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ABSTRACT 
 

This Ph.D. thesis is centered on developing greener methodologies for the synthesis of bio-based 

compounds starting from waste or low-value feedstock. The work is divided in two main chapters based 

on output, one dealing with the synthesis of cyclic organic carbonates (Chapter 2), the other with the 

synthesis of glycerol derivatives (Chapter 3). 

In Chapter 2 a novel class of tungstate ionic liquids (TILs) was studied. Different synthetic routes were 

followed, some already published, others that exploit a green halide-free protocol developed in this 

thesis. The TILs were initially investigated for the CO2 fixation reaction into epoxides. Once established 

their potential use in this field, the TILs were investigated for the tandem direct oxidative carboxylation 

(DOC) of olefins to give cyclic organic carbonates (COCs). Tandem catalysis is a way to achieve process 

intensification by using the same catalyst for two or more sequential reaction steps having different 

mechanisms. TILs are demonstrated as effective tandem catalysts for the direct synthesis of COCs from 

olefins. In the first step, the TILs promote epoxidation of the olefin, while in the second step they catalyse 

insertion of CO2 into the epoxide, without any intermediate work-up. The procedure is greener than 

current protocols from several standpoints: H2O2 is used as oxidant, atmospheric pressure of CO2 is 

sufficient to achieve yields >90% in COCs and product recovery occurs by simple phase separation. 

Additionally, simple alkali metal halide salts (e.g., NaBr, NaI, KBr, KI) are sufficient to promote CO2 

insertion into epoxides in place of traditional costlier (for their environmental burden and resource use) 

ammonium halides.  

The simple alkali metal halide salt NaBr is also used as catalysts in a new CO2 insertion process run in 

continuous flow. In this case, NaBr is activated by diethylene glycol (DEG) that acts as an inexpensive and 

largely available complexing agent for Na+ as well as a hydrogen-bond donor that promotes the ring-

opening of the epoxides. An in-depth study of the continuous-flow conditions allowed to obtain COCs with 

high yields from terminal epoxides, and with a higher overall productivity compared to the batch process. 

A simple method for the recycling of the catalytic system was also developed.  

In Chapter 3, focus is on the synthesis of high value-added glycerol derivatives, i.e., esters, acetals and 

orthoesters of glycerol. Initially, the acetylation of glycerol and glycerol acetals with esters (in lieu of the 

commonly used acetic acid and acetic anhydride) in continuous flow was developed. A thermal, catalyst-

free, continuous flow protocol allowed to reach high conversions of the substrates. Among the different 

esters that were tested, isopropenyl acetate (iPAc) showed the highest performance, affording 

quantitative yields in marketable products such as Solketal acetate and triacetin. The better performance 

of iPAc is due to the fact that it promotes an irreversible esterification process caused by the release of 

acetone. Next, tandem acetalization of glycerol with the acetone released in situ was studied. This 

reaction did not proceed satisfactorily under catalyst-free conditions. The direct synthesis of Solketal 

acetate by tandem acetalization-acetylation reactions of glycerol with isopropenyl acetate was therefore 

explored using Amberlyst-15 as acid catalyst. By addition of acetic acid and/or acetone as co-reactant, the 

selective synthesis of Solketal acetate or of a 1:1 mixture of Solketal acetate and triacetin was attained. 

Finally, new bio-based glycerol derivatives by reaction with orthoesters were investigated. The reactions 

of glycerol with this class of compounds – only scarcely explored in the 60s – yielded the first regioselective 
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synthesis of 5-membered ring diastereoisomeric derivatives of glycerols through a catalyst-free 

procedure.  

In summary, more environmentally friendly and more sustainable chemical processes should encompass 

as many as possible of the principles of green chemistry. In our case the use of renewable reagents 

deriving from low-value feedstocks, the use of greener catalytic systems (or catalyst-free condition when 

appropriate), of greener solvents (or no solvents when appropriate), easier product recovery, more 

intensified processes such as continuous-flow syntheses and higher reaction efficiency were all combined 

in the present thesis toward this goal. 
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1 Introduction 
 

 

1.1 Green chemistry: the current state 
 

 “Green chemistry efficiently utilizes (preferably renewable) raw materials, eliminates 
waste and avoids the use of toxic and/or hazardous reagents and solvents in the 

manufacture and application of [designed] chemical products”1 

 

This quote from Sheldon may encompass the concepts underpinning a profound overhaul begun in the 
world of chemistry around thirty years ago and formalized by Anastas and Warner of the US 
Environmental Protection Agency (EPA) with the twelve principles of green chemistry, in 1998.2  

These principles can be summarized and listed in few keywords (Table 1.1): 

 

Table 1.1: The 12 principles of Green chemistry 

 Green Chemistry Principle 

1 Prevent waste formation 

2 Atom Economy 

3 Less hazardous chemical synthesis 

4 Designing safer chemicals 

5 Safer solvents and auxiliaries 

6 Design for energy efficiency 

7 Use of renewable feedstocks 

8 Reduce derivatives 

9 Use of catalysis 

10 Design for degradation 

11 Real-time analysis for pollution prevention 

12 Inherently safer chemistry for accident prevention 

 

The birth of green chemistry at the end of the twentieth century does not mean that the research on 
environmentally friendly chemistry did not exist before, merely that it did not have a name. Green 
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chemistry has been the politic and scientific answer to a genuine problem and to an ever-increasing 
mistrust of common people towards science, particularly chemistry.3 The wellbeing of our society is 
strongly based on chemical industry and we all stand to benefit: suffice to say that more than 100000 
chemical products are actually obtained from raw materials while the production capacity of the global 
chemical industry reaches some 2.3 billion tons in 2017, equivalent to 300 kilograms of chemicals per year 
for every person in the planet.4 At the same time, mistrust towards chemistry had (and partly still has) its 
justified reasons as supported by many examples: the chemical disaster for methyl isocyanate release in 
Bhopal in 1984, where 4000 people were killed and more than 40000 injured; the Exxon Valdez and 
Deepwater Horizon oil spill, in 1989 and 2010 respectively, which still affect the marine ecosystem 
nowadays; the dioxin spills from chemical manufacturing plant in Seveso (Italy) and Times beach 
(Missouri) in 1976 and 1982, respectively; the release of cyanide and heavy metals into Danube river from 
a gold processing plant in Baia Mare (Romania) in 2000; the tragic birth defects from thalidomide; the 
leakage of toxic chemicals from a dumping ground of chemical waste  produced by the Hooker chemicals 
and Plastics Corporation in the 1940 and ‘50s in Love Canal, New York; the repeated scandals related to 
the illegal waste dump in developed countries and the illegal exports of wastes in developing countries.5 
Not to mention the opacity of science to the general public due to the uncountable cases of funding 
publication bias, i.e. the tendency of scientific studies to support the interests of the financial sponsor.6 

Chemists must contend with the past mistakes and tend not to repeat them. Green chemistry must 
represent an answer to well-known practical issues that will be faced in the short term:   

• Fossil resources are not endless 
Non-renewable sources are limited by definition, as first underlined by Meadows et al. 7: fossil fuels 
account nowadays for about 80% of the world’s energy supply while the chemical sector is the largest 
single industrial consumer of oil and natural gas accounting for 15% of total primary energy demand.8 
Estimates indicate that the existing supplies of petroleum, natural gas and coal will last for the next 45, 
60 and 120 years respectively at the current consumption rates.9  

Beyond the long-standing question on depleting fossil fuels, an increased awareness of the issue of 
chemical elements scarcity (Figure 1.1) – related also to the pollution caused by elements mining, to the 
recycling rates of each element and to their overuse in smart technologies – has grown tremendously in 
the past decades.10 The recover, reuse and recycle of not-renewable raw materials and the shift to 
renewable feedstock are compulsory in the near future. 

 

Figure 1.1: 90 elements that make up “everything” and their relative abundance on earth.11 
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• Our planet will not bear an endless increase of waste burden 
In the past century waste production has risen ten-fold while the world’s population has quadrupled. 
Waste generation will drastically outpace population growth and it is likely to grow by 70% by 2050 unless 
action is taken.12 Plastic wastes choke the world’s oceans and rivers, while rubbish is generated faster 
than other environmental pollutants, including greenhouse gases (GHG). The majority of waste goes to 
landfill or is merely incinerated instead of being recycled or reused. Another tremendous problem is 
related to the dizzying increase of electronic waste (e-waste) which often contains precious and/or low-
availability metals that are quite challenging to be recovered and recycled.13 E-waste may represents only 
2% of solid waste streams yet it can represent up to 70% of the hazardous waste that ends up in landfill.14  
 

 

Figure 1.2: “First world” countries are using Africa as a dump for old electronics 

 

More than 50 Mtonnes of e-waste are produced every year in developed countries which legally or illegally 
send their e-waste in the developing countries taking to issues related to social injustice, environmental 
pollution and hazardous methods used by people that work by necessity on the recovery of metals from 
e-waste (Figure 1.2).15  The concept of waste does not exist in nature, it is a human-based concept and we 
need to mimicking the natural systems by using waste as resources. 
 

• Environmental pollution is at the highest levels 
At an average growth rate of 2.6%/y (2000-2014) and with a yearly production of ca 35 gigatons,16 

anthropogenic CO2 is among the major causes of global warming with average temperatures predicted to 
increase up to 2-4°C by 2100 (relatively to the pre-industrial level).17 This will lead to a rise of the mean 
sea level and the probable disappearance of species that will not be able to adapt.  
 
Green chemistry can be applied to decrease carbon dioxide emissions from chemical productions and 
processes and eventually reuse the CO2 emitted and put it back in a closed carbon loop. The anthropogenic 
pollution of our atmosphere must be stopped since this increasing growth is NOT SUSTAINABLE. 
Sustainability is a concept that emerged before the conceiving of green chemistry and it will be deepened 
in the next paragraph.  
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1.2 Sustainability and sustainable development 
 
The adjective “sustainable” derives from ancient Latin and implies the capability of something being 
maintained in existence without interruption or diminution. The environmental conceptualization of 
sustainability has a longtime history: a proverb attributed to native American indigenous cultures states 
that “We have not inherited the earth from our fathers, we are borrowing it from our children” while yet 
in 1901, Theodore Roosevelt declared “What we do will affect not only the present but future 
generations,” speaking about the conservation of the Nation’s natural resources in his first message at 
the congress of the United States of America. The official birth of sustainable development dates back to 
1987 with the release of the “Brundtland Report – Our Common Future” written by the World Commission 
on Environment and Development in which it is declared that sustainable development “meets the needs 
of the present without compromising the ability of future generations to meet their own needs.”18 
Since its appearance, this definition was discussed, analyzed and adapted to the advantage of a wide 
series of individual and organization actors.19 Sustainability is on everyone’s lips (Figure 1.3). 
 

 

Figure 1.3: The unsustainability of sustainability. 20 

 

The beneficial effect of the widespread use of this term is evident: a key environmental concept is widely 
more comprehended and accepted than ever before. Meanwhile, there is an increasing tendency to talk 
about “sustainababble” in place of sustainability, a pun used for the first time by Engelman to indicate 
that the term sustainability is losing its meaning and impact through its overuse.21 The term sustainability 
goes hand in hand with the practice called green washing, indicating the unjustified claim of 
environmental virtue by companies, industries, political entities or organizations to gain a positive image 
for themselves, their products and their businesses.22 This has resulted in strong disputes on the definition 
of sustainable development, reduced to a quasi-rhetorical term or a “catch-phrase”, to the point that the 
terms sustainability and sustainable development are practically counterposed.23 For sure, environmental 
sustainability and economic development are different objectives that need to be understood separately 
before they are related: as G.H. Brundtland advocated in Our Common Future sustainable development 
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should lead to an enhanced cooperation respect to that imagined in a world currently driven by 
competition and individual accumulation of wealth.24 Human activity should recognize its limits: the 
impossibility of indefinite growth in a finite world7,25 and the assured depletion of limited resources if the 
constant increase of world population will be intrinsically related to growing consumption of these 
resources.26 In this case demographic and economic growth will undoubtedly drive an increase in pollution 
and GHG emissions. The validity of the endless sustainable economic growth relies on the assumption 
that green growth could be decoupled from energy use and natural resources exploitation through 
technological development and increased efficiency, but this aspiration is to say the least, optimistic: a 
recent report on decoupling technologies from the European Environmental Bureau concluded that they 
are “a haystack without a needle”.27 In this sense, sustainability calls for a change in paradigm that breaks 
with the linear model of growth: we must appreciate that development is wider than growth and that in 
a limited world we can develop but we cannot grow limitless (at least until we will have only one planet!).  

Despite the clear advancements achieved from the introduction of the debate on sustainable 
development are undeniable,28 the basic global trends remain clearly and measurably unsustainable.29 
We are aware to live in Anthropocene, an era in which humankind is the main force shaping the future of 
life and where nature cannot be walled-off from human influence.30 Precisely this awareness should 
encourage us to meet overall needs instead of a reductionist anthropocentric focus based solely on human 
needs. 31 We should pursue a tangible and truthful sustainability, although it may seem don quixotic. 
Lower GHG emissions is fundamental as well as strive for a “zero-emissions scenario” respect to an 
unconceivable “Business-as-Usual” scenario that foresees a mean temperature increase of 4 °C by 2100.32 
If this should occur, Business-as-Usual will have run its course much earlier (Figure 1.4).21 

 

 

Figure 1.4: CO2 emissions from 800000 BC to 2019 32 

 

This discourse and these concepts on sustainable development could be applied to various subcategories 
such as sustainable cities, sustainable agriculture, sustainable architecture, sustainable engineering… and 
sustainable chemistry. Sustainable chemistry is a term that someone wants to match with green 
chemistry, while others are inclined to see substantial differences.33 If sustainable chemistry is defined as 
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a chemistry that “meets the needs of the present without compromising the ability of future generations 
to meet their own needs”, any chemist could say that industrial chemical production is presently un-
sustainable .  

The conceptual basis on which chemistry should be grounded to be green and sustainable will be detailed 
in the next paragraphs. 

 

1.3 Designing a Green Sustainable chemistry future: green metrics and 
system thinking 

 
“You cannot manage what you do not measure” is an old business adage. While, sometimes we have to 
manage things that are non-measurable and that we cannot quantify, the fact remains that metrics 
matter. 
Green chemistry includes this concept since its birth and has established a series of metrics that allow a 
tangible measurement of the greenness of a process. From an historical viewpoint the original chemical 
metric has always been percentage yield: a process is good if the product yield is high. As a traditional 
metrics it looks at only one aspect instead of the overall system. Similarly, green chemists exploited a 
series of parameters to assess greenness of a process and to compare it with others in a simple but 
quantitative approach. The Clark group summarized green metrics in a comprehensive list of 60 different 
metrics.Here some of the most relevant green metrics are reported (table 1.2).34 
 

Table 1.2: Examples of Green Metrics 

Metric Acronym Formula 

Atom Economy AE 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑀𝑊) 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
∑ 𝑀𝑊 𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠

 × 100 

Carbon Efficiency CE 𝐶𝑎𝑟𝑏𝑜𝑛 𝑀𝑎𝑠𝑠 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 [𝐾𝑔]
∑ 𝐶𝑎𝑟𝑏𝑜𝑛 𝑀𝑎𝑠𝑠 𝑖𝑛 𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠 [𝐾𝑔]

 × 100 

Reaction Mass Efficiency RME 𝑀𝑎𝑠𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 [𝐾𝑔]
∑ 𝑀𝑎𝑠𝑠 𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑠 [𝐾𝑔]

 × 100 

Process Mass Intensification PMI 𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑠𝑠 𝑖𝑛 𝑎 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑜𝑟𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑆𝑡𝑒𝑝 [𝐾𝑔]
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 [𝐾𝑔]

 

Environmental Factor E 𝑇𝑜𝑡𝑎𝑙 𝑊𝑎𝑠𝑡𝑒 [𝐾𝑔]
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 [𝐾𝑔]

 

Effective Mass Yield EMY 𝑀𝑎𝑠𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 [𝐾𝑔]
∑ 𝑀𝑎𝑠𝑠 𝑁𝑜𝑛 𝐵𝑒𝑛𝑖𝑔𝑛 𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑠 [𝐾𝑔]

 × 100 

 
Atom Economy (AE) measures the degree of incorporation of reactants in the desired products but does 
not consider the yield or the nature of the waste. Carbon Efficiency (CE) and Reaction Mass Efficiency 
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(RME) combine the concepts of AE and Yield, while Process Mass Intensity (PMI) takes into account the 
mass of all the materials used in a synthetic route (including solvents and catalysts), yet still none of them 
contemplate the waste. The historical route to calculate the waste is the Environmental Factor (E-Factor) 
that measures the amount of waste generated for each kg of desired product.  Different amounts of waste 
and E-factor depend on the industrial sector that is considered (Table 1.3) 

 
Table 1.3: Waste produced in various Industry sector 35 

Industry Sector Annual production 
(tonn) 

E-factor Waste produced 
(tonn) 

Oil Refining 106 - 108 ≈ 0.1 105 - 107 

Bulk chemicals 104 - 106 < 1 – 5 104 – 5 x 106 

Fine Chemicals 102 - 104 5 - 50 5 x 102 – 5 x 105 

Pharmaceuticals 10 - 103 25 -200 2.5 x 102 – 105 

 
The E-factor is essential and should be minimized in every industry sector, despite it does not take into 
account the nature of the waste. Sheldon attempted to use the environmental quotient to consider the 
E-factor and its intrinsic hazard36, while Hudlicky et al. makes a distinction between benign and non-benign 
reagents for a mass metric, i.e. effective mass yield (EMY).37 However, the design of a scale of benignity 
with shared and well-defined values for every single reagent and/or waste remains hard. No metrics 
should be assessed by itself, but rather a holistic approach should be used to evaluate the overall green 
credentials of a process. This was attempted at the University of York by developing a metric toolkit that 
indicated the prominence of quantitative metrics, while bearing in mind that qualitative factors should 
also be included with a view on sustainability.38 The renewability of feedstock, the toxicity of a molecule, 
the market and social acceptance of an energetic technology, the environmental justice implications of a 
factory siting are all qualitative aspects that must be take into account.39 Irrespective of the use of 
quantitative or qualitative analysis, chemists should abandon a typical reductionistic approach and pursue 
an improved holistic design in such a complex and dynamic system.40 As early as 1972, the future Nobel 
physics prizewinner P.W. Anderson warned against the reductionistic and compartmentalized approaches 
that have resulted in impressive advantages but also unwanted and harmful consequences, lacking mental 
resilience: 

“The arrogance of the particle physicists and their intensive research may be behind us 
(the discoverer of the positron said "the rest is chemistry"), but we have yet to recover 
from that of some molecular biologists, who seem determined to try to reduce 
everything about the human organism to 'only" chemistry, from the common cold and 
all mental disease to the religious instinct. Surely there are more levels of organization 
between human ethology and DNA than there are between DNA and quantum 
electrodynamics, and each level can require a whole new conceptual structure.”41 

Currently, we are more aware of this: systems must be considered in their entireness to avoid solutions 
that simply shift the impacts or lead to undesired effects. The integration of system thinking in green 
chemistry is mandatory to address the complexity of the interconnections between the traditional and 



 
 

 
21 

innovative aspects of chemistry and sustainability.42 An integrated holistic approach can bring to the 
comprehension of the various components and connections of human and natural systems, eventually 
mitigating the adverse consequences that result from the way that we, as chemists, have pursued our 
craft.43 This concept and the related mistakes are well highlighted by Paul Anastas who refers to “doing 
the right thing wrong” and who described some simple examples40: 

• Disinfection of water supply from pathogens, that ended up killing thousands of people every year 
with disinfectant substances that release by-products that are persistent, toxic, carcinogenic 44 

• Increased agricultural production by exploiting fertilizers and pesticides which contaminated 
aquifers, led to eutrophication, harmed biodiversity and ecosystem functions45 

• Replacement of toxic bisphenol-A with bisphenol-S: recent studies proved the same toxicological 
concerns46 

• Development of life-saving drugs that whilst increasing the quality of life and expectancy, 
contaminated wastewater at biologically active levels47 

• Development of photovoltaics and wind turbines that capture the power of sun and wind relying 
on toxic, depleting materials and/or rare metals 

• Pursuing biofuels that reduce fossil fuels dependency with 1st generation biofuels that compete 
with food and land use 

 
The performance of a product should be assessed through a holistically extended approach to “Do the 
right thing well”. Since the introduction of the first industrial chemical products, their performances were 
defined as the ability to efficiently accomplish a function. An extended meaning of performance should 
contain the inherent nature of chemicals embodied in the absolved function, including that products are 
non-depleting, nontoxic and non-persistent in the environment.48 In this sense, the F-factor has been 
recently introduced, a metric that seeks to quantify the wish to have a desired function with the lower 
amount of a (preferably benign) chemical used.49 
In conclusion, the conceptual basis of green chemistry are metrics: the ones introduced above are simple 
and single-sided metrics. More sophisticated and wide-spanning conceptual tools that chemists can use 
to understand the complexity and validity of a process are Life Cycle Assessment (LCA) and EMergetic 
Accounting (EMA). 
LCA is a methodology for assessing impacts associated with all the stages of the life cycle of a commercial 
product, process or service. It stems from the awareness that processes generate impacts in all steps of 
their lifetime and it is considered a “cradle-to-grave” or “cradle-to-cradle” methodology if it includes also 
the recycling and reclamation of degraded environmental resources.50 LCA can be coupled to EMA which 
provides complementary results. EMA is based on the concept of Emergy, a term derived from EMbodied 
enERGY and conceptualized for the first time by Odum, one of the most brilliant scientists in systemic 
analysis. Emergy is defined as the available energy of a kind directly or indirectly used in the 
transformations that generate a product or a service. 51 From a conceptual viewpoint, EMA shifts the 
attention from the value attributed to a product by the end-user (receiver-side value) to the real value 
invested upstream to create the product (donor-side value).52 Recently, emergetic analysis has been used 
in large-scale chemical production systems such as production of bio-ethanol53, a bio-gas-plant52 and the 
comparison of various Carbon Capture and Utilization (CCU) processes.54 Such holistic perspectives and 
approaches are needed to address complex global problems: LCA, emergy and system thinking represent 
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unique conceptual means to encompass all the aspects required by an integrated analysis of the 
sustainability of any system.55 
In this context, another compulsory conceptual paradigm shift is the transition from a process linearity to 
a circular perspective in the chemical sector, as elegantly illustrated by Zimmermann et al. recently (Figure 
1.5).56  
 

 

Figure 1.5: Characteristics of today’s and tomorrow’s chemical sector 

 

Resources (fossil or renewable) should not be considered input for the synthesis of chemical products 
which go to landfill or incineration and only partly recycled at their end life. In a circular perspective, target 
molecules are synthesized in a benign way decreasing as much as possible the formation of by-products 
upstream (and thinking simultaneously to their reuse in other segments) while the long-life products are 
conceived to be reused, recycled and rescued as resources at the end of life. While the history of chemical 
production is essentially linear (take-make-waste), it is fundamental that it turns into a circular system in 
which materials and energy flows remains internal to the cycle. 

 

1.4 Designing a Green Sustainable chemistry future: the practical basis 
 

To achieve the conceptual objectives of green chemistry, four main application fields can be imagined by 

paraphrasing the initial citation by Sheldon1: 

 

1.4.1 Use of renewable feedstock 
 

Renewable feedstocks derive from sources that are naturally replenished at a higher rate than they are 

consumed. A principal raw material for chemistry is biomass. This is defined as any organic decomposable 

matter derived from plants or animals available on renewable basis. Biomass feeds for biofuels and 

biochemicals production mainly consists of three major categories: 57  
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• Lignocellulose and -starch based plants 

• Triglyceride sources and microalgae 

• Terpenes and rubber-producing plants 
 
Biomass in aggregate is composed of ca 75% carbohydrates or carbohydrate polymers (e.g. starch, 
cellulose, hemicellulose, including animal-based chitin), 20% lignin and around 5% of fats, terpenes, waxes 
and proteins.58 
The direct exploitation of such renewable feedstocks for the production of biofuels and biochemicals 
poses concerns about the competition with food, land use and water use, and it is actually discouraged if 
not excluded at all.59 For this reason the use of waste (agricultural, industrial, municipal or animal, Figure 
1.6) becomes critical as a renewable feedstock, especially arguing that waste represent a costs instead of 
a resource nowadays. 
 

 

Figure 1.6: Use of waste as renewable feedstock 

 

As already stated, waste is a human-centered concept. It is instead crucial to mimic the nature where the 
“waste” of a process nourishes, sustains and strengthens another one. There is hence a renewed interest 
into resources that are currently viewed as waste (especially agricultural and industrial residues) but also 
towards dedicated crops that do not compete with food and land use, such as algae which yield high 
amounts of lipids (i.e. triglycerides) with an increased productivity for land and water unit respect to other 
plants, even if processing and logistical challenges could lead to significant lifecycle impacts.60 Figure 1.7 
reports examples of renewable building block chemicals. The main classes are: 

 

• Biobased Syngas, produced by subjecting biomass to extreme heat, typically 800-1500°C.61 

• C2-C6 oxygen-rich small molecules (ethanol, glycerol, Propionic acid, 1,3-propanediol, butanol, 5-
(hydroxymethyl)furfural, succinic acid, lactic acid, itaconic acid, levulinic acid, 2,5-Furan 
dicarboxylic acid, etc.)61 

• Low molecular weights aromatic molecules from lignin (in particular phenol, phenol derivatives 
and benzene-toluene-xylene (BTX))62 
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• CO2 (not shown in the figure) that can be exploited to synthesize urea, cyclic organic carbonates 
(COCs), C1 small molecules (methanol, formic acid, formaldehyde) and C2-C4 olefins. 
 

 

Figure 1.7: Examples of building blocks from renewable feedstocks48 

 

Two waste feedstocks represent the fundamental starting material for this thesis work: carbon dioxide 
and glycerol. For this reason, their history and current status is described more in-depth in the following 
sections. 
  

1.4.1.1 Carbon dioxide 
Despite its existence has been known for over thousands of years, carbon dioxide was first recognized as 
a distinct gas by Van Helmont in the XVII century.63 The French chemist Lavoisier first named it carbonic 
acid, discovered that it is produced by the combustion of carbon in presence of oxygen and that it contains 
23.5-28.9 parts by mass carbon and 71.1-76.5 parts by mass oxygen.64 Only a hundred years later the vital 
importance of carbon dioxide began to outline with the study of Julius Sachs on the photosynthesis 
reaction that converts CO2 into glucose.65 Despite the natural occurrence of carbon dioxide in the earth’s 
lithosphere, hydrosphere and atmosphere, carbon dioxide is mainly seen as an enormous issue nowadays 
due to its massive anthropogenic production for electricity and heat generation, transport, and industrial 
uses. More than half of the CO2 emitted form chemical industry comes from ammonia and hydrogen 
production.8,63 
Thus, CO2 use and its sequestration seem like a must to comply with the goal to reduce GHG emissions 
and keep the global average temperature increase below 1.5°C.66 In the last years, the scientific world and 



 
 

 
25 

governments have proposed two principal CO2-based technologies aiming at mitigate climate change: 
Carbon Capture and Storage (CCS) and Carbon Capture and Utilization (CCU).67 In CCS, CO2 typically 
emitted from large scale sources is captured, transported and permanently stored underground such as 
in depleted oil and gas fields.68 CCU provides for the exploitation of a different set of technologies in which 
CO2 is captured and used as feedstock for the production of chemicals, fuels or construction materials.69  

CCU is a chemically fascinating field, since 2014 only 0.36% of global CO2 emission has been used as 

feedstock for chemical production, hence there are limitless opportunities to improve CO2 utilization.70 

Notwithstanding, recent studies showed the complexity of CCU and demonstrated that the chemical 

conversion of captured CO2 will hardly account for more than 1% of the mitigation challenge.71 Although 

CCU will not resolve issues related to the excessive anthropogenic emissions of CO2, it is undeniable that 

CO2 is a chemically attractive, abundant, renewable and non-poisonous C1 feedstock useful for the 

synthesis of various classes of compounds, such as carboxylic acids and derivatives, alcohols and organic 

carbonates.72 The main CO2 fixation products are reported in Figure 1.8.  

 

 

Figure 1.8: Main products of CO2 fixation 

 

The use of carbon dioxide as a C1 synthon poses however challenges due to its thermodynamic stability 
and kinetic inertia. The former implies a large energy input that could generate more carbon dioxide than 
is consumed, while the latter requires the presence of catalysts able to activate CO2 (e.g. Lewis base such 
as superbases 73, -hydroxyl or -amines containing species 74, n-heterocyclic carbenes 75, or transition metal 
for the formation of complex with CO2

76) and the use of highly-reactive substrates such as alkenes or 
alkynes 77, three membered rings (e.g. epoxides and aziridines 78) or organometallics 79 to yield more 
thermodynamically-stable oxygenated products. In this context, a continuous effort has been done in the 
last years to identify bifunctional catalysts capable of contemporarily activating CO2 and the substrate. 
Such robust single- or two-component systems are becoming the mainstay in the field of CO2 chemistry.80 
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1.4.1.2 Glycerol 
Glycerol is a clear, colourless, odourless and sweet-tasting viscous liquid, first identified in 1779 by the 
Swedish chemist Carl W. Scheele who obtained it by heating olive oil with litharge (PbO). 81  

It was originally obtained as a by-product of the soap industry. Thereafter, during the First World War, it 
was prepared also through microbial sugars fermentation until the early ’40 when petroleum-based 
glycerol gained the upper hand, especially through the epichlorohydrin process from propylene.82 

Today, such synthetic processes are outdated due to glycerol being obtained as a co-product of biodiesel 
manufacturing. Biodiesel (BD) is composed by fatty acid methyl esters (FAMEs) produced through the 
transesterification of triglycerides with light alcohols, such as methanol, conventionally catalysed by 
homogenous base catalysts.83 This reaction takes to the co-formation of glycerol (Scheme 1.1): whatever 
the technology and the feedstock used,  it is observed that approximately 10 wt% of the products consist 
of glycerol and around 3 million tonnes resulted in 2016 as by-product of biodiesel manufacture.82 This 
fact implied an overproduction of glycerol respect its actual uses that encouraged academic world and 
chemical producers to look for its conversion in useful chemicals.  

 

 

Scheme 1.1: Synthesis of Biodiesel 

A remarkable issue for the exploitation of glycerol obtained from biodiesel is the low grade of the product. 
After the transesterification of natural TGs, the streams of (crude) have variable compositions, usually 
containing <65 wt% glycerol, 15-50 wt% MeOH, 10-30 wt% water, 2-7 wt% salts (primarily NaCl and KCl 
derived from the catalyst neutralization).84 Therefore, crude glycerol must be usually purified before 
further processing. This implies rather energy-intensive operations like evaporation, desalting, ion 
exchange and distillation steps to achieve a technical (>90%) and pharmaceutical grade (>99.7%) 
product,85 meaning that it is generally not worth refining glycerol unless it is employed as a platform 
chemical for the synthesis of high-added value products. An alternative route is the implementation of 
reactions for the direct transformation of raw glycerol followed by the isolation of the obtained products. 
This sequence, though more difficult to accomplish, is often cheaper and simpler than refining the crude 
reagent and then proceeding with its upgrading.   

Glycerol is nontoxic to both humans and the environment and it has unique physical and chemical 
properties due to its three hydroxyl groups that are responsible for its solubility in water and alcohols, its 
hygroscopic properties, low volatility, low vapor pressure and its chemical reactivity mostly as an O-
nucleophile. The most promising routes for glycerol conversion and the traditional applications for 
industrial glycerol are summarized in Figure 1.9. 81,86 
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Figure 1.9: Most promising glycerol derivatives and traditional applications of industrial glycerol 

 

1.4.2 Eliminate waste (better prevent than treat) 
 

As mentioned before, it is mandatory to change our paradigms and transform waste into resources. We 
have however to avoid a pitfall: this does not mean that it should be possible to produce waste as usual 
(or more) since it is a resource. It is fundamental to rethink chemical syntheses and production routes that 
generate too much waste or by-products. To give an example, the E-factor of pharmaceutical industry is 
between 25 and 200, that is 25-200 kg of waste are generated for each kilo of active pharmaceutical 
ingredient (API) produced. A continuous effort to decrease these values is essential for chemists today 
and recent examples such as the synthesis of sertraline, diazepam and atropine, demonstrate that it is 
possible.48,87 E-factor in the oil refining industry is in the range of 0.1 , meaning that almost all the oil finds 
a marketable application. We argue that renewable feedstocks must tend to the same goal since waste 
(irrespective of its nature) consumes resources, time, energy and money whenever it is created , handled 
and managed, particularly when it is hazardous and requires larger investments. 
Various approaches can lead to this goal: one-pot processes which avoid isolation and purification of 
chemical intermediates, thereby reducing the amounts of solvents and separation steps88; process 
intensification to improve yields, quality of the products and process efficiency redesigning plant 
complexity, size and equipment units89; reactions conducted in the absence of solvents or auxiliary 
substances whenever possible90; green extractions based on the design of processes which reduce the 
quantity of solvents, energy consumption and that use alternative green/renewable solvents91; molecular 
self-assembly and self-separation to induce spontaneous reactions with lower utilization of resources to 
drive the system; integration of technologies and processes for heat, energy and waste recovery as 
starting point for other reactions. Some of these tools will be described in the next section. 
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1.4.3 Avoid the use of toxic and hazardous reagents 
 
This aspect represents a basic precept of green chemistry. The International Union of Pure and Applied 
Chemistry (IUPAC) defines green chemistry as “the invention, design and application of chemical products 
and processes to reduce or to eliminate the use and generation of hazardous substances”.2 Green 
chemistry is thereby a hazard-based approach that focuses on minimizing hazard instead of circumstances 
and boundary conditions. To better explain this concept is important to introduce the concept of risk: 

 
Risk = Hazard x Exposure 

 
The traditional approach to risk reduction provides for the reduction of the exposition to hazard 
substances. This approach is often unsuccessful since accidents happen (e.g. equipment break down, 
human error, etc.) and in this case the risk is maximized. Green chemistry provides for the reduction of 
the risk by decreasing the hazard associated to the chemical product and transformations. In this way, the 
uncontrolled expositions to risks remains tolerable also in case of accident.  
This concept can be included in the benign-by-design one: if chemicals (used and produced) are designed 
to be benign for humans, animals and the environment, the risk will always be low. Inherent safety must 
be included along with the desired function: as an example, it is important to design end-of-life 
biodegradability into a chemical product and its absence of toxicity, ecotoxicity or other adverse effects 
from the drawing-board of the process. 
 

1.4.4 Synthesis of alternative green target molecules 
 
As shown in Figure 1.7, bio-based building blocks obtained from renewable sources have a distinctive 
difference respect to fossil-based building blocks: they already contain O-based functional groups. 
Renewable feedstocks are essentially oxygen-rich molecules (50-75% C, 6-13% H, 11-44% O) if compared 
with fossil based-feedstock (85-89% C, 10-14% H, <1% O). 48  . Petroleum-based feedstock are represented 
primarily by syngas (CO/H2) and hydrocarbons such as, ethylene, propylene and BTX aromatics. These 
compounds are furtherly transformed in high-added value compounds by the addition of various 
functional groups. It is conceivable to transform renewable feedstock into the same building blocks and 
chemicals attainable by fossil sources. However, considering the structural differences of the feedstocks 
it would be clearly smarter to exploit renewable platforms to obtain different target molecules, albeit with 
the same (or similar) function to the fossil-derived ones. This attitude would be also a route to displace 
the use of chemicals considered hazardous and/or with environmental concerns in favor of new target 
molecules with the same functions but different molecular structures leading to a minor intrinsic 
harmfulness and an increased processing facility. The difficulty in achieving this objective is strongly 
related to the hurdles posed by displacement of well-implemented and profitable processes and business. 
In this context, the biorefinery concept is fundamental.  
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Figure 1.10: Pictorial comparison of petroleum and bio refineries 

 

As shown in Figure 1.10, the aim of conventional or unconventional refineries is to obtain fuels, electricity, 
heat, chemicals and materials: the origin of platform molecules is less relevant compared to the function 
they fulfil. Moreover, the CO2 co-produced by bio-factories should be recovered either by photosynthesis 
or by CCU within a “closed carbon loop” to limit GHG emissions.92 The implementation of biorefineries 
that exploit biomass for the production of energy, fuels and renewable chemicals allows a potentially 
sustainable approach to the green transition problem, but they are still economically not-competitive 
compared to conventional refineries and can only merge onto the global market if they are forced to or if 
significant financial support is provided (e.g. governmental regulation, taxes reductions). Whatever the 
feedstock, technology and treatment used, energy, heat and biofuels are low-value products and, 
consequently, biorefineries will not be part of the global industrial sector unless they boost their profits 
by integrating the production of biofuels to that of high-added value biobased products.93 In this 
perspective, biofactories will be designed to process biomass by first extracting relatively low volumes of 
surface chemicals and platform chemicals (high-value low-volume derivatives including nutraceuticals, 
insect repellents, cosmetics, etc. ), and then by obtaining biofuels (low-value high–volume compounds) 
from residual organics.94  
This Ph.D. thesis addressed the synthesis of two target chemicals: COCs and glycerol derivatives, i.e. 
glycerol acetals and esters. 
 

1.4.4.1 Cyclic organic carbonates (COCs) 
COCs find a plethora of applications as polar aprotic solvents, lithium ion-battery electrolytes, cosmetics, 

plasticizers, detergents and intermediates for polymers.95 Owing to their biodegradability, lack of toxicity, 
and high boiling points bio-based COCs are considered greener alternatives to common fossil-based 
chemicals. Scheme 1.2 summarizes the main established routes to obtain cyclic carbonates from 
bimolecular reactions involving diols (a’, a’’), propargylic alcohols (b) and epoxides (c). 
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Scheme 1.2: Green synthesis of COCs through bimolecular reactions 

 

The synthesis of COCs from diols and CO2 can take place either indirectly by transesterification with 
dimethyl carbonate (DMC) accompanied by formation of methanol that can be converted back to DMC 

with CO2 (Scheme 1.1a’) 96, 97  or directly by incorporation of CO2 with loss of water (Scheme 1.2a’’). DMC 
can be seen as an environmentally friendly vector of CO2 

98 which can be incorporated into diols and 

polyols from renewable resources. A number of homogeneous and heterogeneous catalysts were 

reported for the reaction of DMC with diols.99 However, also clean catalyst-free protocols have been 

described to obtain cyclic carbonates selectively from the transesterification of DMC. We recently 
reported that operating under batch and continuous-flow modes, non-catalytic (thermal) procedures 
mediated by DMC were successful for the conversion of several diols and glycerol into the corresponding 

COCs and glycerol carbonate, respectively.100 Diols and CO2 can be coupled directly to obtain COCs 

(Scheme 1.2a’’) by using metal- or organic-based catalysts but harsh conditions are needed and usually 
this route is strongly limited by the equilibrium that curbs conversion. Progress in this field is reviewed 

elsewhere.101 

The direct, 100% atom economic synthesis of COCs with CO2 is shown in Scheme 1.2b and 1.2c. The 
carboxylation of propargylic alcohols (Scheme 1.2b) with carbon dioxide – generally in the presence of 

Lewis acidic silver catalysts – yields COCs functionalized with exocyclic double bonds.102 Most published 
reports are limited to easily cyclizable secondary and tertiary propargylic alcohols, with the exception of 
one recent work that describes the conversion of primary propargylic alcohols to exovinylene carbonates 

with high yields.103 This procedure, however, can be hardly considered sustainable since propargylic 
alcohol is usually synthesized from formaldehyde (industrially obtained from methanol) and acetylene 

comes from the cracking of methane.104 

The fixation of CO2 into epoxides (Scheme 1.2c) is the most widely explored route for the synthesis of 
COCs. A large number of different catalysts (homogeneous, heterogeneous, metal- and organic-based) 
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are reported in the literature and summarized in recent review articles.105 Notwithstanding the promise 
of this approach as indicated by the deployment on commercial scale of this route, the use of epoxides as 

chemical building-blocks can be considered neither safe nor green.106 The industrially most relevant 

epoxides are ethylene and propylene oxides (EO and PO) which are produced respectively on a scale of 
15 and 8 million tons/year from fossil-derived ethylene and propylene. The same non-renewable origin 
holds true for many other epoxides such as C4-C10 linear aliphatic epoxides, isoamilene oxide, cyclohexene 
oxide, styrene oxide and norbornene oxide,) albeit these compounds are produced on smaller scale than 

EO and PO. 107 With the exception of ethylene oxide which is obtained by the direct reaction of ethylene 
with molecular oxygen as an economic and plentiful oxidant, the epoxidation of higher olefins requires 
burdensome conditions including hydrogen peroxide or organic peroxides in the presence of metal 
catalysts. This fact leads not only to a lower atom economy respect to the reaction with oxygen, but also 

poses issues related with the disposal or recycle of the waste when organic peroxides are used.108 

Additionally, one should consider additional costs and the environmental impact connected with the 
purification and isolation of the final products along with their toxicity: epoxides can bind to DNA, proteins 

and are potentially mutagenic.109 With a view at sustainability, health and safety, it would be therefore 

highly recommended to avoid the use of these reactants. 

A greener route for the synthesis of COCs that bypasses the isolation of the epoxides is the direct oxidative 
carboxylation of olefins (DOC, Scheme 1.3). Its industrial interest is confirmed by a number of patents 
registered between 1962 and 1989.110 This reaction involves a tandem catalytic process which takes place 
through an in-situ epoxidation followed by CO2 insertion. 

 

 

Scheme 1.3: Direct oxidative carboxylation of olefins 

 

Direct oxidative carboxylation involves olefinic substrates that are widely available on the chemical market 
and are generally less toxic respect to the corresponding epoxides.  Olefins can be of natural origin (e.g. 
terpenes and fatty acids) or can be obtained directly by processing renewable feedstocks including for 
example, ethylene from bioethanol, C3-C6 olefins from alcohol or methanol to olefins (MTO) processes, 
lignin-derived molecules.111,112 From both economic and environmental standpoints, the best oxidants are 
either molecular oxygen or hydrogen peroxide. The latter, however, produce only water as waste and has 
been more widely legitimized and thoroughly explored,113 while molecular oxygen has proven quite 
unreactive towards many olefins with a mechanism often leading to lower conversions and selectivity. 
Another group of epoxidation reagents is constituted by organic peroxides such as tert-butyl 
hydroperoxide (TBHP), cumene hydroperoxide, urea hydroperoxide, iodosyl benzene and meta 
chloroperbenzoic acid. These compounds show a generally high activity and epoxide selectivity, but they 
are also costly and pose issues related to the formation of by-products and disposal of wastes as reported 
above. 
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1.4.4.2 Glycerol derivatives: acetals and esters 
As reported in Figure 1.9, glycerol is a relevant renewable feedstock that can give rise to a large amount 
of high-added value compounds in many fields. It may be used to obtain C3 building blocks (otherwise 
derived from fossil resources) by low atom-economic reactions, such as propylene, acrylic acid, acrolein, 
propionaldehyde, 1,2-propanediol and 1,3-propanediol. Obtaining the same building blocks attainable by 
fossil-based feedstock through bio-based ones is important but it is even more important to obtain new 
bio-based compounds that can directly displace fossil-based end products in their functions. Glycerol 
acetals and glycerol esters fall within this category. 
Glycerol acetals 
Linear and cyclic acetals are usually prepared by the condensation of an aldehyde or a ketone with an 
alcohol (or a diol/polyol) in the presence of an acid catalyst. Acetal formation is a reversible reaction via 
a two-step mechanism (Figure 1.11).  
 

 

Figure 1.11: Mechanism of formation of hemiacetals and acetals 

 
The first step is the formation of a hemiacetal and subsequent removal of water. Next another hydroxyl 
group rapidly forms the corresponding acetal by nucleophilic attack.  Owing to their stability to aqueous 
and non-aqueous bases, to nucleophiles including organometallic reagents, and to hydride-mediated 
reductions, acetals are among the best-known protecting groups for carbonyl compounds.114 Acetals, 
however, may be of interests also for their use as such. This happens for the case of cyclic glycerol acetals 
(GAs) formed with aldehydes or ketones (usually the reactions of Scheme 1.4 are shifted towards the 
formation of products up to C4 aldehydes/ketones). The formation of the 1,3-dioxane ring (5-membered 
or 6-membered) strongly depends on the experimental conditions and the chosen catalyst, but the main 
factor is the starting aldehyde or ketone. 
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Scheme 1.4: Most common cyclic acetals from glycerol: glycerol formal (a 60:40 mixture of six-membered 
and 5-membered rings) and solketal 

 

 In the simplest case, i.e. formaldehyde and acetone, glycerol formal will be formed as a 3:2 mixture of 
C6:C5 ring isomers (5-hydroxy-1,3-dioxane and 1,3-dioxolan-4-yl)methanol respectively) while solketal 
(2,2-dimethyl-(1,3-dioxolan-4-yl)methanol]) is obtained as a single five-membered ring isomer 
(purity>97%). The formation of GAs is traditionally carried out over mineral Bronsted acids like H2SO4, HCl, 
p-toluenesulphonic acid or homogeneous Lewis acid catalysts but recent works on the use of 
heterogeneous catalysts, even under continuous-flow conditions is reviewed elsewhere.115 
GAs are viscous, dense, non-toxic and thermally stable liquids with boiling points over 200 °C.116 However, 
due to their structure, they possess polarity, hydrophobicity and hydrogen bond ability that make them 
more similar to simple aliphatic alcohols than to glycerol.117 These aspects account for major applications 
of GAs in the synthesis of active pharmaceuticals ingredients (APIs), safe solvents or detergents, additives 
in the formulation of injectable preparations, paints, plastifying agents, insecticide delivery systems and 
flavors.82 More recently, the use of GAs in the fuel sector has been investigated and demonstrated as 
potential improvers of some fuels properties such as cold filter plugging point, pour point and cloud point, 
increased octane number, decreased gum formation and pollutant emissions. 86 
 
Glycerol esters 
The most famous ester of glycerol is glyceryl trinitrate, obtained from the reaction of glycerol with a 
mixture of nitric acid and sulfuric acid (Scheme 1.5). This was the famed unstable explosive nitroglycerin 
discovered by the Italian chemist Ascanio Sobrero in 1846 and developed by Alfred Nobel as a mixture of 
nitroglycerin with diatomaceous earth to form a deformable safe-to-handle paste known as dynamite, 
one of the most used explosives in the 20th century currently displaced by other safer explosives. 
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Scheme 1.5: Synthesis of nitroglycerin 

 

 The esters of organic acids are much more important glycerol derivatives. The three acetins, 
monoacetylglycerols (MAGs), Diacetinglycerols (DAGs) and triacetinglycerols (TAGs) are shown in Scheme 
1.6. 

 

Scheme 1.6: Mono-, di- and tri- acetilglycerols obtained from the reaction of glycerol with organic acids 

 

 One of the most used TAG is triacetin (TA, R=CH3) whose industrial production involves a first reaction of 
Glycerol with acetic acid (AcOH) to form the corresponding MAG that is further esterified using acetic 
anhydride (Ac2O) after azeotropic distillation and removal of the exceeding acetic acid and water. 
However, issues related to the corrosivity of the reactants, the legal restrictions to the use of Ac2O118 and 
the co-production of water, high-energy demanding azeotropic distillation and poor selectivity when 
AcOH alone is used as acetylating agent boosted the academic attention towards more sustainable 
pathways. 119 TA is a commonly used food additive, solvent in cosmetics and pharmaceuticals, humectant 
and plasticizer. Moreover, it is used like GAs as an antiknock agent in gasoline and cold/viscosity improver 
in biodiesel. 
MAGs and DAGs are of particular importance because they contain both a hydrophilic and a hydrophobic 
character and can therefore be used as emulsifiers in food and cosmetic industry. Monoesters can be 
synthesized by previous protection of two hydroxyl groups through the formation of a GAs (or glycerol 
orthoesters, GOEs) and subsequent reaction with a carboxylic group or a fatty acid.120 Alternitavely, MAGs 
can be synthesized directly from Glycerol by esterification with one mole of carboxylic acid or fatty acid, 
but the synthesis is trivial due to the low selectivity and formation of DAGs and TAGs as by-products.121 

 

1.5  Designing a green sustainable chemistry future: the tools 
 
Various methodologies can be used to achieve the green objectives described in the preceding section: 
from the use of innovative catalysts (carbon dots, metal organic frameworks, frustrated Lewis pairs)122 to 
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the synthesis of nanomaterials to obtain materials with exciting optical, physical and chemical 
properties,123 the development of organic photocatalytic reactions124, the use of ionic liquids or deep 
eutectic solvents as new alternative media125 and the use of alternative engineering solutions to conduct 
organic reactions (e.g. ball milling)126 or the synthesis of new plastics (i.e. polyhydroxyalkanoates) through 
the aerobic treatment of carbon-rich waste water127. And so on. 
Here I will limit discussion to the green tools exploited in this thesis. 
 

1.5.1 Tandem catalysis 
 

Catalysis is a “kinetic phenomenon” that does not deal with thermodynamics. In a very general definition, 
we can say that a catalyst is something that makes a reaction go faster without being consumed in the 
process. Catalysis is one of the basic principles of green chemistry that allows to minimize waste and 
prevent the use of stochiometric reagents whenever possible. An enormous effort on catalysis research 
is occurring nowadays. Historically, chemical transformations require many steps, especially in industrial 
sectors such as the synthesis of fine chemicals and pharmaceuticals. In a multi-step process, there is the 
need for separation, extraction, isolation and purification of intermediates that results in loss of material 
and time, increased energy and use of auxiliaries such as solvents. The idea of combining multi-step 
synthetic sequences in one-pot processes has been the focus of both academic and industrial research in 
the last years. One-pot reactions are transformations carried out in the same reaction vessel without 
isolation of intermediate products, resulting in a process with significant improved efficiency and waste 
reduction. One-pot syntheses are tightly linked with tandem catalysis: the use of a catalyst is noteworthy 
to avoid the use of stochiometric reagent that can furthermore have a negative impact on subsequent 
steps if the reaction is carried out in the same vessel. The use of the same catalyst to get directly from A 
to C (Figure 1.12) without isolating B is even more advantageous from a process and economic standpoint. 
From a chemical point of view, coupling two or more different reactions is a process intensification that 
leads to maximize the output and to the reduction of isolation steps, purification of intermediates, cost, 
energy consumption and wastes. Additionally the use of catalytic systems fits perfectly into the concepts 
of green chemistry.128 The coupling of different reactions in one reactor can be defined as a one-pot 
process that can involve multiple catalytic steps followed by a single work-up stage. One-pot reactions 
can be further divided in different subsets depending on the conditions and procedures used, as firstly 
reported by Fogg et Al. and summarized in Figure 1.12. 129  
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Figure 1.12: General description of one-pot processes 

 
One-pot processes can be classified based on the nature of catalysts and on the mechanisms:  

• Simple one-pot reactions with isolated catalytic cycles in which a second catalyst is added once 
the first catalytic transformation is complete and possibly an intermediate work-up is done (two 
catalysts for two consecutive mechanism). 

• Domino (or cascade) reactions are two (or more) reactions that take place in one-pot conditions 
with the same catalytic system and by the same mechanism. 

• Tandem reactions are one-pot transformation characterized by the occurrence of distinct 
sequential two (or more) mechanisms further subdivided in categories: 
▪ Auto tandem catalysis (AuTC) occurs when a single catalyst promotes two consecutive distinct 

mechanism cycles without any other input (red box, top). 
▪ Assisted tandem catalysis (AsTC) occurs when a single catalyst is present but some sort of 

input (such as adding a reagent, solvent, co-catalyst or changing pressure or temperature) is 
provided after that the first cycle is finished (red box, mid). 

▪ Orthogonal tandem catalysis (OTC) occurs when two different catalysts (or catalytic moieties) 
operate side-by-side to perform two sequential catalytic cycles.130 This last categories can be 
further divided in orthogonal auto tandem catalysis and orthogonal assisted tandem catalysis 
depending on whether an input is provided after that the first cycle is finished. (red box, 
bottom). 

AuTC and OTC reactions promote a higher process efficiency since both the steps occur under the same 
reaction conditions. This represents also their main drawback: it is hard to optimize the reaction 
conditions for each transformation within the process. AsTC reactions present a lower process efficiency 
but they are advantageous thanks to the chance to optimize reaction conditions for each intermediate 
generated within the process.131 
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In this Ph. D. thesis, we focused on two tandem reactions:  
 

• A Tandem process concerning the bimolecular reaction between glycerol and isopropenyl acetate 
(iPAc, scheme 1.7):  

 

Scheme 1.7: The acetylation/acetalization tandem process between glycerol and isopropenyl acetate 

The initial acetylation of glycerol induces the release of the enol form of acetone that can further 
react with the two residual hydroxyl group of glycerol by forming Solketal Acetate (SolkAc) 
through a tandem acetylation/acetalization process. Both the reaction mechanisms can be 
promoted by (Lewis or Bronsted) acid catalysis as mentioned above but also catalyst-free 
procedures were reported.86,115 According to our knowledge, we were the first to promote this 
double role of IPAc on the reaction with glycerol and seek to optimize the reaction conditions for 
the tandem process.  

 

• The main project of this Ph.D. thesis regards the direct oxidative carboxylation of olefins to obtain 
cyclic organic carbonates (COCs) by tandem oxidation followed by CO2 insertion as renewable 
carbonyl source (Scheme 1.3). COCs are considered a renewable chemical that could replace 
various fossil-based chemicals and their properties and uses were mentioned in the paragraph 
1.3.4.1.  

