Open Access Article. Published on 29 April 2024. Downloaded on 2/10/2026 11:41:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC

Sustainability

W) Check for updates ‘

Cite this: RSC Sustainability, 2024, 2,
1797

Received 4th March 2024
Accepted 28th April 2024

DOI: 10.1039/d4su00109e

I ROYAL SOCIETY
PPN OF CHEMISTRY

Hydroaminomethylation of methyl 10-
undecenoate with integrated catalyst recycling via
a thermomorphic multiphase system for the
continuous production of renewable aminest

Tim B. Riemer,
Dieter Vogt

Anna Kampwerth,
Arno M. Windisch,

Jonathan Pottker-Menke, Nadine Oppenberg,
and Thomas Seidensticker

A thermomorphic multiphase system (TMS) consisting of methanol and n-dodecane was successfully
applied to the hydroaminomethylation (HAM) of the renewable methyl 10-undecenoate. By using
different amine substrates, a variety of a,w-bifunctional products with potential use as intermediates for
the polymer industry were obtained with high yields of up to 96%. The full potential of our TMS was
shown in a miniplant, with over 90 h of continuous operation showing a stable selectivity towards the
desired amine product of 80%. Combining the TMS with an OSN membrane for continuous separation
of the by-product water from the reaction system was a key factor for the excellent results. The water
concentration in the recycle could be kept below 4% so that only 3% of the undesired aldol condensate
was obtained after 90 hours. The low catalyst leaching via the TMS and the OSN membrane is
particularly remarkable. The total loss of rhodium over the 90 hours continuous operation is 2.5% of the
initial amount used, and for the ligand SulfoXantphos only 0.4% of the initial amount. The loss of
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rhodium via the TMS and the OSN is 6 ppm per produced desired amine product.

The industrial production of amines is mainly realised using heterogeneous catalysts under extreme reaction conditions in energy-intensive processes.
Homogeneous catalysis, however, is highly active and selective, reducing energy consumption and waste. It offers another great, yet not-reachable, potential in

the conversion of renewables, which are usually more functionalised than fossil raw materials and cannot be converted using classic methods. However,
recycling the active catalyst complex is challenging. Our approach, the homogeneously catalysed hydroaminomethylation with an integrated catalyst recycling

for the continuous production of renewable a,w-bifunctional products with potential use as intermediates for the polymer industry, we want to pave the way to
the sustainable production of amines. The work aligns with the UN sustainable development goal: responsible consumption and production (SDG12),and

industry, innovation, and infrastructure (SDG9).

Introduction

The raw materials used today for intermediate and value-added
chemical products are mostly fossil raw materials whose
consumption further promotes climate change. In 2022, for
example, only 13% of the raw materials used in the chemical
industry in Germany came from renewable resources." With
a clever choice of substrates from renewables, nature's natural
synthesis capacity can be utilized, significantly improving the
sustainability of the entire process. Fatty acids and their
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derivatives are particularly interesting as starting materials in
the chemical industry, as they contain both a carboxyl function
and a long carbon chain, which often is unsaturated, hence
C=C double bonds are present. These unsaturated compounds
are promising for further functionalization, opening up a wide
range of products and intermediates based on oleochemicals.
The reviews by Biermann et al.>* from 2000 and 2021 provide an
insight into the great potential of fatty acids and their deriva-
tives. Their importance is also reflected in the fact that their
industrial use has increased from 31 to 51 million tonnes per
year in the last 10 years.? Castor oil, which plant (Ricinus com-
munis) is known for its fast growth and easy cultivation in dry
and nutrient-poor regions,* is of particular interest to the
chemical industry, as reflected by the numerous reviews of the
last years®” and the growing annual production.® Castor oil is so
valuable because it has a high content of ricinoleic acid (>85%),
which, due to its structure, offers a wide range of applications
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for the chemical industry, like the production of sebacic (dec-
anedioic) acid and methyl 10-undecenoate (1). The latter is
accessible via transesterification of castor oil followed by its
pyrolysis at 500 °C producing n-heptanal as a co-product.” 1 is
already industrially used to produce w-aminoundecanoic acid,
which has been used as a monomer by Arkema for 70 years to
produce Rilsan, the commercial name of polyamide 11
(PA11).>*® Polyamides are used in all kinds of technologies, like
aerospace, automotive, textiles, and electronics. The impor-
tance of PA12, which is additionally used for 3D printing and
medical applications, is evident as Evonik has increased its
production capacity by more than 50% in 2021.**

Methyl 10-undecenoate (1) could also be utilized for the
production of the monomer for PA12, 12-aminolauric acid,
through highly selective functionalization using homogeneous
catalysis. One possible approach is hydroaminomethylation
(HAM), which offers an elegant way for producing o,w bifunc-
tional Cy,-compounds, with a carboxyl group on one end and an
amine function on the other, directly from 1 in one step, as
shown in Fig. 1.

