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Recycling of a thermoresponsive “catalyst pill":
separation of a molecular catalyst in solid ethylene
carbonate in various reactionst

*@ and Walter Leitner (2 2P

Jeroen T. Vossen,?® Noah Hiilsken,” Andreas J. Vorholt
One approach to recycle homogeneous catalysts is through multiphase catalysis. Multiphase catalysis is
not only limited to liquid—-liquid multiphase systems but also includes for example solid and liquid phases.
In this work, we present a catalyst recycling system based on the crystallization of the entire catalyst
phase after the reaction at ambient temperature. Using the green and polar solvent ethylene carbonate,
the polar Rh/sulfoXantphos catalyst is trapped in the crystallized ethylene carbonate phase. The product
can be decanted under air as the catalyst is stabilized in the solid phase and the entire solid phase includ-
ing the solvent is recycled. Several reactions such as the hydroformylation of hexene, octene and decene,
and the hydrogenation of C;4 aldol products were conducted with this system. A TTON of 8627 could be
achieved in the hydroformylation of 1-octene with initial turnover frequencies up to 1460 h™. In addition,
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1 Introduction

Catalysts are key agents for realising sustainable and efficient
processes; however, they need to be removed from the pro-
ducts after the reaction due to possible interference in further
processes and consumer safety in the final product.’? Catalyst
recycling is one of the major challenges when using homo-
geneous catalysis.> Methods to remove and recycle catalysts
from the reaction solution are for example precipitation, distil-
lation, extraction and membrane filtration. However, these
methods may not be suitable for continuous processes or
could result in decomposition of the catalyst.>* Multiphase
catalysis in contrast relies on in situ extraction of the reaction
product from the separate catalyst phase. These systems
usually consist of two or more immiscible solvents or a self-
separating product phase.’

A different method to recover the catalyst is based on crys-
tallization, such as crystallization of the products after the
reaction.®'® An example of industrial application is the crystal-
lization of the pharmaceutical 1-DOPA which is selectively
crystallized from the racemic mixture after the reaction.'™'?

“Max Planck Institute for Chemical Energy Conversion, Stiftstrafie 34-36,

45470 Miilheim an der Ruhr, Germany. E-mail: andreas-j.vorholt@cec. mpg.de
bInstitute for Technical and Macromolecular Chemistry, RWTH Aachen University,
Worringerweg 2, 52074 Aachen, Germany

tElectronic supplementary information (ESI) available: Additional graphics,
detailed experimental procedures and analytical data. See DOI: https://doi.org/
10.1039/d2gc04822a

2872 | Green Chem., 2023, 25, 2872-2880

the catalyst “pill” was switched between different reactions to show the flexibility of the system.

Another method is the crystallization or precipitation of the
catalyst from the reaction mixture to recycle the catalyst.">™*°
Using ionic liquid modified polyoxometalate catalysts (POMs),
systems with a self-separation of the catalyst have been devel-
oped by multiple groups. These systems are based on a change
of the phase behaviour during the reaction and by the con-
sumption/formation of substrates and products.'”*®

A novel method which has rarely been used for recycling to
the best of our knowledge is the crystallization of the entire
catalyst phase in a multiphase system. This thermoresponsive
method allows for easy separation of the catalyst phase (includ-
ing the catalyst phase solvent) by decanting the product phase.
In addition, the trapping in the solid phase improves the stabi-
lity of otherwise air sensitive catalysts. Suitable solvents for
this methodology are for example higher molecular weight
polyethylene glycols (PEG) such as PEG-1000 and higher. They
are viscous liquids under reaction conditions at higher temp-
eratures and turn highly viscous or solid when cooled to
room temperature, trapping and stabilizing the catalyst."®™>*
Extending the idea of using oligomers and polymers as sol-
vents even further, the capture of a palladium catalyst in a soli-
dified polyethylene phase after the substitution and ring-
closing metathesis reaction has been reported. The catalyst
could be easily separated and handled as a solid after cooling
the reaction mixture.”® Another group of solvents, which may
have a melting point above room temperature, is ionic liquids
(ILs). Their use as solvents for the catalyst phase and solidifica-
tion when cooling the mixture after the reaction was reported
by Andersen et al. in 1998 in the hydroformylation of hexene.**

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Graphical representation of the recycling process, starting with a solid catalyst phase and substrate, which turns liquid upon heating and
reacts with the product. After cooling the reactor to ambient temperature (AT), the catalyst phase crystallizes, the product phase is decanted and the

fresh substrate can be resupplied.