 
To set up a project regarding the process-development of a catalytic tandem protocol, an in-depth analysis 
of the mechanisms involved in the separate steps is compulsory in order to take into account all the 
variables, including catalysts compatibility. In the following paragraph, existing literature on each step of 
the direct oxidative carboxylation reaction (i.e. olefin epoxidation and CO2 insertion) will be collected and 
described separately so as to introduce the opportunities to implement a process of direct oxidative 
carboxylation of olefins. 
 

1.5.1.1 Direct oxidative carboxylation: epoxidation and CO2 insertion mechanisms  
Epoxidation Three main categories of metal catalysts are reported in the literature for the epoxidation 

step: heterogeneous silver, gold or titanium catalysts, homogeneous early transition metal catalysts, and 

biomimetic late transition metal catalysts. 132 

Heterogeneous silver catalysts are based mainly on silver metal and used with molecular oxygen as 

oxidant. These catalysts are suitable for the epoxidation of ethylene and partly propylene, while they are 

ineffective for higher olefins due to both the low reactivity of oxygen and the presence of allylic hydrogen 

atoms which lead to a poor selectivity.133 Other systems have been obtained by immobilizing gold particles 

on a variety of supports (silica, alumina, titania, metal oxides or carbon);134 these have been used mainly 

for the gas-phase epoxidation of propene in the presence of O2 or air.135 The epoxidation of higher olefins 
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with O2 has been achieved in the presence of TBHP as initiator, or with TBHP alone. 136 The catalytic activity 

of the gold particles is related to their size, dispersion on the support, oxidation state and on the nature 

of the support material, but the mechanism is not clearly understood. 

Ti-based heterogeneous catalysts are well known for the direct oxidative carboxylation of olefins. 

Titanium(IV)-SiO2 systems were initially reported for the epoxidation of propylene, later other catalysts 

based on titanium silicalite (TS-1), Ti-beta, Ti-MCM41 etc. were described for the epoxidation of bulkier 

olefins.137 These materials are effective in the presence of dilute H2O2 (10-30% v/v) and polar protic 

(preferably alcohols) or aprotic solvents. The active sites are suggested to be tetrahedrally coordinated 

titanium atoms with Lewis-acidic character (Figure 1.13) able to form a Ti-OOH species stabilized by an 

alcohol (or water) through the formation of a five-membered ring. The peroxo oxygen vicinal to Ti of this 

intermediate reacts with the olefin to produce selectively the epoxide.  

 

 

Figure 1.13: Ti active sites and proposed mechanism for the epoxidation of olefins 

 

Homogeneous early transition metal complexes [in particular Ti(IV), V(V), W(VI) or Mo(VI)] behave like 

Lewis aids in coordinating peroxides.107c These metals are in their higher oxidation state and essentially do 

not have accessible lower oxidation states: this is fundamental in inhibiting metal-catalyzed  

decomposition of peroxides that may cause radical initiation, over-oxidation and consequent lower 

selectivity towards epoxides.138 Figure 1.14 reports the mechanisms with aqueous and organic peroxides. 

M-OOH or M-OOR are the key active intermediates that promote electrophilic oxidation of the olefins 

through a concerted mechanism and direct oxygen transfer as proposed by Sharpless et al. and validated 

by quantum-chemical and DFT calculations.139 The metal centers do not undergo redox reactions and the 

best catalysts are strong and mildly oxidizing Lewis acids . 
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Figure 1.14: General mechanism for the epoxidation of olefins in the presence of early transition metals 
(a) with organic peroxides and (b) with hydrogen peroxide 

 

Biomimetic transition metals (in particular Fe, Mn, Cr) follow instead a redox mechanism. The metal center 

is first oxidized forming the oxo species, which then oxidizes the olefin. The mechanism is shown in Figure 

1.15: it can involve either a short route with single atom oxygen donor (peroxides, PhIO, NaClO, 

MCPBAetc.) or a long route with molecular oxygen that needs a source of protons for the reaction to 

occur. 107c 

 

 

Figure 1.15: General mechanism for the epoxidation of olefins with peroxides or dioxygen in the presence 
of late transition metals 

 

Either way, the metal forms an oxo-species that then transfers the oxygen to the olefin concurrently 

regenerating the reduced metal by an oxygen-rebound mechanism. A possible side reaction is homolytic 

O-O bond cleavage of the oxidant leading to the formation of RO∙ and prevailing allylic oxidation, lowering 
selectivity towards epoxide.140 The best ligands for these metals are porphyrins, salen and nonheme 
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complexes that properly chelate metals. In some cases, it was demonstrated how this redox mechanism 

is paired with a Lewis acid mechanism due to the LA character of the metals involved.141  

CO2 insertion. The pathway for the catalytic formation of cyclic organic carbonates by CO2 cycloaddition 

to epoxides is clearly established by several mechanistic studies based on experimental data and 

computational calculations and is fully and accurately described elsewhere.105,142 The widely accepted 

mechanism (Figure 1.16) requires a Lewis or Brønsted acid (A+) to electrophilically activate the epoxide 

and a nucleophile (Nu-) to ring-open the epoxide. A Lewis base (LB: usually a carbonate or carbamate 

species) is beneficial to form an LB-COO- species that activates CO2 towards ring insertion.143 The 

nucleophile must also be a good leaving group as it needs to be displaced in the ring-closure step to form 

the cyclic organic carbonate. Usually A+ is a metal-based Lewis acid or a species with H-bonding ability, Nu- 

is a halide (especially bromide or iodide), while the LB contains oxygen or nitrogen. In this context, the 

use of multifunctional single- or two- component catalytic system able to synergistically activate the 

olefinic substrate and CO2 is becoming the mainstay.144 

 

 

Figure 1.16: General mechanism for the CO2 insertion into epoxides 

 

In order to be able to integrate the two consecutive catalytic cycles described above in a one-pot tandem 

process, definition of the boundary conditions and the application of parameters suitable for both steps 

is essential. At the same time the potential thermodynamic and kinetic incompatibility of the individual 

reactions must be addressed and the reaction conditions carefully optimized. 
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To illustrate in a comprehensive way AuTC, AsTC and OTC processes, three examples of DOC of olefins 
are hereunder proposed: 

1.5.1.2 Auto-tandem catalysis 
In 2015 Ramidi et al. reported a AuTC process for the direct oxidative carboxylation of styrene by using a 
Mn(III) complex with an amido-amine ligand, tetrabutyl ammonium bromide (TBABr) as co-catalyst and 
anhydrous TBHP as oxidant. At  100 and 18 bar (CO2 pressure), styrene carbonate reached a 43% yield 
after 6h.145 Studies on the substrate scope showed that styrene and C5-C8 olefins afforded moderate yields 
(31-48%) while highly strained cyclic olefins such as cyclohexene and cyclooctene yielded lower amount 
of COCs (≈10%). Mn catalyst was demonstrated active in both the steps, resulting a truly catalyst for AuTC 
process. The Mn(III) complex was initially oxidized to a Mn(V)-oxo intermediate which was responsible for 
the conversion of the olefin to the epoxide (Figure 1.17, path a): evidence of formation of the Mn(V)-oxo 
species came from isotope labelling studies of the oxo group with 18O. The Mn(III) complex was also crucial 
in the CO2 insertion step as a Lewis acid for epoxide activation towards nucleophilic attack by TBABr 
(Figure 1.17, path b).  

 

Figure 1.17: Mechanism hypothesized for the formation of SC from styrene in presence of MnIII catalyst 
and bromide source 

 

1.5.1.3 Assisted tandem catalysis 
In 2018 Shi et al. described the synthesis of a CuMo-BPY MOF based on MoO4

2- anion, µ3-OH tricopper (II) 

cores and bipyridine as organic linker.146 The crystalline solid possessed 2 different size cavities arranged 

alternately. The first cavity was purely inorganic with alkaline µ3-OH and hydrophilicity conferred by Cu-

Mo; while the second cavity was constituted by µ3-OH Cu-Mo cores, hydrophobic organic BPY ligands and 

d0 Mo(VI) catalytic sites which favored the oxidation of olefins (Figure 1.18). 
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Figure 1.18: Schematic representation of CuMo-BPY: reprinted from ref. 146 with permission from Elsevier 

Under AuTC conditions, CuMo-BPY reached only a moderate 55% yield in styrene carbonate with TBHP (2 

eq), 5 bar of CO2, 1% of catalyst and 10% mol of TBABr as co-catalyst at 50 °C for 120 h. Degradation of 

TBHP to t-BuOH in the presence of Mo and TBABr was deemed as the limiting cause as reported also in 

other papers.147 The yield of styrene carbonate could be improved up to 90% by adopting an AsTC 

approach in which TBABr and CO2 were added in a second step. Similar catalytic activity was obtained 

with other styrene derivatives (85-91% yields) while the catalyst was not active with C6-C8 cyclic olefins 

and with a bulky styrene-derived olefin such as 3,5-di-tert-butyl-4′-vinylbiphenyl. The authors suggested 

that the latter substrate was too large indicating that the reaction occurred inside the channel of the MOF 

and not on the surface. From a mechanistic perspective the authors proved that the MOF was active in 

both the step: they postulated the formation of a peroxomolybdate intermediate that favored the 

interaction with styrene and the epoxidation reaction; in the CO2 insertion indeed they assumed that µ3-

OH Cu(II) activated carbon dioxide and increased its concentration around the reactive centers, the Lewis 

acidic character of Cu and Mo could favor the reaction while the bromide of TBABr provided the 

nucleophilic ring-opening of the epoxide.  

 

1.5.1.4 Orthogonal tandem catalysis 
Most OTC publications on DOC of olefins exploit gold as oxidation catalyst, but since this metal is not 
active for CO2 fixation an additional catalyst or catalytic site must be present. 

In 2005 Sun et al. reported a catalytic system consisting of silica-supported gold (Au/SiO2), ZnBr2 and TBABr 
as co-catalyst for the direct oxidative carboxylation of styrene with anhydrous TBHP (or cumene 
hydroperoxide), 10 bar of CO2 at 80 °C for 4h.148 The Au/SiO2 catalyst possessed either metallic Au(0) or 
cationic Au(I) particles.  The study of the epoxidation step showed that Au/SiO2 was active while ZnBr2 and 
TBABr had no effect. The epoxidation was rate determining for the whole process and metallic gold was 
more active than the cationic species. In the second step ZnBr2 (as Lewis acid) and TBABr operated 
together to open the epoxide ring and allow CO2 fixation while the Au/SiO2 did not affect this reaction. 
Tetrabutyl ammonium chloride and tetrabutyl ammonium iodide were less active than TBABr since 
chloride was less nucleophilic than bromide and iodide was easily oxidized to I2 by TBHP. Interestingly, the 
presence of CO2 favored the epoxidation step in the interval 10 - 80 bar but decreased at higher pressures 
due to a lower solubility of the substrate. The authors reached a maximum 89% conversion and 35% yield 
in styrene carbonate. The main by-products were benzaldehyde (19%) and oligomers. The use of cumene 
hydroperoxide led to lower conversion of styrene (72%) but 42% selectivity towards styrene carbonate. 
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Later, the same research group described an improvement of these results by using an iron hydroxide 
supported gold catalyst (Au/Fe(OH)3) with ZnBr2 and TBABr as co-catalyst: the styrene conversion and the 
yield of styrene carbonate were 88% and 53%, respectively.149 Differently from the previous case, the 
authors identified Au3+ as the active species. Comparison with similar supports (such as Fe2O3) indicated a 
synergistic effect between Au3+ and Fe(OH)3 that led to better performance during the epoxidation step. 
Optimal catalytic activity was achieved with 5% Au w/wsupport. 

 

1.5.2 Continuous-flow chemistry 
 

In 2000  Stankiewicz and Mouljin defined process intensification (PI) as “the development of novel 
apparatuses and techniques that, compared to those commonly used today, are expected to bring 
dramatic improvements in manufacturing and processing, substantially decreasing equipment 
size/production capacity ratio, energy consumption, or waste production, and ultimately resulting in 
cheaper, sustainable technologies”.150 Hence, PI represents any paradigm shift that led to enhancement 
in terms of efficiency (energetic, environmental, chemical, economic, etc.) of an existing process. 
Continuous Flow (CF) chemistry, that is the chemical synthesis in flow reactors in the place of batch 
reactors deserve to be included within the technologies that promote process intensification. 

 

1.5.2.1 The apparatus 
CF synthesis is achieved by pumping solutions of reactants through reactors in a continuous manner. A 
schematic representation of the typical CF equipment and reactions is reported in Figure 1.19. 

 

Figure 1.19: Equipment and schematic representation of a CF process 
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A CF apparatus is generally made up of the following components151: 

▪ Pumps that delivers the solutions of the reactants (or the gaseous feeds) towards the reactors 
with the desired flows; a mass-flow controller can be used to regulate the gaseous streams. 

▪ Reactors in which the reaction occurs under a precise control of temperature and pressure. The 
residence time of the reactants inside the reactor is determined by the total flow rate and reactor 
volume. Reactors can be subdivided into four main categories152: 

o Continuous Flow Stirred Tank Reactors that are historically the most commonly used for 
liquid-phase industrial reactions.  

o Packed-bed reactors that are tubular reactors which are filled with a packing material. 
The packing may consist of an inert material (e.g. Raschig rings or sand which serve to 
improve the contact between reactants) or a heterogeneous catalyst. In this case the 
advantages respect to batch processes are the higher effective molarity of the 
catalyst/reagent ratio decreasing the reaction time and the possibility to avoid the 
catalyst/reaction mixture separation step at the end of the reaction (even if there are 
issues related to the potential leaching, in particular for immobilized transition metal 
catalysts).153 

o Coil reactors that are widely used flow reactors made out of stainless steel or inert 
fluoropolymers tubing with outer diameters of 1/8” – 1/16” and various inner diameters. 
They are exploited mainly for high temperature and pressure applications but also for 
photochemical reactions. Moreover, the use of metal reactor tubing can provide a direct 
source of catalyst in flow reaction: the case reported by Bogdan and Sach on the use of a 
copper flow reactor for the synthesis of a library of triazoles through click reactions is 
noteworthy.154 

o Chip reactors that offers extremely high surface-to-volume ratios leading to a high 
accuracy in heat transfer and optimization of thermal reactions, despite their low 
throughput, tendency to clog and high cost 

▪ Back-pressure regulator (BPR) are valves installed to operate at a constant upstream system 
pressure 

▪ Separators that enable to perform aqueous work-up, drying, extraction and other purification 
procedures: their presence has noticeably advanced continuous-flow processes. 

 
Since 2000, CF processes have had growing attention both from the academic world as well in the 
industrial sector. If IUPAC advocated that “flow chemistry has the potential to make our planet more 
sustainable”155, at the same time industrial interests mainly concerned the cost savings: since the energy 
cost is a key element for industry 156and CF reactions could remarkably reduce the energy input, it is logic 
that CF is attractive for both industries and academy, in particular in the synthesis of APIs157, multistep 
synthesis158, but also in the conversion of bio-based chemicals.159 
It is noteworthy that while the top 30 petrochemicals and most of the top 300 chemicals are produced 
continuously, more than 90% of those ranked 301-30000 are made batch-wise.160 This trend is surely 
related to the presence of conventional batch plants available with high production capacity, regulatory 
systems that do not encourage to move from traditional manufacturing, the uncertainty regarding the 
real benefit of CF reactors related also to the fact that multipurpose batch plants are capable of producing 
a large variety of products, providing for flexibility of batch manufacturing with a simple, robust and 
versatile design.161  
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However, CF chemistry is an excellent ally for green chemistry that can help to reach its objectives and 
respect its principle in a faster and more intensified way.162,163 The green advantages brought about by CF 
processes can be categorized in three main keywords: Waste, Safety, Efficiency. We will briefly explore 
the greenness of CF processes through these three categories 
 

1.5.2.2 Waste 
The use of solvents is one of the most relevant factors when assessing the environmental, economic and 
safety impact of a process. 164 Thus, one strategy to reduce these impacts is to minimize the use of solvents 
(and consequently waste if we think that around 50% of the solvents used in industry are  not recycled165) 
by performing syntheses under highly concentrated or even neat conditions. The optimal heat transfer of 
CF process due to high surface area to volume ratio that result from using small diameter tubing allows to 
perform neat or highly concentrated reactions: in particular reactants can be used in equimolar amounts 
with the minimal quantity of additional solvent, often with the use of heterogeneous catalysts 
immobilized in packed-bed reactor bringing about an enormous decrease of the E-factor respect to batch 
conditions as widely reported in literature, including in photochemical reactions.164,166 Moreover, such as 
in tandem catalysis or one-pot processes, the implementation of multistep protocols allows to avoid 
intermediate isolation and purification thereby reducing the E-factor of the whole reactions.167  
 

1.5.2.3 Safety 
Increased safety is one of the main reasons why CF is so appealing.168 First of all, the smaller reactor 
volumes intrinsically minimize the risk in case of an accident respect to batch reactors with the same 
productivity and for the same reason reactions conducted at high temperature and pressure presents low 
risk because of the low volume involved. Also exothermic reactions with fast kinetics are fully tailored to 
CF process with high mass- and heat- transfer rates that enhance the ability to continuously quench small 
volumes of product streams or rapidly cooling reactors.169 Another intersection with tandem process is 
the possibility of in-situ generation of unstable or hazardous intermediates from benign precursors that 
are converted directly to products. Finally another well-known benefit of CF process is the chance to use 
safely solvents at temperature and pressure far beyond the solvents’ boiling point: this could be useful 
with green solvents such as ethanol, acetone or ethyl acetate in the place of other polar protic and aprotic 
solvents with higher boiling points. 
 

1.5.2.4 Efficiency 
CF processes resulted in an overstepped efficiency respect to batch process where the amount of product 
formed is determined by the amount of starting material: the nature of continuous flow reactor prompt 
small volume reactors to produce large quantities of products.  Moreover the high surface area to volume 
ratio, the heat transfer that benefit exothermic reactions carrying to an improvement in yield quality 
respect to batch reactors, the minimization of impurities formation, side-reactions and enhancement of 
selectivity towards the desired products improve the efficiency of CF processes. This is due also to the 
speed of reactions: in many reviews on the argument is highlighted how it is possible to reduce reaction 
times by an order of magnitude (typically from hours to minute and from minute to seconds) as a 
consequence of reduction of mass transfer hindrance in conjunction with more harsh process 
conditions.170 When biphasic reactions are performed in flow reactors, the high interfacial surface area of 
the tubing can lead to an exciting increase in reaction rate compared to flask based reactions, either in 
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liquid-liquid that gas-liquid reactions.171 Finally, an investment resource saving is undeniable. Flow 
reactions use smaller equipment than a comparable batch reaction, hence an increased throughput could 
be attained with a reduced equipment footprint and a lower capital cost: recent examples are the case of 
the manufacturing synthesis of the APIs evacetrapib end Galantimine HBr.172,173 

 

1.5.2.5 Examples  
A relevant example that encompasses all these aspects is the comparison of methylation protocols carried 
out with conventional hazardous reagents such as methyl iodide (MeI) or dimethyl sulfate(DMS), and the 
non-toxic dimethyl carbonate (DMC) as a green alternative. The use of naphthol with methyl iodide or 
dimethyl sulfate led to high yields, low temperature and fast reactions but required using toxic methyl 
sources producing a large amount of toxic wastes.174 The use of a green methylation agent such as DMC 
promised environmental advantages with the drawback that long reaction times were needed due to the 
lower reactivity of the carbonate in batch conditions at 90 °C. 175   A pressure reactor could be used to 
work at higher temperatures and faster rates, but this implies higher costs and scale-up issues. On the 
other hand, the same reaction (DMC + naphthol) may be run in a simple CF-setup at higher temperature 
and at reaction times as short as twenty minutes in the presence of a catalytic amount of the base 
promoting the quantitative formation of the methylated product.176 
 

 

Figure 1.20: Comparison of methylation processes in batch and continuous-flow conditions 

 

With a view of applying greener CF protocols to upgrade renewable-based molecules, recently our group 
described a CF procedures for the alkylation of OH-bearing biobased derivatives such as GAs, glycerol 
carbonate and furfuryl alcohols with dimethyl carbonate in presence of Mg-Al hydrotalcites as 
heterogeneous catalyst loaded in a packed bed reactor. This reaction provides for the quantitative 
methylation of the hydroxyl group avoiding the use of the catalytic base and subsequent 
isolation/purification of the product: it was possible to obtain an O-alkylation selectivity as high as 99% at 
complete conversion at 220 °C and atmospheric pressure with residence time of 20 minutes.177  
In a recent example, Kralisch and co-workers looked at the environmental impact of performing the 
epoxidation of soybean oil in batch and flow conditions (Scheme 1.8).178 Epoxidized soybean oil (ESO) is 
produced commercially at a rate of approximately 240 Mtonnes per year, usually using hydrogen peroxide 
as the oxidant in the presence of a carboxylic acid (e.g. formic acid) and a mineral acid catalyst (e.g. sulfuric 
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acid).This biphasic transformation takes place in two steps: conversion of the carboxylic acid to a peracid 
in the aqueous phase, followed by epoxidation in the organic phase. Ring opening of the epoxide and 
decomposition of hydrogen peroxide are undesired side reactions.  
 

 

Scheme 1.8: Comparison of batch and CF process for the industrial epoxidation of soybean oil 

 

In the industrial batch process, the oxidant is gradually added to the oil to control the exothermicity. 
Performing such a process in flow, improves mass transfer between the two phases, improves 
temperature control and provides higher selectivity. To determine if performing the epoxidation in flow 
was of any environmental benefit, a systematic evaluation of the input and output of material and energy 
was carried out. The energy demand per mole of product was found to be lowest when performed at high 
temperatures in a flow reactor (T= 120 °C) due to decreased reaction times, and the authors note that 
switching the existing process to a high temperature flow reaction can give approximately 12% reduction 
in global warming and human toxicity potential. Considering that the largest factors in environmental 
impact of the process are from the starting material supply which cannot be reduced beyond 
stoichiometric quantities, this is a significant improvement.163 

Finally, it is interesting to report the description of the only two CF processes published to date on the 
DOC of olefins explored in the previous paragraph: they are good examples of CO2 exploitation as C1 
source in CF reactions. 
The first was published by Jamison et al. and involved an oxybromination (OB) first step.,179 OB is a 
stochiometric process in which the intermediate halohydrin is obtained by halonium or halide and an 
oxygen source (either X+/water or X-/peroxide) in stochiometric amounts.180 As reported in the general 
mechanism of Figure 1.21, in the second step the halohydrin was deprotonated by a stochiometric 
nucleophile and reacted with CO2 (path a) forming the intermediate that ring-closed by eliminating the 
halide to yield the cyclic carbonate. This pathway did not exclude formation of the epoxide, that would 
however exist in equilibrium with the bromohydrin.  
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Figure 1.21: General mechanism for the DOC of olefins through oxybromination process 

 

After an initial screening under batch conditions, the first continuous flow experiments with styrene 
demonstrated limits due to solubility and low selectivity towards COC. The authors showed the different 
pathways that can lead to the formation of the carbonate and hypothesized the occurrence of the NBS-
DBU adduct D that competes with oxybromination and inhibits CO2 insertion (Figure 1.22a). These issues 
were solved by the design of a multi-stream “assisted” CF system in which CO2 and DBU were added in 
the second step. As shown in Figure 1.22b, an acetone solution of the olefin and NBS and an acqueous 
solution of ammonium acetate (0.1 eq.) were pumped separately, mixed on-stream, and reacted for a 
residence time of 30 min at 40 °C. The stream containing the bromohydrin was intercepted with a flow of 
CO2 (9 bar) followed by a separate stream of aqueous DBU, and the resulting reaction mixture was heated 
at 100 °C for a residence time of 10 minutes. Styrene carbonate was obtained in 80% yield and a variety 
of terminal, internal and cyclic olefins could also be converted into their corresponding cyclic carbonates 
in 43–89% yields (22 examples).  
 

 

Figure 1.22: (a) Possible reaction mechanisms and (b) description of the multi stream assisted CF apparatus 
for the DOC of olefins from ref. 179 
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In 2017 Sathe et al. developed an elegant CF system for the direct oxidative carboxylation of olefins with 
hydrogen peroxide and CO2.181 The use of H2O2 represented an improvement in terms of sustainability as 
it avoided using excess halogen and base. Their strategy provided for a truly catalytic two-step (not-
tandem) procedure in which a Re-based catalyst was used for epoxidation and an amino trisphenolate 
aluminum complex with tetrabutylammonium iodide (TBAI) for the second CO2 cycloaddition step. A 
schematic representation of the CF system is depicted in Figure 1.23.Two sequential packed-bed reactors 
were built in PTFE to avoid the use of stainless steel and consequent degradation of the peroxide and 
filled with sand to increase reagent contact. The study of the two separate steps led to optimized reaction 
conditions [step 1. Solution of: methyltrioxorhenium (MTO, 1% mol), 3-methylpyrazole (Lewis base for 
the epoxidation, 24%mol), H2O2 (5 equiv), CH2Cl2 flowed at 11 µL/min; olefin (5 µL/min), 40° C, residence 
time = 1h. Step 2. Solution of: Al catalyst (2% mol) TBAI (10% mol), CH2Cl2, THF (5 µL/min); CO2 (7.5 bar, 1 
scc/min), 100°C, residence time: 40 minutes]. The key to success was the use of a membrane phase 
separator between the two reactors which enabled the separation of the mutually incompatible aqueous 
oxidant and Lewis basic carbonation catalyst. In this way styrene, styrene derivatives and terminal olefins 
(9 examples) could be efficiently transformed to the corresponding cyclic carbonates in 48– 98% yields, 
while no conversion was achieved with internal or cyclic olefins. The main issues encountered were the 
conversion of low molecular weight and water-soluble olefins that were not efficiently separated by the 
membrane separator and MTO partitioning between the two phases that was almost identical, making 
straightforward recycling difficult.  
 

 

Figure 1.23: Schematic representation of the CF system described in ref. 181  

 

1.5.3 Green Reaction Conditions 
 
Another tool extensively used throughout the research work of this Ph.D. thesis is a continuous focus on 
using green reaction conditions. This is a larger conceptual tool respect to the use of the others, i.e. 
tandem catalysis and continuous flow processes, nonetheless it is still relevant since it represents an ever-
present footprint left over the course of the 3-year project. Irrespective of the fact that in some instances 
(that will be pointed put during the course of the thesis) greener or more sustainable choice could be 
used, a continuous effort was done to “think green”, e.g. by avoiding the use of halogenated solvents; 
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synthesizing substrate, products and materials by green procedures; extract, isolate and purify 
compounds through low energy intensity and high environmentally friendly procedure.  
As an illustration, here we reported two fields on which our attention was focused during the research 
work. 
 

1.5.3.1 Use of solvents and solvent-free conditions 
The fifth principle of Green Chemistry regards the use of auxiliary substances, which can be defined as all 
substances involved in the manipulation of a chemical. As already reported, the use of solvents is one of 
the more relevant factors when a process is evaluated, and solvents are by far the most used auxiliary 
substances. In Figure 1.24 is shown the composition by mass of the different types of materials used in 
pharmaceutical industry: solvents account for 80-90% of the non-aqueous mass used to manufacture 
APIs, while it is estimated that they are responsible of around 50% of GHG emissions in the same industrial 
sector.182  
 

 

Figure 1.24: Contributions in mass of various classes of compounds in the synthesis of APIs183 

 

On a global level, public perception, legislation, and research are contributing to move away from the 
traditional polluting and dangerous processes: halogenated solvents are becoming taboo at the point that 
a pharmaceutical company such as Pfizer has not implemented new processes that involve their use in 
the last years.183 Many efforts to replace polar aprotic solvents (DMSO, DMF, NMP, etc) considered 
detrimental to humans and environment are still going on by the use of green and renewable based 
solvents such as γ-valerolactone, cyrene or the use of hydrogen bond donor – hydrogen bond acceptor 
solvent pairs.184 Not to mention the advancements in biomass-derived solvents such as 2-
methyltetrahydrofuran, glycerol derivatives, the use of switchable solvents, subcritical and supercritical 
fluids, deep eutectic solvents, ionic liquids and reaction in water and on-water. 185,186 A further possible 
“trick” is to use the same green compound as reactant and solvent. In this way the reactant-solvent could 
be recovered and recycled easily, especially when a complete conversion and selectivity towards the 
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desired product is reached. Examples from our research group regard the use of DMC and iPAc as 
transesterification agents.99a,100,187 
While the use of greener solvents can be viewed as a step in the right direction, nonetheless the most 
desirable approach is to perform reactions in the absence of solvents. Solvent-free conditions allow to 
minimize E-factors and enhance productivity. It is important indeed to have a comprehensive insight of a 
process and to reduce all the auxiliary substances in neat reactions in all the steps. Suffice it to say that 
solvents are still extensively utilized for the isolation of the product, to such an extent that a 10 mmol 
reaction typically uses 10-20 ml of solvent for the reaction and 300-2000 ml for product isolation and 
purification.90 Obviously, not all the reactions can be performed without solvents: a typical case is that of 
dangerous exothermic reactions that may require the presence of a solvent to dissipate heat. As 
mentioned above, this issue may be smartly solved by CF processes with high mass- and heat- transfer 
capability.  
 

1.5.3.2 Use of catalyst and catalyst-free conditions 
The use of catalysts is the cornerstone of the 9th principle of green chemistry. Both academic as well as 
industrial organic processes research are strongly grounded in the development of new catalysts. During 
this Ph.D. project we investigated and exploited tandem catalysis, that is the use of the same catalyst in 
consecutive steps to perform green one-pot procedures. Nonetheless, the use of a catalyst is convenient 
and smart when it allows to carry out processes faster, more selectively and under milder conditions. 
Nonetheless, the best catalyst is no catalyst.188 The ideal reaction is one that proceeds thermally, under 
relatively mild conditions without the need for any additional reagents including catalyst to afford the 
desired product, preferably with 100% atom economy.  Another potential issue is loss (e.g. leaching) of 
the catalyst during a reaction or during work-up, not to mention the phantom catalytic activity due to 
contamination, as recently demonstrated for magnetic stir bars.189 Hence design and optimization of 
catalyst-free procedures is a benign-by-design approach to make chemistry more sustainable.  Examples 
include various classes of reactions such as our batch and CF procedures for the catalyst-free synthesis of 
COCs and esters,100,187 cycloaddition reactions190, epoxide ring-opening191.  
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1.6 Aim and summary of the Thesis 
 

This work has been carried out in the Green Organic Synthesis Team (GOST) at the Dipartimento di Scienze 
Molecolari e Nanosistemi – Università Ca’ Foscari di Venezia under the supervision of professor Alvise 
Perosa. The GOST research group has a longstanding interest in the green chemistry area: a particular 
focus is related to the use of bio-based building blocks for the synthesis of green molecules through 
environmentally-friendly procedures, the use of safe chemicals such as dialkylcarbonates as methylation 
agents, transesterification agents or for the synthesis of organic ionic liquids, the use of CO2 as C1 source 
or supercritical solvent, the employment of heterogeneous catalysis for photocatalytic applications.  

The general aim of this Ph.D. work was the development of eco-friendly procedures for the synthesis of 
benign-by-design compounds that could displace the use of fossil-based compounds in various application 
fields (e.g. solvents, synthesis of polymers, intermediate in APIs manufacture, fuel additives, etc.).  

The development of a sustainable chemistry for humans and the environment depends more and more 
upon the exploitation of renewable resources, in particular upon waste feedstocks particularly 
considering that man-made waste keeps increasing (e.g. solid waste production was 2 billion of tonnes in 
2016 projected to increase to 4.4 bilions by 2050).12 For this reasons two peculiar “waste” were used as 
renewable feedstock in this thesis: carbon dioxide and glycerol. 

CO2 is considered a waste feedstock since its emission to the atmosphere due to combustion has 
enormously increased over the last century (from 5 to 35 Gtonnes in the last century) and does not cease 
to increase, allowing to foresee serious consequences for climate. The use of carbon dioxide for the 
synthesis of chemical compounds has attracted the attention of chemists to reduce the emissions through 
its use. This does not mean that making chemicals from carbon dioxide can mitigate anthropogenic 
emissions of CO2 since the two scales are totally decoupled (around 1% of the emitted CO2 could be reused 
in the best scenario).192 Nonetheless carbon dioxide utilization can provide value to emitted and/or 
captured CO2 that otherwise would be only a worthless waste which fosters environmental concern. 

Glycerol has been a valuable feedstock for one hundred and fifty years, but a glut of its production has 
occurred in the last twenty years as an industrial by-product in biodiesel manufacture. This has led the 
glycerol price to drop while its overabundance lured the attention of industrial and scientific actors. 
Despite 1st generation biodiesel manufacture will be probably overcome because of competition with 
food, water and land use, various promising 2nd and 3rd generation triglycerides feedstock such as 
microalgae suggests that a large amount of glycerol as biodiesel by-product will be generated until the 
transport sectors will be mainly based on liquid fuels. 

In this thesis the use of these waste feedstocks is coupled with green intensified methodologies, such as 
increase of process efficiency and decrease of auxiliaries, hazardous reactants and wastes. The use of a 
green toolbox that contains continuous-flow reactors, tandem catalysis and the use of environmental-
friendly reaction conditions, procedures and syntheses is the objective of the thesis.  

The work has been articulated in two main sections through a target-oriented approach since two main 
classes of compounds are synthesized: cyclic organic carbonates and high-added value glycerol 
derivatives, i.e. glycerol acetals, glycerol esters and glycerol orthoesters. A brief summary of the results 
follows. 
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1.6.1 Synthesis of cyclic organic carbonates 
 

1.6.1.1 Tungstate ionic liquids as catalysts for CO2 fixation into epoxides 
In this first part of the thesis we were interested in the synthesis of tungstate ionic liquids (TILs) and their 
use in the synthesis of COCs starting from epoxides and CO2 (Figure 1.25). According to our knowledge, 
simple monotungstate-based catalysts were not known for this reaction. Initially different synthetic routes 
were explored for a series of ammonium, phosphonium, imidazolium and diazabycicloundecenium 
tungstate and peroxotungstate ionic liquids; their full spectroscopic characterisation (FT-IR, 1H-, 13C-and 
183W-NMR) was performed and a rational comparison of their properties and possible applications in 
catalysis was discussed. The synthetic procedures to obtain the ionic liquids rely on anion exchange and 
acid-base reactions – including an innovative route for the synthesis of tungstate and peroxotungstate 
ionic liquid using, for the first time, a completely organic halide-free ionic liquid (i.e. trioctylmethyl 
ammonium methylcarbonate) as precursor. The tungstate ionic liquids are then demonstrated as catalysts 
for CO2 fixation in the model reaction of styrene oxide to styrene carbonate, after that also the substrate 
versatility was explored. Under optimized conditions, styrene carbonate is obtained in up to 67% yield at 
90 °C with just butylmethylimidazolium tungstate and in yield >90% with tetrabutylammonium tungstate 
(or trioctyl methyl ammonium tungstate) coupled with tetrabutylammonium bromide. A cooperative 
effect with halide co-catalyst was demonstrated as reported for many others metal-based catalysts.144b 

 

  
Figure 1.25: TILs synthesized and optimized conditions for the synthesis of styrene carbonate from styrene 
oxide and CO2 

 

1.6.1.2 Assisted tandem catalysis for the direct oxidative carboxylation of olefins into cyclic 
carbonates with tungsten-based catalysts 

The results obtained in the first part of the work were used as the basis for a direct oxidative carboxylation 
path from olefins to cyclic organic carbonates. The activity of tungsten-based catalysts for epoxidation 
reactions has long been known and their use has been extensively studied.193 The finding of their catalytic 
activity for the CO2 fixation is novel and widens the interest towards a catalytic tandem process from 
olefin to COCs . The selected catalyst was [N8,8,8,1]2[WO4], ionic liquid obtained through a benign procedure 
that use methylcarbonate-onium ionic liquids as precursor: this synthetic route was by far greener than 
the other reported in the previous publications.  
Preliminary tests showed that styrene could not be used as model substrate in the presence of peroxides 
(H2O2, TBHP) as oxidants and TILs as catalysts since styrene is strongly activated and undergoes 
rearrangement and over-oxidation reactions leading to the formation of several by-products. The less-
activated class of olefins towards epoxidation is that of primary aliphatic ones: 1-decene was thus chosen 
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as model substrate, while H2O2 was selected as benign oxidant which allowed to work in a simple biphasic 
mixture that makes the separation of organic products easier and generates only water as by-product. 
The reaction conducted in the presence of [N8,8,8,1]2[WO4] as catalyst and phosphoric acid as promoter 
give excellent performance: an almost quantitative conversion of 1-decene with a 92% selectivity towards 
decene oxide was achieved. However, the addition of CO2 in the perspective of auto tandem catalysis gave 
low yields of the corresponding carbonate (<10%). The use of an assisted approach resulted successful in 
this case: the addition of 1 atm CO2 and tetrabutyl ammonium iodide in the second step after the 
epoxidation without any intermediate work-up of the reaction mixture allowed to reach a gratifying 94% 
isolated yield in decene carbonate. The protocol was also easily reproduced on a 10-gram scale, 
demonstrating the scalability of the process. Similar performances were achieved starting from primary 
aliphatic olefins with different alkyl chain length (C4-C16), while low selectivity in the first epoxidation step 
heavily affect the DOC of substrates such as cyclohexene and styrene. Lastly, the procedure was 
attempted also on a renewable feedstock such as fatty esters: the optimized conditions for methyl oleate 
as model substrate allowed to reach a 70% yield in the corresponding COC by using potassium bromide 
as simple halide source. According to our knowledge, it is the first time that fatty esters are directly 
converted into COCs without the intermediate isolation and purification of the epoxide. 
 

 
Figure 1.26: Direct oxidative carboxylation of primary olefins through an assisted tandem catalysis 
approach based on tungsten-based ionic liquids 

1.6.1.3 DEG/NaBr catalyzed CO2 insertion into terminal epoxides: from batch to continuous 
flow 

Along with the synthesis of novel metal-based ionic liquids, the exploration of catalytic systems based on 
inexpensive, sustainable, and commercially available compounds for CO2 fixation in CF is a tool that could 
promote process intensification with the aim of making CO2 incorporation ever more appealing also for 
the industrial sector. 
In this third part of the work, CO2 insertion reactions on terminal epoxides (8 examples) were performed 
in a binary homogeneous mixture comprising NaBr as halide source and diethylene glycol as complexing 
agent. Some authors had already exploited alkali halide (e.g. KI, CaI2) with cation coordinating agents (e. 
g. glycols, crown ethers and polyethers)194 but this pair was an innovative one and this is the first example 
of their use in a CF process. The reaction protocol was initially studied under batch conditions where a 
quantitative formation of the COCs were achieved at T = 100 °C and p0(CO2) = 1 - 40 bar. These 
experimental tests allowed us also to prove the double role of diethylene glycol which acts as chelating 
agent for Na+ but also as hydrogen-bond donor that activate the epoxide towards the ring-opening. The 
process was then transferred to continuous-flow and the effects of the reaction parameters (T, p(CO2), 
catalyst loading, and flow rates) were studied using microfluidic reactors. Albeit requiring harsh conditions 
(T = 220 °C and 120 bar) the CF conditions improved the productivity and allowed the recycle of the 
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catalytic system through a semi-continuous extraction procedure. For the model case of hexene oxide, 
the rate of formation of the corresponding carbonate, 4-butyl-1,3-dioxolan-2-one, was increased up to 
27.6 mmol h-1 equiv-1, a value 2.5 higher than in the batch mode(Figure 1.27). Moreover, the NaBr/DEG 
mixture was reusable without loss of performance for at least 4 subsequent CF-tests.195 
 

 
Figure 1.27: CO2 insertion into terminal epoxides through the use of economic and commercially-available 
compounds as NaBr and Diethylene glycol as catalytic system through Batch and Continuous-flow 
processes. 

 

1.6.2 Synthesis of high-added value glycerol derivatives 
 

1.6.2.1 High-Temperature Batch and Continuous-Flow Transesterification of Alkyl and Enol 
Esters with Glycerol and Its Acetal Derivatives 

The use of glycerol as renewable feedstock is a long-standing interest of the GOST research group in which 
this Ph. D. Thesis was carried out. In this perspective, the implementation of catalyst-free CF processes 
for the obtainment of glycerol derivatives having a plethora of applications is very attractive. 
The transesterification of alkyl acetates and formates with model GAs (solketal and glycerol formal) was 
explored in the absence of any catalysts at high temperature (180−275°C). Highly selective 
transformations occurred in both batch and CF modes; particularly, the enol derivative isopropenyl 
acetate (iPAc) was the best performing reactant by which quantitative acetylation reactions were 
achieved with yields >95% on SolkAc and glycerol formal acetate. An excess acylating agent was necessary 
but the unconverted ester was fully recovered and could be reused. iPAc confirmed a superior 
performance than other esters also for the high-temperature conversion of glycerol: in this case the 
conditions were optimized to achieve the exhaustive transesterification of glycerol to triacetin, in both 
batch and CF modes. Triacetin, a chemical product with settled applications but also other ones in 
development, was isolated in 99% yield. Finally, we noted that the impressive performance and reactivity 
of IPAc compared to the other esters is due to the release of acetone in the reaction of iPAC that made 
the overall acetylation irreversible. We hypothesized that it was possible to achieve a tandem 
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acetylation/acetalization of glycerol through the released acetone. Unfortunately, the challenge of getting 
a good selectivity towards this product triggered by the high temperature and the plethora of equilibria 
and direct reactions involved, took to a maximum yield in SolkAc of 30% and 12%, in batch and CF mode 
respectively.187a 

 

 

Figure 1.28: Application of isopropenyl acetate as transesterification agent for glycerol and glycerol acetals 
such as solketal and glycerol formal. 

 

1.6.2.2 Development of a tandem process for the simultaneous acetylation/acetalization of 
glycerol  

The hypothesis underlying the previous work was implemented through the use of an auto tandem 
catalytic approach. Isopropenyl acetate demonstrated a unique activity since it is capable to irreversibly 
acetylate glycerol by releasing acetone as a by-product. Here our scope was to find a route through which 
this by-product is transformed in an effective reactant able to couple with the residual vicinal hydroxyl 
present in glycerol to form an acetal.  
In this research the use of Amberlyst-15 as catalyst promoted an auto tandem sequence to upgrade 
glycerol through selective acetylation and acetalization processes in the presence of a pool of innocuous 
reactants (isopropenyl acetate, acetic acid and acetone). The study provided evidence for the occurrence 
of multiple concomitant reactions: iPAc acted as a transesterification agent to provide glyceryl esters, and 
it was concurrently subjected to an acidolysis reaction promoted by acetic acid. Both these 
transformations co-generated acetone which converted glycerol into the corresponding acetals, while 
acidolysis sourced also acetic anhydride that acted as an acetylation reactant. By tuning the conditions, 
mostly by changing the reactant molar ratio and optimizing the reaction time, it was possible to steer the 
set of all reactions towards the synthesis of either a selective 1 : 1 mixture of solketal acetate and triacetin, 
or the solely formation of SolkAc in up to 91% yield, at complete conversion of glycerol. This represents a 
one-pot protocol with a high degree of control on the functionalization of glycerol via transesterification 
and acetalization reactions that exploit an auto tandem process catalyzed by a simple Brønsted acid 
catalyst such as Amberlyst-15. The procedure was also easily reproduced on a gram scale, thereby proving 
its efficiency for preparative purposes.196 
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Figure 1.29: Optimized tandem reaction for the concurrent acetylation/acetalization of glycerol. 

 

1.6.2.3 Reaction of Glycerol with Trimethyl Orthoformate: Towards the Synthesis of New 
Glycerol Derivatives 

A continuous effort to identify new target molecules from waste resources prompted us to explore also 
the reactivity between glycerol and orthoesters. This class of compounds is massively exploited in organic 
chemistry as protecting group and their reactivity could be compared to that of acetals mentioned above 
(paragraph 1.4.4.2). The reactivity of glycerol with orthoesters was explored limitedly around 60 years ago 
but few studies have been carried out since then.197 In this thesis, the reactions between glycerol and 
trimethyl orthoformate (TMOF) are explored with various molar ratio glycerol:TMOF, temperature, time 
of reaction, with or without the presence of simple acid and basic catalysts. The glycerol based orthoester 
4-(dimethoxymethoxy)methyl)-2-methoxy-1,3-dioxolane was synthesized, under catalytic as well as 
catalyst-free conditions, by taking advantage of the thermodynamically controlled equilibrium between 
intermediates. Both Brønsted and Lewis acid catalysts accelerated the attainment of such an equilibrium, 
particularly Brønsted acidic ionic liquids BSMImHSO4 was the most effective for this reaction. The kinetic 
profiles allowed to propose a mechanism that accounts for the selectivity of the reaction while an accurate 
study of the bidimensional NMR analysis of the products allowed to confirm the almost exclusive 
formation of the diastereoisomers relative to the 5-membered ring orthoester (red molecule) while the 
corresponding 6-membered isomer was find only in trace, similarly to what happen in the formation of 
solketal starting from glycerol and acetone. The product can be recovered with a high purity >97% via a 
green procedure that provides for the simple filtration of the catalyst (if any) and the evaporation of the 
TMOF in excess (that can be recovered and reused).198 
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Figure 1.30: Examples taken from the study of the reactivity of glycerol with trimethyl orthoformate with 
various molar ratio between reactants and (eventually) the presence of an acid catalyst. 
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2 Synthesis of cyclic organic carbonates 
 

 
2.1 Tungstate ionic liquids as catalysts for CO2 fixation into epoxides 
 

2.1.1 Introduction 
 

In the previous section (paragraph 1.4) we introduced the reasons why CO2 is a so fascinating (waste) 

feedstock for organic chemists and why cyclic organic carbonates (COCs) are considered potential bio-

based chemicals with a plethora of applications. The synthetic routes through which COCs can be obtained 

were summarized by highlighting that the insertion of CO2 into epoxides is the most widely explored route 

as indicated by several recent review articles especially focused on the mechanisms involved and the 

catalytic activity of homogeneous, heterogeneous, metal-based and organo-based catalysts .1,2,3,4   

The general catalytic mechanism for the formation of COCs starting from epoxides was briefly illustrated 

in paragraph 1.5.1.1 and the same figure is reported here for ease of reading (Figure 2.1). 

 

 

Figure 2.1: General mechanism for the CO2 insertion into epoxides 
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The main features required for CO2 fixation in epoxides are the following. 

• A species (A+) with Lewis acidic character [usually a metal-based Lewis acid (e.g. Fe, Cr, Co, Al, 

Sn)]5 or H-bonding ability to activate the epoxide (e.g. -OH, -COOH, -NH group)6 

• A nucleophile that ring-opens the epoxide and acts as a good leaving group in the last step in 

which COCs is formed; the classic nucleophiles used are halides, especially bromide and iodide.7 

• In certain cases, a species with Lewis base character that activates CO2 towards nucleophilic 

attack.8 

 

The main competing reaction that can lower selectivity towards COCs is chain propagation of the ring-

opened epoxide and consequent formation of polyethers or polycarbonates.9 Alternatively, also 

hydrolysis or rearrangement of the epoxide catalyzed by Lewis acid.1,10 

The catalytic mechanism involved explains why a continuous effort has been done in the last years to 

identify multifunctional catalysts capable of simultaneously activating CO2 and the epoxide. The use of a 

halide nucleophile to promote the ring-opening seems unavoidable, even though a few recent articles 

have demonstrated the feasibility of halide-free processes.11 

Among metal-based catalysts, Kimura et al. have recently shown that monomeric tungstate salts as 

tetrabutylammonium tungstate ([N4,4,4,4]2[WO4], were active systems for the chemical fixation of CO2 into 

compounds such as aryldiamines, primary monoamines, propargylic alcohols or 2-aminobenzonitriles. The 

comparably higher basicity, nucleophilicity, and H-bonding character of [WO4]2- compared to 

polyoxotungstates, accounted for the concurrent activation of CO2 and reactant substrates.12 

Subsequently, Guo et al. also proved that silver tungstate acted as a bifunctional catalyst for the 

carboxylation of terminal alkynes with CO2 under ambient conditions, in the presence of a stochiometric 

amount of a base and of butyl iodide.13 Although interactions between the tungstate anion and CO2 were 

known since 1985,14 these were the first examples of catalytic exploitation of the tungstate-carbon dioxide 

adduct for CO2 fixation. 

In the field of CO2 insertion into epoxides for the synthesis of cyclic organic carbonates, there is evidence 

in the literature for the use of complex catalytic systems based on W such as zinc-substituted sandwich 

type polyoxotungstates,15 Keggin-type zinc polioxotungstate metal organic frameworks,16 tetracarbonyl 

manganese selenotungstate derivatives.17 Surprisingly however, simple monotungstate-based catalysts 

have not been reported so far. 

 

2.1.2 Aim and summary of the work 
 

 The present study describes the synthesis of a series of different tungstate ionic liquids catalysts (TILCs) 

and their use for the insertion of CO2 with epoxides. First, the routes reported in literature for the synthesis 

of TILCs were tested and compared with a novel halide-free synthesis implemented through the use of 

methylcarbonate -onium ionic liquids, an area that fashioned the interests of the research group in which 

this thesis was carried out over the years.18,19 A full spectroscopic characterization (FT-IR, 1H-, 13C-and 
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183W-NMR) of the synthesized TILCs allowed to explore their properties and their possible applications in 

catalysis. Subsequently, the CO2 fixation into epoxides was investigated on a model substrate (i.e. styrene 

oxide) by varying reaction conditions such as temperature, time, amount of catalyst and CO2 pressure. 

TILCs resulted suitable catalysts for the formation of COCs: the use of butilmethyl imidazolium tungstate 

(BMIM2WO4) allowed to reach up to 70% yield in styrene carbonate; a complete selectivity towards COCs 

was not achievable as a consequence of side reactions that promote the parallel formation of by-products 

when TILCs are used alone. The use of a simple halide co-catalyst enabled to improve the selective 

formation of styrene carbonate with isolated yields >85%. 

 

2.1.3 Results and discussions 
 

2.1.3.1 Tungstate ionic liquids catalysts (TILCs) synthesis 
A series of onium (ammonium, phosphonium, imidazolium and diazabycicloundecenium) tungstate ionic 

liquids, Q2[WO4], were initially prepared to start investigating the insertion of CO2 into epoxides. Three 

different synthetic procedures were implemented. 

The first protocol (Figure 2.2) was adapted from the literature20 and involved metathesis between silver 

tungstate (Ag2WO4) and different onium bromide salts, Q+Br- in water, yielding the corresponding water-

soluble tungstate ionic liquids and the insoluble silver halide.   

 

 

Figure 2.2: Tungstate ionic liquids by metathesis with Ag2WO4 

 

After filtration and removal of water under vacuum, the desired tungstate salts: [N4,4,4,4]2[WO4] (1, N4,4,4,4 

= tetrabutylammonium, 80% yield), [BMIm]2[WO4] (2, BMIm = n-butylmethylimidazolium, 86% yield), 

[P4,4,4,4]2[WO4] (3, P4,4,4,4 = tetrabutylphosphonium, 92% yield), and DBUH2[WO4] (4, DBUH = 

diazabycicloundecenium, 87% yield) were obtained as off-white hygroscopic solids.21 The method proved 

to be a general synthetic benchmark, but it suffered from the use of silver salts with concurrent formation 
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of silver halides as by-products. Other procedures focused on more economic, sustainable, greener and 

halide-free routes, were then considered. 

The second protocol (Figure 2.3) involved a direct acid-base reaction between diazabicycloundecene 

(DBU) as a strong organic base, and tungstic acid, H2WO4.  DBU-based metal ionic liquids are proved to be 

efficient for the CO2 fixation into epoxides.13,22  

 

 

Figure 2.3: Acid-base method for the synthesis of TILCs 

 

The dropwise addition of DBU to an aqueous suspension of tungstic acid23 led in few minutes to the 

formation of a colorless clear solution with concurrent change of the pH from acid to neutral. Water was 

removed by evaporation under vacuum (50 °C, 0.1 mbar) yielding diazabicycloundecenium tungstate 

(DBUH2[WO4], 4) in >99% yield. Attempts to perform the same reaction with methylimidazole (MIm) and 

trioctylamine (N888) were however unsuccessful. This was attributed to the relatively lower basicity of 

these substrates compared to DBU (MImH and N8,8,8H pKa = 6.95 and 10.75 respectively, compared to 

pKa=13.5 of DBUH in water).24 

With a view of establishing a general synthetic method that avoids silver precursors and halide salts, we 

investigated a third methodology based on an acid-base reaction between tungstic acid (H2WO4) and 

trioctylmethylammonium methylcarbonate {N8,8,8,1[CH3OCOO]; N8,8,8,1= (C8H17)3N+CH3}. We have 

previously described the synthesis of N8,8,8,1[CH3OCOO] from trioctylamine (N8,8,8) and dimethylcarbonate 

(CH3OCOOCH3), followed by anion exchange with a Brønsted acid HA (Figure 2.4) to yield irreversibly a 

wide range of ammonium salts of general structure N8,8,8,1[A]. This was a simple and clean protocol free 

of any work-up step, whose driving force was the formation of methylcarbonic acid (i.e. the half ester of 

carbonic acid) that spontaneously decomposed to methanol and CO2 above -36°C.19 

 

 

Figure 2.4: Synthesis of N8,8,8,1[CH3OCOO] and subsequent anion exchange with a Brønsted acid 

 

A similar procedure was here used to synthesize tungstate and peroxotungstate ionic liquids. As shown in 

Figure 2.5a, tungstic acid in slight stochiometric excess was slowly added to an aqueous solution of 
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N8,8,8,1[CH3OCOO] at 70 °C, the solution was then stirred for 1.5 h during which time the pH went from 10 

to 7. The product [N8,8,8,1]2[WO4] (5) was obtained as a yellowish ionic liquid in 86% yield after extraction 

with ethyl acetate. 

