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Polyethylene terephthalate polyester represents the most common class of thermoplastic polymers 

widely used in the textile, bottling and packaging industries1,2. Terephthalic acid and ethylene 

glycol, both of petrochemical origin3, are polymerised to yield the polyester. However, an earlier 

report suggests replacement with 2-methoxyterephthalic acid provides a methoxy-polyester with 

equal properties4. Currently, there are no established biobased synthetic routes towards methoxy-

polyethylene terephthalate. Here we show a viable route to the polyester variant from various tree 

species involving three catalytic steps. We demonstrate that sawdust can be converted to valuable 

aryl nitrile intermediates through an efficient fluorosulfation-catalytic cyanation sequence (>90%), 

and then converted to methoxy-terephthalic acid by hydrolysis and oxidation. Our polymerisation 

results reveal similar decomposition and glass transition temperatures of methoxy-polyester in 

comparison with conventional polyester. This synthetic route towards a biobased methoxy-

polyester is aligned with the general goal of polyester producing companies to replace this oil-

based plastic with biobased alternatives5. 

  

The global dependency on crude oil for the production of polyethylene terephthalate (PET) plastics 

and fibers is estimated to reach 87.2 million metric tons of PET in 20226. PET plastics play a major 

role in the production of beverage bottles, food packaging, and textiles1,2, because of their highly 

desirable properties3,7. As crude oil is a finite and nonrenewable resource, the continued 

manufacturing of PET products will not be compatible with the needs of a rising global 

population8. Furthermore, the end-of-life PET plastic waste represents a global problem as 

recycling of this polymer only occurs to a low degree9, with the majority ending up in landfills or 

incinerated. For example, in the U.S. alone, 57% of the PET plastic bottles and containers produced 

in 2018 were landfilled, while 14% were incinerated, and only 29% recycled10 (see Fig. 1a). 

Gasification and pyrolysis represent alternative solutions, transforming the waste into smaller 

hydrocarbon compounds suitable for heating or as fuels11. However, common for these solutions 

and the direct incineration of plastics, are their ultimate generation of CO2 from crude oil, thus 

exacerbating global warming. A renewable and carbon-neutral alternative is to replace crude oil 

with biomass as the starting material in PET production12. Some solutions already exist as ethylene 

glycol can be produced from bio-ethylene via an epoxidation-hydrolysis approach or from sugars 

by a two-step pyrolysis-hydrogenation13. For the other monomer, terephthalic acid, only less 



 

2 

 

elaborated biobased routes exist. These are multi-step procedures that commonly rely on sugar 

fermentation, leading to a range of small-molecule compounds such as ethylene14, isoprene15, iso-

butanol16 and 2,5-dimethylfurfural17. Subsequently, these compounds can be transformed to p-

xylene18, representing the industrial precursor for TA in the AMOCO process19.  

 

There is currently a high demand for a biobased PET production, exemplified by the company 

goals of Coca Cola and Virent, diverting towards biobased or recycled PET in the future5. 

Synthetic procedures towards TA also exist, not relying on sugars as the main feedstock, including 

via limonene, which can be extracted from orange peels20,21. However a more desirable resource 

for TA synthesis is to rely on the omnipresent lignocellulose. This natural polymer is the most 

abundant renewable carbon resource, being comprised of cellulose and lignin22. While many 

applications exist for cellulose, there are only few uses of lignin, even though it has the potential 

to be a feedstock of the future for aromatic compounds22. The main problem stems from the 

traditional pulping techniques that effectively separate the cellulose from lignocellulose, but in the 

process delivers a less reactive lignin polymer byproduct23. More modern techniques such as 

oxidative and reductive catalytic fractionation (OCF and RCF) are on the contrary able to generate 

a useful lignin product stream, which is comprised of methoxy-substituted phenols22-24 (see Fig. 

1b). The highest yields are achieved with RCF, which depolymerises lignocellulose under catalytic 

hydrogenative conditions applying a heterogeneous catalyst and a polar protic solvent, such as 

MeOH or H2O
23,25. Furthermore, applying hydrogen as a reagent aligns amiably with modern 

Power-to-Hydrogen strategies26. The RCF method is believed to become a major industrial process 

in the future25, thus a synthetic route towards TA from lignin RCF products could be highly 

desirable.  

