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Searching for sustainable polymers requires access to biomass-based

monomers. Inthat sense, glucose-derived cis,cis-muconic acid stands

as a high-potential intermediate. However, to unlock its potential, an
isomerization to the value-added trans,trans-isomer, trans,trans-muconic
acid, isrequired. Here we develop atomically dispersed low-loaded Ru
onbeta zeolite catalysts that produce trans,trans-muconate in ethanol
with total conversion (to equilibrium) and a selectivity of >95%. We

reach very high turnovers per Ru and productivity rates of 427 mM h™
(-85g 1™ h™), surpassing the bio-based cis,cis-muconic acid production
rates by an order of magnitude. By coupling isomerization to Diels-Alder
cycloaddition, terephthalate intermediates are produced in around 90%
yields, circumventing the isomer equilibrium. [Isomerization is promoted
by Ru hydride species where the hydrides are generated from the alcohol
solvent, as evidenced by Fourier transform infrared spectroscopy. Beyond
isomerization, the Ru-zeolite and its hydride-forming capacity could

be of use as aheterogeneous catalyst for other hydride chemistries,
demonstrated by a successful hydride transfer hydrogenation.

In a future circular economy, renewable carbon should make up for
losses in recycling loops'. Next to CO,-based routes, biomass-based
(photosynthetically fixed CO,) production paths to chemicals will
be essential to counter the environmental issues with the use of
petroleum-based feedstocks*?. Attempts to produce value-added
molecules and building blocks from biomass have notably evolved in
recent years* . For the production of aromatics, phenolics and cer-
tain olefins, lignin appears to be a good candidate’’. To obtain func-
tional molecules with carboxylic and/or alcoholic groups (and low C/O
ratios), glucose derived from cellulosic biomass is the most promising
starting material as this allows one to aim for high atom economy—as

opposed to processing glucose into deoxygenated products'®". Both
chemocatalyticand biotechnological processes have beenreported to
provide access to platform molecules and building blocks from hexoses
or pentoses, for example, lactic acid**?, maleic acid"*"* and levulinic
acid™'. Combining the two approaches grants access to more diverse
compounds via the biological conversion of biomass derivatives by
engineered micro-organisms into platforms that are further trans-
formed by chemical catalysis into desired chemicals"” . Muconicacid
(MA) is a good example of a biotech-made platform molecule, which
can lead to arange of valuable derivatives (for example, adipic acid,
terephthalic acid and e-caprolactam), or serve directly as a bulk (co-)
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Fig.1| Valorization route of ct-muconates from the tandem isomerization
and Diels-Alder reactions. The current bio-based and biochemical routes to
produce cis,cis-and cis,trans isomers (orange), and chemical transformation
of trans,trans-isomer into terephthalates (purple). The proposed one-pot
transformation of ct-muconate into CHDE is shown in the green box.

The tandem isomerization and Diels-Alder reactions are performed in
the presence of Ru hydride onbeta zeolite and ethylene to yield CHDE (an
intermediate of terephthalates). . coli, Escherichia coli; C. glutamicum,
Corynebacterium glutamicum; BEA, beta zeolite; A, symbol for heat.

monomer in polymers®*~2, The diacid owns a diene functionality, and
thus MA has three isomeric forms: cis,cis-MA (cc-MA) and cis,trans-MA
(ct-MA), both industrially produced in the biochemical fermentation
of glucose”, and the most valuable trans,trans-MA (tt-MA), which can
be accessed only by isomerization of cc-MA or ct-MA or viaa complex
lab-scale chemical synthesis?***%, A full overview of routes to and from
MA can be found in our review?’. The added value of tt-MA is explained
by its unique potential as a monomer in polymerization as well as by
its reactivity towards Diels-Alder cycloaddition to yield the partially
hydrogenated terephthalic acid precursors: tetrahydrohydrotereph-
thalic acid isomers (Fig. 1)*°. These precursors can be dehydrogen-
atedintoterephthalicacid oreven used as co-monomers for specialty
polymers®**'#73 To date, the most prominent isomerization route
to tt-MA uses homogeneous iodine (I,) under UV light*. This photo-
chemicalinversion was first reported by Grundmannin 1936 (ref. 36);
however, the mechanism was only recently described by Settle et al.
asareversible addition of iodine radicals on the double bonds of MA™.
Despite the high rates, the industrial application of the I,/UV process
is hindered by the high corrosiveness of iodine, which restrictsits use
at high concentrations®**%, Alternative isomerization systems have
beenreported but none of these translate to large-scale t¢-MA produc-
tion due to limitations such as relatively high cost for few turnovers
(5% Pd/C catalyst), the catalyst recovery and regeneration, or tt-MA
isolation (homogeneous catalysts, sacrificial reagents or viscous sol-
vents)*****~*1 The search for an affordable, productive and more sus-
tainable isomerization leads us to propose a heterogeneously catalysed
conversion of cc-and ct-muconic esters using Ru-zeolites. The choice
of zeolitesis due to their low cost, their ability to host metals and their
thermal stability****, whereas the choice for Ru as the diene isomeriza-
tion catalyst was inspired by its reported activity in the homogeneous
and heterogeneous isomerization of olefins (for example, in linoleic
acid where conjugated bonds form)***¢, Since Ru is a rare transition
metal, preparing a heterogeneous catalyst that features atomically
dispersed ionic Ru atoms with high activity (to maximize the atom
utilization efficiency) is of greatinterest, not only forisomerization**%,

In this work we show that beta zeolites with 0.2 wt% atomically
dispersed Ru are highly active for the production of tt-muconate
(>300 mM h™) in around 70% yield, that is, right up to the thermo-
dynamic equilibrium between ct and ¢¢, with selectivity surpassing
95%. Muconic esters (muconates) were used rather than MA due to
their capacity to avoid intramolecular lactonization, as proven in
an earlier report*, although a direct esterification-isomerization
on the acid feedstock was also proven to work. When coupled to the
Diels-Alder reaction (Fig. 1), the consumption of ¢t-isomer breaks
the thermodynamic equilibrium of the isomerization, thus leading
to the Diels-Alder product (a tetrahydrohydroterephthalate, here
called cyclohexene-1,4-dicarboxylic acid diester (CHDE)). The mecha-
nistic studies show that the isomerization proceeds via a Ru hydride
mechanism, where the hydride is generated from the alcohol, which
was proven with elaborated mechanistic studies, including experi-
mental tests with isotopically labelled molecules followed by NMR
and Fourier transform infrared (FT-IR) spectroscopy methods. In
addition, a preliminary techno-economic analysis was performed
to estimate the potential relevance of our process. Finally, the newly
designed Ru hydride catalysts are shown to have promise for other
applications, such as ahydride transfer hydrogenation tested on three
different substrates.

Results

Muconic acid versus muconates as feedstocks

Inmost previously reported pathways (except with1,)¥, the formation of
tt-MA from cc-MA proceeds via ct-MA?, and this first isomerization was
shownto occurinwater (or to be assisted by water; activation energy,
E,=76 k) mol™), occurring already at 25 °C when pH < 4 (refs. 31,49).
The second isomerizationis kinetically hindered: no tt-MA is observed
even after heating to 75 °C (Supplementary Fig. 1a). Instead, intramo-
lecular reactions lead to undesired mono- and di-muconolactones
(Supplementary Fig.1d). In addition, the low solubility of MA isomers
inwater (-1g ™ for cc-MA at 15 °C) prevents upscaling. Higher solubil-
ityis foundinalcohols (forexample, -28 g 1! in ethanol)?°. Favourably,
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Fig.2|Proofof concept of the isomerization of muconates over several Ru-
loaded zeolites. The product distribution (mol%) in the isomerization of ct-DEM
into tt-DEM performed on a selection of Ru-containing zeolites (with and without
0.2 wt% Ru). Conditions are as follows: 50 mg catalyst (activated at 350 °C under
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N, flow) + 30 mM ct-DEMin 5 ml ethanol at 130 °C and 14 bar N, for 2 h. No cat, no
catalystadded; H, Cs or Ruiis the exchanged ion; B, beta, Z, ZSM-5; Y, USY zeolite;
numbers next to the topology code refer to the respective Si/Al ratio of the
zeolites.

ethanol promotes the second isomerization reaction, yielding 11%
tt-MA (versus 0% in water) after 120 h; however, ethanol slows theinitial
isomerizationkinetics, requiring 40 hto reach full conversion of cc-MA
(instead of 0.5 hin water; Supplementary Fig. 1a,b). Despite the good
MA solubility in ethanol and the formation of t¢-MA (11%), lactonization
was still favoured (19% of mono-muconolactone).