Leitner et al. influenced the melting point of ILs using super
critical CO, as a solvent in the hydroformylation of 2-vinyl-
naphthalene. In the presence of super critical CO,, the melting
point of the IL is decreased and it turns solid again after reliev-
ing the pressure from the reactor, resulting in the trapping of
the catalyst in the solid IL.>® In 2012, Yang et al. used a Rh/
TPPTS catalyst in guanidinium-based ILs to capture the cata-
lyst after the reaction, showing its long-term recyclability in
the hydroformylation of long chain olefins from Cg to C;4. The
TOF of this system is rather low, requiring long reaction times
for high conversions.”® A different system developed by Jun
et al. relies on the self-assembly through hydrogen bonding of
the catalyst complex and a pyridinium-based linker. Upon
cooling, the linker and the catalyst complex assemble and
form a solid catalyst phase which can easily be recycled.””

A class of solvents which can be used for the catalyst phase
are (cyclic) carbonates and specifically ethylene carbonate
(EC). Currently, EC is mainly used as a battery electrolyte and
has found few applications in chemical reactions.”®*° It is a
green and polar solvent which is a solid at ambient tempera-
ture with a melting point of 36 °C and a high boiling point of
248 °C. In molten form, it is a low viscosity liquid in compari-
son with PEG and ILs and dissolves polar ligands and catalysts
well.>®2%3! The solid state of EC at ambient temperature will
be used as a feature for catalyst recycling through crystalliza-

This journal is © The Royal Society of Chemistry 2023

tion of the entire EC-based catalyst phase (Fig. 1). This solid
catalyst phase or “catalyst pill” is easy to handle, store and
recycle in different reactions. The system and the long-term
stability of the catalyst will be studied in recycling experiments
in different reactions.

2 Results and discussion

The hydroformylation of 1-octene was the first reaction studied
using the catalyst “pill” reaction and the recycling strategy with
ethylene carbonate (EC). When EC is liquified at 40 °C, it dis-
solves the rhodium and sulfoXantphos-based catalyst well and
forms a biphasic mixture with octene and nonanal (Fig. 2).
After the reaction, the liquid, colourless organic phase was

NaO3S O O SO3Na
(0)

PPh,  PPh,

Fig. 2 Polar sulfoXantphos ligand (due to the sodium sulfonate groups)
used in these investigations.
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decanted from the bottom, yellow catalyst phase under a
normal atmosphere and could be analysed. After initial screen-
ing experiments, variation of the reaction temperature showed
a decent activity even at a low temperature of 80 °C with a
maximum aldehyde yield at 120 °C of 80% (Table 1, entries
1-4). The conversion and yield are significantly lower at 100 °C
and 110 °C due to the lower reaction rate. At 130 °C, the con-
version and aldehyde yield are similar to those obtained at
120 °C. The entire temperature screening can be found in the
ESI (ESI, Fig. S1f). Increasing the reaction time to obtain
higher yields even at 110 °C resulted in nearly full conversions
but the aldehyde yields remained around 70% (entries 5 and
6). The remaining substrate was converted to octane and to
internal olefins via double bond isomerization with a ratio of
approximately 1:1. The hydrogenation of nonanal to nonanol
was only observed in traces. Decreasing the catalyst concen-
tration still resulted in a decent reaction rate; however, the
n:iso ratio decreased with lower catalyst concentrations due to
the decrease in the absolute ligand concentration in the cata-
lyst phase and due to the relatively low Rh-to-P ratio of 1:4
(entry 7). Doubling the catalyst concentration only showed
little improvement over 0.1 mol% of the catalyst except for a
slight increase in regioselectivity (entry 8). The full catalyst
concentration screening can be found in the ESI (Fig. S27).
Small catalyst concentrations of 0.007 mol% could be used,
reaching a turnover number (TON, mol,, mol.,) of 9770 in
batch experiments (entry 9). The catalyst-to-organic phase ratio
of 1:2 was chosen based on the literature results of aqueous
hydroformylation systems.*> A variation of the ratio showed
lower yields with smaller amounts of ethylene carbonate which
is a result of the increasing absolute ligand concentration in
EC inhibiting the rhodium catalyst (ESI, Fig. S3f). A larger
phase ratio did not provide any improvements. In comparison
with reactions with an aqueous catalyst phase conducted
under the same reaction conditions, the system with EC
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showed a much higher turnover frequency (TOF, mol,
mole, ' h™) with an initial turnover frequency (TOF;,;) of
approximately 1460 h™" at 110 °C. Throughout the reactions, a
high selectivity was maintained with n:iso ratios usually in
the range of 97 : 3.

