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Abstract 
Current industrial processes, such as plastic production and energy sector, are strongly dependent 

on fossil-based feedstocks. However, these feedstocks have a limited availability and adverse 

environmental impact, thus developing new sustainable feedstocks is one of the biggest challenges 

of modern research.  

Terpenes are an abundant, but currently underutilised sustainable feedstocks. In terms of 

availability, the two major terpene feedstocks are limonene and pinene, but industrial 

biotechnology processes can deliver alternative terpene feedstocks, such as -elemene or farnesene. 

In this project limonene and -elemene were investigated in epoxidation and carbonation reactions. 

Epoxides are used in many branches of industry - for example in the polymer industry to produce 

polyethers, polycarbonates, polyesters and others. Epoxidation of -elemene was performed using 

three different catalysts: Venturello polyoxometalate (VENT), Mizuno polyoxometalate (MIZ) and 

trifluoroacetophenone (TFAP). All these use H2O2 as a green oxidant.  

It has been found that the epoxidation of -elemene is a consecutive reaction in which 

monoepoxide (BEMO) is formed first, then the bisepoxide (BEBO), and with long reaction times 

the trisepoxide (BETO). Epoxidation catalysed by VENT can be performed in flow microreactor 

and it can yield BEMO, BEBO and BETO. However, catalyst deactivation was found to be an 

issue.  

Epoxidation catalysed by MIZ can yield only BEMO and BEBO, but no BETO. The issues with 

complex catalyst degradation and high reaction dilution have to be addressed to make this reaction 

industrially viable. Epoxidation catalysed by TFAP is still to be explored with preliminary results 

showing it can epoxidise BE to BEMO, BEBO and BETO. 

Carbonation was first studied with 1,2-limonene oxide and 8,9-limonene oxide in order to achieve 

cyclic carbonates. The main focus was on using one catalyst for epoxidation and carbonation. The 

co-operative effect of VENT and Bu4NBr was observed during 1,2-limonene oxide carbonation, 

but it did not have significant effect on 8,9-limonene carbonation. The influence of temperature, 

pressure, different catalysts and the starting stereochemistry of epoxide was tested. The resultant 

carbonates (trans-1,2-limonene cyclic carbonate and 8,9-limonene cyclic carbonate) underwent 

thiol-ene reaction to create bi-functional carbonate compounds and opened with an excess of amine 

resulting in novel hydroxyurethanes. 

Carbonation of -elemene bisepoxide and trisepoxide was performed using the quaternary 

ammonium salt Bu4NBr in order to produce novel cyclic carbonates. The reactivity of each epoxide 

was dependent on the reaction temperature. Preliminary polymerisation studies were performed on 
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-elemene biscarbonate (BEBC), but due to the low purity of monomer these were unsuccessful in 

yielding polymers. However, the experiments confirmed that BEBC can react with an amine 

resulting in hydroxyurethanes. The purity of BEBC could be improved by a better synthesis 

method as the main by-product is -elemene monocarbonate monoalcohol (BEMCMD) which is a 

result of epoxide rearranging. It might be due to inefficient CO2 mass transfer, high reaction 

temperature or a complex interaction between both of those.  

Carbonation of BETO yielded -elemene biscarbonate monoepoxide (BEBCMO) and -elemene 

triscarbonate (BETC).  However, BETC suffered the same issues as BEBC and under reaction 

conditions a mixture of BETC and -elemene biscarbonate monoalcohol (BEBCMD) was 

produced. The most interesting carbonate synthesised was BEBCMO as it is a bi-functional 

carbonate species suitable for NIPU synthesis which has an additional epoxide group available for 

postfunctionalisation. BEBCMO can be synthesised selectivity at 100 °C, which is 40 °C reduction 

in the reaction temperature comparing to the BEBC and BETC synthesis. 

In this work, the catalytic approach to BE epoxidation was shown and carbonation reaction was 

investigated as a way of utilising epoxides and another renewable feedstock – CO2. Carbonation 

was first investigated using 1,2-limonene oxide and 8,9-limonene oxide. Then the carbonation of 

BEBO and BETO was investigated.  
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Structure of this thesis 
 

This thesis consists of 5 chapters. Each of the chapters, except Chapter 2 (Aims and Objectives), 

has its own reference list included at the end of the chapter. 

Chapter 1 provides background information to renewable feedstocks and presents terpenes as one 

of the viable renewable feedstocks. It contains an overview of terpene uses and their application in 

renewable polymers. The polymers overview focuses on the materials synthesised from terpene 

epoxides and further functionalisation of terpene-derived materials, but other examples are 

presented as well. The chapter finishes with examples of terpene-based polymers which could find 

their application in sustainable coatings. 

Chapter 2 includes the aims and objectives of this PhD project. 

Chapter 3 and Chapter 4 are results sections. Each of them starts with an introduction which 

provides background information relevant to the methods used in the experiments and shows 

opportunities for future work. Chapter 3 and Chapter 4 contain their own sections with conclusions, 

future work and experimental section. Future work is not as detailed as it is going to be in the 

Chapter 5. 

Specifically, Chapter 3 provides an inside into terpenes epoxidation and presents results from three 

different catalytic procedures used for epoxidation of -elemene, a terpene feedstock available via 

industrial biotechnology. Chapter 4 focuses on terpene-derived cyclic carbonates. It starts with 

work on monofunctional limonene cyclic carbonates and continues with cyclic carbonates derived 

from -elemene epoxides synthesised in Chapter 3. 

Chapter 5 contains a detailed description of overall conclusions and recommended future work. 
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same naming system presented on the figure below. The abbreviations of the main compounds in 

this thesis are included in the list below. 

 
 

 

 

Compounds abbreviated in this thesis 
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1. Introduction and literature review 

This section includes background information about crude oil and the petrochemical industry with 

focus on non-energy uses of crude oil, especially polymers. This is followed by an introduction to 

renewable feedstocks and renewable polymers. This section continues with terpenes, their 

application in industry and an overview of terpene-based polymers.  

 

1.1 Crude oil 

Our modern lifestyle highly depends on crude oil; from 2009 to 2018, the worldwide daily demand 

for crude oil increased by 18% and is predicted to continue to increase.
1
 However, in the United 

Kingdom between 2004 and 2017, oil consumption experienced a general decline, with a small 

increase of consumption from 2014 to 2017.
2
 The majority of the UK’s oil demand comes from the 

transport sector – car travel, goods vehicles, busses and air travel. In the UK, about 10% of the 

overall oil consumption is dedicated to non-energy uses, where oil is used as feedstock to produce 

goods, for example plastics and chemicals.
3
 

 

The oil industry is vital for maintaining our modern lifestyle; however, oil exploration and 

production have negative environmental impacts.
4
 A great deal of effort is dedicated to reducing oil 

dependence via the use of renewable energy sources and renewable feedstocks. Renewable 

feedstocks are especially important for ensuring lower oil dependence for everyday use materials, 

such as polymers, which currently are mostly produced from petrochemical resources.
5
 

1.2 Polymers 

Polymers are well known and widely used materials. They can have diverse structures, tuneable 

properties and they can come from various natural or synthetic sources. Synthetic polymers have 

various structures and properties, thus technically, they can be used in all branches of industry.
6
 

Polymers are produced on a multimillion tonnes scale in form of plastics, rubbers and fibres. The 

world production of plastics rose by 50 % from 2002 to 2013 and in 2017 it reached 348 million 

metric tonnes.
7
 Synthetic rubber production reached 15 million metric tonnes worldwide in 2017.

8
 

Synthetic fibres production reached almost 65 million tonnes worldwide in 2017.
9
 Based on the 

production volumes, plastics have the highest environmental impact. According to the Ellen 

MacArthur Foundation, plastics used as packaging materials have the most significant 

environmental impact due to their high production volumes and disposable character.
10

 However, 

there are also increasing global demands for other types of polymers which are used in coatings, 
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foams or paints, such as polyurethanes. The polyurethane global demand has increased by 25 % 

from 2012 to 2017 and reached 16.9 million metric tonnes in 2017, thus finding more sustainable 

alternatives is desirable.
11

 

The use of plastics and their end of life raise substantial environmental concerns in Europe and 

globally. The properties of plastics that make them desirable high performance materials, such as 

high durability and resistance to degradation, make most plastics resistant to biodegradation in the 

natural environment.
12

 From 1950 to 2015 about 6300 million metric tonnes of plastic waste were 

generated worldwide. Only 9% of plastic waste produced was recycled and 12 % was incinerated. 

The rest was disposed in landfill or was released into the environment.
12

 

 

Influenced by the growing European plastic problem, in 2015 the European Commission adopted 

its Circular Economy Action Plan and in 2018 the European Commission released its brochure on 

the Strategy for Plastics in Circular Economy that included commitment to ensure all packaging 

plastics on the EU market are either reusable or recyclable in a cost-effective manner by 2030.
13

 

The brochure also indicated the importance of consumer behaviour, innovative materials and 

alternative feedstocks. Compostable and biodegradable plastics are of special interest.
13

 Following 

this, SusChem, a pan-European body launched by the European Commission in 2004, released its 

Plastics Strategic Research Innovation Agenda, which identified areas where the circularity of 

plastics can be improved.
14

 Circularity in terms of alternative feedstock includes using agricultural 

biomass, forest biomass and waste based raw materials as feedstock for bio-based polymers. The 

key challenges are related to inefficiencies in biomass to product processes, for example low yields, 

high energy demand and complexity of feedstock.
14

 

1.3 Renewable feedstocks for chemicals and plastics 

The use of renewable feedstocks in manufacturing has attracted increasing interest in recent years 

as the conversion of waste streams to high value chemical feedstocks is economically appealing. 

The particular application strongly depends on the type of feedstock, its availability and price.
15

 

The cost and availability have to match the demand for the product. Another factor in choosing 

renewable feedstock is its oxygen content, which is important in terms of processing.
15, 16

 In 

general, natural products are often stereochemically and regiochemically pure which is potentially 

valuable for the chemical industry.
17

 

Commercially, renewable feedstocks like carbohydrates, vegetable oils and lignocellulosic waste, 

are used in sustainable production of goods in various branches of industry. Carbohydrates like 

corn starch, sucrose and cassava are used in fermentation processes to produce lactic acid, 

propanediol, butanediol, succinic acid and terpenes.
18

 Additionally, polyols which are used in food 
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industry can be derived via hydrogenation or hydrogenolysis of carbohydrates.
19

 Vegetable oils can 

be used in soaps, detergents, surfactants and lubricants.
19

 Lignocellulosic waste is a particularly 

challenging feedstock due to its ill-defined structure.
15

 The fermentation of lignocellulosic material 

performed by the company Virent (USA) produces bio-gasoline and companies like 

BetaRenewables and GranBio focus on ethanol production.
18

 However, lignocellulosic feedstock 

can be also used to produce more valuable products such as levulinic acid, furfural, sorbitol and 

xylitol.
20

 Cellulose also has specialist application as hydrogels and flexible materials for 

electronics.
21

  

One of the renewable feedstocks which is often neglected is carbon dioxide (CO2). CO2 is a 

naturally occurring gas in the atmosphere, but it can be considered as a sustainable source of 

carbon.
22, 23

 CO2 is used industrially for the synthesis of urea, salicylic acid and inorganic 

compounds,
22, 24

 but it is also used in its supercritical state as a reaction solvent and in supercritical 

extractions.
25

 CO2 is also investigated in CO2-epoxide coupling for sustainable polymers such 

polycarbonates and non-isocyanate polyhydroxyurethanes.
26

  

It is worth noting that most renewable feedstocks have different physicochemical properties than 

crude oil, as most renewable feedstocks are oxygen rich solids, whereas crude oil is a non-

oxygenated liquid.
27

 Renewable feedstocks can provide a wide range of chemical building blocks, 

but they require different processing which often requires the development of new chemical 

strategies for depolymerisation and removing functional groups.
27

 Terpenes are an example of a 

renewable feedstock which is similar in physicochemical properties to crude oil; they are non-

oxygenated unsaturated liquid hydrocarbons. That means that well known olefin chemistry can be 

applied which gives terpenes an advantage over other renewable feedstocks.
28

 

There is a consensus that sustainable biorefinery should focus on producing specialty or platform 

chemicals instead of fuel production.
27

 This review will focus on renewable monomers and 

polymers. 

1.4 Renewable polymers 

Renewable polymers can be divided into three groups.
29

 The first group are natural polymers, for 

example cellulose or starch. The second group are polymers generated via fermentation of natural 

resources, for example polyhydroxyalkanoates. The last group are polymers built from renewable 

monomers, for example polylactic acid.
29

 Not all renewable polymers are biodegradable and some 

renewable polymers are direct drop-in replacements for fossil-based plastics, thus renewable 

plastics can be divided into groups based on renewability and biodegradation   

(Figure 1.1).
30

 Often, studies assume that bio-derived polymers are biodegradable, but only limited 
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examples of degradability are shown.
31

 Extensive research is needed to fully evaluate 

biodegradability and possible impacts of renewable polymers on the environment.
31

 

 

Figure 1.1 Categories of plastics based on renewability and biodegradation.
30

 PE – polyethylene, PP – polypropylene,  
PET - polyethylene terephthalate, bio-PE – bioderived PE, bio-PET – partially bioderived PET, PEF - polyethylene 
furanoate, PLA – polylactic acid, PHA – polyhydroxyalkanoates, PBAT - polybutylene adipate terephthalate,  
PCL – polycaprolactone. 

 

In 2018 the worldwide production of renewable plastics reached 2.11 million metric tonnes, which 

is less than 1% of the overall plastic production; however, market data collected by European 

Bioplastics predicts that global production of bioplastics will increase.
32

 The production of 

renewable plastics is the highest in Asia, but Europe is the largest market for renewable plastics.
32

 

Renewable plastics are mostly utilised in the packaging sector, but other sectors like textiles, 

automotive, and consumer goods can also benefit from the development of renewable polymers.
32

 

The most widely used bioplastics are polylactic acid (PLA), polyhydroxyalkanoates (PHA), bio-

based polyethylene (bio-PE) and bio-based polyethylene terephthalate (bio-PET).
32

 

PLA is a commercially available aliphatic thermoplastic polyester which is derived from renewable 

resources such as fermented starch from corn or sugarcane. Industrially it is synthesised through 

ring-opening of the cyclic lactide dimer.
33

 Some applications of PLA include packaging, textile and 

fiber.
34

 Due to its non-toxicity, biocompatibility and biodegradability PLA is often considered for 

biomedical application.
33

 The main challenges are with high temperature applications (PLA has a 

low glass transition temperature around 60 °C) and brittleness. Some investigations into blending 

PLA with other polymers in order to improve its properties and expand the range of applications 

have been undertaken, but blending may compromise its biodegradability.
33, 34
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PHA is produced and accumulated by microorganisms under limited nutrient growth conditions.
35

 

PHA was commercialised in 1970, but initially it was more expensive than other biopolymers and 

the high cost of PHA remains the biggest challenge in its application.
36

 A recent advancement is to 

use waste feedstock containing sugars or fatty acids as a carbon source which can significantly 

reduce the cost of the polymer.
37

  The composition and quality of PHA can vary depending on the 

bacteria culture used, the growth conditions and the amount of carbon source.
36

 PHA is fully 

bio-derived and biodegradable with properties similar to polypropylene.
38

 The main focus is on 

medical application, but PHA can also be used in material and packaging industries.
35, 36

 

Bio-PE is produced from ethanol which can be obtained by fermentation of sugarcane and 

molasses. Bio-PE maintains the same properties as fossil-based PE and has the same applications, 

mostly in packaging.
39

 The main environmental advantage is due to the large amount of CO2 

absorbed by sugarcane while growing. However, the environmental impact of bio-PE should be 

evaluated through life cycle analysis, because transportation of bio-ethanol can have huge impacts 

on its environmental benefits.
40

  

Bio-PET is partially bio-derived and chemically identical to conventionally produced PET. 

Bio-derived ethylene glycol is used in its synthesis which results in a 20 % (by mass) bio-based 

PET.
41

 The Plant PET Technology Collaborative aims to deliver 100 % bio-based PET, but 

obtaining bio-based terephthalic acid is still a challenge.
41, 42

 Despite the huge market for PET the 

research focus has shifted to 100 % bio-based PET alternatives like polyethylene furanoate (PEF).
41

 

PEF has a different chemical structure than PET; instead of terephthalic acid a novel bio-based 

monomer is used – 2,5-furandicarboxylic acid (FDCA).
43

 Despite its different chemical structure 

PEF is similar enough to be used in the existing PET infrastructure and can be recycled in a similar 

way to PET. Moreover, it has superior barrier properties and is stronger than PET, which allows for 

improvements in lightweight packaging.
44

 

Currently a wide range of renewable monomers is being investigated in order to produce renewable 

polymers, for example carbohydrates and natural oils.
45

 Carbohydrates include natural polymers 

like lignin, cellulose, chitin and starch as well as sugars like glucose.
29, 46

 Natural oils include 

vegetable oils, seed oils and terpenes.
29, 46

 The next section will focus on terpenes and 

terpene-derived monomers which are subject of intensive research and some promising, renewable 

polycarbonates and polyesters can be synthesised on lab scale. However, terpene-derived materials 

are not limited to polycarbonates and polyesters.
47
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1.5 Terpenes as a renewable feedstock 

Terpenes are an abundant, but currently underutilised, family of natural products. Depending on the 

number of isoprene units, terpenes can be classified as a monoterpenes, sesquiterpenes etc. (Figure 

1.2).
48

 In the 1950s terpenes were harvested by tapping live pine trees.
49

 This process has been 

replaced by recovering crude sulfate turpentine from paper mills, from which pure α- and -pinene 

are isolated by vacuum distillation and desulfurization.
49

 Other extraction methods include cold-

pressing, steam distillation and solvent extraction.
19

 However, all of these conventional extraction 

techniques have drawbacks including long extraction times and high energy consumption.
50

 

Research has focused on improving efficiency of terpene extraction, for example intensification of 

limonene extraction from orange peel can be achieved by using microwave extraction which 

significantly improves the yield of limonene.
50

  

 

Figure 1.2 Terpene classification depending on the number of isoprene units.
48

 

In terms of availability, the two major terpene feedstocks are limonene and pinene. Limonene can 

be extracted from orange peel, a waste material from the production of orange juice. In 2014, about 

50 000 – 75 000 tonnes of limonene were produced globally, but this amount can theoretically 

increase to 125 000 tonnes per year based on the availability of citrus peel waste.
51

 Pinene is a main 

component of turpentine, a waste stream from the wood and paper industry.
52

 The global 

production of turpentine in 2014 was 440 000 – 505 000 tonnes, of which approximately 60 % was 

α-pinene and 20 % -pinene.
51

 Additionally, large scale industrial biotechnology provides 

geographically flexible supplies of terpenes via fermentation of plant sugars and cellulose  

waste.
53, 54

 Some commercial examples include -elemene produced by Isobionics
55

 and farnesene 

produced by Amyris (Figure 1.3).
56
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Figure 1.3 Structure of -elemene (produced by Isobionics) and trans--farnesene (produced by Amyris). 

Terpenes are already used in industry in fine chemical production, for example the aldol 

condensation of citral and acetone (Figure 1.4). This condensation forms pseudoionone which is 

the first step of -ionone synthesis, which is used in pharmaceutical industry for example in 

vitamin A synthesis.
19, 57

 The production of camphor, which is used in the pharmaceutical and 

cosmetics industry, requires camphene, which is produced via isomerization of α-pinene. 

Camphene is also used in the fragrance industry and as a food additive.
19, 58

 

 

Figure 1.4 Aldol condensation of citral and acetone.
19

 

The key markets for terpene-derived products have been identified by Tsolakis et al. as flavours 

and fragrances, pharmaceuticals, fuels and polymers.
59

 The flavour and fragrance industry is 

currently the main market in terms of use of terpenes; it is a high value market, but uses relatively 

low volumes of terpenes.
59

 Pharmaceutical products derived from terpenes need more large-scale 

trials
60, 61

 and improvements in synthetic processes to reduce costs.
59, 62

 Fuels from terpenes are 

interesting because of exceptional volumetric net heat of combustion, low volatility and 

compatibility with existing infrastructure, but have challenges due to high viscosity and inefficient 

supply of terpenes.
59, 63, 64

 The polymer market has high potential and, with the current interest in 

renewable polymers, terpenes could be interesting monomers. However, difficulties occur when 

transforming research to industrial scale production.
59

 Currently only limited examples of terpene-

based polymers are industrially available; polyisoprene products are a natural rubber substitute
65

 

and terpene resins are used as adhesives, polymer additives and coatings.
66, 67
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1.6 Terpene-based monomers for the synthesis of polymers 

Polyolefins 

Terpene structures are rich in double bonds which makes them an obvious choice for cationic, 

anionic or radical polymerisation. One of the major terpene feedstocks, pinene, has been 

investigated for cationic polymerisation. Pinene has two isomers, α-pinene and -pinene (Figure 

1.5). Due to steric hindrance of the endocyclic double bond in α-pinene, cationic polymerisation 

gave poor results.
48

 

 

Figure 1.5 Structures of α-pinene and -pinene. 

-Pinene is more reactive in cationic polymerisation than α-pinene. A plausible mechanism of 

-pinene polymerisation is depicted in Figure 1.6.
68-70

 The most effective catalysts (AlCl3 and 

ethylaluminium dichloride) resulted in low molecular weight polymers (4 kg mol
-1

) with 

unsatisfactory thermal properties (Tg < 65 C).
69

 Thus, commercially available poly(-pinene)s are 

used in limited applications, mostly in pressure sensitive adhesives or hot-melt coatings.
66

  

 

Figure 1.6 Plausible mechanism of cationic polymerisation of -pinene using AlCl3.
70

 

Polymerisation of -pinene using a catalytic system based on AlCl3 etherates, such as AlCl3(OPh2) 

and AlCl3(EtOAc)0.8, allowed a slight improvement in molecular weight (13.8 kg mol
-1

) and glass 

transition temperature (Tg = 86 C).
69

 The reaction proceeds at room temperature with 1 mol % 

AlCl3 etherate co-initiator which would make this reaction industrially viable.  

An alternative strategy for improving terpene polymer properties could be copolymerisation of 

terpenes and other natural oils. Limonene and myrcene have been copolymerized with tung oil 

using BF3 as a co-initiator (Figure 1.7).
71

 Depending on the terpene and its weight percentage, 
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different polymer properties can be achieved. The Young’s modulus decreases with increasing 

addition of terpene additives, whereas the glass transition temperature is a function of the type of 

terpene co-monomer and its weight content.
71

 

 

Figure 1.7 Cationic polymerisation of tung oil and terpenes using BF3.
71

 

 

 

Polyesters 

Aoshima et al. investigated copolymerisation of aldehydes derived from terpenes with isobutyl 

vinyl ether (IBVE) using EtSO3H/GaCl3 as an initiator and 1,4-dioxane as the Lewis acid (Figure 

1.8).
72

 These copolymers are especially interesting due to their selective acid stability. In neutral 

and base conditions the copolymers were stable; however, in mild acidic conditions they undergo 

degradation. Moreover, the products of the degradation can be potentially polymerised.
72

 

 

Figure 1.8 Copolymerisation of myrtenal with isobutyl vinyl ether (IBVE) and acid hydrolysis of the obtained 
polymers.

72
 

The menthol derivative (-)-menthone was used in polyester synthesis catalysed by a zinc-alkoxide 

catalyst (Figure 1.9).
73

 First, a cyclic terpenoid with a ketone group is transformed via Baeyer-

Villiger oxidation into a lactone. Then the lactone undergoes ring opening polymerisation to form 

an aliphatic polyester. The synthesised polymers had molecular weights up to 91 kg mol
-1

 and a 

dispersity (Đ) of 1.1. The thermal analysis of those polymers was not reported. 



Valorisation of terpenes for sustainable materials 
 
 

 
10 

Figure 1.9 Polyesters synthesised from menthone.
73 

Dihydrocarvone, a terpene which occurs in the essential oils of caraway and dill,
74

 was also used in 

the synthesis of polyesters (Figure 1.10). The synthesised polyesters had a glass transition 

temperature below -20 °C, a maximum molecular weight of 59 kg mol
-1

 and a low Đ.
75

 The 

reactive alkene side groups could be further functionalised by epoxidation or radical induced 

crosslinking.  

 

Figure 1.10 Synthesis of polyesters from dihydrocarvone.
75

 

Polyesters derived from menthone and dihydrocarvone are scientifically interesting, but the supply 

of these terpenes is limited, thus polyesters derived from more available terpene feedstock are 

desirable.
76

 This issue has been addressed by Quilter et al. by developing a four-step process 

whereby one of the major terpene feedstocks, -pinene, is converted into 4-isopropylcaprolactone, 

which can be further used in polymerisation (Figure 1.11).
76

 The highest molecular weight obtained 

was in the range of 30 kg mol
-1

. The resultant polyesters were gels with low glass transition 

temperatures.  
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Figure 1.11 Polyesters derived from -pinene.
76

 

An alternative route to polyesters is the ring-opening copolymerisation of epoxides and anhydrides. 

The general reaction scheme is depicted in Figure 1.12. Terpene-based epoxides (limonene oxide, 

limonene dioxide and α-pinene oxide) have been copolymerized with various anhydrides. This 

copolymerisation reaction usually requires metal-based complexes as catalysts and is usually run in 

solvents.
77-79

 Examples of terpene-derived polyester via epoxide and anhydride polymerisation are 

presented in Table 1.1. 

 

Figure 1.12 General reaction scheme for epoxide anhydride polymerisation. 
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Table 1.1 Examples of reported copolymerisation of terpene oxides with anhydrides. 

Epoxide 

 

 

  

limonene oxide α-pinene oxide 
limonene 

bisepoxide 
menthene 

oxide 

Anhydride 
   

  
Mn [kg mol-1] 12 36 8.4 8.7 12.7 

Đ 1.1 1.2 1.2 1.94 1.20 
Tg [°C] 62 54 not reported 59 165 

reference 77 78 79 79 

 

Polyamides 

Building on previous menthone research,
73

 Winnacker et al. have synthesised polyamides derived 

from menthone (Figure 1.13).
80

 The corresponding oximes and lactams were successfully 

synthesised; however, separation of the two regio-isomers is difficult. Two procedures have been 

attempted for polymerisation: an anionic and an acid-catalysed procedure. The polymerisation 

procedure strongly affected the molecular weight of the polymers. GPC analysis showed average 

molecular weights in the range of 0.3 – 2.8 kg mol
-1

. The oligomers produced were yellow-

coloured solids, hardly soluble in common organic solvents, but they were soluble in formic acid or 

hexafluoroisopropanol. Further research is required to improve the molecular weight distribution of 

these polymers. 

 

Figure 1.13 Route to polyamides from menthone.
80
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Polysulfides and thiol-ene addition 

Crockett et al. investigated the production of the polysulfide made from limonene and sulfur 

(Figure 1.14) in the vulcanisation reaction.
81

 The synthesised material was used as coating, for 

moulding solid devices and cleaning mercury salts from water and soil. Considering that the 

polymer is synthesised from two waste streams, it is an inexpensive material, which is highly 

attractive for removing metals from water and building sensors.
81

 

 

Figure 1.14 Synthesis of sulfur-limonene polysulfide.
81

 

A presence of double bonds in their structures makes terpenes an interesting feedstock for thiol-ene 

reactions. Thiol-ene reactions have been applied in order to produce new monomers
82

 or 

polymers.
83

 Meier et al. were the first research group which applied thiol-ene chemistry to terpenes, 

and they synthesised new terpene-derived monomers and polymers (Figure 1.15).
82

 The synthesised 

polymers had low glass transition temperature (between -9 and -10 °C) with a maximum molecular 

weight of 10 kg mol
-1

 and a Đ of 1.65 - 1.79. In order to produce higher molecular weight 

polymers, terpene-derived polymers needed to be copolymerized with longer alkyl chains. This 

reaction improved the molecular weight to 24 kg mol
-1

 and increased the Đ to 2.47. The resultant 

polymers had a lower glass transition temperature of -45 °C.
82

 

 

Figure 1.15 New monomers synthesised by Meier et al.
82

 

The same research group continued with copolymerisations of terpene-derived monomers with 

castor oil (Figure 1.16).
83

 The resultant polymers were mostly insoluble in THF and HFIP, thus 

probably had higher molecular weights than previously published polymers. The only soluble 

polymer sample showed a Mn of 31.8 kg mol
-1

 and Đ of 2.20. Polyether polysulfides and polyether 
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polysulfones could be potentially interesting for polyethylene replacement due to their thermal 

properties, but further research is required.
83

 Limonene-based poly(thioether) networks have also 

been investigated by the Johansson group.
84

 They achieved high yields of thermoset polymers with 

tuneable thermo-mechanical properties. 

 

Figure 1.16 Polyether polysulfide synthesised from limonene dithiol and di-10-undecenyl ether.
83  

Polyethers 

In 1985, Aikins and Williams reported polyethers derived from 1,2-limonene oxide, α-pinene oxide 

and -pinene oxide (Figure 1.17).
85

 All oxides reacted in radiation-induced cationic polymerisation 

yielding corresponding polyethers. The highest molecular weight was obtained for poly(limonene 

oxide) and it was equal to 2.8 kg mol
-1

. This value is significantly smaller than the threshold for the 

lowest Mn for economically viable radiation polymerisation process - 10 kg mol
-1

.
85

 In comparison 

to previously reported catalytic cationic polymerisation products of these monomers, the 

synthesised polyethers had higher molecular weight and the synthesis was conducted in milder 

conditions and higher selectivity. However, the properties of the polymers were insufficient to be 

industrially viable.
85

  

 

 

 
 

poly(limonene oxide) poly(α-pinene oxide) poly(-pinene oxide) 

Figure 1.17 Polyethers produced from terpene oxides.
85 

Polycarbonates 

Polycarbonates can be synthesised in the copolymerisation of CO2 and epoxides which is currently 

investigated by a large number of research groups. The most widely investigated reactions are of 

CO2 and cyclohexene oxide or reactions of CO2 and propylene oxide.
86

 Additionally, the increased 

interest in using renewable epoxides in polycarbonate synthesis was noticed.
87
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The first copolymerisation of limonene oxide and carbon dioxide was reported in 2014 by Coates et 

al.
88

 The Coates group used -diiminate zinc acetate complexes for the copolymerisation of carbon 

dioxide and a mixture of limonene oxide isomers (Figure 1.18). The study showed that only the 

trans isomer of limonene oxide undergoes reaction yielding polycarbonates.  

 

Figure 1.18 Synthesis of polylimonene carbonate.
88, 89

 

The Coates discovery was further investigated by Greiner et al.
89

 They developed a method of 

removing the catalyst from the reaction mixture which lowers the usage of organic solvents. 

Moreover, they indicated that a commercially available limonene oxide is uneconomical for the 

reaction in which only the trans isomer is reactive. This is because the commercially available 

limonene oxide consists of only 57 % trans-limonene oxide. They investigated an alternative route 

for limonene oxide synthesis, which gave a mixture consisting of 80 % trans-limonene oxide 

(Figure 1.19). However, it is a stoichiometric synthesis which is undesirable due to the large waste 

production. 

 

Figure 1.19 Synthesis of trans-limonene oxide.
89

 

This work improved the polylimonene carbonate synthesis and resulted in a polymer with high 

molecular weight (above 100 kg mol
-1

,
 
Đ 1.13) and interesting physical properties, which makes 

polylimonene carbonate a valuable bio-based replacement for currently used polymers derived 

from fossil fuels. Polylimonene carbonate synthesised by Greiner et al. has high carbonate content, 

a high glass transition temperature (130 °C), low density (1.08 g cm
-3

), high scratch resistance, 

good transparency and mechanical properties between polystyrene and bisphenol A (BPA) 

polycarbonate. All these properties could be potentially interesting for use as packaging materials 

or green coating materials.
89
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An alternate approach to the modification of polymer properties was presented in the work of  

Sablong et al.
90

 They reported copolymerisation of CO2 and 1,2,8,9-limonene dioxide catalysed by 

a zinc -diiminate complex yielding a copolymer with epoxide on the isopropenyl group - 

polylimonene-8,9-oxide carbonate. The catalyst used for polymerisation was highly selective to 

trans-1,2-limonene oxide and did not affect the oxirane in the 8,9-position. The structure of the 

synthesised polymer and potential functionalization are presented in Figure 1.20.  Depending on 

the functionalization, the glass transition temperature is easily tuneable to a maximum of 146 °C by 

conversion of the 8,9-oxirane to a cyclic carbonate group. The functionalized polymers were tested 

as coatings, showing good acetone resistance and attractive mechanical properties.
90

 

 

 

Figure 1.20 Synthesis of polylimonene-8,9-oxide carbonate and its possible functionalization.
90

 

The other catalyst widely tested for copolymerisation of 1,2-limonene oxide and CO2  is aluminium 

amino-tris(phenolate).
91, 92

 Kleij et al. tested aluminium amino-tris(phenolate) with PPNCl as co-

catalyst and achieved polymers with molecular weight in the range of 2.4 - 10.6 kg mol
-1

. The 

highest molecular weight was achieved using pure cis-1,2-LO at 45 °C and 5 bar CO2 in a Fischer-

Porter reactor (Figure 1.21). The resultant polymer was stereoregular. The main difference between 

the Kleij catalyst system and the system described by Coates et al. (Figure 1.18) is that the Kleij 

catalyst system converts cis-1,2-LO whereas the Coates catalyst was highly selective to trans-1,2-

LO. However, the Kleij catalyst system showed lower activity than the Coates catalyst.
91, 92
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Figure 1.21 Polylimonene carbonate synthesised by Kleij et al.
91

 The reaction scheme depicts the synthesis starting 
from sterically pure cis-1,2-LO. 

Building on this research
91

 and the research of Sablong et al.,
90

 Kleij et al. investigated post-

polymerisation functionalisation of polylimonene carbonate in order to increase the thermal 

properties.
92

 They oxidised the remaining alkene group using mCPBA and sequentially reacted it 

with CO2 resulting in polylimonene dicarbonate (Figure 1.22). The oxidation process did not affect 

the carbonate linkages in the polymer and the carbonation reaction reached over 99 % conversion 

while using PPNCl at 73 °C. The functionalisation of high molecular weight polylimonene 

carbonate samples (10-15 kg mol
-1

) allowed polylimonene dicarbonate exhibiting a Tg value of 178 

°C. Interestingly, the high molecular weight polylimonene carbonate prepared from a commercial 

mixture of cis and trans-1,2-LO performed similarly to the high molecular weight carbonate from 

only cis-1,2-LO. That is an improvement comparing to the Coates catalyst, as utilising both 1,2-LO 

isomers is more economically viable. 

 

Figure 1.22 Functionalisation of polylimonene carbonate via oxidation with mCPBA and carbonation.
92
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The initial investigation of the uses of polylimonene carbonate in coatings was conducted by 

Koning et al.
93

 They copolymerised limonene oxide with CO2 using a -diiminate zinc-

bis(trimethylsilyl)amido complex (see Figure 1.20 for the structure of the catalyst) achieving 

polylimonene carbonate with a molecular weight up to 66 kg mol
-1 
and Đ of 1.2-1.3. Then, the 

resultant polylimonene carbonate was reacted with various polyols to produce dihydroxyl 

polycarbonate resins with Mn in the range of 2.3 - 4.0 kg mol
-1 

(Figure 1.23). MALDI-ToF-Mass 

Spetrometry showed that polycarbonate resins were a mixture of linear and cyclic polymeric 

species. The dihydroxyl polycarbonate resins were cured using hexamethylene diisocyanate trimer 

and yielded polylimonene carbonate coatings. The resultant coatings showed relatively low 

resistance to acetone and poor mechanical stability. This was likely due to insufficient crosslinking. 

Modifications of the isopropenyl group were proposed to improve the crosslinking degree, for 

example functionalising the isopropenyl group with 2-hydroxy-1-ethanethiol or 6-hydroxy-1-

hexanethiol.
93, 94

 An improvement in acetone resistance and high hardness was observed. However, 

the coatings did not show good reverse impact resistance.
94

   

 

Figure 1.23 Degradation of high molecular weight polylimonene carbonate via transcarbonation.
93 

Koning et al. investigated the depolymerisation of polylimonene carbonate and polylimonene-8,9-

oxide carbonate (Figure 1.24).
95

 They used TBD as a depolymerisation catalyst, which was inspired 

by their previous work on dihydroxyl polylimonene carbonate resins (see Figure 1.23). TBD 

catalysed the depolymerisation of limonene-based polycarbonates yielding epoxides, which proved 

that limonene-based polycarbonates can be fully recycled into their monomers. The reaction was 

highly selective towards epoxides and no formation of cyclic carbonates was observed by infrared 

spectroscopy (IR) and gas chromatography-mass spectrometry (GC-MS). The stereoselectivity of 

decomposing polylimonene carbonate into trans-1,2-LO was related to the higher content of trans-

1,2-LO than cis isomer in the starting polymer. The rate of degradation was strongly dependent on 

the temperature, at 80 °C no degradation was observed, but at 110 °C almost full decomposition to 
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the starting epoxides was observed. This work demonstrated that polylimonene carbonate and 

polylimonene-8,9-oxide can be developed into recyclable bio-derived polymers.  

 

Figure 1.24 Depolymerisation of polylimonene carbonate and polylimonene-8,9-oxide carbonate in the presence of 
TBD.

95
 

Cyclic carbonates from terpene oxides 

In addition to polycarbonates, cyclic carbonates are a possible product of the reaction of CO2 and 

epoxides. Various catalytic systems have been investigated in the synthesis of cyclic carbonates.
96

 

The synthesis of cyclic carbonates from terpene feedstocks was recently published for cyclic and 

acyclic terpenes and terpenoids (Figure 1.25).
97

 A more detailed introduction to terpene-derived 

cyclic carbonates is included in Chapter 4. 

 

 

Figure 1.25 Synthesis of 5-membered cyclic carbonates using aluminium amino-tris(phenolate) complex and examples 

of synthesised compounds.
97
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Cyclic carbonates can potentially be used as polar aprotic solvents, electrolytes in lithium-ion 

batteries, monomers for polymer production or intermediates for chemical synthesis.
96

 A literature 

search has found that some application of terpene-derived cyclic carbonates were published for 

1,2,8,9-limonene dicarbonate, which was used in  non-isocyanate polyurethanes synthesis.
98, 99

 

However, the full potential of terpene-derived cyclic carbonates is still unexplored.  

 

Non-isocyanate polyurethanes 

Non-isocyanate polyurethanes (NIPU) are expected to replace polyurethanes.
100

 Their mechanical 

and chemical properties are similar, but NIPU do not involve toxic chemicals in the production 

process. Moreover, the synthesis of NIPU allows the incorporation of CO2 into bio-based 

monomers.
100

 

The first terpene to be used for bio-based synthesis of NIPU was limonene, as utilized by Bähr et 

al.
98

 The synthesis involves two steps; first, carbonation of 1,2,8,9-limonene dioxide, and 

subsequently ring opening polymerisation of the cyclic carbonates (Figure 1.26). The properties of 

the obtained polymer can be tuned by using different amines to open the carbonate rings. The 

synthesised NIPU can be used as a terpene-based material or as an additive for blends with other 

biopolymers.
98

  

 

Figure 1.26 Synthesis of polyurethanes from 1,2,8,9-limonene dioxide.
98

 

1.7 Terpene-derived polymers in coatings 

From the previous section it is clear that a significant part of the terpene-derived polymers is 

investigated for application in coatings, for example polysulfides,
81

 non-isocyanate polyurethanes,
98

 

polylimonene carbonate and polylimonene-8,9-oxide carbonate.
89, 90, 93, 94, 101, 102

 Commercially, 

Pinova, a company based in the USA, provides polyterpene resins made from α – pinene which can 

be used in paints, coatings and waterproofing agents.
66

 

Polymeric coatings are present in many branches of industry including food packaging, health care, 

automotive and architecture. The British Coatings Federation (BCF) indicated three main sectors of 

the UK coating industry: paint and coatings, printing inks, and wallcovering; from which the paint 

and coatings sector is the most significant based on sales value.
103

 According to Statista, the market 
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value of coatings worldwide in 2017 reached over 152 billion U.S. dollars, about 20 % of it was 

European market value.
104

   

A review paper published by Cunningham et al. highlighted that the manufacturers of coatings are 

committed to improve the sustainability of their products; they are especially interested in 

biosourced, biodegradable, compostable and recyclable materials.
105

 These improvements could 

benefit in many stages of production and can contribute to using less toxic starting materials, more 

energy efficient processes with fewer volatile organic compounds emitted or more durable products 

with potentially better end of life scenario.
105

 Moreover, BCF’s Sustainable Development Policy 

published in 2016 shows strong commitment of the UK coating industry to economic, 

environmental and social elements of sustainable development.
106

 While they achieved significant 

improvement in recycling and waste reduction, they are dedicated to further improvements which 

will include looking into renewable derived raw materials and formulation ingredients, focusing on 

a circular economy of the UK coating industry and further improvement on waste management.
106

 

According to Cunningham et al. two of the most important challenges in coating applications are 

their solvent and corrosion resistance.
105

 Microbial growth in waterborne coatings is another, more 

specific challenge to be addressed. Cunningham et al. also mentioned that industry would be 

interested in reducing the use of toxic chemicals, such as isocyanate or epoxy amine crosslinkers, 

and finding more sustainable alternatives.
105

  

The direct comparison between commercial coatings and lab-scale research samples is challenging, 

because commercial coatings are a complex mixture which contains additives like pigments, 

thickening agents, anti-foaming and levelling agents.
101

 Additionally, commercial coatings are 

often application specific and each of them have some drawbacks, for example elastomer 

polyurethane/polyurea coatings and polyester coatings exhibit adhesion problems, acrylic coatings 

have moderate chemical resistance and epoxy and polyester systems show poor exterior 

robustness.
101

 

Greiner et al. investigated the mechanical and physical properties of polylimonene carbonate films 

(the polymerisation conditions were previously described in the polycarbonates section, for the 

reference see Figure 1.18 and 1.19).
89

 The tensile properties showed behaviour between 

polystyrene and bisphenol A (BPA) polycarbonate. The pencil hardness test showed that the 

polylimonene carbonate film is resistant to pencil B, which is a moderate scratch resistance and a 

significant improvement over BPA polycarbonate (8B or softer). On the other hand acrylic coatings 

can resist a pencil as hard as 5H. The Tg of 130 °C might be interesting where contact with hot 

water is necessary. The optical testing showed no absorbance of light in the visible region, the films 

were highly transparent. The authors did not suggest in which application polylimonene carbonate 
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would be the best, but highlighted many promising properties. Some properties, such as hardness, 

tensile strength, glass transition temperature and transparency, are comparable to the properties of 

BPA polycarbonate.  