Hydroaminomethylation (HAM) is a tandem catalytic reac-
tion, combining hydroformylation and reductive amination
with only water as co-product. In this reaction, amines are
produced directly from alkenes, whereby the carbon chain is
increased by one carbon. The expensive transition metal
rhodium is usually used as a homogeneous catalyst and must
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therefore be recycled from both economic and ecological
perspectives. Recyclability is extremely important for a sustain-
able process, as it ensures that the products are not contami-
nated with heavy metals, and higher productivity can be
achieved by reusing the catalyst. Many concepts have already
been developed in which the homogeneous catalyst is immo-
bilized on a solid or in a liquid phase. The liquid-liquid
multiphase systems have already been widely applied, including
in industry, such as in the Ruhrchemie/Rhone-Poulenc process.
The disadvantage of liquid-liquid two-phase systems is the
mass transfer limitation between the catalyst in one phase and
the reactants in the other phase. Due to this problem, a phase
mediator is often needed. For example, co-solvents, such as n-
butanol," or phase transfer agents and surfactants like
cyclodextrins®®**® or hexadecyltrimethylammonium chloride
(CTAC)" were already investigated in the HAM. Another
approach to avoid these mass transfer limitations are so-called
thermomorphic multiphase systems (TMS)."” These TMS, which
were first presented by Bergbreiter et al. 1998, typically consist
of two commercially available organic solvents, which exploit
a temperature-dependent miscibility gap with the products.
This allows a homogeneous reaction mixture at reaction
conditions and easy separation by decantation after the reaction
upon cooling. A general scheme of TMS and a ternary diagram
of the two solvents (usually one polar and one non-polar) with
the potential reactants is shown in Fig. 2.

Hydroaminomethylation

o CO/H, 0 (o}
— RoNH
[ — RN\ _ R, /\/\HJL 7 [— H.
-1 /\(V)fl\o/ [Rh] N g O | — N g OH
-H,0 R H
Methyl 10-undecenoate Methyl 12- 12-aminolauric acid
(dialkylamino)-
dodecanoate L’ PA12

Caster oil plant

Fig. 1 Hydroamination of methyl 10-undecenoate as a possible route for the production of polyamide 12.

Temperature
switch

T:>T,
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Fig. 2

0 02 0.4 06 08 1

solvent A

(a) Scheme of the working principle of thermomorphic multiphase systems. (b) ternary diagram of solvent A, solvent B, and the products.

The two curves show the transition between one phase (above the curves) and two phases (below the curves) for two different temperatures T;
(higher temperature) and T, (lower temperature). The operating point (red cross) is selected to ensure that the reaction mixture is homogeneous

at Ty and biphasic at T>.
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In 2019, such a TMS was already developed by our working
group for catalyst recycling in the Rh-catalyzed HAM of 1-decene
with diethylamine.” A combination of methanol and n-dodec-
ane in a 1:1 ratio as a solvent system and a homogeneous
Rhodium/SulfoXantphos catalyst was used. With this system,
an almost stable process operation over 60 h with an average
yield of the desired amine of 61% was achieved. Since water is
a by-product of HAM, it must be removed from the process,
which was achieved with an organic solvent nanofiltration
(OSN) membrane.* The combined rhodium leaching through
TMS and OSN was only 11 mg kg~ produced product instead of
48 mg kg~ ' in the process without the OSN membrane. In
comparison, the lowest reported leaching of rhodium in a TMS
was achieved in the reductive amination of undecanal with
diethylamine by our working group.* There, only 0.6 mg of
rhodium per kg of product produced was leached via the TMS
and OSN membrane.

In the HAM with the TMS, however, only 1-decene was
investigated, which only has a C=C double bond. Bifunctional
molecules such as 1 and its derivatives can exhibit a phase-
mediating effect, which could be challenging for TMS, espe-
cially during separation after the reaction. The product is prone
to end up in the polar phase together with the catalyst, or the
catalyst could be leached into the non-polar phase. Although no
HAM of 1 in a TMS has been investigated so far, the methox-
ycarbonylation (hydroesterification) of 1 has already been
investigated in a TMS consisting of methanol and n-dodecane
by our working group in 2016.>*> Here, a ratio of methanol to n-
dodecane of 1:1 was used for the recycling experiments. This
was a compromise between overall activity, catalyst loss, and
product extraction. With more methanol, the activity was
higher, but only 9% of the formed product was extracted into
the non-polar phase. With more n-dodecane, the activity was
lower with a yield of only 22%. In addition, only 3 recycling runs
with steadily decreasing yields were possible when no catalyst
compound was replenished after each run. Only by replenishing
methane sulfonic acid, 8 recycling runs were possible with

R= \;’Mo\
6
[0)

R A
iso-alkenes

RN
alkane

aldol condensate
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slowly decreasing yields per run. These challenges could also
occur in the HAM with 1 due to the bifunctionality of the
substrate and in particular the product formed.

In this work, the TMS consisting of methanol and n-dodecane
is applied to the HAM of the renewable methyl 10-undecenoate
(1) to generate o,w bifunctional products with potential use as
intermediates for the polymer industry. This involves testing the
extensibility of the TMS as a recycling concept for homogeneous
catalysts to bifunctional substrates and products. In addition,
different amines are to be used, producing a wide range of
bifunctional products, and investigating the influence of the
different amines on phase separation, as well as on catalyst
leaching into the non-polar product phase. To demonstrate the
capability of our TMS, this reaction system will also be operated
continuously in a miniplant with constant water removal.

