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Executive Summary

This deliverable describes the work performed in Subtask 5.1.3 “Lab scale validation of bio-based cyclic
carbonates from CO,-to-end product application”, which is included within the frame of Task 5.1 “First tests
at lab scale for intermediate products validation and qualification”

To investigate the required reaction conditions to produce polycarbonates from terpene-based cyclic
carbonates, the appropriate starting materials needed to be acquired. Most commercial cyclic carbonates
are not terpene-based or relevant in terms of substitution. Therefore, cyclic carbonates were produced from
the secondary diol, 2,3-butanediol, and terpene derivates of a-pinene and limonene. The a-pinene based
cyclic carbonate was obtained in a reasonable yield and purity. A complex mixture was acquired from the
limonene derivative, this included the limonene-based cyclic carbonate, starting material and side products.
In addition, the cyclic carbonate based on 2,3-butanediol, a product produced in CO2SMOS and relevant in
terms of functional groups, was also synthesized. Ring-opening polymerization (ROP) and ring-opening
copolymerization (ROCOP) experiments were carried out for the 2,3-butandiol based cyclic carbonate.
However, after analyzing the results of the ring-opening experiments it was found that the cyclic carbonate
was not reactive. Additionally, the cyclic carbonate of methyl oleate provided by Funditec was tested for ring-
opening polymerization. Different catalysts and conditions were tried to obtain the aimed polycarbonate,
but no polymer was obtained. Since the synthesis of polycarbonate was not as straightforward as expected,
a more thorough literature investigation was undertaken. From this it was concluded that, few exceptions
aside, 5-membered cyclic carbonates have a positive polymerization enthalpy and do not undergo ring-
opening polymerization towards polycarbonates. Instead CO; is released and a poly(ether-co-carbonate) with
mainly ether bonds is formed. It is, therefore, suggested that future efforts should focus on other synthesis
routes, different products or using more reactive starting materials.
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List of abbreviations

BBI Bio-based industries

DSC Differential scanning calorimetry
EC Ethylene carbonate

Eq Equivalent

GPC Gel permeation chromatography
'H NMR Proton nuclear magnetic resonance
Mn Number average molar mass
ROP Ring-opening polymerization
ROCOP Ring-opening copolymerization
RT Room temperature

T Temperature

t Time

TBD Triazabicyclodecene

TRL Technology Readiness Level

PGA polyglycolic acid

PLGA Poly(lactic-co-glycolic acid)



1.Introduction

It is generally accepted that anthropogenic CO2 emissions have grown steeply over the past decades due to excessive use
of fossil fuels. To address this issue, new technologies have arisen using fermentation processes and combustion of
biomass as green alternatives for fuel and chemical production. Yet, these processes also emit CO2, more specifically
biogenic CO2. The recycling and conversion of this CO2 is thus of key importance for future expansion of bio-based
industries (BBIs) throughout Europe. When biogenic CO: is captured, converted, and reused for production of
biochemicals, this targets the ‘zero-waste’ objectives of BBIs. Since CO2 conversion technologies are quite young and
often have a low technology readiness level (TRL), CO2SMOS aims to accelerate the development of a set of innovative
and cost-competitive CO2 conversion technologies using gas/liquid fermentation, electrocatalytic processes and bio-
based/organic catalyzed processes to convert biogenic CO: into high added-value biochemicals. These biochemicals can
then be employed in BBIs as intermediates for bio-based products.

1.1. Deliverable objectives and Relation to other activities in the project

An objective within CO2SMOS is to produce CO2- and bio-based polymerization products such as bio-polycarbonates from
terpene-based starting materials and biogenic CO2. To obtain these bio-polycarbonates, firstly terpene oxides must be
converted with CO; into cyclic carbonates. Developing this pathway is the focus of project partner Funditec in Task 3.2
“Organic/biocatalyzed conversion to cyclic carbonates” (Deliverable 3.4).

