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ABSTRACT: This study investigates the application of a commercial low-field benchtop NMR for real-time monitoring of
enzymatically catalyzed reactions, focusing on the diastereoselectivity of the threonine aldolase-catalyzed stereoselective aldol
reaction between glycine and benzaldehyde. Despite the signal overlap inherent in the weak electromagnetic field of the benchtop
NMR system, a complemental hard modeling (CHM) approach effectively differentiates between diastereomers, enabling the
determination of enzymatic diastereoselectivity and the transition from kinetic to thermodynamic control. In particular, the
achievement of thermodynamic equilibrium in the enzymatic aldol reaction is observed for the first time using in-line methods,
occurring at 30% benzaldehyde conversion after 2 h. In-line NMR analysis reveals a diastereomeric excess of 37:63 (erythro/threo),
which closely aligns with off-line measurements via GC and HPLC (36:64). This determination of diastereomers using CHM
enhances the efficiency of in-line monitoring in enzymatic reactions, promising significant advancements in pharmaceutical process
development. Overall, the study underscores the utility of benchtop NMR systems for in-line analysis of enzymatic reactions, offering
insights into reaction mechanisms, selectivity, and equilibrium dynamics, thereby facilitating more efficient process optimization in
the area of fine chemicals.
KEYWORDS: NMR spectroscopy, biocatalysis, analytics, complemental hard modeling, enzymatic reaction

1. INTRODUCTION
Due to the molecular structure-dependent mode of action of
many pharmaceutical substances, diastereomeric purity is of
absolute necessity. Since many pharmaceutical substances have
a mode of action that depends on their molecular structure,
stereoisomeric, e.g., diastereomeric, purity is crucial.1 However,
caused by the physical and chemical similarities of chiral
molecules, the process of separating them into individual
isomers can be resource- and cost-intensive. To circumvent
separation processes, methods for the selective preparation of
chiral molecules have been developed. Nevertheless, these
chemical processes inevitably involve additional costs due to
selective synthesis with several protection and deprotection
steps, depending on the complexity of the target molecule.2

One major advantage of biocatalytic processes is their ability
to facilitate selective reaction catalysis in fewer steps. This is
often achieved with less harmful chemicals and requiring less
energy input in comparison to classical chemical systems,
which enables the design of more sustainable and simpler
syntheses.3

Threonine aldolases are a particularly interesting and
promising tool for synthesizing β-hydroxy-α-amino acids in
an enantio- and diastereoselective fashion. Threonine aldolases
are able to catalyze the C−C coupling of amino acids (e.g.,
serine or glycine) with an aldehyde to form a β-hydroxy α-
amino acid with two stereogenic centers.4−10 This approach
enables the synthesis of a diverse range of important products.
Diastereomeric pure aromatic sphingosines can be produced as
the basic building block for antibiotics (thiamphenicol and
vancomycin) or anti-inflammatories (cyclomarins).11 Chal-

lenges exist in syntheses catalyzed by threonine aldolases,
which give a poor selectivity at the β-carbon.12
The coupling of glycine and benzaldehyde results in the

formation of two diastereomers with high selectivity at the α-
carbon and, depending on the enzyme specification, low to
medium selectivity for the β-carbon. The reaction system is
seen in Figure 1. Aldol reactions occur in a kinetically
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Figure 1. Reversible reaction of benzaldehyde and glycine to L-threo-
β-phenylserine and L-erythro-β-phenylserine, catalyzed by L-threonine
aldolase.
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controlled manner within the initial phase of the reaction, with
thermodynamic equilibrium being reached later in the reaction
course. This reaction behavior has been reported in the
literature. Kimura et al. showed a diastereomeric excess (de)
value of 40:60 (erythro/threo), while Gutierrez et al. showed
37:63 (erythro/threo).12−14

The similarities in the properties of diastereomers make
them analytically challenging to distinguish, which can pose
difficulties in reaction monitoring. The use of off-line analytical
methods like gas chromatography (GC), high-performance
liquid chromatography (HPLC), and high-field nuclear
magnetic resonance spectroscopy (NMR) is typical for
diastereomer differentiation; however, off-line measurement
methods often cause a time lag, making it challenging to
accurately determine diastereomer concentrations.15

NMR spectroscopy is capable of identifying the chemical
environment of atoms with an odd number of protons and
neutrons in the nucleus, which facilitates not only the
identification of molecules but also their structural analysis.16

