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ABSTRACT: Atom economy and E-factor calculations are valuable tools
in the sustainable process design of fine and pharmaceutical chemicals. K‘
Adjoined with the smart assembly of biocatalysts in artificial cascades, fine =

and pharmaceutical chemicals can be produced with high efficiency and
selectivity, while also reducing the ecological footprint. In this study, all
four isomers of 4-methoxyphenyl-1,2-propanediol, a potential anti- J@y
inflammatory drug, are synthesized by stereocomplementary carboligases i

goes
-

e
dé

and NADPH-dependent alcohol dehydrogenases in a one-pot, two-step
cascade with isomeric purities of >99%. The consumed NADPH in the
second step is regenerated by the same alcohol dehydrogenase (ADH)
with an auxiliary substrate, which allows coproduct recycling into the first
step to form a self-sufficient cascade and increase atom economy to
99.9%. In addition, a hydrophobic microaqueous reaction system
(MARS) enabled space-time yields (STYs) of up to 165 g L' day™'
for the respective product isomers. The employment of this organic reaction environment facilitates product crystallization with
an isolated yield of 38% and crystal purities of 99.9%. Crystal separation by filtration allows any required substrate surplus to be
reapplied in a next batch, thus reducing the E-factor potentially close to 1.

KEYWORDS: One-pot cascade, Enzymatic cascade, Atom economy, E-factor, Product crystallization, Self-sufficient cascade,
Coproduct recycling

B INTRODUCTION

The implementation of biocatalytic steps as well as product
crystallization gains increased interest for a more sustainable
manufacturing in organic synthesis. Especially in synthesis,
biocatalysis offers the inherent advantages of high catalyst
selectivity, nontoxic reaction conditions, and biodegradability,
to name a few." However, biocatalysis is often perceived as
limited in terms of (i) satisfying space-time yields (STYs), (ii)
catalyst-cost efficiency, (iii) laborious downstream processing,
and (iv) the low atom economy of oxidoreductase processes.

Here, a sustainable biocatalytic process for 4-methoxyphen-
yl-1,2-propanediol (Figure 1, 4), a potential pharmaceutical
drug and valuable synthon for (R)-tamsulosin and silibinin, is

equivalent product and thus a key parameter for sustainable
process design.*”"*

The above-mentioned challenges are overcome in this study
by a self-sufficient two-step, one-pot cascade design for the
asymmetric synthesis of all four stereoisomers of 4 including
facile product isolation by crystallization.

Four stereocomplementary cascades are assembled, starting
with inexpensive 4-methoxy-benzaldehyde (1) and acetalde-
hyde (2)."°7'7 These are ligated to the intermediate
4-methoxyphenyl-2-hydroxy-propanone (Figure 1, 3) by either
Pseudomonas fluorescens benzaldehyde lyase (PfBAL, (R)-
selective) or Pseudomonas putida benzoylformate decarboxylase
variant L461A (PpBFD varL461A, (8)-selective)."*™** Sub-

presented. Currently, 4 is still obtained by either tedious
extraction from plants or organic synthesis.”~’ This organic
synthesis encompasses Sharpless asymmetric dihydroxylation,
epoxide hydrolysis, and asymmetric aldol condensation.”™"*
Unfortunately, the methods themselves only access racemic
product mixtures and do not consider environmental factors
(singular E-factor). The E-factor is the quotient of all educts to
the target product, which emphasizes the waste formed per
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sequently, the intermediate is reduced at the keto position by
either Ralstonia sp. alcohol dehydrogenase (RADH, (R)-
selective) or Lactobacillus brevis alcohol dehydrogenase
(LbADH, (S)-selective) to form 4.>7%¢
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Figure 1. Stereocomplementary catalyst combinations grant access to
all four 4-methoxyphenyl-1,2-propanediol isomers. 4-Methoxy-ben-
zaldehyde (1), acetaldehyde (2), 4-methoxyphenyl-2-hydroxy-prop-
anone (3), 4-methoxyphenyl-1,2-propanediol (4), P. fluorescens
benzaldehyde lyase (PfBAL), P. putida benzoylformate decarboxylase
(PpBFD) variant L461A, Ralstonia sp. alcohol dehydrogenase
(RADH), and L. brevis alcohol dehydrogenase (LbADH).

