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Abstract:

Aqueous hydroaminomethylation (HAM) is an atom economic route for the efficient production
of amines in one reaction step, starting from basic chemicals like alkenes. Herein we present
the first successful establishment of a continuous process for a HAM in an aqueous multiphase
system. The green mass transfer agents randomly methylated-B-cyclodextrins (CD) enabled
the catalyst system consisting of rhodium/sulfoXantphos to achieve high yields of up to 70 %
with selectivity’s of up to 80 % in several continuous experiments with a total run time of more
than 220 h. The key here is that water and products have large polarity differences, but the
reaction still proceeds effectively due to the addition of CD, which made the application of
solvents obsolete. The main achievements on this way were to investigate the influence of the
RAME-B-CD concentration on the reaction rate and the selectivity in batch studies and find
promising operating points in first continuous experiments. In a final experiment, the
separation temperature was investigated. It was shown that the catalyst loss into the product
phase is enormously small at 0.003 %/h of the initial mass (0.24 % in total), which are the
lowest ever reported values for the HAM on this scale. Within a run time of 78 hours, 2.87 kg
of tertiary amine were produced using only 0.19 mg (>14.000:1) of transition metal, while the
loss of rhodium per kg of product produced was mostly around 0.15 mg/kg, suggesting a

possible economic applicability.



Introduction

One of the most urgent challenges facing humanity is anthropogenic climate change. To cope
with this burden, we must perform a comprehensive structural change in our value creation
system to reduce environmental damage and resource consumption to a permanently
sustainable level.2 However, a competitive industry with a high level of economic efficiency
must be maintained. Regarding the chemical industry, this implies the development of highly
selective and efficient reactions and processes. In this context, the use of specific catalysts is
imperative as they enable atom economic reaction, thus minimizing waste and reducing the
overall downstream effort. This is further highlighted by the fact that catalysis is one of the 12
principles of green chemistry, and the production of the majority of chemical intermediates and

end products incorporates at least one catalytic step.B3

Despite their advantages, one major challenge remains: Their efficient recycling and reuse is
indispensable for the ecological feasibility and economic success of industrial processes,
especially when utilizing expensive transition metals such as rhodium. An essential
requirement for recycling is that the catalyst and reaction products are separated into two
distinct phases, regardless of whether this segregation occurs before, during, or after the
reaction. Generating a new phase from a homogeneous mixture causes tremendous energy
and apperative demand in large-scale processes, leading to costly procedures. This results in
the majority of industrial processes being heterogeneously catalyzed. However, the described
requirement for highly efficient reactions makes the use of homogeneous transition metal
catalysis particularly advantageous.® To combine their high activities and selectivity with the
beneficial separability of heterogeneous catalysts, the concept of liquid multiphase systems
was developed.®®! Here, a common homogeneous catalyst is immobilized in one liquid phase
while the reaction product resides in another. Since most industrially relevant products are
nonpolar, using water as a solvent for the catalyst is especially practical. The high polarity and
density of water lead to a fast and reliable separation even with products of medium polarity
while being non-hazardous and non-flammable as well as odorless. In addition, the great
accessibility at comparably low cost emphasizes the beneficial properties from an economical
and environmental viewpoint.['! Established water-soluble ligands, which are already
commercially available, can be used to reduce the loss of the catalyst to the nonpolar product
phase. Without the need for an organic solvent, the possibility of generating a pure product
phase exists depending on the polarity of the products. This has many advantages for
application in technical processes, such as lower liquid holdups, resulting in higher space-time
yields and a lower cost downstream. Therefore, combining highly efficient and selective

reactions by utilizihg common homogeneous transition metal catalysts with the good



separation performance of aqueous biphasic reaction systems offers excellent potential for

the design of sustainable processes (Figure 1).
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Figure 1: Basic process design for the recycling of homogeneous catalysts using aqueous biphasic reaction
systems