The properties of polylimonene carbonate coatings can be improved by crosslinking via thiol-ene 

reactions (Figure 1.27).
101

 The crosslinked polylimonene carbonate coatings were applied on 

aluminium substrate using solvent casting. The aluminium substrates were chosen as aluminium is 

a commonly used substrate in the paint industry and is often used in standards for mechanical 

testing of new coatings.
101

 The resultant coatings were transparent, with no visible colour and 

exhibited excellent adhesion (0 in Gitterschnitt test, where 0 means best adhesion and 5 means poor 

adhesion). The organic solvent resistance was tested using acetone, all samples showed moderate 

or good acetone resistance, good acetone resistance was shown by highly crosslinked samples. The 

tested coatings performed significantly better in pencil hardness tests than not crosslinked samples, 

achieving scratch resistance of 2H (not crosslinked samples of Mn above 100 kg mol
-1 

were able to 

withstand pencil B). König hardness (pendulum hardness test) was lower with higher amount of 

crosslinking, which might be caused by the presence of thiol groups which increase plasticity.
101

 

The coatings did not perform well in the reverse impact test, samples showed delamination and 

brittle fracture. The authors indicated that toughness is a problem even for commercially available 

coatings and with further research, the low reverse impact performance should not prevent 

crosslinked polylimonene carbonate coatings from industrial applications, although further research 

is required.
101

 Sablong et al. also investigated crosslinked polylimonene carbonate in coating 

applications.
102

 Instead of using a UV initiator, they used a thermal initiator. Thermal initiated 

crosslinking yielded coatings exhibiting similar performance to the UV initiated crosslinking, high 

scratch resistance, good acetone resistance, moderate pendulum hardness and unsatisfactory 

performance in the reverse impact tests. 

 

Figure 1.27 Thiol crosslinked polylimonene carbonate coatings.
101
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Terpene-based NIPU were also investigated in coating applications. Carbonated pentaerythritol 

glycidyl ether (PGC) and limonene biscarbonate were cured with 1,5-diaminopentane (Figure 

1.28).
99

 The resultant coatings were transparent and clear. Small additions of limonene biscarbonate 

(up to 30 wt %) increased the Tg, improved stiffness and strength of the coatings without 

compromising elongation at break. Higher addition of limonene biscarbonate results in coatings 

with unsatisfactory mechanical properties, the coatings became too brittle to do any mechanical 

testing. The increase of brittleness was attributed to high rigidity of limonene biscarbonate units 

and lower crosslinking with increasing content of limonene biscarbonate.
99

 Increasing NIPU 

stiffness is crucial in the development of bio-based polyurethane coatings without addition of 

epoxy resins, thus small additions of limonene biscarbonate can improve NIPU’s stiffness allowing 

them to be used as coatings.
99

 NIPU thermosets with 30 % limonene biscarbonate and 70 % PGC 

showed a Tg of 58 °C (100% PGC shows a Tg of 41 °C), Young’s modulus of 4040 MPa (100 % 

PGC shows 3390 MPa), tensile strength of 88 MPa (100 % PGC shows 70 MPa) and 2.49 % 

elongation at break (100 % PGC shows 2.51 %). Although fully terpene-based NIPU struggle with 

issues related to low reactivity of endocyclic carbonates, the use of terpene-based thermosets 

additives to fully bio-based NIPU thermosets showed unexplored potential. 

 

 

 
Figure 1.28 Biobased NIPU thermosets investigated as coatings.

99
 

Although this review focuses mostly on polymers which can be synthesised from epoxides, it is 

worth noting that acrylic coatings can be derived from terpene-based acrylates and 

methacrylates.
107

 Acrylic coatings are mostly used in architectural coatings and paints as they give 

good colour retention.
107

 Howdle et al. reported a new approach to synthesise a range of acrylates 

and methacrylates from widely available terpene feedstocks (Figure 1.29).
107

 The resultant 

monomers were polymerised via radical polymerisation achieving Mn in the range of 4 – 24  

kg mol
-1

. Tg was strongly dependent on Mn and it was in the range of 12 – 141 °C. Poly(carvone 

methacrylate) was investigated as a powder coating using trimethylolpropane tris(3-mercapto-

propionate) (Figure 1.30). The obtained coatings were transparent and highly glossy with moderate 
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smoothness (smoothness 2 – 3, where 1 is the roughest and 10 the smoothest). The coatings also 

had high acetone resistance, König hardness of 185 s and in the pencil hardness test they were able 

to withstand pencil 2B. The coatings showed excellent adhesion to metal (0 in Gitterschnitt test) 

but they showed some delamination. 

 

Figure 1.29 Novel acrylates and methacrylates.
107

 

 

Figure 1.30 Powder coating prepared using poly(carvone methacrylate).
107

 

To summarise, terpene-derived polymers have been explored as coatings and they show potential to 

be bio-derived alternatives to currently available coatings. The properties depend directly on the 

structure of the polymer, with highly crosslinked polymers being scratch resistant and exhibiting 

good acetone resistance. M lhaupt et al. showed that terpene-derived NIPU thermosets can 
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increase the Tg and stiffness of coatings without affecting elongation at break, as long as they are 

used as an additive in an appropriate mass ratio. All examples cited in this section demonstrate that 

with further research terpene-derived polymers can have applications in industrial coatings, either 

as new coatings or additives improving coatings’ properties.  

 

1.8 Summary 

Modern lifestyle highly depends on crude oil. This has a negative environmental impact, thus a 

great effort is dedicated to reduce crude oil dependence. Renewable feedstocks, such as 

carbohydrates, lignocellulosic waste and plant oils, are investigated in order to produce everyday 

use materials without relying on the availability of crude oil. Polymers are an example of everyday 

use materials which are present in all branches of industry. Increasing environmental concerns 

related to polymers use, production and end of life forced the development of more sustainable 

alternatives to current polymers. One strategy to improve the sustainability of polymers is using 

renewable feedstocks, for example terpenes. 

As it is shown in this literature review, terpenes have been successfully implemented in polymer 

synthesis. Due to their diverse structures, terpenes can be used in the synthesis of polyethers, 

polysulfides, polyesters, polycarbonates and others. Most of these publications describe materials 

derived from limonene, which is understandable, as limonene is one of the biggest terpenes 

feedstocks. However, other terpenes, such as menthone, pinene and dihydrocarvone receive 

increasing attention which can lead to new materials with unexplored properties. Often application 

of terpene-derived polymers are inhibited due to inadequate availability of the terpene or high cost 

of the starting terpene which limits the polymer’s applications to high value products.
108

 Therefore, 

the use of terpenes derived via industrial biotechnology could help with improving the availability 

of terpenes and lowering their price. 

Properties of terpene-derived polymers vary depending on the type of polymer. It is essential to 

compare the properties of synthesised polymers to the properties of currently used polymers. 

Renewable polymers should be industrially applicable. This means that the properties and the 

production process should be easy to implement for the large scale production as well as more 

sustainable than the current processes.
109

  

Currently, terpene-derived polymers were mostly investigated in polymeric coating applications 

showing promising properties. The UK coating industry is interested in bio-derived alternatives for 

the current polymeric coatings. The coatings which have good solvent and corrosion resistance are 

of special interest. Additionally, possibilities to reduce the use of toxic chemicals are also vital for 

the UK coating industry to achieve their sustainability goals. Terpene-derived polymers have 
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potential to be bio-derived alternatives for current polymeric coatings. Preliminary research showed 

promising properties of terpene-derived coatings, but further research is required to allow industrial 

applications of terpene-derived polymers. 

The aims and objectives of this thesis are included in Chapter 2. However, to summarise, the main 

focus of this work was on delivering novel terpene-based epoxides and cyclic carbonates, which 

could be used for producing polymers such as polycarbonates and NIPU. Both of those polymer 

types can be used in the coatings industry. Additional types of epoxides and carbonates can expand 

the available terpene-derived polymers and potentially provide bio-derived alternatives to some 

currently used polymers.  
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2. Aims and objectives 

The aim of this project was to develop new methods that could lead to sustainable processes for the 

manufacture of new terpene-based monomers. Methods used focused on catalytic routes using 

benign reagents and solvents as well as continuous processing where appropriate.  

From the wide range of terpene feedstocks, the main focus of the project was on limonene and -

elemene. Limonene is one of the most widely available terpenes, whereas -elemene, which is not 

widely available as a natural feedstock but has recently become more available via industrial 

biotechnology. 

The main aim was to synthesise, characterise and assess the suitability of new terpene-derived 

monomers for sustainable polymers. New monomers included epoxides, cyclic carbonates or thiol-

functionalised carbonates. Some of the synthesised monomers were used in preliminary 

polymerisation studies in order to evaluate their potential for polymer synthesis. 

Specific objectives for the project included: 

i. Developing a sustainable protocol for -elemene epoxidation. The development process 

was based on previous research conducted on limonene epoxidation. The products of 

interest included -elemene monoepoxide, -elemene bisepoxide and -elemene 

trisepoxide, most of which were unknown in literature.  

ii. If successful, sustainable epoxidation protocols were further explored by transferring into 

flow processes using microreactors. 

iii. Developing catalytic routes to mono-functionalised cyclic carbonates from limonene with 

understanding of the various factors affecting the synthesis, such as temperature, pressure, 

catalytic systems, the substitution and the stereochemistry of the epoxide. 

iv. Explore the potential of monofunctionalised limonene cyclic carbonates for non-isocyanate 

polyurethanes.  

v. Utilising the findings from limonene mono-functionalised cyclic carbonates (iii) for the 

synthesis of novel -elemene cyclic carbonates from their epoxides. Identifying challenges 

in -elemene cyclic carbonates synthesis and choosing the cyclic carbonate with the most 

promising chemical properties for polymer synthesis. 

vi. Explore the potential of -elemene cyclic carbonates in non-isocyanate polyurethane 

synthesis.  
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3. Terpenes epoxidation 

This chapter contains a short introduction to alkene epoxidation, sustainability issues related to 

industrial processes and factors important in green epoxidation processes. Previously reported 

terpene epoxidations are then explored with a special focus on limonene, as it contains di - and tri 

- substituted double bonds which are characteristic of terpene structures. A new terpene feedstock, 

-elemene, is introduced and the three chosen catalytic epoxidation protocols to epoxidise it are 

discussed in more detail.  

The results section is focused on -elemene epoxidation and is divided into three sections: 

Venturello catalyst epoxidation, Mizuno epoxidation and trifluoroacetophenoene catalysed 

epoxidation. Conclusions and experimental sections are provided at the end of the chapter. 

3.1 Introduction 

3.1.1 Alkene epoxidation 

Olefin epoxidation is a highly important reaction in various branches of industry. Epoxides are 

valuable intermediates for the synthesis of fine chemicals, pharmaceuticals and polymers.
1
 Two 

major industrial epoxidation products are ethylene oxide and propylene oxide. Ethylene oxide is 

mainly used to produce ethylene glycol and surface-active agents.
1, 2

 Propylene oxide is mainly 

used to produce polyurethane polyols and propylene glycols.
1, 2

 Here, we focus on propylene oxide 

production because it is one of the major industrially produced epoxides, with a production volume 

of 8 million tonnes annualy.
3
 

 

Figure 3.1 Production of propylene oxide via chlorohydrin route.
3
 

Current industrial epoxidation methods are often long established, use stoichiometric reagents and 

generate large amounts of waste.
3
 Figure 3.1 depicts one of the main industrial methods of 

producing propylene oxide. For each tonne of propylene oxide, 2 tonnes of CaCl2 are produced 

alongside approximately 40 tonnes of waste water containing CaCl2. Moreover, newly built plants 

using this technology require very high initial investment, thus new construction would not 

currently be considered.
3
 Other available methods of producing propylene oxide require the use of 

organic peroxides and they suffer from the same issues: substantial waste production and high 

initial investment needed (Figure 3.2).
3
 Further developments in industrial propylene oxidation 

were focused on minimising the amount of waste produced and introducing new catalysts.
4-6
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Figure 3.2 Hydroperoxidation routes to propylene oxide.
3 

 

3.1.2 Sustainability issues and green processes 

M. Poliakoff and P. Licence identified the main sustainability issues with current industrial 

manufacturing: waste and the dependence on finite petroleum highlighting the importance of 

renewable feedstocks.
7
 The overall developments in epoxidation are focused on atom efficient 

catalytic processes with H2O2 as an oxidant which can help with waste issues.
8
  

Greener processes often involve reducing the amount of solvent used, as it is a significant 

greenhouse gas emission factor. For example, use of organic solvents accounts for 50 % of 

greenhouse gas emissions from the pharmaceutical industry.
9
 Catalysis receives significant interest 

as a way of moving forward from stoichiometric unselective reagents towards more selective 

reactions and milder reaction conditions.
9
 

Many academically investigated and industrial processes are batch processes, mostly due to the 

well understood reaction conditions, lower investment needed and the equipment being already 

widely available.
10

 However, flow reaction conditions can provide many advantages such as 

increased productivity, safety and better process control which can improve repeatability, 

especially for exothermic reactions where heat control is crucial.
10

 Moreover, novel flow reactors 

provide many innovative solutions like improved mixing via static mixers, geometric designs 

providing dynamic mixing and improved heat transfer solutions, all of which can translate to 

energy savings.
10

 Flow reactors also allow for the integration of multiple reaction steps, purification 
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and separation into one continuous process which potentially can reduce the use of energy and 

waste production.
11

 

Green processes should be scalable to have the greatest impact.
11

 Scalability of flow processes is 

easier than for batch processes. In flow, the easiest way to increase productivity is to increase the 

operating time of the reactor. In batch, the same reaction would have to be run in multiple batches 

or the reactor size would have to be increased, which might require changing reaction conditions 

and new optimisation.
11

  

Summarising, flow catalytic processes can be considered greener than batch processes by fulfilling 

many of the green chemistry principles, such as: atom economy, less hazardous chemical syntheses 

and safer solvents. This makes flow processes in general greener than batch processes in terms of 

meeting needs and minimising excess waste.
9, 11

 

3.1.3 Green epoxidation 

Green epoxidations often focus on replacing stoichiometric oxidants by greener oxidants such as 

hydrogen peroxide (H2O2) or oxygen (O2).
12

 The usage of molecular dioxygen often requires a 

stoichiometric amount of reductant and it is constrained due to safety concerns and selectivity 

issues.
12

 H2O2 is easy to handle, as it can be obtained as 30 % aqueous solution, and it yields water 

as the only by-product, thus H2O2 is more widely used in green oxidations. 

Catalysts widely used for epoxidation with H2O2 include transition metal complexes, 

perfluoroketone catalyst, arsenic and selenium catalysts and polyoxometalates.
8
 Renewable 

feedstocks used for epoxidation include vegetable oils, furfuryl derivatives and terpenes.
13-15

 The 

epoxidation of terpenes is of particular interest in the flavour and fragrance industry.
1
 However, a 

growing interest in terpenes as renewable feedstocks for polymer production (see Section 1.6) has 

driven research on catalytic terpenes epoxidation. 

3.1.4 Epoxidation of terpenes 

The industrial epoxidation of terpenes is still under development, with only limited terpene 

epoxides available on the market. Nitrochemie currently offers 1,2-limonene oxide, 1,2,8,9-

limonene oxide and α-pinene oxide.
16

 Currently, terpenes are used mostly in the flavour and 

fragrance industry, thus there is no need for a large volume of terpenes. Academically investigated 

methods include stoichiometric and catalytic methods. 

Stoichiometric methods 

A novel stoichiometric method using in-situ generated dimethyl dioxirane (DMDO) under 

ultrasound conditions was developed by Kaliaguine and coworkers.
17

 DMDO was generated via the 

reaction of acetone with potassium peroxymonosulfate, KHSO5 (commercial name: Oxone). The 
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epoxidation used sodium bicarbonate as a pH buffer (Figure 3.3). This method is highly selective 

and was demonstrated to work on other terpenes. It is worth noting that for each 1.68 g of limonene 

diepoxide product, 4 g of NaHCO3 was used as pH buffer, 3.5 g KHSO4 was produced as a product 

of Oxone reduction and 31 g acetone was used, resulting in an E factor of 23 (excluding water).
18

 

For comparison, the average values of E factors for various industries are 1  5 for bulk chemicals, 

5  50 for the fine chemicals industry and 25  100 for the pharmaceutical industry. 
18

 Although 

this method is selective and extremely fast, the amount of waste should be reduced before it can be 

considered as a green epoxidation. 

A different approach to Oxone epoxidation was shown by Bhat et al. They epoxidised terpenoids, 

such as α-terpineol, geranyl acetate and others, using Oxone and camphor as an oxidant.
19

 The 

reaction was sensitive to pH (pH 45 or 78 depending on the substrate used) and required 0 °C 

reaction temperature. 

 

Figure 3.3 In situ generated DMDO oxidation of limonene and examples of other oxidised terpenes.
17 

 

Homogeneous catalysts 

A number of investigations into homogeneous catalytic terpene epoxidation have been carried out 

using the biphasic Ishii-Venturello system.
20-22

 This consists of a peroxotungstophosphate in 

combination with a quaternary ammonium salt, which acts as a phase transfer catalyst. The 

performance of the Ishii-Venturello system was evaluated in comparison to traditional oxidation 

routes, such as ion-exchange resins and peroxyacetic acid by Yadav et al.
23

 The Ishii-Venturello 

system performed significantly better than ion exchange resins, providing 100 % conversion and 89 
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% selectivity after 5 h (ion exchange resins achieved only 42 % conversion and 71 % selectivity in 

6 h). Peroxyacetic acid achieved 79 % conversion and 96 % selectivity in 5 h. It is worth noting 

that the optimal reaction temperature for peroxyacetic acid was 25 °C (40 °C lower than for the 

Ishii-Venturello system).
23

  

The first report of terpene epoxidation was the catalytic epoxidation of monoterpenes using H2O2 

and peroxotunstophosphate catalyst with cetyl-pyridinium cation [C5H5N
+
(CH2)15CH3]3[PW4O24], 

published by Ishii et al. The scope of substrates tested and the corresponding yields are shown in 

Figure 3.4.
20

  

 

Figure 3.4 Examples of a wide range of terpenes and terpenoids epoxidised by the Ishii-Venturello-type catalyst, 
[C5H5N

+
(CH2)15CH3]3[PW4O24].

20
 Examples included in the original study, but not reproduced in the figure: geranyl 

acetate, citral, nitrile, nerol, linalool. 

 

The further developments of Ishii-Venturello catalysis in terpenes epoxidation were presented by 

Clark et al.,
24

 who used conditions developed by Noyori et al.
25

 and studied an in-situ created 

peroxotungstophosphate in terpene epoxidation. After 2 h reaction time, they achieved 94 % 

conversion and 81 % selectivity to 1,2-limonene oxide (Figure 3.5).  
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Figure 3.5 Terpene epoxidation using in situ generated peroxotungstophosphate.
24

 

 

In the work reported by Clark et al. Na2SO4 was used to increase the ionic strength of the aqueous 

phase, resulting in decreased water content in the organic phase and decreasing the rate of 

hydrolytic decomposition of epoxide. Further investigations into the effect of salts on terpene 

epoxidation was carried out by Sato et al.
26

 A range of inorganic salts, such as sulfates, carbonates, 

nitrates and chlorides were added to the reaction to protect acid-sensitive epoxides. Of these, 

Na2SO4 resulted in the highest yield of epoxides. 

In 1998, the first attempt to use methyltrioxorhenium CH3ReO3 (MTO) and H2O2 in terpenes 

epoxidation was done (Figure 3.6).
27

 Other terpenes investigated included α-pinene, -pinene, 

linalool, geranyl and neryl acetates. Although the catalyst loading is low (up to 0.2 mol %), MTO is 

an expensive catalyst based on one of the 8 geologically scarcest metals.
28

 Moreover, the presence 

of toxic co-catalyst pyridine or a mixture of pyridine and cyanopyridine and chlorinated solvents 

were needed. Although the epoxides yields are high, the sustainability of this system is 

questionable. The more recent reports focused on expanding the scope of epoxidised terpenes and 

changing base adducts.
29, 30

 The more revolutionary work within MTO epoxidation was 

microencapsulating MTO and base adduct in polystyrene in order to reduce the amount of base 

adduct needed and simplify catalyst recovery.
31

 Although this was a significant improvement, the 

use of organic solvent (1:1 MeCN:CH2Cl2) remains an issue. 
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Figure 3.6 Epoxidation of limonene catalysed by MTO.
27 

 

All of the presented homogeneous catalysts showed selectivity to 1,2-limonene oxide or to 1,2,8,9-

limonene bisepoxide. Some procedures reported a mixture of 1,2-limonene oxide and 8,9-limonene 

oxide. The selective epoxidation of the 8,9-position is a challenge due to its electron-deficiency. 

Mizuno et al. developed an epoxidation procedure employing a bulky polyoxometalate [C4H9N]4[-

HPV2W10O40], which sterically excludes the 1,2-position.
32

 The procedure was conducted in 1:1 

MeCN:t-BuOH, low temperature and short reaction times (Figure 3.7). To this day it is the only 

selective limonene (LIM) epoxidation yielding 8,9-limonene oxide (8,9-LO). A more detailed 

description of this catalyst is provided in Section 3.1.7. 

 

Figure 3.7 Limonene epoxidation using Mizuno catalyst.
32 

 

All homogeneous catalysts presented contained transition metal, as traditionally transition metal-

based catalysts are the most widely studied. However, metal-based catalysts can be costly and some 

can be toxic. A metal free epoxidation is possible by using an organocatalyst.
33

 The first LIM 

epoxidation performed organocatalytically was reported by Kokotos et al. (Figure 3.8).
34

 This 

procedure is extensively described in Section 3.1.7. 
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Figure 3.8 Limonene and 1,2-limonene oxide epoxidation using an organocatalyst.
34

 

 

Heterogeneous catalysts 

The further developments of Ishii-Venturello catalysis in terpene epoxidation were presented by 

Jacobs et al.,
35

 who developed a heterogeneous peroxotungstophosphate catalyst (PW-Amberlite). 

PW-Amberlite is a catalyst synthesised via the immobilization of a phosphotungstate complex on 

Amberlite ion-exchange resins. In biphasic conditions, this catalyst epoxidised a wide range of 

terpenes and allowed for easier catalyst-epoxide separation than the homogeneous counterpart. The 

reaction required longer reaction times, but maintained high selectivity. For example, limonene was 

epoxidised at 38 °C in 24 h giving 84 % conversion and 93 % selectivity of epoxides (Figure 3.9). 

Additionally, it was the first high yielding α-pinene oxidation which was achieved by adjusting pH 

of the reaction to 4.2 using (aminomethyl)phosphonic acid.
35

 They also found that although 

peroxotunstophosphate can be formed in-situ from Na2WO4, H2O2 and (aminomethyl)phosphonic 

acid, the preformed version of polyoxometalate [PW4O24]
3-

 shows higher rates of reaction. PW-

Amberlite was slower than the homogeneous phosphotungstate systems, but the catalyst was 

recovered by simple filtration and the reused catalyst achieved 82 % conversion and 92 % epoxide 

selectivity.
35

 The same catalytic system was also applied to other terpenes, such as geraniol, nerol, 

3-carene, geranyl and neryl acetate. 

 

Figure 3.9 PW-Amberlite catalysed limonene epoxidation.
35
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The work on the PW-Amberlite catalyst was continued by other research groups.
36-40

 Kinetic 

studies revealed that the reaction was first order with respect to limonene, oxidant and catalyst. The 

epoxide product poisons the catalyst and inhibits reaction at 160 turnovers; however, full activity 

was recovered after treating the PW-Amberlite catalyst with acetone.
40

 

A further investigation into the PW-Amberlite catalyst was performed in a triphasic system created 

by reducing the amount of solvent.
38

 The influence of mass transfer, reaction temperature, MeCN, 

limonene, water and H2O2 concentration were investigated. High stirring speed of 1000 rpm and 

small catalyst particle size (up to 425 µm) was applied to ensure no mass transfer limitations. The 

maximum initial reaction rate was found at 71 wt % MeCN and 18 wt % H2O2. Under these 

conditions, a rate 6.5 times faster than PW-Amberlite epoxidation in biphasic system was 

achieved.
38

 

Other examples of heterogeneous limonene epoxidation catalysts are presented in Table 3.1. All of 

them require the use of organic solvents and suffer from low selectivity. The yield of 1,2-limonene 

oxide (1,2-LO) varied between 30 – 73 %. Other products included 8,9-limonene oxide (8,9-LO) 

or limonene bisepoxide (1,2,8,9-LO). None of the heterogeneous catalysts display high selectivity 

towards 8,9-limonene oxide.  

Three out of five presented catalysts contain titanium in their structure (Table 3.1 Entry 1, 2, 4) 

which is consistent with catalysts investigated in industry.
3
 A commercial TiO2 photocatalyst with 

O2 as the oxidant yielded 48 % 1,2-LO after 2 h reaction (Table 3.1 Entry 1),
41

 which is 

exceptionally fast for a heterogeneous catalyst. However, high reaction dilutions were required. 

Titanium on mesoporous silica SBA-16 (Table 3.1 Entry 2) required using tert-butyl hydroperoxide 

which is not classified as a green oxidant. Moreover, it required strictly controlled reaction 

conditions, particularly over the amount of hydroperoxide, to avoid autodecomposition of the 

hydroperoxide. Ti on mesoporous molecular sieves (Table 3.1 Entry 4) showed low selectivity 

towards epoxide and an excess of limonene was necessary to avoid Ti leaching into the reaction 

mixture.  

Other catalysts presented consist of Alumina (Al2O3), and an organo-layered double hydroxide. 

Alumina (Table 3.1 Entry 3) provided yield comparable to that previously published for PW-

Amberlite, but required a high reaction temperature of 80 °C and high concentration of H2O2. The 

organo-layered double hydroxide (Table 3.1 Entry 5), a catalyst of similar structure to naturally 

occurring hydrotalcite, showed a high 1,2-LO yield of 73 % after 2 h reaction, but it required the 

presence of 6 mol equivalents of dicyanobenzene and 20 mol equivalents of H2O2 to achieve high 

epoxide yield. Dicyanobenzene is directly involved in the catalytic cycle by reacting with H2O2, 

creating peroxycarboximidic acid. 
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Table 3.1 Examples of heterogeneous catalysts for limonene epoxidation. 

 

Entry Catalyst 
(loading) 

LIM 
[mmol] 

Solvent T [°C] Oxidant t [h] Yield [%] Ref 

1 Silylated 
commercial 
TiO2 
photocatalyst 
P25 

(loading not 
reported) 

0.005  5 mL MeCN 20 1 bar O2 2 48 (1,2-LO) 41 

2 3D pore 
structure 
Ti/SBA-16 7.3 
% Ti 

(300 mg) 

6.2  10 mL MeCN 75 11.2 mmol 
TBHPa in 
decane 

 

24 67 (1,2-LO) 42 

3 Alumina  

(0.17 g) 

2.7 5 mL EtOAc 80 7.5 mmol 
70 % H2O2 

6 62 (1,2-LO) 
8 (8,9-LO) 
12 (1,2,8,9-LO) 

43 

4 Ti-MCM-41b 
1.27 % Ti 
 
(40 mg) 

4.32 3 mL MeCN 70 1.17 mmol 
35 % H2O2 

7 30c (1,2-LO and 
8,9-LO) 
5 (1,2,8,9-LO) 

44 

5 Organo-LDHd 6.2 80 mL 
MeOH 
And 34 
mmol 1,2-
dicyanobenz
ene 

65 121 mmol 
35 % H2O2 

2 Up to 73 (1,2-LO) 45 

a) Ti on mesoporous molecular sieves b) tert-Butyl hydroperoxide c) an excess of limonene was used, percentage yield was 
calculated by comparing the amount of epoxides produced to the amount of H2O2 used d) organo-LDH – organo-layered 
double hydroxide in this study dodecylsulphate and dodecylbenzensulphonate intercalated into Mg/Al-LDH 

 

From all presented heterogeneous catalysts, PW-Amberlite was the most promising and the most 

widely studied. It is an inexpensive and easy to prepare catalyst which does not require any co-

catalysts. It provides a high yield of 1,2-LO, uses H2O2 as an oxidant and it can operate under bi- 

and tri-phasic conditions. Although the reaction time was long (24 h), it can operate at relatively 

low temperature (38 °C). 
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3.1.5 Epoxidation of -elemene 

-elemene (Figure 3.10) is a sesquiterpene which occurs in nature in small quantities, for example 

in ginger, juniper and caraway herb and root.
46

 A natural feedstock is not widely available, but 

recently this sesquiterpene was produced by Isobionics via industrial biotechnology through a 

fermentation processes.
47

 -elemene has not been widely investigated in the published literature, 

likely due to its low availability. The examples of its use and functionalisation occur mostly in 

medical literature as anti-tumor agent.
48

 No examples of the use of -elemene in catalytic oxidation 

or polymer synthesis were found. 

 

Figure 3.10 Structure of -elemene. 

The only published example of -elemene oxidation was reported in 1973, where epoxidation and 

ozonolysis of the molecule was investigated.
49

 Epoxidation was performed with peracetic acid, and 

occured mostly on the least sterically hindered 1-methylethyl group (Figure 3.11). Ozonolysis of -

elemene yielded multifunctional ketones and a ketoaldehyde. Multiple ozonolysis steps were 

needed to obtain full conversion of the alkene functionalities, with the alkene at the vinyl position 

being the least reactive.
49

 

 

Figure 3.11 -elemene epoxidation using peracetic acid. The ratio between BEMO-1 and BEMO-2 was 9:1.
49 

 

3.1.6 Relevant work in the Plucinski, Davidson and Bull groups 

In the previous work, the epoxidation of limonene using Ishii-Venturello chemistry was 

investigated. We used the Venturello catalyst (VENT) which consists of Aliquat 336 (a 

commercial mixture of C8 and C10 quaternary ammonium chloride salts) as a phase transfer 

catalyst and a [PW4O24]
3-

 anion. VENT was shown to give 83 % conversion and 90 % selectivity 

towards 1,2-LO in a flow microreactor with an integrated static mixer with 10 minutes residence 

time (Figure 3.12).
24

 This reaction proceeds in mild conditions with no solvent, which makes it 

highly interesting when considering the green chemistry principles.
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Figure 3.12 Flow epoxidation of LIM using microreactors performed in the Plucinski group.
50

 

 

This work was further developed by W. Cunningham, who expanded the scope of terpenes 

epoxidised in flow (Figure 3.13).
51

 

 

Figure 3.13 Expanded scope of terpenes epoxidised in flow by Cunningham.
51 

 

Preliminary studies on -elemene (BE) epoxidation have been done by M. Hutchby and W. 

Cunningham.
51, 52

 M. Hutchy used mCPBA as an oxidant and by varying the amount of mCPBA he 

was able to synthesise -elemene monoepoxide (BEMO), bisepoxide (BEBO) and trisepoxide 

(BETO) (Figure 3.14). W. Cunningham used VENT as a catalyst, and in batch conditions he was 

able to achieve 60 % yield of bisepoxide (Figure 3.15). 

 

Figure 3.14 Batch epoxidation of -elemene using mCPBA performed by M. Hutchby.
52
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Figure 3.15 -elemene epoxidation using VENT in batch conditions performed by W. Cunningham.
51

 

 

3.1.7 Catalytic epoxidation protocols chosen for -elemene epoxidation 

Three catalytic systems were chosen for further studies on BE epoxidation. First, VENT which is a 

polyoxometalate previously studied within the Plucinski group. Second, MIZ which is a highly 

selective LIM epoxidation catalyst yielding exclusively 8,9-LO. Third, TFAP which is a 

commercially available organocatalyst. 

Venturello catalyst VENT 

Tungsten-based polyoxometalates are one of the most efficient epoxidation catalysts
40

 and as it was 

previously shown in this literature review, the Ishii-Venturello systems were widely tested in 

terpenes epoxidation on a wide range of substrates.  

It was chosen due to is relatively easy synthesis from Na2WO4 and H2O2,
21

 and previous experience 

of working with it within the Plucinski and Bull groups. VENT can operate in solventless 

conditions and previous studies with limonene showed high conversions and high epoxide yields. A 

60 % yield of BEBO using VENT in a batch oxidation reactor has been achieved.
51

 It is expected 

that the use of flow microreactors can increase the selectivity and efficiency of the bi-phasic 

reaction as it was previously observed for limonene and farnesene. 

Mizuno catalyst MIZ 

Mizuno et al. conducted an extensive study on using [Bu4N]4[-HPV2W10O40] (MIZ), as an 

epoxidation catalyst.
32

 The same catalyst can also be used for the hydroxylation of alkanes,
53

 

oxidative bromination of alkenes, alkynes and aromatics.
54

 Mizuno et al. investigated changing the 

central heteroatom of the anion from Si
4+

 to P
5+

, various reaction solvents, other vanadium species, 

such as VO(acac)2, VOSO4, NaVO3, V2O5, and changing the oxidant from H2O2 to organic 

hydroperoxides.
32

 They found that the P
5+

 heteroatom significantly improves the catalyst’s 

performance in the epoxidation reaction. The most efficient reaction solvent was a 1:1 mixture of 

MeCN and t-BuOH, yielding 84 % epoxide in comparison to MeCN alone yielding 70 % and t-

BuOH only 8 %. It was also found that HClO4 is a proton source, which is required to create the 

active bis-µ-hydroxo site of {OV-(µ-OH)2-VO} from {OV-(µ-O) (µ-OH)-VO}. A low activity 

with organic hydroperoxides (epoxide yield < 1 %), such as tert-butyl hydroperoxide and cumene 
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hydroperoxide was explained by steric hindrance of the active site of bulky MIZ. The developed 

reaction conditions and the scope of substrate are presented in Figure 3.16. For limonene 

epoxidation, MIZ exhibited outstanding selectivity towards 8,9-LO with no 1,2-LO observed. This 

has been attributed to steric constraints at the active site. 

 

Figure 3.16 The wide range of substrates tested by Mizuno et al.
32 

 

MIZ was chosen for further study in -elemene epoxidation due to its unusual regioselectivity. 

Since BE has three double bonds it would be interesting to see if unusual -elemene monoepoxides 

or bisepoxides regioisomers were possible to synthesise. These have not yet been achieved via 

other epoxidation routes (Figure 3.17). MIZ is also highly selective and requires a short reaction 

time; 15 minutes usually provides full conversion. The reaction optimisation will focus on scaling 

up the reaction and reducing the amount of solvent used. 

 

Figure 3.17 Unusual BE epoxide regioisomers not synthesised yet. 
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Trifluoroacetophenone (TFAP) organocatalyst  

A commercially available organocatalyst, 2,2,2-trifluoroacetophenone (TFAP), was reported to 

epoxidise a wide range of olefins, such as cyclic olefins, disubstituted and trisubstituted olefins, 

monosubstituted styrenes, electrondeficient alkenes, natural steroid cholesterol and terpenes.
34

 

Other ketones were tested, but TFAP was the most efficient due to high carbonyl activation (when 

the CF3 group was replaced by CF2Cl, the yield of epoxide decreased from > 99 % to 92 %). When 

acetophenone was employed the epoxide yield decreased dramatically to 12 %, thus the 

perfluoroalkyl moiety was crucial for activity in epoxidation reactions. 

In the absence of H2O2 and MeCN, no reaction was observed and it has been confirmed that H2O2 is 

an oxidant in this epoxidation, but MeCN is vital as it is directly involved in the reaction 

mechanism (Figure 3.18).
34

 In the presence of water, the ketone is transformed to its hydrate form 

and in the reaction with H2O2 and peroxycarboximidic acid (formed from MeCN at pH 11) goes on 

to form perhydrate, which is further activated by peroxycarboximidic acid. 

 

Figure 3.18 Reaction mechanism proposed by Kokotos et al. and relevant 
19

F NMR spectroscopy data.
34

  

 

TFAP was chosen for further investigation in -elemene epoxidation due to its good performance 

in the epoxidation of limonene and 1,2-limonene oxide (see Figure 3.8). The bi-phasic reaction 

could be potentially performed in flow to improve mass transfer, but preliminary batch 

optimisation studies must first be done focusing on finding the most optimal solvent and reducing 

the dilution. 
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3.2 Results and discussion 

3.2.1 Venturello  

The polyoxometalate based phase transfer catalyst, Venturello catalyst (VENT), was previously 

used within the group with various terpenes for batch epoxidation and epoxidation using flow 

reactors.
51

 In this research, VENT is used as catalyst for the flow epoxidation of BE with an aim of 

developing a protocol for catalytic and selective delivery of BE epoxides. 

Most of the flow epoxidation conditions were replicated from previous experiments on flow 

epoxidation of farnesene. The replicated conditions are a reaction temperature of 50 °C and 1.6 

molar equivalents of H2O2 per double bond. The reaction set up (Figure 3.19) consists of 2 syringe 

pumps and 2 microreactors. One syringe pump delivers a mixture of VENT and olefin, the other 

syringe is loaded with H2O2.  

The microreactors are commercially available from Little Things Factory and they have integrated 

preheating channels and a static mixer.
55

 The reaction temperature is maintained via a heating 

jacket which is built into the structure of the reactor. In the two reactor setup the outlet of the first 

reactor is connected to the sampling outlet 3 of the second reactor (see labelled picture in Figure 

3.19) and the biphasic reaction mixture is collected via sampling outlet 1 of the second reactor. Due 

to the positioning of the connection between the reactors, the overall reaction volume of the two 

reactors is 7.5 mL (not double the volume of one reactor). This type of connection ensures that the 

geometry of the reactor is maintained throughout the whole experiment.  

 

Figure 3.19 Reaction set up and labelled photograph of the Little Things Factory reactor.
55 
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Preliminary batch studies 

Preliminary batch reactions have been studied to determine the starting catalyst loading and 

possible product distribution (Figure 3.20). The epoxidation reaction is highly exothermic, thus the 

batch reactions were run in chloroform, rather than solventless, to prevent overheating. The 

reactions were maintained at 50 °C using an aluminium heating block.  

 

Figure 3.20 Reaction conditions of preliminary batch studies. 

During this experiment, the GC-FID analysis method was used, in which the molar fractions of 

each compound are based on relating the area of -elemene (or its oxides) to the sum of areas of all 

detected peaks. The different response factor to oxygenated products was applied based on 

calibration curves obtained for BEMO, BEBO and BETO. This method does not provide a precise 

conversion level or yield since it does not account for by-products which do not show on GC-FID. 

However, the relative ratio between products and disappearance of BE peak on GC-FID provides a 

good indication of the main reaction products. The purpose of this experiment was to choose initial 

conditions for epoxidation using flow reactors. In the later stages of the project, the GC-FID was 

further developed and the concentrations of BE, BEMO, BEBO and BETO were calculated based 

on the mesitylene internal standard. The regioselectivity was confirmed by 
1
H NMR spectroscopy 

and it was consistent with previous finding of the Davidson and Bull groups.
51, 52
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Figure 3.21 Preliminary batch epoxidation of BE catalysed by VENT. Reaction conditions: 0.5 g BE, 1-3 mol % VENT, 
5 mL chloroform, 1-3 mol eq H2O2, 50 °C. 

Figure 3.21 depicts changes in the BE molar fraction depending on the amount of the catalyst and 

molar equivalents of H2O2 used. If only one molar equivalent of H2O2 was used (in respect to the 

amount of BE) complete conversion of BE was not achieved, presumably due to the epoxidation 

reaction running out of oxidant. BE consumption when 1 eq H2O2 was used was unrelated to the 

amount of catalyst used.  

 

Figure 3.22 Changes in BE molar fraction in 0 – 6 h under reaction conditions previously stated. 
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The highest conversions were observed for 2 mol % VENT with 2 or 3 equivalents H2O2; the use 

of 3 mol % VENT with 3 equivalents H2O2 was equally efficient (Figure 3.22). For the reactions 

with the highest conversion, after 3 h almost full conversion of BE was observed. The product 

composition after 3 h reaction time for the highest conversion reactions are presented in Figure 

3.23. The main product of the reaction was BEBO, but some concentration of BETO was 

observed. Both of these epoxides are potentially useful for polymers and cyclic carbonates 

synthesis as described in Chapter 4. The increase in the catalyst loading increased BE consumption 

and the yield of BEBO and BETO by up to 5 %. However, considering the applied analysis 

method these changes have not been considered as significant.  

 

Figure 3.23 The product composition at 3 h reaction time for the reactions with the highest conversion. 

The preliminary batch studies showed that the amount of available H2O2 was more significant for 

the reaction than the catalyst loading. The tested catalyst loading included 1, 2 or 3 mol % VENT 

and showed that increasing the catalyst loading from 1 to 2 mol % improved BE conversion. 