To avoid lactonization, the carboxylic functionalities were
protected by esterification, and alkyl muconates were prepared
(ct-dimethyl muconate, ct-DMM; ct-diethyl muconate, ct-DEM; and
ct-dibutyl muconate, ct-DBM). Muconates are used as monomers for
polymuconates or as platform molecules for terephthalates and adi-
pates®>*°*, They also present higher solubility in organic phases (for
example, ct-DEM is miscible with ethanol)?°, which could allow high
productivities in an isomerization process, possibly surpassing the
biotechnological productionrate of MA. Lactonization was effectively
eliminated, but the spontaneous isomerization of the muconate in
ethanol was also found to be absent (Supplementary Fig. 1c, dashed
lines). This is due to the higher energy barrier in comparison to the
one for acid (210 k) mol™ for cc-DMM to ct-DMM versus 76 kj mol™
for cc-MA to ct-MA)*"¥, highlighting the need for a catalyst, espe-
cially when aiming for the tt-isomer, which presents an even higher
energy barrier of about 270 kJ mol™ (ct-DMM to tt-DMM)?’. The addi-
tion of a Ru-exchanged zeolite to the ester in ethanol solution gave
the first proof of the catalytic capability of Ru in the formation of the
tt-isomer, with around 30% tt-DEM formed at 75 °C after 120 hat 100%
selectivity (Supplementary Fig. 1c, solid lines and histogram). The
Ru-exchanged zeolite was also capable of catalysing the formation of
tt-MA; however, the limitations of low solubility and the competitive
lactonization persisted.

Catalyst preparation and investigation of Ru active species

Optimizing the Ru loading method to achieve atomic dispersion and
studying the role of the activation conditions is key to avoiding Ru
sintering and achieving the atomically dispersed Ru on zeolite cata-
lysts with the desired isomerization activity*®*°. First, Ru was loaded
byion exchanging Ru(NH,),Cl; on caesium-exchanged zeolites, which
were obtained following the procedure described in Methods. The
effect of the type of pre-cation on the final Ru loading on the zeolite
isinvestigated in Supplementary Table 1. Neither H*-exchanged nor
Cs*-exchanged zeolite showed activity in comparison to the blank
(Fig. 2). To ensure the high Ru dispersion, the amount of added Ru
was lower than (or equal to) the amount of strong Brgnsted acid sites
estimated by pyridine adsorption followed by infrared spectroscopy
(Supplementary Table 2). Due to the large pore size and availability in
various Si/Al ratios (Bx, where x refersto the respective Si/Al ratio), beta

zeolites were first selected to host 0.2 wt% Ru (Fig. 2). After 2 h, some
formation of tt-DEM was noticed with Ru-B12.5 and Ru-B75 (20 mol%
and 25 mol%, respectively). Ru-B150 was the most active, reaching
70% yield of tt-DEM. The lower activity observed on Ru-B12.5 and
Ru-B75 catalysts may be due toresidual large Cs* cations, which canslow
the diffusion of the reagents towards the Ru sites by a steric effect or
physicalinteractions (as shownin Supplementary Fig. 2 for the strong
adsorption of methanol over the Cs-exchanged zeolite). Also, the loca-
tion of the hosting sites for Ru (strong zeolite acidic sites) could also
play arolein defining the rate of the isomerization. With a higher Si/Al
ratio (Ru-B250), only 0.16 wt% Ru could be loaded, which may be the
reasonfor the slightly lower t¢-DEM formation within the same reaction
time (54% yield but comparable turnover frequency as for Ru-B150).
With an extended reaction time, 70% t¢-DEM can be produced over
all beta zeolites, which equals the thermodynamic equilibrium that
prevents further tt formation®*. To validate this experimental finding,
the equilibrium between ct- and tt-hexa-2,4-diene was simulated in a
thermodynamic model, andindeed at130 °Cthe tt-isomer constitutes
77% of the mixture, while higher temperatures favour the formation
of ct-isomer (Supplementary Fig. 3). The reverse isomerization, from
ttto ct,wasalso observed when starting with a solution of tt-DEM (17%
ct-DEM within 2 h at 130 °C). Other zeolite topologies with high Si/Al
ratios, for example Zeolite Socony Mobil-5 (ZSM-5; framework type
MFI, Si/Al =140) and ultrastable zeolite Y (USY; faujasite (FAU)-type,
Si/Al =250) were loaded with 0.2 wt% Ru and only 22% and 39% tt-DEM
formed, respectively (Fig.2). For the medium-pore ZSM-5, the smaller
pores likely limit the access towards the Ru sites. The lesser perfor-
mance of USY250 (versus siliceous beta) could be linked to the lower
stability of Ru species in USY250, which showed leaching during the
reaction. Inaddition, Ruloading wasincreased on B150 (from 0.2 wt%
t0 0.4 wt%) leading to arather limited increase in the ct-DEM conversion
rate (from 3.0 mmol g,., ' h™?t03.9 mmol g,., " h™; g,.,, 1gram of zeolite)
atthe expense of alower selectivity (94% versus 73%) due to the forma-
tion of amono-hydrogenated by-product (Supplementary Figs. 4 and
5). As aresult of this dilute regime screening, 0.2%Ru-B150 is clearly
the most suitable catalyst for the isomerization of muconic esters.
Theactivation conditions were crucial to maintain Ruin an atomi-
cally dispersed, active state (all previous catalysts were activated at
350 °C under N, flow). The as-made 0.2%Ru-B150 catalyst (no activa-
tion) shows the formation of only 22% tt-DEM from 23% ct-DEM within
1.5hat150 °C (Supplementary Table 3). Increasing yields of tt-DEM were
observed when activating the catalyst at 120 °C and 200 °C: 35% and
66%, respectively. Activation at 250 °C,300 °Cor 350 °C (under N, flow)
leads to the highest yields of tt-DEM (69-71%) at 72-75% ct-DEM con-
version, whichis the thermodynamic equilibrium. A higher activation
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Fig.3| Characterization and proposition of the Ru complexin betazeolite.

a, High-resolution HAADF-STEM image of an area where bright spots can be
observed within the zeolite pore structure (5 nmimage) and EDS map (10 nm
image) of 0.2%Ru-B150 catalyst after activation. b,c, Temperature-programmed
desorption of NH; ligands (5 °C min™) from 0.2%Ru-B150 catalyst followed by
mass spectrometry and FT-IR spectroscopy (c). V-, refers to the three different
stretching vibrations of nitrogen-hydrogen bonds in the NH, ligands. The vertical
scaleis presented in an arbitrary unit.d, The normalized XANES absorbance
(pdinarbitrary unit, vertical scale) as a function of the energy (eV) for the

tested Ru(NH,),Cl; (solid blue) and activated 0.2%Ru-B150 catalyst

3,300

3,250

T T
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(solid red) in comparison with simulated XANES (dashed lines) for the proposed
atomic models shown asinsets (colour code: purple, Ru; blue, N; white, H; red,

O; yellow, Si; grey, Al). e, Magnitude of the experimental Fourier-transformed
EXAFS data [X(R)| (phase-uncorrected) inarbitrary unit (vertical scale) asa
function of the interatomic distance (R) for Ru(NH,),Cl; (solid blue) and activated
0.2%Ru-B150 catalyst (solid red) with fitted curves shown by dashed black lines.
Contributions of different neighbours for the Ru sites in the activated catalyst
are shown by coloured lines with filled area: Ru-X (with neighbouring framework
oxygeninred, nitrogenin blue and OH in orange) and Ru-Ru (inviolet).

temperature under N, (450 °C) resulted in a complete loss of activity.
Replacing N, with H, at 350 °C led to a partial reduction of Ru to the
metallic state, as deduced from the formation of 19% hydrogenation
products, together with only 42% t-DEM (Supplementary Table 3)*. Air
activation at 350 °C (leading to potentially volatile Ru oxides) resulted
in catalyst deactivation. Thus, metallic Ru(0) (described below) and Ru
oxides are not active in this isomerization.

