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Sustainable oxidative cleavage of catechols for the synthesis of
muconic acid and muconolactones including lignin upgrading

Florentin Coupé,®bc Lauréne Petitjean,® Paul Anastas,*d Frédéric Caijo,c Vincent Escande*®< and
Christophe Darcel*a?

Muconic acid and muconolactones are gaining high interest as platform molecules for the synthesis of a variety of
compounds, especially in the domain of materials. Despite several technologies have been described for their synthesis,
there is still a lack of performance, especially regarding green chemistry principles. In this study, we describe the
development of an optimized catechol oxidative cleavage to muconic acid using performic acid in an intriguingly safe fashion.
Common iron salts were used as catalysts to a level as low as 0.005 mol%, for a maximum turnover number of 13200.
Maximum muconic acid yield reached 84% after isolation by simple filtration. This procedure optimized on catechol was also
efficient over a wide range of substituted catechols, providing the access to muconolactones in a domino reaction.
Noticeably, biobased catechols produced by a proven technology of lignin depolymerization were cleaved into
muconolactones of high functional value. Applying this supplementary cleavage step to lignin depolymerization catechols
was thus an ultimate way to maximize the economical value created from lignin. In contrast with other studies, lignin was
not only depolymerized, but depolymerization products were further transformed to take as much value from biomass as

possible.

Introduction

Lignin is usually considered as a high potential biopolymer for
the substitution of petroleum-based specialty chemicals. In
particular, it has a high carbon content and is the only biomass-
derived polymer characterized by a structure based on aromatic
moieties.! Even if it is found in abundant, non-edible biomass,
its transformation should be efficient and comply with green
chemistry principles.

However, lignin valorization still remains challenging, giving
complex mixtures of products in poor yields.>™ Lignin is
extracted from lignocellulosic biomass using several processes.
The preferred one is solvolysis, which preserves its structure the
best.? Lignin is then transformed via depolymerization, which
allows the cleavage of several bond types, affording simple
molecules, which can be afterwards further functionalized.? In
2014, Anastas et al.> proposed a depolymerization process by
hydrogenolysis using copper-based porous metal oxides (Cu-
PMO). Starting from organosolv lignin extracted from Candlenut
shells (Aleurites moluccana; Euphorbiaceae), the main
depolymerization products were substituted catechols.

These catechols then open a new route to lignin upgrading, as
they have relevant structures for further functionalizations.
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However, they might not have direct applications with specific
properties. An interesting approach to valorize these
monomers implies their cleavage to muconic acid derivatives.
(Scheme 1) Indeed, muconic acid (MA), in its unsubstituted
form, has caught a growing interest these last years as it has
several potential applications. This lignin-based approach could
therefore provide a sustainable source to oil-based industrial
relevant chemicals. First, in the domain of materials, MA can
serve as a precursor of monomers, like adipic acid, terephthalic
acid and e-caprolactam for the respective productions on Nylon
6-6, polyethylene terephthalate (PET) and Nylon 6.58 MA can
also directly be employed as a monomer for the design of new
classes of polymers, either by polycondensation or by radical
polymerization.®>11 Otherwise, MA can be converted into
different compounds of interest such as trans-3-hexenedioic
acid or cyclic ketones, especially cyclopentanone.1%12.13 |ndeed,
trans-3-hexenedioic acid was especially considered as a
monomer for the synthesis of unsaturated Nylon 6-6.1* More
noticeably, MA is known for its ability to undergo
intramolecular cyclization, giving either muconolactones or
dilactones.”19 Moreover, muconolactones are reported to be
formed spontaneously from a MA intermediate, depending on
the catechol substrate structure.’®> These lactones offer a
complementary class of molecules to muconic acids and widen
the field of application of catechols cleavage products. (Scheme
1) For example, muconolactones have a strong structure
analogy with furanones, which have important functional
applications, especially in the domain of natural products.16-20
In definitive, MA can act as an important platform molecule.2%.22
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Scheme 1. Overview of selected applications for catechols cleavage products.