However, the further increase from 2 to 3 mol % did not show significant changes in BE 

conversion or product distribution. Therefore, the chosen starting reaction conditions were 50 °C, 

residence time of 33.2 min, 2 mol % VENT (in regard to the amount of BE) and 3.2 molar 

equivalent of H2O2 (in flow reaction conditions an excess is used). Previous work in the Plucinski 

group has determined that 1.6 mol H2O2 eq per double bond is needed in a flow set up to achieve 

high conversion at shorter reaction times.
50-52

 For all of the tested batch reactions, the first 

indication of BETO was observed after 3 h reaction with no BETO detected at 2 h. It indicated 

that BETO synthesis is signifcantly slower and it needs a longer reaction time, which might mean 

BETO is not achievable in flow epoxidation catalysed by VENT. 
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Flow experiment without catalyst - mass loss and error analysis 

To identify any analysis errors and to check whether mass transfer between phases will affect the 

analysis, a flow epoxidation experiment was performed without the addition of VENT, but with 

Aliquat 336 instead. As previously stated, VENT consists of polyoxometalate and a phase transfer 

catalyst, Aliquat 336 is the phase transfer catalyst which is used in VENT. Adding Aliquat 336 by 

itself should allow for mass transfer between phases, but from previous research done in Plucinski 

group it is known that Aliquat 336 by its own do not catalyse epoxidation. From each outlet of the 

reactor three samples were taken and analysed by GC-FID. The changes in BE molar fraction, i.e. 

the ratio between the concentration at the specific residence time and the initial concentration, 

depending on the residence time are presented in Figure 3.24. Since no VENT was added, the BE 

molar fraction should stay at 1. Small variations were attributed to analysis error. 

Overall, most of the samples did not deviate from 1 by more than 6 %, thus overall error assigned 

to GC-FID analysis is 6 % per each compound analysed by GC-FID. For the reactions in which 

more than one compound is analysed, for example where BE, BEMO and BEBO are analysed, the 

overall error on cumulative molar fraction can be up to 18 %. 

To investigate mass transfer between phases, an NMR sample was taken from the aqueous phase 

and diluted with D2O. The NMR spectrum did not show any signals which could be attributed to 

BE or mesitylene (the GC-FID standard used). These results suggest that the organic phase is not 

transported to the aqueous phase in significant quantities.  

 

Figure 3.24 Changes of BE molar fraction at different residence times. Experimental conditions: reactor volume 7.5 
mL, 50 °C, BE with 2 mol % Aliquat 336 (17.6 mg per 1 mL BE) and 10 mol % mesitylene (0.06 mL per 1 mL BE) as an 
internal standard, 30 % H2O2 with pH adjusted to 7 using aqueous 1M NaOH,  flow rate of organic phase: 0.093 
mL/min, flow rate of aqueous phase: 0.133 mL/min. 
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Flow epoxidation with various amount of hydrogen peroxide 

From the preliminary batch studies it was shown that the amount of H2O2 is crucial for high 

conversion and high yields of epoxides. The flow epoxidation experiments were conducted with 

2.24, 3.2 and 4.8 molar equivalents of H2O2 (Figure 3.25), the excess of H2O2 was controlled by 

changing the volumetric ratios between the organic and aqueous phases, maintaining the same 

overall flow rate with an exception for the experiment with 2.24 eq H2O2 (see Table 3.2). An excess 

of H2O2 is used to ensure that the reaction is not limited by the availability of H2O2. Indeed, the 

higher the excess of H2O2, the higher conversion of BE. However, despite the higher conversion of 

reaction with 4.6 mol equivalent H2O2, it does not improve the yields of epoxides (Figure 3.28 and 

Table 3.2) suggesting presence of high boiling diols. Although the mass balance has an error of up 

to 16 % (Figure 3.25-3.27) it is still within previosly identified experimental error of 6 % per 

compound.  

Table 3.2 Reaction conditions for epoxidation in microreactors with variable amount of H2O2 in the range of 2.24 – 4.8 
molar equivalents.  

 
Entry H2O2 

mol 
eq 

Aqueous 
phasea 
[mL/min] 

Organic 
phase 
[mL/min]b 

Overall 
flowrate 
[mL/min] 

Residence 
time 
[min] 

molar fraction 

BE BEMO BEBO 

1 4.8 0.154 0.072 0.226 33.2 0.39 0.38 0.13 
2 3.2 0.133 0.093 0.226 33.2 0.52 0.39 0.16 
3 2.24 0.093 0.093 0.186 32.3 0.57 0.28 0.18 
Specific reaction conditions are presented below reaction progress graphs Figure 3.25 – 3.28. 
a) 30 % H2O2 pH adjusted to 7 using 1 M NaOH 

b) -elemene, 2 mol % VENT, 10 mol % mesitylene as an internal standard for GC-FID 
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Figure 3.25 Changes in BE molar fraction depending on the excess of H2O2 used. Experimental conditions: reactor 
volume 7.5 mL, 50 °C, BE with 2 mol % VENT and 10 mol % mesitylene dissolved in it, 30 % H2O2 with pH adjusted to 7 
using aqueous 1M NaOH. Corresponding flow rates of organic and aqueous phases are presented in Table 3.2. 

 

Figure 3.26 Reaction progress represented as molar fraction of compounds with 2.24 eq H2O2 used. Experimental 
conditions: reactor volume 7.5 mL, 50 °C, BE with 2 mol % VENT and 10 mol % mesitylene, 30 % H2O2 with pH adjusted 
to 7 using aqueous 1M NaOH, organic phase flow rate: 0.093 mL min

-1
, aqueous phase flow rate: 0.093 mL min

-1
. 
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Figure 3.27 Reaction progress represented as molar fraction of compounds with 3.2 eq H2O2 used. Experimental 
conditions: reactor volume 7.5 mL, 50 °C, BE with 2 mol % VENT and 10 mol % mesitylene, 30 % H2O2 with pH adjusted 
to 7 using aqueous 1M NaOH, organic phase flow rate: 0.093 mL min

-1
, aqueous phase flow rate: 0.133 mL min

-1
. 

 

Figure 3.28 Reaction progress represented as molar fraction of compounds with 4.8 eq H2O2 used. Experimental 
conditions: reactor volume 7.5 mL, 50 °C, BE with 2 mol % VENT and 10 mol % mesitylene, 30 % H2O2 with pH adjusted 
to 7 using aqueous 1M NaOH, organic phase flow rate: 0.072 mL min

-1
, aqueous phase flow rate: 0.154 mL min

-1
. 
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In Table 3.2 the results are presented as the molar fractions of the compounds. The conversion of 

BE can be calculated from the molar fraction using Equation 3.1. BEMO and BEBO molar 

fractions directly correspond to yield and can be recalculated into selectivity using Equation 3.2. 

 

                               (3.1) 

  

             
                           

                   
 (3.2) 

 

Comparing the flow results to analogous batch experiments conducted at the same conditions with 

the same excess of H2O2 (Table 3.3) there is no significant difference in conversion and product 

distribution when 3.2 eq H2O2 were used. However, there was a significant improvement of 

conversion and epoxide yield when 4.8 eq H2O2 were used in flow epoxidation. This is probably 

caused by the restricted interfacial area between the two phases in the batch reactor. In a 

microreactor, H2O2 has a larger interfacial area between the two phases, which allows for improved 

phase transfer catalysis (Figure 3.29). 

Table 3.3 Results of batch experiments corresponding to the same conditions as flow experiments. 

 
 Compounds molar fractions 

Batch epoxidation Flow epoxidation 

Entry H2O2 eq Time [min] BE BEMO BEBO BE  BEMO BEBO 

1 3.2 33 0.54 0.43 0.11 0.52 0.39 0.16 
2 4.8 33 0.70 0.28 0 0.39 0.38 0.13 
Batch reaction conditions: 4.3 mmol BE, 13.76 or 20.64 mmol H2O2 as 30 % solution, 2 mol % VENT, 10 mol % 
mesitylene, 50 °C. Flow reaction conditions the same as in Figure 3.27 and 3.28 

 



Valorisation of terpenes for sustainable materials 
 
 

 
56 

 

Figure 3.29 Phase transfer catalysis mechanism.
56

  

 

Flow epoxidation with various overall flow rates 

The effect of varying flow rates (0.226 – 0.452 mL min
-1

) was also investigated, the results of 

which are presented in Figure 3.30. The volumetric ratios between the two phases of the reaction 

were constant for all the flow rates and the geometry of the reactor was not changed. The specific 

reaction conditions are included in the figure captions. Lower flow rates provide longer residence 

times, therefore the conversion should be proportionally higher. The tested flow rates in the range 

of 0.226 – 0.452 mL min
-1 

correspond to residence time of 33.2 – 18.5 min respectively. The lowest 

flow rate tested (0.226 mL min
-1

) achieved 48 % conversion in 33.2 min residence time. The 

highest flow rate used (0.452 mL min
-1

) achieved 35 % conversion in 16.5 min residence time, the 

reduction of residence time by 50 % from 33.2 to 16.5 min reduced conversion by only 13 %. This 

results suggest the BE epoxidation is reaction limited and not mass transfer limited.
38, 57 

 

Figure 3.30 Changes in BE molar fraction depending on the residence time. Experimental conditions: reactor volume 
7.5 mL, 50 °C, BE with 2 mol % VENT and 10 mol % mesitylene, 3.2 mol eq 30 % H2O2 with pH adjusted to 7 using 
aqueous 1M NaOH. 
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A large excess of H2O2 was used for the BE epoxidation, thus it can be assumed that reaction 

follows a pseudo first order reaction rate (Equation 3.3). The graph of      
 

  
 versus residence 

time is presented in Figure 3.31. The linear dependence of      
 

  
 against time confirms that the 

reaction follows pseudo first order reaction kinetics, and the apparent kinetic constant is equal to 

the slope of linear dependence. No significant changes within k1 were observed within the range of 

flow rates tested (Figure 3.32) indicating that the reaction is within a kinetically controlled catalytic 

process. This result is consistent with previous findings of Plucinski group on limonene 

epoxidation, which also followed pseudo first order reaction kinetics in respect to limonene, which 

were also kinetically limited.
50

 

  
 

  
       

 

(3.3) 

where: 

 

  
 – molar fraction [-] 

   – apparent kinetic constant [min
-1

] 

  – residence time [min] 

 

 

 

Figure 3.31 Changes in ln(
 

  
) in relation to the residence time.  

Experimental conditions: reactor volume 7.5 mL, 50 °C, BE with 2 mol % VENT and 10 mol % mesitylene, 3.2 mol eq 30 
% H2O2 with pH adjusted to 7 using aqueous 1M NaOH. 
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Figure 3.32 Calculated apparent rate constant k1 and its relation to the overall flowrate. 

Selectivity towards epoxides, which according to the GC-FID results was close to 100 %, was not 

affected by the changes in flow rates (Table 3.4). However, the yield of epoxides was influenced by 

different flow rates proportionally to the length of residence time (Figure 3.33 and 3.34). The 

composition of products was always the same with the main product being BEMO and BEBO as 

the second largest product. No BETO was observed, which is consistent with preliminary batch 

studies in which the first presence of BETO was observed only after longer reaction times of 

minimum 3 h. 

Table 3.4 Results of BE epoxidation in various flowrates. 

 

Entry Flow rate [mL 
min-1] 

Residence time 
[min] 

Molar fraction Overall 
molar 
fraction 

BE BEMO BEBO BETO 

1 0.452 16.5 0.65 0.33 0.10 0 1.08 
2 0.406 18.5 0.64 0.31 0.09 0 1.05 
3 0.349 21.5 0.63 0.34 0.11 0 1.08 
4 0.226 33.2 0.52 0.38 0.16 0 1.06 
Reaction conditions reactor volume 7.5 mL, 50 °C, BE with 2 mol % VENT and 10 mol % mesitylene dissolved in it, 3.2 
mol eq 30 % H2O2 with pH adjusted to 7 using aqueous 1M NaOH. 
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Figure 3.33 Changes of BEMO molar fraction depending on the residence time. Experimental conditions stated in 
Figure 3.31. 

 

Figure 3.34 Changes of BEBO molar fraction depending on the residence time. Experimental conditions stated in 
Figure 3.31. 

 

In summary, it was found that mass transfer does not affect conversion and epoxide yield in the 

range of flow rates tested. The distribution of products suggests BE epoxidation is a consecutive 

reaction, with BEMO forming fist and BEBO second, BETO was not observed in flow set up. 

However, the residence time was too short to be able to obtain full conversion profile and further 

model reaction kinetics was not performed. The consecutive epoxidation is supported by previously 

observed results within the Plucinski group for farnesene epoxidation (Figure 3.35).
58
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Figure 3.35 Results of farnesene epoxidation obtained within the Plucinski group.
58

 These results are presented for 
information purposes and are not part of this thesis. 

 

Flow epoxidation with longer residence time 

Longer residence times were achieved by collecting and recovering the epoxidation reaction 

mixture from the reactor after the first reaction and recycling it as a feed for another reaction. 

Collection of the reaction mixture was started after the reactor achieved steady state. The steady 

state was ensured by collecting three samples from each outlet and ensuring that the conversion at a 

set point of the reactor does not change over time. The recovered bi-phasic reaction mixture was 

separated in a semi-continuous manner; the separation was performed using a glass separating 

funnel cooled by an ice pack. The aqueous phase was periodically removed from the separating 

funnel approximately every 30 min to reduce the possibility of the two phases reacting further. The 

recovered two phases were reused as a feed for another reaction. The reuse of phases was stopped 

when the volume of organic phase was insufficient to perform another experiment. The minimum 

volume of the organic phase to perform one experiment in the flow reactor (7.5 mL volume) is 12 

mL. 

The long residence time experiments were performed using 2.24 and 3.32 molar eq H2O2. Molar 

distributions of BE, BEMO and BEBO are presented in Figure 3.36 and 3.37. No BETO 

formation was observed on GC-MS or GC-FID. This confirms the hypothesis from the previous 

section that the BE epoxidation is a consecutive reaction. 
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Figure 3.36 Reaction progress represented as molar fraction of compounds with 2.24 eq H2O2 used. Experimental 
conditions: reactor volume 7.5 mL, 50 °C, BE with 2 mol % VENT and 10 mol % mesitylene, 30 % H2O2 with pH adjusted 
to 7 using aqueous 1M NaOH, organic phase flow rate: 0.093 mL min

-1
, aqueous phase flow rate: 0.093 mL min

-1
. No 

BETO was observed. The trend lines are fitted using excel polynomial function and are presented as a guidance only. 

 

Figure 3.37 Reaction progress represented as molar fraction of compounds with 3.2 eq H2O2 used. Experimental 
conditions: reactor volume 7.5 mL, 50 °C, BE with 2 mol % VENT and 10 mol % mesitylene dissolved in it, 30 % H2O2 

with pH adjusted to 7 using aqueous 1M NaOH, organic phase flow rate: 0.093 mL min
-1

, aqueous phase flow rate: 
0.133 mL min

-1
. The trend lines are fitted using excel polynomial function and are presented as a guidance only. 
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In Table 3.5 the conditions of flow experiments and the molar fraction at the longest residence time 

are presented. The long residence time of 120.9 min improved BE conversion to 88 % and the yield 

of BEBO to 51 % - the highest observed under all flow reactions conditions tested. The shorter 

residence time of 66.4 min provided BE conversion lower by 12 % which shows the conversion is 

dependent on the residence time, but that it is not a linear dependence. The yield of BEBO 

increased from 16 % to 32 % upon doubling the residence time (from 33.2 min to 66.4 min) which 

suggest a more linear dependence for BEBO formation than BE conversion. 

 

Table 3.5 Composition of products at the longest residence times achieved for 2.24 eq H2O2 and 3.2 eq H2O2 

 Flow rate [mL/min]   Molar fraction 

Entry Aqueous 
phase 

Organic 
phase 

Overall H2O2 eq Residence 
time 
[min] 

BE BEMO BEBO 

1 0.093 0.093 0.186 2.24 120.9 0.12 0.43 0.51 
2 0.133 0.093 0.226 3.2 66.4 0.24 0.43 0.32 
Experimental conditions for 2.24 mol eq H2O2: reactor volume 7.5 mL, 50 °C, BE with 2 mol % VENT and 10 mol % 
mesitylene, 30 % H2O2 with pH adjusted to 7 using aqueous 1M NaOH, organic phase flow rate: 0.093 mL min

-1
, 

aqueous phase flow rate: 0.093 mL min
-1

. 
Experimental conditions for 3.2 mol eq H2O2: reactor volume 7.5 mL, 50 °C, BE with 2 mol % VENT and 10 mol % 
mesitylene dissolved in it, 30 % H2O2 with pH adjusted to 7 using aqueous 1M NaOH, organic phase flow rate: 0.093 mL 
min

-1
, aqueous phase flow rate: 0.133 mL min

-1
. 

 

Based on the previous results, the molar fraction of BE was recalculated to fit pseudo first order 

reaction kinetics (Figure 3.38). After each cycle, a jump in the molar fraction of BE is visible 

between two cycles of the same reaction. This is likely due to insufficient cooling during phase 

separation and further epoxidation reaction occurring between two phases in the collecting flask 

prior to recycle to the rector. Although the results from each cycle can be described as straight line, 

the slope of each line is slightly different with each cycle. The changes are even more visible in the 

experiment with 2.24 molar eq H2O2. The changes in the slope of lines indicate changes in the 

apparent kinetic constant which shows that a change in the catalyst activity occurs. Venturello-type 

catalysts are known to almost fully deactivate after 500 turnovers, but the deactivation process is 

not fully understood.
59
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Figure 3.38 Changes of ln(
 

  
) obtained from long residence time experiments. 

 

Summary of VENT epoxidation 

The preliminary batch reactions showed that the amount of H2O2 is crucial to obtain high epoxide 

yields, but they also suggested that BETO formation is too slow for flow epoxidation. 

The flow experiments with variable amount of H2O2 confirmed that the excess of H2O2 is necessary 

to obtain high epoxide yields. Comparing to batch reactions conducted with the same excess of 

H2O2, no significant improvement was observed when 3.2 mol eq H2O2 were used in flow and 

significant improvement was observed when 4.8 mol eq was used in flow. 

BE conversion followed pseudo first order reaction model. Varying the overall flow rate showed 

that the apparent kinetic constant does not depend on flow rate, suggesting that the reaction is 

kinetically limited not mass transfer limited. 

Experiments with longer residence time confirmed that BE epoxidation is a consecutive reaction 

with BEMO being produced first and BEBO second. No BETO was observed in flow reactions 

which confirmed results from preliminary batch epoxidations. Experiments with longer residence 

time showed that apparent kinetic constant changes over time suggesting catalyst degradation. 
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3.2.2 Mizuno  

-elemene oxidation with Mizuno catalyst 

Mizuno catalyst (MIZ) is a bulky polyoxometalate [Bu4N]4[HPV2W10O40] which was previously 

used in limonene epoxidation resulting in high selectivity towards the electron-deficient double 

bond. Its regioselectivity is related to its bulky shape which sterically excludes the 1,2-position on 

limonene.
32

 In this project, BE was epoxidised using MIZ and the reaction conditions developed 

for limonene epoxidation were applied (Figure 3.39).
32

 The special interest was on the MIZ 

regioselectivity effect, but NMR analysis confirmed that no unusual BEMO or BEBO 

regioisomers were observed (see Figure 3.17). The NMR analysis is presented in Figure 3.40 and 

the diagnostic peaks are the signals from alkene groups via 
1
H NMR spectroscopy. 

 

Figure 3.39 Epoxidation of BE catalysed by MIZ. 

 

Figure 3.40 Changes in 
1
H NMR spectra of A - -elemene, B – crude reaction mixture from MIZ epoxidation (Figure 

3.39) after evaporating solvent in vacuo C – pure BEMO D – pure BEBO.  
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The first BE epoxidation was done using 1 mol eq H2O2 (Figure 3.39). Considering BE has three 

double bonds which are available for epoxidation, the reaction was limited by the amount of H2O2 

and conversion was incomplete (Figure 3.41). The products were a mixture of BEMO and BEBO, 

with BEMO being the main product.  

The H2O2 mass balance presented in the Figure 3.41 is based on the calculated value using 

Equation 3.4. The direct measurement of the H2O2 concentration was not performed due to 

limitations of the equipment available. The variation in H2O2 concentrations in Figure 3.41 were 

caused by experimental error related to GC-FID measurements of BE, BEMO and BEBO.  

 

  [    ]               

 

Where: 

[    ]  – H2O2 concentration at the time t 

     - -elemene monoepoxide concentration 

     - -elemene bisepoxide concentration 

(3.4) 

 

Figure 3.41 Changes in BE molar fraction versus reaction time. Reaction conditions: 5 mmol BE, 15 mL 1:1 
MeCN:t-BuOH, 0.025 mmol MIZ, 0.025 mmol HClO4, 5 mmol H2O2 (30% solution used). 
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Error analysis 

All experiments were analysed using GC-FID. An aliquot from the reaction mixture was taken and 

diluted to the desired concentration using methanol. The external mesitylene standard was added to 

the GC-FID sample. The molar fractions are calculated by referencing all samples to the sample 

taken before the start of the reaction. A control experiment was carried out using identical 

conditions, but without a catalyst to determine the analysis error (Figure 3.42). No epoxide peaks 

were detected without catalyst presence. The error calculated in the GC-FID analysis using 

mesitylene as an external standard is 10 % per analyte, the same analysis error was assumed for 

limonene epoxidation and -elemene epoxidation.  

 

Figure 3.42 Changes in limonene concentration due to analysis. Reaction conditions: 5 mmol limonene, 15 mL solvent 
(1:1 t-BuOH and MeCN), 5 mmol H2O2, 50 °C. 

 

-elemene epoxidation catalysed by MIZ with various amounts of H2O2  

A surprising result was achieved by varying the amount of H2O2 used. The more H2O2 that was 

used, the lower the conversion that was achieved (Figure 3.43). Additionally, the yield of epoxide 

was lower with 2 and 3 molar eq H2O2 used, with no BEBO observed even after 45 min reaction 

time (Table 3.6). No BETO was observed in the reactions with 1-3 molar eq H2O2. These results 

suggest that the initial concentration of H2O2 has a negative effect on the catalyst, reducing its 

activity. 
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Figure 3.43 Changes in BE molar fraction depending on the molar equivalents of H2O2 used. Reaction conditions: 5 
mmol BE, 15 mL 1:1 MeCN:t-BuOH, 0.025 mmol MIZ, 0.025 mmol HClO4, 5-15 mmol H2O2 (30% solution used). 

Table 3.6 Composition of BE, BEMO, BEBO and BETO at 45 min reaction time depending on the amount of H2O2 used. 

 
Entry Molar equivalent  

H2O2 
Molar fraction 

BE BEMO BEBO BETO 

1 1 0.26 0.58 0.26 0 
2 2 0.59 0.16 0 0 
3 3 0.66 0.09 0 0 
Reaction conditions: 5 mmol BE, 15 mL solvet (1:1 t-BuOH:MeCN), 0.5 mol % MIZ, 0.5 mol % HClO4, 5-15 mmol H2O2 
(indicated in the table – 30 % solution was used), 40 °C, 45 min reaction time 

 

A supplementary experiment was performed to check whether the catalyst was reactivated with an 

addition of fresh H2O2 after 45 min (Figure 3.44). A slight drop of BE and BEMO concentration 

was observed, but no additional BEBO was produced. The changes in BE and BEMO are within 

experimental error, but additional catalyst-substrate interaction which might not be visible by GC-

FID cannot be ruled out. A likely explanation is that under the reaction conditions the catalyst 

structure undergoes irreversible changes, hindering the catalyst activity. The results suggest that the 

changes to the structure are accelerated by high concentration of H2O2.  
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Figure 3.44 Changes in BE, BEMO and BEBO composition under reaction conditions. At 45 min reaction time 
additional 1 eq H2O2 was added. Reaction conditions: 5 mmol BE, 15 mL 1:1 MeCN:t-BuOH, 0.025 mmol MIZ, 0.025 
mmol HClO4, 10 mmol H2O2 added in two portions, first at 0 min and second at 45 min (30% solution used). 

The reaction with higher catalyst loading (1 mol %) and 2 molar eq H2O2 was performed to check 

whether the higher catalyst loading is beneficial for increasing the yield of BEBO (Figure 3.45). 

Comparing to the standard reaction conditions (0.5 mol % MIZ and 1 mol eq H2O2) it lowered the 

conversion by 8 %, which is within the experimental error previously calculated. However, the 

yield of both epoxides (BEMO and BEBO) significantly decreased (Table 3.7). Results of this 

experiment confirmed the previous hypothesis that the amount of H2O2 introduced at the beginning 

of the reaction has significant influence on the catalyst structure and its performance in the 

epoxidation reaction. Although the large mass loss of 24 % is still within experimental error 

previously assumed, it might also suggest other reactions occurring which are not possible to 

follow on GC-FID. 
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Figure 3.45 Changes in BE molar fraction during the reaction catalysed by 0.5 mol % with 1 eq H2O2 and reaction 
catalysed by 1 mol % MIZ with 2 eq H2O2. 

 

Table 3.7 Molar fraction of BE, BEMO and BEBO at 45 min reaction time with 0.5 – 1 mol % MIZ and 1 – 2 mol eq H2O2 
was used, results correspond to Figure 3.45. 

Entry MIZ  
[mol %] 

Molar 
equivalent  
H2O2 

Molar fraction  

BE BEMO BEBO BETO sum 

1 0.5 1 0.26 0.58 0.26 0 1.1 
2 1 2 0.34 0.28 0.14 0 0.76 
Reaction conditions: 5 mmol BE, 15 mL solvet (1:1 t-BuOH:MeCN), 0.5 - 1 mol % MIZ (indicated in the table), 0.5 - 1 mol 
% HClO4 (equimolar to the amount of catalyst), 5-10 mmol H2O2 (indicated in the table – 30 % solution was used), 40 °C, 
45 min reaction time 

 

Varying the amount of -elemene 

Varying the amount of BE was an alternative approach to increase the yield of epoxides, rather 

than changing the amount of H2O2 (Table 3.8). By varying the amount of BE between 5 mmol and 

1.5 mmol, the BE conversion rose up to 100 %. The yield of epoxides was also greater than in the 

standard reaction conditions, with the yield of BEBO increased up to 63 %. However, upon 

reducing the quantity of BE by over three times, resulting in over 3 mol eq H2O2 in the reaction 

mixture, no BETO was observed. Another interesting observation is a significant mass loss in 

reactions with high yields of epoxides (Table 3.8 and Figure 3.46). For the reaction with 1.5 mmol 

BE the mass loss reached over 30 %, which even with the previously calculated experimental error 

of 10% per compound is a significant mass loss. No additional peaks were visible on GC-MS, but 
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potential by-products such as high boiling -elemene diols or aldehydes were expected to be too 

high boiling to be visible on GC-FID. Potentially, the presence of hydroxyl radicals can facilitate 

the rearrangements of epoxides or the production of some polymeric products as well.  

Table 3.8 Molar fraction of BE, BEMO, BEBO and BETO at 45 min reaction time in the reaction with 1.5 – 5 mmol BE. 

Entry BE 
[mmol] 

MIZ  
[mol %] 

Molar 
equivalent  
H2O2 

Molar fraction 

BE BEMO BEBO BETO sum 

1 5 0.5 1 0.26 0.58 0.26 0 1.10 
2 2.5 1 2 0.02 0.25 0.58 0 0.85 
3 1.5 1.67 3.33 0 0.06 0.63 0 0.69 
Reaction conditions: BE (the amount indicated in the table), 15 mL solvent (1:1 t-BuOH:MeCN), 0.5 – 1.5 mol % MIZ (it is 
the same amount by mass – 90mg, but since the amount of BE changes it is different molar %), 0.5 – 1.5 mol % HClO4 

(the same amount by mass, but since the amount of BE changes it is a different molar %), 5 mmol H2O2 (30 % solution 
was used), 40 °C, 45 min reaction time 

 

 

Figure 3.46 Reaction progress of BE epoxidation catalysed by MIZ when 1.5 mmol BE was used. Reaction conditions: 
1.5 mmol BE, 15 mL solvent, 40 °C, 1.5 mol % MIZ, 1.5 mol % HClO4. The red dashed line is a theoretical mass balance 
and the red crosses correspond to sum of molar fractions of the compounds detected on GC-FID. 

 

MIZ catalysed epoxidation of -elemene monoepoxide and -elemene bisepoxide  

Further investigations into MIZ reactivity towards different -elemene epoxides were performed 

starting from BEMO or BEBO as a substrate (Figure 3.47 and Figure 3.48). However, even with 

long reaction times of 100 min, no presence of BETO was observed. Considering all of the data 

presented, it can be concluded that it is not possible to obtain BETO via H2O2 epoxidation 

catalysed by MIZ. It was also observed that the rate of reaction significantly decreased when 

BEMO was used as substrate for the epoxidation (Table 3.9 Entry 1 and 2). Moreover, significant 



Valorisation of terpenes for sustainable materials 
 
 

 
71 

mass loss of 16 % was observed if BEBO was used as an epoxidation substrate. It might suggest 

some interaction between the catalyst and epoxides, which could also explain the mass losses 

previously observed. 

 

Figure 3.47 MIZ epoxidation of BEMO. The reaction conditions correspond to the previous BE epoxidation. 

 

Figure 3.48 MIZ epoxidation of BEBO. The reaction conditions correspond to the previous BE epoxidation. 

 

Table 3.9 The molar fractions of BE, BEMO, BEBO and BETO in the epoxidations shown in Figure 3.47 and Figure 3.48 
and the previously stated BE epoxidation. 

Entry substrate Molar fraction 

BE BEMO BEBO BETO Sum 

1a 5 mmol BE 0.26 0.58 0.26 0 1.1 
2 5 mmol BEMO 0 0.72 0.31 0 1.03 
3 5 mmol BEBO 0 0 0.84 0 0.84 
Reaction conditions: substrate indicated in the table, 15 mL solvent (1:1 t-BuOH:MeCN), 0.5mol % MIZ, 0.5 mol % 
HClO4, 5 mmol H2O2 (30 % solution was used), 40 °C, 100 min reaction time 
a) 45 min reaction time 
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3.2.3 Further investigation into Mizuno epoxidation with limonene as a substrate 

Since BE is a complicated substrate with multiple oxidation products, the epoxidation catalysed by 

MIZ was further investigated using limonene as a model substrate (Figure 3.49) to compare to the 

previously published work by Mizuno et al.
32

 The published data indicates exclusive 

regioselectivity towards 8,9-LO.  

 

Figure 3.49 Limonene epoxidation performed according to published results,
32

 yield analysed by GC-FID, the yield is 
comparable to previously published 73 % isolated yield.  

 

Figure 3.50 Changes in reaction mixture appearance after adding H2O2. 

The previous findings of this report indicated that the concentration of H2O2 has a significant 

influence on the epoxidation reaction, thus from this point all epoxidation compared on the same 

chart or in the same table were performed on the same day from the same batch of H2O2 to ensure 

the concentration of H2O2 was constant. In special cases, H2O2 was titrated directly before 

experiments. It is worth noting that the reaction mixture changed colour immediately after adding 

H2O2 and became less clear. Since both the substrate and the product are colourless clear oils, the 

colour probably come from the vanadium species present in solution (Figure 3.50). The colour 

change is independent of the olefin epoxidised and always occurs after H2O2 addition. 
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Catalyst stability in solution 

Catalyst stability in solution was investigated by premixing MIZ with solvent, acid, limonene, 

H2O2 or a various combination of those, mixing it at reaction temperature of 40 °C for 1 h and 

starting the epoxidation by adding H2O2 (Figure 3.51). When MIZ was premixed with solvent, acid 

and H2O2 the start of reaction was measured from the time of limonene addition. During the 

standard epoxidation procedure without premixing, MIZ, acid and limonene were dissolved in the 

reaction solvent and immediately after achieving reaction temperature, H2O2 was added in one 

portion. There was no significant difference in performance between the standard conditions and 

MIZ premixed with reaction solvent, acid and limonene. However, when the MIZ catalyst was 

premixed with solvent, acid and H2O2 changes of LIM concentration were observed, but no 

corresponding 8,9-LO was produced (Figure 3.52). 

 

Figure 3.51 Changes in LIM molar fraction, depending on premixing the catalyst with solvent, acid, limonene and 
H2O2 in various combinations. Reaction conditions: 5 mmol LIM, 5 mmol H2O2, 0.025 mmol MIZ, 0.025 HClO4, 15 mL 
1:1 MeCN:t-BuOH, 40 °C. 
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Figure 3.52 Changes in 8,9-LO molar fraction, depending on premixing the catalyst with solvent, acid, limonene and 
H2O2 in various combinations. Reaction conditions: 5 mmol LIM, 5 mmol H2O2, 0.025 mmol MIZ, 0.025 HClO4, 15 mL 
1:1 MeCN:t-BuOH, 40 °C. 

The previous results suggest that H2O2 causes MIZ to decompose, even without the presence of 

substrate (LIM), suggesting unproductive H2O2 decomposition. A supplementary experiment was 

performed where MIZ was premixed with solvent, acid and H2O2 for an hour and then LIM and 

additional H2O2 were added (Figure 3.53). Further LIM mass loss was observed, but no 

corresponding epoxides were observed via GC-MS (Figure 3.54).  The lack of products detected on 

GC-MS, changes in the colour of the reaction mixture, and the cloudiness of solution, suggest there 

are some unidentified interactions between limonene, MIZ and H2O2.  
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Figure 3.53 Changes in LIM molar fraction, depending on premixing the catalyst with solvent, acid, limonene and 
H2O2 in various combinations. Reaction conditions: 5 mmol LIM, 2 x 5 mmol H2O2 (5 mmol added during premixing, 
and additional 5 mmol was added at the start of reaction at the same time as limonene), 0.025 mmol MIZ, 0.025 
HClO4, 15 mL 1:1 MeCN:t-BuOH, 40 °C. 

 

 

Figure 3.54 Changes in 8,9-LO molar fraction, depending on premixing the catalyst with solvent, acid, limonene and 
H2O2 in various combinations. Reaction conditions: 5 mmol LIM, 2 x 5 mmol H2O2 (5 mmol added during premixing, 
and additional 5 mmol was added at the start of reaction at the same time as limonene), 0.025 mmol MIZ, 0.025 
HClO4, 15 mL 1:1 MeCN:t-BuOH, 40 °C. 
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In summary, the results presented showed that MIZ epoxidation is sensitive to the amount of H2O2 

added. The catalyst was stable in solution until H2O2 was added, H2O2 was decomposed even in the 

absence of olefin. Further investigation included optimising the amount of solvent used, catalyst 

poisoning by organic aldehydes and diols, product inhibition and changing the concentration of 

H2O2 solutions used. 

 

Varying the amount of solvent needed for limonene epoxidation 

Under the standard epoxidation procedure, 0.81 mL LIM is dissolved in 15 mL solvent which is a 

high dilution undesirable for future scale up attempts. To investigate the influence of solvent (1:1 

MeCN:t-BuOH) quantities, experiments using 15 mL, 5 mL and 1 mL of solvent were run. Each 

experiment was set up twice, the first experiment was used to get information on reaction progress 

via GC-FID and the second experiment was to investigate the changes of temperature in the 

reaction mixture during reaction. All samples were homogeneous and clear before adding H2O2.  

As epoxidations are highly exothermic reactions, it was anticipated that the large volume of solvent 

helps to maintain the reaction temperature. Indeed, when 5 mL solvent was used the addition of 

H2O2 increased the reaction temperature by 15 °C, compared to a 5 °C increase when 15 mL 

solvent was used (Figure 3.55). However, the variation of 15 °C in the reaction temperature should 

not cause thermal decomposition of catalyst, as the reported epoxidations using MIZ operate well 

in temperatures of up to 60 °C.
32

 There were no reports of the epoxidation reaction at higher 

temperatures.  

A surprising result observed for the reaction mixture with 1 mL solvent, was that the addition of 

H2O2 caused the reaction mixture to split into two liquid phases (Figure 3.56). A change of colour 

from yellow to dark red-orange was observed and the reaction temperature increased by 6 °C. The 

split into two liquid phases, solid precipitation and low temperature increase indicated that the 

reaction did not occur. However, the reaction was still heated and the final GC-MS and NMR 

spectroscopy samples were taken after 1h at 40 °C. Samples from each phase were analysed 

qualitatively by GC-MS and NMR spectroscopy, and no detectable concentration of 8,9-LO was 

observed on either of the analytical techniques. The reaction mixture consisted mostly of unreacted 

limonene and reaction solvent (Figure 3.56). The solid precipitation was not identified, but it is 

probably a vanadium species originated from MIZ decomposition. 
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Figure 3.55 Changes the temperature of reaction mixture in the batch reactor. Reaction conditions: 5 mmol LIM, 2 x 5 
mmol H2O2 (5 mmol added during premixing, and additional 5 mmol was added at the start of reaction at the same 
time as limonene), 0.025 mmol MIZ, 0.025 HClO4, 1 - 15 mL 1:1 MeCN:t-BuOH, 40 °C. 

 

 

Figure 3.56 Phase separation in a vessel with 1mL reaction solvent used after adding H2O2. 

Reaction progress was monitored for experiments with 15 mL solvent and 5 mL solvent (Figure 

3.57). It was expected that the reduced amount of solvent will cause the reaction to progress faster 

due to lower dilution of substrates; a potential decrease of selectivity was expected as well. 

However, the results showed that in lower dilution conversion decreased by 40 %. The catalyst 

remained highly regioselective with no 1,2-LO observed on GC-MS, but a drop of selectivity to 

8,9-LO was observed with additional signals observed on GC-MS. The additional signals were not 

assigned to any of the previously known compounds and a NIST library search did not show any 

match to known compounds. 

In the original paper, the concentration of catalyst was varied between 0.00083 mmol mL
-1

 and 

0.0017 mmol mL
-1

, the reactions in this work use 0.025 mmol MIZ in 15 mL solvent which 
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corresponds to 0.0017 mmol mL
-1

 – the maximum concentration reported in the paper. Based on 

the results presented in this section, MIZ cannot work efficiently under more concentrated 

conditions. 

 

Figure 3.57 Changes in LIM molar fraction over reaction time, depending on the amount of solvent used. Reaction 
conditions: 5 mmol LIM, 5 mmol H2O2, 0.025 mmol MIZ, 0.025 HClO4, 15 mL 1:1 MeCN:t-BuOH, 40 °C. 

 

Scale up of the reaction can be achieved by adjusting the amount of solvent accordingly to the 

amount of LIM used. The reaction on a 60 mmol scale was performed and the crude reaction 

mixture was analysed by NMR spectroscopy using the diagnostic peaks highlighted in Figure 3.58. 

The reaction achieved 91 % LIM conversion and 96 % selectivity to 8,9-LO after a 60 min 

reaction. It is worth noting that for 60 mmol LIM (8.16 g), 180 mL solvent was needed. Although 

this epoxidation method is highly selective and relatively fast, the high dilution remains a 

significant hindrance to its industrial application.
9
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Figure 3.58 Changes in 
1
H NMR spectroscopy for LIM epoxidation catalysed by MIZ. Spectrum A – pure LIM, B – 

reaction mixture after evaporation of solvent. 

 

MIZ catalyst poisoning with organic aldehydes and diols 

An experiment to check if common epoxidation by-products affect the performance of the MIZ 

catalyst was designed. The corresponding diols and aldehydes in the 8,9 position of LIM are not 

commercially available and their synthesis was beyond scope of this project. The catalyst poisoning 

by organic diols and aldehydes was tested by adding common organic compounds to the 5 mmol 

LIM used for epoxidation, 0.5 mmol ethylene glycol was used as a diol and 0.5 mmol 

benzaldehyde was added as an aldehyde (Figure 3.59). 

 

Figure 3.59 Experiment for the determination of catalyst poisoning with ethylene glycol and benzaldehyde. 
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In Figure 3.60, the consumption of limonene under these reaction conditions is shown, revealing no 

significant effect on limonene consumption. Unfortunately, it was not possible to obtain 

quantitative values for the production of 8,9-LO, due to the interference of benzaldehyde and 

ethylene glycol peaks with those of 8,9-LO via GC-FID analysis. However, the qualitative analysis 

confirms that the catalyst retained high selectivity towards 8,9-LO (Figure 3.61). 

 

Figure 3.60 Changes in LIM molar fraction over reaction time with ethlene glycol or benzaldehyde addition. Reaction 
conditions: 5 mmol LIM, 5 mmol H2O2, 0.025 mmol MIZ, 0.025 HClO4, 15 mL 1:1 MeCN:t-BuOH, 40 °C, 0.5 mmol 
benzaldehyde or ethylene glycol. 

 
Figure 3.61 Qualitative GC-FID results representing changes in 8,9-LO molar fraction in epoxidation reactions with an 
addition of ethylene glycol or benzaldehyde. The results cannot be considered as quantitative due to interactions of 
ethylene glycol and benzaldehyde with 8,9-LO peaks. 
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The lack of interactions between ethylene glycol and benzaldehyde are depicted in Figure 3.62, 

where the relation between reaction rate and LIM concentration is shown. The curves overlap and 

show the same slope, with the small changes in the slope are attributed to the large error of 

experimental data. 

 

Figure 3.62 Changes in rate calculated from changes in LIM concentrations in epoxidation reactions with an addition 
of ethylene glycol or benzaldehyde. Reaction conditions: 5 mmol LIM, 5 mmol H2O2, 0.025 mmol MIZ, 0.025 HClO4, 15 
mL 1:1 MeCN:t-BuOH, 40 °C, 0.5 mmol benzaldehyde or ethylene glycol. 

The influence of varying concentration of hydrogen peroxide 

In the previous section it was found that H2O2 concentration has a significant influence on the 

epoxidation rate, thus two different concentrations of H2O2 were used in the LIM epoxidation. 

Since H2O2 is a sensitive reagent and can degrade over time, for this experiment H2O2 was titrated 

immediately beforehand. The titration procedure is available in the Section 3.4.8.  