To identify the Ru species formed in the specific pretreatment,
in-depth characterization was conducted. Inductively coupled plasma
atomic emission spectroscopy (ICP-AES) confirmed the amount of
Ru exchanged onto the zeolite to be correct for 0.2%Ru-B150 (£5%).
The Ru content was unaltered after activation under N, flowat 350 °C,
proving that Ruis not volatilized. High-resolution high-angle annular
dark-field scanning transmission electron microscopy (STEM-HAADF)
imaging was used to examine the activated 0.2%Ru-B150 catalyst.
Energy-dispersive X-ray spectroscopy (EDS) was employed to confirm
the presence of Ru, as well as Si, Al and O. These results suggest that
Ru was homogeneously dispersed throughout the sample (Fig. 3a).
High-resolution imaging indicates that the zeolite mostly does not
containmetallic particles (Supplementary Fig. 6). However, inalimited
number of areas, bright spots were observed. Notably, EDS analysis
did not reveal a notable concentration of Ru in these bright spots
(Supplementary Fig. 7). The thermal dissociation of NH, ligands from
Ru(NH,)*" on B150 was followed with both mass spectrometry and
FT-IR spectroscopy (Fig. 3b). The dissociation of NH, ligands starts
at 180 °C, and the NH; released up to 350 °C is around 5/6 of the ini-
tial amount. At 450 °C, a complete removal of NH; takes place, which
leads to a concomitant reduction of Ru. Similarly, the decrease in the

intensity of N-H stretching bands upon thermal activation was fol-
lowed with FT-IR spectroscopy (Fig. 3¢), with again a decrease of 5/6
at 350 °C. The desorption continues at higher temperatures (Supple-
mentary Fig. 8). Thus, upon activation under N, between200-350 °C,
the remaining NH; ligands seem to prevent the sintering of Ruand to
stabilize it in an atomic form. High-resolution transmission electron
microscopy (HR-TEM) and EDS mappingimages show the abundance of
Runanoparticles onthe 0.2%Ru-B150 sample activated at 450 °C under
N,, which canbe explained by the Rusintering upon the desorption of
thelast stabilizing ligands (Supplementary Fig. 9). NH, itself (without
Ru) was inactive, as confirmed by the absence of isomerization when
using NH; in solution or an NH,"-exchanged zeolite as catalysts (Sup-
plementary Table 3). Similarly, no t¢ was formed when exchanging the
zeolite with RuCl, as the Rusource. Onthe other hand, the formation of
the tt-isomer was observed when loading the zeolite with the Ru(NO)
(NO;"); precursor at 0.2 wt% Ru loading (Supplementary Table 3),
whichindicates that the ligands are not involved in the isomerization
mechanism and their role is limited to reducing the Ru mobilization.
X-ray absorption near edge spectroscopy (XANES) and extended
X-ray absorption fine structure (EXAFS) data indicate that upon acti-
vation under N, flow, Ru(NH,),Cl; loses five of its NH; ligands; how-
ever, it stays hexa-coordinated by gaining oxygen-containing ligands
instead (Fig. 3d,e and Supplementary Table 4). The average oxidation
state remains Ru(Ill) (Supplementary Fig. 10); however, the slight
edge shift towards higher energies indicates a lesser ligand-to-metal
electron transfer (Fig. 3d). Ab initio simulation of XANES spectra
(Fig. 3d) and fitting of the EXAFS data (Fig. 3e) lead us to propose a
tentative atomic model of the active sites. The reduced intensity of
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the peak in Fourier-transformed EXAFS data, ranging between 2 and
3 A with respect to the precursor, is explained by the increased local
disorder dueto different types of neighbouring atoms contributing at
1.89 + 0.03 A, which can correspond to H,0 ligands, and at 2.04 + 0.03 A
and 2.16 + 0.04 A, which are hypothesized to be due, respectively, to
the remaining NH; ligand (detected with temperature-programmed
desorption and FT-IR) and bonding with framework oxygens. A small,
second-shell peak was modelled by the Ru-Ru contribution (purple) at
2.76 + 0.02 A, with an average coordination number of 0.4; it may origi-
nate fromasmall number of Ru clusters. Stabilization of the precursor
inthezeoliteis crucial for the active-site formation; without this forma-
tion, theresultis the Ru(0) species (Supplementary Fig.11fand entry 6
inSupplementary Table 4).In addition, the non-supported Ru(NH,),Cl,
saltwas fully reduced after N, activation at 350 °C, indicating the neces-
sity of dispersion inside the zeolite to prevent the reduction.

Working towards a process

To bring this catalytic reaction closer to industrial reality, volumetric
productivities must be high to convert aconcentrated feedstock with
fastrates; the catalyst must be stable and the conditions practical. The
latter seems fulfilled as ethanol is the solvent of choice and tempera-
tures are moderate (130-175 °C). Ethanol is a sustainable solvent (low
cost and readily bio-available) in which DEM is highly soluble and its
hydrolysisis avoided™. The kinetic study started by determining rates
at150 °Cand 175 °C, using a catalyst content of 10 mg ml™ and a ct-DEM
concentration of 300 mM. Figure 4a shows a faster formation of t¢-DEM
at175°C (5.8 Zrpem Eueo - W) incomparison to 150 °C (3.2 €,.pem Ereo - h7Y).
However, atboth temperatures, the maximal yield of produced ¢t¢-DEM
was similar and limited thermodynamically to around 70%. The reac-
tionorder for theisomerization of ct-DEMto ¢tt-DEM was determined at
150 °C, between 30 and 1,000 mM, using the initial rates method witha
power law model. Between 30 mM and 300 mM, rates linearly correlate
withreactant concentration, giving an order of 1.05 + 0.07 (95% confi-
denceinterval and a coefficient of determination R = 99.9%), while at
higher concentration, therate stillincreases, though no longer linearly
with the concentration (Supplementary Fig. 12). The positive order
allows high volumetric-based and catalyst-weight-based productivities.
For afixed amount of catalyst (50 mg), the datashow alinearincrease
in the productivity reaching a very high value of 160 mM h™ of tr-DEM
produced at 150 °C (54% conversion) for 300 mM ct-DEM (Fig. 4b,
dashedline). The productivity increases with a smaller slope to reach
207 mM hat 500 mM (53% conversion) and decreases to 176 mM h™at
1,000 mM (44% conversion). We further modelled the data to include
the high concentration regime, and upon fitting the datawith various
surface reaction models, we found that a substrate-inhibition Lang-
muir-Hinshelwood model with asingle site best reduces the variance,
leading to the hypothesis that the surface reaction between a substrate
moleculeand another substrate adsorbed on an active site deactivates
reversibly thelatter, causingadropin the rate above 500 mM substrate
concentration (Supplementary Fig. 12b).

At 175 °C, higher productivity values are possible: 368 mM h™*
at 500 mM (53% conversion) and 427 mM h™ (thatis, 85g1™" h™) at
1,000 mM (43% conversion; Fig. 4b, solid line). These reported pro-
ductivity values compare favourably to literature data for anisomeri-
zation process giving tt-muconates (Supplementary Table 5). In
terms of catalytic productivity, this amounts to 4.1 g,.pe 85, - h™and
7.3 €,r0em 260 - W7 for a 500 mM solution at 150 °C and 175 °C, respec-
tively. Ultra-concentrated reactions (2.0 M and a 1:1 volume ratio
ct-DEM/EtOH = 3.2 M) were conducted (Supplementary Fig. 13), and
high productivity could still be achieved for the 2.0 M system at 175 °C
(434 mM h™at43% conversion).

