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Kurzzusammenfassung 

Aufgrund der sich zusehends abzeichnenden Ressourcenverknappung und des zunehmenden sozialen 

Bewusstseins für die durch die extensive Nutzung fossiler Rohstoffe entstehenden Umweltprobleme 

ist besonders die chemische Industrie zum Paradigmenwechsel gezwungen, nämlich zur Nutzung 

erneuerbarer Ressourcen als Ausgangsmaterialen. Ein potenzieller Ansatz besteht in der Verwendung 

sogenannter Plattformchemikalien, d. h. Verbindungen, die durch chemische oder enzymatische 

Reaktionen direkt aus Zuckern gewonnen werden können und deren weitere Umwandlung zu Bulk- 

und Feinchemikalien führt. Diese Arbeit zielt darauf ab, mögliche neue Anwendungen von drei 

Plattformchemikalien aufzuzeigen: Angelikalakton, Glykolaldehyd und Methylvinylglykolat. 

-Angelikalakton wird durch reaktive Destillation der Plattformchemikalie Lävulinsäure unter sauren 

Bedingungen hergestellt. Seine C-C-Doppelbindung wurde für die weitere Funktionalisierung anvisiert. 

Zunächst wurde eine neue atomökonomische, basenkatalysierte Isomerisierung zum -

Angelikalakton, mit anschließender katalytischer Diels-Alder-Reaktion und 

Ringöffnungsmetathesepolymerisation entwickelt, um funktionalisierte Polynorbornene herzustellen, 

die als hochtransparente Materialien verwendet werden können. Ein weiterer Ansatz zur 

Wertschöpfung von -Angelikalakton ist dessen oxidative Spaltung durch Ozonolyse zu Malonsäure 

und ihren Estern, wichtigen Zwischenprodukten, die derzeit in großen Mengen aus Petrochemikalien 

hergestellt werden, oder 3-Hydroxypropionaten, die für die Synthese von bioabbaubaren Polyestern 

in Betracht gezogen werden. 

Glykolaldehyd ist der kleinste reduzierende Zucker und kann in hoher Ausbeute aus 

lignozellulosehaltiger Biomasse gewonnen werden, beispielsweise aus Pyrolyseöl. Seine Verwendung 

als C2-Baustein ist bekannt; in dieser Arbeit wurde Glykolaldehyd als C1 Baustein für die selektive N-

Formylierung sekundärer Amine mit Luft als Oxidationsmittel verwendet. Die Reaktion ist vollständig 

atomökonomisch und verläuft nachweislich über einen radikalischen Mechanismus. 

Methylvinylglykolat (MVG) kann als Nebenprodukt der säurekatalysierten Synthese von Methyllaktat 

aus Zuckern, einschließlich Glykolaldehyd, erhalten werden. Seine C-C-Doppelbindung wurde zur 

Herstellung neuer Produkte genutzt. Die Hydroformylierung mittels bewährter Rhodium-Katalyse 

ergab ein Gemisch aus linearen und verzweigten Aldehyden, die weiter zu Diolen und Triolen reduziert 

werden können. Diese können verschiedenen Anwendungen zugeführt werden, zum Beispiel als 

reaktive Vernetzer in Spezialpolyestern. Die Methoxycarbonylierung des funktionalisierten MVG ergab 

lineare Diester, die erfolgreich zu amorphen Polyestern mit niedriger Glasübergangstemperatur 

polymerisiert wurden und die als biobasierte thermoplastische Elastomere Anwendung finden 

könnten. 
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Abstract 

Due to the upcoming shortage of fossil resources, together with an increasing social awareness of the 

environmental problems due to their extensive exploitation, the chemical industry must switch to a 

new paradigm based on the use of renewable resources. One approach that has been proposed 

consists in the use of the so-called platform chemicals, compounds that can be directly obtained from 

sugars by chemical or enzymatic reactions and whose further transformations yield bulk and fine 

chemicals. This work aims to show possible novel applications of three platform-derived chemicals: 

angelica lactone, glycolaldehyde and methyl vinyl glycolate. 

-Angelica lactone is prepared by reactive distillation of the platform chemical levulinic acid under 

acidic conditions. Its carbon-carbon double bond was targeted for further functionalization. First, a 

new atom economic base-catalysed isomerization to its -isomer followed by catalytic Diels-Alder 

reaction and ring-opening metathesis polymerization was designed to prepare functionalized poly-

norbornenes that can be employed as highly transparent materials. Another approach to valorise -

angelica lactone is its oxidative cleavage using ozonolysis to malonic acid and its esters, important 

intermediates currently produced in bulk from petrochemicals, or 3-hydroxy propionates, that are 

considered for the synthesis of bio-degradable polyesters. 

Glycolaldehyde is the smallest reducing sugar and can be obtained from lignocellulosic biomass in high 

yields, for example from pyrolysis oil. Its use as C2 building block is known. In this work, glycolaldehyde 

was employed for the selective N-formylation of secondary amines using air as oxidant. The reaction 

is fully atom economic and was shown to proceed via radical mechanism.  

Methyl vinyl glycolate (MVG) can be obtained as side stream of the acid-catalysed production of methyl 

lactate from sugars. It is also possible to synthesise it from glycolaldehyde. Its carbon-carbon double 

bond was targeted in order to synthetise new compounds. Hydroformylation using well-established 

rhodium catalysis gave a mixture of linear and branched aldehyde that could be further reduced to 

diols and triols. The latter compounds might have several applications, for example as reactive cross-

linkers in specialty polyesters. Methoxycarbonylation of functionalised MVGs afforded linear diesters 

that were successfully polymerised to amorphous polyesters with low glass transition temperatures, 

that might have applications as bio-derived thermoplastic elastomers. 
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1. Introduction 

1.1 The need for bio-based chemicals 

Fossil fuels, such as petroleum and coal, are naturally occurring mixtures of a huge number of chemical 

compounds, among them hydrocarbons, that originated from organic sediments from the Cenozoic 

and Mesozoic eras (10 to 200 mln. years ago) that have formed under specific pressure and 

temperature conditions. Although its use has been exploited by humans since the early days of history, 

it is only from the 19th century that the “petroleum age” started.1 This span of 200 years is also 

characterized by the fastest and most significant growth of humankind, both in terms of World 

population and wealth. The chemical industry as we know it was also boosted in the same time frame 

due to the availability of so many compounds that can be easily, and most important cheaply, obtained 

from petroleum and other fossil sources. However, this age is approaching its end. Although new 

technologies, such as hydraulic fracturing, make the exploitation of a larger number of less accessible 

oilfields possible, and it is therefore not clear when exactly all the reserves will come to an end, this 

moment is bound to happen. On top of that, the usage of fossil fuels has led to massive issues with air 

pollution and emissions of carbon dioxide, that contributed to generate tangible consequences such 

as global warming, ice melting and climate changes, together with a huge increase of waste (above all, 

plastics) spread into the environment, particularly into seas and oceans.2 Nonetheless, fossil resources 

still account for the largest contribution to global energy production, approaching 80% in 2019 (Figure 

1), while renewable resources are far behind, at the 4th position.3 

 

Figure 1. World total energy supply by source in the period 1971-2019. Credits: IEA. 

Chemical industry is the biggest consumer of fossil fuels (oil and gas), both as energy source and as 

raw material, and the third CO2 emitter after cement and steel industries. The demand of chemicals is 

foreseen to increase even stronger in the upcoming years.4 In 2015 the Paris Agreement set the goal 

of achieving carbon neutrality by year 2050. Thus, there is an urgent need for a paradigm change from 

fossil-based to renewable-based chemical economy. 

Fossil fuels can be seen as very old biomass, that favourable conditions had gradually turned into 

chemical compounds that are easily exploitable for our needs. Nature generates around 170 billion 
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metric tons of renewable biomass per year from wood, aquatic plants, waste (industrial, agricultural 

and municipal), and energy crops (used in the production of biofuels such as biodiesel). Biomass is a 

complex mixture of many chemicals bearing several different functionalities. Its main components are 

sugars, lignin, proteins and fats (mainly as triglycerides).5-9 Concerning its chemical composition, the 

main difference with fossil resources concerns the oxygen content, which accounts for up to 40% of 

biomass’ weight, whereas in the latter it rarely exceeds 10%. The carbon content ranges between 

around 40 and 60% (in oil and coal can be up to 94%); sulfur is higher in oil (up to 6%), but in other 

fossil resources its content is comparable to biomass. Nitrogen levels are in both cases between 0.1 

and 2%.10  

Lignocellulosic biomass is the most abundant on the planet, coming for example from agricultural 

wastes such as sugarcane bagasse and corn stover, paper and wood industry. It comprises three 

polymers: cellulose, hemicellulose, and lignin (Figure 2), that together constitute the cell walls of 

plants. Cellulose is made by glucose units whose positions 1 and 4 are linked by -glycosidic bonds. 

Hemicellulose contains mainly xylose units, together with smaller amounts of other sugars such as 

mannose, galactose and others. These two are held together by covalent and non-covalent bonds, and 

encapsulated by lignin. The latter contains aromatic moieties (lignols) connected by C-C and C-O bonds, 

forming a complex amorphous polymer. The amount of each component largely varies with the source 

of biomass: cellulose is generally the main component (30 – 50% weight), followed by hemicellulose 

(20 – 40%) and lignin (10 – 20%).11 

 

 

Figure 2. Components of lignocellulosic biomass. 

 

Despite its abundance, its variety of chemical compounds and its renewable nature, nowadays only a 

very small amount of biomass, below 5%, is actually employed as source of food, fuels and chemicals.9 
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1.2 The biorefinery approach 

Analogously to what an oil refinery makes with crude oil, a biorefinery converts biomass into added-

value products through a series of chemical and separation processes.9, 12 Different kind of biomass 

can lead to very different products (Table 1). The largest application of biomass rich in starch and sugar 

is the production of ethanol by fermentation. Bioethanol itself accounts for more than 90% of the 

world’s production of bio-fuels.13 However, fuels are low-value products, thus making the investment 

in a biorefinery not necessarily economic, in particular when it concerns lignocellulose-based bio-

ethanol. It is more convenient to aim to higher-value chemicals, making this approach more profitable 

and therefore attractive for companies.14 Bioethanol can be further converted into several products 

such as ethylene, diethyl ether, higher hydrocarbons, aromatics, etc. Longer alcohol like butanols, that 

are mainly used as fuels and solvents, can be made by using different (engineered) yeasts.15, 16 Fine 

chemicals such as lactic, itaconic, succinic acids are obtained by numerous (catalytic and biocatalytic) 

transformations of sugars, such as retro-aldol condensations and dehydration.11 

 

Figure 3. Dupont’s biorefinery for producing cellulosic ethanol, Nevada. Source: www.refiningandpetrochemicalsme.com  

 

Lignocellulosic biomass can be valorised by several methods. Its direct combustion generates heat and 

energy. This represents the oldest and at the moment largest application of lignocellulose.17 

Gasification at high temperature in the presence of air to syngas, that can be further converted by 

Fisher-Tropsch chemistry and Water-gas shift reaction to green hydrogen is another way to valorise it. 

However, the syngas originated from this process contains rather high levels of methane and char.18 

Pyrolysis or liquefaction of biomass affords bio-oils, mixtures of many small molecules that can be then 

converted by dehydration, deoxygenation, decarboxylation etc. of the (hemi)cellulose component to 

obtain carbohydrates, and other compounds.10, 19 This approach suffers from the harsh conditions 

necessary (acids, high temperature and pressure) for the reactions, thus requiring corrosion-resistant 

equipment which increases the costs of the processes.20, 21 Hydrolysis of the lignocellulose into lignin 

and cellulose is usually required to fully exploit both components. The lignin fractionis rich in phenolic 

compounds and can in principle be used to obtain valuable aromatic products, although its 

depolymerisation to monomeric products still remains challenging.22 Several important small 

molecules can be obtained by catalytic dehydration of the sugars present in  lignocellulose, for example 

furfural, levulinic acid and HMF.23, 24 This part will be discussed in detail in the following paragraphs. 
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Fatty acids in the form of triglycerides are converted to biodiesel via catalytic transesterification at 

mild temperatures with methanol. A by-product of the process (10% of the total biodiesel weight) is 

glycerol, that has several applications in pharma, cosmetics, material science and fine chemistry.25, 26 

It can also be converted to highly valuable chemicals such as acrolein,27 propanediols,28 

epichlorohydrin and others.29, 30 

Table 1. Examples of different biorefineries products from different biomass feedstocks. 

Biomass type Technique Example of products 

Cellulose/starch Fermentation 
 

 
Microbial digestion 
Dehydrocyclization 

Reforming 

Ethanol, ABE (acetone, 
buthanol, ethanol), higher 

alcohols, lactic acid, succinic 
acid, itaconic acid 

Fuels 
HMF 

Hydrogen 

Lignocellulose Combustion 
Gasification 

Pyrolysis 
Catalytic pyrolysis 

Liquefaction 
Steam explosion 

 
Dehydration 

Heat and electricity 
Syngas 
Bio-oils 

Aromatics, alkenese, CO2, CO 
Bio-oils 

Lignin, sugars 
Levulinic acid, furfural 

Triglycerides Transesterification 
Hydrolysis 

Pyrolysis or cracking 
Reforming 

Fatty acids, glycerol 
Fatty acids, glycerol 

Fuels 
Syngas 

 

Many challenges have still to be addressed in order to pave the way for biorefineries to replace their 

fossil counterparts. Biomass is inherently inconsistent in nature, with a composition that highly 

depends not only on its type, but also on the location and even on the moment of the year when the 

biomass is collected. High volumes of biomass are extracted and have to be transported to the refinery. 

Thus, the logisticics may become a limiting factor. This is particularly true for lignocellulose, where the 

amount of material needed for refining requires expensive transport often over long distances. 

Moreover, the existing infrastructure that was designed for petrochemicals should in an ideal scenario 

be maintained as much as possible, in order to save the time and costs that would be required to 

completely design a new one. The overall biorefinery approach should be, from an economic point of 

view, at least comparable with the existing fossil-based market, both for chemicals and fuels. Last but 

not least, we should all learn the lesson we got from the extensive exploitation of fossil resources: the 

new chemical landscape must be as sustainable as possible. Food resources should neither be used for 

fuels production, nor land should be taken away from this purpose. Their use as raw materials for the 

production of chemicals should always be carefully considered within the frame of circular and 

sustainable economy, for example by valorising food wastes. Any new process has to be designed in 

accordance with the “12 principle of green chemistry” and the “17 sustainable developments goals”,31, 

32 since any deviation from these pillars would nullify the overall approach. 
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2. Platform chemicals 

One valuable way that has been proposed to convert biomass to useful compounds consists into the 

use of the so-called platform chemicals. They are a number of molecules that can be directly obtained 

from carbohydrates by either chemical or fermentative processes, and that can be further transformed 

on a commercial scale into useful compounds such as fuels, monomers or fine chemicals. Platform 

chemicals are all known and well-studied compounds, either already produced on large scale, or new 

compounds that could replace existing fossil-based ones, as in the case of furandicarboxylic acid.14, 33 

Several molecules have been proposed in the last 20 years as potential platform chemicals according 

to this definition (Fig. 4).  

 

Figure 4. Proposed platform chemicals from references 13 and 33. 

Table 2 shows an overview of the so-far proposed platform chemicals and their main production 

methods and applications. The use of ethanol as biofuel and its conversion to other products, as well 

as the uses of glycerol, have been already mentioned in the previous section. Furans (furfural and HMF) 

are obtained by dehydration of C5 and C6 sugars, respectively.34 Furfural is also a side stream from the 

production of paper, it being abundant in the sulfite liquor that originates from the separation of the 

lignin and cellulose fractions.35 90% of the produced furfural is further hydrogenated to furfuryl 

alcohol, whose largest application is as monomer for resins used in moulding.36 Furan-2,5-dicarboxylic 

acid (FDCA) is gaining attention as a potential replacement for terephthalic acid for polyesters 

production, especially for packaging applications, due to its lower carbon footprint and superior gas 

barrier properties when compared to the existing petrochemical PET.37 FDCA can be produced directly 

from fructose by dehydration-oxidation in a 2-steps catalytic process.38, 39 The first commercial-scale 

plant utilizing this approach will be operative from 2024, with a yearly production capacity of 5 kt of 

FDCA.40 

Isoprene has a billion-dollar market share for its use as monomer in the production of elastomers. It 

has been originally proposed as platform chemical because it could be obtained by fermentation of 

sugars using different bacteria.41, 42 However, in the best of my knowledge, none of these renewable 

routes have been ever implemented on an industrial scale. Higher hydrocarbons may also be produced 

by microalgae fermentation using both sugars or fatty acids as feedstock.43  

Several organic acids are included in the list of platform chemicals. Lactic acid is commercially available 

from the fermentation of glucose. In the process its calcium salt is produced, thus requiring 

stoichiometric sulfuric acid for its neutralization. This affords a 1:1 mass of calcium sulfate, generating 

a huge waste problem and increases its cost.44 Another possibility is to produce lactic acid esters by 

acid-catalysed degradation of sugars. Other than improving the overall atom efficiency of the process, 

this approach also generates other valuable molecules as side stream, as will be shown in this work.38, 

45 Lactic acid is used for the production of biodegradable polyesters, acrylic acid, propylene glycol, and 
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lactate esters as green solvents and in the production of acrylates.46 Another high value product is 

succinic acid, that can be also produced by fermentation of sugars.47 Its esters can be hydrogenated to 

1,4-butanediol, THF, -butyrolactone and others.48 Succinic acid is mostly employed in the synthesis of 

polyesters and polyamides (nylon). 3-Hydroxypropionic acid comes as product of glucose as well as 

glycerol fermentation.49 Its hydrogenation yields 1,3-propanediol, added-value monomer for 

polyesters. Acrolein and acrylic acid can be also produced by its dehydration.50 Biodegradable 

polyesters can be obtained from (co)polymerization of hydroxypropionic acid. Levulinic acid will be 

discussed in more details in the next paragraphs. 