Based on these results, 0.1 mol% Rh/sulfoXantphos at
120 °C for a reaction time of 2 h was used for the recycling
experiments; as not all substrates were fully converted, a
potential catalyst deactivation or leaching could still be
observed. The melting point of 36 °C and fast crystallization of
EC allowed for a method in which the catalyst is captured in
the crystallized EC phase after the reaction (Fig. 1). The
organic solution was removed under a normal atmosphere by
decanting or using a syringe without a significant effect on the
catalyst. The solid catalyst phase was handled under air for
about an hour during work up without showing any change in
colour. 12 runs were conducted using this system without a
significant drop in the yield (Fig. 3). During the recycling
experiments, a total of 0.54% of the starting amount of
rhodium and 0.10% of phosphorus leached into the organic
phase (detailed leaching per run can be found in the ESI
Table S1f). Besides the catalyst, ethylene carbonate also
leached into the organic phase due to its solubility in nonanal.
The amount of leached EC per run increased with the increase
of the aldehyde yield and was determined by GC FID. After the
next run, the leached EC was resupplied to avoid a diminish-
ing catalyst phase, which would cause a decrease in the reac-
tion rate. A total of 0.79 g of EC leached across all runs (60%
of the initial amount and 39% of the total amount including
resupply). The EC leaching into the organic phase can be
reduced if the mixture is crystallized for a longer time
period.'® During the recycling, a total TON of 8627 was
achieved with the results comparable to the batch experiments
of the hydroformylation of 1-octene under the same conditions
(Table 1, entry 3).

Table 1 Hydroformylation of 1-octene with [Rh(acac)(CO),] and sulfoXantphos under various conditions. The organic phase in the resulting mixture

was analyzed by GC FID

[Rh(acac)(CO),],
sulfoXantphos,
CO/H; (50 bar, 1:1)

\/\/\/\)CLH+\/\/\HI

AV N
N T (°C), t(h)
octene EC n-nonanal iso-nonanal
Entry T (°C) t (h) Crn (Mo1%) X 1-octene (%) Y aldehyde (%) n:iso
1 100 2 0.1 43 33 94:6
2 110 2 0.1 71 62 97:3
3 120 2 0.1 90 80 97:3
4 130 2 0.1 89 76 97:3
5 110 4 0.1 92 71 96:4
6 110 16 0.1 99 72 94:6
7 110 2 0.05 55 37 92:8
8 110 2 0.2 73 68 98:2
9 110 16 0.007 71 57 97:3

Conditions: 1-octene (2.0 mL, with 5 vol% mesitylene as the internal standard) in EC (1.0 mL), [Rh(acac)(CO),]/sulfoXantphos catalyst (mol% rela-
tive to 1-octene, Rh: P = 1:4) at various temperatures, 50 bar CO/H, (1:1) in 20 mL autoclave reactors and 1000 rpm stirring speed for various

reaction times.
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Fig. 3 Yield, conversion and n:iso ratios of the catalyst recycling experiment in the hydroformylation of 1-octene (2.0 mL, with 5 vol% mesitylene
as the internal standard) in ethylene carbonate (1.0 mL) over 12 runs with [Rh(acac)(CO),] and sulfoXantphos as a catalyst (0.1 mol% Rh relative to
1-octene, Rh:P = 1:4) at 120 °C, 50 bar CO/H; (1:1) in 20 mL autoclave reactors and with 1000 rpm stirring speed for 2 h reaction time. Total Rh

leaching of 0.54% and P leaching of 0.10% across all 12 runs.

