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Solvent design for catalyst recycling of
rhodium/amine catalysts via scCO, extraction in
the reductive hydroformylation of alpha olefins+
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T. Rosler, (22 J. Betting, 122 S. Puschel, @22 A. J. Vorholt
Efficient transformation protocols to directly convert olefins to alcohols are highly sought after. Ethylene
glycol based solvents have proved to support the reductive hydroformylation of linear alpha olefins to
alcohols using [Rh(acac)(CO),] in combination with tertiary amines as catalysts. Incorporation of the
amine functionality into the solvent using 2-[2-(dimethylamino)ethoxylethanol allowed simplification of
the reaction system to three components and a catalytic activity with a TOF of 280 h™ for the reductive
hydroformylation of 1-octene to be achieved. To immobilize the rhodium catalyst in a recycling approach
using scCO, as the extracting solvent for product alcohols, amine functionalized PEG derivatives have
been synthesized as the stationary catalyst phase. Amide condensation of PEGgqo-diacid with trimethyl-
diaminoethane resulted in a diaminated PEGgqq in which the amine group is linked via an amide bridge to
the PEGgoo backbone. During nine consecutive runs, in which this PEGggo-diamine was used as the
stationary catalyst phase and product alcohols have been extracted with scCO,, no loss in activity or
selectivity was observed. Leaching of the stationary phase was <3 wt% (<0.5 wt% after the first two runs)

of the extracted mass per run and rhodium leaching was determined to be 0.1% of the initial rhodium

rsc.li/greenchem over all nine runs combined.

Introduction

Alcohols are important products in the current chemical value
chain with direct application as solvents, disinfectants or as
intermediates for a variety of chemicals like detergents or poly-
mers." Additionally, the high interest in alcohols as fuel addi-
tives in bio-synthetic fuels, e.g. in PtX and BtL concepts,®™
during recent years makes highly efficient protocols for their
production pressing. With the Fischer-Tropsch synthesis
being a centre piece in a lot of those concepts, the transform-
ation of middle to long chain olefins to alcohols is of special
interest.”” Currently, middle to long chain alcohols are com-
monly produced from olefins via a sequence of hydroformyla-
tion and hydrogenation reactions (Fig. 1, upper pathway).

A beneficial alternative from an economic and ecological
point of view would be the tandem catalysed reductive hydro-
formylation to directly yield alcohols from olefins (Fig. 1, lower
pathway), thus making the intermediate separation and purifi-
cation steps obsolete. Since the energy intensive cobalt cata-
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lysed processes going back to the 1960s,%° no one-step process
which can compete with the current two step processes has
made it to application though."’

An alternative to the classic phosphine based catalytic
systems is the combination of rhodium and tertiary amines as
a catalyst.""'* Although known since the 1970s, new interest in
these types of catalysts has sparked during recent years."*™” In
2021, we reported about a highly robust catalytic system which
utilizes rhodium as the catalyst in combination with tertiary
amines as additives for the reductive hydroformylation of
1-octene. Tertiary amines supposedly bind to rhodium as
ligands during the catalytic cycle.'® Even though the catalytic
system proved to be active, stable against oxygen and, with ter-
tiary amines being resistant towards most decomposition path-
ways known to other ligand classes," concepts for the re-

Hydroformylation Hydrogenation

[Cat] [Cat.]
COM, Q H, OH
R — — .

Reductive Hydroformylation

Fig. 1 Hydroformylation/hydrogenation reaction sequence.

This journal is © The Royal Society of Chemistry 2022


http://rsc.li/greenchem
http://orcid.org/0000-0001-7234-3879
http://orcid.org/0000-0002-0580-3086
http://orcid.org/0000-0002-4828-7229
http://orcid.org/0000-0001-9302-2273
http://orcid.org/0000-0001-6100-9656
https://doi.org/10.1039/d2gc01252a
https://doi.org/10.1039/d2gc01252a
https://doi.org/10.1039/d2gc01252a
http://crossmark.crossref.org/dialog/?doi=10.1039/d2gc01252a&domain=pdf&date_stamp=2022-08-22
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc01252a
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC024017

Open Access Article. Published on 30 July 2022. Downloaded on 2/7/2026 11:08:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

cycling and separation of those catalysts from alcohols have
not been reported until just recently. Because of their surfac-
tant like nature and their strong interaction via hydrogen
bonding, separation of alcohols from product mixtures is
oftentimes challenging and resource intensive.*°