Current MA production methods are discriminated into two
main approaches: biotechnological or chemical pathway. A
large number of studies have been released on the MA
production via microorganisms from a variety of substrates -
either of lignin type or not- and using several biological strains,
mainly Pseudomonas putida, usually engineered.?325 Even if
these biochemical conversions can legitimately be considered
as sustainable, they come along with some problematic aspects
undesired for a large scale production: low concentration of the
broth to prevent toxicity to microorganisms, as well as product
extraction and purification difficulties. To get rid of these
inconveniences, a preferred MA production goes through
chemical conversion. This synthetic approach has been well
described in the literature. In pioneering works, the catechol
chemical cleavage reaction was designed in order to mimic the
naturally occurring non-heme Fe(lll) dioxygenases.2673° Thus,
several Fe(lll) complexes were studied to describe the catechol
intradiol cleavage, with molecular oxygen as the terminal
oxidant. Among all these complexes, the one with tris(2-
pyridylmethyl)amine as ligand expressed excellent activity (up
to 85% MA yield, mixture of esters).31:32 Even though this
aerobic route for the MA is very promising, it still has some
disadvantages considering a potential industrial application
(pressure of air, relatively high loading of expensive and non-
recyclable catalyst and improvable MA vyields). Another
chemical route employed peracids, and essentially peracetic
acid (PAA). Peracids in general are convenient reagents, as they
are already widely produced and used at an industrial scale, as
epoxidation reagents for example.33 Moreover their synthesis is
simple, starting from cheap and abundant reagents, and
creating almost no waste. In particular, Pandell described the
catechol cleavage reaction with PAA using different
conditions.3#3> To be efficient, the cleavage required sufficiently
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concentrated PAA, a low amount of water, the presence of a
Fe(lll) inorganic salt catalyst, and the slow addition of the
catechol substrate. It also had the advantage of being carried
out under standard/ambient conditions. Moreover, the
obtained MA was insoluble in the reaction medium, which
eased its isolation by simple filtration.

Therefore, we decided to make this promising technology the
starting point of our study, to upgrade lignin depolymerization
products into value-added compounds. In the current work, we
report the use of simple iron salt-based catalysts for the
oxidative cleavage of catechols, including bio-based catechols
obtained from lignin depolymerization, by performic acid
leading to substituted muconic acids derivatives and their
related muconolactones.

Experimental section
Typical procedure for catechol cleavage

In a 25 mL round-bottomed flask, formic acid (10.40 g, 225
mmol) and H,0, (50 wt%, 3.06 g, 45.0 mmol, 4.5 equiv.) were
stirred for 1 h at 20 °C to pre-form performic acid in situ. Then
(NH4),Fe(S04),.6H,0 (3.9 mg, 0.1 mol%) was dissolved in the
pre-mix, and catechol 1a (1.10 g, 10 mmol) dissolved in 4 mL of
HCOOH was added in 4h30 with a syringe pump. After the end
of the addition, the mixture was stirred for 20 more hours to
allow complete spontaneous peroxy decomposition (KI/starch
test was negative at this time). Noticeably, NMR monitoring
showed that no catechol remained in the reaction mixture only
1 h after the end of the addition. The obtained insoluble
muconic acid 2a was then filtered off, washed with a minimum
amount of H,0, and dried in a desiccator (P,Os) (light grey solid,
1.19 g, 84% isolated vyield). Purity was checked by 'H NMR

This journal is © The Royal Society of Chemistry 20xx
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(DMSO-dg). In a separate experiment, filtrate concentration
followed by acetone washing allowed to recover 4% more
muconic acid with 90% purity.

Representative procedure for substituted catechol cleavage,
protocatechuic acid

Ina 25 mL round-bottomed flask, formic acid (5.20 g, 112 mmol)
and H,0; (50 wt%, 1.53 g, 22.5 mmol) were stirred for 1 h at 20
°C to pre-form performic acid in situ. Then (NHz),Fe(S0O,),.6H,0
(2.0 mg, 0.1 mol%) was dissolved in the pre-mix, and
protocatechuic acid 1h (0.77 g, 5.0 mmol) was added
portionwise in 2 h (note that depending on the substrate nature
and solubility in HCOOH, it was either added portionwise or in
solution in HCOOH). After the end of the addition, the mixture
was stirred for 20 more hours, until all peroxides were
spontaneously decomposed (Kl/starch test negative). The
medium was then concentrated in vacuo to leave 4-carboxyl-5-
carboxymethyl-2-furanone 3h as a grey solid residue (0.697 g,
68% at purity estimated at 90% by *H NMR). Further purification
was achieved by basic/acidic successive washings and
recrystallization.