 

 

Figure 2.5: Trioctylmethylammonium methylcarbonate mediated synthesis of (a) tungstate ionic liquids; 
(b) peroxotungstate ionic liquids 

 

The same methodology, with the addition of hydrogen peroxide (30% w/w), was used to synthesize the 

analogous peroxotungstate ionic liquid 6 (Figure 2.5b). The latter belongs to the class of peroxotungstates 

which are known as catalytic and stoichiometric oxidants,25  but also proposed in one instance as catalytic 

intermediates formed during the insertion reaction of CO2 to yield styrene carbonate from styrene via the 

bromohydrin.26 

According to the literature, different peroxotungstate species exist in an aqueous solution depending on 

pH: at pH>9, three anions, [W(O2)4]2−, [WO2(O2)2]2-and [WO3(O2)]2-, form and their distribution depends 

on the H2O2/W ratio; at 1.3<pH<9, the dimer [W2O3(O2)4(H2O)2]2− (Figure 2.6) is the major species; and at 

pH < 1.3 in the presence of HCl, cis-[WO(O2)Cl4]2− is present.25a,27 

In our case, the initial yellow acidic solution (pH  1.5-2) of H2WO4 and H2O2 slowly turned to colourless 

while the pH became neutral (pH  6-7). Upon complete dissolution of tungstic acid, the dimeric 

[W2O3(O2)4(H2O)2]2− peroxotungstate was likely the most abundant anion (Figure 2.6).28 

 

 

Figure 2.6: Main tungstate species present at 1.3< pH<9 
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To this dimer was slowly added an aqueous solution of N8,8,8,1[CH3OCOO] causing immediate evolution of 

CO2 and methanol and a pH increase to  9. The solution was stirred for additional 2 h and then extracted 

with ethyl acetate to afford, after solvent evaporation, a viscous oily compound whose characterization 

data were consistent with the ionic liquid [N8,8,8,1]2[W2O3(O2)4(H2O)2]2- (6) (spectroscopic data are 

discussed in the following section). To the best of our knowledge, this was the first successful halide-free 

route for the synthesis of a peroxotungstate ionic liquid using a completely organic ionic liquid as a 

precursor.25,29  

 

2.1.3.2  Tungstate ionic liquid catalysts (TILCs) characterisation 
The structures of the tungstate ionic liquids were confirmed by FT-IR, 1H-, 13C-and 183W-NMR.30 

The FT-IR spectra of silver tungstate and of the TILCs 1-6 are in the appendix (see appendix, Figures A.2.1-

7). All the TILCs showed the characteristic bands associated to the cations while the presence of 

oxotungstate species was confirmed by the large adsorption associated to the W-O stretching vibration 

observed between 843 and 829 cm-1, by the W-O-W adsorption at 751 cm-1 and by the W-O-O adsorption 

at 544 cm-1 for 6 (Figure A.2.7).28,31 

Comparison of the 1H-NMR spectra of [BMIm]2[WO4] and of its precursor BMIm[Br] highlighted 

differences in the chemical shifts of the three imidazolium protons H2, H4, H5, indicative of different 

hydrogen-bonding ability (Figure A.2.8-9).32 

As summarised in Table 2.1, [BMIm]2[WO4] showed a 0.1 ppm upfield shift for H4 and H5 and a 0.2 ppm 

shift for H2 with respect to the analogue BMIm[Br] protons . Moreover, as can be seen in Figure A.2.9, H2 

resonance in BMIm2[WO4] integrated less than unity, indicating that this proton was largely engaged in H-

bonding with WO4
2-, in line with the higher basicity of this anion compared to bromide anion.33 The lower 

chemical shifts for the three [BMIm]2[WO4] protons further corroborated stronger H-bonding between 

cation and anion for [BMIm]2[WO4] with respect to BMImBr.33,34,35 

 

Table 2.1: 1H-NMR chemical shifts of the imidazolium protons in BMImBr and [BMIM]2[WO4] relative to 
TMS 

 

 

 

Compound H2 

(ppm) 
H4 

(ppm) 

H5 

(ppm) 

BMIm[Br] 8.84 7.51 7.48 

[BMIm]2[WO4] 8.65 7.43 7.38 

 

A slight upfield shift was shown also in the spectra of [DBUH]2[WO4] respect to DBU (see fig. A.2.10-11 in 

appendix) ascribed to the higher negative charge of [WO4]2- respect to the bromide anion. As expected, 
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the 1H-NMR spectra of [P4,4,4,4]2[WO4] and of [N4,4,4,4]2[WO4] were not significantly different from those of 

the precursors [P4,4,4,4]Br and [N4,4,4,4]Br (fig. A.2.12-15 in appendix), consistent with the weaker 

interactions between the ammonium and phosphonium cations with the tungstate anion. Likewise, no 

significant differences between the 1H-NMR spectra of [N8,8,8,1]2[WO4] and [N8,8,8,1]2[W2O3(O2)4]2- and that 

of trioctylmethylammonium methylcarbonate were observed, although the peaks relative to the 

methylene and methyl groups close to the nitrogen atom showed slight upfield shifts. The 1H- and 13C-

NMR spectra of [N8,8,8,1]2[WO4] and [N8,8,8,1]2[W2O3(O2)4]2- also confirmed the disappearance of the peaks 

relative to the methyl carbonate anion (see fig. A.2.18-21 in appendix). 

Finally, the 183W-NMR spectra of the TILCs 1-5 proved the presence of monomeric tungstate [WO4]2- since 

one single resonance in the range +10 – -24 ppm (relative to the Na2WO4 reference) was observed 

excluding polyoxotungstate species.36 Additionally, the interactions between the onium cations and 

tungstate anion lead to different chemical shifts respect to the sodium tungstate reference. (Figures 

A.2.22-S27 of the appendix). 

A different behaviour was observed for the peroxotungstate ionic liquid 6 which showed a single signal at 

-612 ppm. This was assigned to the dimeric anion [W2O3(O2)4(H2O)2]2− consistent with the fact that this 

species was expected as the prevailing one at pH< 9 and H2O2/W>1 (see above). Indeed, given the 

presence of H2O2, a previous study reported that the tungsten resonance of Na2[W2O3(O2)4]2- was at -699 

ppm.27 The same investigation also excluded peroxotungstate species [W(O2)4]2- expected to fall at  -1250 

ppm.   

 

2.1.3.3 Catalytic fixation of CO2 in epoxides catalyzed by the TILCs 
Initially, [N4,4,4,4]2[WO4] was chosen as the model catalyst to study the CO2 fixation reaction into styrene 

oxide 7 to yield styrene carbonate 8. Table 2.2 reports the results obtained by screening a set of different 

temperatures (50, 90 and 130 °C), CO2 pressures (1, 10 and 50 bar) and the use of three solvents 

(acetonitrile, diethylene glycol and toluene). 

Table 2.2: Fixation of CO2 into styrene oxide 7 catalysed by [N4,4,4,4]2[WO4] a 

 

Entry b T (°C) CO2 press. (bar) Solvent Conv.  
7  (%)c 

Sel.   
8 (%)c 

Yield                
 8 (%)c 

 1d 50 50  11 45 5 

 2 90 1  100 0 0 

3 90 10  100 54 54 
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4 90 50  88 65 57 

5 130 50  100 23 23 

6e 90 50  0   

7 90 50 CH3CN 92 73 67 

8 90 50 (CH2CH2OH)2O 90 73 66 

9 90 50 C7H8 100 0 0 

(a) Reaction conditions: 7 (4 mmol) with CO2 (1-50 bar), T = 50-130 °C, t = 18 h in the presence of [N4,4,4,4]2[WO4] (0.12 

mmol) and, where indicated, a solvent (1.2 mmol); (b) in the selected conditions, CO2 is always present in gas phase; 

(c) Conversion, selectivity and yield calculated by 1H-NMR; (d) The reaction was conducted for 48 h; (e) in absence of 

catalyst. 

 

Reactions run using styrene oxide 7 as solvent/reagent (entries 1-5), showed that the highest conversion 

(88%) and selectivity (65%) were reached at 90 °C and 50 bar of CO2 (entry 4). If the temperature was 

decreased to 50 °C, conversion did not exceed 11% (entry 1), while at 130 °C (entry 5) the reaction was 

quantitative, but selectivity towards the desired product 8 dropped to 23%. Also, a remarkable effect of 

the pressure on the product distribution was observed. At 90 °C, increasing P from 1 to 10 and 50 bar 

progressively improved the selectivity towards 8 from 0 to 54% and to 65%, respectively (entries 2, 3, 4). 

It should be noted that the conversion of 7 was quantitative even under 1 bar of CO2, yet the formation 

of different epoxide derivatives37,38 instead of 8, was observed under such conditions. A considerably 

higher pressure of CO2 was required to steer the reaction towards the desired cyclic carbonate in the 

presence of the tungstate-based onium salt.  

Finally, the effect of an added solvent was investigated by testing the reaction in acetonitrile, diethylene 

glycol and toluene as representative aprotic polar, protic polar and non-polar solvents, respectively. 

Acetonitrile and diethylene glycol slightly enhanced conversion (90 and 92%, respectively) and selectivity 

(73% in both cases) towards 8 (entries 7 and 8) while with toluene selectivity dropped to zero in favour of 

isomers, dimers or hydrolysed derivatives of 7 (entry 9). 

Next, the catalytic activity of the other five different TILCs 2, 3, 4, 5, 6, was tested on the model CO2 fixation 

reaction under the optimized operative conditions (90 °C, 50 bar CO2, 18h). Results are summarized in 

Table 2.3. 

The reaction conversion showed a fluctuating trend consistent with a strong influence of the cation: it was 

comparable for [N4,4,4,4]2[WO4], [N8,8,8,1]2[WO4] and [N8,8,8,1]2[W2O3(O2)4] with [N4,4,4,4]2[WO4] slightly 

outperforming the others (82-88%: entries 1, 2, and 3). The conversion decreased with [P4,4,4,4]2[WO4] and 

DBUH2[WO4] (57-60%: entries 4 and 5) and finally, it was significantly improved up to a substantially 

quantitative value (98%) in the presence of [BMIm]2[WO4] (entry 6).  
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The selectivity towards carbonate 8 instead, remained relatively constant (60-68%) in all cases, suggesting 

that the tungstate anion favoured CO2 fixation albeit still causing concurrent side-reactions, particularly 

the isomerization of 7 to acetophenone and phenylacetaldehyde (according to GC-MS analysis). 

 

Table 2.3: Fixation of CO2 into styrene oxide 7 catalysed by different TILCsa 

Entry Catalyst 

 

Conversion     
7 (%)b 

Selectivity       
8 (%)b 

Yield               
8 (%)b 

1 [N4,4,4,4]2[WO4] 88 65 57 

2 [N8,8,8,1]2[WO4] 84 61 51 

3 [N8,8,8,1]2[W2O3(O2)4] 82 66 54 

4 [P4,4,4,4]2[WO4] 57 63 36 

5 DBUH2[WO4] 60 60 36 

6 [BMIm]2[WO4] 98 68 67 

7c [N4,4,4,4]Br 88 82 72 

(a) Conditions: 7 (4 mmol) P[CO2] = 50 bar, T = 90°C, t = 18h in the presence of the specified TILC (0.12 

mmol). (b) Conversion, selectivity and yield calculated by 1H-NMR; (c) The reaction was conducted for 5 h  

 

For comparison, Table 2.3 also reports the results with N4,4,4,4Br as a catalyst (entry 7). Although the 

bromide salt apparently prompted the highest selectivity for CO2 cycloaddition (82%), the yield of the 

carbonate 8 (72%) was comparable to that achieved with the tungstate-based imidazolium salt (67%, 

entry 6).   

The established mechanism for CO2 insertion in epoxides catalysed by ammonium halides (Figure 2.1) 

involves oxirane activation by the cation39 while the halide acts first as a nucleophile that opens the 

epoxide (the rate-determining step) and then as a leaving group that drives CO2 insertion. Recent 

investigations, however, have confirmed that the catalytic activity is affected by the strength of the 

interactions between the cation and anion of the catalyst, the presence of H-bonding between them, but 

also by the pKa of any available hydrogen bond-donor in the cation.6,40 For example, it is known that 

imidazolium ionic liquids activate the oxirane ring by H-bonding. This effect may explain the increased 

conversion achieved with [BMIm]2[WO4] (Table 2.3, entry 6) respect to the other TILCs. Conversely, the 

pKa and the steric hindrance of DBUH were critical factors that could negatively influence the catalytic 

efficiency of DBUH2[WO4] (Table 2.3, entry 5).4b  

Compared to tetrabutylammonium tungstate [N4,4,4,4]2[WO4], the phosphonium analogue ([P4,4,4,4]2[WO4] 

(entry 4) maintained selectivity in the same range, but conversion did not exceed 57% under the same 
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conditions. This observation is opposite to a recent study by Steinbauer et al. relative to the use of 

monofunctional and hydroxyl-functionalized ammonium and phosphonium halides for the CO2 fixation 

into epoxides: under operative conditions similar to the ones used by us (solventless, 90° C, 6h, 10 bar 

CO2, 2%mol catalyst) monofunctional tetrabutylphosphonium salts showed a higher activity compared to 

that of corresponding ammonium analogs.41 The reversed trend of Table 2.3 was likely due to the different 

coulombic interactions between cation and tungstate that modulated the chemical, physical and catalytic 

properties of the TILCs.42 

With the optimized conditions in hand and to broaden the scope of the coupling reaction, various linear 

and cyclic aliphatic compounds were examined for the formation of the corresponding cyclic carbonate 

by using the best catalyst, [BMIm]2WO4 (Figure 2.7). 

 

 

Figure 2.7: Fixation of CO2 into various substrates (indicated) catalysed by [BMIm]2WO4. Reaction 
conditions: substrate (4 mmol), CO2 (50 bar), T = 90 °C, t = 18 h, [BMIm]2WO4 (0.12 mmol)). Conversion, 
selectivity and yield calculated by 1H-NMR. 

 

The results show that terminal epoxides such as butyl glycidyl ether (9) and hexene oxide (10) were 

converted into the corresponding cyclic carbonate with conversion and selectivity similar to the one 

reported for styrene oxide. Evidently electron-rich substrates such as 7 and 9 are more easily activated 

towards CO2 fixation respect to 10. In the same conditions, even the less reactive cyclohexene oxide (11) 

is easily converted but the selectivity towards the carbonate declines presumably because of the steric 

hindrance caused by its ring structure. Finally, the challenging coupling of CO2 with the bulky cyclic 

trisubstituted limonene oxide (12) presents lower conversion and selectivity but anyway uphold a 14% 

yield. 
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According to established reports, 183W-NMR and single crystal X-Ray diffraction on tetrahedral [WO4]2- and 

[MoO4]2- show that CO2 coordinates to one of the oxygen atoms and not to the metal, forming carbonate 

complexes of formula [MO3(CO3)]2-. The latter species can react with diamines, aminonitriles, propargylic 

alcohols and terminal alkynes for CO2 fixation, or with triethylsilane for CO2 reduction.12,13,43 

These observations led us to propose the mechanism described in Figure 2.8 for the CO2 fixation into 

epoxides catalysed by TILCs. 

 

 

Figure 2.8: Mechanistic hypothesis for CO2 fixation into epoxides catalysed by TILCs 

The carbonate complex I formed in situ in the presence of CO2 could act itself directly as the nucleophile 

and attack the cation-activated epoxide, yielding an intermediate II that was ready for ring-closure to give 

the organic carbonate and the starting tungstate. This mechanism was coherent with the fact that CO2 

insertion did not take place at 50 °C (entry 1, Table 2.2) while, above 70 °C, complex I was able to release 

activated CO2, as already reported for [MoO3(CO3)]2-.43 

This mechanism is in accordance with the absence of an halide or an external nucleophile generally 

needed to promote the epoxide ring opening (Figure 2.1): nearly all the metal based catalytic systems 

explored in literature for the fixation of CO2 into epoxides require the presence of a halide (Cl-, Br-, I-) or 

nucleophile as co-catalyst to reach a not-negligible conversion of substrates,2-5 while the experiments 

reported above clearly demonstrate that tungstate could promote itself the entire catalytic cycle in an 

halide-free fashion, even if it concurrently promote side isomerization reactions due to Meinwald 

rearrangement.  The mechanism that lead to the formation of carbonate need to be different to the 

general accepted one reported in Figure 2.1 and our hypothesis find its justification in the evidence of the 

CO2-tungstate complex formation mentioned above and the similarity of our mechanism to those 
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reported for the synthesis of polycarbonates mediated by metal complexes containing an alkoxide or an 

aryloxyde group (-OR) that are able to undergo CO2 insertion into epoxides without the need of an external 

nucleophile.44 

To verify whether a tungstate and halide anion could act in synergy, like for the other transition metals 

explored for CO2 fixation,4a we then explored the combined use of a halide ammonium salt, i.e. N4,4,4,4Br, 

along with our tungstate-based catalysts for the insertion reaction. Preliminary tests led us to lower the 

temperature and extend the reaction time (50 °C, 48 h) respect to the reaction conducted in presence of 

the sole TILCs (90 °C, 18 h). This choice was also in agreement with published protocols, in particular with 

a recent study where polyoxotungstate/zinc metal organic frameworks along with N4,4,4,4Br were utilized 

successfully at 50 °C.2b,45 

As summarized in Table 2.4, at 50 °C the model reaction 7 → 8 in the presence of either N4,4,4,4Br or 

[N4,4,4,4]2[WO4] separately, proceeded with low conversion (entries 1 and 2: 53% and 11% conversion, 

respectively) and with low selectivity (87% and 45%, respectively). However, the combination of N4,4,4,4Br 

and [N4,4,4,4]2[WO4] (entry 3) led to an excellent conversion as high as 91% and complete selectivity 

towards the formation of 8. The presence of bromide anions sourced by N4,4,4,4Br clearly had a dramatic 

effect to favour the CO2 insertion with respect to competitive reaction pathways. A similar behaviour was 

noticed also for the [N8,8,8,1]2[WO4]/N4,4,4,4Br mixture by which 100% selectivity was achieved at 89% 

conversion (entry 4).  Other combinations such as [N8,8,8,1]2[W2O3(O2)4]2-/N4,4,4,4Br, [P4,4,4,4]2[WO4]/N4,4,4,4Br, 

and DBUH2[WO4]/N4,4,4,4Br, offered poorer results since both the conversion and the selectivity dropped 

(entries 5, 6, and 7), the latter (selectivity) due to the formation of isomerization by-products.  

Table 2.4: Fixation of CO2 into styrene oxide 7 catalysed by different TILCs: effect of N4,4,4,4Br a 

Entry Catalyst system 

 

Conversion 

7 (%)b 

Selectivity 

8 (%)b 

Yield               
8 (%)b,c 

1  [N4,4,4,4]Br 53 87 46 

2 [N4,4,4,4]2[WO4]  11 45 5 

3 [N4,4,4,4]2[WO4] [N4,4,4,4]Br 91 100 91 (88) 

4 [N8,8,8,1]2[WO4] [N4,4,4,4]Br 89 100 89 (85) 

5 [N8,8,8,1]2  [W2O3(O2)4]2- [N4,4,4,4]Br 86 84 72 

6 [P4,4,4,4]2[WO4] [N4,4,4,4]Br 83 93 77 

7 DBUH2[WO4] [N4,4,4,4]Br 73 77 56 

8 [BMIm]2[WO4] [N4,4,4,4]Br 76 100 76 

(a) Reaction conditions: 7 (4mmol), 50 bar of CO2, T=50 °C, t=48h, tungstate-based catalyst (0.12 mmol) and N4,4,4,4Br 

(0.012 mmol) unless otherwise indicated. (b) Conversion, selectivity and yield calculated by 1H-NMR. c Isolated yields 

are reported in brackets 
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Finally, [BMIm]2[WO4]/[N4,4,4,4]Br (entry 8) showed 100% selectivity albeit a lower conversion (76%) 

compared to [N4,4,4,4]2[WO4]/[N4,4,4,4]Br. In agreement with data of Table 2.3, this result confirmed that the 

imidazolium cation could play a beneficial role towards the formation of cyclic carbonate. Nonetheless, a 

feasible explanation of this lower conversion could be the concurrent interactions of the imidazolium 

moiety with bromide species that lead to a reduction of its nucleophilicity and ring-opening ability, as 

recently reported in the literature.46  

Since the presence of halides is generally considered undesirable from a green chemistry standpoint, our 

final attempts were finalized at substituting [N4,4,4,4]Br with ionic liquids having a non-halide anion able to 

act as nucleophile-leaving group. The tested anions included two species already shown to act as catalysts 

for CO2 fixation into epoxides by us: methylcarbonate (CH3OCOO-), acetate (CH3COO-);11a as well as 

levulinate (Lev: CH3(CO)CH2CH2CH2COO-) and hydroxide that were recently reported as catalyst or co-

catalyst for CO2 fixation.47,48 The results, however, were not as rewarding as expected (Table 2.5).  

 

Table 2.5: Fixation of CO2 into styrene oxide 7 catalysed by [N8,8,8,1]2WO4: influence of different organic co-
catalystsa 

Entry Co-Catalyst  
(0.03 eq.) 

Conversion    
7 (%)b 

Selectivity     
8 (%)b 

Yield               
8 (%)b 

1 N4,4,4,4Br 89 100 89 

2 BMImCH3OCOO 19 70 13 

3 [P8,8,8,1]CH3OCOO 16 77 12 

4 [N8,8,8,1]CH3OCOO 26 78 20 

5 [N8,8,8,1]CH3COO 30 79 24 

6 [N8,8,8,1]Lev 35 80 28 

7 N4,4,4,4OH 47 51 24 

(a) Reaction conditions: 7 (4mmol), 50 bar of CO2, in presence of [N8,8,8,1]2WO4 (0.12 mmol) and the indicated co-

catalyst (0.012 mmol). (b) Conversion, selectivity and yield calculated by 1H-NMR. 

 

Conversions remained low (19-35%) since at this temperature the organic anions are not as good as 

nucleophiles. On the contrary, selectivity was generally good (70 – 80%) although it was not possible to 

prevent the formation of by-products. In the case of N4,4,4,4OH, results were somewhat reversed: the 

conversion was slightly higher (47%), but the selectivity dropped to 51%. 
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2.1.4 Conclusions 
 

A set of new tungstate ionic liquids (TILCs) were synthesized. A novel halide-free synthetic route was also 

developed, that provided access to both tungstate and peroxotungstate ionic liquids. These compounds 

proved viable catalysts for CO2 fixation into epoxides: in particular, butylmethylimidazolium tungstate 

BMIm2[WO4] promoted conversion of styrene oxide to the corresponding cyclic carbonate in 67% yield 

with 50 bar CO2 at 90 °C. To account for these results, a reaction mechanism based on the formation of 

tungstate-carbonate as the active nucleophile was proposed. Although the investigated TILCs were less 

efficient than other metal-based catalysts coupled with nucleophile sources, TILCs exhibit a surprisingly 

higher catalytic activity respect to other metals when used alone.  However, also in our case a cooperative 

effect was demonstrated by which using a binary mixture of a tungstate IL and a bromide IL, both 

conversion and selectivity towards the formation of the cyclic carbonate were boosted to substantially 

quantitative values.  To the best of our knowledge, this paper describes the first example in which simple 

monotungstate catalysts are successfully used for the insertion of CO2 to epoxides.  

Considering the well-known oxidation activity of tungstate-based catalysts,25b,49 some preliminary tests 

were  carried out to evaluate the oxidation activity of our TILCs. Unfortunately, the epoxidation of styrene 

to 7 in presence of hydrogen peroxide (1-2 eq.) give unsatisfactory results, since the excessive oxidative 

activity of TILCs led to the prevailing formation of benzaldehyde. On the other hand, the same reaction 

conducted with a model substrate for epoxidation such as cyclooctene led to a quantitative conversion 

and an exciting 85% selectivity towards cyclooctene oxide. The possibility to refine the reaction operative 

conditions to get a tandem or one-pot olefin epoxidation – CO2 fixation processes will be deepened in the 

next work. 

 

2.1.5 Experimental Section 

 

All chemicals were purchased from Aldrich and used as received. Trioctylmethyl ammonium 

methylcarbonate ([N8,8,8,1]CH3OCOO), Trioctylmethylammonium acetate ([N8,8,8,1]CH3COO) and 

trioctylmethylammonium levulinate ([N8,8,8,1]Lev) were synthesized based on a procedure previously 

reported by us.19 

2.1.5.1  Synthesis of TILCs 
Synthesis of tungstate ionic liquids by metathesis 

Tetrabutylammonium tungstate ([N4,4,4,4]2[WO4], 1), butylmethylimidazolium tungstate (BMIM2[WO4], 2), 

tetrabutylphosphonium tungstate ([P4,4,4,4]2[WO4], 3), diazabicycloundecenonium tungstate 

(DBUH2[WO4], 4) were synthesized by adapting reported procedures.20 Representative procedure: an 

aqueous solution of 26 mmol [N4,4,4,4]Br was added to Ag2WO4 (13 mmol). The color of the mixture 

darkened immediately indicative of ion exchange and the reaction mixture was stirred for additional 10 

minutes. AgBr was filtered under suction, washed three times with deionized water and the aqueous 

solution obtained was concentrated by rotary evaporation (60°C, 40 mbar) and dried under reduced 
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pressure (50 °C, 0.1 mbar) yielding off-white crystalline solids ([N4,4,4,4]2WO4 =8.55 g, 10.4 mmol, 

yield=80%; BMIm2WO4= 6.88 g , 11.18 mmol, yield=86%; [N4,4,4,4]2WO4= 9.10 g , 11.96 mol, yield=92%, 

(DBUH)2WO4= 6.27 g , 11.31 mol, yield= 87%). Contamination of the product by bromide ions was excluded 

by testing for halides. The TILCs were characterized by IR, 1H-NMR, 13C-NMR, 183W-NMR and identified by 

comparison with spectral data from the literature when possible. 

Synthesis of diazobycicloundecenium tungstate [(DBUH)2WO4] by acid-base reaction 

(DBUH)2WO4 was synthesized also by a simple acid-base reaction by the following procedure: tungstic acid 

(0.51 g, 2.06 mmol) was suspended in 10 ml of milli-Q H2O, stirring was started and then 0.63 g (4.12 

mmol) of DBU were added dropwise, the solution turned from yellow to white in few minutes. The mixture 

was stirred for 1h, then it was concentrated by rotary evaporation (60 °C, 40 mbar) and dried under 

reduced pressure (50 °C, 0.1 mbar) yielding a white solid (1.14 g, yield >99%). (DBUH)2WO4 was 

characterized by IR, 1H-NMR, 13C-NMR and 183W-NMR. 

Synthesis of trioctylmethylammonium tungstate ([N8,8,8,1]2[WO4]) via the methylcarbonate precursor. 

H2WO4 (0.28g, 1.1 mmol) was slowly added to an aqueous solution of [N8,8,8,1][CH3OCOO] (0.83g, 1.86 

mmol) heated at 50 °C. The solution was stirred for 3h during which time the initial opalescent solution 

turned yellow. The solution was cooled, and ethyl acetate was added to extract [N8,8,8,1]2[WO4]. The 

product ionic liquid (0.78 g, 0.79 mmol, yield=86%) was characterized by IR, 1H-NMR, 13C-NMR and 183W-

NMR. 

Synthesis of trioctylmethylammonium peroxotungstate ([N8,8,8,1]2[W2O3(O2)4]2- ) via the methylcarbonate 
precursor. 

H2WO4 (0.72 g, 2.89 mmol) was dissolved in hydrogen peroxide (30% v/vH2O, 1.5 ml, 43.35 mmol) and the 

solution was heated at 50 °C and stirred until the solution turned from yellow to white opalescent. The 

mixture was filtered and then a 10 ml aqueous solution of [N8,8,8,1]2CH3OCOO (2.56 g, 5.78 mmol) was 

added. The solution turned immediately from white to yellow again, it was heated at 50 °C and an evident 

evolution of CO2 suggested the formation of the desired product. The solution was stirred for 1h, then 

ethyl acetate was added to extract [N8,8,8,1]2[W2O3(O2)4]2-. The ionic liquid obtained after rotary 

evaporation (2.49 g, 1.94 mmol, yield=67%) was characterized by IR, 1H-NMR, 13C-NMR and 183W-NMR. 

2.1.5.2 Catalytic tests 
Typical procedure for CO2 fixation reaction (CO2 pressure = 10-50 bar) 

The selected epoxide (4 mmol, 1 eq), tungstate catalyst (0.03 eq), mesitylene as internal standard (10% 

w/w substrate) and – where applicable – the co-catalyst (0.03 eq), were charged in a flat-bottomed glass 

reactor liner which was placed inside a 100-ml stainless steel autoclave. The autoclave was sealed, 

degassed via two vacuum-CO2 cycles and pressurized with CO2 (10 and 50 bar; the molar ratio CO2:epoxide 

was ≈ 10:1 and ≈ 50:1 respectively). The autoclave was then electrically heated at the desired temperature 

(50-130°C) and the reaction was magnetically stirred for the desired time (5-48 h). At the end of each run, 

the autoclave was rapidly cooled in an ice bath and vented, and the final mixture was analysed by 1H-NMR 

to calculate conversion, yield and selectivity. 
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Typical procedure for the CO2 fixation reaction (CO2 pressure=1 bar) 

The selected epoxide (4 mmol, 1 eq), tungstate catalyst (0.03 eq) and mesitylene as internal standard 

(10% w/w substrate) were charged into a round-bottomed flask equipped with a magnetic stirrer. The 

flask was degassed via two vacuum-CO2 cycles and a rubber reservoir containing about 1l of CO2 was 

connected to the flask. The molar ratio CO2: substrate was ≈ 10:1. The reaction vessel was sealed to 

prevent losses of substrates and/or CO2 and stirred at 90 °C for 18h. After the chosen time, an aliquot of 

the reaction mixture was analysed by 1H-NMR to determine substrate conversion, selectivity and yield. 

Additional tests with higher and lower molar ratio CO2:substrate give the same result when CO2 is used at 

atmospheric pressure, proving that CO2:substrate molar ratio has no effect in the selected experimental 

conditions.  
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2.2 Assisted tandem tungsten-based catalysis for the direct oxidative 
carboxylation of olefins into cyclic carbonates 
 

2.2.1 Introduction 
 

The previous work paved the way for the study of the feasibility of a tandem process for the direct 
oxidative carboxylation (DOC) of olefins mediated by tungsten-based catalysts, in particular TILCs (Scheme 
2.1). The use of tungstate and phosphotungstate species for the epoxidation of olefins is widely accepted 
and explored in literature,1 while we demonstrated that simple monotungstate TILCs can be nimbly used 
also for the CO2 fixation reactions. 

 

Scheme 2.1: Direct oxidative carboxylation of olefins 

 

The DOC route can be an alternative for the synthesis of cyclic organic carbonates that enables bypassing 
isolation of the epoxides whose use as starting materials cannot be considered sustainable, safe or green:2 
tandem DOC approach provides for the direct utilization of olefins avoiding intermediate work-up, 
isolation and handling of highly toxic epoxides.  

As defined in the introduction (paragraph 1.5.1), tandem catalytic transformations are “coupled catalyses 
in which sequential formation of the substrate occurs via two (or more) mechanistically distinct 
processes”.3  Tandem catalysis can be divided into subcategories:  

1. Auto tandem catalysis (AuTC) in which the distinct reactions are promoted by a single catalyst. 
2. Assisted tandem catalysis (AsTC) in which there is one single catalyst that however requires an 

intermediate change in reaction conditions (e.g. temperature, addition of a co-catalyst or co-
reactant, etc.) to shift from one catalytic mechanism to another. 

3. Orthogonal tandem catalysis (OTC) that requires the use of two or more catalytic moieties (or 
catalysts) that have distinct mechanisms operating concurrently.4  
 

For what concerns the DOC of olefins, various AuTC, AsTC, OTC, continuous-flow and oxybromination 
processes (in which stochiometric amounts of halide source and O source were used to form halohydrins 
intermediate to the formation of COCs) were implemented. However, the challenge of integrating two 
steps in one-pot fashion leads to a limited amount of research on the topic (about 60 papers and patents 
since the first patent registered in 1962) when compared to countless scientific papers regarding the 
single steps (i.e. epoxidation of olefins and CO2 insertion into epoxides). A comprehensive review of the 
advances in this field was recently published by us.5  

The design of tandem processes should always pay attention to the sustainability and greenness of the 
entire process and a crucial issue is the selection of reactants. While the use of carbon dioxide is the most 
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environmental-friendly choice as carbon source, a greater emphasis should be given to the oxidant 
selection: most of the research regarding DOC of olefins published to date employed tert-butyl 
hydroperoxide (TBHP) or other organic peroxides as oxidants while only 10 papers exploit O2 or H2O2 as 
oxidant. Organic peroxides should be definitely discarded from an economic and environmental 
standpoint according to green principles, while the use of molecular oxygen (with or without an aldehyde 
as sacrificial donor) has a strong green connotation but a low applicability so far due to its inertness 
towards high molecular weight or inactivated olefins and to its potential side reactions due to radical 
mechanisms.6  

 

 

Figure 2.9: Venn diagram related to the use of different oxidants for epoxidation reactions. 7 

 

 Hydrogen peroxide is one of the few oxidants that combines wide utility, potential scalability, and 
greenness as reactant. H2O2 present high atom efficiency (only water as by-product), low safety concerns 
if used at concentration <30%wt, negligible toxicity and environmental impact, low cost, high availability  
and overall sustainability.8 In this frame, the Venn diagram represented in Figure 2.9 and published by the 
ACSGCIPR (American Chemical Society - Green Chemistry Institute - Pharmaceutical Roundtable) shows 
that the use of hydrogen peroxide with a metal catalyst (M/H2O2) is one of the best solutions for 
epoxidation reactions.  
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The coupling of the epoxidation of olefins with H2O2 in absence of added solvents with a subsequent CO2 
fixation in a tandem fashion is a very attractive route for the synthesis of COCs but issues such as miscibility 
of the reactant in a multiphasic mixture and potential over oxidation have to be addressed. Very few 
researches went in this direction. These publications will be briefly discussed here following. 

In 2007 Eghbali et Li published a communication regarding a catalytic OB procedure (in which the 

intermediate is the bromohydrin in the place of the epoxide) for the DOC of olefins with H2O2 (6 equiv.), 

[N4,4,4,4]Br (0.15 eq), DBU (0.15 eq.) and 25 bar of CO2 as C source: the authors claimed the in-situ formation 

of Br2 that in presence of water led to the formation of bromohydrin, its deprotonation by DBU and further 

insertion of CO2. They achieve good yields in COCs from activated aromatic olefins (>70%) and moderate 

yields  (27-47%) from aliphatic ones.9 A year later Wang et al. exploited a similar catalytic OB in water in 

the presence of H2O2 (6 eq.) Na2H5P(W2O7)6 (10% mol.), TBABr (30% mol), an over-stoichiometric amount 

of NaHCO3 and 25 bars of CO2. The mechanistic hypothesis (Figure 2.10) involved the formation of a 

peroxotungstate species that reacted with TBABr to form BrO-. The latter species formed the bromohydrin 

by reaction with the olefin. Subsequent deprotonation of the bromohydrin with a stochiometric base 

promoted CO2 insertion. In this reaction large amounts of phenacyl benzoate were observed as by-

product, due to the reaction between benzoic acid formed by over-oxidation and the bromohydrin.   The 

DOC of styrene and styrene derivatives afforded 34-83% yield in the corresponding cyclic carbonates, 

while no selectivity towards COCs was determined for terminal and internal aliphatic olefins.10  

 

 

Figure 2.10: Possible pathways for the formation of styrene carbonate and phenacyl benzoate 
hypothesized by Wang et al. in ref. 10 

 

In 2018 Dias et al. studied the oxidative carboxylation of olefins by using porphyrin metal complexes (Mn 
and Cr) anchored to ferromagnetic silica in presence of ammonium acetate as axial ligand, H2O2, 10 bar of 
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CO2 and bis(triphenylphosphine)iminium chloride  as co-catalyst for its insertion.11 However, the authors 
did not attempt tandem catalysis since the two steps were incompatible and a cumbersome one-pot two-
step procedure with intermediate work-up dehydration of the reaction mixture and addition of catalyst 
and co-catalyst for the second step was performed to obtain a 70% yield in styrene carbonate. These 
results are attractive, but this process cannot be considered at all an example of tandem catalysis. 

Finally, Sathe et al explored an effective CF procedure for the DOC of olefins yet carefully reported in 
paragraph 1.5.2.5. 12 This is essentially a one-pot two-step system in which two packed-bed flow reactors 
were used in series. In the first epoxidation step the olefin was co-flowed with H2O2 as oxidant, CH2Cl2 as 
co-solvent, 3-methylpyrazole as Lewis base and MTO as Re-based catalyst. After the reaction in the first 
packed bed reaction, the use of an intermediate membrane phase separator was mandatory to divide the 
aqueous phase and H2O2 from the organic stream that was directed towards the second packed-bed 
reactor along with a co-flow of CO2 as C1 source (7.5 bar, 1ml/min), an amino triphenolate aluminum 
complex as catalyst, tetrabutylammonium iodide (TBAI) as co-catalyst, CH2Cl2 and THF as co-solvent. Good 
48-98% yields of COCs were afforded with aromatic and terminal aliphatic olefins while no selectivity was 
obtained with internal or cyclic olefins. 

 

2.2.2 Aim and summary of this work. 
 

In this work, we report the first truly AsTC procedure for the DOC of olefins – terminal and internal ones 
– in the presence of H2O2 as oxidant and CO2 as carbon source. Our idea initiated from well-known and 
studied Venturello-Ishii catalysts, i.e. peroxotungstophosphate salts used under phase transfer catalysis 
(PTC) conditions that are widely used for the epoxidation of olefins with hydrogen peroxide in biphasic 
acqueous-organic (e.g. CH2Cl2, CHCl3) mixtures.1 More recently, Kamata et al. suggested that simple 
monomeric tungstate salts could be used for the insertion of CO2 in various substrates such as 
aryldiamines, primary monoamines, propargylic alcohols or 2-aminobenzonitriles. We propose their use 
for CO2 fixation into epoxides. 13,14   

On these bases, we synthesized a simple ionic liquid (trioctylmethyl ammonium tungstate 
([N8,8,8,1]2[WO]4)) through a green halide-free procedure starting from trioctylamine, dimethylcarbonate 
and tungstic acid as reported in our previous work.14  

This TILC was tested for epoxidation and CO2 fixation: the two steps were separately studied with 1-
decene and 1-decene oxide as model substrates and a tandem protocol was optimized and extended to 
other terminal and internal substrates, including a renewable model unsaturated substrate such as methyl 
oleate. The use of catalytic amounts of H3PO4 as promoter led to high conversion and selectivity towards 
epoxides, while the use of a halide co-catalyst in the CO2 fixation step was mandatory to obtain high yields 
of the corresponding COCs. Interestingly, the reaction must be performed with an assisted tandem 
approach since the presence of halide source during the epoxidation completely inhibited the reaction. 
The optimized process for 1-decene provides for the use of H2O2 (2 equiv.), [N8,8,8,1]2[WO]4 (2.5% mol), 
H3PO4 (1.25% mol) at 85°C for 3h followed by the raw addition of [N4,4,4,4]I (1.25% mol) with atmospheric 
pressure of CO2 (1 bar) at 85°C for 5h, leading to a 92% isolated yield in 1-decene carbonate.  

 



 
 

 
95 

2.2.3 Results and discussion 
 

As reported in the previous work (paragraph 2.1.4), preliminary tests were performed on styrene to 
explore its use as model substrate for the direct synthesis of styrene carbonate in a tandem approach. 
Unfortunately, styrene resulted too activated and easily undewent overoxidation and rearrangement 
reactions in the presence of hydrogen peroxide as oxidant and TILCs as catalysts. 

For this reason, 1-decene (1) was chosen as the model substrate to separately study the two steps for 
DOC of olefins, epoxidation of 1-decene (1) (Figure 2.11a) and  CO2 insertion into 1-decene oxide (2a) 
(Figure 2.11b). 1-decene as a terminal aliphatic olefin represents a less activated olefin towards 
epoxidation, since the more the olefins are substituted, the easier they are epoxidized.15 Conversely, the 
insertion of carbon dioxide into the terminal epoxide of decene resulted easier than the conversion of 
internal and more sterically congested substrates.16 For the sake of completeness, Figure 2.11a reports 
also the main by-products identified in the first step due to overoxidation of the epoxide 2a.17 The 
structures of derivatives 2a-2d and 3 were assigned by GC/MS and NMR analyses and by comparison, 
when possible, with authentic commercial samples. 

 

        

Figure 2.11: Model reactions to explore the tandem process in presence of [N8,8,8,1]2[WO]4 as catalyst. 

 

2.2.3.1 Epoxidation step  
 

 

 

Table 2.6 reports the results obtained by screening the epoxidation of 1-decene (1, 4 mmol) in the 
presence of different amounts of the oxidant (H2O2, 30% wt, 2-6 equiv.), catalyst ([N8,8,8,1]2[WO]4) and 
phosphoric acid as co-catalyst (if present) at 95°C for 2 hours. We decided to pursue a sustainable 
solvent-free procedure since our tungstate ionic liquid could act simultaneously as oxidation catalysts 
and phase transfer catalyst (PTC) allowing the successful outcome of the biphasic reaction. 
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Table 2.6: Effect of the amount of oxidant (H2O2), catalyst ([N8,8,8,1]2[WO]4 ) and co-catalyst (H3PO4) on 
the epoxidation of 1-decene to 1-decene oxide.a 

 

Entry H2O2 

(eq.) 
[N8,8,8,1]2[WO]4 

(% mol) 

H3PO4 (% 
mol) 

1 

(%)b,c 

2a 

(%)b,c 

Others 
(%)b,c 

1 2   100 0 0 

2 2 5  55 44 1 

3 4 5  44 49 7 

4 6 5  30 58 12 

5 2 5 2.5 20 76 4 

6 4 5 2.5 4 87 9 

7 6 5 2.5 1 70 29d 

8 2  2.5 100   

9 2 2.5 1.25 22 76 2 

10 2 1.25 0.5 55 43 2 

11 2 2.5 0.5 50 48 2 

12 2 2.5 2.5 20 75 5 

13 2 2.5 5 3 23 74e 

(a) Reaction conditions: 1 (4 mmol), H2O2 (30% w/w, 2-6 equiv.), T = 95 °C, t = 2 h in the presence of [N8,8,8,1]2[WO4] 
(1-5% mol) and, where indicated, H3PO4 (0.5-5% mol); (b) Product distribution calculated by GC analysis using 
mesitylene as internal standard;c tests were repeated three times to ensure reproducibility: afforded values  of 
conversion and amounts of products differed by less than 3% from one experiment to another d 2b: 3%, 2c: 4%; 2d: 
16%; other unidentified by-products: 6%; e 2b: 40%, 2c: 17%, 2d: 10%; other unidentified by-products: 7% 

 

Reactions performed using only [N8,8,8,1]2[WO]4 as catalyst with different amounts of oxidant (entry 2-4, 2-
6 equivalents of H2O2 respect to the substrate) showed high selectivity towards 2a (>90%) and discrete 
yet not satisfactory conversion respect to the blank test in catalyst-free conditions (entry 1). Longer 24h 
reactions in the same conditions of entry 2-4 (see appendix, figure A.2.31) showed that it was not possible 
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to achieve high conversions even for longer times: the reaction seems to stop after 2 hours of reaction. 
The selectivity towards 2a remains very stable (>93%) over time when 2 equiv. of H2O2 was used while it 
decreased by increasing the excess of hydrogen peroxide.  

Results were exciting when a phosphorous-based promoter (in our case H3PO4) was used to enhance the 
epoxidation as widely described in literature.1,18 As reported in entry 5, it was possible to reach 80% 
conversion of 1 and 95% selectivity towards the corresponding epoxide using 2 equiv. of H2O2, 5% mol of 
[N8,8,8,1]2[WO]4, 2.5% mol of H3PO4  by conducting the reaction at 95 °C for 2 hours. The increase in the 
amount of oxidant (entry 6-7) led to higher conversions but also to over-oxidation of 2a and subsequent 
formation of by-products 2b-d. The promoter effect of H3PO4 was proven by carrying out the reaction in 
the absence of [N8,8,8,1]2[WO]4: no activation of hydrogen peroxide nor phase transfer capability was 
possible without TILC (entry 8). The following tests (entry 9-14) were designed to optimize the amount 
and relative molar ratio co-catalyst:catalyst, an important feature according to the literature. 18a,19 Entry 9 
demonstrated that it was possible to halve both the amounts and keep comparable results with respect 
to conversion and selectivity, while conversion of 1 collapsed still halving their amounts (entry 10) or the 
ratio H3PO4:[N8,8,8,1]2[WO]4 (entry 11). Finally, it was interesting to point out that increasing the ratio co-
catalyst:catalyst led to slightly lower selectivity towards 2a. In particular, the main reaction product result 
to be 1,2-decanediol (40%, entry 13) if the molar ratio was increased to 2. 

Once the H2O2 equivalents, catalyst and co-catalyst amounts, were optimized, the effect of temperature 
was studied in order to maximize conversion of 1 and selectivity towards 2a. Results reported in Figure 
2.12 are quite unexpected: when the reaction was conducted at 95 °C, a maximum yield of 76% 
(conversion 1=80%) was reached after 2h but no increase in conversion and a slight decrease of 2a yield 
was revealed by prolonging the reaction time (blue line). This is due to the fast decomposition of 
hydrogen peroxide at this high temperature.20 The reaction was slightly slower by lowering the 
temperature at 85°C (red line), but it was possible to obtain a quantitative conversion and 92% yield of 
2a after 3h: evidently the decomposition of peroxide in presence of [N8,8,8,1]2[WO]4 is not as fast as at 
95°C and allows to convert completely the substrate.21 Conversely, the (useless) extension of time led to 
slight formation of by-products (85%). The kinetics of the reaction are strongly temperature-dependent: 
when the reaction was conducted at 75 and 50 °C (green and yellow line respectively), it was possible to 
obtain quantitative conversion and high yields of 2a but in much longer times (21-24 h) in comparison 
with the reaction conducted at 85°C. Finally, the reaction at 25°C is very slow and the yield of 2a was 
only 27% in 24 h, achieving 75% after 96 hours. 
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Figure 2.12. Effect of temperature on the epoxidation of 1-decene (1) to decene oxide (2a). Reaction 
conditions: 1 (4 mmol), H2O2 (2 equiv.), [N8,8,8,1]2[WO4] (2.5% mol), H3PO4 (1.25% mol) T = 25-95° 

Once the optimal conditions for the epoxidation step were fixed [85°C, 3h, [N8,8,8,1]2[WO]4 (2.5% mol), 
H3PO4 (1.25% mol)], it was intriguing to delve into the role of phosphoric acid in this system. Various 
other co-catalysts such as sodium salts of H3PO4, Bronsted acids and Lewis acids were tested to explore 
the effect of the acidity. Data are reported in Figure 2.13.  

 

 

Figure 2.13: Products distribution related to the effect of the use of different co-catalysts on the epoxidation of 1-
decene (1). Reaction conditions: 1 (4 mmol), H2O2 (2 equiv.), [N8,8,8,1]2[WO4] (2.5% mol), selected co-catalyst (1.25% 

mol) T = 85° C, 3h. 

H3PO4 is the only co-catalyst that promotes high epoxidation reactivity. The use of NaH2PO4 led to slightly 
poorer performance respect to the reaction conducted without co-catalyst, while the use of disodium 
hydrogen phosphate and trisodium phosphate took to the complete inhibition of the reaction, i.e. no 
conversion of 1-decene. A measure of the pH of the hydrogen peroxide solutions with the addition of the 
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various co-catalysts is reported in fig. A.2.32. As we can clearly see, phosphoric acid increased the acidity 
of H2O2 solution, while the other derivatives led to pH more and more basic with the substitution of 
hydrogen with sodium. The high acidity of the hydrogen peroxide aqueous phase in presence of 
phosphoric acid is a key aspect in epoxidation reaction, as extensively reported in literature.22 We decided 
hence to compare the activity of mineral and organic acids (H2SO4, H3BO3, CH3COOH and citric acid) that 
could maintain the acidity of the aqueous phase and act as Brønsted acids. Results are much worse respect 
to the use of H3PO4: conversion of 1 resulted similar to that obtained in absence of co-catalyst, but a 
certain over-oxidation to 2d is evidenced (6% and 22% with H2SO4 and citric acid respectively). It was 
hence demonstrated that the acidity effect is important but not the unique factor involved. Finally, the 
use of some Lewis acids was explored to determine the activity of Lewis acidity in this reaction: low or no 
conversion of the substrate was highlighted also in this case.23 

Phosphoric acid plays a key role in the formation of active species with tungsten-based catalysts that could 
operate at the interphase of the biphasic mixture leading to selectivity towards the formation of the 
epoxide and better performance compared to the reactions conducted in the absence of H3PO4.1,24 This 
aspect will be further discussed in the paragraph regarding the study of the mechanism. 

 

2.2.3.2 CO2 fixation test 
The study of the CO2 fixation into 1-decene oxide was only partially interesting to our scope, since the 
presence of residual H2O2 and H2O will definitely affect the catalytic performance in our system. 
Moreover, a detailed investigation on the use of tungstate catalysts for the CO2 insertion into various 
epoxides was already carried out in the previous work, hence few experiments were performed on the 
carbon dioxide fixation into our model substrate (2a, 1-decene oxide) that was not tested before.14 This 
was also an opportunity to check the scalability of our catalytic system in the epoxidation of 1: a 
twentyfold increase of the starting material (1-decene, 10 g, 71.4 mmol) showed that our system was fully 
scalable and a 88% isolated yield of 1-decene oxide (9.82 g, 62.8 mmol, >97% purity according to GC 
analysis and 1H NMR) was obtained with the procedure reported in the experimental part.  

Preliminary experiments for the CO2 fixation were performed in an autoclave with 2a and 50 bar of CO2 

for 8 h. Figure 2.14 shows that the use of [N8,8,8,1]2[WO]4 or [N4,4,4,4]Br alone did not allow to obtain 
quantitative conversions and selectivity to 3 (tests a and b) , while their simultaneous use led to a 94% 
selectivity towards 3 and quantitative conversion of the substrate (test c). As in our previous work, the 
mutual activity of [N8,8,8,1]2[WO]4 and a model co-catalyst as [N4,4,4,4]Br was proved  to be effective to obtain 
high yield in the corresponding carbonate in a solvent-less system. Experiments reported in columns (d) 
and (e) demonstrated an unexpected behavior of the system: the addition of H3PO4 (test d) to the mixture 
proved that its presence even slightly improve conversion of 2a and selectivity to 3 in the CO2 fixation 
step; the presence of added water (test e) results in a slightly lower conversion of 2a (90%) but an  
excellent selectivity towards 3: no formation of by-products such as 1,2-decanediol was seen with this 
amount of water that is similar to that contained in the reaction conditions optimized for the epoxidation 
step (Figure 2.12). 
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Figure 2.14: CO2 fixation into 2a. Reaction conditions: 2a (4 mmol), [N8,8,8,1]2WO4 (0-2.5% mol), [N4,4,4,4]Br 
(0-2.5% mol), H3PO4 (0-1.25% mol), 50 bar of CO2, 85°C, 8h. Test (e) was performed in presence of H2O (2 
equiv. respect to the substrate 2a). 

2.2.3.3 One-pot process 
The auto tandem catalytic procedure in which all the reactants are added at time zero was initially 
explored. Results are reported in Table 2.7.  The presence of 50 bar of CO2 (entry 2) from the start (entry 
1) slowed the conversion of 1 (78 vs 99%) while the selectivity towards 2a remains practically unchanged 
(95% vs 93%): only traces of carbonate 3 were detected in these conditions. Nonetheless the feasibility of 
the direct synthesis of 3 was demonstrated by prolonging the reaction time to 18h (entry 3): the AuTC 
approach can be exploited to obtain 3 but only in low yield (10%) along with minor formation of 
unidentified side-products. The further addition of [N4,4,4,4]Br at the beginning of the reaction (entry 4) 
strikingly stopped the reaction and only a 10% conversion of 1 was obtained while the formation of 1,2-
dibromodecane was noticed: there were no chances to obtain 3 directly from 1 in these conditions. A 
further experiment was conducted without added carbon dioxide, and in the presence of the bromide 
source (entry 5) demonstrating a detrimental interaction between H2O2 activated from [N8,8,8,1]2[WO]4 and 
bromide anions: no conversion of the substrate was detected. This result was due to the formation of BrO- 

and Br2 that lead to the consumption of H2O2 and no chance to convert 1. The interaction of bromide 
anions with H2O2 is reported and exploited in previous works for the bromination of various classes of 
substrates, hence the epoxidation of the substrate is not achievable in the simultaneous presence of these 
reactants.25 Therefore, we decided to shift to an assisted tandem catalysis (AsTC) protocol in which the 
halide co-catalyst (2.5% mol) and carbon dioxide (50 bar) were added only when the epoxidation step was 
complete: the second step was conducted at 85°C for 8h. Impressively, in these conditions we were able 
to obtain a 90% yield in cyclic carbonate 3.  