The catalyst is also capable of isomerizing ct-MA, in the free acid
form, with the isomerization prevailing over the lactonization at low
temperature (for example, tt-MA/Mlac = 3.6 for 7% ct-MA conversion
at 100 °C; Supplementary Fig. 14; Mlac, muconolactone). While the

lactonization is more difficult to suppress at higher temperature
(Supplementary Fig. 15), the tandem esterification-isomerization
is a credible alternative to directly convert the acid ct-MA to isomer-
ized muconate esters. We succeeded in countering lactonization by
performing the esterification on its own or in tandem, with catalytic
amounts (3 mM) of homogeneous heteropolyacid H,SiW,,0,, (Sup-
plementary Table 6 and Supplementary Fig. 16) and heterogeneous
Amberlyst 36 (Supplementary Table 7). In both low and high concen-
tration ranges, the esterification dominates the lactonization, and the
produced ct-DEM was isomerized in situ to ¢tt-DEM with <1% of Mlac
(175 °C). The overall productivity values from MA are still important,
evenifthey are lower thanthe above ester isomerization (64-80 mM h™
for ct-MA versus 233-427 mM h™' for ct-DEM; Supplementary Table 5).
The tandem process thus offers a route to directly couple the highly
selective ttformation with bio-based ct-MA production. The reusability
of the esterification catalyst was also tested over consecutive cycles
(Supplementary Tables 6 and 7).

The apparent activation energy for the isomerization of ct-DEM
was calculated from Arrhenius plots between 120 °C and 185 °C based
on first-order kinetics of ¢z-DEM formation (Fig. 4c). Operating at a
temperature above 160 °C showed an activation energy on the order
of 20 + 7 k) mol™, pointing to severe film (external) limitations whereby
the diffusion of muconates does not seem capable of following the
very high isomerization rates. Similarly, a low activation energy was
obtained underalow stirring rate (Supplementary Fig.17). Inthe tem-
peraturerange of 160 °Ct0120 °C, thereaction operates under akinetic
regime, with anactivation energy of 110 + 5 k] mol™. When studying the
isomerization of the bulkier ct-DBM ester in the temperature range of
160-130 °C (Fig. 4c, orange plot), an activation energy of 113 kj mol™
was obtained, whichindicates the absence of the pore diffusion limita-
tion. Finally, a new batch of catalyst was tested for the isomerization
of ct-DEMin anevenlower temperature range (80 °Ct0 120 °C), show-
ing an activation energy of 156 + 8 k) mol™. Combined, these findings
point to chemical reaction control of the isomerization between 80
and 160 °C, with perhaps anincline towards diffusion limitations (film
limitations, with perhaps pore limitations) at the high end of that range.

The turnover number (TON) was calculated for 0.2%Ru-B150
catalyst with different concentrations of ct-DEM (Fig. 4d). Approxi-
mately 1,100 mol mol™ was achieved in a solution of 300 mM ct-DEM
once the system reached its thermodynamic equilibrium. Increasing
the concentration of ct-DEM (up to1,000 mM) for the same amount of
catalyst showed a higher TON, with amaximal value of 2,800 mol mol™.
The high TON points to an optimal use of the precious metal similar to
that of single-atom (or high metal dispersion) catalysis*”**">*,

The spent catalyst (after 1,000 mM) was characterized to under-
stand deactivation routes and thus possible remediation paths. Ther-
mogravimetric analysis shows 4% formed coke on the spent catalyst,
which corresponds to less than 0.7% of the initial amount of c¢-DEM
(300 mM; Supplementary Fig.18). N, physisorption data show a partial
lossinthe microporous volume onthe spent catalyst (dried at 200 °C),
mainly related to coke deposition (Supplementary Table 8). ICP-AES
measurements confirm a very comparable amount of Ru on the fresh
and the spent catalyst (difference of <5%, within the ICP error margin),
aswellasthe absence of any trace Ruin the hot-filtrated liquids. In addi-
tion, ahot filtration split test was performed (Supplementary Fig.19);
the recovered liquid was stirred for several hours under the reaction
conditions without any further notable conversion in comparison to
ablank reaction. High-resolution TEM images and EDS mapping of
the spent catalyst show a persisting high dispersion of Ruatomsinthe
zeolite framework. Some high-contrast particles can be found within
the zeolite agglomerates, which can be attributed to Ru by using EDS
(Supplementary Fig.20). However, the small amount of the crystalline
Ru particles did not allow their detection with a powder X-ray diffrac-
tion technique (Supplementary Fig. 21). The catalyst deactivation is
suggested to occur through Rusintering (Ru nanoparticle formation),
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Fig. 4 |Kinetic studies and mechanistic insights of the isomerization of
muconates and optimization of the one-potisomerization and Diels-Alder
reactions. a, Kinetic curves of the isomerization of ct-DEM (blue) into tt-DEM
(green) at150 °C (dashed line) and 175 °C (solid line) for 50 mg 0.2%Ru-B150
catalystin 5 ml of 300 mM solution. The rate of formation of ¢2-DEM (g;.pem 8o - h ™)
was estimated from the slopes (black lines) using the reaction values in the ranges
of 0to 0.5h for the reactionat175°Cand O to1hfor the reactionat 150 °C.

b, Productivity values of the isomerization process at 150 °C and 175 °C

(50 mg, 5 ml) as a function of the initial concentration of c¢-DEM. The error bars
correspond to the percentage of variation (around 4.5%) obtained from three
repetitive reactions at identical conditions. ¢, Arrhenius plot of the isomerization
0of300 mM ct-DEMin ethanolin a temperature (T) range from 80 °C to 185 °C with
the type of regime labelled on top (values based on the conversion of ct-DEM).
Therate was estimated inmM h™., A different synthesis batch of the same catalyst
was used for experimentsin the 80-120 °C zone.d, TON per Ru values were
calculated in the equilibrium isomerization zone for different concentrations of

ct-DEM. The error bars correspond to the percentage of variation (around

4.5%) obtained after calculating the standard deviation from three repetitive
reactions at identical conditions. e, The product distribution for several
Diels-Alder reactions (in separate or aone-pot isomerization/Diels-Alder
process). These reactions were performed at the indicated concentrations,
temperatures and times in the presence of 40 bar ethylene (loaded at room
temperature) with 6 mg ml™ of zeolite. Side product nomination accounts for
hydrogenation products (mono- and di-hydrogenated), oligomers and the loss in
the carbon balance. A 50 ml reaction was also performed (Supplementary Fig. 28).
f, Reaction scheme for the one-potisomerization/Diels-Alder process showing
the proposed mechanism for the Ru-catalysed isomerization. After isomerization,
the ¢tt-DEM can undergo Diels-Alder cycloaddition in the role of diene due to

its specific geometry. The reaction was also proven to work with methyl and

butyl muconic esters. g, The FT-IR spectra of the formation of Ru hydride and
Rudeuteride peaks followed by the adsorption of methanol and methanol-d,,
respectively, over pre-activated 0.2%Ru-B150 zeolite and Cs-B150 zeolite.

possibly after the loss of all ligands, as a strong ligand is expected to
somewhat protect the Rufrom agglomerating.

Catalyst regeneration (after 1,000 mM) was attempted using
several methods (labelled ‘Reg 1’ to ‘Reg 3’ in Supplementary Fig. 22;
details in Supplementary Note 1); however, only a mediocre regen-
eration ability was achieved, reaching at best 53% of the initial activity
with a cumulative TON of 4,100 mol mol™ (Supplementary Fig. 23).

