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ABSTRACT

In the development of economic competitive and sustainable pharmaceutical manufacturing with homogeneous catalysts, catalyst
recovery is a key step toward efficient and scalable processes, as it directly impacts process efficiency and economic feasibility. In
this study, we demonstrate the integration of organic solvent nanofiltration (OSN) into a continuous asymmetric hydrogenation
of benzylphenylephrone (BPE) to enable catalyst recycling and process intensification. This is coupled with kinetic modeling for
in silico investigation of the established process. Membrane screening identified PuraMem Flux as the most suitable material,
achieving >90% catalyst retention under operating conditions. Catalyst recycling experiments revealed a reproducible activity loss
of ~10% per cycle, which was incorporated into the mathematical model and validated in recirculation operation. Scale-up to a
59.4 mL tubular reactor with an integrated unit for OSN confirmed the accuracy of the model and demonstrated stable operation
with consistently high enantiomeric excess (87%-90% ee). Comparative evaluation of single-pass and recirculation operation
highlighted the benefits of catalyst recycling, with yields increased from 69.1% to 86.8%, while space-time yield (STY) improved by
over 20%. Together, these findings establish continuous asymmetric hydrogenation with catalyst recycling via OSN as a promising
route, providing a robust foundation for efficient and sustainable pharmaceutical manufacturing.

to the high selectivity achievable with suitable homogeneous
catalysts [2]. However, the high cost of such catalysts, alongside

1 | Introduction

Hydrogenations are a cornerstone of pharmaceutical synthe-
sis, with approximately 25% of all approved drugs relying on
at least one hydrogenation step in their manufacturing [1].
Among these, asymmetric hydrogenation has emerged as an
especially powerful method for the creation of enantiomerically
pure pharmaceutical intermediates and drug substances, owing

with product isolation and catalyst separation issues, continues
to be a key challenge in industrial synthesis, making catalyst
economy an ongoing focus of innovation. Traditional hydro-
genations are often performed in multi-purpose batch reactors,
where standard vessel volumes of ~1 m? typically limit safe
operating pressures to around 10 bar without costly specialized

Abbreviations: a(t), catalyst activity; API, active pharmaceutical ingredient; BPE, benzylphenylephrone; BPR, back pressure regulator; E, extinction; ee, enantiomeric excess; ESI, electronic
supplementary; kg, deactivation constant; myp,, mass flow; MeOH, methanol; OSN, organic solvent nanofiltration; p, pressure; PFA, perfluoroalkoxy alkane; PS, presaturation; Q;, volumetric liquid flow;
R, universal gas constant; R, retention; Ry, initial reaction rate; S/C, substrate to catalyst ratio; STY, space-time yield; T, temperature; Vg, reactor volume; A, wavelength; 7, residence time.
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equipment [3]. To reduce expenses, these processes are usually
carried out with low catalyst loadings under moderate reaction
conditions, resulting in long reaction times of several hours,
ultimately impacting process economics [4, 5]. Continuous flow
processing offers a compelling alternative to conventional batch
operation. Their inherent design offers improved environmental,
health, and safety profiles, as well as process intensification
via higher operational pressures, smaller reaction volumes, and
direct integration with downstream separation. These higher
working pressures, especially for gas-liquid reactions, increase
gas solubility and allow for both higher catalyst turnover frequen-
cies (TOF) and lower catalyst loadings, delivering substantial cost
and sustainability benefits [6, 7]. Over the past decade, continu-
ous hydrogenation has matured significantly in pharmaceutical
manufacturing, including applications to stereoselective and
asymmetric transformations. Recent studies have demonstrated
that continuous flow reactors can deliver high conversions and
enantioselectivities for asymmetric hydrogenations under inten-
sified conditions, highlighting their potential for scalable and
efficient synthesis of active pharmaceutical ingredients (APIs)
[8-10].

While continuous asymmetric hydrogenations have been
reported in the literature, including recent examples employing
modern flow reactor designs and homogeneous rhodium as
well as immobilized catalysts [7], their implementation at a
process-relevant level remains challenging. Batch processes
remain dominant in pharmaceutical practice due to the high
flexibility, shortened development times and avoidance of capital
investment risks, especially when late-stage clinical results are
pending. The resulting reliance on established batch equipment
leaves considerable untapped potential for process improvement,
such as enhanced efficiency alongside improved environmental,
health, and safety profiles, while the inherent equipment design
enables operation at substantially higher pressures [3, 11].

This issue is especially highlighted by large-volume commodity
APIs such as phenylephrine. Phenylephrine, an alpha-1 adren-
ergic agonist, is widely used to treat hypotension, as a nasal
decongestant, and in ophthalmology for pupil dilation and
vasoconstriction [12, 13]. Structurally closely related to etilefrine,
epinephrine and salbutamol, phenylephrine shares pharmaco-
logical attributes with these sympathomimetic amines, but its
uses and regulatory acceptance make it a globally important API
[14]. The pharmaceutical potential makes phenylephrine an ideal
model for developing a synthesis process applicable to all related
molecules. Recent market analyses estimate the annual global
production of phenylephrine hydrochloride at approximately
2000-5000 metric tons [15-17], underlining its significance for
both generic and proprietary pharmaceutical manufacturers. On
an industrial scale, the well-established synthetic pathway for
this pharmaceutical compound is a homogeneously catalyzed
asymmetric hydrogenation in a batch autoclave with relatively
long reaction times, caused by low pressures and catalyst load-
ings to reduce investment, raw material, and operating costs.
Although there has been previous work on the continuous
operation of asymmetric hydrogenations [3, 6-8, 11, 18-21], the
practical integration transition into a continuous process for API
production has yet to be realized. In particular, catalyst stability,
recovery, and long-term operation represent critical bottlenecks
for industrial application.

Organic solvent nanofiltration (OSN) has emerged as a promis-
ing tool for retaining homogeneous catalysts while allowing
low energy selective product removal, and several studies have
demonstrated its potential for catalyst recirculation in contin-
uous processes [22-24]. However, OSN performance is highly
system-specific and governed not only by molecular weight cut-
off but also by solute-membrane interactions, solvent effects,
and solution-diffusion transport mechanisms, especially in polar
solvents such as methanol [25-27].

