; Agilent 

Technologies, Inc., US). A mixture of 3 volumes of 

formic acid and 340 volumes of acetonitrile, diluted 

to 1000 volumes with water, was used as mobile 

phase A. Acetonitrile served as mobile phase B, and 

the following gradient was employed at a flow of 1.0 

ml/min: 0 – 25 min 100 % A (v/v); 55 – 75 min 15 % 

A; and 72 – 80 min back to 100 % A. 

The injection volume was 20 μl and the 

analysis was monitored at a wavelength of 265 nm. 

The mobile phases were used as solvents for all 

analysed samples. The instrument was controlled 

by Chromeleon and Xcalibur data acquisition and 

analysis software. 
 

2.4. Procedure for isolation and purification  

of the obtained products 
 

Column chromatography was carried out us-

ing approximately 17 g of silica gel 60 for column 

chromatography that had been conditioned with n-

hexane. Different ratios of n-hexane and ethyl ace-

tate were employed as mobile phases with increas-

ing content of ethyl acetate. Fractions of 5 ml were 

collected throughout the separation process, and a 

previously optimised TLC method was applied for 

the detection of the products and for monitoring 

the separation process. 

The first ten fractions (labelled 1–10) were 

eluted using 25 % ethyl acetate in n-hexane. Frac-

tions 11–20 were collected with equal volumes of 

ethyl acetate and n-hexane, followed by elution 

with 80 % ethyl acetate for the final twenty frac-

tions (labelled 21–40). 
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2.5. TLC method 
 

For the TLC characterisation, silica gel 60 
plates impregnated with fluorescent indicator F254 
(Supelco®, Merck Analytical Products, Darmstadt, 
Germany) were used as the stationary phase, and a 
mixture of equal volumes of n-hexane and ethyl 
acetate served as the mobile phase. An aliquot of 
20 µl from each fraction was applied onto the ad-
sorbent. The visualisation of the plates was per-
formed by irradiation at 254 nm in a UV UV cabi-
net 4 (CAMAG Co. Switzerland). 

All fractions in which the TLC characterisa-

tion indicated the presence of a spot with the same 

characteristics (position, shape, size) were combined 

and concentrated under a nitrogen stream by evapo-

rating the remaining solvent from the mobile phases. 

 

2.6. APCI-HRMS conditions 
 

For MS characterisation of the products, the 
following previously optimised conditions were 
applied: atmospheric pressure chemical ionisation 
(APCI) in positive ionisation mode was used, with 
the vaporising temperature set to 400 °C and the 
capillary temperature set to 300 °C. Sheath and 
auxiliary gas flow rates were set at 50 and 5 arbi-
trary units, with the sweep gas flow rate also set to 
5 arbitrary units. Positive discharge current was set 
to 4 µA. MS spectra were acquired over a full ac-
quisition range covering m/z 100–1000 and MS2, 
fragmentation spectra for the most abundant frag-
ments were obtained as well. The instrument was 
controlled by Chromeleon and Xcalibur data ac-
quisition and analysis software and Mass Frontier 
spectral interpretation software.  

 

2.7. NMR conditions 
 

Proton nuclear magnetic resonance (NMR) 
spectra were recorded in CDCl3 on a Bruker 
AVANCE II 400 NMR spectrometer operating at 
400 MHz (100 MHz for 13C NMR).  
 

 

3. RESULTS AND DISCUSSION 
 

3.1. HPLC-UV-DAD results and characterisation 

of the products 
 

Chromatographic results using the RP-
HPLC method with DAD as described in Section 

2.3, after the accelerated thermal treatment of the 
binary mixtures, revealed the detection of four ad-
ditional peaks in the ibuprofen/solketal binary mix-
tures, three of which were the same as those de-
tected in the ibuprofen/glycerol binary mixture, 
indicating the possible generation of four new 
compounds. Due to the complexity of their collect-
ed MS spectra, the extraction process was conduct-
ed immediately and in parallel in order to obtain 
clearer spectra for characterisation. 

