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Abstract: An integrated biocatalysis-crystallization concept was developed for the continuous
amine transaminase-catalyzed synthesis of (S)-1-(3-methoxyphenyl)ethylamine, which is a valuable
intermediate for the synthesis of rivastigmine, a highly potent drug for the treatment of early
stage Alzheimer’s disease. The three-part vessel system developed for this purpose consists of
a membrane reactor for the continuous synthesis of the product amine, a saturator vessel for
the continuous supply of the amine donor isopropylammonium and the precipitating reagent
3,3-diphenylpropionate and a crystallizer in which the product amine can continuously precipitate as
(S)-1-(3-methoxyphenyl)ethylammonium-3,3-diphenylpropionate.
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1. Introduction

In recent years, biocatalytic synthesis reactions have made a significant impact in the scientific
community and have even replaced existing chemical pathways in industrial processes. The main
advantages are often higher stereo-, regio- and chemoselectivities, while mild reaction conditions and
environmentally friendly solvents such as water can be applied. The high selectivity of biocatalysts
results also frequently in less or even no side reactions, which itself yields higher process and atom
efficiencies. In addition, recent scientific and technological advances in enzyme engineering allow
the relatively fast design and production of tailor-made biocatalysts for a specific process [1–7].
Furthermore, downstream-processing from biocatalyst-based reaction systems remains an issue and is
a major economic factor in the overall process. This problem originates mostly from the presence of
water-soluble proteins, buffer salts, biocatalyst-based cofactors, remaining unreacted substrates and
co-substrates, which have to be removed efficiently to ensure high product purities. The purification
from such complex mixtures is typically achieved by multiple extractions and further purification
steps [8].

In contrast, selective crystallization techniques provide a more selective product isolation approach
from complex mixtures, especially aqueous solutions and was integrated in this study directly into
the biocatalytic synthesis process [9]. In the presented study this is utilized at the synthesis of
(S)-1-(3-methoxyphenyl)ethylamine, which is a valuable intermediate for the synthesis of rivastigmine,
a highly potent drug for the treatment of early stage Alzheimer’s disease (Scheme 1). Studies have
shown that the (S)-enantiomer is more potent as the (R)-enantiomer and preferably the enantiomerically
pure (S)-form should be administered to avoid complications [10–13].
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Scheme 1. Investigated biocatalytic transamination reaction and the inclusion of a reactive 
crystallization step for the synthesis of rivastigmine; R = –CH2–CHPh2. 

The applied amine transaminase from Ruegeria pomeroyi catalyzes the transfer of the amine 
group from the donor amine isopropylamine (IPA) to the carbonyl compound 3-
methoxyacetophenone (3MAP), forming (S)-1-(3-methoxyphenyl)ethylamine (3MPEA) and acetone 
(Ac) as a co-product [14,15]. The biocatalytic transformation forming 3MPEA itself is very 
enantioselective but suffers from an unfavorable reaction equilibrium [16]. These limitations in amine 
transaminase-catalyzed reactions are often overcome by classical (bio)chemical solutions to remove 
the co-product from the equilibrium or using specifically tailor-made donor amines to shift the 
reaction to the product side [17–28]. These chemically-driven options offer higher yields but require 
often a complex process control, additional (bio)catalytic reaction systems, additional chemicals and 
eventually lead to lower atom efficiencies [29]. As a crystallization-based alternative we apply our 
recently developed in situ-product crystallization approach in the amine-transaminase-catalyzed 
reaction [16,30]. This reactive crystallization approach removes the product amine 3MPEA from 
solution by forming an ammonium salt with a suitable carboxylate anion that exhibits a very low 
solubility. Additional chemical reactants or (bio)catalysts are not required and a simplified 
downstream-processing approach via filtration is possible. 

2. Materials and Methods 

2.1. Chemicals 

All chemicals were obtained from Acros (Fair Lawn, New Jersey, United States), TCI Chemicals 
(Tokyo, Tokyo Prefecture, Japan), Aldrich (St. Louis, Missouri, United States), Alfa Aesar (Haverhill, 
Massachusetts, United States) and ABCR (Karlsruhe, Baden-Württemberg, Germany) and were used 
as received. Deionized water was used throughout this study. 