In previous work, a continuous lab-scale process of the high-
pressure asymmetric hydrogenation of benzylphenylephrone
(BPE) to (R)-benzylphenylephrine was developed and optimized.
Further, kinetic studies were conducted to create a kinetic
model of the reaction [28]. Building on this, this work further
investigates the development, including a scale-up of the pre-
viously built setup. For this, organic solvent nanofiltration was
integrated for efficient catalyst recovery under continuous flow
conditions, while catalyst deactivation behavior was systemat-
ically evaluated. In addition, the laboratory setup was scaled
up and benchmarked against conventional single-pass operation.
The combined use of experimental data, kinetic modeling, and
process intensification provides a solid foundation for robust,
sustainable, and economically viable continuous asymmetric
hydrogenations in API manufacturing.

1.1 | Reaction

The underlying reaction in this work is the asymmetric
hydrogenation of 2-(benzyl(methyl)amino)-1-(3-hydroxyphenyl)
ethanone hydrochloride (or BPE, 1) to 3-[(1R)-2[benzyl
(methyl)amino]-1-hydroxyethyl]phenol ~ (or  benzyl-phenyl-
ephrine, 2) in methanol, wherein the benzyl group serves as
a protective group (see Scheme 1). 0.1 molar equivalents of
diethylamine was used to neutralize the hydrochloride salt. A
rhodium-based, in situ formed catalyst was employed, consisting
of a catalytically active molecule chloro (1,5-cyclooctadiene,
3) rhodium(I)dimer([Rh(COD)Cl],, and a chiral ligand
(2R,4R)-(+)-2-(Diphenylphosphinomethyl)-4-(dicyclohexylphos-
phino)-N-methyl-1-pyrrolidinecarboxamide (2R, 4R -MCCPM, 4),
responsible for imparting enantioselectivity. Notably, Boehringer
Ingelheim filed a patent [29, 30] for the industrial asymmetric
hydrogenation of phenylephrine in batch mode employing this
Rh/COD-phosphine catalyst system, underlining its relevance
for scalable pharmaceutical synthesis.

The active catalytic species is proposed to form in situ via initial
ligand exchange and cleavage of the dimeric rhodium complex.
This is likely leading to a mononuclear Rh(I) coordinated by
the chelating diphosphine ligand. Such mononuclear square-
planar Rh(I) diphosphine complexes are well documented as
catalytically competent in asymmetric hydrogenation of polar
substrates, especially in related industrial systems for amino
ketone reductions to amino alcohols [5, 31-33]. Literature on
related ligand systems suggests that, following H, activation and
initial hydride transfer, transient intramolecular coordination
of the carbonyl oxygen may occur, replacing a coordinated
solvent molecule. By this extra coordination, the complex shows
increased activity compared to typical Noyori type BINAP cat-
alysts [5, 33]. A possible structure of the active complex with
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SCHEME 1 | Asymmetric hydrogenation of 1 BPE to 2 (R)-benzylphenylephrine under use of a rhodium based homogeneous catalyst consisting of

the precursor molecules 3 [Rh(COD)Cl], and 4 2R,4R-MCCPM.

a coordinated substrate molecule was proposed by Klingler [5].
Comparable square-planar Rh(I) diphosphine species with labile
ancillary ligands have also been widely discussed in the literature
[34, 35].

It is emphasized that this represents one plausible, literature-
supported mechanistic scenario. The exact structure, coordina-
tion environment, and nuclearity of the active catalyst under
the applied reaction conditions remain unproven and were not
experimentally resolved within the scope of this study. Based
on this tentative structural assignment, the molar mass of the
catalytically active species is expected to be higher than that of
the individual catalyst precursors and significantly larger than
that of the substrate (255.3 g mol™!) and product (257.3 g mol™).
The molecular weight of the active species is thus estimated to
exceed 700 g mol~. Possible dynamic ligand exchange, alternative
coordination modes, or different catalytically active species are
not excluded and were not further investigated within the scope
of this work.

2 | Results and Discussion
2.1 | Organic Solvent Nanofiltration (OSN)

The successful development of the proposed process with cata-
lyst recycling relies fundamentally on selecting an appropriate
recycling unit and membrane as well as optimizing process
parameters. Therefore, the following section focuses on investi-
gating catalyst recovery using OSN, which, especially in phar-
maceutical applications, attracted the attention of industry and
academia [36]. Given the significant difference in molecular
weights between the catalyst precursors (493.1 and 522.6 g mol™)
and the in situ formed catalytically active complex, which is
expected to exhibit an even higher molar mass as explained in the
previous chapter, and the comparatively lower molecular weights
of the substrate (255.3 g mol™) and product (257.3 g mol™),
membranes with intermediate molecular weight cut-off (MWCO)
values above 300 may, in principle, provide a basis for selective
separation. Since the catalyst is intended to remain within
the system for recycling purposes, achieving high retention for

N

Back pressure regulafor
(BPR)
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SCHEME 2 | Filtration setup with the Evonik MetCell for catalyst
recovery via OSN.

h 4

Circulation pump Filtration unif Permeate

the catalyst is crucial. In contrast, the substrate and product
should ideally pass through the membrane into the permeate,
necessitating low retention for these components.

For the experimental investigation of the feasibility of separat-
ing the homogeneous catalyst using nanofiltration, a compact
setup was constructed within a laboratory fume hood. The core
component of the system is a membrane cell (Metcell, Evonik,
Scheme 2), which houses a membrane with an active surface area
of 51 cm?. The membrane is operated in a crossflow filtration
mode, with the solution being pumped across its surface using
an HPLC pump (Cole-Parmer High-Flow Dual Piston Pump,
VWR). Additionally, the system is equipped with two pressure
sensors (HiTec Zang GmbH) to monitor pressure before and after
the filtration cell. The connections are made using 1/16” and
1/8" stainless steel and PFA capillaries. Depending on the exper-
imental conditions, the solution comprises substrate, catalyst,
and product dissolved in methanol. The pressure is controlled
by a pressure maintaining valve located at the retentate outlet,
ensuring consistent pressure throughout the system. The solvent
passing through the membrane, referred to as the permeate, is
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TABLE 1 | Overview of tested membranes for catalyst recovery with the average fluxes throughout each experiment.

Company Name MWCO Materials Flux, avg.” (L h™! m™2)

Unisol S-3014 400 Patented composite film 47.6

Evonik DuraMem 500 500 P84 polyimide 50.3

Operations PuraMem Selective n.a.t? Silicone-coated PAN 116.3

GmbH PuraMem Performance 100.1
PuraMem Flux 118.7

AMWCO is strongly dependent on the solvent and the solute, as molecules solubility dominates membrane separation.
b Average fluxes throughout a whole experiment at a recirculation flow rate of 30 mL min~" and an applied pressure of 20 bar.

collected in a reservoir and exits the system, while the retentate is
recirculated.