The procedure for esterification of ibuprofen 

resulted in an extract that was prepared and puri-

fied as explained in Section 2.2, and it was first 

characterised using the same RP-HPLC method 

with UV-DAD. A chromatogram obtained from 

the resulting reaction mixture is shown in Figure 2, 

alongside the chromatograms from the treated bi-

nary mixtures. Collected UV spectra from the peak 

of each reported compound in the chromatogram 

are provided in Supplementary Material, Figure 

S1. Standards of ibuprofen were used for identifi-

cation of ibuprofen in the reaction mixture. Any 

peak in the chromatogram previously assigned to 

known ibuprofen-related and degradation products 
in small amounts and/or solvents and mobile phas-

es were not considered.  

Chromatographic results after the extraction 

process indicated that only ~3.44 % of ibuprofen 

remained unreacted in the mixture. Regarding the 

presence and abundance of other constituents of 

the obtained mixture, two major products were 

evident at retention times ~26.55 min (content 

51.00 %) and ~47.49 min (content 36.64 %), re-

spectively. The relative retention times (RRT = 

Tanalyte/Treference), calculated with reference to the 

retention of ibuprofen (~36.11 min), were 0.74 for 

the early-eluting major product marked as P1, 

and 1.32 for the later-eluting major product marked 

P2. These two products were subsequently isolat-

ed, purified using column chromatography, and 

identified. 

Two other minor products were detected in 

the chromatogram of the extraction mixture with 

RRTs of 0.66 and of 1.53 (contents of 3.49 % and 

2.42 %, respectively). However, the contents of 

these products were considered too low for isola-

tion, so only their UV and mass spectra were stud-

ied for identification. 
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Fig. 2. HPLC results with marked peaks of ibuprofen and detected products. Top: Chromatogram at 265 nm of ibuprofen/solketal 

binary mixture; Middle: Chromatogram at 265 nm of ibuprofen/glycerol binary mixture; Bottom: Chromatogram at 265 nm of the 

mixture after the extraction process. Additional peaks previously assigned to the mobile phase, solvent, and known ibuprofen-related 

and degradation products in small amounts were not considered. 

 

3.2. TLC results and characterisation  

of the products 
 

The progress of the esterification process 
was monitored using TLC as described in Section 
2.5. The appearance of two major spots on the 
TLC plate of the reaction mixture, eluting before 
and after ibuprofen, was observed simultaneously 
with the decrease of the ibuprofen spot. This ob-
servation was consistent with the HPLC results. 
The two minor products detected in the HPLC 
chromatograms were not visible in TLC due to 
their low abundance. The resulting TLC plates are 
shown in Supplementary Material, Figure S2. 

The excellent TLC separation on silica indi-
cated that column chromatography on silica would be 
suitable for isolation the major products P1 and P2 
and that the process could be monitored by TLC. The 
resulting TLC plates from the fractions labelled 6–10 
are shown in Figure S2b (first-eluting compound on 

silica, P2, which corresponds to the later-eluting ma-
jor product on reversed-phase HPLC). Later-eluting 
fractions numbered 29–35 (shown in Fig. S2c) were 
combined and attributed to the major product P1 (in 
the RP-HPLC chromatogram), which was well sepa-
rated from ibuprofen and P2.  

The TLC results for the two isolated products 
corresponded to the results obtained for the extraction 
mixture, demonstrating that the major products P1 
and P2 had been isolated in good yield and purity. 

 

3.3. Characterisation by HPLC-APCI-HRMS 
 

The peak of ibuprofen in the extraction mix-
ture was identified not only by retention time (tR) and 
comparison with the standard but also by the ob-
tained mass spectra. The full MS spectrum in positive 
ionisation mode collected for the ibuprofen peak at tR 
~ 36 min (Fig. 3) revealed a small peak at m/z 207.14 
attributed to a protonated molecular ion [M+H]+ of 
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ibuprofen (Mr = 206.3).23 A peak at m/z 224 was also 
present in the spectrum, corresponding to a molecular 
ion of ibuprofen with an adduct of +18 amu. Such 
adducts are usually attributed to ammonia adducts, 
but since no ammonia was present in the source, it 
was likely due to residual ammonia in the system, 
often used as a mobile phase constituent and ionisa-
tion-enhancing additive. Adducts were expected to 
form since adduct formation is one of the main 
mechanisms of APCI ionisation.24–26 

The possibility of ammonia adduct formation 
during ionisation was checked and confirmed by 

adding ammonium formate addition to the mobile 
phase, as cluster ion formation is a well-described 
phenomenon when using APCI ionisation.27,28 A 
very intensive signal at m/z 161 was due to the ion 
generated after a loss of 45 amu, which was ob-
served in all ibuprofen and ibuprofen-related spec-
tra.11 This fragment was attributed to a product of 
decarboxylation, i.e., cleavage of the carboxylic 
group from the structure of ibuprofen. The signal at 
m/z 161.13 was also the base peak present in the 
MS2 spectra considered (Fig. 3). 