Results and discussions
Development of the catalytic process on catechol

Nature of the oxidizing mixture. The most employed peracids
in organic synthesis are meta-chloroperbenzoic acid (m-CPBA)
and peracetic acid (PAA). Despite this, only PAA has been
extensively studied in the catechol cleavage reaction in the
literature, probably because it is a cheap, and readily available
reagent. m-CPBA however was not selected as a potential
candidate as it poorly fulfils green chemistry requirements. In a
first approach, PAA was employed as the oxidant from two
different sources: either from its commercial form (35 wt% in
AcOH), or from an in situ preparation from AcOH and H,0, (1:1
molar ratio) catalyzed by 1 wt% of H,SO, (Table 1, entries 1-5).
Noticeably, 4.5 equivalents of oxidant were employed, which
corresponded to an excess of only 2.5 equivalents, as previously
reported in mechanistic considerations affirming that 2
equivalents were required.3%37 In the case of in situ prepared
PAA, the number of equivalents was determined by the H,0,
total added amount, as it regenerates PAA while it is consumed
upon catechol addition. As mentioned in previous
contributions,3%37 the in situ Fe(lll)-catecholate complex formed
in a first step was then oxidized with PFA giving an o-quinone
intermediate. In the presence of the PFA, this latter led to
muconic acid through a possible cyclic muconic anhydride.
Noticeably, such intermediates were not observed in the
present conditions, which may be due to their low stability in
the reaction conditions.

Both PAA sources -commercial or in situ prepared- gave similar
results (25% and 20% MA 2a isolated vyields, respectively).
Considering that commercially available PAA is a solution of PAA
in AcOH, the in situ prepared PAA is actually a mixture of AcOH,
PAA, H,0, and H,O in an equilibrium state.3338 So, to displace
the initial equilibrium towards the formation of PAA, a

This journal is © The Royal Society of Chemistry 20xx

Green Chemistry

AcOH:H,0; ratio of 10:1 was tested (Table 1, entry,2), Thus,the
MA vyield slightly increased to 34%. AlsoD&hisrEstatoOs Gttest
that diluting water brought by the H,0, solution has a beneficial
effect on the reaction, as previously reported.3> To confirm this,
and to bring even less H,0 in the mixture, a more concentrated
H,0, solution (50 wt% in H,0) was used (Table 1, entries 3-4).
Surprisingly, the associated yields were not better than with
H,0, 30 wt%, and even dropped to 9% with a AcOH:H,0, ratio
of 1:1. This strategy was thus not completely satisfying for a
yield increase.

On another hand, it is described that performic acid (PFA) is a
much stronger oxidizer than PAA.33 Astonishingly, almost no
studies employed this peracid in the catechol cleavage
reaction.3? In this context, we decided to test its efficiency in the
target reaction. Despite the appearances, PFA, when handled
properly, is not hazardous.334041 Especially, when prepared in
situ, it doesn’t require any intermediate storage or
transportation. Indeed, PFA can be conveniently prepared by
simple mixing of commercial formic acid and hydrogen peroxide
solution, in a short reaction time, without the need for any acid
catalyst.#243 The proportions of formic acid and hydrogen
peroxide only need to be set up properly to avoid to have a
mixture composition in the explosivity range of the
HCOOH:H,0,:H,0 ternary system (see ESI, Fig. S1).33 Moreover,
PFA decomposes slowly, so that any left residue after the
cleavage reaction would be decomposed spontaneously,
leaving no hazardous peroxide species in the reaction
mixture.*?*3 Finally, formic acid can be easily obtained from
sustainable sources.*

The in situ generated PFA was evaluated using the same
reaction conditions than the ones used for PAA. Based on the
best result obtained with in situ prepared PAA, we prepared PFA
with a HCOOH:H,0, 50 wt% 10:1 mixture (Table 1, entry 6).
Using this medium, the MA isolated yield increased up to 80%.
PFA prepared in these conditions was thus considered as being
a very powerful oxidant for the reaction.