2.1 Hydroformylation of other substrates using this system

Besides 1-octene, other substrates such as 1-hexene and
1-decene were tested in the hydroformylation to their corres-
ponding aldehydes, heptanal and undecanal to examine the
flexibility of the recycling strategy. The reaction of 1-hexene is
significantly faster and reaches higher yields than 1-octene
under the same reaction conditions (Table 2, entries 1 and 2).

Table 2 Hydroformylation of 1-hexene and 1-decene with [Rh(acac)
(CO),] and sulfoXantphos under various conditions. The organic phase
in the resulting mixture was analyzed by GC FID

[Rh(acac)(CO),],
sulfoXantphos, o H]io
N CO/H; (50 bar, 1:1) R/\)J\H -
T(°C).t (h)
olefin EC n-aldehyde iso-aldehyde
T t X 1-olefin  Yaldehyde
Entry Substrate (°Cc) (h) (%) (%) n:iso
1 Hexene 110 2 94 76 97:3
2 Hexene 120 2 97 89 98:2
3 Decene 120 2 62 47 97:3
4 Decene 120 8 98 72 95:5
5 Hexene/decene® 120 4 98/98 84/81 96:4

Conditions: 1-hexene or 1-decene (2.0 mL, with 5 vol% mesitylene as
the internal standard) in EC (1.0 mL), [Rh(acac)(CO),]/sulfoXantphos
catalyst (0.1 mol% relative to the olefin, Rh: P = 1:4) at various temp-
eratures, 50 bar CO/H, (1:1) in 20 mL autoclave reactors and 1000
rpm stirring speed for various reaction times. “1 mL of
1-hexene : 1 mL of 1-decene.

This journal is © The Royal Society of Chemistry 2023

Hexene isomers lead to the main side products (16% in entry
1) with only traces of hydrogenated hexene (2% in entry 1).
However, the reaction mixture does not form a well separated
catalyst and product phase but rather a dispersion of yellow
and colourless solids and liquids. The catalyst phase does not
properly separate it from the organic phase due to the higher
polarity of heptanal in comparison with nonanal in the conver-
sion of octene. This system would not be suitable for catalyst
recycling.

1-Decene on the other hand provides a well separated cata-
lyst and product phase after the reaction. The conversion and
yield under the same conditions are lower and longer reaction
times are required to reach full conversion (Table 2, entries 3
and 4). Isomerization products and hydrogenation products of
the substrate are formed approximately in a 1:1 ratio (13%
decene isomers, 14% decane in entry 4).

To recycle the catalyst phase while still converting hexenes
to aldehydes, a 1:1 volumetric mixture of 1-hexene and
1-decene has been applied (Table 2, entry 5). Using this
mixture, the phases were well separated and the catalyst phase
could be recycled. In addition, the mixing of the substrates
showed a positive influence on the aldehyde yield and conver-
sion of 1-decene. The amount of the hydrogenated (9%) and
isomerized substrate (9%) was reduced while the aldehyde
yield increased.

2.2 Hydrogenation of Cy4 aldol products

Besides the hydroformylation, the hydrogenation of C;4 aldol
products was tested, to investigate the reaction scope of this

Green Chem., 2023, 25, 2872-2880 | 2875


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc04822a

Open Access Article. Published on 09 March 2023. Downloaded on 1/20/2026 11:49:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

recycling method. 2-Pentylnon-2-enal (C;4 aldol product)
was synthesized from heptanal according to a literature
procedure reported by Vorholt et al.>® During the hydrogen-
ation, a saturated aldol product in which only the double
bond is hydrogenated (2-pentylnonanal) and the saturated
alcohol after a subsequent hydrogenation of the aldehyde
(2-pentylnonanol) are formed (reaction scheme, Table 3).
This group of hydrogenated aldol products can be used in
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the production of surfactants, as plasticizer alcohols or
in further chemical processes.>® After a reaction time of
2 h, full conversion is reached with much of the substrate
being converted to the saturated aldehyde intermediate
(Table 3, entry 1). Only after a much longer reaction time
of 16 h or at a higher reaction temperature, the main
product saturated alcohol is obtained (Table 3, entries 2
and 3).