EXAFS data on the spent sample shows that the deactivation of the
catalyst is associated with the formation of Ru(0) and Ru(ll) (vide
supra) and the formation of Ru-Ru bonds (Supplementary Fig. 11d
and entry 4 in Supplementary Table 4). These species seem to revert
partially (Ru(0)) or fully (Ru(ll)) to Ru(lll) during reactivation (Reg 2),
asobserved fromalinear combination fit on the experimental samples
using reference XANES spectra (Supplementary Fig.11). The recovery
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of the oxidation state of Ru does not necessarily imply the regeneration
of the initial Ru species, since the isomerization activity was not fully
recovered with this method. Moreover, the possible redispersion of
Ru nanoparticles did not improve the regeneration ability. A prelimi-
nary techno-economic analysis was performed, showing the potential
industrial relevance of this technology, where the metal recovery from
the catalyst (post-reaction) can effectively reduce the cost of the use of
Ru, asdetailed in Supplementary Note 4 and Supplementary Table12.

Mechanistic considerations with Ru hydride species

A plausible mechanism of the isomerization is illustrated in Fig. 4f, in
which aRu hydride complex catalyses the isomerization*®*. After the
generation of the Ru-H (or Ru-D) complex, the hydrideinsertion occurs
onthe C=Cdouble bond of muconates; furthermore, arotation of the
single bond takes place, which is followed by a B-hydride elimination
toregenerate the metal-hydride complex while producing the muco-
natesinthe desired configuration. The alcohol solvent plays the role of
activator (co-reagent) since ahydride donoris required to produce the
metal-H species®. To confirm this, different solvents were tested, and
an absence of isomerization was observed when using ethyl acetate,
acetone and toluene; however, the isomerization was successful in
methanol, ethanol and butanol with their respective muconic esters.
Also, the formation of hydrogenation products (as side products) sug-
geststhataRuhydrideis operating. The rate of formation of tt-DEM was
followed in three different alcohols with different H-donor capacities,
namely, isopropanol > methanol > ethanol (Supplementary Fig. 24).
The results show the highest production rate of ¢t2-DEM when using
isopropanol (the alcohol withthe highest H-donor capacity); however,
the very small variation in t£-DEM yield is insufficient to define the
hydride generation as the rate-determining step of the two reactions.
Forabetter comparison, we studied the isomerization rate when using
methanol and deuterated methanol (methanol-d,) where the results
show that the use of methanol-d, slows the reaction rate by a factor of
around 1.46, which highlights the presence of akineticisotopic effect
(Supplementary Fig. 24a,d). Given the similar rates with differently
acidic alcohols, one could suspect the migratory insertion to be rate
limiting (slowerinaRu deuteride). A further proofiis the identification
of1,1-diethoxyethanein the reaction products (Supplementary Fig.25),
whichresults from the reaction of acetaldehyde with ethanol*’. For an
even better proof of the mechanism, we studied the isomerization prod-
ucts of ct-DMM in deuterated methanol (methanol-d,) by *C NMR (Sup-
plementary Fig. 26).In the proposed mechanism, methanol-d,actsasa
Dsource togenerate the Ru-D species (or Ru-H from methanol), which
transfers the deuteriumto the produced ¢tt-DMM, with the formation of
aC-Dbond. FromC NMR data (Supplementary Fig. 26), the presence
of C-D coupling onthe t&-DMM was noticed after isomerization, giving a
solid confirmation of the proposed mechanism. Inaddition, these find-
ings point out that the deuteride insertion occurs selectively, whereby
the Dis incorporated at the C-2 while the Ru bond is formed with C-3,
probably due to electronic or steric effects®®. As a thermodynamic
equilibrium exists between ct-DMM and ¢t-DMM, an isotopic scram-
bling was expected at prolonged reaction time, which was confirmed
by *C NMR data showing the presence of a C-D coupling on both the
C-2and C-5atoms of ct-DMM, but not on C-3 and C-4 (Supplementary
Fig. 26). The generation of the Ru-H bond was confirmed with FT-IR
measurements following the adsorption of methanol vapour on the
Ru-B150 zeolite at 175 °C (Fig. 4g). After loading gas-phase methanol,
apeak at 2,075-2,080 cm™ was observed on the Ru-zeolite, which is
assigned to the stretching vibrations of Ru-H (refs. 59-61). However,
the formed Ru-H species on the zeolite were unstable in the absence of
methanol or under desorption conditions (Supplementary Fig.27 and
Supplementary Note 2). Importantly, the adsorption of methanol-d,
was also performed, and anew peak, centred ataround 1,486 cm™, was
observed, which is in line with the expected position of the isotopic
shiftin FT-IRspectroscopy (Fig. 4g, Supplementary Fig. 27 and detailed

calculation in Supplementary Note 2). These experiments are direct
proofofthe Ruhydride mechanism and show a spectroscopic signature
of an atomically dispersed Ru hydride complex in zeolite. Finally, to
show the great potential of the Ru-based catalyst we have developed,
we showed its successful use in wider applications, such as hydride
transfer reactions, as shown in Supplementary Table 9.

Coupledisomerization and Diels-Alder reactions
Thedistribution of around 70:30 ¢t-DEM/ct-DEMis a thermodynamic
barrier. Yet, this barrier requires acumbersome isomer separation,
which canbe performed through aback-hydrolysis under basic condi-
tions (>2 equiv. NaOH) of DEM into MA. One of the reactions that most
benefits from a trans,trans configuration is the Diels-Alder cycload-
dition, as the rearrangement of the double bonds in the ¢t-isomer
allows the atom-efficient coupling of ¢¢-muconates and a dienophile
(Fig. 4f)*%2. Hence we looked into coupling the isomerization reaction
directly with this tt-DEM-consuming reaction to drive the reaction to
higher c¢t-DEM conversion. So, in a one-pot reaction under ethylene
pressure, ct-DEM was transformed into CHDE through anon-catalysed
Diels-Alder cycloaddition of ethylene to t¢-DEM (Fig. 4e,f). A50 ml
solution of 300 mM ct-DEM in ethanol was mixed with 300 mg 0.2%Ru-
B150 (6 mg ml™?) in a Parr reactor loaded at 25 °C with 40 bar ethylene.
Supplementary Fig. 28 shows the product distribution of the coupled
isomerization/Diels-Alder reactions at 175 °C. The thermodynamic
equilibrium between the muconates was rapidly attained within1h,
with the non-catalysed Diels-Alder reaction being the rate-determining
step. Some 19% CHDE was formed after1 h, and theamount keptincreas-
ingwith time, clearly consuming ¢¢-DEM, boosting its production from
ct-DEM and pushing the ct-DEM to near full conversion (versus the 70%
typically observedinthe absence of ethylene). After 4 h of reaction, 97%
ofthe ct-DEM was converted into 79% CHDE yield (81% selectivity) with
7% of tt-DEM remaining ata productivity of 59 mM h™. The side products
consist of identified muconic oligomers (the main products identi-
fied) and hydrogenation products, and non-identified/non-recovered
products. The formation of side products was found to be favoured by
the high concentration of t£-DEM present in the first hour of the reac-
tion. Besides optimizing ethylene pressure (0 to 40 bar) and solvent
(Supplementary Table 10, Supplementary Note 3 and Supplementary
Figs. 29-31), we analysed the separation of the isomerization and
Diels-Alder reactions, with a filtration step in between during which
ethyleneis added. Theresultsindeed show adecrease in side product
formation but only 74% CHDE (versus 79% in the coupled process). This
is easily explained by the lack of furtherisomerization of the remaining
ct-DEM (Fig.4e). Toreduce the residence time of tt-DEM in the one-pot
process, we favoured the Diels-Alder cycloaddition by increasing the
reactiontemperature to 200 °C. At the same time we can benefit from
the film diffusion limitations above 175 °C (Fig. 4c) as the rate of tt-DEM
formation will not increase alot. As shown in Fig. 4e, the CHDE yield
increased to 84%at200 °C, together with areductioninside products
(Fig.4e). Afinal optimization, away from side products, is achieved by
reducingthe substrate concentration (200 mM and 100 mM lead to 89%
and 93% CHDE, respectively; Fig. 4e). While this curtails the productivity
of the process (59 mM h™ at 300 mM to 47 mM h™), highly concentrated
solutions onthe other side of the spectrum (Supplementary Figs. 32 and33)
suffer modest yields. In line with the literature, the dehydrogenation of
CHDE (from the 300 mM one-pot solution) to diethyl terephthalate
was easily proven using a Pd/C catalyst (Supplementary Table 11)*.