Results and discussion

Hydroaminomethylation (HAM) is a complex tandem reaction
where multiple reaction steps take place. The reaction network
is shown in Fig. 3, describing the HAM with all side reactions.
The HAM involves three reaction steps: starting from the alkene
(1), hydroformylation to the aldehyde (2) takes place first. Both
the linear (I-)aldehyde (I-2) and the branched (b-)aldehyde (b-2)
can be formed. This is followed by reductive amination of the
aldehydes, which consists of a condensation of the 1-2 with the
amine substrate (9) to form the l-enamine (I-3) and subsequent
reduction of the l-enamine to form the desired l-amine (1-4). The
b-aldehyde (b-2) can also react to form the b-amine (b-4) by
reductive amination via (b-3). Various side reactions can also
occur. 1 can be converted to the alkane (5) by hydrogenation and
to the iso-alkene (6) by isomerization. Hydrogenation of 2 leads
to the formation of the alcohol (7). In addition, aldol conden-
sates (8) can be formed by the reaction of an aldehyde (2) and an
enamine (3) with the elimination of the amine substrate.

As the starting point for the investigation, we chose the reac-
tion conditions of the rhodium-catalyzed hydroaminomethylation

o catalyst system
R | Rh(l)(acac)(COD)
| Ligand: SulfoXantphos

-R;NH (9)

f : R,NH (9)
I d
| | __HO
| 1
I I
I 1 |
| 1
f {o) I RoNH (9)
f i I -HO
1 R |
| 1
| b-aldehyde |
\ b-2 1
1

NR,

e

b-enamine
b-3

Fig. 3 Reaction network of the hydroaminomethylation of methyl 10-undecenoate.
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Fig. 4 Reaction setup for batch experiments: (a) schematic setup for the reactor, with a dropping funnel for controlled addition of substrate at
a specific time and a gas reservoir for continuously gassing the reactor. (b) Double-walled separating funnel enabling the separation of the polar
catalyst phase and the non-polar n-dodecane phase at the desired temperature under an inert atmosphere.

of 1-decene with diethylamine in the thermomorphic multiphase
system consisting of methanol and n-dodecane, previously re-
ported by our group.” To gain an initial understanding of the
effect of the bifunctional function of 1 and the HAM products on
the TMS, the reaction conditions were adopted exactly from this
previous work. The detailed reaction setup for the batch

experiments is shown in Fig. 4. In this initial reaction of the HAM
of 1 with diethylamine (9a), a conversion of 96% and an excellent
yield of I-4a of 89% was achieved, resulting in a high selectivity of
93%. The leaching for both rhodium and the phosphorus ligand,
SulfoXantphos, into the organic product phase, with less than 1%,
was also very promising. However, only just under 40% of the

Table 1 Results from the substrate screening in the hydroaminomethylation of methyl 10-undecenoate (1) with several amines (9a—o) in the
methanol/n-dodecane TMS*

COM, o
9 M __ IR _R /\/\(V)JL
A" Mg O : O

Methyl 12-(dialkylamino)-

Methyl 10-undecenoate  amine

dodecanoate
L 9 I-4
BN PN
r}{,_/ ?{ _ ;N N ;f{
N r|1 H N
4a, 4b?,
Y=89% Y=84% 4c, 4d de,
S=93% S=88% Y =94 %, Y=94% Y =nd
$=98% S=96%
?fN f’{N ;N/\l é'{N/\l ?{N/\\
K/N;;‘, (o} ~
4f, 4q, 4hb, 4i, 4j,
Y =91 %, Y =96 % Y =65% Y=79% Y =nd.
S=94% S=97% S=68% S=82%
[o] (o]
e O 3 3
N A OH OH PN PN
- OH HN N H H
4k, o 4 4n, 40,
Y = traces © 4P, 4m, Y =48 %, Y =60 %,
Y =57 %, Y =nd. S=49% S=61%
S=60%

¢ Conditions: 48.4 mmol methyl 10-undecenoate (1) (10 w%), 1 eq. amine substrate (9a-g, i-0) (0.5 eq. for 9h), 0.1 mol% Rh(acac)(COD),
SulfoXantphos, Rh/P: 2/7, solvent: 86 g methanol/n-dodecane (w/w) 1/1, CO/H,: 1/2, p: 36 bar, cont. gassing, T: 125 °C, 700 rpm, Tseparation: 10 ©
C, tseparation: 15 min. Yield (Y) and selectivity (S) determined by GC-FID with di-n-butyl ether as internal standard. For not-determined yields,
n.d. is indicated. “Dimethylammonium-dimethyl carbamate (DimCarb) used as a dimethylamine precursor. obtained as a white solid after
reaction, Y indicated as isolated yield. ‘Qualitatively determined by GC-MS after derivatization using trimethylsulfonium hydroxide (TMSH).
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product I-4a was extracted in the non-polar n-dodecane phase. The
majority of the amine products are present in the polar methanol
phase. This could lead to problems in subsequent catalyst recy-
cling. For example, the methanol phase could be further enriched
with products after each recycling, which might lead to a reduced
polarity difference between the two phases and thus increase the
leaching of the catalyst. It is also possible that the products have
an inhibiting effect on the catalyst system, reducing the activity
after each recycling. Overall, the applicability of the TMS con-
sisting of methanol and n-dodecane to the HAM of 1 with 9a to
form the bifunctional product I-4a was successfully demonstrated
in this initial reaction.