In total, five different membranes suitable for OSN with methanol
were tested, as summarized in Table 1. The solutions used for
these experiments included either the substrate, the catalyst, both
together, or the product solution obtained from prior reactions
carried out in the reactor of the lab-scale process. Samples were
collected from both the retentate and the permeate in intervals
of 10 or 15 min to measure their concentrations and the amount
of permeate. These data were used to determine the permeate
volumetric flow rate and, subsequently, the flux. Substrate and
product concentrations were analyzed via HPLC and catalyst
concentration via UV/vis.

One of the most important parameters for evaluating separation
performance is the retention R; of each component. It can be
calculated using the concentrations in the feed c¢;g.q and the
permeate ¢ ,:

Ci’p

¢y

Ri = 1 -
Ci feed

In addition to retention, the permeate volumetric flow rate and
the flux (Table 1) must be considered, as it is a key factor in
determining the mass flow of the product leaving the system and,
consequently, the overall process productivity. For the compar-
ison of membranes, initial experiments were conducted using
only the dissolved substrate. This preliminary screening aimed to
identify membranes with the lowest retention of the substrate and
product, ensuring their efficient permeation through the mem-
brane. The rationale behind these pretests lies in the high cost of
the catalyst and the need to minimize the number of experiments
for the initial selection. Membranes that do not exhibit sufficient
permeability for the substrate can thus be directly excluded
from further investigation. For the experiments, solutions with a
concentration of 50 mmol L~! were prepared and circulated for
120 min. The permeate volume was measured at 15-min intervals,
and the substrate concentration in the permeate was analyzed.
The permeate concentration profiles are presented in Figure 1la.
As indicated by the results, the DuraMem 500 exhibited the
poorest performance, with a remarkably low BPE permeability,
as evidenced by a high retention of 93.2%, suggesting that
this membrane is virtually impermeable to BPE. In contrast,
the PuraMem Flux demonstrated the lowest retention at 11.4%,
presenting a highly promising perspective for the application of
OSN in product separation.

In addition to ensuring sufficiently high substrate permeability,
the scalability of the process for potential industrial application
requires achieving the highest possible solution flow rate, and
consequently, a high mass flow of dissolved BPE. Therefore, in
the experiments, the average molar flow rate was determined
based on the permeated volume and the measured concentration.
For the PuraMem Flux membrane, the average molar flow
rate was found to be Fippp . = 0.022 mol h™ whereas for the
PuraMem Selective membrane, the molar flow amounted to only
Fipppavg = 0.012 mol h~!, although showing similar fluxes. For
the Unisol membrane, which exhibited the lowest volumetric
permeate flow rate and thus the lowest flux, the resulting molar
flow rate reached a maximum of 0.003 mol h™! owing to the
additional pronounced substrate retention. These results clearly
underline the inherent trade-off between flux and retention,
demonstrating that an optimal balance between the two parame-
ters is crucial for maximizing membrane performance in product
separation [37].

In addition to ensuring high permeability for the target product,
itis crucial to achieve strong catalyst retention, meaning minimal
catalyst permeability, to enable effective separation, recycling,
and reuse. To evaluate this under realistic conditions, a catalyst-
containing solution was prepared and subsequently subjected
to continuous hydrogenation with hydrogen in the laboratory
setup. The resulting solution containing under hydrogen, in
situ activated species was collected and then introduced into
the nanofiltration setup with the PuraMem Flux membrane.
The experiments were conducted three times under the same
conditions and were analogously performed to those described
previously.

As shown in Figure 1b, the spectra of the permeate samples
(Samples 1-6), and thus their maximum absorbances at the
observed wavelength of 4 = 255 nm, are significantly lower than
those of the feed. This clearly indicates that most of the catalyst
does not permeate through the membrane. Furthermore, the
maximum absorbance at 255 nm E,,, 550 o in the retentate after
the experiment was 0.90, compared to 0.74 in the initial feed
solution. This suggests a higher concentration of the catalyst in
the retentate, which can be attributed to the high retention of the
membrane. Through a previously established calibration curve at
E nax 250 nm» the catalyst concentration was determined, yielding an
average retention of 91.3%. These results were finally validated
using product solutions from the process, with deviations in sub-
strate and catalyst retention across three experiments amounting
to + 2.8%.
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FIGURE 1 | Comparison of substrate concentration in the permeated solution for the tested membranes (left) and spectra of under hydrogen in situ

activated species in feed using the PuraMem Flux membrane, retentate and the samples taken during the experiment (right).

While our OSN results demonstrate high catalyst retention and
product separation under lab-scale conditions, it is important
to position these findings within the broader context of homo-
geneous catalyst recycling via OSN. For example, Xiao et al.
recently reported the application of OSN for the recovery and
reuse of a homogeneous palladium catalyst in the pharmaceu-
tical synthesis under industrially relevant conditions, achieving
consistent conversion over five reuse cycles [23]. Similarly,
technological evaluations by Peddie et al. have shown that
OSN can reduce homogeneous catalyst concentrations in the
permeate to near negligible levels (< 5 ppm) while offering
significant energy and cost savings compared to conventional
distillation for post-reaction separations [24]. These examples,
together with foundational work by Fassbach et al., underscore
the significant progress toward membrane-based recovery of
homogeneous catalysts across different reaction types [38]. Com-
prehensive reviews further highlight that OSN has been exten-
sively explored for the recovery of noble metal catalysts (Pd, Ru,
and Rh) and that solvent-membrane compatibility, product purity
needs, and catalyst leaching are critical practical considerations
for industrial application. In this context, our work comple-
ments existing studies by focusing on continuous asymmetric
hydrogenation with integrated catalyst recycling and kinetic
modeling.

It should be noted that the objective of these experiments was
to obtain a rough estimation of the membrane’s separation
performance, serving as a basis for modeling the system with
catalyst recycling. A detailed investigation of membrane-solute
affinity, solvent effects, polymer swelling, and non-porous trans-
port mechanisms as well as a mathematical description of these
effects on OSN was not intended in this project.