It is imperative to acknowledge that high-field NMR systems
do find application in industrial settings. However, their
restricted usage is primarily as analytical tools for in-lab
reaction monitoring rather than for extensive industrial-scale
analysis.17

Benchtop NMR systems are increasingly being used in the
pharmaceutical industry for the analysis of diastereomeric α-
amino acids, due to their ability to provide high-resolution
NMR spectra and their cost-effectiveness compared to high-
field NMR systems.18

The main difference between high-field NMR and benchtop
NMR spectrometers is their magnetic field strength. High-field
NMR spectrometers typically have a magnetic field strength of
300 MHz or higher, whereas benchtop NMR spectrometers
usually have magnetic field strengths of up to 100 MHz. The
strength of the magnetic field can significantly affect NMR
measurements. In high-field NMR systems, the discrepancy
between the Larmor precession is notably larger compared to
the coupling constants, where Δv ≫ J. These spectra are in the
so-called first order. As the Larmor precession approaches the
coupling constant, the spectra become second order. With a
decrease in the magnetic field strength, the Larmor precession
increases, while the coupling constant remains unaffected.
Consequently, a spectrum that would typically be considered
first order in a high-field NMR system might appear as a
second order spectrum in a low-field system. Differences
observed at various magnetic field strengths can include
varying peak intensities and numbers of peaks.19 In terms of
cost, high-field NMR spectrometers are significantly more
expensive than low-field NMR systems. The reason for this is
that high-field NMR spectrometers require a potent super-
conducting magnet and specialized infrastructure to operate. In
contrast, low-field NMR systems are more affordable and
accessible, making them a practical choice for routine analysis,
process monitoring, and quality control by flow through
analysis.20−24

This article focuses on the discussion of in-line monitoring,
utilizing benchtop NMR, of the progress of the enzymatically
catalyzed aldol reaction of glycine and benzaldehyde under the
formation of L-erythro-β-phenylserine and L-threo-β-phenyl-
serine by the enzyme threonine aldolases.
1.1. Indirect Hard Modeling. Statistical methods, such as

partial least squares struggle to determine concentrations in
reactive mixtures with complex molecular interactions and

overlapping bands. In response to these challenges, indirect
hard modeling (IHM) has emerged as a promising solution.
IHM bridges the gap between soft and hard modeling
techniques, providing a more comprehensive approach to
spectral analysis.25

In IHM, pure component spectra are modeled as
combinations of individual bands, allowing the inclusion of
complex spectral features inherent in reactive mixtures.
Mixture spectra are then expressed as weighted combinations
of these pure component models, which again are sums of
parametrized peak functions (Gaussian−Lorentzian). What
sets IHM apart is its ability to account for nonlinear effects by
allowing limited variation of spectral parameters. This feature
makes IHM particularly useful in scenarios where conventional
methods struggle due to the presence of reactive intermediates
or unknown species.26

While IHM requires manual effort to model individual
bands, its ability to handle strong intermolecular interactions
and overlapping bands makes it a valuable tool in analytical
chemistry. In addition, its adaptability to nonlinear effects
broadens its applicability to diverse chemical systems, offering
new ways to accurately determine concentrations in complex
environments. In addition, it is possible to determine the
intersecting areas in the event of strongly overlapping peaks.
Since L-erythro-β-phenylserine is a rather volatile molecule and
not available commercially, a complemental hard modeling
(CHM) approach is used. CHM is well-suited for identifying
an unknown spectrum within a fully known mixture. In this
approach, a single mixture spectrum is sufficient as an input for
the model.27

2. EXPERIMENTAL SECTION
2.1. Enzyme Synthesis. In this study, the L-threonine

aldolases derived from the Escherichia coli strains ME9012 and
GS245 were produced in BL21 E. coli cultures. The expression
vector pET28a wt-ltaE(N)6His was employed to facilitate the
production of the aldolases. A 20 mL preculture was prepared
and subsequently incubated for 4 h at 37 °C in LB medium
(Carl Roth, Karlsruhe, Germany). The selection of suitable
cultures was achieved by employing kanamycin resistance
mediated by the plasmid.28 Detailed information regarding the
protein and gene sequences can be found in the Supporting
Information section.
The optical density of the preculture was determined to be