Conclusions

Thiswork presents astrategy to design atomically supportedionic Ru
onbetazeolite catalysts and use themin a heterogeneously catalysed
pathway to obtain t£-muconates from ct-muconates. The unique activ-
ity of our Ru-based catalysts led to high productivity of t¢&-muconates
(427 mM h™) and aselectivity above 95%. The catalysis features very high
turnovers per Ruof around 2,800 mol mol™ (and 4,100 mol mol ™ after
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regeneration), arguably due to the high dispersion of ionic Ru active
sites in the channels of the support zeolite. The isomerization of the
bio-based MA itself was also demonstrated to produce the t¢-isomer
in a selective coupled esterification-isomerization process. The
equilibrium of the isomerization was pushed towards ¢tt-muconates
when the isomerization was coupled to a Diels-Alder reaction in one
pot. As aresult, the formation of CHDE (terephthalic intermediate)
could be demonstrated directly from ct-muconates. The isomeriza-
tion mechanism occurs viaRu hydride intermediates generated from
the alcohol solvent, as was evidenced by isotopic-labelled NMR and
FT-IR measurements.

The developed isomerization process pushes the feasibility of
the large-scale production of t&-muconates: little waste is produced
(<10 mol%) and a high TON is attained (2,800 mol mol™ in one reac-
tion cycle), in addition to good volumetric and catalytic productivity
(427 mM h™, which corresponds to 60.6 g of MA equivalent per litre
of solution per hour). The latter two results combine into low cata-
lyst consumption (100 pgg, per gram ct-DEM in 1.0 M reactions)>**.
A preliminary techno-economic analysis was performed showing
the potential industrial relevance of this technology. In addition,
the productivity shown for this isomerization process is higher than
that reported for the biotechnological production of MA (17 mM h™
or 2.5g1™h™). Enabling the application of bio-based MA will depend
on advances in its production (rates and cost); a bridge between the
actual bio-based production of MA and the isomerization can now be
established. Research could target promising solvents to extract MA
from the fermentation broth that also allow the direct follow-up by
the (here proven) tandem esterification and isomerization. Isolating
tt-muconates couldbe ahurdleto the process, butaback-hydrolysisinto
the non-soluble tt-MA could be performed toisolate the latter fromthe
otherisomers. For dimethyl muconate, the low solubility of the ¢t form
inmethanolindeedled to aneasyrecovery afterits partial precipitation
(with around 60-80% recovery). Otherwise, coupling isomerization
with another chemical transformation was shownto helpin pulling the
reaction equilibrium to full conversion of the ct-isomer (as well as the
tt-isomer). Combining isomerization with Diels-Alder and dehydro-
genation reactions opens up adirect route to produce terephthalates
frombio-based cc-muconates. Beyond the isomerization of muconates,
the developed strategy offers access to highly active heterogeneous Ru
hydride catalysisinazeolite. This catalystinitself, but also the strategy
to design and activate such catalysts, offers opportunities to develop
second-generation Ru-on-zeolite catalysts for hydride-catalysed reac-
tionsand Ru chemistries (for example, hydride transfer hydrogenation).
Inaddition, dedicated zeolite syntheses could expand these possibilities
by targeting specific hosting arrangements for Ru siting.

Methods

Materials

The zeolites ZSM-5 140 (CBV28014), Beta 12.5 (CP814E) and Beta
150 (CP811C-300) were supplied from Zeolyst. USY250 (HSZ-300
390HUA) and Beta 250 (HSZ-900 980HOA) were supplied by Tosoh.
Beta 75 (CZB150) was provided by Clariant. The cc-MA was purchased
from Fluorochem with a purity of >99%. Ethanol (99.8%), n-butanol
(99%), n-heptane (>99%) and anhydrous magnesium sulfate, MgSO,
were supplied by Fisher. Ethyl acetate (99.5%); dichloromethane
(99%); methanol (99%); 96% sulfuric acid in water, H,SO,/H,0; and
hexamineruthenium(lIIl) chloride, Ru(NH,)Cl; (98%) were supplied by
Acros. Sodium chloride (>99.5%) was supplied by Carl Roth, and cae-
siumacetate, CH;COOCs (98%) was supplied by Alfa Aesar. The 28-30%
ammonia solution in water was supplied by Merck. The pressurized
ethylene (C,H,) bottle (>99.95%, 70 bar) was supplied by Air Liquide.

Preparation of muconic and muconate isomers
The ct-MA was formed by the isomerization of 2.0 g cc-MA in 100 ml
deionized water at 80 °C for 75 min. After the reaction, the solution was

cooled (overnight) to room temperature, and crystals of pure ct-MA
started to form. After filtration on a paper filter and being dried at 60 °C
under air, around 1.3-1.4 g of isolated ct-MA were recovered. Further-
more, water was removed using a rotary evaporator, and the remaining
substrate containing Mlac and ct-MA was washed with dichloro-
methane. The remaining solid substrate was filtrated and dried under
air at 60 °C, and an additional 0.4-0.5 g of pure ct-MA was collected;
the total yield was between 85-95% (ref. 20).

The esterification of ct-MA into ct-DEM was performed by adding
2.0 gct-MA and afew drops of H,SO,/H,0in 100 ml ethanol. Aftera24 h
reflux (temperature of oil bath, 85 °C), ethanol was removed under
reduced pressure and the remaining liquid was extracted with ethyl
acetate. The organic phase was dried over MgSO, and the solvent was
removed under reduced pressure to obtain pure ct&-DEM with 90-95%
yield. Similarly, methanol and n-butanol were used to obtain ct-DMM
and ct-DBM, respectively. The tt&-muconates (t¢-DMM, ¢t-DEM and
tt-DBM) were prepared using the same procedure as tt-MA.

Preparation of the Ru-zeolite catalysts

Prior to ruthenium loading, the zeolite powder was exchanged with
NH,*, Na*and Cs*. The NH," exchange was performed in an aque-
ous solution of ammonia (0.015 M) at room temperature for 16 h
(200 Mlgyytion Ereoie )- The Na* form was obtained from the NH,* zeolite
via two successive ion-exchange steps at room temperature lasting
16 heach, using100 mlof 1.0 Maqueous solution of NaCl per1gofdry
zeolite. Furthermore, the Cs* form was obtained after two successive
room temperature ion-exchange steps (48 h and 72 h) witha 0.1M
aqueous solution of caesium acetate (25 ml g™). For each exchange
step, the zeolite powder was recuperated via centrifugation, washed
with water and air dried at 80 °C (ref. 45).

Finally, the zeolites were loaded with 0.2 wt% Ru by ion exchange
after adding1g of the Cs-zeolite to 100 ml aqueous solution contain-
ing the required amount of ruthenium precursor, Ru(NH,),Cl,. After
24 h, the zeolite powder was filtered, washed once with distilled water
and dried at 50 °C.

Isomerization reactions
Prior to activation, the zeolite powder was self-pressed, crushed and
sieved to obtaingranules between 250 pm and 500 pm. The activation
conditions were found to influence the activity of the catalyst in the
isomerization reactions; thus, different activation conditions were
applied: no activation, 120 °C for 2 h under N, flow (100 ml min™),
350 °C for 2 hunder N, flow (100 ml min™),350 °C for 2 hunder H, flow
(100 ml min™), 350 °C for 2 h under static air and 450 °C for 2 hunder
N, flow (100 ml min™). A heating rate of 2 °C min™ was used from room
temperature to 200 °C followed by anisothermfor 0.5 h. Further heat-
ingat3 °C minwas performed from 200 °C to 350 °C and followed by
afinalisothermfor 2 h.

The formation of t¢-isomer from the ct form was performedina
12 ml pressurereactor (Supplementary Fig. 34). Solutions of 5 ml alco-
hol (methanol, ethanol or butanol) or other solvents containing 30 mM
t0 3,200 mM ct-muconates (ct-MA, ct-DMM, ct-DEM or ct-DBM) were
mixed with 50 mg of catalysts. The reactor was flushed with N, before
beingsealed at 14 bar N, at 25 °C. Reactions were performed at various
temperatures ranging from 80 °Cto 185 °C, and the conversion was fol-
lowed by atimed sampling. The product distribution was determined
by gas-phase chromatography following the analysis described below.

