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Lewis acid Sn-Beta catalysts for the cycloaddition
of isoprene and methyl acrylate: a greener route
to bio-derived monomerst
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Sn-Beta zeolite catalysts were unprecedently used for the Diels-Alder cycloaddition reaction between bio-
available methyl acrylate and isoprene affording intermediates to bio-terephthalates. The use of the solid
Lewis acid Sn-Beta allows for a greener process which is also more feasible for industrial implementation,
when compared to the presently used homogeneous and often hazardous catalysts. Incorporating Sn' in
the zeolite beta framework by dealumination followed by solid-state ion-exchange, resulted in an efficient
cycloaddition catalyst with a selectivity favoring the para-adduct. Detailed characterization combined with
computational DFT studies revealed that the tetrahedral framework Sn-sites in Sn-Beta zeolites are
responsible for the superior catalytic activity and selectivity, which is maintained even at elevated

rsc.li/catalysis temperatures.

Introduction

Plastics are some of the largest outputs of the chemical
industry, with polyethylene terephthalate (PET), in particular,
having an annual production volume of over 60 million tons."
Shifting only 20% of the feedstock from fossil to renewable
resources, i.e. biomass, for the worldwide production of PET
would lead to an absorption of 17.2 Mt of CO,, which is
equivalent to 40 million barrels of oil savings.”
Conventionally, PET is produced through polymerization of
fossil-derived ethylene glycol (EG) and purified terephthalic
acid (PTA). While the EG monomer in commercial “bio”-PET
is already produced renewably from the dehydration of bio-
ethanol, the PTA used is still majorly produced from the
AMOCO oxidation of fossil-derived para-xylene, resulting in
an only 30% renewable PET product.® For a 100% renewable
PET with a lower carbon footprint, the aromatic PTA
monomer also needs to be derived from renewable resources,
e.g. biomass.” In this context, there have been several routes
to renewable PTA, among which Diels-Alder (DA)
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cycloaddition of bio-based dienes and dienophiles is a
particularly interesting strategy to synthesize PTA precursors.
The routes using the DA chemistry go either through p-xylene
as an intermediate,”® or through other intermediates to the
final PTA.>*® The p-xylene intermediate necessitates a
subsequent 2-step oxidation to introduce the carboxylic
groups present in PTA. One of the characteristics of bio-
derived dienes/dienophiles is that they contain concomitant
oxygen groups, which can be retained through the Diels-Alder
transformation and can preclude the oxidation steps to bio-
PTA. For example, the trans,trans-muconic acid (t,t-MA)
isomer obtained either from fermentation of sugars,'* or
cross-metathesis of other bio-derived intermediates,'” can
react with ethylene to give a cycloadduct which can be
subsequently dehydrogenated to terephthalates. When
developing a sustainable process, atom economy is crucial. In
this respect, the cycloaddition of isoprene with acrylic acid is
a promising approach to PTA, as it provides an excellent atom
efficiency. Moreover, both reactants can be derived from
biomass; isoprene can be obtained renewably through
hydrogenation and decyclization of itaconic acid*® or from
fermentation processes,'” while acrylic acid can be derived
from biomass platform molecules, e.g. glycerol*® and lactic
acid,” via catalytic routes. The main challenge in the DA
reaction between isoprene and acrylic acid is preventing
isoprene polymerization, while achieving high activity and
selectivity towards the para-cycloadduct, 4-methylcyclohex-2-
ene-1-carboxylic acid.”® Both the para- and meta-adducts can
be dehydrogenated over Pd-based catalysts providing p-toluic
acid,>* which can then be oxidized to terephthalic acid, or its
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esters.”> Frost et al?>® reported the cycloaddition of
isoprene and acrylic acid in high yield of 94% (para/meta
ratio 23, with no solvent) by homogeneously catalyzing the
reaction with TiCl,. However, this type of catalyst is highly

toxic, corrosive and, as is typically for homogeneous
catalytic systems, it is difficult to retrieve from the
reaction solution. Therefore, developing a strategy to

catalyze this reaction heterogeneously would make the
process more sustainable and more feasible to industrial
implementation. Zeolites offer the aptitude of having a
high surface area and strong acid sites, which can be
tuned between Bronsted and Lewis acidity by modifying
the metal in the framework.>® In this respect, Bernardon
et al® tried to optimize the DA reaction between methyl
acrylate and isoprene by using zeolite catalysis with
various Lewis- and/or Bregnsted acidity. The para to
meta-ratio achieved was high (up to 100:0), however, their
isolated yield was very low (7%). It was also observed that
Lewis acids catalyze fewer undesirable side reactions in DA
reactions compared to Bronsted acid zeolites.*® The
isolated framework metal sites in Beta zeolites display
Lewis acid properties.>”*® Among Lewis-acid zeolites the
Sn substituted beta (Sn-Beta) is a promising catalyst for
the cycloaddition of isoprene and acrylates, due to its
strong Lewis-acidity, high stability and easy preparation
procedure.®?°