The next step would be ring-opening polymerization (ROP) towards the polycarbonate product, which is the focus of
Subtask 5.1.3 and this Deliverable 5.4. To achieve this, small-scale tests need to be performed in order to obtain the
polymer product and optimize reaction conditions. In addition, polymers made from terpene-based cyclic carbonates in
combination with other sustainable monomers will also be considered as potential products for upscaling. The physical
properties of these polymers will be tested, and the most promising polymers will be upscaled in Subtask 5.2.3 “Cyclic
carbonates validation for polycarbonate applications” (Deliverable 5.6), which is in turn included in Task 5.3 “New
products and formulations in biopolymer and renewable chemicals sectors for end-users applications”.

In the following sections, the work performed by Avantium towards this goal will be discussed. Firstly, the executed lab
work will be reported, starting with the synthesis of relevant starting materials followed by the polymerization tests. In
parallel with the practical work, a literature study was performed of which a summary is given in this report. The lab work
in combination with the literature led us towards some vital key findings. Lastly, based on these findings we conclude this
report with potential future strategies for the project.



2.Lab-work

2.1. Acquiring cyclic carbonates

To test polymerization conditions, starting materials similar to terpene-based carbonates are preferred. To our
knowledge, cyclic carbonates of terpenes have limited availability. Therefore, it was decided to use synthesis methods to
acquire cyclic carbonates from diols to get acquainted with the chemistry. In Figure 1, a retrosynthesis is shown from
the cyclic carbonate to commercially available terpene based starting materials.
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Figure 1. Retrosynthesis from the cyclic carbonate towards available (terpene based) starting material

2.1.1. Limonene

Efforts were made to acquire the cyclic carbonates of the terpenes limonene and a-pinene (jError! No se encuentra el
origen de la referencia.).

Oy o

Limonene alpha-pinene
Figure 2. Limonene and a-pinene

In case of limonene, the commercially available limonene oxide was used and reacted with water to form the diol
(structures illustrated in Figure 3). The thus obtained diol limonene derivative, a mixture of stereoisomers, was then
reacted with dimethyl carbonate, which did not lead towards the cyclic carbonate.

As an alternative for dimethyl, the diphenyl carbonate was also tested. This did result in cyclic carbonate formation, but
the conversion remained incomplete. To monitor the conversion of the diol, samples were taken during the reaction and
measured by 'H NMR. It was found that the minor stereoisomer underwent complete conversion within 2.5 hours. In
contrast, the major stereoisomer did not fully convert, as concluded from NMR spectra. The product was a complex
mixture of limonene diol, the cyclic carbonate derivative and side products.
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Figure 3. Synthesis limonene based cyclic carbonate; Step 1. limonene oxide (a mixture of stereoisomers, 132.6 mmol, 20.2 g, 1.0 eq.)
in water (180 mL) was stirred at 100 °C until (based on NMR data) complete conversion was observed. The mixture was extracted with ethyl acetate,
washed with a saturated brine solution, dried over magnesium sulphate, filtrated and then concentrated in vacuo to give the product in ~1:3
stereoisomeric ratio (20.6 g, 91% yield). These conditions were based on the work of Wang et al.* The reaction was performed at a different scale using
a unique batch of limonene oxide stereoisomers and it was found that full conversion required significant less reaction time than the 36 hours reported
by the article. Step 2. Diphenyl carbonate (11.4 g, 53.4 mmol, 1.0 eq.) and limonene diol (10.0 g, 5.71 mmol, 1.1 eq.) were dissolved in 2-
methyltetrahydrofuran (60 mL). Triazabicyclodecene (TBD) (149 mg, 1.07 mmol) was added and the mixture was stirred at 80 °C. After 12 hours the
mixture was cooled to RT, quenched with 1 drop acetic acid, and concentrated in vacuo. The mixture was diluted with ethyl acetate, washed with 35%
aqueous NaOH solution, washed with water, and finally with a saturated brine solution. The resulting product was analyzed by proton NMR. This result
and all other NMR measurements mentioned in this report were performed on a Bruker AMX 400 (1H, 400.13 MHz).

2.1.2. a-Pinene

The diol derivative of a-pinene, on the other hand, was successfully converted into the cyclic carbonate following a
literature procedure, details shown in Figure 4.2 Unfortunately, this a-pinene carbonate is not a “strained” bicyclic
carbonate. A strained bicyclic carbonate is potentially a much better reactive candidate for ring opening polymerization
as will be discussed later in the key findings. The strain in these compounds is the result of forming a bicyclic compound
with the oxygen substituents in a trans relationship.