Sugar alcohols are readily obtainable by hydrogenation of sugars and have their biggest commercial 

application as low-calory food additives. Xylitol can be either produced from xylol or by biochemical 

reduction of cellulosic biomass.51 Analogously, sorbitol is produced from glucose. Sugar alcohols 

applications include their deoxydehydration to the corresponding hydrocarbons, and reforming to CO, 

H2, and methane.19 The Chinese company Dacheng Polyol Investment produces different diols and 

polyols from sorbitol on commercial scale.52 

Table 2. Overview of some production methods and applications of platform chemicals. 

Platform chemical Production method from biomass Main products and 
applications 

Ethanol Fermentation Fuel, ethylene, acetic acid, 
diethyl ether, olefins 

Furfural Dehydration of xylose THF, pyrroles 

HMF Dehydration of hexoses Levulinic acid, FDCA 

FDCA Dehydration-oxidation of fructose Polyesters 

Glycerol Transesterification of fatty acids Glycols, hydrocarbons, 
acrolein, hydroxyacetone, 1,3-

propanediol, carbonates, 
epichlorohydrin 

Isoprene[a] Bacterial fermentation of sugars Elastomers 

Higher hydrocarbons Microalgae fermentation of sugars 
and fatty acids 

Monomers, solvents, fuels 

Lactic acid and lactates Fermentation of glucose, acid-
catalysed degradation of sugars 

Polyesters, acrylic acid, 
acrolein, solvents 

Succinic acid Fermentation of sugars Polyesters, polyamides 

3-Hydroxypropionic acid Fermentation of sugars Acrolein, acrylic acid 

Levulinic acid Acid-catalysed degradation of hexoses GVL, caprolactam, acrylates, 
MVK, angelica lactones, adipic 

acid, 2-methyl-THF 
Xylitol (Bio)catalytic reduction of xylose Hydrocarbons 

Sorbitol (Bio)catalytic reduction of glucose Hydrocarbons 

[a]No commercial production from renewables up to date. 

In this work, the use of platform-derived angelica lactones was investigated. Moreover, glycolaldehyde 

and methyl vinylglycolate, that can be both conveniently obtained from sugars, were envisaged as 

promising novel platform chemicals for their use as C1 building block and monomer for polymers, 

respectively.  
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2.1 Levulinic acid (LA) 

2.1.1 Synthesis of LA 

Levulinic acid was isolated for the first time by Mulder in the mid-19th century by heating fructose 

(levulose, hence LA’s name) in the presence of aqueous acids.53 It can be also obtained directly from 

cellulose or lignocellulosic biomass. Already in 1956 it was recognised as potential raw material for the 

chemical industry, due to the large availability of lignocellulose and its low price.54 Different 

mechanisms of LA formation have been described, depending on the starting feedstock and 

particularly on the sugars involved (Scheme 1).55, 56  

 

 

Scheme 1. Overview of synthetic pathways from biomass to LA. 

Starting from pentose sugars such as xylose, their acid-catalysed dehydration affords furfural, which is 

then hydrogenated to furfuryl alcohol typically over heterogeneous catalysts.57 Solvolysis of the latter 

in the presence of acids  leads to LA or LA esters. Starting from hexoses on the other hand involves 

their dehydration to hydroxymethyl furfural (HMF), that can be then re-hydrated or undergo solvolysis 

to LA or alkyl levulinates. Even more interestingly in view of a biorefinery approach, lignocellulosic 

biomass can be directly converted into LA in a multistep synthesis that involves a pre-treatment of the 

biomass in diluted acids followed by the hydrolysis step that affords LA in around 50% final yield. The 

reaction gives formic acid as co-product, that itself has a market of almost 900 kt/year.58 This process 

has been run on pilot scale, but never got to production.59 Alternatively, levulinates can be obtained 

as side products of the production of furandicarboxylic acid (FDCA) from fructose (as discussed earlier 

in this section) via 5-methoxymethyl furfural, namely during the acid-catalysed dehydration of the 

sugar.60  

The (potential) demand for LA has been forecasted to be increasing in the upcoming years (3437 t/y 

between 2022 and 2026).61 Several estimations of LA’s price have been made in the last years, showing 

that the use of lignocellulosic feedstock might reduce its price down to 0.09 €/kg in the very best case, 

although this is still far from being the reality, at the moment.62 In spite of the apparently favourable 

ground for LA’s production on bulk scale, there is only one producer of alkyl levulinates on the market, 

and the scale of the process is, in the best of my knowledge, not known.63 
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2.1.2 Synthetic applications of LA 

As mentioned in the introduction, one of the key features of platform chemicals is their applicability 

in the synthesis of new or existing substances that have potential large-scale application, and LA fully 

meets this requirement (Scheme 2). Levulinate esters are mainly employed as fragrances, and have 

been additionally proposed as oxygenated fuels, even though their price would be far too high.64, 65 

Moreover, it was shown that methyl levulinate can be converted with very high yields into methyl 

acrylate and acetic acid via the intermediate methyl 3-acetoxypropionate by gas-phase pyrolysis.60 5-

Aminolevulinic acid has applications as herbicide and growth-promoting factor for plants.66 Its 

hydrogenation, depending on the specific reaction conditions, gives three very useful compounds: the 

renewable solvent and monomer 2-methyl-THF,67 -valerolactone (GVL),68 and 1,4-pentanediol.69 GVL 

has also been further converted to nylon intermediates such as caprolactam and adipic acid.70-75 

Methyl vinyl ketone is used as building block in the synthesis of various fine chemicals, among them 

vitamin A, and as monomer; it can be obtained from methyl levulinate either by oxidation or 

decarboxylation.76-78 This second possible path involves the intermediate -angelica lactone, that will 

be discussed more in details in the following paragraphs. 

 

 

Scheme 2. Overview of some possible products obtainable from LA and its esters. 

  

2.1.3 Angelica lactones 

Distilling levulinic acid, Ludwig Wolf obtained and reported for the first time in 1883 the isolation of -

angelica lactone (AL).79 The mechanism of AL formation (Scheme 3) involves a first, acid-catalysed 

cyclization of LA, with subsequent elimination of water from the unstable hydroxy lactone 

(pseudolevulinic acid). Typical reaction conditions for the reactive distillation are 160 °C, under 

reduced pressure (in the order of 10-2 bar) and in the presence of 1% weight of phosphoric acid.80  AL 
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can exist in principle as mixture of three isomers (,  and ). The described reaction affords mainly 

the  isomer, with some minor amounts of the less stable  isomer, that further isomerises to AL. 

 

 

Scheme 3. Synthesis of angelica lactones from LA. 

In the presence of catalytic amounts of a base, isomerization of this mixture to the  isomer occurs 

(Scheme 4a). The reaction proceeds via an aromatic intermediate furanolate, that gets re-protonated 

in the more thermodynamically stable -position. However, the reaction being an equilibrium, the 

reported yields do not exceed 60%.54, 81-83 This problem will be tackled in section 3.1. Other than the 

thermodynamic limitations for the synthesis of pure -AL, there is another base-promoted reaction 

that might limit the outcome of the isomerization, i.e. dimerization (Scheme 4b). The dimer has been 

applied in the synthesis of bio-based jet fuels by the group of Mascal, by converting -AL to the dimer 

in quantitative yield using potassium carbonate followed by hydrogenation over a supported Iridium 

catalyst to branched olefins.84 

 

 

Scheme 4. Base-promoted: a) - to AL isomerization; b) dimerization. 

Angelica lactones have been already applied in several fields. Zhang and co-workers also investigated 

the use of angelica lactone derivatives as precursors for jet fuels and diesel-type branched alkanes, in 

this case by reacting AL (both  and ) with 2-methylfuran and hydrogenating or hydrodeoxygenating 

the products.85 Moreover, -AL has been used as fragrance and food additive due to its intense fruity 

(coconut-like) flavour. It can be converted to dihydrojasmone, another important aroma.86 Starting 

from both the  and  isomers, various pharmaceutically relevant building blocks have been prepared 

by Michael addition, Morita-Baylis-Hillman reaction, Mannich-type addition, and many more. Scheme 

5 gives an overview of some of the synthetic approaches that have been applied on angelica lactones 

so far. A more detailed discussion of all the applications of AL in the synthesis of fine chemicals goes 

beyond the scope of this work.87 
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Scheme 5. Overview of the synthetic applications of angelica lactones. 

Polymers based on AL have been already reported in the past. Cationic polymerization of -AL using 

BF3 as initiator only leads to oligomers (800 g/mol), where some of the pending lactone groups are 

opened, probably due to the aqueous conditions employed for the workup (Scheme 6a).88 Anionic 

polymerization and copolymerization of -AL is also known, and affords as in the previous case only 

oligomeric species after two weeks reaction time. Sodium tert-butoxide has been used as initiator, and 

a large number of the lactones were also opened during the reaction (Scheme 6b).89-91 In both of the 

cases the irregular structures and the low molecular weights limit the possible real-life application of 

these polymers. On the other hand, -AL was efficiently polymerised to an acrylate-like polymer by 

means of a Lewis-pair catalyst. Very high molecular weights (up to 26 kg/mol) could be achieved  

 

Scheme 6. Reported polymerizations of angelica lactones: a) cationic and b) anionic polymerizations of AL; c) Lewis-pair 

catalysed polymerization of AL. 



11 
 

(Scheme 6c). Moreover, a frustrated-Lewis-pair catalyst is used in the same work to synthetise AL 

dimers in high yields. Interestingly, when radical initiators such as AIBN where tried, no polymerization 

occurred.92 Within the scope of this thesis, angelica lactones were investigated as building blocks for 

polymers using two different approaches: - to -AL isomerization followed by Diels-Alder and ring-

opening metathesis polymerization (3.1) and oxidative cleavage of the double bond of -AL using 

ozone (3.2). 

 

2.2 Glycolaldehyde 

2.2.1 Synthesis of glycolaldehyde  

Glycolaldehyde (GA) is a reducing sugar, the smallest in the homologue series, that exists at room 

temperature as a crystalline dimer (GA dimer, Scheme 7) that gradually becomes a mixture of open 

dimer and monomer upon heating, turning purely monomeric in the gas phase.93 In solution, different 

species in equilibrium have been shown to be present in amounts that largely vary according to the 

solvent. In protic solvent such as methanol or water, the monomeric species are favorite due to 

stabilization by hydrogen bonding.94 For example, in water only 4% of GA exists as monomeric 

hydroxyaldehyde and 9% as cyclic dimer, the hydrated GA being the major species at 70%.93 On the 

other hand, in DMSO and acetone the monomerization of the dimer is comparably slower. Other than 

these equilibria, due to its two reactive groups GA is prone to undergo aldol condensation, which might 

limit the commercial applicability of GA as such, making it preferrable to react it further  to ethylene 

glycol by hydrogenation, or to amino alcohols by reductive amination.95 

 

 

Scheme 7. Equilibria between different monomeric and dimeric forms of GA. 

Notwithstanding the limitations due to its instability, GA has been gaining attention in the last years as 

a potentially safer and environmentally friendlier replacement for ethylene oxide as C2 building 

block.95 GA can be obtained from sugar-containing biomass in several ways. Biomass pyrolysis oil 

contains up to 13% of GA, even though its isolation in a pure form can be challenging.96 A potentially 

scalable method involves its reactive extraction using amines, that has been shown to be economically 

feasible for a yearly production of 13 Kt of GA on a price that would compete with petrochemical 

ethylene oxide.97, 98 Similar to this route, gasification of biomass to syngas could be employed. Syngas 

is used in the current synthesis of GA via hydroformylation of formaldehyde with homogeneous 

rhodium catalysts.99 Formaldehyde can also be converted to GA using the Butlerov (or formose) 

reaction,100 that affords aldose sugars by a sequence of aldol condensations and aldose-ketose 

rearrangements. The reaction is catalysed by bases, but its selectivity to the C2 product is rather low.  
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Table 3. Overview of methods for the synthesis of GA from biomass. 

Entry Method Representative conditions GA yield [%] Ref. 

1 Biomass pyrolysis 500 °C, then reactive extraction  13 96-98 

2 Hydroformylation of 
formaldehyde 

100 °C, 138 bar syngas, Rh-
phosphine catalyst 

80 99 

3 Butlerov reaction of 
formaldehyde 

NaOH (substoichiometric), zeolites, 
94 °C 

32 101-103 
 

4 Cellulose hydrolysis with 
supercritical water 

373 °C, 220 bar 64 104 

5 Retro-aldol of sugars 240 °C, Tungsten catalyst, O2, 
methanol, then H2, Cu/SiO2 

catalyst 

74[a] 105-107 

6 Hydrous thermolysis of 
sugars 

500-600 °C, fluidized sand bed 
reactor 

70 108 

[a]Ethylene glycol as product. 

Progress has been made by employing zeolites,101 N-heterocyclic carbenes,102 or thiazolium salts.103 

Cellulose can be decomposed by supercritical water, with up to 64% selectivity for GA.104 Retro-aldol 

condensation of glucose also yields GA. However, as previously mentioned, it is more convenient to 

convert it directly by hydrogenation to the corresponding diol without isolating the intermediate 

GA.105-107 Recently, Haldor Topsøe and Braskem have launched a demonstration plant that produces 

ethylene glycol by hydrous thermolysis of sugars, that achieves up to 74% GA that is then reduced to 

the diol. The process is planned to get to commercial scale in the upcoming years.109 The stream of GA 

can also be used for the synthesis of lactates and other derivatives,108 and will be further discussed in 

Section 2.3. A recent process by Avantium, that is currently on pilot scale, directly converts glucose to 

ethylene glycol by a single-step retro-aldol followed by hydrogenation over a tungsten-ruthenium 

catalyst.110 

2.2.2 Reactivity of glycolaldehyde  

Due to the relative small-scale availability of GA, its current applications are limited to flavour and food 

additive.111 However, assuming a larger production coming from a future bio-refinery approach, a wide 

spectrum of compounds can be envisaged (Scheme 8). As already mentioned, ethylene glycol can be 

readily obtained by GA hydrogenation using different homogeneous or heterogeneous catalysts. 

Ethylene glycol is produced in a million metric ton scale and widely employed as a refrigerant liquid, 

monomer, anti-freezing agents and production of fine chemicals.112  GA oxidation yields glycolic acid 

or glyoxal, respectively. The former is used in the production of bio-degradable polyesters, usually by 

ring-opening polymerization of the cyclic dimeric lactone. These materials have several applications in 

medicinal products.113 The latter is used in pharmaceuticals and as wood and leather tanning agent.114, 

115 Reductive amination of GA finds application in the synthesis of monoethanolamine, used as 

monomer and in the preparation of detergents, emulsifiers, and other fine chemicals. Other alkanol- 

and diamines have been made from GA, such as dimethylethanolamine and 

tetramethylethylenediamine.116 During GA synthesis from sugars, different retro-aldol condensations 

take place. Some interesting side products have also been isolated, and they were shown to be 

obtainable in good yield also starting directly from GA. For example, methyl-4-methoxy-2-

hydroxybutanoate (MMHB) and methyl vinyl glycolate (MVG) can be further converted into specialty 

poly-(-hydroxyacids), that are promising bio-degradable replacements for engineering plastics.45, 117-

119 The use of MVG as new platform chemical will be further discussed in the next session. 
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Scheme 8. Example of products that can be obtained from GA. 

This work presents the use of glycolaldehyde as C1 building block for the selective synthesis of 

secondary formamides. The results will be discussed in Paragraph 3.3. 

 

2.3 Methyl vinyl glycolate 

2.3.1 Synthesis of methyl vinyl glycolate 

Methyl vinyl glycolate (2-hydroxybut-3-enoate, MVG), was synthetised for the first time by Rambaud 

in the 1930s by nucleophilic substitution of cyanide on acrolein, followed by acid methanolysis of the 

obtained cyanohydrine (Scheme 9a).120 Rieche and co-workers prepared MVG by shaking vinylacetic 

acid in the presence of oxygen at 65 °C, hydrogenating then the intermediate -peroxide on Lindlar 

catalyst (Scheme 9b).121 Yamamoto reported the oxidation of allyl iodides and following 

rearrangement and hydrolysis, achieving MVG in 67% yield (Scheme 9c).122 What brought MVG to be 

a potential platform chemical was initiated by the group of Taarning in 2010, namely the conversion 

of sugars over a tin- zeolite to methyl lactate (ML). The selectivity can be directed towards MVG by 

using erythrose as substrate in methanol at 160 °C, that gave 56% yield (Scheme 9d).45 

 

 

Scheme 9. Reported synthesis of MVG. 
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After this first report, several other studies focused on understanding the mechanism of the sugar 

conversion to lactate and MVG using different sugars as feed. The same group showed that many C5 

and C6 sugars can be efficiently converted to methyl lactate under the same experimental conditions, 

affording MVG as by-product up to 11%.123 Interestingly, when glycolaldehyde was used as substrate 

MVG’s yield increased to 30%. This behaviour can be explained by looking into the possible 

mechanisms involved (Scheme 10).  

