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Diphosphites like Biphephos are known for their combination of high activity and high linear selectivity in
the Rh-catalyzed hydroformylation of terminal alkenes. However, like most phosphite-type ligands,
Biphephos is prone to hydrolysis under acidic conditions and oxidation in the presence of oxygen, resulting
in detrimental catalyst performance loss. In this work, we identified practical aspects that safeguard the
long-term stability of Biphephos during the Rh-catalyzed hydroformylation of alkenes. Furthermore,
different additives (amines and one epoxide) were explored as stabilizers for Biphephos. The Biphephos/
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Rh/stabilizer system was first extensively investigated via P-NMR, followed by batch autoclave
experiments (100 ml reactors), and finally applied in an upscaled reactor (300 ml) with an attached
nanofiltration membrane unit for catalyst retention. With cyclohexene oxide (CHO) as a stabilizer for the
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ligand, stable operation with high catalyst retention (95%) was achieved for over 100 h at high product
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Introduction

Rh-catalyzed hydroformylation of alkenes is widely applied in
industry, whereby alkenes are reacted with synthesis gas (CO/
H,) to form aldehydes, see Fig. 1 right side for a reaction
overview. In this reaction, various ligands can be applied with
varying stability, activity, and selectivity results. One group of
industrially relevant ligands are bidentate phosphite ligands
which are highly active and selective towards the linear
aldehyde." One of the more established derivatives of such
bidentate phosphite ligands is Biphephos (Fig. 1, left side),
first presented in the patent literature in the mid-1980s.>* It
has a wide bite-angle (8, = 123°) and is known for high
activity (TOF = 2000-6000 h™') and excellent selectivity
towards the linear aldehyde in the Rh-catalyzed
hydroformylation of terminal alkenes. The reported 1/b ratios
have been close to 100."™°

The Rh-Biphephos catalyst is also known for the fast double
bond isomerization of alkenes, allowing for its use in the
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hydroformylation of internal alkenes towards the linear
aldehydes.>” A high I/b ratio is only realized as long as a
sufficiently large quantity of intact Biphephos ligand is present
in the reaction system. More recent patents concerning the
improved synthesis of Biphephos prove that industry is
maintaining a keen interest in this type of ligands.®™®
Furthermore, other patents focus on purification procedures
for such diphosphite ligands to safeguard their long-term
stability, e.g., by reducing residual chloride content."®>° It is
known that phosphites can undergo various (autocatalytic)
decomposition reactions, many of which are catalyzed by acids.
Notably, in many cases, the decomposition products are acids
themselves.”’® Hydrolysis is one of the more prominent
decomposition reactions of phosphites. The hydrolysis
products are pentavalent phosphorus compounds, also known
as phosphonic acid diesters or secondary phosphine oxides
(SPO) or as pentavalent heteroatom-substituted phosphine
oxides (HASPO),>” see ESI 2.t These exist in a tautomeric
equilibrium with trivalent phosphorus species, able to
coordinate to transition metals such as rhodium to form active
but unselective hydroformylation catalysts.”® Oxidation of the
phosphorus atoms in Biphephos is also possible in the
presence of oxygen, but also introducing alkenes will
significantly accelerate the oxidation.*® See ESI 11 for further
information about phosphite decomposition and its effect on

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 On the left side: the ligands Biphephos; on the right side: a reaction overview of Rh-catalyzed hydroformylation of a terminal alkene where
the most desired product is the linear aldehyde. Hydrogenation products such as alkane and alcohols can be produced. Aldol condensation

products from aldehydes can be formed.

catalyst selectivity. Despite the delicate nature of phosphite
ligands, several stable, continuously operated Rh/phosphite-
catalyzed hydroformylation systems for gaseous short-chained
alkenes have been reported.>*®>*3°3% However, continuously
operated systems using liquid mid- to long-chained alkene
substrates have so far been unstable and/or require a constant
ligand make-up stream to maintain stable operation.**>°
Different measures have been described as suitable for creating
more robust hydroformylation systems. Most literature
concerning phosphite ligands applied in hydroformylation
reactions emphasizes the importance of excluding air by using
Schlenk techniques and degassed solvents and reactants, as
well as the removal of peroxides from alkene feeds.*” This is
because Biphephos can be oxidized, albeit slow by oxygen itself,
but significantly faster by peroxides that can form from alkenes
that have reacted with oxygen.***® Liquid alkene substrates can
be purified from peroxides by percolating through alumina,*
and distillation.’” It has also been suggested that the addition
of certain stabilizers to a phosphite-based hydroformylation
system is beneficial. Two more commonly discussed types of
stabilizers are amines and epoxides. Their function is to
neutralize any acidic species (e.g. decomposition by-products)
from further destabilizing remaining phosphites in the system.
See ESI 31 for more detail about the reaction mechanism of
these stabilizers. Those stabilizers that have shown better effect