While products having low water solubility offer good separation with an expected low catalyst
leaching, they often arise from low water-soluble substrates, leading to a biphasic system
under reaction conditions and, therefore, low substrate concentration in the catalyst phase.
This results in a low overall reaction rate since the catalyst cannot reach its intrinsic activity
like it would in homogeneous reaction media. Hence, intensification techniques are required
to exploit the usually high activities of homogeneous catalysts. A variety of different strategies
have been explored in the literature in the context of batch experiments. However, establishing
a stable continuous operation is essential to emphasize the advantages of intensified aqueous
biphasic reaction systems and demonstrate its competitiveness among large-scale processes.
An in-depth literature review on intensification strategies in continuous processes was given
by Vorholt, Leitner and coworkers in 2019, highlighting the feasibility and importance of this
research field.[® Intensified mixing, e.g., by utilizing innovative reactor concepts, aims to
increase the contact area between substrate and catalyst molecules due to an increased
surface area between the two liquid phases.®*Y Another approach is the application of co-
solvents to alter the miscibility gap and increase the substrate solubility in the catalyst phase.
This also affects the solubility of the catalyst in the product, leading to potentially increased

catalyst loss.

An especially promising approach in this respect that increases the substrate solubility in the
polar phase without significantly changing the catalyst's solubility in the substrate phase is the
addition of cyclodextrins.'? These cyclic oligosaccharide molecules consist of o-D-
glucopyranose units and form conical cylinders with a hydrophilic outer surface and a
hydrophobic cavity. Many different hydrophobic substrates exhibit strong binding affinity to the

latter, leading to a wide variety of applications in practice, e.g., in analytical chemistry,



agriculture, and the pharmaceutical industry.!*314 These and other properties of cyclodextrins,
such as different solubilities, can be created by different substituents on the hydroxyl groups.
The beneficial impact of cyclodextrins in aqueous biphasic homogeneously catalyzed reaction
systems has been investigated and pointed out for many years (Figure 2).12% |t is generally
accepted in the literature that the mechanism is best described by the formation of inclusion
complexes at the aqueous/organic interface.
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Figure 2: Proposed mechanism for cyclodextrin mediated reaction systems.[?1l

As amines are essential building blocks for modern society, now the next step is to enlarge
the toolbox of biphasic aqueous reaction systems to amination reactions. One attractive
alternative in this regard is hydroaminomethylation, discovered initially by Reppe in 1949.[22
Hydroaminomethylation is an auto-tandem catalytic reaction, in which amines are accessible
from alkenes as basic chemicals in a single preparative step. However, it thus has a rather
complex reaction network, with the first reaction being the hydroformylation to an aldehyde. It
is followed by the reductive amination, which itself consists of a condensation reaction
between an aldehyde and ammonia, primary or secondary amine to an enamine which is then
catalytically hydrogenated to the corresponding amine (Figure 3). This auto-tandem reaction
is a potential alternative to industrial processes for amine synthesis starting from unsaturated
substrates, being an atom-efficient reaction with no need for isolation and purification of
intermediates.” Although water is formed as a co-product in an equilibrium reaction, which
makes aqueous solvent systems appear unsuitable, here one also benefits from simple

separation.
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Figure 3: General scheme of the hydroaminomethylation based on a 1- alkene and a secondary amine.

As a result, aqueous hydroaminomethylation has gained more and more attention in recent
years. However, to the best of our knowledge, there are no examples of continuous processes
to produce amines via hydroaminomethylation in an aqueous reaction system. Several
presented intensification techniques and others have been investigated in batch reactions in
the literature.?*2° Here, cyclodextrins mediated systems showed the greatest potential due
to low leaching but at the expense of a comparably low reaction rate as well as the formation
of a solid matter.B% Although this is not a hurdle in batch reactions, it leads to tremendous
challenges in continuously operated reactions. The hydroaminomethylation demands for long
residence times, resulting in small volume flows, is opposed by the necessity of a minimum
flow velocity in the pipes to prevent segregation of the phases. A similar challenge arises, e.g.,
when selecting the right stirrer speed: While the biphasic reaction system demands a high
volumetric power input to emerge a high gas-liquid-liquid surface area, a foam formation must
not occur to maintain a stable operation. The combination of exploring these operation
windows and the well-known challenges of studying complex reaction networks might be why
no continuous process for aqueous hydroaminomethylation is yet reported. Herein, we aim to
fill this gap by demonstrating the upscaleablitliy of this reaction system to a continuously
operated miniplant. This might allow continuous synthesis with potentially lowest leaching in

a green solvent system without the addition of conventional solvents.