2.2 | Catalyst Deactivation

For the continuous flow experiments for catalyst deactivation
evaluation, a setup with a microreactor was used. It consists of
a 20 m long coiled 1/16-inch stainless steel capillary with an
internal diameter of 1 mm, resulting in a volume of 15.7 mL and
is positioned within a temperature-controlled bath thermostat. A
detailed illustration of the setup can be found in the Supporting
Information. The feedstock was introduced using a continuous
syringe pump (SyrDos2, HiTec Zang GmbH, Germany) with 1 mL

high pressure glass syringes. The hydrogen flow was controlled
by a digital mass flow controller (EL-FLOW, Bronkhorst High-
Tech B.V.). The gas and liquid phases were merged at a T-junction
(1.25 mm bore) and then flown through the reactor as a slug
flow. Temperature, liquid and gas flow rates were controlled
and monitored using a laboratory automation system (HiTec
Zang GmbH, Germany). A program was developed within the
software to perform these experiments fully automized. This
allows different residence times and temperatures to be studied
by programmatically adjusting the liquid or gas flow rate and
temperature. Downstream of the reactor is a back pressure
regulator (BPR, Equilibar, USA) connected to a nitrogen gas
cylinder, which allows adjustment and control of the pressure
within the system, also monitored by the laboratory automation
system. The BPR is followed by an electric valve connected to
an automatic sampler (AutoSam, Hitec Zang, Germany) and the
product tank. This configuration allows safe, inert and automated
sampling. The high operating pressures of up to 65 bar in the
test facility make special safety measures essential. Only certified
components designed to withstand pressures of at least 90 bar
are used, and connections are regularly replaced. In addition, a
pressure relief valve is installed upstream of the T-junction, which
is activated when the pressure rises to 75 bar, thereby relieving the
pressure. As a further measure, the collection vessel is sealed and
continuously flushed with argon. This significantly dilutes the
remaining hydrogen, which is vented directly into the laboratory
fume hood through the connected exhaust pipe, preventing the
formation of an explosive atmosphere.

In these experiments, the reaction was conducted in the setup
built for performing continuous hydrogenation with a microre-
actor (see Supporting Information). Subsequently, the product
solution containing the catalyst was used for OSN by passing
it through the filtration unit six times. For each pass, the
permeate and the retentate were collected and the volumes and
the catalyst concentration determined. A new feed solution was
then prepared using the collected retentate and filled with solvent
and fresh substrate to match the concentrations of the initial
feed as closely as possible. The recirculated catalyst solution was
then reintroduced into the system to investigate potential activity
loss. Experiments were conducted both at constant residence time
and with varied residence times to enable a more comprehensive
comparison of the activity between the fresh and the recirculated
catalyst. Concentration determination was done via HPLC. In the
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FIGURE 2 | Results of catalyst deactivation experiments at a constant residence time of 7 = 1.60 min (a) and varying (b) residence times at p = 50 bar,
T =60°C.

following text and figures, the term “product” always refers to the
total concentration, including both enantiomers.

Figure 2 presents the concentration profiles of the previously
described experiments, while Figure 2a displays the results
obtained under constant conditions using the fresh catalyst
(reaction 1) and the recovered catalyst (reaction 2). It is evident
that in both cases, the concentrations remain highly stable,
indicating that no deviations occurred and that the reactions
proceeded steadily within the reactor. Furthermore, a clear
difference in concentration profiles can be observed: in the second
reaction, the product concentration is significantly lower when
using the recirculated catalyst, while the concentration of the
reactant is higher. This observation clearly indicates catalyst
deactivation. The experiment was repeated three times under
the same conditions to prove reproducibility. In each case, the
measured product concentrations obtained with the recirculated
catalyst were approximately 10% lower than those achieved using
a fresh catalyst. This decrease was treated as an apparent loss
in catalytic performance. It should be noted, however, that this
macroscopic decline in activity may originate from multiple
effects, including partial catalyst deactivation as well as the
potential loss of catalytically active Rh species through membrane
permeation in the form of smaller or dissociated complexes. A
differentiation between these contributions was not pursued in
this study, as the primary objective was to capture the overall
performance decay of the integrated process.

Figure 2b illustrates the product concentration profiles from
the experiments with the recirculated catalyst at varying resi-
dence times compared to the simulated product concentrations
obtained with the fresh catalyst. These experiments were also
repeated three times, using identical initial concentrations in
the first experiment. Due to catalyst recovery via OSN and
subsequent replenishment, slight variations in concentration
and thus in the substrate-to-catalyst ratio (S/C) occurred in the
second reaction. In the simulation, the S/C ratio was set to 2500.
Here, too, catalyst deactivation is clearly visible. On average, the
loss of catalytic activity is also around 10%, aligning well with
the values observed in the other experiments. Moreover, none
of the experiments showed a decline in chemical or enantio-
selectivity.
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FIGURE 3 | Results of the deactivation experiments over two cycles

and comparison with simulated product concentration profiles.

These findings are crucial for a more precise evaluation and
modeling of the process with catalyst recycling. To implement
catalyst deactivation in our mathematical model for simulating
the process, the activity a(t) was defined as an exponentially
decreasing function using the deactivation constant k4:

a(t) = eikd'(é) )

Since after one cycle, and thus at (-) = 1, the activity a(t=1)is 0.9,
the deactivation constant is deter;nined as kq = 0.1054 min~" for
the case without the addition of fresh catalyst. It should be noted,
however, that it is not entirely certain how and where exactly the
catalyst deactivation occurs. Deactivation may take place either
during the reaction itself or during the filtration process.

For the commercialization of the process, it is also essential
to investigate catalyst deactivation after multiple reuses. In this
context, a third series of experiments was carried out in which
the same catalyst was reused for a second cycle. The experi-
mental procedure was analogous to that of the previous series.
Additionally, the concentration profiles were simulated using
Equation (2) and compared with the experimentally obtained
values, as shown in Figure 3. It can be clearly shown that the
assumptions made for catalyst deactivation are appropriate, as the
experimental data were well reproduced using the defined deac-

6 of 14

ChemCatChem, 2026

85UB017 SUOWWOD AITeD) 8|qeo! dde aupy Aq peuenob afe sejole YO ‘88N JO S9INJ 10} A%euqiT8uljUO A8|IA UO (SUONIPUOD-PUR-SLLIBYWOD™AB | 1M AlRIq Ul |UO//SdNY) SUORIPUOD PpUe SWie | 38U} 88S *[9202/c0/90] Uo ARiqiauljuo A8|IM ‘089T0SZ0Z 9199/200T OT/I0p/W0d- Ao |im Arelq1jeuljuoadouns-Alis iweyo//sdny woiy pepeojumod ‘€ ‘9202 ‘668E.98T



o
Recycled catalyst

Reaction

p=20-060har

SCHEME 3 | Scheme of the full lab-scale process with catalyst recovery.

tivation constant. The close alignment between simulation and
experiment demonstrates that the implemented model provides
a sufficiently accurate description of the deactivation behavior
under the investigated conditions. This validates its suitability
for integration into the overall process simulation, enabling a
more reliable prediction of long-term performance and process
efficiency.