T™MP

Tinuvin 770

of stabilizing phosphite systems include tetramethylpiperidine
(TMP) and derivatives thereof (e.g., bis(2,2,6,6-tetramethyl-4-
piperidyl)sebacate, Tinuvin® 770),>**" triethylamine (TEA)"'
and cyclohexene oxide (CHO),** all presented in Fig. 2. The
initial purity of the Biphephos used is important as impurities
often are acidic decomposition products that can then
destabilize the catalytic system.>’

Research gap

So far, there has not been a single academic publication on a
long-term (>10 h) continuously operated stable diphosphite-
based hydroformylation system for mid- to long-chained
alkene substrates, without the need of catalyst/ligand make-
up streams. This is surprising, considering the number of
publications and patents showing the long-term stability of
such systems for short-chained alkenes. This work thus sets
out to identify and explore the crucial parameters to achieve
predictable long-term stability of a Biphephos/Rh-based
hydroformylation system.

Approach

Experimental procedures and catalyst preformation routines
were systematically varied to map out their influence on long-
term catalyst stability and performance and to identify critical

TEA CHO

>C|j< jgowoﬁ s h(\ @o

MW [g/mol]: 141 481

101 98

Fig. 2 Three different stabilizers studied for their stabilizing effect on Biphephos. 2,2,6,6-Tetramethylpiperidine (TMP) and Tinuvin® 770 are
sterically hindered secondary amines, EtzN (TEA), and cyclohexene oxide (CHO).
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Catal. Sci. Technol, 2025, 15, 592-604 | 593


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cy01148a

Open Access Article. Published on 04 December 2024. Downloaded on 12/20/2025 8:26:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

parameters. The impact of stabilizing agents on Biphephos
decomposition was studied for extended periods at different
relevant temperatures and followed by *'P-NMR spectroscopy,
both in the presence and absence of the Rh precursor.
Hydroformylation reactions were carried out to identify
parameters crucial for achieving a predictably stable Rh/
Biphephos-based reaction system. Finally, under optimized
conditions for higher ligand stability, hydroformylation of
1-octene was carried out in a continuous reactor combined
with a nanofiltration membrane unit for catalyst retention
and operated for more than 100 hours.

Results and discussion
3IP.NMR investigation of Biphephos/Rh/stabilizer solutions

A set of Biphephos/Rh/stabilizer solutions were prepared to
investigate the relative stability of Biphephos in toluene
having different stabilizers at a different ratio to the BP.
Three different stabilizers, triethylamine, cyclohexene oxide
and tetramethylpiperidine, were chosen due to their small
size and good solubility in the reaction medium. Tinuvin®
770 was excluded because it is prone to precipitation, which
caused problems in the initial membrane experiment (see
ESI 6.ff). A method of co-dissolving the solids of Rh-
precursor and Biphephos was used for preparing a stock
solution of Rh/Biphephos. This method for preparing a Rh/
Biphephos solution has been described by several different
authors before. 711294042752 1y the preparation of the
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solution for this investigation it was decided that air was not
to be excluded as it was believed that Biphephos would be
stable against oxygen in the absence of any alkenes. Also, no
care was taken to dry glassware or chemicals from water as it
was believed the presence of the stabilizers would neutralize
any acids and thus prevent any hydrolysis of the phosphites
from happening. The Rh/Biphephos solution was distributed
into test tubes to which the stabilizers were added. The
prepared solutions were then analyzed by *'P-NMR 3 days
after preparation. The results are presented in
Fig. 3, left side. Large quantities of Biphephos decomposition
products™ believed to be oxidized phosphites were observed
(-4.3 and -4.8 ppm)* in all of the solutions already after
three days of storage at room temperature. The solutions
were then heated at 90 °C for 14 h before being resubmitted
for analysis by *'P-NMR; the results are presented in
Fig. 3, right side. Clearly, after 14 h at 90 °C, all solutions
now contained mainly Biphephos decomposition products
meaning that the stabilizers had been unable to prevent
further decomposition under these conditions. The cause for
the decomposition was suspected to be a combination of Rh
together with oxygen.

Rh-free stabilizer containing Biphephos solutions

To prove that it was not the stabilizers nor the oxygen alone
that caused the decomposition by oxidation, Rh-free Biphephos
solutions containing the stabilizers were prepared under a non-

Decomposition
products
3days @ rt

] 14 h @ 90°C

140 120 100 80 60 40 20 0 -20

f1 (ppm)