In addition, calculation of the reaction rates and energy
barriers of the elementary steps using density functional
theory (DFT) have given further important insights into the
reaction mechanism of the DA reaction. Research has
particularly focused on the cycloaddition of furanic
molecules with other dienophiles over zeolites,*** where
computed energy barriers suggest that Brensted acid sites do
not particularly influence the reaction rate.*® However, Lewis
acid zeolites, ie. Sn-/Zr-/Hf-Beta®® or alkali containing
zeolites,®® preferentially bind the dienophile, instead of the
furanic molecule, enhancing its electrophilic character and
the reaction rate relative to the uncatalyzed reaction. These
results are however limited and activation energies have not
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been previously computed for the cycloaddition of ie.
isoprene and acrylates.

In this study, we have investigated the application of the
solid Lewis acid Sn-Beta on the catalytic cycloaddition
between bio-derived isoprene and methyl acrylate as an
attractive route to terephthalate precursors (Fig. 1, red box).
The cycloadducts can be easily transformed into para and
meta-terephthalates via further dehydrogenation and
oxidation (Fig. 1).

By using different characterization techniques combined
with DFT calculations, we studied the role of the tetrahedral
framework Sn-sites in the zeolite Beta, their Lewis acid
properties and their ability to catalyze the DA cycloaddition
between isoprene and methyl acrylate.

Experimental section

Preparation of catalysts

Zeolite beta was used as a parent material. This zeolite is an
intergrowth of the left handed and right handed polymorph
A as well as polymorph B.*> Sn-substituted Beta catalysts (Sn-
Beta) were obtained by dealumination of Al-containing parent
zeolite (Al-Beta) and a subsequent solid state ion exchange (SSIE)
with Sn (Fig. 2), according to a procedure by Hammond
et al”

Dealumination of Al-Beta. 10.00 g of Al-Beta (CVB 300, ns;/
ny = 12.5, Clariant) were suspended in 250 ml of 13 M nitric
acid (Merck Millipore). The mixture was stirred under reflux
for 23 h at 100 °C. After filtration, the residue was washed
with deionized water, until a neutral pH was achieved.
Finally, the dealuminated Beta zeolite (D-Beta) was dried at
100 °C for 3 days and additionally dried in vacuo at 80 °C.

Sn incorporation via SSIE. In a glove box, D-Beta was
grinded manually with the appropriate amount of Sn(u)-
acetate (=95%, Alfa Aesar) for 25 min in inert atmosphere.
The resulting solid was calcined for 3 h in a nitrogen stream
at 550 °C and for an additional 3 h in synthetic air at 550 °C,
to remove organic residues.
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Fig. 1 Approach to bio-PTA via intermediates obtained from the cycloaddition of bio-derivable isoprene and acrylates over solid Lewis acid Sn-

Beta catalysts.
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Fig. 2 Scheme of the two step preparation procedure of Sn-Beta
zeolites. SSIE = solid state ion exchange.