2.3 | Lab-Scale Process With Catalyst Recycling

The setup shown in Scheme 3, also referred to as “loop process”,
was used to investigate the process with integrated catalyst
recycling. It can be broadly divided into a reaction section and
a filtration section, which are decoupled from each other. The
reaction section is identical to the setup used for the investi-
gation of catalyst deactivation, with the only difference being
the addition of a second pump that recirculates the catalyst
separated from the product mixture back into the system. The fil-
tration section corresponds to the setup described in the first
chapter. The concentrated catalyst is collected in a reservoir
connected to the recycling pump. Decoupling these two units
offers several advantages: it facilitates a simpler and safer process
operation and enables the removal of excess hydrogen from the
system by reducing the pressure before the membrane unit.
This, in turn, stabilizes the filtration process and minimizes
potential adverse effects of dissolved hydrogen on membrane
performance.

Here, it is important to ensure that the volumetric flow rates
are adjusted so that the flow into the setup matches the flow
exiting the system. Since the permeate stream is the only stream
leaving the system, the permeate and feed flow rates must be
equal. Otherwise, the collection vessel for the product solution
would either run dry or overflow. Therefore, the proportion of
liquid permeating through and retained by the membrane was
determined. This ensured that the feed and permeate flow rates
were nearly identical. The flow rate of the recirculated stream was
accordingly adjusted to match the retentate stream. The duration
of the experiments ranged from five to six hours, ensuring that

Auto sempler

Filtration

Retentate 7]

Product tank

the concentrations, and thus the reaction, reach a steady state,
allowing for a comparison between the process with catalyst
recycling and a conventional single-pass process. Samples were
taken at intervals of 5 to 20 min from the product solution, the
retentate, and the permeate. Additionally, the mass and volume
of the permeate were measured after these time intervals to rule
out deviations in the volumetric flow rate.

The results of these experiments were also compared with the
simulated results of the model (see Supporting Information
for more information about the kinetic model). In the model,
not only reaction kinetics but also various process parameters
were incorporated to create a simulation as close to reality as
possible. These parameters include the catalyst deactivation rate,
a membrane separation factor for the molar flows of dissolved
substances, and a partition factor for the volumetric flow in
crossflow filtration. The preliminary kinetic investigations the
reaction have been reported previously [28].

In Figure 4 the concentration profiles from the simulation
are presented, including catalyst and hydrogen concentrations.
Figure 4a shows the results of the first conducted experiments
compared to the simulated concentrations. Here, a satisfactory
agreement with the simulation was already achieved. The initial
increase in concentration can be attributed to the initially low
reaction rate and the recycling of approximately 17% of both the
educt and product. As a result, these two substances accumulate
alongside the catalyst. With the rise in catalyst concentration
and the corresponding accelerated reaction rate, along with
the stabilization of the process, the concentration then slightly
decreases again. This trend is also reflected in the simulation.
However, a noticeable discrepancy arises when comparing the
progression of BPE concentration after reaching the maximum:
while the simulated concentration transitions into a steady
state after two hours, the actual concentration continuously
decreases. This decline was likely caused by membrane fouling
due to the precipitation of the educt and/or the catalyst on the
membrane surface, leading to a reduction in its concentration in
the solvent. This assumption is further supported by mass balance
calculations, which revealed a deficit when deposition was not
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FIGURE 4 | Substrate and product concentrations at time t at the
reactor outlet. Conditions: p = 60 bar; T = 80°C; S/Cy = 7,500. (a)
[BPE]feeq = 0.2 M; Qgeeq = 2.5 mL min™"; Qecyete = 3.5 mL min~". (b)
[BPElfeeq = 0.1 M; Qfeeq = 3.5 mL min™*; Qrecycle = 4.5 mL min ™.

accounted for, indicating that more material was introduced into
the system than has left as permeate.

To reduce membrane fouling caused by precipitation on the
membrane surface, the feed concentration was halved from 0.2
to 0.1 M and the volumetric flow rate of the pump feeding
the membrane unit was increased from 6.0 to 8.0 mL min~.
Consequently, the fresh feed flow rate was set to 3.5 mL min™ to
match the higher permeate flow and the recirculated stream was
set to 4.5 mL min~'. The trend of the simulated concentrations
(see Figure 4b) closely resembles those shown in Figure 4a.
After reaching a quasi-steady state at approximately 3.5 h of run
time, the agreement between the experimental and simulated
results improved significantly compared to the initial experiment.
After the experiment, the membrane was examined for fouling,
revealing significantly less deposition. This finding, along with
the improved agreement of concentration profiles, supports the
previously assumed hypothesis. In both graphs, particularly
the results of exp. 2 in Figure 4b it is noticeable that while
the trends are very similar, the measured concentrations are
significantly lower than the simulated concentrations, especially
during the first three hours. Additionally, the concentration
maxima are reached later in reality than in the simulation. These
discrepancies could not be eliminated by adjusting the process
parameters in the simulation. The simulated process, in contrast
to the real process, does not consist of the decoupled unit oper-
ations described earlier. Therefore, the real process was further

FIGURE 5 | Reactor with thermostat (a); static mixer from the inside
(b) and outside (c).

optimized by using smaller collection vessels with a volume of
100 mL instead of 500 mL glass bottles at the reactor and retentate
outlets. Furthermore, any residual methanol used to clean the
system after previous use and remaining in the setup before the
start of the experiment, including in the collection vessels, was
replaced with fresh feed solution. The aim was to prevent dilution
of the reacting substances and to avoid delays in concentration
due to accumulation in the vessels, which had occurred in
previous experiments. A significantly improved agreement with
the simulation can be seen (Figure 4b, exp. 3), demonstrating that
the adjustments led to higher yields and better agreement with
the simulated values. Through this stepwise optimization of the
setup and its adaptation to the idealized simulation, sufficiently
precise predictions of concentration profiles and yields of the
lab-scale setup can be made.