Fig. 3 The effect of Biphephos:stabilizer ratio upon Biphephos stability in the presence of Rh. Solutions were prepared without using any
precaution to exclude oxygen or water from the system. Unexpected decomposition of Biphephos (145 ppm) resulted in oxidation decomposition
products (4.3 and —4.8 ppm). The stabilizers are EtzN (TEA), tetramethylpiperidine (TMP) or cyclohexene oxide (CHO). The numbers (1, 2, 5, 10, 20,
35, 72, 144, 288) represent the number of stabilizer's molar equivalences relative to Biphephos. NMR samples were prepared with d-toluene. For
the stacked spectra on the left the peaks associated with undecomposed Biphephos (145 ppm) were integrated and set to 100 and the
decomposition peaks were scaled accordingly. For the stacked spectra on the right the largest peak associated with decomposition products (~-4
ppm) were set to 100 and the Biphephos peaks were scaled accordingly.
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inert atmosphere (with regards both to oxygen and water) and
analyzed three days after preparation by *'P-NMR. The result
from that set of experiments is presented in Fig. 4 left side. As
can be seen, only minimal quantities of decomposition
products can be identified in the absence of the rhodium while
in the presence of the stabilizers and air. However, a trend is
observed for the two amines; an increased amount of
Biphephos oxidation with an increased amount of amine
stabilizer. The amount of oxidized Biphephos that each sample
contained was estimated relative to the integral of all the *'p-
NMR peaks; this is presented in Fig. 4 right side. These results
are indicating that co-dissolving Rh(acac)(CO), and Biphephos
is causing significant oxidation of the Biphephos in the
presence of air. During the co-dissolution of the solid
Biphephos and the solid Rh-precursor, for a moment, there will
be a very high concentration of Rh-species present. It has been
suggested in patent literature that certain Rh-clusters (e.g.,
Rhe(CO)y6) can catalyze the hydrolysis of phosphites.>
Although it is not likely that such clusters could have been
formed during the co-dissolution of the Rh(acac)(CO), and
Biphephos in this system as that would require the Rh(i)
species to be reduced to Rh(0) species and there were no
reducing agents present during the dissolution stage. It is likely
that certain rhodium species catalyzed the oxidation of
Biphephos,”°® but the exact nature of those rhodium species
is currently not known.

Investigating a proper order of mixing

Different methods of preparing a Rh/Biphephos solution can
be found in the literature. One approach is first to dissolve
the Rh-precursor separately and then to add it to Biphephos®”
or add Biphephos to a Rh-solution®®*® or add a Rh-solution

150 100 50 O

150 100 50 0 /
f: f1 (ppm)

1 (ppm)

150 100 50 0
f1 (ppm)
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to a Biphephos-solution.”**®*®* The last method of
preparing a catalyst solution would minimize the risk of
exposing Biphephos to unfavorably high rhodium
concentrations. The next set of Rh/Biphephos solutions were
prepared using this last method. A Biphephos solution was
split up into four fractions, to three of which the appropriate
amount of stabilizer and Rh-solution was added to give a
ratio of Rh:Biphephos:stabilizer = 1:5:25. The fourth
Biphephos solution only got Rh-solution added to it, hence
being a stabilizer free solution. The stacked *'P-NMR spectra
of those solutions before heating are presented in
Fig. 5, left side. Only smaller quantities of oxidation and
hydrolysis decomposition products were observed within all
the samples directly after they had been prepared. The
solutions were then exposed to elevated temperature (90 °C)
for 3 h and analyzed by *'P-NMR (Fig. 5, right side). All
Biphephos solutions containing stabilizers showed no signs
of decomposition, while the stabilizer-free Biphephos
solution was completely decomposed having decompositions
peaks at 17.2, 15.3 and 3.5 ppm, which is suggesting
hydrolysis product. Clearly, by separately dissolving the
Rh(acac)(CO), and Biphephos there was much less oxidation
of the Biphephos compared to co-dissolving Rh(acac)(CO),
and Biphephos. O, did not affect the stability of Biphephos
on its own, and the presence of any of the three stabilizers
significantly improves the stability of Biphephos at elevated
temperature against hydrolysis.

Investigating the long-term effect of Biphephos : stabilizer
ratio by *'P-NMR

A set of Rh-containing solutions with varying Biphephos:
stabilizer ratios were prepared. The solutions were then

(%]

Oxidation

Fig. 4 Left side: A set of Biphephos:stabilizer solutions prepared under non-inert conditions regarding both oxygen and water, investigated by
31p_NMR 3 days after preparation. The stabilizers are EtzN (TEA), tetramethylpiperidine (TMP) or cyclohexene oxide (CHO). The numbers (1, 2, 5, 10,
20, 35, 72, 144, 288) represent the number of molar equivalences of stabilizer present relative to Biphephos. NMR samples were prepared with
d-toluene. The region around -4 ppm is zoomed in on and the chemical shift of the oxidized Biphephos decomposition product is relative to the
chemical shift of the Biphephos peak which was defined to be 145 ppm. Right side: The amount of oxidized Biphephos decomposition product in
various stabilizer containing Biphephos solutions after three days of storage at room temperature. Samples contained no rhodium and were

prepared with no care taken to exclude air or water.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Correct order of solvating Biphephos and Rh(acac)(CO),. Biphephos and Rh(acac)(CO), were dissolved separately under non-inert
conditions with regards to both oxygen and water. The Rh solution was then added dropwise to the Biphephos solution while stirring. Finally, the
combined Rh/Biphephos solution was divided into four separate ones, to three of which a stabilizer was added to give Rh:BP :stabilizer = 1:5:25.
The solutions were analysed by *!P-NMR and then subjected to 90 °C for 3 h before being analysed by 3P-NMR again. NMR samples were
prepared with d-toluene. The chemical shift of the decomposition products is relative to the chemical shift of the Biphephos peak which was

defined to 145 ppm.