Result and Discussion

For the first continuous operation in an aqueous multiphasic reaction system mediated by
cyclodextrins, the hydroaminomethylation of 1-octene I-1 and diethylamine with syngas was
chosen as a model reaction (Figure 4). The triphasic system consists of a gas phase, a pure
(i.e. solvent-free) substrate/product phase, and an aqueous phase containing the precursor
Rh(acac)(CO),, the ligand sulfoXantphos and randomly-methylated-g-cyclodextrines (CD) as
phase transfer agents. The first step in the main reaction path is the hydroformylation of I-1 to
the linear aldehyde I-2. In the subsequent reductive amination, |-2 first condenses to the linear
enamine |-3 before the linear amine 1-4 is formed by catalytic hydrogenation. In case the
branched aldehyde b-2 is formed in the hydroformylation, it follows the same reaction path.
Other byproducts arising from side reactions are the alkene iso-1 from isomerization, the

alkane 6 from hydrogenation, and the aldol condensate 7. In the case of hydroformylation and



hydrogenation reactions, an inclusion complex must be formed between the cyclodextrin and
the substrate for a reaction to take place, assuming that the solubility of the substrates in the
catalyst phase can be neglected. This might lead to a kinetic limitation of the main reaction
path, and thus a decrease in selectivity as aldol side reaction might also occur in the organic

phase.
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Figure 4: Reaction network for the hydroaminomethylation of 1-octene (I-1) with diethylamine (DEA) to the
desired linear tertiary diethyl octylamine (1-4)

Batch Experiments

For realizing a continuous process of cyclodextrin-mediated hydroaminomethylation for the
first time, two major aspects from the previous investigations are still limiting: the recyclability
of the chosen catalytic system has not been shown in HAM, with one problem being the
formation of a solid matter that cannot be tolerated during continuous experiments; secondly,
typical reaction times of 24 h for full conversion are not reasonably realized in a continuous
experiment. Hence, we decided to first investigate the recycling of the homogeneous Rh-
catalyst and secondly, to decrease reaction time by detailed analysis of the cyclodextrin

amount.

In three successive batch experiments in a 300 ml autoclave at 120°C and 30 bar of syngas
pressure with a substrate to catalyst ratio of 500, which corresponds to standard conditions
based on our recent publication,®% almost complete conversion of the substrate was observed
(see Sl for details). The yield of the desired amine |-4 exceeds 68 % in all runs, whereas the
byproducts iso-1 and 6 constantly yield 13 % combined during the recycling. The yield for the
aldol condensate 7 was ca. 9 % in all runs. As expected, regioselectivity is constant at a high
level of >97%, which is in the range for a rhodium/sulfoXantphos system.®Y To our delight, in
contrast to our previous investigation, in which 1-decene has been used as substrate, no

precipitation of a solid matter was observed. The leaching of both Rh and sulfoXantphos is



also nearly constant at a low level of around 0.2 % of the initial mass per run, proving the

recyclability of the system.

In the next step we investigated an acceleration of the overall reaction rate by increasing the
CD amount in the reaction system. An increased CD concentration can work in two ways: it
reduces the surface tension of the aqueous phase with air, as shown by Monflier and
coworkers.l®? This fact allows the assumption that the interfacial tension between water and
an organic phase is also reduced, which would result in an increased phase interface at an
equal volume specific energy input. Furthermore, the CD concentration influences the
formation of the inclusion complexes A (Figure 2) which influences the contact of the
substrates with the catalyst at the liquid-liquid interface area.’?"! Thus we suspect an increased
CD concentration may accelerate the conversion of I-1 to achieve higher catalytic activity and
therefore contribute to the aim of a reduced reaction time for full conversion. Since,
surprisingly, CD to catalyst ratios higher than 15 have never been used in
hydroaminomethylation or even hydroformylation, we examined this parameter in more detail.
So far, it is unknown whether the alkene I-1 and the enamine I-3, respectively, have unequal
association constants with CD and, hence, how this affects the complex reaction network of
HAM. Hereby, it is possible that one complex is formed more prominently, and thus the
reactions are accelerated unequally. This can lead to an accumulation of intermediates and
enhanced side reactions such as aldol formation. Accordingly, various CD to Rh ratios of up
to 250 have been studied (Figure 5), to find optimized reaction conditions to ensure both, high