 

Previously, two multi-step routes from lignin to TA have been disclosed by the groups of Zhu and 

Yan27,28. In the first, TA was prepared from vanillic and syringic acid from the oxidative 

degradation of lignin. However, these two products only account for 5 wt% of all the oxidation 

products18. Furthermore, harsh reaction conditions were necessary to overcome the challenging 

demethoxylation and carboxylation steps, which are both conducted at a minimum of 400 ºC and 

a pressure of 40 bar CO2/H2 using non-commercial catalysts27. In the subsequent work by Yan et 

al., a reductive catalytic fractionation was developed, providing significantly higher yields of 

lignin monomer products18,25. The challenges of this multi-step protocol also lie in the harsh 

conditions necessary for a productive demethoxylation step, operating at 320 ºC with a pressure 

of 30 bar H2 that results in a 71% yield, while the remainder consists of undesired side-products28. 

Furthermore, the subsequent triflation of the RCF phenol products suffers from the use of reactive 

and expensive triflic anhydride, which is not compatible with a crude lignin product mixture that 

may hold aliphatic alcohol functionalities and water29.  

 

In a patent from 1956, the General Electric Company (GE) reported the synthesis of polyesters 

including methoxy-polyethylene terephthalate (MPET) from methoxy-terephthalic acid (MTA) 

and ethylene glycol4. However, these materials have been largely overshadowed by conventional 

PET since then despite the better properties of MPET in some areas, such as hydrolytic stability4. 

This is explained by the conventional and direct production of TA from crude oil-derived p-xylene 
3,19. However, with a future potentially relying on renewable lignocellulose for creating polyester 

materials, the methoxylated feedstock could represent an advantageous starting point for preparing 

biobased MPET. Here, we envisage a route from the methoxy-phenol products of RCF to MTA 

applying a two-step fluorosulfation, catalytic cyanation strategy with industrially viable reagents.   
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Depending on the tree species, up to 14 wt% of the aryl nitrile intermediate can be isolated after 3 

steps from which MPET can be reached by two well described industrial processes, followed by 

polymerisation (see Fig. 1c).  

 
Results 

To explore the efficacy of the proposed route for synthesizing MPET from lignin, we collected 

lignocellulose samples (sawdust) from eight different tree species and subjected them to the 

reported RCF conditions by Sels and co-workers30, which was shown to effectively depolymerise 

various lignocelluloses via the Ru/C-catalysed hydrogenolysis reaction under a hydrogen 

atmosphere (30 bar) in MeOH at a temperature of 250 ºC. The resulting methoxy-phenol products, 

obtained in up to 69 mg/g of sawdust, were then converted to aryl nitriles via sequential 

fluorosulfation and catalytic cyanation (see Fig. 2a). Sulfuryl fluoride is the ideal reagent for the 

activation of the RCF phenol fraction because of its industrial scale production of 3000 tons/year, 

and its use for phenol activation while stable towards hydrolysis31 (see Fig. 2b). The specific RCF 

phenol products, 1 and 2, have not before been subjected to fluorosulfation, however gratifyingly, 

we observed quantitative yields of the corresponding aryl fluorosulfates when the reaction was 

conducted with ex situ generated sulfuryl fluoride in a two-chamber reactor system32 (see Fig. 2b). 

The selection of K2CO3 instead of the widely used NEt3 as base for fluorosulfation31,32 does not 

only give quantitative yields of the reaction but is also more viable from an industrial viewpoint, 

representing a less expensive and greener option33-35. Furthermore, the use of a heterogeneous base 

facilitates purification through simple filtration.  

 

The ensuing catalytic cyanation step takes advantage of the excellent reactivity of aryl 

fluorosulfates in transition metal-catalysed cross-coupling reactions, being generally viewed as 

aryl triflate surrogates29,30. Initially, we explored the industrial source of cyanide, HCN, with a 

two-chamber setup36, in a palladium-catalysed cyanation of aryl fluorosulfates 3 and 4 relying on 

XPhos as the ligand. Quantitative yields of both aryl nitriles 5 and 6 were achieved (see Table S1-

S2). As deactivation of palladium catalysts has been reported from the presence of minute 

quantities of HCN37,38 for the cyanation of aryl electrophiles, we were surprised by the efficiency 

of this protocol, which suggests an unusual stability for the Pd-XPhos complexes. Subsequently, 

it was discovered that both KCN and NaCN in lieu of HCN rendered equally quantitative 

transformations (see Fig. 2c and Table S3), being more desirable from a safety perspective. 

Through optimisation, we found that the successful transformation of aryl fluorosulfates 3 and 4 

necessitates 0.5-2 mol% of a Pd-XPhos catalyst generated from the Buchwald G4-precatalyst39 

using industrially viable solvents such as MeCN and biomass-derived 2-MeTHF40. Furthermore, 

for the previously reported cyanation reactions with aryl fluorosulfates, lower yields are observed 

with sterically hindered ortho-methoxy substituted substrates41,42. However, the Pd-XPhos catalyst 

employed in this transformation reacts amiably with even the dimethoxy-substituted substrate, 4 

(see Fig. 2c). Another strong point of this reaction is clearly illustrated by its ability to tolerate 

small amounts of water (see Fig. 2c), which can be detrimental to palladium-catalysed cyanation 

reactions as illustrated by the seminal work from the groups of Beller, Grushin and Macgregor37,38.  