To prove the general applicability of this TMS, different
primary and secondary alkylamines, cyclic and heterocyclic
amines as well as amino acids (9a-o0) were used in the hydro-
aminomethylation of 1 to produce various bifunctional amine
compounds (Table 1). The amine substrates also have a phase-
mediating effect, which can influence the subsequent separa-
tion and, thus, the recyclability of the catalyst system. In addi-
tion, the HAM itself is also influenced by the nucleophilicity of
the amine used.

In addition to the HAM with diethylamine (9a) investigated
in the initial reaction, with which a yield of I-4a of 89% and
selectivity of 93% was achieved, the HAM of 1 was also
successfully carried out with other linear dialkyl amines in the
methanol/n-dodecane TMS. With dimethylammonium-
dimethyl carbamate as precursor for dimethylamine (9b),
ayield of 84% to l-4b, with di-n-propylamine (9c¢) a yield of 94%
to I-4c and with di-n-butylamine (9d), 94% to 1-4d was reached.
With 9c¢ the highest selectivity to 1-4 was achieved with 98%.
However, no HAM was observed with the branched di-iso-
propylamine (9e). The desired linear amines were also ob-
tained with the cyclic amines pyrrolidine (9f) and piperidine
(9g), with yields of 91% l-4f and 96% l-4g, respectively. In
addition, the bis-HAM of 1 with piperazine (9h) could also be
carried out in the TMS. In 2016, this bis-HAM was first inves-
tigated by our group.>*** Both amine groups of 9h react with one
methyl 10-undecenoate (1) in the HAM to form the bis-HAM

100 -
80 A
60 4

40 -

product distribution [%]

20 A
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product I-4h. In this TMS, it precipitated as a white solid. By
further purification of the solid, an isolated yield of 65% was
obtained. With morpholine (9i), a heterocyclic amine was
successfully tested in the TMS with a yield of 79% to I-4i. Imi-
dazoline (9j), an aromatic amine, could not be converted in the
HAM. Furthermore, amines with a carboxyl group, the amino
acids, were also used in the HAM of 1 in the TMS consisting of
methanol and n-dodecane. With sarcosine (9k), only traces of
the desired product 1-4k were determined by GC-MS after
derivatization using trimethylsulfonium hydroxide. The HAM of
1 with valine (91) was successful in the TMS. The product 1-41
precipitated as a white solid from the reaction mixture, and
after washing with methanol, an isolated yield of 57% was ob-
tained. With proline (9m), no amine products l-4m were
detected, only the hydrogenation product 5 and different
isomers (6) of methyl 10-undecenoate. The HAM with 9m
combined with the simultaneous esterification of 9m has
already been investigated, but with methyl oleate as the
substrate and a different catalyst system.>* The desired esteri-
fied amine product was obtained with a yield of up to 59%. With
the two linear primary amines, n-butylamine (9n) and ethyl-
amine (90), the corresponding product amines 1-4n and l-40
were obtained with 48% and 60% yield, respectively.

Overall, the HAM of 1 was successfully carried out in the TMS
with a wide variety of amines, resulting in the production of
various bifunctional products (I-4a-0). However, since not only
the reaction itself is to be investigated here, but above all the
applicability of the TMS consisting of methanol and n-dodecane
to a broader range of substrates, the separation after the reac-
tion is of particular importance. On the one hand, the product
must be extracted into the non-polar n-dodecane phase in order
to remove it from the reaction mixture and, on the other hand,
the catalyst system must remain immobilized in the methanol
phase and must not leach into the non-polar phase.

Fig. 5 shows the product distribution of 1-4a between the
polar methanol phase and the non-polar n-dodecane phase.
However, only the reactions in which the desired product 1-4
was formed are displayed.

4a 4b 4c 4d af

Onon-polar phase

4h 4i 4]
Osolid

4g
M polar phase

4n 40

Fig. 5 Product distribution of the desired amine product |-4 between the polar methanol phase and the non-polar n-dodecane phase