O
OH OJ<0
OH (0] TBD
+ - +2 MeOH
) . 4h, 95 °C . '
diol from a-pinene a-pinene based cyclic carbonate

Figure 4. Cyclic carbonate formation from a-pinene diol.? a-Pinene diol (5.87 mmol, 1.0 g, 1.0 eq.) and dimethyl carbonate (3.1 mL,
35.25 mmol, 6 eq.) were added in a 25 mL 3-neck round bottom flask equipped with distillation arm including flask and nitrogen inlet. The mixture was
stirred and heated to 95 °C followed by the addition of TBD catalyst (0.39 mmol, 54 mg, 0.067 eq.). The reaction was monitored by *H NMR, and after 4
hours the mixture was allowed to cool down and quenched with acetic acid (50 uL). The product was concentrated in vacuo and recrystallized from
methanol (3.0 mL). The white crystals were washed with cold methanol (1.0 mL) and the solvent was evaporated by a rota evaporation. The product was
obtained as white crystals (0.96 g, 83% yield).

2.1.3. 2,3-Butanediol

In addition to terpene-based starting materials, 2,3-butanediol, a secondary diol and product of the CO2SMOS project,
was also tested as a model compound. The reactivity of this cyclic carbonate is of relevance since most terpene-derived
carbonates considered in this project are not based on a terminal alkene. The cyclic carbonate was successfully obtained
from 2,3-butanediol and diphenyl carbonate using triazabicyclodecene (TBD) as catalyst, reaction shown in Figure 5.

Purification by evaporation was attempted, but still a considerable amount of phenol remained in the product mixture:
The obtained mixture (after an evaporation step) consisted of 2,3-butanediol based cyclic carbonates stereoisomers (60.7
mol%), phenol (33.1 mol%), 2,3-butanediol (5.2 mol%) and diphenyl carbonate (1.1 mol%). These are percentages of the
total mol in the mixture, since two equivalent phenol is produced per cyclic carbonate it dilutes the percentage of cyclic
carbonate present. From the “carbonate” perspective, approximately 98% of the total carbonates in the mixture is the
cyclic carbonate product and the rest diphenyl carbonate. This resulted in enough starting material of suitable purity to
begin with the next stage in the research, the polymerization of the cyclic carbonates.
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Figure 5. Cyclic carbonate synthesis from the diol and diphenyl carbonate. Diphenyl carbonate (55 mmol, 11.78 g, 1 eq.) and 2,3-
butanediol (55 mmol, 4.96 g, 1eq.) were heated under nitrogen flow in a 3-neck round bottom flask equipped with top stirrer and distillation flaks. At
85°C TBD (0.1 mmol, 16 mg, 0.002 eq.) was added and further heated to 110°C. An additional amount of 2,3-butanediol (35 mmol, 3.18 g, 0.64 eq.) was
added to forward the reaction towards completion. After reacting, the mixture was further heated at 115°C under reduced pressure to remove phenol
and excess diol. The product was analysed by *H NMR. No significant amount of side products were formed and it was expected that most dipheny!
carbonate does not evaporate below its boiling point of 306 °C. Based on these assumptions approximately 98% diphenyl carbonate is converted into
the cyclic carbonate.

2.2. Ring-opening polymerizations (ROP): initial tests

2.2.1. Ring-opening copolymerization (ROCOP) with glycolide

With the butanediol-based starting material available, polymerization reactions were performed. Ring-opening
polymerization conditions based on in-house knowledge and literature were tested. Firstly, conditions known in our
polymer group were tried. In this case, the cyclic carbonate based on 2,3-butanediol was used in combination with a
sustainable co-monomer, glycolide, as shown in Figure 6. Sn(Oct), was used as catalyst and temperature was increased
from 170 to 230°C, first under a flow of nitrogen and then reduced pressure.