600 nm. Once the optical density reached 3, the preculture was
transferred to the main culture with a total volume of 200 mL.
After an additional 2 h of incubation, when the optical density
was approximately 1.5 (0.6 to 0.8), enzyme synthesis was
induced using isopropyl β-D-1-thiogalactopyranoside (IPTG).
The induction was carried out for 16 h at 16 °C.
Once the induction was completed, the cells were purified,

and ultrasonic cell disruption was carried out. The Sonopuls
Generator GM 2070 (Bandelin GmbH, Berlin, Germany) was
employed for this purpose, with the following settings: 3 cycles
of 3 min each at 9 × 10 and 70% power. The ultrasound probe
used had a diameter of 3 mm. The resulting solution was
transferred to 1.5 mL reaction tubes and centrifuged for 30
min at 15,000 rpm and 4 °C. The supernatant was collected as
the desired cell-free extract (CFE).
2.2. Experiment Setup. 2.2.1. In-Line Measurements.

The reaction medium consisted of 1 mol/L glycine (Merck
Germany) (1), 100 mmol/L benzaldehyde (Merck Germany)
(2), and 50 μmol/L pyridoxal-5′-phosphate (PLP) in a
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phosphate buffer (Merck Germany) pH 8 with 20 v/v %
dimethyl sulfoxide (DMSO) (Merck Germany) in a total
volume of 30 mL. To avoid oxidation of the substrate
benzaldehyde to benzoic acid, the entire reaction is conducted
under an inert argon atmosphere. NMR measurements were
performed with a Spinsolve 80 Carbon Ultra (Magritek
GmbH). The software used for reaction monitoring is
Spinsolve 2.0.2 (Magritek) in RMX mode. A shimming
procedure was performed after each measured spectrum to
ensure a homogeneous electromagnetic field and to reduce the
noise in the measured spectra.
Following the first shimming and measurement of the

spectrum, 1 mL of the CFE was injected into the reaction
system, which was maintained at a constant temperature of 30
°C throughout the entire reaction.
The reaction mixture was pumped by a BT100-2J peristaltic

pump (LongerPump Hebei, China) with a flux of 0.5 mL/min
through the SpinsolveTM system. The reaction was monitored
for approximately 16 h.
2.2.2. Determination of Reaction Rate and Selectivity

Factor. The reaction rate was determined by in-line NMR
measurements. For this purpose, an enzyme concentration of
1.6 mg/mL was added to the reaction system in a 10 mL
reaction mixture. The experiment was carried out at 50, 75,
and 100 mmol/mL. The reaction rate of the product formation
as well as the selectivity factor α were determined from the
concentration data obtained. The measurements were carried
out as described in Section 2.2.1.

2.2.3. Complemental Hard Modeling. Since the signals of
interest exhibit a high degree of overlap in the measured
spectra, a CHM approach is used to effectively determine
concentrations of overlapping spectra.27 For data processing
and CHM, the program PEAXACT 5.7 (S-PACT GmbH,
Aachen, Germany) was used. A spectral alignment was
performed on the DMSO signal (2.8 ppm) in addition to a
linear fit baseline subtraction. In addition, a phase correction
was performed. PEAXACT was used for deconvolution of the
signal since no pure substance of the product LEβPS is
commercially available; a CHM is a sufficient way for the
deconvolution of these signals.
2.3. Off-Line Measurements. 2.3.1. HPLC Method. The

L-threo-β-phenylserine concentration was determined by
HPLC on the column Chirex 3126 D-penicillamine (150 ×
4.6 mm) (Phenomenex, Aschaffenburg, Germany) with an
eluent consisting of 70% 2 mM copper sulfate in water and 30
vol % methanol. The flow rate was 1 mL/min, and detection
was carried out at 254 nm at a column temperature of 50 °C.
The typical retention time for L-threo-β-phenylserine was 16
min.
2.3.2. GC Method. The benzaldehyde concentration was

determined by gas chromatography (GC-FID) on the column
HP-5 (30 m × 0.250 mm; film thickness is 250 nm) (Agilent
Technologies, Inc., Santa Clara, United States) with a flame
ionization detector. The carrier gas was helium (1 mL/min,
split ratio of 50). Samples were injected at an oven
temperature of 135 °C, which was increased to 200 °C at a