intermittently analyzed by *'P-NMR and exposed to elevated
temperature. The results from this investigation are
presented in Fig. 6. When the Biphephos is intact, only one
peak at around +145 ppm is visible. Upon decomposition of
one of the two arms of Biphephos, a new peak slightly
upshift of +145 ppm starts to take shape. This is thought to
be the undecomposed phosphite arm of a Biphephos ligand
with the other arm deactivated. The relative integral between
the two peaks at around +145 ppm can thus be used to
quickly give an idea of the progress of decomposition. The
most stable solutions were those containing CHO at any of
the concentrations applied or TMP at the lower
concentrations applied with a significant increase in
decomposition with higher concentrations of TMP.

Summary for the *'P NMR experiments

The ligand Biphephos and the metal precursor Rh(acac)(CO),
must be dissolved separately before being mixed to not
jeopardize the stability of Biphephos. All three stabilizers
(TMP, CHO and Et;N) can stabilize Biphephos dissolved in
toluene against hydrolysis compared to a stabilizer-free
solution. Increasing concentrations of the amine-based
stabilizers resulted in an increasing amount of oxidation
decomposition products, which is not necessarily the case for
CHO. The presence of oxygen did not cause any oxidation or
other decomposition effect of the Biphephos when rhodium
and Biphephos were dissolved separately and then combined
as determined from the *'P-NMR experiments.

Effect of oxygen on a Biphephos/Rh catalyzed
hydroformylation system

The presence of oxygen was clearly not causing any stability
issues for the Biphephos in the Biphephos/Rh/additive solutions

596 | Catal Sci. Technol, 2025, 15, 592-604

when being prepared correctly. But oxygen can cause an issue
for the stability of Biphephos when also alkenes are present in a
system. The combination of alkenes and oxygen will result in
the formation of peroxides which are known to oxidize
Biphephos much faster.’>®® To improve exclusion of oxygen
from the reaction system, the application of a “pressurize de-
pressurize” (PDP) cycle system of a reactor was investigated.
After the reactor has been loaded with reaction mass, any
residual oxygen left inside the reactor and dissolved in the
liquid should be removed. The O, equilibrium between the
liquid- and gas phase can be offset by applying high pressure,
high purity gas to the reactor. When the reactor system's
pressure is released, a large part of O, present inside the reactor
will be purged from the system together with the other gasses.
For high efficiency, a high purity gas is recommended. This
concept of using PDP-cycles is illustrated in Fig. 7.

There are sources in the literature that describe that they
perform a purge/degassing/flugh®®3142:45:48:50,6061,63°67 " afier
loading the reactor with all reaction mass and before starting to
heat. But it is important to stress that flushing the reactor is not
the same as applying the PDP. Flushing will be less effective at
removing unwanted dissolved gases and gases present in
restricted spaces of the reactor piping. The effect of using PDP
cycles was measured by the final 1/b ratio of Rh/Biphephos
catalyzed hydroformylation of 1-octene reaction mixtures after
1000 min (16.7 h) of reaction time in a batch autoclave. The
assumption was that a higher 1/b ratio in the final reaction
mixture indicates that enough Biphephos was left intact to
prevent the formation of unselective Rh-species that would then
lower the 1/b ratio. Thus, a higher final 1/b ratio means that the
system contained less oxygen at the onset of the reaction. The
results from these experiments are presented in Fig. 8.

There was a significant improvement in the 1/b ratio by
applying only one PDP cycle. The best results were obtained

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Different Biphephos: stabilizer ratios and the resulting stability of Biphephos. The solutions were made up into NMR tubes which were
exposed to 90 °C for various lengths of time with intermittent 'P-NMR analysis. The stabilizers are EtsN (TEA), tetramethylpiperidine (TMP) or
cyclohexene oxide (CHO). The numbers (1, 2, 5, 10, 20, 35, 72, 144, 288) represent the number of stabilizer's molar equivalences relative to

Biphephos. Rh:BP = 1:5. NMR samples were prepared with d-toluene.

by applying three PDP cycles. These PDP-cycle experiments
must conclude that a Rh/Biphephos hydroformylation process
is very sensitive to oxygen contamination in the reaction
system and feed. Therefore, apart from using standard
Schlenk technique to prepare the reactors with previously
degassed solvents, catalyst- and substrate-solutions, the
application of three PDP-cycles will significantly improve the
long-term stability and selectivity of the system.