 

We postulate that the addition of K2CO3 is crucial to the reaction, as it serves to deprotonate and 

remove HCN formed in situ from the reaction of KCN and water. Trace HCN has been reported 

to deactivate palladium catalysts by oxidative addition yielding off-cycle H-PdII-CN and 

eventually inactive palladium(II) cyanide complexes37,38. In the presence of K2CO3, reductive 

elimination of HCN from the H-PdII-CN complex becomes favored by the deprotonation of HCN. 
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Furthermore, we were able to support our claim on the effect of K2CO3 being more than just a 

dehydration agent of the solvent mixture, as the same reaction with an equal amount of the drying 

agent, Na2SO4 instead of carbonate resulted in no conversion when conducted in the presence of 

5 equivalents of H2O (see table in Fig. 2c). Furthermore, we hypothesise that the success of 2-

MeTHF and MeCN as a solvent mixture could be due to an ideal solubility of cyanide, which has 

been suggested before for the Pd-catalysed cyanation of aryl bromides using a similar THF/MeCN 

solvent mixture43.  

 

A mechanism for the catalytic cyanation reaction is depicted in Fig. 2d, which follows the 

generally accepted catalytic cycle for oxidative addition (MC4 to MC5), cyanation (MC5 to 

MC2) and reductive elimination (MC2 to MC3)37,38. Additionally, it is likely that a solvent-

coordinated complex S is formed after the dissociation of fluorosulfate counterion from MC5, 

which is supported by the obtained crystal structure for S (see the SI for further details). Energies 

of intermediates and barriers in the catalytic cycle were determined with DFT calculations (PBE-

D3,SMD, see the SI). The calculations identify MC2 to MC3 (reductive elimination) as the rate-

limiting step for the reaction with 3 (∆G‡ = 10.5 kcal mol-1), and MC3 to MC5 (oxidative addition) 

for 4 (∆G‡ = 23.1 kcal mol-1). The overall reaction free energy for the catalytic cyanation with 3 

was found to be -58.7 kcal mol-1 (343.15 K), while for 4 it was -60.1 kcal mol-1 (343.15 K). To 

better elucidate the underlining reasons for the stability of the catalytic system against HCN 

deactivation, further DFT-studies were undertaken. From the Pd0-intermediate MC4, oxidative 

addition of HCN leads to MC6 of the deactivation pathway. From the calculations, it is evident 

that the conversion of MC6 to MC7 with HCN is plausible due to an energy barrier of (∆G‡ = 9.3 

kcal mol-1). However, the reverse reaction (MC7 to MC6) has a lower barrier (∆G‡ = 7.5 kcal mol-

1) and is thus likely to occur as well. For comparison, we calculated the energies for the same 

deactivation mechanism with the Pd-P(tBu)3 system reported by Grushin and co-workers43 (Fig. 

2d). This system is known to be effective for the cyanation of aryl bromides with KCN but requires 

dry conditions to circumvent HCN formation from trace water. Our calculations for the Pd-P(tBu)3 

system revealed a higher vulnerability towards the HCN deactivation pathway as the back reaction 

from MC7’ to MC6’ has an energy barrier, being twice the height of our system (∆G‡ = 15.1 kcal 

mol-1 vs. ∆G‡ = 7.5 kcal mol-1). Furthermore, MC7’ is -3.2 kcal mol-1 lower in energy compared 

to MC6’, thereby providing a thermodynamic driving force for the formation of MC7’. Another 

postulation to why our reported system is less susceptible to HCN deactivation, is that the catalyst 

resting state is likely to resemble the PdII-complex S or MC5, as deduced by monitoring the 

progression of the reaction with time resolved 31P-NMR spectroscopy (see Fig. S13). 

 

With the optimised fluorosulfation and cyanation conditions at hand, we explored the sequential 

transformation of sawdust originating from different tree species to the corresponding aryl nitriles. 