 

Scheme 10. Mechanism of the conversion of hexoses (a) and pentoses (b) to MVG. 

Retro-aldol condensation of (aldo)hexoses affords one equivalent of glycolaldehyde and one of tetrose 

sugar (Scheme 10a), whereas starting from pentoses one equivalent of glycolaldehyde and one of 

triose sugar are obtained (Scheme 10b). Two molecules of GA can also undergo aldol condensation to 

form another equivalent of tetrose. This latter, in the presence of methanol and under acidic 

conditions, can dehydrate to form MVG. The proposed mechanism is consistent with the higher yields 

of MVG from C4 sugars and from GA that were reported. The group of Sels has shown that 

homogeneous Tin(II and IV) chlorides can also catalyse the reaction, although the highest yield of MVG 

observed was only 7%.124 The same group also investigated dealuminated tin-, that can convert 

erythrulose to up to 50% MVG in methanol at 90 °C for 20 hours.125 Glucose was also attempted as 

feed, affording 18% of MVG in the presence of potassium carbonate.126 The tin- catalyst can be 

further optimized to convert glucose to MVG in more than 20% yield.127 A few years later, they showed 

that even cellulose can be used as feed: using metal triflates and ball-milled cellulose, MVG was 

obtained together with other -hydroxyesters, but the high temperature required (200 °C) decreased 

the selectivity by promoting other reaction pathways.128 Table 4 contains a summary of all the 

mentioned methods to convert sugars to MVG. At the moment, there are no commercial producers of 

MVG from renewables. However, the Danish company Haldor Topsoe recently launched, in 

collaboration with Braskem, a new process for producing ethylene glycol from biomass by a 2-step 

catalytic cracking of sugars, having MVG  and glycolic acid as side products.129, 130 The process is 

currently in the demonstration phase, aiming at a commercial plant by the year 2025. This may lead to 

a larger availability of MVG in the upcoming years, thus its use as platform chemical was one of the 

aims of this thesis. 
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Table 4. Overview of methods for the conversion of sugars to MVG using methanol as solvent. 

Entry Feed Catalyst Representative conditions MVG 
yield [%] 

Ref. 

1 Glycolaldehyde Sn- 140 °C, 16 h 30 123 

2 Xylose Sn- 140 °C, 16 h 9 123 

3 Glucose Sn- 160 °C, 16 h 10 123 

4 Glucose-xylose 
(1:1) 

Sn- 140 °C, 16 h 9 123 

5 Xylose-GA (1:1) Sn- 140 °C, 16 h 20 123 

6 Pseudo-
hemicellulose[a] 

Sn- 160 °C, 16 h 5 123 

7 Erythrose Sn- 160 °C, 16 h 56 45 

8 Glycolaldehyde SnCl4*5H2O 90 °C, 20 h 7 124 

9 Erythrulose Dealuminated Sn- 120 °C, 5 h 24 125 

10 Glucose Post-synthetic Sn- 160 °C, 6 h, K2CO3 (0.3 M) 18-20 126, 

127 
11 Cellulose Sn(OTf)2 200 °C, 2 h 6 128 

 [a]Equimolar mixture of monosaccharides. 

 

2.3.2 Synthetic applications of methyl vinyl glycolate 

MVG contains three reactive groups (carbon-carbon double bond, hydroxy group and ester) that can 

be envisaged for further functionalizations. Nevertheless, its uses in synthetic chemistry are so far 

rather limited (Scheme 11). Maple furanone, an important food additive, can be prepared by MVG 

isomerization followed by enolization and cyclization.131 Thiol-ene reaction of the double bond of MVG, 

i.d. the addition of a thiol catalysed by radical initiators such as Azobisisobutyronitrile (AIBN) has been 

reported.132 The hydroxy group of MVG can be reacted with aldehydes to form hemiacetals; this latter 

dehydrates to vinyl ethers, that undergo Claisen rearrangement ([3,3]-sigmatropic) to 6-oxohex-2-

enoates.133 Analogously to the cyclic dimer of other -hydroxy acids such as lactic and glycolic acid, 

also hydrolysed MVG can cyclize in the presence of acidic catalysts, although in lower yields when 

compared to similar compounds.118 This cyclic dilactone could have a big potential as co-monomer to 

novel polyesters that bear pending C=C groups, useful for post-polymerization reactions such as the 

above-mentioned thiol-ene reaction. MVG-containing polyesters have been prepared by co-

polymerization with lactic acid.124 Olefin homo- and cross-metathesis using Grubbs catalyst was used 

to prepare either diesters or long-chain -hydroxyesters, that can have similar uses as fatty acid methyl 

esters.119 Functionalized MVG bearing an acetyl group undergoes Pd-catalysed allylic transposition, 

forming the linear ,-unsaturated isomer.134 MVG can be oxidised to the corresponding -ketoester. 

However, the product is unstable and hetero-Diels Alder immediately occurs affording a cyclic dimer.135  
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Scheme 11. Example of reactions involving MVG. 

MVG’s reactivity for the synthesis of new monomers and polymers via reaction with carbon monoxide 

will be treated in paragraph 3.4. 
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3. Aim and results of the dissertation 

3.1 New polymers from a scalable -Angelica lactone derived monomer 

As mentioned in paragraph 2.1.3, -AL dimerization goes through its ,-unsaturated isomer.84, 136 We 

aimed to investigate the reactivity of the -unsaturated bond in -AL in order to introduce new 

(polymerizable) functional groups via Diels-Alder reaction. The reaction itself has recently gained 

attention in the field of green chemistry due to its discernible advantage in terms of atom economy as 

well as the typical experimental conditions, that employ cheap catalysts and neat conditions.137-140 

While investigating the  to  isomerization step, which is reported using catalytic base in apolar 

solvents such as dichloromethane or toluene,72 we found out that the reaction can proceed under 

solvent free conditions without significant loss in yield (Scheme 12). A 90:10 : mixture was obtained 

in 1.5 h upon distillation under reduced pressure. We selected 90:10 as best compromise between 

purity and yield: higher purity (up to 99% ) could be obtained by carefully conducting the distillation 

step, but the yield would consequently be lowered. More extended reaction times lead to a drop in 

the yield, due to competing dimerization and oligomerization of AL. The reaction was successfully 

scaled up to 100 g scale. 

 

Scheme 12. Isomerization of AL to a 90% -enriched mixture. 

The reactivity of the mixture in the solvent-free Diels-Alder reaction was then investigated. 

Cyclopentadiene was chosen as diene for screening the reaction conditions (Table 5). Use of aluminum 

triflate as catalyst afforded a black char, with no product detected. Both catalyst-free conditions and 

use of anhydrous zinc chloride gave only moderate yields, so it was reasoned that the problem may be 

the competing di- and trimerization of the cyclopentadiene. Indeed, when a larger excess of diene was 

employed in the presence of the catalyst, the isolated yield was improved to 90%. Aiming at a 

sustainable process collides with the use of large excess of one reagent, so a semi-batch process was 

designed: 2 equivalents of diene were slowly added over 10 h to the solution of dienophile and catalyst. 

At this stage the separation and purification of the product was studied in detail. Distillation must be 

avoided, since retro-Diels-Alder could take place (from DSC the back-reaction starts at 136 °C). Addition 

of acetone to the crude precipitated the catalyst, while washing with methanol could efficiently crash 

out the oligomeric species of the diene. The remaining 10% of AL can be effectively removed by 

drying the material under vacuum. Eventually, 82% pure Diels-Alder adduct was obtained on a 50 g 

scale, with an endo/exo ratio of 10/90. 

 



18 
 

Table 5. Screening of the reaction conditions for the Diels-Alder reaction between AL and cyclopentadiene. 

General conditions: Reactions were carried out in closed reaction tubes and heated with microwave irradiation. [a]Determined 
by 1H-NMR spectroscopy; [b]Isolated by column chromatography. 

Other dienes from renewable resources were investigated under different reaction conditions (Table 

6). The reaction was successful, although the yields were generally lower than in the previously 

discussed case, where terpenes were used at high temperature and catalyst-free conditions.  

Table 6. Diels-Alder reaction between AL and renewable dienes. 

 

Entry Diene Yield[a] [%] 

1 Isoprene (R = Me) 60 

2 Myrcene (R =                          ) 54 

3 -Farnesene (R =                                          ) 18 

4 
Furane 

0 

5 Furfuryl alcohol 0 

6 
2,5-dimethylfurane 

0 

[a]Isolated yields. 

 

Entry Catalyst Eq. CPD T [°C] t [h] Yield[a] [%] Endo/Exo[a] 

1 Al(Otf)3 3 RT 16 - - 

2 Al(Otf)3 3 100 2 - - 

3 - 3 80 0.5 19 91/9 

4 - 3 100 0.5 40b 70/30 

5 - 3 60 0.5 25 95/5 

6 ZnCl2 3 80 0.5 40 84/16 

7 ZnCl2 3 RT 16 63 89/11 

8 ZnCl2 10 RT 16 90 (86)[b] 90/10 
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On the other hand, furans turned out more problematic. Several catalysts and conditions have been 

attempted, but the formation of humins (polymeric material formed by acid-catalysed reaction of 

furans) always prevailed.  

The Cp--AL monomer was polymerised via ring-opening metathesis polymerization (ROMP) 

employing Grubbs’ 2nd generation catalyst in dichloromethane.141-143 The other Diels-Alder adducts 

shown in table 6 did not react under the same conditions, due to lack of the ring strain that 

thermodynamically drives ROMP towards the product. Cp--AL turned out to be extremely reactive in 

ROMP, indicated by the almost instantaneous gel formation after the addition of the monomer to the 

solution with the catalyst.  DCM is on the “blacklist” of toxic and non-green solvents.144 Consequently, 

we investigated the use of greener alternatives (Table 7). 2-Me-THF has similar polarity as DCM, but 

low toxicity and it is renewable.145 Ethyl acetate and MIBK are among the safest solvents concerning 

both toxicity and flammability.146, 147 MTBE, in spite of growing environmental concern, has a lower 

tendency to build up peroxides compared to the related diethyl ether and it is still widely employed 

on industrial scale. In each solvent but DCM a precipitate immediately formed upon monomer 

addition, suggesting poorer solubility of the growing chain, which leads to its precipitation once a 

certain molecular weight is reached. Nevertheless, polymerization always occurred. The living 

character of the polymerization can be assessed by comparing the experimental molecular weights 

with the predicted one. DCM and to 2-Me-THF afforded higher values than calculated (by dividing the 

molecular weight of the monomer per the catalyst loading; table 7, entry 1), likely due to the higher 

solubility of high-MW chains in these solvents. Ethyl acetate performed the best, which together with 

considerations about its greenness and safeness makes it the best choice. 

Table 7. Influence of different solvents in the ROMP of Cp-AL. 

 

Entry Solvent Yield[a] [%] Mn
[b] [kg/mol] Mw

[b] [kg/mol] Đ[b] 

- Calc. - 65.9 - - 

1 DCM 78 122 264 2.17 

2 2-MeTHF 69 80.6 154 1.91 

3 EtOAc 61 64.1 118 1.85 

4 MIBK 52 70.9 1.46 2.06 

5 MTBE 70 67.8 138 2.04 

[a]Isolated yield; [b]Determined by GPC (DMF/LiBr). 

 

The linearity between the substrate-to-catalyst ratio and molecular weight was shown by performing 

the reaction at different loading of [Ru] (Figure 5). Substantial linearity was found in the range between 

100:1 and 600:1 (molsubst/molcat), thus indicating the possibility to tune the outcome of the reaction.  



20 
 

 

Figure 5. Obtained Mn values via ROMP of Cp-AL performed at different substrate to catalyst ratios (S/C). 

 

The DSC trace of the polymer is shown in Figure 6. The amorphous nature of the polymer is shown by 

the absence of melting points. The material has a rather high decomposition onset (378 °C). 

Remarkably, no Tg could be detected: the transition has to occur at or above the decomposition 

temperature. This latter property drastically deviates from known poly-norbornenes, showing a Tg at 

35 °C.148 A possible explanation from this behavior is the high stereoregular nature of the material: all 

the double bonds of the polymer are in trans configuration, which might favour a better packing of the 

chains thus increasing significantly the Tg. 

 

Figure 6. TGA (a) and DSC (b) of poly-Cp-AL. 

 

The polymer can be easily cast into films, whose physical and optical properties were investigated and 

compared to analogous poly-norbornene prepared by the same method (Grubbs’ 2nd gen. catalyst in 

DCM). Contact angle measurements (Figure 7) showed that poly-Cp-AL has increased hydrophilicity 

in comparison to poly-norbornene, due to the presence of the lactone moiety. The transparence of the 

films does not differ, as can be seen by the UV-Visible absorbance spectrum. 
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Figure 7. Films obtained from a) poly-Cp/AL and b) polynorbornene obtained by solution castings. Below: absorbance 
spectra of these films in the range from 150-1000 nm. E=Extinction. 

 

In light of these properties, the new material could be potentially employed where high transparency 

is desired,149 such as optical fibers,150 and transparent coatings.151 

In summary, an atom economic and efficient  to AL isomerization protocol was developed. The Diels-

Alder reaction with several dienes and AL was then used to prepare new monomers for ROMP. A bio-

based, functionalized poly-norbornene was prepared and fully characterized, showing interesting 

properties such as high transparency. 

The publication concerning this work can be found in section 6.1. 
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3.2 Production of malonates and 3-oxopropanoates via ozonolysis of -angelica 

lactone 

Malonic acid (MA) and its esters are important building blocks for the synthesis of fine chemicals such 

as fragrances, fertilizers and drugs, with an estimated annual market of 20.000 t.152 Industrially, MA is 

mainly produced from the petrochemical chloroacetic acid via cyanation followed by hydrolysis. This 

route employs toxic reagents, and an overstoichiometric amount of salt is produced as side product (2 

equivalents: the cyanide is also hydrolysed, leading to an extra equivalent of ammonium salt). An 

alternative synthesis based on alkoxycarbonylation of chloroacetic acid has been proposed but has 

never gotten to industrial implementation. A fermentative route is also known, but it requires high 

dilution and two equivalents of salt are also produced.153, 154 Finally, catalytic oxidation of fermentative 

3-oxopropionic acid has been reported but never scaled.155 

We envisioned that MA and other analogous derivatives could be produced upon oxidative cleavage 

of the carbon-carbon double bond of AL. Ozonolysis is a cheap, easy to scale and 100% atom 

economic reaction, that typically proceeds under mild conditions and affords high yields. It has been 

used from small to industrial scale for the production of a number of aldehydes, ketones and carboxylic 

acids.156-158 Unsaturated fatty acids have been cleaved by ozonolysis, e.g. for the production of 

pelargonic acid and azelaic acid from oleic acid.159, 160 Lignin can be effectively depolymerised by ozone, 

as shown by Heeres and co-workers.161 The mechanism of the reaction has been thoroughly studied 

for decades (Scheme 13).157, 158 According to the experimental conditions, different products can be 

obtained. If the workup of the unstable 1,2,4-trioxolane intermediate is done under reductive 

conditions (e.g. with dimethylsulfide, triphenylphosphine, Zn), an aldehyde or its acetal is obtained in 

case of non-tetrasubstituted double bonds. If, on the other hand, oxidants as hydrogen peroxide or 

organic peroxides are employed, the product is a carboxylic acid.  

 

Scheme 13. a) Mechanism of ozonolysis; b) products obtained by reductive or oxidative workups. 

Therefore, the ozonolysis of -AL would either produce oxidized products such as MA and its esters, 

or reduced products such as 3-oxopropanoates (Scheme 14). The latter are valuable intermediates for 

the synthesis of 3-hydroxypropionic acid, starting material for the synthesis of bio-based acrylonitrile 

and acrylic acid.60, 162, 163 

 

Scheme 14. Synthesis of malonates and oxo-propanoates by ozonolysis of AL. a) Ozonolysis in aprotic media; b) ozonolysis 
in protic media (R=H, alkyl). 
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Initial attempts were performed at -78 °C and focused on non-participating solvents (Table 8). The use 

of DCM and aqueous hydrogen peroxide for the workup – although leading to full conversion of AL – 

led to problems in extracting MA from the water phase due to the high polarity of the latter. Switching 

to ethyl acetate afforded up to 90% pure MA after evaporation of the solvent and removal under high 

vacuum of the stoichiometric co-product acetic acid. Kula showed that the safest temperature range 

of ozonolysis in batch conditions spans between -20 and +10 °C.164 The reaction was attempted at 0 

°C, showing no significant change in the yield. Efforts on obtaining the corresponding aldehyde, 3-

oxopropanoic acid, were less successful. Quenching with dimethyl sulfide, even at low temperature, 

always led to decomposition. This may be due to the poor stability of the aldehyde under acidic 

conditions. Sodium borohydride was then tried, aiming at reducing the aldehyde to 3-

hydroxypropanoic acid in situ. However, no product could be detected. 

Table 8. Ozonolysis of AL in non-participating solvents. 