2.2. Biocatalyst 

Amine transaminase from Ruegeria pomeroyi (as ECS-ATA08) was obtained as whole cell 
lyophilizate (Enzymicals AG (Greifswald, Mecklenburg-Vorpommern, Germany)) and was used as 
received during this study. The activity of 364 U/g was determined using the conversion of 2.5 
mmol/L 1-phenylethylamine and 2.5 mmol/L pyruvate to acetophenone and alanine in 50 mM 
phosphate buffer pH 8.0 with 0.025 mmol PLP and 0.25 %(v/v) DMSO at 25 °C. One unit of enzyme 

Scheme 1. Investigated biocatalytic transamination reaction and the inclusion of a reactive crystallization
step for the synthesis of rivastigmine; R = –CH2–CHPh2.

The applied amine transaminase from Ruegeria pomeroyi catalyzes the transfer of the amine group
from the donor amine isopropylamine (IPA) to the carbonyl compound 3-methoxyacetophenone
(3MAP), forming (S)-1-(3-methoxyphenyl)ethylamine (3MPEA) and acetone (Ac) as a co-product [14,15].
The biocatalytic transformation forming 3MPEA itself is very enantioselective but suffers from
an unfavorable reaction equilibrium [16]. These limitations in amine transaminase-catalyzed
reactions are often overcome by classical (bio)chemical solutions to remove the co-product from
the equilibrium or using specifically tailor-made donor amines to shift the reaction to the product
side [17–28]. These chemically-driven options offer higher yields but require often a complex
process control, additional (bio)catalytic reaction systems, additional chemicals and eventually
lead to lower atom efficiencies [29]. As a crystallization-based alternative we apply our recently
developed in situ-product crystallization approach in the amine-transaminase-catalyzed reaction [16,30].
This reactive crystallization approach removes the product amine 3MPEA from solution by forming
an ammonium salt with a suitable carboxylate anion that exhibits a very low solubility. Additional
chemical reactants or (bio)catalysts are not required and a simplified downstream-processing approach
via filtration is possible.

2. Materials and Methods

2.1. Chemicals

All chemicals were obtained from Acros (Fair Lawn, NJ, USA), TCI Chemicals (Tokyo, Tokyo
Prefecture, Japan), Aldrich (St. Louis, MO, USA), Alfa Aesar (Haverhill, MA, USA) and ABCR
(Karlsruhe, Baden-Württemberg, Germany) and were used as received. Deionized water was used
throughout this study.
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2.2. Biocatalyst

Amine transaminase from Ruegeria pomeroyi (as ECS-ATA08) was obtained as whole cell lyophilizate
(Enzymicals AG (Greifswald, Mecklenburg-Vorpommern, Germany)) and was used as received
during this study. The activity of 364 U/g was determined using the conversion of 2.5 mmol/L
1-phenylethylamine and 2.5 mmol/L pyruvate to acetophenone and alanine in 50 mM phosphate buffer
pH 8.0 with 0.025 mmol PLP and 0.25 %(v/v) DMSO at 25 ◦C. One unit of enzyme activity is defined as
the formation of 1 mmol acetophenone per minute, which was observed spectrophotometrically at
245 nm with ε(acetophenone) = 11.852 L/(mol·cm).

2.3. Donor Amine Salt Synthesis

39.6 g 3,3-diphenylpropionic acid (3DPPA) were dissolved in 500 mL methyl tert-butyl ether (MTBE)
in a 1 L round flask. Then 16.0 mL isopropylamine (IPA) were added to the stirred solution with a syringe
and the resulting suspension was stirred overnight. MTBE and excess IPA were evaporated afterwards
with a rotary evaporator to obtain the donor salt isopropylammonium 3,3-diphenylpropionate
(IPA-3DPPA).

