Volume 27
Number 10

14 March 2025
Pages 2597-2780

Green
Chemistry

Cutting-edge research for a greener sustainable future

rsc.li/greenchem

ARV A
: .«\\"‘Yﬁ%%\{“

ISSN 1463-9262

COMMUNICATION
ROYAL SOC|ETY Finn Moeller and Siegfried R. Waldvogel VEARS

Direct synthesis of 2-pyrone-4,6-dicarboxylic acid and

O F CH EMIST RY trans-aconitic acid from renewable gallic acid and tannic
acid ANNIVERSARY

(3




Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 27 1403. Downloaded on 12/11/1404 01:45:30 ..

(cc)

Green Chemistry

COMMUNICATION

’ M) Check for updates ‘

Cite this: Green Chem., 2025, 27,
2661

Received 10th September 2024,
Accepted 11th December 2024

DOI: 10.1039/d4gc04535a

Finn Moeller®®

rsc.li/greenchem

2-Pyrone-4,6-dicarboxylic acid and trans-aconitic acid, both mole-
cules of high interest for the synthesis of biobased and bio-
degradable polyesters, could be accessed through the oxidative
cleavage of abundant and renewable gallic acid and tannic acid. By
optimizing the reaction conditions the selectivity of the reaction
could be shifted to either product and the procedure transferred
to readily available derivatives of gallic acid.

Introduction

Facing climate change and shortage of fossil resources, it is
evident that the chemical industry needs to explore alternative
sources for fine chemicals and develop sustainable methods to
replace existing processes." A focus of research in this area lies
in the valorisation of lignin, a polyphenolic biopolymer omni-
present in plants and trees.> Currently, lignin is processed
during pulping on a multi-Mt-scale and accumulates as a side
product, being burned on site for the production of energy
and recovery of inorganic chemicals. Depolymerization of tech-
nical lignin is considered difficult due to structural changes
during the harsh process conditions, but several oxidative,®
reductive,® thermal,™® and electrochemical”** methods have
been developed.'®'* Another side stream of these pulping
plants is represented by barks and the tannins therein, which
are currently not employed as a chemical feedstock. Besides
chemical transformation, biological transformations have
received attention, transforming biomass into fine chemicals
through fermentation with genetically engineered bacteria. In
1979, 2-pyrone-4,6-dicarboxylic acid (2), was discovered as a
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product of the enzyme o-hydroxy-y-carboxymuconic-e-semialde-
hyde dehydrogenase, being linked to the bacterial metabolism of
protocatechuic acid."> Noteworthy, protocatechuic acid can be
easily obtained from various types of lignin."® In the early 2000s,
2 received further attention, as it was discovered that sphingomo-
nas paucimobilis SYK-6 could metabolize low-molecular weight
compounds derived from lignin to pyrone 2."” Several follow-up
publications detailed efforts to genetically engineer bacteria to
produce higher quantities of 2, and change the feedstock to
simple glucose."®'® 2-Pyrones are an interesting class of com-
pounds that can undergo a variety of transformations and have
been of high interest for synthetic chemists.>* Due to its two car-
boxylic acids and slightly aromatic feature, it is also a very promis-
ing monomer for polyester synthesis. It can be polymerised with
glycol resulting in a polymer with similar properties to PET or be
used in polyurethanes showing strong adhesive properties.*'>
The inherent advantages of 2 as a monomer, are that it stems
from biogenic, underutilized and renewable sources. In addition,
this moiety shows a rapid biodegradation and biocompatibility
(Fig. 1).**

Many publications dealing with the fermentative pro-
duction or polymerization of 2 remark, that there is no chemi-

Fermentative synthesis: ;é::;
O

Different biogenic %

substrates
Biobased &
[ThIS work: direct and simple synthesns

biodegradable
polymers

Under
tannins [o}

Polymers,

OH
N\_OH plasticisers,
) - N

chemical
3 transformations

Fig. 1 Current methods for the synthesis of 2 and its use as a
monomer.
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cal process for the synthesis of this compound reported yet.
Due to this, it is not commercially available, and almost not
accessible even though it has been mentioned in over 100 pub-
lications in the recent years. Although, the polymers of 2 show
very interesting properties, research is limited due to the una-
vailability of 2, as synthetic research labs generally do not
possess the necessary equipment for fermentation. Thus, an
easy access to this compound would greatly spark the interest
in further research on its use as a monomer or building block
for synthetic transformations. Within this work, we enabled a
single step access to pyrone 2, from renewable and readily
available gallic acid (1) in a simple procedure using sodium
perborate and acetic acid. Our procedure does not require any
elaborate set-up.