Figure 2. 1H NMR Spectrum of the aldol reaction. Starting conditions: 1 M glycine; 100 mM benzaldehyde in 20 v/v DMSO in KPi buffer pH 8.0
V = 30 mL; T = 30 °C; sample taken after 5 h reaction time and (a) measured by low-field NMR Spinsolve 80 MHz ULTRA (Magritek, Aachen)
(b) measured by Bruker Avance I 600 MHz (AV700).
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rate of 10 °C/min. The retention time of benzaldehyde was
approximately 6.3 min.
2.3.3. Derivatization and GC−MS Analysis. To confirm the

existence of both diastereomers resulting from the threonine
aldolase-catalyzed reaction, a sample was taken, derivatized,
and analyzed using GC−MS. Derivatization was performed
according to the protocol of Urbach et al. using N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA).29 GC−MS anal-
ysis was performed on column DB-5MS (30 m × 0.25 mm;
film thickness is 250 nm) (Agilent Technologies, Inc., Santa
Clara, United States) with MS. The carrier gas was helium (1
mL/min, splitless). Samples were injected at an oven
temperature of 50 °C that was increased to 350 °C at a rate
of 5 °C/min. To perform the MS, electrical ionization was
utilized at an energy level of 70 electron volts. The acquisition
was conducted in positive mode, and the scanning range for
the mass-to-charge ratio (m/h) was set between 50 and 800.
Based on the GC−MS analysis, the two diastereomeric
products were detected at retention times of approximately
25.90 and 26.09 min.
2.3.4. High-Field NMR. 1H NMR measurements were

carried out with the 600 MHz NMR system Bruker AVII-
600 (Bruker BioSpin GmbH; Billerica, United States) using 16
scans, a sweep of 12019.23 Hz, and an acquisition time of 2.73
s. The samples were diluted in a ratio of 1:1 with D2O.

3. RESULTS
3.1. Spectral Analysis. The two diastereomers of β-

phenylserine, namely, L-threo-β-phenylserine and L-erythro-β-
phenylserine, differ in the absolute configuration at C3. In an
NMR spectrum, the differences between these two diaster-
eomers can be observed in their chemical shift values.
Furthermore, significant differences between high-field and
low-field NMR systems can be observed.
A spectrum obtained from the monitoring of the reaction

low-field NMR system NMR Spinsolve 80 MHz ULTRA is
displayed below (see Figure 2a). In comparison to that, a
spectrum measured by the high-field NMR system Bruker
Avance I 600 MHz is shown in Figure 2b. The low-field NRM
spectrum was acquired after 5 h of the reaction at a flow rate of
0.3 mL/min. The signal at 9.8 ppm in the NMR spectrum
corresponds to the proton of the aldehyde group of
benzaldehyde (19), while the signals between 7.9 and 7.4
ppm correspond to the protons of the aromatic group (21, 22,
23, 24, and 25) of benzaldehyde.
The high-field NMR sample was withdrawn after 5 h and

prepared for high-field NMR measurements as outlined
previously in the Experimental Section and subsequently
measured.
In direct comparison, it can be observed that the aromatic

region of the L-threo-β-phenylserine and L-erythro-β-phenyl-
serine is not in detail resolved at 80 MHz (two singlets) in
contrast to a resolved set of peaks at 600 MHz. This is caused
by the fact, that the Larmor precession is greater in low-field
systems, causing the spectra to be second order. This causes a
decrease in information density caused by low magnetic field
strength. Although a change from first order to second order
results in information loss, both diastereomers can still be
identified in the low-field NMR spectra in the aromatic region
since there are still two signals detected. These two signals are
caused by different chemical environments of protons in the
two diastereomers. This can be caused by various reasons.

On the one hand, hydrogen bonding effects could cause a
different chemical shift for the diasteromers. The polarity of
oxygen and nitrogen can strongly influence the shift of the
protons at the α- and β-carbon. A proton signal at the β-carbon
(positions 3 and 12) can be detected at approximately 5.15
ppm; however, these signals are relatively weak and show
significant overlap compared to the signals of the aromatic
group. This is due to the second order nature of the low-field
NMR spectra. In the high-field NMR results, the signals are at
about 5.275 ppm (12) and about 5.2 ppm (3). Furthermore, in
the low-field NMR spectrum at approximately 3.90 and 3.70
ppm, two doublets are observable, corresponding to the
protons at the α-carbon (positions 2 and 11). These signals
arise due to the orientation of the hydroxyl group in the
respective diastereomers. The hydroxyl group at position 11 of
L-erythro-β-phenylserine is spatially aligned next to the proton,
deprotecting it due to high polarity and causing a shift of its
signal upfield. The signal of the proton at position 2
experiences a weaker shift as the distance to the hydroxyl
group is greater due to the alignment of the functional groups.
This allows L-erythro-β-phenylserine to be distinguished at
position 2. Also, steric effects could be caused by steric
hindrance through different special alignments, ultimately
causing a chemical shift.30 For similar reasons, there is also a
strong overlap of the signals of the protons in the aromatic
groups of the diastereomers. While the high-field NMR
spectrum shows a clear separation of the signals, only two
strongly overlapping signals can be identified in the low-field
spectrum (5, 6, 7, 8, 9, 14, 15, 16, 17, and 18).
The coupling patterns in a NMR spectrum reflect the