This journal is © The Royal Society of Chemistry 2025

Summary of measures to safeguard against phosphite
decomposition

It is worth listing the points required to safeguard the
longevity of Biphephos when applied in a Rh-catalyzed
hydroformylation reaction system:

e Separate dissolution of (Rh) metal-precursor and
phosphite ligand before combining.

Catal Sci. Technol.,, 2025, 15, 592-604 | 597
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Fig. 7 A schematic representation of how a “pressure-de-pressure” cycle helps to reduce the concentration of O, present within the autoclave

reactor after being charged with all the reaction mass.

e Removal of peroxides in alkene substrate by percolation
over alumina or distillation.

¢ Use of suitable stabilizers at a proper concentration.

e Apply PDP cycles after loading reaction mass into the
reactor and before the start of the reaction.

Continuous flow reaction

To validate all the lessons on how to practically handle
Biphephos to establish a long-term stable Rh-catalyzed
hydroformylation system, a continuous flow experiment was
performed wusing a nanofiltration membrane reactor
miniplant (NEMO 2.0). In this setup an organic solvent
nanofiltration membrane (OSN) would allow for a continuous
recycling of the catalyst for several hours of operation, see
Fig. 9 for a simplified basic scheme. The P&ID and a photo of
this miniplant are both in the ESI 6.b.}

The reaction system included a feed solution of 1-octene
(25 wt%), toluene (75 wt%) and cyclohexene oxide as a
stabilizer, and a catalyst solution of Rh and Biphephos.

91 94

100
70
50
15
0 T T T
0 1

2 4

1/b ratio

PDP-cycles

Fig. 8 The effect of PDP-cycles upon the l/b ratio of the final
reaction mixture after 1000 min (16.7 h) of reaction in the Rh/
Biphephos catalysed hydroformylation of 1-octene in batch
autoclaves reactors. Preparation of reaction media and reactors was
done using standard Schlenk technique. Conditions: PDP-cycle: 30
bar synthesis gas, 10 min, 700 rpm, degas (and repeat). Rh:L: TMP:
l-octene = 1:5:5:6000. Rh(acac)(CO), (29 mg, 0.01 mmol);
Biphephos (43.8 mg, 0.06 mmol); TMP (0.06 mmol); 1-octene (10.5
ml, 67.4 mmol); CO/H, = 1:1; P = 20 bar; solvent = toluene 41 ml; 2
h preformation (80 °C, 18 bar).
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The screening for a suitable membrane was executed in
several pre-experiments (described in detail in the ESI 6.d¥).
As a result, the SOLSEP BV (NF030105) membrane was
chosen for the long-term continuous experiment with a
rhodium retention of >95% and an acceptable flux of around
10gem > h™

The experiment was carried out for over 100 h and the
main results are presented in Fig. 10. During the experiment
an average /b ratio of 78 could be achieved. After 75 h the
feed ratio was switched to a higher load of substrate (75 wt%
l-octene and 25 wt% toluene), which directly lead to an
accelerated formation of n-nonanal.

These results clearly support the validity of all previously
discussed methods to obtain a stable Biphephos complex for
the hydroformylation of mid-chain aldehydes for longer
duration. After 100 h the experiment was terminated by
bubbling air through the feed flask leading to a direct drop
in the 1/b ratio and a coloration of the permeate.

Final NMRs

At the end of the experiment NMR samples were taken before
and after oxidizing the feed stream. Fig. 11 clearly shows,
that there was plenty of Biphephos that had not decomposed

I/b-Aldehydes

CO/H,

T

[Catalyst] + Stabilizer

Fig. 9 Basic scheme of the nanofiltration membrane reactor

miniplant. The catalyst complex remains in the reaction system.

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Weight fractions and /b ratio over time in hydroformylation of 1-octene in toluene. Reaction conditions: toluene:1-octene = 75:25 up
to 75 h then reversed; 1-octene:Rh = 2000:1 (Rh(acac)(CO), = 144 mg), BP:Rh = 5:1 (BP = 2.19 g), CHO:BP = 5:1, CO/H, = 1:1, p = 20 bar,
T = 80 °C, n = 200 rpm, no catalyst/ligand make-up. Membrane conditions: SOLSEP (applied in 2.5” MET-cell), A = 40 bar, T = 40 °C.
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Fig. 11 >'P-NMR analysis before (95 h) and after oxidizing the feed stream (104 h). NMR samples were prepared with d-toluene.

just before starting to bubble air through the substrate
solution. And it is clear that all Biphephos had been
decomposed in the second NMR sample.