 
Entry[a] Solvent Temperature (°C) Work-up Product MA (%) 

1 DCM -78 H2O2 / H2O MA 89 

2 EA - 78 H2O2 / H2O MA 90 

3 EA 0 H2O2 / H2O MA 90 

4 DCM -78 Me2S - - 

5 EA -78 Me2S - - 

6 EA 0 Me2S - - 

7 EA 0 NaBH4 - - 

8[b] EA 0 H2O2 / H2O MA 86 
[a]Reaction conditions: −AL 25.5 mmol, 2 mL*min-1 O3 bubbled through the solution; reaction times 30 – 60 min 
(titration with KI); quenched with 10 eq of quenching agent. [b]Reaction performed on 25 g scale. 

The problem of poor stability of the aldehyde was addressed by switching to a nucleophilic solvent, i.e. 

methanol (Table 9). Reductive quenching with dimethylsulfide at -78 °C afforded 43% of the 

corresponding acetal, with some traces of aldehyde detected by 1H-NMR: stability of the aldehyde 

itself seems to improve in participating solvents. Higher temperature afforded the acetal only in 46% 

isolated yield. Ethanol can also be used, although with lower yield. The co-produced methyl or ethyl 

acetate, that can be easily separated by distillation, are also valuable chemicals, typically employed as 

solvents and bulk chemicals. Oxidative workup was attempted as well, aiming at esters of MA. The 

monoester of MA was obtained at 0 °C using hydrogen peroxide as quenching agent.  

In light of the better stability of the aldehyde in nucleophilic solvents, water was investigated. To our 

surprise, reductive quenching afforded solely the oxidized product, MA. After optimizing the 

conditions, 5% water in acetonitrile was found to give the best result, comparable to what was 

obtained in non-participating solvents. Higher water content led to partial hydrolysis of the lactone 

prior to cleavage of the double bond (levulinic acid was detected by GC-MS of the crude mixture). 
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Table 9. Ozonolysis of −AL in participating solvents. 

 

To gain a better insight in this unexpected behaviour, the reaction was performed in 
deuterated water and a 13C-NMR recorded on the reaction crude before quenching (Figure 8a).  

 

 

Figure 8. 13C-NMR of the ozonolysis of AL in water: a) before quenching; b) after quenching with Me2S and solvent removal. 

 
Entry[a] Solvent Temperature (°C) Work-up Product Yield (%) 

1 MeOH -78 Me2S MOP-acetal 43 

2 MeOH 0 Me2S MOP-acetal 46 

3 MeOH 0 H
2
O

2 
/ H

2
O                                           mMM 52 

4 EtOH 0 Me2S EOP-acetal 21 

5 H2O 0 NaHSO3 MA 67 

6 H2O 0 Me2S MA 77 
7 EA + 10% H

2
O 0 NaHSO

3
 MA 63 

8 ACN + 5% H
2
O 0 NaHSO

3
 MA 91 

[a] Reaction conditions: −AL 25.5 mmol, 2 mL*min-1 O3 bubbled through the solution; reaction times 30 – 60 min 
(titration with KI); quenched with 10 eq. of quenching agent. 

a) 

b) 
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The spectrum shows signals compatible to the co-presence of the hydrated aldehyde (e.g. 89.9 ppm) 

and acetic acid: this suggests that the oxidation likely occurs during the workup phase, the aldehyde 

being too unstable towards oxidation to be isolated. A mechanism which is in accord to what is 

observed experimentally and to the known literature was proposed (Scheme 15). The first step 

involves the [3+2] cycloaddition of ozone to the double bond, forming the molozonide (I). The latter 

breaks down in one of the possible carbonyl oxides (II). In the absence of nucleophiles, a highly 

energetic trioxolane (III) is formed, whose cleavage affords the monoacetic anhydride of MA, 

eventually formed upon hydrolysis. Different is the case in the presence of a nucleophilic solvent: the 

carbonyl oxide reacts forming hydroperoxides (IV), that are quenched by a reducing agent to afford 

the corresponding acetal or oxidized to a dicarboxylic species. 

 

Scheme 15. Proposed mechanism for the ozonolysis of AL. 

To sum up, ozonolysis of the platform chemical-derived -angelica lactone was established as an 

efficient alternative method to produce malonic acid and other potentially useful C3 derivatives. 

Different products can be obtained by simply tuning the reaction conditions such as solvents or 

quenching agent. 

The publication concerning this work can be found in section 6.2. 

 

3.3 N-Formylation of amines using glycolaldehyde as C1 building block 

N-Formamides are widely employed chemicals, with applications ranging from solvents (above all, 

DMF) to fragrances, from drugs to softening agents for polymers. 165, 166 Common ways to access N-

formamides involve the reaction of amines with the mixed anhydride of acetic acid and formic acid 

(which is made in situ from a mixture of formic acid and acetic anhydride), trichloroacetaldehyde 

(chloral) or carbon monoxide.167 Carbon dioxide in combination with hydrogen has also been 

reported.168-171 The last two synthetic methods, particularly the use of carbon monoxide, are well in 

agreement with the principles of green chemistry (good atom economy, only water as co-product, 

etc.).31 Nonetheless, the use of alternative, non-gaseous C1 building blocks, ideally directly derived 

from renewable resources, could be more practical on a laboratory scale. Glycerol, as well as some of 

its derivatives (dihydroxyacetone, glyceraldehyde and glycolic acid) have been shown to effectively 

perform the reaction in the presence of a copper catalyst and an oxidant.25, 172, 173 While attempting to 

prepare novel cleavable conjugated polymers, it was found by our group that glycolaldehyde (GA) 

reacts with secondary amines affording the N-formylated product. This serendipitous finding 

prompted us to investigate the use of GA as potential C1 building block. It can be readily obtained from 
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renewable resources, for example from biomass pyrolysis oil or by cracking glucose (as described in 

the introduction); moreover, its toxicity is low.174 The reaction of GA with amines under reductive 

conditions has already been reported, for example by the groups of Zheng and Sels, as a method to 

prepare alkanolamines and diamines (Figure 9).95, 175, 176 

 

Figure 9. Reaction of GA with primary and secondary amines. Left: GA as C2 building block. Right: GA as C1 building block. 

Table 10. Optimization of the reaction conditions. 

 

Entry Solvent Additive Conv./ % 3a/ % 4a/ % 

1 THF – >99 64 31 

2 CH2Cl2 – 75 71 3 

3 CHCl3 – 84 81 2 

4 toluene – 81 73 6 

5 MeCN – 99 92 5 

6 acetone – 81 75 5 

7 MeCN CuCl 72 55 7 

8 MeCN Pd(OAc)2 88 78 10 

9[a] MeCN – 97 92 3 

10[b] MeCN – 90 – – 

11[c] MeCN – 99 91 4 

Reaction conditions: 1a (2.0 mmol), 2a (0.5 mmol), solvent (5 mL), reflux, 4 h. Yields were determined by GC using 
mesitylene as the internal standard. [a]Using O2 balloon with Schlenk flask. [b]Under argon. [c]Reaction was run in the dark. 

 

Piperidine 1a was used in the preliminary screenings, as shown in Table 10. GA is typically sold as its 

dimer 2a, which in solution is in equilibrium with the free monomer. The reaction was run under air in 

refluxing solvent. Acetonitrile was found to perform best among different solvents. Interestingly, the 

use of known oxidation metal catalysts decreased the yield of formamide 3a. The presence of oxygen 

is crucial: inert atmosphere did not afford the formamide. On the other hand, the use of pure oxygen 

did not improve the yield further. The absence of light did not seem to have any effect. With the 

optimized conditions in hands, different secondary amines were investigated (Scheme 16). 
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Scheme 16. Scope of N-formylation of secondary amines with GA. 

The reaction afforded good to high yields with cyclic and acyclic aliphatic amines, as well as aromatic 

ones. The good reactivity observed with acyclic amines is particularly remarkable, since acyclic  

secondary amines are generally less reactive under standard formylation conditions, for example due 

to competing metal-catalysed transalkylation to primary and tertiary amines.177, 178 On the other hand, 

primary amines did not work at all, which makes the method selective to secondary amine groups only. 

N-Dimethylformamide (DMF, 5a) is probably the most used N-formamide, due to its outstanding 

properties as polar aprotic solvent.179, 180 Formylation of dimethylamine 4 was thus investigated as an 

alternative synthesis of DMF. Several commercial solutions of 4 were tested, yielding up to 24% when 

Table 11. Formylation of dimethylamine to DMF. 

 

Entry Dimethylamine solution 4 Oxygen source 5a/ % 

1 2.0 M in THF O2 balloon 24 

2 40 wt. % in H2O O2 balloon 0 

3 2.0 M in methanol O2 balloon 0 

4 5.6 M in ethanol O2 balloon 0 

5 (CH3)2NH · (CH3)2NCOOH O2 balloon 21 

6 2.0 M in THF air (10 bar)[a] 57 

7 (CH3)2NH · (CH3)2NCOOH air (10 bar) [a] 45 

Reaction conditions: 1a (1.0 mmol), 2a (0.5 mmol), MeCN (5 mL), 95 °C, 8 h. Yields were determined by GC using 
mesitylene as the internal standard. a Autoclave instead of Schlenk flask. 

 

 

Reaction conditions: 1 (2.0 mmol), 2a (0.5 mmol), MeCN (5.0 mL), reflux, 4 h. Yields were determined by GC using 
mesitylene as the internal standard. [a]Isolated yields are given. [b]1 (1.0 mmol), 2a (0.5 mmol), 12 h. [c]16 h, O2 (1 atm). 
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oxygen was used as oxidant at ambient pressure and THF as solvent. Dimethylammonium dimethyl 

carbamate, typically employed as starting material in DMF synthesis,170 did not improve the results. 

Eventually, compress air at higher pressure turned out to be the best performing system, and DMF was 

obtained in up to 57% yield. 

The reaction between 1a and 2a, including the formation of intermediate species, was monitored over 

time (Scheme 17). The desired product started forming almost immediately. Amide 4a, on the other 

hand, only appeared after 90 minutes, thus suggesting that this may be a byproduct rather than an 

intermediate.  

 
Scheme 17. Time - conversion profile of the reaction between 1a and 2a. 

 

Three other species were detected at the initial stage, but were gradually being consumed over time: 

aminal 5a, C2-addition product 6a and dienamine 7a. The role of these alleged intermediates was 

further investigated, and several control experiments were performed (Scheme 18). 

 

Scheme 18. Mechanistic investigations and control experiments. 
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Intermediate 5a was obtained as a crystalline solid and fully characterized by stirring 1a and 2a at room 

temperature. When left in solution (CDCl3, or even faster in C6D6), 5a readily monomerizes to 6a. 

Absence of air only afforded dienamine 7a. When the latter was subjected to the standard reaction 

conditions, product 3a was obtained in quantitative yield. This suggests that the oxygen atom of the 

product actually comes from air and not from the water that is produced upon condensation between 

the amine and GA. The oxidation step could potentially be performed by singlet oxygen (1O2), which 

might in theory be formed by light-driven excitation of triplet oxygen with the dienamine (or any 

reaction impurity) acting as photosynthetiser. To verify this alternative, the reaction was performed in 

the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO), a quencher for 1O2.181 The reaction only 

produced traces of the product. To further exclude the role of light, the formylation was run in the 

dark. The yield of 3a was almost quantitative. This points towards a radical oxidation by 3O2. Indeed, 

the common radical inhibitor butylated hydroxytoluene (BHT) suppressed the reaction, and only traces 

of the product were obtained. With these control experiments in hand, a mechanism was proposed 

(Scheme 19a). Initially, GA (which exists in solution as equilibrium between dimer and monomer), 

forms aminal 5a that monomerizes to 6a. The latter reacts with a further equivalent of amine, yielding 

dienamine 7a. At this stage, radical oxidation takes place (Scheme 19b). An iminium radical cation (8a) 

is formed by reaction of molecular oxygen with 7a. Oxygen adds on the double bond, forming the 

peroxo-radical 9a, that extracts a radical from 7a generating a new iminium radical cation on one hand 

and the zwitterionic 10a on the other. Such compounds have been shown to be unstable,182-184 
converting immediately to the dioxetane ring 11a. Oxetanes are known to easily decompose to 

formamides.157 Thermal cleavage of 11a eventually generates the product. 

 

Scheme 19. Proposed mechanism for the N-formylation of 1a with GA (a) and detailed radical oxidation path (b). 

EPR was envisaged to bring further insight regarding the proposed radical mechanism. Indeed, a triplet 

of sextets (g = 2.006) was detected when 7a and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as spin trap 

were measured under oxygen atmosphere. This indicates the formation of a nitrogen-centered radical, 

that is trapped by DMPO as DMPO-•N adduct (Figure 10).185 A weaker, three-line signal (1:1:1, g = 2.006) 

was also detected, and it could be assigned to the aminoxyl radical deriving from a partial degradation 

of the spin trap. The same set of measurements under inert atmosphere gave no EPR signals at all, 

thus confirming the active role of oxygen in the reaction.  
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Figure 10. EPR spectra (at 20 °C) of 7a in the presence of DMPO after keeping it 4h at 80 °C under a) Ar (blue-line); b) O2 
(black-line); c) Fitted spectrum of (b) using Bruker SpinFit package program (red line). *EPR signal of DMPOX due to the 
oxidation of DMPO. 

Finally, 1H NMR was used in order to detect some of the reaction intermediates. The focus was put on 

oxetane 11a, that in spite of its known instability could possibly give a distinguishable transient signal 

for the protons in the 4-membered ring. Indeed, dissolving 7a in CD3CN and flushing the tube with 

oxygen, time-resolved 1H NMR showed a small peak at 4.92 ppm that gradually disappeared while the 

formiate peak (7.92 ppm) increased (Figure 11). With this information in hand, the radical mechanism 

depicted in Scheme 19b was further supported. 

 

Figure 11. Reaction profile using 1H NMR in CD3CN (16 h, room temperature, 1 atm O2): a) full spectrum; b) zoom between 
4.0 and 8.5 ppm.  

In conclusion, glycolaldehyde was applied for the first time as C1 building block for the synthesis of N-

formamides. The reaction proceeds effectively under ambient air and is selective for secondary 

amines. Mechanistic studies suggested a radical oxidation path in which triplet oxygen acts as oxidant. 

The publication concerning this work can be found in section 6.3. 
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3.4 Methyl vinyl glycolate as renewable difunctional monomer for novel polymers 

Methyl vinyl glycolate (MVG) bears three different reactive groups that can be envisaged as handles 

for further functionalization to a variety of new molecules, as discussed in Section 2.3. Specifically, we 

aimed to functionalize the carbon-carbon double bond, in order to produce new valuable bifunctional 

monomers and from them novel polyesters. One of the biggest industrial processes that works under 

homogeneous catalysis is hydroformylation of olefins using syngas.186, 187 It involves the formal addition 

of carbon monoxide and hydrogen to double bonds, affording the C1-homologated aldehyde, typically 

using cobalt or rhodium catalysts. Syngas is produced in several ways, including steam reforming of 

hydrocarbon feedstocks, dry reforming of carbon dioxide, and from biomass, for example by (partial) 

oxidation.20, 188, 189 Hydroformylation of MVG using dicarbonyl(acetylacetonato)rhodium(I) was 

attempted in the presence of an excess (10:1 to the metal) of different phosphorus containing ligands, 

from simple triphenylphosphine (L1) to the more hindered Xantphos (L2) and Xantphenoxaphos (L3) 

to the bisphosphite  L4 (Figure 12). 

 

Figure 12. Ligands used for the hydroformylation of MVG 

Use of 10 bar of syngas at 80 °C turned out to be effective to achieve full conversion of the starting 

material in most of the cases (Table 12). The CO can add to both sides of the carbon-carbon bond, 

affording in theory a linear (12) and a branched (13) isomer. On top of that, due to the presence of the 

hydroxyl group of MVG, cyclization to a stable 5-membered hydroxyacetal can occur. Within the shown 

screening, only the 5-membered acetal 14 originated from the linear isomer was detected. Figure 13 

shows the 1H-NMR of the crude reaction mixture from entry 1 and the assignment of the characteristic 

signals.  

Table 12 Hydroformylation of MVG. 

 

Entry Ligand Solvent MVG Conversion 
[%][a] 

12 [%][a] 13 [%][a] 14[%][a] L/B[b] 

1 L1 Toluene >99 6 39 55 61:39 

2 L1 THF >99 6 33 61 67:33 

3 L2 Toluene >99 10 3 87 97:3 

4 L2 THF >99 9 2 89 98:2 

5 L3 Toluene 71 17 6 48 91:9 

6 L4 Toluene >99 11 5 84 95:5 

[a]NMR conversion; [b]Linear to branched ratio = [(conc.(1) +  conc.(3)] / conc.(2) * 100%. 
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Figure 13. 1H-NMR of the crude mixture from Table 12 entry 1 with assignment of the characteristic signals. 