interactions between adjacent nuclei, and the differences in the
coupling patterns between the two diastereomers can reveal
the differences in the distances and angles between adjacent
nuclei. Nevertheless, since the magnetic field strength is
comparatively low, it cannot be determined from the measured
second order signals in the low-field NMR spectra.
In the following, the spectral results over time of the in-line

NMR measurements are discussed. As glycine is present in
excess in the system and benzaldehyde is the limiting
component for the reaction, the signals from the protons of
the aromatic group of the benzaldehyde are used for further
reaction monitoring.
Throughout the reaction period of 16 h, a total of 290

spectra were recorded with an integration time of 2 min per
spectrum. There is a decrease in the signals of benzaldehyde
(9.8 and 7.9−7.35 ppm), whereas the integral of the aromatic
signals of the diastereomeric products shows an increase
(7.35−7.25 ppm), as illustrated in the spectra depicted in
Figure 2. The aromatic signals of the diastereomers exhibit the
strongest band intensity compared to their other proton
signals. As a result, these signals are given primary
consideration for further experimental evaluations. This
approach helps to exclude the influence of background noise
in comparison to the protons present at the α- and β-carbon.
To show the influence of the background noise on the signals
of the proton at the α-carbon, the concentration data from the
areas of the proton at the α-carbon can be found in the
Supporting Information. However, since a strong overlap of
the signals of the diastereomeric products can be recognized,
CHM is used to perform data processing as described in the
Experimental Section part.
3.2. Concentration Determination by CHM. The NMR

data was used to determine concentrations, with signals from

Organic Process Research & Development pubs.acs.org/OPRD Article

https://doi.org/10.1021/acs.oprd.4c00076
Org. Process Res. Dev. 2024, 28, 3791−3800

3794

https://pubs.acs.org/doi/suppl/10.1021/acs.oprd.4c00076/suppl_file/op4c00076_si_001.pdf
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.4c00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the aromatic region between 7.90 and 7.40 ppm for
benzaldehyde and 7.35 and 7.20 ppm for the two
diastereomeric products. The signals present in the aromatic
region show a higher signal intensity at lower concentrations in
comparison to the signals of the protons at positions 2 and 11
(see Figure 2). This area is subsequently used to determine the
concentrations of the diastereomers. Peak deconvolution is
carried out by CHM. By observing the more pronounced
signals and applying CHM, it should be possible to achieve a
higher accuracy of the determined data compared to the signals
at positions 2 and 11. Figure 4 shows the concentrations
determined from the signals in the in-line NMR measurements
by using a CHM approach. The presented results exclude
concentration data derived from the signal of the aldehyde

group of benzaldehyde. These data can be found in the
Supporting Information. In the thermodynamic equilibrium, a
concentration of 24.15 mM was determined utilizing the
aldehyde group signal, whereas concentrations of 23.61 mM
were ascertainable through signals from the aromatic group
and the CHM approach. A discrepancy of 2.29% exists
between these concentration values. This marginal deviation
serves to affirm the precision of the applied CHM approach.
Over time, a decrease in the benzaldehyde concentration is

observed, whereas the total L-β-phenylserine concentration
increases. Additionally, there is a clear increase in the
corresponding diastereomer concentration. To provide a
more accurate indication of the formation rate of the products,
the linear range of the reaction course below 5% conversion is
depicted in Figure 8.
The experiments were conducted at varying benzaldehyde

concentrations (50, 75, and 90 mM), and the initial reaction
rates of the diastereomeric products were determined and
compared using the first data points obtained. Figure 5
illustrates the initial rates and selectivities of both diaster-
eomers synthesized in the reaction system, which were
determined during the experiments.
As the substrate concentration increases, the overall rate of

product formation also increases. However, it is evident that
the production of L-threo-β-phenylserine has increased more
significantly than that of L-erythro-β-phenylserine. This trend is
also reflected in the selectivity factors. The selectivity factor
refers to the preference or specificity of the enzyme for one
diastereomer over the other. It can be defined as the ratio of
the reaction rates from the substrate to one specific
diastereomer. A selectivity factor greater than 1 indicates a
preference for one diastereomeric product, while a selectivity
factor less than 1 suggests a preference for the other respective
product. A selectivity factor of 1 implies equal production of
both diastereomers. The selectivity factors at different
benzaldehyde concentrations can be seen in Figure 6. It can
be observed that an increase in substrate concentration leads to
a higher diastereoselectivity for L-threo-β-phenylserine and a
lower diastereoselectivity for L-erythro-β-phenylserine. Overall,
a change in the diastereoselectivity of threonine aldolases is