2.4. Solubility Measurements

Solubilities were measured in 10 mL 50 mM phosphate buffer with an excess of the respective
solid salt to obtain a saturated solution. The resulting mixture was adjusted to the desired pH
value and shaken for 7 days at 160 rpm and 30 ◦C. The pH was re-adjusted daily with NaOH
and HCl, if required. The resulting mixture was then filtered to obtain a clear, saturated solution.
For pH-dependent measurements a sample was diluted (typically 20×) for the absorption measurement
of 3DPPA at 249 nm and compared with a calibration curve of 3DPPA in 50 mM phosphate buffer at
the same pH (3DPPA concentration range: 3–0.5 mM, 1 cm cuvette path length). For temperature
dependent solubility measurements, 25 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
buffer (HEPES) at pH 7.5 was used. After 7 days a 1 mL sample was taken, evaporated and the amount
of salt determined gravimetrically with the subtraction of the amount of HEPES.

2.5. Reactor Setup

Two Plane flange vessels with a tempering jacket and a bottom drain valve of 250 mL (Pfaudler
GmbH, Germany) were used as crystallizer and saturator. The membrane reactor consists of two
Teflon chambers separated by a polyvinylidene fluoride transfer membrane (PVDF) with a cut-off of
0.2 µm (Bio-Rad Laboratories GmbH, Germany) (Figure 1). The vessels were connected with PharMed
- BPT and Tygon LMT - 55 tubes (Saint - Gobain, France), tempered with the cooling bath thermostat
Huber CC-K6 attached to a Pilot ONE control panel (both by Peter Huber Kältemaschinenbau AG,
Germany) and stirred with overhead stirrers MICROSTAR 7.5 control. The membrane reactor was
stirred with magnetic stirrers (IKA Werke, Germany). Two peristaltic pumps—Hei-FLOW Precision 01
(Heidolph Instruments, Germany)—were used to transfer the mother liquors from the saturator to
the membrane reactor and from the crystallizer to the saturator. To ensure a constant filling level in
the membrane reactor, an overflow was integrated from which the reaction solution can flow into the
lower positioned crystallizer. In order to keep the solid salts in the saturator and the crystallizer, 11 µm
filters have been placed at the inlet of the tubes.
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2.6. Membrane Reactor Procedure

In the membrane reactor, 857 µL IPA (100 mM) and 596 mg HEPES buffer (25 mM) were added to
100 mL water and the pH was adjusted to 7.5. This solution was divided equally into both chambers
of the reactor. After the addition of 2.85 g donor salt (100 mM) and 566 mg product salt (26 mg for
saturation and 540 mg as seed crystals) to the salt chamber, the reactor was stirred until the dissolved
salts were homogeneously distributed in both chambers. To start the reaction, 124 mg pyridoxal
5’-phosphate (PLP) (5 mM) and 1.37 mL substrate 3′-methoxyacetophenone (3MAP) (100 mM) were
added to the salt chamber and 1.56 g amine transaminase (ATA) (6 U/mL) to the biocatalyst chamber.
During the reaction the formed product (S)-1-(3-methoxyphenyl)ethylamine (3MPEA) can diffuse
through the membrane and result in crystal growth with 3DPPA on the product salt seed crystals,
while the cells containing the ATA are retained by the membrane. Every 24 h samples were taken from
both chambers of the reactor and measured by gas chromatography.