In 2022, our group reported about the catalyst recycling in a
liquid/liquid biphasic reaction system for the reductive hydro-
formylation of linear olefins and olefinic mixtures in which
the rhodium catalyst is immobilized in a water phase by
employing water-soluble alkanolamines.”" Although the
concept proved to be feasible, careful adjustment and control
of the mixture composition are necessary and leaching of the
alkanolamines into the product phase should be reduced.
More recently, we also described the use of a CO, switchable
rhodium/tertiary amine catalyst, in which the separation of the
catalyst was achieved using an additional feature of alkanola-
mines - the ability to bind CO, and the resulting polarity
change, inducing a second liquid phase that contained the
products. In this case, the formation of carbamates and there-
fore the catalyst leaching is closely linked to the CO, concen-
tration. It was found that the catalyst is deactivated at higher
CO, concentrations and a trade-off between catalytic activity
and rhodium leaching has to be made.>*

In order to develop processes for the one-step reductive
hydroformylation relevant for application, not only active cata-
lytic systems but efficient strategies for the recycling of the
homogeneous catalyst are necessary which allow for minimal
leaching of the rhodium catalyst in combination with highly
pure product streams. In particular, with the rising importance
of alcohols as fuels from bio-synthetic value chains, future pro-
cesses need to be particularly resource efficient to be economi-
cally feasible.

In this regard, the use of supercritical CO, (scCO,) as the
extraction agent for product alcohols is a promising approach
to recycle the catalyst. By using scCO, for the extraction of reac-
tion products, a non-toxic, non-flammable and abundant
resource is used which can be separated from the product
stream afterwards simply by degassing and returning CO, into
its gaseous form.?*** Thus, it allows for a highly efficient sep-
aration protocol which makes further downstream processing
unnecessary as long as leaching of the polar phase is circum-
vented. Supercritical scCO, as the extraction agent is already
being applied with big success for the extraction of commonly
non-polar components from a polar stationary phase on an
industrial level, e.g. in the decaffeination of coffee beans.>**®
Furthermore, recycling of homogeneous catalysts using scCO,

phases is described for several reactions such as
hydrogenation,*”%° oxidation,*® hydrovinylation,*”
metathesis®®*?° and hydroformylation*®™*® reactions. An

impressive example of the potential of this recycling approach
was given by D. J. Cole Hamilton and his group in the hydro-
formylation of 1-octene using a sulfonated phosphorus catalyst
immobilized in an ionic liquid phase. In a continuous setup
in which the product aldehydes have been extracted under
scCO,, flow, 30 h of steady operation with <1 ppm of rhodium
leaching has been achieved.’®*' Besides ionic liquids and

This journal is © The Royal Society of Chemistry 2022
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water, polyethyleneglycol (PEG) is often used as stationary
phase in combination with scCO,. Polyethyleneglycol shows
good solubility for most catalysts and gases but, depending on
the chain length, limited solubility with scCO,. For example,
in an innovative approach by our group, phosphorus ligands,
used in combination with rhodium for the hydroformylation
of various olefins, have been covalently bound to PEG;5, and
used as the stationary catalyst phase for the extraction of
product aldehydes using scCO,. Using this approach, nine con-
secutive runs with a total-turnover-number (TTON) of
11 000 have been accomplished.*? Although the extraction of
aldehydes is described, to the best of our knowledge the use of
supercritical scCO, for the extraction of alcohols in the reduc-
tive hydroformylation reaction has not been investigated so
far.

Herein we describe the functionalization of various high
molecular polyethylene glycol (PEG) derivatives with tertiary
amine groups. Those novel PEG-amines fulfil the bifunctional
role of ligand and solvent at the same time and serve as the
stationary phase for the said separation technique of product
alcohols from the rhodium/amine catalyst by extraction with
supercritical CO,.

Results and discussion

Previously we reported about a highly active and selective cata-
Iytic system based on a rhodium catalyst in combination with
various low molecular tertiary organic alkylamines as additives
in the reductive hydroformylation of 1-octene.'® Fig. 2 shows
the reaction sequence and possible side products for the
reductive hydroformylation of 1-octene as an example. In par-
ticular, the low selectivity towards the concurrent hydrogen-
ation of initial olefin (4) makes the reaction system highly
selective towards alcohols. The main by-products have been
found to be isomeric alkenes (5) which are ultimately con-
verted to branched alcohols (7).