Although it led to full conversion of the starting material, L1 was not selective neither for the linear 

nor for the branched isomer. When switching to bisphosphine L2, high linear to branched ratios could 

be achieved in both THF and toluene, again with full conversion of MVG. Interestingly, most of the 

linear product exists as 5-membered cyclic acetal, which presumably is more thermodynamically 

stable. Moving to L3 led to a slower reaction, at the same time slightly lowering the linear to branched 

ratio. Bisphosphite L4 gave full conversion and very high linear selectivity. Both the branched isomer 

13 and the lactone 14 exists as roughly 50:50 mixture of cis and trans diasteroisomers. Aldehydes 

resulting from hydroformylation processes are rarely used as such by industry, and typically their 

subsequent hydrogenation to alcohols or oxidation to carboxylic acids is performed. MVG-derived 

aldehydes may be envisaged as precursors to di- and triols, as well as diesters or diacids, that might 

find applications as monomers or cross-linkers for bio-based polymers.190 

As the previously discussed hydroformylation, alkoxy carbonylation (i.e. the reaction of a carbon-

carbon multiple bond with carbon monoxide in the presence of an alcohol to produce the 

corresponding ester) is also widely employed by industry to produce a large number of bulk and fine 

chemicals, above all methyl propionate from ethylene (intermediate to methyl methacrylate), the so-

called Lucite Alpha Process.191, 192 The latter example employs a Palladium(II) salt in the presence of a 

bulky diphosphine ligand (dppx, Scheme 20) and a protic source. Starting from these conditions, 

methoxycarbonylation of MVG was investigated (Scheme 20). However, the reaction did not afford 

any of the desired diester 18, but only the product of MVG hydrogenation (19). This is probably due to 

a Pd-catalysed transfer hydrogenation of the allylic double bond, where the methanol acts as hydrogen 

donor. The reaction is probably too fast compared to the hydroformylation path, thus consuming all 

the starting MVG before any product can be formed. 

CH3 (13) 

CH2 (12+14), CH (13) CHO 

13 13 

12 
14 

CH (14) 

OCH3 

14 

 CH  
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Scheme 20. Attempted methoxycarbonylation of MVG using ligand L5. 

To circumvent the problem, the OH moiety could be protected: more steric hindrance around the C=C 

might help in slowing down the unwanted reduction of the bond. Moreover, electron withdrawing 

groups such as an acetyl are also reducing its reactivity. Finally, isomerization to the internal position 

might also occur, thus making the double bond less reactive in hydrogenation. 

The OH protection turned out less obvious than expected on paper. When attempting to methylate 

MVG, after trying several reaction conditions (Table 14) the only effective method involved the use of 

silver(I) oxide and a slight excess of methyl iodide.193 The reaction was rather slow, with full conversion 

obtained only after 60 hours (Entry 9).  

Table 13. Screening of reaction conditions for the methylation of MVG. 

 
Entry Conditions Outcome 

1 NaH, THF, 0 °C – r.t., 16 h C=C isomerization 

2 K2CO3, THF, 80 °C, 1 h - 

3 K2CO3, MeOH, 80 °C, 1 h MeOMVG dimerization 

4 K2CO3, neat, 80 °C, 1 h - 

5 K2CO3, acetone, 80 °C, 1 h - 

6 NaOMe, MeOH, 80 °C, 1 h C=C isomerization 

7 DIPEA, Et2O, r.t., 48 h C=C isomerization 

8 Ag2O, Et2O, r.t., 24 h 20 (49 % after FCC) 

9 Ag2O, Et2O, r.t., 60 h 20 (> 99%, no FCC needed) 

 

 

When attempting to acetylate MVG using acetic anhydride in the presence of a tertiary base 

(triethylamine, Scheme 21), the double bond always isomerized from the terminal to the internal 

position. The weaker pyridine was found to be effective in promoting the reaction while leaving the 

double bond in the terminal position. Quantitative yield of the desired acetylated MVG 22 could be 

eventually obtained.119 
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Scheme 21. Protection of the OH group of MVG. 

Having the protected MVGs in hand, their methoxycarbonylation was explored (Table 15). 

Diphosphines with different bite angles were tried (Table 15, L5-7), using palladium(II) acetate as metal 

source. Methylated MVG (20) was converted at best by dppx (entry 1), while the other ligands only 

afforded traces of the desired diester. Increasing the catalyst loading up to 2 mol% the conversion only 

slightly increased (entries 4 and 5). In all the cases the main by-product was the methylated MVG with 

the C=C bond in the internal position. This can be easily explained by the formation of an allylic-Pd 

species that can then afford both isomeric olefins. Since this reaction is likely reversible, whereas the 

formation of the diester is not, an increase of the CO pressure and / or of the reaction temperature 

should increase the selectivity. Gratefully, this turned out to be the case, and the formation of 24 could 

be completely prevented. Up to 77% isolated yield of 23 was achieved in a multi-gram reaction (entry 

9). 

Table 14. Methoxycarbonylation of functionalised MVG 20 and 22. 

 

 

Acetylated MVG 22 was explored in a similar manner as described for 20. In this case the reaction was 

less clean than the previous case due to a wider spectrum of by-products that was obtained. Other 

than the already mentioned isomerization of the olefin, that in this case was never observed, one can 

expect allylic rearrangement to the linear isomer, that can afford either the acetyl or the methoxy 

Entry Substr. [Pd]  
[mol%] 

Ligand p  
[bar] 

Conv. 
[%][a] 

Product (23 
or 24)  
[%][a] 

Isomerization 
(25) [%][a] 

Allylic rearrangement  
26 [%][a]               27 [%][a] 

1 6 0.5 L5 20 67 30 32 0 0 

2 6 0.5 L6 20 <2 Traces Traces 0 0 

3 6 0.5 L7 20 <2 Traces Traces 0 0 

4 6 1.0 L5 20 86 31 28 0 0 

5 6 2.0 L5 20 >99 33 24 0 0 

6 6 1.0 L5 40 >99 71 27 0 0 

7[b] 6 1.0 L5 40 >99 47 31 0 0 

8[c] 6 1.0 L5 40 >99 63 32 0 0 

9[d] 6 1.0 L5 40 >99 >99 (77[e]) 0 0 0 

10 7 0.5 L5 20 56 Traces 0 36 Traces 

11 7 0.5 L6 20 44 0 0 Traces Traces 

12 7 0.5 L7 20 83 Traces 0 20 55 

13 7 1.0 L5 20 54 9 0 21 0 

14 7 2.0 L5 20 >99 18 0 17 Traces 

15 7 1.0 L5 40 47 6 0 14 0 

16[b] 7 1.0 L5 40 82 21 0 0 0 

17[c] 7 1.0 L5 40 >99 Traces 0 27 Traces 

[a]GC yields; n-dodecane as internal standard. [b]20 mol% of MeSO3H. [c]100 °C. [d]120 °C. [e]isolated yield. 
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product (Table 15, 26 or 27).134 The same considerations made for 20 also applies here, so higher 

temperature and pressure should favour the desired product (Scheme 22). However, though the by-

products were reduced in the same fashion, the product yield did not significantly increase (Table 15, 

entries 15-17). This can be explained with the inferior stability of the acetyl group compared with the 

methoxy moiety. Solvolysis of the ester in methanol gives back MVG, that can isomerize to the ketone 

or oligomerize under the acidic reaction conditions, thus lowering the output of 24. For this reason, 

methoxy derivative 23 was selected as the more promising monomer for the preparation of polyesters 

via polycondensation. 

 

Scheme 22. Catalytic cycles involved in the reaction of MVG derivatives under the conditions reported in Table 15. 

A widely employed and commercially available catalyst for polycondensation reactions is titanium(IV) 

isopropoxide. The reaction between 23 and several diols was performed at 150 °C, first under argon 

atmosphere and after 6 hours under vacuum to completely remove the produced methanol thus 

pushing the reaction to full conversion. A 1:1 molar ratio between diols and diester was used (Table 

16. 

Table 16. Polycondensation of 23 with  different aliphatic diols. 

Entry Diol Yield [%] Mn
GPC 

[kg/mol] 
Mw

GPC [kg/mol] Đ Tg [°C][a] 

1 1,4- butanediol 91 20.6 45.4 2.2 -37 

2 1,6-hexanediol 82 11.3 18.1 1.6 -43 

3 1,12-dodecanediol 93 22.1 41.8 1.9 -20 

4 1,4-pentanediol 87 28.5 61.7 2.1 -22 
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Linear diols with different carbon chains were successfully polymerised with 23, affording products 

with molecular weights around 10-20 kg/mol. 1,4-Pentanediol, that can be obtained from renewable 

levulinic acid, was also successfully incorporated into polyesters with similar yield and molecular 

weight (entry 4).DSC of all the obtained materials showed amorphous polymers, with glass-transition 

temperatures always below 0 °C (Figure 14). 

 

Figure 14. DSC traces of MVG-derived polyesters 28-31. 

 

In summary, hydroformylation and methoxy carbonylation reactions were explored to prepare novel 

bifunctional monomers from MVG. New MVG-derived polyesters were prepared and fully 

characterized, showing another possible practical application of this sugar-derived platform chemical. 

The publication concerning this work can be found in section 6.4. 

 

 

 

 

 

 

 

 

 

[a]Meaured by DSC. 



37 
 

4. Conclusions 

There are many ways to imagine a chemical economy based on renewable resources. The use of 

platform chemicals is currently being investigated in order to produce bulk and fine chemicals, as well 

as fuels, efficiently from sugars. Strong connections between industry and academia are crucial to 

enlarge the portfolio of biobased alternatives to petrol-derived products and design novel (catalytic) 

methods for high-yielding conversion of biomass to useful chemicals.  

Levulinic acid, although not yet available in large amounts from renewables, might have a huge 

potential due to the manifold chemicals that can be prepared from it. Angelica lactones, readily 

obtained by reactive distillation of LA, were targeted in this work as potential novel building blocks for 

fine chemicals and polymers. An atom economic, efficient and easily scalable route was designed to 

convert - to AL and functionalize it with different dienes through a catalytic Diels-Alder reaction. 

This monomer can be then polymerised using Grubbs catalyst in green solvents to afford novel and 

biobased polynorbornene that retains the properties of their petrol-based analogue (such as high 

transparency), but at the same time bears the lactone ring that can be further utilized for post-

polymerisation reactions. 

-AL was furthermore converted to malonic acid and malonates in very high yield via ozonolysis of its 

double bond. Malonic acid and its esters represent a very important chemical that are yearly produced 

in a multi-ton scale and function as building blocks for the synthesis of fine chemical and specialty 

polymers. Moreover, by changing the solvent and the work-up conditions, 3-oxopropionic acid and 

esters were obtained. These are intermediates to 3-hydroxypropionic acid, that is used for preparing 

biodegradable polyesters. 

Glycolaldehyde is directly obtained from retro-aldol condensation of hexoses and pentoses. It is a 

major component of pyrolysis oil and is getting the attention of industry as intermediate in the 

production of ethylene glycol from sugars. In this work, GA was used for the first time as C1 building 

block, namely for the N-formylation of secondary amines. The reaction is highly selective and can be 

used to convert a range of aliphatic and aromatic amines. Mechanistic studies showed that the 

reaction proceeds via a radical pathway, using atmospheric oxygen as oxidant. 

Methyl vinyl glycolate is a side stream product in the synthesis of methyl lactate from sugars under 

acidic conditions. Its hydroformylation with rhodium-phosphine catalysts was investigated. High 

selectivity for the linear product was achieved. This can be used for the synthesis of new diols and 

triols, potentially useful as monomers in polymers. Methoxycarbonylation of MVG is another valuable 

approach to prepare linear diesters, that were successfully polymerised to new and bio-based 

polyesters. This approach can widen the scope of MVG in polymer chemistry, for example in the field 

of elastomers. 

This work focused on both already established (e.g., malonic acid) and novel (e.g. MVG-derived) 

products. Biomass valorisation is a valuable method to obtain both drop-in chemicals, that already 

have a market, and new compounds that might have different properties and wider applications, 

opening an enormous number of new possibilities for chemists. 
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7. Appendix 

7.1 Contributions to the Individual Publications 

“Scalable synthesis and polymerisation of a -angelica lactone derived monomer” 

A. Dell’Acqua, † B. M. Stadler, † S. Kirchhecker, S. Tin, J. G. de Vries (†equal contributions), Green Chem. 

2020, 22, 5267–5273. 

Scale-up and optimization of the reaction conditions for the isomerization  to AL. Scope of different 

dienes in the Diels-Alder and scale-up of the reaction with cyclopentadiene. Polymerization using 

different solvents and characterization of the polymers by DSC and GPC. Around half of the manuscript 

preparation.  

Overall contribution about 40% 

 

 

“Ozonolysis of α-angelica lactone: a renewable route to malonates”  

A. Dell’Acqua, L. Wille, B. M. Stadler, S. Tin, J. G. de Vries, Chem. Commun. 2021, 57, 10524-10527. 

Design of the reaction setup. Screening of solvents and quenching conditions. Scale-up of the 

production of malonic acid. Mechanistic investigations. Preparation of the manuscript. 

Overall contribution about 70% 

 

 

“Glycolaldehyde as a Bio-based C1 Building Block for Selective N-Formylation of Secondary Amines” 

M. T. Flynn†, X. Liu†, A. Dell’Acqua, J. Rabeah, A. Brückner, E. Baráth, S. Tin, J. G. de Vries (†equal 

contributions), ChemSusChem. 2022, in press. 

Mechanistic investigations and control experiments. Help with the substrate scope and in writing the 

manuscript. 

Overall contribution about 30% 

 

 

“New Bifunctional Monomers from Methyl Vinyl Glycolate” 

A. Dell’Acqua, C. Schünemann, E. Baráth, S. Tin, J. G. de Vries, manuscript under revision. 

Design of the concept of the project and of the experiments. Synthesis of MVG derivatives, 

hydroformylations and methoxycarbonylations. Polycondensations and full characterizations of the 

polymers. Redaction of the manuscript. 

Overall contribution about 85%. 
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7.2 Supporting Information 

Scalable synthesis and polymerisation of an α-angelica lactone derived 
monomer 

Andrea Dell’Acqua,a,†  Bernhard M. Stadler,a,† Sahra Kirchecker,a Sergey Tina and Johannes G. de Vriesa,* 

aLeibniz Institut für Katalyse e. V. an der Universität Rostock 

Albert-Einstein-Strasse 29a, 18055 Rostock 

E-mail: johannes.devries@catalysis.de 

Experimental Procedures 

1. General information 

Reagents: -angelica lactone (98%, Sigma Aldrich) was used as received, triethylamine (99% Acros) 

was distilled over KOH and stored under argon atmosphere, aluminium triflate (98%, Sigma Aldrich) 

and zinc chloride (99%, abcr) were stored under argon in a glove box. Cyclopentadiene (CPD) was 

prepared by thermal cracking of dicyclopentadiene (TCI) over iron(0) at 180°C.   

NMR-Spectroscopy: 1H-NMR and 13C-NMR were recorded at ambient temperature on 300 MHz 

spectrometers (Avance 300 respectively Fourier 300) or a 400 MHz spectrometer (Avance 400) from 

Bruker. The chemical shifts  are given in ppm and referenced to the residual proton signal of the 

deuterated solvent used.  

Gel permeation chromatography (GPC): Gel permeation chromatograms were recorded with 1260 

Infinity GPC/SEC System from Agilent Technologies. The setup consisted of a SECcurity Isocratic Pump, 

SECcurity 2-Canal-Inline-Degaser, SECcurity GPC-Column thermostat TCC6000, SECcurity Fraction 

Collector and SECcurity Differential Refractometer detector. The measurements were performed at a 

constant temperature of 50 °C using three columns with a polyester co-polymer network as the 

stationary phase (PSS GRAM 30 Å, 10 μm particle size, 8.0 × 50 mm; PSS GRAM 30 Å, 10 μm particle 

size, 8.0 × 300 mm; PSS GRAM 1000 Å particle size, 8.0 × 300 mm). THF was applied as the mobile 

phase with a flow rate of 1 mL·min–1. Polystyrene standards from ReadyCal (PSS-pskitr1l-10, Mp = 370–

2520000 g·mol–1) were used for calibration purposes. 

Differential scanning calorimetry (DSC): Melting points and glass transition temperatures of polymers 

were measured with a Star-SW DSC from Mettler Toledo using the following temperature program: -

90.00 °C isothermal 5.00 min; Ramp 10.00 °C min-1 to 200.00 °C; Ramp 10.00 °C/min to -90.00 °C; -

90.00 °C isothermal 5.00 min; Ramp 10.00 °C min to 200.00 °C; Ramp 10.00 °C/min to -90.00 °C. 

TGA measurements were conducted with an STA-499-Jupiter DSC/TGA device from Netzsch using a 

heating rate of 10.00°C from 25°C to 600°C under a nitrogen atmosphere.  

2. Preparation of a mixture of angelica lactones with 90 mol-% content of the β-isomer 

-angelica lactone (98%, 120 g, 1.2 mol) was added to a 250 ml two neck flask equipped with a 

condenser and a magnetic stirrer followed by the addition of triethyl amine (5 mol-%, 8.5 ml). The 

mixture was heated to 100 °C under an argon atmosphere and monitored by 1H-NMR. After 1.5 hours 

a ratio of β/α-angelica lactone of 90-95/10-5 was reached and the condenser exchanged with a 

distillation head. Subsequent vacuum distillation at 6 x10-2 mbar yielded two fractions: 38-42°C 

containing mainly the α-isomer. 45-50°C yielded a mixture of angelica lactones with 90 mol-% content 

of the β-isomer (106 g, 88% of theory). 

mailto:johannes.devries@catalysis.de
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1H NMR (400 MHz, CD2Cl2, signals of β-isomer are reported) δ 7.46 (dd, J = 5.7, 1.5 Hz, 1H), 6.04 (dd, J 

= 5.7, 2.0 Hz, 1H), 5.11 (qt, J = 6.9, 2.0, 1.5 Hz, 1H), 1.41 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CD2Cl2) 

δ 173.3, 158.0, 121.3, 80.0, 19.0. 