catalytic activity and selectivity for the targeted continuous experiments.
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Figure 5: Conversion (X) and yield (Y) of I-1 over time (left) as well as product distribution (right) at full conversion
of the HAM in dependency of the CD to catalyst ratio (Reaction time from left to right: 24 h, 12 h, 6 h, 6 h, 4 h).

Conditions: T =120 °C; p = 30 bar; nxz2/nco = 2:1; u = 800 rpm; Crh,aq. = 3.2 mmol L' np:nrh = 7; @ = 0.2;

N1-alkene:NRh = 500; NpEA:N1 alkene = 1.5; Ncp:nNrh = 50 to 250; t = 6 h to 24 h; preforming: T =120 °C; p = 30 bar;
NH2/nco = 1:1; u =800 rpm; t> 12 h

It is evident that increasing the CD to catalyst ratio significantly increases the amount of
product produced per time. While it takes 24 and 12 hours to achieve conversion of 98 % with
the lower ratios of 15 and 25, respectively, conversions of 98.5 % and >99 % can be achieved
in 6 hours with the medium ratios of 50 and 100. Although the reaction system with a ratio of
250 is even faster with a conversion of >99 % after only 4 hours, a reduced selectivity to the
main product I-4 can be observed. Apparently, the hydroformylation rate is enhanced more
with increasing CD to catalyst ratio than the rate of the enamine hydrogenation, which is visible
by an increasing yield of the intermediates I-2 and 1-3 when comparing the reaction profiles
(See SI). While this, on the one hand, reduces the selectivity to iso-1 and 6, on the other hand,
the resulting accumulation of intermediates I-2 and I-3 leads to an amplified aldol condensation
to 7. Nevertheless, it should be noted that a conversion of 90 % after 0.5 h in an aqueous
HAM is evidence of a remarkably active system. However, the most promising compromise
between activity and selectivity is given at a ratio of 100 with a selectivity of 78 % and a
turnover frequency at 50 % conversion of 531 h. In further investigations, it was found that a

further increase of the TOF was possible by reducing the catalyst concentration at high



cyclodextrin concentrations. In this case, too, there was a clear decline in selectivity, which is

why this approach was not considered further. (See Sl for further information).

Continuous operation:

The findings from the batch tests regarding activity, stability and recyclability now allow us to
carry out continuous experiments. Here the long- term stability and the optimizations of various
parameters such as reaction temperature are carried out under continuous process
conditions. As we have recognized with our vast experience in various reaction systems, this
strategy is considerably more target-oriented than to further optimize reactions conditions in

additional, tedious batch experiments.

However, one challenge here is that process conditions must first be found under which the
miniplant (Figure 6) used can be operated reliably. Here, various effects come into play that
are irrelevant in batch. One important parameter for gas- liquid- liquid reaction systems like
the CD- mediated hydroaminomethylation is the provided surface area.*® High energy input
and thus high stirring speed are expected to benefit the reaction, but can be detrimental due
to foam formation. While this is commonly not a problem in a batch operation, in continuous

processes this it can be a hurdle.

Reactor Decanter

H,/CO

I-1/DEA L

a

% products

Figure 6: Conceptual flowsheet of the operated miniplant. Parameters which are varied in the continuous
experiments are noted in gray boxes.