Another compound used as a monomer is trans-aconitic
acid (3), included in the list of top-30 value-added chemical by
the US Department of Energy.”> Industrially, 3 is produced by
dehydration of citric acid with sulfuric acid, but again efforts
have been made to genetically engineer bacteria, to produce 3
by fermentation.*® Due to its availability, it has a multitude of
uses in industrially e.g. as a cross-linker for polyesters or as a
building block for other value-added chemicals.

Another class of natural compounds that has gained an
increased interest as a potential renewable feedstock for the
chemical industry, has been the class of tannins. They can be
found in most parts of plants, but accumulate in the bark of
trees and especially in oak galls, having a high potential to
serve as a renewable source of aromatics, that could serve as
platform chemicals next to lignin.”” Tannins are divided into
two subclasses: hydrolysable tannins; made up of either gallic
or ellagic acid esterified to a sugar core and condensed
tannins bearing a flavan core moiety with up to 50 repeating
units, linked by a C-C bond.?®**° Hydrolysable tannins have
been explored as a natural source for gallic acid with recent
developments in extractive procedures with solvents or hot
water giving a sustainable access to gallic acid (1).>°*'
Since there are only few chemical procedures to make use of
these compounds, our investigations started with finding a
chemical transformation of gallic acid (1) to value-added
compounds.
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Results and discussion

In early experiments with 1 it was found that products originat-
ing from oxidative ring cleavage could be accessed by using
peroxodicarbonate, an electrochemically generated oxidizer
established by the Waldvogel group.®*>* The mechanism of
the oxidative cleavage of catechols was investigated intensively
in the 20™ century, due to interest in the transformations of
catechols by the enzyme pyrocatechase.?**® A similar reaction
was used recently for the oxidative cleavage of lignin-derived
catechols, using toxic and precarious reagents such as formic
acid and hydrogen peroxide combined with an iron(u) cata-
lyst.>” In our case a system with non-hazardous and readily
available sodium perborate (NaBO;-4H,0) and acetic acid,
which can be considered a green solvent with no environ-
mental risk, proofed to be most efficient.*® Sodium perborate
is a mild oxidiser used on a large scale for its bleaching pro-
perties and can be synthesized electrochemically.*>*® It is
known, that if sodium perborate is mixed with acetic acid, per-
acetic acid is formed after some time.*' However, the actual
active species remains unclear, since the reactivity differs from
peracetic acid.** The postulated reaction sequence for the oxi-
dative ring cleavage of 1 according to literature*>** is depicted
in Scheme 1 and proceeds through the initial formation of
ortho-quinone I. However, this intermediate I gives rise to
various side reactions such as oligo- and polymerization.
Subsequently, I is cleaved in a Baeyer-Villiger-type oxidation,
leading to the cyclic anhydride II, which readily hydrolyses to
the tricarboxylic acid III. The ring-opened intermediate can
react in two different ways: cyclization after double-bond
rotation to form the lactone 2 or oxidative decarboxylation,
either by CO extrusion or an oxidant assisted mechanism, to 3.

Oy OH Oy OH
[Ox.] : : .
- —— undesired side reactions
HO OH HO (¢}
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Oy _OH
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Scheme 1 Proposed reaction sequence for the oxidative conversion of
gallic acid (1) to 2 and 3.
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In a one-variable-at-a-time (OVAT) screening approach, we
tried to increase the yield of 2 and the results are depicted in
Fig. 2. At the lowest investigated temperature of 25 °C, the for-
mation of 2 is decreased to a yield of 6% meanwhile the yield
of 3 is increased to 32%. By increasing the temperature, the
yield of 2 increases to 14% at 70 °C, while the yield of 3 con-
tinuously drops until it reaches 1% at 100 °C. Regarding the
optimization of the equivalents of sodium perborate, a full
conversion of starting material 1 was achieved with 3.5 eq. of
the oxidizer, while the theoretical amount for the formation of
2 is 2.0 eq. Further equivalents of oxidizer lead to no decrease
of product yield, demonstrating their stability towards over-oxi-
dation. The reaction time also showed only little influence.
After 1 h 1 is consumed and the products do not degrade at
prolonged reaction times. Next, we investigated the influence
of the substrate concentration, which showed to have the
highest influence on the yield of 2. It was expected, that the
yield of observable products could be greatly increased by low-
ering the concentration of starting material, to suppress oligo-
merization reactions of the intermediary formed quinone. By
decreasing the concentration of 1 from 49 to 12 mw the yield
of 2 was increased to 33% while the yield of 3 dropped to 8%.
Further dilution hindered the reaction, decreasing the conver-
sion and product formation. Interestingly, the overall yield of
observable products never exceeded 41%. With a similar
rationale, it was tested if slow addition of starting material
could improve the yields. Through this, the yield could not be
further increased, but it allowed to use a lower volume of
solvent (Fig. 3).