Characterization of the catalysts

The crystalline phase of the zeolite catalysts was examined by
powder X-ray diffraction (XRD) on a diffractometer (X'Pert
Pro, PANalytical) scanning from 5° to 80°. Al and Sn content
could be followed via inductively coupled plasma atomic
emission spectroscopy (ICP-AES). For this, zeolite samples
were suspended in a mixture of aqua regia and hydrofluoric
acid and treated with microwave radiation (2 h, 500 W). The
specific surface area, as well as pore volume of the zeolites
were examined by nitrogen-sorption isotherms. Samples were
first preheated at 350 °C for 4 h in vacuum. Afterwards,
nitrogen was adsorbed at =196 °C according to the Brunauer-
Emmett-Teller (BET) method via multipoint measurements
using a NOVATouch (Anton Paar). Dealumination, correct
incorporation of Sn into the framework of beta, as well as
undesired formation of extra-framework SnO, was examined
by ultraviolet-visible (UV-vis) spectroscopy. For this, the
samples were measured with a LAMBDA 650 UV/vis
spectrometer (PerkinElmer) between the wavelengths of 180
nm to 800 nm. Spectralon was used as a reference and a scan
velocity of 0.5 s nm™" was applied. For X-ray photoelectron
spectra (XPS) the samples were uniformly distributed on a
carbon tape and fixed on a molybdenum sample holder and
recorded in an ultra-high vacuum chamber (base pressure
10™® Pa) equipped with an unmonochromated Al K alpha
X-ray source and a Phoibos 150 analyzer (manufacturer
SPECS). The angle between the analyzer and the X-ray source
was 45°. The electrons originating from the samples were
detected along the surface normal of the sample (sample
area: 2 mm diameter). The samples were analyzed in the Sn
3d region from 500 to 475 eV and the energy scale calibrated
using the adventitious C 1s peak. Pyridine adsorbed Fourier
transform infrared (Py-FTIR) spectra were collected on a
Bruker VERTEX 70 instrument in 4000-650 cm ' range,
applying attenuated total reflectance (ATR). Prior to the
measurements, the powdered samples were treated with a
stream of pyridine saturated Ar gas at RT for 45 min, and
subsequently treated at 250 °C for 1 h.

Catalytic activity measurements

Diels-Alder reactions. In a Teflon-lined steel autoclave,
100 pl of methyl acrylate and 300 pl of isoprene were added
to 10 ml of cyclohexane. Subsequently, 100 mg of catalyst
were added and 6 bar of N, was applied. The suspension was
heated to the desired temperature via heating mantle and the

This journal is © The Royal Society of Chemistry 2022
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mixture was stirred for 5 h before the reaction was quenched,
using an ice bath.

Product analysis. The catalyst was removed by syringe
filtration (0.2 um PTFE membrane) upon finishing the
reaction the resulting product solution was analyzed via gas
chromatography (GC) using a Shimadzu GC-2010 with Rxi-
624Sil MS (Restek) column, equipped with a flame ionization
detector and gas chromatography-mass spectrometry (GC-MS)
using an Shimadzu GC-2010 5973 with an Rxi-1HT (Restek)
and a QP2010 Plus MS detector.

Computational details

All structures were optimized using periodic density function
theory with the dispersion-corrected PBE-D3 (ref. 36 and 37)
functional and a geometric convergence criterion of 107 eV
A™'. The projector-augmented-wave method, an energy cut-off
of 400 eV, and an energy convergence criterion of 10°° eV
were applied. The Brillouin zone was sampled only at the
I-point using Gaussian smearing with a width of 0.1 eV.
Calculations were carried out with the Vienna ab initio
simulation package (VASP*®??) in version 5.4.1 and the
Atomic Simulation Environment (ASE®). Transition states
were identified using the Automated Relaxed Potential Energy
Surface Scan (ARPESS'') method and verified by having only
one imaginary frequency, which connects educts and
products by distortion along the normal mode. For
vibrations, only adsorbates and the active center (including
the aluminium or tin atom and adjacent oxygen, hydrogen,
and silicon atoms) were considered. Free energies were
obtained using the harmonic oscillator approximation and
for gas phase molecules additionally the rigid rotator and
free translator approximation were used. Since the harmonic
approximation often leads to inaccurate entropies for low-
frequency modes, all obtained frequencies have been raised
to 12 em " if they were below this value, as described in
detail in earlier work.*>** The lattice constants of beta are a
=12.700 A, b = 12.700 A, and ¢ = 26.600 A as used in previous
work.*® The Si:Al and Si: Sn ratios were 63 : 1.

Results and discussion
Catalysts physiochemical properties

We prepared a range of Sn-Beta catalysts with nominal
loadings of 1, 2 and 5 wt% Sn. The influence of Sn
incorporation on the structure of the zeolites is summarized
in Table 1. N, physisorption isotherms can be found in the
ESIt (Fig. S1). After the dealumination, ICP-AES showed Al-
content of 3.20 wt% in the parent zeolite was reduced to
below detection limit in the dealuminated D-Beta. The Sn-
content in the Sn-substituted zeolites was found to be at the
aimed values of 1, 2 and 5 wt%.