Acetonitrile and triethylene glycol (TEG) have been used as
solvents for the reaction in our previous works. In this work we
elaborate on those findings with an extensive screening of sol-
vents with a focus on high molecular weight and ethylene
glycol based solvents. The aim of this study was to investigate
the effect of different functional groups in the solvent and to
find environmentally benign solvents for possible catalyst re-
cycling strategies. To test for this, each solvent was applied in
the reductive hydroformylation of 1-pentene catalysed by [Rh
(acac)(CO),] in combination with methyldiethylamine, which
proved to be a highly active catalytic system during previous
investigations.'® Additionally, the Hansen solubility para-
meters (HSP = dispersion forces (6p); dipole-dipole inter-
actions (6p); hydrogen-bonding-contribution (6y)) as a more
quantitative way to describe solvent properties have been deter-
mined for each solvent. In Fig. 3, the total alcohol yield (sum
of linear and branched alcohols), as a measure to display the
catalytic activity, for important findings during this extensive
solvent screening is displayed. The full screening for the total
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Fig. 2 Reaction scheme for the reductive hydroformylation of 1-octene.

of 23 solvents, their corresponding Hansen solubility para-
meters and the resulting 3D-Hansen-space can be found in the
ESI (Table S1 and Fig. S17).

During the screening a variety of different ethylene glycol
based solvents have been tested (Fig. 3, 1-6). Ethylene glycol
based solvents are non-toxic, non-flammable and promising
downstream products from renewables and therefore ideal
candidates for environmentally sound high molecular weight
solvents.”” Similar to triethylene glycol (1, Ya.. = 60%), the
higher molecular weight polyethylene glycol mixture of PEG3,
(2) (average MW = 300 g mol™") resulted in high alcohol yields
of 59%. While the functionalization of the terminal alcohols
with ester groups (5, Ya.. = 55%) does not significantly reduce
the hydrogenation activity, the stepwise addition of nonpolar
groups in the examples of tripropylene glycol (3, Ya. = 48%)
and diethylene glycol monohexyl ether (4, Y. = 39%) leads to
a decrease in the catalytic hydrogenation activity. Overall ethyl-
ene glycol based solvents seem to support a high hydrogen-
ation activity for a broad range of molecular weight distri-
butions and functional groups. Besides ethylene glycol based
solvents, various other functional groups have been tested.
Promising results have been achieved in the case of nitriles (6,
Yaie. = 74%), phthalates (7, Ya.. = 63%) and other alcohols (ESI
S1t). Overall, the incorporation of polar functional groups
especially seems to play a crucial role for the hydrogenation
step. This is supported by the results of various nonpolar sol-
vents showing low to no hydrogenation activity (ESI S17). The
formation of polar rhodium cluster species in the presence of
amines for the reductive hydroformylation of 1-octene has
been reported by our group previously.'® It can be assumed
that polar functional groups are necessary to stabilize those
ionic species which are supposedly important intermediates
for the active hydrogenation species. The promising results
and acceptance of functional groups for ethylene glycol based
solvents gave us the idea to test commercially available amine
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functionalized = 2-[2-(dimethylamino)ethoxylethanol (DEG-
amine) (9) as the solvent and without the addition of another
amine source during the reaction. Also, in this case a high
hydrogenation activity and selectivity towards alcohols with a
yield of 60% was achieved (Fig. 3).

By incorporation of the amine functionality into the solvent
at the example of 2-[2-(dimethylamino)ethoxyethanol (DEG-
amine) the reaction system was reduced to only three initial
components with [Rh(acac)(CO),], the amine/solvent and the
olefin. This not only reduces the complexity of the reaction
system but also simplifies possible catalyst recycling strategies
and downstream processing by inherent immobilization of the
amine ligand and possibly immobilization of the rhodium
catalyst by coordinative or ionic binding to the amine. After a
brief investigation of the reaction system using DEG-amine as
the solvent/ligand, it was possible to increase the substrate
concentration from 5 wt% to 40 wt% without any loss of cata-
Iytic activity (ESI S27). Investigation of the reaction time profile
during the conversion of 1-octene (Fig. 4) showed that after
30 minutes 73% alcohols are generated which corresponds to
a catalytic activity with a turnover frequency (TOF) of 280 h™".
Aldehyde intermediates in significant amounts can only be
observed even within the first 20 minutes of the reaction, illus-
trating the high hydrogenation activity of the system. After
30 minutes, the full conversion (>99%) of the initial 1-octene
is achieved. At this point, besides alcohol products, only
octene isomers (20%), formed by the p-hydride transfer of
1-octene, and octane (2%) derived from hydrogenation of
1-octene are observed. The conversion of internal double
bonds proceeds with a lower activity. Hence, octene isomers
are converted at a much slower pace afterwards. After 3 hours,
an alcohol yield of 92% is achieved with 4% of unconverted
octene isomers left.