Figure 3.63 shows a significant improvement in limonene conversion by using 50 % H2O2 which 

clarifies the previous findings, suggesting water content has significant impact on reaction rate 

(Figure 3.64). The more concentrated H2O2 also resulted in a higher TON (Figure 3.65), which was 

calculated using Equation 3.5. 

     
       [    ]

    [    ]
 

Where: 

    – turnover number [-] 

       – the number of 8,9-LO molecules produced [mmol] 

    – the number of MIZ molecules, corresponds to the initial amount [mmol] 

 

(3.5) 
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Figure 3.63 Changes in LIM molar fraction in reaction using 27 % H2O2 and 50 % H2O2. Reaction conditions: 5 mmol 
LIM, 0.025 mmol MIZ, 0.025 mmol HClO4 , 5 mmol H2O2 (but different concentration solutions were used), 40 °C, 15 
mL solvent 1:1 MeCN:t-BuOH. 

 

Figure 3.64 Changes in rate of reaction when 27 % and 50 % solution of H2O2 were used. The rate was calculated 
based on changes in LIM concentration. Reaction conditions: 5 mmol LIM, 0.025 mmol MIZ, 0.025 mmol HClO4 , 5 
mmol H2O2 (but different concentration solutions were used), 40 °C, 15 mL solvent 1:1 MeCN:t-BuOH. 
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The reaction using 27 % H2O2 achieved 160 TON and the reaction using 50 % H2O2 achieved 207 

TON (Figure 3.65). The cumulative TON was calculated using 8,9-LO concentrations. If 8,9-LO is 

the only product of LIM epoxidation, the changes in LIM concentration should be proportional to 

TON achieved. Results presented in Figure 3.65 showed that under these reaction conditions the 

correlation is linear within experimental error. These results are consistent with the results 

published by Mizuno et al. in which the highest reported TON for MIZ was achieved by using 60 

% H2O2 resulting in 210 TON.
32

 

 

Figure 3.65 Cumulative TON achieved in LIM epoxidation versus LIM concentration.   

A complementary experiment was performed to check if the use of 50 % H2O2 can further extend 

the TON achieved by MIZ. The epoxidation reaction was set up using more LIM and H2O2, but 

the same amount of catalyst as previously (0.025 mmol).  Table 3.10 shows the conditions of all 

experiments with various concentration of H2O2. Although the limonene consumption and rate of 

reaction increase with increasing H2O2 concentration (Figure 3.66 and Figure 3.67 green curves) 

the overall limonene consumption and rate of reaction were lower than for experiments with 5 

mmol LIM used (Figure 3.66 and Figure 3.67 black curves). The rate of reaction decreases in the 

order 5 mmol LIM 50 % H2O2 > 7 mmol LIM 50 % H2O2 > 5 mmol LIM 27 % H2O2 > 7 mmol 

LIM 27 % H2O2, which corresponds to the increasing concentration of water 0.586 M > 0.799 M 

> 1.56 M > 2.11 M. 
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Table 3.10 Summary of LIM epoxidation using 27 % and 50 % solutions of H2O2. 

Entry Volume of 
reactiona 

LIM 
[mmol] 

H2O2  
[mmol] 

H2O2 

conc.b 
H2O

c  
[mmol] 

MIZ  
[mmol] 

TON 

1 16.93 7  7  27 % 35.7  0.025   44 
2 16.53 7  7  50 % 13.2  0.025  134 
3 16.38 5  5  27 % 25.6  0.025  160 
4 16.10 5  5  50 % 9.44  0.025  207 
a) volume of reaction is calculated as the sum of reaction solvent volume, limonene volume and H2O2 volume b) 
commercially available H2O2 concentration used for experiment c) the amount introduced to reaction with H2O2  
Reaction conditions: 5 or 7 mmol LIM, 0.025 mmol MIZ, 0.025 mmol HClO4 , 5 or 7 mmol H2O2 (30 % or 50 % H2O2 
solution was used), 15 mL 1:1 MeCN:t-BuOH, 40 °C. 

 

 

Figure 3.66 Changes in LIM (left) and 8,9-LO (right) molar fraction in reaction using 27 % H2O2 and 50 % H2O2 and in 
reactions using 5 mmol and 7 mmol LIM. Reaction conditions were described in Table 3.10: 5 or 7 mmol LIM, 0.025 
mmol MIZ, 0.025 mmol HClO4 , 5 or 7 mmol H2O2 (but different concentration solutions were used), 40 °C,  15 mL 
solvent 1:1 MeCN:t-BuOH. 

It is worth noting that independently of the amount of substrate used (Figure 3.66) the reaction was 

very rapid and in around 15 min provided maximum achieved conversion, after which the reaction 

progress plateaued with no further changes observed. Larger concentrations of both substrates 

(LIM and H2O2) did not improve the rate of reaction (Figure 3.66 and 3.77, green triangles) 

suggesting that the starting concentration of water is an inhibiting factor. 
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Figure 3.67 Changes in rate of reaction for reactions using 27 % H2O2 and 50 % H2O2 and for reactions using 5 mmol 
and 7 mmol LIM. Reaction conditions are described in Table 3.10: 5 or 7 mmol LIM, 0.025 mmol MIZ, 0.025 mmol 
HClO4 , 5 or 7 mmol H2O2 (but different concentration solutions were used), 40 °C, 15 mL solvent 1:1 MeCN:t-BuOH. 
 

Given the linear relationship between LIM and rate, surprising changes in the rate of 8,9-LO 

production and TON were observed (Figure 3.68 and Figure 3.69). If 8,9-LO was the only product 

of the reaction, the graphical correlation between TON and LIM molar concentration should give a 

straight line, since in theory 1 molecule of LIM reacts to give 1 molecule of 8,9-LO. However, for 

reactions in which 7 mmol LIM was used, the curve looks more exponential than linear (Figure 

3.69 orange and green curve), suggesting that limonene is involved in another catalytic cycle, 

rather than just epoxidation. The maximum achieved TON decreased in the order 5 mmol LIM 50 

% H2O2 > 5 mmol LIM 27 % H2O2 > 7 mmol LIM 50 % H2O2 > 7 mmol LIM 27 % H2O2 

(Figure 3.69), which might be explained by side reactions occurring.  

 

Figure 3.68 Changes in rate of reaction calculated using 8,9-LO concentrations for reactions using 27 % H2O2 and 50 % 
H2O2 and for reactions using 5 mmol and 7 mmol LIM. Reaction conditions are described in Table 3.10: 5 or 7 mmol 
LIM, 0.025 mmol MIZ, 0.025 mmol HClO4 , 5 or 7 mmol H2O2 (but different concentration solutions were used), 40 °C, 
15 mL solvent 1:1 MeCN:t-BuOH. 
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Figure 3.69 Cumulative TON changes versus LIM concentration in reaction using 27 % H2O2 and 50 % H2O2 and in 
reactions using 5 mmol and 7 mmol LIM. Reaction conditions were described in Table 3.10: 5 or 7 mmol LIM, 0.025 
mmol MIZ, 0.025 mmol HClO4 , 5 or 7 mmol H2O2 (but different concentration solutions were used), 40 °C, 15 mL 
solvent 1:1 MeCN:t-BuOH. 

 

Product inhibition 

Based on the rate equation written out using elementary step rate constants, the relationship 

between substrate concentrations depends on stoichiometry. If there is no catalyst deactivation or 

product inhibition, the rate at a given concentration should not change as long as a difference 

between the initial molar concentration of substrates is the same.
60

 The conditions of two 

experiments which were performed for LIM epoxidation in order to determine if product inhibition 

or catalyst deactivation appears are presented in Table 3.11. Figure 3.70 depicts the correlation 

between reaction rate and LIM concentration. Since the rate curves do not overlap, that indicates 

that either product inhibition or catalyst deactivation occurs. 

Table 3.11 Reaction conditions for experiment to determine product inhibition. The same concentration of catalyst 
was used, a small variation in reaction volume is related to the different volume of substrate added. The volume 
varies by 2 % which was assumed to not change MIZ concentration significanly. 

 
Entry Volume of reactiona MIZ [mmol/M] LIM [mmol/M] H2O2 [mmol/M] 

1 15.81 mL  0.025/0.00158 5/0.316 5/0.316 
2 16.13 mL 0.025/0.00155 7/0.434 7/0.434 
a) For calculation the volume of reaction solvent and limonene was taken, it does not account for changes in volume 
caused by addition of H2O2. Reaction conditions: 5 or 7 mmol LIM, 0.025 mmol MIZ, 0.025 mmol HClO4 , 5 or 7 mmol 
H2O2 (30 % solution), 40 °C, 15 mL solvent (1:1 MeCN:t-BuOH). 
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Figure 3.70 Changes in rate of reaction using different starting concentrations of LIM and H2O2. Reaction conditions: 5 
or 7 mmol LIM, 0.025 mmol MIZ, 0.025 mmol HClO4 , 5 or 7 mmol H2O2 (30 % solution), 40 °C. 

To check for product inhibition two the same reactions were set up, but starting from different 

conversion points.
60

 The first experiment was started using 5 mmol LIM which is the standard 

epoxidation procedure, this point corresponds to conversion 0%. The second experiment was 

started using 4 mmol LIM and 1 mmol 8,9-LO, which corresponds to 20 % conversion. It is 

necessary to recreate the same conditions as seen at 20 % conversion, which means the amount of 

H2O2 and water had to be adjusted accordingly. The amount of water was adjusted not only for 

what would be produced as a result of oxidation, but also what would be introduced into reaction 

with a 30% solution of H2O2.  

In Figure 3.71 the correlation between the rate of reaction and the LIM concentration is shown for 

both reactions. The curves do not overlay, indicating catalyst deactivation.
60

 Had the curves 

overlaid, this would have indicated product inhibition due to the rate of reaction being dependent 

on substrate-product ratio. In Figure 3.71 the two curves do not overlay, which indicates MIZ 

deactivation.  
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Figure 3.71 Changes in rate of reaction when changing the starting point of reaction. Reaction conditions for reaction 
starting at 20 % conversion: 40 °C, 15 mL solvent (1:1 MeCN: t-BuOH) 0.025 mmol MIZ, 0.025 mmol HClO4 4 mmol 
LIM, 1 mmol 89 LO, 4 mmol H2O2 as 30% solution (0.416 mL 30% solution), 1 mmol water + additional water as it was 
30% solution (0.062 mL overall). The standard epoxidation procedure: 0.025 mmol MIZ, 0.025 mmol HClO4, 15 mL 
solvent, 5 mmol LIM, 5 mmol H2O2 (0.52 mL 30% solution).  

A complementary experiment was performed in which the amount of water was not adjusted, so 

only 4 mmol H2O2 (30% solution) was used with no additional water added, but with the addition 

of 8,9-LO. The relation between reaction rate and LIM concentration is shown in Figure 3.72 The 

rate of reaction with an addition of 8,9-LO but without water (Figure 3.72 green series) is faster, 

suggesting that the amount of water in the reaction has impact on the catalyst deactivation. 

 

Figure 3.72 Changes in rate of reaction. Reaction conditions for reaction starting at 20 % conversion: 40 °C, 15 mL 
solvent (1:1 MeCN: t-BuOH) 0.025 mmol MIZ, 0.025 mmol HClO4 4 mmol LIM, 1 mmol 89 LO, 4 mmol H2O2 as 30% 
solution (0.416 mL 30% solution), 1 mmol water (0.018 mL overall). The standard epoxidation procedure: 0.025 mmol 
MIZ, 0.025 mmol HClO4, 15 mL solvent, 5 mmol LIM, 5 mmol H2O2 (0.52 mL 30% solution). 
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In summary, the results presented showed that reducing the amount of solvent is not possible, with 

the reduced volume of solvent leading to lower conversion. The experiments with ethylene glycol 

and benzaldehyde did not show catalyst poisoning with organic diols and aldehydes. The results 

with more concentrated H2O2 solution improved TON up to 210, but the attempts to achieve further 

improvement were not successful. Product inhibition experiments showed that 8,9-LO does not 

inhibit reaction, but water does. The next sections focus on 
31

P and 
51

V NMR spectroscopy of MIZ 

and looking into possible products of deactivation. It was hypothesised that MIZ can isomerise to 

the -isomer of MIZ under reaction conditions, thus the -isomer was synthesised and its 

performance in the epoxidation reaction was tested. 

31P NMR and 51V NMR of MIZ  

Figure 3.73 depicts the mechanism for epoxidation catalysed by MIZ proposed by Mizuno et al.
32

 

with the corresponding 
51

V NMR shifts for different forms of the polyoxometalate obtained from 

the supporting information to the original paper.
32

 In another publication by Mizuno et al. where 

MIZ was used for hydroxylation of alkanes, the 
51

V NMR shifts of compound I, II and III (Figure 

3.73) are reported as -578 ppm, -539 ppm and -630 ppm respectively.
53

 In this report, the 

abbreviation MIZ corresponds to [Bu4N]4[-HPV2W10O40]. The compound I depicted in Figure 

3.73 corresponds to MIZ protonated by HClO4 – [-H2PV2W10O40]
3-

. 

 

Figure 3.73 Epoxidation mechanism proposed by Mizuno et al.
32

 Alternative 
51

V NMR shifts, which are I -578 ppm, II -
539 ppm, III -630 ppm are available from another Mizuno et al. publication

53
 (picture reproduced, with permission, 

from Mizuno et al.
32

). 
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The MIZ catalyst was analysed by 
31

P NMR and 
51

V NMR, the samples were prepared in 1:1 

MeCN and t-BuOH and run without locking. Some of the NMR analysis for the MIZ 

polyoxometalate is reported at pH 2, thus two NMR samples at different pH were prepared to 

check how much 
31

P NMR and 
51

V NMR signals shift at different pH values. The first sample was 

prepared with no pH adjustment (pH 6-7 using paper pH strips or pH 5.4 using pH meter), the 

second sample was prepared with pH adjustment using 3M aqueous HCl (pH 0 using paper pH 

strip and pH meter). 

31
P NMR spectra are presented in Figure 3.74, a shift of 0.2 ppm was observed with changing pH. 

Both samples of MIZ showed a single peak at -13.90 or -14.10 ppm (depending on pH) which is 

slightly different than the previously published data (-14.3 ppm).
32

 However, a different publication 

by Mizuno et al. reported shift of -14.1 ppm in MeCN.
54

  

 

Figure 3.74 
31

P NMR of MIZ dissolved in 1:1 MeCN:t-BuOH. The top spectrum: acidic pH, bottom: 6-7 pH. 

51
V NMR are presented in Figure 3.75. Although no changes in shifts were observed with changing 

pH, an additional peak at -364 ppm was observed at highly acidic pH and the ratio between the 

peaks at -581 and -673 ppm changed. In the previously reported data, 
51

V NMR analysis for MIZ 

was reported as a single peak at -570 ppm
32

 or -581 ppm
54

 or -580 ppm.
53

 The obtained data is 

consistent with previously reported data. However, it was not possible to assign the peak at -673 

ppm which remains an unsolved vanadium species. The small peak at -542 ppm possibly 

corresponds to a [-HPV2W10O40]
4-

 species which was mentioned by Mizuno et al., but they did not 

report a corresponding 
51

V NMR signal.
32

 A different source reported -544.2 ppm and -555.2 ppm 

for Cs5[-PV2W10O40].
61
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Figure 3.75 
51

V NMR of MIZ dissolved in 1:1 MeCN:t-BuOH. The top spectrum: acidic pH, bottom: 6-7 pH.  

 

To further understand changes in the MIZ structure under reaction conditions the 
51

V NMR and 
31

P 

NMR measurements were taken after the addition of each reagent to the reaction. An NMR sample 

was taken directly from the reaction mixture and was run without any deuterated solvent (Figure 

3.76). Although the samples were prepared immediately during epoxidation, due to issues with the 

NMR spectrometer, they were analysed 24 h after they were prepared. A fresh sample of MIZ 

(Figure 3.76 spectrum 1) was prepared to compare to the 24 h sample (Figure 3.76 spectrum 2) and 

check whether any changes occurred during the 24 h lapse. No significant difference was observed. 

Spectrum 3 was taken after MIZ was dissolved in the solvent (1:1 MeCN:t-BuOH) and limonene 

was added to the reaction. Until now, no significant changes in 
31

P NMR were observed. The 

spectra showed a single peak which shifted from -14.19 to -14.36 ppm which corresponds to the 

shift reported for MIZ. Spectrum 4 represents the sample taken after acid (HClO4) addition. The 

single peak shifted to -13.98 which corresponds to the MIZ signal at acidic pH (see Figure 3.74), 

thus it is possibly a protonated version of MIZ – [H2PV2W10O40]
3-

. Spectrum 5 corresponds to a 

sample taken after H2O2 addition to the reaction. After H2O2 addition, extra peaks at -13.32 and -

13.36 ppm appeared, but they do not correspond to any other reported species. Additionally, the 

intensity of peaks is lower and a solid precipitated in the NMR tube. 
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Figure 3.76 
31

P NMR of MIZ dissolved in 1:1 MeCN:t-BuOH. Spectrum 1 – fresh MIZ sample prepared immediately 
before analysis, 2 – 24 h old sample MIZ 3 – 24 h old sample MIZ and LIM 4 –24 h old sample MIZ, LIM and HClO4, 5 - 
after H2O2 addition. 

51
V NMR spectra are presented in Figure 3.77, with no changes observed between the fresh MIZ 

sample and the 24 h sample (Spectrum 1 and 2). The addition of limonene (Spectrum 3) also did 

not cause any changes. Spectrum 4 corresponds to a sample taken after acid addition. A small shift 

of 0.3 ppm was observed, but the reported literature reports a larger shift of 3 ppm from -581 ppm 

to -578 ppm for the protonated form of MIZ.
53

 Although, the shift does not correspond exactly to 

the reported data (-578 ppm), it is still assumed to be a protonated form of MIZ. Another change 

observed in Spectrum 4 was that the intensity of the peak at -674 ppm increased. Spectrum 5 

corresponds to a sample taken after H2O2 addition. The peak at -582 ppm shifted to -549 ppm 

which might correspond to a [-HPV2W10O40]
4-

 or [-H2PV2W10O40]
3-

 species, since it is very close 

to the -544 and -555 ppm values previously reported for Cs5[-PV2W10O40].
61

 However, the peak at 

-549 ppm cannot be assigned with a full certainty. It is worth noting that the intensity of the peak at 

-674 ppm is as strong as it was in Spectrum 4. 
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Figure 3.77 
51

V NMR of MIZ dissolved in 1:1 MeCN:t-BuOH. Spectrum 1 – fresh MIZ sample prepared immediately 
before analysis, 2 – 24 h old sample MIZ 3 – 24 h old sample MIZ and LIM 4 –24 h old sample MIZ, LIM and HClO4, 5 - 
after H2O2 addition. 

These results are consistent with previous results where the catalyst was stable in solution until 

H2O2 was added to the reaction. In the samples analysed by 
31

P NMR and 
51

V NMR (Figure 3.76 

and Figure 3.77) the significant changes were also observed after H2O2 addition and no significant 

changes were observed when limonene or HClO4 were added, thus there is no evidence of 

limonene strongly binding to the catalyst. 

Limonene epoxidation using -isomer of Mizuno catalyst 

Mizuno et al. mentioned the presence of a -isomer of MIZ which is a by-product of the MIZ 

synthesis.
32

 Another source indicated that Cs5[-PV2W10O40], which is a precursor to obtain MIZ - 

[Bu4N]4[-HPV2W10O40], is stable at pH 2 in the presence of excess vanadium ions [VO2]
+
, and in 

the absence of excess vanadium an isomerisation to the darker orange Cs5[-PV2W10O40] occurs. 

Since the epoxidation reaction does not take place at pH 2 and no additional [VO2]
+ 

is present, it is 

expected that under reaction conditions MIZ can isomerise to the orange -isomer, which would 

also explain the change in colour under the reaction conditions. In this report, the -isomer of MIZ 

was prepared according to a literature procedure
61

 to check if it is active in the epoxidation of LIM 

(Figure 3.78).  
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Figure 3.78 Synthesis of Cs5[-PV2W10O40] according to the literature procedure.61 

The NMR spectroscopy samples were prepared by dissolving the synthesised Cs5[-PV2W10O40] in 

water at pH 1 and showed a single peak on 
31

P NMR at -13.5 ppm and two peaks on 
51

V NMR at -

543 ppm and -554 ppm which corresponds to the data published in the literature: 
31

P NMR at pH 4 

-12.85 ppm and 
51

V NMR at pH 3.5 -544 and -555 ppm. The slightly different shift in the 
31

P NMR 

was attributed to the different pH of the NMR spectroscopy sample reported in the literature. IR 

analysis is available in the Experimental section. 

To allow solubility in an organic solvent, the Cs
+
 counter ion in Cs5[-PV2W10O40] had to be 

changed to Bu4N
+
. Cation exchange in the original Mizuno paper was performed at pH 2 with the 

presence of [VO2]
+
. The pH adjustment and the addition of [VO2]

+ 
were probably a way to stabilise 

the -isomer and prevent isomerisation to -isomer. In this work, the -isomer was the compound 

of interest, thus the pH was not adjusted and no additional vanadium species were added. The 

cation exchange was performed in water with Bu4N-Cl. The -isomer and -isomer have 

characteristic colours (Figure 3.79) which is consistent with previously published literature.
61

 

 

Figure 3.79 Colour change between  and  - isomer of MIZ. 

The resultant orange solid was insoluble in water and soluble in organic solvents such as the 1:1 

mixture of MeCN and t-BuOH used in the epoxidation reaction. The IR spectra still shows the 

diagnostic peaks for [-PV2W10O40]
5+ 

(Figure 3.80). 
31

P NMR showed two peaks at -13.24 and -

13.55 ppm (Figure 3.81). There are no reports of -isomer analysis in organic solvents, but the 

reported shift in water is -13.5 ppm.
61

 The detected peaks were within the range of the 
31

P NMR 

shift reported for the -isomer, but the presence of two peaks suggested it was not a  

single compound, and was potentially a mixture of [-PV2W10O40]
5-

,
 

[-HPV2W10O40]
4- 

or  
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[-H2PV2W10O40]
3-

. 
51

V NMR shifts previously reported for the  isomer were at -543 and -554 

ppm in aqueous solution.
61

 The synthesised -isomer sample showed three peaks at -535 ppm, -539 

ppm and -556 ppm on 
51

V NMR (Figure 3.82), which is within the same range as previously 

reported shifts in aqueous solution. However, the additional peak at -535 ppm is an unknown 

compound which might be a different protonation of the -isomer, but it could also correspond to 

an unknown vanadium species. 

 

Figure 3.80 Changes in IR spectra for the synthesised -isomer with Cs
+
 and Bu4N

+
. Reported IR data for Cs5[-

PV2W10O40]: 1090(m), 1068(m), 1058(m), 976(s,sh), 960(s), 890(m), and 794 (vs, br).
61

 

 

Figure 3.81 
31

P NMR of synthesised -isomer. No reports of  - isomer in organic medium, but the data reported in 

aqueous solution for Cs5[-PV2W10O40] is  -13.5 ppm.
61
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Figure 3.82 
51

V NMR of the synthesised -isomer, no reports of  - isomer in organic medium is available, but in 

aqueous solution for Cs5[-PV2W10O40] was reported -543 and -554 ppm.
61

 

 

The analysis of the synthesised -isomer confirmed it was -isomer, but its protonation state was 

unknown. The synthesis potentially yielded [Bu4N]5[-P V2W10O40], [Bu4N]4[-HP V2W10O40], 

[Bu4N]3[-H2P V2W10O40] or a mixture of all of those.  

Comparing the obtained -isomer analysis to the previously unresolved peaks from Figure 3.76 and 

3.77 no correlation was found, thus it cannot be confirmed that the -isomer is created under the 

reaction conditions. Although based on the presented results the -isomer cannot be proven to be a 

reason for catalyst deactivation, the synthesised -isomer was used in LIM epoxidation to confirm 

it is not active in the LIM epoxidation (Figure 3.83). Since the protonation state of the synthesised 

-isomer was not known, 2 mol eq HClO4 were used in respect to the -isomer of MIZ. Mizuno et 

al. previously reported that HClO4 added to the reaction does not co-catalyse the reaction, but it is a 

proton source for the formation of a bis-µ-hydroxo site in MIZ and an excess of HClO4 does not 

affect the conversion or yield of products.
32

   

 

Figure 3.83 LIM epoxidation catalysed by - isomer MIZ. 
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The LIM consumption and 8,9-LO production were shown in Figure 3.84 and Figure 3.85 

respectively. Although the small mass loss of LIM of up to 6 % was shown, no production of 8,9-

LO was observed confirming that the  isomer MIZ is not reactive in the LIM epoxidation 

reaction. It is worth noting that the mass loss reported is still within the experimental error. 

 

Figure 3.84 LIM epoxidation catalysed by  - isomer MIZ. Reacion conditions presented in Figure 3.83. 

 

Figure 3.85 Changes in 8,9-LO molar fraction in LIM epoxidation catalysed by  - isomer MIZ. Reacion conditions 
presented in Figure 3.83. 
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Summary of MIZ epoxidation  

BE can be successfully oxidised using MIZ and the possible oxidation products include BEMO 

and BEBO. However, if BETO is the desired product of epoxidation, MIZ is not an appropriate 

catalyst since it did not yield BETO under any reaction conditions tested. 

Although MIZ epoxidation is highly selective and fast (about 15 min reaction time) it has not been 

further studied in a flow reactor due to possible catalyst deactivation and solid precipitation. 

Various experiments were performed to find the cause of catalyst deactivation. MIZ catalyst was 

stable in solution until H2O2 was added. It has been confirmed that the stability of the catalyst was 

negatively affected by water concentration and higher TON was achieved when 50 % H2O2 

solution was used instead of 30 %. Organic diols and aldehydes did not affect MIZ performance, 

suggesting there is no catalyst poisoning by common epoxidation by-products. It has been proposed 

that under reaction conditions MIZ isomerises to -isomer MIZ, but it could not be concluded that 

the -isomer was produced during reaction conditions. However, it has been confirmed that the -

isomer MIZ is not active in the LIM epoxidation reaction. 

The scale up of the reaction also proved problematic due to the high dilution of the epoxidation 

reaction, but attempts to reduce the amount of solvent were unsuccessful. The current epoxidation 

conditions use the highest reaction concentration previously published for the MIZ catalyst and the 

reaction can be scaled up if the amount of solvent is proportionally scaled up as well. 

3.2.4 Preliminary epoxidation studies using trifluoroacetophenone (TFAP) 

Preliminary studies on TFAP were undertaken. First, a reaction which was previously reported for 

limonene was performed to replicate published results and ensure the reaction set up, commercially 

bought catalyst and oxidant are of appropriate quality (Figure 3.86). For the purpose of this 

analysis it was assumed no 8,9-LO is formed, since the original paper does not mention its 

formation under these reaction conditions. However, the region of 
1
H NMR spectrum where 

epoxide signals corresponding from 8,9-LO would appear was too crowded to exclude 8,9-LO 

formation. Further qualitative GC-MS analysis showed the presence of 8,9-LO. Although it was 

not analysed quantitatively, 1,2-LO was definitely the main product. The analysis showed 69 % 

conversion and 82 % selectivity (56 % yield) which is significantly lower than 81 % isolated yield 

reported.
34

 It is worth noting that NMR analysis was done with an assumption no 8,9-LO is 

present, thus the 56 % yield slightly differ from real value. Since selectivity remained high, it is 

possible that the variation in H2O2 concentration caused this issue. Other solvents were tested 

including iPrOH, EtOAc and n-BuOH with only i-PrOH yielding comparable results.  
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Figure 3.86 
1
H NMR spectroscopy of crude organic phase extracted from LIM epoxidation using TFAP. After reaction 

organic layer was extracted with DCM and solvent was evaporated in vacuo, then an NMR sample was prepared in 
CDCl3. 

Further investigation of TFAP catalysed epoxidation could be carried out using flow NMR, which 

is able to provide in-situ information about catalyst species in the reaction system.
62

 However, the 

reaction volume would have to be increased to at least 25 mL of organic phase. The scale up of the 

reaction to 25 mL t-BuOH proved challenging (Figure 3.87). The reaction was analysed by NMR 

spectroscopy and GC-FID with an external mesitylene standard. NMR spectra were not usable 

since the reaction solvent overlapped with the limonene and product signals. GC-FID analysis 

showed that only 29 % conversion was achieved after a 75 min reaction. Further investigation of 

this reaction should be a part of future work, but a possible reason for lower yields could be 

insufficient mass transfer between organic and aqueous phases. 

 

Figure 3.87 A large scale epoxidation of LIM using TFAP. 
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This catalyst was also investigated for BE epoxidation (Figure 3.88). This experiment was 

performed before GC-FID analysis was developed for BE epoxidation, thus it was analysed using 

1
H NMR spectroscopy. The reaction showed 49 % conversion of alkene bonds and showed 99 % 

selectivity towards epoxy groups yielding 49 % of epoxide products which are a mixture of BEMO 

and BEBO. No BETO was produced as no disappearance of the alkene in the vinyl double bond 

was observed (Figure 3.88 yellow). Via 
1
H NMR it is not possible to determine the ratio between 

BEMO and BEBO, but it is possible to see that no significant disproportion of alkene groups 

(Figure 3.88 green) was shown, suggesting that both regioisomers of BEMO are produced in about 

1:1 ratio. 

 

Figure 3.88 
1
H NMR spectrum and reaction scheme of BE epoxidation catalysed by TFAP. 

 

Marc Hutchby within the Davidson group and the Bull group further investigated TFAP catalysed 

epoxidation of BE and proposed to change the solvent to MeCN (Table 3.12).
34

 With an increased 

amount of TFAP (10 mol % instead of 5 mol %) and high excess of H2O2 (10 mol eq) BE can be 

epoxidised to the trisepoxide.
52

 Hutchby’s results indicated that higher concentrations of MeCN 

and an excess of H2O2 improve epoxides yields, which is consistent with findings of Kokotos et al. 

as it has been indicated MeCN has a crucial role in a catalytic cycle.
34  
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Table 3.12 Marc Hutchby’s results
52

 This data is not part of this thesis it is presented for information purposes only. 

 
    Yielda [%] 

Entry BE [mmol] H2O2 [mmol] TFAP [mmol] BEMO BEBO BETO 

1 5 20 0.5 67 19 - 
2 5 30 0.5 - 82 6 
3 5 50 0.5 - 30 61 
a) total isolated yield after column chromatography  
Reaction conditions: 20 mL MeCN, 20 mL aq buffer solution pH 11, room temperature, time not reported 

 

3.3 Conclusions and future work  

The Venturello catalyst is the most widely studied epoxidation catalyst within the Plucinski group. 

In this research it was found that it can selectively epoxidise BE. BE epoxidation is a consecutive 

reaction with BEMO being the first product and BEBO second. BETO was not observed in the 

flow reaction set up as it requires long reaction times not achievable in flow reactor. The 

experiment with varying flow rates (0.226 – 0.452 mL min
-1

) showed that the reaction is kinetically 

limited and not mass transfer limited. It was also shown that an excess of H2O2 is needed in order 

to achieve high epoxide yields. As high excess of H2O2 was used, the pseudo first order reaction 

model was applied and it was found that the BE rate of reaction can be described as pseudo first 

order reaction. However, with longer residence times (above 33.2 min) it was observed that the rate 

of reaction changes over time indicating catalyst deactivation or product inhibition. Further studies 

into catalyst deactivation and improving BEBO yield are recommended to make this system a 

green protocol for BE epoxidation. 

The Mizuno catalyst is the only reported catalyst which shows exclusive selectivity towards 8,9-

LO in limonene epoxidation, thus it was hypothesised that it might allow an unusual monoepoxide 

and bisepoxide formation when applied to BE epoxidation. No unusual products were observed, 

the epoxidation catalysed by MIZ yielded BEMO and BEBO. BETO was not observed in any of 

the tested reaction conditions showing MIZ inactivity towards the vinyl double bond in the BE 

structure. The presented results showed MIZ deactivation and high sensitivity to water content. 

The -isomer of MIZ was synthesised and it was confirmed that it does not catalyse the BE 

epoxidation. However, no evidence has been found that the -isomer is a plausible explanation for 

MIZ deactivation under reaction conditions. While MIZ is highly selective and shows high 
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reaction yields, it is not recommended for scale up or flow epoxidation since it exhibits complex 

catalyst deactivation behaviour and high dilution of the reaction is necessary. 

Although only preliminary studies on TFAP catalysed BE epoxidation were done, it is a promising 

catalyst for BE epoxidation. It differs from other tested catalyst as it can selectively provide BETO 

in high yields as was shown by M. Hutchby.
52

 The issues in the reaction scale up should be 

addressed in future work. The TFAP catalysed epoxidation mechanism has been well described by 

Kokotos et al.
34

 and could be investigated by flow NMR to further understand it.
62

 

The comparison among three catalysts investigated in BE epoxidation is presented in Table 3.13. 

All of the tested catalysts were homogeneous and TFAP was the only catalyst commercially 

available. Only VENT allowed running a solventless reaction and it was the only catalyst tested in 

flow. As TFAP is also a biphasic reaction it should be further develop and applied in a flow 

reaction set up. 

Table 3.13 Comparison among three tested catalysts VENT, MIZ and TFAP. 

Entry  VENT MIZ TFAP 

1 Catalyst 
synthesis and 
availability 

Easy to scale up, 
large amount of 
DCM used 

Highly sensitive to 
pH and quality of 
CsOH solution 

Commercially available 

2 Catalyst 
appearance 

Very viscous yellow-
green oil 

Yellow solid Clear oil 

3 Use of solvent none 1:1 MeCN:t-BuOH t-BuOH and aqueous 
pH buffer 
MeCN – part of 
catalytic cycle 

4 Epoxides 
produced 

BEMO BEBO and 
after long reaction 
times BETO 

BEMO and BEBO BEMO, BEBO and BETO 

5 Scale up Possible to run in 
flow set up making 
scale up easy. 
Catalyst instability 
should be addressed 

Reaction is 
homogeneous and 
it operates in high 
dilutions – difficult 
scale up 

Not tested, but as it is a 
biphasic reaction it 
might benefit from the 
use of microreactors 

6 Product 
purification 

Biphasic reaction, 
epoxides would have 
to be purified from 
VENT 

Homogeneous 
reaction, the 
catalyst 
precipitates from 
the reaction 
mixture upon 
removing reaction 
solvents in vacuo 

Biphasic reaction, the 
epoxides would have to 
be purified from the 
reaction solvent, MeCN 
and TFAP 
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3.4 Experimental 

3.4.1 General consideration 

All reagents and NMR solvents were sourced from Sigma Aldrich, Alfa Aesar or Fischer Scientific. 

All solvents, except NMR solvents, were sourced from VWR and used as received. -elemene was 

kindly provided by Isobionics. 

GC-MS spectra were recorded on a Shimadzu GC-2010 Plus with FID and TIC detectors using a 

BP20 polar column, 30 m x 0.25 mm x 0.25 µm (max temp. 260/280 °C).  

Sample preparation: For experiments with mesitylene as an internal standard, the sample was taken 

from the reaction aliquot and diluted with methanol. For experiments where an external standard 

was used, a 20 µL aliquot was taken from the reaction and diluted in 1 mL MeOH. It was then 

further diluted by taking 50 µL and diluting in 1 mL MeOH, then 150 µL mesitylene 0.384 mM 

solution was added. 0.384 mM mesitylene solution was prepared by dissolving 120 mg mesitylene 

in 1 mL MeOH, and further diluting by taking 20 µL and dissolving it in 1 mL MeOH, and the last 

step of dilution by adding 160 µL to 8 mL MeOH. 150 µL of 0.384 mM mesitylene solution was 

added per sample. 

GC method for limonene and limonene oxides analysis: The sample was injected at 250 °C in split 

mode with a split ratio 1:10. The column oven temperature was set at 80 °C, where it was kept for 2 

min, then it was increased by 10 °C min
-1 

from 80 to 260 °C where it was kept for 2 min. The 

carrier gas – helium, was in the linear velocity control mode, with the linear velocity set at 40 cm 

sec
-1

. The FID had a temperature of 300 °C. Ar was used as the make up gas at a flow rate 30 mL 

min
-1

. The hydrogen flow rate was set at 40 mL min
-1

 and the air flow rate at 400 mL min
-1

. For the 

TIC detector, the ion source was set at 200 °C and the interface temperature was set at 250 °C. The 

detector voltage was relative to the tuning result. 

GC method for -elemene and -elemene oxides analysis: The sample was injected at 250 °C in 

split mode with a split ratio 1:10. The column oven temperature was set at 100 °C, where it was 

kept for 2 min, then it was increased by 10 °C min
-1 

from 100 to 260 °C, where it was kept for 8 

min. Carrier gas – helium, was in the linear velocity control mode, with the linear velocity set at 40 

cm sec
-1

. The FID had temperature of 300 °C, Ar was used as the make up gas at a flow rate 30 mL 

min
-1

. The hydrogen flow rate was set at 40 mL min
-1

 and the air flow rate at 400 mL min
-1

. For the 

TIC detector, the ion source was set at 200 °C and the interface temperature was set at 250 °C. The 

detector voltage was relative to the tuning result. 
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NMR spectra were obtained on a Bruker Avance III 400 MHz, Agilent ProPulse 500 MHz, Brucker 

Avance III 500 MHz and Bruker Avance II + 500 MHz Ultrashield equipped with a broadband 

observe probe. All NMR spectra were referenced against a solvent peak (chloroform-d 
1
H NMR: 

7.26 ppm 
13

C {
1
H} NMR 77.16 ppm). 

IR spectra were recorded on a Bruker ALPHA II Fourier transform spectrometer fitted with an 

ATR accessory. The number of scans was set to 24 and the resolution was set to 4 cm
-1

.  

3.4.2 Venturello catalyst (VENT) preparation 

 

 

 

The Venturello catalyst for olefin epoxidation was prepared according to the original Venturello 

preparation method with minor changes.
21

 25g tungstic acid was suspended in 80 mL 30 wt % 

H2O2 solution and stirred for 30 min at 70 °C leading to a colour change from yellow to light green. 

The light green solution was cooled down to room temperature and 6 mL 40 % phosphoric acid 

was added, followed by 20 min stirring. Next, the solution was diluted with 220 mL distilled water 

and stirred for another 15-20 min (this solution is further referred as a Solution 1).  

For the cation exchange, the commercially available Aliquat 336 was used, which is an ammonium 

salt mixture consisting mostly of methyltrioctylammonium chloride. 21 g Aliquat 336 was 

dissolved in 400 mL DCM and the resulting solution was added dropwise to Solution 1 under 

magnetic stirring, followed by 30 min additional stirring. The resulting bi-phasic mixture was 

separated using a separating funnel. The organic phase was collected and washed with 2x150 mL 

saturated NaCl water solution. After washing, the organic solution was dried over MgSO4, filtered 

and evaporated in vacuo. The yield of resulting yellow oil varied between 26 and 29g (67 % -74 

%).  

3.4.3 -elemene epoxidation in microreactor 

Epoxidation was carried out in two microreactors with preheating channels and an integrated static 

mixer (2 x Little Things Factory, XXL-ST-04, 4.5 mL reaction volume. Note that to connect two 

reactors together 1/3 volume of one reactor has to be lost resulting in an overall reactor volume of 

7.5 mL). The reaction was carried out at 50 °C. The temperature was controlled by a recirculating 
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heat exchanger (Fisher Scientific ISO UK 6200). The substrates were delivered to the reactor using 

syringe pumps. The first syringe was charged with 30 wt % H2O2 solution with the pH adjusted to 7 

using 1M NaOH. The second syringe was charged with pure BE containing 2 mol % Venturello 

catalyst and 10 mol % mesitylene as an internal GC-FID standard. Both syringes were made of 

glass. The flow rates of each phase and the residence time are reported in the relevant captions of 

charts and tables. Products were analysed by GC-FID. Information about conversion and selectivity 

can be found in the charts and tables presented in results section.  

3.4.4 Mizuno catalyst preparation 

 

STEP I Cs7[PW10O36] x nH2O preparation: Following the previously published method,
61

 6 g of 

tungstic acid was added to 40 mL water under magnetic stirring, resulting in a yellow slurry. 50 wt 

%. Aqueous CsOH was added dropwise to the slurry under vigorous stirring until pH = 13 (about 

11 mL CsOH solution). After CsOH addition, the mixture become cloudy, thus it was filtered over 

celite yielding a clear colourless filtrate. The pH of the filtrate was adjusted to 7 by adding 85 % 

H3PO4 dropwise (usually about 2.1 mL acid). The solution was stirred for 1 h, filtered again and 

cooled down in a refrigerator overnight. The resulting white solid (Cs6[P2W5O23] x nH2O) was 

recovered by filtration and refluxed in water for 24 h. The mass ratio between the solid and water 

was 1:2 respectively. After reflux, the white solid (Cs7[PW10O36] x nH2O) was separated by 

filtration.  

Note: The batch of CsOH solution has a crucial impact on the synthesis. The reported synthesis 

was carried out with Alfa Aesar™ Cesium hydroxide, 50% w/w aq. soln., 99% (metals basis) 

stored and packed under inert atmosphere. 

