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The production of renewable chemicals and monomers is fundamental for transitioning to a future circu-
lar economy. Currently, cis,cis-muconic acid (ccMA) is a bio-sourced platform chemical with great poten-
tial for added-value chemicals, monomers, and specialty polymers. Among the three isomers, the trans,
trans (tt-isomer) stands out due to its reactivity for polymerization and unique ability as a substrate for the
Diels—Alder cycloaddition reaction. Whereas earlier research has focused on producing this isomer, the
most promising solvent-driven isomerization in DMSO-containing water yields moderate ttMA due to a
competitive ring-closing lactonization reaction, especially in highly concentrated systems. This work high-
lights the unique ability of DMSO, among several other solvents, to produce ttMA. In addition, we report
the effect of the acidity of the initial MA concentration and the amount of water on the lactonization
reaction. Control of reaction conditions and use of muconates (diethyl muconates = DEM) countered the
competitive lactonization, reaching >90% tt-isomer selectivity. The involvement of water and DMSO in
the isomerization mechanism was investigated in detail by probing the reaction mechanism with in situ
NMR. Identifying the reaction products and several intermediates led us to propose a plausible mecha-
nism. Based on this knowledge, condition optimization led to a significant thirty-fold ttDEM productivity
improvement, viz. from 10 to 328 mM h%. The DEM can be isolated almost quantitatively from the DMSO

rsc.li/greenchem solvent system by extraction.

Introduction

The migration from a petroleum-based chemical industry can
be assisted by the development of processes that produce and
convert platform molecules derived from renewable carbon
sources."® Biomass serves as one of the most promising
renewable sources for high-value chemicals.® ™' An example of
such a high-value chemical is 2,4-hexenedioic acid, known as
muconic acid (MA).""'* Due to its conjugated double bonds
and carboxyl groups at both ends, MA serves as a precursor for
valuable monomers, such as adipic acid (AA), e-caprolactam,
and terephthalic acid (TPA)."*™*® It is also used to prepare the
novel hexenedioic acid (HDA) and cyclohexane-1,4-dicarboxylic
acid (CHDA) monomers.”>” These monomers are mainly
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used for the production of polyamides (PA), polyesters, and
polyurethanes.’®° Note that MA itself can be used as a
monomer for homo- and co-polymerization reactions.>*

MA is present in three geometric isomeric forms, two of
which can be obtained from bio-based sources: cis,cis-MA and
cisitrans-MA (ccMA and c¢tMA)."”**>> (fMA can also be
obtained from the spontaneous isomerization of ccMA under
acidic conditions.”®?® However, the preferred isomer for
polymerization and certain chemical transformations (e.g,
Diels-Alder cycloaddition), trans,trans-MA (ttMA), can only be
obtained chemically by synthesis or isomerization.'>**?” The
most prominent catalytic isomerization protocol for the pro-
duction of #*MA and muconates (muconic esters) is the hom-
ogenous I, catalyzed isomerization,”®*° besides two hetero-
geneously catalyzed methods using 5%Pd/C and Ru-hydride/
zeolite (0.2%Ru) have been developed.***’ Research on non-
catalytic isomerization routes showed that dimethyl sulfoxide
(DMSO) could promote the formation of #MA from ctMA,
albeit at moderate yield and in low concentrated solutions.>®
Other solvents, such as triethylamine, toluene, acetone, aceto-
nitrile, 2-propanol, methanol, hexanol, tetrahydrofuran, and
ethyl acetate, showed no isomerization activity. The main side

This journal is © The Royal Society of Chemistry 2024
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product observed in all solvents was mono-muconolactone
(Mlac), as a result of a competitive irreversible intramolecular
lactonization, in essence, a ring closing of MA.">*°?? This reac-
tion can be reduced, providing higher ¢#MA yields, by control-
ling the water amounts in DMSO.?? The role of water was only
effective until a concentration of 0.5 M, yielding 39% #MA at
50% ctMA conversion. Above this concentration, the DMSO-
driven system suffers from low yields and selectivity, where at
2 M concentration, ttMA was hardly formed with <1% yield at
50% conversion.>” Besides the moderate results, the mecha-
nism of DMSO-driven isomerization is not fully understood,
therefore missing handles to improve ¢#MA yields in concen-
trated solutions.

In this work, we first investigated the isomerization of ccMA
into ctMA in various solvents (including DMSO), where the lac-
tones formation was also followed experimentally as a function
of the concentration of MA and the used solvent. We effectively
countered the competitive lactonization by protecting the car-
boxylic groups by esterification. Additionally, the dynamics of
isomerization of both MA and muconates were followed with
in situ NMR measurements. Although we find that the role of
water was less pronounced when using muconates, its pres-
ence was always required for high tt-isomer production.
Further, careful identification and real-time tracking of inter-
mediates and their byproducts clarified the role of DMSO in
the isomerization mechanism. This insight led us to achieve
outstanding process isomerization efficiency, outperforming
known catalyst-free MA isomerizations. As opposed to current
systems, we can isomerize >0.5 M muconates solutions in high
productivity and selectivity > 95%. The recovery of the DEM
isomers from DMSO was successfully performed, with recovery
levels surpassing 90%.