3.  Screening procedure of the DA-reaction with -Angelica lactone and CPD 

In a dry and argon purged 10 ml reaction tube the angelica lactone mixture (-AL=90%, 10 mmol, 900 

µl) and the desired catalyst were mixed. Freshly prepared CPD (3.0-10 eq. 2.5-8.3 ml) was added, the 

tube was sealed and heated with a microwave oven to the desired reaction temperature where it is 

kept for the indicated time.  

The 2 diasteroisomers of the product were separated by flash column chromatography (heptane/ethyl 

acetate 8:2), affording the endo and exo isomers (each of them is a racemic mixture of 4 stereoisomers) 

adduct as colourless oils (endo: 949 mg, 5.9 mmol, 30%; exo: 119 mg, 0.7 mmol, 7%; endo/exo 89/11). 

exo 1H NMR (300 MHz, CD2Cl2) δ 6.21 – 6.04 (m, 2H), 4.17 (qd, J = 6.4, 3.2 Hz, 1H), 3.24 – 3.03 (m, 1H), 

2.82 (dtq, J = 3.1, 1.5, 0.8 Hz, 1H), 2.59 (dt, J = 8.3, 1.3 Hz, 1H), 2.08 – 1.97 (m, 1H), 1.50 – 1.35 (m, 7H), 

1.30 (d, J = 6.4 Hz, 3H). 13C NMR (75 MHz, CD2Cl2) δ 177.4, 136.4, 134.9, 78.9, 51.6, 48.5, 48.2, 46.0, 

45.6, 22.8.  

endo 1H NMR (300 MHz, CD2Cl2) δ 6.22 – 6.09 (m, 2H), 3.95 (qd, J = 6.5, 3.1 Hz, 1H), 3.26 – 2.97 (m, 3H), 

2.67 – 2.54 (m, 1H), 1.57 – 1.46 (m, 1H), 1.39 – 1.29 (m, 1H), 1.25 (d, J = 6.5 Hz, 3H). 13C NMR (75 MHz, 

CDCl3) δ 177.3, 137.6, 137.5, 80.7, 50.0, 48.9, 47.6, 46.3, 43.1, 23.2. 

4. Semi continuous synthesis of the -Angelica lactone CPD adduct 

A 500 mL 2-neck round bottom flask was filled with dicyclopentadiene (100 mL) and iron(0) powder 

and equipped with a distillation setup. Cyclopentadiene was obtained by thermal cracking of its 

corresponding dimer at 180 °C and then condensed into a dropping funnel. 2 equivalents (84 mL, 67 g, 

1.0 mol) were dropped over 10 hours into a 1 liter 3-necks round bottom flask containing the angelica 

lactone mixture (-AL=90%; 50 g, 0.5 mol) and zinc(II) chloride (3.5 g, 0.03 mol, 0.05 eq) while heating 

up to 70 °C. Once the addition was complete, the reaction was stirred for another 10 hours and 

monitored by GC. After cooling down to room temperature, acetone (80-150 ml) was added to 

precipitate the Lewis acid catalyst. The liquid phase was concentrated in vacuo and the remaining AL 

dimers were eventually precipitated by addition of ice cold methanol (100 ml) followed by filtration. 

Solvent removal afforded the product as an orange liquid (69 g, 0.4 mol, 82% yield, endo:exo 89/11). 

 

5. Screening of the DA-reaction with other dienes 

Microwave-assisted reactions. In an oven-dried 10 mL reaction tube the angelica lactones mixture (-

AL=90%; 98 mg, 1 mmol), the desired solvent (if used, 2 mL) and catalyst (5 mol%) were added under 

argon. The diene (10 eq) was added subsequently while stirring the mixture, then the tube was placed 

in a microwave oven and heated at the desired temperature for the indicated time (Table S1). 
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Table S1 Screening of the reaction conditions for the DA-reaction between -AL and different dienes 

 

 

Entry Substrate Lewis Acid Solvent Temperature 

[°C] 

Time 

[min] 

DAa 

[%] 

1  2,5-DMFb - - 60 30 0 

2 2,5-DMF ZnCl2 - 60 30 0 

3 2,5-DMF Et3Al / AlCl3 - 90 30 0 

4 -Farnesene ZnCl2 - 60 30 0 

5 -Farnesene AlCl3 - 60 30 0 

6 -Farnesene Et3Al / AlCl3 - 90 30 0 

7 -Farnesene Et3Al / AlCl3 Toluene 110 90 0 

8 Myrcene ZnCl2 - 60 30 < 2% 

9 Myrcene Et3Al / AlCl3 - 90 30 < 2% 

10 Myrcene Et3Al / AlCl3 Toluene 110 90 0 

11 Myrcene In(OTf)3 - 70 60 0 

12 Myrcene Sm(OTf)3 - 70 60 0 

13 Furane ZnCl2 - 60 30 0 

14 Furane Et3Al / AlCl3 - 90 30 0 

15 Furane Et3Al / AlCl3 Toluene 110 90 0 

16 Furane Yb(OTf)3 - 70 30 0 

17 Furane Yb(OTf)3 - 130 30 0 

18 Furfuryl alcohol ZnCl2 - 70 30 0 

19 Furfuryl alcohol ZnCl2 - 130 30 0 

20 Furfuryl alcohol AlCl3 - 70 30 0 

21 Furfuryl alcohol AlCl3 - 130 30 0 

22 Isoprene ZnCl2 - 70 30 0 

23 Isoprene ZnCl2 - 130 30 0 

24 Isoprene AlCl3 - 70 30 0 

25 Isoprene AlCl3 - 130 30 0 

aGC conversion. b2,5-DMF = 2,5-dimethylfurane. 
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High temperature reactions. 4 mL glass vials equipped with magnetic stirring bar and PTFE septum 

were filled with the angelica lactones mixture (-AL=90%; 98 mg, 1 mmol) and the diene (10 eq) under 

argon. The vials were then pierced with needles and placed in a 300 mL stainless steel autoclave, which 

was pressurised with 20 bar of nitrogen and heated up to 200 °C. The reaction was stirred for 16 hours, 

then cooled down to room temperature and the reaction mixture was filtered over a short path of 

silica and directly analysed by GC. 

 

Isoprene/AL. -Angelica lactone (0.1 mL, 1.0 mmol, 1 eq) and isoprene (2.0 mL, 20 mmol, 20 eq) were 

added to a stainless steel autoclave and pressurized with 30 bar of nitrogen (to prevent isoprene 

evaporation). The reaction was stirred at 200 °C for 24 hours. The crude was purified by flash column 

chromatography (heptane/EtOAc 8:2). The desired product (as mixture of 2 regioisomers, each of them 

containing 2 diasteroisomers and 2 enantiomers) was obtained as a yellow oil (99.5 mg, 0.6 mmol, 

60%). 

1H NMR (300 MHz, CDCl3) δ 5.45 – 5.32 (m, 1H), 4.25 – 4.15 (m, 1H), 2.85 – 2.67 (m, 1H), 2.37 – 2.04 

(m, 4H), 1.91 – 1.70 (m, 1H), 1.62 (dddt, J = 3.8, 2.4, 1.9, 0.9 Hz, 3H), 1.32 (dd, J = 6.4, 3.8 Hz, 3H). 13C 

NMR (75 MHz, CDCl3) δ 179.2, 179.1, 132.9, 132.4, 119.1, 118.8, 80.9, 80.9, 39.7, 38.6, 37.3, 36.3, 29.3, 

26.9, 25.0, 23.7, 23.4, 22.6, 19.3, 19.2.  

MS (EI): m/z calcd. for [C10H14O2]+: 166.1; found: 166. 

 

Myrcene/AL. -Angelica lactone (0.1 mL, 1.0 mmol, 1 eq) and myrcene (1.7 mL, 20 mmol, 20 eq) were 

added to a SS autoclave and pressurized with 30 bar of nitrogen (to prevent isoprene evaporation). 

The reaction was stirred at 200 °C for 24 hours. The crude was purified by flash column 

chromatography (heptane/EtOAc 8:2). The desired product (as mixture of 2 regioisomers, each of them 

containing 2 diasteroisomers and 2 enantiomers) was obtained as a yellow oil (127 mg, 0.54 mmol, 

54%). 

MS (EI): m/z calcd. for [C15H22O2]+: 234.3; found: 234. 

 

Farnesene/AL. -Angelica lactone (0.1 mL, 1.0 mmol, 1 eq) and farnesene (2.4 mL, 20 mmol, 20 eq) 

were added to a SS autoclave and pressurized with 30 bar of nitrogen (to prevent isoprene 

evaporation). The reaction was stirred at 200 °C for 24 hours. The crude was purified by flash-column 

chromatography (heptane/EtOAc 8:2). The desired product (as mixture of 2 regioisomers, each of them 
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containing 2 diasteroisomers and 2 enantiomers) was obtained as a yellow oil (41.3 mg, 0.18 mmol, 

18%). 

MS (EI): m/z calcd. for [C20H30O2]+: 302.5; found: 302. 

Table S2 Screening of the reaction conditions for the DA-reaction between -AL and different dienes 

 

Entry Diene Conversiona 

[%] 

1 2,5-DMF - 

2 -Farnesene 64 (18)b 

3 Myrcene > 99 (54) 

4 Furane - 

5 Furfuryl alcohol - 

6 Isoprene > 99 (60) 

aGC Conversion. bIsolated yields after column chromatography (Heptane/Ethyl acetate 8:2) are reported in brackets. 

 

 

6. Ring-opening metathesis polymerization of Cp/bAL adduct 

Solvent screening. To a stirred solution of Grubbs II catalyst (4.7 mg, 0.006 mmol, 0.25 mol%) in the 

desired solvent (Table 3) the Cp/AL adduct (0.2 mL, 2.2 mmol, 1 eq) was added under argon 

atmosphere. The reaction was stirred overnight. In few minutes after the addition, all the solutions 

turned opalescent and a white’ish precipitate appeared, except for the reaction in DCM. The reaction 

mixtures were then concentrated in vacuo and washed several times with methanol (using DCM to re-

dissolve the polymer). All the reaction afforded a white’ish, gummy solid. A small portion of each 

sample was dissolved in a DMF/LiBr solution and analyzed by GPC. 
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- MTBE 

 

Figure S1. GPC chromatogram of poly-Cp/AL; polymerization performed in MTBE. 

              𝑀𝑛 = 67.8 kDa; 𝑀𝑤= 138 kDa; Đ = 2.04 

- 2-Methyl-THF 

 

Figure S2. GPC chromatogram of poly-Cp/AL; polymerization performed in 2-Me-THF. 

𝑀𝑛 = 80.6 kDa; 𝑀𝑤 = 154 kDa; Đ = 1.91 
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- EtOAc 

 

Figure S3. GPC chromatogram of poly-Cp/AL; polymerization performed in EtOAc. 

 

𝑀𝑛 = 64.1 kDa; 𝑀𝑤 = 118 kDa; Đ = 1.85 

- MIBK 

 

Figure S4. GPC chromatogram of poly-Cp/AL; polymerization performed in MIBK. 
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𝑀𝑛 = 70.9 kDa; 𝑀𝑤 = 146 kDa; Đ = 2.06 

- DCM 

 

Figure S5. GPC chromatogram of poly-Cp/AL; polymerization performed in DCM. 

 

𝑀𝑛 = 122 kDa; 𝑀𝑤 = 264 kDa; Đ = 2.17 

Poly-norbornene. To a stirred solution of Grubbs II catalyst (4.7 mg, 0.006 mmol, 0.25 mol%) in 2 mL 

of dichloromethane, norbornene (207 mg, 2.2 mmol, 1 eq) was added under argon atmosphere. The 

reaction was stirred for 5 hours. The reaction mixtures were then concentrated in vacuo and washed 

several times with methanol (using DCM to re-dissolve the polymer). All the reaction afforded a 

white’ish, gummy solid. A small portion of each sample was dissolved in a THF and analyzed by GPC. 
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Figure S6. GPC chromatogram of poly-norbornene. 

𝑀𝑛 = 21.8 kDa; 𝑀𝑤 = 45.9 kDa; Đ = 2.11 

 

7. Contact angle measurements  

A film of the desired polymer (obtained by casting a solution of the polymer in dichloromethane on a 

Teflon mold and letting the solvent evaporate over 4 hours) was anchored to a stainless-steel flat 

surface (Figure S7-a). 10 L of distilled water were dropped on the polymer film using a Hamilton 

syringe. A picture of the drop was recorded using a DNT DigiMicro Profi digital microscope. Contact 

angles were determined by measuring the angle using CorrelDraw software. The reported values are 

the average between 3 different measurements. 
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Average contact angle: poly-Norbornene:  = 83.9°; poly-Cp/AL:  = 75.7° 
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8. Experiments at different monomer / initiator ratios. 

100:1 

 
200:1 
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400:1 

 

600:1 
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9. Spectral data 

1H-NMR of the angelica lactone product mixture 
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endo-Cp/AL 
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exo-Cp/AL 
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Isoprene/AL 

Due to the co-presence of different regio- and stereoisomers, NMR data for the other DA 

adducts are not easily intelligible. NMR was used mainly to confirm the absence of the AL 

(C=C signal), while ESI to confirm the product structure. 
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Myrcene/AL 
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- Farnesene/AL 
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- poly-Cp/AL 
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10. TGA/DSC analysis 

 

Figure S7 DSC-TG of the Cp/AL Diels-Alder adduct. 

 

Figure S8 DSC of poly-Cp/AL recorded. Two heating and cooling cycles from -90°C to 200°C are shown. Acquisition was carried 
out with a Star-SW DSC from Mettler Toledo. 
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Figure S9 TGA of poly-Cp/AL. The onset of decomposition (Td) was taken at 10% of mass loss. 
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Figure S10 Corresponding DSC trace to Figure S8 
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Ozonolysis of -angelica lactone: a renewable route to malonates  

Andrea Dell’Acqua, Lukas Wille, Bernhard M. Stadler, Sergey Tin and Johannes G. de Vries* 

aLeibniz Institut für Katalyse e. V. an der Universität Rostock 

Albert-Einstein-Strasse 29a, 18055 Rostock 

E-mail: johannes.devries@catalysis.de 

Supporting Information 

1. General information 

Reagents: -angelica lactone (98%, Sigma Aldrich), hydrogen peroxide (30% aqueous solution, Sigma 

Aldrich), dimethyl sulfide (>99%, Sigma Aldrich), sodium borohydride (98%, ABCR), palladium on 

activated charcoal (10% Pd, Fluka) and all the solvents (>99%, Walter) were used as received. 

NMR Spectroscopy: 1H-NMR and 13C-NMR were recorded at ambient temperature on 300 MHz 

spectrometers (Avance 300 or Fourier 300) or a 400 MHz spectrometer (Avance 400) from Bruker. The 

chemical shifts δ are given in ppm and referenced to the residual proton signal of the deuterated 

solvent used. 

Mass spectroscopy: measurements were recorded on an Agilent 6210 time-of-flight LC/MS (ESI) or on 

a Thermo Electron MAT 95-XP (EI, 70 eV). Peaks as listed correspond to the highest abundant peak and 

are of the expected isotope pattern. 

Ozonolysis: reactions were performed with a Sander model 301.19 ozonizer employing dry 

compressed air (Figure S1). 

 

Figure S8. Typical set-up for ozonolysis reactions. 

mailto:johannes.devries@catalysis.de
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2. Synthetic procedures 

Malonic acid (MA): -AL (2.50 g, 25.5 mmol) was dissolved in 50 mL of the required solvent (see Table 

1 in the main text). The solution was cooled down to the desired temperature (dry ice-acetone or ice-

water) and ozone was bubbled through the solution (2 g*h-1) until titration with KI showed an excess 

of ozone. Argon was bubbled through the reaction mixture for 30 minutes, the contents were carefully 

poured into hydrogen peroxide cooled at 0 °C (25 mL, 30% aq. solution, 255 mmol, 10 eq) and the 

resulting solution was stirred for further 20 hours at room temperature. After negative peroxide test, 

the aqueous layer was extracted with ethyl acetate (4x50 mL), the organic layer was concentrated 

under reduced pressure and dried in vacuo for 6 h. MA was obtained as a fine white powder in up to 

91% isolated yield (see Tables 1 and 2 in the main text). 

1H NMR (300 MHz, Acetone-d6) δ 10.71 (s, 2H), 3.39 (s, 2H). 13C NMR (300 MHz, Acetone-d6) δ 168.6, 

41.3.1 

ESI-MS (ES-): calculated for C3H4O4: 104.01; found: 103.00 [M-H]-. 

Methyl 3,3-dimethoxypropanoate (MOP Acetal): -AL (2.50 g, 25.5 mmol) was dissolved in 50 

mL of methanol (see Table 1 in the main text). The solution was cooled down to the desired 

temperature (dry ice-acetone or ice-water) and ozone was bubbled through the solution (2 g*h-1) until 

titration with KI showed an excess of ozone. Argon was bubbled through the reaction mixture for 30 

minutes, the contents were carefully poured into 19 mL of dimethyl sulfide (255 mmol, 10 eq) and 

stirred for a further 20 hours. The crude was concentrated to about half of the initial volume, then 

partitioned between water and ethyl acetate and the water phase extracted (4x50 mL EtOAc). The 

collected organic phases were washed with saturated aqueous NaHCO3 (100 mL) and brine to remove 

the residual acetic acid, the volatiles concentrated under reduced pressure affording pure MOP acetal 

as a colourless liquid in up to 46% isolated yield (see Tables 1 and 2 in the main text). 