2.7. Triple Vessel Procedure

5.14 mL IPA (100 mM) and 3.57 g HEPES buffer (25 mM) were added to 600 mL water and the
pH was adjusted to 7.5. From this solution, 80 mL were added to each of the two chambers of the
membrane reactor and the remainder divided between the saturator and the crystallizer. 10.3 g donor
salt (=̂ 60 mM, if it would be fully dissolved) was then added to the saturator and 1 g product salt was
added to the crystallizer (159 mg for saturation and 841 mg as seed crystals) (see Figure 2). By switching
on the pumps (2.5 L/h) and stirrers (200 rpm), the partially dissolved salts can be distributed throughout
the system, while crystalline salt is retained by the filters in the respective vessels. To start the reaction,
741 mg PLP (5 mM) and 8.24 mL 3MAP (=̂ 100 mM) were added to the saturator and 1.56 g ATA
(1 U/mL) to the biocatalyst chamber of the membrane reactor. Samples were taken regularly from the
biocatalyst chamber of the membrane reactor and measured by gas chromatography, to re-adjust the
3MAP concentration to the initial concentration of 100 mM, based on the observed conversion. As long
as solid donor salt is still present in the saturator, it is not necessary to add additional material.
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2.8. Sampling

Samples of the suspension (500 µL) were taken periodically and 50 µL conc. NaOH was added to
completely solve the undissolved salts and quench the reaction. Then 500 µL cyclopentylmethyl ether
(CPME) was added to extract substrate and product, mixed by a vortex mixer and then centrifuged
(2 min, 3000 rpm) to improve phase separation. From the organic layer, 200 µL was taken and was
diluted with 800 µl CPME, combined with 200 µL of a 25 mM n-decane solution in CPME (internal
standard) and subsequently analyzed by gas chromatography.

2.9. Chromatography

Concentration was measured with a Trace 1310 gas chromatograph by Thermo Scientific (Dreieich,
Germany), equipped with a 1300 flame ionization detector and an Agilent Capillary HP-5 19091
J-433 (0.25 mm × 30 m × 0.25 µm). n-Decane was used as internal standard in all measurements.
Temperatures of injector and detector were set to 250 ◦C. Temperature profile started at 90 ◦C, followed
by a heating rate of 2 K/min to 100 ◦C, 20 K/min to 130 ◦C, 2 K/min to 138 ◦C and 20 K/min to 160 ◦C.

2.10. X-ray Powder Diffraction (XRPD)

Solid samples were measured via x-ray powder diffraction (XRPD) to discriminate the solid
composition of donor salt and/or product salt. Powder x-ray diffraction data were collected on
a Stoe Stadi-P with germanium-monochromatised Cu-Kα-radiation (λ = 1.5418 Å) in horizontal
transmission/Debey-Scherrer geometry. The x-rays were detected with a position sensitive detector
in the 2Theta range from 5 to 35◦. The 40 kV high voltage and 40 mA current were generated by a
Seifert high voltage generator (ID 3003). The equipment was controlled and the raw data were handled
with the software STOE WinXPOW (version 2.25, 2009). The position of the 2Theta andω-circle were
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adjusted with the (111)-reflex of crystalline silicon (2Theta = 28.44◦). All samples were measured as
flat preparation between two layers of poly acetate foil. The sample was spun around its center during
the measurement and theω-circle was also spun with 1/2 2Theta.

2.11. Nuclear Magnetic Resonance (NMR)

1H NMR and 13C NMR spectra were recorded with a Bruker AVANCE 250 II, AVANCE 300 III
and AVANCE 500. Chemical shifts are reported in parts per million relative to the solvent peak as
an internal reference. Splitting patterns are indicated as follows: s, singlet; d, doublet; t, triplet; m,
multiplet (see Appendix A).

3. Results and Discussion

Initial studies of the integrated use of crystallization in amine transaminase-catalyzed reactions
included a direct application of a carboxylic acid, which yields the crystallization of the product
amine salt but specifically avoids the crystallization of the donor amine isopropylamine as its salt
(donor salt) [16]. This application of this concept results in a moderate apparent shift of the reaction
equilibrium towards the product side but is unfortunately often limited to batch reactions and relatively
low substrate concentrations due to a continuously increasing amount of solid product salt stopping
the entire reaction.