R—1- Cpermeate [0/0] (1)

Cretentate

This journal is © The Royal Society of Chemistry 2025

Retention and flux

The concentration of Rh and P was measured in the
permeate and in the retentate. The retention was calculated
according to formula (1) for a given time.

The average retention for rhodium was 95% and for
phosphorus 91% (see Fig. 12) and hence lower than expected
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Fig. 12 Average retention for Rh and P, measured by ICP-OES. A table
with all results is given in the ESI 6.ef

from the initial membrane screenings but in a high range for
a single stage OSN unit. Nevertheless, leaching was observed
and resulted in a lower catalyst loading at the end of the
experiment. The result is in line with the other findings. The
formed Biphephos-Rh complex is more retainable than
uncoordinated rhodium or decomposition products of the
catalyst complex. Since the Rh retention is higher than the
one from phosphorus, the stability of the complex is again
indicated. It must be noted, that for industrial purposes
probably a higher retention would be necessary to operate
economically.

The flux in the experiment was on average 1.1 g h™ m™?)
(see diagram in ESI 6.ef) which was around 5 to 10 times
smaller than in the screening experiments leading to a total
of 7 to 8 exchanged reactor volumes during the 100 h of the
semi-batch experiment. This is the longest time published
for a mid-chain hydroformylation with Biphephos.

Comparing the methodologies applied in preparing
phosphite-based catalytic systems

The findings of suitable measures recommended to be
included in the preparation of phosphite-based catalytic
systems can be compared to the various preparation
methodologies described in multiple publications/patents
concerning phosphite-based systems. A collection of such
publications and what preparation steps they included is
presented in the ESI 55 No single source included all the
four (recommended) preparation steps/elements, and overall,
there is a significant inconsistency in the methodologies
used. Nevertheless, the fact that publications did not include
such measures does not necessarily mean that the reaction
systems were compromised. But it is still surprising how
inconsistent the various preparation methodologies have
been up until now. That is especially true for Biphephos,
which is seemingly rather sensitive towards unfavorable
environments and treatment.

Experimental

All experiments used very pure Biphephos (99.9%, see ESI 4})
where purity was determined by *'P-NMR. Toluene (>95%)
was a technical grade that was used as received without any
prior drying unless specified and had a water content of
131.5 ppm (Karl-Fischer titration).
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Premature hydrolysis of Biphephos

A total of 27 NMR samples were prepared, all containing Rh:
Biphephos = 1:5 and one out of three stabilizers (TMP, Et;N
or CHO) in different ratios Biphephos: stabilizer = 1:1, 1:2,
1:5,1:10,1:20, 1:35,1:72, 1:144 and 1:288. The samples
were prepared accordingly:

Rh(acac)(CO), (37.14 mg, 0.14 mmol) and Biphephos
(566.16 mg, 0.72 mmol) were each weighed out into a round
bottom flask containing a stirrer-bar, no care was taken to
inertness from air or water. Toluene (90 ml) was added to the
solids in the round bottom flasks to dissolve them while
stirring for about 1 h until (almost) everything had dissolved.
A series of 27 test tubes (3 x 9) with screw caps were prepared
with 2 ml each of the Biphephos/Rh solution and 0.5 so that
each test tube contained Biphephos (12.58 mg, 0.016 mmol).
The three different stabilizers were then added to the test
tubes so that the relevant ratio of Biphephos: stabilizer was
established. These solutions were then used for preparing
the NMR samples using d-toluene. After the NMR tubes had
been analyzed by *'P-NMR they were subjugated to heating at
90 °C for 14 h and then again analyzed by *'P-NMR.

Rh-free stabilizer-containing solutions

A total of 27 NMR samples were prepared, all containing
Biphephos and one out of three stabilizers (TMP, Et;N or
CHO) in different ratios Biphephos:stabilizer = 1:1, 1:2,
1:5, 1:10, 1:20, 1:35, 1:72, 1:144 and 1:288. The
samples were prepared accordingly:

Biphephos (566.16 mg, 0.72 mmol) was weighed out into a
round bottom flask containing a stirrer-bar, no care was
taken to inertness from air or water. Toluene (90 ml) was
added to the round bottom flasks while stirring for about 1 h
until everything had dissolved. A series of 27 test tubes (3 x
9) with screw caps were prepared with 2 ml each of the
Biphephos solution so that each test tube contained
Biphephos (12.58 mg, 0.016 mmol). The three different
stabilizers were then added to the test tubes so that the
relevant ratio of Biphephos: stabilizer was established. These
solutions were then used for preparing the NMR samples
according to standard procedure previously described above.