Table 3 Hydrogenation of 2-pentylnon-2-enal (Cy4 aldol product) with [Rh(acac)(CO),] and sulfoXantphos under various conditions. The organic

phase in the resulting mixture was analyzed by GC FID

[Rh(acac)(CO),],

2 sulfoXantphos, 2
| H Hj (50 bar) H . OH
T(°C), t(h)
EC
C44 Aldol Product saturated Aldol Product saturated Alcohol
Entry T (°C) t (h) X aldol (%) Y sat. aldol (%) Y sat. alcohol (%)
1 120 2 98 62 36
2 130 2 95 26 68
3 120 16 >99 10 90

Conditions: Cy, aldol product (2.0 mL, with 5 vol% mesitylene as the internal standard) in EC (1.0 mL), [Rh(acac)(CO),]/sulfoXantphos catalyst
(0.15 mol% relative to the substrate, Rh: P = 1: 4) at various temperatures, 50 bar H, in 20 mL autoclave reactors and 1000 rpm stirring speed for

various reaction times.
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Fig. 4 Mass of the substance and n:iso ratios of the switch catalyst recycling experiment in the hydroformylation of 1-octene and 1-decene (each
2.0 mL, with 5 vol% mesitylene as the internal standard) in ethylene carbonate (1.0 mL) over 6 runs (3 runs each) with [Rh(acac)(CO),] and
sulfoXantphos as a catalyst (0.1 mol% Rh relative to 1-octene, Rh: P = 1:4) at 120 °C, 50 bar CO/H, (1:1) in 20 mL autoclave reactors and with 1000
rpm stirring speed for 2 h reaction time. Total Rh leaching of 0.47% and P leaching of 0.08% across all 6 runs.
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2.3 Switch recycling systems

The concept of the recycling of a solid catalyst phase in the
form of a catalyst “pill” can be taken one step further by using
the same catalyst “pill” in various reactions. This has been
investigated by performing the so-called switch recycling
experiments where the same catalyst phase was used for the
hydroformylation of 1-octene and 1-decene always switching
the substrate after every run. The same reaction conditions of
120 °C, 2 h reaction time and 50 bar synthesis gas have been
used for both reaction steps (Fig. 4).

When switching between two different substrates, the reten-
tion of the substances in the previous run in the catalyst phase
becomes obvious. About 8% to 15% of the substrates and pro-
ducts remain enclosed in the catalyst phase during each run.
These substances, however, have the possibility of improving
the overall reaction. As it has been the case for the reaction
with a mixture of hexene and decene (Table 2, entry 5), the
presence of nonanal in the reaction mixture improves the
undecanal formation in the hydroformylation of decene,
resulting in better results in comparison with batch reactions
(Table 2, entry 3). In addition, the first run showed the highest
level of isomerization and hydrogenation of the substrate
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which decreased for all further runs. During the 6 runs in the
switch-recycling system, a total of 0.47% of the initial amount
of rhodium, 0.08% of the initial amount of phosphorus and
0.177 g of EC leached into the organic phase (detailed leaching
in the ESI, Table S2t). A TTON of 3702 was obtained with a
higher TON during the reactions with 1-octene, as the reaction
with shorter carbon chains is faster than that with longer
carbon chains (see Tables 1 and 2).

Besides the recycling of the catalyst “pill” in the same
reaction with different substrates, a recycling of the catalyst
across different reactions can be tested. The switch catalyst
recycling with 1-octene and the Cy, aldol product was investi-
gated (Fig. 5). Hydroformylation was conducted at 120 °C for
2 h and with 50 bar synthesis gas, while hydrogenation was
conducted at 120 °C, 2 h and with 50 bar of hydrogen. The
inhibiting effect of CO on the hydrogenation was observed in
the first aldol hydrogenation run, which was far below the
full conversion reported for batch experiments in Table 3
(entry 1). This effect was observed by Vorholt et al. pre-
viously.*® By applying vacuum to the catalyst phase at 60 °C
after the third and fifth run, the CO was (partially) removed
and the hydrogenation showed significantly better conver-
sions increasing from 10% in run 1 to 63% in run 6.