determined by GC-FID (for details, see ESI¥).
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Both the products of 1 with piperazine (h) and with valine (1)
precipitated as a white solid. Only traces of the respective prod-
ucts could be observed in the reaction solution, which is why no
product distribution between polar and non-polar phase can be
determined here. Only in the HAM reactions, in which di-n-pro-
pylamine (9¢) and di-n-butylamine (9d) were used as substrates,
more than 50% of the product -4 produced could be found in the
n-dodecane phase (71% for I-4c and 81% for 1-4d). With the other
linear dialkylamines, diethylamine (9a) and dimethylamine (9b),
only about 38% and 20% were extracted in the n-dodecane phase.
This difference is due to the different lengths of the carbon chain
of the alkyl residues. The longer the chain, the lower the polarity
of the amine product formed, leading to a better solubility in n-
dodecane. This tendency of product distribution can also be
observed for the primary alkylamines, n-butylamine (9n) and
ethylamine (90), where 31% and 23% of the respective products I-
4n and 4o present in the n-dodecane phase, as well as for the
cyclic amines, pyrrolidine (9f) and piperidine (9g), where 31% and
23% of the respective products 1-4f and 1-4g are present in the n-
dodecane phase. 9g and morpholine (9i) are both a six
membered-ring. Due to the oxygen atom in the morpholine, it
possesses dipole properties, which is why it is more polar than 9g
and has a lower solubility in n-dodecane. Therefore, the corre-
sponding product I-4i is only present in the n-dodecane phase to
24%. All in all, the product distribution is clearly related to the
polar character of the amine used and, thus, also to the carbon
chain length of the substituents. However, even if less than 45% is
extracted into the n-dodecane phase for most products I-4, the
product may still be separated sufficiently for a continuous
process: the polar phase will be saturated with the product,
thereby increasing product extraction in ongoing production.

Since not the entire product is extracted into the n-dodecane
phase, this means on the contrary that a lot of the product is
present in the methanol phase, in which the catalyst is also
immobilized. The products 1-4 can, therefore, have a major
influence on catalyst leaching to the dodecan phase. Fig. 6
shows the leaching of rhodium and the phosphorus ligand

0.8 +

0.6 +

Leaching [%]

0.2

4a 4b 4c 4d 4e 4af 4g

4h
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SulfoXantphos into the non-polar n-dodecane for each HAM
listed in Table 1.

The leaching of rhodium into the non-polar phase for all
used amines is under 1% of the initial amount. For SulfoX-
antphos, it is under 0.13% except for the HAM with 9e and 90, in
which up to 0.6% of the initially used ligand is leached. These
leaching results indicate that the amount of product 1-4 present
in the methanol phase does not have a detrimental influence on
the immobilization of the catalyst system. These leaching
results are promising for subsequent catalyst recycling.

To verify whether recycling of the catalyst in this TMS is
possible in the presence of bifunctional products, the next step
is to carry out catalyst recycling for the HAM of 1 with 9a (Fig. 7).
Detailed information on the setup for the recycling experiments
is presented in the ESI.f Diethylamine (9a) was chosen as the
model amine, as this allows the recycling to be compared with
the previously published recycling of the HAM with 1-decene in
this TMS." Since the catalyst phase cannot be analyzed during
the recycling experiment, the yields and selectivities per recy-
cling run shown in Fig. 7 only refer to the removed n-dodecane
phase.

The first run of the recycling experiment of the HAM of 1
with 9a yielded comparable results to the previous reaction (see
Table 1). It can be concluded that the yield obtained by
analyzing the n-dodecane phase is a good approximation of the
total yield. After a slight increase of the yield of the desired
amine product I-4a in the first recycling run, the yield decreases
steadily from run 2 with 84% until only 31% l-4a is obtained in
run 10. The turnover frequency (TOF), indicating the activity of
the catalyst system, is reduced to more than half in run 3. In this
case, the TOF is determined by the pressure drop in the gas
reservoir during the reaction. The obtained pressure curve can
be used as an indication of how much substrate 1 has already
been converted at which time. While decreasing selectivity
towards I-4a, the number of by-products increases significantly.
In particular, the formation of the isomeres (6) of methyl 10-
undecenoate increases considerably from about 6% in run 2-6

ERh
B SX

4i 4 4k 4 4m 4n 4o

Fig. 6 Leaching results for rhodium (Rh) and SulfoXantphos (SX). Leaching determined by ICP-OES and calculated as the amount lost with
respect to the initial amount of rhodium and phosphorous ligand (For details, see ESIT).
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Fig. 7 Catalyst recycling experiment of the hydroaminomethylation of 1 with diethylamine (9a) in a batch setup. Conditions: 48.4 mmol methyl
10-undecenoate (1) (10 w%), 1 eq. diethylamine (9a), 0.1 mol% Rh(acac)(COD), SulfoXantphos, Rh/P: 2/7, solvent: 86 g methanol/n-dodecane (w/
w) 1/1, CO/H,: 1/2, p: 36 bar, cont. gassing, Treaction: 125 °C, 700 rpm, Tseparation: 10 °C, tseparation: 15 min. After phase separation: addition of
48.4 mmol 1, 40.016 g N-dodecane, 2.13 g methanol, 3.89 g 9a. Yield (Y) and selectivity (S) were determined by GC-FID with di-n-butyl ether as
the internal standard related to the product phase removed, leaching determined by inductively coupled plasma-optical emission spectrometry
(ICP-OES) and calculated as the amount lost with respect to the initial amount of rhodium. Regioselectivity (S_{/b) of the hydroformylation is
calculated as sum of |-2a, |-3a, and |-4a divided by sum of 2a, 3a, and 4a. The turnover frequency (TOF) [~} is calculated for a conversion of 20%.
Reaction times: run 0: 88 min; run 1: 69 min; run 2: 79 min; run 3: 74 min; run 4: 92 min; run 5: 94 min; run 6: 107 min; run 7: 119 min; run 8:
160 min; run 9: 236 min, run 10: 228 min.