The high catalytic activity when using a combination of a
tertiary amine group with the polar ethylene glycol backbone

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Screening of benign solvents in the reductive hydroformylation of 1-pentene. Y,..: combined yield of linear and branched alcohols.

in the example of DEG-amine as the solvent for the reaction
made wus think about catalyst recycling strategies.
Incorporation of the amine functionality into polar solvents
makes an effective immobilization of the rhodium catalyst
possible. Ethylene glycol based solvents are known to be near
insoluble with supercritical CO, (scCO,). Hence, we decided to
start investigating the extraction of product alcohols with
scCO, from amine functionalized (poly)ethylene glycol
derivatives.

To test this, a setup which allows for a continuous scCO,
flow at a high pressure and temperature was developed. The

This journal is © The Royal Society of Chemistry 2022

setup consists of a high-pressure stainless-steel reactor with a
volume of 50 mL (a). To the reactor a liquid CO, line equipped
with a flow meter (b) is connected (Fig. 5). During the extrac-
tion, a pressure of 95 bars is held at a temperature of 50 °C
within the reactor to ensure the supercritical state of CO,. At
the backend of the reactor, a 1/2-inch pipe with a volume of
24 cm® and a 3D-printed heating jacket is used as phase settler
unit. The phase settler is heated using a hot water pump to
ensure full phase separation of scCO, and the stationary phase
(c). Finally, scCO, is released at a back-pressure-regulator (d).
At this point phase transition of scCO, to its gaseous form

Green Chem., 2022, 24, 6578-6588 | 6581


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc01252a

Open Access Article. Published on 30 July 2022. Downloaded on 2/7/2026 11:08:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Green Chemistry

[Rh(acac)(CO),] (0.5 mol%)
2-[2-(dimethylamino)ethoxy]ethanol (0.66 g, 60 vol%)

R LW oW W NS 0H
CO/H, (60 bar, 1:2)
1 100 °C, 700 rpm 3(@a+b)
0.44 g, 40 vol%
100 4 * * \ g —
.
//.\\\\\ - — -
80 - —orT i
—_  —m
) o
é 60 —#&— Sn/iso-Nonanol (3 a+b)
§ sn/iso-Nonanal (2 a+b)
S —&— Octane (4)
O 404 u
= Octene Isomers (5)
el
° —&— Conversion of 1-Octene (1)
=
71 0 SR (D) oo L R R R RS R R
0 = T S A n Y
: | — T T | — T T T T T
0 20 40 60 80 100 120 140 160 180

Reaction Time [min]

Fig. 4 Reaction time profile for the reductive hydroformylation of 1-octene using 2-[2-(dimethylamino)ethoxylethanol (DEG-amine) as the solvent.

Connections between data points are for visualization purposes.

occurs and all substances dissolved in the scCO, phase are
released to the product container (e).

Preliminary tests of the extraction setup during the extrac-
tion of 1-hexanol dissolved in DEG-amine, showed that in this
case no efficient separation of scCO, and DEG-amine is
achieved and alcohols as well as the solvent are extracted in
their corresponding composition (ESI S3t1). Further prelimi-
nary tests in which hexanol was extracted from a higher mole-
cular glycol, PEG,q, using scCO, showed that hexanol can be
extracted with basically no solvent leaching into the scCO,
phase (ESI S3f). This shows that the setup is suited for the
general concept but successful catalyst recycling is only poss-
ible using higher molecular mass analogues compared to
DEG-amine. In general, the solubility in scCO, decreases with
increasing molecularity and/or polarity.

In an attempt to synthesize high molecular mass analogues
to DEG-amine, different strategies for the amination of PEG;q,

=> CO, (la)
=> CO, (sc)

have been investigated (detailed experimental procedures are
given in the ESI S41). Alcohol amination, using a ruthenium
catalyst with dimethylammonium dimethylcarbamate as the
amination agent, as reported by Seidensticker et al.,*®
resulted in isolated yields of 50% with a mixture of mono-
and di-aminated PEGjgy-dimethylamine (Fig. 6). The degree
of amination can be effectively controlled from 30% after
24 h to approximately full amination after 48 h as shown by
atmospheric-pressure-chemical-ionization mass-spectrometry
(APCI-MS) of the product mixtures (ESI S5f). However, even
when using prolonged reaction times PEG-amine moieties
with monomethylated amine groups have been found as side
products (<5%). This happens most likely due to the alkyl
shift reactions between dimethylamine and PEG;(,-dimethyl-
amine. Using this strategy, amine derivatives of PEG3,, with
an amination degree of 30% and full amination have been
synthesized.