By qualitative observations made with GCMS, we assessed that the fluorosulfation step required 

3 equivalents of sulfuryl fluoride and K2CO3 each for a full conversion in all cases. In the case of 

the cyanation reaction, a slightly higher catalyst loading of 5 mol% and 3 equivalents of K2CO3 

were required for high conversion with all tree species (Fig. 3), although an eventual 

industrialisation of the process would require a significantly lower catalyst loading. From 

exploring the scope of sawdust samples, best yields were obtained with hardwoods, such as birch, 

willow, oak, hazel, and maple, compared to softwood species including spruce, grandis and noble 

fir, which is in line with the general observations made in earlier studies on RCF25,30. However, 

interestingly, with softwood in contrast to the hardwood samples, the 2-methoxysubstituted phenol 

product was exclusively isolated, being precisely the precursor required for MPET synthesis.4 This 

product distribution is accounted for by the different enzymatic composition present in softwoods 
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versus hardwoods.22 As such, these observations obviate eventual separation of nitriles 5 and 6 
when relying on softwoods, and as this tree sort is generally faster growing than the corresponding 

hardwoods44, this could be advantageous from an industrial viewpoint.  

With the isolated 2-methoxysubstituted aryl nitrile from the various sawdust samples studied, the 

corresponding carboxylic acid product was finally produced by an initial hydrolysis with NaOH 

(Fig. 4a). Subsequently, the conditions of the AMOCO process19 promoted the synthesis of MTA 

by oxidation, and the product as a colourless solid was isolated in a high purity as deduced from 

NMR spectroscopic analysis. An alternatively interesting pathway for reaching MTA involves a 

carboxylation strategy, which we showcased from spruce sawdust using a nickel-catalysed 

reductive carboxylation system. Nonetheless, a major limitation to this strategy is the necessity of 

a stoichiometric reductant as exemplified by the need for manganese metal.  

 

Lastly, MPET was synthesized from the polymerisation of MTA with ethylene glycol under 

standard conditions (see SI), which yielded a transparent and slightly yellow solid polymer. From 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) studies, we found 

that MPET had a similar decomposition temperature (Td = 420 ºC) and glass transition (Tg = 66 

ºC) compared to PET samples prepared by the same method (Td = 397 ºC, Tg = 62 ºC, see Fig. 4b). 

Similar thermal properties are promising for a biobased MPET, and future studies could investigate 

the mechanical properties, crystallinity, or rheological parameters to clarify if it is fit for existing 

PET applications and hereby make it an industrially relevant alternative. 

 

Conclusions 
In this work, we have reported the first biobased route for the synthesis of methoxy-polyethylene 

terephthalate plastic directly from the sawdust of different tree species. The MTA monomer was 

reached via hydrolysis and oxidation of aryl nitrile products from near quantitative fluorosulfation 

and cyanation reactions. In particular, the multi-step protocol with softwood tree species represents 

a viable option for an eventual industrial production of MPET in the future as a way to replace 

crude oil-based polyester materials with a biobased alternative. 
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Fig. 1 | Synthesis and numbers on PET and a biobased route to MPET polymer production. 

a, Simplified synthetic route for PET with numbers on production and fate of the PET material. b, 

Modern catalytic fractionation of lignocellulose yields methoxylated phenol products. c, A 

synthetic route towards MPET polyester from lignin phenol products. 
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Fig. 2 | A fluorosulfation-cyanation strategy for the synthesis of aryl nitriles from 
lignocellulose.  

a, A three-step route to aryl nitriles via reductive catalytic fractionation, fluorosulfation and 

cyanation. b, Fluorosulfation conditions and yields for lignin phenol products, also with properties 

and numbers on sulfuryl fluoride and aryl fluorosulfates. c, Conditions and yields for the 

palladium-catalysed cyanation of lignin-derived aryl fluorosulfates. See the Supporting 

Information for further details. d, Mechanistic proposal for the Pd-catalysed cyanation reaction, 

and DFT calculations for the HCN deactivation pathway. All the presented DFT results were 

calculated at the PBE-D3/Def2TZVPP//PBE-D3/Def2SVP level of theory with SMD 

(acetonitrile). 



 

11 

 

 

 

 

 

Fig. 3 | Scope of the three-step synthesis of aryl nitriles directly from sawdusts.  

Lignin weight percentages were determined by the Klason lignin method (see the SI). SO2F2 was 

generated ex situ from SDI (1,1'-sulfonylbis(1H-imidazole)) and potassium fluoride in TFA. The 

large-scale reaction with noble fir required Pd-XPhos-G4 (6.5 mol%), K2CO3 (3.9 equiv.) and 

KCN (2.0 equiv.). See the Supporting Information for further details. 
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Fig. 4 | Synthesis of MTA and MPET. 

 

a, Two routes towards MTA via hydrolysis or carboxylation, followed by oxidation. General 

procedure step I-II refers to step 1 and 2 of Fig. 3. b, Polymerisation of MTA with ethylene glycol 

to MPET with measured decomposition and glass transition temperatures obtained with 

thermogravimetric analysis and differential scanning calorimetry. See the Supporting Information 

for further detail. 
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