Figure 3. Reaction monitoring of the aldol reaction measured by Magritek Spinsolve 80 ULTRA (Magritek, Aachen; Germany), all 1H spectra were
measured at 80 MHz.

Figure 4. Concentration of L-erythro-β-phenylserine and L-threo-β-
phenylserine during aldol reaction (1 M glycine; 90 mM
benzaldehyde in 20 v/v DMSO in KPi buffer pH 8.0 V = 10 mL;
T = 30 °C; t = 15 h), IHM (Peaxact 5.7 S.Pact; Aachen Germany)
from spectral data of low-field NMR Spinsolve 80 MHz ULTRA
(Magritek, Aachen).

Organic Process Research & Development pubs.acs.org/OPRD Article

https://doi.org/10.1021/acs.oprd.4c00076
Org. Process Res. Dev. 2024, 28, 3791−3800

3795

https://pubs.acs.org/doi/suppl/10.1021/acs.oprd.4c00076/suppl_file/op4c00076_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig4&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.4c00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


caused by varied substrate concentrations. However, the
selectivity factor for L-threo-β-phenylserine consistently exceeds
1, indicating a stronger preference for the formation of this
product compared to L-erythro-β-phenylserine. In each experi-
ment conducted, the selectivity factor for L-erythro-β-phenyl-
serine remains below 1.
Besides the focus on reaction rates, attaining a thermody-

namically controlled reaction system is also noteworthy. The
reaction mixture utilized contained 90 mM of benzaldehyde.
Figure 10 illustrates the relationship between the analytical
yield of each diastereomer and the diastereoselectivity of the
synthesized products in order to gain a deeper understanding
of their distribution over time. The diastereoselectivity is
calculated as follows

=
+

S
c

c c1
D1

D1 D2 (1)

S1 is the diastereoselectivity toward diastereomer 1, cD1 is the
concentration of diastereomer 1, and cD2 is the concentration
of diastereomer 2. The results demonstrate an increase in the
diastereoselectivity of L-threo-β-phenylserine, accompanied by
a decrease in the diastereoselectivity of L-erythro-β-phenyl-
serine. The diastereoselectivity remains constant once the yield
reaches approximately 40%, which suggests that the reaction
has reached thermodynamic equilibrium. A diastereomeric
excess of 37:63 (erythro/threo) can be observed in the system
under thermodynamic control. In addition, the initial
validation results can be detected. Off-line results can also be
recognized in addition to the benchtop NMR results. The L-
threo-β-phenylserine concentration was determined by HPLC
and the benzaldehyde concentration by GC. The concen-
tration of L-erythro-β-phenylserine was determined from a mass
balance. The diastereoselectivities determined from these data
are listed in Figure 7. Comparable results can be seen with a
diastereomeric excess of 36:64 (erythro/threo).
Besides the analytical yield, the conversion rate of

benzaldehyde is a crucial parameter for designing a process.
Figure 8 depicts the connection between the conversion of

benzaldehyde and the diastereoselectivity of L-erythro-β-
phenylserine. The analytical yield is defined as follows

= ×
i
k
jjjjj

y
{
zzzzz

c
c

yield 100Pn

S0 (2)

cPn is the product concentration a at the respective time n and
cS0 is the substrate concentration at the start of the reaction.
The data reveal a consistent decline in the diastereoselec-

tivity of L-erythro-β-phenylserine until the substrate conversion
reaches 30%. Beyond this point, the diastereoselectivity
remains constant in the range of measuring errors of ∼0.002,
indicating that thermodynamic equilibrium has been reached.
3.3. Data Validation by GC, HPLC, High-Field NMR,

and GC−MS. To verify the accuracy of the NMR data, a
combination of GC, HPLC, and high-field NMR techniques
were employed. In batch experiments, samples were extracted
every 15 min over a 2 h period, and the levels of benzaldehyde
and L-threo-β-phenylserine were evaluated using HPLC and
GC. Furthermore, benzaldehyde and phenylserine concen-

Figure 5. Concentration of L-erythro-β-phenylserine and L-threo-β-
phenylserine during aldol reaction (reaction conditions identical to
Figure 4) and (right) IHM (Peaxact 5.7 S.Pact; Aachen Germany)
from spectral data of low-field NMR Spinsolve 80 MHz ULTRA
(Magritek, Aachen).