Another challenge in the investigated biphasic reaction system is the separation of phases in
vertical pipes when the flow velocity is too low. This might lead to the accumulation of one
phase in the reactor, and thus change the organic volume fraction ¢ which has a critical
influence on the selectivity.®% Resident time is correlated to flow velocity in pipes, which also
heavily influences reaction. To determine a suitable operation point for these process

conditions, the first continuous experiment was carried out (Figure 7).

Although HAM requires a molar ratio of 2:1 (H2:CO), the optimum reaction conditions regarding
product yield and selectivity can differ from that, for example, due to different activities of solute
gasses in the reaction phase and depended on the operation mode. Based on our earlier
publication, a ratio of 1:1 in the reactor's gas phase was chosen.?®l To maintain this ratio
during the continuous operation, the gas feed was adjusted depending on the measured gas
composition in the reactor. Samples of that gas phase were analyzed in regular intervals via
GC (further information in Sl). Based on our batch investigation, a CD to catalyst ratio of 100
was chosen. In this first continuous experiment the residence t and the stirrer speed are varied
starting with t = 2.2 h and a stirrer speed of 400 rpm. Furthermore, it will be examined to what
extent the selectivity to the side products can be reduced by the changed concentration
profiles in a continuously stirred tank reactor (CSTR) compared to a conventional batch stirred
tank reactor (STR).

10
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Figure 7: Reaction performance for the continuously operated hydroaminomethylation of 1-octene with
diethylamine. Conversion equals sum of all yields. Yields are calculated based on GC- FID analysis of product
stream with dibutylether as internal standard. Conditions: T = 120 °C; p = 30 bar; u =400 to 600 rpm; VReactor =
2100 ml, Viig. = 770 ml; nH2/nco = 1:1; CRh,aq,0 = 3.2 mmol LL; Ni-akene:Nrh = 500; Nco/Neat. = 100; np/Nrn = 7; Npea/ni-
Akene = 1.5; ¢ =0.2; T=2.2 hto 4 h; preforming: T = 120 °C; p = 35 bar; nnz2/nco = 1:1; u =800 rpm; t > 12 h.

The first 4 hours are the startup time of the miniplant (marked in grey). In the first 15 hours of
continuous operation, a strong fluctuation of the conversion and the iso-1 yield can be seen,
indicating insufficient mixing in the reactor. Hence, the speed of the pitched 4-blade stirrer was
increased from 400 rpm to 600 rpm to increase the availability of the gases in the reaction
phase. Consequently, the selectivity to the main product I-4 increased, and an almost stable
yield of 20 % was achieved. After increasing the residence time to 3 h, a significant rise in
main product yield to above 40 % was observed. Also, a slight increase of chemoselectivity
could be observed as the reaction intermediates I-2 and I-3 reacted further to the main product
I-4. The same observation could be made for the second increase of residence time to 4 h
after 78 h. Here, a stable yield for I-4 of 60 % could be maintained for 5 hours before the
experiment was shut down. Throughout the whole experiment, a stable miniplant operation
was guaranteed, with no need for continuous feed of catalyst, ligand or CD. A suitable
operating window of reaction and process conditions of the reaction system could be identified
to ensure stable plant operation. A significantly lower conversion than in the batch experiments
(Figure 5, right) was observed throughout the experiment, as well as the formation of side

product 7. This can be attributed to the fact that the reaction rate and the accumulation of
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intermediate products remain at a considerably lower level in a CSTR compared with the
reaction profile in a batch reactor. Furthermore, it can be observed that a longer reaction time
mainly favors the conversion of the intermediate |-3, which seems to be the rate-limiting step

in this reaction network.