Experimental
Materials

cis,cis-Muconic acid (¢c¢cMA) was purchased from Fluorochem
with a purity >99%. Ethanol (99.8%) and anhydrous mag-
nesium sulfate MgSO, were supplied by Fisher. Ethyl acetate
(99.5%), DMSO (99.5%), acetonitrile (99.9%), N,N-dimethyl-
formamide (DMF) (>99%), acetone (>99%), toluene (99.5%),
and 96% sulfuric acid in water H,SO,/H,O were supplied by
Acros. Sodium chloride (>99.5%) was supplied by Carl Roth.
Anhydrous DMSO (99.9%), triethylamine (>99.5%), and the
9 mL glass pressure tubes were supplied from Merck. The
length of the glass pressure tubes was optionally reduced (10.2
to around 6 cm) at a glassblower workshop for performing
low-volume reactions (1-2 mL).

Preparation of ctMA and ctDEM

¢cMA to cis,trans-MA (ctMA). ctMA was formed by isomeriza-
tion of 2.0 g of ¢¢cMA in 100 ml deionized water at 80 °C for
75-80 minutes. After the reaction, the solution was cooled to
room temperature, and crystals of pure ctMA started to form.
After 18 hours (overnight), ctMA crystals were filtrated and

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

dried at 60 °C under air to recover 1.4 + 0.1 g. Optionally, the
recovery level can be improved by partially removing water
under reduced pressure, more ctMA will precipitate. After fil-
tration and air drying at 60 °C, an additional 0.2 + 0.05 g of
pure ctMA were collected. The total recovery yield was around
72-88%.

Esterification of ctMA to ctDEM. The esterification of ctMA
into ct-diethylmuconate (ctDEM) was performed following our
previously reported procedure. 2.0 g of ¢tMA were added in
100 mL ethanol containing a few drops of aqueous sulfuric
acid solution (H,SO4/H,0). The solution was brought to reflux
for 24 hours. After cooling, ethanol was removed under
reduced pressure (rotary evaporator), and the remaining liquid
was extracted with ethyl acetate (EtOAc). The organic phase
was dried over MgSO, and the solvent was removed under
reduced pressure to obtain pure c¢tDEM with a 90-95% isolated
yield.

The reaction conditions for the isomerization (towards ¢¢-
isomer and Mlac products)

The formation of t¢t-isomer from the ct-form was performed in
9 mL pressure tubes (or modified pressure tubes with a total
volume of 6 mL). Solutions of 3-5 mL of different solvents
(H,O, ethanol, acetonitrile, DMSO, DMF, acetone, triethyl-
amine, or toluene) containing ¢ccMA, ctMA, or ¢tDEM in a con-
centration range from 30 to 3200 mM were prepared.
Optionally, other solvents and substrates were added to the
mixture such as H,0, DMSO,, sulfolane, and methylphenyl
sulfoxide. For the experiments with dry DMSO, a commercial
anhydrous DMSO was used, where the liquid was extracted
under a flow of argon. After filling all the components, the
glass pressure tube was sealed at room temperature, and reac-
tions were conducted at the desired temperature (a range of 80
to 150 °C was investigated) in an oil bath. The conversion and
product distribution were determined using "H-NMR and
DMSO,, as an external standard for the experiments studying
the isomerization of MA. For analyzing the isomerization
results of DEM, gas phase chromatography (GC) was used with
n-heptane as an external standard.

Recovery of ctDEM and ttDEM from DMSO

The mixture containing DEM isomers (ctDEM and #DEM) was
extracted from DMSO by first dissolving 10 mL of the reaction
mixture in 10 mL of distilled water. 5 mL of EtOAc was then
added, and #DEM and c¢tDEM were extracted after vigorous
stirring, followed by degassing.®® This step was repeated three
times to collect 15 mL EtOAc phase, which was then washed
with brine, dried over MgSO,, filtered, and concentrated under
reduced pressure. The recovery level r was calculated as:

r = [DEM]g0,./[DEM]

initial*

Analysis methods

"H-NMR. '"H-NMR spectra were recorded on a Bruker Avance
400 MHz spectrometer with a BBI 5 mm probe. DMSO-dg
(Sigma-Aldrich) solvent was used as a solvent, and DMSO, was
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used as an external standard. D,O was not selected to avoid
possible changes in chemical shifts related to different pH
values but also due to the very limited solubility of #MA in
water (<0.1 g L™")."> The "H-NMR spectra and the chemical
shifts of the MA (ccMA, ctMA, and ¢tMA) and muconate
(ctDEM) isomers can be found in our work.*!

Gas phase chromatography (GC). The product distribution
from the isomerization reactions of DEM was estimated using an
Agilent Technologies 6890 N gas chromatograph equipped with a
DB-17 capillary column of 0.32 mm of internal diameter and N,
as carrier gas. Of the solution, 0.2 pL was injected at 250 °C with
a split ratio of 25:1. The gas mixture was further driven to the
column (initially at 80 °C) with a flow of 2.6 mL min~". After
5 min at 80 °C, the temperature was increased to 200 °C (10 °C
min~") and held for 3 min, and then to 280 °C (20 °C min~") and
held there for 6 min. The FID detector used was maintained at
320 °C. n-Heptane was used as an external standard. The cali-
bration curve was derived, yielding a response ratio for ctDEM of
AcpmlAneptane = 1.408 [ctDEM]/[heptane]. The same response
factor was used for the quantification of #DEM.