Thetandem esterification-isomerization reaction was performed
inthe12 ml pressure reactors where asolution of 5 ml ethanol contain-
ing 100-1000 mM ct-MA was mixed with 3 mM silicotungstic acid
(H,(Siw,,0,,)) and 30 mg of 0.2%Ru-B150, respectively, as the esterifi-
cationand isomerization catalysts. The reactor was flushed and sealed
with N, (14 bar at 25 °C). Reactions were performed at 150 °Cor 175 °C,
and the conversion and product distribution were determined by gas
chromatography and 'H NMR, following the procedures described
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below. The yields of ct-DEM and ¢t-DEM were calculated using gas
chromatography analysis. The'H NMR was used to confirm the absence
of the carboxylic acid signals after the reaction and to calculate the
Mlac yield (peak at 7.80 ppm in DMSO-d, and using DMSO, as exter-
nal standard). The integration of the respective peaks of the ethyl
groups was in good agreement with the values corresponding to a
complete di-esterification (and not only a mono-esterification). The
ratio of the area of CH,-O peak on the area of C-H peak of muconate
A(cz-opeak/ A (c-Hmuconatey WaS around 4.1 (the expected value for complete
di-esterification is 4.0). After the reaction, the zeolite was recovered
by centrifugation. The homogeneous silicotungstic acid was extracted
with liquid-liquid extraction (ethyl acetate/water), and later the water
was removed under reduced pressure (or dried under N, flow). The
recovered amount (assumed to be pure silicotungstic acid) was around
80-90% and was used in further catalytic cycles.

Forthe ease of separation and recovery, Amberlyst 36 (Aldrich) was
used as a heterogeneous catalyst for the esterification in the tandem
process. Thereactions were performed at 150 °C under the same reac-
tion conditions in the presence of 250 mg of Amberlyst 36 and 30 mg
of 0.2%Ru-B150 catalystin 3 ml ethanol.

Tandemisomerization and Diels-Alder reaction

The one-pot (tandem) isomerization of ct-muconates to tt-muconates
andthe Diels-Alder cycloaddition of ethylene (C,H,) with tz-muconates
was performedin apressure reactor at temperatures ranging between
150 °C and 200 °C. Herein, a solution of 3 ml to 50 ml of alcohol con-
taining 300-2,000 mM ct-muconate was mixed with 0.2%Ru-Beta
150 (6 mg ml™) catalyst under an initial pressure ranging from 14 bar
to 40 bar C,H, (sealed at 25 °C). The reactor was sealed, and the pres-
sureincreased by heating, for example, up to 80 bar when the reactor
reached 175 °C (starting from 40 bar). The conversion was followed
with a timed sampling, and the product distribution was determined
by gas chromatography (more below).

ICP-AES

The elemental analysis was performed using an ICP-AES instrument
(PerkinElmer Optima 3300 DV) with signals for Ru, Al and Si at 267.9,
308.2 and 251.6 nm, respectively. Prior to ICP-AES measurements,
50 mg of the zeolite sample was dissolved in 0.5 ml hydrofluoric acid
and 1 ml aqua regia. After a few hours, the solution was neutralized
with 15 ml boric acid solution (0.49 M) and further diluted to 100 ml
in deionized water. A sample was taken of the solution and diluted
25timesin 0.42 Maqueous nitricacid (HNO,) solution®. A calibration
curve for Rustandards was plotted using five solutions with the follow-
ing concentrations: 0.01,0.02,0.03,0.04 and 0.05 ppm.

FT-IR spectroscopy

The densities of Brgnsted and Lewis acid sites were determined using
pyridine adsorption followed by FT-IR spectroscopy on a Nicolet 6700
spectrometer equipped with a deuterated triglycine sulfate detector®.
Prior to analysis, samples were self-pressed into precisely weighed
wafers of a density of around 10 mg per cm?. The wafers were degassed
insitu (<0.1 mbar) at 400 °C (5°C min™) for 6 h. After degassing, a
reference spectrum of the activated material was recorded at 150 °C
with an accumulation of 64 scans at a resolution of 4 cm™ (ref. 42).
After further cooling to 50 °C, pyridine vapour was introduced on the
samples until saturation, followed by a thermal desorption at 150 °C
under vacuum (<0.1 mbar) for 1 htoremove weakly adsorbed species.
A spectrum was recorded at the end of this step and compared to the
reference spectrum. The densities of Brgnsted and Lewis acid sites
were determined by integrating the area of their characteristic bands
(‘v8a’at ~1,545 cm™ for pyridiniumions (PyH") and ‘vI9b’ at ~1,445 cm™
for coordinated pyridine (PyL)) and using their relative molar absorp-
tion coefficients: e(PyH*) =1.67 cm pmol™and £(PyL) = 2.22 cm pmol ™
(refs. 66,67).

The thermal desorption of NH, ligands was performed onthe same
set-up; however, the vacuumwas replaced withaN, flow of 50 mI min™,
The desorptionwasfollowed from180 °Cto 400 °C withaheat ramp of
5°C min™and anisotherm of 20 min at 350 °C and 400 °C.

The adsorption of methanol was performed over Ru-beta zeo-
lite. After preparing the zeolite wafer and activating it under N, flow
(100 ml min™) at 300 °C, the temperature was reduced to 175 °C, and
the N, environment was replaced by avacuumofaround 5 x 10 mbar.
Methanol vapour (15-20 mbar) wasintroduced into the cell over several
doses, and spectra were collected (64 scans with 2 cm™ resolution)
until the surface was saturated. Directly, after cutting the methanol
flow, spectra were acquired to follow the evolution of the remaining
methanol species on the surface (measured at 150 °C and 200 °C).

N, physisorption

N,adsorptionisothermsin therelative pressure (P/P,, absolute/satura-
tion pressure) range of 0.001to 0.99 bar were measured on a Tristar
113020 instrument. The samples were dried at 300 °C for 6 h prior to
analysis. Thelinearity of fitting for the Brunauer-Emmett-Teller (BET)
specificsurface areawas 0.9999. The total pore volume was calculated
by the Gurvich rule at a P/P,=0.95, while the micropore volume was
deduced using the t-plot (statistical thickness) method**.

STEM and EDS

HAADF-STEM and EDS were performed on an aberration-corrected
cubed Thermo Fisher Advan-TEM Titan microscope equipped with
a Super-X EDS detector operating at 300 kV. Also, an aberration-
correctedJEOL ARM20OF microscope operating atanacceleration volt-
ageof 200 kVand equipped with a Centurio EDS detector was used. EDS
analyses were performed by acquiring at least 150 frames at a higher
dosage of2 x10*e” A (e", electron) to ensure enough counts. The sam-
ples were prepared via drop-casting a sonicated particle suspension
onaholey carbon-coated Cu TEM grid (Cu, 400 mesh, Agar Scientific).

EXAFS and XANES

X-ray absorption spectroscopy datawere collected at the BM23 beam-
line of the European Synchrotron Radiation Facility (ESRF; Grenoble,
France). Allsamples were pressed into pellets of optimal thickness and
measured intransmission mode. The photonintensity before and after
passing through the sample was registered by ionization chambers.
ASi(311) monochromator was operated in continuous scanning mode.
For better statistics, multiple scans were collected and averaged, with
atotal acquisition time of 10-20 min per sample. Ru foil was measured
simultaneously with the samples, using a third ionization chamber for
energy calibration. Spectra processing and EXAFS fitting were per-
formed in the Demeter package®®. Theoretical XANES spectra were
calculated within a finite difference method of the FDMNES code for
three-dimensional atomic models pre-optimized at the DF T level of the-
ory®,and the convolution parameters were optimized by PyFitlt code’.

Thermogravimetric analysis

Thermogravimetric analysis was performed ona Q500 instrument (TA
Instruments) while heating the sample from 25 °Cto 700 °C (5 °C min™)
under aflow of 90 ml min™ of O,.