In the next step, different reaction conditions were tested on stream (Figure 8), while the
residence time was kept at 2.2 h to achieve a faster transition into the pseudo stationary
operation points. Since the various partial reactions exhibit different temperature
dependencies, the focus here was placed on the variation of the reaction temperature. An
increase in activity and possibly a change in chemoselectivity should be observed as the
reaction temperature increases. An increased yield will be accompanied by an increase in the
formation of the co-product water. To verify the estimations made for the ratio of the reaction
gases hydrogen and carbon monoxide, a molar ratio of 2:1 was applied at the start of the
experiment. As expected, high yields of the side products iso-1 (20 %) and 6 (14 %) are
observed after the start-up phase of the miniplant (marked in gray). With a gas ratio of 1:1, the

same yield as in the last experiments is reached, highlighting the reliability of this system.
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Figure 8: Reaction profiles for the continuous operated hydroaminomethylation of 1-octene with diethylamine at
varying reaction temperature and gas ratio. Conversion equals sum of all yields. Yields are calculated based on
GC- FID analysis of product stream with dibutylether as internal standard. Conditions: t=2.2 h; p = 35 bar;
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n = 600 rpm; Crhaqo= 3.2 mmol L™ Ni-akene:Nrh = 500; Ncp:Nrh. = 100; np:Nrh= 7; Npea:Ni-akene = 1.5; @ = 0.2;
preforming: T =120 °C; p = 35 bar; nuz2/nco = 1:1; u = 800 rpm; t > 12 h.

At 20 h, the reaction temperature was increased to 130 °C. Unfortunately, due to a technical
error, the gas space was simultaneously significantly enriched with hydrogen, which was
corrected in the following. All of that led to a stable increase of the main product amine |-4
yield to nearly 38 % which was maintained in a pseudo stationary operation point for 6 hours.
Here a lower yield for the intermediate product I-3 compared with the last operation point (at
120 °C between 14 h and 20 h) is observed. At 38 h, the reaction temperature was increased
to 140 °C. Again, a 10 % increase in the yield of |I-4 is observed. Note, the residence time was
kept constant at the lowest level of 2.2 h only. In order to keep the miniplant at an operable
state, the formed co-product water had to be removed in a purge after 45 h in order to keep
the phase ratio within the desired range. The resulting reduction in catalyst concentration led
to a slight decrease in selectivity towards the end of the experiment, which was expected from
the former results with reduced catalyst concentration. Nevertheless, the positive influence of
the increased reaction temperature is evident. Since the literature has shown rhodium catalyst

deactivation at 150 °C, no further temperature increase was applied.?

In the final continuous experiment, the optimized conditions from the previous experiments
were applied, to ensure stable operability as well as highest yields. Therefore, a residence
time of 4 h was chosen at a reaction temperature of 140 °C and a pressure of 35 bar with a
1:1 H2:CO mixture (Figure 9). During the experiment, only the separation temperature in the
decanter was varied. Although this might influence the leaching of the catalyst into the
products, a separation temperature close to the reaction temperature also prevents the need
for large energy flows to temper the aqueous catalyst phase. Carrying out
hydroaminomethylation in an aqueous multiphase system is a compromise between optimal
reaction control and catalyst recycling. In order to be able to evaluate this compromise in terms
of its target accuracy, the rhodium loss per product produced is considered in addition to the

leaching.
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Figure 9: Yields over time for the continuously operated hydroaminomethylation of 1- octene with diethylamine.
Conversion equals sum of all yields. Yields are calculated based on GC- FID analysis of product stream with
dibutylether as internal standard. Conditions: t=4h; T = 140 °C, p =35 bar; nn2/nco = 1:1; u =600 rpm;
CRhaq.0= 3.2 mmol LY, niakene:Nrh = 500; nco:nrn.=100; npiNrh=7; Npea:Niakene = 1.5; @ =0.2; preforming:
T =120 °C; p = 35 bar; nu2/nco = 1:1; u =800 rpm; t > 12 h.