The aim of this experiment was to test if ring-opening copolymerization (ROCOP) could take place. The mixture of 2,3-
butanediol-based cyclic carbonate stereoisomers was used. Since the main impurity is phenol, it could be a capping end
group. However, from polymerization research in our research group we know that this phenol capping end group can
be exchanged again by transesterification and removed by distillation under reduced pressure. Given that this test was
only to determine if ring opening of the 5-membered cyclic carbonate was possible and not to achieve the highest
molecular weights, the excess phenol was not seen as an issue. In addition, this phenol could potentially act as an initiator
in ROP. Using these conditions, we found that only poly glycolic acid was formed and that the 5-membered cyclic
carbonate did not react and remained unaffected in the reaction mixture.
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Figure 6. Attempt on Ring-Opening Copolymerization (ROCOP) A 100 mL 3-neck round bottom flask was used equipped with a top
stirrer, nitrogen inlet, distillation arm and flak, as similar to the picture. The mixture of cyclic carbonates from 2,3-butanediol (1.56 g, corresponding to
8.7 mmol cyclic carbonates, 0.1 eq.) and glycolide(8.95 g, 77 mmol, 0.9 eq.) were heated together with an Sn(Oct). catalyst (20 uL, 0.62 mmol, 0.00073
eq.). The temperature was increased from 170 to 230°C, first under nitrogen flow then only under a reduced pressure of nitrogen. The product was a
brownish white solid in a liquid. The solid did not dissolve in the NMR solvent, the remaining liquid was measured by NMR and contained the mixture of
cyclic carbonate stereoisomers. The solid was analysed by DSC and the results were similar to that of pure PGA. The thermal transitions were determined
using a differential scanning calorimeter DSC 3+ STARe system from Mettler Toledo, two heating cycles were carried out.

2.2.2. Ring-opening polymerization

Another attempt to ring-opening polymerization reaction was done by using conditions based on literature, namely on
the work by the Guillaume group, who use TBD as catalyst and optionally toluene as a solvent.>* The temperature was
at first 70 °C then increased to 200°C, but no conversion was observed under these conditions. As a final attempt Tin(I1)2-
ethylhexanoate was added to test if this catalyst might have any activity in this reaction. Unfortunately this did not result
in the formation of a polycarbonate-based polymer (as illustrated in Figure 7).
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Figure 7. Attempt on ROP of 2,3-butandiol based cyclic carbonates The mixture of cyclic carbonates from 2,3-butanediol (0.894 g,
corresponding to 5 mmol cyclic carbonates, 1 eq.) in toluene (1 mL) were heated and stirred in an oil bath to 70 °C under nitrogen flow. Considering the
small volume of the reaction, instead of a three-neck flask a small tube with septum was used to apply a nitrogen flow using a needles as in- and outlet,
as shown in the picture on the left. Once the aimed temperature was reached, the catalyst TBD was added (10.5 mg, 0.075 mmol, 0.015 eq.). After
reacting for 2h at 70°C the temperature was increased to 120°C and left to react for 1h, then to 200°C for 1h. In the meantime, reaction samples were
taken and measured by NMR to monitor the reaction. Since the aimed conversion did not take place the reaction was continued for another 40 min at
200°C after addition of a droplet Tin(ll)2-ethylhexanoate. Since no conversion was visible on NMR spectra the reaction was stopped.

2.3. Methyl Oleate Carbonate polymerization tests

In the project several terpene sources were put forward as potential starting material for cyclic carbonates. Funditec has
made efforts to obtain the previously discussed limonene carbonate, but also focused on other terpene-based
carbonates. The cyclic carbonate from methyl oleate was successfully synthesized by Funditec and sent to Avantium for
further testing. Three different catalysts were selected and tested over a range of conditions for ROP, reaction shown in
Figure 8.
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Figure 8. Conversion methyl oleate cyclic carbonate towards polycarbonate Small-scale experiments were performed(<3 mL) in a
tube either closed off or with a septum attached to allow nitrogen flow through needles and heated in an oil bath while stirring. Actual conditions and
concentrations used are shown in Table 1. Samples were taken before each increase in temperature and measured using GPC/SEC and NMR. Molecular
weights were measured using (SEC) on an Agilent HPLC system (1260 Infinity Il) with two PLgel 5 um MIXED-C (300 x 7.5 mm) columns and a 1260
Infinity Il Refractive Index detector. Dichloromethane was used as mobile phase and polystyrene standards (Mn = 550 g/mol to 6,025,000 g/mol, PS-H
Easy Vial from Sigma Aldrich) were used for calibration. Calculation of the molecular weights was carried out with Agilent GPC/SEC software for OpenlAB
CDS.