STEP II Cs5[PV2W10O40] x nH2O preparation: Following the previously published method,
61, 63, 64

 

0.1 g sodium metavanadate (NaVO3) was dissolved in 4 mL water by heating to 70 C. The 

solution was cooled down to room temperature and 3 M HCl was added dropwise to adjust the pH 

to 0.8. The solution became yellow, which indicated the presence of [VO2]
+
. 1.25 g Cs7[PW10O36] 

was slowly added to the yellow solution. The solution was stirred for an additional 30 min and 

filtered yielding a yellow solid (Cs5[PV2W10O40] x nH2O). The resulting yellow solid ( isomer) is 
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stable at pH 2 and in the presence of [VO2]
+
. In the absence of [VO2]

+
,
 
isomerisation to -isomer 

occurs which has an orange colour.
61 

STEP III [TBA]4[HPV2W10O40] preparation: Following the previously published method,
32

 0.145 

g of NaVO3 was dissolved in 120 mL water at 70 C, cooled down to room temperature and 

acidified to pH 2 using 3 M HCl (about 0.8 mL 3 M HCl was needed). 3.8 g Cs5[-PV2W10O40] was 

added. The resulting solution was filtered in order to remove insoluble solids and 1.55 g TBA-Cl 

was added in one portion. The reaction was stirred for 10 min and filtered, yielding yellow solid 

which will be referred as the Mizuno catalyst (14). IR analysis results were in accordance with 

previously published data.
32, 61

 

 

Figure 3.89 IR of the final Mizuno catalyst [Bu4N]4[HPV2W10O40].  

 

3.4.5 Batch epoxidation using Mizuno catalyst 

5 mmol olefin (BE or LIM), 0.025 mmol MIZ, a magnetic stirrer bar and 15 mL solvent (1:1 

MeCN:t-BuOH) were placed in a 25 mL glass vial with a plastic cap. The catalyst was activated by 

adding 0.025 mmol 70 % HClO4. The mixture was warmed up to 40 C using an aluminium 

heating block and 5 mmol of H2O2 was added to the reaction mixture in one portion (H2O2 was 

used as 30 % or 50 % aqueous solution). The reaction was periodically followed by GC-FID. To 

separate MIZ from the reaction mixture, organic solvents were removed in vacuo until a precipitate 

of the catalyst was formed. 20 mL Et2O was added to the resulting mixture and MIZ was filtered 

from the precipitate, followed by evaporation of Et2O. In this experiment the resultant olefin was 

not purified, but generally it can be purified using column chromatography. The reaction set up is 

shown in Figure 3.90. 
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Figure 3.90 Batch MIZ epoxidation reaction set up. 

3.4.6  isomer MIZ preparation 

The -isomer was synthesised according to the literature procedure
61

 starting from Cs5[-

PV2W10O40], which was prepared according to procedure described in Section 3.4.4.  

3.3 g of Cs5[-PV2W10O40] was stirred with 100 mL water for 60 h. This was cooled down to 0 °C 

and passed through a celite filter. The volume was reduced to 25 mL using rotary evaporator and 

then cooled down for 1 h at 0 °C. An orange solid crashed out of solution and was collected (1.11 

g, orange solid). The solid was dissolved in 25 mL water at 25 °C, passed through a celite filter and 

evaporated to dryness. The procedure yielded 0.544 g orange solid which was further identified by 

IR (Figure 3.93) and NMR spectroscopy (Figure 3.91 and 3.92) as Cs5[-PV2W10O40]. 

0.466 g of Cs5[-PV2W10O40] was dissolved in 15 mL water. 0.190 g tetrabutylammonium chloride 

was added and everything was stirred for 5 min and filtered. The procedure yielded 0.255 g orange 

solid which was analysed by IR (Figure 3.94) and NMR spectroscopy (Figure 3.95 and 3.96). 

 

Figure 3.91 
31

P NMR spectroscopy of -isomer MIZ with Cs
+
 as a cation, run in H2O at 25 °C without locking, reported 

value: 
31

P NMR - 12.85 (aqueous solution, pH 4, 30°C).
61
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Figure 3.92 
51

V NMR spectroscopy of -isomer MIZ with Cs
+
 as a cation, run in H2O at 25 °C without locking. 

Reported value: 
51

V NMR (-544.2, -555.2 with 
2
Jv o v  2OHz. pH 3.5, 30 °C).

61
 

 

Figure 3.93 IR of -isomer MIZ with Cs
+
 as a cation, reported: IR (medium =mineral oil, range= 1600-650cm-’): 

1090(m), 1068(m), 1058(m), 976(s,sh), 960(s), 890(m), and 794 (vs, br). 
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Figure 3.94 IR of  isomer MIZ with Bu4N
+
 as a cation.  IR reported for MIZ with Cs

+
 cation: IR (medium =mineral oil, 

range=1600-650 cm
-1

): 1090(m), 1068(m), 1058(m), 976(s,sh), 960(s), 890(m), and 794 (vs, br).
61

 

 

Figure 3.95 
31

P NMR spectroscopy of  isomer MIZ with Bu4N
+
 as a cation, no reports of  isomer in organic medium 

but in aqueous medium it was -13.5 ppm. 

 

Figure 3.96 
51

V NMR spectroscopy of  isomer MIZ with Bu4N
+
 as a cation, no reports of  isomer in organic medium 

but in aqueous medium it was -543 and -554 ppm. 
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3.4.7 Epoxidation using organocatalyst TFAP 

Epoxidation was performed according to the previously published procedure.
34

 1 mmol of olefin 

(LIM or BE) was placed in a 10 mL round bottom flask, and 1.5 mL t-BuOH, 5 mol % TFAP and 

1.5 mL aqueous pH buffer were added. Then 2 mmol MeCN was added and the epoxidation was 

started by adding 2 mmol 30 % H2O2. The reaction was run at room temperature (19 °C). 

To prepare 250 mL pH buffer solution: 20.725 g K2CO3 and 4.25 mg EDTA tetrasodium salt were 

diluted to 250 mL with water. The resultant solution is 0.6 M K2CO3, 4 x 10
-5 

M EDTA tetrasodium 

salt and it maintains pH 11 under reaction conditions.  

3.4.8 H2O2 titration 

 

Titration was performed according to the previously reported procedure.
65

 0.0197 M solution of 

KMnO4 was prepared by dissolving 0.388 g of potassium permanganate (2.46 mmol) in 125 mL of 

distilled water. This solution will be further referred as the titrant.  

According to the reported procedure, the aliquot taken for titration should contain between 1.7 and 

2.3 mmol of H2O2. 30 µL of 30 % H2O2 was diluted with 26 mL water; if 60 % H2O2 was used, 30 

µL of 60 % H2O2 was diluted in 52 mL water. This solution was acidified with 2.6 mL diluted 

sulfuric acid (4 mL concentrated acid : 16 mL water).   

The titrant was placed in a burette, a H2O2 aliquot was put in a 100 mL beaker and was titrated with 

permanganate solution until a faint pink colour persist for at least 30 seconds. The colour was 

checked against a white ceramic tile. To get statistically significant results, the titration has to be 

repeated 3 times. The titrant was freshly prepared in bulk and use for all titrations The H2O2 aliquot 

was prepared separately for each titration. For the calculation of results it is worth noting 1 mmol 

permanganate reacts with 2.5 mmol H2O2. 

 

Table 3.14 H2O2 titration 

TITRATION NUMBER 1 2 3 

0.0197 M KMnO4 used 5.40 mL 5.40 mL 5.35 mL 

H2O2 concentration calculated 27 % 27 % 27 % 
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Example calculation: 

                                   

                                (    ) 

                                    

    

     
      

The mass of 30 % H2O2 solution is experimental data which is consistent with the theoretical value 

calculated based on density. 

 

3.4.9 Compounds characterisation   

8,9-limonene oxide (8,9-LO) 

8,9-limonene oxide  

 

8,9-LO is a previously known compound
32, 66

 

mixture of isomers: 

1
H NMR (400 MHz, CDCl3) δ = 5.32 (m, 1H), 

2.62 – 2.57 (m, 1H), 2.53 – 2.47 (2xd, 1H), 1.93 

(m, 5H), 1.60 (m, 3H), 1.22 (m, 5H). 

 

13
C {

1
H} NMR (101 MHz, CDCl3) δ = 134.1, 

133.9, 120.1, 119.9, 59.4, 59.2, 53.4, 52.7, 40.2, 

39.7, 30.4, 30.1, 27.5, 27.5, 25.0, 24.9, 23.5, 

23.4, 18.8, 18.1. 

 

4R,8R-8,9-LO 

 

4R,8R-8,9-LO 
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Figure 3.97 
1
H NMR spectrum of 8,9-LO. 

 

Figure 3.98 
13

C {
1
H} NMR spectrum of 8,9-LO. 

CHCl3 

CDCl3 



Valorisation of terpenes for sustainable materials 
 
 

 
113 

 

Figure 3.99 
1
H NMR spectra of protons in position 9 with characteristic stereoisomers peaks.

66
 

 

 elemene (BE) 

 

 

 

1
H NMR(400 MHz, CDCl3): δ = 5.84 (dd, 1H, 

J=17.4, 10.9 Hz), 4.99 – 4.86 (m, 2H), 4.86 – 

4.57 (m, 4H), 2.09 – 1.88 (m, 2H), 1.81 – 1.68 

(m, 6H), 1.68 – 1.36 (m, 6H), 1.02 (s, 3H) ppm 

 

13
C{

1
H} NMR (101 MHz, CDCl3) δ = 150.4, 

147.8, 112.3, 110.0, 108.4, 53.00, 45.9, 40.1, 

39.9, 33.1, 27.0, 24.9, 21.2, 16.8. 

 

As BE is an industrially available compound, no 

other analysis was performed. 
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Figure 3.100 
1
H NMR spectroscopy of BE. 

 

 

Figure 3.101 
1
H NMR spectroscopy of BE in the region of 2.4 – 0.9 ppm. 
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Figure 3.102 
13

C{
1
H} NMR spectroscopy of BE. 

 

 

Figure 3.103 
13

C{
1
H} NMR spectroscopy of BE in the range of 154 – 106 ppm. 
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Figure 3.104 
13

C{
1
H} NMR spectroscopy of BE in the range of 41 – 16.5 ppm. 
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 elemene monoepoxide (BEMO) 

 

1
H NMR(400 MHz, CDCl3): δ = 5.78 (m, 1H), 

5.05 – 4.85 (m, 2H), 4.70 (m, 2H), 2.70 – 2.35 

(m, 2H), 2.00 – 0.78 (m, 17H) ppm 

 

13
C{

1
H} NMR (101 MHz, CDCl3) δ = 150.6, 

150.1, 150.1, 149.5, 147.5, 147.5, 112.4, 112.3, 

110.7, 110.1, 110.1, 109.8, 108.6, 108.6, 59.5, 

58.7, 58.1, 56.3, 53.6, 53.4, 53.4, 53.3, 52.5, 

52.3, 51.5, 45.5, 45.3, 44.7, 44.6, 41.8, 41.3, 

40.0, 40.0, 39.5, 39.4, 39.4, 30.0, 29.5, 29.4, 

27.1, 26.8, 24.9, 24.9, 24.0, 23.5, 22.6, 21.2, 

21.1, 20.0, 18.6, 18.5, 17.6, 17.3, 16.7, 16.7. 

 

Without selective synthesis of the regioisomers 

it is not possible to assign any diagnostic peaks 

for the regioisomers. This compound was 

previously synthesised within the Davidson 

group, thus MS and IR was not done. 

 

Figure 3.105 
1
H NMR spectroscopy of BEMO. 
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Figure 3.106 
13

C{
1
H} NMR of BEMO. 

 

Figure 3.107 
13

C{
1
H} NMR of BEMO in the region of 152 – 107 ppm. 

 

 

Figure 3.108 
13

C{
1
H} NMR of BEMO in the region of 53.7 – 51.5 ppm. 
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-elemene bisepoxide (BEBO) 

 

1
H NMR(400 MHz, CDCl3): δ = 5.74 (m, 1H), 

5.05 – 4.85 (m, 2H), 2.73 – 2.33 (m, 4H), 1.86 

– 0.98 (m, 17H) ppm 

 

13
C{

1
H} NMR (101 MHz, CDCl3) δ = 150.3, 

150.2, 149.2, 149.0, 110.8, 110.8, 109.9, 

109.9, 59.4, 59.4, 59.3, 58.6, 58.5, 58.0, 56.3, 

56.1, 53.6, 53.4, 53.4, 53.1, 53.0, 52.8, 51.1, 

50.9, 44.2, 44.1, 44.1, 43.3, 41.2, 41.2, 40.7, 

40.6, 40.0, 39.4, 39.3, 26.5, 26.1, 26.0, 26.0, 

24.0, 23.6, 23.5, 23.2, 23.0, 22.4, 20.0, 19.8, 

19.3, 18.5, 18.5, 18.4, 17.5, 17.5, 17.3, 17.1. 

 

Figure 3.109 
1
H NMR spectroscopy of BEBO. 
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Figure 3.110 
1
H NMR spectroscopy of BEBO in the range of 2.8 – 1.0 ppm. 

 

Figure 3.111 
13

C{
1
H} NMR spectroscopy of BEBO. 
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Figure 3.112 
13

C{
1
H} NMR spectroscopy of BEBO in the range of 60 – 50 ppm. 

 

 

Figure 3.113 
13

C{
1
H} NMR spectroscopy of BEBO in the range of 45 – 39 ppm. 

 

Figure 3.114 
13

C{
1
H} NMR spectroscopy of BEBO in the range of 27 – 17 ppm.  
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-elemene trisepoxide(BETO) 

 

1
H NMR(400 MHz, CDCl3): δ = 2.96 – 

2.39 (m, 7H), 1.93 – 1.03 (m, 15H), 0.96 – 

0.74 (m, 3H) ppm 

 

13
C{

1
H} NMR (101 MHz, CDCl3) δ = 60.1, 

60.1, 59.8, 59.4, 59.3, 59.3, 59.3, 59.2, 

59.2, 58.1, 58.0, 57.4, 57.3, 56.5, 56.4, 

55.5, 55.3, 53.9, 53.7, 53.6, 53.5, 52.9, 

52.7, 50.5, 50.2, 44.4, 44.3, 44.1, 43.7, 

43.1, 43.1, 42.3, 37.4, 37.3, 36.4, 36.4, 

36.2, 36.2, 35.1, 34.9, 26.5, 26.4, 25.9, 

23.0, 22.8, 22.7, 22.6, 20.3, 20.1, 19.5, 

19.4, 19.3, 18.5, 18.3, 15.2, 15.1, 13.2, 

13.1. 

 

MS-ESI
+
: 

Calculated [M + Na]
+
 = 275.1618 

Found [M + Na]
+
 = 275.1641 

 

 

Figure 3.115 
1
H NMR spectroscopy of BETO. A signal at 1.64 ppm was assigned to water, no crosspeaks to any 

carbons were visible on HSQC from this impurity. 
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Figure 3.116 
13

C{
1
H} NMR spectroscopy of BETO. 

 

Figure 3.117 
13

C{
1
H} NMR spectroscopy of BETO in the range of 60.1 – 59.2 ppm. 

 

 

Figure 3.118 
13

C{
1
H} NMR spectroscopy of BETO in the range of 58 – 50 ppm. 
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Figure 3.119 
13

C{
1
H} NMR spectroscopy of BETO in the range of 45 – 34 ppm. 

 

 

Figure 3.120 
13

C{
1
H} NMR spectroscopy of BETO in the range of 27 – 13 ppm. 
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4. Cyclic carbonates from limonene oxides and -elemene oxides 

This chapter includes introduction, results and experimental sections regarding all cyclic 

carbonate work done within this project. The introduction details the challenges and opportunities 

related to cyclic carbonates and non-isocyanate polyhydroxyurethanes (NIPU). The results section 

is divided into three parts: first,limonene carbonates and their synthesis from limonene using a 

single catalytic system for both the epoxidation and carbonation reactions; second, novel cyclic 

carbonates derived from -elemene – a promising terpene feedstock derived via industrial 

biotechnology processes; third, attempts to synthesise cyclic carbonates from farnesene and 

carvone.  

4.1 Introduction 

Cyclic carbonates can be synthesised through the reaction of carbon dioxide with epoxides
1
 or 

diols
2
 using homogeneous or heterogeneous catalysts (Figure 4.1). CO2 is a greenhouse gas 

generated in large quantities via fuel combustion and industrial processes, but CO2 is also an 

abundant carbon feedstock.
3
 Using CO2 in chemical synthesis has received increasing attention as a 

supplementary strategy to its geological storage.
4
 Epoxides are easily accessible via stoichiometric 

and catalytic routes that have been described in Chapter 3.  

 

Figure 4.1 Synthesis of 5-membered cyclic carbonates starting from CO2 and epoxides or diols. 

4.1.1 Homogeneous catalysts for the synthesis of cyclic carbonates from CO2 and 

epoxides 

Quaternary ammonium salts are commonly used as homogeneous catalysts in the synthesis of 5-

membered cyclic carbonates from CO2 and epoxides.
5
 The main role of quaternary ammonium salt 

is to open the epoxide to form a bromo-alkoxide, which can react with CO2 and give a cyclic 

carbonate product (Figure 4.2).
6
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Figure 4.2 Cyclic carbonates formation using quaternary ammonium salt Bu4NBr as catalyst.
6
 

However, other homogeneous catalysts can be used, for example metal halides, ionic liquids, 

polyoxometalates, salen complexes, salphen complexes or others.
3, 7

 Lewis acid catalysts (for 

example metal salen or salphen complexes) are often used in combination with an additional halide 

source. Lewis acids can preactivate the epoxide resulting in milder reaction conditions (Figure 

4.3).
3
 On the other hand, polyoxometalates can be considered as a Lewis acidic catalyst, but the 

reaction mechanism proposed for cyclic carbonates synthesis catalysed by polyoxometalates 

postulates the double activation of monomers (Figure 4.4).
8, 9

 It has been postulated that transition 

metal polyoxometalates can coordinate CO2
10, 11

 and the combination of a quaternary ammonium 

salt and polyoxometalates shows synergistic effect on cyclic carbonate synthesis.
8
 

Figure 4.3 Combination of Lewis acid (LA) and halide (X-) catalyst in the cyclic carbonates synthesis.
3, 6 

 

Figure 4.4 Dobuble activation of epoxide and CO2 via quaternary ammonium salt and polyoxometalate.
8, 9

 

Yasuda et al. have reported the reactivity of a catalyst consisting of a quaternary ammonium salt 

cation and a polyoxometalate anion [α-SiW11O39Mn]
6-

 in the synthesis of propylene carbonate from 

propylene oxide.
9
 They found that different substitution of the transition metal in the 

polyoxometalate and the length of the chain of the quaternary ammonium salt cation has a 

significant effect on the activity. Tetraheptylammonium cation [(n-C7H15)4N]
+
 was 4 times more 

active than tetrabutylammonium cation [(n-C4H9)4N]
+
 , retaining high selectivity towards cyclic 

carbonates. Moreover, the quaternary ammonium salt of polyoxometalate [(n-C7H15)4N]6[α-

SiW11O39Mn] was 8 times more active than tetraheptylammonium bromide (n-C7H15)4NBr.  
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Leitner et al. differ to Yasuda et al. as the former report a combined catalytic system comprised of 

a quaternary ammonium salt cation, a polyoxometalate anion and a quaternary ammonium 

bromide, such as  Bu4NBr, as a co-catalyst.
8
 They found that the bromide and polyoxometalate 

catalysts have different functions in the mechanism of the cyclic carbonate synthesis. The bromide 

preactivates the epoxide by creating bromo-alkoxide and polyoxometalate coordinates to CO2, thus 

combining these two catalysts can yield more carbonates and make the reaction stereoselective (see 

Figure 4.4).
8
 

The catalytic systems mentioned above require high pressure (above 30 bar CO2) and high 

temperature (above 120 C). North et al. have reported aluminium(salen) complexes and 

aluminium(salphen) complexes which can operate at room temperature and low pressure, yielding 

cyclic carbonates from terminal epoxides.
12, 13

 These aluminium complexes (Figure 4.5) operate 

with tetrabutylammonium bromide as a co-catalyst.  

 

Figure 4.5 The general structure of Al(salen) complexes
12, 13

 R=tert butyl, X=Cl, acetate or tosyl. 

Another class of catalysts which can operate at lower temperature and lower CO2 pressure are 

aluminium amino-tris(phenolate)s.
14

 Aluminium amino-tris(phenolate)s require use of a solvent 

and nucleophilic co-catalyst. Kleij et al. reported the synthesis of cyclic carbonates using 

aluminium amino-tris(phenolate) with different aryl substituents. The most effective catalysts had 

methyl and t-butyl groups, but other groups were tested as well (Figure 4.6). 
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Figure 4.6 Cyclic carbonates synthesis catalysed by aluminium amino-tris(phenolate).
14

 

4.1.2 Industrially important cyclic carbonates and polyurethanes 

Currently, the industrially favoured cyclic carbonates are ethylene carbonate and propylene 

carbonate.  They can be used as organic solvents, electrolyte solvents for lithium ion batteries, and 

monomers for the production of polycarbonates and polyurethanes.
1
  

Polyurethanes are used as adhesives, coatings, sealants, rigid and flexible foams, textile fibres and 

in various medical applications.
15

 In 2016 the sales volume of polyurethanes in the United 

Kingdom reached over 136 000 tonnes and it is predicted to grow.
16

  Polyurethanes are typically 

synthesised by the polyaddition between a polyol and polyisocyanate (Figure 4.7).
17

 Current 

polyurethane research is focused on replacing monomers with bio-derived alternatives and making 

the synthesis safer.
17

 The safety concerns arise from the use of isocyanates which are a toxic and 

volatile substance produced via phosgenation of diamines – isocyanates are a direct health risk for 

industrial process operators.
17

 The use of cyclic carbonates allows the synthesis of non-isocyanate 

polyhydroxyurethanes, which can be an alternative, safer solution to the conventional polyurethane 

synthesis.
17

  

 

Figure 4.7 Synthesis of polyurethanes from polyol and polyisocyanate. 
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4.1.3 Non-isocyanate polyhydroxyurethanes (NIPU), their synthesis and applications 

Non-isocyanate polyhydroxyurethanes (NIPU) are synthesised by polyaddition of bicyclic or 

multifunctional carbonates to di- or polyfunctional diamines (Figure 4.8). The reaction favours the 

formation of secondary hydroxyl groups.
17

 Depending on reactants, NIPU can be classified as 

linear NIPU (from bicyclic carbonates and diamines) or hybrid networks (from multifunctional 

carbonates and amines).
17

 The main challenges with NIPU synthesis are the low reactivity of 

carbonates during aminolysis and low molecular weight of resultant polymers.
18

 

 

Figure 4.8 Non-isocyanate polyhydroxyurethanes synthesis from bicyclic carbonate and diamine. 

The reaction conditions can strongly affect conversion and the properties of the resultant polymers. 

Polyaddition of bicyclic carbonates and diamines can proceed with no catalyst at room temperature, 

but it is generally slow.
19

 Elevating the temperature (to about 100 °C) and extending reaction times 

(24 h or more) can increase the rate of the reaction, however, it is worth noting that too high 

temperature can cause decrease of selectivity due to side reactions.
20

  

Usually, aminolysis of 5-membered cyclic carbonates is conducted at elevated temperatures. The 

barriers to high conversion are high viscosity and changes in stoichiometry due to side reactions.
21

 

Viscosity increases during polymerisation, limiting diffusion of monomers, which can inhibit 

achieving high conversion and prevent high molecular weights. Side reactions causing changes in 

stoichiometry include amine carbonation, and formation of CO2 and urea (Figure 4.9).
21
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Figure 4.9 Side reactions affecting stoichiometry of reagents.
21 

Changes in amine concentration can cause changes in stoichiometry, resulting in lower molecular 

weights of polymers. Figure 4.10 presents the possible degree of polymerisation calculated from 

the extent of reaction using Carothers’ equation (Carothers equation for two monomers of 

functionality not greater than two in equimolar ratio Equation 4.1).
18, 22

 The degree of 

polymerisation is equal to the number of monomer units in a polymer molecule. In the case of 

NIPU it is the overall number of carbonate units and amine units. For example, for an extent of 

reaction equal to 90 % the degree of polymerisation is equal to 10, which consist of 5 carbonate 

units and 5 amine units. 

   ̅̅ ̅̅ ̅  
 

   
 (4.1) 

       

   ̅̅ ̅̅ ̅                          
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Figure 4.10 Degree of polymerisation calculated from Carothers’ equation. 

Additionally, it has been postulated that low molecular masses can be explained by the presence of 

strong hydrogen bonds (Figure 4.11).
18

 NIPU, unlike conventional PU, contain hydroxyl 

functionalization in the polymer chain, which results in more hydrogen bonding in NIPU than PU. 

Furthermore, hydrogen bonding in NIPU can be a reason for gelation of the system.
18

 Protic 

additives (like protic solvents and plasticisers) can help recover chain mobility by competing with 

intra- and inter-chain hydrogen bonds (Figure 4.11). Moreover, protic additives increase positive 

charge on carbonyl carbon and can facilitate aminolysis of cyclic carbonates.
18, 19

 

 

Figure 4.11 The effect of adding plasticiser to NIPU (picture reproduced, with permission, from Blain et al. 
18

). 

It has been postulated that reaction between cyclic carbonates and amines can be catalysed by 

various inorganic Lewis acids and organocatalysts.
19

 Theoretically, inorganic Lewis acids should 

increase the electrophilicity of cyclic carbonate.
20

 A variety of inorganic Lewis acids have been 

tested, including halide metal salts such as MgBr2, FeCl3, LiCl, LiF; quaternary ammonium salts 

such as Bu4NCl and trifluoromethanesulfonate salts such as Yb(OTf)3, Fe(OTf)3 and Bi(OTf)3.
19, 20

 

All of them increase carbonate conversion, and moderate Lewis acids (for example LiF and LiCl) 
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activate the carbonyl group resulting in higher molecular weight polymers.
20

 Stronger Lewis acids, 

for example CaCl2, can affect basicity of the amino group resulting in lower conversion.
20

 Basic 

additives can theoretically increase nucleophilicity of amines, but basic additives such as CaH2 and 

K2CO3 resulted in lower molecular weight polymers while maintaining high carbonate conversion 

suggesting hydrolysis of the carbonate ring.
20

 However, inorganic metal salts often cause undesired 

colour changes and turbidity, thus organocatalysts present an attractive alternative.
19

 

The organocatalysts tested in aminolysis of cyclic carbonates include phosphines, nitrogen 

containing bases, phosphazenes and thioureas.
19

 In the reaction presented in Figure 4.12 phosphines 

provided poor results, conversion was no different than in the uncatalysed reaction. Phosphazenes 

showed some rate enhancement, but conversion was just slightly higher than the uncatalysed 

reaction. Nitrogen containing bases and thioureas performed the best, and among them TBD 

provided the highest conversion.
19

 The high activity of TBD can be explained by its bifunctional 

activity; it can activate carbonate and amine.
23

 Thioureas generally show lower performance than 

TBD,
23

 but at the conditions presented on Figure 4.12 they showed similar activity to TBD.
19

 In the 

reaction presented on Figure 4.12, none of the tested catalysts significantly influenced 

regioselectivity of products.
19

 

 

Figure 4.12 Organocatalysts tested by Blain et al. 
19 
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Most conventional polyurethane synthesis is carried out neat, thus many NIPU syntheses are also 

reported neat. There are some reports including solvents, and the most commonly used solvents are 

DMSO, THF, DMF, MeOH.
17, 19, 24

 It has been postulated that the polarity of the solvent can 

influence the reaction kinetics by increasing the positive charge on the carbonyl carbon. The 

increase of positive charge is attributed to hydrogen bonding between solvent molecules and 

oxygen atoms in cyclic carbonate.
21

 An example of solvent effects on aminolysis of cyclic 

carbonates is presented in Figure 4.13, where methanol shows superior performance. 

 

 

 

Figure 4.13 Solvent effect on cyclic carbonate aminolysis studied by Blain et al.
18

 Figure and reaction scheme 
reproduced, with permission,  from Blain et al.

18
 

In addition to reaction conditions, the structure of the cyclic carbonate has a crucial role in the rate 

of reaction. In general, 5-membered cyclic carbonates are less reactive than 6- or 7-membered 

cyclic carbonates. This is attributed to differences in ring strain, since the ring strain energy is the 

lowest for 5-membered cyclic carbonates.
21, 24

 The substituents of cyclic carbonates also affect their 

reactivity, with the effect depending on the type of substituent, its position and steric hindrance.
21, 24

 

Cyclic carbonates with ester substituents undergo reaction more quickly than ether substituents and 

ether substituents are more reactive than alkyl substituents.
21, 24

 However, ester functionalization on 

cyclic carbonates can lead to decrease of the molecular weight of the resulting polymer due to side 

reactions between ester groups and amines.
21

 In general, electron withdrawing substituents increase 

the electrophilicity of the carbonyl group, thus carbonates with electron withdrawing groups close 

to the carbonyl group will be more reactive with amines (Figure 4.14).
25, 26

 Since the electronic 
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effect of substituents reduces with the distance between substituents and carbonyl group, the 

hydrogen bonding between substituents and amines might be another explanation for changing 

cyclic carbonate reactivity.
24

  

 

Figure 4.14 Increasing reactivity of cyclic carbonates depending on substituents.
26

 

The choice of amine can strongly affect not only the properties of the resultant NIPU, but also 

conversion. Conversion is the highest for the least hindered and most nucleophilic amines, such as 

butyl amine and cyclohexylmethyl amine. The sterically demanding amines such as cyclohexyl 

amine react slower (Figure 4.15).
19

 Example of properties, which can be affected by the choice of 

amine, are hardness and tensile strength. The highest hardness and tensile strength occur for short 

chain diamines and the lowest for diamines with longer chains. This is due to differences in cross-

linking density and hydrogen bonding.
27

  

 

Figure 4.15 Reactivity of amines in aminolysis of cyclic carbonates based on results published in Ref 
19

. 

The lack of control over regioselectivity of ring opening with amines contributes to difficulties in 

controlling NIPU properties. Due to the complicated mixture of isomers obtained as a result of poor 

regioselectivity, NIPU often are amorphous.
28

 The strategies for controlling regioselectivity are still 

limited, but one possibility could be using bulky amines and substituted cyclic carbonates in the 

presence of an organocatalyst (Figure 4.16).
29

 This procedure was also tested for terpene-derived 

carbonates (Figure 4.17).
29
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Figure 4.16 TBD catalysed cyclic carbonate ring opening a) general reaction scheme b) the reported example along 
with the table with results for tested amines

29
  

The catalyst (TBD) free reactions yielded mixturse of isomer I and isomer II in ratios of approximately 60:40 
respectively. The catalyst free reaction with pyrrolidine showed slightly different ratio of isomer I: isomer II 46:54 

 
Figure 4.17 Regio-selective ring opening examples of terpene-derived cyclic carbonates.

29
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NIPU can replace PU in many current applications, such as coatings, foams, adhesives and 

sealants; reviews on this topic are widely available.
4, 17, 21, 27, 30

 NIPU can achieve lower porosity, 

lower water absorption, enhanced abrasive resistance, and improved thermal and chemical 

resistance compared to conventional polyurethanes.
27, 30

 Moreover, NIPU coatings exhibit low 

volatile organic compound levels, which is of interest for industry due to stricter safety 

regulations.
30, 31

 However, the curing process for NIPU coatings usually requires elevated 

temperature due to slow reaction rates between cyclic carbonates and amines, which may limit their 

uses in room temperature applications.
27

 Furthermore, NIPU’s water and chemical resistance allow 

them to be used as sealants for protection of electronic devices, aircraft components and as glues 

compatible with wide range of materials.
27

 Foaming of NIPU was initially challenging due to the 

lack of gas released during the synthesis. The proposed foaming strategies use blowing agents such 

as poly(methylhydrogenosiloxane).
28

 Despite a lot of promising properties, NIPU often are yellow 

or can change colour to yellow when exposed to UV which limits their uses in transparent 

coatings.
27, 30

  

Biodegradation studies of NIPU are very limited.
28

 Biodegradation of conventional polyurethanes 

has been studied and, in some cases, they can be degraded by fungi, bacteria and enzymes.
32, 33

 The 

presence of urethane and ester linkages allows enzymes, such as ureases and esterases, to degrade 

the polymer. Polyurethanes with ether linkages proved to be difficult to degrade due to ether 

linkages being inaccessible for enzymes.
32

 Biodegradation can occur only if the active site of the 

enzyme can access the relevant chemical bond. The overall biodegradability will depend on 

polymer structure, the level of cross-linking, molecular weight and hydrophobicity.
28

 Moreover, it 

is still more economically viable to dispose of polyurethanes rather than to recycle them.
28 

4.1.4 Terpene-derived cyclic carbonates  

The first example of terpene derived cyclic carbonates was limonene biscarbonate which was 

synthesised from limonene bisepoxide and CO2 catalysed by a quaternary ammonium salt.
34

 The 

synthesised limonene biscarbonate was used for NIPU synthesis (Figure 4.18), the work was 

further continued to develop NIPU coatings based on limonene biscarbonate and pentaerythritol 

glycidyl ether.
35

 

 

Figure 4.18 The synthesis of linear NIPUs from limonene bisepoxide.
34
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Since then, more examples of terpene derived carbonates have been published (Figure 4.19).
14

 Kleij 

et al. investigated coupling of CO2 and terpene epoxides using aluminium amino-tris(phenolate) as 

catalyst. A combination of Lewis acidic aluminium amino-tris(phenolate) and nucleophilic PPNCl 

allowed reduction of reaction temperature and pressure comparing to using only a quaternary 

ammonium salt as a catalyst. The highly substituted terpene epoxides present a particular challenge 

in bio-based cyclic carbonates, because a greater degree of substitution causes the reaction to 

proceed more slowly.
14

 Cyclic terpene-based epoxides exhibited high selectivity toward cyclic 

carbonates, whereas acyclic terpene-based epoxides showed poor selectivity towards cyclic 

carbonates. The acyclic terpene-based epoxides were more susceptible to epoxide rearrangement 

and undesired, uncontrolled polymerisation.
14

 The synthesised monofunctional cyclic carbonates 

have not been used in NIPU synthesis in published literature. 

 

Figure 4.19 Terpene-derived cyclic carbonates present in literature.
14

 

Purification of synthesised cyclic carbonates is also challenging, usually requiring column 

chromatography.
14

 Alternatively, the carbonates can be used without purification,
14, 34

 but any 

impurities in cyclic carbonates will cause yellowing of the corresponding NIPU.
34, 35

 Crystallisation 
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of terpene-derived cyclic carbonates could be a solution for their purification, but only limited 

examples appear in the literature.
14, 35

  Additionally, the synthesis of acyclic terpene-based 

carbonates is especially challenging due to side reactions resulting in the rearrangement of starting 

epoxide under the reaction conditions. The undesired side reactions produced polyethers, alcohols 

and ketones. This effect is not caused by the terpene scaffold structure, as the same by products 

were also observed for a non-functionalised trisubstituted epoxide – trimethyloxirane.
14

 Moreover, 

terpene scaffolds which contain a diene unit are exceptionally difficult to transform to the 

corresponding carbonate and purify. For example, myrcene-derived carbonate was synthesised in 

low yields due to additional side reactions, possibly radical, resulting in a complicated mixture of 

products containing polymers.
14

  

Despite issues with synthesis, most terpene-based cyclic carbonates are derived from natural 

resources, thus they are renewable feedstocks, but their availability is limited. It is important to 

move forward to terpene feedstocks delivered via industrial biotechnology, a more flexible 

approach that is able to provide higher volumes of terpenes than natural resources. For example, 

Amyris built a multimillion tonne sugar cane processing plant which could be used for farnesene 

production.
36

 

Many terpene-derived cyclic carbonates presented are mono-functionalised, but NIPU synthesis 

requires at least bi-functionalised species. Strategies to prepare bi-functional cyclic carbonates 

could be based on thiol-ene chemistry, as demonstrated by Tomita et al. (Figure 4.20).
37

 Terpenes, 

which contain multiple double bonds, can be easily functionalised via thiol-ene chemistry, as 

demonstrated by Meier’s group.
38

  

 

Figure 4.20 Strategy for synthesis of bifunctional species from mono functional carbonates.
37
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4.1.5 Relevant prior work in the Davidson and Plucinski groups 

In the groups’ previous work,
39-41

 the epoxidation of limonene using the Venturello catalyst 

(VENT) was shown to give 83 % conversion and 90 % selectivity towards 1,2-limonene oxide in a 

flow microreactor with an integrated static mixer with 10 minutes residence time (Figure 4.21). 

VENT is an oxidation catalyst consisting of phase transfer catalyst (Aliquat 336) and tungsten 

based polyoxometalate [PW4O24]
3-

.The epoxidation reaction proceeds in mild conditions with no 

solvent, making it highly promising in the context of green chemistry. 

 

Figure 4.21 Limonene epoxidation. VENT – Venturello catalyst.
39-41

 

Following this, a preliminary investigation into the use of epoxides in cyclic carbonate synthesis 

was undertaken using cyclohexene oxide as a model reactant. Some reports found 

polyoxometalates an effective catalyst for cyclic carbonates synthesis. Since VENT, the catalyst 

used for limonene oxidation, is a polyoxometalate we decided to investigate if VENT can be used 

for oxidation and cyclic carbonates synthesis. Using the same catalyst for oxidation and cyclic 

carbonates synthesis has potential to reduce unit operations necessary to obtain cyclic carbonates 

(Figure 4.22).  

 

Figure 4.22 The general concept of using VENT as epoxidation and carbonation catalyst. 

For the evaluation of VENT in producing cyclic carbonates, cyclohexene oxide (CHO) was chosen 

as a model. We applied reaction conditions developed by Leitner et al. to investigate if VENT has 

an impact on cyclohexene cyclic carbonate (CHC) synthesis.
8
 Three catalysts have been 

investigated and as reported in Table 4.1 Entry 2 VENT is an efficient catalyst for CO2 insertion. 

Moreover, VENT shows higher reactivity than Bu4NBr which is usually used in such reactions 

(Table 4.1 Entry 3). However, a combined catalytic system consisting of Bu4NBr and VENT 

showed the highest conversion (97 %), whilst maintaining the high selectivity seen with Bu4NBr 

(Table 4.1 Entry 1). CHO did not undergo any reaction in the absence of a catalyst (Table 4.1 

Entry 4). 
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Table 4.1 CHCC synthesis from CHO catalysed by VENT and Bu4NBr.
42

 

 

Entry Catalyst T 
[°C] 

pa 
[bar] 

t [h] Convb 
[%] 

Selectivityb 
CHC [%] 

1 2 mol % VENT+ 3 mol % Bu4NBr 120 75 4 97 84 
2 2 mol % VENT 120 75 4 78 69 
3 3 mol % Bu4NBr 120 75 4 60 88 
4 none 120 75 4 0 - 
Reaction conditions: 6.3 mmol CHO; 10 mol % biphenyl as an internal standard a) pressure of CO2 at 40 °C b) 
conversion and selectivity calculations based on 

1
H NMR spectroscopy 

 

4.2 Results and discussion 

4.2.1 Cyclic carbonates from limonene oxides 

 

Cyclic carbonates from commercially available 1,2-limonene oxide 

Following these encouraging CHO results, three catalytic systems were tested on 

commercially available 1,2-limonene oxide (1,2-LO 57:43 trans:cis) in order to evaluate 

the difference between CO2 insertion catalysed by Bu4NBr and by combined catalytic 

system consists of Bu4NBr and VENT (Table 4.2). Initially 3 mol % Bu4NBr was applied at 

30 bar CO2 which gave high conversion, but the selectivity was poor (20 %) with a higher 

pressure improving selectivity to 41 % (Entry 2, p = 75 bar). The addition of 2 mol % 

VENT to 3 mol % Bu4NBr at higher CO2 pressures improved conversion and selectivity 

(Entry 3). However, as this catalytic system applies to 5 mol % catalyst loading, a reaction 

at the same CO2 pressure and with 5 mol % Bu4NBr was tested. Improved conversion was 

achieved, but selectivity was still below 60% (Entry 4). 
1
H NMR analysis of the crude 

reaction mixture showed disproportion of the isomer ratio in 1,2-LO after the reaction. This 

suggested that isomers react in different ways and possibly only one isomer is reactive. This 

theory was confirmed by NMR analysis; in all the catalytic systems attempted, one isomer 

of the cyclic carbonates is dominant which indicated that only trans-1,2-LO is active in the 

CO2 insertion. The same observation was previously reported by Kleij and co-workers.
14

 

Considering plausible mechanisms of double inversion pathway in the CO2 insertion (Figure 

4.23), it is clear that nucleophilic attack on the cis-1,2-LO is inhibited due to steric 

hindrance, thus only traces of cis-1,2-LC were observed.  
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Figure 4.23 Proposed mechanism of CO2 insertion.
8, 14

 

 

Table 4.2 The synthesis of 1,2-LC from commercially available 1,2-LO. 

 
Entry Catalyst T 

[°C] 
pa 
[bar] 

Convb 
[%] 

Selectivityc 
1,2-LC [%] 

trans: cis 
1,2-LC 

1 3 mol % Bu4NBr 140 30 79 20 96:4 
2 3 mol % Bu4NBr 140 75 61 41 94:6 
3 2 mol % VENT + 3 mol % 

Bu4NBr 
140 75 73 53 92:8 

4 5 mol % Bu4NBr 140 75 95 52 95:5 
Reaction conditions: 2.3 mmol 1,2-LO; 10 mol % biphenyl as an internal standard, 24 h;  
a) pressure of CO2 at 40 °C b) conversion and selectivity calculations based on 

1
H NMR spectroscopy  

c) selectivity corresponds to chemoselectivity which includes cis- and trans-1,2-LC isomer 

 

The influence of 1,2-limonene oxide stereochemistry on the cyclic carbonate synthesis 

To investigate further, the isomers of 1,2-LO were separated according to previously 

reported methods.
43, 44

 As expected, the cis isomer did not show good selectivity to cis-1,2-

LC (Table 4.3 Entry 1) (Figure 4.24). The trans isomer showed excellent selectivity to 

trans-1,2-LC (Entry 5 and 6) (Figure 4.25). Applying a longer reaction time (Entry 4 and 5) 

resulted in high conversion and high selectivity.  
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Table 4.3 The behaviour of different mixtures of cis-1,2-LO and trans-1,2-LO in the CO2 insertion 

 
Entry trans:cis 

1,2-LO 
t [h] Conva [%] trans:cis 1,2-LO  

after reaction 
Selectivityb 
1,2-LC [%] 

trans: cis  
1,2-LC 

1 0:100 24 60 0:100 12 0:100 

2 13:87 24 80 13:87 26 55:45 
3 57:43 24 83 33:67 64 99:1 
4 97:3 24 91 91:9 85 99:1 

5 97:3 4.5 60 96:4 95 98:2 

6 100:0 4.5 61 100:0 89 100:0 

Reaction conditions: 4.6 mmol 1,2-LO, 3 mol % Bu4NBr, 2 mol % VENT, 10 mol % biphenyl as an internal standard, 140 
°C, 75 bar CO2 at 40 °C 
a) conversion and selectivity calculations based on 

1
H NMR spectroscopy b) selectivity corresponds to chemoselectivity 

and includes cis- and trans-1,2-LC 

 

Figure 4.24 CO2 insertion to cis-1,2-LO. Products were identified by GC-MS, selectivity of cis-1,2-LC was calculated by 
NMR spectroscopy, the rest of the products were calculated by GC-MS. 