Table 1. Assessment of different oxidizing mixtures.

OH  (NHg),Fe(s0,),- 6H,0

(0.1 mol%) /. COH
HO,C
OH RCO,H:H,0,
la 2a

H,0, strength  Acid:H,0, Yield®
Entry Acid? (wWt%) molar ratio 2a (%)
1 AcOH 30 1 25
2 AcOH 30 10 34
3 AcOH 50 1 9
4 AcOH 50 10 31
5 PAAb / / 20
6 HCOOH 50 10 80

Conditions: 10 mmol catechol 1a added in 4.5 h, 4.5 equiv. H,0,, 20 °C, 0.1 mol%
(NH,4),Fe(S04),.6H,0.  When AcOH was used, the peracid synthesis was performed in 24
h at 20 °C, catalyzed by 1 wt% H,5S0,. ©® Commercial peracetic acid solution, 35 wt% in
AcOH. ¢ Isolated yield.

J. Name., 2013, 00, 1-3 | 3
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Nature of the metal catalyst. The catechol cleavage by peracids is
areaction allowed by a catalyst species. Many metals have been
tested by the past, and simple Fe salts have been described to
have among the best activities.3® Thus, the activity of several
metal salts was evaluated with the PFA system.

From Table S1 (ESI), the Fe-based catalysts can be easily
discriminated from the other tested metals, for which the MA
isolated yields did not excess 35%. A notable exception is Fe,03,
which was not soluble enough in the reaction medium to act as
a catalyst (5% isolated yield). Even more interestingly, as seen
in Table 2, entries 3-10, all Fe salts gave MA with close yields at
high catalytic loading (0.1 mol%, 73% to 80% yields). This is in
accordance with previous observations on Fe(lll) species.3*
Furthermore, the initial Fe oxidation state had no influence (0O,
I, or 1l1) on the efficiency, showing that performic acid is able to
oxidize Fe to a higher active oxidation state. This is, to the best
of our knowledge, the first report of the use of Fe at lower
oxidation states than +Ill in a peracid-based system.

Optimization of the PFA oxidizing mixture. After having
evaluated the influence of the peracid and the metal catalyst
natures, complementary experiments were carried out to
better understand the influence of the HCOOH:H,0, ratio, and
to potentially improve the MA yield. HCOOH:H,0, 50 wt% 10:1
was first selected, as being the most promising one. To verify
this, H,0, 30 wt% was also tested with a HCOOH:H,0, 1:1 ratio,
and led to lower yield, even if it overclassed all results obtained
with PAA. In this continuity, H,0, 50 wt% was used as the unique
H,0, source. Then, to verify the effect of the HCOOH:H,0, ratio,

Table 2. Catechol 1a cleavage - Screening of different Fe salts as catalysts, at

different catalytic loadings.

Fe loading Yield 2a

Entry Catalyst (mol%) (%)?
1 Without Catalyst / 3

2 Fe,03 0.1 5

3 Fe(acac)s 0.1 73
4 Ks[(C,04)sFe].3H,0 0.1 75
5 FeCl, 0.1 76
6 FeCls, anhydrous 0.1 77
7 Ferric ammonium citrate 0.1 78
8 Fe(CO)s 0.1 78
9 (NHa),Fe(504),.6H,0 0.1 80
10 Fe powder 0.1 80
11 Fe(acac)s 0.01 45
12 K[(C,04)sFe].3H,0 0.01 68
13 FeCls, anhydrous 0.01 68
14 Ks[(C,04)sFe].3H,0 0.005 49
15 Ferric ammonium citrate 0.005 49
16 FeCl; anhydrous 0.005 61
17 (NHa),Fe(S04),.6H,0 0.005¢ 66
18 (NHa),Fe(SO4).6H,0° 0.0025¢ 10

Conditions: 10 mmol catechol 1a added in 4.5 h, 4.5 equiv. H,0, (50 wt%), HCOOH:H,0,
10:1 molar ratio, 20 °C. ? Reaction performed in duplicate gave the same result. ? Isolated
yield. €50 ppm Fe.- 425 ppm Fe.