 

 

 
 

Fig. 3. Mass spectra collected from the peak of ibuprofen. Top: full MS spectrum;  

Bottom: MS2 spectrum from the molecular ion [M+18 amu adduct] 
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MS spectra collected from the analysis of 

the product labelled as P1 are shown in Figure 4. 

The full MS spectrum revealed a peak from the 

protonated molecule at m/z 281.17, accompanied 

by a peak at m/z 298.20 (an expected adduct of +18 

amu), both corresponding to a relative molecular 

weight of 280. This proposed molecular weight 

matched the hypothesised structure of an ibu-

profen–glycerol monoester (Mr = 280), also shown 

in Figure 4. The base peak at m/z 263.16 obtained 

during in-source fragmentation was attributed to 

the ion formed after a loss of 18 amu, correspond-

ing to cleavage of a water molecule from the avail-

able hydroxyl groups. The fragment ion at m/z 

161.13 was again present in the spectrum, as is 

typical for all ibuprofen-related compounds, indi-

cating a structure related to ibuprofen. 

 

 

 
 

Fig. 4. Mass spectra collected for the peak of the major product P1.  

Top: full MS spectrum; Bottom: MS2 spectrum from the peak at m/z 263 
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Two additional peaks with m/z much larger 

than the proposed molecular weight were observed 

in the spectrum at m/z 586.35 and 604.36. These 

peaks were attributed to in-source noise from col-

umn residues and to the formation of water and 

ammonia cluster adducts. These fragments corre-

sponded to large clusters formed from the molecu-

lar ions with the addition of 17 and 18 adducts of 

18 amu units, respectively (280 + 306 = 586 and 

280 + 324 = 604). Such adduct formation has been 

reported when analysing compounds such as esters 

and NSAID derivatives using APCI, due to their 

affinity to be ionized via adduct formation.27,29,30  

In the MS2 spectrum of the fragment at m/z 

263.16 (Fig. 4), only the fragments at m/z 263.16 

and m/z 161.13 were notable, which further sup-

ported this tentative structural elucidation.  

An additional confirmation of the proposed 

structure of P1, since a reference standard of an 

ibuprofen–glycerol ester was commercially availa-

ble, was obtained and analysed using the same 

HPLC-APCI-MS method and the TLC method. 

The obtained chromatograms are shown in Sup-

plementary Material, Figure S3. A match in the 

retention time of P1 and the peak from the standard 

solution in both TLC (Fig. S3a) and HPLC (Fig. 

S3b), as well as the MS spectra (Fig. S3c), was 

considered confirmation of the structure of the ma-

jor product P1. 

Thus, the formation of ibuprofen–glycerol 

ester obtained by 1,3-dioxolane ring opening of 

solketal in the presence of ibuprofen was con-

firmed, and an ester between ibuprofen and glycer-

ol was identified as a possible product, even 

though it was not present in the formulation. The 

collected MS spectra (Fig. S3c) from the obtained 

standard solution corresponded closely to the dis-

cussed MS spectra of P1. Furthermore, the frag-

ments at higher m/z (586.35 and 604.36), assumed 

to result from in-source noise or adduct formation 

during ionisation, were also present in the mass 

spectra of the reference compound solution and 

therefore confirmed their origin. 

As additional confirmation of the hypothesis 

that the same esterification reaction producing the 

glycerol ester of ibuprofen also occurred between 

ibuprofen and solketal, the chromatogram from the 

ibuprofen/glycerol binary mixture was examined 

(previously presented in Fig. 2). A peak at the 

same retention time as that of the ibuprofen-1-

mono-glycerol ester was observed in both chroma-

tograms. 

At this point, the presence of the previously 

discussed minor product from the extraction mix-

ture at RRT ~ 0.66 had been detected in all studied 

chromatograms: in the reference standard solution 

of 1-monoglycerol ester of ibuprofen, as well as in 

both prepared and treated binary mixtures. The MS 

spectra collected for this peak in the extraction 

mixture are presented in Figure 5. As shown, the 

collected MS spectra completely matched the MS 

spectra obtained for P1, with the same ions identi-

fied (at m/z 586.35, 281.17, 263.16, and 161.13). 