All the quantified products were identified based on reten-
tion times, using pure components or mixtures with various
ratios as references, with the relevant retention times being
n-heptane (~1.5 min)/¢tDEM (~15.0 min)/ctDEM (~15.3 min).

pH readings method. The pH reading was performed using
a digital pH meter (Mettler Toledo) equipped with a Pro-ISM
PH sensor. A calibration was first performed using four solu-
tions with varied pH values (4.01, 7.00, 9.21, and 11.00). 5 mL
of DMSO were filled into a 12 mL glass vial and the pH sensor
was immersed in the solution. After adding the substrates, the
solution was stirred until homogenization, and the pH was
measured. Since organic solvents are usually ion deficient, pH
readings were often unstable and, therefore, require a longer
time to stabilize.

Real-time kinetic "H-NMR assays and advanced 2D NMR
identification of diagnostic side products. Real-time obser-
vations of isomerization reactions were conducted using
DMSO-dg as the lock substance on an 800 MHz Bruker Avance
III instrument equipped with a 5 mm TCI cryoprobe and an
Oxford magnet (18.7 T), or on a 600 MHz Bruker Avance III
instrument equipped with a 5 mm BBO Smart probe.

Time series of "H-NMR spectra (using the zgcppr pulse
sequence) were acquired by accumulating 64 transients with
an interscan relaxation delay of 3 seconds and sampling the
FID for 1.7 s (16384 complex data points), yielding a time
resolution of 5 min per spectrum. All real-time kinetic NMR
tracking was implemented in the form of pseudo-2D experi-
ments. With these experiments, the conversion of MA acids
and esters was tracked at the indicated temperatures, and
approximately 250 time points were acquired in the pseudo-2D
experiments. The kinetic data were processed using zero filling
to 32768 complex data points and an exponential window
function with 3 Hz line broadening (LB) in Bruker Topspin
4.1.3. Reaction progress data from the pseudo-2D experiments
were integrated in the same software. Signal areas were plotted
using software pro Fit 7 (QuantumSoft).
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Products in post-reaction mixtures were identified at 25 °C
using a suite of homo- and heteronuclear 2D NMR assignment
spectra including 'H-"H COSY, 'H-'H TOCSY, 'H-"*C HSQC,
'"H-"*C HSQC-TOCSY and 'H-"*C HMBC spectra to annotate
the assignments, provided herein.

Assignment spectra were acquired using Topspin 3.5 pl6.
These spectra were processed with zero filling to at least twice
the number of acquired complex data points in Bruker
Topspin 4.1.3, and analyzed in the same software.

Results and discussion

Isomerization vs. lactonization of muconic acid: solvent
dependency

The first isomerization of ccMA to ¢tMA is known to occur
under conditions as mild as 25 °C in water. However, this iso-
merization step is pH-dependent and should preferentially be
performed at a pH below 4. The isomerization is also tempera-
ture-dependent, and can be accelerated from a few days to less
than an hour by increasing the temperature from 25 to
75 °C.'®?6343 Rig. S11 summarizes the isomerization pro-
ducts obtained over the course of 4 hours for a solution of
30 mM ccMA in water at 75 °C. The complete conversion of
¢cMA occurs within 40 minutes, leading to ¢tMA initially, but
just before ccMA conversion is complete, Mlac starts to be gen-
erated due to the intramolecular lactonization of the c¢tMA
intermediate. This reaction is known to be assisted by water,
as previously reported by Tessonnier et al. (Fig. S2 and S37).2°
To investigate the solvent effect on the isomerization of ccMA
and the competitive lactonization towards Mlac, we studied
the reaction in a selection of solvents with different polarity
and proticity, namely water, ethanol, acetone, toluene, aceto-
nitrile (MeCN), N,N-dimethylformamide (DMF), triethylamine
(Et;N), and dimethyl sulfoxide (DMSO) (Fig. S4f). The reac-
tions were conducted at 90 °C for 4 hours (30 mM ¢cMA), and
the results are presented in Fig. 1.

A good carbon balance was observed overall (80-98%)
except for Et;N, in which the degradation of MA was noticed.
The degradation may be linked to the basic nature of Et;N
since, correspondingly, partial loss in the carbon balance was
also noticed when using MeCN, which shares basic character-
istics. In addition to the basicity, the polarity of the solvents
seems to influence the conversion of ccMA, since minimal con-
version (1 to 5%) was noticed in acetone, cycloalkanes,
alkanes, and toluene (least polar solvents in our range) in com-
parison to complete conversion in H,O (polar) and DMF (basic
nature and semi-polar). We note that the solubility of ccMA in
the least polar solvents was very limited. EtOH and DMSO
afforded partial conversion of ¢¢cMA with 70% and 90%,
respectively. For EtOH, the high conversion of ¢c¢cMA can be
due to its protic properties next to its polarity. Interestingly,
when testing alcohols with longer alkyl chains (1-butanol,
1-hexanol, and 1-octanol), we notice a decrease in the ccMA
isomerization, which is due to the decrease in the proticity of
the alcohols (less acidic proton) when the size of the alkyl

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The product distribution (in mM) for the conversion of 30 mM ccMA into ctMA and mono-muconolactone (Mlac) in various solvents (3 mL) at
90 °C for 4 hours. The reaction was performed in a glass pressure tube sealed under static conditions at room temperature. Abbreviations for sol-
vents: EtOH = ethanol, 1-BuOH = 1-butanol, MeCN = acetonitrile, DMF = N,N-dimethylformamide, DMSO = dimethyl sulfoxide, EtzsN = triethyl-
amine, c-pentane = cyclopentane, and c-hexane = cyclohexane. The product distribution was determined using *H-NMR in DMSO-dg using DMSO,

as an external standard.

group increases. For DMSO, a higher conversion of ccMA was
observed besides its lower polarity and aprotic properties.
Similar activity was obtained with sulfolane solvent (owing
sulfone groups). From the solvent screening, it is clear that
solvent properties play an essential but multifaceted role in
assisting the isomerization, given its effect cannot be ascribed
to only basicity, polarity, or proticity.