(d)
Back-Pressure-Regulator
(e)

Product-Container

Phase-Separator
(€) | | with Heating-tacket

50 mL Stainless Steel Reactor

Fig. 5 Real-life footage (left) and simplified flow scheme (right) of the high pressure scCO, recycling setup. (a) 50 mL stainless steel reactor, (b) flow
meter (Bronkhorst), (c) phase separator with heating jacket (3D printed), (d) back-pressure-regulator (GCI, <100 bar), (e): 100 mL product container.
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Fig. 6 Synthesis of dimethylamine functionalized PEGzpo-amine mixtures via alcohol amination as reported by Seidensticker et a

To investigate the catalytic activity when using those novel
solvents, they have been applied in the reductive hydroformyla-
tion of 1-octene first on a small scale and under optimized
conditions (Fig. 7). For comparison, the reactivity of the pre-
viously investigated low molecular weight DEG-amine is dis-
played (Fig. 7, (IV)). When PEGg;(, with a degree of amination
>98% is used (Fig. 7, (I)), the hydrogenation activity of the
system 1is significantly decreased. In comparison with DEG-
amine (Fig. 7, (IV)), the alcohol yield drops from 79% to 20%.
The main products in this case are intermediate aldehydes
(62%), which proves that the overall hydroformylation activity
is not affected but rather the hydrogenation step is inhibited.
In this case, the lack of terminal alcohol groups seems to sig-
nificantly affect the hydrogenation activity. This was confirmed

- |
> Ho\/(\ O/\),N\
avg5
HO\/f /\),OH
(0}
avg5

50 % (isolated yield)

160°C, 700 rpm
- o,

degree of amination:
30 % after 24 h
>98 % after 48 h

1.48

in experiments in which unmodified PEG;,, was added to
PEG;qo-diamine (Fig. 7 (II)) or in which PEG;, with a lower
amination degree of 30% is used as solvent (Fig. 7 (III)). In
this case, the hydrogenation activity was restored and alcohol
yields of 78% and 82% respectively are achieved.

These results, again, highlight the necessity of polar func-
tional groups in the solvent to preserve the hydrogenation
activity. Consequently, because of the high catalytic activity
achieved when using the PEG;y, mixture with an amination
degree of 30%, it was chosen as the stationary catalyst phase in
a first attempt to recycle the rhodium catalyst.

Using the setup described above (Fig. 5), a consecutive
series of nine recycling runs has been accomplished for the
reductive hydroformylation of 1-pentene using the 30% ami-

[Rh(acac)(CO),] (0.5 mol%)
amine/solvent (0.66 g, 60 w%)

1 CO/H, (60 bar, 1:2) 3(a+h)
100 °C, 1.5 h, 700 rpm
40w%

l:’ Octene Isomers (5) - Octane (4)
m iso-Nonanal (2 b) I:ln-NonanaI (2a)
\:ln-Nonanol 3a

V777 iso-Nonanol (3 b)
I

| |
N W(OMN ~
avg 5

PEG;n-diamine

100

L
v

Yield [%]

(>98% amination)

| | | |

N \/fo/\ﬁ"‘ ~ N w(o N

avg 5 avg 5
+ |

HO OH HO%OA%N ~

I o 1] s
avg 5 avg

PEG y00-diamine (>98% amination)

i Ho% o ~JyoH
PEG300 avg 5

PEG mixture
(30% amination)

50:50 mixture

Amine/Solvent [-]

v AN~ OH
2-[2-(dimethylamino)ethoxylethanol
[ ? [
\N/\/Nﬁo/\/)o\)LN/\/N\
V] \ | | avg 11|

PEGgpq-diamine

Fig. 7 Application of various amine functionalized PEG derivatives in the reductive hydroformylation of 1-octene. Reaction conditions: 1-octene
(4.00 mmol, 40 wt%) [Rh(acac)(CO),] (0.5 mol%), tailor-made amine as stated (0.66 g, 60 wt%), CO/H, (60 bar, 1:2), 100 °C, 1.5 h, 1200 rpm. Error bars
given for the experiments IV and V resemble the experimental standard deviations and are derived by repeating the respective experiment four times.
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Fig. 8 Conceptual scheme for recycling experiments. (A) Initial reaction mixture, (B) post reaction solution, (C) scCO, extraction, (D) addition of

fresh 1-pentene.

nated PEG;,, mixture as the stationary phase catalyst phase. A
simplified scheme for the execution of the experiments is dis-
played in Fig. 8.