Such resemblance in the MS spectra indicated the 

formation of a possible isomer in a smaller quanti-

ty, which was likely ibuprofen-2-mono-glycerol 

ester. 

The MS spectra collected during the analysis 

of the major product labelled as P2 are shown in 

Figure 6. The full MS spectrum in positive ionisa-

tion mode revealed a signal at m/z 321, corre-

sponding to a protonated molecular ion [M+H]+ of 

a compound with a relative molecular weight of 

320. If a possible product formed via direct esteri-

fication between ibuprofen (Mr = 206.28) and sol-

ketal (Mr = 132.16) was considered, the relative 

molecular weight of this structure (Mr = 320, calcu-

lated as 206 + 132 – 18) supported the proposition 

that the ion at m/z 321 was the molecular peak. The 

base peak at m/z 263.16 was likely a result of 1,3-

dioxolane ring opening caused by in-source frag-

mentation, and subsequent cleavage of an –O–

CH(CH3)2 fragment (Fig. 6). This peak at m/z 

263.16 coincided with the fragment obtained after 

a loss of a water molecule from the mono-glycerol 

ester of ibuprofen (P1) mentioned earlier. The 

fragment at m/z 161.13, characteristic of all ibu-

profen-related compounds, was also the main peak 

observed in the MS2 spectra of both ions under 

discussion (Fig. 6). Therefore, according to the MS 

results, the product labelled as P2 was character-

ised as an ibuprofen–solketal ester. The elucidated 

structure of ibuprofen–solketal ester is presented in 

Figure 6. 
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Fig. 5. Mass spectra collected from the minor product at RRT ~ 0.66. Top: full MS spectrum;  

Bottom: MS2 spectrum from the peak at m/z 281 

 

In the initial extraction mixture, a small 
amount of another minor compound (with RRT ~ 
1.53) was detected, but it was sufficiently abundant 
for isolation and purification. The MS spectra ob-
tained for this peak during the analysis of the ex-
traction mixture are presented in Figure 7.  

The main peaks in the full MS spectrum ob-
served at m/z 451 and 486, combined with the 
higher retention values, suggested a more complex 
and less polar structure. If a di-ester of ibuprofen 
(Mr = 206) and glycerol (Mr = 92) was considered 
as a tentative structure (with Mr = 2  206 + 92 – 2 
 18 = 468), the peak at m/z 486 would have corre-
sponded to an adduct of +18 amu to the molecular 
ion, which remained present throughout the analy-
sis. Additionally, the fragment at m/z 451 corre-
sponded to an ion obtained after an in-source 

fragmentation loss of 18 amu, a water molecule, 
due to a loss of the last available hydroxyl group. 

In the obtained MS2 spectrum (Fig. 7), the 

fragments at m/z 263.16 and 161.13 were the most 

significant. The fragment at m/z 263.16 resulted 

from the cleavage of one ibuprofen ester bonds (a 

loss of 205 amu) and is characteristic of a mono-

ester of ibuprofen with glycerol. This fragment was 

followed by the typical ibuprofen fragmentation 

pattern, producing the fragment at m/z 161.13. 

However, due to the small amount obtained 

in the mixture, this product could not be isolated; 

therefore, the structure of such ibuprofen-glycerol 

diester remained tentative, with the prospect of fur-

ther experimentation. The elucidated structure of 

ibuprofen-glycerol diester is presented in Figure 7. 
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Fig. 6. Mass spectra collected from the peak P2. Top: full MS spectrum; Bottom: MS2 spectrum from the peak at m/z 321 
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Fig. 7. Mass spectra collected from the product at RRT ~ 1.53. Top: full MS spectrum;  

Bottom: MS2 spectrum from the peak at m/z 451 

 

 

3.4. Characterisation by 1H and 13C NMR 

 

To confirm the structures proposed from the 

study of the mass spectra of the major products, 

they were isolated and characterised by NMR (1D 

and 2D).  

As shown in Table 1 and in Figure S4, the 
1H and 13C NMR spectra of P1 corresponded to a 

structure representing an ester between ibuprofen 

and glycerol and matched the data published in 

previous studies on ibuprofen-1-mono-glycerol 

ester.5,20 Thus, it was positively identified as an 
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equimolar mixture of diastereoisomers (at C2') 

ibuprofen-1-glycerol ester. 