Under the studied conditions, the formation of ttMA was
not noticed, while Mlac was mainly formed in solvents pro-
moting the first isomerization, except for DMSO, albeit in very
little amounts in ethanol. These results suggest that lactoniza-
tion becomes more favorable than the second isomerization,
viz. ctMA to ttMA, in these solvents.”> Due to their high ctMA
yields in the first screening, water, ethanol, DMSO, and DMF
solvents were selected to further investigate the tendency for
lactonization vs. isomerization.

The parallel (Mlac < ¢tMA — ¢tMA) reaction network in the
selected solvents was investigated kinetically into more detail
by varying the initial concentration of ¢tMA from 30 to
300 mM. ctMA was used as feedstock instead of ccMA to elim-
inate complexity due to the contribution of the first isomeriza-
tion step. Interestingly, the formation of ¢#MA was not noticed
in any of the conducted reactions, instead, Mlac was the only
observed product (Fig. 2).

At 30 mM concentration, the amount of produced Mlac
after 4 hours was higher in H,O and DMF (11.5 mM and
7.0 mM, respectively) in comparison to EtOH (1.5 mM) and
DMSO (no formation of Mlac). The possible involvement of
acidic hydrogen from the solvent in favoring the formation of
Mlac from ¢tMA was proposed by Tessonnier et al. according to
the in water reported mechanism (Fig. S31).>® We believe that
the basic nature of DMF can assist the formation of Mlac
according to the same mechanism. Increasing the initial con-
centration of ¢tMA from 30 mM to 100 mM was followed by an
increase in the formation rate of Mlac in H,O (from 3.2 to
11.0 mM h™"), DMF (from 1.8 to 5.6 mM h™"), and EtOH (from
0.3 to 1.0 mM h™"), pointing to the occurrence of an autocata-
lyzed lactonization mechanism of ctMA, as presented in
Fig. S5.1°% Only in DMSO, Mlac was not formed in the
100 mM solution, which can be explained by the effect of
DMSO in increasing the pK, of carboxylic acid groups, disfa-

This journal is © The Royal Society of Chemistry 2024

voring Brensted acid catalyzed mechanisms such as the acid-
catalyzed intramolecular lactonization of ¢tMA in this case.*®
In addition, DMSO can stabilize ¢ctMA by interacting with the
C=C bonds, as shown later in the proposed reaction mecha-
nism (Fig. 5B), which will likely lead to less Mlac formation. A
further increase in the initial concentration of c¢tMA to
300 mM increases the formation rate of Mlac even more, as
28.4, 25.1, and 3.4 mM h™' were measured in H,O, DMF, and
EtOH, respectively. At this concentration, around 9% of Mlac
was formed after 4 hours in DMSO (7.0 mM h™"). Enhanced
Mlac formation at high concentrations of MA confirms that
lactonization follows an acid-catalyzed pathway with MA, both
reactant and catalyst, as reported in literature and illustrated
in Fig. $5.7 **? Interestingly, by following the evolution of the
Mlac productivity as a function of the initial concentration of
ctMA, one may conclude a positive order of the lactonization
reaction in ctMA (Fig. S61). Remarkably, Mlac formation was
only visible in DMSO in the 300 mM c¢tMA solution.

Upon an increase of the reaction temperature to 120 °C, the
production of Mlac increased for all solvents (Fig. 3, 100 mM
solution). The maximal Mlac yield was again obtained in H,O
and DMF, at 73 and 52 mM, respectively. The formation of di-
muconolactone (Dlac) was also noticed in H,O at 120 °C. Less
Mlac formation was found in EtOH, while ¢#MA was only
formed in DMSO, with a ttMA to Mlac ratio of 6.7. The absence
of ttMA at 90 °C can be explained by the relatively short reac-
tion time (4 hours), where Tessonnier et al. reported the need
for around 50-60 hours to produce 20% at 87 °C, respect-
ively.>* This unique ability shows that DMSO selectively pro-
motes the ¢ctMA to ttMA isomerization, whereas other solvents
(H,O and DMF) are more efficient for the primary ¢¢cMA to
ctMA isomerization.

In conclusion, this first screening clarified that the com-
petitive lactonization reaction is boosted by several factors,
including temperature, initial MA concentration (or acidity),
and the solvent properties. The observations align with earlier
reports, studying isomerization/lactonization of MA.'>*%?® The
second isomerization forming ¢#MA is kinetically hindered in
all solvents, except in DMSO. The role of DMSO in #MA for-
mation may be ascribed either to an indirect (stabilization)
effect, such as the stabilization of MA to prohibit the acid-cata-

Green Chem., 2024, 26, 5852-5861 | 5855
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Fig. 2 The time profile of the conversion of ctMA (30, 100, and 300 mM) solutions in H,O, EtOH, DMSO, and DMF solvents at 90 °C. The amount of

remaining ctMA and produced Mlac is reported in mM. The formation of
1H-NMR in DMSO-dg using DMSO, as an external standard.

lyzed intramolecular lactonization, or to its direct involvement
in the reaction mechanism. However, this role is limited to low
substrate concentration, given that Mlac formation is higher
for more concentrated MA solutions.