Temperature-programmed desorption with He flow

Temperature-programmed desorption of NH, ligands under a He flow
was measured on a 250 mg sample, loaded in a quartz reactor tube
(5 mm inner diameter) packed with quartz wool and placed in a heat-
ing furnace. The thermal activation followed aramp of 5 °C min™ from
room temperatureto 350 °Cfor1h, thento 450 °Cwhereit was held for
1hunderaflow of 20 ml min™ of He. A quadrupole mass spectrometer
(Pfeiffer Omnistar Quadstar 422) equipped with a scanning electron
microscopy detector measured the currentintensities forions with the
following masses:2,4,16,17,18,28 and 35 AMU. Software (Quadstar 422)
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converted the intensities to molar fractions after calibration. We cali-
brated forH,, He, NH;, H,0 and N, gases. Since we analysed gases under
dilute conditions, we approximated the molar flow-rate for each species
asthe product of the inlet flow-rate with the molar fraction measured
attheoutletof thereactor. Areaintegration after baseline subtraction
ofthe molar flow-rate over the time on stream gives the molar amount
of gas desorbed/reacted over the sample.

Powder X-ray diffraction

The structure and crystallinity of samples were investigated using
powder X-ray diffraction on a high-throughput STOE STADI P Combi
diffractometer in transmission mode, with focusing Ge(111) mono-
chromatic X-ray inlet beams and with Cu Ka radiation (wavelength,
1=1.5406 A), operated at 20 kV. A scanning time of 10 min was used for
the analysis of each sample for arange from 260 =0 to 60°, where 20 is
the angle between the transmitted beam and reflected beam.

Thermodynamic equilibrium calculations

The Aspen HYSYS chemical process simulator lacks the thermo-
dynamic properties of ct-MA and t¢-MA and the corresponding
esters, but ct-hexa-2,4-diene and tt-hexa-2,4-diene are present. The
ct-hexa-2,4-diene and tt-hexa-2,4-diene have the same structure as the
muconic esters, except for the terminal functionalities, and are good
template molecules to simulate the thermodynamic equilibrium calcu-
lations to further validate our equilibrium assumptions. Aspen HYSYS
calculates the composition of asystem composed of ct-hexa-2,4-diene
isomerizing to tt-hexa-2,4-diene (solvent-less), using a Gibbs reactor
and UNIQUAC fluid package. The influence of pressure is null but main-
tains the mixture in liquid phase at 20 bar, and a sensitivity analysis
probes the effect of temperature on the thermodynamic equilibrium
(Supplementary Fig. 3). We regressed the kinetic data for the catalytic
isomerization of ct-DEM with the least square function to find the
best-fitting model based on Pearson’s product moment. We derived
the proposed model (Langmuir-Hinshelwood forward surfacereaction
model with substrateinhibition, where [S]is the concentration of S, the
catalyst’s vacant sites) assuming all elementary surface reaction steps
are in equilibrium except the surface reaction, which is rate limiting
and is assumed to be forward only. The inhibition elementary step is
calculated from the surface reaction with substrate (ct&-DEM) with an
already occupied site (ct-DEM-S):

Adsorption : [ct-DEM] + [S] < [ct-DEM-S] (0]
Reaction : [ct-DEM-S] — [tt-DEM-S] ?2)
Desorption : [¢tt-DEM — S| < [¢t-DEM] + [S] 3)

Inhibition substrate on adsorbed substrate : [ct-DEM]
+[ct-DEM - S] « [ct-DEM — ct-DEM — S](Inactive)

Permutation of the other three, different inhibitions gave lower
scores; these were inhibition substrate onadsorbed product, inhibition
product on adsorbed substrate and inhibition product on adsorbed
product.

Combiningthe four elementary steps with the assumption that the
reactionisrate determining and the balance of the total number of active
sites give the following rate expression for turnover frequency (TOF):

k, K, [ct—DEM]

1+ [ct—DEMI]K, + [tt~=DEM] /Ky + [ct=DEM]’K, K;
(5)

TOF (molmolgih™1) =

wherethe itemsinbrackets are the molar concentrations of substrate or
product (mol I™)); [c-DEM] corresponds to the remaining concentration

of ct-DEM after isomerization; and K,, K;and K; are the respective equi-
librium constants for adsorption, desorption and inhibition elementary
stepsand areregressed with k,, the surfacereaction forward kinetic, tofit
theturnover frequency of the isomerizationreactionat1h (Supplemen-
tary Fig. 12). The estimated regressed coefficients are k,=1.6 x10°h™,
K,=3.6x102m?*mol™, K;=1.3x10°mol m2and K;=1.8 x 10> m®* mol ™.

Gas-phase chromatography

The product distribution of both isomerization and Diels-Alder reac-
tions was calculated using an Agilent Technologies 6890N gas chroma-
tographyinstrumentequipped withaDB-17 capillary column of 0.32 mm
internal diameter and N, as a gas carrier. Some 0.2 pl of the solution
wasinjected at 250 °Cwithasplit ratio of 25:1and driven to the column
(initially at 80 °C) at a flow-rate of 2.6 ml min. After 5 minat 80 °C, the
temperature was increased to 200 °C (10 °C min™) and held for 3 min,
andthenincreased to 280 °C (20 °C min™) and held for 6 min. The flame
ionization detector was maintained at 320 °C. Some n-heptane was
used as an internal standard, and calibration curves were performed
for the following components: ct-DMM (A ..o/ Aneptane = 1.144 % [ct-DM
M]/[heptane]), ct-DEM (A.pem/Anepiane = 1.408 x [ct-DEM]/[heptane])
and ct-DBM (A,;.ppw/Aneprane = 1.928 x [ct-DBM]/[heptane]), and similar
response factors were used to the respective tt-isomers after confirming
the similarity between the response factors of ct-DEM and ¢¢-DEM. The
calibration curve of the Diels-Alder product versus n-heptane (CHDE)
was performed after its preparation (from c&-DEM), purification (column
chromatography onsilicagel using pentane/ethyl acetate, 9:1as eluant)
and isolation (solvent removal under reduced pressure). A correction
to the number of carbons of cyclohexene-1,4-dicarboxylic acid dime-
thylester (CHDM) and cyclohexene-1,4-dicarboxylic acid dibutyl ester
(CHDB) (versus CHDE) was performed.

A few experiments (during the first screenings; Supplementary
Table10) were performed without the use of aninternal standard. The
product distribution was estimated by correcting the integrated area
of each compound to their relative carbon numbers. The same carbon
number was counted for the respective hydrogenation products and
muconic oligomers.

Allthereaction products wereidentified based onretentiontimes,
using pure components or mixtures with various ratios as references
(examples of chromatograms are given in Supplementary Figs. 35
and 36):

» Then-heptane (~1.5 min)

« Thett-muconates: tt-DMM (~13.3 min), tt-DEM (~15.0 min), tt-DBM
(~20.1 min)

« The ct-muconates: ct-DMM (~13.8 min), ct-DEM (~15.3 min),
ct-DBM (~20.3 min)

« TheDiels-Alder products: CHDM (~15.9 min), CHDE (~17.0 min),
CHDB (~21.9 min)

In addition, side products were identified as being mainly
hydrogenation products: dimethyl adipate (~14.3 min), dimethyl
hexenedioate (~12.5 min), diethyl hexenedioate (~14.9 min) and
diethyl hexenedioate (~19.5 min), in addition to muconic oligomers
(~22.5-26.5 min).

'Hand®*CNMR

Thespectrawererecorded onBruker Advance 300,400 and 600 MHz
spectrometers with a BBI 5 mm probe using DMSO-d, solvent
(Sigma-Aldrich) and DMSO, as the standard. The '"H NMR spectra and
the corresponding chemical shifts of different products are given in
the Supplementary Information, pages 32-35.

Data availability
The data that support the findings of this study are available in
the main text and the Supplementary Information file or from the
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corresponding author upon reasonable request. Source data are

provided with this paper.
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