Table 2.7: Auto tandem reaction for the direct synthesys of 1-decene carbonate (3) from 1-decene (1).a 
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Entry 
CO2 

(bar) 
Br source          
(% mol) 

1   
(%)b,c 

2a  
(%)b,c 

3 
(%)b,c 

Others 
(%)b,c 

1   1 92 0 7 

2 50  22 74 1 3 

 3d 50  15 58 10 17 

4 50 [N4,4,4,4]Br (2.5%) 90 0 6 4 

5  [N4,4,4,4]Br (2.5%) 97 2 0 1 

 6e 50 [N4,4,4,4]Br (2.5%) 1 2 90 7 

a Reaction conditions: 1 (4 mmol), H2O2 (2 eq.), CO2 (0-50 bar),  [N8,8,8,1]2[WO4] (2.5% mol), H3PO4 (1.25% mol), 
[N4,4,4,4]Br (0-2.5% mol) T =85°C, t=3h unless otherwise stated; (b) Product distribution calculated by GC analysis 
using mesitylene as internal standard;c tests were repeated three times to ensure reproducibility: afforded values  
of conversion and amounts of products differed by less than 3% from one experiment to another; d reaction 
conducted for 18 h; e AsTC approach: [N4,4,4,4]Br and carbon dioxide were added when the epoxidation step was 
over (after 3h at 85°C), and the reaction was conducted for additional 8h at 85°C. 

 

Stimulated by this excellent result, we investigated the role of water and residual hydrogen peroxide in 
the reaction mixture in the one-pot process. Results are reported in Figure 2.15. 

As expected from the peroxide efficiency tests, the use of 1.2 equiv. of hydrogen peroxide did not allow 
to obtain a complete conversion of 1 in the first step (83% conversion, 97% selectivity to 2a)26. Moreover, 
the complete conversion of 2a to 3 was not reached even after the addition of bromide source and CO2: 
an overall 80% yield of 1-decene carbonate was obtained. The presence of 2 equivalents of H2O2 is optimal 
both for the first and second step and leads to the quantitative conversion of 1 and 90% yield in 3. This 
behavior could be ascribed to the presence of the right amount of water as elegantly demonstrated with 
other catalytic systems,27 but also to water interaction with added CO2 that changes the pH of the solution 
and possibly improves the hydrogen bond donor (HBD) capability of water.28  
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Figure 2.15: Effect of the hydrogen peroxide amount on the tandem direct synthesis of 1-decene 
carbonate from 1-decene. Reaction conditions: 1 (4 mmol), H2O2 (1.2 - 4 eq.), [N8,8,8,1]2[WO4] (2.5% mol), 
H3PO4 (1.25% mol), performed at 85°C for 3 hours followed by the raw addition of CO2 (50 bar) and 
[N4,4,4,4]Br (0-2.5% mol) without any intermediate work-up and the continuous of the reaction at the same 
temperature for further 8 hours. 

This was proved also in the single CO2 fixation step: the experiment reported in Figure 2.14 on the 
formation of 1-decene carbonate starting from 1-decene oxide with the addition of the amount of water 
corresponding to that contained in 30% wt H2O2 (test e) had confirmed the beneficial role of water in this 
reaction conditions: conversion of 2a was slightly lower with added H2O but an astonishing 100% 
selectivity to 3 was highlighted, hence demonstrating (at least) that the presence of the selected amount 
of water is not detrimental to the CO2 fixation. Finally, Figure 2.15 demonstrated that the increase to 4 
equivalents of H2O2 had a marked negative contribution in the CO2 fixation  and led to a drastic decrease 
in converting 2a to 3 in the second step. 

Once established the right H2O2 amount for the one-pot process, the effect of various parameters such as 
temperature, CO2 pressure and time were screened to optimize the reaction conditions of the second 
step. As we can see in Figure 2.16, 85°C is the optimum temperature of the 2nd step. It was noticed a drop 
in conversion when temperature was lowered to 70°C, while the increase to 100°C allowed a complete 
conversion but also the formation of high-molecular weight unidentified by-products increased up to ≈ 
20%. Surprisingly, it was possible to lower the CO2 pressure up to 10 bar without substantial diminution 
in yield of 3. Conversely the cyclic carbonate formation was possible but not complete by operating at 
atmospheric pressure of CO2 (yield 3: 25%). Kinetic studies of the reaction allowed us also to shorten the 
overall reaction time to 5 hours (figure A.2.33). 
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Figure 2.16. Effect of temperature and CO2 pressure in the tandem direct synthesis of 1-decene carbonate 
(3) from 1-decene (1). Reaction conditions: 1 (4 mmol), H2O2 (2 equiv), [N8,8,8,1]2[WO4] (2.5% mol), H3PO4 
(1.25% mol), performed at 85°C for 3 hours followed by the raw addition of [N4,4,4,4]Br (2.5% mol),  CO2 (1-
50 bar) without any intermediate work-up. The reaction was performed for further 8h at T=70-100°C. 
Yields were calculated by GC analysis using mesitylene as internal standard. Tests were repeated two times 
to ensure reproducibility: afforded yieds of 3 differed by less than 3% from one experiment to another. 

Finally, the amount and the role of co-catalyst was examined ( 

 

Table 2.8). A low amount as 1.25% mol of [N4,4,4,4]Br respect to the substrate could be used to reach a 
quantitative conversion and high yield in 3. If the amount was lowered to 0.5% mol, yield of 3 dropped to 
33% (entry 1-3). Then, the use of different halides were tested: as already deepened in other researches, 
in presence of HBDs (or water) the typical catalytic activity scale of halides for CO2 fixation is Cl-< Br-<I-.29,30 

This behavior was confirmed: the use of chloride showed lower performance respect to Br- (entry  4), while 
the superior reactivity of iodide allowed to achieve stunning results: the reaction take to 94% yield of 3 
with 10 bar of CO2 (entry 5) but also by working with an atmospheric pressure of CO2 simply kept by a 
balloon reservoir.  

 

Table 2.8: Effect of co-catalyst on the AsTC reaction for the direct synthesys of 1-decene carbonate (3) 
from 1-decene (1).a 
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Entryb Co-catalyst (%mol) Products distribution c,d 

2a (%) 3 (%) Others (%) 

1 [N4,4,4,4]Br (2.5) 2 90 7 

2 [N4,4,4,4]Br (1.25) 1 93 5 

3 [N4,4,4,4]Br (0.5) 60 33 5 

4 [N4,4,4,4]Cl (1.25) 59 27 3 

5 [N4,4,4,4]I (1.25) 1 94 4 

6e [N4,4,4,4]I (1.25) 1 94 4 

a Reaction conditions: 1 (4 mmol), H2O2 (2 eq.), [N8,8,8,1]2[WO4] (2.5% mol), H3PO4 (1.25% mol), performed at 85°C for 
3 hours followed by the raw addition of a co-catalyst (0.5-2.5% mol),  CO2 (10 bar) without any intermediate work-
up. The reaction was further performed for 5 h at T=85°C; b Conversion of 1 is always >98%; c Products distribution 
according to GC analysis using mesitylene as internal standard d Tests were repeated two times to ensure 
reproducibility: afforded yields of 3 differed by less than 3% from one experiment to another; e reaction conducted 
with 1 bar of CO2. 

This outcome represents a breakthrough in a green perspective: only 4 very recent papers reported the 
direct oxidative carboxylation of olefins at atmospheric pressure of CO2.31 However, all these publications 
reported catalysts active in presence of anhydrous TBHP as oxidant that operate only for the DOC of highly 
active styrene to styrene-carbonate, while no other aliphatic terminal or internal olefins were suitable for 
these catalytic systems. Three of them use metal organic frameworks (MOFs) based on rare-earth metals 
(Zirconium29a, Neodymium29b and Cobalt-neodymium29c respectively) and achieved yields in styrene 
carbonate >90%, while the fourth is based on the use of an organic phosphonate salt29d in the presence 
of ZnBr2 and reached a quantitative conversion of styrene and a maximum 70% selectivity towards styrene 
carbonate. 

Our reaction has 92% atom economy, a 100% carbon efficiency and produces only H2O as by-product, 
although the recycle of the catalyst was not developed in the present work. Attempts to recover and reuse 
the tungstate ionic liquid were unsuccessful so far, but research work is ongoing in our lab. The scalability 
of the entire process was tested also in this case: a twentyfold increase of the starting material (1-decene, 
10 g, 71.4 mmol) proved that our system was fully scalable and an 86% isolated yield of 1-decene 
carbonate (12.28 g, 61.4 mmol, >98% purity according to GC analysis and 1H NMR) was obtained with the 
procedure reported in the experimental part. 
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2.2.3.4 Mechanistic hypothesis 
A mechanistic hypothesis including for the formation of the active catalytic species is proposed based  on 
the literature, experimental results, 31P NMR and 183W NMR. 

Starting from pioneering studies by Venturello-Ishii, the use of a tungsten precursor, hydrogen peroxide, 
phosphoric acid and a halide quaternary ammonium salt to obtain peroxotungstophosphate species able 
to catalyse epoxidation reactions was studied further by several authors.32 According to literature, 31P-
NMR studies can give information about structural changes and active species formed by the interaction 
between tungsten species, phosphoric acid and hydrogen peroxide.1,18,19,24  Also in our case, 31P analysis 
proved that such structural changes were occurring during the reaction in our conditions. Spectra 
reported in fig. A.2.34 in the appendix revealed an evident shift of the H3PO4 peak (fig. A.2.34a) by 
sequential addition of hydrogen peroxide and [N8,8,8,1]2[WO]4 (fig. A.2.34b and A.2.34c respectively) 
indicative of the formation of peroxotungstophosphate species during the reaction. According to the 
literature and based on the presence of only one peak in 31P NMR, our conditions took to the unambiguous 
formation of a single NMR species that is recognized as the dimeric peroxotungstophospate [HPW2O14]2-  
species (fig. A.2.34c).24b  As reported in several papers and demonstrated also by experimental results in  

 

 

Table 2.6 (entry 1-3) and figure A.2.36, this species is often not the only one present, but also a simple 
peroxotungstate species such as [W2O3(O2)4∙2H2O]2- (Figure 2.6 and Figure 2.17a) is active in the 
epoxidation of olefins. Hence, the epoxidation step is expected to proceed through the action of these 
two catalytic species as depicted in Figure 2.17. 

Once the epoxide was formed, two parallel pathways could be responsible for CO2 fixation: the first was 
due to the activity of tungstate anion as Lewis base that activates carbon dioxide (depicted in Figure 
2.17b). The formation of a new species was demonstrated by 183W-NMR of [N8,8,8,1]2WO4 exposed to CO2 
(see fig. A.2.33 for the 183W NMR spectra), there is the rise of a peak at 43.9 ppm with the complete 
disappearance of the tungstate [WO4]2- peak at 7.5 ppm. The formation of this new peak is already 
reported in the literature for tetrabutylammonium tungstate 13 and it is due to the formation of an adduct 
between tungstate and carbon dioxide (WO4∙CO2) that activates CO2 towards further reactions in the 
presence of organic substrates. As shown in the experimental part (Table 2.7, entry 3), this species can 
promote the formation of COC by reacting with epoxides, but high conversions and selectivity were 
achievable only in the presence of halide anions as co-catalyst: tungstate catalysts alone promoted also 
side competitive reactions that mainly led to the formation of isomers of the epoxides. The presence of a 
halide source favoured the classical and widely accepted mechanism for the CO2 fixation reported in 
Figure 2.17c.33 As illustrated in the figure, also in this pathway a possible enhancement of the reaction 
related to the presence of carbon dioxide activated by tungstate anion could be hypothesized. Both the 
route (b and c) required the preliminary activation of the epoxide by a Lewis or Bronsted acid (A+). A 
specific study of which species act as a A+ trigger was not conducted in this research but we can speculate 
about the presence of several species that could assume this key role: i) W in tungstate anions present a 
pronounced Lewis acidic character; ii) H3PO4 is a well-known Bronsted acid catalyst and the test for CO2 
fixation into epoxide showed that its presence took to a better selectivity (Figure 2.14, test d); iii) The 
presence of an acidic aqueous solution in the biphasic mixture could give HBDs that activate the ring-
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opening of the epoxide;27 (iv) also tetraalkylammonium cation could enable the activation of the 
epoxide.34   

 

 

Figure 2.17: Schematic representation of the main pathways for the formation of cyclic carbonate in the 
assisted tandem process discussed above 

 

2.2.3.5 Substrate scope 
 

The substrate scope was investigated in the reaction conditions optimized in  

 

Table 2.8. A tubular glass reactor equipped with a magnetic stirrer and a condenser was charged with 
[N8,8,8,1]2[WO]4 (2.5% mol), H3PO4 (1.25% mol), H2O2 (2 equiv.) and the selected olefin (4mmol, 1 equiv.). 
The mixture was heated at 85°C for 3h, after that [N4,4,4,4]I (1.25% mol) was added and the reaction was 
continued at 85°C for additional 5 hours under an atmospheric pressure of CO2 attained through a rubber 
reservoir containing about 1 liters of CO2. The COCs synthesized are reported in Figure 2.18. 

 

 

Figure 2.18: Terminal COCs obtained through the assisted tandem direct oxidative carboxylation protocol 
developed in this work (yields in parentheses). 

 

Our protocol is suitable to the synthesis of a wide range of terminal COCs: all linear olefins (C6-C16) were 
obtained with yields >87%, demonstrating the suitability of our catalytic system in biphasic mixture.  
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Unfortunately, attempts to implement this protocol with other classical substrates such as styrene or 
cyclohexene afforded low selectivity towards the corresponding epoxide (<20%) in the first step. The 
formation of several over-oxidation and isomerization compounds is due to the higher attitude towards 
oxidation of cyclic olefins and electron-rich aromatic olefins such as styrene.35,36 Changing parameters 
(temperature: 25 - 85°C , time: 0.5 – 3 h; amount of H2O2: 1 - 2 equiv. respect to the substrate) did not 
allow to improve selectivity towards the desired epoxides. No further investigations were carried out in 
this respect. 

 

2.2.3.6 Assisted tandem direct oxidative carboxylation of methyl oleate 
 

A separate discussion regards the DOC of renewable feedstocks such as fatty acid methyl esters (FAMEs) 
that contain a cis olefin in their structure. The synthesis of the corresponding COCs of FAMEs attracted 
increasing interest from academic research in recent years since their potential use in the sustainable 
formation of isocyanate-free polyhydroxyuretanes.37 Since the higher reactivity of disubstituted internal 
olefins respect to terminal ones, the possibility to extend the protocol to fatty acid methyl esters with a 
simplified procedure for the epoxidation step was investigated. Methyl oleate (1g) was selected as 
model substrate.38 A study of the epoxidation step in the presence of [N8,8,8,1]2[WO4] as catalyst with or 
without the addition of H3PO4 as co-catalyst was initially performed.39 Data are reported in Figure 2.19. 

 

 

Figure 2.19: Epoxidation of methyl oleate (1.67 mmol) in presence of H2O2 (2 equiv.) at T=25-75°C for 4h 
in presence of [N8,8,8,1]2[WO4] as catalyst and H3PO4 as co-catalyst (when indicated). Yields calculated 
according to 1H NMR analysis by using mesitylene as internal standard. Selectivity towards 2g is always 
quantitative. 
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The epoxidation performed at 25°C showed a great difference of reactivity if the reaction is conducted in 
the presence of the TILC solely, or with the addition of H3PO4 as co-catalyst (5 – 41% yield in 2g 
respectively). This difference was less evident when the reaction was operated at higher temperature (50 
°C) and the 2g yields were 84% and 90% respectively. This prompted us to increase the temperature to 
75°C in the co-catalyst-free reaction; a quantitative conversion of 1g with a complete selectivity to 2g was 
afforded. Since the use of a simplified procedure that excludes the use of auxiliaries is beneficial from a 
green perspective, we pursued our investigation without the addition of H3PO4  as co-catalyst. In this case, 
the peroxotungstate species is accountable for the epoxidation of the substrate. A blank test conducted 
at 75°C for 4 h in absence of any catalyst confirmed a lack of conversion in these conditions. 

In analogy to the experiments with terminal olefins, the effect of oxidant amount (H2O2=1-4 equiv. respect 
to the substrate 1g) was subsequently studied with two different amounts of catalyst (2.5-5% mol) and is 
reported in Figure 2.20. 

 

 

Figure 2.20: Epoxidation of methyl oleate (1.67 mmol) in presence of different amount of H2O2 (1-4 equiv.) 
at T=75°C, t=4h in presence of [N8,8,8,1]2[WO4] (Cat=2.5-5% mol) as catalyst). Yields calculated according to 
1H NMR analysis by using mesitylene as internal standard. Selectivity towards 2g is always quantitative. 

The use of a 2.5% mol amount of catalyst (orange columns) is not enough to achieve quantitative 
conversions: a linear growth of the yield is observed increasing the peroxide amount from 1 to 4 
equivalents, reaching a maximum yield of 86%. On the other hand, the use of 5% mol of [N8,8,8,1]2[WO4] 
with an equimolar amount of H2O2 afforded a 41% yield, while the use of 2 equiv. H2O2 resulted the best 
choice: a quantitative conversion of 1g  and complete selectivity to 2g was observed in these conditions.40 
Unexpectedly, a larger excess of hydrogen peroxide (3-4 equiv.) led to poorer performance compared to 
the use of 2 equivalents. This large amount of oxidant and low pH in the aqueous phase could affect the 
biphasic system and lead to low efficiency of hydrogen peroxide, formation of less active peroxo-species 
and larger dilution and solubility of the tungstate catalyst in the aqueous phase, as already reported in 
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similar papers on epoxidation reaction promoted by tungsten-based catalyst.41,42 Moreover, large 
amounts of hydrogen peroxide can negatively affect one-pot tandem reaction as already showed in Figure 
2.15 for the DOC of 1-decene: 2 equiv. of H2O2 with 5% mol of [N8,8,8,1]2[WO4] as catalyst represent the 
optimized amount also for the epoxidation of methyl oleate. 

Then we briefly explored CO2 fixation into 2g in the presence of [N8,8,8,1]2[WO4] (5% mol), [N4,4,4,4]Br (2.5% 
mol) as model halide source or with a mixture of the two. Results are reported in Table 2.9. In this case, 
100 °C and 50 bar of CO2 were chosen as experimental conditions based on previous similar works 
reported in the literature for less reactive internal epoxides.37e [N8,8,8,1]2[WO4] proved to be an active 
catalyst for CO2 fixation but only a 28% conversion and 64% selectivity towards the corresponding COC 3g 
was observed (entry 1). This outcome was similar to that reported by us for the CO2 insertion into styrene 
oxide and terminal olefins (Figure 2.7 and Figure 2.14).14 The main by-products were isomerization by-
products due to Meinwald rearrangement of the epoxide to the corresponding ketones, as already 
reported in the literature.37d 

 

Table 2.9: CO2 fixation into epoxidized methyl oleate (2g) 

 

Entry (N8,8,8,1)2-WO4 

(% mol) 
TBABr  

(% mol) 
Conversion Selectivity Cis : Trans 

Ratio 

1 5  28 64 99 : 1 

2  2.5 80 91 56:44 

3 5 2.5 87 95 99 : 1 

Reaction conditions: 2g (1.67 mmol), [N8,8,8,1]2[WO4] (5% mol, if indicated), [N4,4,4,4]Br (2.5% mol, if indicated), CO2= 
50 bar, 100°C, 16h. Conversion, selectivity and cis:trans ratio calculated according to 1H NMR analysis by using 
mesitylene as internal standard. 

Even the use of [N4,4,4,4Br] did not afford a complete conversion and selectivity towards 3g (80% and 91% 

respectively, entry 2) but more importantly the reaction was not stereoselective: a 56:44 cis:trans ratio 

was detected by 1H-NMR analysis of the organic phase. The stereoselectivity could be controlled in 

presence of both [N8,8,8,1]2[WO4] and [N4,4,4,4]Br: in this case an 87%  conversion of 2g, 95% selectivity to 

3g and a 99:1 cis:trans ratio was detected. This trend (entry 1-3) was explained through the mechanisms 

of TILCs and halide salt in the CO2 fixation of internal cis-epoxides such as epoxidized methyl oleate 3g, 

depicted in Figure 2.21. The first step is the activation of the epoxide through a Lewis acid (A+), in this case 

tungstate species, as reported for a plethora of early transition metals such as niobium,43 molybdenum,44 

vanadium,45 zirconium46 and so on. The first CO2 insertion route (path a, Figure 2.21) was already discussed 

in this thesis and it involves the formation of an active adduct WO4∙CO2 as indicated by 183W NMR (figure 

A.2.37) and already reported in literature.13 This pathway leads to the direct insertion of CO2 in the epoxide 
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ring with consequent exclusive formation of the cis carbonate. Path b provides for the ring-opening of the 

epoxide prompted by halide (X-) and formation of the alcoholate species. According to experimental test 

this route is faster and predominant respect to path a in the formation of COCs (entry 1-2, Table 2.9). 

Along with the Lewis acidity effect of tungsten species, it is noteworthy that tetraalkylammonium species 

(Q1
+ and Q2

+, i.e. [N8,8,8,1] and [N4,4,4,4]) could affect the stabilization of this alcoholate intermediate formed. 

The formation of cis/trans isomers can be reasonably explained by considering both type of nucleophilic 

substitution, SN2 and SN1 in the ring-closure of the linear carbonate species (path b.1 and b.2  
respectively).37e The combination of tungsten-based catalysts and halide salt takes to conversion of 2g and 

selectivity to 3g comparable to that observed when [N4,4,4,4]Br was used alone (entry 3 and 2 Table 2.9), 

while a great increase in cis:trans ratio was observed. We hypothesized that the main action of tungstate 

species must be the CO2 activation that increases the rate of CO2 insertion into alcoholate species and the 

subsequent higher rate of the ring-closure that promote the b.1 pathway respect to the preliminary 

release of X- with consequent b.2 pathway and potential formation of cis/trans carbonate. This synergistic 

increased cis- selectivity was already observed by Leitner et al. in the synthesis of cyclic carbonates from 

oleochemical epoxides and CO2 in presence of ammonium halide and transition metal substituted 

silicotungstate polioxometallates.47 

 

 

Figure 2.21: Potential reaction mechanisms involved in the CO2 fixation into internal cis epoxide in presence 
of TILCs and halide salts. 
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Finally, experiments on the assisted DOC of methyl oleate are reported in Table 2.10. In this case, methyl 
oleate (1.67 mmol) and H2O2 (2 equiv.) were added in a glass reactor in presence of [N8,8,8,1]2WO4 (5% mol) 
and stirred at 75 °C for 4 hours. Then, a selected co-catalyst (with chloride, bromide and iodine anions for 
comparison, 2.5% mol) was added to the reaction mixture, the reactor was placed in an autoclave with 50 
bar of CO2. This second step was conducted for 16 hours at 100°C.  

The use of tetrabutylammonium halide (Cl-, Br-, I-, entry 1-3 respectively) gave mild selectivity towards 3g 
and retention of stereoselectivity with formation of the cis-carbonate (99:1 for chloride and bromide, 
90:10 for iodine) confirming the beneficial role of tungsten in the epoxidation step (conversion of 1g is 
quantitative in all the reactions, entry 1-9) but also in the control of stereoselectivity. The low selectivity 
towards 3g is probably caused by the presence of the biphasic system that decreases the rate of the CO2 
fixation process respect of the CO2 fixation tests reported above (see entry 2-3, Table 2.9 and entry 2, 
Table 2.10 for comparison). Given this low performance, we decided to test the effect of simple alkali 
halides (entry 4-9). This class of compounds is not active for the CO2 insertion into epoxide in the absence 
of additional cryptands such as crown ethers or polyethylene glycols48,49 but we speculated that the salt 
can solubilize in the aqueous phase while [N8,8,8,1]2WO4 that act as H2O2 activator and phase transfer 
catalyst (PTC) in the first step could act as PTC also in this second step allowing the CO2 fixation. Our 
hypothesis was confirmed by experimental results: the one-pot assisted tandem process with alkali halide 
salts as co-catalyst allowed similar or improved performances compared to that obtained through 
tetraalkylammonium halide salts (entry 4-9). The product distribution with different halides complied with 
the trend already detected in literature for the CO2 insertion in presence of added water (Cl-<Br-<I-).30a,47 
In particular, 3g yields obtained with the sodium series of the halide salts (entry 4-6, 22, 46% and 67% 
respectively) are comparable to that obtained with tetraalkylammonium salts (entry 1-3: 20, 45% and 65% 
respectively). But while NaCl and NaBr allowed a complete selectivity to 3g and stereospecific reactions 
with 99:1 cis:trans ratio (entry 4-5), the use of NaI (entry 6) led to the formation of by-products (in 
particular the corresponding ketones and diol due to hydrolysis of the formed epoxide) and an overall 
87% selectivity towards 3g. Moreover, in this case a 56:44 cis:trans ratio was detected as a consequence 
of the increasing rate of the b.2 route reported in Figure 2.21. This SN1 pathway is promoted by the 
presence of iodide, that is a better nucleophile but also a better leaving group compared to bromide and 
chloride, as already reported in literature in the synthesis of fatty acid carbonates.37d-e This effect was 
practically inhibited using potassium halide salts. In this case, KBr and KI gave similar conversions (entry 
8-9, 70 and 65% conversion respectively) with a complete selectivity towards 3g and a cis:trans ratio > 
95:5, hence a substantial stereospecific reaction, occurred.  

Finally, we highlight that the use of the assisted tandem process, despite a decreased reaction rate respect 

to the CO2 fixation experiments reported in Table 2.9, allowed always a quantitative selectivity  towards 

the carbonate 3g (except for the case of NaI) while the tests performed on the simple CO2 fixation showed 

a lower selectivity due to the formation of isomerization by-products (compare Table 2.9 and Table 2.10): 

the presence of the biphasic mixture hence promoted the chemoselectivity towards the COC synthesis 

despite lowering the reaction rate. According to our knowledge, this is the first example of direct oxidative 

carboxylation of an oleochemical compound such as methyl oleate.  
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Table 2.10: Assisted direct oxidative carboxylation of methyl oleate 

 

Entry Co-Catalyst  
(2.5% mol) 

Product distribution a,b 3g 
Cis:Trans Ratio 

2g (%) 3g (%) 

1 [N4,4,4,4]Cl 80 20 99:1 

2 [N4,4,4,4]Br 55 45 99:1 

3 [N4,4,4,4]I 35 65 90:10 

4 NaCl 78 22 99 : 1 

5 NaBr 54 46 99 : 1 

 6c NaI 23 67 56:44 

7 KCl 77 23 99:1 

8 KBr 30 70 95 : 5 

9 KI 35 65 96 : 4 

Reaction conditions: Methyl oleate (1g, 1.67 mmol), H2O2 (2 equiv.), [N8,8,8,1]2WO4 (5% mol) performed at 75°C for 4 
hours followed by the addition of a selected co-catalyst (Q+X- (2.5% mol), where Q+= [N4,4,4,4], Na, K; X-= Cl-, Br-, I-) was 
added to the reaction mixture, the reactor was sealed and placed in an autoclave with 50 bar of CO2. This second 
step was conducted for 16 hours at 100°C. a Conversion of 1g is always quantitative; b Conversion, product 
distribution and cis:trans ratio calculated by NMR analysis using mesytilene as internal standard; c the other by-
products formed are the dihydroxylated methyl oleate (4%) and the corresponding ketones due to Meinwald 
rearrangement (6%).  

 

2.2.4 CONCLUSIONS 
 

In the present part of the work, we demonstrated the feasibility of the direct synthesis of cyclic organic 
carbonates from terminal and internal olefins through an assisted tandem procedure based on the use of 
tungstate ionic liquid catalyst (i.e. trioctylmethyl ammonium tungstate). The concurrent use of hydrogen 
peroxide as oxygen source and the use of carbon dioxide at atmospheric pressure as C1 source make the 
present procedure one of the greenest direct oxidative carboxylation published up to date. Terminal 
olefins, which are amongst the most unreactive olefins towards epoxidation, need the use of phosphoric 
acid as promoter to form in situ peroxophosphotungstate species known as very active species for the 
formation of epoxide in biphasic mixture along with simpler peroxotungstate species. Moreover, an auto 
tandem catalysis approach cannot be exploited since the halide source used to promote the ring-opening 
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of the epoxide has a detrimental interaction with the hydrogen peroxide activated by tungstate catalyst 
if added at the beginning of the reaction, leading to a low conversion of the substrates. For this reason, 
an assisted tandem protocol was implemented in which tetrabutyl ammonium iodide was added after the 
completion of the epoxidation step (without any intermediate work-up or purification of the reaction 
mixture) by carrying on the reaction under CO2 atmosphere. C6-C16 terminal cyclic organic carbonates 
were isolated with yields > 87% through this procedure. Unfortunately, this route was not applicable to 
the direct oxidative carboxylation of cyclic olefins (i.e. cyclohexene) or styrene due to over-oxidation side 
pathways favoured in the first step of reaction. However, we implemented also a simplified procedure for 
the direct oxidative carboxylation of renewable oleochemicals (i.e. methyl oleate) in the presence of H2O2, 
50 bar of CO2, tungstate ionic liquid as catalyst and alkali halide salts as co-catalyst that promote the CO2 
insertion. These salts confined in the aqueous phase can carry out their task because of the presence of 
the tungstate ionic liquid that act also as phase transfer catalyst in the biphasic mixture. In the presence 
of [N8,8,8,1]2[WO4] as catalyst and KBr as co-catalyst a maximum 70% yield in carbonated methyl oleate was 
obtained. Tungstate ionic liquid allowed also an almost complete retention of configuration with a 96:4 
cis:trans ratio in the carbonated methyl oleate. This is the first example of direct oxidative carboxylation 
of unsaturated fatty acid methyl esters reported in literature.  

 

2.2.5 Experimental section 
 

2.2.5.1 General 
All chemicals (1-decene, 1-hexene, 1-hexadecene, oleic acid, H2O2 (39% w/w), trioctylamine, 

dimethylcarbonate (DMC), ethyl acetate, diethyl ether, mesitylene, phosphoric acid (>99% purity), 

tetrabutylammonium bromide, tetrabutylammonium chloride, tetrabutylammonium iodine, sodium 

chloride, sodium bromide, sodium iodine, potassium chloride, potassium bromide, potassium iodide, 

deuterated chloroform were purchased from Aldrich and used as received. Styrene was purchased from 

Aldrich and distilled before use.  

GC-MS (EI, 70 eV) analyses were run using a capillary column (L=30 m, Ø=0.32 mm, film thickness=1.8 

μm). The following conditions were used. The following conditions were used. Carrier gas: He; flow rate: 
1.2 mL min-1; split ratio: 100:1; initial T: 100 °C (2 min), ramp rate: 20 °C min-1 to 240 °C; (10 min). 1H, 
13C{1H}, 31P NMR and 183W NMR spectra were recorded on a Bruker 400 MHz (1H: 400 MHz; 13C: 100 MHz) 

spectrometer. 

Conversions, yields and selectivity were calculated by GC analysis by using mesitylene as internal standard.  

Tests were repeated at least two times to ensure reproducibility: conversion of substrate and products 

distribution differed by less than 3% from one experiment to another repeated. Peroxide titration tests 

were performed according to literature procedure.50 

2.2.5.2 Synthesis of catalysts 
Synthesis of trioctylmethylammonium methylcarbonate 

Trioctylmethyl ammonium methylcarbonate ([N8,8,8,1]CH3OCOO), was synthesized based on a procedure 

previously reported by our research group.51 Briefly trioctylamine (20 mL, 16.2 g, 45.7 mmol), DMC (30 
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mL, 32.1 g, 356 mmol) and methanol (20 mL) were combined (two phases) in a sealed 200 mL steel 

autoclave fitted with a pressure gauge and a thermocouple for temperature control. Three vacuum-

nitrogen cycles were carried out to ensure complete removal of air. The empty volume was then filled 

with nitrogen. The autoclave was heated for 20 h at 140°C with magnetic stirring, after which time it was 

cooled and vented. Methanol and residual DMC were removed from the mixture by rotary evaporation 

to give [N8,8,8,1][CH3OCOO] (20.0 g, 99%) as a viscous clear pale yellow liquid. The ionic liquid was 

characterized through 1H NMR and 13C NMR (see appendix, Figure A.2.16-17) 

Synthesis of trioctylmethylammonium tungstate ([N8,8,8,1]2[WO4]) via the methylcarbonate precursor. 

H2WO4 (0.28g, 1.1 mmol) was slowly added to an aqueous solution of [N8,8,8,1][CH3OCOO] (0.83g, 1.86 

mmol) heated at 50 °C. The solution was stirred for 3h during which time the initial opalescent solution 

turned yellow. The solution was cooled, and ethyl acetate was added to extract [N8,8,8,1]2[WO4]. The 

product ionic liquid (0.78 g, 0.79 mmol, yield=86%) was characterized by FT-IR, 1H-NMR, 13C-NMR and 
183W-NMR and data are reported in the appendix (Figure A.2.6, A.2.18-19, A.2.35). 

2.2.5.3 Catalytic experiments 
Typical procedure for the epoxidation reaction 

(N8,8,8,1)2(WO4) (1.25-5% mol respect to the substrate 1), hydrogen peroxide (30% w/wH2O, 1-6 eq.), 
mesitylene as internal standard (10% w/wsubstrate) and – where applicable – an acid co-catalyst (0-5% mol 
respect to the substrate) were charged into a tubular glass reactor equipped with a magnetic stirrer. The 
mixture was stirred for 1 minutes and 1-decene (1, 4 mmol, 1 eq) was added into the glass tube. The 
reactor was heated at the selected temperature (T=25-95°C) and the mixture stirred at 800 rpm. At chosen 
intervals, an aliquot of the reaction mixture was whitdrawn and eluted with Et2O in a Pasteur tube in 
which it was placed a piece of cotton and 2-3 cm of silica in order to separate the catalyst and extract the 
organic compounds.  Any aliquot was analyzed by GC-MS to calculate conversion, selectivity and yield.  

Typical procedure for CO2 fixation reaction  

1-decene oxide (2a, 4 mmol, 1 eq), (N8,8,8,1)2(WO4) (2.5% mol), mesitylene as internal standard (10% w/w 

substrate) and – where applicable – H3PO4 (0-1.25% mol) and [N4,4,4,4]Br (0-2.5% mol), were charged in a 

tubular glass reactor equipped with a magnetic stirrer and closed with a perforated cap that allows the 

gas entrance and block the leakage of liquids. The glass reactor was placed inside a 100-ml stainless steel 

autoclave that was sealed, degassed via two vacuum-CO2 cycles and pressurized with 50 bar of CO2. The 

autoclave was then electrically heated at 85°C and the reaction was magnetically stirred for 8 hours. At 

the end of each run, the autoclave was rapidly cooled in an ice bath and vented, and the final mixture was 

analyzed by GC-MS to calculate conversion, yield and selectivity. The organic phase was finally extracted 

with Et2O and washed several times with water.  

Typical procedure for the one-pot reaction conducted with an auto tandem catalysis approach  

1-decene (1, 4 mmol) (N8,8,8,1)2(WO4) (2.5 % mol), hydrogen peroxide (30% w/w, 2 equivalent respect to 

the substrate), , H3PO4 (1.25% mol) mesitylene as internal standard (10% w/w substrate) and – when 

applicable – [N4,4,4,4]Br (2.5% mol) were charged into a tubular glass reactor equipped with a magnetic 

stirrer and closed with a perforated cap. The reactor was placed inside a 100-ml stainless steel autoclave 
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that was sealed, degassed via two vacuum-CO2 cycles and pressurized with 50 bar of CO2.  The autoclave 

was then electrically heated at 85°C and the reaction was magnetically stirred for 3-18 hours. At the end 

of each run, the autoclave was rapidly cooled in an ice bath and vented, and the final mixture was analyzed 

by GC-MS to calculate conversion, yield and selectivity.  

Typical procedure for the one-pot reaction conducted with an assisted tandem catalysis approach (CO2 
pressure= 10-50 bar) 

(N8,8,8,1)2(WO4) (2.5% mol respect to the substrate 1), hydrogen peroxide (30% w/wH2O, 1.2-4 equivalent 

respect to the substrate 1), H3PO4 (1.25% mol), mesitylene as internal standard (10% w/wsubstrate) were 

charged into a tubular glass reactor equipped with a magnetic stirrer. The mixture was stirred for 1 minute 

and 1-decene (1, 4 mmol, 1 equivalent) was added into the glass tube. The reactor was heated at 85°C 

and the mixture stirred at 800 rpm. After 3 hours the reaction was stopped and the selected halide co-

catalyst (0.5-2.5% mol) was added top the reaction mixture. The tubular glass reactor was then closed 

with a perforated cap and it was placed inside a 100-ml stainless steel autoclave that was sealed, degassed 

via two vacuum-CO2 cycles and pressurized with 10-50 bar of CO2. The autoclave was then electrically 

heated at the selected temperature (70-100°C) and the reaction was magnetically stirred for 3-18 hours. 

At the end of each run, the autoclave was rapidly cooled in an ice bath and vented, and the final mixture 

was analyzed by GC-MS to calculate conversion, yield and selectivity. 

Typical procedure for the one-pot reaction conducted with an assisted tandem catalysis approach (CO2 
pressure = 1 bar) 

(N8,8,8,1)2(WO4) (2.5% mol respect to the selected olefin), hydrogen peroxide (30% w/wH2O, 2 equivalent 

respect to the selected olefin), H3PO4 (1.25% mol), mesitylene as internal standard (10% w/wsubstrate) were 

charged into a tubular glass reactor equipped with a magnetic stirrer. The mixture was stirred for 1 minute 

and the selected olefin (4 mmol, 1 equivalent) was added into the glass tube. The reactor was heated at 

85°C and the mixture stirred at 800 rpm. After 3 hours the reaction was stopped and the selected halide 

co-catalyst (1.25% mol) was added to the reaction mixture. The reactor was degassed via three vacuum-

CO2 cycles and a rubber reservoir containing about 2l of CO2 was connected to the reactor. The reaction 

vessel was sealed to prevent losses of substrates and/or CO2 and stirred at 85 °C for 5h. At the end of the 

reactione an aliquot of the reaction mixture was analysed by GC to determine substrate conversion, 

selectivity and yield. 

Typical procedure for the epoxidation of methyl oleate 

In a typical procedure, a 50-mL round-bottomed flask equipped with a condenser was charged with methyl 

oleate (1g, 500mg, 1.67 mmol), H2O2 (30% w/w, 1-4 equiv.), mesitylene as internal standard (10% w/w of 

the substrate) and [N8,8,8,1]2WO4 (2.5-5% mol). The reaction was then performed at 75°C for 4 hours, by 

heating the mixture under magnetic stirring (1000 rpm). At intervals of one hour, the mixture was sampled 

and analyzed by 1H-NMR. The described procedure was also used to explore the addition of 2.5% mol of 

H3PO4. An additional test was also performed at 75 °C in the absence of any catalyst by using 2 equiv. of 

H2O2. 
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Typical procedure for the CO2 fixation reaction into epoxidized methyl oleate (2g) 

In a typical procedure, a stainless steel autoclave with an internal volume of 200 mL, equipped with a 

pressure gauge, a thermocouple and two valves, was charged with a mixture of epoxidized methyl oleate 

(2g, 1.67 mmol), [N8,8,8,1]2WO4 (5% mol) and eventually [N4,4,4,4]Br (2.5% mol). The autoclave was purged 

at room temperature by three vacuum-CO2 purge cycles and pressurized with CO2 (50 bar). The autoclave 

was then heated at 100°C and the reaction was magnetically stirred (1000rpm) for the desired time (16h). 

The autogenous pressure was 70 bar. After 16 hours, the autoclave was cooled, slowly vented, and 

opened. The mixture was then sampled and analyzed by 1H-NMR. 

Typical procedure for the direct oxidative carboxylation of methyl oleate (1g) 

In a typical procedure, a 50-mL round-bottomed flask equipped with a condenser was charged with methyl 

oleate (1g, 1.67 mmol), H2O2 (30% w/w, 2 equiv.), mesitylene as internal standard (10% w/w of the 

substrate) and the catalyst [N8,8,8,1]2WO4 (5% mol). The reaction was then performed at 75°C, by heating 

the mixture under magnetic stirring (1000 rpm) for 4 hours. Once the reaction reached a complete 

conversion, the biphasic solution was allowed to cool at room temperature and 2.5% mol of an halide 

source (Q+X-, Q= [N4,4,4,4], Na, K; X-= Cl-, Br-, I-) was added as co-catalyst. The round-bottom glass flask was 

fitted inside a stainless steel autoclave (internal volume: 200 mL) equipped with a pressure gauge, a 

thermocouple and two valves. The autoclave was purged at room temperature by three vacuum-CO2 

purge cycles and pressurized with CO2 (50 bar). The autoclave was then heated at 100°C and the reaction 

was magnetically stirred (1000rpm) for 16 hours. The autogenous pressure was 70 bar. After 16 hours, 

the autoclave was cooled, vented, and opened. The mixture was then sampled and analyzed by 1H-NMR. 

31P NMR test 

H3PO4 (4.9 mg, 0.05 mmol, the same amount used in the optimized catalytic tests) was added in an NMR 

tube with 0.3 ml of D2O and a 31P NMR spectra was recorded. Then, a large excess of H2O2 (30% w/w, ≈ 

0.5 ml) was added inside the tube that was heated at 50°C for 30 minutes, after that another 31P NMR 

spectra was recorded. Finally, [N8,8,8,1]2[WO]4 (94.0 mg, the same amount used in the optimized catalytic 

test) was added, the tube was heated again at 50°C for 30 minutes and a last 31P NMR spectra was 

recorded to reveal the formation of new peroxophosphotungstate species. 

Test for the scalability of 1-decene epoxidation 

(N8,8,8,1)2(WO4) (2.5% mol respect to the substrate 1), hydrogen peroxide (30% w/wH2O, 2 equivalents), 
and H3PO4 as co-catalyst (1.25% mol respect to the substrate) were charged into a round-bottomed flask 
equipped with a magnetic stirrer and a condenser. The mixture was stirred for 1 minutes and 1-decene 
(1, 10 g, 71.4 mmol) was slowly added into the flask. The mixture was heated at 50°C and stirred at 800 
rpm for 24 hours. At the end of the reaction, the organic phase was separated and passed through a 
short plug of silica with diethyl ether as solvent in order to separate any trace of the catalyst. The 
organic phase was then concentrated under reduced pressure (60°C, 10 mbar) and 1-decene oxide was 
obtained with a 88% yield (9.82 g, 62.8 mmol, >97% purity according to GC analysis and 1H NMR). 
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Test for the scalability of the direct oxidative carboxylation of 1-decene 

(N8,8,8,1)2(WO4) (2.5% mol respect to the substrate 1), hydrogen peroxide (30% w/wH2O, 2 equivalents), and 

H3PO4 as co-catalyst (1.25% mol respect to the substrate) were charged into a two-neck round-bottomed 

flask equipped with a magnetic stirrer and a condenser. The mixture was stirred for 1 minutes and 1-

decene (1, 10 g, 71.4 mmol) was slowly added into the flask. The mixture was heated at 85°C and stirred 

at 800 rpm. After 3 hours, the reaction was stopped, [N4,4,4,4]I (1.25% mol) was added, the flask was 

degassed via three vaccum-CO2 cycles and a rubber reservoir containing about 2l of CO2 was connected 

to the flask. The reaction was conducted at 85°C for additional 5 hours.  At the end of the reaction, the 

organic phase was separated and a flash column chromatography with petroleum ether:ethyl acetate 9:1 

was performed to obtain an 86% isolated yield of decylene carbonate (12.28 g, 61.4 mmol, >98% purity 

according to GC analysis and 1H NMR). 
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2.3 DEG/NaBr catalyzed CO2 insertion into terminal epoxides: from batch to 
continuous flow 

 

2.3.1 Introduction 
 

The catalytic system based on TILCs reported in the previous two sections (paragraph 2.1 and 2.2) resulted an 
optimum protocol in batch conditions but its application in continuous-flow (CF) reactors is hard to implement: 
one potential route to reach this scope is the immobilization of ionic liquids onto silica supports as recently 
reported in literature for CO2 fixation into epoxides.1 However, issues related to the miscibility of a biphasic 
system in CF coupled with the concurrent reaction with gaseous carbon dioxide and the potential leaching of 
active species during continuous-flow reactions (in particular for immobilized ionic liquids and transition metal 
catalysts)2 make this project very challenging. These reasons coupled with international mobility problems related 
to the COVID-19 outbreak forced us not to explore this fascinating route and focus our attention into other 
commercial catalytic system for the CO2 fixation into epoxides in CF reactors.  

The synthesis of COCs through CO2 fixation in CF processes is not trivial, as reported in a recent review on the 
argument by Jamison et al. This statement can be confirmed from the scarcity of the published papers (≈ 20) on 
this topic, especially if compared to the large amount of papers published yearly on COCs through batch 
processes.3 One of the first CF-examples described a CoII-salen complex immobilized on MCM-41 silica gel: at T = 
110 °C, p(CO2) = 125 bar and flow (F) = 10-20 mL∙h-1, in the presence of tetrabutylammonium bromide ([N4,4,4,4Br]) 
as a co-catalyst, ethylene oxide (EO) was converted up to 86% into ethylene carbonate (EC) with > 99 % 
selectivity.4 Another approach proposed a Zn-based imidazolium ionic liquid ([AeMIM][Zn2Br5]) supported on 
MCM-22 molecular sieves, to obtain propylene carbonate (PC) from propylene oxide (PO). A steady PC yield of 
62% was reported after > 50 h of time-on-stream, at T = 130 °C, p(CO2) = 20 bar, LHSV = 0.75 h-1 employing a molar 
ratio CO2/PO = 3.5 An AlIII-salen complex modified with (diethylbenzyl)ammonium bromide immobilized on 
amorphous silica proved effective for the first continuous-flow synthesis of EC designed for using waste CO2 
originated for example, in the exhaust stream of a fossil fuel power station. At T = 150 °C, when a binary mixture 
of N2 and CO2 at a total flow rate of 4.7 mL min-1, was allowed to pass through (pressurized) liquid EO, 57% of the 
carbon dioxide was converted into ethylene carbonate, with a TOF of 7.6 h-1.6 More recently, CF CO2 insertion 
was performed in a tube-in-tube gas-liquid reactor comprised of a CO2 permeable inner coil continuously fed by 
styrene oxide (SO) and a mixture of tetrabutylammonium bromide and zinc bromide ([N4,4,4,4Br]/ZnBr2 as a 
homogeneous catalyst), surrounded by an external jacket pressurized with CO2: this configuration allowed a 
quantitative SO conversion under relatively mild conditions (T = 120 °C, p(CO2) = 6 bar).7 Heterogeneous catalytic 
systems based on d-block metal catalysts were also employed for CO2 insertion in CF conditions. For instance, 
NbCl5 and the ionic liquid 1-hydroxypropyl-3-n-butylimidazolium chloride, supported on protonated 
carboxymethylcellulose (HBimCl-NbCl5/HCMC), were tested as catalysts for CO2 insertion in a library of epoxides 
at T = 130 °C and p(CO2) = 15 bar (6 examples, yields=68 - 99%).8 In another recent work, a metal-organic 
framework modified with Sc [MOF MIL-101(Sc)] was active for the conversion of PO to PC in up to 57 % yield, 
using chlorobenzene as a solvent at T = 100 °C and p(CO2) = 5 bar.9  

On the other hand, catalytic systems based on salts/complexes of alkali and alkaline earth metals have been 
scarcely investigated for the preparation of COCs. One of the few available studies reported a Cs-P-Si fixed bed 
reactor which, albeit active for the transformation of propylene oxide (PO) to propylene carbonate (T = 200 °C, 
p(CO2) = 140 bar, PO/CO2 at flow = 0.2 mL∙min-1, conversions up to 81%), showed extensive catalyst leaching with 
complete deactivation after 5 h.10 Other strategies to carry out CO2 insertion into terminal epoxides over 
alkali/alkaline earth metal-based catalysts were limited only to batch conditions. Typically, reactions were 
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performed in homogenous conditions in the presence of co-catalysts acting as both hydrogen bond donor and 
cation coordinating agents,11 e. g. glycols, crown ethers and polyethers,12 which were also necessary to overcome 
the well-known solubility issues of metal salts in epoxides/organic solvents. For example, a system comprised of 
KBr embedded in polyethylene glycol 400 (PEG400) was reported for the conversion of a library of epoxides (13 
examples) into the corresponding carbonates with yields > 90 % in all cases.13 More recently, in a similar fashion, 
CaI2 in combination with poly(ethyleneglycol) dimethyl ether (PEG DME 500) proved effective towards CO2 
insertion into both terminal and internal epoxides: at T = 25-90 °C and p(CO2) of 10-50 bar, the corresponding 
COCs (27 examples) were obtained in variable yields from 51 to 99%. The catalytic system was then further 
optimized using PEG400 dimethyl ether as a complexing agent, allowing a scaling up of the CO2 insertion reaction 
starting from 10 g of reacting epoxides.14,15  

 

2.3.2 Aim and summary of the work. 
 

In light of the results above mentioned, we were prompted to investigate whether mixtures of organic ligands 
based on oligo- and poly-glycols and alkali/alkaline earth metal halides, could be used for the preparation of COCs 
in CF mode. This was a substantially unexplored area with major challenges associated to the control of the 
viscosity of the complexing agent and the design of a liquid/gas biphasic system able to ensure reactants/catalyst 
miscibility and suitable contact time for the process. We report here that CO2 insertion in model epoxides 
succeeded by using a diethylene glycol (DEG)/NaBr catalytic system. DEG was chosen as a model hydrogen bond 
donor moiety due to its ability to coordinate Na+ cations. An initial screening on the effects of reaction parameters 
in batch conditions allowed to confirm the suitability of the catalytic system towards CO2 fixation with mild 
reaction conditions (100°C, 3h, 1-40 bar of CO2). Then the reaction was implemented in the continuous mode by 
making a homogenous mixture of DEG, NaBr and the selected epoxide flow through a capillary steel column (the 
CF-reactor), under controlled flow/pressure of CO2. At T= 140 - 220 °C and p(CO2) = 120 bar, conversions of the 
tested epoxides ranged from 75 to > 99 %, and the corresponding COCs were achieved with selectivity up to 93 
%. The CF-setup proved robust and flexible since the products were separated by continuous extraction at the 
reactor outlet, while the (homogenous) catalyst as a DEG/NaBr mixture was recovered and reused.  

 

2.3.3 Results and discussion 
 

2.3.3.1 Batch conditions  
Choice of cation complexing agent (co-catalyst). The insertion of CO2 into styrene oxide (1a) was chosen as a 
model reaction, in the presence of NaBr as the catalyst and different glycols and alcohols as co-
catalysts/complexing agents in batch conditions. Diethylene glycol (DEG), diethylene glycol dimethyl ether 
(DEGDME), 1-hexanol and 1,6-hexanediol were tested. With the aim to preliminarily explore the effects of 
reaction parameters, a 200 mL steel pressure vessel was charged with a homogenous solution of 1a (0.4 g, 3.33 
mmol), NaBr and the selected glycol in 1a/NaBr/glycol 1:0.1:0.3 molar ratio. The mixture was heated at 50-100 
°C, under 40 bar of CO2 with magnetic stirring. Results are summarized in Table 2.11. that shows the conversion 
of 1a and the yield of styrene carbonate (2a: 4-phenyl-1,3-dioxolan-2-one) after 5 h. Hexanol, 1,6-hexanediol and 
the methyl capped-glycol (DEGDME) offered poor conversions not exceeding 12, 14 and 3 % at T = 100 °C, 
respectively (Entries 1-3). By contrast, quantitative and exclusive formation of 2a was achieved when DEG was 
used as a co-catalyst (entry 6). Diethylene glycol proved active even at temperatures between 50 and 70 °C, albeit 
with lower conversions (21 and 62%, respectively: entries 4-5). These experiments demonstrated the superior 
performance of DEG suggesting that its structure was particularly suited for the complexation of Na+ and 
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consequent activation of bromide and of the reactant epoxide. To the best of our knowledge, the use of DEG/NaBr 
was an unprecedented combination to promote CO2 insertion reactions.  

 

Table 2.11: CO2 insertion in SO catalyzed by NaBr/glycol: effects of the co-catalyst and the temperature under 
batch conditions 

Entry  Co-catalyst T (°C) Yield (a),(b) 

1 
 

1-hexanol 
100 12 

2 
 

1,6-
hexanediol 

100 14 

3  

DEGDME 

100 3 

4 

 

DEG 

50 22 

5 75 63 

6 100 99 

All reactions were carried out for t = 5 h in an autoclave charged with a mixture of SO (3.33 mmol), NaBr and the co-
catalyst in a 1:0.1:0.3 molar ratio, respectively. (a) Yields were determined by GC using mesitylene (10 % mol) as an internal 
standard. (b) Selectivity were always > 99% according to GC and 1H NMR analysis. 

 

Effects of reaction time, reactant:catalyst molar ratio, and CO2 pressure. A series of experiments was carried out 
at 100 °C by changing one at a time, the reaction parameters of Table 2.11, specifically by decreasing: i) the 
reaction time (t) from 5 to 3 and 2 h, respectively; ii) the 1a:NaBr:DEG molar ratio (W) from 1:0.1:0.3 to 1:0.05-
0.025:0.3 and then 1:0.1:0.2 and finally, in the absence of either DEG or NaBr; iii) the CO2 pressure from 40 to 10, 
2 and 1 bar. In the latter case (1 bar = atmospheric pressure), the reaction was carried out in a conventional glass 
flask (50 mL) equipped with a 2 L CO2 reservoir. All reactions were run in duplicate for reproducibility ensuring 
<5% difference in conversion and selectivity between repeated tests. The results are reported in Table 2.12. 