Each reaction was conducted under the optimized con-
ditions in a 50 mL autoclave reactor. After each reaction, the
autoclave reactor was connected to the scCO, extraction setup
(Fig. 5) and the extraction of product alcohols with a continuous
scCO, flow of 2.6 g min™" at T'= 50 °C and p = 95 bar was con-
ducted until 200 g of scCO, (measured by a flow meter) have
passed the reactor. After the extraction, fresh 1-pentene is added
for the next reaction. Because sampling of the catalyst phase
would alter all following runs, only the extracted mixture has
been analysed for total weight, composition (determined via
quantitative proton nuclear-magnetic-resonance spectroscopy
(*H-gNMR)) and rhodium leaching (determined via inductively
coupled- plasma mass spectrometry (ICP-MS)) (Fig. 9). Because
of the low boiling point of 1-pentene, all non-converted olefins
evaporate during the extraction process and are not condensed
in the product container.

After the extraction of the initial run, a total mass of 3.03 g
with an alcohol concentration of 91 wt%, corresponding to
27.0 mmol of the reaction product is obtained. Compared to
the 79.9 mmol of substrate (1-pentene), this corresponds to a
theoretical alcohol yield of 36%. Intermediate aldehydes are
found in traces (<1 wt%), suggesting a high hydrogenation
activity. The remaining 8 wt% of the mixture was found to
consist of PEGjgpp-amine mixture. Analysis of the extracted
PEG;,, fractions using APCI-MS (ESI S5 and S671) showed that
the extracted fractions are almost identical to the initial com-
position and no preference for molecules with a lower mole-
cular weight or less polar molecules with a higher degree of
amination is observed. This is especially interesting since
during preliminary experiments, in which 1-hexanol was
extracted from PEG,q,, almost no leaching (<1 wt%) of the
stationary phase was observed at all (ESI S3+1). It seems that the
average lower polarity of the stationary phase due to exchange
of hydroxy with tertiary amine groups allows to pull even di-
hydroxylated PEG3,, molecules into the scCO, phase which
have been proved to be basically insoluble in scCO, before.
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Despite the slight leaching of the stationary PEGj;g,-amine
(30% amination) phase, ICP-MS measurements showed a low
rhodium leaching of 1.8 ppm (0.01% of initial [Rh]) for the
first run.

After the second run, the total amount of the extract
decreases slightly (2.78 g) but an analysis of the composition
revealed a significant drop in the hydrogenation activity,
together with an about three-fold increase in the leaching of
the stationary PEG;g-amine phase. During the third run only
50% of the extracted compounds can be attributed to
target alcohols, while 13 wt% aldehydes and >37 wt% leaching
of the PEGjgo-amine mixture is observed. The drop in the
hydrogenation activity can be partially attributed to the leach-
ing of the stationary phase, but also suggests a deactivating
mechanism for the catalytic species responsible for the hydro-
genation step after the first run. In accordance with the
increased leaching of the stationary phase, an increased leach-
ing of the rhodium catalyst >15 ppm (0.1% of initial [Rh]) is
observed.

From run four to run eight, the activity remains constant,
although only about 25 wt% of the product mixture consists of
target alcohols and the leaching of the PEG;3go-amine mixture
is still high (45 wt%-50 wt%). In the last run, a further drop in
the hydrogenation activity was observed and only 0.26 g of
alcohols was extracted, suggesting that the constant leaching
of stationary phase will ultimately abolish the reaction. After
the ninth run, only ~3.6 g of the initial 8.4 g PEG3p,-amine
mixture was found left in the reactor. This first recycling
attempt proves that the exchange of hydroxy with tertiary
amine groups significantly increases the solubility of PEG
derivatives in scCO,. Even though, the low rhodium leaching
(<1% of initial [Rh] accumulated over nine runs) and the still
active catalyst until the last run show that the recycling
concept is generally feasible and no continuous deactivation
or precipitation of the [Rh] catalyst occurs.