The cyclic carbonate of methyl oleate was heated in steps in the presence of triazabicyclodecene (TBD) catalyst, together
with benzyl alcohol. After each step a sample was taken and analyzed by GPC (gel permeation chromatography, a type of
size-exclusion chromatography) and NMR, while the reaction mixture was left to react at the new temperature. This was
done for four different temperatures, 60°C, 95°C, 120°C and 180°C as shown in Table 1. Besides TBD, two other catalysts
were tested, titanium butoxide (Ti(OBu)4) and butyltin hydroxide oxide hydrate (BTHOH), together with diethylene glycol
(DEG) as initiator. The temperatures, times and concentrations used are summarized in Table 1 below.

Table 1.Conditions and temperatures tested for methyl oleate cyclic carbonate conversion.

Catalyst and initiator, solvent(optional) 1. T(°C), t(h) 2. T(°C), t(h) 3. T(°C), t(h) 4. T(°C), t(h)
TBD (0.55 mol%) BnOH (2.5mol%) in toluene 60°C,2h 95°C, 1.5h 120°C, 2h 180°C, 0.5h
Ti(OBu)4 (0.1 mol%) DEG (0.5 mol%), under a 180°C, 1.5h 200°C, 1.5h 220°C, 1.5h 240°C, 1h
flow of Na.

BTHOH (0.14 mol%) DEG (0.5 mol%), under a 180°C, 1.5h 200°C, 1.5h 220°C, 1.5h 240°C, 1h
flow of Na.

Unfortunately, no polycarbonates were formed under these conditions. The GPC results showed that all the main peaks
had an Mn (number average molar mass) below 1KDa, values similar to the starting material, so no polymers were formed.



In some spectra, a peak corresponding to a Mn slightly higher than 1KDa was small but visible. This could indicate that
some larger molecules were present. Potentially the catalysts or initiator might have reacted with the starting material.
Another possibility might be that transesterification took place and two methyl oleate ester groups reacted with DEG to
form a trimer. In Figure 9, the H-NMR results of the reactions with Ti(OBu)s at different temperatures are shown. The
spectra do not show much change compared to the reference, even at 240°C. If ring-opening polymerization would have
taken place, it is expected that some changes would be visible in the NMR. For example, the protons close to the
carbonate bond would become less sharp, as is typical for polymers.

Figure 9. NMR spectra of ROP experiments using Ti(OBu)s catalyst at different temperatures. in red the reference, the cyclic
carbonate of methyl oleate.

In conclusion, several experiments were performed and cyclic carbonate starting materials were successfully obtained.
The 2,3-butanediol-based cyclic carbonate was tested for ring-opening polymerization by using (i) conditions based on
in-house knowledge and (ii) literature procedures. In addition, the sample provided by our partner Funditec was also
tested for ROP. Different catalysts and temperatures were tested in these assays but the desired polycarbonate was not
formed. Since the synthesis of the product was not as straightforward as expected, a more thorough literature
investigation was undertaken. The next section contains a literature summary on the synthesis of aliphatic polycarbonates
(amongst others) followed by some key findings relevant for the intended polymerization reaction.

3.Literature summary: Polycarbonates based on 5-
membered cyclic carbonates

3.1. Poly(ethylene carbonate)

An example of an aliphatic polycarbonate is poly(ethylene carbonate). This is an interesting polymer because of its
properties, recyclability and biodegradability.> A renowned pathway to obtain poly(ethylene carbonate), is by reacting
ethylene oxide with CO: (Figure 10).® However, this method suffers from side reactions, including (poly)ether bond
formation.” In addition, the cyclic carbonate is formed as a byproduct through chain back-biting.”