Compared to the 5 h tests of Table 2.11, 3 h were sufficient for quantitative reactions, while a slight decrease of 
the conversion (from 99 to 96%) was noticed after 2 h (Entries 1-3, Table 2.12). Further experiments were 
conducted on this basis (3 h). A pronounced effect, particularly on the extent of the 1a conversion, was observed 
by varying the reactant/catalyst/DEG molar ratio. Indeed, when the catalyst (NaBr) was reduced from 10 to 5 
mol% and then to 2.5 mol%, the conversion of the epoxide dropped from 99 to 62 and 20%, respectively (Entries 
2, 4 and 5). This clearly indicated the role of the halide salt concentration in the process kinetics, pointing out how 
the bromide-mediated ring opening of the epoxide was the rate-determining step of the overall CO2 insertion 
process. In line with this observation, decreasing the loading of the co-catalyst (DEG) from 30 to 20 mol % caused 
a reduction of the 1a conversion, from 99 to 85%, (Entries 2 and 6) consistent with a lower bromide activation. In 
addition, DEG could assist the reaction through its hydrogen bond donor activity, making the epoxide ring 
cleavage easier (see later, Figure 2.22). The synergic action of the catalyst and the co-catalyst was unambiguously 
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proved by the tests in the absence of either NaBr or DEG where no reaction took place (Entries 7 and 8). 
Conditions investigated so far suggested that the best results were achieved using the mixture of 1a, NaBr, and 
DEG in the W= 1:0.1:0.3 molar ratio, respectively. This W ratio was fixed to study the pressure effect. Experiments 
demonstrated that the reaction outcome was not affected neither by the pressure over the range 1-40 bar nor 
by the CO2:epoxide molar ratio (see experimental part), wherein styrene oxide was quantitatively converted into 
styrene carbonate (Entries 9-11).  

 

Table 2.12: CO2 insertion into styrene oxide catalyzed by NaBr/DEG: effects of reaction time, reactant:catalyst 
molar ratio, and CO2 pressure. 

Entry CO2    
(bar) 

t (h) 1a:NaBr:DEG 
(mol/mol) 

Yield 
(a),(b) 

1 40 5 1:0.1:0.3 >99 

2 40 3 1:0.1:0.3 >99 

3 40 2 1:0.1:0.3 96 

4 40 3 1:0.05:0.3 62 

5 40 3 1:0.025:0.3 23 

6 40 3 1:0.1:0.2 86 

7 40 3 1:0:0.3 0 

8 40 3 1:0.1:0 0 

9 10 3 1:0.1:0.3 >99 

10 2 3 1:0.1:0.3 >99 

11 1 3 1:0.1:0.3 >99 

All reactions were carried out at 100 °C, in an autoclave charged with a mixture of 1a (3.33 mmol), NaBr and DEG in the 
reported molar ratio. (a) Yields were determined by GC using mesitylene (10 % mol) as an internal standard. (a) Selectivity 
were always > 99% according to GC and 1H NMR analysis 

 

A plausible mechanistic hypothesis for catalyst activation by DEG is shown in Figure 2.22: diethylene glycol 
plausibly played a double role acting as a chelating agent for Na+ but also as a hydrogen bond donor (HBD) that 
assisted the ring-opening of the reactant epoxide. Both the complexing and HBD activity of polyethylene glycols 
are indeed widely reported. 13-15,16 
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Figure 2.22: Proposed mechanism for the co-catalytic effect of DEG. Top, mid: the activation of NaBr; top-to-
bottom, right: hydrogen bond donor assistance to the epoxide ring cleavage.  

 

Substrate scope. Under the best conditions for the conversion of 1a (Entries 2 and 11, Table 2.12), the activity of 
the NaBr/DEG binary mixture was tested for 6 other terminal epoxides including 1,2-epoxybutane (1b), 1,2-
epoxyhexane (1c), 1,2-epoxydecane (1d), butyl glycidyl ether (1e), phenyl glycidyl ether (1f), and 1,4-butanediol 
diglycidyl ether (1g). Reactions were carried out at T = 100 °C for t = 3 h, using a solution of the epoxide, NaBr, 
and DEG in a 1:0.1:0.3 molar ratio, respectively. Experiments were performed at high and low CO2 pressure (40 
bar and atmospheric pressure). All the tested epoxides were quantitively and selectively converted into the 
corresponding COCs (2b-g), (Scheme 2.2), thereby confirming that: i) the batch protocol could be extended to a 
range of different terminal epoxides; ii) CO2 insertion reactions were not substantially affected by the CO2 
pressure and the CO2:epoxide molar ratio (see experimental part). In the case of the di-epoxide 1g, the bis-
cyclic carbonate 2g was obtained. 

 

 

 

 

 

 

 

Scheme 2.2: NaBr/DEG catalyzed CO2 insertion in terminal epoxides: substrate scope. Conversion and selectivity 
were determined by GC in the presence of mesitylene as internal standard. 

 

The batch protocol was also examined using the internal epoxide of methyl oleate, i.e. methyl 8-(3-octyloxiran-2-
yl) octanoate (1h) in its pure diastereomeric cis form.17 Under the conditions of Scheme 2.3, the reaction 
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conversion was 66% and the selectivity to the carbonate derivative, methyl 8-(5-octyl-2-oxo-1,3-dioxolan-4-yl) 
octanoate (2h), was 50% (60:40 cis/trans). The only observed by-product (16%) was methyl 9-oxooctadecanoate 
coming from a Meinwald rearrangement of the starting epoxide. 18  

 

 

Scheme 2.3: NaBr/DEG catalyzed CO2 insertion in the internal epoxide 1h. Conversion and selectivity were 
determined by 1H NMR in the presence of mesitylene as internal standard. 

 

As widely reported in the literature, it is reasonable to assume that both SN1 and SN2 mechanisms can take place 
in the ring-closure to yield the cyclic carbonate species, accounting for the presence of the carbonate 2h product 
in a 60:40 cis/trans mixture.18,19  

CO2 insertion under batch conditions: solvent choice. Finally, the identification of a liquid carrier (solvent) to 
achieve a homogeneous solution of epoxide, NaBr and DEG with low enough viscosity was studied in view of 
extending the protocol to CF. A comparative study of different solvents including toluene, THF, chloroform, 2-
butanone, acetonitrile and DEG under batch conditions is summarized in Table 2.13 proving that the latter (DEG) 
was not only an excellent complexing agent, but was also the perfect solvent. In this case 1,2-epoxyhexane (1c) 
was used as model epoxide for the investigation of the CF processes due to its relatively low toxicity and reduced 
risks associated to its use in CF systems under pressure. To a mixture of 1c (3.33 mmol), NaBr, and DEG in a 
1:0.1:0.3 molar ratio, respectively, the chosen solvent was added to obtain a 5 M solution of the epoxide and the 
CO2 insertion was performed under the optimized conditions (T = 100 °C, 40 bar of CO2, t=3 h). 

 

Table 2.13: Insertion of CO2 in 1,2-epoxyhexane (1c) catalyzed by NaBr/DEG, in the presence of a solvent. 

 

Entry Solvent a 
1c, 

Conv. (%) 

2c, 

Sel. (%) 

By-products 
(%) 

1 Toluene 2.38 41 54 19 

2 Chloroform 4.81 49 70 15 
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3 THF 7.58 28 39 17 

4 2-butanone 18.6 18 67 6 

5 Acetonitrile 37.5 18 >99 - 

6b DEG 37.0 >99 >99 - 

All reactions were run in batch conditions (autoclave). Conversion of 1c and selectivity towards 2c were determined by 1H 
NMR and GC analysis in presence of an internal standard (mesitylene). a The polarity of the investigated solvents was 
compared through the corresponding dielectric constant. b The reaction afforded quantitative conversion of epoxide and 
selectivity towards the corresponding COC also when other starting epoxide were employed (styrene oxide (1a) and butyl 
glycidyl ether (1d). 

 

The conversion decreased with increasing solvent polarity, from 40-50% in toluene and chloroform (Entries 1-2, 
Table 2.13), to 18% in 2-butanone and acetonitrile (Entries 4-5). However, the higher the conversion the lower 
the selectivity, due to the formation of by-products. In all cases, these by-products could not be identified 
unambiguously by 1H NMR and GC-MS. Whichever the reasons for this behavior, the overall results were 
unsatisfactory with respect to those in the absence of solvents where 100% selectivity was achieved at complete 
conversion. Entry 6 proved that DEG was not only an excellent complexing agent, but it could also act as the best 
reaction medium. The reaction occurred smoothly, retaining high conversion and selectivity (both > 99%) 

reported in Scheme 2.2. This result seemed quite unexpected: considering the dielectric constant, the values of 
DEG and CH3CN are similar while DEG is more polar than CH3CN according to the Dimroth–Reichardt solvent 
scale.20 Indeed, if we only consider solvent polarity, a polar aprotic solvent like CH3CN should activate effectively 
the anionic nucleophile according to the well-known “naked anion” effect and destabilize the thus formed 
alkoxide intermediate (i.e. the rate-determining step), favouring the fast, subsequent CO2 insertion process. 
However, catalytic CO2 insertion into epoxides is strongly influenced by the nature of the solvent, and polar protic 
solvents as DEG can play a non-innocent role in the overall process, acting as HBD and favouring epoxide ring-

opening upon coordination on the alkoxide intermediate (Figure 2.17). The participation of DEG in the catalytic 
process can explain its improved activity compared to the use of a polar aprotic solvent such as CH3CN. 

 

2.3.3.2 Continuous-flow process 
CF-setup. The encouraging results obtained investigating the CO2 insertion in batch mode prompted us to extend 
the protocol under continuous-flow conditions.21 Flow chemistry is one of the top ten emerging technologies with 
high potential for sustainable syntheses, yet, from a chemical engineering standpoint, the transfer from a batch 
to a continuous process poses some issues especially when a setup comprised of a polar liquid mixture and 
nonpolar (gaseous or liquid/supercritical) CO2 are present as in the case of this work.  

Based on our expertise in flow chemistry,22 the CF-apparatus was designed and in-house assembled, using a 
microfluidic reactor in the shape of 1/16” stainless-steel coil (Figure 2.23). CO2 was supplied as a liquid from a 
commercial CO2 cylinder equipped with a dip-tube and then compressed at the desired pressure and flow by a 
refrigerated dual head pump (PCO2). The solution of epoxide, NaBr and DEG was delivered by an HPLC pump (PL). 
The CO2 and liquid streams were mixed in T junction (T) and conveyed to the CF-reactor (coil C) placed inside an 
oven for the temperature control. A back-pressure regulator (BPR) maintained a constant operating pressure 
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throughout the system and allowed the depressurization and recovery of the reaction mixture in the extractor 
(E) where the COC product was separated from the NaBr catalyst and DEG co-catalysts which were recycled. 

 

 

 

 

 

 

 

 

 

Figure 2.23: CF apparatus used for CF CO2 insertion into epoxides 

 

The CF insertion of CO2 into 1,2-epoxyhexane (1c). Compound 1c was chosen as a model terminal epoxide to begin 
the study of CF CO2 insertions. Experiments were carried out using a 1 M solution of 1c in DEG in the presence of 
NaBr (0.1-1 molar equiv. with respect to 1c). This mixture was fed along with CO2 to the CF-reactor of Figure 2.23: 
for screening tests, the dimensions of the steel coil were 2500 x 0.2 mm (length x internal diameter; 7.85·10-2 cm3 
internal volume). Check valves were placed to avoid cross-contamination. All tests were run for t = 2 h by changing 
different pressure, temperature, and flow rates of the liquid solution (FL) and CO2 (FCO2) stream in the range of 
60-150 bar, 150-220 °C, 0.1-1.0 mL min-1, and 1.0-4.0 mL min-1, respectively. GC and GC-MS analyses of reaction 
mixtures samples confirmed the formation of 3 different products: hexene carbonate (2c), 1-bromohexan-2-ol 

(3c), and hexane-1,2-diol (4c) (Table 2.14). The bromohydrin (3c: BHO) is a reaction intermediate formed by the 
nucleophilic attack of the bromide anion to the primary carbon atom of the epoxide ring, as confirmed by GC-MS 
and NMR (see appendix for further details, Figure A.2.56-57). Formation of the diol 4c (MS spectrum in Figure 
A.2.58) was due to hydrolysis of the starting epoxide plausibly promoted by traces of water in the highly 
hygroscopic DEG.23  Results are reported in Table 2.14. 

At the lowest investigated pressure, Q ratio and flow rates (60 bar, FL = 0.1 and mL∙min-1, FCO2 = 1 mL min-1 and Q 
= 0.2), the epoxide conversion was very low at T = 150 °C (8 %) and it was limited even at T = 200 °C, not exceeding 
15% (Entries 1 and 2). Formation of the desired COC product, 4-butyl-1,3-dioxolan-2-one (2c), was also 
unsatisfactory (up to 13 %), because of the predominant presence of the bromohydrin intermediate (BHO, 80 %). 
Doubling the system pressure up to p = 120 bar had a modest influence: the corresponding epoxide conversion 
and selectivity to 2c were 18 and 19%, respectively (Entry 3). Further testing showed that significant 
improvements of the reaction outcome could be reached through the cooperative effects of T and the Q ratio 
variation. This was exemplified by the results of Entries 4 and 5: at p = 120 bar, when the temperature and the 
catalyst loading were progressively raised from 200 to 220 °C and from 0.1 to 0.3 and 1 molar equiv., respectively, 
the epoxide conversion also increased from 18 to 25 and 88% and the carbonate selectivity was enhanced to 81% 
(Entry 5). Under such conditions, an effect of the pressure was also noticed: albeit an increase to p = 140 bar did 
not produce appreciable changes, a decrease to p = 100 bar brought about a 8 % reduction of the conversion 
(from 90 to 82%, compare Entries 6 and 7). The CF system pressure, therefore, must be set at a sufficiently high 
threshold value (p ≥ 120 bar) to ensure a constant CO2 concentration in the reaction environment.  
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Table 2.14: Synthesis of 2c from 1c and CO2 in continuous flow. Effects of key reaction parameters 

 

 

 

Entry 1c:NaBr  

(Q, 
mol:mol) 

FL/FCO2 

(mL/m
in) 

p 

(bar) 

T 

(°C) 

Conv. 

(%) [a] 

Sel. (%) (a) 

EHxC 
2c 

BHO 
3c 

EHxD 
4c 

1 0.1 0.1/1 60 150 8 - >99 - 

2 0.1 0.1/1 60 200 15 13  80 7 

3 0.1 0.1/1 120 200 18 19 74 7 

4 0.3 0.1/1 120 200 25 26  67 7 

5 1 0.1/1 120 220 88 81 15 4 

6 1 0.1/1 140 220 90 82 15 3 

7 1 0.1/1 100 220 82 79 18 4 

8 1 0.2/1 120 220 88 78 17 5 

9 1 0.4/1 120 220 84 79 16 4 

10 1 1/1 120 220 73 63 30 7 

11 1 0.1/4 120 220 69 77 19 4 

All reactions were run for t = 2 h and tests were run in duplicate for reproducibility: in repeated reactions, conversion and 
selectivity differed <5% from one experiment to another.  (a) Conversion and selectivity were determined by GC-MS analysis. 

   

In light of these results, the study was continued choosing T, p, and Q (NaBr:1c molar ratio) of 220 °C, 120 bar, 
and 1, respectively. A partial thermal degradation of DEG was noticed above 220 °C resulting in clogging of the 
CF-reactor. Therefore, temperatures > 220 °C were not explored. The influence of changing the flow rate of both 
the reactant solution (FL) and CO2 (FCO2) stream was then investigated. Experiments were first carried out by 
increasing FL from 0.1 to 0.2 and 0.4 mL·min-1, at a constant FCO2 (1 mL min-1). No apparent effects on the reaction 
outcome were noticed (Entries 5 and 8-9, Table 2.14). The reaction productivity [defined as moles of carbonate 
product ∙ (h ∙ cat. equivs)-1], however, was substantially enhanced: by quadrupling FL, the rate of EHxC formation 
went up from 4.3 mmol h-1 equiv-1 to 15.9 mmol h-1 equiv-1 with an increase by a factor of 3.7. When FL was further 
raised to 1 mL min-1, a drop of both the conversion (73 %) and the carbonate selectivity (63 %) was observed 
(Entry 10); yet the productivity continued to increase up to 27.6 mmol h-1 equiv-1. In this case the nominal molar 
ratio CO2:epoxide is ≈ 18:1 with a decreased by a factor of 10 compared to the best conditions highlighted in the 
entry 6, hence also the molar ratio CO2:epoxide could affect the performance of the reaction. No further 
investigations were carried out in this respect, but it should be noted here that under batch conditions, the 
maximum productivity for carbonate 2c was 11.1 mmol h-1 equiv-1 (Scheme 2.3), about 2.5-fold lower than that 
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in the CF-mode. Increasing FCO2 from 1 to 4 mL min-1 (at constant FL = 0.1 mL min-1) was also detrimental for the 
epoxide conversion, which was reduced from 88 to 69 % (compare Entries 5 and 11, Table 2.14). These findings 
highlighted how the feed rates of the liquid solution (FL) and of supercritical CO2 (FCO2) affected the CF reaction: 
higher flow rates resulted in lower contact times, lower epoxides conversion and lower COC selectivity, 
demonstrating that the increase of the molar ratio CO2:substrate negatively affect the performance of the CF 
process. Overall, the concept was proved: the CO2 insertion into 1c could be engineered to proceed in CF mode 
in the presence of a homogenous catalyst/co-catalyst system (NaBr/DEG).  

Two major challenges remained open: i) devising a purification protocol to allow an efficient separation of 
products, while effectively recycling the NaBr/DEG “catalytic” mixture; ii) improving the selectivity towards the 
carbonate product (EHxC). Changes of the reaction parameters investigated in Table 2.14 were not effective in 
this respect: the 2c selectivity apparently levelled off, never exceeding 82%, mainly because of the formation of 
the bromohydrin intermediate which persisted in the final reaction mixtures. 

Catalytic system recycling and mass balance. For the recovery of the products of Table 2.14, the adopted method 

was to convey the reaction mixture to a separatory flask containing a biphase system of water and an organic 

solvent (30 mL of each phase). Five different solvents including diethyl ether, diethyl carbonate, cyclopentyl 

methyl either (CPME), n-hexane and ethyl acetate were tested and compared to this purpose. Diethyl carbonate 

(DEC) was finally chosen for its suitability for carbonate products and its low toxicity and safety (details on the 

solvent choice are reported in the appendix, table A.2.1). The unconverted reactant and products were extracted 

in DEC, while the catalyst/co-catalyst (NaBr/DEG) were quantitatively dissolved in the aqueous solution (Figure 

2.23). Experiments on the recycling of the NaBr/DEG system were carried out under the experimental conditions 

of Entry 5, Table 2.14 ([1c] = 1 M in DEG; NaBr (1.0 equiv.); FL = 0.1 mL∙min-1, FCO2 = 1 mL∙min-1, p = 120 bar, T = 

220 °C), as summarized in Scheme 2.4. 

 

 

Scheme 2.4: Catalytic system recycling in CF-mode 

 

The catalytic system (DEG and NaBr) present exclusively in the aqueous layer, was collected and evaporated under 
reduced pressure (T = 70 °C, p = 5 mbar) until complete removal of water. To the resulting liquid was added fresh 
epoxide (EHx: 12 mmol to obtain a 1 M solution in DEG) and an additional aliquot of NaBr (163 mg, 1.6 mmol). 
The latter was necessary to integrate the amount of catalyst consumed by the formation of the bromohydrin 
intermediate (BHO), and it was calculated to restore the initial quantity of NaBr (i.e. to achieve an epoxide:catalyst 
molar ratio of 1, based on 88% conversion and 15% selectivity towards BHO, see Entry 5, Table 2.14). The solution 
was then delivered to the CF-reactor for the first recycle run. The steps of Scheme 2.4 were repeated for 4 
subsequent recycles. The amount of fresh NaBr was adjusted after each experiment according to the conversion 
and the selectivity achieved case-by-case. Results are reported in Figure 2.24. 
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Figure 2.24: DEG/NaBr system recycling upon CF synthesis of EHxC (2c). Conditions: [EHx, 1c] = 1 M in DEG, 
NaBr:1c = 1.0 mol/mol; FL = 0.1 mL∙min-1, FCO2 = 1 mL∙min-1, p = 120 bar, T = 220 °C. Run 0 (first reaction) refers to 
the result of Entry 5, Table 2.14   

 

After each recycle, both the conversion and 2c selectivity were substantially steady at ca 85-90% and 80-85%, 
respectively, thereby proving that the NaBr/DEG catalytic mixture was reusable without loss of performance. It 
should be noted however, that the formation of bromohydrin 3c produced NaOH as by-product which 
accumulated in the DEG solution, making it denser and (slightly) more viscous after each cycle. Although this 
feature was not investigated in detail, nor its consequences were apparent from Figure 2.24, nevertheless it could 
plausibly bring about a limitation in view of an indefinite recycle of the DEG solution: the higher its 
viscosity/density, the more difficult the mass transport, especially in microfluidic reactors.24 Moreover, part of 
NaBr was irreversibly consumed in each reaction run.  

Recycle experiments allowed to confirm the reaction mass balance. To this aim, the organic phase (containing 
exclusively the products) was collected and concentrated in vacuo (T = 30 °C, p = 50 mbar) and dried. The desired 
product, 2c was then isolated by FCC, with isolated yields ranging between 66 and 71 %, consistent with the 
conversion and selectivity reported in Figure 2.24 (see appendix for further details, Table A.2.2).  

Improving the selectivity: effect of reactor length (contact time) and substrate scope. Previous experiments 
highlighted that the selectivity towards 2c was mostly limited by formation of 3c. Increasing the contact 
(residence) time could plausibly favor the conversion of the bromohydrin into the corresponding COC. However, 
the technical specs of the pumps of our CF system did not allow flow rates lower than the values specified in Table 
2.14 (FL = 0.1 mL∙min-1 and FCO2 = 1 mL∙min-1). A redesign of the CF reactor was therefore required. The same 1/16” 
steel coil (internal diameter = 0.2 mm) was used, but the reactor length and internal volume were doubled from 
250 to 500 cm, and from 7.85·10-2 to 0.157 cm3, respectively. Experiments were performed under the optimized 
conditions ([1c] = 1 M in DEG; NaBr (1.0 equiv.); FL = 0.1 mL∙min-1, FCO2 = 1 mL∙min-1, p = 120 bar, T = 220 °C). 
Results are reported in Table 2.15, which compares the conversion and the selectivity towards the desired COC 
product and the bromohydrin by-product (products 2 and 3, respectively) achieved by performing CO2 insertion 
reactions in both the available reactors (l = 250 and 500 cm, respectively). When choosing 1c as a model substrate, 
increasing the reactor length slightly improved the conversion (from 88 to 92%), but had a more pronounced 
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effect on the selectivity towards the desired 2c product which increased from 81 to 91% (Entries 1 and 2). The 
corresponding diol 4c was not detected, not even in trace levels. A similar effect was observed when performing 
CF CO2 insertion reactions on butyl glycidyl ether (1e): increasing coil length resulted in a quantitative conversion 
with an excellent selectivity to the corresponding COC product (93%, entry 4). Overall, a positive effect on 
products distribution was observed, thereby proving that CF system could be flexibly engineered to overcome 
the kinetic issues associated to the two consecutive reactions (bromohydrin formation and CO2 insertion). A more 
quantitative explanation of these results should consider the estimation and comparison of the contact time 
under the investigated conditions: a flowing system comprising a polar liquid (epoxide in DEG/NaBr) and a non-
polar supercritical gas-like phase (CO2 with a density as low as 0.14 g∙mL-1 at 220 °C and 120 bar) made this study 
challenging, if at all possible.25  

Additional experiments were performed using also styrene oxide (1a). In this case, at T = 220 °C, when the shorter 
reactor (250 cm) was used, the conversion of 1a was 99% but a significant formation of products deriving for the 
Meinwald rearrangement of 1a (phenylacetaldehyde and acetophenone) was noticed (entry 5).26 The presence 
of an electron withdrawing substituent as the aryl ring 27 altered the reactivity of 1a with respect to both hexene 
oxide (1c) and butyl glycidyl ether (1e). The isomerization side-reaction was almost suppressed by lowering the 
temperature at 140 °C. Under such conditions, however, the conversion was reduced to 64% and a significant 
amount of unreacted bromohydrin intermediate (3a, 2-bromo-1-phenylethan-1-ol: 26%) was detected in the final 
mixture (entry 6). Increasing the reactor length to 500 cm, improved the conversion to 75% with no appreciable 
effects on the products distribution. The best selectivity towards styrene carbonate (2a) and the bromohydrin 
intermediate (3a) were 73% and 23%, respectively (entry 7).  

 

Table 2.15: CO2 insertion reactions in terminal epoxides: influence of CF reactor length. 

 

Entry Epoxide CF-reactor length 
(mm) 

T 

(°C) 

Conv 

(%) 

Product Sel. (%) 

2 3 

   1 (a) 

1c 
250  

220 
88 81 15 

2 500 92 91 9 

3 
1e 

250 
220 

95 85 15 

4 500 99 93 7 

5 

1a 

250 220 99 52 7 

6 250 140 64 70 26 

7 500 140 75 73 23 

t = 2 h for all reactions. Conversion and selectivity were determined by GC-MS analysis. (a) Hexane-1,2-diol (4%) was also 
detected among reaction products; (b) The main byproducts were due to isomerization of the staring epoxide: 
phenylacetaldehyde (36%) and acetophenone (5%) was noticed according to GC-MS analysis. 
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2.3.4 Conclusions 
 

This work reports the first application of a simple non-polymeric glycol such as diethylene glycol (DEG) for the 
catalytic activation of NaBr in the insertion of CO2 to terminal epoxides. The binary system made of NaBr/DEG 
has proven efficient for the batch conversion of different substrates including styrene oxide, butyl glycidyl ether, 
phenyl glycidyl ether, 1,4-butanediol diglycidyl ether, and C4-C10 linear terminal olefins but even more 
importantly, the characteristics of DEG (viscosity, density, diffusivity) made it suitable to act concurrently as a co-
catalyst (cation coordinating agent) and a solvent/carrier for the implementation of the reaction in continuous-
flow. Translating the reaction conditions from batch to continuous flow was challenging. The results gathered so 
far highlight that the batch reaction can be run under conditions far milder (T = 100 °C, CO2 =1 bar) than those 
required in CF-mode (T = 220 °C, CO2= 120 bar); nevertheless, the potential of CF in terms of process 
intensification can be appreciated. Notably, in the explored range of flow rates, a microfluidic reactor with a 
capacity of just 7.85·10-2 cm3 allows a productivity 2.5 higher compared to the corresponding batch process 
carried out on a gram scale.  

Recycle experiments have also confirmed that the NaBr/DEG catalytic mixture is reusable without loss of 
performance, for at least four subsequent CF-runs. Moreover, a significant advance with respect to other reports 
in literature is the continuous recyclability of the homogeneous mixture that bypasses typical drawbacks 
associated to heterogeneous catalyst deactivation.3   

Although further optimization is required in terms of process engineering to improve the CF system design and 
maximize delivery/contact between the polar liquid solution of reactant/catalyst/co-catalyst and gas-like apolar 
supercritical CO2, the study provides a proof of concept which paves the way for future advances in the field.  

 

2.3.5 Experimental section 
 

2.3.5.1 General 
Commercially available reagents and solvents were used as received unless otherwise stated. Styrene oxide (1a), 
1,2-epoxybutane (1b), 1,2-epoxyhexane (1c), 1,2-epoxydecane (1d)  butyl glycidyl ether (1e), phenyl glycidyl ether 
(1f), 1,4-butanediol diglycidyl ether (1g), ethanol, NaBr, diethylene glycol (DEG), diethylene glycol dimethyl ether 
(DEGME), 1-hexanol and 1,6-hexanediol, diethyl ether, diethyl carbonate, tetrahydrofuran, ethyl acetate, 
acetonitrile were sourced from Sigma-Aldrich (now Merck).  

GC-MS (EI, 70 eV) analyses were performed with an Agilent 6890N GC, equipped with a HP5-MS capillary column 
(l = 30 m, ∅ = 0.32 mm, film thickness = 0.25 mm), coupled with an Agilent 5975 EI detector. GC-FID analyses were 
performed with a HP 6890 GC mounting an Elite-624 capillary column (l = 30 m, ∅ = 0.32 mm, film thickness = 1.8 
mm). 1H and 13C NMR spectra were recorded with a Bruker Ascend 400 instrument operating at 400 and 100 MHz, 
respectively. The chemical shifts were reported downfield from tetramethylsilane (TMS). CDCl3 and DMSO-d6 
were chosen as deuterated solvents. GC-MS, 1H and 13C spectra of the synthesized COCs are reported in the 
appendix (figure A.2.59-79). 

2.3.5.2 Synthesis of methyl 8-(3-octyloxiran-2-yl) octanoate (1h, epoxidized methyl oleate) 
1h was synthesized through a simple procedure reported in the section 2.2. Briefly, a mixture of methyl oleate 
(1.48 g, 5 mmol), H2O2 (30%w/w, 1.1 ml, 2 equiv.) and trioctylmethyl ammonium tungstate ([N8,8,8,1]2WO4, 5% 
mmol) as catalyst was added in a round-bottomed flask equipped with a magnetic stirrer and a condenser. The 
flask was heated at 75°C for 4h under stirring. At the end of the reaction, the organic phase was separated and 
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dried on sodium sulfate. 1h was obtained in 95% yield without further purification (purity>99% according to GC) 
and characterized by GC-MS, 1H NMR and 13C NMR (Figure A.2.50-52). 

2.3.5.3 Experimental tests 
General procedure for CO2 insertion reactions with terminal epoxides in batch conditions, CO2= 2-40 bar. The 
selected epoxide (3.33 mmol, 1 equiv.), NaBr (0.025 – 0.1 eq), the co-catalyst (DEG, DEGME, 1-hexanol or 1,6-
hexanediol, 0.2 - 0.3 eq), and mesitylene (0.33 mmol, 0.1 equiv., as the internal standard) were charged in a 
round-bottomed flask shaped as a test tube and equipped with a pierced glass cap and a stirring bar. The flask 
was placed inside a 100-mL stainless steel autoclave which was sealed, degassed via three vacuum-CO2 cycles, 
pressurized with CO2 (2, 10 and 50 bar; the molar ratio CO2:epoxide was ≈ 2.5:1, 12:1 and 60:1 respectively), and 
finally heated at T of 50-100°C for 2-5 h. Thereafter, the autoclave was cooled to rt and vented. A sample of the 
crude mixture was analysed by 1H NMR and GC-FID to determine conversion, yield and selectivity. 

General procedure for CO2 insertion reactions with terminal epoxides in batch conditions, CO2= 1 bar.  The 
selected epoxide (3.33 mmol, 1 eq), NaBr (0.1 equiv.), DEG (0.3 equiv.) and mesitylene as internal standard 
(0.33 mmol, 0.1 equiv., as the internal standard) were charged into a round-bottomed flask equipped with a 
magnetic stirrer. The flask was degassed via two vacuum-CO2 cycles and a rubber reservoir containing about 2l 
of CO2 was connected to the flask (the molar ratio CO2:epoxide was ≈ 24:1). The reaction vessel was sealed to 
prevent losses of substrates and/or CO2 and stirred at 100 °C for 3h. After the chosen time, an aliquot of the 
reaction mixture was analysed by 1H-NMR and GC-FID to determine substrate conversion, selectivity and yield. 

General procedure for CO2 insertion reactions in CF conditions. Reactions were performed using the apparatus of 
Figure 2.23. In a typical procedure, the CF apparatus was first conditioned with DEG (FL = 0.5 mL·min-1), and CO2 
(FCO2 = 4 mL·min-1) for t = 30 min. Then, a homogeneous 1 M solution of the selected epoxide and NaBr (0.1-1 
equiv. with respect to the epoxide) in DEG was continuously delivered to the CF-reactor at the desired T and flow 
rates (T = 140−220 °C, FL = 0.1−0.4 mL∙min-1 and FCO2 = 1-4 mL·min-1). Reactions were allowed to proceed for t = 2 
h, though some prolonged tests were carried out for up to t = 6 h. The reaction mixture was fluxed into a 
separatory flask containing a biphase system of water and the selected organic solvent (30 mL of each phase). 
The unconverted reactant and products were extracted into the organic solvent, while the catalyst/co-catalyst 
(NaBr/DEG) were quantitatively dissolved in the aqueous solution. After each test, the CF system was washed 
with distilled water (10 mL) and ethanol (10 mL) and dried with a CO2 flow (FCO2 = 4 mL·min-1) for 10 minutes. 

General procedure for the recycle of the catalytic system. The catalytic system (DEG and NaBr) present 
exclusively in the aqueous layer, was collected and evaporated under reduced pressure (T = 70 °C, p = 5 mbar) 
until complete removal of water. To the resulting liquid was added fresh epoxide (1c: 12 mmol to obtain a 1 M 
solution in DEG) and an additional aliquot of NaBr calculated to restore the initial quantity of NaBr and integrate 
the amount of catalyst consumed by the formation of the bromohydrin. The solution was then delivered to the 
CF-reactor for the recycle run operating at the reaction conditions selected. 
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3 Synthesis of high value-added glycerol derivatives 
 

 

3.1 High-Temperature Batch and Continuous-Flow Transesterification of Alkyl 
and Enol Esters with Glycerol and its Acetal Derivatives 

 

3.1.1 Introduction 
 

As mentioned in the introduction (sections 1.4.1.2 and 1.4.4.2), bio-based glycerol and its acetal 

derivatives (glycerol acetals, GAs) fit in the current list of top biomass-derived platform chemicals which 

are used as building blocks for higher value-added chemical products and materials.1  

We have also highlighted the importance of continuous-flow (CF, paragraph 1.5.2) protocols and catalyst-

free reactions (par. 1.5.3.2) among the tools used in this thesis to reach the objective of greener processes. 

Both these tools were exploited during this thesis work by developing a procedure that also included the 

use of solvent-free conditions (par. 1.5.3.1): in this case, no extra-solvents were added while one of the 

reactants (i.e. the acetylation agent) was used contemporary as reactant and solvent: this benign 

arrangement allows an easy recover and reuse of the excess reactant at the end of the reaction.   

The conversion of bio-based feedstock through catalyst-free, solvent-free, thermal protocols has 

attracted the attention of academic and industrial research in the last years: the study of high-

temperature (HT) protocols was originally aimed at improving biodiesel production not only through the 

transesterification of natural oils, but also by the simultaneous conversion of the co-product glycerol 

(Glyc) into glycerol dicarbonate (GDC) or triacetin (TA), respectively.2 To this end, supercritical fluid-based 

(SCF) reactions with non-toxic acyl acceptors such as dimethyl carbonate (DMC) or methyl acetate were 

described (Scheme 3.1). 

 

 

Scheme 3.1 Transesterification of natural triglycerides with DMC or methyl acetate. 
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At 250-380 °C and 150-200 bar, such SCF-technologies proved highly tolerant towards impurities (free 

fatty acids and water) commonly present in the reactant oils and allowed extremely fast kinetics and yields 

>90% with simplified downstream processing in which high-standard glycerol-free biodiesel as blends of 

fatty acid methyl esters (FAMEs) and GDC or TA were obtained without further purification.3 Moreover, 

energy costs and capital investments of plants running on SCF-technologies (SCF-plants) could be 

efficiently mitigated by integrating the SCF-based reactions within biorefinery units able to recover or 

exchange waste or heat.4 Comparative studies and simulations demonstrated that the total energy 

consumption and the potential environmental impact per mass of product obtained from SCF-plants for 

biodiesel production could be even lower than that of conventional base-catalyzed transesterification 

processes.5,6 

HT-reactions were also successfully investigated by us for the upgrading of model glycerol acetals, 

specifically glycerol formal, Solketal and glycerol by using dialkyl carbonates.7 For example, at 275-300 °C 

and 20-40 bar, the continuous-flow (CF) reaction of DMC with GAs yielded mono-transcarbonated 

products with a 98% selectivity at complete conversion; while the same CF-process with glycerol was 

optimized to obtain glycerol carbonate in a 83-92% yield. Other authors recently described also a batch 

reaction between supercritical DMC and glycerol to isolate glycerol carbonate in a 98% yield after only 15 

min.8 

This background prompted us to further investigate HT-reactions with the objective of implementing the 

conversion of glycerol and GAs into the corresponding ester derivatives.  

As reported in paragraph 1.4.4.2, monoacetylglycerols (MAGs), diacetylglycerols (DAGs) and 

triacetylglycerols (TAGs) are already produced on an industrial scale and have a plethora of applications 

in food and cosmetic industry as surfactants and emulsifiers. In particular, MAGs are used as food 

additives, in manufacturing explosives and smokeless powder9 but are also valuable in 

pharmacochemistry for the preparation of specific antidotes.10 DAGs are used in the synthesis of 

structural lipids11, plasticizer coating and foodstuffs.12 Mixtures of MAGs, DAGs and TAGs have indeed 

specific applications in cryogenics and biodegradable polyesters.13 A separate discussion can be done for 

triacetin (TA). This is a commercially valuable and stable compound with no toxicity used as food additive 

(humectant, leavening agent), solvent in flavorings and fragrances, plasticizer for cellulose and in 

pharmaceutical industry.14 Moreover its use as fuel additive and anti-knock agent for gasoline or cold and 

viscosity improver for biodiesel is explored and various LCA analysis confirmed its beneficial aspects in a 

cradle-to-emission perspective.15 TA alone accounts for ca. 10% of the worldwide glycerol market, with a 

global demand of 110 000 tonnes per year and an estimated CAGR (Compound Annual Growth Rate) of 

4.4% for the next 8 years.16 

TA is industrially obtained through a process reported in Figure 3.1. Glyc is first reacted with acetic acid 

(AcOH) by forming mostly MAG that is furtherly esterified with acetic anhydride (Ac2O) in a second reactor. 

The water produced as by-product is removed by azeotropic distillation while triacetin is purified in an 

evaporator from higher boiling waste products. 
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Figure 3.1: Diagram for the triacetin production 

 

Issues related to the corrosivity of reactants, the legal restrictions to the use of Ac2O, and the formation 

of co-product water 17 boosted an interest on alternative catalytic procedures that use carboxylic acid or 

anhydrides as acetylating agents: in this case issues related to the by-produced water concerns not only 

the alteration of the esterification equilibrium, but also the deactivation of catalysts.18 Conversely, 

literature on catalyst-free esterification of glycerol is limited: poor conversions (35-49%) and moderate 

product yields (70%, triacetin) are reported by using AcOH and Ac2O as acetylation agent.19,20 

A literature survey indicated that the transesterification reactions of esters with both glycerol and GAs 

were more promising and safer processes. The acetylation of glycerol with alkyl (methyl, ethyl) acetates 

was reported over several homogeneous and heterogeneous acid and base catalysts,21,22 while the 

transesterification of esters with GAs was almost exclusively finalized at the kinetic resolution of racemic 

GAs esters by lipase-based biocatalysts.23 However, no attempts to conduct the acetylation of glycerol 

derivatives with organic esters in absence of catalyst through a flow reactor has been reported.  

 

3.1.2 Aim and summary of the research 
 

In the present work, a systematic inspection of acetylation of glycerol and its GAs derivatives has been 

carried out by using acetylating reagents such as formate, acetate, lactate esters and isopropenyl acetate. 

The reactions were explored in batch conditions and then optimized in flow reactors. Given the absence 

of any catalyst, we were interested also into understand the equilibria between the reactions involved 

and the mechanisms related to the formation of the products.  At 200-240 °C and 10-50 bar, in the absence 

of any catalysts, the selective and high-yield synthesis of esters of GAs and triacetin were achieved with 

batch and continuous-flow protocols. We questioned if the procedure studied with GAs was exploitable 

also with the more challenging glycerol and the different reactivity of methyl acetate and iPAc was 

compared. Finally, the role of iPAc (i.e., the most active acetylating agent) 24 was explored: since its higher 

reactivity is due to the release of acetone as a by-product, some experiments were conducted to explore 

the chances to exploit the acetone formed as acetalization reactant for the synthesis of glycerol acetals in 

a tandem non-catalytic procedure. 
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3.1.3 RESULTS AND DISCUSSIONS 

 

3.1.3.1 Batch HT-transesterification of different esters with glycerol acetals 

Conditions to begin this study were chosen based on the results reported by our research group for the 

transcarbonation of dialkyl carbonates with glycerol acetals.9a As described in the experimental section, 

mixtures of 1a and each of the esters 2a-2f in a 1:20 molar ratio (Q), respectively, were set to react in an 

autoclave at different temperatures (150 to 220 °C) and times (1 to 10 h).  

 

 

Scheme 3.2: Reactions of Solketal with different esters at high temperatures. 

 

In the absence of catalyst, the transesterification process occurred at T ≥ 180 °C. The structure of the 
products, i.e. Solketal esters 3a, 3b, and 3c (R1=Me, H, and CH3CH(OH), respectively; Scheme 3.2) was 

confirmed by GC/MS and 1H/13C MNR. Compounds 3a and 3b were also isolated in 96 and 60% yields from 

the reactions of 1a with 2f and 2d, respectively.  

Each reactant ester 2a-2f gave remarkably different outcomes.  Figure 3.2 compares the results achieved 

at 200 °C for 5 h, under an autogenous pressure of 8 bars. The conversion of Solketal did not exceed 10% 

with acetates 2a-c, while it was substantially higher for ethyl formate, ethyl lactate (2d-e) and isopropenyl 

acetate (2f): 67%, 57% and 100% (blue bars), respectively. Except for ethyl lactate, the transesterification 

selectivity was always very high (≥98%, red bars). Only trace amounts of MAGs, DAGs and TAGs were 
observed (<2%, in total). These were plausibly originated by the hydrolytic ring-opening of Solketal 

followed by the acetylation of the product glycerol. The water responsible for the hydrolysis process was 

present in the starting acetal 1a (see below). 

 



 
 

 
142 

 

Figure 3.2. Batch HT-reaction between Solketal and esters 2a-f: conversion of Solketal and selectivity 
towards Solketal esters 3a, 3b, and 3c are shown. Conditions: ester:Solketal molar ratio, Q=20, 200 °C, 
5h. 

 

Different reasons could plausibly explain the observed behavior: i) irrespective of the mechanism 

considered, the formate ester 2d was expected to serve as a more powerful electrophile than the acetate 

homologues 2a-c;25 ii) thermodynamic calculations indicated that small, but non-negligible variations in 

energy and stability were expected throughout the series of reactants 2 due to intermolecular H-bonds 

and interactions between alkyl chains of different lengths and ester groups.26 The inconsistency observed 

for ethyl lactate (2e) was due to the occurrence of two by-products (11 % combined, by GC/MS) which 

plausibly derived from the self-transesterification of ethyl lactate followed by the reaction with Solketal 

(although the structure of these compounds was not resolved, details of MS analyses are reported in the 

appendix, figure A.3.14 and A.3.15).27 iii) the co-product alcohols (R2OH, Scheme 3.2, top) had limited, if 

any, leaving group effects since similar conversions were obtained regardless of the release of MeOH, 

EtOH, or PrOH in the series of acetates 2a-c. By contrast, the release of acetone in the reaction of iPAc 

made the overall transformation irreversible (Scheme 3.2, bottom). This was further confirmed when the 

reverse process was attempted by heating a mixture of 3a and acetone at 200°C for 5 h. Obviously, no 

reaction took place: isopropenyl acetate could not be formed because this would have required the 

intermediacy of an unstable enol derivative (see below, Scheme 3.3).  Overall, due to this (non-reversible) 

behaviour, iPAc was by far the best performing reagent among the tested reactant esters, yielding the 

almost exclusive formation of compound 3a at total conversion. It should be noted that under the 

conditions of Figure 3.2 (200 °C, Q=20), the reaction of Solketal with iPAc showed a conversion as high as 

73% after only 3 hours. 
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The potential of iPAc was confirmed by a more in-depth investigation of its batch reaction with Solketal.  

Figure 3.3 describes the most representative results by reporting the reaction conversion as a function of 

T and Q (molar ratio of reactants), in the range 120-220 °C and 5-20, respectively. Selectivity towards ester 

3a was always > 96% by GC/MS and is therefore not shown. 

 

 

Figure 3.3: Conversion of Solketal as a function of the temperature and the reactants molar ratio (Q) 
during the batch reaction of Solketal and iPAc. All tests were carried out for 5 hours. The selectivity 
towards product 3a was always > 96%. 

 

The conversion was favoured both by higher temperature (bars of the same colour) as well as by higher 

Q ratio (left to right). Yet, a quantitative reaction took place also with a moderate excess of iPAc (Q = 5, 

220 °C: green bar). This behaviour was further substantiated by a separate experiment, not reported in 

Figure 3.3, demonstrating that at the same T (220 °C), the transesterification could be completed even at 

Q=2, albeit over 10 hours. Whichever the conditions used, simple vacuum distillation of the final mixtures 

allowed an almost complete recovery of the unconverted excess reagent: more than 95 wt% of iPAc not 

reacted during the reaction could be reused as such for further transesterification reactions.  

GC/MS analyses of the final mixtures also provided some insight to speculate on the reaction mechanism, 

particularly the detection of traces of acetic acid among the reaction products. The presence of AcOH was 

plausibly due to a hydrolysis side-reaction of iPAc occurring at high temperature.28 In fact, both 

commercial Solketal and iPAc had water contents of 1, and 0.1-0.15 mol%, respectively (see Karl-Fisher 

tests and table A.3.1 in the appendix for details), and attempts to dehydrate Solketal failed because of its 

highly hydrophilic nature. This suggested that the investigated transesterification could be an acid-

catalysed process. To explore this hypothesis, further reactions of Solketal and iPAc in the presence of 
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added AcOH (1-20 mol% respect to Solketal) were run. Results are shown in Table 3.1 and in the appendix, 

figure A.3.2. 

 

Table 3.1: The reaction of iPAc with Solketal in the presence of added AcOH. 

Entry 
Added AcOH 

(mol%)a 
Qb T/tb 

Conv. 

(%)c 

1 noned 

20 
180 °C 

3 h 

57 

2 1 68 

3 5 69 

4 20 83 

a mol % with respect to Solketal. b Q was the iPAc:Solketal molar ratio; Q, T and t (temperature and time, respectively) 

were kept constant throughout runs 1-4. c Conversion of Solketal by GC/MS. d Traces of AcOH (<1% respect to the 

product Solketal ester 3a) were detected at the end of the reaction (See ref. 18a).   

 

With respect to the blank test (entry 1), the conversion of Solketal only slightly increased by using 1 and 

5 mol% of AcOH (entries 2-3), while the selectivity towards ester 3a was not altered (>98%). The effect 

still appeared limited even by quadrupling the acid amount (20 mol%, entry 4). A similar poor catalytic 

performance of AcOH was reported also for the closely related esterification of fatty acids with 

supercritical methyl acetate.29   This led to conclude that an acid-catalysed pathway was hardly the only 

active mechanism for reactions of Figure 3.3.   

An autoprotolysis equilibrium of Solketal could also be invoked.30 Analogous (autoprotolysis) processes 

have been described for OH groups of both aliphatic alcohols and phenols at elevated temperatures in 

the absence of any catalyst.31 Figure 3.4 illustrates two mechanistic hypotheses.   

In the right-hand side red pathway, a high temperature hydrolysis of iPAc forms acetic acid which catalyzes 

the subsequent transesterification reaction through electrophilic activation. In left-hand side blue 

pathway, HT-induced autoprotolysis of Solketal generates an ion pair [(ROH2
+)(RO-)] whose components 

act cooperatively: the cation as a proton donor and the anion as a nucleophile. In both cases, the 

coproducts enol or enolate rapidly tautomerize to acetone. Also, traces of water present in the reactants 

might play a role in the autoprotolysis equilibrium.32    

 



 
 

 
145 

 

Figure 3.4: Transesterification of iPAc with Solketal. Right and left: electrophilic and cooperative activation 
of reactants, respectively. 

 

Similar mechanisms were hypothesized also for esters 2a-e; though, the corresponding acids (AcOH, 

HCO2H, and CH3CH(OH)CO2H) were not observed. The concentration of these compounds (acids) could be 

below the detection limit because of the moderate hydrolysis of esters 2a-e which were far less reactive 

than 2f (see Figure 3.2). 

Glycerol Formal (GLyF) was investigated as another model acetal of glycerol. GlyF was used as a 3:2 

commercially available mixture of 5-hydroxy-1,3-dioxane (4a) and (1,3-dioxolan-4-yl)methanol (4a’) 
respectively. Isomers 4a/4a’ were set to react under conditions similar to those of Figure 3.3 (T=120-220 

°C, 5 h) by using methyl acetate (2a), ethyl formate (2d), and iPAc (2f) in a 20-molar excess (Q=20).   

The HT-reaction proved feasible for all the reactant esters, and as for Solketal, the best results were 

achieved with iPAc. At 220 °C and after 5 hours, the reaction of 2a, 2d and 2f with GlyF showed a 

conversion of 13%, 54% and 96%, respectively, thereby confirming the same reactivity trend previously 

noticed, i.e. methyl acetate < ethyl formate < iPAc. The selectivity towards the expected formate and 

acetate derivatives of GlyF was always > 97%, and the structure of products (5a-a’and 5b-b’) was 

confirmed by GC/MS and 1H/13C MNR analyses (Scheme 3.3). The mixtures of isomers 5a-a’ and 5b-b’ 
were isolated in 92% and 45% yields, respectively, in the same 3:2 isomeric ratio of the reagent (4a and 

4a’).  
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Scheme 3.3: Batch HT-transesterification of esters 2a, 2d and 2f with glycerol formal. 

 

Figure 3.5 shows some illustrative results of the effect of the temperature on conversion and selectivity 

of the HT-transesterification of iPAc with GlyF.   

 

 

Figure 3.5: Conversion and selectivity towards isomer esters 5a-a’ for the batch reaction between glycerol 
formal and iPAc in the range of 120-220 °C. Reaction conditions: molar ratio iPAc:GlyF (Q) = 20, t=5h. 

 

The conversion gradually improved from 24% up to a quantitative value as the temperature was increased 

from 120 to 220 °C. In this interval however, the comparison of Figures 3.3 and 3.5 showed that GlyF was 

systematically less reactive than Solketal. The same trend was noted before by our group in the reaction 

of GlyF and Solketal with light dialkyl carbonates,7a and similar findings were recently described also by 

others:33  more in general, the application/implementation of the Hansen approach and the COSMO-RS 

model indicated that glycerol formal had not only a stronger structuration in the liquid state than Solketal, 

but formaldehyde-based acetals were less reactive than ketal acetone-based homologues, under acidic 
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(hydrolytic) conditions. Although this offers an interesting basis for discussion, the interpretation of 

experimental and modelling results is still far from explaining the different behaviour of GAs at a molecular 

level.  Further investigations would be necessary to clarify such aspects.  

Intriguingly, it is noteworthy a minor competitive process of transacetalization of GlyF with acetone 

(coproduced from iPAc) observed under the conditions of Figure 3.5. Traces of Solketal acetate (3a, <2%) 

were detected. 

 

3.1.3.2 Continuous-flow HT-procedures for the acetylation of glycerol acetals with various esters 

As already reported CF conditions generally allow a better control of reaction parameters (T, p, reactants 

ratio), an optimization of mass and heat transfer, recycling, recovery operations, and an overall process 

intensification compared to batch process.34 This prompted us to explore the HT-transesterification of 

esters with both Solketal and glycerol formal also in the CF-mode. The CF-apparatus used in this work is 

composed by an empty tubular steel tube (¼”x 52 cm=diam. x length, inner void volume=2.1 mL) reactor 

filled with ground-glass Raschig rings. This inert filler (Raschig rings) could improve both mass/heat 

transfer and the contact between reagents and avoid preferential pathways of the reactants stream 

throughout the reactor (further details are in the experimental section).35  

Initial tests were carried out to study the CF-reaction of Solketal with the same model esters used in batch, 

specifically methyl-, ethyl-, and propyl- acetates (2a-c), ethyl formate (2d), and iPAc (2f). Solutions of the 

selected compound 2 and Solketal in a 20:1 molar ratio, respectively, were delivered at 0.1 mL/min to the 

CF-reactor: at first, isobaric experiments were run at 50 bars, by progressively increasing the temperature 

from 225, to 250 and 275 °C. Then, in the same range of T, the effect of the pressure from ambient to 50 

bars was investigated only for the case of iPAc.    

Results are reported in Figure 3.6 which show the conversion of Solketal as a function of: i) T for different 

esters (Figure 3.6a); ii) p and T for the reaction of iPAc (Figure 3.6b). The selectivity towards the expected 

products, esters 3a and 3b was always above 97% and is not indicated.  

Irrespective of the structure of the ester 2, CF-runs required a higher temperature than batch experiments 

(Figures 3.2-3.3: 120-220 °C; Figure 3.6: 225-275 °C). This was consistent with the features of the CF-

arrangement: given the volume of the reactor (2.1 mL) and the operating flow rate (0.1 mL/min), the 

residence time (τ) in the continuous mode was of only 20 min compared to 5 h of batch reactions. An 
extra energy input was therefore necessary to impart sufficiently fast kinetics to the CF-processes. 

Notwithstanding this, Figure 3.6a shows that esters 2 followed the same trend of reactivity of Figure 3.2. 