Compound P2 showed NMR spectra similar 

to P1 in the ibuprofen moiety; however, the differ-

ence lay in the alcohol moiety of the ester, which 

displayed the signals of solketal.31 The spectra co-

incided with the 1H and 13C NMR data previously 

reported for the ibuprofen–solketal ester, contain-

ing a five-membered ring, obtained as an interme-

diate product in another study on phosphoester 

polymers for nanocarriers for cancer therapy.20 

The structure was further supported through 

the Heteronuclear Multiple Bond Correlation 

(HMBC) of methylene protons of the CH2-1' group 

(H 4.12, m) to C-1 and methylene protons of CH2-

3' (H 3.95 and 3.62, m) to C-1' and C-4'. 

 
 

             T a b l e  1  
 

1H and 13C NMR data of P1 and P2 in CDCl3 (
1H at 400 MHz, 13C at 100 MHz, /ppm, J/Hz) 

   
 

 
 

P1 (C16H24O4, Мr = 280) P2 (C19H28O4, Мr = 320) 
              1H          13C **               1H          13C ** 

1 – 175.13/175.09 – 174.43/174.41 

2 3.72 q (7.1Hz) 44.94 3.73 q (7.1Hz) 44.93/44.89 

3 1.48 (7.1 Hz) 18.27/18.25 1.50 d (7.1 Hz) 18.35/18.32 

4 – 137.31 – 137.39 

5,9 7.18 d (8.0 Hz) 127.01 7.20 d (8.0 Hz) 127.06/127.00 

6,8 7.09 d (8.0 Hz) 129.34 7.09 d (8.0 Hz) 129.36/129.26 

7 – 140.67 – 140.54/140.52 

10 2.44 d (7.2 Hz) 44.91 2.44 d (7.2 Hz) 44.89 

11 1.84 m 30.07 1.84 m 30.08 

12 and 13 0.89 d (6.7 Hz) 22.27 0.89 d (6.7 Hz) 22.27 

1' 4.10 m  65.26/65.23 4.12 m 64.64/64.19 

2' 3.81 brs 70.00/69.94 4.23 m 73.40/73.38 

3' 3.53 m 

3.44 m 

63.14 

 

3.95 m 

3.62 m 

66.20/66.09 

4'   – 109.59/109.50 

5'*   1.36 s 26.51/26.49 

6'*   1.33 br s 25.34/25.29 
 

     *Interchangeable signals within columns; **Most of the signals are doubled due to two diastereoisomers (1:1) 
 

 

4. CONCLUSION 
 

Gathering information about the possible re-

action between an API and an excipient and char-

acterising the detected products with LC/MS is a 

necessary step in drug product development, as 

demonstrated in this study of ibuprofen and sol-

ketal. After the initial results from a binary mixture 

had indicated the possibility of four reaction prod-

ucts, direct esterification of ibuprofen with sol-

ketal, to characterise the possible chemical interac-

tion products, was carried out using direct esterifi-

cation. The products were isolated through HPLC, 

purified by column chromatography, and charac-

terised by TLC, MS, and NMR.  

Two major products were identified and char-

acterised as follows: 1) ibuprofen-1-mono-glycerol 

ester and 2) an ibuprofen–solketal ester (with a 1,3-

dioxolane ring). The esterification of ibuprofen with 

solketal had not previously been reported as an inter-

action and, to best of the authors' knowledge, the pos-

sibility of obtaining an ibuprofen–glycerol product 

via esterification of solketal with ibuprofen and 1,3-

dioxolane ring opening in the presence of ibuprofen 

had not yet been reported. 

Although these chemical interactions may 

not occur in the ratios present in the dosage form 

and under milder conditions, comprehensive 

knowledge of their potential formation was crucial 

for optimising drug product development. These 

findings provided added value by enabling early 
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detection and awareness of possible chemical in-

teraction products between ibuprofen and solketal, 

as well as their potential intentional use.  

Finally, further investigations could be under-

taken to characterise the two minor possible products 

from the esterification of ibuprofen with solketal, 

tentatively identified as: ibuprofen-2-mono-glycerol 

ester and ibuprofen-glycerol diester. 
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