Correct order of mixing Rh(acac)(CO), and Biphephos

A total of 4 NMR samples were prepared, all containing Rh:
Biphephos = 1:5, one of which had no stabilizer and the
other three had one out of the three stabilizers TMP, Et;N or
CHO present in a ratio Biphephos:stabilizer = 1:5. The
samples were prepared accordingly:

Biphephos (134.80 mg, 0.17 mmol) and Rh(acac)(CO),
(8.80 mg, 0.034 mmol) were weighed out separately and
added to two separate round bottom flasks containing stirrer-
bars, no care was taken to inertness (exclusion of air or
water). To each flask was added toluene (10 ml) to dissolve
all solids. The Rh(acac)(CO), solution was slowly added to
the Biphephos solution while stirring. The resulting solution
was then added (2 ml) into each of 4 test-tubes with screw

This journal is © The Royal Society of Chemistry 2025
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cap, each tube now containing Biphephos (13.48 mg, 0.017
mmol). Stabilizers were then added to 3 of the test tubes
according to Table 1.

These solutions were then used for preparing the NMR
samples according to standard procedure previously
described above. After the NMR tubes had been analyzed by
*IP-NMR they were subjugated to heating at 90 °C for 3 h
and then again analyzed by *'P-NMR.

The long-term effect of Biphephos : stabilizer ratio

A total of 27 NMR samples were prepared, all containing Rh:
Biphephos = 1:5 and one out of three stabilizers (TMP, Et;N
or CHO) in different ratios Biphephos: stabilizer = 1:1, 1:2,
1:5,1:10, 1:20, 1:35, 1:72, 1:144 and 1:288. The samples
were prepared accordingly:

Rh(acac)(CO), (37.14 mg, 0.14 mmol) and Biphephos
(566.16 mg, 0.72 mmol) were separately weighed out into two
separate round bottom flasks containing stirrer-bars, no care
was taken to inertness from air or water. Toluene (45 ml) was
added to each of the 6 round bottom flasks to dissolve all the
solids, they were left stirring for about 1 h until everything
was fully dissolved. The Rh(acac)(CO), solution was then
added dropwise to the Biphephos solution. A series of 27 test
tubes (3 x 9) with screw caps were prepared with 2 ml each of
the Biphephos/Rh solution so that each test tube contained
Biphephos (4.19 mg, 0.005 mmol). The three different
stabilizers were then added to the test tubes according to the
Table 2 and vigorously shaken.

These solutions were then used for preparing the NMR
samples using d-toluene. After the NMR tubes had been
prepared, they waited 3 days at room temperature before
they were first analyzed by *'P-NMR. After this they were
subjected to heating cycles with intermittent *'P-NMR
analysis accordingly: 90 °C for 24 h; 90 °C for 7 days; 90 °C
for 14 days.

PDP-cycle experiments in the presence of TMP

Three reactors (reactor 1, 3 and 4) were used in parallel
during these experiments. A stock catalyst solution was
prepared scaled for 3.05 reactions. The metal precursor
Rh(acac)(CO), (8.75 mg, 0.034 mmol) and Biphephos (133.59
mg, 0.17 mmol) were weighed out into two separate Schlenk-
flasks fitted with a stirrer-bar. The Rh(acac)(CO), was
dissolved in 10 ml toluene, while the Biphephos was
dissolved in 60 ml toluene. The solutions were left to stir for
about 20 min or until everything had dissolved. The Rh(acac)

Table 1 Prepared solutions in test-tubes for correct order of mixing

Test tube Add: BP Add Vcuo Vimp Vet
(-] [ [mmol] [uL] [uL] [uL]

1 5 0.09 8.9 — —

2 5 0.09 14.5 —

3 5 0.09 — — 11.9
4 J— J— J— — J—

This journal is © The Royal Society of Chemistry 2025
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Table 2 Prepared solutions in test-tubes for long-term effect
Tube Add: BP Add Vimp Veno VeeN
(-] [-] [mmol] [uL] L] (L]
1 288 4.6 777 477 642
2 144 2.3 389 238 321
3 72 1.2 194 119 161
4 35 0.6 94 58 78
5 20 0.3 54 33 45
6 10 0.2 27 17 22
7 5 0.1 14 8 11
8 2 0.03 5 3 5
9 1 0.02 3 2 2

(CO), solution was added dropwise to the Biphephos solution
while stirring, no solids or turbidity could be observed after
this. The stabilizer TMP (94.4 pL, 0.06 mmol) was added to
the Biphephos/rhodium solution while stirring. The Rh/
Biphephos/TMP solution was transferred using a syringe to
the autoclave pot using Schlenk technique. 1-Octene (10.5
ml, 67.4 mmol) was transferred to dropping funnel of the
autoclave using Schlenk technique.

After filling the autoclaves with these solutions, and
before heating, the reactors were cycled through various
number of “pressure de-pressure” (PDP) cycles using
synthesis gas.