to 29% in the last run. The yield of aldol condensates (8) also
increased from run 2, with the yield varying between 6 and 11%
in the last runs. Since both aldol condensation and the first step
of reductive amination are condensation reactions in which
water is formed as a by-product, water is accumulated in the
polar methanol phase during the recycling. The calculated
amount of accumulated water after the respective runs is shown
in Table 2. A total of 7.3 g of water was produced over the entire
recycling experiments, which corresponds to 6.8% by weight in
the reaction mixture. As the condensation reaction of the
aldehyde 1-2a with the amine substrate to form the enamine I-3a

is a reversible reaction, the accumulated amount of water shifts
the equilibrium in favor of the aldehyde over the course of the
recycling experiment. On the other hand, aldol condensation is
not an equilibrium reaction (at least under the here present
conditions). Therefore, the accumulation of water may be
a reason for the decreasing yield of the desired amine 1-4a and
the increasing yield of aldol condensate 8 from run 4, where
3.8 wt% of water is already present in the reaction mixture. In
the previous work on the HAM of 1-decene with diethylamine in
TMS consisting of methanol and n-dodecane, it was also shown
that the formation of by-products, especially aldol condensates,

Table 2 Calculated water accumulation and leaching of rhodium (Rh) and SulfoXantphos (SX) in the recycling runs

Leaching into the n-dodecane phase

Run Water accumulation® [wt%] Rh? [ppm] SX’ [ppm] Rh° [%] SX° [%]
0 0.8 1 2 0.64 0.83
1 1.6 1 2 0.78 0.99
2 2.4 1 3 0.96 1.52
3 3.1 1 1 1.24 0.44
4 3.8 1 1 1.18 0.83
5 4.4 1 2 1.21 1.14
6 5.0 1 4 1.23 1.91
7 5.6 1 1 1.20 0.47
8 6.1 1 2 0.97 1.15
9 6.5 1 2 1.00 0.97
10 6.8 1 4 0.97 1.94
Total 11.37 12.18

“ Calculated water accumulation within the different recycling runs. ” Measured concentration of rhodium or phosphorus by inductively coupled
plasma-optical emission spectrometry (ICP-OES). ¢ Calculated leaching as the amount lost with respect to the initial amount of rhodium or

phosphorus ligand.
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increases with increasing water content in the reaction
mixture.” In addition to the calculated amounts of accumu-
lated water, the leaching results for rhodium and Sulfoxantphos
are also given in Table 2. The leaching of rhodium is already
higher from the first recycling run compared to the initial run
with 0.64%, and increases to 1.23% by run 3. In total, 11.37% of
the initially used amount of rhodium leaches from the catalyst
phase into the n-dodecane phase over all recycling experiments.
The leaching of the phosphorus ligand is also in a similar range
with 12.18% lost with respect to the initial amount of ligand.
The reduced concentration of the catalyst system due to leach-
ing can also have a negative effect on the selectivity of the
reaction and the TOF. However, the TOF has already dropped
significantly in run 3, which suggests that the decreasing reac-
tion performance is not only due to leaching of the catalyst
system.

The pressure drop in the gas reservoir allows the course of
the reaction to be easily observed over time. The reaction time
needed is increasing with each recycling run. The pressure
curves of runs 0, 4, 6 and 8 can be found in the ESL.7 It is evident
that the time required to observe an initial pressure loss in the
gas reservoir increases with each run. In the initial run, gas was
consumed directly from the beginning, whereas in Run 8 the
pressure only decreased 45 minutes after the start of the reac-
tion. This indicates that the catalyst system was not in its active
form at the start of the reaction. One possible reason for the
inactive catalyst form could be the change in gas atmosphere
during the separation. The separation of the two phases after
the reaction is carried out under an argon atmosphere in
a separating funnel made of glass. Changing the gas

_____ 1
S ST
D
> co e :

alkene (1)/ N
n-dodecane Y
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atmosphere can also change the active catalyst species. Hydro-
formylation normally requires an active rhodium hydride
species. Due to the absence of hydrogen and/or carbon
monoxide, the catalyst system could now be present in an
inactive form, which then has to be reactivated. However,
isomerization of methyl 10-undecenoate (1) can still occur
during this time, as both hydrogen and carbon monoxide are
not required for this. This may, therefore, be a possible expla-
nation for the increasing amount of isomers (6).

Overall, the recycling of the catalyst system in the TMS
consisting of methanol and n-dodecane for the HAM of 1 with
9a was achieved for the first time with 10 runs and a total
turnover number (TTON) of almost 8.000.

In the next step, the reaction system is tested in a continuous
setup. The miniplant used for continuous experiments is
equipped with an organic solvent nanofiltration (OSN)
membrane to get rid of the water produced by the condensation
reactions. Furthermore, with this miniplant, it is possible to
perform the separation without changing the gas atmosphere,
which could prevent the possible alteration of the catalyst
system. The flow scheme of the miniplant is shown in Fig. 8.