O :co ,{’\/O OJ\
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Figure 10. Poly(ethylene carbonate) formation from copolymerization of ethylene oxide and CO:



3.2. Ring-opening polymerization of 5-membered cyclic carbonates

An alternative synthesis method for aliphatic polycarbonates is ring-opening polymerization (ROP) of a cyclic carbonate.
In literature, polycarbonate formation from five-membered cyclic carbonates (5CC) is often accompanied by
decarboxylation, thus forming poly(ether carbonates) as shown in Figure 11. 370 The loss of COz is apparently necessary
to compensate for the positive polymerization enthalpy of ethylene carbonate (EC).° The use of 5CC for ROP results in a
polymer with mainly ether bonds and less than 50% carbonate content.°
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Figure 11. Poly(ether carbonates) formed by ROP

3.3. Strained 5-membered bicyclic carbonates for ROP

Another approach to ROP is to introduce strain in the 5CC starting material making the polymerization thermodynamically
more feasible. Tezuka et al. reported ROP of the strained trans-cyclohexane-1,2-diyl carbonate (trans-CHC) structures as
shown Figure 12.1! The essential ring strain is exerted by the trans enantiomers only, since the cis-cyclohexane-1,2-diyl
carbonate didn’t show similar ring-opening behavior. By monitoring the reaction in dilute conditions an estimate of the
thermodynamic values for the ring-opening polymerization could be calculated.!! These values were —63 J/(K-mol) for
ASy® and —23 kl/mol for AHy°. These findings are supported by the work of Guerin et al. on the polymerization of
enantiopure trans- and cis-CHC.* In this article, DFT calculations on ring

opening by methanol were performed. The calculated negative Gibbs free energy value further confirmed that, in
contrast with the cis-CHC, the trans-CHC could be ring opened. This was in line with their experimental work in which
they managed to obtain a polymer from enantiopure isotactic trans-CHC with an Mn (number average molar mass) of 21
KDa.* In conclusion, if a certain ring strain is present, ROP towards a polycarbonate is possible.
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Figure 12: Trans-CHC and cis-CHC.

3.4. Key findings:

The literature study, together with the provided experimental results led us to a set of key findings, relevant for this
research:

e [tisrealistic to assume that 5-membered cyclic carbonates (5CC), structurally similar to ethylene carbonate (EC), are
challenging to polymerize to polycarbonates.

e  The best known polymerization process involves decarboxylation, which is not the aim of CO2SMOS project; reducing
CO:2 footprint by using biogenic CO: as a starting material (and bio-based starting materials). This actually results in
CO; formation and mainly polyether instead of polycarbonate.®?

e  Bicyclic 5-membered carbonate structures with exceptional ring strain could be used to form the aimed
polycarbonates. #1! Example: trans-cyclohexane-1,2-diyl carbonate (trans-CHC) shown Figure 12. (important to note:
unlike the trans- the cis(R,S)isomer does not have a negative Gibbs free energy)

e Carbonates containing the necessary ring strain are interesting for ROP reactions. Terpene-based examples of
strained cyclic carbonates with structural similarities to trans-CHC are shown below in Figure 13. (Note: do keep in



mind that the commercial “trans-enantiomer” has a different meaning considering limonene, it says something about
the relation between the “substituent on the 4-position and the cyclohexane ring methyl-group, not the “trans’
orientation of the bicyclic ring as mentioned for cyclohexane-1,2-diyl carbonate).
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Figure 13. Terpene-based examples with structural similarities to trans-CHC; Limonene-based (left), a-Pinene-
based(middle), Isophorone-based(right)

e Direct formation of these strained carbonates from the terpene oxides and COz is most likely challenging.

e |tis unknown if the additional substitutions of terpene-based carbonates undermine polymerization (compared to
the trans-CHC).

3.5. Conclusions

Unfortunately, our results showed that the formation of polycarbonates from terpene based cyclic carbonates is
challenging and not as straightforward as expected. Additionaly, literature shows that 5-membered cyclic carbonates do
not form polycarbonates, except in some special cases involving ring strain. This should be considered when future
research is conducted on this topic. Instead of the aimed polycarbonates, it might be more feasible to investigate
alternative reaction pathways or other applications for the terpene-based cyclic carbonate, such as polyethers or
polyurethanes.
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