Role of water on the reaction pathways

pH dependency and enhanced Mlac formation. Addition of
water to DMSO lowers lactonization in favor of the selectivity

5856 | Green Chem., 2024, 26, 5852-5861

ttMA was- not noticed. The product distribution was determined using

to ttMA.?>> However, the optimal molar ratio for H,O/MA varies
somewhere between 0.9/1 and 10/1. Notably, we observed that
an optimal ratio at a given MA concentration does not imply it
being suitable for another concentration. When performing
the reaction in the presence of 2 molar equivalents water (to
MA) in a 100 mM solution of ¢zMA in DMSO, an increase in
the ratio of produced #MA to Mlac from around 0.3 (in
absence of H,0) to 5.1 (Fig. 4A and Table S1t) is found. At

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 The temperature effect on the product distribution (in mM) of
the conversion of 100 mM ctMA in H,O, EtOH, DMSO, and DMF at 90
and 120 °C after 4 hours. The product distribution was analyzed with
quantitative *H-NMR analysis in DMSO-dg using DMSO, as an external
standard.

@ ctMA @ ttMA X ttMA/Mlac
100
FEl 5
£ >
2 60 &
Z z
S 40 e
2 2
2 20 z
a
0 . %
100mM  100mM  100mM  100mM 500mM  500mM mM  500mM
0cq. H20  2e¢q. H20 10eq. H20 47¢q. H20 0eq. H20  2eq. H20 10eq. H20 22eq. H20
Bs 6
F5 ] ® With added water °
; 1] A Without added water )/
=3 ] i
£, d
¥ .
= /
- i
0 2 4 6 8
pH readings
Fig. 4 (A) The product distribution of the isomerization of 100 and

500 mM ctMA in DMSO as a function of the amount of added water
equivalents to MA. The reactions were performed in glass pressure tubes
at 150 °C for 1 hour. The values of the ttMA to Mlac ratio are plotted on
the right (red) y-axis. (B) Effect of the initial pH reading value on the
obtained ttMA to Mlac molar ratio at the end of the isomerization reac-
tion. The points in blue correspond to 6 reactions performed at initial
100 and 500 mM concentrations with added H,O equivalents (see
Fig. 4A). The red triangles show experiments without added water (0 eq.
H,0) at 100 and 500 mM initial concentration of ctMA.

10 molar equivalents of H,O, this ratio drops to nearly 3.5,
which remains at higher water equivalents (up to 47 eq.). To
understand the reasons behind this drop, we followed the pH
evolution in dry DMSO during the addition of ¢tMA and
different H,O equivalents (Fig. S71). In absence of water
addition, the conventional pH scale (from 0 to 14) is not appli-
cable in organic solvents due to the unreliable measure of the
H' concentration. Herein, a relative comparison of the pH
reading is considered. A quick drop in the pH values, from
10.1 to 7.5, was observed after addition of the first 22 mM of
ctMA (Fig. S71 and Fig. 4A). A lower effect on pH resulted from
further increases in concentration, showing a pH of 6.0 at
100 mM. Then, controlled amounts of water are added to the
solution from 0.5 to 47 equivalents relative to MA (Fig. S71 and
Fig. 4B). Interestingly, little to no effect on the pH evolution
was noticed up to 4-5 equivalents of H,O, while the pH drops
to 5.8 and 5.4 at 10 and 47 H,O eq., respectively. The higher
acidity of the solution favors Mlac formation, resulting in a
lower ¢tMA to Mlac ratio. Additionally, the high initial concen-
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tration of ¢tMA also increased the acidity of the solution,
reaching pH = 5.3 at 500 mM (Fig. S7Ct). Therefore, a lower
ttMA to Mlac ratio is obtained (Fig. 4A - 100 mM vs. 500 mM
with 0 eq. H,0). After adding 2 equivalents H,0O, the pH was
maintained at around 5.0, while the #MA to Mlac ratio
climbed (Fig. 4A and Fig. S7D¥). This points again to the ben-
eficial role of water in the formation of #tMA. At higher H,0O
equivalents (10 and 22 eq.), a drop in pH is noticed alongside
a lower #MA to Mlac ratio. A correlation between the pH
readout values and the formation of Mlac can thus be estab-
lished (Fig. 4B). The higher the acidity, the more Mlac is
formed, and this translates to the use of low substrate concen-
tration in the MA isomerization process to ttMA.