In this study we present an alternative continuous approach towards this reactive
crystallization, which intentionally includes the presence of the originally undesired donor amine
salt isopropylammonium 3,3-diphenylpropionate. The donor amine salt dissolves continuously
and thus release stoichiometric amounts of isopropylammonium and 3,3-diphenylpropionate into
solution. Any excess beyond the solubility limit remains as a dispersed solid phase in the reaction
mixture. This basically limits the amount of amine in solution to an absolute minimum, in contrast
to conventional approaches using high excesses of isopropylamine in solution, which may cause
limited enzyme stability [30,31]. Similarly, the substrate 3MAP is continuously dissolved in the
solution up to its solubility limit, ensuring a constant 3MAP concentration in the aqueous solution
throughout the process. Consequently, the reaction equilibrium in solution is based on the aqueous
phase concentration since it is only accessible by the biocatalyst. The conversion towards the products
leads to a continuous removal of the educts from the aqueous solution, which is adjusted to the original
concentration due to the above mentioned solubility equilibrium. The reaction cycle is closed by the
final continuous crystallization of the product amine salt, which removes in stoichiometric amounts
the dissolved 3,3-diphenylpropionate anion. The only byproduct is acetone, which evaporates quite
easily from solution due to its high vapor pressure at 30 ◦C [30]. Applications at large scale will
require additional solutions to remove acetone effectively from solution to avoid a full stop of the
in situ-product crystallization and the inhibition of the biocatalyst, for example, via stripping with an
inert gas.

The presence of two solid salt phases requires a separation into two vessels to avoid an undesired
mixing. In this work we present a triple vessel system, which separates both solid phases and the
catalyst from each other, which enables the above mentioned continuous reaction mode (Figure 2).
A membrane reactor is applied to retain the biocatalyst (amine transaminase from Ruegeria pomeroyi)
behind a polyvinylidene fluoride membrane (PVDF), while the filtered mother liquor is pumped via
peristaltic pumps through a crystallizer for product salt crystallization, a saturator for donor salt
saturation and eventually back into the membrane reactor to close the loop. An exception is the
connection between the membrane reactor and the crystallizer, which is directly fed by an overflow
from the higher positioned membrane reactor.

3.1. Salt Solubilities

The solubility difference between both salts, donor salt and product salt, is the main parameter
within the shown reaction mode. The donor salt must have a significantly higher solubility than the
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product salt, which will only then crystallize selectively from solution. Using the 3,3-diphenylpropionate
(3DPPA) as the anion results in a solubility difference of approx. 50 mM between the donor salt
(IPA-3DPPA) and the product salt (3MPEA-3DPPA) (Figure 3). For the investigated biocatalytic reaction
system the concentration of the donor salt remains for above pH 7 and 30 ◦C, at >50 mM, while the
product salt is considerably less soluble at approx. 5 mM, depending on the chosen pH in solution
(Figure 3A). These results are comparable with the model product amine salt 1-phenylethylammonium
3,3-diphenylpropionate in an earlier study [30]. Please note that the shown concentrations may be
altered by the presence of other salts such as other buffer components, impurities and especially the
additionally used isopropylamine. Changes in temperature will also affect the solubilities of these
two main salts, however the observed effect is relatively small. As shown in Figure 3B at pH 7.5 no
significant effect is visible and the donor salt remains strongly more soluble than the product amine
salt. The choice of temperature is fortunately mostly controlled by the temperature optimum of the
biocatalyst itself, which limits the choice of reaction temperature to a narrow range at 30 ◦C.
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3.2. Single Membrane Reactor

The central membrane reactor is the key component within the triple vessel concept. The applied
membrane primarily retains the biocatalyst (whole E. coli cells) in the biocatalyst chamber from the
remaining solution and both solid salts, IPA-3DPPA and 3MPEA-3DPPA, in the salt chamber (Figure 4).
During the reaction, IPA-3DPPA is continuously consumed as the amount of product salt increases
and eventually accumulates as the only solid phase.