Aldol Hydrogenation

[ Aldol
[ sat. Aldol
[ sat. Alcohol
- 60
- 50
- L
- 40
e}
2
P

4 5 6

Aldol Octene Aldol

Run

Fig. 5 Mass of the substance and n:iso ratios of the switch catalyst recycling experiment in the hydroformylation of 1-octene and the hydrogen-
ation of the Cy4 aldol product (each 2.0 mL, with 5 vol% mesitylene as the internal standard) in ethylene carbonate (1.0 mL) over 6 runs (3 runs each)
with [Rh(acac)(CO),] and sulfoXantphos as a catalyst (0.1 mol% Rh relative to 1-octene, Rh: P = 1:4) at 120 °C, 50 bar CO/H; (1:1) for the hydrofor-
mylation and 50 bar H; in 20 mL autoclave reactors and with 1000 rpm stirring speed for 2 h reaction time. Total Rh leaching of 1.04% and P leach-
ing of 0.15% across all 6 runs. Vacuum applied to the catalyst phase at 60 °C between run 3 and 4 and between 5 and 6 to remove CO traces from

the catalyst phase.

This journal is © The Royal Society of Chemistry 2023
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Additionally, the remaining nonanal from the previous run
was also partly hydrogenated to nonanol during the reaction.
Similar to the switch recycling with 1-decene, the hydrogen-
ation and isomerization of 1-octene decreased and the
selectivity increased after the first run. 1.04% of the initial
amount of rhodium, 0.15% of phosphorus and 0.347 g of EC
leached into the organic phase during the reactions (detailed
leaching in the ESI, Table S31). Leaching was significantly
higher in reactions with the aldol product, likely as the for-
mation of the alcohols in the hydrogenation enhances the
leaching in comparison with the formation of aldehydes in
the hydroformylation. A TTON of 3105 was achieved with a
low TON for initial aldol hydrogenation runs of 204, but it
increased up to 568 as the product yield improved after
applying vacuum during the work-up.

3 Conclusion

Ethylene carbonate has been used as a solvent for multiphase
catalyst recycling and solidification of the entire catalyst phase
after the reaction at ambient temperature, forming a solid
catalyst “pill” which could be easily stored and handled. This
method was used in the multiphase hydroformylation of
1-hexene, 1-octene and 1-decene. High TOFs up to 1460 h™*
and n:iso ratios up to 98:2 were achieved using this system.
The catalyst was recycled over 12 runs without a major loss in
activity in the conversion of 1-octene, resulting in a TTON of
8627 and a total rhodium leaching of 0.54%. Systems involving
1-hexene as a substrate only provided a well separated catalyst
“pill” when converted in a mixture with longer chain sub-
strates such as 1-decene. Besides the hydroformylation, the
hydrogenation of the C;; aldol product was investigated,
showing high conversions to the saturated aldehyde and
alcohol. The cross-recyclability of the catalyst “pill” in different
reactions and with different substrates was shown by switch
catalyst recycling in the hydroformylation of 1-octene and
1-decene, as well as in the hydroformylation of 1-octene and
the hydrogenation of the C,, aldol product in combination.
Both systems were well recyclable with a total Rh leaching of
0.47% and 1.04%. These experiments also provided an idea of
substrates retained by the catalyst phase during the recycling.
The cross-contamination between switch-recycling runs of
different substrates can be investigated in future research.
Methods such as washing the EC phase with a non-polar
solvent or removing trace substances in a vacuum could over-
come this issue. In addition, EC traces in the product mixture
could be reduced by further investigating the crystallization
behaviour of the catalyst phase and of EC.

This system offers significant benefits over aqueous multi-
phase systems, in particular for long chain olefins, due to
their slower rate of reaction in aqueous systems. The phase
behaviour of this reaction system and the optimization of this
system for the hydroformylation of long chain olefin substrates
can be studied in detail in future projects. Long-term catalyst
stability studies can be carried out.
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4 Experimental
4.1 General considerations

All reactions were conducted under an argon inert gas atmo-
sphere unless stated otherwise with argon supplied by
AirLiquide (99.9999 purity). Air sensitive chemicals were stored
in a glovebox and standard Schlenk techniques were applied.
Mesitylene was obtained from Alfa Aesar, n-decane was sup-
plied by TCI and 1-octene was obtained from Across Organics,
Sigma Aldrich and abcr. All other chemicals were obtained
from Sigma Aldrich. All chemicals were used as obtained from
the vendors and degassed before application in catalytic reac-
tions. Deionized water was obtained from a MilliQ IQ 7000
device purchased from Merck Millipore. Carbon monoxide
(99.999% purity) and hydrogen (99.999% purity) for catalytic
reactions were obtained from AirLiquide.