Then, the influence of different additives and solvents on
the oxidative cleavage was tested and the results are displayed
in Table 1.

A mixture of sodium perborate in carboxylic acids, provides
the corresponding peracids trough a mixed perborate-acid
intermediate as postulated by McKillop et Sanderson. Notably,
these mixed species were also isolated for use as peracetic
acid-releasing detergents.** The formation of peracetic acid by
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Table 1 Influence of different additives and solvents on the oxidative
cleavage of gallic acid (1). Yields were determined by *H NMR with 1,3,5-
trimethoxybenzene as internal standard

Oy _OH Os_OH
NaBOs-4 Ho0 (2.5 eq.) | X . w
ACOH, 50 °C, 4 h N
HO OH HO 0" Yo HO OH
OH o
1 2 3

Deviation from Conversion

standard conditions of 1 Yield 2 Yield 3
None 85% 11% 23%

5 eq. HySO4 40% Traces Traces
Peracetic acid 35% n.d. n.d.
20 vol% HFIP 80% 8% 30%
20 vol% TFE 77% 8% 24%
Formic acid 48% 1% 1%
Trifluoroacetic acid 77% 4% n.d.
Propionic acid 80% 4% 32%
Pivalic acid 58% Traces 8%

sodium perborate can be greatly accelerated by adding sulfuric
acid, but in our case the yield dropped significantly with
addition of sulfuric acid.*’ When commercial peracetic acid
was used for the reaction, no formation of ring-opened pro-
ducts was observed, emphasizing the essential role of a mixed
perborate-acetic acid species. Furthermore, the wuse of
different co-solvent mixtures of acetic acid and fluorinated
alcohols were tested, since latter proofed to be beneficial in
the hydrogen peroxide mediated Baeyer-Villiger oxidation and
other oxidative transformations.*®> Here, the presence of fluori-
nated alcohols showed only adverse effects in different solvent
ratios (Table S5t). Different organic acids as mediators in
place of acetic acid were also tested, but pure acetic acid per-
formed the best, though propionic acid lead to a 32% yield
of 3.

Under optimized conditions, the reaction was conducted
on a 1.5 mmol scale and 2 was isolated in a yield of 36%, uti-
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Fig. 3 Optimization of reaction temperature and substrate concentration. Yield of 2 [e], 3 [e] and conversion of 1 [e]. Cond.: (a) 4 h, 2.5 eq. of
NaBOs-4H,0, 33 mmol L™%; (b) 4 h, 70 °C, 3.5 eq. of NaBOs-4H,0. Yields were determined by *H NMR with 1,3,5-trimethoxybenzene as internal

standard.
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Scheme 2 Application of the optimized reaction conditions to gallic
acid (1) and readily available derivatives.

lizing a method described by Michinobu et al., who were able
to crystallize the compound as its sodium salt from an
aqueous brine solution.*® To investigate the scalability of the
protocol, the reaction was scaled-up with 55 mmol of starting
material 1, yielding 3.13 g (30%) of pyrone 2 in a slightly
decreased yield.

The reaction was then transferred to common and readily
available derivatives of gallic acid (1). Methyl gallate (1a) gave
the corresponding pyrone 2a in a yield of 64%. Interestingly
the reaction with amide 1b yielded 51% of pyrone 2b, while it
is described in literature, that it preferably produces ellagic
acid with various reagents containing active oxygen.*” The
bromo-derivative 2¢ was obtained in a yield of 66%, which has
already been used in the synthesis of APIs, but had to be syn-
thesised in multiple steps with a low yield.*® Furthermore, pyr-
ogallol (1d) could be converted to the monosubstituted pyrone
2d in ayield of 54%.

Additionally, tannic acid, the mother compound, from which
gallic acid is isolated, was used under the optimized conditions,
but pyrone 2 was only received in a yield of 11%. During the drop-
wise addition of tannic acid to the perborate acetic acid mixture,
a solid formed immediately after the drop reached the reaction
mixture, which also did not disappear during the reaction and
was not susceptible to analysis and likely stems from intra-
molecular reactions. Thus, a prior hydrolysis to gallic acid (1)
would provide 2 in higher yields (Scheme 2).

Conclusions

By this work a direct and simple access to trans-aconitic acid
(3) and 2-pyrone-4,6-dicarboxylic acid (2) was established,
which is to date only produced through laborious fermentation
processes and not available by chemical means. As a starting
material, renewable and inexpensive gallic acid (1), which can be
isolated from bark of trees, was used. This underutilized feed-
stock was oxidized with a mixture of acetic acid and sodium per-
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borate. With this new access to pyrone 2, further transformations
of this compound to chemicals or polymers from renewable
resources are made possible. Furthermore, readily available
derivatives of gallic acid (1) were also successfully converted to
the corresponding pyrones in satisfying yields.
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