1H NMR (300 MHz, Chloroform-d) δ 4.82 (t, J = 5.6 Hz, 1H), 3.68 (s, 3H), 3.35 (s, 6H), 2.64 (d, J = 5.9 
Hz, 2H). 13C NMR (300 MHz, CDCl3) δ 170.4, 101.4, 53.6, 51.9, 38.8.2 
 

ESI-MS (ES-): calculated for C6H12O4: 148.07; found: 147.05 [M-H]-. 

Monomethyl malonate (mMM): The general procedure described for the synthesis of MA was 

repeated using methanol as solvent. mMM was obtained after extraction with ethyl acetate and 

concentration in vacuum as colourless liquid (1.58 g, 52% yield). 

1H NMR (300 MHz, Chloroform-d) δ 3.78 (s, 3H), 3.45 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 171.7, 167.4, 
53.1, 41.3.1 

 

ESI-MS (ES-): calculated for C4H6O4: 118.03; found: 117.05 [M-H]-. 

Scale-up synthesis of MA: The procedure described for MA synthesis was repeated using 25 g (0.26 

mol) of aAL in 500 mL of ethyl acetate. The organic phase was concentrated after negative peroxide 

test, affording a colourless liquid. MA (22.71 g, 86% yield) was obtained as a white solid after extensive 

drying in vacuum.  
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MOP-acetal 
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mMM 
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3. Aldehyde trapping experiments 

 

The general procedure described in 2. was repeated, performing the reaction in D2O (250 mg of −AL 

in 5.0 mL of D2O). A 13C NMR sample was measured after purging the reaction mixture with argon for 

20 minutes, and the remaining solution worked-up following the procedure described above (1.0 mL 

Me2S as quenching agent, followed by water-acetate extraction). 

Before quenching (13C in D2O) 
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After quenching with Me2S and extraction 
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5. Proposed mechanism3, 4 

 

4. References 

1. F. Rajabi, C. Wilhelm and W. R. Thiel, Green Chem., 2020, 22, 4438-4444. 
2. M. Limbach, S. Dalai and A. de Meijere, Advanced Synthesis & Catalysis, 2004, 346, 760-766. 
3. R. Criegee, Angew. Chem. Int. Ed., 1975, 14, 745-752. 
4. R. L. Kuczkowski, Chem. Soc. Rev., 1992, 21, 79-83. 
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Glycolaldehyde as a Bio-based C1 Building Block for Selective N-

Formylation of Secondary Amines 
 

Matthew T. Flynn†, Xin Liu†, Andrea Dell’Acqua, Jabor Rabeah, Angelika Brückner, Eszter Baráth, 

Sergey Tin and Johannes G. de Vries* 

Leibniz-Institute für Katalyse, Albert-Einstein-Straße 29a, 18059 Rostock, Germany 

E-mail: Johannes.deVries@catalysis.de 

1. General considerations 

All experiments were performed under argon atmosphere by using standard Schlenk technique or in a 

glove box, if not stated otherwise. Dry THF, MeCN, toluene, CH2Cl2 and CHCl3 were purchased from 

Acros Organics, degassed and purged with argon prior to use. Chemicals were purchased from Sigma, 

Alfa, Strem, Abcr, Acros and TCI. Deuterated solvents were ordered from Deutero GmbH and stored 

over molecular sieves. NMR spectra were received using Bruker 300 Fourier, Bruker AV 300 and Bruker 

AV 400 spectrometers. Chemical shifts are reported in ppm relative to the deuterated solvent. 

Coupling constants are expressed in Hertz (Hz). The following abbreviations are used: s = singlet, d = 

doublet, t = triplet and m = multiplet. Analytical thin layer chromatography (TLC) was carried out using 

commercial silica-gel plates, spots were detected with UV light and revealed with KMnO4. GC analyses 

were performed on a Trace 1310 chromatograph with a 30 m HP column. The reported gas 

chromatography (GC) yields and conversions are based on a calibrated area of mesitylene as internal 

standard. HR-MS measurements were recorded on an Agilent 6210 time-of-flight LC/MS (ESI) or on a 

Thermo Electron MAT 95-XP (EI, 70 eV). Peaks as listed correspond to the highest abundant peak and 

are of the expected isotope pattern. EPR spectra were recorded on an X-band Bruker EMX CW-micro 

EPR spectrometer equipped with an ER4119HS high-sensitivity resonator using a microwave power of 

Ca 6.9 mW, modulation frequency of 100 kHz and modulation amplitude up to 5 G. The hν =gβB0 

equation was used to calculate g values with and B0 being the frequency and resonance field, 

respectively. EPR spectrum was simulated using SpinFit (Bruker). 
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2. Additional reactions 

 

Scheme S1. Substrate scope of N-formylation of primary amines 1 

 

Note: A small amount of the desired product 3o was observed in this reaction. The major by-product 

is N-benzylidenebenzylamine 8o which is the result of oxidative cross-coupling. 
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3. Mechanistic experiments 

3.1 Synthesis intermediate 5a from piperidine 1a and glycolaldehyde dimer 2a.  

 

 

General Procedure: Glycolaldehyde dimer 2a (60 mg, 0.50 mmol) was suspended in MeCN (2 mL) to 

make an 0.5 M solution. Then 1a (0.1 mL, 1.01 mmol) was added, and the mixture stirred at room 

temperature until a homogeneous solution formed. The reaction was then left without stirring at room 

temperature, depositing colourless crystals after 1 h. The reaction was left standing overnight and 

cooled to 0 °C for 1 h. The crystals were collected by filtration and washed with ice-cold MeCN, and 5a 

was obtained in 51% yield.  

The 1H-NMR of 5a was shown in Figure S1. 

1H-NMR (300 MHz, CDCl3) δ = 3.99 (dd, J = 9.6, 2.5 Hz, 1H), 3.86 – 3.76 (m, 1H), 3.70 (dd, J = 11.3, 9.6 

Hz, 1H), 2.83 – 2.73 (m, 2H), 2.64 – 2.52 (m, 2H), 1.59 – 1.50 (m, 4H), 1.48 – 1.40 (m, 2H) ppm. 

  

Figure S1. 1H-NMR of 5a in CDCl3 
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3.2 Obtained intermediate 6a from 5a.  

 

General Procedure: 5a which from 3.1 was easy monomerizes to 6a over time in CDCl3.  

The 1H-NMR of 6a was shown in Figure S2. 

1H-NMR (300 MHz, CDCl3) δ = 9.52 – 9.45 (m, 1H), 2.60 – 2.52 (m, 3H), 2.09 – 1.99 (m, 4H), 1.42 – 1.31 

(m, 5H), 1.21 – 1.10 (m, 2H) ppm. 

 

Figure S2. 1H-NMR of 6a in CDCl3 
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3.3 Synthesis of intermediate 7a 

 
General Procedure: Glycolaldehyde dimer 2a (300 mg, 2.50 mmol) was suspended in anhydrous 

toluene (50 mL) under argon. The toluene was degassed by bubbling argon for 30 minutes, and then 

1a (1.0 mL, 10.1 mmol) was added. The reaction mixture was heated to 90 °C for 2 h. Removal of the 

solvent under high vacuum gave a pale-yellow crystalline residue 7a in 89% yield. This residue could 

be distilled under vacuum to yield a colourless oil, which crystallized to a low-melting solid at room 

temperature and turned yellow over the course of 1-2 days while standing at room temperature under 

argon. 

The 1H-NMR of 7a was shown in Figure S3. 

1H-NMR (300 MHz, Toluene-d8) δ = 5.31 (s, 2H), 2.61 – 2.52 (m, 8H), 1.59 – 1.48 (m, 8H), 1.39 – 1.33 

(m, 4H) ppm. 

 

Figure S3. 1H-NMR of 7a in Toluene-d8 

 

 

4. Selective N-formylation of secondary amines 

4.1 General method of this reaction system 

General Procedure: In a Schlenk tube (20 mL), glycolaldehyde dimer 2a (60 mg, 0.5 mmol) was 

suspended in acetonitrile (5 mL), and secondary amine 1 (2.0 mmol) were added. The reaction mixture 

was heated to reflux under air for 4 h. After removal of all volatiles in vacuo the crude mixture was 

purified by column chromatography on silica gel to afford the isolated yield of products. 
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4.2 Characterization data of products 

N-formylpiperidine (3a)  

 

According to the GP: The compound 3a was obtained by column chromatography (SiO2, 

pentane:ethyl acetate = 5:1 and 3% of Et3N) as colourless solid (91.5 mg, 0.811 mmol, 81 %) 

1H-NMR (300 MHz, CDCl3, 25 °C) δ = 7.89 (s, 1H), 3.47 – 3.28 (m, 2H), 3.28 – 3.13 (m, 2H), 1.66 – 1.52 

(m, 2H), 1.52 – 1.37 (m, 4H) ppm. 

13C-NMR (75 MHz, CDCl3, 25 °C) δ = 160.65, 46.68, 40.45, 26.45, 24.96, 24.57 ppm. 

The spectroscopic data correspond to those reported in the literature.1  

 

N-formylmorpholine (3c)  

 

According to the GP: The compound 3c was obtained by column chromatography (SiO2, pentane:ethyl 

acetate = 50:1 and 3% of Et3N) as colourless solid (85.3 mg, 0.741 mmol, 74 %) 

1H-NMR (300 MHz, CDCl3, 25 °C) δ = 8.15 – 7.87 (m, 1H), 3.71 – 3.63 (m, 4H), 3.59 – 3.54 (m, 2H), 3.39 

– 3.31 (m, 2H) ppm. 

13C-NMR (75 MHz, CDCl3, 25 °C) δ = 160.92, 67.30, 66.50, 45.86, 40.67 ppm. 

The spectroscopic data correspond to those reported in the literature.1  

 

N-methyl-N-phenylformamide (3f)  

 

According to the GP: The compound 3f was obtained by column chromatography (SiO2, pentane:ethyl 

acetate = 5:1 and 3% of Et3N) as yellow oil (91.7 mg, 0.680 mmol, 68%)  

1H-NMR (300 MHz, CDCl3, 25 °C) δ = 8.53 – 8.42 (m, 1H), 7.45 – 7.36 (m, 2H), 7.31 – 7.22 (m, 1H), 7.19 

– 7.14 (m, 2H), 3.30 (s, 3H) ppm. 

13C-NMR (75 MHz, CDCl3, 25 °C) δ = 162.31, 142.15, 129.61, 126.37, 122.32, 32.01 ppm. 

The spectroscopic data correspond to those reported in the literature.2  
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diphenylformamide (3g)  

 

According to the GP: The compound 3g was obtained by column chromatography (SiO2, pentane:ethyl 

acetate = 5:1 and 3% of Et3N) as yellow oil (118 mg, 0.599 mmol, 60%)  

1H-NMR (300 MHz, CDCl3, 25 °C) δ = 8.70 (s, 1H), 7.48 – 7.38 (m, 4H), 7.37 – 7.28 (m, 4H), 7.24 – 7.16 

(m, 2H) ppm. 

13C-NMR (75 MHz, CDCl3, 25 °C) δ = 161.46, 141.50, 139.33, 129.41, 128.90, 126.76, 126.59, 125.83, 

124.79 ppm. 

The spectroscopic data correspond to those reported in the literature.3  

 

N,N-dibutylformamide (3k)  

 

According to the GP: The compound 3k was obtained by column chromatography (SiO2, pentane:ethyl 

acetate = 10:1 and 3% of Et3N) as colourless solid (110 mg, 0.702 mmol, 70%)  

1H-NMR (300 MHz, CDCl3, 25 °C) δ = 8.02 (s, 1H), 3.33 – 3.22 (m, 2H), 3.17 (t, J = 7.1 Hz, 2H), 1.57 – 1.43 

(m, 4H), 1.38 – 1.18 (m, 4H), 0.91 (td, J = 7.2, 2.1 Hz, 6H) ppm. 

13C-NMR (75 MHz, CDCl3, 25 °C) δ = 162.74, 47.21, 41.89, 30.77, 29.43, 20.20, 19.67, 13.83, 13.67 ppm. 

The spectroscopic data correspond to those reported in the literature.4  

 

 

(1R, 2S)-(-)-Ephedrine (3m)   

 

Full conversion was achieved after 16 hours under 1 atm of oxygen. Compound 3m was obtained by 

column chromatography (SiO2, hexane:ethyl acetate = 6:4) as a viscous yellow oil (102 mg, 0.273 mmol, 

27%). Mixture of diasteroisomers (cis : trans = 4:6). 



111 
 

1H-NMR (300 MHz, CDCl3, 25 °C) δ =  7.83 (s, 1H), 7.67 (s, 1H), 7.40 – 7.19 (m, 5+5H), 4.85 (d, J = 4.2 

Hz, 1H), 4.59 (d, J = 6.7 Hz, 1H), 4.06 – 3.68 (bs, 1+1H), 3.60 (p, J = 6.9 Hz, 1H), 2.78 (s, 3H), 2.67 (s, 3H), 

1.32 (d, J = 6.9 Hz, 3H), 1.19 (d, J = 7.1 Hz, 3H). 

13C-NMR (75 MHz, CDCl3, 25 °C) δ = 163.73, 163.24, 141.74, 141.63, 128.59, 128.27, 128.14, 127.64, 

126.26, 126.21, 76.22, 75.82, 60.10, 55.71, 33.18, 27.33, 14.39, 11.05. 

The spectroscopic data correspond to those reported in the literature.5  

 

 

5. NMR spectra 

 

Figure S4. 1H-NMR of 3a in CDCl3 
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Figure S5. 13C-NMR of 3a in CDCl3 

 

Figure S6. 1H-NMR of 3c in CDCl3 
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Figure S7. 13C-NMR of 3c in CDCl3 

 

Figure S8. 1H-NMR of 3f in CDCl3 
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Figure S9. 13C-NMR of 3f in CDCl3 

 

 

 

 

 

 

 

Figure S10. 1H-NMR of 3g in CDCl3 
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Figure S11. 13C-NMR of 3g in CDCl3 

 

Figure S12. 1H-NMR of 3h in CDCl3 
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Figure S13. 13C-NMR of 3h in CDCl3 

 

 

Figure S14. 1H-NMR of 3m in CDCl3 
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Figure S15. 13C-NMR of 3m in CDCl3 

 

6. EPR experiments 

In a 5 mL vial, piperidine (67 mg, 0.78 mmol, 2 eq) and glycolaldehyde dimer (47 mg, 0.39 mmol, 1 eq) 

were dissolved in 2 mL of acetonitrile. The vials were sealed with a septum, then bubbled either with 

argon or oxygen and heated at 90 °C for 4 hours. EPR spectra were recorded on a Bruker cw ELEXSYS 

500-10/12 spectrometer (X-band, 9.7 GHz) with a microwave power of 6.3 mW, a modulation 

frequency of 100 kHz and modulation amplitude of up to 1G. A special home-made flat cell (ID = 0.5 

mL) was filled under Ar with 0.2 mL of enamine solution and DMPO (10µL) and measured at 20 °C. 

 
Figure S16. EPR of the reaction between 1a and 2a. 
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7. ESI-MS 

In a 5 mL vial, piperidine (67 mg, 0.78 mmol, 2 eq), glycolaldehyde dimer (47 mg, 0.39 mmol, 1 eq) and 

DMPO (89 mg, 0.78 mmol, 2 eq) were dissolved in 2 mL of acetonitrile. The vials were sealed with a 

septum, then bubbled with oxygen and heated at 90 °C for 15 minutes. A sample was taken and diluted 

1:10 with cold acetonitrile, then ESI-MS measured. 

 
Figure S17. High-resolution ESI-MS spectrum of the reaction between 1a and 2a in the presence of DMPO. 

 

 

 

8. NMR Studies 

In a Young NMR tube, enamine 7a was diluted in CD3CN (ca. 0.1 g mol-1). The solution was bubbled 

with 1 atm of oxygen for 15 minutes, then the tube sealed and 1H NMR spectra (400 MHz) measured 

with an interval of 15 minutes. 

 
Figure S18. Stacked plot of time-resolved 1H-NMR of 7a in CD3CN in the presence of 1 atm of O2. 
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Figure S19. 1H-NMR spectrum from S18 after 1 hour 

 

 
Figure S20. 1H-NMR spectrum from S18 after 16 hours 
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New Bifunctional Monomers from Methyl Vinyl Glycolate. 

Andrea Dell’Acqua,a Claas Schünemann,a Eszter Baráth,a Sergey Tina and Johannes G. de Vries*a 

aLeibniz Institut für Katalyse e. V. an der Universität Rostock 

Albert-Einstein-Strasse 29a, 18055 Rostock 
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Supporting Information 

1. General information 
 

Reagents: Methyl vinyl glycolate was supplied by Haldor Topsøe A/S. All the other reagents and 

solvents were obtained from commercial sources and used as received unless noted otherwise. Dry 

solvents were obtained from a solvent purification system or purchased water-free in a bottle with 

septum. All the reagents and solvents were handled in oven-dried glassware using standard Schlenk 

techniques, unless otherwise stated. 