From this first attempt we concluded that the decreasing
polarity due to tertiary amine functional groups requires
further modifications of the aminated solvent/ligand. Based
on the general trends to decrease the solubility in scCO, and

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Recycling of the homogeneous [Rh] catalyst over nine consecutive runs for the reductive hydroformylation of 1-pentene using scCO, as the
extracting solvent and a PEGsgo-amine mixture (30% aminated terminal groups) as stationary catalyst phase. Reaction conditions: 8.4 g
(~23.8 mmol) PEG3p0-amine mixture, 5.6 g (79.9 mmol) 1-pentene, 0.103 g (0.4 mmol; 0.5 mol%) [Rh(acac)(CO),], 60 bar CO:H, 1:2, 100 °C, 1.5 h,
700 rpm. Conditions during the extraction: scCO, flow 2.6 g scCO, per min~%, 200 g scCO total, 95 bar scCO,, 50 °C, 1000 rpm.

improve the retention of the stationary catalyst phase, tional groups, amide condensation of PEGggo-diacid with tri-
potential modifications for the aminated polyethylene glycol —methyldiaminoethane resulted in an amine modified PEGggo-

must be derivative containing polar amide functional groups in the
(1) a higher molecular weight and PEG backbone (Fig. 10). The reaction proved to be highly
(2) a higher overall polarity by the incorporation of polar efficient and quantitative yields can be obtained after 48 h
groups. with a degree of amination >98% as proved by "H-NMR. Since

To achieve this, synthetic strategies for the functionali- no catalyst or additional solvent is needed during the reaction,
zation of PEGgg, have been considered. PEGgq, offers a two- the only purification step is the removal of water, which is
fold increase of the average molecular weight but is still a formed during the reaction, and excess trimethyl-
liquid at room temperature. Additionally, to add polar func- diaminoethane under reduced pressure.

O (0}
| | |
(1 Ho)k'(O O/\H/OH + \N/\/N\ > /N\/\N OV}O/\IrN\/\N/
avg. 11 ¢ H 200 °C, 48 h, 700 rpm | avg. 11 O I
-H,0
20 mmol 4eq. 96 % (isolated yield)

Fig. 10 Procedure for the synthesis of dimethylamine functionalized PEGgoo derivatives via amide condensation containing incorporated amide
functionalities.
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Investigation of the diaminated PEGggo-amide in the reduc-
tive hydroformylation of 1-octene (Fig. 7 (V)) showed that excel-
lent hydrogenation activity is achieved. After 1.5 hours, 75%
yield of alcohols is generated and no intermediate aldehydes
in significant amounts have been found. Comparing this to
the low hydrogenation activity when using the diaminated
PEG3, as solvent (Fig. 7 (I)), this shows that in case of the
PEGgpo-diamine as solvent no additional hydroxy groups are
necessary to achieve a high hydrogenation activity, likely due
to the incorporation of polar amide functional groups. After a
reassuringly high activity for the reductive hydroformylation
reaction, the diamine functionalized PEGgy,-amide was tested
as the stationary catalyst phase during nine consecutive re-
cycling runs for the reductive hydroformylation of 1-pentene
following the same procedure described previously (Fig. 11).
As only alterations, the product concentration was decreased
from 40% to 30% to account for the increased molecular
weight of the stationary phase and to keep a high ratio of the
substrate to amine groups. Additionally, the total amount of
CO, used for the extraction was lowered from 200 g to 150 g.
Tracking the amount of CO, consumed during the extraction

View Article Online

Green Chemistry

for the first recycling run and comparing it with the extracted
mass shows that the amount of extract gained per gram of con-
sumed CO, drops off drastically with increasing CO, consump-
tion (ESI S77). After 150 g of CO, are consumed, the extraction
efficiency dropped to 1/5th of the initial value. Since the
efficiency with which products get extracted from the reaction
solution is linked to the product concentration it can be
assumed that at this point the majority of the products have
been extracted already.