From 18 h on, the experiment was run pseudo stationary for about 28 hours, which is
equivalent to 7 resident times. Here, a yield of the amine 1-4 of up to 70 % with a
chemoselectivity of about 81 % was achieved, showcasing the efficiency of this reaction
system. After 34 h, the formation of the co-product water made a regular purging necessary,
as described above. The subsequent deterioration in product yield to 60 % with a selectivity
of 72 % at 70 h was due to the reduced catalyst concentration, which is also consistent with
the former results. The separation temperature Ts in the decanter was raised from 30 °C to
60 °C from 40 h onwards to investigate the phase separation under real process conditions
further. As it can be seen from the leaching results (Figure 10), this results in an immediate
increase of the ligand leaching while the leaching of rhodium into the product stayed at its
previous low level of around 0.003 %/h. Beginning after 60 h, an increase in the rhodium
leaching can be observed, resulting in increased rhodium loss per product. However, it can
be stated that long-term operation of the reaction system was possible without the need for a
ligand or catalyst makeup. This was made possible by the enormously small proportion of
rhodium in the product phase of mostly less than 100 ppb. In addition, no loss of cyclodextrins
to the product phase was detected. It is noteworthy that the limitation of the reaction carried
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out here is not its catalyst loss into the product phase, but solely the formation of the co-
product water. This leaves no doubt that the value of 2.87 kg tertiary amine produced by
0.19 mg of rhodium (>14.000:1) used could have been significantly increased with a longer
campaign period. In future work, the co-product water could be separated using organophilic
nanofiltration membranes, as has already been successfully demonstrated within a research

work in cooperation with our group on similar reaction systems.2%
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Figure 10: Leaching results of catalysts and ligand over reaction time. Leaching corresponds to % of the initial
rhodium and sulfoXanphos mass.

Conclusions

The aqueous biphasic hydroaminomethylation (HAM) was performed in a continuous
operation mode for the first time. Of the various intensification strategies discussed in the
literature, RAME-B-cyclodextrins were selected as the most promising approach, and the
transferability to HAM of 1-octene with diethylamines was first verified in recycling
experiments. Subsequently, batch experiments were carried out in order to find experimental
conditions for the first time that would allow a reasonable transition to continuous operation. It
was found that the overall conversion rate was mainly dependent on the cyclodextrin
concentration. However, an unequal dependence of the individual reaction rates in the
investigated tandem catalytic reaction network of HAM on the cyclodextrin and catalyst
concentration can lead to an unfavorable shift in the product distribution. The determined

suitable reaction conditions were then transferred for the first time to a continuously operated
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miniplant. Once an operating window for the miniplant had been found, various reaction
conditions were further investigated on-stream. It was found that an increased reaction
temperature not only enhances the conversion but also lead to an increase in the main product
selectivity. The characteristic reaction profiles in the CSTR also allowed the formation of
undesirable byproducts to be distinctly reduced compared to the batch experiments.
Conclusively, the previously obtained findings were combined in a successful long-term
experiment without changes in reaction conditions. Over 80 hours, high yields of up to 70 %
and the main product selectivity of over 80 % with linear to branched selectivity of above 96%
were achieved without needing a catalyst- or ligand makeup. During this last experiment the
catalyst leaching was at enormously small values of less than 0.003 %/h at most times.
Especially the low rhodium loss per produced product of under 0.15 mg/kg emphasizes the

possible application of this reaction system in large scale processes.

Experimental section:

General methods and reagents

The chemicals and reagents used in this work are listed in Table 1. All liquid chemicals used
for the reactions were degassed with argon dispersed by a frit for at least one hour in an
ultrasonic bath. Process monitoring of liquid phases took place with gas chromatography by
Agilent Technologies (7890A) with a flame ionization detector and a capillary column type HP-
5 (30m x 0.32mm x 0.25um). For validating those results, another gas chromatography by
Agilent Technologies (7890A) equipped with a thermal conductivity detector and a capillary
column type HP- 5 (30m x 0.32mm x 0.25um) were used. For this purpose, 0.6 g of
Tetrahydrofuran as the solvent, 0.05 of di-n-butylether as the internal standard, and 0.35 g of
sample were used. For measuring gas phase samples, another gas chromatography by
Agilent Technologies (7890A) equipped with a thermal conductivity detector was used.
Separation of gaseous species took place in an HP-Plot Molesieve column (30m x 0.53 mm X
0.5pum). Determination of rhodium and phosphor traces took place on an inductively coupled
plasma optical emission spectrometry by Analytic Jena (Plasma Quant PQ 9000). If
necessary, samples were concentrated in vacuo under temperature to measure values below

the limit of quantification.