 

 

 

 

 

 

 
Figure 4.25 CO2 insertion to trans-1,2-LO. Products were identified by GC-MS, selectivity of trans-1,2-LC  was 
calculated by NMR spectroscopy, the rest of products were calculated by GC-MS. 

Reaction conversion profiles of trans-1,2-LO and a commercial sample of 1,2-LO (57:43 trans:cis, 

obtained from Sigma Aldrich) (Figure 4.26) were obtained using stainless steel autoclaves charged 

with the same reaction mixture but stopping at different times. The conversion for commercial 1,2-
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LO is slightly lower than for trans-1,2-LO presumably due to the cis isomer inhibiting catalysis. 

The 
1
H NMR spectrum of 1,2-LO and by-products is complex and to move the investigation 

forwards only trans-1,2-LO was used in the following investigation into the CO2 epoxide insertion. 

 

 
 

 

Figure 4.26 Top: Reaction profiles at 140 °C and 75 bar CO2, 2.83 mmol 1,2-LO, 2 mol % VENT, 3 mol % Bu4NBr, 10 mol 

% biphenyl as an internal standard. The commercial 1,2-LO was sourced from Sigma Aldrich, trans-1,2-LO has been 

synthesised in the procedure described in Experimental section, it is optically 100 % trans-1,2-LO which contains 10 % 

impurities (See Figure 4.73) Bottom: 
1
H NMR spectra run in CDCl3 on 400 Mhz spectrometer, showing reaction 

progress. The presented spectra correspond to data points collected for commercial 1,2-LO (57:43 trans:cis).  
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Stereochemisty studies using NOESY experiment 

NOESY experiment and analysis have been done with assistance from University of Bath NMR 

spectroscopy specialist – Catherine Lyall 

The previously described results lead to the conclusion that the synthesised 1,2-LC should consist 

of mostly one optical isomer. The two possible products are trans-1,2-LC and cis-1,2-LC. Since 

reactions with trans-1,2-LO showed significantly higher selectivity to cyclic carbonates than cis-

1,2-LO, the 1,2-LC synthesised from the commercial mixture should consist of trans-1,2-LC. This 

conclusion was supported by NMR spectroscopy. 

The crude reaction mixture from reaction of commercially available 1,2-LO and CO2 was purified 

by column chromatography and 1,2-LC was successfully separated from the mixture and submitted 

to NMR spectroscopy (Figure 4.27).  

 

Figure 4.27 NMR spectroscopy assignments for the obtained 1,2-LC. 

In the NOESY experiment (Figure 4.28), a proton at H9 from the alkene group at 4.68 ppm showed 

interaction with a proton at H3and H4 and the proton at H5 (Figure 4.28, blue dot). This indicates 

that all of these protons are on the same side of the molecule and confirms the position of alkene 

group.  

Hydrogen at position H6 (Figure 4.28 B, red dot) interacts with a methyl group at position H7, one 

hydrogen at H5 and significantly the hydrogen atom H4. H4 has fixed stereochemistry, thus the 

NOESY interaction between H6 and H4 is an excellent indicator of the 1,2-LC stereochemistry. 

Therefore, it can be confidently stated that the commercially available mixture of 1,2-LO yields 

cyclic carbonates consisting of mostly trans-1,2-LC. This is consistent with previous findings of 

other research groups.
14
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Figure 4.28 The key NOESY interactions of 1,2-LC A) 
1
H-

1
H NOESY interactions confirming alkene orientation B)

 1
H-

1
H 

NOESY interaction confirming 1,2-LC stereochemistry, C) 
1
H-

1
H NOESY spectrum . 

 

Further investigation of cyclic carbonates synthesis from trans-1,2-limonene oxide 

The temperature of the reaction was varied from 40-140 °C (Table 4.4) and it was quickly 

seen that conversion strongly depends on temperature, with the fastest reaction observed at 

140 °C. A drop in the reaction temperature by 20 °C resulted in lower conversion, but the 

reaction maintained high selectivity. The reaction at 80 °C showed significantly lower 

conversion and selectivity and the reaction at 40 °C did not yield cyclic carbonates at all. 

This is consistent with the data reported for carbonation of limonene bisepoxide in which 

the conversion was high for reactions at 140 and 120 °C but conversion at 100 °C was 

significantly lower.
34

 High reaction temperatures are typical for cyclic carbonate synthesis 

catalysed by quaternary ammonium salts; however, the optimum reaction temperature 

strongly depends on the epoxide used.
8, 9, 45, 46

 For trans-1,2-LO, conversion increased with 

higher temperature and the high selectivity of reaction was not reduced up to 140 °C. 

C 
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Table 4.4 The influence of temperature on trans-1,2-LC synthesis. 

Entry Catalyst T [°C] t [h] Conva 
[%] 

Selectivity trans-
1,2-LC[%] 

trans: cis 1,2-
LC 

1 VENT+Bu4NBr 140 4.5 65 80b 100:0 
2 VENT 

+Bu4NBr 
120 4.5 42 78 100:0 

3 VENT 
+Bu4NBr 

80 4.5 10 45 100:0 

4 VENT 
+Bu4NBr 

40 4.5 5 0 - 

Reaction conditions: 1.73 mmol trans-1,2-LO (see Figure 4.73), 2 mol% VENT, 3 mol % Bu4NBr, 10 mol % biphenyl as an 
internal standard, stirrer speed 300 rpm, 75 bar CO2 at 40 °C 
a) conversion and selectivity calculations based on 

1
H NMR spectroscopy, b) other possible products are presented in 

Figure 4.25 

 

Pressure influence on carbonation of trans-1,2-limonene oxide 

The influence of pressure on the trans-1,2-LC synthesis was investigated (Table 4.5). An 

autoclave was pressurised in the range of 20 - 75 bar CO2, which corresponds to CO2 

density in the range of 0.037 – 0.238 g mL
-1

. The results showed that selectivity strongly 

depends on the available CO2. At high CO2 densities between 0.149 and 0.238 g mL
-1

 (60 – 

70 bar) the conversion and selectivity remains high. However, the reaction at a lower CO2 

density of 0.059 g mL
-1

 (30 bar) showed significantly lower selectivity whilst retaining the 

same level of conversion. In atmospheric pressure of air, the formation of cyclic carbonates 

was minor. According to GC-MS analysis of crude reaction mixture, at lower CO2 densities 

the yield of side products from epoxide hydrolysis and dehydratation of 1,2-limonene diol 

(Figure 4.29 presents possible dehydration products previously reported by other research 

group) was higher than the yield of cyclic carbonates (Table 4.5 Entry 5). 

Table 4.5 The influence of pressure on trans-1,2-LC synthesis. 

Entry Catalyst T 
[°C] 

pa 
[bar] 

t [h] Convb [%] Selectivity  
trans-1,2-LC[%] 

Trans: cis 
1,2-LC 

1 VENT+Bu4NBr 140 75 4.5 68 76 1:0 
2 VENT +Bu4NBr 140 60 4.5 62 79 1:0 
3 VENT +Bu4NBr 140 30 4.5 65 55 1:0 
4 VENT +Bu4NBr 140 20 4.5 45 35 1:0 
5 VENT +Bu4NBr 140 atmc 4.5 16 25d 1:0 
Reaction conditions: 2.16 mmol trans-1,2-LO (see Figure 4.73), 2 mol% VENT , 3 mol % Bu4NBr, 10 mol % biphenyl as an 
internal standard, stirrer speed 300 rpm 
a) pressure of CO2 at 40 °C b) conversion and selectivity calculations based on 

1
H NMR spectroscopy c) atmospheric 

pressure – air d) low concentration of product, the carbonyl signal does not appear on 
13

C{
1
H} NMR spectroscopy but 

the 
1
H NMR spectroscopy shows characteristic dd at 4.30 ppm, the main by products were identified by GC-MS (Figure 

4.24 compounds 1,2-LD and 1,2-LMD) 
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Figure 4.29 Possible products of 1,2-limonene diol dehydration.
47

 

 

 

Phase behaviour during the carbonation reaction 

The phase behaviour was investigated using a high pressure viewing cell autoclave equipped with a 

sapphire glass window. At 40 C and atmospheric pressure the reaction mixture was a 

homogeneous phase with the catalyst fully dissolved in the liquid (Figure 4.30 A). When the 

autoclave was pressurised with CO2, the mixture significantly increased in volume and created a 

three phase system (Figure 4.30 B). Although not analysed quantitatively, the lower phase likely 

consisted mainly of the heavy catalyst, which is CO2 insoluble. The middle phase was an expanded 

liquid phase of limonene oxide with dissolved CO2. The upper phase was a supercritical CO2 

(scCO2) phase, probably with some limonene oxide. Upon increasing the temperature, the 

solubility of CO2 in the reaction mixture decreased and the volume of the expanded liquid 

decreased (Figure 4.30 C). The catalyst separation stopped occurring and the reaction changed 

colour from light yellow to dark brown. The change of colour could possibly mean that VENT is 

not stable under the reaction conditions. It is worth noting VENT is a complex mixture of 

polyoxometalates and its thermal stability is not known, thus identifying the active species in the 

carbonation reaction is challenging.  
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Figure 4.30 Phase behaviour experiment using high pressure viewing cell. The object visible in the pictures is a 
magnetic stirrer bar. The species in bold is the main compound of the phase.  
LO – limonene oxide, cat – catalyst: 2 mol % VENT and 3 mol % Bu4NBr. 

Variation in catalyst loading and halide counterion 

Most of the experiments were conducted using VENT at a loading of 2 mol % with 3 mol 

% of Bu4NBr. However, the general epoxidation conditions originally done within the 

group use only 1 mol % VENT. The effect of reducing the amount of VENT was studied, 

and when changing from 2 mol % to 1 mol % (Table 4.6 Entry 1-3), the conversion 

decreased by 12% with no significant changes in selectivity. It is possible to use 5 mol % 

VENT without any addition of Bu4NBr (Table 6 Entry 4), but the use of 5 mol % VENT is 

undesirable due to the unfavourable mass ratio – 5 mol % VENT is equal to 80 mass % of 

reaction mixture. 

Next, different halide salts were investigated as the co-catalyst for CO2 insertion (Table 4.6 

Entry 5-13). Often, the most active salt for cyclic carbonate synthesis is the bromide salt 

due to its well-balanced nucleophilic properties and leaving group character.
8
 However, for 

trans-1,2-LC synthesis the most active and selective appeared to be Bu4NCl (Table 4.6 

Entry 5 and 9). The same effect was observed for the combined catalytic system consisting 

of VENT and Bu4NCl. Bu4NI, which is a weaker nucleophile, is perhaps unsurprisingly the 

least active catalyst. Since previously reported literature confirms that Bu4NF is not 

selective towards cyclic carbonates,
8
 Bu4NF was not tested in this work. 
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Yasuda et al. found that quaternary ammonium salts with longer alkyl chains are more 

active in cyclic carbonate synthesis. However, the change of Bu4NCl for Aliquat 336 (a 

commercial mixture of C8 and C10 quaternary ammonium chloride salts) did not result in 

any significant change in activity (Table 4.6 Entry 5 and 8). In the absence of a catalyst, the 

carbonation of trans-1,2-LO did not proceed (Table 4.6 Entry 14). 

Table 4.6 The synthesis of trans-1,2-LC catalysed by various catalysts. 

Entry Catalyst t [h] Conva 
[%] 

Selectivity trans-
1,2-LC[%] 

Trans: cis 
1,2-LC 

1 2 mol % VENT+ 3 mol % Bu4NBr 4.5 68 76 1:0 
2 1 mol % VENT +3 mol % Bu4NBr 4.5 56 77 1:0 
3 1 mol % VENT + 3 mol % Bu4NBr 24 91 64 1:0 
4 5 mol % VENT 4.5 83 72 1:0 
5 3 mol % Bu4NCl 4.5 35 82 1:0 
6 3 mol % Bu4NBr 4.5 45 59 1:0 
7 3 mol % Bu4NI 4.5 15 52 1:0 
8 3 mol % Aliquat 336b 4.5 34 69 1:0 
9 2 mol % VENT + 3 mol % Bu4NCl 4.5 83 78 1:0 
10 2 mol % VENT + 3 mol % Bu4NI 4.5 55 39 1:0 
11 2 mol % VENT + 3 mol % Bu4NCl 24 93 74 1:0 
12 2 mol % VENT + 3 mol % Bu4NBr 24 96 55 1:0 
13 2 mol % VENT + 3 mol % Bu4NI 24 98 67 1:0 
14 none 4.5 - c - - 
Reaction conditions: 2.0-2.6 mmol trans-1,2-LO (see Figure 4.73), 140 °C, 75 bar CO2 at 40 °C, 10 mol % biphenyl as an 
internal standard, stirrer speed 300 rpm 
a) conversion and selectivity calculations based on 

1
H NMR spectroscopy b) Aliquat 336 is commercial mixture of C8 and 

C10 quaternary ammonium salts with predominating N-methyl-N,N,N-trioctylammonium chloride c) 5 % mass loss  

 

Integrated epoxidation and carbonation of 1,2-limonene cyclic carbonate 

Next, VENT was used in epoxidation and carbonation to yield 1,2-LC in two step reaction 

(Figure 4.31). Limonene therefore was epoxidised in flow microreactor to 1,2-LO. The 

resulting bi-phasic solution was separated and the organic phase was used in CO2 insertion 

without any purification after the addition of 3 mol % Bu4NBr to the mixture (Figure 4.31). 

Pleasingly, after 24 h, 85 % of 1,2-LO had reacted with 42 % selectivity to trans-1,2-LC. It 

is worth noting 1,2-LO synthesised via VENT catalysed epoxidation is a mixture of two 

stereoisomers (42 % trans and 58 % cis), 42 % selectivity to trans-1,2-LC corresponds to 

85 % of available trans-1,2-LO which has been transformed into trans-1,2-LC. Mono 

functionalised 1,2,-LC was isolated by column chromatography; however, recrystallisation 

of these terpene-derived cyclic carbonates has been shown by others as an alternative 

purification method.
14, 35
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Figure 4.31 Two-steps synthesis of cyclic carbonates from limonene without purification of 1,2-LO. res. time – 
residence time; selectivity is chemoselectivity. 

The synthesis and characterisation of 8,9-limonene cyclic carbonate 

Cyclic carbonate formation at the 1,2 position of limonene has been widely investigated, mostly 

due to the ease and availability of epoxidising the more active, electron-rich double bond. The 

selective formation of 8,9 functionalised analogue is a challenge, due to difficult selective 

epoxidation at 8,9 position. To combat this challenge, a catalyst which sterically exclude 1,2 

position is needed. Mizuno has reported a procedure employing polyoxometalate based catalyst 

along with H2O2 as an oxidant to provide 100% regioselectivity towards 8,9-limonene oxide.
48

 The 

epoxidation catalyst consist of quaternary ammonium cation (Bu4N
+
) and divanadium substituted 

phosphotungstate polyoxometalate anion [-HPV2W10O40]
4-

, this catalyst will be furthered referred 

as MIZ. While 1,2-LO has been previously used for cyclic carbonates synthesis,
14

 8,9-LO is an 

unexplored yet reagent. Carbonation of 8,9-LO is much more facile than 1,2-LO, at 140 °C, high 

conversion was achieved even after shorter reaction times (Table 4.7 Entry 1-3). Thus, the catalytic 

activity of different catalyst was tested in lower temperature and shorter reaction time (Entry 3). In 

contrast to 1,2-LO, 8,9-LO is less sterically hindered, thus the nucleophilic attack is favourable on 

both isomers. No significant difference in the stereoisomers ratio was observed after the reaction 

with any slight changes within range of the experiment and 
1
H NMR spectroscopy error. While 

VENT can catalyse formation of 8,9-LC, the effect of adding VENT has lower impact than for 

1,2-LC (Entry 4 and 5). However, using an alternative polyoxometalate catalyst MIZ, the catalyst 

used in the limonene epoxidation yielding 8,9-LO, completely changed the selectivity of the 

carbonation reaction. The reaction with MIZ yielded 8,9-limonene aldehyde (8,9-LA) and no 

cyclic carbonates were detected by NMR spectroscopy. The formation of 8,9-LA was independent 

of the presence of CO2, but the yield did vary depending on the batch of polyoxometalate catalyst 

(Entry 7 and 8). Due to high catalyst loading and inconsistent yields this reaction has not been 

considered as a viable aldehyde synthesis. High conversion and high selectivity to 8,9-LC can be 

obtained by using 3 mol % Bu4NBr as a catalyst (Entry 1). 
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Table 4.7 Carbonation of 8,9-LO. 

 
Entry Catalyst T 

[°C] 
pa 
[bar] 

t 
[h] 

R,S:R,R  
8,9-LO  
after 
reaction 

Convb 
[%] 

Selectivity  
8,9-LC[%] 

R,S:R,R  
8,9-LCc 

1 3 mol % Bu4NBr 140 75 2.5 54:46 80 96 70:30 
2 3 mol % Bu4NBr 120 75 4.5 58:42 76 91 65:35 
3 3 mol % Bu4NBr 120 75 2.5 59:41 52 99 67:33 
4 3 mol % Bu4NBr + 2 

mol% VENT 
120 75 2.5 64:36 68 98 73:27 

5 2 mol % VENT 120 75 2.5 64:36 46 86 83:17 
6 3 mol % Bu4NBr + 2 

mol % MIZ 
120 75 2.5 61:39 57 76 63:37 

7 2 mol % MIZ 120 75 2.5 62:38 63d 0e - 
8 2 mol % MIZ 120 atmf 2.5 56:44 75g 0h - 
9 No catalyst 120 75 2.5 63:37 -i - - 
Reaction conditions: 2.3 mmol 8,9-LO (starting stereochemistry 63:37 R,S:R,R), 10 mol % biphenyl as an internal 
standard, stirrer speed 300 rpm 
a) pressure of CO2 at 40 °C b) conversion and selectivity calculations based on 

1
H NMR spectroscopy c) calculated based 

on 
1
H NMR spectroscopy using doublet at 4.25 ppm, the overlapping doublets were deconvoluted using MestReNova d) 

up to 63% depending on the batch of MIZ 
e) reaction yields 8,9-LA, 50% selectivity f) atmospheric pressure of air g) 53-75 % depending on the batch of MIZ h) 
reaction yields 8,9-LA, 47% selectivity i) 6.5 % mass loss  

 

Thiol-ene click reactions and opening with amines; proof of concept 

In constrast to 1,2,8,9-carbonate, the use of monofunctional terpene-derived cyclic carbonates in 

NIPU synthesis is still an unexplored area of research. In this work, the monofunctional cyclic 

carbonates 1,2-LC and 8,9-LC have been used to prepare bifunctional species using thiol-ene click 

reactions. The bifunctional species were furthered reacted with hexylamine (Figure 4.32). Dithiol 

addition on 1,2-LC was performed using method developed by Meier et al.,
38

 and no radical 

initiator was needed. However, 8,9-LC, which contains an endocyclic double bond in its structure, 

required the use of radical initiator and a longer reaction time. The bi-functional cyclic carbonate 

species BI-1,2-LC and BI-8,9-LC were reacted with an excess of hexylamine resulting in ring 

opening of cyclic carbonates. The IR spectra of the products showed almost complete consumption 

of cyclic carbonates (Figure 4.33). Carbonyl signals on 
13

C{
1
H} NMR spectroscopy shifted to 

157.2 ppm (BI-1,2-LC-HU) and 157.5 ppm (BI-8,9-LC-HU), the shift is consistent with reported 

data for other hydroxyurethanes
29

 and it suggest ring opening of cyclic carbonates (the 
1
H NMR 

and 
13

C NMR spectroscopy results are available in Section 4.4.10).  BI-1,2-LC-HU and BI-8,9-
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LC-HU were analysed by ESI-MS after evaporating an excess of amine, the analysis confirmed the 

presence of sodium adduct of mass 725.4690 g mol
-1

 and 725.4624 g mol
-1

 respectively. The 

synthesised hydroxyurethanes BI-1,2-LC-HU and BI-8,9-LC-HU demonstrate the unexplored 

potential of monofunctionalised terpene-derived cyclic carbonates. In this experiment an excess of 

hexyl amine was used to create a model substrate, but BI-1,2-LC and BI-8,9-LC could be reacted 

with diamines creating linear NIPU.  

 

 

Figure 4.32 Synthesis of bifunctional species from 1,2-LC and 8,9-LC via radical addition. The resulted bi-functional 
cyclic carbonate species were reacted with hexylamine resulting in hydroxyurethanes BI-1,2-LC-HU and  
BI-8,9-LC-HU. 

 

Figure 4.33 IR spectra before and after ring opening with hexylamine. A: synthesis of BI-1,2-LC-HU (before and after 
reaction), B: synthesis of BI-8,9-LC-HU (before and after reaction). Blue line – bifunctional cyclic carbonate species BI-
1,2-LC (top) and BI-8,9-LC (bottom), red line – BI-1,2-LC-HU (A) and BI-8,9-LC-HU (B) after evaporating the excess 
amine.  
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4.2.2 Cyclic carbonates from  - elemene oxides 

 - elemene oxides 

 - elemene (BE) has three double bonds and in theory all of them can be epoxidised (Figure 4.34), 

giving an opportunity for multifunctional terpene-derived cyclic carbonates. Additionally, BE is 

produced via industrial biotechnology which means its production can be scaled up.
49, 50

 For the 

purpose of this study BE was epoxidised using mCPBA and purified using column 

chromatography or distillation, but in Chapter 3 a number of catalytic epoxidation methods were 

presented that are applicable to BE.  - elemene monoepoxide (BEMO) is always synthesised as a 

mixture of regioisomers in a roughly 1:1 ratio.  - elemene bisepoxide (BEBO) exists as one 

regioisomer, but each epoxide functionality has two stereoisomers.  - elemene trisepoxide 

(BETO) is the hardest to obtain due to the low reactivity of the electron deficient double bond in 

the vinyl group. Each epoxide functionality results in two stereoisomers which makes BETO a 

complex mixture of 8 possible stereoisomers. 

 

Figure 4.34 -elemene oxidation using mCPBA. The final product depends on the excess of mCPBA used. The BEBO 
stereoisomers are drawn as an example.  

 - elemene cyclic carbonates from  - elemene bisepoxide 

Novel bi-functional and mono-functional cyclic carbonates have been synthesised from BEBO 

using a quaternary ammonium salt as catalyst. To improve CO2 mass transfer, all carbonations 

were run in high pressure reactors, pressurised to 50 bar at 40 °C, corresponding to a CO2 density 

of 0.113 g/mL. The design of the carbonation reactor does not allow for adding a sparger, thus high 

pressure CO2 is the best solution for the set up used in this experiment. Since the phase behaviour 
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during reaction, and BEBO volumetric expansion in high pressure CO2 is not known, the CO2 

density was not increased any further to avoid overloading the carbonation reactor. Depending on 

reaction temperature, the reaction of BEBO with CO2 yielded different products (Table 4.8). 

Table 4.8 Results of carbonation of BEBO in temperature range 100 – 160 °C. 

 
Entry T  

[°C] 
p 
 [bar] 

t  
[h] 

Yield  
CCa [%] 

Yield  
ALDb [%] 

Column chromatography yield [%] 

      BEMCMO BEBC 
+ 

BEMCMD 

BEMCMA 

1 140 50 24 71  18 14 50c 21 
2 140 50 1.5 19 2 ndd nd nd 
3 130 50 24 79 10 ndd nd nd 
4 120 50 24 57 5 67e 19f 2 
5 120 50 65 82 14 7 38g 7 
6 100 50 24 50 0 84 5h 0 
7 160 50 24 58 16 ndd nd nd 
Reaction conditions: 1 g BEBO, 6 mol % Bu4NBr a) yield of cyclic carbonate groups based 

1
H NMR spectroscopy b) yield 

of aldehyde group based 
1
H NMR spectroscopy c) 42 % BEBC 58 % BEMCMD d) nd - not done e) 94 % BEMCMO 6 % 

BEMCMA f) 43 % BEBC 57 % BEMCMD g) 41 % BEBC 59 % BEMCMD h) 85 % BEBC 15 % BEMCMD. 

 

At high reaction temperatures for 24 h in the range of 130 – 140 °C (Table 4.8 Entry 1 and 3) the 

reaction yielded the highest amount of carbonate species. The separation by column 

chromatography (Entry 1) yielded two fractions. The first fraction consisted mostly of the -

elemene monocarbonate monoepoxide BEMCMO and aldehyde impurities. The second fraction 

was believed to be the biscarbonate BEBC, since MS confirmed its formation. However, the more 

detailed NMR spectroscopy analysis showed additional alkene signals via 
1
H NMR spectroscopy 

(Figure 4.35) suggesting that it was a mixture of BEBC and monocarbonate monoalcohol 

BEMCMD. The full analysis of pure BEMCMD was not conducted, but the partial NMR 

spectroscopy assignments were made, based on the 2D NMR spectra of the BEBC and BEMCMD 

mixture (Figure 4.36).  
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Figure 4.35 
1
H NMR (CDCl3, 400 MHz) spectra of crude reaction mixture and purified BEBC. The top spectrum contains 

characteristic signals for BEMCMD. 

 

Figure 4.36 Partial assignments of BEMCMD using NMR spectroscopy. obtained from mixture of BEBC and BEMCMD 
and results of mass spectrometry obtained from a mixture of BEBC and BEMCMD. 

In general, high reaction temperatures caused an increase in BEMCMA production (Table 4.8 

Entries 1-3 and 7). The reaction at 140 °C and 1.5 h reaction time (Entry 2) was performed to check 

if aldehyde production was directly correlated to high reaction temperature or high conversion of 

epoxides and an increased viscosity of reaction. NMR spectroscopy analysis confirmed that even 

with short reaction times, low concentrations of aldehyde species were produced, showing that the 

aldehyde production starts at low conversion. The reaction at 160 °C (Entry 7) showed similar 

aldehyde production as the reaction at 140 °C, and additionally the yield of carbonate species was 

lower, suggesting other by-products which were not further identified due to the complexity of 

NMR spectra. It is worth noting that high mass loss was observed during the purification of 

reaction mixtures obtained at high reaction temperatures indicating that the high functionality leads 

to higher polarity making column chromatography difficult. 
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At lower temperature, in the range of 100 – 120 °C (Entry 4-6), the main product after a 24 h 

reaction time was BEMCMO. With extended reaction time, it is possible to increase the yield of 

BEBC at 120 °C (Entry 5), but as a mixture with BEMCMD. Additionally the concentration of 

aldehyde species increases. As for previous reactions with high BEBC content, after purification a 

very low yield of the fraction rich in BEBC and BEMCMD was obtained. The low yield of BEBC 

and BEMCMD was attributed to difficulties in performing column chromatography, since the 

concentration of carbonate species according to NMR analysis was high. BEMCMO recovery on 

column chromatography is usually higher yielding, thus it is believed the main product of reaction 

at 120 °C with extended reaction time was a mixture of BEBC and BEMCMD.  

The regioselectivity of BEMCMO and BEMCMA was confirmed by NMR spectroscopy analysis. 

The epoxide signals in BEMCMO show the same shifts as corresponding epoxide group in BEBO 

(56.3 56.2 53.0 52.7 via 
13

C{H} NMR spectroscopy). The regioselectivity of BEMCMA was 

confirmed using 
13

C{H} NMR spectroscopy (Figure 4.37). 

 

 

Figure 4.37 
13

C{
1
H} NMR (101 MHz, CDCl3) spectroscopy of BEMCMO, BEBC and BEMCMA in region of 88 – 67 ppm 

confirming regioselectivity of BEMCMA. 
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Testing other catalysts to allow process improvement was beyond the scope of this thesis, but other 

members of the Davidson research group showed it is possible to synthesised -elemene carbonates 

at lower temperatures and lower CO2 pressure.
51

 S. Federle within her MRes project investigated 

aluminium amino-tris(phenolate) catalyst in -elemene derived cyclic carbonates synthesis.
51

 

Aluminium amino-tris(phenolate) was previously used in terpene-derived cyclic carbonates 

synthesis and allowed reducing temperature and CO2 pressure.
14

 Figure 4.38 presents S. Federle’s 

work with corresponding yields of products. The data was entirely obtained by S. Federle and is 

presented in this thesis only for information purposes.  

 

Figure 4.38 -elemene derived cyclic carbonates synthesised using Aluminium amino-tris(phenolate) as a catalyst for 
carbonation reaction.

51
 

At different reaction conditions aluminium amino-tris(phenolate) can yield polycarbonates, as it 

was presented for limonene polycarbonate.
52, 53

 In this PhD project, the synthesis of -elemene 

derived polycarbonates catalysed by aluminium amino-tris(phenolate) was investigated, but no 

polymer products were observed. Some small concentrations of cyclic carbonates were detected. 

The data is included in Section 4.6 Appendix. 

Preliminary studies to NIPU synthesis from  - elemene biscarbonate  

-elemene biscarbonate (BEBC) was synthesised at 140 °C and 50 bar CO2, but none of the 

purification methods used were satisfactory. Purification methods included crystallisation and 

column chromatography, distillation was discarded due to the high boiling point of cyclic carbonate 

species. Crystallisation in various organic solvents did not yield any crystals. Gel crystallisation 

was attempted,
54

 but again no crystals were obtained. Column chromatography struggled to 

separate BEBC and BEMCMD, and the mass loss during purification makes it an undesirable 

method. Due to difficulties with BEBC purification the crude reaction mixture was used in NIPU 

synthesis with no further purification, as has been previously done in the literature for limonene 
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derived cyclic carbonates.
34 

The content of cyclic carbonate, in the crude reaction mixture was 

calculated using 
1
H NMR spectroscopy (Figure 4.39). The spectrum was referenced using the vinyl 

CH proton (yellow region on the figure) and integrating the carbonate region between 4.22 and 

3.54 ppm (green region on the figure). The integration of this region indicates 3.20 protons and by 

comparing it to 4 protons (which is the maximum achievable result) it can be assumed that the 

carbonate content was 80 %. It is worth noting that the real value is smaller, because signals from 

BEMCMD overlap with carbonate region. Also the cyclic carbonate content includes 

monofunctional species such as BEMCMA and BEMCMD which can be quantified. The 

estimated content of BEBC is about 47 % BEBC. 

 

              
                                            

                                   

  
                         

 
  

    

 
      

Figure 4.39 Crude reaction mixture 
1
H NMR spectrum used for calculation of carbonate content. 

The first attempt of NIPU synthesis was conducted at 100 °C in solventless conditions under Ar 

atmosphere. The diamines used in the synthesis are depicted in Figure 4.40. Priamine 1074 was 

obtained from Croda and it is a biobased diamine derived from fatty acids which is liquid at room 

temperature.
55

 Isophorone diamine is often used as a hardener in NIPU synthesis, it contains one 

primary and one secondary amine which have different reactivity towards the ring opening of 

cyclic carbonates.
34

 isophorone diamine is also liquid at room temperature. The other two amines 

(1,8-diaminooctane and 1,4-diaminobutane) are highly nucleophilic amines which should be highly 

reactive in aminolysis of cyclic carbonates,
19

 both of them are solids at room temperature. The 

choice of amine was influenced by the choice of amine used for limonene cyclic carbonates in 

previously published literature.
34, 35 
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As it is shown in Figure 4.40, each sample will be abbreviated as NIPU-[amine used for BEBO 

ring opening], for example the sample synthesised in the reaction of BEBO with Priamine 1074 is 

further refered as NIPU-PRI, sample synthesised in the reaction of BEBO with 1,8-diamonooctane 

is further refered as NIPU-C8. 

 

Figure 4.40 The reaction of a mixture containing mostly BEBC and BEMCMD and various amines at 100 °C. 

 

All synthesised samples were yellow/brown colour with NIPU-IP showing slightly less colouration 

than the other samples. At 100 °C all of the samples were highly viscous liquids which stopped the 

magnetic stirrer from rotating (Figure 4.41). Upon cooling down, NIPU-IP and NIPU-C8 became 

solid, NIPU-PRI was an extremely viscous liquid and NIPU-C4 was a viscous liquid. Due to its 

complexity 
1
H NMR spectroscopy analysis is not the best available method for monitoring this 

reaction (Figure 4.42). However, it is worth noting that aldehyde impurities disappeared, which 

indicated some side reactions, possibly imine condensation. The 
13

C NMR spectroscopy (Figure 

4.43) shows a shift in carbonyl signal, where 154 ppm is characteristic for cyclic carbonates and 

157 ppm was previously reported for NIPU and hydroxyurethanes.
56

 IR analysis indicated whether 

full conversion of cyclic carbonates was achieved (Figure 4.44), as cyclic carbonates have a 

characteristic signal around 1800 cm
-1

, the characteristic signal for BEBC is at 1789 cm
-1

. All 

samples showed some conversion of cyclic carbonate species with NIPU-C8 and NIPU-C4 

showing the complete disappearance of the signal at 1789 cm
-1

, indicating full conversion of cyclic 

carbonates. 
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NIPU-PRI NIPU-IP NIPU-C8 NIPU-C4 

Figure 4.41 Pictures of produced NIPU samples at the end of reaction in the reaction vessel.  

 

 

Figure 4.42 
1
H NMR (400 MHz, CDCl3) spectrum of carbonates used for NIPU synthesis and spectra of crude reaction 

mixture after NIPU synthesis.Green area – carbonates functionality (note that carbonate region can contain signals 
from CH2–OH originating from BEMCMD), Orange area – alkene region. 
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Figure 4.43 

13
C{

1
H} NMR (101 MHz, CDCl3)spectra of carbonates used for NIPU synthesis and NIPU samples. Signal at 

154 ppm is characteristic for cyclic carbonates and signal at 157 ppm corresponds to opened cyclic carbonates. 

 
Figure 4.44 ATR-IR in the range 400 – 4000 cm

-1
. The highlighted region corresponds to cyclic carbonates, the signals 

at around 1700 cm
-1

 are the urethane signals. The NH stretch is expected to be at 1535 cm
-1

 but the region is crowded 

and it was not highlighted.
57
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The analysis of molecular weight (Mn) was performed using GPC with a polystyrene standard 

(Table 4.9). Based on the GPC results, all synthesised NIPU samples had a Đ in the range of 1.2 – 

1.6 which are similar to values previously reported for unpurified 1,2,8,9-limonene carbonate. 

However, Mn results calculated against the polystyrene standard suggest all synthesised NIPUs 

were small molecules, possibly consisting of one unit of carbonates and one unit of amine. The 

NIPU-C4 sample showed a Mn lower than a starting carbonate monomer. Considering that GPC 

showed low Mn, ESI-MS was used to further investigate the structure of synthesised NIPU samples 

(Table 4.10). The sample NIPU-C4 was not tested due to the toxicity of the amine. All samples 

contained molecules consisting of one unit of amine and one unit of carbonate species.  

Based on all analyses, the linear -elemene derived NIPU have not been synthesised. Considering 

the low purity of BEBC and a high content of BEMCMD it is not surprising that the synthesis of 

NIPUs did not yield satisfactory results. Additionally, due to impure monomer the stoichiometry 

between carbonates and amines was imbalanced. However, these results do indicate that NIPU 

materials are accessible via reaction of amines with BEBC. 

Table 4.9 GPC results. 

 GPC of crude reaction mixture 
polystyrene standard 

Sample name Mn [g mol-1] Đ 

Carbonates n/a n/a 
NIPU-PRI 1757 1.5 
NIPU-IP 534 1.4 
NIPU-C8 648 1.6 
NIPU-C4 214 1.2 
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Table 4.10 ESI - mass spectrometry results. 

 
  Calculated Found 

ESI-MS of sample 
NIPU-PRI 

C52H97N2O4 
[PRI+BEMCMO or 
BEMCMA or 
BEMCMD+H]+ 

813.7448 813.7450 

C53H97N2O6 
[PRI+BEBC+H]+ 

857.7347 857.7368 

ESI-MS of sample 
NIPU-IP 

C26H47N2O4 
[IP+BEMCMO or 
BEMCMA or 
BEMCMD+H]+ 

451.3536 451.3622 

C37H68N4Na1O6 
[IP+BEBC+IP+Na]+ 

687.5037 687.5317 

ESI-MS of sample 
NIPU-C8 

C24H45N2O4 
[C8+BEMCMO or 
BEMCMA or 
BEMCMD+H]+ 

425.3379 425.3446 

 

 

 - elemene cyclic carbonates derived from  - elemene trisepoxide 

The previous carbonation studies were performed on BEBO, but the synthesis of bi-functional 

carbonate species from BEBO required elevated temperature due to the low reactivity of the 

sterically hindered epoxide group. The less sterically hindered epoxide group was fully reacted at 

100 °C and 24 h reaction time. This difference in reactivity indicates that steric hindrance of the 

epoxide might have an influence on its reactivity.  

BETO has three epoxide groups and two of them are less sterically crowded than the slowly 

reacting epoxide group of BEBO. Since the bi-functional carbonate species are more interesting for 
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NIPU synthesis than mono-functional carbonate species, BETO was used in carbonation reaction 

to investigate if it is possible to synthesise bi-functional carbonate species at lower temperature.  

BETO was synthesised using mCPBA (Figure 4.45), but the electron deficient vinyl group is less 

reactive to mCPBA oxidation than other -elemene double bonds, resulting in longer reaction time 

and by-product formation, such as diols and aldehydes. Additionally, purification of BETO shows 

issues, the yield of column chromatography was significantly lower than the yield observed for 

BEBO and attempts of distillation at reduced pressure were unsuccessful. Moreover, BETO is 

more viscous than BEBO which might be a problem for large scale processing. However, if 

BETO’s additional epoxide group allows synthesis of bi-functional carbonate species at lower 

reaction temperatures and high selectivity, it might be beneficial to overcome issues related to 

BETO. The purification issues might be addressed by a different BETO synthesis and the issues 

related to processing a viscous compound can potentially be overcome by adding solvent from a 

wide range of green solvents. 

 

Figure 4.45 Epoxidation of BE to BETO. Top: -elemene Bottom: -elemene trisepoxide. The disappearance of all 
double bonds (1) shows that -elemene was fully oxidised and replaced by epoxide peaks (2). The impurities from 
mCPBA are visible around 7.30-7.70 ppm and acetone at 2.0 ppm. Acetone was removed before carbonation using 
high vacuum pump, but impurities from mCPBA were not possible to remove. 
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First, the reaction of BETO at 100 °C was performed (Figure 4.46). As expected, not all epoxide 

groups reacted (Figure 4.47). Conversion and yield calculations are constrained by the complexity 

of the NMR spectra. None of the diagnostic methyl groups are resolved from other signals and the 

signal of the vinyl group double bond at 6 ppm is not present in BETO spectra, which makes 

referencing NMR spectroscopy signals impossible without adding an external standard. It is worth 

noting that working with an external standard and extremely viscous reaction mixture creates 

additional difficulties in obtaining quantitative results. Conversion can be roughly estimated by 

assuming that integration of the epoxide groups, cyclic carbonate groups and aldehyde peaks totals 

7 protons, which is the number of protons present in BETO epoxides groups (Figure 4.48). 

Following carbonation at 100 °C, only traces of aldehyde groups were detected, and the 
1
H NMR 

spectroscopy signal was too small to integrate, thus only epoxide groups, cyclic carbonates and 

impurities at 4.93-4.76 ppm were taken into consideration. A rough estimation of conversion and 

yields shows conversion of 56 % epoxy groups and about 52 % yield to cyclic carbonate groups. 

The reaction was purified by column chromatography and the main product of reaction was 

biscarbonate monoepoxide BEBCMO. The products of the reaction were identified using NMR 

spectroscopy, ESI-MS and IR. 

 

 

Figure 4.46 The carbonation of BETO at 100 °C, 50 bar CO2, 24 h, 9 mol % Bu4NBr. 
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Figure 4.47 
1
H NMR spectroscopy of the carbonation of BETO at 100 °C, 50 bar CO2, 24 h, 9 mol % Bu4NBr. 

 

                                
    

 
      

                                   
    

 
      

Figure 4.48 Conversion and yield estimation for BETO carbonation at 100 °C. 
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The regioselectivity of BEBCMO was confirmed by NMR spectroscopy using 2D experiments and 

DEPT135 (Figure 4.49 and 4.51). All epoxide signals (purple, 2.5 – 2.8 ppm) show correlation on 

HSQC with carbons at 54.4 – 57.0 ppm which correspond to the signals of the corresponding 

epoxide group in BETO. Additionally, in the HMBC, the epoxide protons show correlation to only 

one CH3 group at 19.8 – 20.6 ppm. The CH carbonate peak (orange) is distinctive from other 

signals as it is the only CH environment from the carbonate groups, and it correlates to CH carbon 

at 83.6 and 83.7 ppm. The CH2 (blue and yellow) were assigned based on additional information 

from HMBC where the yellow CH2 group correlates to the CH carbon (orange) and the blue CH2 

group correlates to the CH3 carbon at 21.7 ppm.  