4| J. Name., 2012, 00, 1-3

other mixtures were tested (Fig. 1). The lowest experimented
ratio was 2.7:1, which was slightly higheP®6 th&&pparfifsit &F
the explosivity range of the HCOOH:H,0,:H,0 ternary system.
The HCOOH:H,0, 1:1 ratio was not tested due to this constraint
(see ESI, Fig. S1).33

This 2.7:1 ratio gave slightly worse results, with a 73% muconic
acid isolated yield (Fig. 1). Finally, the intermediate ratio 5:1 was
also applied, and corresponded to the best obtained yield of
84%. This can be explained as it may be an optimum value
between pushing the equilibrium towards the PFA formation
and a too dilute medium due to a too large excess of HCOOH.

The PFA solution formed with this ratio is clearly outside of the
explosivity range (see ESI, Fig.51)33 and is thus a safer oxidizing
mixture. Moreover, using a lower excess of HCOOH than in the
10:1 mixture is beneficial in terms of mass engaged in the
reaction, giving better metrics values such for mass intensity
(see ESI, Table S3 for green chemistry metrics calculation).

Catalytic loading. In a first approach, a standard low value of
0.1 mol% catalyst loading was applied to evaluate the best
catalysts. At this catalytic loading, the obtained MA yields
ranged from 73% to 84%, giving turnover number (TON) values
varying between 730-840. On this basis, the Fe species were
tested with a tenfold decrease in catalytic loading (Table 2,
entries 11-13). However, even this catalytic loading value was
too high to discriminate the different salts. Only Fe(acac)s
showed a lower activity (68%, TON 6800). Then, the catalytic
loading value was further halved to 0.005 mol% (i.e. 50 ppm Fe)
(Table 2, entries 14-17). Indeed, most of the salts led to a MA
yield below 60%. Remarkably, (NH;),Fe(S04),.6H,0 still
provided a decent MA yield of 66%, with an associated TON of
13200. (NH4),Fe(S0,4),.6H,0 was then tested on an even lower
catalytic loading (0.0025 mol% i.e. 25 ppm), but the MA vyield
significantly dropped to 10% (Table 2, entry 18). Thus, the
optimal catalytic loading value was of 0.01 mol%, regardless of
the Fe salt employed, but with a slight preference for
(NH4),Fe(S04),.6H,0 as it was the most active at very low
catalytic loadings.

0
90 84% 30%

80 73%

MA isolated yield (%)

2.7:1 5:1 10:1
HCOOH:H,0, molar ratio

Figure 1. Optimization of the HCOOH:H,O, ratio. Conditions: 10 mmol catechol
ecded in 4.5 h, 4.5 equiv. H,0, (50 wt%), cat. (NH,),Fe(S0,),.6 H,0 0.1 mol%, 20

This journal is © The Royal Society of Chemistry 20xx
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An optimized procedure for the peracid-based catechol
cleavage was thus designed with in situ preformed performic
acid, synthetized with pure HCOOH and H,0, 50 wt%. The best
conditions to perform the reaction were a HCOOH:H,0, 5:1
ratio, using 0.01 mol% of a Fe inorganic species as catalyst. The
cleavage was carried out at 20 °C and required the slow addition
of the catechol substrate over a 4h30 period. In these
conditions, the MA 2a isolated yield reached its maximum value
of 84%.

Feasibility of the process on substituted catechols

When we first developed this peracid-based technology for the
catechol cleavage, not only we desired a green, reliable process
for the synthesis of MA, but we also had in mind its potential

applicability on substituted catechols. We then decided to
screen the scope of substituted catechol substrates. Figure 2
gives an overview of all obtained structures from these catechol
cleavages. The main difference with catechol cleavage resided
in the nature of the obtained products. While catechol cleavage
led specifically to the formation of MA 2a, almost all substituted
catechols 1 furnished muconolactone cyclic structures 3. They
resulted from an intramolecular hetero-Michael addition of the
muconic acid cleavage product, as already described.’®> This
cyclization reaction may also be favoured by the very high
acidity of the medium. The susceptibility of the muconic acid
intermediate to evolve towards the muconolactone structure
also relied on its substituent steric hindrance. Indeed, 4-
methylcatechol 1b, 4-chlorocatechol 1c and 3-methoxycatechol
1d led to “free” muconic acid derivatives 2b-d after the cleavage