The BET surface area of all materials remain high and
close to that of the parent zeolite (629 m> g '), indicating
preservation of the zeolite structure after all the treatments.
Small variations in surface area occur depending on the
changes to the structure. The removal of Al from the beta

Catal. Sci. Technol,, 2022,12, 7439-7447 | 7441
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Table 1 Elemental and structure analysis by ICP-AES and nitrogen adsorption
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CatalySt WAl or Sna [Wt%] ABET [mz gi]] Amicro [In2 gil] Vmicro [m3 gﬂ] Vtotal [m3 gil]
Al-Beta 3.20 629 432 0.170 0.705
D-Beta n.d.? 583 387 0.165 0.810
1Sn-Beta 1.01 582 395 0.161 0.557
2Sn-Beta 1.88 599 399 0.163 0.588
5Sn-Beta 4.96 610 427 0.173 0.666

@ Determined via ICP-AES. ? Below detection limit.

framework resulted in a lower BET and micropore specific
surface area (Aggr and Amjero) The total volume also
increased (Viora) at the expense of the micropore volume
(Vimiero)- These structural changes result from the creation of
vacancies in the zeolite T-sites and partial framework
deconstruction during the dealumination process.***> After
the SSIE of D-Beta with Sn the surface area as well as
micropore volume increase with Sn-loading, indicating the
restoration of the zeolite framework by incorporation of Sn
into the vacant T-sites.

Collected XRD spectra of the parent Al-Beta and Sn-
samples (Fig. 3) revealed that the characteristic beta
diffraction pattern could be preserved after all modification
steps without damage to the zeolite structure.*® A shift of the
diffraction peak (302) from 260 = 22.5° (Al-Beta) to 22.9° (D-
Beta) occurs after dealumination, suggesting that there is a
contraction of the unit cell following the removal of Al from
the framework (see also Fig. $21). Upon incorporation of Sn"
into the D-Beta, a recovery of the unit cell volume can be
observed from the d;o, spacing, which increases with Sn-
content to corresponding 26 values of 22.8°, 22.7° and 22.6°
for 1Sn-Beta, 2Sn-Beta and 5Sn-Beta, respectively. This 26
shift indicates that Sn indeed occupies and heals the vacant
T-sites of Beta zeolite.*” Furthermore, no indication of extra-
framework SnO, formation could be detected by XRD,
suggesting that either SnO, is not present in the materials, or
that any extra-framework Sn domains are too small (<2 nm)
to generate detectable diffraction reflexes.

Al-Beta
Zf D-Beta
R /\ A AW
Z
‘@
c
3
£ | 2Sn-Beta
J H A 5Sn-Beta
SnO,
10 20 30 40 50 60

26 (°)
Fig. 3 X-ray diffractograms of parent (Al-Beta), dealuminated (D-Beta)
and Sn-substituted (1, 2 and 5Sn-Beta) zeolites.
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In order to further investigate the state of Sn in the zeolite
structure, diffuse reflectance UV-vis analysis as well as XPS
spectra were collected (Fig. 4). The UV-vis spectra of all
materials shown in Fig. 4a were corrected with corresponding
D-Beta spectra to better identify the absorption signals
related to the presence of Sn species (see uncorrected spectra
in Fig. S31).** Bulk SnO,, exhibits a very broad absorbance
around 230-350 nm. For all Sn-substituted zeolites a UV
absorbance band around 200 nm can be observed, which
increases with Sn-loading. This band is assigned to ligand-to-
metal charge transfer (0*-Sn*"), corresponding to isolated
tetrahedrally coordinated Sn species within the zeolite
framework, recognized as the catalytically active Sn species.*’
Although, SnO, could not be detected by XRD (Fig. 3), UV-vis
shows an absorption signal from 250 to 300 nm, which is
more pronounced for Sn-Beta zeolites with higher Sn-loading.
The signals around the position of 250-300 nm, similar to
the absorption maximum of our SnO, reference, have
previously been ascribed to extra-framework Sn or polymeric
Sn-O-Sn type species,**”*® possibly formed within the
zeolite. The incorporation of Sn in the zeolite framework can
also be confirmed by XPS spectra shown in Fig. 4b. The
exclusively octahedrally coordinated Sn in SnO, show binding
values of 495.0 eV (3d;s,) and 486.5 eV (3d;5,).*° All Sn-Beta
samples show two peaks, with the 3ds, signal at 496.5 eV
and the 3d;/, signal at 488.0 eV, which increase in intensity
with Sn-loading.*® The signal shift of Sn' towards higher
binding energies in the Sn-Beta samples as compared to
SnO, indicates that Sn detected by XPS is in tetrahedral
coordination in the zeolite structure.?”** Moreover, CD;CN
adsorbed DRIFTS also show that the Sn incorporated into