One PDP-cycle constitute: 30 bar synthesis gas (H,/CO =
1:1) introduced to the reactor, stirring is applied (700 rpm)
for 15 min. The reactor is then very slowly depressurized. The
PDP-cycle was then repeated the number of times the
experiment requested. After the PDP-cycle preformation was
done (700 rpm, 80 °C at 18 bar H,:CO = 1:1) for 1 hours.
The start of the experiment was when the valve to the
dropping funnel was opened and the 1-octene substrate got
released into the pot. At the end of the experiment (¢ = 16.7
h) a sample from the reaction mixture was taken and
analyzed by GC-FID using the method of internal standard
(IS = dodecane).

Continuous hydroformylation in nanofiltration membrane
miniplant (type: NEMO 2.0)

Preparation of the substrates: 1-octene was cleaned over
Al,O5-column to remove traces of peroxides, toluene was
cleaned over Al,O;-column to remove traces of water. The
substrate solution was prepared by weighing out 1-octene (25
wt%) and toluene (75 wt%), then CHO was added to
maintain a ratio of CHO:BP of 5. The ratio of 1-octene to
toluene was switched after 75 h.

Preparation of the miniplant: miniplant incl. reactor,
valves and glassware was cleansed with acetone to remove
any residues in the pipes and afterwards with toluene to
remove any acetone. Three PDP-cycles were applied (2x
nitrogen (<10 bar), 1x argon, each followed by vacuum to
remove any air and low boiling solvents.

Preparation of the membrane: cutting membrane,
insertion of membrane in membrane module (2.5" MET-cell),
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low pressure argon flushing of the module, connection to
miniplant. Further flushing of miniplant with nitrogen (<2
bar) and argon (<2 bar) to remove further air. Filling in a
solution containing toluene (275 g), 1-octene (125 g) as well
as CHO (0.68 g) for conditioning of membrane (4 h total;
reactor: T = 40 °C, p = 20 bar; membrane part: 7 = 40 °C, Ap =
40 bar; glass flask: T =40 °C, p = 1 bar, stripped with argon).

Preparation of catalyst, BP and CHO: solving of Biphephos
(2.19 g) and CHO (0.68 g) in toluene (50 ml) as well as solving
of Rh (144 mg) in toluene (50 ml) in a separate flask in
ultrasonic bath under argon stream. Inserting both mixtures
into the reactor via gear pump (both flasks are topped with
argon). Preforming for 1 h (T = 40 °C, p = 20 bar).

Start-up for longtime run: HPLC pump starts to feed the
membrane cycle (time = 0) and the other pump is starting to
feed the reactor from the glass flask again. Heating to 80 °C
(reactor). Depending on flux the substrates and the CHO were
replenished to maintain a constant reaction volume.

Conclusions and outlook

The stability of Biphephos under reaction conditions was
thoroughly investigated using *'P-NMR analysis. It was shown
that it is important to dissolve Biphephos and Rh(acac)(CO),
separately and then combine the two solutions in order to
not risk decomposition of Biphephos. Stabilizer-free
Biphephos/Rh solutions are completely hydrolyzed within a
couple of hours when heated at 90 °C. Biphephos solutions
in toluene containing stabilizers can, on the other hand,
maintain stability while heated at 90 °C for more than 3
weeks. The amine-based stabilizers provided better stability
when applied at lower concentrations. Meanwhile CHO
showed superior stabilizing properties regardless of its
concentration.

Through the *'P-NMR experiments, it was concluded that
Biphephos is not directly at risk by the presence of oxygen in
a solution. However, oxygen will harm a Rh/Biphephos
catalyzed hydroformylation system, probably by oxidizing the
alkene substrate into peroxides which in turn oxidizes the
Biphephos. This was concluded from batch autoclave
experiments prepared using “standard Schlenk technique” vs.
those further treated with “pressure-de-pressure” cycles.

Rh/Biphephos catalyzed hydroformylation of terminal
alkenes like 1-octene is a suitable reaction that can be used
for indirectly determining the inertness from oxygen and
stability of a system through the 1/b ratio under process
conditions. Due to the catalyst complex size, a nanofiltration
membrane reactor miniplant allows the complex's long-term
behavior to be studied over several hours. The nanofiltration
offers a separation technique without various decomposition
possibilities like thermal stress on the ligand. In such a
miniplant, the continuous hydroformylation of 1-octene
could be demonstrated with a stable 1/b ratio at around 78
for over 100 h which is 10 times more than any publication
on continuous hydroformylation of 1-octene with a
Biphephos/Rh system to date. Despite the high 1/b ratio and
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good retention results, this proof of concept could be further
optimized for even better results. To improve the yield of
aldehyde, it would be necessary to optimize the gas/liquid
mixing properties for an increased phase contacting area and
the residence time. Following those improvements, the
process could be further investigated. Regarding the
effectiveness of the whole reaction system, it would be an
improvement to identify a membrane able to retain 99.9% of
the catalyst while also giving a higher flux. Since Biphephos
is a main player in the conversion of internal alkenes it
would be of interest to extend studies to mixtures of alkenes
and even longer chain alkenes.
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