Figure 6. Reaction rates (a) and selectivity factors; (b) of L-threo-β-
phenylserine and L-erythro-β-phenylserine at initial rates as a function
of benzaldehyde concentration.
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trations were determined by off-line high-field NMR measure-
ments. The results of these experiments can be seen in Figure
9.
Phenylserine concentration was determined based on HPLC

and GC data. Since calibration for L-erythro-β-phenylserine was
unattainable due to the unavailability of the pure substance
commercially, benzaldehyde concentration was determined
through GC, while L-threo-β-phenylserine concentration was
determined through HPLC. The L-erythro-β-phenylserine
concentration of the total phenylserine content was calculated
through mass balance.
Despite the likelihood of a higher degree of inaccuracy due

to errors introduced by extraction, GC measurement, and
HPLC measurement, a strong correlation of the data for both
phenylserine and benzaldehyde determinations is evident. This

indicates the robustness of the benchtop NMR analysis for the
chosen reaction system.
It is worth noting that the disparity in data between high-

and low-field NMR is less than that between low-field NMR
and the combined HPLC and GC methods. This observation
further implies that the HPLC and GC methods may be
subject to more significant measurement-related errors.
Moreover, an observable displacement of approximately 5
mM is observed in the benchtop NMR data for phenylserine.
This displacement can be attributed to the distinctive noise
generated during the online measurements. Additionally, there
is a minor overlap between the aromatic benzaldehyde and
aromatic phenylserine functional groups. When employing the
CHM, the concentration of the product is determined based
on the substrate signals, which causes a determination of
product concentration at the beginning of the reaction.
Subsequently, in order to provide further substantiation of
the existence of diastereomers, a sample from the experiment
underwent derivatization with MSTFA and was subjected to
GC−MS analysis, as outlined in the Experimental Section.
Figure 10 displays the measured signals and mass spectra,
which reveal two distinct signals with retention times of
approximately 25.90 and 26.09 min. The fragmentation
patterns of the diastereomeric phenylserine products closely
align with the measured mass spectra, thereby indicating the
presence of L-threo-β-phenylserine and L-erythro-β-phenyl-
serine. Detailed fragmentation patterns of these two diaster-
eomeric amino acids can be found in the Supporting
Information.

4. DISCUSSION
As a result of the low magnetic field in comparison to that of
high-field NMR, complete signal separation of the diastereo-
meric products could not be achieved, as depicted in Figure 2.
This is due to the second order nature of the weak-field NMR
spectra. In direct comparison, it was possible to separate the
signals in the 600 MHz high-field NMR spectrum (Figure 3).
Nevertheless, by using CHM, it was possible to identify the
“hidden” regions for the determination of the concentration.
By this, an underestimation of the concentration values could
be prevented, which would have introduced a notable source of
systematic error into the analysis. This CHM approach was

Figure 7. Diastereoselectivity in the formation of L-erythro-β-
phenylserine and L-threo-β-phenylserine catalyzed by L-threonine
aldolase as a function of analytical yield of the respective
diastereomeric molecule; NMR Spinsolve 80 MHz ULTRA
(Magritek, Aachen).

Figure 8. Diastereoselectivity of L-erythro-β-phenylserine formation as
a function of benzaldehyde conversion; spectral data measured by
low-field NMR Spinsolve 80 MHz ULTRA (Magritek, Aachen).

Figure 9. Validation of NMR by comparison to GC and HPLC data
in the case of a batch synthesis; spectral data measured by low-field
NMR Spinsolve 80 MHz ULTRA (Magritek, Aachen).