2.4 | Model-Based Scale-Up

The most significant modification to the experimental setup for
the scale-up experiments was the replacement of the previously
used capillary reactor with a double-jacketed tubular reactor
from Fluitec Mixing and Reaction Solution AG (Figure 5). This
increased the reactor volume from 15.7 to 59.4 mL, resulting in
an approximate factor of four, while the inner diameter increased
from1to 12.3 mm. In addition, the reactor is designed to operate at
pressures of up to 60 bar and temperatures of up to 200 °C, thereby
enabling the investigation of the same process conditions used in
the previous experiments. Due to the twelvefold increase in inner
diameter, a static caterpillar mixer for increased mass transfer
was installed (600 X 600 pm mixing channels, CPMM R600,
Fraunhofer IMM) upstream of the reactor inlet (see Figure 5) to
ensure good mixing of the liquid and the gas phase. In the static
mixer, hydrogen is introduced into the liquid stream consisting
of fresh feed and recirculated stream, where thorough mixing
ensures complete dissolution of hydrogen in the solvent. This
results in a fully homogeneous phase within the reactor, as
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opposed to the previously applied microreactor setup, which
operated under a gas-liquid two-phase regime with a high excess
in hydrogen. Aside from these modifications, the remainder of
the setup remains unchanged and utilizes the same components
as described previously. Since the entire system up to the reactor
outlet is constructed from stainless steel capillaries, it was not
possible to directly observe whether a homogeneous phase was
present within the reactor. Although only liquid was observed
exiting the reactor, it remained necessary to verify whether any
gaseous hydrogen persisted inside the reactor and gradually
dissolved into the liquid phase along the reactor length due to the
concentration gradient created by hydrogen consumption during
the reaction, as the distinction between a fully homogeneous and
a two-phase regime directly affects hydrogen availability, reaction
kinetics, and mass transfer.

For this purpose, the reaction was first simulated as a single-pass
process both with and without hydrogen excess. This results in
different reaction rates for both cases due to the varying hydrogen
concentrations. While under excess conditions, the dissolved
hydrogen concentration can be assumed to be constant and equal
to the saturation concentration in the solvent. In the case of no
excess, however, the hydrogen concentration decreases over the
course of the reaction. The area between these two limiting cases
represents an intermediate regime in which hydrogen is present
in excess relative to the educt, but its concentration can neverthe-
less not be assumed to be constant. The effect of the static mixer
on productivity was investigated by conducting the experiment
with and without the mixer under otherwise identical conditions.
In Figure 6, the results of the simulations and the experiments are
shown. The results demonstrate that the static mixer significantly
influences the conversion rate, particularly at longer residence
times and thus lower flow rates. This effect can be attributed
to the enhanced mixing efficiency of the two-phase mixture at
higher flow rates, where even the T-junction, which is used in
the absence of the presaturator, can provide sufficient mixing.
However, at lower flow rates, the mixing performance of the T-
junction decreases more sharply compared to the static mixer.
Moreover, the difference between the two configurations is more
pronounced at 40 bar than at 50 bar. This can be explained by the
higher hydrogen partial pressure at 50 bar, which results in more
hydrogen being dissolved in the solvent even without additional
mixing. Nevertheless, conversion remains noticeably higher with
hydrogen presaturation through the static mixer. Finally, it can
be observed that at shorter residence times, the experimental data
align more closely with the simulation assuming hydrogen excess.
In contrast, at longer residence times, the experimental values
more closely match the simulation without hydrogen excess.
One possible explanation lies in the lower conversion at shorter
residence times, which leaves a higher excess of hydrogen in
the system. Additionally, improved mixing through higher flow
rates may enhance hydrogen dissolution. In conclusion, hydrogen
presaturation via the static mixer leads to increased productivity
in the system.

Finally, the experiments with catalyst recycling were carried out
in the same way as previously described to validate the model for
scale-up. The experiments were conducted under identical con-
ditions (T, p, flow rates, cppg o, S/C,). For the process simulation,
the only modification was that the hydrogen concentration was
not assumed to be constant, based on the findings from described

= ° = = =
T=60°C|p=40bar| CppEg = 0.10 mol/L | S/C = 5000
100
. =
L - o]
80 = o i x
) x
— < x
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FIGURE 6 | Simulated concentrations with and without hydrogen
excess in comparison with and without the use of a static mixer for
presaturation (PS). T = 60°C, p = 40 bar (top), and 50 bar (bottom).

before. Under these conditions, yields of 86.8% could be observed
after reaching steady state. Furthermore, these results verify
good hydrogen saturation, as the conversion was high while the
hydrogen concentration decreased over the reactor length, which
decreased the global reaction rate. The enantiomeric excess
remained high (87%-90% ee), confirming that the continuous
process preserved chiral integrity. Overall mass balance closure
reached approximately 90%, the slight deficit being attributed
to minor deposition of the solved substances on the mem-
brane surface, as observed in previous experiments in post-run
membrane inspections. As illustrated in Figure 7, concentration
profiles measured by HPLC show satisfying agreement with the
kinetic model over 300 min, validating its predictive accuracy
for extended operation. Simulated and experimental substrate
and product concentrations converge closely after 60 min time
on stream. Catalyst deactivation behavior in the larger 59.4 mL
reactor was, thus, also well described, demonstrating that the
deactivation kinetics are reactor-size invariant. Notably, permeate
concentrations exceed reactor outlet values by an average of 14%
once steady state is reached (Figure 7, right), indicating again an
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FIGURE 7 | Experimental and simulated concentration profiles of BPE and product. Left: concentrations at the reactor outlet. Right: permeate

concentrations.

increase through preferential permeation of both substrate and
product through the membrane.

With the validation of the model, the use of this simulation proved
particularly advantageous in complementing the experimental
work. In addition to capturing start-up dynamics and transient
reactor behavior, the model allows for a systematic and efficient
exploration of operating conditions without the need for extensive
laboratory screening. For example, the influence of the substrate-
to-catalyst (S/C) ratio could be investigated in silico, enabling the
identification of an optimal compromise between catalyst cost
and product yield. Such model-based studies not only reduce
experimental effort and material consumption but also provide
valuable insights into the trade-offs between process economics
and performance. This simulative optimization thereby estab-
lishes a robust framework for rational process intensification
and supports the targeted design of scale-up strategies for
homogeneous catalytic reactions.