GC measurements were conducted on a Nexis GC-2030 pur-
chased from Shimadzu with a flame ionization detector. A
GCMS-QP2020 purchased from Shimadzu was used to conduct
GC with in-line mass spectrometry measurements. For both
apparatus Rtx-1 columns of the company Restek with a length
of 30 m, an inner diameter of 0.25 mm and a particle size of
0.5 pm were installed and helium was used as a carrier gas. A
GC FID of the same model with a CP Wax 52 CB column with
a length of 60 nm, an inner diameter of 0.25 mm and a par-
ticle size of 0.25 pm was used for measuring the product solu-
tion after the aldol reaction and hydrogenation. The Sternberg
method was applied to approximate GC factors for non-cali-
brated substances.>’

ICP-MS measurements were conducted on an ICPMS-2030
from Shimadzu with sample preparation being carried out
using a Mars 6 microwave from CEM and Mikroanalytisches
Laboratorium Kolbe and on an ICP-OES Acros Spectro from
the company Spectro with the sample preparation being
carried out on a Mars 6 microwave from CEM. The samples
were analyzed for rhodium and phosphorus contents.

4.2 General procedure for hydroformylation autoclave
reactions

Hydroformylation experiments were conducted in 20 mL (total
volume) autoclave reactors (details in the ESIf). [Rh(acac)
(CO),], sulfoXantphos and EC were weighed into a glass inlet
in a glovebox. The inlet was inserted into the autoclave reactor
outside the glovebox, which was then closed and placed under
inert gas at the Schlenk line. The substrate stock solution was
filled into the reactor. Most reactions were conducted with a
total reaction volume of 3 mL (1 mL EC and 2 mL organic
phase). The autoclave was placed in a pre-heated cone after
pressurization with CO and H, to the desired pressure at
ambient temperature and stirring was started 10 min after to
ensure that the EC phase was fully liquified. After the reaction,
the reactor was placed in an ice bath for cooling, the remain-
ing gas was vented and the autoclave was opened. The product
solution was decanted from the solid catalyst phase and a
sample of the organic phase was taken. Mesitylene was used as
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internal standard in all hydroformylation reactions. The
samples were analyzed using GC FID.

4.3 General procedure for hydroformylation recycling
experiments

Recycling reactions were carried out as described for the
hydroformylation reactions above. The organic phase was
removed under air after the reaction and the inlet with the
solid catalyst phase was placed back into the autoclave.
Vacuum was applied briefly and the autoclave was placed
under inert gas. A fresh substrate stock solution was added,
the reactor was pressurized and the next run was started
according to the same procedure as for batch reactions. The
organic phase of each run was analyzed by GC FID. The
amount of leached EC was determined by GC FID analysis and
ICP-MS measurements of the organic phase were conducted to
determine the amount of leached rhodium and phosphorus.
Leached EC was resupplied one run later (for example the EC
leached in the first run was resupplied before the start of the
third run). Recycling reactions were conducted in 20 mL auto-
clave reactors.

4.4 Synthesis of the C,, aldol product from heptanal

The synthesis of the C;, aldol product was carried out accord-
ing to the literature of Vorholt et al.*

4.5 General procedure for the hydrogenation of the C,, aldol
product

The hydrogenation experiments of the aldol product were
carried out in 20 mL stainless steel autoclave reactors in a
similar manner to the hydroformylation reactions. The reac-
tors were pressurized with H, only. The reaction products were
analyzed by GC FID using an Rtx-1 and a CpWax column as
mentioned above.

4.6 General procedure for switch recycling experiments

The switch catalyst recycling experiments were carried out in a
similar manner to the hydroformylation recycling experiments.
Runs with the aldol product as a substrate were carried out
using only H, gas according to the procedure for batch hydro-
genation reactions.
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