Organic Process Research & Development pubs.acs.org/OPRD Article

https://doi.org/10.1021/acs.oprd.4c00076
Org. Process Res. Dev. 2024, 28, 3791−3800

3797

https://pubs.acs.org/doi/suppl/10.1021/acs.oprd.4c00076/suppl_file/op4c00076_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.oprd.4c00076/suppl_file/op4c00076_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00076?fig=fig9&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.4c00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


also applied to the signals of the aromatic region of
benzaldehyde; compared to the concentration of the signal
from the proton on the aldehyde, there was a deviation of
2.29%, indicating a robust CHM validation experiments were
conducted to confirm this, whereby samples were measured
with a 600 MHz high-field NMR.
Additionally, off-line measurements were performed using

HPLC to determine L-threo-β-phenylserine concentrations and
GC measurements to determine benzaldehyde concentrations,
as shown in Figure 9. The obtained concentration values align
with the benchtop NMR results. However, a discrepancy can
be observed between the phenylserine concentration values
obtained from the high-field NMR system and those from the
benchtop NMR system. Nevertheless, these data are within an
acceptable range. One reason for this deviation could be a loss
of information due to the second order of the low-field NMR
spectra; although a CHM was applied, a loss may have
occurred due to the shifting of several signals. In spite of this,
there is only a small deviation between the low-field and high-
field NMR. The concentrations determined through HPLC
and GC exhibit a greater degree of error, most likely due to
measurement inaccuracies and the extraction process during
sample preparation used for the determination of benzalde-
hyde. Nonetheless, the obtained data remain within a range
comparable to that of the benchtop NMR data. Incorporating
the high-field NMR data further supports the assumption of
higher measurement errors in the HPLC and GC measure-
ments. The benchtop NMR data and high-field NMR data
show a stronger correlation with each other. Although the
signals of the diastereomers were not completely separated in
the low-field NMR measurements, they were still detectable.
The use of a CHM allowed for the determination of
concentrations from the signals of the aromatic region of

benzaldehyde and its two diastereomeric products, as shown in
Figures 3 and 6. Despite signal overlap, the concentrations
could be determined, enabling in-line monitoring of the
synthesis of these diastereomeric products.
The concentration curves allowed for the measurement of

the initial reaction rates of product formation at various
benzaldehyde concentrations. In general, it was observed that
as substrate concentration increased, the diastereoselectivity of
L-threo-β-phenylserine increased while that of LEβPS de-
creased. This phenomenon could be attributed to several
factors. First, a higher substrate concentration can lead to an
increased reaction rate. At high substrate concentrations, the
synthesis of L-erythro-β-phenylserine may proceed too rapidly
for accurate NMR measurements because of the integration
time needed. A substrate surplus inhibition of the active site for
the synthesis of L-erythro-β-phenylserine is a plausible
explanation, which may favor higher L-threo-β-phenylserine
product formation rates. Overall substrate inhibition by
benzaldehyde is already proven in the literature.11 The study
further investigated the change in the diastereoselectivity of the
reaction system. Figure 7 illustrates the diastereoselectivity of
the two diastereomeric products at an initial substrate
concentration of 90 mM. It is evident that the diastereose-
lectivity for L-threo-β-phenylserine increases while the diaster-
eoselectivity for the LEβPS decreases. This was also validated
by off-line GC and HPLC data. In thermodynamic equilibrium,
a diastereomeric excess of 37:63 (erythro/threo) was
determined by in-line NMR measurements and 36:64
(erythro/threo) by HPLC and GC (see Figure 7). These
datasets coincide very closely. Once the analytical yield reaches
approximately 30%, the diastereoselectivities remain constant,
indicating that a thermodynamically controlled reaction system
has been established.

Figure 10. GC−MS data of reaction mixture taken after 6 h subsequent to derivatization with MSTFA. Both detected compounds have the same
mass spectrum.
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Similar ratios of 63:37 (erythro/threo) have also been
reported in the literature at a maximum benzaldehyde
conversion of 80%.13,14 Figure 8 illustrates that the
diastereoselectivity of L-erythro-β-phenylserinedecreases as the
conversion of benzaldehyde increases. It can be observed that a
thermodynamically controlled system is already established at
around 30% conversion, as indicated by the constant
diastereoselectivity.

5. CONCLUSIONS
The enzymatic synthesis of L-threo-β-phenylserine and L-
erythro-β-phenylserine was successfully determined by in-line
NMR for the first time. Overlapping signals by a weaker
electromagnetic field and high background noise due to in-line
measurements represent a challenge. However, a CHM
approach was employed to overcome this issue, and while an
improvement in the background noise would be desirable, the
current quality of the spectra obtained with benchtop NMR
instruments is sufficient for process development. The
combination of stereoselective biocatalysis and in-line NMR
technologies has great potential for the rapid optimization of
enzymatic syntheses to enable the sustainable production of
pharmaceutical components.
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