The dissolved reactants diffuse freely between both chambers and a relevant diffusion limitation
was not observed (full equilibrium conditions can be achieved within ca. 10 min). This approach
provides an alternative to classical encapsulation and immobilization approaches and thus prevents
undesired deactivation or diffusion problems of the biocatalytic reaction system [32–36]. The applied
PVDF transfer membrane is fully biocompatible and was described by Wachtmeister et al. in 2014 for a
lyase-catalyzed reaction [37]. In addition, the use of a membrane reactor offers a simple adjustment
of the biocatalytic synthesis system without interfering with the solid salt phases, including the
addition or a full exchange of the biocatalyst during the reaction. In addition, the accumulation of
inactivated biocatalyst in combination with an undesired mixing with the product salt is prevented,
which simplifies downstream processing enormously to a simple filtration step.
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As shown in Figure 5, a batch experiment of the membrane reactor, without any connection to a
saturator and crystallizer, allows the conversion of 55 mM 3MAP to the corresponding product amine
salt 3MPEA-3DPPA. The product salt accumulates exclusively in the salt chamber, while the donor salt
IPA-3DPPA is consumed in parallel in the salt chamber. A small amount of the product amine is always
present in the biocatalyst chamber, which relates to the solubility limit of the product salt in solution.
Eventually the reaction stops at approx. 55 mM product concentration due to an accumulation of
acetone in the aqueous phase due to the absence of an active acetone removal step, which equals the
equilibrium position of this biochemical reaction. Due to absence of an any observable substrate and
product inhibition at the chosen reaction conditions, the only rate determining step is the available
catalytic activity of the biocatalyst, which leaves a lot of room for optimization. Transport through the
membrane and crystal growth are always significantly faster and did not limit the overall process.
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3.3. Combined Triple Vessel Concept

To permanently separate the salts from each other, the salt chamber of the membrane reactor is
replaced by a flow-through chamber connected to two other vessels (see Figure 2). The donor salt is
placed in the so-called saturator, which is placed directly before the membrane reactor. Here it can
dissolve the donor salt continuously up to the solubility limit to keep the isopropylammonium and
3,3-diphenylpropionate concentrations in solution constant, which is later lowered by the biocatalytic
reaction and the product crystallization step. The product salt is formed in the crystallizer, which
is positioned after the membrane reactor and facilitates a constant crystal growth due to a slightly
oversaturated product salt solution coming from the membrane reactor. Throughout the reaction
donor salt is constantly consumed by dissolution in the saturator and equally product salt collected by
crystal growth in the crystallizer. In the solution all concentrations are at an almost steady state except
the above mentioned small oversaturation of the product salt and small undersaturation of the donor
salt directly after the membrane reactor. In contrast to the single membrane reactor, an accumulation
of acetone and thus limited equilibrium conversion seems not to be present here due the high surface
area of the vessels and probably the applied tubing, which are permeable to acetone. In total, 1 g of
biocatalytically produced product amine salt was obtained throughout the reaction. By dissolving
the product salt in a basic solution, the product amine can be extracted into cyclopentylmethyl ether
(CPME). By adding HCl, the hydrochloride of the product amine can be precipitated and filtered off,
which was described in an earlier study [30]. The system remained fully stable over 33 h with a constant
process productivity of 1.2 g/(L·d) (Figure 6). After 33 h an undesired product salt crystallization
occurred in the biocatalyst chamber, which decreased overall productivity significantly. The crystal
morphology between donor salt (platelets) and product salt (needles) is clearly different (Figure 7).
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The product salt was easily obtained from the reaction solution by a simple filtration and a single
rinse with distilled water. The solid phase does not contain any cell or protein residue. The purity was
determined by NMR with >99.5% and the enantiomeric excess was determined by high-performance
liquid chromatography with >99.5%. XRPD analysis also showed that no donor salt formation occurred
in the crystallizer and similarly no product salt was found in the saturator (Figure 8).
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4. Summary and Conclusions

In this study we reported the development of a continuously operated amine transaminase-catalyzed
reaction, which is based on the integration of a reactive crystallization step for the in situ-removal of the
product amine as a product salt. The presented concept involves the use of a membrane reactor, which
retains the whole cell biocatalyst and two separate vessels for the application and collection of the donor
salt (saturator) and product salt (crystallizer). The saturator provides a constant concentration of the
required donor amine salt isopropylammonium 3,3-diphenylpropionate simultaneous to the crystallizer
that collects the product amine salt (S)-1-(3-methoxyphenyl)ethylammonium 3,3-diphenylpropionate.