The miniplant consists of a continuous stirred-tank reactor
(CSTR, B1), a decanter (B2), and a buffer tank (B3) connected
with a membrane (M1). The substrates 1 and 9a, as well as n-
dodecane, are fed to the CSTR. Hydrogen and carbon monoxide
are fed via two mass flow controllers. The monophasic reaction
mixture at the higher temperature, indicated in green, flows from
CSTR B1 to the decanter B2 via a riser tube. Here, the reaction
mixture is cooled to 5 °C, forming two phases. The n-dodecane
phase, indicated as yellow, leaves B2 and is depressurized and

CSTR (B1)
— 36 bar
> diethylamine (9a) ~ 125°C
— 1
? decanter (B2)
i 1 36 bar

> methanol

Sca

5§°C

product(s)
dodecane

&

buffer tank (B3)
36 bar
30°C
membrane (M1)
@ 36 bar
;’T/7| E permeate )

Fig. 8 Flow scheme of the miniplant for the continuous operated HAM of methyl 10-undecenoate (1) with diethylamine (9a) in the TMS

consisting of methanol and n-dodecane.
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stored in a product container. The methanol phase (blue), in
which the catalyst is immobilized, flows from B2 to B3. Here, the
water is removed via an OSN membrane (NanoPro™ S-3012).
Methanol has a similar polar character as water, and, there-
fore, partially leaves the process via the membrane and thus is
replenished by a continuous methanol makeup stream fed to B3.
This membrane setup has already successfully removed water to
prevent accumulation and ensures the retention of the valuable
catalyst.”*** The recycle stream from B3 is pumped back to the
CSTR and supplemented with the substrates and n-dodecane to
ensure the desired residence time in B1.

The results of the continuously operated hydro-
aminomethylation of methyl 10-undecenoate (1) with diethyl-
amine (9a) in the thermomorphic multiphase system consisting
of methanol and n-dodecane are given in Fig. 9.

In the miniplant, continuous operation was achieved for
over 90 hours with an average yield of I-4a of about 70%. After
33 h, the first stable operating point was reached with a yield of
1-4a of 74%, which corresponds to a selectivity of 80%. Here, the
main by-products identified were the hydrogenation product 5
and the isomerization product 6. To improve the space-time
yield, the residence time in the reactor was then reduced from
4 to 2 hours. A stable operation point was reached again after
about 25 h. By halving the residence time, the yield of 1-4a was
reduced by only 7% to 67%. Although the selectivity almost
remained constant at 79%, it should be noted that the yields of

View Article Online
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the undesired by-products 5 and 6 were significantly reduced,
whereas the yields of the intermediate products l-2a and 1-3a
increased compared to the results with a residence time of 4 h.
In the end, the ratio of carbon monoxide to hydrogen was
changed from 1:2 to 1:1. The change aimed to reduce the
formation of hydrogenation product 5 in order to increase the
selectivity to the desired amine product l-4a. Once again,
a stable operating point was achieved. The yield of 5 was
reduced from 4% to 2%. However, the selectivity towards 1-4a
only slightly increased back to 80%. This minor change is due to
the increasing formation of aldol condensate 8. The yield of 8
has been increasing slowly and continuously since the start of
the experiment and is at 3.3% after 90 hours of operation.
Overall, stable operation of the HAM of 1 with 9a was demon-
strated in the investigated TMS consisting of methanol and n-
dodecane over 90 hours, with no evidence of a loss of catalytic
activity. The ratio of linear to branched (I/b) products also
remained constant at 98% over the entire operation, except for
the first 30 hours.

Fig. 10 shows the water concentration in the recycle and the
permeate streams of the miniplant as well as the membrane
rejection of the catalyst system over time. In addition, the water
concentration in the recycle without the membrane was calcu-
lated from the water theoretically produced in the reaction.
More information about membrane performance, like the

CO:H2= 1:2 CO:H2= 1:2 CO:H2= 11
Treactor — 4h = Treactor = 2h - Treactor 2h .
100 4 o b .
80
§‘ 60 -
o
Q
> 404
20
0-
0 10 20 30 40 50 60 70 80 90
time [h]

Y _r2a [ ]Y_i-3a I Y_l-4a
[ 1Y b-products e

Eyc HEEYSs

B Y5

S_Ilb

Fig. 9 Continuous miniplant operation of hydroaminomethylation of methyl 10-undecenoate (1) with diethylamine (9a) in the methanol/n-
dodecane TMS. Conditions: Treactor = 125 °C, p = 36 bar, pco/ph, = 0.5-1, Treactor = 2=4 h, N =800 rpm, njg/Ncat. = 3.5, Ccat, reactor = 0.79 mmol
LY, nume/Near = 500, Nnpea/Nume = 1.1, wiume = 10 Wt%, mume = 12.8 g h™! (freactor = 2 ), My -godecane/ Mmethanol = 1. Membrane: nanopro $-3012.
Yields were determined via the product phase composition in the decanter using GC-FID. Regioselectivity (S_l/b) of the hydroformylation is
calculated as sum of |-2a, |-3a, and |-4a divided by sum of 2a, 3a, and 4a.
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Fig. 10 Membrane performance in the miniplant experiment. In the left figure, the water concentration in the recycle and permeate streams of
the miniplant experiment is displayed over time. The water concentration without membrane was calculated from the in the reaction theo-
retically produced water. The right figure shows the membrane rejections of rhodium and SulfoXantphos over time. Separation conditions:
Membrane: nanopro S$-3012, Amem = 52 cm?, T = 30 °C, Preeq = 36 bar, Vieeq = 4550 L h™L. The compositions of feed and permeate were

determined via GC-FID and GC-TCD measurements.