This second approach proved to be highly successful.
During all nine consecutive runs, the total weight of the
extract was found to be between 1.6 g and 3.1 g. Analysis of the
collected mixture proves that a high hydrogenation activity is
maintained during all nine runs with alcohols contributing
between 75 wt% and 92 wt%, on average 83 wt%, to the
extracted mixture (corresponding to alcohol yields between
25% and 45% under the assumption of complete extraction).
Aldehyde intermediates make up for almost all of the rest of
the extracted compounds (8 wt%-24 wt% of the extract). Gas
chromatography of the exhaust gas stream of the product con-
tainer shows that full condensation of alcohols and aldehydes

[Rh(acac)(CO),] (0.5 mol%)
PEG3gg9-amine mixture (70 wt%, 9.8 g )

NN

L

30wt%,4.2¢g

K 0H

>

CO/H, (60 bar, 1:2)

100 °C, 1.5 h, 700 rpm

PEGgqy-diamine:

| 0 |
\N/\/Nﬁo/\a'o\)LN/\/N\
I

o) avg 11 |
3.5 o1 - 25
V7 PEGgy,-diamine (leaching)
| Sn/iso-Hexanal J
3.0 Sn/iso-Hexanol
1/ @ Rh(leaching) - 20
2.5 — 4
= | -
" SETE
g 2.0 =
oo
4 - =
g ¢ g
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Recycling Run [-]

Fig. 11 Recycling of the homogeneous [Rh] catalyst over nine consecutive runs for the reductive hydroformylation of 1-pentene using scCO, as the
extracting solvent and PEGgog-diamine as stationary catalyst phase. Reaction conditions: 9.8 g (~12.5 mmol) PEGggo-diamine, 4.2 g (59.9 mmol)
1-pentene, 0.077 g (0.3 mmol; 0.5 mol%) [Rh(acac)(CO),], 60 bar CO:H;, 1:2, 100 °C, 1.5 h, 700 rpm. Extraction conditions: 2.6 g scCO, per min,

150 g CO; total mass, 95 bar scCO,, 50 °C, 1000 rpm.
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is achieved and no reaction products are lost within the
exhaust gas (ESI S87). The consistently high hydroformylation
and hydrogenation activity proves that no deactivation of the
catalyst occurred over the course of the experiment. Leaching
of the stationary PEGgg,-diamine phase was found to be
<3 wt% of the extracted mass in the first two runs and
<0.5 wt% in all consecutive runs. Rhodium leaching was
found to be <6 ppm (<0.02% of initial [Rh] in all runs with the
exception of run five) with an average of ~3 ppm. Over the
course of all nine runs, 0.1% of the initial rhodium catalyst
has been transferred out of the reactor.

All in all, the PEGggo-diamine proved to be a highly effective
stationary phase for the extraction of alcohols using scCO,.
Over all nine runs a total turnover number (TTON = Y 7, roduct/
Ncatalys) Of 700 was achieved. Comparison with the recycling
approach using the PEGjgo-amine mixture shows that a high
molecular weight but more importantly incorporation of polar
functional groups are key to achieving a high hydrogenation
activity during the reaction and insolubility in scCO, at the
same time. It was shown that the herein presented high mole-
cular weight amines propose highly stable, non-volatile, non-
flammable and easily accessible reaction media for rhodium
based reductive hydroformylation catalysts. During the extrac-
tion of product alcohols and aldehydes, abundant CO, is used
as an extraction medium and the only “chemical” which can
be separated easily from the products by simply degassing as
shown during the recycling experiments. Hence, no further,
and likely energy intense, downstream processing is necessary.

Conclusion

We herein described the successful synthesis of amine functio-
nalized polyethylene glycol derivatives and their application as
a combination of solvent and ligand for the rhodium catalysed
reductive hydroformylation of linear alpha olefins. It was
found that 2-[2-(dimethylamino)ethoxy]ethanol can be used as
a combination of solvent and amine (ligand) in the reductive
hydroformylation of 1-alkenes resulting in a highly active cata-
lytic system. Using 2-[2-(dimethylamino)ethoxy]ethanol as an
inspiration, higher molecular weight and amine modified poly
ethylene glycol derivatives have been synthesized as the
stationary phase for a recycling strategy based on the extraction
of product alcohols with scCO,. While an amine modified
PEG;(o-mixture did not allow for a successful separation of the
product and catalyst phase, the application of a dimethyl-
amine functionalized PEGgo, derivative, containing polar
amide groups in its backbone, proved to be much more suc-
cessful as the stationary phase during this recycling approach.
Minimal leaching of the stationary PEG-amine phase and the
rhodium catalyst (0.1% for all runs) allowed the recycling of
the catalyst over nine consecutive runs with no deactivation or
change in selectivity. All in all, a powerful and robust catalytic
system with a promising recycling strategy is presented com-
prising just two components, a rhodium catalyst and an amine
functionalized PEG derivative as the solvent/ligand.

This journal is © The Royal Society of Chemistry 2022
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