For example, when methyl acetate, ethyl formate and iPAc were used, the corresponding conversions of 

Solketal were 15, 51, and 93%, and 27, 67, and 100 % at 250 and 275 °C, respectively, thereby confirming 

iPAc as the best reagent also for the HT-transesterification reaction in the CF-mode. iPAc could afford a 

mild conversion (71%) even at 225 °C. 
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Figure 3.6: The HT-transesterification of esters 2a, 2d, and 2f with Solketal in the CF mode. A) Effect of the 
temperature on the reaction conversion at a constant p of 50 bar. B) only for the case of iPAc (2f): effect 
of the pressure on the reaction conversion at 225, 250, and 275 °C. Other conditions: molar ratio ester: 
Solketal (Q) =20, flow rate =0.1 mL/min. The selectivity is always >97%. 

 

The transesterification of iPAc with Solketal was clearly influenced by the pressure (Figure 3.6b). At each 

of the selected temperatures, the conversion was more than doubled when the pressure was increased 

from 10 to 30 bars: particularly, a quantitative reaction was achieved at 275 °C. Only minor improvements 

(≤ 8%) were noticed by further rising the pressure up to 50 bars at both 225 and 250 °C. By contrast, the 

conversion was lower than 15% for reactions run at the same temperatures, but at atmospheric pressure. 

These results highlighted the fundamental role of phase transitions in the investigated reactions. If the 

pressure was high enough, despite the high T, most of the reacting mixture was present as a condensed 

liquid phase in which the contact between iPAc and Solketal was effective for a productive reaction. On 

the contrary, an abrupt decrease of the conversion occurred below a threshold value of about 30 bars 

when reactants, especially the more volatile iPAc (bp = 97 °C), preferentially partitioned in the vapor phase 

inside the reactor. To get further insights into this aspect, the phase diagram of pure iPAc was also 

predicted by using an extended Antoine equation (for details, see Figure A.3.1 in appendix).36 Under the 

assumption that the theoretic liquid-vapor pressure profile of pure iPAc could be an acceptable 

approximation for the binary mixtures of Figure 3.6b (that contained a large excess of the ester 2f: Q=20), 

the change of conversion shown in the range of 10-30 bars well matched the predicted liquid-vapor 

transition of iPAc. Moreover, lowering the pressure could negatively affect the actual temperature of the 

reaction mixture due to the latent heat of vaporization. 

Under the optimized conditions for T and p (275 °C and 30 bars), the iPAc:Solketal molar ratio (Q) was 

scaled down from 20 to 2 to examine the effect of the relative amounts of reactants. Experiments proved 

that the Q ratio could be substantially decreased: a quantitative process was still observed at Q=5, i.e. 
fourfold below the initial value. However, a further reduction impacted on the conversion of 1a which did 

not exceed 82% at Q=2. In all cases, the selectivity towards ester 3a was >98%. Considering the (limited) 

capacity of the CF-reactor, the results confirmed not only the reliable performance of the process, but 
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also the perspective for large-scale applications and further process intensification, in line with the 

principles of green engineering.37 The CF-arrangement could operate virtually indefinitely once the high-

temperature regime was reached. No catalyst had to be prepared, activated, recovered or disposed of, 

thereby simplifying both upstream and downstream operations for the delivery of reactants, the recovery 

of products and the recycle of the unconverted iPAc. Not to mention that iPAc was a cheap reactant 

available on a large scale, and that the integration of the process in a waste heat recovery system provided 

by a biorefinery, could efficiently relieve the energy demand of the reaction. In short, if the framework of 

energy existing within an industrial park could be used, high-temperature reactions could be driven at 

very competitive, if any, costs with a further valorization of “waste” energy.4,37  

The CF-protocol proved efficient also for the reaction of iPAc with glycerol formal; though, in analogy to 

batch reactions, GlyF was less reactive than Solketal. At 30 bars, conversions of GlyF did not exceed 31% 

and 76% at 225 and 250 °C, respectively. Only at 275 °C, a substantially quantitative reaction was achieved 

(conv.: 97%): isomer esters 5a and 5a’ were obtained in a 3:2 ratio and with an overall transesterification 

selectivity > 96%.       

 

3.1.3.3 Batch and continuous-flow reactions of glycerol with methyl and isopropenyl acetates.  

The simplified system for the transesterification of Gas was then explored: batch and continuous-flow 

reactions were performed by using mixtures of glycerol and methyl or isopropenyl acetates (2a and 2f) in 

a molar ratio (Q= 2:Glyc) variable between 1 and 20. Batch (autoclave) tests were run at 120-220 °C. In 

the absence of any catalyst, the reactions proceeded with both esters. The whole spectrum of the 

observed products is shown in Scheme 3.4. 

 

 

Scheme 3.4: The batch reaction of Glyc with esters 2a and 2f 

 

The structure of the acetals (1a and 3a) and acetins (6, 7 and 8) were assigned by GC/MS and by 

comparison to authentic samples when available (compounds 1a and 8). 

The reaction conversion and the product distribution achieved under the best conditions, are described 

in Table 3.2. At 180°C, the batch transesterification of methyl acetate with glycerol yielded mono-, di-, 
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and tri-acetin products. As expected, increasing of the Q ratio and of the reaction time favoured the 

conversion, but it also resulted in the formation of derivatives of multiple transesterification (entries 1-3).  

The selectivity was elusive also for catalytic processes reported in literature21c,22a: although these were 

faster than our HT-reactions, not even triacetin 8 was obtained as a sole product despite the use of a large 

excess of ester 2a.    

 

Table 3.2: Batch and continuous-flow reactions of glycerol with methyl and isopropenyl acetate 

Ent. Cond. a Ester Qb 
T/p/t 

(°C/bar/h)c 

Conv. 

(%)d 

Products distribution (%) d 

6a-
6a’ 

7a-
7a’ 

8 1a 3a 

1 

B
at

ch
 

2a 

1 180/10/5 20 90 10    

2 5 180/10/24 44 80 29 1   

3 20 180/10/24 84 63 35 2   

4 
2f 

 

1 180/8/5 73 43 12 1 32 12 

5 5 180/8/5 73 54 16 1 22 7 

6 20 180/8/24 100   100   

7e 

Co
nt

.-

flo
w

 2a 20 300/50/5 78 65 33 2   

8e 2f 20 300/50/5 100   100   

a The catalyst (if present) and reactions conditions (batch or continuous-flow) used. b Q = Glycerol:ester molar ratio. 
c For batch reactions, p was the autogenous pressure in the autoclave reactor (entries 1-2, and 5-7). d Conversion of 

glycerol and products distribution determined by GC/MS. e Under continuous-flow conditions, a mixture of glycerol, 

ester and diglyme as a co-solvent in a 1:20:33 molar ratio, respectively, was used.    

 

This behaviour is clearly due to the equilibria involved in the consecutive transesterification steps 

perturbed by the increasing amount of MeOH originated as a reaction co-product. In analogy to previously 

reported studies for catalytic processes,38 the reversible nature of these reactions was confirmed when a 

solution of triacetin and methanol in a 1:10 molar ratio, respectively, was set to react at 180 °C for 5 hours. 

A mixture of diacetin, monoacetin, and glycerol in 17, 1, and 1 % amounts, respectively, was achieved.  

As in the case of acetals, the HT-conversion of glycerol was higher with iPAc (2f) than with methyl acetate. 

At 180 °C and moderate Q ratios (1-5), batch reactions of 2f yielded complex mixtures including not only 

acetins, but also Solketal (1a) and its methyl ester (3a) (entries 4-5). These results allowed to conduct a 

tandem non-catalytic process by exploiting the acetone released during the reaction that formed 1a and 

3a through a competitive acetalization of glycerol induced by the acetone released during the 

transesterification with iPAc (Scheme 3.2). According to our knowledge this tandem behaviour was 

previously noted only once in literature for the reaction of iPAc with carbohydrates in presence of 
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molecular iodine as catalyst.39 The feasibility of the acetalization reaction was confirmed also by an 

additional experiment in which a mixture of glycerol and acetone in a 1: 20 molar ratio, respectively, was 

set to react at 180 °C for 5 hours. A 75% conversion was achieved with full selectivity towards Solketal 1a. 

This test proved also that in the same experimental conditions (Q=20, T=180°C, 5h) the acetylation of Glyc 

with iPAc is kinetically favoured compared to the acetalization of Glyc with acetone: in the first case a 

quantitative conversion of Glyc and full acetylation was obtained (TA Yield=99%, entry 6, table 3.2) while 

only a 70% conversion of Glyc was obtained with acetone in the same catalyst-free HT conditions. 

These first achievements with an equimolar ratio glycerol:iPAc prompted us to explore several different 

reaction conditions to afford a non-catalytic tandem acetylation/acetalization reaction but the results 

were unsatisfactory: we managed roughly to enhance the selectivity towards the acetalized products, but 

it was hard to obtain exclusively 3a.  For instance, the lowering of the reaction temperature (T=150°C, 

figure A.3.3) took to the collapse of Glyc conversion (73 to 39%) not supported by a higher selectivity 

towards 1a-3a, while the conversion was slightly improved (up to 88%) increasing the temperature to 200-

220 °C but there was a shift towards the formation of acetylation products 6-8. Far more attractive was 

the reaction conducted in the presence of CO2 as inert gas that likely contributes to shift the liquid/gas 

equilibrium of the released acetone as reported in a previous work regarding the esterification of glycerol 

with dimethylcarbonate.7c As reported in appendix (fig. A.3.4), the reaction was definitively slower (15h 

to reach conversion of Glyc >80%) but experiments proved that the addition of CO2 allowed to control the 

thermal reaction of iPAc and Glyc for a more selective synthesis of acetalization products: the overall 

selectivity towards 1a-3a increased from 27% without the addition of CO2 to 65% when 60 bar of CO2 are 

present. Two main reasons could explain this trend, although they are far from being exhaustive: i) CO2 

presence affects the reactivity of liquid-vapor phases and their relative partitioning, especially acetone 

(bp=58°C, the most volatile compound in the autoclave) that is more concentrated in the liquid phase, 

hence increasing Glyc-acetone contact; ii) the slight acidic nature of CO2 in supercritical phase favour the 

acetalization reaction compared to acetylation reaction. 

However, it was not possible to shift completely the selectivity towards 3a with a catalyst-free approach 

and the following section 3.2 will describe further studies on how to achieve a tandem catalytic procedure. 

Finally, as shown in table 3.2, a larger iPAc excess substantially inhibited the acetalization reaction and, at 

the same time, the irreversible loss of acetone from 2f promoted not only a quantitative process, but also 

the exhaustive acetylation of glycerol towards triacetin 8 (entry 6, Q=20). This derivative was isolated in 

99% yield while the excess iPAc could be easily recovered and reused. 

In continuous-flow, mixtures of mono-, di-, and tri-acetin products were still obtained with methyl acetate 

(entry 7, table 3.2), while the reaction of 2f proved successful for the selective synthesis of triacetin (entry 

8, table 3.2). Although preliminary, these data proved the concept that iPAc was not only effective for the 

conversion of GAs into the corresponding methyl esters, but also for the straightforward 

transesterification of glycerol into its fully acetylated derivative triacetin.  

This outcome also raised two challenging perspectives. i) The CF- transesterification of crude glycerol as 

obtained from biodiesel production. The here presented HT-strategy would avoid costly techniques 

required for the purification of off-grade glycerol and common drawbacks due to the poisoning of 
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catalysts by the impurities of the crude reagent (salts, soaps, etc.).40 ii) A selective one-pot preparation of 

Solketal ester (3a) by reacting glycerol with iPAc. The latter will be presented in the following section. 

 

3.1.4 Conclusions 
 

In conclusion, the here described HT-processes exemplify an archetype of clean reactions for the 

conversion of glycerol and its acetals to their ester derivatives, by using innocuous reagents and producing 

minimal, if any, wastes. The overall protocol discloses a new perspective for the upgrading of renewables, 

though for a genuine sustainable path, the procedure could in principle be conveniently integrated within 

a biorefinery plant where synthetic operations may take advantage of modern technologies for the 

recovery of waste/excess heat and the recycle of reactants/solvents. The complete acetylation of GAs 

(i.e., Solketal and glycerol formal acetate, yields>99%) and glycerol (Triacetin Yield>99%) was achieved in 

both batch and continuous-flow processes by using isopropenyl acetate as acetylating agent that stood 

out among the other organic acetate and formate tested. Its superior acetylating activity is clearly due to 

its reactivity since, in presence of a hydroxyl group, it results in the formation of an ester and an enol (i.e. 

2-hydroxypropene) that quickly isomerises into acetone, making the overall transformation irreversible. 

Intriguingly, we noted that the acetone formed can react with the vicinal hydroxyl groups contained in 

glycerol and lead to the concurrent formation of acetal species (i.e. Solketal and Solketal acetate) through 

a tandem non-catalytic process. Unfortunately, under the explored catalyst-free HT conditions it was not 

possible to tune the experimental parameters in order to devise a 100% carbon efficient tandem process 

in which all the acetone released by the acetylation process is quantitively used in the following 

acetalization step. This finding, however, paves the way for the study of the tandem catalytic process that 

will be illustrated in the next section. 

 

3.1.5 Experimental section  
 

3.1.5.1 General 
Solketal (1a, purity=97%, the 6-membered ring isomer is present in amount ≈3%), Methyl acetate (2a), 

ethyl acetate (2b), propyl acetate (2c), ethyl formate (2d), ethyl lactate (2e) and isopropenyl acetate (2f), 
glycerol formal [commercially available as a 3:2 mixture of 5-hydroxy-1,3-dioxane (4a) and (1,3-dioxolan-

4-yl)methanol (4a’)], 1,2,3-trihydroxypropane (glycerol), acetone, 1-Methoxy-2-(2-

methoxyethoxy)ethane (Diglyme) were ACS grade from Aldrich and were used as received. 

Commercially available esters used in this study were safe and nontoxic compounds. Reactants 2a-2f were 

flammable products with hazardous (H) phrases and precautionary statements (P) as H225, P210, and 

P403 + P235. However, they were low toxic compounds. For example, LD50 (oral, acute) for methyl-, ethyl, 

and propyl acetates are 5001 mg/kg, 5620 mg/kg, and 6640 mg/kg.41  Ethyl lactate is even edible and 

present in many foods. Overall, such esters were safer than acids or anhydrides as esterification reagents. 
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All the reactions described in the experimental and the results and discussion sections, were repeated 

twice to ensure reproducibility. Under the same set of conditions (T, p, flow rates) duplicated tests 

afforded values of conversion and amount of products (determined by GC/MS) which differed by less than 

5% from one experiment to another. 

Analysis instruments. GC/FID analysis were run using a Perkin Elmer Elite-624 capillary column (L=30 m, 

Ø=0.32 mm, film thickness=1.8 μm). The following conditions were used. Carrier gas: N2; flow rate: 3.5 mL 

min-1; split ratio: 1:1; initial T: 50 °C (2 min), ramp rate: 15 °C min-1; final T: 240 °C (1 min).  

GC/MS (EI, 70 eV) analysis were run using a Grace AT-624 capillary column (L=30 m, Ø=0.32 mm, film 

thickness=1.8 μm). The following conditions were used. Carrier gas: He; flow rate: 1.2 mL min-1; split ratio: 

10:1; initial T: 60 °C (2 min), ramp rate: 20 °C min-1; final T: 220 °C (2 min).  

1H NMR were recorded at 400 MHz, 13C spectra at 100 MHz and chemical shift were reported in δ values 

downfield from TMS; CDCl3 was used as solvent.  

Products characterization. The product esters included: (2,2-dimethyl-1,3-dioxolan-4-yl)methyl acetate 

(3a: Solketal acetate, (2,2-dimethyl-1,3-dioxolan-4-yl)methyl formate (3b: Solketal formate), (2,2-

dimethyl-1,3-dioxolan-4-yl)methyl 2-hydroxypropanoate (3c: Solketal lactate), a 3:2 isomer mixture of 

1,3-dioxan-5-yl formate and (1,3-dioxolan-4-yl)methyl formate (5a-a’: isomers of glycerol formal 

formate), a 3:2 isomer mixture of 1,3-dioxan-5-yl acetate and (1,3-dioxolan-4-yl)methyl acetate (5b-b’: 
isomers of glycerol formal acetate), and triacetin (8) (see Schemes 3.2, 3.3 and 3.4 for detailed structures). 

These compounds were purified and characterized by MS, 1H and 13C NMR. All data including also isolated 

yields are reported in the appendix (figure A.3.5-26).  

 

3.1.5.2 Batch tests 
Batch apparatus. The autoclaves used in this work were in-house manufactured by the workshop of Ca’ 
Foscari University. They were two 100-mL stainless-steel reactors each equipped with a thermocouple to 

monitor the temperature, a pressure gauge and two high pressure taps. 

Batch reactions. Mixtures of acetal 1a or 4a-a’ and each ester 2a-f were prepared by varying the reactant 

molar ratio (Q= ester:acetal) from 1 to 20, the (excess) ester serving both as a reagent and a solvent. Each 

homogeneous solution was charged in a flat-bottomed glass reactor fitted with a magnetic stirrer and a 

glass stopper onto which a capillary tube was welded (for the compensation of the external pressure).  

The flask was placed inside the autoclave (this expedient avoided the contact of reagents with the 

autoclave walls, thereby ruling out metal catalysis). The autoclave was sealed, degassed via three vacuum-

nitrogen cycles, and then electrically heated at the desired temperature (120-220 °C). The reaction was 

allowed to proceed from 1 to 24 h, during which the reacting mixture was kept under magnetic stirring. 

The observed autogenous pressure was in the range 2-20 bar. At the end of the experiment the reactor 

was rapidly cooled to rt and vented. The reaction mixtures were analysed by GC/FID or GC/MS.  

The same procedure was used also to run experiments with: i) added AcOH in a 1-20 mol% amount with 

respect to the reacting acetal; ii) glycerol in place of acetals. In this case, irrespective of the reactants 

molar ratio (ester:glycerol, from 1 to 20), starting mixtures were biphasic, but turned to homogeneous 

solutions at the end of the experiments.    
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3.1.5.3 Continuous-flow tests 
Continuous-flow apparatus. The apparatus used for the investigation was in-house assembled according 

to Figure 3.7. An HPLC Pump (Shimazdu LC-10AS) was used to send the reactants mixture (substrate, 

selected ester and a co-solvent where necessary) to a stainless-steel tubular reactor (L=0.52 m, Ø=1/4", 

inner volume 2.1mL) filled with Raschig glass. The reactor was heated at the desired temperature by 

means of an oven (HP 5890 GC oven). At the outlet of the oven, the reacting mixture was allowed to cool 

to rt by flowing through an additional segment of an empty capillary stainless-steel tube (L=0.70 m, 

Ø=1/16") which was further cooled by a fan. The mixture was then conveyed to a Rheodyne valve (7725i) 

with a 100 μL loop by which samples were taken up for GC and GC/MS analyses. Finally, the liquid stream 

entered a manual Swagelok KPB1N0G412 back pressure regulator (BPR) equipped with an electronic 

pressure sensor.  

 

Figure 3.7: Schematic diagram for the in-house built continuous-flow apparatus 

 

Continuous-flow (CF) reactions. Homogeneous solutions of acetal 1a or 4a-4a’ and the selected ester (2a-
f) were prepared by mixing the reactants in different molar ratios from 5 to 20. Before any reaction, the 

CF-reactor (a stainless-steel tubular reactor: 0.52 m x 1/4’’ filled with ground-glass Raschig rings) was 

primed and conditioned by delivering the chosen solution of reactants (10 mL) at room temperature and 

atmospheric pressure, and at a flow rate of 0.1 mL/min. The reaction was then started by setting the 

temperature and the pressure at the desired values (200–275 °C and 1-50 bars, respectively). T and p were 

controlled by a thermostatic oven and a back-pressure regulator.  Once an amount of the reacting mixture 

equalled 5 times the inner volume of the reactor (2.1 mL) was allowed to flow, samples at the outlet of 

the reactor were taken up at regular intervals of 30 minutes through a Rheodyne valve, and analysed by 

GC/FID and GC/MS. At the end of the experiment, the oven was set to 100 °C and the reactor was flushed 

with methanol (100 mL at 0.5 mL/min), cooled to room temperature and vented. 

A similar procedure was used also for the CF-reactions of glycerol with both methyl and isopropenyl 

acetates. Diglyme was necessary as a co-solvent due to the poor mutual miscibility of the reactants. 
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Homogeneous solutions were achieved by mixing glycerol, the selected ester (2a or 2f), and diglyme in a 

1:1-20:33 molar ratio, respectively.  This mixture was used to run experiments described in Table 3.2. 
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3.2 Development of a catalytic tandem process for the concurrent 
acetylation/acetalization of glycerol 

 

3.2.1 Introduction 
 

In the previous work we demonstrated the outstanding performances of enol esters (i.e. isopropenyl 

acetate, iPAc) as acetylating agent and the chances to exploit the by-produced acetone to acetalize vicinal 

hydroxyl groups. iPAc is a wide commercial and unexpensive compound employed as a starting material 

for the production of acetyl acetone, which is an intermediate for the synthesis of a plethora of biologically 

active compounds, APIs and dyes. The industrial route for the production of iPAc is based on the reaction 

between ketene and acetone in presence of a strong acid catalyst.1 Although the industrial use of ketene 

represent a cause of concern due to its high toxicity (prolonged exposure to ketene gave adverse effects 

similar to that revealed for the exposure to phosgene)2, its production could be considered renewable 

since it is currently achieved through pyrolysis of acetic acid. Nonetheless iPAc is evaluated as a relatively 

harmless and safe-to-handle compound.3 The valuable insight regarding the use of iPAc as a trigger for 

tandem acetylation/acetalization reactions is further deepened in the present section.  

The previous thermal (catalyst-free) study on the reaction of iPAc with glycerol demonstrated the 

feasibility of the tandem process but did not allow the control of product distribution: at T>150°C and 

with a molar ratio glycerol:iPAC=Q=1, a mixture of the acetylated products was obtained along with a 

variable amount of cyclic acetals (Solketal and Solketal acetate) that were derived from a tandem 

acetalization reaction promoted by acetone release during the transesterification step (Scheme 3.4). The 

acetylation was clearly favoured respect to acetalization, and it was not possible to devise a 100% carbon 

efficiency tandem process in which the whole amount of acetone released during the reaction was used. 

This is probably due to the high temperature used that affect the liquid-vapor phases (hence the relative 

portioning of the low-boiling point acetone) and favoured kinetically acetylation products respect to 

acetalized ones, as already reported in previous works.4,5 

 

 

Scheme 3.5: The tandem reaction of glycerol promoted by isopropenyl acetate 
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Moreover, acetalization appears slower than acetylation reaction in catalyst-free reaction. A catalytic 

process conducted at lower temperature may be a strategy to reach the tandem scope but a closer focus 

on the implied mechanisms is mandatory.  As already reported in the introduction (paragraph 1.3.2) 

acetalization  of glycerol is widely studied and it is typically catalysed by Brønsted acids (H2SO4, HCl, formic 

acid, p-toluene sulfonic acid)6,7 or Lewis acids (AlF3 , ZnCl2tungstophosphoric acid etc.)8,9 while acetylation 

is a classic equilibrium process that can be easily accelerated by acid or base catalysts.10,11  According to 

our knowledge, Taneja et al. published the unique research work that provides for the tandem 

exploitation of iPAc through the concurrent acetalization/acetylation of carbohydrates. In this case, the 

authors developed a facile experimental protocol for a single-step, fast and solvent-free reaction for the 

synthesis of acetalized and acetylated sugars with moderate to high yields. The authors claimed a strict 

control on the outcome of the reaction through the variation of temperature: at -20 °C it was possible to 

obtain the acetal acetate as a single product from D-glucose while at higher temperature (T = 80 °C) the 

polyacetylated form was the major product.4 However this protocol used molecular iodine as catalyst, 

requires a tedious work-up for the purification and the catalyst cannot obviously be reused hence it 

cannot be considered safe nor green. More recently our group reported another route for the use of iPAc 

in a tandem reaction with 1,2-diols to obtain simultaneously acetals and acetylated products (Scheme 3.6) 

in the presence of cyclopenthylmethylether (CPME) as solvent and amberlyst-15 (Amb15, an ionic 

exchange resins characterized by a strong Brønsted acidity due to sulfonic groups) at 50 and 30 °C in batch 

and continuous-flow mode respectively. 

 

 

Scheme 3.6: Tandem reaction of iPAc with 1,2-propanediol 

 

Based on this work and bearing in mind the stability and activity of Amb15 for both acetalization and 

acetylation reactions reported in literature respect to other heterogeneous acids such as K-10, 

montmorillonite, niobic acid and zeolites (HZSM-5 and HUSY), we decided to test this catalyst for the 

model study of the tandem reaction with glycerol.4,12,13  

Another issue that we had to face was the immiscibility of Glycerol and iPAc in a molar ratio iPAc: Glyc 

=Q=1-20. As reported in previous work, polar aprotic solvents (such as CPME, THF, CH3CN, DMF) could be 

useful to the scope of the reaction while other classic solvents like Et2O, toluene or dichloromethane failed 

to promote conversion.4,5  Polar protic solvents such as alcohols could not be obviously used for their 

intrinsic reactivity in this reaction. Nonetheless the solvency properties and the mild acetylating activity 

of acetic acid prompted us to consider its use as solvent for the reaction.14 
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3.2.2 Aim and summary of the research 
 

The main aim of this work is the improvement of the degree of control on the selectivity of the reaction 

between glycerol and isopropenyl acetate in order to tune product distribution. Acetic acid was selected 

as reaction solvent and Amberlyst 15 as heterogeneous Brønsted catalyst: the optimization of the reaction 

conditions allowed to achieve complete glycerol conversion and to control producs distribution (i.e., 

equimolar production of Solketal acetate and triacetin). Hence, we decided to delve into the mechanisms 

governing the simultaneous reactions involved: the use of deuterated acetic acid allowed to determine 

the key role of acetic anhydride formed in situ during the reaction. Through these new insights, it was 

possible to tune the parameters of the reaction in order to have a quantitative conversion of glycerol and 

a yield in Solketal acetate >90%. 

 

3.2.3 Results and discussion 
 

3.2.3.1 The tandem synthesis of Solketal acetate and triacetin 
As reported in the introduction, the identification of the solvent and the catalyst was the first step in the 

design of experimental conditions for the reaction of Glyc (1) with iPAc (2). After screening several 

solvents, including CPME and 2-methoxyethyl ether (Diglyme) that worked well for this reaction, we opted 

for acetic acid (AcOH) in large excess, both for its solvent properties as well as for its non-toxicity and its 

acetylating reactivity that could be complementary to that of iPAc. The commercial resin Amb15 was 

chosen as a model catalyst and used to prove the feasibility of Brønsted acid catalysts for this reaction. 

First, reactions were carried out using a solution of Glyc (1, 1 mmol) in AcOH (10 mL; 0.1 M), a variable 

amount of iPAc (2; the molar ratio Q= 2:1 = 1–10) and Amb15 (15 mg; 15 wt%) as the catalyst. Control 

experiments were performed over a range of temperatures 30–70 °C, and times varying between 4–24 h. 

In all cases, the observed products were that reported in  Scheme 3.5 and table 3.3: Solketal (3) and 

Solketal acetate (4) (along with trace amounts of the corresponding 6-membered ring isomers 3′: 2,2-

dimethyl-dioxane-5-ol; 4′: 2,2dimethyl-1,3-dioxan-5-yl acetate, not reported in figure)15; two regioisomers 

of both glycerol monoacetate (monoacetins: 5/5′) and glycerol diacetate (diacetins, 6/6′); and glycerol 

triacetate (triacetin, 7). The structures of derivatives 3–7 were assigned by GC/MS and NMR analyses and 

by comparison, when possible, with authentic commercial samples. Under the above described 

conditions, blank tests were also carried out either without a catalyst or without iPAc. Results are 

summarized in table 3.3. 

The reaction of an equimolar mixture of 1  and 2 (Q = 1) showed that a quantitative conversion could be 

reached after 4 h even at the lowest investigated temperature (30 °C, entry 1): the overall selectivity 

towards GAs (3 + 4) was 71% while at higher temperatures the amounts of GAs decreased in favor of 

glyceryl esters: mono-acetins became the major products (5 + 5′ = 41–56%) along with diacetins (6 + 6′ = 
7–8%) and triacetin (7: 6–13%) (entries 2 and 3). It was clear that the increase of the temperature modified 

the product distribution and these results were consistent with the previous studies that demonstrated 
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the higher kinetics of acetalization compared to acetylation in catalytic reactions, though the latter 

became predominant by increasing the temperature.4,5 The tandem acetylation–acetalization selectivity 

could however not be controlled, as confirmed by prolonging the reaction for 24 h at 30 °C: under such 

conditions, both the transesterification and acetalization reached equilibrium with an amount of 

diglyceryl esters and triacetin (6+6’+7=80%) significantly exceeding that of acetal products (3 + 4= 20%) 

(entry 4). The product distribution was not altered by doubling the reaction time to 48 h. 

Blank experiments carried out in the absence of iPAc (entries 5 and 6) proved that AcOH acted not only as 

a solvent but also contributed to the formation of glyceryl esters. However, notwithstanding the large 

molar excess of AcOH with respect to glycerol (AcOH:Glyc=175:1), only mixtures of mono- and diacetins 

were obtained with moderate Glyc conversions (31% and 71% at 30 °C and 50 °C, respectively). Longer 24 

h tests at 30–70 °C further proved that the reaction of glycerol with AcOH was in no way a selective process 

(see figure A.3.27 in the appendix). Acetic acid was undeniably a far less active acetylating agent than iPAc 

and these results were in accordance with the ones already reported in literature.12b  

The blank experiment in the absence of Amberlyst-15 demonstrated the need for an acidic catalyst since 

negligible conversion (1%) was observed after 24 h at 30 °C (entry 7) hence proving the importance of the 

added catalyst at such low temperature. 

Significantly better selectivity of the tandem sequence was finally achieved at 30 °C, by simultaneously 

increasing the molar ratio (Q=3-10) and the reaction time (4 to 24 h). Indeed, this increase brought about 

a progressive and concurrent increase of Solketal acetate (4) and triacetin (7) at the expense of diacetins 

(6/6′) whose amount dropped (entries 4, 8–10) by improving the molar ratio Q. Thereafter, at Q = 10, a 

further control test prolonged for 32 h showed that compounds 4 and 7 could be obtained as sole products 

with a comparable selectivity of 51 and 49% i.e. in a 1:1 ratio (entry 11). These results proved our concept 

demonstrating for the first time that through a cooperative effect between the electrophilic reactivity of 

isopropenyl acetate, the solvent/acetylating properties of AcOH, and the use of an acid catalyst, 

conditions could be tuned to control the product distribution of the tandem sequence: glycerol was 

successfully upgraded into two derivatives by transesterification and acetalization reactions. An additional 

optimization study proved that the same (1:1) selectivity profile for compounds 4 and 7 was obtained at 

30 °C by reducing the iPAc excess from 10 to 7.5 equivalents with respect to Glyc, and the AcOH volume 

of up to 20 times, from 10 to 0.5 mL. 
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Table 3.3: The reaction of Glyc with iPAc in presence of acetic acid as solvent and Amb15 as catalyst 

 

Entry iPAc:Glyc 
Q 

T 
(°C) 

t (h) Conversion 
Glyc (%)a 

Acetalsa Estersa 

3 4 5-5’ 6-6’ 7 

1 1 30 4 >99 20 51 25 1 3 

2 1 50 4 >99 12 35 41 7 6 

3 1 70 4 >99 2 21 56 8 13 

4 1 30 24 >99 6 14  77 3 

5 0 30 4 31   81 19  

6 0 50 4 71   69 30 2 

7c 1 30 24 1 99     

8 3 30 24 >99 7 28  60 5 

9 5 30 24 >99 9 31  42 18 

10 10 30 24 >99 4 41  11 44 

11 10 30 32 >99  51   49 

All reactions were carried out using a solution of Glyc (1 mmol) in AcOH (10 ml, 0.1M) with Amb15 (15 mg, 15% wt) 

as catalyst except differently stated. a Conversion of Glycerol; b Selectivity towards the different products; c reaction 

conducted in absence of the catalyst Amb15. 

 

The latter was the minimum volume to obtain a homogenous solution of reactants 1 and 2. This process 

intensification was not only beneficial to improve the carbon footprint and the safety of the procedure, 

but also to increase its overall efficiency since the higher reactant concentrations enhanced the rates of 

all the involved reactions.  
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Figure 3.8: The product distribution over time of the reaction of Glyc (1.1 mmol) with iPAc (7.5 mmol), AcOH (8.7 
mmol) and Amb15 (15.0 mg, 15% wt) at 30°C. 

 

Figure 3.8 shows the variation over time of the products distribution in this optimized conditions: the 

reduction of the reaction volume compared to the conditions used in Table 3.3 highly impacted the 

kinetics. The conversion of glycerol was quantitative within the first 30 minutes. In the same time interval, 

the multiple transesterification of glycerol favored the formation of triacetin (7: 28%; green profile) and 

the onset of the acetalization reaction that gave rise to a steep increase of acetals. Solketal (3) reached a 

maximum (45%) after 25 min and then dropped with the orthogonal increase of Solketal acetate (4). 4 

was plausibly obtained by the direct esterification of 3 and the acetalization of monoacetins (5/5′), 
thereby explaining the decline of the blue profile from 62% to zero in less than 20 min. Indeed, once 

formed, 5-5’ were consumed to feed both the transesterification process and the parallel acetalization 

reaction. In the next 90 minutes, competitive reactions proceeded with the gradual decrease of 3 and 

diacetins (6/6′, magenta curve) until their disappearance in favor of 4 and 7. The final part of the sequence 

was a slow interconversion of 4 into 7 until the mixture reached the thermodynamic equilibrium 

distribution after 24 h with the final products present in equal quantities. The products distribution 

remained constant up to 48 hours of reaction. 

Finally, the effect of catalyst amount was also explored and reported in Table 3.4: the catalyst:substrate 

ratio affects the kinetics of the multiple reactions involved but without altering the overall selective 

formation of 4 and 7. 
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Table 3.4: Effect of the catalyst amount on the reaction of glycerol with a mixture of iPAc/AcOH 

Entry 
Amb-15 
(wt%) 

Conv. 
(%)a 

Products 
distribution (%)b 

4 7 

1 15 ≥99 49 51 

2 10 ≥99 61 39 

3 5 ≥99 67 33 

Conditions: mixture of Glyc (1.00 mmol), iPAc (7.50 mmol), and AcOH (8.50 mmol, 0.5 mL) in the presence of variable 

amounts of Amberlyst-15 (5.00, 10.00, and 15.00 mg; 5, 10, and 15 wt%), t = 24h. a Conversion of glycerol. b Selectivity 

towards compounds 4 and 7. 

 

Decreasing the catalyst amount brought about a drop of the rate of all the reactions, albeit Solketal 

acetate 4 and triacetin 7 were the only observed products after 24 h in all cases. The corresponding 

amounts increased and decreased from 49 to 61 and 67% for 4, and from 50 to 39 and 33% for 7 (entries 

1-3). Results were consistent with profiles of Figure 3.8 in which the 4:7 ratio reached a maximum of ca 

60:40 after 120 min, comparable to that achieved after 24 h with Amberlyst 15 at 10 wt%. No further 

investigations were carried out on this aspect. 

The aforementioned optimized procedure involved a simple and safe experimental setup as well as an 

equally convenient work-up and purification of the products. Once the reaction was complete (24 h), the 

catalyst was filtered off and the mixture of 4 and 7 could be isolated by vacuum distillation (5 mBar, 50–
80 °C) of the oily residue in nearly quantitative yields of 47% and 48%, respectively (based on Glyc as the 

limiting reagent). Moreover, the procedure could be scaled up by a factor of 10 without any appreciable 

variation in terms of product distribution, yields, and time. 

 

3.2.3.2 Insights into the mechanism and the key role of acetic anhydride 
Figure 3.8 highlighted that the amount of acetal acetates was higher than that of triacetin in the initial 

stages of the reaction (red and green profiles) although the acetylating mixture of iPAc/AcOH was in a 

very large excess compared to acetone released by acetylation mechanism. Since the direct acetalization 

of Glyc by iPAc was not plausible, the results led us to hypothesize that (excess) iPAc acted not only as a 

transesterification agent, but also as a source of acetone for acetalization through some kind of parallel 

reactions. The inspection of the literature indicated that at 100 °C, in the presence of H2SO4 as a catalyst, 

an equimolar mixture of AcOH and iPAc underwent an acyl nucleophilic substitution (acidolysis of iPAc) to 

provide acetone and acetic anhydride in almost quantitative yields (Scheme 3.7).16 
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Scheme 3.7: reaction between iPAc and AcOH catalyzed by sulfuric acid 

 

Presuming that the same reaction took place under the conditions of Table 3.3 and Figure 3.8 , the desired 

tandem sequence could be assisted by both acetone and acetic anhydride (Ac2O) for the acetalization and 

acetylation reactions, respectively. Additional experiments were therefore carried out aiming at 

investigating the acidolysis of iPAc at 30 °C with Amberlyst 15 as a catalyst. The first test was performed 

by replicating the conditions of Figure 3.8. The complexity of the product mixture did not allow satisfactory 

GC/MS or NMR analyses to resolve signals of acetone and iPAc, but the presence of acetic anhydride was 

nonetheless verified through GC. A gradual increase of Ac2O throughout the process (quantified in fig. 

A.3.28) offered convincing, albeit indirect, proof for the corresponding formation of an increasing amount 

of acetone which could in turn feed the acetalization of glycerol and monoacetins (Scheme 3.7). Additional 

evidence for the acetone formation was then gathered by the reaction of an equimolar mixture of 

isopropenyl acetate (5 mmol) and acetic acid in the presence of Amb15 as a catalyst (15 wt%). At 30 °C, 

after 24 h, acetic anhydride was observed in 80% yield (by GC). It was excluded that Ac2O was obtained 

from the catalytic dehydration of AcOH since this reaction was reported only at much higher temperature 

or through the use of other auxiliaries.17,18 The process also allowed to identify minor amounts of by-

products (≤10% with respect to Ac2O), the mass spectra of which was consistent with the formation of 

acetylacetone plausibly derived from an acid-promoted rearrangement of iPAc,19 and the aldol 

condensation of acetone (see Fig. A3.29-33 for details). A not optimal resolution of acetone and iPAc 

prevented their quantification also in this case. 

The in-situ formation of Ac2O in the selected reaction conditions allowed us also to envisage another 

consequence: the involvement of the anhydride as an acetylating reagent in parallel with iPAc and AcOH. 

In this respect, a detailed study was carried out on the acetylation of Glyc with acetic anhydride under 

conditions as close as possible to those of Table 3.3, in which iPAc was replaced by Ac2O. Experiments 

were performed at 30 °C, using a solution of Glyc (1 mmol) in AcOH (0.1 M, 10 mL), Amb15 (15% wt) and 

a Ac2O:Glyc molar ratio in the range 1-5. The results reported in Table 3.5 suggested that the esterification 

of Glyc occurred much faster with Ac2O than with AcOH alone (entry 1-2), and the presence of 5 equivalent 

of Ac2O took to the selective formation of 7 (entry 3). This is in accordance with the classic industrial route 

for the production of triacetin (see Figure 3.1) and various papers that reported the use of a mixture of 

AcOH and Ac2O for the synthesis of glycerol acetins.14,20 The strong acetylation activity of the Ac2O formed 

in situ was hence demonstrated. 
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Table 3.5: Acetylation of glycerol in presence of Ac2O and acetic acid

 

Entry Ac2O:Glyc 
(mol:mol) 

Conversion 
Glyc (%) 

Product distribution (%) 

   5-5’ 6-6’ 7 
1 0 31 81 19  

2 1 100 55 40 5 

3 5 100 0 0 100 

 

The emerging picture confirmed the multiple role of iPAc and indicated that the investigated sequence 

was even more complicated than expected: in addition to the competitive (parallel or consecutive) 

acetylation due to iPAc and AcOH activity and the acetalization due to the acetone released by the 

transesterification process, the occurrence of the acidolysis of iPAc provided an extra supply of acetone 

and acetic anhydride, the latter serving as a co-acetylating agent. A limited hydrolysis of iPAc and glyceryl 

esters could also not be ruled out.21,22 The complexity of a system in which different components (the enol 

ester, the acid and the anhydride) could simultaneously express the same reactivity as acetylating agents 

made it rather challenging to discriminate the contribution of each single partner. To shed light on this 

aspect, additional experiments were devised using D-isotope labelled acetic acid. 

A control experiment was carried out under the conditions of Figure 3.8 by replacing AcOH with its 

perdeuterated analogue, CD3COOD: (Glyc: 1 mmol, iPAc: 7.5 mmol; CD3COOD: 0.5 mL, 8.5 mmol); Amb15: 

15 wt%; 30 °C; 24 h). The GC/MS analysis of the reaction mixture allowed the identification of the expected 

products. Acetal acetates were detected as two species: the non- and the tri-deuterated compounds, 4 

and 4*; Triacetin was detected in the form of four species, the non-, the tri-, the hexa-, and the nona-

deuterated products, respectively (Scheme 3.8). 

 

 

Scheme 3.8: D-Isotope labelled products observed in the reaction of Glyc with iPAc/CD3COOD. 
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A satisfactory GC resolution was achieved only for the acetal acetates while signals of the different 

triacetins were substantially superimposed. Comparison of the analytical data recorded in the full scan 

(TIC) and the SIM mode (set at the most abundant fragment ions, m/z = 159 and 162 for 4 and 4*, 

respectively) indicated that the relative amounts of 4* and 4 were 65% and 35%, meaning that the 

quantity of the tri-deuterated product was approximately twice that of the non-deuterated derivative (see 

appendix, Fig. A.3.34-38). 

Relevant to this study was also the evidence of the formation of three differently deuterated acetic 
anhydrides, i.e., the non-, the tri-, and hexa-deuterated products which were present in a 1:3:2 ratio (by 
GC/MS) in the reaction mixture. These results were consistent with Scheme 3.9, in which CD3COOD 
mediated the acidolysis not only of iPAc, but also of the produced (deuterated) anhydride.23 

 

Scheme 3.9: Plausible pathways for the formation of the three observed species of acetic anhydride. 

 

As a first approximation, excluding kinetic and equilibrium isotope effects,24 the deuterated acid acted 
directly or indirectly (via the formation of A2 and A3) as acetylating agent to produce twice the amount of 
4* with respect to 4. The latter instead was obtained from iPAc as such or its derivative A1. From the 
stoichiometry of acidolysis and the 1 : 3 : 2 ratio of A1 : A2 : A3 in Scheme 3.9 one could also estimate that 
about 58% of the total mixture of anhydrides was sourced from the deuterated acid. 

 

3.2.3.3 The tandem synthesis of acetal acetates 
The reaction of Glyc with the mixture iPAc/AcOH was further investigated with the aim to steer the overall 

process towards the selective formation of Solketal acetate 4. To this end, several new experiments were 

carried out by changing the reactant molar ratio and by adding a large excess of acetone (20 molar equiv. 

with respect to Glyc) as a co-acetalizing agent. Although acetone (alike iPAc) was scantly soluble with 

glycerol 25 in the presence of AcOH a homogeneous solution of reactants was achieved. The salient aspects 

of this study are summarized in Figure 3.9, which shows the product distribution obtained during the 

reaction of a mixture of Glyc (1.0 mmol), AcOH (0.5 mL, 8.75 mmol), and acetone (0.9 mL, 20.0 mmol), in 

the presence of Amb15 (15 wt% with respect to glycerol) as a catalyst and variable amounts of iPAc (1–4 

mmol), at 30 °C, after 24 h. Conversion of glycerol is not reported since it was quantitative in all tests. 
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Figure 3.9: The reaction of glycerol with a mixture of iPAc/AcOH and acetone: the effect of increasing 
amounts of iPAc. Conditions: glycerol (1.0 mmol), isopropenyl acetate (1.0–4.0 mmol), acetic acid (8.75 
mmol), acetone (20.0 mmol), Amberlyst-15 (15.0 mg; 15 wt%), 30 °C, 24 h. 

 

The product distribution mirrored the intrinsic reactivity of acetone and iPAc. In the presence of equimolar 

amounts of glycerol and iPAc (Q=1), Solketal 3 was the predominant product (60%, black profile) followed 

by Solketal acetate 4 (37%, red profile) and traces of glyceryl esters implying that excess acetone favored 

acetalization versus acetylation. The result was comparable when the amount of iPAc was doubled (Q=2). 

Instead, for Q = 3 the formation of 3 dropped strikingly from 60% to 6% and 4 increased from 37% to 88%. 

The greater availability of iPAc and acetic anhydride (from the acidolysis of the enol ester) brought about 

a significant improvement of the transesterification reaction which, however, involved mainly the OH 

function of the acetals and not of glycerol. Indeed, the total amount of glyceryl esters remained low at ca. 

6%. The results were consistent with the higher electrophilicity of acetone compared to esters and 

anhydrides that favored acetalization of glycerol to yield 3 which in turn underwent transesterification 

with iPAc/Ac2O to the corresponding acetate 4. A further increase of the iPAc:Glyc molar ratio (Q = 4) 

caused complete disappearance of 3 albeit with slightly lower selectivity towards 4 (85%) due to the 

formation of 7 (15%) by exhaustive acetylation of glycerol. 

Additional tests demonstrated that the selectivity of the tandem sequence towards 4 could be further 

optimized by reducing the quantities of acetone and AcOH to 5 and 1.5 equivalents with respect to 
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glycerol, respectively. After 16 h under these conditions Solketal acetate was obtained in up to 91% yield 

(Scheme 3.10). Co-products were Solketal 3 (3%) and di- and triacetins (5/5′: 2% and 7: 4%). 

 

 

Scheme 3.10: Optimized conditions for the selective synthesis of Solketal acetate (4) 

With respect to Figure 3.9, decreasing the reaction volume allowed to reduce the reaction time to 16 

hours and, at the same time, under such conditions the reaction was scaled up by a factor of 10. Once the 

experiment was complete (16 h), the catalyst was filtered and vacuum distillation (5 mBar, 50–80 °C) of 

the oily residue allowed us to isolate 4 in an 87% yield (1.51 g, 8.7 mmol; based on glycerol as the limiting 

reagent), thereby further validating the mass balance and the synthetic efficiency of the process. 

To the sake of completeness, it was our interest to explore the chances to achieve the same results by 

replacing iPAc with a mixture of Ac2O and acetone, though earlier studies on the reaction of glycerol with 

mixtures of acetone and Ac2O under reflux conditions yielded at best Solketal and Solketal acetate in a 9 

: 1 ratio.26 This reaction system was further examined by us through various attempts to optimize the 

reaction conditions (Table 3.6). 

Experiments showed that reactants (Glyc, Ac2O and acetone) were not mutually miscible, hence AcOH 

was used as a solvent. A 61% selectivity towards 4 is obtained by replacing iPAc with Ac2O in the same 

conditions used in Scheme 3.10 (entry 1, table 3.6). Various other attempts to achieve the same selectivity 

obtained by the use of iPAc were unsuccessful (entry 2-7). At the best conditions founded, a complete 

conversion of glyc was achieved while Solketal acetate 4 was obtained in a 82% selectivity along with 

triacetin (18%) (entry 6). Compared to iPAc, not only the selectivity was lower, but acetone and Ac2O had 

to be used in a significantly large excess of 20 and 5 equivalents respectively, with respect to Glyc. Finally, 

further experiments demonstrated that the tandem selectivity was elusive also by reacting Glyc with 

different mixtures of AcOH and acetone, in the presence of Amb15 as a catalyst: the amount of 4 did not 

exceed 32% (see table A.3.2). We can hence adfirm that iPAc play a key role in the tandem 

acetylation/acetalization process. 

 

 



 
 

 
170 

Table 3.6: The reaction of glycerol with acetone and acetic anhydride 

Entry Solvent 
Glyc:Acetone:Ac2Oa 
(mol:mol:mol) 

Conversionb (%) Product distributionc (%)  

3/3’ 4/4’ 5/5’ 6/6’ 7 

1 

AcOH 

(1.5 equivs.) 

1:5:3 ≥99  61  1 38 

2 1:1:1 ≥99 10 30 34 23 1 

3 1:1:10 ≥99  30  1 69 

4 1:3:10 ≥99  58  1 41 

5 1:5:10 ≥99  68  1 31 

6 1:20:5 ≥99  82   18 

7 1:20:2.5 ≥99 15 78  3 5 

Conditions: glycerol (1.0 mmol), Ac2O (1.0–10.0 eq), acetic acid (1.5 eq), acetone (1-20 mmol), Amberlyst-15 (15.0 

mg; 15 wt%), 30 °C, 24 h a Molar ratio of the reactants. b Conversion of glycerol, by GC. c Products distribution, by GC. 

 

With the aim to investigate the relative role of iPAc and acetone as acetalization agents, the rection 

reported in Scheme 3.10 was explored by replacing acetone with its d6-isotope labelled analogue, 

CD3COCD3. The GC/MS analysis of the reaction mixture allowed us to identify the expected 4 as two 

species, the non and the hexa-deuterated compounds, respectively 4 and 4d6. The comparison of the 

analytical data recorded in the full scan (TIC) and the SIM mode (set at the most abundant fragment ions, 

m/z = 159 and 162 for 4 and 4d6, respectively) indicated that their relative amounts were 35% and 65%, 

i.e. the hexa-deuterated species was approximately twice as much the non-deuterated one (further 

details in appendix Scheme A.3.3 and Fig. A.3.39-40). The correspondence between the ions analyzed in 

SIM mode both for the tests with labelled acetic acid and acetone is noteworthy. Although ions with m/z 

= 159 and 162 were selected for both the investigations, the comparison of mass spectra proved that 

different fragmentation pathways occurred: (i) using d4-acetic acid the isotopic marking of the considered 

ion regarded the acetyl group; (ii) when d6-acetone was used, the marking was set on the acetalized 

portion of acetal acetates. 

Although the apparent contribution of CD3COCD3 to the acetalization reaction was almost double that of 

acetone released by iPAc, the acetalizing capability of the enol ester was still remarkable considering the 

excess d6-acetone used. Even more so considering the inverse secondary deuterium isotope effect 

described for the formation of ketals from the reaction of methanol and acetone/d6-acetone, the 

measured KH/KD (equilibrium constants for non-deuterated and deuterated ketals) ratio was ∼0.7.27 
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3.2.4 Conclusions 
 

This study reports for the first time a one-pot tandem catalytic acetalization–acetylation sequence of 

glycerol where the presence of multiple reagents allows to control the product distribution. Crucial to this 

result is the cooperative reactivity of isopropenyl acetate and acetic acid in the presence of Amberlyst-15. 

The major role is played by the enol ester that acts as the acetylating agent of glycerol and at the same 

time, it undergoes acidolysis with acetic acid. Both these processes release acetone which in turn triggers 

the acetalization of glycerol. Moreover, acetic anhydride co-generated during the acidolysis of isopropenyl 

acetate further contributes to the acetylation of glycerol. Notwithstanding the complex network of 

reactions, this investigation demonstrates that the experimental conditions can be tuned to obtain the 

selective conversion of glycerol to either a 1:1 mixture of Solketal acetate 4 and triacetin 7, or solely 4 in 

up to 89% isolated yield. The latter result is achieved simply by supplying extra acetone to the iPAc/AcOH 

mixture. Experiments using d4-acetic acid and d6-acetone suggest that acetic acid, mostly through the 

formation of acetic anhydride, is the major contributor (for about 65%) to the acetylation of the final 

products, while acetone released by iPAc provides ca. 35% of Solketal acetate formed even when excess 

acetone is sourced externally. Acetic acid, along with acidolysis, also serves as a solvent to overcome the 

issue of poor mutual solubility of iPAc and acetone with glycerol. 

The approach used is original and genuinely green. The synthetic potential of the tandem sequence for 

the upgrading of glycerol involves a pool of innocuous reactants (glycerol, isopropenyl acetate, acetic acid 

and acetone) and mild/simple reaction conditions (30 °C and atmospheric pressure) which make the scale-

up of the protocol safe and easy. This study has also proved that intensification of the process can be 

achieved by controlling (reducing) the reactant molar ratio.  

 

3.2.5 Experimental Section 
 

3.2.5.1 General 
 Reagents and solvents were commercially available compounds and were used as received unless 

otherwise stated. Glycerol, acetic acid, acetic anhydride, acetone, isopropenyl acetate, Amberlyst-15, d4-

acetic acid, and d6-acetone, were sourced from Sigma Aldrich. 

GC/MS (EI, 70 eV) analyses were performed on a HP5-MS capillary column (L = 30 m, ∅ = 0.32 mm, film = 

0.25 mm), and GC analyses (CG/FID) were performed on an Elite-624 capillary column (L = 30 m, ∅ = 0.32 

mm, film = 1.8 mm). 1H and 13C NMR spectra were recorded at 400 and 100 MHz, respectively. The 

chemical shifts were reported downfield from tetramethylsilane (TMS), and CDCl3 was used as the solvent. 

The conversion of glycerol and the product distribution were measured by GC/FID analysis upon 

calibration with standard solutions. Given the interest in the tandem sequence, the selectivity (product 

distribution) for 3, 4, 5 + 5′, 6 + 6′ and 7 was defined according to the following expression: 

Si   = [mol i/conv. Glyc.] x 100 
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where Si is the selectivity (%) for compound i (i = 3, 4 , 5 + 5′, 6 + 6′ and 7), mol i stands for the total moles 

of compound i (by GC calibration) and conv. glyc. is the total conversion of glycerol for the combined 

transesterification and acetalization processes. 