The findings of the NMR spectroscopy are consistent with the hypothesis that the most sterically 

hindered epoxide group will not react at 100 °C. It is also consistent with previous results presented 

for BEBO, in which it has been found that higher temperature is necessary to react both epoxides. 

Considering the complexity of carbonyl signal at 154.4 – 154.8 ppm on 
13

C {
1
H} NMR 

spectroscopy, BEBCMO is expected to be a mixture of most, if not all, possible stereoisomers 

(Figure 4.50).  

 

Figure 4.49 Assignments of key signals of BEBCMO  on 
1
H NMR spectroscopy of purified BEBCMO sample. 

 

Figure 4.50 BEBCMO carbonate C=O signal on 
13

C{H} NMR spectroscopy of purified sample. 
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The signal at 4.84 ppm is believed to be an impurity since it did not show any correlation to the 

carbonates signals at 154.4 – 154.8 ppm on the HMBC spectrum. The impurity is still present in the 

BEBCMO sample after purification by column chromatography, and possibly it was some 

structure with hydroxy groups, which might be a result of epoxide ring opening or epoxide 

rearrangements. However, the structure of the impurity has not been fully resolved. Other signals 

from this impurity must overlap with either carbonate groups or the epoxide, but no obvious 

interactions were observed on by 2D NMR spectroscopy. 

The formation of BEMCBO was confirmed by ESI-MS which detected signals at 297.2 and 319.2 

g mol
-1

 corresponding to [M+H]
+
 and [M+Na]

+ 
adducts respectively. The regioselectivity was 

analysed by NMR spectroscopy, the analysis showed it is a mixture of regioisomers with one 

species being dominant in the mixture (Figure 4.51). The full assignments were not performed due 

to insufficient quality of NMR spectra. 

 

Figure 4.51 Changes in 
13

C{
1
H} NMR spectroscopy for BEBCMO, BEMCBO and crude reaction mixture. 

A – 
13

C{H} NMR spectrum of crude reaction mixture containing BEBCMO and BEMCBO;  
B – DEPT135 of crude reaction mixture containing BEBCMO and BEMCBO;  
C – 

13
C{H} NMR spectroscopy of purified BEBCMO;  

D – 
13

C{H} NMR spectroscopy of purified BEMCBO.  
All spectra were referenced against chloroform residue at 77.16 ppm, the signal at 80.1 ppm corresponds to the 
unidentified by-product.  



Valorisation of terpenes for sustainable materials 
 
 
 

 
171 

The second reaction with BETO was performed at 140 °C (Figure 4.52) with an assumption that all 

epoxides can react at high temperature giving cyclic carbonates. Unfortunately, not all epoxide 

groups reacted (Figure 4.53), the conversion and yield estimation is presented in Figure 4.54. The 

yield of cyclic carbonates groups increased to 67 %. The yield of aldehyde groups increased to 2 % 

and other by products were visible on a crude reaction mixture spectrum.  

 

Figure 4.52 The carbonation of BETO at 140 °C, 50 bar CO2, 24 h,9 mol % Bu4NBr. 
 

 

Figure 4.53 
1
H NMR spectrum of the carbonation of BETO at 140 °C, 50 bar CO2, 24 h,9 mol % Bu4Br. 



Valorisation of terpenes for sustainable materials 
 
 
 

 
172 

 

                                
    

 
      

                                   
    

 
      

                          
      

 
     

Figure 4.54 Conversion and yield estimation for BETO carbonation at 140 °C.  

The reaction mixture was purified by column chromatography and two fractions were separated. 

The first one was identified as BEBCMO, as NMR spectroscopy was consistent with the sample 

obtained from reaction at lower temperature. The second fraction was analysed by IR, ESI-MS and 

NMR spectroscopy. IR confirms the formation of cyclic carbonates by the characteristic C=O 

stretch at 1785 cm
-1

. ESI-MS confirmed formation of BETC by detecting a signal at 407.1364 g 

mol
-1

 which corresponds to sodium adduct of BETC. However, NMR spectroscopy analysis was 

unclear and the full assignments of BETC were not possible. The further NMR spectroscopy and 

ESI-MS analysis showed presence of impurity BEBCMD and the partial NMR spectroscopy 

assignments with ESI-MS results are presented in Figure 4.55.  

 

Figure 4.55 BEBCMD, NMR spectroscopy partial assignments and ESI-MS results. 
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The composition of a mixture recovered from a chromatography column which contains BETC 

and BEBCMD was estimated using 
1
H NMR spectroscopy (Figure 4.56). The composition was 

estimated to be 33 % BETC and 67 % BEBCMD. The BEBCMD formation is not surprising since 

a similar effect was described previously for BEBC and BEMCMD. It is not clear if the by-

product formation is a result of increased viscosity, lack of CO2, high reaction temperature or a 

complex interplay of multiple factors. 

 

                
              

                                               
  

    

 
       

Figure 4.56 
1
H NMR (400 MHz, CDCl3) spectrum of a mixture of BETC and BEBCMD.  

 

4.2.3 Examples of other terpene-derived cyclic carbonates 

Carvone cyclic carbonates and their stereochemical behaviour 

Carvone is a terpene isolated from spearmint and it is structurally similar to limonene. The main 

difference is in their ring structure; limonene contains a cyclohexene ring while carvone contains a 

cyclohexenone ring (Figure 4.57). This change makes the 8,9 position favourable for epoxidation 

with mCPBA yielding carvone-8,9-oxide (8,9-CO), whereas in limonene mCPBA oxidation 

favours 1,2 position under the same reaction conditions. The epoxidation of the 1,2 position in 

carvone is possible via alkaline H2O2 epoxidation and it yields carvone-1,2-oxide (1,2-CO).
58
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Figure 4.57 Structures of limonene, carvone and their epoxides. 

1,2-CO and 8,9-CO can react with CO2 and yield corresponding cyclic carbonates. Carvone 1,2-

cyclic carbonate (1,2-CC) has been synthesised by Fiorani et al.
14

 and carvone 8,9-cyclic carbonate 

(8,9-CC) has been synthesised in this work (Figure 4.58). Here, 8,9-CC has been synthesised via 

carbonation of 8,9-CO using Bu4NBr as catalyst (Figure 4.59). The reaction is as rapid as for 8,9-

LO and after 1.5 h showed full conversion with selectivity over 90 %. 1,2-CC and 8,9-CC show 

similar stereochemistry behaviour to 1,2-LC and 8,9-LC. Carvone 1,2-oxide (1,2-CO) yields 

mostly one cyclic carbonate isomer (1,2-CC) and carvone 8,9-oxide (8,9-CO) yields two isomers 

of cyclic carbonates (8,9-CC). 

Selective carbonation of 1,2-LO towards trans-1,2-LC is caused by the steric hindrance of epoxide 

in 1,2-position constraining the nucleophilic attack on it. Unlike 1,2-LC, the stereoselectivity of 

1,2-CC is a result of selective epoxidation of carvone in 1,2-position which yields only one isomer 

of epoxide,
58

 not due to the steric hindrance of the epoxide. Since epoxidation of the 1,2 position is 

a stereoselective process, the carbonation also yielded mostly one isomer of cyclic carbonates. In 

comparison, epoxidation at the 8,9 position yields a mixture of 8,9-CO isomers and carbonation 

yields corresponding cyclic carbonates isomers in a ratio of approximately 54:46. The changes in 

1
H NMR spectroscopy between carvone, 8,9-CO and 8,9-CC are shown in Figure 4.60. 

  

1,2-CC 
G. Fiorani et al. 14 

8,9-CC 
This work 

Figure 4.58 Carvone cyclic carbonates, on the left: carvone cyclic carbonate previously published by Fiorani et al.
14

; on 
the right: carvone cyclic carbonate synthesised in this work. 
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Figure 4.59 The synthesis of 8,9-CC from 8,9-CO using Bu4NBr as a catalyst. 

  

 

Figure 4.60 
1
H NMR spectra of carvone, 8,9-CO and 8,9-CC. 

 

Farnesene cyclic carbonates 

Farnesene is an acyclic terpene derived via industrial biotechnology by the American company 

Amyris. It is an interesting feedstock because of its potential multimillion tonne scale availability.
36

 

Moreover, farnesene can be epoxidised using the same flow epoxidation as limonene epoxidation – 

solventless epoxidation catalysed by VENT using a microreactor. Figure 4.61 presents the group’s 

previous work which resulted in a protocol for highly selective epoxidation of farnesene. After 33 

min residence time, 100 % conversion and about 90 % selectivity to farnesene bisepoxide (FBO) 

was achieved.  
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Figure 4.61 Flow epoxidation of farnesene using microreactor. VENT – Venturello catalyst, 2 mol % with respect to the 
amount of farnesene; res. time – residence time.  
This epoxidation reaction is not part of this PhD thesis, farnesene epoxidation was previously studied within the 
Plucinski group.

39, 40, 59
 

The synthesis of farnesene cyclic carbonates was attempted using FBO from the epoxidation 

mixture without any further purification (Figure 4.62). The changes in 
1
H NMR spectra are 

presented in Figure 4.63; spectrum A is a pure sample of farnesene, spectrum B is an organic phase 

recovered from the epoxidation reaction and spectrum C is a crude reaction mixture after attempted 

carbonation. These NMR spectra suggest the organic phase recovered from epoxidation contained 

mostly FBO, but other compounds were visible by TLC (unreacted farnesene and FMO, possibly 

some other uncharacterised epoxidation by-products). The carbonation attempt presented on Figure 

4.62 resulted in a complex mixture of polymeric products (Figure 4.35 spectrum C). In spectrum C, 

it is clear that the signal in the 2.5-3.0 region, corresponding to epoxide protons, has decreased in 

intensity; however, the complexity of this spectrum suggests there is a mixture of products, not 

necessarily just cyclic carbonates. The mixture recovered from the carbonation reactor had a foam-

like structure, and was hardly soluble in organic solvents (Figure 4.34). With an excess of 

chloroform, it was possible to dissolve it in order to obtain a sample suitable for NMR 

spectroscopy, but unfortunately, the concentration was too low to obtain satisfactory 
13

C{
1
H} NMR 

spectra. The mixture recovered from the carbonation reactor was mildly soluble in THF in low 

concentrations, allowing for GPC to be performed, which showed a polymeric species of Mn = 12 

900 g mol
-1

 and Đ = 2.80. 

 

Figure 4.62 Reaction of unpurified organic layer from epoxidation with CO2 in the presence of Bu4NBr. The unpurified 
organic layer mostly contained FBO, but unreacted farnesene and FMO were present in the reaction mixture. VENT 
was used as the epoxidation catalyst. 
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Figure 4.63 Changes in 
1
H NMR spectra between farnesene (A), unpurified organic layer from epoxidation which 

contained mostly FBO (B) and a complex reaction mixture produced via carbonation presented on Figure 4.32 (C). 

 

 

 

 

Figure 4.64 Mixture recovered from carbonation reactor had a foam-like structure. 
1
H NMR spectroscopy results are 

presented in Figure 4.33 spectrum C, GPC analysis showed Mn = 12 900 g mol
-1

 and Đ = 2.80. The polymer structure 
was not further investigated, but some possible structures are presented.

60-62
 

Another attempt to prepare farnesene cyclic carbonates involved reacting purified FBO with CO2 

in the presence of Bu4NBr. Purification of FBO proved to be difficult - multiple attempts of 

distillation under reduced pressure resulted in polymerisation of FBO within the distillation 

apparatus. Purified FBO was obtainable via column chromatography, however, the yield was lower 

than expected. This may be due to reaction of FBO on silica, since this has been previously 

reported in the literature for myrcene.
14

 Carbonation of FBO was attempted at 120 °C for 24 h, 

resulting in a poorly soluble mixture, which due to its insolubility could not be analysed. To reduce 
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the side reactions, carbonation at 100 °C and a shorter reaction time of 5 h was performed (Figure 

4.65), but no signals which could be assigned to cyclic carbonates were visible on 
1
H NMR 

spectroscopy or 
13

C{
1
H} NMR spectroscopy (Figure 4.66 and 4.67). 

 

Figure 4.65 Carbonation of purified FBO catalysed by Bu4NBr at 100 °C and 5 h reaction time. No visible signs of cyclic 
carbonates were observed on 

1
H NMR spectroscopy and 

13
C{

1
H} NMR spectroscopy. 

 

Figure 4.66 Changes in 
1
H NMR (400 MHz, CDCl3)spectra between farnesene (A), purified FBO (B) and a crude reaction 

mixture produced via carbonation presented on Figure 4.35 (C). The signal at 3.30 ppm corresponds to Bu4NBr. 
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Figure 4.67 
13

C{
1
H} (101 MHz, CDCl3)NMR spectrum of the crude reaction mixture produced via carbonation presented 

on Figure 4.35. No signals around 154-155 ppm are visible, indicating that cyclic carbonates are either absent or in 
concentrations too low to detect. 

In summary, farnesene is a promising feedstock with potential for vast availability. An efficient 

epoxidation protocol has been developed within the Plucinski group, allowing easy access to FBO. 

However, issues with FBO purification and the complex side reactions of FBO carbonation make 

FBO a challenging compound for cyclic carbonates synthesis.  

 

4.3 Conclusions and future work 

The growing interest in bio-derived NIPU and the commitment of the coating industry to improve 

their sustainability makes terpene-derived cyclic carbonates desirable compounds.
63, 64

 1,2,8,9- 

limonene cyclic carbonate has previously been used in NIPU synthesis, showing promising 

results.
35

 Here, novel cyclic carbonates were evaluated in their suitability for NIPU synthesis. 

Limonene epoxides (1,2-LO and 8,9-LO) can be selectively synthesised following literature 

procedures. Both of them can react with CO2 resulting in 1,2-LC and 8,9-LC respectively. The 

carbonation of 1,2-LO is stereoselective towards trans-1,2-LO and the use of the polyoxometalate 

based catalyst VENT enhanced reaction rate and shows synergistic interactions between VENT 
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and CO2. This allows for a telescoped two-step synthesis of 1,2-LC directly from limonene. The 

8,9-LO is less sterically hindered and both of its isomers react with CO2 yielding cyclic carbonates. 

Considering the wide availability of limonene and well-established scalable epoxidation methods, 

1,2-LC and 8,9-LC are promising for NIPU synthesis. In this work, 1,2-LC and 8,9-LC have been 

shown to undergo thiol-ene reactions resulting in the bi-functional carbonate species which in 

combination with polyamines will give an access to novel NIPU with tuneable properties 

consisting of >50 wt% renewable feedstocks. In this work, novel hydroxyurethanes were 

synthesised to show their utility as novel monomers. Future work should focus on the synthesis of 

polymers and varying thiol linkages in order to obtain polymeric coatings with the most desirable 

properties. Based on available literature, the ring opening with amines can be done 

regioselectively.
29

  

BE represents a valuable terpene feedstock derived via industrial biotechnology. That means it can 

provide a geographically flexible terpene feedstock with a stable price. The possibilities of scaling 

up industrial bioprocesses can make -elemene cost effective feedstock, as has been done by 

Amyris for farnesene.
49

 The -elemene oxidation methods are still being developed and need 

improving, but stoichiometric methods such as mCPBA oxidation can yield all three possible 

epoxides such as BEMO, BEBO, BETO. Multifunctional carbonate species, BEBO and BETO, 

were evaluated in the carbonation reactions.  

The carbonation of BEBO results in bi-functional carbonate BEBC. However, the sterically 

hindered epoxide group requires high reaction temperatures which increase the yield of by-products 

not usable for NIPU synthesis, such as BEMCMD. The epoxide rearrangement indicated that the 

epoxide is activated by halide, but either temperature or lack of CO2 cause it to change selectivity 

towards the undesirable product. Further investigation into BEBO carbonation is required; it 

should focus on improving CO2 mass transfer either via a more efficient set up or reducing the 

viscosity of the reaction by adding solvent. More specific future work can focus on the 

development of novel catalyst allowing reduction of reaction temperature while maintaining high 

activity. 

BETO is harder to synthesise, but the carbonates synthesised from BETO are extremely interesting 

for NIPU synthesis. BEBCMO can be selectively synthesised at 100 °C which is a 40 °C reduction 

in reaction temperature comparing to BEBC. From all -elemene cyclic carbonates, BEBCMO is 

the most promising due to the relatively low temperature of its synthesis (100 °C) and high 

selectivity of the reaction. The main focus of future work with BEBCMO should be on 
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synthesising BEBCMO derived polymers and investigating additional functionalization or cross-

linking via the epoxy group.  

The other BETO derived cyclic carbonate - BETC is a scientifically interesting compound, but the 

selectivity of the carbonation reaction suffers the same issues as BEBC synthesis – high reaction 

temperature, difficult CO2 mass transfer and high production of BEBCMD which is not a desirable 

product. Future work should focus on improving BETC synthesis, otherwise producing this new 

monomer for NIPU synthesis in the quantity and purity needed will be significantly limited.  

Other terpenes evaluated included carvone and farnesene. Carvone availability is limited (10
4
 

tonnes annually),
65

 but for highly specialised applications it could be investigated for NIPU 

synthesis. Although no additional work was carried out in this thesis, 8,9-CC is expected to behave 

similarly to 8,9-LC. Farnesene was evaluated because of its availability via industrial 

biotechnology and efficient epoxidation method, but the difficulties related to farnesene bisepoxde 

purification and synthesis of farnesene derived cyclic carbonates make it challenging for 

applications in NIPU.  

 

4.4 Experimental 
 

4.4.1 General consideration 

All reagents and NMR solvents were sourced from Sigma Aldrich, Alfa Aesar or Fischer Scientific. 

All solvents, except NMR solvents, were sourced from VWR and used as received. Liquid CO2 

was obtained from BOC (99.8 % CO2).  

GC-MS spectra were recorded on an Agilent GCMS system (GC: 7890B, MS: 5977A) using a 

capillary nitroterephtalic acid-modified polyethylene glycol column of high polarity (Agilent 

Technologies column: DB-FFAP 30 m x 0.250 mm x 0.25) and a flame ionization detector (FID). 

The sample was prepared in toluene and injected at 250 °C. The oven temperature was increased by 

20 °C min
-1

 from 40 °C to 250 °C, where it was kept for 5.5 min. The FID had a temperature of 300 

°C. The carrier gas was helium and it was kept at a constant flow rate of 1.2 mL min
-1

 through 

column.  

NMR spectra were obtained on a Bruker Avance III 400 MHz, Agilent ProPulse 500 MHz, Bruker 

Avance III 500 MHz and Bruker Avance II + 500 MHz Ultrashield equipped with a broadband 

observe probe. All NMR spectra were referenced against a solvent peak (chloroform-d 
1
H NMR: 

7.26 ppm 
13

C {1H} NMR 77.16 ppm).  
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IR spectra were recorded on a Perkin Elmer 100 Fourier transform spectrometer fitted with an ATR 

accessory. The number of scans was set to 4 and resolution was set to 4 cm
-1

.  

Mass spectrometry data was obtained at the EPSRC UK National Mass Spectrometry Facility at 

Swansea University and at the University of Bath mass spectrometry facility using Bruker 

MicrOTOF electrospray time-of-flight mass spectrometer (ESI-TOF) and Bruker MaXis HD ESI-

QTOF mass spectrometer for high mass accuracy.  

High pressure experiments were carried out in 10 mL stainless steel autoclave equipped with a 

pressure gauge, a needle valve and 2-way valve. Stirring was provided using a magnetic stir bar. 

The autoclaves were pressurised at 40 °C using a high pressure CO2 installation schematically 

depicted in Figure 4.68. Pressure was controlled by back pressure regulator. The autoclaves were 

heated up to the reaction temperature using an aluminium heating block, the temperature of which 

was controlled using a hotplate equipped with electronic thermometer. 

Figure 4.68 High pressure CO2 instalation.
66

 
1) cooler (Julabo FL300 Recirculating Cooler); 2) liquid CO2 pump (JASCO PU-2088-CO2); 3) oven set at 40 °C; 4) 10 mL 
stainless steel autoclave; 5) back pressure regulator (JASCO BP-2080 plus) 

 

4.4.2 Venturello catalyst (VENT) preparation 

 

 

 

The Venturello catalyst for olefin epoxidation was prepared according to the original Venturello 

preparation method with minor changes.
67

 25g tungstic acid was suspended in 80 mL 30 % wt 

hydrogen peroxide solution and stirred for 30 min at 70 °C leading to a colour change from yellow 

to light green. The light green solution was cooled down to room temperature and 6 mL 40 % 

phosphoric acid was added, followed by 20 min stirring. Next, this solution was diluted with 220 
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mL distilled water and stirred for another 15-20 min (this solution is further referred as a Solution 

1).  

For the cation exchange, the commercially available Aliquat 336 was used, which is an ammonium 

salt mixture consisting mostly of methyltrioctylammonium chloride. 21 g Aliquat 336 was 

dissolved in 400 mL DCM and the resulting solution was added dropwise to Solution 1 under 

magnetic stirring followed by 30 min additional stirring. The resulting bi-phasic mixture was 

separated using a separating funnel. The organic phase was collected and washed with 2x150 mL 

saturated NaCl water solution. After washing, the organic solution was dried over MgSO4, filtered 

and evaporated in vacuo. The yield of resulting yellow oil varied between 26 and 29g (67 % -74 

%).  

4.4.3 Epoxidation of 1,2-LO in microreactor 

Epoxidation was carried out in a microreactor with preheating channels and an integrated static 

mixer (Little Things Factory, XXL-ST-04, 4.5 mL reaction volume). The reaction was carried out 

at 50 °C. The temperature controlled by a recirculating heat exchanger (Fisher Scientific ISO UK 

6200). The substrates were delivered to the reactor using syringe pumps. The first syringe was 

charged with 30 wt % hydrogen peroxide solution with the pH adjusted to 7 using 1M NaOH. The 

second syringe was charged with pure limonene containing 1 mol % Venturello catalyst. For the 

hydrogen peroxide solution, a plastic syringe was used. For the limonene and the catalyst solution, 

a stainless steel syringe was used. Both reactants were delivered to the reactor in equal volume 

ratios at an overall flow rate of 27 mL/h (13.5 mL/h for each syringe), 10 min residence time. 

Products were analysed by NMR spectroscopy and GC-MS. Conversion was 83 % and selectivity 

to 1,2-LO was 90 %. The reaction yielded a mixture of 1,2-LO isomers (59 % cis-1,2-LO and 41 

% trans-1,2-LO).  

Characteristic 
1
H NMR spectroscopy signals: trans-1,2-LO doublet at 2.98 ppm; cis-1,2-LO 

multiplet at 3.03 ppm 
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4.4.4 Kinetic resolution of trans- and cis-1,2-LO 

a) Cis-1,2-limonene oxide  

 

Figure 4.69 Kinetic resolution of 1,2-LO by selective opening of trans-1,2-LO.
44

 

Cis-1,2-LO was isolated from commercially available 1,2-LO following the literature procedure 

(Figure 4.69).
44

 16.4 mL 1,2-LO, 1.5 mL water and 8.35 mL pyrrolidine were placed in a 100 mL 

round bottom flask. The mixture was heated under reflux (100 °C) for 24 h. After cooling to room 

temperature, the mixture was dissolved in 50 mL diethyl ether (Et2O) and washed twice with 50 

mL water. The Et2O was evaporated and cis-1,2-LO was purified by silica column chromatography 

using 20% Et2O and 80 % petroleum spirit 40-60 °C as a solvent. TLC plates were developed using 

a solution of phosphomolybdic acid in ethanol (EtOH). Yield after chromatography: 7 mL of 

colourless oil containing 96% cis isomer and 4 % trans isomer. 100 % cis-1,2-LO can be obtained 

by repeating the procedure with a shorter reflux time of 1.5 h. 

b) Trans-1,2-limonene oxide  

 

Figure 4.70 Kinetic resolution of 1,2-LO using indium chloride.
43 

Following a previously reported method,
43

 0.664 g InCl3 and 50 mL water were placed in a 100 mL 

round bottom flask. Then, 4.5 g commercially available 1,2-LO (58 % trans-1,2-LO) was added 

and the reaction was stirred at room temperature for 24 h. After the reaction, the trans-1,2-LO was 

extracted with dichloromethane three times (3x50 mL). Finally, trans-1,2-LO was purified using 

column chromatography using 20% Et2O and 80 % petroleum spirit 40-60 °C as a solvent. TLC 

plates were developed using a solution of phosphomolybdic acid in ethanol. Yield: 1.37 g of 

colourless oil consisting of 95% trans-1,2-LO and 5 % cis-1,2-LO. High purity (100 %) trans-1,2-

LO can be obtained by repeating kinetic resolution catalysed by InCl3 on 95% trans-1,2-LO with a 

shorter reaction time of 8 h. 
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c) Large scale synthesis of trans-1,2-LO 

 

Figure 4.71 Synthesis of trans-1,2-LO using NBS.
68

 

Following the literature procedure (Figure 4.71):
68

 60 mL limonene, 225 mL acetone, 50 mL water 

and a large magnetic stirrer bar were placed in a 500 mL round bottom flask and cooled in an ice 

bath. Then, 75 g N-bromosuccinimide (NBS) was added over 30 min followed by 1 h stirring. 

After the reaction, acetone was evaporated on a rotary evaporator. The bromohydrin was extracted 

with 150 mL Et2O and separated from the aqueous phase, followed by washing with 60 mL water 

and evaporation of Et2O. The bromohydrin was placed in a 250 mL round bottom flask with 100 

mL 6 M aqueous solution of NaOH and stirred for 2 h at 60 °C. After the reaction, the mixture was 

left to cool down and the NaOH solution was removed using a separating funnel. The remaining 

organic phase was dissolved in 150 mL Et2O and washed with 45 mL saturated aqueous solution of 

NaHCO3 and 45 mL water. After the evaporation of Et2O, the resulting product is a yellow oil 

consisting 90 % 1,2-LO (95 % trans-1,2-LO).  

 

Figure 4.72 Selective hydrolysis of 1,2-LO yielding trans-5.
44

 

95 % trans-1,2-LO was further purified following the literature procedure (Figure 4.72).
44

 20 g 

1,2-LO, 1.50 g pyrazole and 70 mL water was placed in a 250 mL round bottom flask and was 

heated under reflux (100 C) for 30 min. The reaction mixture was cooled down to 80 C, placed in 

a separating funnel and washed twice with 150 mL water. The synthesised trans-1,2-LO was 

purified by distillation yielding 100 % trans-1,2-LO; no cis-1,2-LO was observed (90 % purity 

identified by GCMS). 
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Figure 4.73 
1
H NMR spectrum of trans-1,2-LO obtained in large scale synthesis.  

 

4.4.5 Mizuno catalyst (MIZ) preparation and olefin epoxidation 

a) Mizuno catalyst preparation 

 

STEP I Cs7[PW10O36] x nH2O preparation: Following the previously published method,
69

 6 g of 

tungstic acid was added to 40 mL water under magnetic stirring, resulting in a yellow slurry. 50 wt 

%. aqueous CsOH was added dropwise to the slurry under vigorous stirring until pH = 13 (about 11 

mL CsOH solution). After CsOH addition, the mixture become cloudy, thus it was filtered over 

celite yielding a clear colourless filtrate. The pH of the filtrate was adjusted to 7 by adding 85 % 

H3PO4 dropwise (usually about 2.1 mL acid). The solution was stirred for 1 h, filtered again and 

cooled down in a refrigerator overnight. The resulting white solid (Cs6[P2W5O23] x nH2O) was 

recovered by filtration and refluxed in water for 24h. The mass ratio between the solid and water 

was 1:2 respectively. After reflux, the white solid (Cs7[PW10O36] x nH2O) was separated by 

filtration. 
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Note: The batch of CsOH solution has crucial impact on the synthesis. The reported synthesis was 

carried out with Alfa Aesar™ Cesium hydroxide, 50% w/w aq. soln., 99% (metals basis) 

STEP II Cs5[PV2W10O40] x nH2O preparation: Following the previously published method,
69-71

 

0.1 g sodium metavanadate (NaVO3) was dissolved in 4 mL water by heating to 70 C. The 

solution was cooled down to room temperature and 3 M HCl was added dropwise to adjust the pH 

to 0.8. The solution became yellow, which indicated the presence of [VO2]
+
. 1.25 g Cs7[PW10O36] 

was slowly added to the yellow solution. The solution was stirred for an additional 30 min and 

filtered yielding a yellow solid (Cs5[PV2W10O40] x nH2O). The resulting yellow solid ( isomer) is 

stable at pH 2 and in the presence of [VO2]
+
. In the absence of [VO2]

+
,
 
isomerisation to the -

isomer occurs which has an orange colour.
69 

STEP III [TBA]4[HPV2W10O40] preparation: Following the previously published method,
48

 0.145 

g of NaVO3 was dissolved in 120 mL water at 70 C, cooled down to room temperature and 

acidified to pH 2 using 3 M HCl (about 0.8 mL 3 M HCl was needed). 3.8 g Cs5[-PV2W10O40] was 

added. The resulting solution was filtered in order to remove insoluble solids and 1.55 g Bu4N-Cl 

was added in one portion. The reaction was stirred for 10 min and filtered, yielding yellow solid 

which will be referred as the Mizuno catalyst (MIZ). IR analysis results were in accordance with 

previously published data.
48, 69

 

 

Figure 4.74 IR of the final Mizuno catalyst [TBA]4[HPV2W10O40] (MIZ). 

b) limonene epoxidation using Mizuno catalyst 

The epoxidation of limonene to 8,9-limonene oxide (8,9-LO) was conducted according to the 

previously reported method.
48

 The 0.1 mmol Mizuno catalyst (358 mg), magnetic stirrer bar and a 

60 mL mixture of acetonitrile (MeCN) and tert butanol (t-BuOH) (1:1 volume) was placed in a 100 
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mL round bottom flask. The catalyst was activated by adding 14 mg of 70 % HClO4 (about 1-2 

drops). Finally, 20 mmol limonene (3.2 mL) was added to the round bottom flask. The mixture was 

warmed up to 32 C and a 30 % hydrogen peroxide solution was added to the reaction mixture in 5 

portions every 10 min (5 x 0.41 mL). After complete hydrogen peroxide addition, the reaction 

mixture was stirred for 30 min. After the reaction, organic solvents were removed in vacuo until a 

precipitate of catalyst was formed. 60 mL Et2O was added to the resulting mixture and 8,9-LO was 

filtered from the precipitate, followed by evaporation of Et2O. The resulting oil was purified by 

silica column chromatography using a mixture of Et2O and petroleum spirit as a solvent (2:98 Et2O 

: petroleum spirit). TLC plates were developed using solution of phosphomolybdic acid in EtOH. 

The obtained product was a mixture of 8,9-limonene oxide stereoisomers 36 % 4R,8R-8,9-LO and 

64 % 4R,8S-8,9-LO.
72

  

 

4.4.6 Carbonation using high pressure CO2 

High pressure cyclic carbonate synthesis was performed in a 10 mL stainless steel autoclave with a 

glass liner. Epoxide, biphenyl and catalyst were placed in the glass liner, which was placed in the 

pre-heated to 40 C autoclave. The autoclave was sealed and pressurised with CO2 to the desired 

pressure at 40 C and then the autoclave was placed in an aluminium heating block, preheated to 

the reaction temperature. After the reaction, the autoclave was cooled to room temperature and the 

pressure was slowly released over 20 minutes. Conversion and selectivity were calculated by 
1
H 

NMR spectroscopy using biphenyl as an internal standard. 

4.4.7 General procedure of -elemene epoxidation using mCPBA 

5 g BE (24.5 mmol) and magnetic stir bar was placed in a round bottomed flask, then DCM was 

added (the volume of DCM depends on the amount of mCPBA used, about 30 mL DCM per 1 g of 

mCPBA). The solution was cooled down to 0 °C using an ice bath and it was kept at 0 °C through 

the first 2 hours of reaction. mCPBA was added when the solution was at 0 °C, 1.2 mol eq mCPBA 

per each double bond to oxidise. For example, to obtain BETO 3.6 mol eq mCPBA were added 

(about 22 g of 70 % mCPBA). The reaction was periodically monitored via TLC using 

phosphomolybdic acid stain to develop the TLC and it was stopped when full conversion of BE 

was observed. The reaction time depends on the desired epoxide. BEMO and BEBO oxidise 

within 6 h, BETO is slower and it needs 24 h reaction time. After achieving the desired epoxide, 

the reaction was quenched with an aqueous solution of Na2SO3. The reaction was filtered and the 

solution containing DCM and BE epoxides was washed with saturated aqueous solution of Na2CO3 

(3 x 150 mL). The epoxides can be purified using column chromatography in a mixture of EtOAc 
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and petroleum spirit 40 – 60. The polarity of the solvent depends on the epoxide that was purified. 

For the highest polarity BETO 40 % EtOAc and 60 % petroleum spirit was used. 

4.4.8 Carvone oxide preparation (8,9-CO) 

 

Figure 4.75 Carvone oxidation using mCPBA. 

Carvone-8,9-oxide (8,9-CO) was prepared according to previously reported procedure (Figure 

4.75).
58

 5 g (33.3 mmol) carvone was placed in round bottomed flask with 200 mL DCM. The flask 

was cooled down to 0 °C and 8.21 g of 70 % mCPBA was added slowly. The reaction was left in 

the fridge overnight (about 12 h). When reaction was completed 50 mL of 10 % aqueous Na2SO3 

was added and stirred for 10 min. The reaction mixture was filtered and solids were washed with 

DCM three times. All DCM fractions were collected together and washed three times with 

saturated aqueous solution of Na2CO3 and once with saturated aqueous solution of NaCl.  DCM 

was evaporated and products were purified by column chromatography using mixture of 35 % ethyl 

acetate and 65 % petroleum spirit 40-60 as eluent yielding 3.486 g (21 mmol) of pure carvone-8,9-

epoxide. Purity was confirmed by NMR spectroscopy. The reaction yields two isomers in a ratio of 

about 56:44 (if using epoxide peaks at 2.32 and 2.30 ppm), which is consistent with literature data, 

or in a ratio 50:50 if using methyl groups at 1.05 and 1.04 ppm, which is slightly different then 

57:43 reported.
58

 The stereoisomers were not further assigned. 

4.4.9 Thiol-ene reactions 

a) The synthesis of BI-1,2-LC 

 

Figure 4.76 Synthesis of compound BI-1,2-LC. 

The synthesis of BI-1,2-LC was performed using the method developed by Meier et al. which does 

not require using radical initiator.
38

 2.076 g (10.59 mmol) of 1,2-LC was placed in a round bottom 
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flask and put under inert atmosphere of Ar. Then, 0.53 mL of 1,3-propanedithiol was added to the 

flask and the flask was flushed with Ar. The reaction was stirred at room temperature for 24 h. The 

progress of the reaction can be monitored by 
1
H NMR spectroscopy using the signal from the 

double bond at 4.75 ppm. After 24 h, 80 % of 1,2-LC reacted. To fully react the remaining 1,2-LC, 

another 0.53 mL of 1,3-propanedithiol was added and stirred for another 24 h.  

The crude reaction mixture was purified by silica column chromatography using a mixture of ethyl 

acetate and petroleum spirit as a solvent (40:60 ethyl acetate : petroleum spirit). Isolated yield of 

BI-1,2-LC: 1.568 g (3.13 mmol), 59 % 

b) Radical addition of 8,9-limonene cyclic carbonate 

 

Figure 4.77 Synthesis of compound BI-8,9-LC. 

The double bond in 8,9-LC is less reactive than the double bond in 1,2-LC, thus the method 

without a radical initiator did not yield the desired product.  

2.741 g (13.4 mmol) 8,9-LC was placed in a round bottom flask and put under an inert atmosphere 

of Ar. 0.229 g AIBN was dissolved in 7 mL dry toluene and added to 8,9-LC. The flask was 

flushed with Ar a few times and 0.7 mL 1,3-propanedithiol was added to the mixture in the flask. 

The reaction was stirred for 8 days at 80 °C. After this time 72 % of 8,9-LC reacted. 

The reaction mixture was purified using silica column chromatography using ethyl acetate and 

petroleum spirit (40:60 respectively) as a solvent. Isolated yield of 8,9-LC: 1.169 g (2.34 mmol), 

35 %. 
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4.4.10 Carbonate ring opening with amines for compounds BI-1,2-LC and BI-8,9-LC 

a) the synthesis of compound BI-1,2-LC-HU 

 

Figure 4.78 Urethane synthesis from BI-1,2-LC. 
Note: This reaction will yield a mixture of isomers, for clarity only one is presented. 

 

0.432 g of BI-1,2-LC and magnetic stirrer bar was placed in round bottom flask attached to a 

reflux condenser. BI-1,2-LC was put in an inert atmosphere of argon. 0.5 mL of hexyl amine (4 

molar equivalents) was added to the round bottom flask and the temperature was increased to 100 

C. The reaction was left for 24 h. After the reaction, the excess of amine was evaporated in vacuo. 

The resulting yellow-brown oil was analysed by NMR spectroscopy, mass spectrometry and FT-IR.  
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Figure 4.79 
1
H NMR spectra of BI-1,2-LC (top) and BI-1,2-LC-HU (bottom). BI-1,2-LC-HU was not further purified, the 

presented spectrum is a spectrum of crude reaction mixture after evaporating an excess of amine. 

Figure 4.80 
13

C {
1
H} NMR spectra of BI-1,2-LC (top) and BI-1,2-LC-HU (bottom). BI-1,2-LC-HU was not further purified, 

the presented spectrum is a spectrum of crude reaction mixture after evaporating an excess of amine.   
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MS ESI-TOF+ 

Calculated [M+H]
+
 = 703.4748, [M+Na]

+
 = 725.4573 

Found [M+H]
+
 = 703.4752, [M+Na]

+
 = 725.4690 

FT-IR: 1689 cm
-1

 (C=O)  

 

Figure 4.81 IR of crude reaction mixture from the synthesis of BI-1,2-LC-HU after evaporation of the excess of amine. 

 

b) the synthesis of BI-8,9-LC-HU 

 

Figure 4.82 Urethane synthesis from BI-8,9-LC. 
Note: This reaction will yield a mixture of isomers, for clarity only one is presented. 

0.739 g of BI-8,9-LC and a magnetic stirrer bar were placed in a round bottom flask attached to a 

reflux condenser. BI-8,9-LC was put in an inert atmosphere of argon. 0.8 mL of hexyl amine (4 

molar equivalents) was added to the round bottom flask and the temperature was increased to 100 

BI-1,2-LC 

BI-1,2-LC-HU 
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°C. The reaction was left for 24 h. After the reaction, the excess of amine was evaporated in vacuo. 

The resulting yellow-brown oil was analysed by NMR spectroscopy, mass spectrometry and FT-IR. 

Figure 4.83 
1
H NMR spectra of BI-8,9-LC (top) and BI-8,9-LC-HU (bottom). BI-8,9-LC-HU was not further purified, the 

presented spectrum is a spectrum of crude reaction mixture after evaporating an excess of amine.  

 

157.5-156.7 ppm 
-C-OH 

41.0 ppm 

-CH-NH 
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Figure 4.84 
 13

C {
1
H} NMR spectra of BI-8,9-LC (top) and BI-8,9-LC-HU (bottom). BI-8,9-LC-HU was not further purified, 

the presented spectrum is a spectrum of crude reaction mixture after evaporating an excess of amine.  

 

MS ESI-TOF+ 

Calculated [M+H]
+
 = 703.4748, [M+Na]

+
 = 725.4573 

Found [M+H]
+
 = 703.4774, [M+Na]

+
 = 725.4624 

FT-IR: 1698 cm
-1

 (C=O) 

 

Figure 4.85 IR of crude reaction mixture from the synthesis of BI-8,9-LC-HU after evaporation of the excess of amine. 

BI-8,9-LCC 

BI-8,9-LCC-HU 
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4.4.11 Ring opening of BEBC crude reaction mixture with amines 

A crude reaction mixture of BEBC was prepared according to the high pressure cyclic carbonates 

synthesis procedure. BEBO was placed in an autoclave with 6 mol % TBA-Br and stirring was 

provided using magnetic stirrer bar. The autoclave was pressurised to 50 bar CO2 at 40 °C and then 

heated to the desired reaction temperature of 140 °C.  

All ring opening reactions were performed using the same batch of crude reaction mixture. A large 

batch of crude reaction mixture was prepared by performing the same cyclic carbonates synthesis 

multiple times. The 
1
H NMR spectrum is presented in Figure 4.80. The carbonate content was 

estimated using integration of carbonate region 4.2 – 3.6 ppm and it was assumed 80 %.  

 

Figure 4.86 
1
H NMR spectrum of crude reaction mixture containing BEBC. 

 

The crude reaction mixture with carbonates was placed in a 10 mL round bottomed flask, the 

magnetic stir bar was added and the flask was heated at 60 °C. The crude reaction mixture was 

dried from any residual solvents by applying three cycles of vacuum and argon, each of them 5 min 

long. An amine was added using a plastic syringe, with the amount of amine needed calculated by 

volume (see Table 4.11 for the exact conditions). It is worth noting that all amines were stored in 

air and amine C8 and C4 are solid at room temperature. They had to be melted before use and the 

syringe used to add them to reaction had to be preheated. Upon amine addition a change of colour 

from yellow to dark orange was observed. Immediately after amine addition, a reflux condenser 

was placed on the round bottomed flask and the whole apparatus was kept under argon atmosphere. 

The temperature was increased by 20 °C every time when magnetic stir bar was stopping to rotate. 

The maximum reaction temperature was 105 °C.  
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Table 4.11 Exact conditions for ring opening. 