In conclusion, the shown triple vessel concept with its central membrane reactor and final
crystallizer allows to overcome the very unfavorable chemical reaction equilibrium of the amine
transaminase-catalyzed reaction in a continuously operated vessel concept. A fully stoichiometric
reaction was achieved, which is not obtained in classical reaction concepts using isopropylamine as
donor amine. The spatial separation of biocatalyst, saturator and crystallizer allows a full control of these
components, including its separate removal and recycling after usage. The shown concept achieves very
high product purity by the integrated crystallization step with only very few downstream-processing
steps. The application of the membrane reactor provides a localization of the biocatalyst and prevents
the use of potentially harmful immobilization techniques. The herein achieved space-time-yield of
1.2 g/(L·d) is directly correlated with the applied biocatalyst activity, which will increase in parallel
with higher biocatalyst loadings. Future studies will also target the optimization of the shown concept
in order to improve process productivity in such a continuous reaction mode. This primarily includes
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techniques to prevent the undesired nucleation by an optimized reactor design and the use of purified
enzyme within the biocatalyst chamber.
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Abbreviation

3DPPA 3,3-Diphenylpropionic acid
3MAP 3′-Methoxyacetophenone
3MPEA (S)-1-(3-Methoxyphenyl)ethylamine
3MPEA-3DPPA (S)-1-(3-Methoxyphenyl)ethylammonium 3,3-diphenylpropionate (product salt)
ATA Amine transaminase
CPME Cyclopentylmethyl ether
HEPES 2-[4-(2-Hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
IPA Isopropylamine
IPA-3DPPA Isopropylammonium 3,3-diphenylpropionate (donor salt)
NMR Nuclear magnetic resonance
PLP Pyridoxal 5’-phosphate
PVDF Polyvinylidene fluoride transfer membrane
XRPD X-ray powder diffraction

Appendix A

Appendix A.1. NMR-Data

Appendix A.1.1. Donor Salt IPA-3DPPA
1H-NMR (373.2 K, DMSO-d6, 500.13 MHz, δ in ppm): 7.29–7.09 (m, 10H, Ar H), 4.47 (t, J = 7.7 Hz,1H, CH),

3.07 (m, J = 6.4 Hz, 1H, CH), 2.86 (d, J = 7.7 Hz, 2H, CH2), 1.05 (d, J = 6.4 Hz, 6H, CH3), NH3
+ not given

13C-NMR (373.1 K, DMSO-d6, 125.76 MHz, δ in ppm): 172.8 (CO2), 144.7 (Ar), 127.7 (Ar), 127.2 (Ar), 125.4
(Ar), 46.9 (CH), 41.9 (CH2), 41.6 (CH), 23.2 (CH3)

Appendix A.1.2. Product Salt 3MPEA-3DPPA
1H-NMR (373.1 K, DMSO-d6, 500.13 MHz, δ in ppm): 7.32–6.74 (m, 14H, Ar H), 5.16 (s, 3H, NH3

+), 4.46 (t,
J = 7.8 Hz, 1H, CH), 4.01 (q, J = 6.7 Hz, 1H, CH), 3.76 (s, 3H, O–CH3), 2.97 (d, J = 7.8 Hz, 2H, CH2), 1.29 (d, J = 6.7
Hz, 3H, CH3)

13C-NMR (373.2 K, DMSO-d6, 125.76 MHz, δ in ppm): 172.0 (CO2), 159.0 (Ar), 149.2 (Ar), 143.9 (Ar), 128.5
(Ar), 127.8 (Ar), 127.1 (Ar), 125.5 (Ar), 117.7 (Ar), 111.5 (Ar), 111.3 (Ar), 54.6 (O–CH3), 50.0 (CH), 46.5 (CH), 40.1
(CH2), 24.9 (CH3)
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