Mlac was the major side product and the only one quanti-
fied in this study due to its predominance over other side pro-
ducts. However, other side products still arose at high enough
concentrations to allow their identification and they were
formed in competition to isomerization. Due to their minor
amounts, these products were not identified and are rep-
resented in the graphs as the loss in carbon balance (product
distribution not reaching 100%). Their chemical structures,
along with their chemical shifts for 'H-NMR and *C-NMR, are
shown in Fig. S8.1 Beyond Mlac, the di-muconolactone form of
MA (Dlac) was analyzed. In addition, a hydroxylated version of
Mlac and some aldehyde species were present, likely a result of
redox chemistry on the MA chain, as shown in Fig. S8.7

In our attempts to reduce the acid-catalyzed side reactions,
including lactonization, we studied the effect of adding a base.
Controlled additions of base, such as triethylamine, to reach
pH around 6 (MA to triethylamine molar ratio of 17), lead to
various degradation products. Similar results were obtained
after the addition of alkaline salts, e.g., KHCO;. Also, no ben-
eficial effect was noticed with weak organic bases such as pyri-
dine and potassium thiocyanate, in contrast, their presence
rather slows the ¢tMA to ¢#MA isomerization. Thus, higher pH
does not necessarily recover a lost isomerization activity. We
also noted that the trend between pH and Mlac formation
does not extrapolate to the tests without added water (red tri-
angles in Fig. 4B) and thus fails to explain the low #MA to
Mlac ratio in dry DMSO. The low ¢tMA to Mlac ratio in the
absence of water, therefore, suggests the direct involvement of
water in the isomerization.

Plausible reaction mechanism of the ctMA to ttMA isomeri-
zation. In situ monitoring of water was performed with
"H-NMR during the conversion of ccMA to ctMA, and finally to
ttMA. The evolution of water appearance over the course of the
isomerization, displayed in Fig. 54, is in line with the earlier
work of Tessonnier et al., who reported a gradual decrease in
water signal upon conversion of ¢tMA.*> Our data also shows
the emerging of ¢MA at the decrease of the water signal
(Fig. 5A). The in situ NMR experiment of Fig. 5A visualizes this
change in water-induced behavior which can be due to a
change in the acid-base properties or to the dynamic partici-
pation of water in the isomerization mechanism.

In different contexts, a mechanism for the isomerization of
double bonds, that are conjugated with carboxylic acid groups,
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Fig. 5 (A) The evolution of the isomerization products of ccMA in
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measurements. (B) Plausible transient catalytic attack of DMSO on the
C=C of MA followed by the rearrangement of the conjugated C=O
functionality.

and involves a Michael-type addition of a nucleophile has
been proposed.?”*® While elaborating on this mechanism, we
propose a plausible mechanism for the isomerization of MA in
DMSO (Fig. 5B). This proposal is based on the unique mole-
cular geometry of DMSO, which is characterized by a trigonal
pyramidal-like structure with a highly polarized S-O single
bond, in which the oxygen carries a partial negative and S a
partial positive charge (Fig. S91).>° Therefore, DMSO can
initiate a transient nucleophilic Michael addition via its
nucleophilic oxygen atom on the C=C of MA, forming the
corresponding enolate intermediate. Interestingly, in the con-
version of ccMA to ttMA, some olefinic intermediates contain-
ing an alcoholic group next to the double bonds were observed
in the real-time NMR spectra after the accumulation of ctMA.
The signals of this intermediate in real-time NMR are marked
with asterisks in Fig. S10.f Given the signals of the olefinic
and sp® hybridized alcoholic groups evolve synchronically, they
belong to the same intermediate molecule. This intermediate
may be attributed to an adduct of a nucleophilic solvent
addition on a double bond in MA. This enolate is stabilized by
the presence of water. After the rotation of the C-C bond, ¢#tMA
is generated after the elimination of DMSO. The presence of
the hydroxylated Mlac (Fig. S8t) indicates that the coordi-
nation of DMSO and the further hydrolysis of this coordi-
nation can occur. Among the side products formed in the reac-
tion, enol forms that are stabilized through cyclization were
identified. This indicates that DMSO/H,O mixtures elicit a
combined effect by increasing the pK, value of MA while redu-
cing lactonization and affording transient nucleophilic
addition while stabilizing enol forms during isomerization.

Towards a selective and highly productive isomerization
method

Counteracting lactonization: use of muconic ester.
Counteracting the competitive lactonization is essential for
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selective ¢#MA formation in concentrated systems. This has
been performed by several techniques, such as the use of
lanthanum?®® or by esterification®®*! (Fig. S111). In this work,
we prepared cis,trans-diethyl muconate (ctDEM), following the
procedure reported in Ref. 31. Besides avoiding lactonization
and increasing the selectivity towards the #-isomer, muconic
esters are highly soluble in organic solvents, while being a plat-
form to produce poly-muconates, terephthalates, and
adipates.'>?"?8

The rate of the isomerization for both ctMA and ctDEM was
first followed in DMSO at 120 °C, as shown in Fig. 6A and B.
The two ct-isomers seem to react very analogously, judging
from the reaction progress curves. This observation suggests a
minor influence of deprotonation of the carboxylic groups in
¢t to tt isomerization, which is in line with our proposed
mechanism (Fig. 5B). Importantly, as lactonization was suc-
cessfully counteracted with DEM, high selectivity to its -
isomer was achieved, e.g., from 88% (ctMA — ¢tMA) to 100%
(ctDEM — #tDEM) as shown in Fig. 5. In situ 'H-NMR in
DMSO-dg at 100 °C showed similar findings (Fig. S127). The
isomerization of ¢ctDEM was further tested in the initial selec-
tion of solvents, including EtOH, DMSO, and DMF, but not
H,0 due to the insolubility of DEM in H,0. Even though the
use of esters avoided Mlac formation in all solvents, t#/DEM
was only observed in DMSO, confirming its direct involvement
in the isomerization mechanism.