1495.0 eV 1486.5 eV
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Fig. 4 a) UV-vis of parent Al-Beta and Sn-Betas corrected with the
D-Beta as a background reference; b) XPS spectra of Sn-Betas and
SnO; in Sn 3d region.
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framework positions is present in the form of a mixture of
open and closed Sn-sites (Fig. S41).°° Further studies are
needed to explore the correlation of the nature of framework
Sn sites in zeolite beta (open, closed, hydrolysed- or defect-
open sites) with the corresponding catalytic activity in the
cycloaddition reaction. These spectroscopic results suggest
successful incorporation of Sn' in the zeolite T-sites,
although some extra-framework SnO, may still be formed,
especially at higher loadings.

Acid properties of the zeolites

The nature of the zeolite acid sites was identified by pyridine
adsorption monitored by FTIR (Py-FTIR) (Fig. 5a). In the
1575-1425 cm™ " region, the vibrational bands of pyridine can
be found. In particular the vibrational modes 8a, 8b, 19b,
and 19a, are distinctively perturbed upon the interaction with
Bronsted (BAS) or Lewis acid (LAS) sites.”’ Being a Lewis
base, pyridine interacts with the BAS forming pyridinium
ions with FTIR bands 1525-1565 cm ™' and with the isolated
electron pair of LAS, characterized by bands in the FTIR
spectrum 1445-1465 cm '.>> The parent Al-Beta sample
showed mainly contributions of BAS at around 1549 cm™*
and the band at 1490 cm™, the latter being characteristic for
both Bronsted and Lewis acid sites.>">*** The spectra for the
dealuminated D-Beta show no distinct absorption bands,
confirming the removal of any acidity from the zeolite via
dealumination. For the Sn-Beta samples, a band at 1453 cm™
and 1491 cm™' appear, which, in this case, correspond to
pyridine adsorption on LAS.>**® The intensity of these bands
increases with Sn content in the zeolites, implying stronger
LAS density for higher Sn-loading.”® In addition, a moderate
broad band at 1552 cm™* is also present in the Sn-Beta
spectra, indicating some weak acidity which might reside in
the structural silanol defects of the samples,®® or due to
water molecules adsorbed at the tetrahedral Sn"-sites during
the measurement.”” These results confirm the Lewis acid
nature of the Sn-Beta zeolites.

a)  [15498A] [1490BA +LA|[1453 L] b) Al-Beta*Py [1543 cm?] Sn-Beta*Py 1436 cm?
T T T W Jwer PP P § b Po
b 44
‘ | N o pet AR B RV sy
n-Beta P, .
| | | o %O o5 [o” S
1 L | } Y 39 1) [}
il s | 1 00, @1 R [ o
S| i i S Pep Rty y%ﬂo’g“q
§ A DBeta] O ccheo s OpdPd ¢ o Do
B | | Sn-Beta*Hg*Py
5 i S
a 1 1 Q
o o pQ G;Q%@
< . : o
1 1 h
! ! ko‘H % [
i
i i Q o
i i
1550 1500 1450 1400

Wavenumber (cm™)

Fig. 5 a) FTIR spectra of pyridine adsorbed on beta samples. Pyridine
was desorbed for 1 h at 250 °C before spectra were taken. BA =
Bronsted site, LA = Lewis site; b) optimized structures of adsorbed
pyridine on beta samples. The calculated vibration of the 19b mode is
given for each adsorption geometry.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

Theoretical calculations of pyridine adsorptions have been
shown to reproduce the shift in the 19b vibration of
pyridine®® and were conducted here to validate the Py-FTIR
measurements (Fig. 5b). While the 8a, 8b, 19a and 19b ring
vibrational modes are commonly considered to distinguish
pyridine adsorption at LAS and at BAS, the main difference
in the vibrations between BAS*Py and LAS*Py lies in the shift
observed for the 19b mode.>*® We computed this mode for
Al-Beta*pyrdine to 1543 cm™' (shift to the calculated 19b
vibration mode of pyridine in the gas phase: Avib = 116
em™), which fits to the experimental data (Fig. 5a, Table S57).
For Sn-Beta*pyridine, this mode is shifted to 1436 cm™ (Avib = 9
em™) in our computations which corresponds to the
experimental band observed at 1453 cm™". The less indicative
19a vibration mode is calculated to be at 1475 cm™ and 1470
em™ for Al-Beta*pyridine and Sn-Beta*pyridine, respectively.
The 1470 ¢m™ band is indeed slightly visible for Sn-Beta
samples in the experimental spectra (Fig. 5a). To explain the
experimental band around 1552 ¢cm™" at Sn-Beta*pyridine, we
also investigated the co-adsorption of water and pyridine. In
this case, the 19b vibration mode is located at 1557 cm™*
(Avib = 130 em™), very close to the experimental value. These
findings are in line with other IR experiments.”””*""* The
calculated Gibbs free energies for adsorption at 20 °C are
-103 kJ mol™ and -81 kJ mol ™" for the co-adsorbed system
and for the single adsorbed pyridine, respectively. This shows
that co-adsorption is favourable thermodynamically and thus
supports the possibility that water was present in the zeolites
during the FTIR experiment.