Table 3 Rhodium (Rh) and SulfoXantphos (SX) loss through OSN and TMS. Both losses of product and permeate streams were measured by

inductively coupled plasma-optical emission spectrometry

Initial mass Loss total® Loss total Loss per hour” Loss total® Loss per product Loss per product
Spezies  [mg] (%] [mg] [%/h] (%] [mg kg '] [mg kg ]
Rh 176 2.43 T™S 3.80 0.024 2.2 5.3 6.0
OSN 0.49 0.005 0.3 0.7
SX 4687 0.39 TMS 6.37 0.001 0.1 9.0 25.6
OSN 11.85 0.005 0.3 16.7

“ Percentage losses refer to the initial mass of Rh and SX in the miniplant.

membrane flux and the rejection of the products, can be found
in the ESL}

After the first stable operating point was reached, the pump
that circulates the catalyst phase from the buffer tank B3 to the
membrane was switched on. So, the membrane only began to
run after approx. 35 h. With the help of the membrane, the
water concentration can be kept below 4% for the entire oper-
ation. Without the membrane, a concentration above 5% would
have been reached after the 90 h. The membrane rejection of
rhodium and the ligand SulfoXantphos is over 99% during the
entire operating time. In total, only 0.3% of the initially used
amount of rhodium and SulfoXantphos was washed out of the
process via the membrane (Table 3). The OSN was, therefore,
able to successfully remove the water from the process without
losing the valuable catalyst system via the membrane.

Of course, the membrane is not the only way in which the
expensive catalyst system can be removed from the process.
During the separation of the methanol and n-dodecane phases
in the decanter, the catalyst can also leach into the n-dodecane
phase and thus leave the process. The amount of catalyst lost
with the organic product phase and the membrane is listed in
Table 3. The ligand SulfoXantphos only leached to 0.1% of the
initial used amount into the non-polar n-dodecane phase. The
total loss of rhodium via the TMS is 2.2% of the initially used
amount. This means that only 0.024% of the catalyst was

1806 | RSC Sustainability, 2024, 2, 1797-1808

leached per hour. Overall, the loss of rhodium via the TMS and
the OSN is 6 ppm per produced I-4a (7cached Rh/Mproduced I-4a)- IN
comparison, a rhodium loss of 11 ppm per produced product
was achieved in the previously published HAM of 1-decene with
9a in the miniplant setup with an OSN membrane and a loss of
48 ppm without the OSN membrane. Thus, the leaching could
be reduced by a factor of 2 for the HAM with 1 in this miniplant
with an OSN membrane for water removal.

Conclusion

In this work, the TMS consisting of methanol and n-dodecane
was successfully applied to the hydroaminomethylation (HAM)
of the renewable methyl 10-undecenoate (1). By using different
amine substrates, a variety of o,w-bifunctional products with
potential use as intermediates for the polymer industry could be
obtained with high yields of up to 96%. The extensibility of the
TMS as a recycling concept for homogeneous catalysts was
tested for these bifunctional substrates and products. First, the
influence of the various produced amines on the phase sepa-
ration and on the leaching of the catalyst into the non-polar
product phase was investigated. Interestingly, no significant
influence on the leaching of the catalyst system was observed,
although a large quantity of the amine products produced
remain in the methanolic catalyst phase after separation. Based

© 2024 The Author(s). Published by the Royal Society of Chemistry
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on these promising results, an initial recycling was then carried
out in a batch setup. In this first recycling of the HAM of 1 with
diethylamine (9a) a total turnover number (TON) of almost
8.000 was achieved within 10 runs. To demonstrate the full
potential of our TMS, the reaction system was finally operated
continuously in a miniplant. Continuous operation over 90 h
with a stable selectivity towards the desired amine product I-4a
of 80% was successfully achieved. By using an OSN membrane,
the water concentration in the recycle could be kept below 4%,
so that only 3% aldol condensate was obtained after 90 hours.
The low catalyst leaching via the TMS and the OSN membrane is
particularly remarkable. The total loss of rhodium over the 90
hours continuous operation is 2.5% of the initial amount used,
corresponding to 0.029% per hour. For the ligand SulfoX-
antphos it is only 0.4% of the initial amount. Overall, the loss of
rhodium via the TMS and the OSN is 6 ppm per produced amine
product I-4a. Thus, the TMS consisting of methanol and n-
dodecane as a recycling strategy in homogeneous catalyzed
HAM proved to be flexible in the use of a wide variety of
bifunctional products and achieved in combination with an
OSN mebrane to separate the water produced during the reac-
tion excellent results in the first miniplant experiment.
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