NMR-Spectroscopy: 1H-NMR and 13C-NMR were recorded at ambient temperature on 300 MHz 

spectrometers (Avance 300 or Fourier 300) or a 400 MHz spectrometer (Avance 400) from Bruker. The 

chemical shifts δ are given in ppm and referenced to the residual proton signal of the deuterated 

solvent used.  

Gas Chromatography (GC): GC analysis was carried out on an Agilent 7890B GC system with a HP-5 

normal-phase silica column, using He as a carrier gas and dodecane as internal standard. 

Gel permeation chromatography (GPC): Gel permeation chromatograms were recorded with 1260 

Infinity GPC/SEC System from Agilent Technologies. The setup consisted of a SECcurity Isocratic Pump, 

SECcurity 2-Canal-Inline-Degaser, SECcurity GPC-Column thermostat TCC6000, SECcurity Fraction 

Collector and SECcurity Differential Refractometer detector. The measurements were performed at a 

constant temperature of 50 °C using three columns with a polyester co-polymer network as the 

stationary phase (PSS GRAM 30 Å, 10 μm particle size, 8.0 × 50 mm; PSS GRAM 30 Å, 10 μm particle 

size, 8.0 × 300 mm; PSS GRAM 1000 Å particle size, 8.0 × 300 mm). THF was applied as the mobile 

phase with a flow rate of 1 mL·min–1. Polystyrene standards from ReadyCal (PSS-pskitr1l-10, Mp = 370–

2520000 g·mol–1) were used for calibration purposes. 

Differential scanning calorimetry (DSC): Melting points and glass transition temperatures of 

polyesters were measured with a Star-SW DSC from Mettler Toledo using the following temperature 

program: -90.00 °C isothermal 5.00 min; Ramp 10.00 °C min-1 to 150.00 °C; Ramp 10.00 °C/min to -

90.00 °C; -90.00 °C isothermal 5.00 min; Ramp 10.00 °C min to 150.00 °C; Ramp 10.00 °C/min to -90.00 

°C. 

mailto:johannes.devries@catalysis.de
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Infrared Spectroscopy: ATR-IR measurements were recorded on a Nicolet iS5 FT-IR (ThermoFisher) 

device calibrated on 1.5 mil polystyrene and equipped with a GladiATR 210 accessory from PIKE 

technologies. 

Mass spectroscopy (ESI-MS): measurements were recorded on an Agilent 6210 time-of-flight LC/MS 

(ESI) or on a Thermo Electron MAT 95-XP (EI, 70 eV). Peaks as listed correspond to the highest abundant 

peak and are of the expected isotope pattern. 

2. Experimental procedures 

Hydroformylation of MVG: In a glovebox, dicarbonyl(acetylacetonato)rhodium(I) (1.2 mg, 

0.005 mmol, 0.5 mol%) and the desired ligand (0.095 mmol, 0.1 eq) were weighted into a vial. 

The vial was sealed, equipped with a magnetic stirrer and transferred out of the glovebox. The 

desired solvent (toluene or THF, 1.35 mL, 0.7 mol/L with respect to MVG) and MVG (110 mg, 

0.95 mmol, 1 eq) were added under argon atmosphere. The vials were placed into a 300 mL 

Parr stainless steel autoclave and pierced with a needle. The autoclave was flushed three 

times with nitrogen, then pressurized with 10 bar of syngas and heated to 80 °C. After stirring 

overnight, the reaction was cooled down to room temperature, the crude mixtures filtered 

over celite, and volatiles evaporated under reduced pressure. The crude residue was dissolved 

in CDCl3 and analysed by 1H NMR and GC-MS. Linear product (1) 1H NMR (300 MHz, CDCl3) δ 

9.77 (t, J = 1.2 Hz, 1H), 4.23 (dd, J = 7.8, 4.2 Hz, 1H), 3.77 (s, 3H), 2.65 – 2.55 (m, 2H), 2.48 – 

2.36 (m, 2H). Branched product (2), mixture of 2 diasteroisomers: 1H NMR (300 MHz, CDCl3) δ 

9.73 (d, J = 0.7 Hz, 1H), 9.65 (s, 1H), 4.76 (d, J = 3.0 Hz, 1H), 4.42 (d, J = 3.9 Hz, 1H), 3.77 (s, 3H), 

3.75 (s, 3H), 2.54 – 2.37 (m, 1H), 2.37 – 2.12 (m, 1H), 1.26 (d, J = 7.3 Hz, 3H), 1.12 (d, J = 7.2 Hz, 

3H). 13C NMR (75 MHz, CDCl3) δ 201.9, 201.7, 174.9, 70.9, 69.6, 53.1, 53.0, 49.8, 49.6, 9.9, 7.6. 

Hydroxyacetal (3), mixture of 2 diasteroisomers: 1H NMR (300 MHz, CDCl3) δ 5.75 – 5.71 (m, 

1H), 5.60 (t, J = 3.2 Hz, 1H), 4.71 (dd, J = 8.6, 4.2 Hz, 1H), 4.55 (dd, J = 8.2, 7.1 Hz, 1H), 3.75 (s, 

3H), 3.72 (s, 3H), 2.11 – 1.82 (m, 6H). 13C NMR (75 MHz, CDCl3) δ 174.8, 173.2, 100.2, 99.7, 

77.2, 76.3, 52.5, 52.3, 33.7, 32.2, 28.1, 28.0. 

 

Methylation of MVG: In a 250 mL Schlenk flask Ag2O (19.6 g, 84.4 mmol, 2 eq) was suspended in 60 

mL of diethyl ether (0.7 mol/L with respect to MVG). MVG (4.90 g, 42.2 mmol, 1 eq) was added under 

argon atmosphere. To the stirred suspension, methyl iodide (13.0 g, 84.4 mmol, 2 eq) was slowly added 

via syringe. The reaction was stirred at room temperature while monitoring the conversion by GC. 

After 60 hours, MVG was fully converted. The reaction was filtered to remove the solids, then the 
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solvent and the excess of methylating agent removed by carefully distilling under vacuum, affording a 

colourless liquid (5.51 g, quantitative yield). The analytical data corresponds to the known literature.1 

1H NMR (300 MHz, CDCl3) δ 5.85 (ddd, J = 17.2, 10.4, 6.4 Hz, 1H), 5.46 (dt, J = 17.2, 1.3 Hz, 1H), 

5.34 (dt, J = 10.4, 1.3 Hz, 1H), 4.26 (dt, J = 6.4, 1.3 Hz, 1H), 3.76 (s, 3H), 3.40 (s, 3H). 13C NMR 

(75 MHz, CDCl3) δ 171.1, 132.7, 119.6, 81.7, 57.5, 52.4. 

 

Acetylation of MVG: In a 50 mL Schlenk flask, MVG (550 mg, 4.74 mmol, 1 eq) and pyridine (750 mg, 

9.47 mmol, 2 eq) were dissolved in dichloromethane (16 mL, 0.3 mol/L with respect to MVG). To the 

stirred mixture, acetic anhydride (967 mg, 9.47 mmol, 2 eq) was slowly added via syringe. The reaction 

was stirred at room temperature overnight, then poured into ice-cold water and extracted three times 

with DCM. The organic phase was washed with 1M HCl, water and brine, then dried over Na2SO4 and 

concentrated in vacuum, affording 746 mg of colourless liquid (quantitative yield). The analytical data 

corresponds to the known literature.2  

1H NMR (400 MHz, CDCl3) δ 5.87 – 5.77 (m, 1H), 5.41 – 5.31 (m, 2H), 5.24 (ddd, J = 10.5, 1.4, 

0.9 Hz, 1H), 3.63 (s, 3H), 2.04 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 169.7, 168.7, 129.9, 119.5, 

72.8, 52.3, 20.3. 

Methoxycarbonylation reactions: In a glovebox, palladium(II) diacetate (1.7 mg, 0.01 mmol, 1.0 mol%) 

and the desired ligand (0.02 mmol, 2.0 ml%) were weighted into a vial. The vial was sealed, equipped 

with a magnetic stirrer, and transferred out of the glovebox. Methanol (1.5 mL, 0.5 mol/L with respect 

to the substrate), methanesulfonic acid (2.2 mg, 0.02 mmol, 2 mol%) and the desired MVG derivative 

(see Table 2 main text; 0.80 mmol, 1 eq) were added under argon atmosphere. The vials were placed 

into a 300 mL Parr stainless steel autoclave and pierced with a needle. The autoclave was flushed three 

times with nitrogen, then pressurized with the desired pressure of carbon monoxide and heated to the 

required temperature. After stirring for the desired time, the reaction was cooled down to room 

temperature, the crude mixtures filtered over celite, and volatiles evaporated under reduced pressure. 

The crude was purified by flash column chromatography (gradient elution, from 100% n-hexane to 

100% ethyl acetate), affording the diester as a yellowish liquid. 

1H NMR (300 MHz, CDCl3) δ 3.82 (dd, J = 7.8, 4.7 Hz, 1H), 3.75 (s, 3H), 3.67 (s, 3H), 3.38 (s, 3H), 2.44 

(ddd, J = 7.7, 7.0, 3.6 Hz, 2H), 2.18 – 1.92 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 173.4, 172.7, 79.3, 58.4, 

52.1, 51.8, 29.6, 27.9. ESI-MS (ES+): calculated for C8H14O5: 191.0919; found: 213.0737 [M-Na]+. 

 

Polycondensation reactions: A 5 mL vial equipped with stirring bar was charged with the desired diol 

(2.0 mmol, 1 eq) and 8 (380 mg, 2.0 mmol, 1 eq). The starting materials were extensively dried via 
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vacuum-argon cycles, then titanium(IV) isopropoxide (3.2 mg, 0.01 mmol, 1 mol%) was added via 

syringe and the reaction heated up to 150 °C. After stirring under argon atmosphere for 6 hours, 

vacuum was applied for 1 hour. Viscosity visibly increased up to the point that the mixture wasn’t 

stirred. Temperature was then increased to 190 °C and the reaction kept in vacuum another hour. 

After cooling down to room temperature, the solid products were analysed by NMR and GPC. 

3.  Screening of reaction conditions for the methylation of MVG 

 

Entry Conditions Outcome 

1 NaH, THF, 0 °C – r.t., 16 h C=C isomerization 

2 Ag2O, Et2O, r.t., 24 h 6 (49 % after FCC) 

3 K2CO3, THF, 80 °C, 1 h - 

4 K2CO3, MeOH, 80 °C, 1 h MeOMVG dimerization 

5 K2CO3, neat, 80 °C, 1 h - 

6 K2CO3, acetone, 80 °C, 1 h - 

7 NaOMe, MeOH, 80 °C, 1 h C=C isomerization 

8 DIPEA, Et2O, r.t., 48 h C=C isomerization 
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4. Mechanisms involved in the Pd-catalysed methoxycarbonylation 
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5. Characterization of products 

NMR Spectra 

 

- Representative spectra in CDCl3 of the crude mixture after hydroformylation of MVG using 
PPh3 as ligand (Table 1 main text, entry 1 and 2): 
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- Representative spectra in CDCl3 of the high linear containing mixture after hydroformylation 
of MVG using Xantphos as ligand (Table 1 main text, entry 3 and 4): 
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NMR spectra of isolated products: 
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GC-MS 
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ESI-MS Chromatograms 

 

 

 

ATR-IR 

 

 



151 
 

 

 

 

 

 



152 
 

 

 

 

 

 

 

 

 

 

 



153 
 

GPC Chromatograms 
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DSC 

 

 

 

 

 



156 
 

 

 



157 
 

 

 

 



158 
 

 

 

 

6. References 

1. J. Savard and P. Brassard, Tetrahedron, 1984, 40, 3455-3464. 

2. B. M. Jessen, J. M. Ondozabal, C. M. Pedersen, A. Sølvhøj, E. Taarning and R. Madsen, 
ChemistrySelect, 2020, 5, 2559-2563. 

 

 

 

 

 

 



159 
 

7.3 Curriculum Vitae 
 

Personal information                  

First name, Surname Andrea Dell’Acqua 

Address Voßstraße 14, 18059 Rostock (Germany) 

e-mail and.dellacqua@gmail.com 

Telephone +49 1522 240 8513 

Nationality Italian 

Date of birth (mm/gg/aa) 02/18/1994 

Education and Training 

October 2019 – September 2022 PhD, Dr. Rer. Nat. 

 Leibniz Institute for Catalysis, Rostock, Germany 

PhD Thesis Value-added products from bio-based platform chemicals 

Supervisor Prof. Dr. Johannes Gerardus de Vries 

October 2016 – October 2018 Master of Science in Chemical Sciences  

 
  Università Degli Studi Di Milano, Milan, Italy 

Master Thesis Base-metal catalysts for carbon-carbon and carbon-

heteroatom multiple bonds reduction 

Supervisors Prof. Dr. Cesare Gennari (Tutor: University of Milan) 

Dr. Luca Pignataro (Co-Tutor: University of Milan) 

Prof. Dr. Johannes Gerardus de Vries (Leibniz Institute for 

Catalysis, Rostock, Germany) 

Erasmus + Placement, 

6 months (March-August 2018) 

Leibniz Institute for Catalysis, Rostock, Germany 

Synthesis, characterization and applications in hydrogenation 

reactions of cobalt-NNS pincer complexes 

October 2013 - July 2016 Bachelor of Science in Chemistry  

 Università Degli Studi Di Milano, Milan, Italy 

Thesis Preparation of synthetic intermediates of RGD-Paclitaxel 

conjugates for 'Tumor targeting' applications 

Supervisors 

 

 

Pre-academic studies 

Prof. Dr. Cesare Gennari (Tutor: University of Milan) 

Dr. Luca Pignataro (Co-Tutor: University of Milan) 

 

High School Diploma: Maturità Scientifica  

 Liceo Scientifico Edith Stein, Gavirate, Italy 



160 
 

Professional Experience 
  

 

October 2018 – September 2019 Laboratory technician 

Catalysis with renewables & platform chemicals; Leibniz 

Institute for Catalysis, Rostock, Germany 

 

November 2016 – March 2017 

 
 

Laboratory technician  

R&D departement for fire-resistant coating; Aithon Ricerche 

International S.R.L., Ternate, Italy 

 Volunteering 

Octo    October 2015 – February 2018 Emergency/urgency rescuer; SOS dei Laghi Onlus, Travedona 

Monate, Italy 

 

Publications 

 
1. “Phosphine-free cobalt catalyst precursors for the selective hydrogenation of olefins”, Catal. 

Sci. Technol. 2019, 9, 61-64 
 

2. “Additive Free Isomerization of Allylic Alcohols to Ketones with a Cobalt PNP Pincer Catalyst”, 
Chem. Eur. J. 2019, 25, 7820-7825 

 

3. “Scalable synthesis and polymerisation of a -angelica lactone derived monomer”, Green Chem. 
2020, 22, 5267-5273 

 
4. “Metal-catalysed selective transfer hydrogenation of α,β-unsaturated carbonyl compounds to 

allylic alcohols”, Green. Chem. 2020, 22, 3323-3357 
 

5. “HMF–glycerol acetals as additives for the debonding of polyurethane adhesives”, Green Chem. 
2021, 23, 957-965 

 
6. “Ozonolysis of α-angelica lactone: a renewable route to malonates”, Chem. Commun., 2021, 57, 

10524-10527 
 

7. “Glycolaldehyde as a Bio-based C1 Building Block for Selective N-Formylation of Secondary 
Amines”, ChemSusChem., 2022, DOI: 10.1002/cssc.202201264 

 
 

 

 
 
 
 
 
 
 



161 
 

Contributions at conferences 

 
1. International Symposium on Homogeneous Catalysis, Amsterdam (Netherlands), 8-13/07/2018: 

Flash talk and poster (“Additive Free Isomerization of Allylic Alcohols to Ketones with a Cobalt 
PNP Pincer Catalyst”) 

 
2. 52. Jahrestreffen Deutscher Katalytiker, Weimar (Germany), 13-15/03/2019: poster 

(“Phosphine-free cobalt catalyst precursors for the selective hydrogenation of olefins”) 
 

3. International Symposium on Green Chemistry, La Rochelle (France), 13-17/05/2019: Oral 
communication (“Phosphine-free cobalt catalyst precursors for the selective hydrogenation of 
olefins”) 

 
4. 54. Jahrestreffen Deutscher Katalytiker (online), 16-19/03/2021: poster (“New and atom 

economic synthetic route towards a biobased angelica lactone cyclopentadiene polymer”) 
 

5. ACS Spring 2021 (online), 05-16/04/2021: Oral talk (“New and atom economic 
synthetic route towards a biobased angelica lactone-cyclopentadiene polymer”) 
 

6. Freiburg Macromolecular Colloquium 2022 (online), 23-25/02/2022: Poster presentation 
(“Angelica Lactones: renewable intermediates for the synthesis of monomers and polymers”) 
 

7. International Symposium on Green Chemistry, La Rochelle (France), 16-20/05/2022: Oral 
communication (“Angelica Lactones: renewable intermediates for the synthesis of monomers 
and polymers”) 
 

8. 55. Jahrestreffen Deutscher Katalytiker, Weimar (Germany), 27-29/06/2022: Lecture (“Use of 
Iridium-Catalyzed Transfer Vinylation as an Efficient Synthetic Route towards Bio-Based (bis)-
Vinyl Ether”) 
 

 

Awards - Best Master thesis by Fondazione Legnanese, Legnano     (Italy), 18/11/2018 

 
 
 
 
 
 
 
 
 
 
 
 
 
 