Catalytic Diels-Alder reaction

The catalytic DA reaction between isoprene and methyl
acrylate was systematically investigated over the parent,
dealuminated and the Sn-containing zeolites. Lewis acids are
known to catalyze this reaction.*®® The reaction was
performed at a mild temperature of 70 °C with the aim to
perform the reaction, while still investigating the effect of the
catalysts without significant thermodynamic DA activity that
would occur at higher temperatures.**>* Control experiments
without any catalyst and with dealuminated Beta showed
15k [0 Yield ey
-50

L ;\o E |‘
o{] ol 1 ||

8 ﬁ\_\aexa ﬁ\_\aexa _get® N 9@ o o 15‘\2,2@ <,S°»N

20, 100
a) —9— SelectiVityoadqucts b)

B dviei,,, >
.
75
9

i
o o

Yield (%)
N

-
o
>

o
Selectivity (%)

TON (MmOl oaqduet / MMOyeral)
~
4 x

S5

Fig. 6 a) Catalytic conversion and vyields of para and meta
cycloadduct over different catalysts as well as without any catalyst, at
70 °C, 5 h, Nisoprene : Nmethyl acrylate = 3, 100 mg cat. Error bar for Al-Beta
represents experimental uncertainty. b) Turnover numbers (TON) of
parent and Sn-Betas per basis of the metal content.
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similar low yields of cycloadducts (5.7% and 5.8%,
respectively), confirming that the Al-free zeolite has no
influence on the reaction. The parent Al-Beta already shows a
decent catalytic activity (Fig. 6a), which can be attributed to
its Bronsted and some Lewis acidity being active in the
DA.**®® The cycloaddition activity improves for Sn-Beta
zeolites as the Sn-content increases. Yields of cycloadducts
increase steadily from 8.20 — 11.8 — 13.2 and para: meta-
ratios from 3.8 — 4.0 — 4.3 with increasing Sn-loading
(Fig. 6a).

As observed from the different characterization techniques
above, the LAS density progressively increases with Sn-
content in the zeolites. As Lewis acidity is responsible for
promoting DA cycloaddition,”® the Sn-substituted beta
zeolites show superior activity and selectivity as compared to
the parent Al-Beta zeolite.”® The carbon balance is always
>90%, with other side products resulting from reactions of
the cycloaddition products with isoprene,®® and isoprene di-/
oligomerization mainly on Al-Beta, owing to its Brensted
acidity (Fig. $51).®” The vacant silanol groups still present in
the low-loaded Sn-Beta samples (1 and 2 wt%) may trap
methyl acrylate via formation of hydrogen bonds to the
carbonyl group, accounting for the lower selectivity of these
materials.®® Indeed the selectivity significantly increases the
more Sn is introduced into those vacant Si-OH sites. This
suggests that the Lewis Sn-sites are necessary to catalyze the
DA cycloaddition in a selective way.