Table 1: Chemicals used in this work.

Chemical Manufacture Purity [%]
1- Octene Acros >99
Diethylamine Carl Roth >99,5

Ultrapure Water

generated with PURELAB
flex 3
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Rh(acac)(CO)- Umicore 99,9
sulfoXantphos MOLISA -
RAME-B-Cyclodextrine Sigma-Aldrich >98
Di-n-butylether Acros >99
Tetrahydrofuran Acros 99,9
CO Messer 98

H> Messer 99,999
Argon Messer 99,996
N> Messer 99,5

Procedure for batch experiments

All batch experiments were carried out in a 300 ml overhead stirred autoclave with a pitched
blade stirrer at a speed of 800 rpm and continuous gassing during the reaction. For reaction
experiments, ultrapure water and cyclodextrin are first dissolved in an ultrasonic bath at 40 °C
for 30 minutes. Then weighed precursor and ligand are added and dissolved for 30 minutes
at 40 °C in the ultrasonic bath. The reactor is sealed pressure tight and is inertized by
repeatedly drawing a vacuum and applying 5 bar argon. The prepared catalyst solution and
diethylamine are drawn into the reactor via vacuo before applying 20 bar of H2/CO pressure
and a temperature of 120 °C. Preforming took place overnight for at least 12 hours in most
cases. After that, a reaction pressure of 30 bar in the targeted ratio of H,/CO is applied, and

1-octene is added to the reactor via a substrate bomb.

Once the reaction time is expired, continuous gassing is stopped, and the reactor is cooled in
an ice bath to at least 20 °C before stopping the stirrer and degassing takes place. The reactor
is then flushed with argon several times. After opening the reactor and separating the phases
in a separation funnel, the corresponding analyses were carried out. After all of that, the

reactor was cleaned with isopropanol.

In case of recycle experiments, the aqueous phase was separated and used for the next run
as described above but without an additional preforming. Samples were taken via a capillary
line and a needle valve to determine reaction profiles. The capillary tube was first flushed with

reaction media before taking the sample.

Procedure for continuous experiments in miniplant
The commissioned miniplant (Figure 11) consists of a 2100 mL overhead stirred tank reactor
equipped with a pitched blade stirrer and baffle, providing the same volume-specific power

input as in the batch reactions at a speed of 800 rpm. The reaction mixture is conveyed through
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a riser tube via a gear pump into a decanter. The mixture is separated into the lighter product
phase and the heavier aqueous phase. While the latter can flow freely into the reactor via a

riser pipe, the product phase leaves the plant through a flash.

The aqueous phase, consisting of cyclodextrins, precursor, ligand, and ultrapure water, is
prepared similar to the batch reactions described above. The miniplant was leak tested
beforehand and is then inertized by repeatedly drawing a vacuum and applying 5 bar of
nitrogen pressure. The prepared aqueous phase is added to the reactor via a capillary line
and vacuum. Preforming takes place at a H./CO pressure of 20 bar and a temperature of
120 °C for at least 12 hours. The reaction pressure of 30 bar is set, and the aqueous phase is
distributed to the miniplant sections by switching on the gear pump. The pump is switched off,
and all the liquid-carrying valves are closed. A batch reaction is then started by adding 1-
octene to the reactor and enabling continuous gassing with H, and CO. After 2 hours,
continuous plant operation is established by opening the valves and starting the gear and

substrate pumps.

During miniplant operation, product phase samples were analyzed periodically with the above-
described gas chromatography method. Furthermore, samples for ICP-OES analysis were
taken. As the content of Rhodium and Phosphor is below the determination limit of the
available ICP-OES, the samples were concentrated to one tenth of their original volume before

analysis as described above.
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Figure 11: Flowchart of the commissioned and continuously operated miniplant.

Supporting Information

Additional information about the main product identification, the experimental conditions for
the recycle experiments and the leaching results; all reaction profiles for experiments with
increased cyclodextrine concentration as well as experiments with reduced catalyst
concentration. Furthermore, the gas ratios of all continuous experiments are shown followed

by MS of product mixture.
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