 

 Mass of crude 
reaction 
mixture 

amount of 
amine 

temperature time comments 

NIPU-PRI 1.110 g 3.32 mmol 
0.878 g 
0.98 mL 

60 – 105 °C 18 h kept under Ar 
atmosphere 

NIPU-IP 1.110 g 3.32 mmol 
0.565 g 
0.62 mL 

60 – 100 °C 16 h kept under Ar 
atmosphere 

NIPU-C8 1.110 g 3.32 mmol 
0.478 g 
0.58 mL 

60 – 100 °C 16 h kept under Ar 
atmosphere 

NIPU-C4 1.110 g 3.32 mmol 
0.293 g 
0.33 mL 

60 – 100 °C 18 h kept under Ar 
atmosphere 

  

 

4.4.12 Compounds analysis 

 

The analysis of -elemene derived oxides is included in Chapter 3. 

Trans-1,2-limonene oxide (trans-1,2-LO) 

trans-1,2-LO 

 

Trans-1,2-LO is a previously known compound 

44, 73 

1
H NMR (400 MHz, CDCl3) δ = 4.76 – 4.59 (m, 

2H), 2.99 (d, 
3
JH-H =5.4 Hz, 1H), 2.20 – 1.97 (m, 

2H), 1.93 – 1.79 (m, 1H), 1.76 – 1.61 (m, 

3H+2H), 1.48 – 1.12 (m, 3H+2H).
 

13
C {

1
H} NMR (101 MHz, CDCl3) δ = 149.2, 

109.2, 59.3, 57.5, 40.8, 30.9, 30.0, 24.4, 23.2, 

20.3. 
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Figure 4.87 
1
H NMR of 95 % trans-1,2-LO. 

 

Figure 4.88 
1
H NMR of 1,2-LO, 70 % trans-1,2-LO 30 % cis-1,2-LO. 

CHCl3 

CHCl3 
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Figure 4.89 
13

C {
1
H} NMR of 1,2-LO 70 % trans-1,2-LO 30 % cis-1,2-LO 

 

Cis-1,2-limonene oxide (cis-1,2-LO) 

cis-1,2-LO 

 

Cis-1,2-LO is a previously known compound
44, 73

 

 

1
H NMR (400 MHz, CDCl3) δ = 4.73 – 4.58 (m, 

2H), 3.04 – 2.91 (m, 1H), 2.15 – 1.93 (m, 2H), 

1.87 – 1.72 (m, 2H), 1.72 – 1.56 (m, 4H), 1.54 – 

1.31 (m, 1H), 1.30 – 1.23 (m, 3H), 1.24 – 1.06 

(m, 1H). 

13
C {

1
H} NMR (101 MHz, CDCl3) δ = 149.0, 

109.1, 60.5, 57.3, 36.3, 30.8, 28.7, 26.0, 24.3, 

21.1. 

CDCl3 
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Figure 4.90 
1
H NMR of 92 % cis-1,2-LO 

 

Figure 4.91 
13

C {
1
H} NMR of 92 % cis-1,2-LO 

 

CHCl3 

CDCl3 
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8,9-limonene oxide (8,9-LO) 

8,9-limonene oxide  

 

8,9-LO is a previously known compound
48, 72

 

mixture of isomers: 

1
H NMR (400 MHz, CDCl3) δ = 5.32 (m, 1H), 

2.62 – 2.57 (m, 1H), 2.53 – 2.47 (2xd, 1H), 1.93 

(m, 5H), 1.60 (m, 3H), 1.22 (m, 5H). 

 

13
C {

1
H} NMR (101 MHz, CDCl3) δ = 134.1, 

133.9, 120.1, 119.9, 59.4, 59.2, 53.4, 52.7, 40.2, 

39.7, 30.4, 30.1, 27.5, 27.5, 25.0, 24.9, 23.5, 

23.4, 18.8, 18.1. 

 

 

4R,8R-8,9-LO 

 

4R,8R-8,9-LO 

 

 

 

Figure 4.92 
1
H NMR of 8,9-LO 

 

CHCl3 
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Figure 4.93 
13

C {
1
H} NMR of 8,9-LO 

 

Figure 4.94 
1
H NMR spectra of protons in position 9 with characteristic stereoisomers peaks

72
  

 

  

CDCl3 
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trans-1,2-limonene cyclic carbonate (trans-1,2-LC) 

trans-1,2-limonene cyclic carbonate  

(trans-1,2-LC) 

 

Trans-1,2-LC is a previously known compound
14

 

1
H NMR (500 MHz, CDCl3) δ = 4.77 – 4.63 (m, 2H), 

4.35 (dd, 
3
JH-H =9.5 Hz, 

3
JH-H = 7.0 Hz, 1H), 2.31 – 2.14 

(m, 2H), 1.95 – 1.83 (tt, 
3
JH-H = 11.8 Hz, 

3
JH-H = 3.2 Hz, 

1H), 1.74 – 1.55 (m, 3H+2H), 1.53 – 1.32 (m, 3H+2H). 

 

13
C {

1
H} NMR (126 MHz, CDCl3) δ = 154.8, 147.4, 

110.1, 82.2, 80.5, 39.8, 34.0, 33.0, 26.1, 25.7, 20.6. 

 

MS ESI-TOF+ 

Calculated [M+Na]
+
 = 219.0992 

Found [M+Na]
+
 = 219.1017 

 

FT-IR: 1790 cm
-1

 (C=O) 

 

 

Figure 4.95 
1
H NMR of trans-1,2-LC 

 

CHCl3 
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Figure 4.96 
13

C {
1
H} NMR of trans-1,2-LC 

 

cis-1,2-LC has never been isolated and fully characterised. However, the presence of cis-1,2-LC 

has been reported by other research grups.
14, 74

 The isomers ratio between trans-1,2-LC and cis-

1,2-LC was calculated using 
1
H NMR (Figure 4.91). The 

1
H NMR spectrum was consistent with 

previously published data.
74

 

 

Figure 4.97 Calculation of isomers ratio in 1,2-LC. Cis isomer: 4.41 ppm (m), trans isomer: 4.34 ppm (dd)  

  

CDCl3 

CHCl3 

biphenyl 

1,2-limonene 
cyclic 

carbonate 
1,2-limonene 

oxide 
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8,9-limonene cyclic carbonate (8,9-LC) 

8,9-limonene cyclic carbonate  

 

 

Mixture of isomers 

1
H NMR (500 MHz, CDCl3) δ = 5.40 – 

5.27 (m, 1H), 4.33 – 3.94 (m, 2H), 2.14 

– 1.67 (m, 6H), 1.62 (m, 3H), 1.44 

((4R,8R)-8,9-LC) and 1.43 ((4R,8S)-

8,9-LC) (s, 3H), 1.30 (m, 1H). 

13
C NMR (126 MHz, CDCl3) δ = 154.8, 

154.8, 134.4, 134.2, 119.0, 118.9, 85.9, 

73.1, 72.8, 41.8, 41.7, 30.0, 30.0, 25.7, 

25.6, 23.3, 23.0, 23.0, 22.2, 21.9. 

 

TOF MS EI+ 

Calculated [M] = 196.1099 

Found [M] = 196.1102 

 

FT-IR: 1786 cm
-1

 (C=O) 

4R,8R-8,9-LC 

 

4R,8S-8,9-LC 

 

 

Figure 4.98 
1
H NMR of 8,9-LC, mixture of isomers. 

 

CHCl3 
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Figure 4.99 
13

C {
1
H} NMR of 8,9-LC, mixture of isomers 

 

Figure 4.100 Zoom in on the 
13

C {
1
H} NMR of 8,9-LC in the range of 23.5-21.5 ppm 

 

CDCl3 
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Figure 4.101 4R, 8R-8,9-LC and 4R, 8S-8,9-LC assignments using 
1
H NMR and signal from protons at the position 10 

 

Figure 4.102 4R, 8R-8,9-LC and 4R, 8S-8,9-LC assignments using 
1
H NMR and signal from methyl group at the  

position 9 
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Figure 4.103 4R, 8R-8,9-LC and 4R, 8S-8,9-LC assignments using inverse gated 
13

C {
1
H} NMR and signal from carbon at 

the position 10 

 

Calculations of 8,9-LC stereoisomers [% RR : %RS] 

 1H NMR (H10) 1H NMR (H9) Inverse gated 13C {1H} NMR (C10) 

4R, 8R : 4R, 8S 36:64 39:61 38:62 

 

The isomers assignments are based on the assumption that the carbonation follows the double 

inversion pathway and the stereoisomers of 8,9-LO yield corresponding stereoisomers of 8,9-LC.  
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Characterisation of compound BI-1,2-LC 

Compound BI-1,2-LC  

 

1
H NMR (400 MHz, CDCl3) δ = 4.36 – 4.26 

(m, 2H), 2.58 – 2.32 (m, 8H), 2.26 – 2.01 (m, 

4H), 1.80 (m, 2H), 1.70 – 1.18 (m, 18H), 0.92 

(2xd, J=6.9, 6H). 

13
C {

1
H} NMR (101 MHz, CDCl3) δ = 154.7, 

82.5, 80.8, 80.7, 37.3, 37.2, 37.1, 35.7, 35.7, 

32.9, 32.8, 32.7, 31.7, 31.5, 31.5, 30.3, 29.4, 

29.3, 28.6, 26.0, 26.0, 24.5, 24.4, 23.4, 21.9, 

15.9, 15.8. 

TOF MS ASAP+  

Calculated [M+H]
+
 = 501.2345 

Found [M+H]
+
 = 501.2343 

 

FT-IR: 1792 cm
-1 

(C=O) 

 

 

Figure 4.104 
1
H NMR of BI-1,2-LC. 

CHCl3 
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Figure 4.105 Zoom in on 
1
H NMR spectrum of BI-1,2-LC in the range of 2.7 ppm – 0.8 ppm. 

 

 

Figure 4.106 
13

C {
1
H} NMR of BI-1,2-LC. 

CDCl3 
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Figure 4.107 Zoom in on 
13

C {
1
H} NMR spectrum of 17 in the range 39 ppm – 10 ppm. 

 

 

Figure 4.108 Zoom in on 
13

C {
1
H} NMR spectrum of 17 in the region 37.2 ppm – 36.9 ppm. 
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Characterisation of compound BI-8,9-LC 

Compound BI-8,9-LC  

 

1
H NMR(400 MHz, CDCl3): δ = 4.36 – 4.19 

(m, 2H), 4.02 (m, 2H), 3.03 – 2.51 (m, 6H), 

2.14 – 2.03 (m, 2H), 1.98 – 0.90 (m, 28H) ppm 

13
C {

1
H} NMR (126 MHz, CDCl3) δ = 154.7, 

85.7, 73.7, 73.2, 50.5, 50.0, 49.9, 45.9, 39.8, 

37.4, 36.5, 34.7, 33.2, 31.5, 29.1, 26.2, 22.3, 

21.7, 20.7, 20.3, 19.6, 18.6, 12.3. 

 

TOF MS ASAP+ 

Calculated [M+H]
+
 = 501.2345 

Found [M+H]
+
 = 501.2344 

 

FT-IR: 1788 cm
-1 

(C=O) 

 

 

 

Figure 4.109 
1
H NMR spectrum of BI-8,9-LC. 

CHCl3 

ethyl acetate 
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Figure 4.110 Zoom in on 
1
H NMR spectrum in the range of 2.2 ppm – 0.9 ppm. 

 

 

Figure 4.111 
13

C {
1
H} NMR of BI-8,9-LC 

CDCl3 
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Figure 4.112 Zoom in on spectrum in the range of 54 ppm -  11.5 ppm. 

 

Figure 4.113 Zoom in on 
13

C {
1
H} NMR spectrum in the carbonyl region. The complexity of C=O signal indicates 

presence of isomers mixture. 
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8,9-limonene aldehyde (8,9-LA) 

 

 

Compound 8,9-LA 

 

 

1
H NMR (400 MHz, CDCl3) δ = 9.65 (2xd, 

3
JH-H 

= 2.5 Hz, 1H), 5.35 (m, 1H), 2.26 (m, 1H), 2.13 

- 1.54 (m, 5H+3H), 1.35 (m, 2H), 1.06 (2xd, 
3
JH-

H =7.0 Hz, 3H). 

 

13
C {

1
H} NMR (101 MHz, CDCl3) δ = 205.5, 

205.4, 134.2, 134.2, 120.1, 120.0, 51.1, 50.8, 

34.5, 34.4, 30.8, 30.3, 30.1, 29.8, 28.2, 27.4, 

25.6, 23.6, 23.5, 10.5, 10.4. 

 

ESI QTOF MS-  

Calculated [M-H]
-
 = 151.1117 

Found [M-H]
-
 = 151.1134 

 

FT-IR: 1707 cm
-1

 (C=O) 

 

 

 

Figure 4.114 
1
H NMR of 8,9-LA 

CHCl3 

CH2Cl2 
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Figure 4.115 
13

C {
1
H} NMR of 8,9-LA 

 

 

8,9-Carvone oxide (8,9-CO) 

 

Carvone oxide is a previously known 

compound 
58

 

 

1
H NMR(Chloroform-d, 400 MHz): δ = 6.53 

(m, 1H), 2.53 – 1.79 (m, 7H), 1.53 (m, 3H), 

1.10 (m, 3H) ppm 

13
C {

1
H} NMR (101 MHz, CDCl3) δ = 

198.2, 198.1, 143.8, 143.6, 135.1, 135.1, 

57.5, 57.4, 52.3, 52.1, 40.9, 40.5, 39.9, 39.6, 

27.6, 27.4, 18.5, 18.1, 15.3. 

CDCl3 

CH2Cl2 
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Figure 4.116 
1
H NMR spectrum of 8,9-CO. 

 

 

Figure 4.117 
1
H NMR spectrum of 8,9-CO in the range of 2.5 – 1.1 ppm. 
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Figure 4.118 
13

C NMR spectrum of 8,9-CO. 

8,9-carvone carbonate (8,9-CC) 

 

1
H NMR(400 MHz, CDCl3): δ = 6.66 (m, 1H, 

J=7.8, 6.4, 3.2, 1.8 Hz), 4.27 (m, 1H), 4.04 (m, 

1H), 2.54 – 2.03 (m, 5H), 1.73 – 1.54 (s, 3H), 

1.41 (2 x s, 3H) ppm 

 

13
C {

1
H} NMR (101 MHz, CDCl3) δ = 197.2, 

196.9, 154.0, 143.3, 143.0, 135.5, 135.5, 84.1, 

84.0, 72.6, 72.2, 60.1, 42.5, 42.5, 38.1, 38.1, 

37.9, 26.0, 26.0, 22.1, 21.5, 20.8, 15.3, 14.0. 

 

MS-ESI
+
 

Calculated [M+H]
+ 

= 211.0965 

Found [M+H]
+ 

= 211.0969 

Calculated [M+Na]
+
 = 233.0784 

Found [M+Na]
+
 = 233.0789 

 

FT-IR: 1800 cm
-1

 (C=O)  
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Figure 4.119 
1
H NMR spectroscopy of 8,9-CC. 

 

 

Figure 4.120 
13

C NMR spectroscopy of 8,9-CC. 
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-elemene monocarbonate monoepoxide (BEMCMO) 

 

1
H NMR(400 MHz, CDCl3): δ = 5.73 (m, 1H), 

5.08 – 4.90 (m, 2H), 4.39 – 3.98 (m, 2H), 2.70 

– 2.35 (m, 2H), 1.88 – 0.98 (m, 17H) ppm 

 

13
C {

1
H} NMR (101 MHz, CDCl3) δ = 154.7, 

154.6, 154.6, 149.7, 149.6, 148.3, 148.3, 

111.4, 111.3, 110.5, 110.4, 85.6, 85.5, 85.5, 

73.6, 73.3, 73.1, 72.8, 58.3, 58.2, 57.7, 56.3, 

56.2, 53.0, 53.0, 52.8, 52.7, 50.6, 50.5, 45.7, 

45.6, 45.6, 45.4, 40.8, 40.2, 39.7, 39.1, 39.1, 

24.3, 24.1, 23.9, 23.7, 23.1, 22.8, 22.8, 22.1, 

22.0, 21.9, 21.9, 21.8, 21.5, 21.5, 19.8, 19.7, 

17.5, 17.4, 17.1, 17.0. 

 

 

 

 

Figure 4.121 
1
H NMR spectrum of BEMCMO. 
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Figure 4.122 
1
H NMR spectrum of BEMCMO in the range of 2 – 0.9 ppm. 

 

 

Figure 4.123 
13

C NMR spectrum of BEMCMO. 
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Figure 4.124 
13

C NMR spectrum of BEMCMO in the range of 59 – 39 ppm. 

 

 
Figure 4.125 

13
C NMR spectrum of BEMCMO in the range of 24 – 17 ppm. 
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-elemene biscarbonate (BEBC) 

 

1
H NMR(400 MHz, CDCl3): δ = 5.96 – 

5.65 (m, 1H), 5.11 – 4.91 (m, 2H), 4.46 – 

3.87 (m, 4H), 1.98 – 1.02 (m, 17H) ppm 

 

13
C {1H} NMR (101 MHz, CDCl3) δ = 

154.5, 154.5, 154.4, 154.1, 154.0, 149.9, 

149.9, 148.6, 148.4, 112.2, 112.0, 110.8, 

110.7, 87.2, 87.0, 86.9, 86.8, 85.3, 85.3, 

85.2, 75.8, 75.7, 73.5, 73.4, 73.3, 73.1, 

72.9, 52.9, 52.6, 51.4, 51.3, 45.6, 45.4, 

45.4, 45.3, 42.0, 42.0, 42.0, 42.0, 39.5, 

39.4, 39.4, 24.0, 23.3, 23.2, 23.1, 23.1, 

22.8, 22.7, 22.2, 22.0, 21.9, 21.9, 21.8, 

21.7, 21.5, 17.1, 17.0, 16.9, 16.8. 

 

MS-ESI
+
 

Calculated [M+Na]
+ 

= 347.1470 

Found [M+Na]
+ 

= 347.1465 

 

FT-IR: 1789 cm
-1

 (C=O) 
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Figure 4.126 
1
H NMR spectrum of BEBC. 

 

 

 

Figure 4.127 
1
H NMR spectrum of BEBC in the range of 6.0 – 3.8 ppm. 
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Figure 4.128 
1
H NMR spectrum of BEBC in the range of 2.8 – 0 ppm. 

 

 

Figure 4.129 
13

C NMR spectrum of BEBC. 
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Figure 4.130 
13

C NMR spectrum of BEBC in the range of 155 – 85 ppm. 

 

 

Figure 4.131 
13

C NMR spectrum of BEBC in the range of 77 – 15 ppm. 
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Figure 4.132 
13

C NMR spectrum of BEBC in the range of 24 – 16.5 ppm. 

 

 

Figure 4.133 Example of mixture of BEBC with BEMCMD, estimated composition 73 % BEMCMD and 27 % BEBC 
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-elemene monocarbonate monoaldehyde (BEMCMA) 

 

1
H NMR(400 MHz, CDCl3): δ = 9.84 – 9.27 (m, 

1H), 5.80 – 5.50 (m, 1H), 5.21 – 4.91 (m, 2H), 

4.38 – 3.92 (m, 2H), 2.70 – 2.30 (m, 1H), 2.09 – 

0.60 (m, 17H) ppm 

 

13
C {

1
H} NMR (101 MHz, CDCl3) δ = 205.5, 

205.4, 204.3, 204.3, 154.7, 154.7, 154.6, 148.5, 

148.3, 148.3, 113.6, 113.6, 113.2, 85.7, 85.6, 

85.6, 85.5, 73.4, 73.3, 49.3, 49.2, 46.9, 46.9, 

46.8, 46.7, 46.6, 46.5, 45.9, 45.8, 41.5, 41.4, 

40.7, 40.6, 40.5, 40.5, 40.0, 40.0, 39.8, 39.8, 

23.8, 23.7, 23.5, 23.4, 22.2, 22.1, 22.0, 21.9, 

21.9, 21.8, 21.7, 21.6, 16.8, 16.8, 16.6, 16.6, 

15.2, 15.1, 10.7, 10.5. 

 

 

 

 

Figure 4.134 
1
H NMR spectrum of BEMCMA. 
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Figure 4.135 
1
H NMR spectrum of BEMCMA in the range of 2.6 – 0.9 ppm. 

 
Figure 4.136 

13
C NMR spectrum of BEMCMA. 
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Figure 4.137 

13
C NMR spectrum of BEMCMA in the range of 51 – 39 ppm. 

 

 
Figure 4.138 

13
C NMR spectrum of BEMCMA in the range of 24 – 10 ppm. 

 

Figure 4.139 
13

C NMR spectrum of BEMCMA in the range of 22 – 21.6 ppm. 
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-elemene biscarbonate monoepoxide (BEBCMO) 

 

1
H NMR(400 MHz, CDCl3): δ = 4.55 (m, 1H), 

4.38 (m, 1H), 4.27 (m, 2H), 4.09 – 4.00 (m, 1H), 

2.79 – 2.53 (m, 2H), 2.02 – 0.69 (m, 17H) ppm 

 

13
C {

1
H} NMR (101 MHz, CDCl3) δ = 154.8, 

154.5, 154.4, 85.1, 85.1, 85.0, 83.7, 83.6, 73.5, 

73.4, 73.0, 72.7, 65.3, 65.2, 64.8, 57.8, 57.8, 56.6, 

56.4, 54.7, 54.5, 52.9, 52.8, 52.3, 45.2, 45.2, 45.0, 

44.9, 38.9, 38.9, 38.6, 33.4, 33.3, 30.7, 30.6, 24.3, 

24.3, 24.0, 22.6, 21.7, 20.8, 20.6, 20.5, 19.9, 19.9, 

19.8, 15.0, 13.4, 13.2. 

 

MS-ESI
+
 

Calculated [M+Na]
+ 

= 363.1414 

Found [M+Na]
+ 

= 363.1457 

 

FT-IR: 1785 cm
-1

 (C=O) 

 

 

Figure 4.140 
1
H NMR spectrum of BEBCMO. The signal at 2.05 is an impurity from acetone, confirmed by HSQC. 
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Figure 4.141 
1
H NMR spectrum of BEBCMO in the range of 5.1 – 3.4 ppm. 

 

 

Figure 4.142 
13

C NMR spectrum of BEBCMO. The signal at 208 ppm is acetone and carbon at 80 ppm is an unidentified 
impurity probably originating from BETO carbonation. 



Valorisation of terpenes for sustainable materials 
 
 
 

 
233 

 

Figure 4.143 
13

C NMR spectrum of BEBCMO in the carbonyl region. 

 

 

Figure 4.144 
13

C NMR spectrum of BEBCMO in the region of 74 – 10 ppm. 
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4.6 Appendix – Polymerisation of BEBO using Al cat 

Aluminium amino-tris(phenolate) catalyst (Al cat) in combination with PPNCl was previously used 

in the synthesis of poly(1,2-limonene carbonate).
1
 In this section, the potential of creating poly(b-

elemene carbonate) and poly(8,9-limonene carbonate) was tested. For the purpose of experiments 

performed in this section, PPNCl was sourced from Sigma Aldrich and Al cat was prepared by Dr 

Paul McKeown according to the previously published procedure.
2
 The synthesised Al cat was 

stored in a glove box under argon atmosphere. 

 

Figure A4_1 Structure of Al cat and PPNCl 

 

Published reaction conditions:
1
 4 mL 1,2-limonene oxide (commercial mixture of isomers), 

74 mg Al catalyst and 40 mg PPNCl were placed in the reactor vessel, purged with CO2 and the 

pressure was stabilised at 15 bar at room temperature, then reactor was heat up to 45 °C for 48 h. 

After the reaction, the mixture was dissolved in CHCl3 and MeOH was added dropwise until no 

furthered precipitation was observed. Finally, a few drops of water were added to complete the 

precipitation. The obtained solid was suspended in MeOH and sonicated for up to 30 min, filtered 

and dried in vacuo for 1 day. 

The reported results for 1,2-limonene oxide are: 
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a) dry 1,2-limonene oxide was used, GPC of purified polymer Mn = 9.92 kg mol
-1

 Đ 1.27 

b) not dry 1,2-limonene oxide was used, GPC of purified polymer Mn = 3.13 kg mol
-1

 Đ 1.27 

In this work: Based on previous experience gained during cyclic carbonates synthesis, all 

reactions performed in this work were conducted in slightly higher pressure than it was reported 

(reactors were pressurised to 30 bar at 40 °C). First, control reactions have been done to check if 

the catalyst and available high pressure reactors perform similar to equipment used in the previous 

publication (Table A4_1 Entry 1 and 2). The sample with dry 1,2-LO used (Entry 1) showed Mn = 

12 kg mol
-1

 and Đ 1.23 which is comparable to published results. The sample with commercial 1,2-

LO used without drying showed lower Mn, but the conversion and selectivity was not affected. This 

is consistent with previously published results and shows that catalyst can handle some 

contamination from air and moisture. 

Then, reactions with BEBO were performed (Entry 3 – 5). BEBO was pre-dried using azeotropic 

drying with MeCN. The characteristic signals for polycarbonates were not present in any of the 

samples. At 50 °C a small conversion to cyclic carbonates was observed, at lower temperature (30 

°C) with longer reaction time only traces of cyclic carbonates were observed and at high 

temperature (70 °C) about 40 % of the epoxide groups were converted to cyclic carbonates. In 

summary, no polymerisation was observed and conversion to cyclic carbonates was slow, with the 

most promising results achieved at 70 °C. 

Another substrate that was investigated (Table A4_1 Entry 6 – 9), 8,9-LO is easier to purify and the 

NMR analysis is simpler. It performed the same as BEBO, no polycarbonates signals were 

observed on 
1
H NMR and 

13
C NMR. Cyclic carbonates production was strongly dependent on 

temperature, with the highest yield of cyclic carbonates obtained at 70 °C. 
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Table A4_1 Polymerisation attempts for 1,2-LO, 8,9-LO and BEBO 

 
 

 

entry substrate catalyst 
loading 

T 
[°C] 

pa 
[bar] 

t 
[h] 

Conv.b 
[%] 

Yield 
CCc 

Yield 
polyCd 

Purified 
polymer 

1 1 mL  
1,2-LO 
(dry)f 

21.9 mg Al 
cat 
10 mg PPNCl 

50 30 50 73 0 73 GPCe 
12 kg mol-1 
Đ 1.23 

2 1 mL 
 1,2-LO 

18.5 mg Al 
cat 
15 mg PPNCl 

50 30 48 77 0 70 GPCe  
7.8 kg mol-1 
Đ 1.18 

3 1 mL 
BEBOg 

20 mg Al cat 
10 mg PPNCl 

50 30 48 10 9 0 No 
precipitation 

4 1 mL 
BEBOg 

20 mg Al cat 
20 mg PPNCl 

30 30 67 <2 <2 0 No 
precipitation 

5 1 mL 
BEBOg 

18.5 mg Al 
cat 
24 mg PPNCl 

70 30 66 38 40h 0 No 
precipitation 

6 1 mL  
8,9-LO 

20 mg Al cat 
12 mg PPNCl 

50 30 48 16 16 0 Precipitation 
not done 

7 1 mL  
8,9-LOg 

18.5 mg Al 
cat 
12 mg PPNCl 

30 30 66 7 <1 0 No 
precipitation 

8 1 mL  
8,9-LOg 

18.5 mg Al 
cat 
19 mg PPNCl 

70 
 

30 66 46 44 0 No 
precipitation 

9 1 mL  
8,9-LOg 

18.5 mg Al 
cat 
13 mg PPNCl 

50 30 4 20 0 0 No 
precipitation 

a) pressurised at 40 °C b) conversion of epoxy groups based on 
1
H NMR c) yield of cyclic carbonate groups based on 

1
H 

NMR d) yield of polycarbonate groups based on 
1
H NMR e) GPC of purified via precipitation polycarbonate f) distilled over 

CaH and stored in glove box g) azeotropic drying using dry MeCN h) yield higher than conversion, but it is within error of 
NMR analysis 

 

 

Examples of NMR analysis: 

1,2-LO: Figure 4A_2 and 4A_3 present NMR spectra of the crude reaction mixture for the reaction 

of commercial 1,2-LO at 50 °C (Table 4A_1 Entry 2). In Figure 4A_2, the signals at 4.6 ppm 

correspond to a double bond in 1,2-LO, signals around 3.0 ppm correspond to epoxide groups in 

1,2-LO and signals at 5.0 ppm correspond to linear polycarbonates. Conversion was calculated by 
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referencing the whole spectrum against the signal at 4.6 ppm. The full assignments are available in 

the supporting information of previously published literature.
1
  

In Figure 4A_3, the signals at 153.5 ppm, 151.8 ppm and 150.5 ppm correspond to carbonate 

linkages in region-irregular polycarbonates.
3
 There is no signal at 154.8 ppm, which corresponds to 

1,2-limonene cyclic carbonate. 

 

Figure 4A_2 
1
H NMR spectrum of reaction between 1,2-LO and CO2 in the presence of Al cat and PPNCl at 50 °C and 30 

bar CO2 

 

 

Figure 4A_3 
13

C NMR spectrum of reaction between 1,2-LO and CO2 in the presence of Al cat and PPNCl at 50 °C and 
30 bar CO2 
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BEBO: Figures 4A_4 and 4A_5 present NMR spectra of the crude reaction mixture for the 

reaction of BEBO at 70 °C (Table 4A_1 Entry 5). In the Figure 4A_4, the signals at 5.85 – 5.54 

ppm correspond to CH of vinyl group in BEBO, 4.84 ppm corresponds to CH2 from double bonds, 

4.19 and 3.93 ppm are signals from cyclic carbonates and 2.58 – 2.19 ppm correspond to epoxide 

groups. Conversion was calculated by referencing the whole spectrum against the signal at 5.85 – 

5.54 ppm. The full assignments of BEBC are available in the experimental section of Chapter 4. 

In Figure 4A_5 the signals at 154.7 ppm and 154.5 ppm correspond to cyclic carbonates. There are 

no signals in the region of 153 – 151 ppm which can be assigned to polycarbonates. 

 

Figure 4A_4 
1
H NMR spectrum of reaction between BEBO and CO2 in the presence of Al cat and PPNCl at 70 °C and 30 

bar CO2 
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Figure 4A_5 
13

C NMR spectrum of reaction between BEBO and CO2 in the presence of Al cat and PPNCl at 70 °C and 30 
bar CO2 

 

8,9-LO: Figures 4A_6 and 4A_7 present NMR spectra of the crude reaction mixture for the 

reaction of 8,9-LO at 50 °C (Table 4A_1 Entry 6). In the Figure 4A_6, the signal at 5.28 ppm 

corresponds to the CH double bond in 8,9-LO, signals around 2.59 – 2.39 ppm correspond to 

epoxide groups in 8,9-LO and signals at 4.20 and 3.95 ppm correspond to linear polycarbonates. 

Conversion was calculated by referencing the whole spectrum against the signal at 5.28 ppm. The 

full assignments of 8,9-LC are available in the experimental section of Chapter 4.  

In the Figure 4A_7, the signal at 154.7 ppm corresponds to 8,9-LC. No signals indicating the 

presence of polycarbonates were present. 
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Figure 4A_6 
1
H NMR spectrum of reaction between BEBO and CO2 in the presence of Al cat and PPNCl at 70 °C and 30 

bar CO2 

 

 

Figure 4A_7 
13

C NMR spectrum of reaction between BEBO and CO2 in the presence of Al cat and PPNCl at 70 °C and 30 
bar CO2 
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5. Conclusions and future work 
 

This chapter includes overall conclusions and future work. It is divided into three parts. First, 

conclusions and future work related to the -elemene epoxidation (Chapter 3). Second, conclusions 

and future work related to the carbonation of 1,2-limonene oxide and 8,9-limonene oxide (Chapter 

4, section 4.2.1). Third, conclusions and future work related to the carbonation of -elemene 

epoxides (Chapter 4, section 4.2.2). 

5.1 Conclusions and future work - -elemene epoxidation 
BE epoxidation catalysed by VENT is a bi-phasic reaction which could be performed in flow. It is 

performed in relatively low temperature (50 °C) and in solventless conditions which is within green 

chemistry principles. As it was shown in the introduction to Chapter 3, flow processes allow for 

easier scale up and better process control, which makes them highly desirable for developing new 

catalytic epoxidations.  

All possible BE epoxides were achieved by epoxidations catalysed by VENT, but BETO was 

never observed in flow epoxidation. As BETO was observed in batch epoxidations after 3 h, it 

might indicate slow kinetics of epoxidising BEBO into BETO. Future work should include further 

investigation into achieving BETO in flow. A higher excess of H2O2 (min 4.8 mol eq) and longer 

residence time are expected to improve the epoxide yield based on the results presented in Table 

3.3.  

The results showed that the VENT catalysed reaction was kinetically limited and not mass transfer 

limited when 3.2 mol eq H2O2 was used. When more H2O2 was used (4.8 mol eq), the flow reactor 

showed improved conversion by 30 % and improved epoxide yield (BEMO and BEBO) by 23 % 

compared to the same reaction performed in a batch reactor. With high excess of H2O2 the reaction 

followed pseudo-first order reaction kinetics, but applying longer residence time (above 33.2 min) 

resulted in some catalyst degradation which should be addressed in future work. Other researchers 

working on VENT catalysed terpene epoxidation showed that VENT degrades if it is recycled
1
 and 

the maximum TON achieved for VENT was reported to be up to 500.
2
 The reports of deactivation 

of polyoxometalates during epoxidation reactions are present within research articles and so far 500 

TON is the highest reported. An alternative approach to extending the lifetime of the catalyst is to 

reuse the catalyst in a different reaction, for example carbonation. Transition metal 

polyoxometalates were previously reported to coordinate to CO2
3-5

 and it is postulated that in a 

carbonation reaction they can activate CO2.
6
 This approach has been described in Chapter 4.2.1 and 

the main findings are presented in Section 5.3 of this chapter. Investigations into heterogeneous 

PW-Amberlite (a catalyst described in detail in the introduction to Chapter 3 Section 3.1.4) could 
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be another approach to increase catalyst stability, as the full activity of the heterogeneous catalyst 

was recovered by simple rinsing with acetone after reaction. However, the heterogeneous catalysts 

still have to be improved to achieve faster conversion. 

MIZ epoxidation of BE yielded BEMO and BEBO, but no BETO was observed under any 

reaction conditions. It has been shown MIZ decomposes H2O2 even in the absence of an alkene, 

which might be the reason why MIZ is not able to yield BETO considering the slow rate of 

reaction for oxidising BEBO to BETO. Moreover, MIZ is sensitive to the amount of water present 

in the system. Improvements could be made by changing the Bu4N
+
 cation for a longer chain 

quaternary ammonium salt and investigating this system in bi-phasic conditions. However, 

considering other catalytic procedures showed better performance in BE epoxidation it is not 

recommended to focus future work on improving MIZ epoxidation. 

The third catalyst tested was the organocatalyst TFAP which is the only commercially available 

catalyst tested. Although only a few preliminary reactions were done, TFAP showed high 

selectivity to epoxides (99 %). It is the only catalyst tested which showed high selectivity toward 

BETO, which is a highly desirable epoxide for polymer synthesis (see Section 5.3). The reaction is 

a bi-phasic system which uses relatively mild solvents such as t-BuOH, iPrOH or MeCN. The well 

described mechanism of reaction (Figure 3.18)
7
 is a helpful tool for following the catalyst at the 

reaction conditions via flow NMR, which can give a further insight into the mechanism.
8
 No 

catalyst degradation studies or product inhibition experiments have been done and they should be 

addressed in the future work. Even though it is in bi-phasic conditions it still runs at relatively high 

dilution (1 g BE required 20 mL MeCN and 20 mL aqueous pH buffer). Potentially the use of flow 

microreactors in future work could allow for reducing the dilution levels to a minimum. This 

catalyst is an interesting alternative to the metal-based catalysts.  

BE is a relatively new, yet unexplored terpene feedstock, and because it is produced via industrial 

biotechnology processes it can be supplied at a stable price in various geographical locations. 

Exploring catalytic epoxidation of BE is vital for implementing BE in the polymer industry. In the 

Introduction (Chapter 1) a wide range of polymers synthesised from epoxides is presented, such as 

polycarbonates, polyesters, polyethers or non-isocyanate polyhydroxyurethanes. It is worth noting 

that comparing to the most widely investigated limonene-derived polymers, -elemene-derived 

alternatives have an additional double bond which potentially allows for more post-

functionalisation options or highly crosslinked polymers. 
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5.2 Conclusions and future work – 1,2-limonene oxide and 8,9-limonene 

oxide carbonation 
LIM contains trisubstituted and disubstituted alkenes in its structure and by selective epoxidation 

of one of them it is possible to synthesise 1,2-LO and 8,9-LO with an additional double bond 

available for further functionalisation. Both limonene epoxides were investigated in reactions with 

CO2. It was shown that only one isomer of 1,2-LO is reactive in the carbonation reaction yielding 

trans-1,2-LCC. The stereo selective behaviour was caused by the steric hindrance of cis-1,2-LO, 

and it was the same for all catalysts tested. Among the quaternary ammonium salts tested, the most 

efficient was Bu4NCl. Moreover, expanding of the catalyst used showed that an addition of VENT 

to Bu4NBr allowed increased cyclic carbonates yields. These results showed the possibility of 

telescoping a green epoxidation catalysed by VENT directly into the synthesis of cyclic carbonates. 

The mono-functionalised trans-1,2-LC and 8,9-LC were further reacted with a dithiol and an 

amine as a proof of concept for implementing them in the NIPU synthesis. The polymers were not 

synthesised, which could be a part of future work. However, the large-scale sustainable epoxidation 

protocols for trans-1,2-LO and 8,9-LO are a significant constraint for this technology. 

In future work, the developed protocol could be further applied to -elemene-derived cyclic 

carbonates (Figure 5.1), as BE can be epoxidised with VENT. Using VENT in the carbonation of 

-elemene-derived epoxides could have multiple positive effects on the carbonation reaction. First, 

it is expected that it will enhance reaction rates. Second, it was shown that polyoxometalates can 

coordinate to CO2, thus VENT can improve selectivity by allowing double substrate activation 

(epoxide activated by Bu4NX and CO2 activated by VENT). Third, VENT might decrease the high 

viscosity of the reaction, which potentially is one of the causes for epoxide rearrangement. The 

high viscosity reduces the amount of available CO2 and when CO2 is unavailable, the epoxide is 

being activated, but the carbonation yields by-products instead of cyclic carbonates as it has been 

shown in Table 4.5 for trans-1,2-LO.  
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Figure 5.1 Future work: a strategy for implementing the catalytic carbonation system developed for 1,2-LC and 8,9-LC 
into BE. 

 

5.3 Conclusions and future work - -elemene cyclic carbonates 

The activity of -elemene epoxide groups in the carbonation reactions was highly dependent on the 

temperature of reaction (Figure 5.2). At low temperatures (100-120 °C) in 24 h only the less 

sterically hindered groups were able to react (Figure 5.2 yellow dots). The more sterically hindered 

epoxide (Figure 5.2 red dot) was able to open at temperatures in the range of 120-140 °C, but it 

required long reaction times of 65 h at 120 °C. Moreover, the carbonation of sterically hindered 

epoxide groups also suffered from high production of BEMCMD and BEBCMD which is a result 

of epoxide rearrangements. This can occur due to a lack of available CO2 related to high 

conversion and high viscosity of the reaction, or due to high temperature of reaction, or by the 

combination of both of these factors. 



Valorisation of terpenes for sustainable materials 
 
 
 

 
247 

 

Figure 5.2 The activity of BE epoxide groups depending on the carbonation reaction temperature and the carbonation 
products achieved in this report. 

Probably the most promising cyclic carbonate derived from -elemene is BEBCMO as it can be 

synthesised at temperature as low as 100 °C in 24 h, which is a 40 °C reduction in the reaction 

temperature compared to the other multifunctional carbonates such as BEBC, BETC or 

BEBCMD. In future work, the two cyclic carbonates functionalities in BEBCMO could be used in 

NIPU synthesis and additional epoxide could be used for post-functionalisation (Figure 5.3). Future 

work should also include expanding the scope of carbonation catalyst in order to lower the 

temperature required for the synthesis of -elemene-derived cyclic carbonates. The improvement in 

catalytic BETO synthesis should be addressed in the future work of developing green epoxidation 

protocols. 

 

Figure 5.3 Future work: Implementing BEBCMO in NIPU synthesis and possible postfunctionalisation. 
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As it has been described in the introduction in Chapter 4, most NIPU syntheses are reported neat. 

However, controlling stoichiometric ratio on small laboratory scale without solvent might be 

difficult, thus a use of solvent is recommended. A polar solvent, such as methanol, can improve the 

conversion of cyclic carbonate aminolysis by increasing the positive charge on a carbonyl carbon.
9 

Additionally, the use of catalyst could be investigated to further improve the aminolysis. Among 

reported catalysts, organocatalyst TBD was consistently reported as one of the most efficient.
10

 

Moreover, TBD might have an effect on regioselectivity of the aminolysis, as it was shown by 

Kleij and co-workers in ring opening of 1,2,8,9-LC using TBD and allyl amine.
11

 It is worth noting 

this effect was strongly dependent on the carbonate and amine structures. 

5.4 Closing remarks 
To summarise, BE epoxidation allows for delivering novel epoxides which in the future could be 

used in the polymer industry. Implementing BE epoxidation as a green industrial epoxidation 

require developing easily scalable catalytic protocols with a minimal waste production. The 

synthesised -elemene-derived epoxides were used in the carbonation reaction yielding novel -

elemene-derived cyclic carbonates. However, future work is required to improve the carbonation of 

the sterically hindered epoxide in BE. The use of -elemene-derived cyclic carbonates in NIPU 

synthesis still have to be investigated, but the low temperature, selective synthesis of BEBCMO 

showed great potential for delivering new monomer for NIPU synthesis.  
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