Furthermore, turn over numbers (TON) were also
calculated for all metal containing zeolites on a metal basis
(Fig. 6b). All Sn-containing catalysts show higher TON activity
compared to the standard Al-Beta. 1Sn-Beta in particular
scores a TON of 9.72, which is 14 times higher than the one
for Al-Beta. An apparent decrease of the TON is present as we
go to higher Sn-loadings. We now know that not all Sn
introduced during the synthesis goes to the empty T-sites of
the zeolite to form the desired framework Sn sites. Some of
it, especially when higher loadings are aimed, ends up in
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Fig. 7 Temperature dependence of the Diels-Alder reaction, when
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Nmethyl acrylate = 3,5h, 100 mg cat.
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formation of extra-framework SnO, during SSIE.®® This SnO,
is not only inactive in the reaction, as we have tested in
control experiments, but it may also sit on the zeolite surface,
possibly even blocking some of the active sites.*® Therefore,
the TON which is normalized against the total amount of
metal in the zeolites decreases with increasing Sn-loading.
Since we have investigated the reaction at a mild temperature
of 70 °C, we could use that as an optimization parameter for
increasing the reaction productivity. The influence of the
reaction temperature on the Diels-Alder reaction was
investigated for Al-Beta and 5Sn-Beta and compared to the
uncatalyzed reaction (Fig. 7). As expected, conversion and
yield increase with temperature for all cases. However, for Al-
Beta, the selectivity deteriorates significantly at higher
temperatures. This is due to a stronger activation of isoprene
at higher temperatures over Brgnsted sites,”*®*”® which may
lead to higher isoprene dimerization/oligomerization and
other side products, as identified by GC-MS analysis (Fig.
S6t1). The formation of side products was hampered when
Lewis acid 5Sn-Beta was used, even at 130 °C. The LAS in
5Sn-Beta have the ability to activate methyl acrylate by
interaction with the carbonyl oxygen,®* which is also
evidenced by the low amount of dimerization products of
isoprene (Fig. S61). These results imply that by using the
Lewis acid Sn-Beta we can optimize the DA reaction yield by
increasing the temperature without compromising selectivity.

Computational DA activity on Sn-Beta

To gain insight into the effect of the catalyst structure on the
reactivity and selectivity of the DA reactions, DFT-calculations
at the PBE-D3 (ref. 36 and 37) level of theory were performed,
for the uncatalyzed gas phase reaction, the reaction at the
Brgnsted acidic Al-site in Al-Beta and at the Lewis acidic site

a) b) "
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N ]ﬁé/ = mo\ g ]
o 2t
+ =
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— ~ | meta b
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Fig. 8 a) Computed transition states for the Diels-Alder reaction of
isoprene and methyl acrylate on Sn-Beta. Calculations were made at a
Sn-site in the T8 position of right handed Beta polymorph A. Among
the enantiomeric pairs of transition states that were calculated on Sn-
Beta, only the ones with lower energy barrier were depicted; b)
computed internal activation energies (kJ mol™) for the Diels-Alder
reaction of isoprene and methyl acrylate. Barriers are given relative to
the most stable pre-adsorbed complex formed by the two reactants in
gas phase and T8 site of right handed Beta polymorph A, respectively.
For comparison, only the lowest energy barriers for the four
combinations of endo/exo and meta/para are depicted.
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(dehydrated closed site) of the Sn-substituted zeolite. Al and
Sn were studied only at one T-site (T8 site, see Fig. S7,f Si:Sn
ratio of 63:1) in right handed Beta polymorph A, which was
also considered for Al-substitution in previous studies due to
its accessibility.*> Transition states were computed for the
isomers arising from the possible combinations of endo/exo
and meta/para position of the methyl group of isoprene
(Fig. 8a). Depending on which side isoprene approaches the
adsorbed methyl acrylate, the R or S enantiomer is formed.
Thus, eight transition states were computed for the Sn
substituted right handed Beta polymorph A T8 site,
considering all combinations of endo/exo, meta/para, and R/S
(Table S1f). For the Al containing zeolite, transition states
located at all four adjacent oxygen atoms within the active
center were considered and only transition states leading to
the S enantiomer were computed (Table S2t). For Sn-Beta,
judgements on isomer selectivity were based on the lower
energy barriers that were calculated for each chiral pair of
transition states, which are depicted in Fig. 8a. Likewise, for
the four different oxygen atoms in the active center of Al-
Beta, the lowest energy barriers are depicted only, for the
comparison with Sn-Beta and the gas-phase reaction
(Fig. 8b). A table with all calculated energy barriers is
provided in the ESI{ (Table S3). Apparent enantioselective
effects, calculated for the T-site in right handed Beta
polymorph A, disappear when considering a real Sn-Beta
sample, as right handed and left handed Beta polymorph A
exist in equal amounts in the Beta zeolite.>® Therefore, we
expect racemic mixtures for both, the para and meta adduct
in the real reaction.