Towards outstanding productivity. The isomerization of
¢tDEM in DMSO was further optimized to increase the volu-
metric productivity of the system (Table S27). The optimization
covers variations of the reaction temperature and initial con-
centration of ctDEM, as well as the controlled addition of
other substrates in DMSO such as H,0 and DMSO,.

At 100 mM ctDEM, the ¢#DEM yield increases rapidly with
reaction temperature, from 5.8% in 24 hours at 80 °C to 76.4%
in an hour at 150 °C (Table S2 entries 1-41 and Fig. 7), while
maintaining a high selectivity towards ©/DEM (>5%). All reac-
tions were performed in the presence of 2 equivalents H,O
relative to ¢tDEM in DMSO. Due to the instability of DMSO
with possible decomposition at higher temperatures, the temp-
erature range was limited to 150 °C. For the same concen-
tration, the absence of water reduces the formed ¢#DEM to

——ctMA —+-Mlac —-ttMa ——ctDEM —+-Mlac =—ttDEM

00

100mM e/ MA @ 120°C

100mM efDEM @ 120°C
Sy “MAcomenionre = 12.1 mMb? <

75 DEMcommeicarue

116 mMh?
103 mM.h

M gommaticarze = 9.1 MM

Products distribution (mM) gy

" Time (hours) " Time (hours)

Fig. 6 The time profile of the isomerization of 100 mM ctMA and
ctDEM in DMSO (5 mL) and 2eq. H,O at 120 °C. The rate plots for the
conversion of ct-isomer and the formation of the tt-isomer are obtained
for the slope of the data points plotted between 0 and 4 hours. The
reactions were performed in glass pressure tubes sealed under static
conditions. The product distribution was determined by *H-NMR for the
reaction in A and by GC for the reaction in B.
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18.3% (entry 5), while the presence of water between 2 and 20
equivalents left ##DEM yield unaltered (between 74% and
77%). Higher water equivalents retarded ¢#tDEM formation to
47.1%, however, Mlac was not observed.

The addition of other reagents was also tested. As men-
tioned before the addition of organic base or alkaline salt was
not beneficial to the isomerization, while degradation of
muconates occurred. Methylphenyl sulfoxide (MPSO) was used
as a sulfoxide-type solvent and co-solvent with DMSO, but
ttDEM formation was not influenced, even slowed down for
high MPSO contents (Table S2 - entries 10-157%). The isomeri-
zation activity vanished in pure MPSO solvent. We believe that
this lower isomerization capacity of MPSO may result on the
one hand from the lower polarization of its oxygen atom in
comparison to DMSO, and the steric effect on the other hand.
The addition of sulfones into DMSO was further tested,
specifically sulfolane and dimethyl sulfone (DMSO,). Sulfolane
behaves like MPSO at low and high loadings (Table S2 -
entries 16-207). Interestingly, DMSO, beneficially affected the
production of #DEM (Table S2 - entries 21-231). For a better
visualization of the effect of DMSO,, the isomerization was
conducted at a lower temperature (120 °C) in the presence of
10 eq. DMSO, (Fig. S1471), and the results were compared to
the ones obtained in the absence of DMSO, (Fig. 6B), showing
a noticeable 10.3 to 13.7 mM h™' increase in the ¢DEM for-
mation rate. Similar results were obtained with in situ NMR
monitoring measurement for a solution of ¢cMA (Fig. S157).
The presence of DMSO, was also found to increase the conver-
sion rate of ccMA in the first place by a factor of 1.2-1.3 (from
37% to 45% at 2.5 hours). The formation rate of #MA,
obtained from the second isomerization, increased by three-
fold at the 5 hours point.

Finally, the effect of increasing the initial concentration of
ctDEM was tested (in presence of DMSO and 2 eq. H,O at
150 °C). The progressive increase in the concentration led to
higher productivity values of #DEM where a maximum of
328.4 mM h™' is obtained for an initial concentration of
680 mM h™" (Table S3 - entry 6+ and Fig. 7). The productivity
drops at higher concentrations. A total selectivity towards
#tDEM was noted up to 100 mM concentrated solutions and
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starts to drop at higher concentrations to reach around 95%
between 500 and 2000 mM (Table S3t). The decrease in selecti-
vity is mostly due to the reactivity of the tz-isomer in oligomeri-
zation reactions. However, contrary to ctMA, the increase in
the amount of ¢tDEM does not reduce pH; pH varied only
from 10 to 9.7 in the presence of 1000 mM ctDEM and
2000 mM H,O. The non-acidic conditions enabled the ¢t-
isomer formation, consistent with the absence of Mlac for-
mation, even at concentrations as high as 1000 to 3200 mM
(Table S3 - entries 7-97).