(NH,4),Fe(S0,4),- 6H,0
(0.1 mol%)

Green Chemistry

reaction, as minor products (with yields up to 34%), Indeed, for
each substrate, the produced muconic drid: canoevolvedmwiwe
different muconolactones, but only one is observed, as
previously reported.’> However, starting from 4-nitrocatechol
1e, the conversion was incomplete (85%) and only a mixture of
isomers of 3-nitro-2,4-hexadienedioic acid 2e was obtained
(39%), and no muconolactone was observed, possibly due to
the -NO, strong electrophilic character which inhibited the
cyclization. By contrast, catechols bearing electron-withdrawing
group like caffeic acid 1g and protocatechuic acid 1h, after
cleavage, led to muconolactones 3g and 3h in moderate yields
(58% and 68%, respectively). Thus, the electronic properties of
the substituent have an influence on the obtained yield: with
catechols bearing electron-donating substituents (e.g. 1b, 1d,
1f), the corresponding muconolactones 3b, 3d and 3f were
obtained in variable vyields (5-71%). Starting from 4-
chlorocatechol 1c, a mixture of two muconolactones 3c-i and
3c-ii was obtained. Among all the tested substrates, 4-
cyanocatechol did not react. Finally, 3,5-Di-tert-butylcatechol
1f, a reference substituted catechol, gave the muconolactone 3f
in 37% yield.

Thus, in the case of substituted catechols, the oxidative
cleavage went through muconic acids which could then evolve
through a hetero-Michael intramolecular addition leading to
the cyclic muconolactone, highlighting the steric and
stereoelectronic effect of the substituents on the cyclisation
susceptibility. Such a reactivity is consistent with what has
already been described.?>

R
Ho,~ =,

CO,H

L,
OH

R
1

HCO,H:H,0, 5:1

2
o)
o}
CO,H
R 3
o)

o] o o)
P cl CO,H MeO
= coH 0 NCOzH | o | o MeOW | ©
CO,H cl HO
CO,H CO,H COoH
2 2 CO,H CO,H 2 COH
2b (13%) + 3b (71%) 2c (18%) + 3c-i (45%)7 + 3c-ii (30%)° 2d (34%) + 3d (5%)?
0
0 0
NO, CO.H | o P | o
— HOzc N
4 CO,H HO,C
COM COH COH
2e (39%)° 3f (37%) 3g (58%) 3h (68%)

Figure 2. Structures obtained from the cleavage of substituted catechols 1. Percentages depict isolated yields. Numbers in brackets are the associated isolated yields. @
The two muconolactones were obtained as a mixture (molar ratio 3:2) ? The four possible muconic acid derivative isomers and the muconolactone were present as a
mixture, see ESI for further experimental details ¢ A mixture of three unspecified isomers was obtained (ratio 20:11:7).

This journal is © The Royal Society of Chemistry 20xx
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with 3j-i and resulted from the formylation of 3j-i in the reaction conditions (molar ratio formylated:non formylated 8:3).

