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Ex situ generation of 18O2 and 17O2 from endoperoxides for  
*O-labelling and mechanistic studies of oxidations by dioxygen 

Among the various elements, oxygen plays a key role in many functional groups, and its isotopic 
labelling often proves determinant for mechanistic insights. Indeed, [18O] can be easily differentiated by 
mass analysis from the predominant [16O] and recent advances in NMR instrumentation allows efficient 
detection of the chemical shift of [17O] (-30 to +1000 ppm).1 It is however necessary to use isotopically 
enriched compounds because of the low natural abundance of [18O] and [17O] (0.204% and 0.037%, 
respectively). Synthetic methodologies for the incorporation of labelled oxygen (*O) have been 
extensively studied.2 They generally rely on the use of one of the cheapest isotope precursors: [*O]H2O, 
but often require harsh conditions limiting their use to simple synthons, and/or involve reversible 
isotopic exchange yielding lessened isotopic enrichments. Some examples using gaseous *O-labelled 
dioxygen were reported, whose *O-atom molar cost is comparable to [*O]H2O. However, the need to 
employ large excesses of this gas and the difficulty to manipulate it precisely greatly increase the overall 
cost of these procedures, which made them under-used. To solve these major drawbacks, we developed 
solid and stable precursors that can release quasi-stoichiometric amounts of [18O2] and [17O2]. After 
activation in a two-chamber glassware,3 these compounds generated quasi-stoichiometric amounts of 
[*O2]dioxygen that can be photosensitized to oxidise various substrates. This method provided in a 
single step 18O- and 17O-labelled endoperoxides, quinones and phenols, in moderate to good yields and 
very high isotopic enrichments (up to 83%). As exemplified by the syntheses of [18Ox]artemisinin and 
[17Ox]artemisinin, this strategy is particularly suitable for affordable investigation of the chemical 
mechanisms involved in dioxygen oxidations using mass spectrometry and 17O NMR.4 

1 Gerothanassis, I. et al. DOI 10.1016/j.pnmrs.2009.09.002 
2 Theodorou,V et al. DOI 10.1002/jlcr.3212 
3 Hermange, P, et al. DOI 10.1021/ja200818w 
4 Doussot, A; Bakaï, M.-F.;Fouquet, E.; Hermange, P. Manuscript submitted. 
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How advanced mass spectrometry is reshaping what we can 
learn about paintings, objects and cultural heritage  

For 20 years now, bio-mass spectrometry has been changing the analytical landscape of art, 
archaeology and cultural heritage. Alongside the technical improvements, the continuous emergence of 
new applications allows improved structural elucidation of ancient components and interacting 
biomolecules - as varied in structure as in their complexities, that are ancient lipids, polysaccharides and 
proteins. From a few micrograms of precious sample from an object, it is now possible to obtain protein 
identity sequences and to discriminate biological species on a single amino acid basis. In addition to this 
improved investigative process, enhancing knowledge of artworks / heritage objects and preservation 
approaches, we are now confronting, in heritage mass spectrometry, an even more complex issue of 
chemical decoding of biomolecular networks, their fine characterization, the study of cross-linking 
mechanisms, as well as the understanding of their modifications and interactions. 

This presentation will illustrate how protein/lipid chemical signatures inform about ancient 
material manufacturing processes and conservation practices, and the impact of these procedures on 
macromolecules’ structures. It will also illustrate how molecular information informs on societal, 
cultural and economic aspects of the past communities.  

In this context, the presentation will describe our latest developments in bottom up, top-down 
and hydrogen deuterium exchange mass spectrometry to address complex questions of molecular 
interaction in networks in unaged and aged forms. Protein conformational changes and pigment 
interactions occurring during paint formulation, drying and ageing will be discussed. Analytical 
evidence of protein crosslinking in historic artworks and objects will be presented and discussed. Other 
examples will also demonstrate the whole mass spectrometry capabilities in elucidating restoration 
procedures, based on specific chemical signature monitoring. The presentation will show how our most 
recent miniaturized analytical procedures for trace level analysis have provided insight into artists’ 
working methods or objects’ provenance. Finally, the presentation will show how high resolution (lateral 
and mass) MALDI imaging can decode the biomolecular organization of paint layers by identifying and 
mapping both high and low molecular weight ions for molecular structure characterization. We will 
demonstrate the suitability of the technique to locate and monitor intact materials and by-products within 
samples, at the surface, within the layers and at layer interfaces of artworks. 

These examples will be illustrated by several outstanding cases of study from the Metropolitan 
Museum of Art collection in the context of the ARCHE international laboratory - ARt and Cultural 
HEritage: Natural Organic Polymers by Mass Spectrometry. Painted textiles and storage jars from 
ancient Egypt, African sculptures and Power Figures, Egyptian ivories, Chimú feather work, Coptic 
manuscripts, and paintings spanning the 15th to the 20th centuries will be a part of this presentation. 