 

3.2.5.2 Catalytic tests 
General procedure for the tandem synthesis of Solketal acetate and triacetin. Experiments were carried 

out under different conditions (Table 3.3 and Figure 3.8) which can be summarized as follows: in a 25- or 

50-mL round-bottomed flask equipped with a condenser and a magnetic stir bar, a mixture of glycerol (1 

mmol), isopropenyl acetate (1–10 mmol), acetic acid (0.5–10 mL) and Amberlyst-15 (5–15 mg) as a catalyst 

(5–15 wt%) was set to react at the temperature of choice (30–70 °C) and atmospheric pressure, for 24–32 

h. Conversion of glycerol and products selectivity were determined by GC/FID analysis upon calibration. 

Compound 4 ((2,2-dimethyl-1,3-dioxolan-4-yl)methyl acetate) and 7 (propane-1,2,3-triyl triacetate) were 

isolated from a reaction scaled up by a factor of 10, using 10 mmol of glycerol (other conditions: T = 30 

°C; p = 1 atm; molar ratio Glyc : iPAc : AcOH = 1 : 7.5 : 8.75; Amberlyst 15 = 15 wt%; t = 24 h). Once the 

experiment was complete, the solid catalyst was filtered off, and the liquid solution was distilled under 

vacuum (5 mBar, 50–80 °C). Isolated yields were 47% and 48% for 4 and 7, respectively. Products were 

characterized by both 1H and 13C NMR and GC/MS analyses. Data agreed with those reported in the 

literature.28,29 

General procedure for the selective tandem synthesis of acetal acetates.  Experiments were carried out 
under different conditions (Figure 3.9 and Scheme 3.9) which can be summarized as follows: in a 25- or 
50-mL round-bottomed flask equipped with a condenser and a magnetic stir bar, a mixture of glycerol (1 
mmol), isopropenyl acetate (1–4 mmol), acetic acid (0.5 mL), acetone (1–20 mmol) and Amberlyst-15 as 
a catalyst (15 wt%) was set to react at the temperature of choice (30–70 °C) and atmospheric pressure, 
for 16–24 h. Conversion of glycerol and product selectivity were determined by GC/FID analysis, upon 
calibration. 

Solketal acetate 4 was isolated from a reaction scaled up by a factor of 10, using 10 mmol of glycerol 

(other conditions: T = 30 °C; p = 1 atm; molar ratio Glyc : iPAc : AcOH : Acetone = 1 : 3 : 1.5 : 5; Amberlyst 

15 = 15 wt%; t = 16 h). Once the experiment was complete, the solid catalyst was filtered off, and the 

liquid solution was distilled under vacuum (5 mBar, 50–80 °C). The isolated yield of 4 was 87%. Product 

appeared as a yellowish liquid and it was characterized by both 1H and 13C NMR and GC/MS analyses; data 

agreed with those reported in the literature.28,29 

The reactions with D-labelled compounds. Experiments with labelled reagents were carried out by 

replacing AcOH or acetone with the same quantity of the perdeuterated analogues, CD3COOD or 

CD3COCD3. In the case of d4-acetic acid, a mixture of glycerol (1 mmol), iPAc (7.5 mmol), CD3COOD (0.5 

mL, 8.75 mmol), and Amberlyst-15 (15 mg, 15 wt%) was set to react in a 25 mL round-bottomed flask at 

T = 30 °C and atmospheric pressure, under stirring for 24 h. In the case of d6-acetone, a mixture of glycerol 

(1 mmol), isopropenyl acetate (3 mmol), d6-acetone (5 mmol), acetic acid (1.5 mmol), and Amberlyst-15 

(15 mg; 15 wt%) was set to react in a 25 mL round bottomed flask, at T = 30 °C and atmospheric pressure, 

under stirring for 16 h. The mixtures of labelled products were analyzed by GC/MS both in the full scan 
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mode (TIC, 70 eV) and in the SIM mode on the characteristic fragment ions m/z = 159 and 162 (other 

details are in the appendix). 
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3.3 Reaction of Glycerol with Trimethyl Orthoformate: Towards the Synthesis 
of New Glycerol Derivatives 
 

3.3.1 Introduction 
 

Glycerol is a renewable feedstock that can be transformed in a plethora of useful derivatives as already 

illustrated in the introduction (paragraph 1.4.1.2, figure 1.9) In this field, our research group has explored 

different thermal and catalytic synthetic approaches by reacting Glyc with dimethyl carbonate, 

formaldehyde, acetone, enol esters, ketals, and other sustainable derivatives. 1,2,3 In search to further 

expand this chemistry and to identify new bio-building blocks, we considered orthoesters (OEs) as another 

family of electrophilic partners for the upgrading of Glyc.  

OEs are an importand class of organic compounds characterized by three alkoxy groups attached to the 

same carbon. Just like acetals, orthoesters undergo transetherification, allowing to prepare complex 

organic molecules bearing orthoester functionality starting from simpler homologs. 

 

Scheme 3.11: Transetherification of orthoesters 

Their synthesis routes are reviewed elsewhere,4 and the most relevant examples provide for: i) the 

reaction of trihalogenated derivatives with alkoxides;5 ii) addition of alcohols to ketene acetals;6 iii) 

electrochemical oxidation of aldehyde acetals and toluene derivatives;7 iv) reaction of orthocarbonates 

with Grignard reagents;8 v) the Pinner synthesis consisting on the reaction of nitriles with alcohols under 

acidic conditions.9 This last category was upgraded in a green fashion that avoid the use of light 

chlorinated solvents in recent years by our research group.10 

The impressive reactivity of OEs (up to 20000 times higher than of the above cited ketones and aldehydes 

used for the functionalization of Glyc)8 and their high stability towards nucleophile and bases, drew our 

attention towards its use. The main application of OEs is as protective groups for carboxylic acids, hydroxyl 

groups, esters and α-ketoacids. 11, Nonetheless, naturally-occuring OEs are indispensable for the 

pharmacological activity of some antibiotic compounds12 while they are also successfully exploited as 

alkylating agents,13 dehydrating agents,14 copolymers for the synthesis of polyorthoesters, 15 reactant for 

the synthesis of heterocyclic compounds16 and a fascinating novel application in the synthesis of dynamic 

cryptands employed for the controlled release of metal ion guests. 17 Their wide scope in organic synthesis 

was recently reviewed.18 

For what concerns the reaction between Glyc and OEs, some pioneering research dating back to the ‘60s 
and ‘80s highlighted the potential of these reactions. In 1964, Crank and Eastwood were the first to 

investigate the reaction between triols and triethylorthoformate to obtain bicyclic orthoesters (BOEs)19a, 

demonstrating the formation of several BOEs from 1,2,4- 1,2,5- and 1,3,5-triols. By using Glyc as reagent, 
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they observed the formation of a mixture of the pentacyclic cis-/trans-2-ethoxy-4-hydroxymethyl-1,3-

dioxolane (1’) and its hexacyclic isomer cis-/trans-2-ethoxy-5-hydroxy-1,3-dioxane (4’) (Figure 3.10a)  in a 

9:1 ratio with 67% of yield, which could thermally decomposed to ethanol, CO2 and allyl alcohol 19b. The 

bicyclic compound 2,6,7-trioxabyciclo[2.2.1]heptane (2) was not observed. A few years ago, Thshibalonza 

and Monbaliu revisited the reaction by focusing on the formic acid-catalyzed synthesis of allyl alcohol 

under continuous-flow conditions (Figure 3.10b).20 

In the late ’70s, Hall et al. successfully accomplished the synthesis of 2 (Figure 3.10c, Yield70%) and its 

further polymerization to 5-membered rings polyorthoesters.21,22  Since then, the ring-opening 

polymerizations of BOEs (including 2) has been extensively investigated and reviewed elsewhere.23 

Furthermore, diglycerol-OEs were used also to develop acid-labile polymers for drug-delivery 

applications.15,24 

 

 

Figure 3.10: Reactions between Gly and OEs reported in literature and present work. 
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3.3.2 Aim and summary of the work 
 

In this work the thermal and catalytic reaction between Gly and HC(OMe)3 is studied with the aim to 

develop new reliable synthetic protocols for glycerol exploitation. The selective formation (up to 95% of 

yield) of a new glycerol-based 5-membered ring di-orthoester (the cis-/trans-4-

(dimethoxymethoxy)methyl)-2-methoxy-1,3-dioxolane; 3, Figure 3.10d) was accomplished by using 

HC(OMe)3 as model OE via a dynamic and thermodynamically-controlled synthetic strategy. A variety of 

homogeneous and heterogeneous acids (PPTS, DBUHBr, sulfuric acid, Amberlyst-15, amberlyst-36, FeCl3 

and AlF3) and ionic liquids (BSMImHSO4, BSMImBr) were used as Brønsted/Lewis-acidic catalysts. In this 

context, the ionic liquids (ILs) were tested as they are known to give better yields, turnover numbers and 

frequencies, and improved catalysts recyclability.25 The effect of basic catalysts (such as K2CO3 and 

trioctylmethylphosphonium methylcarbonate: [P1888]CH3OCO2
-) was also investigated for comparison. 

3.3.3 Results and discussion 
 

The reactivity between Glyc and HC(OMe)3 was first tested in the absence of any catalyst, in analogy to 

the reaction conditions previously reported in literature.19a,21,22 The reaction was carried out in the 

absence of added solvents at 90 °C with a reagent molar ratio Q=1 (Q = HC(OMe)3:Glyc) for 1 hour. The 

products were isolated and fully characterized by GC-MS, 1H, 13C and 2D-NMR analyses (see Material and 

Methods ant the appendix for further details) revealing the formation of the 5-membered ring OE 1, the 

bicyclic compound 2,6,7-trioxabyciclo[2.2.1]heptane  2, and the di-orthoester 3 (1 and 3 as mixtures of 

diastereomers) in 82/11/7 selectivity respectively. Figure 3.11  shows the gaschromatogram of the crude 

reaction mixture.   

The 6-membered ring isomers of 1 and 3 were not observed. This was unexpected since previous results 

for the reaction between Glyc and triethyl orthoformate reported a 5- and 6-membered ring isomeric 

ratio of 3:113 or 9:1 19a for compounds 1’:4’ (see Figure 3.10a). A reasonable explanation is that, under our 

conditions, the reaction between glycerol and HC(OMe)3 is kinetically rather than thermodynamically 

controlled. Indeed, the ring strain energy of 5-membered ring 1,3-dioxolane (7.3 kcal/mol) is higher than 

the 6-membered ring 1,3-dioxane analogs (2.9 kcal/mol)26, while the stabilization energy due to their 

formation was 4.4 and 13.2 respectively.27 These trends of energies show that 1,3-dioxane are more stable 

than 1,3-dioxolane. This explanation is also in agreement with the results reported by Yokohama et al. for 

the ring-opening polymerization of 2 that under kinetical control, leads to the almost exclusive formation 

of the 5-membered ring product.22  
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Since the characterization of the reaction products (especially 3, isolated as a couple of diastereoisomers, 

3a and 3b through the procedure reported in the experimental section) was not trivial, here it is 

interesting to discuss analytical evidence obtained by NMR that allowed to support the unambiguous 

identification of the product: 

1) The 1H NMR spectra (fig. A.3.56) highlights double signals in 1:1 ratio particularly for the protons 

2, 4, 8 and 14. 

2) The 13C{1H}, DEPT-135, DEPT-90, APT NMR spectra (Figure A.3.57-60) show all the peaks relative 

to 3a,b as couple of signals in 1:1 ratio clearly separated. 

3) COSY (Figure A.3.61) shows the presence of two series of identical coupling patterns for the two 

isomers 3a and 3b. Moreover, any couple of signals in 1:1 ratio do not reveal any crossing 

interactions. i.e. 6a at 4.4 ppm does not match with the homologous 6b at 4.2 ppm.  

Figure 3.11: Gaschromatogram of the reaction between HC(OMe)3 and Gly with Q = 1, 90 °C, 1h. 
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4)  HMBC (Figure A.3.62) shows the correlation spots between H and C in position 6 and 8, while 

no correlation is present between 2 and 8 thus proving the presence of the 5-membered ring 

rather than the 6-membered ones.  

Having established the structure of the compounds obtained during the reaction, further experiments 

were then carried out at different temperatures and Glyc:HC(OMe)3 molar ratios by following the product 

distribution over time.  At 90 °C, under reactive distillation conditions to remove methanol continuously 

during the reaction, the kinetic profile of the reaction was studied for 24 h at two different molar ratios Q 

= 1 and Q = 10 (Figure 3.11). In both cases within the first minutes of reaction the initial biphasic mixture 

turned homogeneous and vigorous distillation of methanol was observed. For both ratios Q = 1 and Q = 

10, the Glyc conversion was almost quantitative after 0.5 h (based on GC analysis) towards formation of 

1 and 3 respectively, thus proving that the formation of the glycerol-OEs is basically instantaneous yielding 

a statistical products distribution. After 24h, a relatively slow dynamic covalent exchange reaction yielded 

a thermodynamically controlled products distribution which is influenced by the reaction conditions. For 

example, with Q = 1, after 1 h the selectivity was shifted towards 1, but prolonging the reaction time, 1 
and 3 slowly decreased in favor of the formation of 2 (39% after 24h) via an intramolecular reaction 

favored by the continuous removal of methanol. When using an excess of HC(OMe)3 (Q = 10) the initial 

selectivity was shifted towards the formation of 3 (80%, 1h), as expected; after 24h the reaction slowly 

proceeded further favoring conversion of 1 into 3 (97%, 24 h). It is worth to notice that under these 

conditions 3 could be isolated by simply evaporating the excess of HC(OMe)3 without any further 

purification step (95% isolated yield with 98% purity by GC). 

 

 

Figure 3.12: Conversion of Glyc and products selectivity for the catalyst-free reaction between Glyc and 
HC(OMe)3. Reaction conditions: Glyc [5.43 mmol] and HC(OMe)3 with Q = 1 (a) or Q = 10 (b) at 90 °C. 

 

The experimental results indicated that – likewise to the known glycerol-orthoformate reactivity19,20,22  

and the alkoxy-exchange reactivity of OEs 28 – the initial fast reaction of HC(OMe)3 with Glyc gives 1 which 

is in equilibrium with 2 and 3, the latter formed by reaction with another molecule of orthoformate. 
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Interconversion of 2 and 3 goes through a dynamic covalent reaction involving 1 as the intermediate. 

Scheme 3.12 shows the hypothesized reaction pathways. 

 

 

Scheme 3.12: Pathways for the formation of products in the reaction between Glyc and HC(OMe)3 

 

The reaction was further investigated by varying Q between 1 and 10, at T = 90 °C and 25 °C, for 24h. As 

shown in Table 3.7, 3 was formed selectively at 90 °C only with a large excess of HC(OMe)3 (Q=10) (entry 

5). At lower Q values instead (entry 1-4), the selectivity-determining dynamic equilibrium resulted in a 

statistical products distribution. 

A less pronounced exchange equilibrium between the products was observed for the reactions conducted 

at 25 °C respect to the ones conducted at 90 °C. In fact, at 25 °C and Q = 1 the reaction was very slow and 

after 24h, conversion reached only 63% (90% conversion after 48h), with 79% selectivity towards 

formation of 1 (entry 6, and Figure A.3.72 for the reaction profile). At higher Q = 10, the reaction rate 

increased reaching almost quantitative conversion, but the product distribution was not shifted towards 

the formation of 3, as was the case for the reaction conducted at 90 °C. Instead, a high (88%) selectivity 

towards 1 was observed after 1h, while after 24h the dynamic equilibrium promoted a 74/5/21 selectivity 

towards 1/2/3 respectively (entry 7 and Figure A.3.73 for the reaction profile).  

Overall, the catalyst-free reaction between Glyc and HC(OMe)3 lead to the selective synthesis of the 

thermodynamically-favored product 3 – a new orthoester derivative of glycerol – after 24h and in the 

presence of an excess of trimethyl orthoformate.  
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Table 3.7: Q and T effect on products distribution for the catalyst-free reaction of Gly with HC(OMe)3. 

 

Reaction conditions: Glyc [5.43 mmol] and HC(OMe)3 with Q = 1-10, T= 90 °C, t= 24 h. a) Conversion of Glyc and 

products selectivity determined by GC.  

With the aim to accelerate attainment of the dynamic equilibrium among 1, 2 and 3, and to direct 

selectivity, different acid catalysts were then tested at Q = 10 and T = 90 °C. The results are listed in Table 

3.8. In the presence of PPTS (10%w/w Glyc), known to catalyze the reaction of diglycerol with triethyl 

orthoformate24, the reaction reached quantitative conversion and 97% selectivity towards 3 in 1h (entry 

3 and 4). No further products were observed even after 24h, indicating that 3 is stable under the reaction 

conditions (Figure A.3.74 for the reaction profile). As shown in Table 3.8, all the other acid catalysts 

favored the formation of 3 already after 1 hour. Only for diazabicyclo-undecenium bromide (DBUHBr, 

entry 5-6) a slower dynamic equilibrium – in line with the uncatalyzed reaction – was observed (75% and 

93% selectivity after 1 and 24h, respectively) likely due to the lower acidity.29 Brønsted and Lewis acidic 

catalysts such as H2SO4, amberlyst-15, amberlyst-36, iron chloride and aluminium fluoride promoted 

moderate-to-good selectivity (84, 79, 87, 91, 87%, respectively; entries 7, 9, 11, 13, 15, Table 3.8) towards 

3 after 1h along with small amount of ill-defined products (e.g. aldehydes, ethers or oligomers). The latter 

were probably formed by catalytic decomposition of 3 as already described in the literature for OEs.20 The 

formation of reaction by-products became evident after 24h. In particular, the use of sulfuric acid caused 

formation of a large quantity (≈ 41%) of four major undefined products (see Figures A.3.75-79 for the gas-

chromatography trace and MS spectra) after 24h at 90 °C. Instead, when using the ionic liquids 

butylsulfonylmethylimidazolium bromide (BSMImBr) and hydrogensulfate (BSMImHSO4) as catalyst 

(entries 17-20) the fast reaction rates were always accompanied by the quantitative and selective 

formation of 3 (98%) and by the absence of side reactions (99% also after 24h).  The same acidic ionic 

liquids allowed to perform the reaction at 25 °C, still with appreciable selectivity towards 3 (81-87 %; 

Entry Q T (°C) Conversion   
Glyc (%)a 

Selectivity (%) a 

1 2 3 

1 1 90 96 58 39 3 

2 1.5 90 96 56 9 35 

3 2 90 96 51 3 46 

4 5 90 99 24 2 74 

5 10 90 100 3 0 97 

6 1 25 63 79 8 13 

7 10 25 95 74 5 21 
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entries 21-22). Finally, no conversion of Glyc was observed when using basic catalysts, such as K2CO3 or 

[P8881]CH3OCO2
-,30 owing to the stability of OEs towards bases. 

To rationalize the catalytic behavior, the Hammett acidity functions (H0) for the different catalysts were 

compared (see Table 3.8). H0 was chosen since it is one of the most effective ways to express the Brønsted 

acidity in an organic medium.31 It is readily apparent that stronger acidity (H0<0, entry 7-12) prompts faster 

reactions but also higher formation of side products. On the other hand, when using weaker acids (H0=1-

3, entries 17-22) the reactions are more selective towards the formation of the desired product 3.   

Table 3.8: Catalyzed reaction between HC(OMe)3 and Glyc 

Entry Catalyst Time (h) Conversion 

Glyc (%)a 

Selectivity (%) a H0 
b 

    1 2 3 others  

1 --- 1 96 19 1 80 -  

2 --- 24 >99 3 0 97 -  

3 PPTS 1 >99 0 3 97 -  

4 PPTS 24 >99 0 3 97 -  

5 DBUHBr 1 96 25 0 75 -  

6 DBUHBr 24 >99 7 0 93 -  

7 H2SO4 1 >99 9 2 84 5 -12.3 32 

8 H2SO4 24 >99 42 1 16 41  

9 A-15 1 >99 12 3 79 6 -2.2 33 

10 A-15 24 >99 17 1 70 12  

11 A-36 1 >99 7 1 87 5 -2.65 33 

12 A-36 24 >99 13 1 75 11  

13 FeCl3 1 >99 2 0 91 7  

14 FeCl3 24 >99 10 1 78 11  

15 AlF3 1 >99 9 1 87 3  

16 AlF3 24 >99 3 1 92 4  

17 BSMImHSO4 1 >99 0 2 98 - 1.02 34 

18 BSMImHSO4 24 >99 0 1 99 -  
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19 BSMImBr 1 >99 0 2 98 - 2.91 c,35 

20 BSMImBr 24 >99 0 1 99 -  

21 BSMImHSO4
 d 1 >99 17 2 81 -  

22 BSMImBr d 1 >99 11 2 87 -  

23 K2CO3 1 0 0 0 0 -  

24 [P1888]CH3OCO2
- 1 0 0 0 0 -  

Reaction conditions: Glyc [5.43 mmol] and HC(OMe)3 with Q = 10, catalyst (10%w/wGlyc), 90 °C, 1-24h. a) Conversion 

of Glyc and products selectivity determined by GC. b) Hammett acidity function according to literature data. c) the 

value reported was calculated for butylsulfonylmethylimidazolium chloride. d) the reaction was carried out at T = 

25 °C. 

 

3.3.4 Conclusions  
 

The thermal and catalytic reactivity of glycerol with trimethyl orthoformate was here fully explored for 

the first time. Under catalyst-free conditions, with an equimolar mixture of Glycerol and HC(OMe)3 (Q = 

1), the reaction leads to the unselective formation of a dynamic equilibrium mixture of products 1, 2 and 

3 (Scheme 3.12 and Table 3.7). The products were isolated and fully characterized by GC-MS, 1H, 13C and 

2D-NMR spectroscopy revealing the formation exclusively of the 5-membered ring isomers of 1 and 3, 

obtained as mixtures of two diastereoisomers. The equilibrium of this reaction is remarkably shifted 

towards the formation of 3 as evinced for longer reaction times, higher temperature and/or using a large 

excess of orthoformate (Q = 10).  3 could thus be obtained selectively in high yields at 90 °C with 10 

equivalents of trimethyl orthoformate after 24 h.  

Both the reaction time and temperature can be reduced by using Brønsted- and Lewis-acid catalysts. The 

strongest acidic catalysts (H2SO4, Amberlyst 15, Amberlyst 36, iron chloride and aluminium fluoride) 

accelerate attainment of the dynamic equilibrium of the reaction to yield preferentially 3, but also 

promote ill-defined degradation products.  Less acidic catalysts such as the ionic liquids BSMImHSO4 and 

BSMImBr also accelerate attainment of the thermodynamically favored product 3 (98-99%) without 

however further degradations as indicated by the stability of 3 over time.  

Overall, the present results shed light on the reaction pathway and on the equilibria that govern 

conversion of glycerol into its orthoesters 1 and 3 and it allows to selectively synthesize 3 as the couple of 

diastereoisomers by a proper choice of reaction conditions. The glycerol-based orthoesters represent new 

building blocks en route to the development of more complex glycerol-OEs architectures. 
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3.3.5 Experimental Section 
 

3.3.5.1 General Information 
All the chemicals were purchased from Aldrich and used as received. Trioctylmethylphosphonium 

methylcarbonate ([P8881]CH3OCO2
-) was synthesized according to a literature procedure.30  

GC analyses were run using a Perkin Elmer Elite-624 capillary column (L=30 m, Ø=0.32 mm, film 

thickness=1.8 μm). The following conditions were used. Carrier gas: N2; flow rate: 3.5 mL min-1; split ratio: 

1:1; initial T: 50 °C (4 min), ramp rate: 10 °C min-1; final T: 180 °C; ramp rate: 20°C min, final T: 240 °C (10 

min). GC-MS (EI, 70 eV) analyses were run using a Grace AT-624 capillary column (L=30 m, Ø=0.32 mm, 

film thickness=1.8 μm). The following conditions were used. Carrier gas: He; flow rate: 1.2 mL min-1; split 

ratio: 10:1; initial T: 50 °C (4 min), ramp rate: 10 °C min-1 to 180 °C; ramp rate: 20°C min, final T: 240 °C (10 

min). 1H, 13C{1H}, DEPT-135, DEPT-90, APT, NOESY, HSQC, HMBC, COSY NMR spectra were recorded on a 

Bruker 400 MHz (1H: 400 MHz; 13C: 100 MHz) spectrometer. For 1H and 13C{1H} NMR the chemical shifts 

(δ) have been reported in parts per million (ppm) relative to the residual undeuterated solvent as an 

internal reference. 

 

3.3.5.2 Synthesis/Isolation of reaction products   
Synthesis of (2-methoxy-1,3-dioxolan-4-yl)methanol (1)  

Glycerol (5.12g, 55.6 mmol) was added in a two-neck round bottom flask equipped with a dripping funnel 

and a heating condenser held at 70°C. The flask was heated at 90°C and HC(OMe)3 (6.1 ml, 55.6 mmol) 

was added dropwise under stirring and kept for 1h. In Figure 3.11, the gaschromatographic trace of the 

reaction crude is reported highlighting the presence of diastereomers. The reaction mixture was then 

distilled over potassium carbonate three times to isolate one pure diastereoisomer of 1 in 10% yield, 

hereafter identified as 1a (the peaks with retention time 15.0 min in Figure 3.11). The characterization of 

the other diastereoisomer 1b (retention time 15.8 min) is inferred from the spectra of the mixture.  

1H NMR (400 MHz, Acetone)1a: δ = 5.72 (s, 1H), 4.23 – 4.18 (m, 1H), 4.11 – 4.04 (m, 1H), 3.84 – 3.78 (m, 

1H), 3.66 (ddd, J=6.0, 5.2, 2.7, 2H), 3.26 (s, 3H). 13C NMR (101 MHz, Acetone) δ = 115.93, 77.03, 65.47, 
62.86, 50.22. GC-MS: 134 (M+,0);133 (1); 103 (100); 61 (31); 57 (46); 47 (15); 45(32); 44 (31); 43 (65). 1b: 

5.73 (s, 1H), 4.32 (ddt, J=6.9, 5.6, 5.0, 1H), 4.11 – 4.04 (m, 1H), 3.84 – 3.78 (m, 1H), 3.57 (dd, J=6.0, 5.0, 

2H), 3.23 (s, 3H). 13C NMR (101 MHz, Acetone) δ = 115.82, 76.09, 65.42, 62.22, 50.00. GC-MS: 134 

(M+,0);133 (1); 103 (100); 74 (8); 61 (18); 57 (47); 47 (15); 45(28); 44 (14); 43 (46).  All the 1H, 13C, COSY, 

HMBC, HSQC, COSY NMR and the GC-MS spectra are reported in Figure A.3.41-52. 

Synthesis of 2,6,7- trioxabyciclo[2.2.1]heptane (2).  

Any attempt to isolate 2 from the crude reaction mixture proved unsuccessful and it was identified only 

by GC-MS (Figure A.3.53). GC-MS:  102 (M+,8);101 (4); 45 (15); 44 (100); 43 (62); 42 (6). 

3.2.3 Synthesis of 4-(dimethoxymethoxy)methyl)-2-methoxy-1,3-dioxolane (3) 
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Glycerol (0.526 g, 5.71 mmol) and HC(OMe)3 (6.3 ml, 57.2 mmol) were added in a round-bottomed flask 

and the mixture was stirred at 90°C. During the reaction the methanol was distilled out the mixture by 

heating the condenser at 70°C. After 24h the mixture was cooled down and then concentrated under 

vacuum (60°C, 35 mbar). 3 was obtained a mixture of two diastereomers in 95% yield without any further 

purification (purity 98% by GC). The diastereoisomeric ratio of 3 was 1:1 according to GC and 1H NMR 

analyses (Figure A.3.56). Any attempts to separate the two isomers (hereafter called 3a or 3b) failed. 1H 

NMR (400 MHz, Acetone) 3a+3b : δ = 5.76 (s, 1H), 5.73 (s, 1H), 5.11 (s, 1H), 5.10 (s, 1H), 4.44 (dq, J=6.9, 
5.3, 1H), 4.34 – 4.27 (m, 1H), 4.11 (ddd, J=7.9, 6.8, 5.6, 2H), 3.81 – 3.77 (m, 2H), 3.71 (dd, J=10.6, 6.1, 1H), 

3.65 – 3.61 (m, 1H), 3.57 (dd, J=6.2, 5.3, 2H), 3.31 – 3.29 (m, 12H), 3.26 (s, 3H), 3.25 (s, 3H). 13C NMR (101 

MHz, Acetone) δ = 116.13, 115.86, 113.99, 113.95, 74.80, 74.11, 66.00, 65.68, 64.82, 63.80 (d, J=2.1), 

50.72, 50.71, 50.21, 50.04. GC-MS: 3a: 208 (M+,0);131 (1); 117 (8); 103 (12); 75 (100); 61 (13); 57 (25); 47 

(11); 43(9). 3b: 208 (M+,0);131 (2); 117 (8); 103 (12); 75 (100); 61 (13); 57 (25); 47 (11); 45(6); 43 (9). 

Further discussion on the structural characterization and the 1H, 13C{1H}, DEPT-135, DEPT-90, APT, NOESY, 

HSQC, HMBC and COSY NMR and GC-MS spectra (Figure A.3.54-64) are reported in supporting info.  

 

3.3.5.3 Synthesis of the acidic catalysts 
Synthesis of pyridinium para-toluensulfonate (PPTS). 

The synthesis was carried out following a literature procedure.36 1H NMR (400 MHz, MeOD) δ = 8.89 (dt, 
J=5.2, 1.6, 2H), 8.68 (tt, J=7.9, 1.6, 1H), 8.16 – 8.09 (m, 2H), 7.75 – 7.69 (m, 2H), 7.27 – 7.22 (m, 2H), 2.38 

(s, 3H). The spectrum is in agreement with the literature (Figure A.3.65). 

Synthesis of diazobicycloundecenium bromide (DBUHBr).  

An aqueous solution of hydrobromic acid (40% v/v, 13.2 mmol) was dripped into a vessel containing an 

equimolar amount of DBU under continuous stirring. After 24 h, the aqueous solution was concentrated 

by rotary evaporation (60°C, 40 mbar) and any trace of water was removed under reduced pressure (60°C, 

1 mbar) until a white solid was obtained (yield = 99%). 1H NMR (400 MHz, D2O) δ = 3.50 (dt, J=18.0, 5.6, 
4H), 3.28 (t, J=5.9, 2H), 2.62 – 2.55 (m, 2H), 1.97 (tt, J=7.2, 5.2, 2H), 1.74 – 1.60 (m, 6H). 13C NMR (101 

MHz, D2O) δ = 165.95, 54.19, 48.26, 38.01, 32.87, 28.47, 25.90, 23.34, 18.96. (Figure A.3.66-67) 

Synthesis of butylsulfonylmethylimidazolium hydrogensulfate (BSMImHSO4).  

1-methylimidazole and 1,4-butane-sultone were charged into a 100 mol round-bottom flask in an 

equimolar amount (0.1 mol) and stirred at 80°C for 16h. The white solid zwitterionic product was washed 

with ethyl ether (10x5ml) to remove any unreacted starting materials and the solid was dried in vacuum. 

Then, a stoichiometric amount of sulfuric acid (95% v/v H2O) was added and the mixture stirred at 60°C 

for 10 h, to obtain the ionic liquid BSMImHSO4. The IL was washed again with dichloromethane and ether 

and dried under vacuum. BSMImHSO4 was obtained in 95% of yield and it was used without any further 

purification. 1H NMR (400 MHz, D2O) δ = 8.61 (s, 1H), 7.38 (s, 1H), 7.31 (s, 1H), 4.11 (s, 2H), 3.77 (s, 3H), 

2.82 (s, 2H), 1.88 (s, 2H), 1.62 (s, 2H). 13C NMR (101 MHz, D2O) δ = 135.90, 123.60, 122.11, 50.01, 48.86, 

35.61, 28.04, 20.87. All spectra (Figure A.3.68-69) are in agreement with those reported in literature.37 

Synthesis of Butylsulfonylmethylimidazolium bromide (BSMImBr) 
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1-methylimidazole and 1,4-butane-sultone were charged into a 100 mol round-bottom flask in an 

equimolar amount (0.1 mol) and stirred at 80°C for 16h. The white solid zwitterionic product was washed 

with ethyl ether (10x5ml) and dried in vacuum (yield=90%). Then a stoichiometric amount of hydrobromic 

acid (40% v/v H2O) was added and the mixture stirred at 60°C for 10 h to yield to the ionic liquid BSMImBr. 

The ionic liquid (IL) was washed again with dichloromethane and ether to remove non-ionic residues and 

dried under vacuum. The IL was obtained with a 90% yield and used without any further purification. 1H 

NMR (400 MHz, D2O) δ = 8.66 – 8.61 (m, 1H), 7.40 (t, J=1.8, 1H), 7.34 (t, J=1.8, 1H), 4.15 (t, J=7.0, 2H), 3.79 

(d, J=0.6, 3H), 2.87 – 2.81 (m, 2H), 1.97 – 1.87 (m, 2H), 1.68 – 1.58 (m, 2H). 13C NMR (101 MHz, D2O) δ = 
135.92, 123.63, 122.14, 50.04, 48.90, 35.68, 28.08, 20.90. (Figure A.3.70-71). 

 

3.3.5.4 General procedures for the Gly-HC(OMe)3 reactions 
Catalyst-free conditions.  

Glycerol (0.5 g, 5.43 mmol) and cyclopentyl methyl ether (100 µl) as an internal standard were added in a 

two-neck round-bottomed flask equipped with a dripping funnel and a condenser. The mixture was stirred 

at the selected temperature (T = 25 or 90°C) and HC(OMe)3 was added dropwise by varying the molar 

ratio Q from 1 to 10. The reaction was allowed to proceed for 24 h under stirring and samples were 

collected and analyzed by GC at regular intervals. For reactions run at 90 °C, the condenser was heated at 

70°C in order to continuously distill methanol.  

Catalyzed reaction.  

The above reported procedure was followed with the exception that the selected catalyst (10% w/w Glyc) 

was added with glycerol and cyclopentyl methyl ether, before the addition of HC(OMe)3.  

Catalytic procedure for the synthesis of 3.  

Glycerol (0.5 g, 5.43 mmol), HC(OMe)3 (5.9 ml, 54.3 mmol) and a catalytic amount of the selected catalyst 

(BSMImHSO4, BSMImBr, 3% mol/mol glyc) were added in a round-bottomed flask and the mixture was 

stirred at 90°C. During the reaction the methanol was distilled out the mixture by heating the condenser 

at 70°C. After 1h, the mixture was cooled down and the solution was passed through a short plug of 

alumina. The filtered solution was concentrated under vacuum (60°C, 35 mbar). 3 was obtained as a 

mixture of two diastereomers in 96% yield without any further purification (purity 98% by GC). 
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4 Conclusions 
 

This Ph.D. thesis concerned with the development of greener, more efficient processes for the 
synthesis of bio-based chemicals from low-value feedstocks. The uptake of a “green” toolbox guides 
the research path whatever the application field. 

Exploit waste renewable feedstocks; synthesize benign-by-design chemicals; avoid the use of extra-
solvents, especially toxic or environmentally concerning ones; avoid the use of auxiliaries (including 
catalysts) when chemical reactions achieve unrivalled performance in their absence; employ 
strategies designed to avoid the handling of toxic and harmful substances whenever possible; tend to 
an overall process intensification that yield a maximized productivity while prevent accident through 
an inherently safer chemistry; the easy recover of reaction products through smart procedures that 
replace costlier and environmentally-burden procedures such as chromatography and the use of large 
amounts of solvents for purification; the recycle of catalysts (when used). A continuous effort to keep 
in mind these principles was applied throughout this thesis: irrespective of whether the results are 
satisfactory or not, this approach is desirable to reach the scope of “not-feigned” sustainable 
processes. First, we attempted to apply these concepts in the synthesis of cyclic organic carbonates. 

In the primary research, the synthesis of tungstate -based catalysts was explored and the synthesis of 
tungstate ionic liquids (TILs) was designed through a greener route compared to those found in 
literature.  TILs were studied as catalysts for the CO2 fixation into epoxides and they resulted suitable 
to this use. Epoxides, however, are not-benign chemicals which poses concerns for their toxicity and 
potential mutagenicity: they should not be handled. For this reason, TILs were exploited also to 
explore the direct oxidative carboxylation of olefins. The optimized protocol led to the direct synthesis 
of cyclic organic carbonates staring from terminal olefins of different chain lengths (C6 – C16) while a 
simplified procedure was extended to the direct oxidative carboxylation of internal olefins which are 
contained in renewable feedstocks (i.e. methyl oleate): this is the first time that a tandem oxidative 
carboxylation process was applied to oleochemicals. The greenness of the process relies on the 
conceiving of an assisted tandem catalysis approach where TILS acted as oxidation catalyst, phase 
transfer catalysts and CO2 insertion catalysts. Their use prompted also the simultaneous retention of 
the stereospecificity when pure cis olefins were used. Other green features were: the  use of hydrogen 
peroxide as oxidant (only water as by-product); the employment of CO2 at atmospheric pressure as C1 
source; the use of simple alkali halide salts such as KBr and KI as halide source that favour the ring-
opening of the epoxide; the easy recover of the reaction products from the biphasic reaction mixtures.  

The application of TILs has apparently terrific proficiencies in the direct oxidative carboxylation of 
olefins. However the use of tungsten-based catalyst cannot be considered sustainable at all, since the 
limited availability related to the wide use of this metal (figure 1.1), the social unacceptance of 
tungsten mining, the uncertainty on environmental and toxic effects of this metal, the introduction of 
tungsten between the “conflict minerals” (along with tin, tantalum and gold) which “finance armed 
groups, fuel forced labour and other human right abuses, support corruption and money laundering” 
by the European commission. The use of a more sustainable and abundant metal (e.g. Iron-based 
catalyst) or the use of organic metal-free catalysts should be deepened in future researches. 

In our second work, we explored the chances to carry out the CO2 fixation into epoxides in continuous-
flow system through the use of simple catalytic system based on diethylene glycol and NaBr, which 
are economic and commercially viable compounds. The CO2 insertion in continuous-flow reactors is 
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challenging as demonstrated by the scarce literature on the argument and the difficult uniform mixing 
of a gas/liquid mixture in continuous-flow conditions. Despite harsh conditions were employed, our 
protocol allowed to reach high yields in cyclic organic carbonates and higher productivity respect to 
the reaction performed in batch conditions. Moreover, a simple method to recover and reuse the 
catalytic system was developed. 

A second part of the Ph. D. thesis focused on the use of glycerol as feedstock for the synthesis of high 
value-added compounds.  

In the first work, the continuous-flow esterification of glycerol and glycerol derivatives was developed 
in catalyst-free conditions with different esters. Isopropenyl acetate (iPAc) led to outstanding 
performance when compared to other esters: a quantitative yield in triacetin and solketal acetate was 
obtained through the use of iPAc in just 20 minutes of residence time at 220°C. 

This work suggested us to explore a successive catalytic tandem process. The impressive catalytic 
activity of iPAc is due to the acetone released during the reaction that promote an irreversible 
esterification in presence of a nucleophile: we hence developed a catalytic tandem method to 
promote the monoesterification of glycerol and the concurrent reuse of the acetone released from 
iPAc through the acetalization of the vicinal hydroxyl group contained in glycerol. In this way, Solketal 
acetate or a 1:1 mixture of Solketal acetate and Triacetin was attained through the use of a 
heterogeneous acid commercial catalyst (Amberlyst-15). 

Finally, the reactivity of glycerol with orthoesters was investigated: a regioselective synthesis of 
diastereoisomeric derivatives of glycerol orthoesters was carried out through a catalyst-free 
procedure. 

Therefore, this Ph.D. thesis represents a step forward in the synthesis of cyclic organic carbonates and 
glycerol derivatives through green and sustainable processes. 

4.1 Papers originated from this thesis 

Overall topics investigated during this Ph.D. thesis led to the drafting of 7 scientific papers and a 
review article. A list follows: 

• Calmanti, R.;  Galvan, M.;  Amadio, E.;  Perosa, A.; Selva, M., High-Temperature Batch and 
Continuous-Flow Transesterification of Alkyl and Enol Esters with Glycerol and Its Acetal 
Derivatives. ACS Sustainable Chemistry & Engineering 2018, 6 (3), 3964-3973. 

• Calmanti, R.;  Amadio, E.;  Perosa, A.; Selva, M., Reaction of Glycerol with Trimethyl 
Orthoformate: Towards the Synthesis of New Glycerol Derivatives. Catalysts 2019, 9 (6), 534. 

• Calmanti, R.; Selva, M.; Perosa, A., Tungstate ionic liquids as catalysts for CO2 fixation into 
epoxides. Molecular Catalysis 2020, 486, 110854. 

• Rigo, D.; Calmanti, R.; Perosa, A.; Selva, M., A transesterification–acetalization catalytic 
tandem process for the functionalization of glycerol: the pivotal role of isopropenyl acetate. 
Green Chemistry 2020, 22 (16), 5487-5496. 

• Selva, M.; Perosa, A.;  Fiorani, G.;  Rigo, D.; Calmanti, R., Diethylene glycol/NaBr catalyzed 
CO2 insertion into terminal epoxides: from batch to continuous flow. ChemCatChem 2021, in 
press. 
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• R. Calmanti, M. Selva and A. Perosa; One-pot tandem oxidative carboxylation for the direct 

synthesis of cyclic organic carbonates from olefins and carbon dioxide. Green Chemistry, 2021, 

23, 1921-1941. 

• Calmanti, R.; Selva, M.; Perosa, A., Assisted tandem tungsten-based catalysis for the direct 
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Appendix A.1  
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Appendix A.2 Chapter 2 
 

Appendix A.2.1.  
Tungstate ionic liquids as catalysts for CO2 fixation into 

epoxides 
 

FT-IR spectra 

 

 

Figure A 2.1: FT-IR spectra of Ag2WO4 

 

 

Figure A 2.2:  FT-IR spectra of BMIM2WO4 
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Figure A 2.3: FT-IR spectra of (DBUH)2WO4 

 

 

Figure A 2.4:  FT-IR spectra of [N4,4,4,4]2WO4 
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Figure A 2.5:  FT-IR spectra of [P4,4,4,4]2WO4 

 

 

 

Figure A 2.6: FT-IR spectra of (N8,8,8,1)2WO4 
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Figure A 2.7: FT-IR spectra of (N8,8,8,1)2W2O3(O2)4 

 

1H NMR and 13C NMR spectra 

 

 

 

Figure A 2.8: 1H NMR (400 MHz, D2O) BMImBr: δ = 8.65 (d, 1H), 7.43 (t, 1H), 7.38 (t, 1H), 4.15 (s, 2H), 
1.79 (d, 2H), 1.38 – 1.10 (m, 2H), 0.85 (t, 3H). 
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Figure A 2.9: 1H NMR (400 MHz, D2O) BMIM2WO4: δ = 8.84 (s, 1H), 7.51 (d, 1h), 7.48 (d, 1h), 4.17 (t, 
2H), 1.78 (m, 2H), 1.23 (m, 2H), 0.82 (t, 3H). 

 

 

 

Figure A 2.10: 1H NMR (400 MHz, D2O) DBUHBr: δ = 3.60 – 3.40 (m, 4H), 3.38 – 3.19 (m, 2H), 2.64 – 
2.49 (m, 2H), 2.05 – 1.89 (m, 2H), 1.77 – 1.52 (m, 6H). 
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Figure A 2.11: 1H NMR (400 MHz, D2O) [DBUH]2WO4: δ = 3.59 – 3.39 (m, 4H), 3.27 (t,2H), 2.65 – 2.54 
(m, 2H), 2.00 – 1.88 (m, 2H), 1.63 (ddt, 6H). 

 

Figure A 2.12: 1H NMR (400 MHz, D2O) [N4,4,4,4]Br: δ = 3.20 – 3.11 (t, 8H), 1.60 (m, 8H), 1.32 (m, 8H), 
0.91 (t, 12H) 
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Figure A 2.13: 1H NMR (400 MHz, D2O) [N4,4,4,4]2WO4: δ = 3.23 – 3.13 (t, 8H), 1.62 (m, 8H), 1.36 (m, 
8H), 0.95 (t, 12H). 

 

 

 

Figure A 2.14: : 1H NMR (400 MHz, D2O) [P4,4,4,4]Br  δ = 2.21 – 1.96 (m, 8H), 1.55-1.30 (d, 16H), 0.93-
0.79 (t, 12H). 
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Figure A 2.15:  1H NMR (400 MHz, D2O) [P4,4,4,4]2WO4: δ = 2.21 – 1.96 (m, 8H), 1.56 – 1.31 (m, 16H), 
0.93 – 0.79 (t, 12H). 

 

 

 

Figure A 2.16: 1H NMR (400 MHz, DMSO) (N8,8,8,1)CH3OCOO: δ = 3.23 – 3.17 (m, 6H), 3.17 (s, 3H), 2.92 
(s, 3H), 1.62 (m, 6H), 1.37 – 1.19 (m, 30H), 0.92 – 0.82 (t, 9H). 
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Figure A 2.17: 13C NMR (101 MHz, DMSO) (N8,8,8,1)CH3OCOO: δ = 155.94, 60.96, 51.23, 49.03, 47.95, 
31.63, 28.91, 26.25, 22.52, 21.80, 14.40. 

 

 

Figure A 2.18: 1H NMR (400 MHz, CD3CN) (N8,8,8,1)2WO4: δ = 3.43 – 3.26 (t, 6H), 3.19 (s, 3H), 1.64-1.57 
(dt, 6H), 1.38 – 1.11 (m, 30H), 0.80 (t, 9H). 
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Figure A 2.19: 13C NMR (101 MHz, DMSO) (N8,8,8,1)2WO4:  δ = 60.97, 49.05, 47.96, 31.63, 28.90, 26.24, 
22.52, 21.79, 14.41. 

 

Figure A 2.20: 1H NMR (400 MHz, CD3CN) (N8,8,8,1)2W2O3(O2)4:  δ = 3.43 - 3.29 (t, 6H), 3.14 (s, 3H), 1.67 
- 1.60 (dt, 6 h), 1.39 – 1.05 (m, 30H), 0.79 (t, 9H). 
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Figure A 2.21: 13C NMR (101 MHz ) (N8,8,8,1)2W2O3(O2)4: δ 60.96, 49.03, 47.95, 31.63, 28.91, 26.25, 
22.52, 21.80, 14.40. 

183W NMR Spectra 

 

 

Figure A 2.22: 183W NMR spectra of BMIM2WO4 
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Figure A 2.23: 183W NMR spectra of (DBUH)2WO4 

 

 

 

 

Figure A 2.24: 183W NMR spectra of [N4,4,4,4]2WO4 
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Figure A 2.25: 183W NMR spectra of [P4,4,4,4]2WO4 

 

 

Figure A 2.26: 183W NMR spectra of N8,8,8,1WO4 
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Figure A 2.27: 183W NMR spectra of (N8,8,8,1)2W2O3(O2)4 
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Styrene carbonate (8) 

 

Figure A 2.28: 1H NMR of Styrene Carbonate (400 MHz, 298 K, CDCl3). δ (ppm): 7.51-7.35 (m, 5H), 5.70 
(t, 1H), 4.82 (t, 1H), 4.37 (dd, 1H). 

 

Figure A 2.29: 13C NMR of Styrene Carbonate (100 MHz, 298 K, CDCl3). δ (ppm): 155.08, 77.06, 69.40, 
33.89, 31.77, 29.30, 29.14, 29.10, 24.36, 22.61, 14.06. 
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Figure A 2.30: Mass spectra (EI, 70 eV) of styrene carbonate (8). m/z: 165.0 (4) [M+], 163.9 (43) [M+], 
119.0 (13), 105.0 (32), 91.0 (84), 90.0 (100), 78.1 (84), 77.0 (33), 65.0 (29), 51.0 (37), 39.0 (22). 
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Appendix A.2.2.  
Assisted tandem tungsten-based catalysis for the direct 
oxidative carboxylation of olefins into cyclic carbonates 

 

 

The epoxidation of 1-decene with 2-6 equivalents of H2O2 in presence of [N8,8,8,1]2[WO]4 as catalyst. 

 

 

 

 

Figure A 2.31. Reaction conditions: 1-decene (4 mmol), H2O2 (30% w/w, 2-6 equivalents), 
[N8,8,8,1]2[WO4] (5% mol) coducted at 95°c for 24 hours. 
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Indication of the pH of hydrogen peroxide solutions (30% w/w) with various phosporous-based  

 

Figure A 2.32. Aqueous solution (identical to that used in fig. 2.13) constituted by H2O2 (30% wt, 0.73 
ml) and the selected P-based auxiliary (0.6% mol respect to H2O2). From left to right: H3PO4, NaH2PO4, 
Na2HPO4, Na3PO4, in absence of co-catalyst. The litmus test allows to have a raw indication of the pH 
of the aqueous solutions employed: we suggested that the acidity of the solution has not a strong 
effect on the performance of epoxidation. What matters is the formation of different 
phosphoperoxotungstate species at different pH and with different P-based auxiliaries. 

 

Assisted tandem direct oxidative carboxylation of 1-decene to 1-decene carbonate 

 

Figure A 2.33: One-pot assisted tandem reaction. Reaction conditions: 1-decene (4 mmol), H2O2 (30% 
w/w, 2 equivalents), [N8,8,8,1]2[WO4] (2.5% mol), H3PO4 (1.25% mol) performed at 85°C for 3 hours, 
followed by the raw addition of [N4,4,4,4]Br (2.5% mol) and  CO2 (50 bar) without any intermediate work-
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up. The reaction was further performed for 8 h at T=85°C in an autoclave; Product distribution 
according to GC analysis using mesytilene as internal standard  

31P NMR tests on the formation of phosphoperoxotungstate species 

Experiments were performed to demonstrate the formation of phosphoperoxotungstate species in 
situ by a mixture of H3PO4, H2O2 and [N8,8,8,1]2WO4. A solution containing H3PO4 (4.4 mg, 0.045 mmol) 
in D2O (0.3 ml) was analyzed through 31P NMR (red spectra, a). Then, H2O2 (30% w/w, 0.73 ml, 7.15 
mmol) was added to the solution and the mixture was heated at 50°C for 30 minutes and then 
analyzed by 31P NMR spectra (green spectra, b). Finally [N8,8,8,1]2WO4 (94.0 mg, 0.09 mmol) was 
added to the reaction mixture and the mixture heated at 50°C for 30 minutes. A last 31P NMR spectra 
was conducted (blue spectra, c) demonstrating the complete shift of the H3PO4 peak due to the 
formation of a phosphoperoxotungstate species ([HPW2O14]2-) already reported in literature.1 

 

Figure A 2.34: 31P NMR spectra of: H3PO4 solution in D2O (red spectra, a); H3PO4 + H2O2 solution in D2O 
(green spectra, b); H3PO4 + H2O2 + [N8,8,8,1]2WO4 in D2O (blue spectra, c). 
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Figure A 2.35: 183W NMR spectra of [N8,8,8,1]2WO4 in D2O 

 

 

 

 

Figure A 2.36: 183W NMR spectra of the peroxotungstate species formed in situ by [N8,8,8,1]2WO4 and 
hydrogen peroxide. Spectra recorded by using D2O as solvent. 
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Figure A 2.37: 183W NMR spectra of the adduct WO4∙CO2. A NMR tube was charged with [N8,8,8,1]2WO4 
(0.2 g), D2O (0.4 ml) and placed in an autoclave that was sealed, degassed via two vacuum-CO2 cycles 
and pressurized with 10 bar of CO2. The mixture was placed at 85°C for 5 hours, then the autoclave 
was slowly vented and the NMR spectra was recorded. 
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NMR spectra of Cyclic organic Carbonates 

2a - (1,2-Decylene Oxide) 

 

Figure A 2.38: 1H NMR of product 2a (400 MHz, 298 K, CDCl3). δ (ppm): 2.98-2,87 (m, 1H), 2.85-2.74 
(dd, 1H), 2.59-2.42 (dd, 1H), 1.59-1.51 (m, 2H), 1.51-1.16 (m, 12H), 1.02-0.74 (m, 3H). 

 

 

Figure A 2.39: 13C NMR of product 2a (100 MHz, 298 K, CDCl3). δ (ppm): 52.43, 47.14, 32.50, 31.85, 
29.52, 29.45, 29.22, 25.97, 22.66, 14.09 
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Figure A 2.40: MS spectrum of 1-decene oxide (2a) (EI, 70 eV). m/z (70 eV): 156 (M+, 0), 113 (9), 96 
(17), 95 (31), 85 (16), 83 (18), 82 (33), 81 (33), 71 (100), 70 (26), 69 (45=, 68 (38), 67 (34), 58 (38), 57 
(32), 56 (42), 55 (70), 54 (19), 53 (10) 
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3a: 4-octyl-1,3-dioxolan-2-one (1-decene carbonate)  

 

Figure A 2.41: 1H NMR of product 2d (400 MHz, 298 K, CDCl3). δ (ppm): 4.81-4.64 (m, 1H), 4.59-4.46 
(dd, 1H), 4.16-3.97 (dd, 1H), 1.90-1.75 (m, 1H), 1.75-1.60 (m, 1H), 1.55-1.16 (m, 12H), 1.02-0.74 (m, 
3H). 

 

Figure A 2.42. 13C NMR of product 2d (100 MHz, 298 K, CDCl3). δ (ppm): 155.08, 77.06, 69.40, 33.89, 
31.77, 29.30, 29.14, 29.10, 24.36, 22.61, 14.06. 
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Figure A 2.43: MS spectrum of product 2d (EI, 70 V). m/z (70 eV): 201 (MH+, 1), 110 (46), 96 (89), 81 
(100), 67 (97), 55 (96). 