The obtained reaction barriers, for the reaction with and
without Sn-Beta, which are internal activation energies given
relative to the pre-adsorbed reactants, are reported in Fig. 8b.
For the reaction in the gas phase without the presence of a
catalyst, pre-adsorption between the two reactants is weak (-5
kJ mol™). The interaction of the reactants with the zeolite, on
the other hand, is very strong leading to an adsorption
enthalpy of 156 k] mol™ and -187 k] mol™ for Sn-Beta and
Al-Beta, respectively. Note, that all transition states were
referenced to the same, most stable computed pre-adsorption
state on the T8 site in right handed beta polymorph A. Any
calculated enantioselective effects apply only to the computed
model and not to a real Sn-Beta sample, which contains both
right handed and left handed beta polymorph A.*°
Importantly, this study does not include solvation effects.
Including the presence of solvent molecules typically leads to
significantly weaker adsorption since the reactants need to
displace solvent molecules to access the active site.*> The
computed activation barriers in the uncatalyzed gas phase
are all fairly similar, only deviating by 4 k] mol™". We note
that this is clearly within the error-range of DFT, such that
we cannot predict intrinsic kinetic selectivity for one of the
reaction channels from our computational study.”"”*

For the reaction in the Sn-Beta zeolite, the barriers for
transition states with the methyl group in the meta position
are 26 and 20 kJ mol™ for the endo and exo transition state,
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respectively, thus being relatively similar. For the formation
of the para isomer our calculations indicate larger variations,
with the exo transition state being more stable (13 kJ mol™)
than the endo transition state (41 kJ mol™). Overall, the
calculations predict a moderate energy difference between
the isomers, indicating a slight preference for the para
adduct. This is also observed in our experimental data, where
the para:meta-ratio for the uncatalyzed reaction is 3, while
for the Sn-Beta catalyzed reactions this is increased to 3.8-
4.3. The fact that large variations are observed for para/endo
vs. paralexo suggests that selectivity towards specific isomers
could in principle be achieved within the confinement in the
zeolite pores.*®!

When the DA reaction is catalyzed by a Brensted acidic
site on Al-Beta, barriers for transition states show, also in
agreement with the experimental data, a slight preference to
the para-adduct. The barriers for the para/exo and para/endo
transition state are 11 k] mol " and 33 kJ mol™* with the first
being similar to the corresponding transition state catalyzed
by Sn-Beta. The transition states for meta/exo and meta/endo
are 16 k] mol™ and 35 k] mol ™. The difference between para
and meta of 5 k] mol™ is small and might be within the
errorrange of DFT calculations.”" Experiment and
calculations show that Al-Beta also is an active, while
unselective, catalyst for the DA. Sn-Beta seems to provide
active Lewis acidic Sn-sites, which mainly lead to the desired
products, without catalyzing side reactions, like it is the case
for Brensted acidic Al-sites in Al-Beta.

Conclusion

We have applied Sn-Beta zeolites as catalyst for the DA
reaction between isoprene and methyl acrylate, typically
homogeneously catalyzed by chloride salts. The preparation
of Sn-Beta zeolites with a two-step method, i.e. dealumination
and SSIE, introduced tetrahedrally coordinated Sn sites into
the zeolite framework, which provide the Lewis acidity.
Catalytic activity tests showed that Sn-Beta can selectively
catalyze the DA cycloaddition between methyl acrylate and
isoprene towards the para-cycloadduct, especially at high Sn-
loadings. The DA activity is due to the isolated Sn' sites,
tetrahedrally coordinated in the zeolite framework, which act
as the Lewis acid sites for this reaction. The TON of these
framework Sn' sites outperform the Al-Beta, with 1Sn-Beta
having TON 14 times that of parent zeolite. Extra-framework
SnO, species formation should be avoided during synthesis,
as they act as spectators, or even block some of the active
sites. The yield of the highly selective 5Sn-Beta could be
enhanced with increasing the temperature, without
compromising the selectivity, unlike the parent zeolite Al-
Beta where side reactions were prevalent. Additionally, DFT
calculations emphasized experimental findings by calculating
lower energy barriers for transition states and selectivity
towards the para adduct on Sn-Beta compared to the gas-
phase reaction. These findings, assert the potential of using
Sn-Beta catalysts for the DA cycloaddition of isoprene with
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methyl acrylate, and possibly other combinations of dienes
and dienophiles derivable from renewable resources. Further
catalyst and reaction optimization opens possibilities towards
easier process scale up and/or continuous operation, making
the process more feasible for industrial application. This
work demonstrates the effective application of solid
catalysts for important catalytic processes for obtaining
aromatic bio-monomers, addressing the high demand for
this monomers in the packaging industry.
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