2.4.1 | Comparison of Recirculation, Single-Pass, and
Batch Operation

The comparative evaluation of single-pass and loop operation
with catalyst recirculation provides clear evidence of the advan-
tages of the recirculation concept for process intensification
(Table 2). To ensure comparability, all experiments and simu-
lations were carried out at a fresh feed rate of 2 mL min™.
While the total inlet flow in recirculation operation is higher
due to the recirculated stream, only the fresh feed contribution
is considered for evaluation. This approach ensures a fair com-
parison of yields and productivity between operation modes, as it
reflects the actual material input to the system. Under otherwise
identical conditions, the loop setup with catalyst recirculation
(V =59.4 mL, reactor only) clearly outperforms the single-pass
configuration. The yield under single pass operation is 69.1%
compared to 86.8% achieved with catalyst recycling, while the
space-time yield (STY) improves from 82 to 103 kg h™ m=.
The advantage becomes even more apparent when the single-
pass setup is adjusted to achieve the same yield. In this case,

the residence time must be more than doubled to 15.6 min,
leading to a volumetric feed flow of 0.9 mL min™, which
drastically reduces STY to 46 kg h™ m=3. An alternative way
to achieve the same yield in single-pass operation is to increase
the catalyst loading. This can be accomplished with a S/C ration
of 4450, indicating that more than twice the catalyst amount is
required to achieve the same yields as obtained with catalyst
recycling. This demonstrates the efficiency of catalyst recycling,
as it enables higher yields without compromising throughput at
constant fresh feed. When extending the comparison to the entire
laboratory setup, including the nanofiltration module (89.6 mL),
the yield remains unchanged at 86.8%, while STY decreases to
69 kg h™'m™. This reduction highlights an important consid-
eration: although reactor-based metrics emphasize the benefits
of the loop process, plant-wide evaluations must also account
for hold-up volumes in auxiliary units. In the present laboratory
setup, the filtration unit was intentionally oversized, which leads
to an underestimation of the true productivity potential. For
industrial application, appropriately scaled separation modules
would minimize this effect, allowing the loop process to fully
demonstrate its advantages.

To further contextualize the performance of recirculation opera-
tion, simulated batch operation was included in the comparison.
Batch simulations were conducted at conditions yielding the
same overall conversion as achieved in continuous flow (86.8%).
For both scenarios, an additional discharge time of 30 min was
added to account for realistic autoclave operation. Space-time
yields were calculated based on the total product mass in the
reactor at the end of the reaction and the overall batch cycle
time. A constant hydrogen concentration was assumed, reflecting
continuous hydrogen dosing to maintain constant pressure.

In a first scenario, batch operation was simulated under
laboratory-accessible conditions (20 bar) with otherwise identical
parameters. Even under these favorable conditions, a reaction
time of 19.6 min was required to reach the same yield, resulting
in a lower STY of 62 kg h™! m~ compared to loop operation. This
reduction reflects the absence of continuous throughput in batch
processing.
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TABLE 2 | Comparison of process performance metrics (yield, product mass flow rate, and space-time yield) between loop operation with catalyst
recycling and single-pass operation, considering reactor-only and full laboratory unit volumes. Conditions: cgpg o = 0.2 M, T = 60°C, and p = 50 bar.

a 3 .
System boundary and | %4 Qin T/ty [ S/C  Yield m, STY
Operation mode  special adjustments (mL) (mLmin™') (min) (mmolL™) (-) () (gh™) (kgh7'm™)
Loop process with Reactor only 59.4 2.0 7.0 173.6 10,000 86.8% 6.1 103
catalyst Reactor and filtration unit  89.6 2.0 10.5° 1736 10,000 86.8% 6.1 69
recirculation . .
Single pass Same residence time 59.4 2.0 7.0 138.1 10,000 69.1% 4.9 82
operation Same yield (adjusted flow) 59.4 0.9 15.6 173.6 10,000 86.8% 2.7 46
Same yield (adjusted S/C) 59.4 2.0 7.0 173.6 4,450 86.8% 2.7 103
Batch operation © Same yield and S/C 59.4 — 19.6 + 173.6 10,000 86.8% 3.7 62°
(20 bar) 30¢
Industrial application 59.4 — 195.5 173.6 50,000 86.8% 0.8 14¢
(10 bar, S/C = 50,000) + 304

#Referring to fresh feed introduced into the system, not the total volumetric flow entering the reactor.
bResidence time is calculated based on the total volume of reactor plus filtration unit and not the reactor volume alone.
“Simulated data adjusted to maximum applicable pressure. No batch experiments were conducted under these exact conditions.

4 Additional changeover time at lab-scale (e.g., discharging the autoclave).
¢Volume filled with reaction solution. Headspace volume is not included.

In a second, industrially realistic scenario (10 bar, S/C = 50,000),
the reaction time increased to nearly 200 min, leading to a
STY of only 14 kg h™! m~3. This highlights the strong impact
of reduced hydrogen pressure and catalyst loading on batch
productivity.

Overall, the batch simulations demonstrate that, despite com-
parable yields, batch operation requires substantially longer
reaction times and results in significantly lower productivity
than the loop process. This clearly highlights the advantages
of continuous operation with catalyst recirculation, particularly
under industrially relevant constraints. At the same time, batch
processing offers important practical advantages, including the
widespread availability of established infrastructure, hardware,
and operational know-how in industrial environments. More-
over, batch operation avoids the substantial investment costs
associated with the implementation of continuous concepts.
From a regulatory perspective, especially under GMP conditions,
batch processing can further facilitate traceability and documen-
tation, as each batch can be clearly assigned to defined input
materials and processing histories.

From an industrial point of view, the evaluation of productivity
is crucial. Assuming continuous operation over 8000 h per year,
the current laboratory setup at a feed rate of 2 mL min™ would
correspond to an annual production capacity of approximately
49 kg of product. With further scale-up or numbering-up strate-
gies, annual product quantities in the range of several hundred
kilograms could be achieved. This demonstrates that the work
presented here provides a solid foundation for the industrial
translation of the process. For practical implementation, however,
certain aspects need to be addressed. Industrial setups would
require larger and multiple filtration units to handle increased
flow rates and ensure continuous operation. Membrane fouling,
observed already at lab scale, would necessitate regular replace-
ment of filtration modules. A realistic operational strategy would
therefore involve alternating units, where part of the filtration

modules remain in operation while others undergo membrane
exchange, leading to additional operating costs.