Recovery of ¢tDEM. The high solubility of DMSO in water is
a very important factor to consider in the isolation of {#DEM.
Liquid extraction with a suitable organic solvent such as EtOAc
was used here (for details see Materials and Methods). The
extraction method was first applied to a series of parent solu-
tions with different initial concentrations of ¢tDEM in the
range of 30 to 500 mM (Fig. S167). The recovery r was calcu-
lated according to the following formula: r = [DEM]gioac/
[DEM]initiai- For 30 mM concentration, the recovery level was
modest (r = 0.77), however, this value further increased to
around 0.95 in the range of 100-500 mM ctDEM. The 'H-NMR
purity of recovered c¢tDEM showed little to no remaining
DMSO (Fig. S17t). The extraction of DEMs (c¢tDEM and ttDEM)
from a series of post-reaction solutions was then investigated,
showing high 0.88 to 0.94 recovery levels (Fig. 8). The highly
concentrated solutions (1000 and 3200 mM) were diluted to
around 500 mM prior to the recovery procedure. The produced
ttDEM and unconverted ¢tDEM were thus both recovered in
the EtOAc phase without a preferential removal affinity for a
specific isomer, therefore maintaining almost the same iso-
meric ¢ to ct ratio from the isomerization reaction (red dia-
monds in Fig. 8). Once more, '"H-NMR showed high purity of
the EtOAc phase, demonstrating the efficiency of the procedure
(Fig. S18%). The recovered DMSO in the aqueous phase can be
re-used after extraction as solvent or reagent for additional
reactions. Herein, after the water removal using reduced
pressure and the further drying of DMSO (anhydrous mag-
nesium sulfate), the recovered DMSO, from a 500 mM ctDEM +
2eq. H,O reaction test, was tested in a new reaction cycle
showing similar results in terms of ¢tDEM conversion and
ttDEM yields (Fig. S19%).

ZttDEM  @recovery level  #tt to ct ratio

ctDEM

77

S
_

1

100 m!

500 mM

=
w
S

0 mM 1000 mM

Initial concentration of ¢/DEM (mM)

Fig. 8 The product distribution after isomerization and after extraction
from DMSO. The recovery level (r) after extraction is plotted in black
circle on a scale of 0 to 100% (left-hand y-axis). The ratio of tt to ct
isomers was also calculated before and after the recovery and is plotted
in red diamonds on the right-hand y-axis.
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Sustainability of the isomerization methods: Green Chemistry
principles

To assess the sustainable character of our isomerization
method, we scored it along the principles of Green Chemistry
and compared it to the best available isomerization practices
in terms of tt-isomer productivity (Table S41).%°"*? The solvent-
driven isomerization method was compared to the most
common reported isomerization method using homogeneous
iodine catalysts. Seven of the twelve principles of green chem-
istry were selected and compared in Table S5.f The remaining
five principles (designing safer chemicals, design for degra-
dation, real-time analysis for pollution prevention, reduce
derivatives, and inherently safer chemistry for accident preven-
tion) are not considered relevant at this status of research. The
details of the comparison and considered parameters can be
found in the ESI (pages S12 and S137).

The comparison between the isomerization methods revealed
that iodine catalysis yields the highest #MA (86%) and tt-muco-
nates (95%) amounts. All the reactions show a high atom
economy (AE), and they generally exhibit a low level of hazards,
except for iodine catalysis, which uses toxic tetrahydrofuran (THF)
and methanol (MeOH) as solvents. Also, iodine itself is a hazar-
dous chemical and harmful to steel reactors. The need for the
esterification of MA will affect both methods by increasing the
waste production (E-factor) and decreasing the atom economy
(AE), due to water formation from the esterification. However,
this step was not considered due to its need either before or after
the isomerization to access the high potential of these muco-
nates, known for their high solubility and their use in polymeriz-
ation as well as other chemical transformations (towards tereph-
thalates and adipates).'>*' Thus, with this consideration, all
methods show a moderate E-factor (between 14.1 and 20.6),
except for the isomerization of MA in DMSO (40.8) and the iso-
merization of DMM with iodine (41.8) (Table S5t). The main con-
tributor to the high E-factor of the MA-in-DMSO method is the
low yield of produced #MA (40%), while the low initial concen-
tration of di-methyl muconate (DMM = 118 mM) was the main
contributor for DMM with iodine (Table S4}). Our new method
(DEM-in-DMSO) resulted in an E-factor of 20.6, which is nearly
half the E-factor of the same method using MA (40.8). Since the
amount of solvent accounts for a very large part of the waste pro-
duction, increasing the initial concentration of DEM will allow
reducing the E-factor. By doubling the concentration of DEM (500
to 1000 mM), the E-factor will drop to nearly 11.3 at a production
yield of 53.3% of #DEM. This drop in waste production clearly
stresses the high potential of the solvent-driven isomerization of
muconic esters.

Conclusions

This work presents interesting solvent effects on the selective
thermal isomerization of MA isomers and their esters (muco-
nates). To avoid the competitive acid-catalyzed lactonization, use
of esters in this isomerization chemistry is highly advised to be
able to reach the highest isomer products selectivity. Whereas the
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primary cc to ct isomerization is less sensitive to the solvent pro-
perties, the ¢ isomer formation is only successful in DMSO with
minor equivalents of water. A mechanism that explains the ben-
eficial role of DMSO is proposed based on dedicated intermediate
and side product analysis with real-time NMR. This mechanism
considers direct nucleophilic addition chemistry, that promotes
the subsequent ct to ¢t isomerization, while water plays a crucial
role in stabilizing the intermediate adduct. High 328 mM h™" #
isomer productivity with >95% selectivity can be achieved with
this DMSO/H,O0 solvent isomerization method after optimization
of temperature and reagent concentration based on these
mechanistic understandings. After isomerization of the muco-
nates, the product isomers can be recovered almost quantitatively
by extraction in ethyl acetate. A Green Chemistry principles ana-
lysis reveals a few promising metrics of the DMSO/H,0O method
especially at high substrate/solvent ratios in highly concentrated
reactions.
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