Application to catechols from C-lignin

After having proven the efficiency of our PFA-based technology
on substituted catechols, we decided to look deeper into
sustainable sources of catechols. Indeed, the main catechol
production comes from the petroleum industry, even if its
production from biomass is emerging, for example from
biobased ferulic acid.*> On another hand, guaiacol, which has a
very similar structure to catechol, is often reported as a major
lignin depolymerization product.2 The developed iron-catalyzed
cleavage process was thus evaluated with commercial guaiacol.
Unfortunately, only small amounts of MA 2a were isolated in
this case (up to 25%). The presence of a methyl on one of the
hydroxy groups impeded the reaction by hindering the
formation of the complex with the Fe(lll) catalyst. Nonetheless,
guaiacol demethylation could be accounted as a route to
biobased catechol.*6*® |n 2014, Anastas et al. reported the
formation of four substituted catechols from the
depolymerization of lignin sourced from candlenut shells, using
hydrogenolysis catalyzed by Cu-PMOs.> Recent insights
revealed that the formation of catechols in these conditions was
not exclusively due to the employed process, but the nature of
the starting biomass has a preponderant role. Indeed, for
decades, lignin was thought to be a polymer based exclusively
on paracoumaryl alcohol (H), coniferyl alcohol (G) and sinapyl
alcohol (S) units. However, in 2012, Ralph et al. reported the
existence of a different lignin type, based on caffeyl alcohol (C)
units, first found in vanilla seeds.*® Thereafter, lignin from
“classical” biomass was renamed GS-lignin, whereas this newly
discovered lignin was designated as C-lignin. C-lignin from
vanilla, upon depolymerization, has been shown to give back
catechol moieties through benzodioxane linkage breaking.>%>!
Then C-lignin was found to be present in high amounts in
candlenut shells, explaining the formation of catechols from its
lignin depolymerization.>? Even if C-lignin appears to be much
less abundant than GS-lignin, being restricted to specific
biomass sources, it still counts as an important feedstock, as
candlenut is a crop developed for its oil, transformed into
biodiesel. Another relevant C-lignin source may come from
castor bean shells,”?>53 which are grown for their highly-
containing ricinoleic acid oil, especially used for the
manufacture of Polyamide 11.>4

6 | J. Name., 2012, 00, 1-3

Once the process optimized on catechol and screened on
different petroleum-based substituted catechols, it was then
applied to catechols obtained from lignin depolymerization. We
decided to work on lignin issued from candlenut shells, being
rich in C-lignin, giving, via hydrogenolysis depolymerization,
alkyl-substituted catechols which are good candidates for our
iron-catalysed cleavage reaction.

First, the cleavage was performed on the isolated catechols,
using previously developed conditions (HCOOH:H,0, 50 wt%
5:1, (NH4),Fe(S04),.6H,0 0.1 mol%). As previously observed,
these catechols 1i-k evolved specifically to the muconolactone
derivatives 3i-k, with high yields in isolated forms (Figure 3, 73%
to 86%). Notably, no secondary products were observed, except
in the case of 4-(3-hydroxypropyl)catechol 1j, whose hydroxy
lateral group was formylated at 71%. The cleavage was also
tested directly on lignin depolymerization oil, and the expected
products were observed, with no catechols remaining (ratio
3i:3j-i:3j-ii:3k of 7:2:5:3).

Conclusions

A sustainable process was designed to allow the efficient
cleavage of catechol substrates. First, it allowed the
manufacture of muconic acid from catechol in high yields, up to
84%. Performic acid was employed as the oxidant, synthetized
in situ from formic acid and H,0,. In these conditions, formic
acid played the role of the solvent, so that no additional solvent
was required. Moreover, product isolation was performed by
simple filtration. All these aspects make the process highly
interesting in terms of mass intensity (15.6 kg/kgwa, see ESI,
Table S3). Furthermore, this also impacts the E factor value
positively, determined at 2.0, which is a very low value
considering that the process falls into the field of fine chemistry.
On the other hand, performic acid was handled in appropriate
conditions, so that there were no safety issues using it. Even
more, the terminal oxidant was actually H,0,, which is a benign
oxidant. Also, performic acid, upon reaction, gave back formic
acid, which could therefore be recovered, for example by
extractive distillation regarding an industrial application.>>56
Thus, the only significant waste was water, which was brought
by the H,0, solution. The catalyst used was a simple inorganic
iron salt. Beyond its use in very low quantities, iron is a nontoxic,

This journal is © The Royal Society of Chemistry 20xx
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Earth-abundant element, with no risk of ore depletion even at
long term. Moreover, there was no need to add an elaborated,
expansive organic ligand to make it active in the cleavage
reaction. Finally, the process was highly efficient to open the
route to muconolactone compounds. Especially, catechols
obtained from lignin depolymerization were converted into
original muconolactones with good vyields (>70%). They
represent a promising class of intermediates towards the
synthesis of compounds of interest, while allowing the
valorization of lignin depolymerization products in an efficient
fashion.
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Performic acid combined with an iron catalyst cleaved a variety of catechols allowing efficient lignin

upgrading into high value products.
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