Nevertheless, the loop process offers several key advantages. By
recycling the catalyst, significantly lower catalyst consumption is
required to achieve higher STYs and yields compared to single-
pass operation. Moreover, a large fraction of the catalyst is already
successfully retained by the membrane, though for pharmaceu-
tical applications under GMP standards, the residual catalyst
concentration in the permeate would need to be reduced further,
ideally to only a few ppm. Taken together, these results emphasize
that loop operation with catalyst recycling not only provides a
marked improvement in yield and efficiency under laboratory
conditions but also establishes an important technological basis
for future industrial implementation. With optimized reactor
and separation design, the concept has the potential to deliver
competitive productivity while ensuring sustainable catalyst
utilization.

3 | Conclusion

In this study, the continuous asymmetric hydrogenation of ben-
zylphenylephrine with integrated catalyst recovery via organic
solvent nanofiltration was systematically investigated and mod-
eled. The developed experimental and modeling framework
covered reaction kinetics, catalyst deactivation, and membrane
separation performance, enabling a holistic evaluation of the
process. Catalyst recycling was demonstrated with consistently
high retention (> 90%) and no measurable loss of chemose-
lectivity or enantioselectivity, while the observed deactivation
behavior was successfully captured by an exponential decay
function and implemented into the kinetic model. This model
was subsequently validated under extended operation and scale-
up conditions, reliably predicting concentration-time profiles
and confirming its transferability across reactor scales. The
integration of catalyst recovery in a loop setup significantly
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improved process efficiency compared to single-pass operation.
Higher yields, product mass flows, and space-time yields were
achieved even when accounting for non-constant hydrogen
concentrations and realistic membrane performance. Incorpo-
rating the filtration unit into the evaluation reduced space-time
yield as expected, given its over-dimensioned scale for this
setup, but the experiments highlight the strong potential of
loop processes for increasing catalyst utilization and overall
productivity.

From an industrial perspective, while the applied flow rates of
fresh feed of 2 mL min~! are not directly relevant for large-
scale production, they provide a consistent basis for comparing
process performance with and without recycling. At this scale,
the annual production capacity of the presented setup would
reach approximately 49 kg, assuming 8000 h of continuous
operation. With further scale-up and/or numbering-up strategies,
production of several hundred kilograms per year is technically
feasible. For such implementation, larger and multiple filtration
units would be required, operated in parallel to allow continuous
membrane replacement and mitigate fouling-related downtime.
Regular membrane exchange would increase operational costs,
but the reduced catalyst demand, improved selectivity, and
high retention already achieved provide a strong foundation for
industrial application. Furthermore, future work must address
the reduction of residual catalyst concentrations to a few ppm
and increase the optical purity of the obtained product to above
99% ee to comply with GMP requirements. For this, another
possibility might be crystallization [5, 39], which should be
addressed in further investigations together with other possible
solutions.

Overall, this work establishes a solid basis for transferring
continuous asymmetric hydrogenation with integrated OSN-
based catalyst recovery toward industrially relevant processes in
the pharmaceutical industry by integrating known methodolo-
gies. The combination of experimental validation and predictive
modeling creates a useful platform for future optimization, scale-
up, and design of robust, efficient, and selective continuous
manufacturing routes for pharmaceutical intermediates.

4 | Experimental and Analytic Section
4.1 | Solution Preparation

The preparation of the solutions used in all experiments was
carried out in an identical manner. First, up to 500 mL of
methanol (HPLC grade, >99.9%, Bernd Kraft) was degassed using
a degasser, and the storage vessel was purged with argon to
displace air and ensure an inert atmosphere. Subsequently, the
catalyst (min 98%, Strem Chemicals Inc.), and substrate (95%,
abcr GmbH) were weighed in under argon in a glovebag and
transferred into the degassed solvent within the inertized vessel.
The resulting solution was stirred on a hot plate set to 50°C
using a magnetic stirrer for approximately 10 min. Afterward,
10 mol% diethylamine (>99.5%, Sigma-Aldrich) was added, and
the solution was stirred for an additional 10 min. Finally, a sample
was withdrawn for determination of the substrate concent-
ration.

4.2 | Filtration Experiments

Membranes of appropriate size were cut from A4 flat sheets.
Circular pieces were placed into the designated position of the
stainless-steel membrane cell, which was then sealed securely
using external clamps. Prior to the experiments, membranes
were conditioned by flushing with pure methanol for 1 h at
ambient temperature to remove potential impurities. Experi-
mental solutions were prepared as described in Section 4.1.
The feed solution was introduced into the membrane module
at defined flow rates and pressures using an HPLC pump.
Permeate and retentate streams were collected separately, and
volumetric flow rates were monitored gravimetrically over time.
All experiments were conducted at room temperature, 20 bar
and a volumetric liquid flow of 30 mL min~!. The concentrations
of substrate, product, and catalyst in permeate and retentate
samples were analyzed by HPLC and UV/vis, respectively. From
these data, solute retention was calculated, with catalyst retention
and substrate passage serving as key metrics for membrane
performance.

4.3 | Single Pass Experiments

At the beginning of each run, the system was purged with argon.
Afterward, methanol and hydrogen flow were started, and the
system pressure was slowly increased using nitrogen, supplied
from a gas bottle connected to the back-pressure regulator. Once
stable operating conditions were reached, the feed solution was
switched to the product solution. After two residence times, the
experiments were started. For catalyst deactivation experiments
at constant residence time, samples were collected every 15 min
to monitor the deactivation. For residence time variation exper-
iments, samples were taken after 1.5 residence times to ensure
steady-state conditions.

4.4 | Experiments With Catalyst Recycling

The experimental procedure was analogous to the single-pass
experiments, with the main difference that the setup was con-
nected to the membrane filtration unit. A second pump was
employed to recirculate the catalyst retained in the retentate
back to the reactor. Both permeate and retentate samples were
collected every 15 min for concentration analysis.

4.5 | Analytical
451 | HPLC

From each sample, 100 uL was pipetted and diluted with 1 mL of
methanol in a vial for HPLC analysis. The chromatographic sepa-
ration was performed using a chiral Lux 3 um i-cellulose-5 column
(150 x 4.6 mm, Phenomenex, Germany). The mobile phase
consisted of 85% n-hexane, 14.9% ethanol, and 0.1% ethylenedi-
amine and was pumped with 1 mL min™ through the column.
This method enables the separation of the two enantiomers
formed during the reaction, allowing for the determination of
enantiomeric excess (ee).
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452 | UV/Vis

The catalyst concentration was determined using UV/vis spec-
troscopy (DR 5000, Hach Lange) within a wavelength range of
250-400 nm.

Supporting Information

Further details on the analytical methods employed are provided
in the Supporting Information.
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