3a: 4-butyl-1,3-dioxolan-2-one (1-hexene carbonate) 

 

Figure A 2.44:  1H NMR of product 2c (400 MHz, 298 K, CDCl3). δ (ppm): 4.80-4.65 (m, 1H), 4.61-4.48 
(dd, 1H), 4.13-4.03 (dd, 1H), 1.92-1.76 (m, 1H), 1.77-1.64 (m, 1H), 1.55-1.30 (m, 4H), 1.00-0.89 (t, 

3H). 
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Figure A 2.45: 13C NMR of product 2c (100 MHz, 298 K, CDCl3). δ (ppm): 155.07, 77.04, 69.39, 33.59, 
26.45, 22.27, 13.80. 

 

Figure A 2.46: MS spectrum of product 2c (EI, 70 V). m/z (70 eV): 114 (1), 87 (84), 71 (42), 67 (70), 58 
(100), 57 (91), 55 (37).  
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1g: Methyl cis-9-octadecanoate  (Methyl Oleate) 

 

 

Figure A 2.47: 1H NMR of product 1g (400 MHz, 298 K, CDCl3). δ = 0.89 (t, J=6.9Hz, 3H), 1.25-1.40 (m, 
20H), 1.63 (m, 2H), 2.03 (m, 4H), 2.31 (t, J=7.6Hz, 4H), 3.67 (s, 3H), 5.30-5.39 (m, 2H). 

 

 

Figure A 2.48: 13C NMR of product 1g (400 MHz, 298 K, CDCl3). δ = 14.07, 22.67, 24.93, 27.14, 27.20, 
29.07, 29.12, 29.14, 29.31, 29.51, 29.67, 29.76, 31.90, 34.07, 51.36, 129.70, 129.95, 174.42. 
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Figure A 2.49: MS spectrum 1g (EI, 70 V). m/z (70 eV): 297 (M+1, 5), 296 (M, 20), 265 (71), 264 (100), 
235 (11), 222 (56), 180 (41), 166 (18), 152 (22), 151 (19), 141 (22), 138 (22), 137 (27), 125 (26), 124 
(26), 123 (39), 98 (68), 97 (79), 96 (76), 95 (42), 87 (64), 84 (63), 83 (74), 82 (32), 81 (49), 74 (72), 69 
(76), 68 (26), 67 (44), 57 (28), 55 (91), 54 (21) 
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2g: Methyl 8-((2R,3S)-3-octyloxiran-2-yl) octanoate (epoxidized methyl oleate) 

 

 1H-
Figure A 2.50: 1H NMR of product 2g (400 MHz, 298 K, CDCl3). δ = 0.87 (t, J=6.9Hz, 3H), 1.20-1.55 (m, 
20H), 1.55-1.70 (m, 2H), 2.25-2.32 (t, J=10.32Hz, 2H), 2.89 (m, 2H), 3.65 (s, 3H). 

 

 

Figure A 2.51:  13C NMR of product 2g (100 MHz, 298 K, CDCl3). δ = 14.05, 22.63, 24.87, 26.57, 27.77, 
29.00, 29.14, 29.19, 29.30, 29.50, 29.52, 30.86, 31.82, 51.39, 57.15, 57.20, 174.21. 
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Figure A 2.52:  MS spectrum 2g (EI, 70 V). m/z (70 eV):312 (M+, 1), 199 (13), 171 (15), 156 (14), 155 
(100), 154, (5), 153 (21), 139 (18), 138 (12), 137 (9),136 (10), 127 (27), 125 (14), 124 (11), 121 (12), 
120 (12), 111 (15), 110 (14), 109 (30), 98 (14), 97 (49), 96 (33), 95 (38), 94 (21), 93 (10), 87(49), 85 
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(17), 84 (16), 83 (46), 82 (29), 81 (38), 79 (13), 74 (84), 71 (28), 70(19), 69 (67), 68 (27), 67 (45), 59 
(22), 57 (45), 56 (24), 55 (93), 54 (12). 

3g - Methyl 8-((4R,5S)-5-octyl-2-oxo-1,3-dioxolan-4-yl)octanoate (Carbonated methyl oleate) 

 

 

Figure A 2.53: 1H NMR of product 2g. δ = 0.90 (t, J=6.9Hz, 3H), 1,25-1,75 (m, 24H), 2.37 (t, J=4.9Hz, 
2H), 3.67 (s, 3H), 3.68 (s, 3H), 4.23 (m, 2H), 4.63 (m, 2H). 

 

Figure A 2.54: 13C NMR of product 2g (100 MHz, 298 K, CDCl3): δ = 13.68, 14.07, 21.17, 22.63, 24.82, 
25.55, 25.61, 28.87, 28.90, 28.94, 29.03, 29.12, 29.15, 29.18, 29.25, 29.33, 31.80, 33.90, 51.40, 
51.43, 79.92, 79.96, 137.67, 154.70, 154.76, 174.17 
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Figure A 2.55: MS spectrum 3g (EI, 70 V). m/z (70 eV):312 (M+, 1), 199 (13), 171 (15), 156 (14), 155 
(100), 154, (5), 153 (21), 139 (18), 138 (12), 137 (9),136 (10), 127 (27), 125 (14), 124 (11), 121 (12), 
120 (12), 111 (15), 110 (14), 109 (30), 98 (14), 97 (49), 96 (33), 95 (38), 94 (21), 93 (10), 87(49), 85 
(17), 84 (16), 83 (46), 82 (29), 81 (38), 79 (13), 74 (84), 71 (28), 70(19), 69 (67), 68 (27), 67 (45), 59 
(22), 57 (45), 56 (24), 55 (93), 54 (12). 
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Appendix A.2.3.  
Diethylene glycol/NaBr catalyzed CO2 insertion into 

terminal epoxides: from batch to continuous flow 
 

Collecting the reaction mixture at the CF reactor outlet: comparison of different solvents and mass 
recovery 

Initial CF experiments proved that the recovery of the reaction products and the unreacted starting 
material was problematic because volatile species, particularly the starting epoxide, were stripped 
from the flow of CO2. This was an issue for the quantitative evaluation of conversion and products’ 
distribution (and therefore, for the reproducibility and the mass balance of the protocol). After testing 
several procedures, an efficient method was designed by conveying the mixture from the reactor 
outlet into a collection flask filled with a liquid biphasic system comprising of water and an immiscible 
organic solvent. 

Different organic solvents including diethyl ether, diethyl carbonate (DEC), cyclopentyl methyl either 
(CPME), n-hexane and ethyl acetate were compared to this purpose (Table A 2.1). 

Table A 2.1: Comparative experiments for the recovery/analysis of CF-reactions 

 

Entry Solventa Conv.b (%) 
Products selectivity (%) c Mass recovery 

(%)d 2c 3c 4c 

1 diethyl ether 88 81 15 4 98 

2 DEC 86 82 13 5 98 

3 CPME 85 80 16 4 97 

4 n-hexane 89 78 17 5 97 

5 ethyl acetate 87 81 15 4 n.d. 

The CF insertion of CO2 into hexene oxide (1c) was carried out under the following conditions: [1c] = 1M in DEG, 
NaBr 1 equiv., T = 220°C, p = 120 bar, FCO2= 1 mL∙min-1, and FL=0.1 mL∙min-1. From GC and GC-MS analyses, 
the products detected in the organic phase were hexylene carbonate (2c), 1-bromohexan-2-ol (3c: BHO), and 
hexane-1,2-diol (4c) a A liquid biphasic system comprising of water (10 mL) and an immiscible organic solvent (10 
mL) was used to recover the reaction mixture out of the CF-reactor. b Conversion of 1,2-hepoxyhexane. c 

Selectivity (%) towards hexene carbonate, bromohexan-2-ol, and hexane-1,2-diol. d Mass recovery of reactant 
and products in the organic phase. n.d. = not determined. 

The extraction efficiency in each solvent was defined by the % mass recovery, defined as:  
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Mass Recovery (%) = [total molar amount of unconverted epoxide and reaction products extracted in 
the organic phase (mmol) / molar amount of the starting epoxide (mmol)] x 100.  

The molar amount of unconverted epoxide and reaction products in the organic phase were evaluated 
after collecting the reaction mixture for 2 hours. Once the experiment was complete, the two phases 
were separated. The aqueous phase was dried under vacuum, and the DEG + NaBr mixture was 
quantitively recovered. The organic phase was dried with Na2SO4, filtered, and then the excess of 
solvent was removed and recovered in vacuo. Quantitative isolation of the products mixture 
(2c+3c+4c) was easily achieved.  

In diethyl ether, DEC, CPME and n-hexane (entry 1-4), it was noticed that DEG was absent in the 
organic phase. This result was beneficial not only for the isolation of the reaction products, but also 
for the catalyst and co-catalyst (NaBr and DEG) recycling. Ethyl acetate proved instead, unsuitable for 
the recovery of the reaction mixture due to the partition of DEG between the organic and the aqueous 
phases, and the corresponding mass recovery (%) was not determined. The choice of the extraction 
solvent finally fell on DEC which was not only safer and greener than other tested solvents, but also 
the most suited to dissolve carbonate products.  

Validation of the mass balance during recycle experiments.  

The mass balance (mass recovery) was validated during recycle experiments with respect to the 
catalyst/co-catalyst system (DEG/NaBr) and the reaction products (2c-4c) . Under the conditions of 
Scheme 2.4 and Figure 2.24, the mixture at the reactor outlet was recovered into a H2O/DEC 
biphase, during four subsequent recycle tests. The separation of DEG/NaBr and reaction products 
occurred in the aqueous and organic phases, respectively, in each case. The water solution was dried 
in vacuo, while the organic phase was dried over Na2SO4, filtered, and rotary-evaporated (T = 30°C, p 
= 50 mbar) for the removal of the solvent. Both mixtures of DEG/NaBr and products 2c, 3c, and 4c 
were recovered in >97% and >96% yield, respectively, after all recycles. Results are reported in Table 
A 2.2. The mass recovery of the DEG/NaBr was reported considering the loss of Br- ions due to the 
formation of bromohydrin 3c.  

In addition, the carbonate 2c was isolated by FCC (stationary phase: Silica gel, eluent: hexane/ethyl 
acetate 3:1 v/v) after each of the four recycle test. The corresponding (isolated) yields were 66%, 
71%, 65 %, and 68%.  

Table A 2.2:  Mass recovery of the DEG/NaBr and mixtures of products 2c, 3c, and 4c during the 
recycles. 

Entry Mixture 

First 
reaction 

(g)a 

Recycle (g) b Mass 

recovery 
(%)c 1 2 3 4 

1 DEG/NaBr 14.32 14.24 14.20 14.09 13.92 97 

2 
products 2c, 3c, 
and 4c 

1.20 1.19 1.18 1.17 1.15 96 

Flow reaction conditions: [1c] = 1 M in DEG, NaBr:1c = 1.0 mol/mol; FL = 0.1 mL∙min-1, FCO2 = 1 mL∙min-1, p = 
120 bar, T = 220 °C a Amounts (g) of DEG/NaBr and products 2c, 3c, and 4c used in the first reaction. b Amounts 
(g) of DEG/NaBr and products 2c, 3c, and 4c recovered after each recycle. c Mass Recovery (%) = [total molar 
amount of the mixture (extracted in acqueous phase or organic phase)/ molar amount of the starting mixture 
(extracted in acqueous phase or organic phase)] x 100.  
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Isolation of 1-bromohexan-2-ol (3c: BHO).  

In a 10 mL-round bottomed flask equipped with a condenser and a magnetic stir bar, a 1 M solution 
of epoxide 1c (1 mmol) in DEG was set to react in the presence of NaBr (1 equiv. with respect to 1c), 
at T = 60 °C for t = 1 h. Once the experiment was concluded, the mixture was extracted using a liquid 
biphasic system comprised of water (10 mL) and Et2O (10 mL). The organic solution was separated, 
dried over Na2SO4, filtered, and rotary-evaporated (T = 30°C, p = 50 mbar) to remove the excess of 
the solvent. Crude BHO was isolated in a 93% yield and characterized by 1H and 13C NMR. 

 

Figure A 2.56; 1H NMR spectrum of 1-bromo-2-hexanol (400 MHz, 298 K, CDCl3). δ (ppm): 3.77 (m, 
1H), 3.55 (m, 1H), 3.39 (m, 1H), 2.16 (1H, br s), 1.26-1.49 (m, 4H), 0.89 (m, 3H).  
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Figure A 2.57: 13C NMR spectrum of 1-bromo-2-hexanol (100 MHz, 298 K, CDCl3). δ (ppm): 71.1; 40.7; 
34.8; 27.8; 22.6; 13.9. 

1,2-Hexandiol.  

This compound was observed product as a by-product in the CO2 insertion to 1,2-epoxyhexane 
carried out in the CF-mode. The structure was assigned by GC/MS and by comparison to an 
authentic sample and literature data.2 

 

Figure A 2.58: MS spectrum of 1,2-hexandiol (EI, 70 eV). m/z (70 eV): 117 (4), 87 (74), 83 (15), 69 (100), 
55 (59), 41 (44). 
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Characterization of Cyclic organic carbonates. 

2a: 4-phenyl-1,3-dioxolan-2-one (styrene carbonate) 

Spectra were in agreement with those reported in the literature.3    

 

Figure A 2.59: 1H NMR of product 2a (400 MHz, 298 K, CDCl3). δ (ppm): 7.51-7.35 (m, 5H), 5.70 (t, 
1H), 4.82 (dd, 1H), 4.37 (dd, 1H). 

 

Figure A 2.60: 13C NMR of product 2a (100 MHz, 298 K, CDCl3). δ (ppm): 154.7, 135.8, 129.7, 129.2, 
125.8, 77.3, 77.0, 76.6, 71.1. 
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Figure A 2.61: MS spectrum of product 2a (EI, 70 eV). m/z (70 eV): 166 (M+2,1); 164 (M+,91); 119(16); 
92 (14); 91 (76); 90 (100); 89 (38); 78 (70); 77 (25); 65 (19); 63 (14); 51 (21).  

2e: 4-(butoxymethyl)-1,3-dioxolan-2-one (butyl glycidyl carbonate)   

Spectra were in agreement with those reported in the literature.3 

 

Figure A 2.62: 1H NMR of product 2e (400 MHz, 289 K, CDCl3). δ (ppm): 4.84-4.79 (m, 1H), 4.51 (dd, 
1H), 4.41 (dd, 1H), 3.69 (dd, 1H), 3.63 (dd, 1H), 3.54 (t, 2H), 1.65-1.52 (m, 2H), 1.46-1.31 (m, 2H), 0.94 
(t, 3H). 
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Figure A 2.63: 13C NMR of product 2e (100 MHz, 289 K, CDCl3). δ (ppm): 154.9, 75.0, 71.9, 69.6, 66.3, 
31.5, 19.1, 13.8. 

 

Figure A 2.64: MS spectrum of product 2e (EI, 70 eV). m/z (70 eV): 119 (1), 87 (41), 69 (4), 57 (100). 
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2f: 4-(phenoxymethyl)-1,3-dioxolan-2-one (phenyl glycidyl carbonate) 

Spectra were in agreement with those reported in the literature.3 

 

Figure A 2.65: 1H NMR spectrum of product 2e (400 MHz, 298 K, CDCl3). δ (ppm): 7.34 (m, 2H), 7.04 
(m, 1H), 6.94 (m, 2H), 5.09-5.01 (m, 1H), 4.68-4.52 (m, 2H), 4.30-4.16 (m, 2H). 

 

 

Figure A 2.66: 13C NMR spectrum of product 2e (100 MHz, 298 K, CDCl3). δ (ppm): 157.75, 154.58, 
129.71, 122.03, 114.63, 74.05, 66.90, 66.26. 
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Figure A 2.67: MS spectrum of product 2e (EI, 70 V).  m/z (70 eV): 196 (MH2
+,1); 195(M+1,11); 194 

(M+,100);107 (92); 95 (8); 94 (68); 79 (25); 77 (74); 66 (15); 65 (18); 63 (6); 51 (16).  

2c: 4-butyl-1,3-dioxolan-2-one (hexylene carbonate) 

Spectra were in agreement with those reported in the literature.3 

 

 

Figure A 2.68:  1H NMR of product 2c (400 MHz, 298 K, CDCl3). δ (ppm): 4.80-4.65 (m, 1H), 4.61-4.48 
(dd, 1H), 4.13-4.03 (dd, 1H), 1.92-1.76 (m, 1H), 1.77-1.64 (m, 1H), 1.55-1.30 (m, 4H), 1.00-0.89 (t, 
3H). 
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Figure A 2.69: 13C NMR of product 2c (100 MHz, 298 K, CDCl3). δ (ppm): 155.07, 77.04, 69.39, 33.59, 
26.45, 22.27, 13.80. 

 

Figure A 2.70: MS spectrum of product 2c (EI, 70 V). m/z (70 eV): 114 (1), 87 (84), 71 (42), 67 (70), 58 
(100), 57 (91), 55 (37).  
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2b: 4-ethyl-1,3-dioxolan-2-one (butylene carbonate) 

Spectra were in agreement with those reported in the literature.3 

 

Figure A 2.71:  1H NMR of product 2b (400 MHz, 298 K, CDCl3). δ (ppm): 4.86-4.58 (dd, 1H), 4.60-4.39 
(t, 1H), 4.23-4.00 (dd, 1H), 1.93-1.70 (m, 2H), 1.18-0.84 (t, 3H). The peaks at 6.82 ppm and 2.30 ppm 
are relative to mesitylene used as internal standard. 

 

Figure A 2.72: 13C NMR of product 2b (100 MHz, 298 K, CDCl3). δ (ppm): 155.08, 77.99, 69.00, 26.96, 
8.49. 
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Figure A 2.73: MS spectrum of product 2b (EI, 70 V).  m/z (70 eV): 116 (M+,3); 87 (100); 86 (24); 57 
(20). 

2d: 4-octyl-1,3-dioxolan-2-one (decene carbonate)  

Spectra were in agreement with those reported in the literature.3 

 

Figure A 2.74: 1H NMR of product 2d (400 MHz, 298 K, CDCl3). δ (ppm): 4.81-4.64 (m, 1H), 4.59-4.46 
(dd, 1H), 4.16-3.97 (dd, 1H), 1.90-1.75 (m, 1H), 1.75-1.60 (m, 1H), 1.55-1.16 (m, 12H), 1.02-0.74 (m, 
3H). 
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Figure A 2.75. 13C NMR of product 2d (100 MHz, 298 K, CDCl3). δ (ppm): 155.08, 77.06, 69.40, 33.89, 
31.77, 29.30, 29.14, 29.10, 24.36, 22.61, 14.06. 

 

Figure A 2.76: MS spectrum of product 2d (EI, 70 V). m/z (70 eV): 201 (MH+, 1), 110 (46), 96 (89), 81 
(100), 67 (97), 55 (96). 
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2g: 4,4'-((butane-1,4-diylbis(oxy))bis(methylene))bis(1,3-dioxolan-2-one) 

Spectra were in agreement with those reported in the literature.4,5 

 

Figure A 2.77: 1H NMR of product 2g (400 MHz, 298 K, CDCl3). δ (ppm): 4.85-4.80 (m, 2H), 4.50 (t, 
2H), 4.40 (m, 2H), 3.70 (m, 2H), 3.60 (m, 2H), 3.55 (m, 4H), 1.65 (m, 4H). 

 

 

Figure A 2.78: 13C NMR of product 2g (100 MHz, 298 K, CDCl3). δ (ppm): 155.02, 75.16, 71.68, 71.63, 
69.67, 69.64, 66.20, 26.08, 26.05. 
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Figure A 2.79: MS spectra of product 2g (EI, 70 V).  m/z (70 eV): 173 (8), 129 (24), 119 (14), 71 (100), 
57 (73). 
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Appendix A.3 – Chapter 3 
 

Appendix A.3.1  
BATCH AND CONTINUOS-FLOW TRANSESTERIFICATION OF ALKYL AND ENOL 

ESTERS WITH GLYCEROL AND ITS ACETAL DERIVATIVES UNDER THERMAL 
(CATALYST-FREE) CONDITIONS 

 

Liquid-vapor pressure profile of isopropenyl acetate 

A modification of the Wagner equation, the extended Antoine equation, was used to predict the liquid-vapor 

profile of pure isopropenyl acetate. Wagner used an elaborate statistical method to develop an equation for 

representing the vapor pressure behavior of N2 and Ar. The extended Antoine equation can represent the 

vapor pressure behavior of most substances over the entire liquid range.1
 

 

ln 𝑝𝑖 (𝑃𝑎) = 𝑎 + 
𝑏

𝑇𝑖 + 𝑐
+ 𝑇𝑖 ∙ 𝑑 + 𝑒 ∙ ln 𝑇𝑖 + 𝑓 ∙  𝑇𝑖

𝑔  

 

where pi (Pascal) is the saturated vapour pressure at the temperature Ti (kelvin). The values a, b, c, d, e, f, g, 

for isopropenyl acetate are 76.599, -7049.1, 0, 0, -7.792, 2.151∙10-17, 2.151∙E-17, 6, respectively.2 

The liquid-vapor prediction is reported in figure A.3.1. 
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Figure A 3.1: Predictive phase diagram of pure iPAc calculated by the extended Antoine equation. 
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Karl-Fisher titrations 

Titrations of solketal (1a), isopropenyl acetate (2f) and glycerol were carried out by using HYDRANAL®-

composite one from Sigma-Aldrich. The titration procedure is described in detail elsewhere. 3 Every 

titration was repeated three times.  

The water content of each compound is calculated from the volume consumed and the water equivalent 

(WE) of the HYDRANAL®-reagent (HR): 

𝑚𝑔 (𝐻2𝑂) = 𝑎 ∙ 𝑊𝐸 

 %(𝐻2𝑂) =
𝑎 ∙ 𝑊𝐸
10 ∙ 𝑒

 

Where:  

a= consumption of reagent HR in mL 

WE= water equivalent of the reagent HR in mg H2O/mL = 0.8-1.2 mg/mL 

e= weight of the sample in g 

 

Table A 3.1: Amount of water calculated in solketal, iPAc and Glyc 

Substrate   
Amount   

(g)  

Volume HR 
(mL)  

 H2O  

mga   %, mol  

Solketal (1a)  2.13 g  3.1  3.1 ± 0.6   1.07 ± 0.2  

Isopropenyl 
acetate (2f)  3.64  0.7  0.7 ± 0.1  

 
0.11 ± 0.02  

Glycerol  1.009  3.9  3.9 ± 0.7   1.99 ± 0.35 %  

a mg of water per mL of substrate 

 

The Reaction of solketal (1a) with iPAc and added AcOH 

At 180 °C, three experiments were carried in which a mixture of solketal (4.0 mmol) and iPAc (80 mmol) in a 
1:20 molar ratio, respectively, was set to react in the presence of increasing amounts of AcOH corresponding 
to 1, 5, and 20 mol% (0.04-0.8 mmol) with respect to solketal. Reactions were duplicated to check for 
reproducibility. Tests afforded values of conversion (determined by GC/MS) which differed by less than 5% 
from one experiment to another. Selectivity towards solketal acetate (3a) was always >98%.       
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Figure A 3.2: reaction of solketal (1a) with isopropenylacetate in the presence of increasing amounts of AcOH 
(1, 5, and 20 mol% with respect to solketal). Conditions: Solketal and iPAc in a 1:20 molar ratio; 180 °C.   
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Reaction of glycerol with isopropenyl acetate with molar ratio Glyc:iPAc=Q=1 

 

Figure A 3.3 Reaction of glycerol with isopropenyl acetate at equimolar ratio (iPAc:Glyc=Q=1), t=5h, T=120-

220°C 

 

Figure A 3.4 : Effect of additional pressure of CO2 (0-60 bar) to conversion and products distribution of the 
reaction between Glyc and iPAc at equimolar ratio (Q=1), T=180°C, t=15h. 
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Isolation and characterization  
 

Solketal Methyl acetate (3a):  

With reference to the experiment in fig. 3.2 (2f), the reaction mixture was concentrated by rotary 

evaporation (60°C, 40 mbar). The liquid residue was purified by FCC with Petroleum ether:Ethyl acetate= 9:1 

v/v Title product was obtained in 96 % yield (615 mg, 99% purity by GC-MS). The product appeared as a 

yellowish liquid and was characterized by 1H NMR, 13C NMR and GC/MS. 

 

Figure A 3.5: 1H NMR (400 MHz, Chloroform-d) δ: 4.32 (m, J = 6.2, 4.6 Hz, 1H), 4.17 (dd, J = 11.5, 4.6 Hz, 1H), 
4.11 – 4.03 (m, 2H), 3.73 (dd, J = 8.5, 6.2 Hz, 1H), 2.09 (s, 3H), 1.43 (s, J = 0.8 Hz, 3H), 1.37 (s, J = 0.8 Hz, 3H). 
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Figure A 3.6: 13C NMR (100 MHz, Chloroform-d) δ: 170.81, 109.88, 73.61, 66.30, 64.85, 26.68, 25.38, 20.83. 

 

 

Figure A 3.7: Mass spectra of 3a (relative intensity, 70 eV) m/z: 160.00 (1); 159.00 (17); 101.00 (8); 73.00 (3); 
72.00 (6); 57.00 (6); 43.00 (100); 42.00 (8); 41.00 (6) 
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Solketal formate (3b):   

With reference to the experiment in fig. 3.2 (2d), the reaction mixture was concentrated by rotary 

evaporation (60°C, 40 mbar). The liquid residue was purified by FCC with Petroleum ether:Ethyl acetate= 

8:2 v/v. Title product was obtained in 60 % yield (360 mg, 98% purity by GC-MS). The product appeared as a 

colorless liquid and was characterized by 1H NMR, 13C NMR and GC/MS. 

 

 

Figure A 3.8: 1H NMR (400 MHz, Chloroform-d) δ: 8.10 (s, 1H), 4.36 (m, J = 6.1, 4.5 Hz, 1H), 4.27 (m, J = 11.4, 
4.6, 0.9 Hz, 1H), 4.18 (m, J = 11.4, 6.2, 0.8 Hz, 1H), 4.10 (m, J = 8.5, 6.5 Hz, 1H), 3.77 (dd, J = 8.5, 6.0 Hz, 1H), 
1.45 (s, J = 0.8 Hz, 3H), 1.38 (s, J = 0.8 Hz, 3H). 

 

 

Figure A 3.9: 13C NMR (101 MHz, Chloroform-d) δ 160.54, 109.98, 73.27, 66.20, 64.12, 26.66, 25.28. 
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Figure A 3.10: 13C NMR (101 MHz, Chloroform-d) δ 160.54, 109.98, 73.27, 66.20, 64.12, 26.66, 25.28. 

 

Solketal lactate (3c):  

With reference to the experiment in fig. 3.2 (2e), the reaction mixture was concentrated by rotary 

evaporation (60°C, 40 mbar). The liquid residue was purified by FCC with Petroleum ether:Ethyl acetate= 

1:9 v/v. Title product was obtained in a small amount as a colorless liquid and was characterized by 1H 

NMR, 13C NMR and GC/MS. 

1H NMR and 13C NMR highlighted the formation of the two diastereoisomers, ((R)-2,2-dimethyl-1,3-

dioxolan-4-yl)methyl (S)-2-hydroxypropanoate and ((R)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl (S)-2-

hydroxypropanoate. 

Furthermore, the spectra of the two unidentified by-products are reported. Though it was not possible to 

separate them from the reaction mixture since they were in low amounts, GC-MS spectra highlighted the 

presence of typical fragments (m/z: 43.00, 57.00, 85.00, 101.00) of solketal-derived compounds. 



 
 

 
251 

The other signals correspond to traces of ethyl acetate 

 

Figure A 3.12: Figure A 3.27: 13C NMR (101 MHz, Chloroform-d) δ 175.48, 109.98 (d, J = 2.4 Hz), 73.36 (d, J = 
4.4 Hz), 66.77 (d, J = 5.8 Hz), 66.08 (d, J = 1.4 Hz), 65.53 (d, J = 10.2 Hz), 26.66, 25.27, 20.42. 

Figure A 3.11: 1H NMR (400 MHz, Chloroform-d) δ 4.39 – 4.32 (m, 4H), 4.28 (m, J = 11.5, 5.6, 4.5 Hz, 2H), 4.21 
(m, J = 11.5, 5.8, 2.7 Hz, 2H), 4.10 (m, J = 8.6, 6.5, 0.7 Hz, 2H), 3.77 (m, J = 8.5, 5.8, 3.7 Hz, 2H), 1.47 (d, J = 0.7 
Hz, 3H), 1.45 (m, J = 0.9 Hz, 9H), 1.38 (m, J = 1.5, 0.7 Hz, 6H 
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Figure A 3.13: Mass spectra of 3c (relative intensity, 70 eV) m/z: 189.00 (48); 117.00 (3); 101.00 (26); 85.00 
(3); 72.00 (11); 57.00 (35); 45.00 (41); 43.00 (100) 

As mentioned in the main text, the reaction of solketal with ethyl lactate produced also two by-products 

(B1 and B2; respectively). Although the structure of these compounds was not resolved, their GC/MS 

spectra clearly indicated the presence of typical fragments coming from the parent solketal (m/z: 43, 57, 

85, 101). These (fragments) are highlighted within the red dashed rectangles of Figure A.3.14 and A.3.15 

which report the mass spectra of B1 and B2. 



 
 

 
253 

By-product B1 observed in the reaction between solketal and ethyl lactate 

 

 

Figure A 3.14: Mass spectrum of by-product B1 (relative intensity, 70 eV): 231.00 (4); 173.00 (25); 115.00 
(74); 101.00 (13); 85.00 (4); 73.00 (12); 72.00 (12); 59.00 (41); 57.00 (47); 43.00 (100); 41.00 (24). The 
part of the spectra highlighted in red is the typical fragmentation of solketal. 
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Figure A 3.15: Mass spectrum of unidentified by-product B2 (relative intensity, 70 eV): 261.00 (21); 145.00 
(2); 117.00 (8); 101.00 (26); 89.00 (23); 72.00 (12); 59.00 (23); 57.00 (2); 56.00 (30); 45.00 (92); 43.00 (100); 
41.00 (11). The part of the spectra highlighted in red is the typical fragmentation of solketal. 
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Glycerol formal acetate (5a-a’): 

 

With reference to the experiment in fig. 3.5 (220°C), the reaction mixture was concentrated by rotary 

evaporation (60°C, 40 mbar). The liquid residue was purified by FCC with Petroleum ether:Ethyl acetate= 

6:4 v/v. Title products were obtained in a 92% yield (530 mg, 98% purity by GC-MS) as a colorless liquid and 

were characterized by 1H NMR, 13C NMR and GC/MS. 

 

 

Figure A 3.16: 1H NMR (400 MHz, Chloroform-d) δ 5.04 (d, J = 1.4 Hz, 1H), 4.95 (m, J = 6.2, 1.3 Hz, 1H), 4.91 
(d, J = 1.3 Hz, 1H), 4.81 (m, J = 6.2, 1.3 Hz, 1H), 4.73 (m, J = 5.4, 3.5, 2.3, 1.7, 0.9 Hz, 1H), 4.34 – 4.23 (m, 1H), 
4.23 – 4.04 (m, 2H), 4.04 – 3.88 (m, 5H), 3.73 – 3.61 (m, 1H), 2.17 – 2.14 (m, 3H), 2.14 – 2.07 (m, 3H). 
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Figure A 3.17: 13C NMR (101 MHz, Chloroform-d) δ 170.73, 170.55, 95.41, 93.64, 73.22, 68.48, 66.67, 65.81, 
64.11, 21.05, 20.75. 
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Figure A 3.18: Mass spectra of 5a (relative intensity, 70 eV) m/z: 145.00 (M+,,1); 116.00 (1); 86.00 (20); 
73.00 (28); 57.00 (10); 55.00 (3); 45.00 (32); 43.00 (100) 
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Figure A 3.19: Mass spectra of 5a (relative intensity, 70 eV) m/z: 145.00 (M+,1); 116.00 (2); 86.00 (41); 73.00 
(9); 57.00 (6); 45.00 (14); 43.00 (100) 

 
Glycerol formal formate (6a-6a’): 

With reference to the experiment in scheme 3.3 (2d), the reaction mixture was concentrated by rotary 

evaporation (60°C, 40 mbar). The liquid residue was purified by FCC with Petroleum ether:Ethyl acetate= 

1:1 v/v. Title products were obtained in a 45% yield (230 mg, 98% purity by GC-MS). The products appeared 

as a colorless liquid and were characterized by 1H NMR, 13C NMR and GC/MS. 
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Figure A 3.20: 1H NMR (400 MHz, Chloroform-d) δ 8.14 (s, J = 0.9 Hz, 1H), 8.10 (s, J = 0.9 Hz, 1H), 5.09 – 4.78 
(m, 5H), 4.37 – 4.17 (m, 4H), 4.03 – 3.97 (m, 4H), 3.72 (dd, J = 8.5, 5.5 Hz, 1H). 

 

 
 

 

Figure A 3.21: 13C NMR (101 MHz, Chloroform-d) δ 160.54, 160.27, 95.49, 93.69, 72.91, 68.24, 66.62, 65.53, 
63.41. 
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Figure A 3.22: Mass spectra of 5a (relative intensity, 70 eV) m/z: 131.00 (M,6); 102.00 (4); 86.00 (25); 73.00 
(95); 57.00 (27); 55.00 (6); 45.00 (100); 44.00 (62); 43.00 (39) 
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Figure A 3.23: Mass spectra of 5a (relative intensity, 70 eV) m/z: 131.00 (M+,3); 86.00 (20); 74.00 (16); 57.00 
(13); 44.00 (100); 43.00 (41) 
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Triacetin (8):  

With reference to the experiment in table 3.2 (entry 8), the reaction mixture was concentrated by rotary 

evaporation (60°C, 40 mbar). Title product was obtained in 99 % yield (1.30 g, 99% purity by GC-MS). The 

product appeared as a yellowish liquid and was characterized by 1H NMR, 13C NMR and GC/MS. 

 

Figure A 3.24: 1H NMR (400 MHz, Chloroform-d) δ 5.25 (tt, J = 5.8, 4.3 Hz, 1H), 4.30 (dd, J = 12.0, 4.3 Hz, 2H), 
4.16 (dd, J = 12.0, 5.9 Hz, 2H), 2.09 (s, 3H), 2.08 (s, 6H). 

 

Figure A 3.25: 13C NMR (101 MHz, Chloroform-d) δ 170.46, 170.07, 69.06, 62.23, 20.83, 20.63. 
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Figure A 3.26: Mass spectra of triacetin(relative intensity, 70 eV) m/z: 145.00 (18); 116.00 (10); 103.00 (24); 
43.00 (100). 
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Appendix A.3.2 
Development of a catalytic tandem process for the 

concurrent acetylation/acetalization of glycerol 
 

The acetylation of glycerol with AcOH in presence of Amberlyst 15 as catalyst 

 

 

Figure A 3.27: The reaction between glycerol and acetic acid at different temperatures of 30, 50 and 
70 °C (bottom, mid, and top, respectively). Conditions: solution of glycerol (1.0 mmol) in acetic acid (10 
mL, 0.1 M), Amberlyst-15 (15.0 mg; 15 wt%) as a catalyst. (-■-) Glycerol conversion; (-•-) selectivity 
towards monoacetin (5/5’); (-▲-) selectivity towards diacetin (6/6’); (-▼-) selectivity towards triacetin 
(7) 
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Quantification of Acetic anhydride formed in situ by the reaction between Glyc, iPAc and AcOH 

 

Figure A 3.28: The formation of Ac2O during the reaction of a mixture of glycerol (1 mmol), iPAc (7.5 
mmol), acetic acid (0.5 mL; 8.5 mmol), and Amberlyst-15 (15.0 mg; 15 wt%), at = 30 °C. Amount 
calculated as the % of acetic anhydride with respect to the moles of the other products (3, 4, 5/5’, 6/6’ 
and 7) observed during the reaction and calculate through GC analysis. 

By-products formed during the reaction between iPAc and acetic acid 

The mass spectra of compounds B1-B5 are reported in Figure A.3.29-33 and were consistent with 
the formation of acetylacetone, and of products of the aldol condensation of acetone, both the 
aldol, 4-hydroxy-4-methylpentan-2-one, and the two isomers of the α,β-unsaturated carbonyl 
derivative, 4-methylpent-3-en-2-one and 4methylpent-4-en-2-one. In addition, the formation of 4-
oxopentan-2-yl acetate was observed. Comparison with spectra of authentic compounds available 
from the NIST library of the GC/MS ChemStation afforded a match quality >60% in all cases.  

 

Figure A 3.29: GC-MS spectra of acetylacetone 
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Figure A 3.30: GC-MS spectra of 4-methylpent-3-en-2-one 

 

 

Figure A 3.31: GC-MS spectra of 4-hydroxy-4-methylpentan-2-one 
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Figure A 3.32: GC-MS spectra of  4-methylpent-4-en-2-one. 

 

 

Figure A 3.33: GC-MS spectra of of 4-oxopentan-2-yl acetate. 
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Experiments with d4-isotope labelled acetic acid.  

 

 

Figure A 3.34: Top: the red profile shows the GC/MS signals for solketal acetate; the corresponding 
d3- and non-deuterated derivatives are indicated from left to right, respectively. Bottom: the red 
profile shows the GC/MS signals for triacetin; the corresponding d9-, d6-, d3- and non-deuterated 

derivatives are indicated from left to right, respectively. 

In the figure, red profiles were the authentic GC/MS analyses, while green profiles were obtained by 
the deconvolution of the red ones, carried out by the “Gaussian polynomial fitting” available in the 
OriginPro Software (ver. 9.1, Origin Lab. Corp.). Thanks to a more satisfactory resolution, signals of 
solketal acetate (compounds 4 and 4*, top) allowed not only a more reliable integration of the area 
under the corresponding peaks, but also a better reading/interpretation of GC/MS spectra, than those 
of different triacetins.  

The investigation was then continued considering only products 4 and 4*. From deconvolution, the 
relative amounts of 4* and 4 were 67% and 33%, meaning that the quantity of the tri-deuterated 
solketal acetate was twice as much the non-deuterated derivative. From the mass spectra recorded 
in the full scan (TIC, 70 eV), fragment ions at m/z = 159 and 162 were recognized as the most abundant 
and easily distinguishable ions for 4 and 4*, respectively (Figure A.3.35 and A.3.36).  

The characteristic absence of the molecular ion peak (M+=174 and 177 for 4 and 4*, respectively) was 
already noticed in a previous paper reported by us.1 The fragment ions 159 and 162 were consistent 
with the loss of a methyl radical from the acetal ring (Scheme 3.1) 
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Scheme A 3.1: Plausible fragmentation pathway for the formation of ions 159 and 162 from 
compounds 4 and 4* 

 

 

 

Figure A 3.35: GC-MS spectra of solketal acetate 
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Figure A 3.36: GC-MS spectra of solketal acetate-d3 

To improve sensitivity, mass spectra were then acquired in the SIM mode on the characteristic 
fragment ions m/z = 159 and 162 (70 eV) (Figure A.3.37).   

 

Figure A 3.37: SIM chromatograms of selected fragment ions m/z = 159 and 162 for products 4 (top) 
and 4* (bottom), respectively. 
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The GC/MS analysis of the same reaction mixture also indicated the formation of three species of 
acetic anhydride, i.e. the non-, the tri-, and hexa-deuterated products (Figure A.3.38).   

 

Figure A 3.38: The red profile shows the GC/MS signals for acetic anhydride: the corresponding d6-, d3-
, and non-deuterated derivatives are indicated from left to right, respectively. The green profile 
represents the deconvolution of the red profiles carried out by the “Gaussian polynomial fitting” 
available in the OriginPro Software (ver. 9.1). 

From deconvolution (green profile), the integration of the area under the corresponding peaks 
allowed to estimate that non-deuterated, d3- and d6- species of acetic anhydride were present in a 
1:3:2 ratio, respectively. 

   

The reaction of glycerol with AcOH and acetone.  

Table A 3.2: The reaction of glycerol with acetone and acetic acid 

Entry 
Glyc:Acetone:AcOHa 

(mol:mol:mol) 
Conversionb (%)  Selectivityc (%)  

3/3’ 4/4’ 5/5’ 6/6’ 7 

1 1:1:1 70 56 12 30 2 - 

2 1:1:10 95 8 15 51 25 1 

3 1:3:10 96 33 26 33 7 - 

4 1:5:10 ≥99 48 32 15 5 - 

5 1:20:5 ≥99 95 5 - - - 

6 1:20:2.5 ≥99 97 3 - - - 

Conditions: glycerol (1.0 mmol), Acetic acid (1.0–10.0 eq), acetone (1-20 eq.), Amberlyst-15 (15.0 mg; 15 wt%), 
30 °C, 24 h. a Molar ratio of the reactants. b Conversion of glycerol, by GC. c Products selectivity (by GC) calculated 
as described in the main text 
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The reaction with d6-acetone.  

 

Scheme A 3.2: Pathways for the formation the non-deuterated and the d6- solketal acetate (4 and 4d6, 
respectively) 

The acetylation of any nucleophilic species available in the reaction environment (Nu: glycerol, mono- 
or di-acetins) by iPAc, releases acetone (CH3COCH3) which competitively reacts with d6-acetone 
(CD3COCD3, added to the mixture) for the acetalization of glycerol, affording the nondeuterated 4 and 
the d6- solketal acetate 4d6, respectively). 

GC/MS analyses recorded in the full scan (TIC, 70 eV) allowed to identify fragment ions at m/z = 159 
and 162 as the most abundant and easily distinguishable ions for 4 and 4d6, respectively.  

In analogy to Scheme A.3.1, the fragment ions 159 and 162 were consistent with the loss of a methyl 
radical from the acetal ring (Scheme A.3.3). 

 

Scheme A 3.3: Plausible fragmentation pathway for the formation of ions 159 and 162 from 
compounds 4 and 4d6 

Although ions with m/z = 159 and 162 were the same selected when labelled acetic acid was used, the 
analysis of mass spectra proved that compound 4* bearing the isotopic marking on the acetyl group 
underwent a different fragmentation pathway with respect to compound 4d6 where the marking was 
on the methyl group of the acetal ring. The comparison of Figure A.3.36 and Figure A.3.39 highlights 
this difference. The characteristic fragment ions for 4* were 162 (81), 102 (21), 73 (12), 57 (11), 46 
(100), 43 (66), while those for 4d6 were 162 (100), 107 (30), 76 (18), 65 (12), 46 (88), 43 (86). 
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Figure A 3.39: Mass spectra of product 4d6. For the comparison with mass spectra of product 4 see 
Figure A 3.35 

Mass spectra were then acquired in the SIM mode on the fragment ions m/z = 159 and 162 for 
compounds 4 and 4d6, respectively. Integration of signals in the SIM chromatograms proved that 
relative areas under the peaks of target ions 159 and 162 were 65% and 35%, respectively, thereby 
confirming that the parent compounds 4d6 and 4 were formed in a ratio of about 2:1.  
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Figure A 3.40: SIM chromatograms of fragment ions m/z = 159 and 162 from products 4 and 4d6, 
respectively. 
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Appendix A.3.3 
Reaction of Glycerol with Trimethylorthoester: Towards 

the Synthesis of New Glycerol Derivatives 
 

 

Synthesis/Isolation of reaction products   

 (2-methoxy-1,3-dioxolan-4-yl)methanol (1).  

The isomer identified as 1a was isolated by distillation over potassium carbonate, as reported in 
Materials and Methods. The characterization of the isomer 1b were derived by both GC-MS and by 
NMR by subtracting the known peaks of 1a to the spectra ofthe mixture 1a-1b. Hereafter, the  GC/MS 
spectra of 1a (Figure A.3.41 ) or 1b (Figure A.3.47) and the  1H, 13C, HSQC, HMBC and COSY NMR of 
both 1a (Figure A.3.42-46) and the mixture 1a-1b (Figure A.3.48-52) are reported.  

 

 

 

 

Figure A 3.41: MS spectra of 1a: 134 (M+,0);133 (1); 103 (100); 61 (31); 57 (46); 47 (15); 45(32); 44 
(31); 43 (65). 

 

File       :C:\msdchem\1\DATA\2019\01-January\20190115\er032-2dist-2fraz
...         .D
Operator   : operator
Instrument :   GCMS5975
Acquired   : 15 Jan 2019  19:53     using AcqMethod ER-MID-D6.M
Sample Name:                                                 
Misc Info  :                                                 

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190
0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

110000

120000

130000

140000

150000

160000

170000

180000

190000

200000

210000

220000

230000

240000

250000

260000

270000

280000

290000

m/z-->

Abundance Scan 2031 (15.033 min): er032-2dist-2fraz.D\data.ms (-1973) (-)
103.1

43.1

57.0

72.0

133.087.1
36.0 79.0 117.050.0 94.064.2 186.8155.0147.7 165.3 176.9126.3 140.0

Create PDF files without this message by purchasing novaPDF printer ( http://www.novapdf.com)



 

277 

 

Figure A 3.42: 1H NMR of 1a (400 MHz, Acetone-d6): δ = 5.72 (s, 1H), 4.22 (tt, J=7.2, 5.2, 1H), 4.09 – 
4.03 (m, 1H), 3.84 – 3.78 (m, 1H), 3.69 – 3.62 (m, 2H), 3.26 (s, 3H). 

 

 

 

Figure A 3.43: 13C {1H} NMR of 1a (101 MHz, Acetone-d6) δ = 115.93, 77.01, 65.49, 62.75, 50.20. 
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Figure A.3.3.44: HSQC of 1a (Acetone-d6). 

 

 

Figure A 3.45: HMBC of 1a (Acetone-d6). 
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Figure A 3.46: COSY of 1a (Acetone-d6). 

 

Figure A 3.47: MS spectra 1b: 134 (M+,0);133 (1); 103 (100); 74 (8); 61 (18); 57 (47); 47 (15); 45(28); 
44 (14); 43 (46). 
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Figure A 3.48: 1H NMR of 1a,b (400 MHz, Acetone-d6): 1a δ = 5.72 (s, 1H), 4.23 – 4.18 (m, 1H), 4.11 – 
4.04 (m, 1H), 3.84 – 3.78 (m, 1H), 3.66 (ddd, J=6.0, 5.2, 2.7, 2H), 3.26 (s, 3H). 1b: 5.73 (s, 1H), 4.32 
(ddt, J=6.9, 5.6, 5.0, 1H), 4.11 – 4.04 (m, 1H), 3.84 – 3.78 (m, 1H), 3.57 (dd, J=6.0, 5.0, 2H), 3.23 (s, 
3H). 

  

 

Figure A 3.49: 13C {1H} NMR of 1a,b (101 MHz, Acetone-d6): 1a δ = 115.93, 77.03, 65.47, 62.86, 50.22, 
1b: δ = 115.82, 76.09, 65.42, 62.22, 50.00. 
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Figure A 3.50: HSQC of 1a,b (Acetone-d6). 

 

Figure A 3.51: HMQC of 1a,b (Acetone-d6). 
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Figure A 3.52: COSY of 1a,b (Acetone-d6). 

2,6,7- trioxabyciclo[2.2.1]heptane (2). 

 

 

Figure A 3.53: GC-MS spectra of 2: 102 (M+,8);101 (4); 45 (15); 44 (100); 43 (62); 42 (6). 
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4-(dimethoxymethoxy)methyl)-2-methoxy-1,3-dioxolane (3). 

 

 

Figure A 3.54: MS spectra of 3a: 208 (M+,0);131 (1); 117 (8); 103 (12); 75 (100); 61 (13); 57 (25); 47 
(11); 43(9). 

 

 

Figure A 3.55: MS spectra of 3b: 208 (M+,0);131 (2); 117 (8); 103 (12); 75 (100); 61 (13); 57 (25); 47 
(11); 45(6); 43 (9). 
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Figure A 3.56: 1H NMR of 3a,b (400 MHz, Acetone) δ = 5.76 (s, 1H), 5.73 (s, 1H), 5.11 (s, 1H), 5.10 (s, 
1H), 4.44 (dq, J=6.9, 5.3, 1H), 4.34 – 4.27 (m, 1H), 4.11 (ddd, J=7.9, 6.8, 5.6, 2H), 3.81 – 3.77 (m, 2H), 
3.71 (dd, J=10.6, 6.1, 1H), 3.65 – 3.61 (m, 1H), 3.57 (dd, J=6.2, 5.3, 2H), 3.31 – 3.29 (m, 12H), 3.26 (s, 
3H), 3.25 (s, 3H). 

 

Figure A 3.57: 13C {1H} NMR of 3a,b (101 MHz, Acetone-d6) δ = 116.13, 115.86, 113.99, 113.95, 74.80, 
74.11, 66.00, 65.68, 64.82, 63.80 (d, J=2.1), 50.72, 50.71, 50.21, 50.04. 
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Figure A 3.58: DEPT135 of 3a,b (Acetone-d6). 

 

Figure A 3.59: DEPT-90 of 3a,b (Acetone-d6). 
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Figure A 3.60: ATP of 3a,b (Acetone-d6). 

 

Figure A 3.61: COSY of 3a,b (Acetone-d6). 
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Figure A 3.62: HMBC of 3a,b (Acetone-d6). 

 

Figure A 3.63 : HSQC of 3a,b (Acetone-d6). 
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Figure A 3.64: NOESY of 3a,b (Acetone-d6). 

Characterization of Bronsted acidic ionic liquids (BAILs) 

Pirydinium paratoluensolfonate (PPTS) 

 

 

Figure A 3.65: 1H NMR of PPTS (400 MHz, MeOD) δ = 8.89 (dt, J=5.2, 1.6, 2H), 8.68 (tt, J=7.9, 1.6, 1H), 
8.16 – 8.09 (m, 2H), 7.75 – 7.69 (m, 2H), 7.27 – 7.22 (m, 2H), 2.38 (s, 3H). 
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 Diazobicycloundecene bromide (DBUHBr). 

 

Figure A 3.66: 1H NMR of DBUHBr (400 MHz, D2O) δ = 3.50 (dt, J=18.0, 5.6, 4H), 3.28 (t, J=5.9, 2H), 
2.62 – 2.55 (m, 2H), 1.97 (tt, J=7.2, 5.2, 2H), 1.74 – 1.60 (m, 6H). 

 

Figure A 3.67: 13C {1H} NMR of DBUHBr (101 MHz, D2O) δ = 165.95, 54.19, 48.26, 38.01, 32.87, 28.47, 
25.90, 23.34, 18.96. 
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Butylsolfonylmethylimidazolium hydrogen sulfate (BSMImHSO4) 

 

 

Figure A 3.68: 1H NMR of BSMImHSO4 (400 MHz, D2O) δ = 8.61 (s, 1H), 7.38 (s, 1H), 7.31 (s, 1H), 4.11 
(s, 2H), 3.77 (s, 3H), 2.82 (s, 2H), 1.88 (s, 2H), 1.62 (s, 2H). 

 

 

 

Figure A 3.69: 13C{1H} NMR of BSMImHSO4 (101 MHz, D2O) δ = 135.90, 123.60, 122.11, 50.01, 48.86, 
35.61, 28.04, 20.87. 
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Butylsolfonylmethylimidazolium bromide (BSMImBr) 

 

Figure A 3.70: 1H NMR of BSMImBr (400 MHz, D2O) δ = 8.66 – 8.61 (m, 1H), 7.40 (t, J=1.8, 1H), 7.34 (t, 
J=1.8, 1H), 4.15 (t, J=7.0, 2H), 3.79 (d, J=0.6, 3H), 2.87 – 2.81 (m, 2H), 1.97 – 1.87 (m, 2H), 1.68 – 1.58 
(m, 2H). 

 

 

Figure A 3.71: 13C{1H} NMR of BSMImBr (101 MHz, D2O) δ = 135.92, 123.63, 122.14, 50.04, 48.90, 35.68, 
28.08, 20.90 
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Reaction profiles 

 

Figure A 3.72: Conversion of Gly and products selectivity for the catalyst-free reaction between Gly and 
HC(OCH3)3 in function of the reaction time at room temperature and Q=1. 

 

 

Figure A 3.73: Conversion of Gly and products selectivity for the catalyst-free reaction between Gly and 
HC(OCH3)3 in function of the reaction time at room temperature and Q=10. 
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Figure A 3.74: Conversion of Gly and and products selectivity for the reaction between HC(OMe)3 and 
Gly in presence of Pyr-PTSA (10% w/wGly) in function of the reaction time at room temperature and 
Q=10. 

Reaction of glycerol with HC(OMe)3 in presence of sulfuric acid as catalyst 

 

Figure A 3.75: GC-MS chromatograph of the reaction between HC(OMe)3 and Gly (Q=10, 90°C, 24h) in 
presence of sulfuric acid. 
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Figure A 3.76: MS spectra of the undefined compounds with retention time: 16.43 min. 161 (4);131 
(95); 103 (84); 87 (13); 74 (12); 61 (84); 57 (100); 47 (32); 45(44); 44 (49); 43 (85). 

 

 

Figure A 3.77: MS spectra of the undefined compounds with retention time: 16.59 min. 161 (2);131 
(100); 103 (82); 87 (13); 74 (15); 61 (41); 57 (95); 47 (30); 45(40); 44 (32); 43 (69). 
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Figure A 3.78: MS spectra of the undefined compounds with retention time: 16.43 min. 209 (1); 195 
(1); 163 (1); 145 (1); 103 (100); 61 (12); 57 (67); 47 (13); 45(15); 44 (26); 43 (30). 

 

Figure A 3.79: MS spectra of the undefined compounds with retention time:21.72 min. 205 (1); 193 (1); 
177 (1); 145 (2); 103 (100); 61 (12); 57 (67); 47 (12); 45(14); 44 (24); 43 (28). 
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