High space-time yields (STYs) are realized by utilizing a
monophasic hydrophobic environment that is easy to set up: a
microaqueous reaction system (MARS). This was first
introduced in 1987 and recently optimized for biocascade
applications.''®*” In MARS, lyophilized whole cell (LWC)
catalysts are suspended in a substrate—solvent mixture. These
LWCs contain high amounts of the above-described
recombinant biocatalyst. The addition of a small buffer fraction
hydrates LWCs and ensures catalytic activity.">'***7*" This
catalyst formulation provides necessary cofactors and spares
cost-intensive enzyme purification.””>* The solvent selection
proves to be essential in the MARS setup and optimization
because solvents impact catalytic activity differently. In
addition, the CHEM21 guidelines for the environmental and
safety factors play a major role in the selection of appropriate
solvents.”*” The established biocascades in MARS mostly rely
on MTBE, a solvent recently evaluated as hazardous.>***” A
thorough screening for a safe solvent was thus performed in
accordance with CHEM21 guidelines.

Biocatalytic cascades with NADPH-dependent enzymes
pose a challenge to atom efficiency and acceptable
E-factors.”® *’ This could be addressed by either (i) smart
cosubstrate application or (ii) a cosubstrate that allows a
coproduct recycling to setup a self-sufficient cascade
(Figure 2). Smart cosubstrates gain their name from the
spontaneous lactone formation of their corresponsive prod-
uct.*"* The irreversible lactone formation occurs almost
immediately upon cosubstrate double oxidation and shifts the
thermodynamic equilibrium to the product side. For coproduct
recycling 4-methoxybenzyl alcohol (5) is employed as
cosubstrate. The resulting 4-methoxy-benzaldehyde (1)
directly recycled in the first step to form a self-sufficient
cascade. Both options impact an E-factor positively. Adjoined
with selective product crystallization, any excess substrate and
formed coproduct can in principle be recycled in the next

batch.
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Figure 2. NADPH regeneration in (i) a parallel cascade and (ii) a
self-sufficient cascade design. 4-Methoxy-benzaldehyde (1), acetalde-
hyde (2), 4-methoxyphenyl-2-hydroxy-propanone (3), 4-methoxy-
phenyl-1,2-propanediol (4), 4-methoxybenzyl alcohol (S5). P.
fluorescens benzaldehyde lyase (PfBAL), P. putida benzoylformate
decarboxylase (PpBFD) variant L461A, Ralstonia sp. alcohol
dehydrogenase (RADH), L. brevis alcohol dehydrogenase (LbADH).
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The realization of high product concentrations in MARS and
the avoidance of further additives in downstream isolation
emphasize the potential synergetic effect that clever upstream
reaction design combined with downstream product isolation
has on STY and sustainable E-factors.

B METHODS AND MATERIALS

Chemicals. 4-Methoxy-benzaldehyde (1), acetaldehyde (2),
4-methoxybenzyl alcohol (5), 1,5-pentanediol, 1,4-pentanediol, and
3-methyl-1,5-pentanediol were purchased from Sigma-Aldrich with
purities of >98%. The organic solvents cyclopentyl methyl ether
(CPME), methyl tert-butyl ether (MTBE), methyl isobutyl ketone
(MIBK), and 2-methyltetrahydrofuran (MTHF), obtained from
Sigma-Aldrich with purities of >95%, were dried with a 4 A
molecular sieve and stored in an argon atmosphere upon usage.
2-Propanol and n-heptane were supplied by Biosolve Chemie SARL in
HPLC grade. Both enantiomers of 4-methoxyphenyl-2-hydroxy-
propanone were synthesized enzymatically and purified under the
same parameters described by Jakoblinnert and Rother for 2-hydroxy-
phenylpropanone.'® 4-Methoxyphenyl-1,2-propanone was chemically
synthesized and purified according to Kulig et al.'’

Biocatalyst Preparation. Lyophilized whole cells were applied as
catalysts and prepared as follows: PfBAL (GenBank AY007242.1) was
heterologously produced in Escherichia coli (E. coli) SG13009 cells, as
described elsewhere.' PpBFD varL461A (PDB 2V3W), RADH (PDB
4BMS_A), and LbADH (GenBank CAD66648.1) were produced in
E. coli BL21 in an autoinduction medium at 20 °C and 90 rpm for
72 h. The cell suspension was centrifuged at 4000 rcf and 4 °C for
20 min. The pellets were frozen at —20 °C and subsequently
lyophilized at —54 °C and 0.01 mbar. The dried pellets were then
mortared to crude powder and stored at —20 °C until usage.

Cosubstrate Substrate Selection for NADPH Regeneration.
First, different cosubstrates were investigated. The 30 mg mL™'
RADH LWC with 45 yL mL™' 1 M TEA buffer pH 10 and
400 mM (R)-3 solved in CPME were tested with 0.5 M
1,5-pentanediol, 1,4-pentanediol, 3-methyl-1,5-pentanediol, and 1 M
S at 30 °C and 1000 rpm. The experimental setup was performed
analogously with 30 mg mL™" LbADH LWC and 15 yL mL™' 1 M
TEA buffer pH 10.

Second, different concentrations of 5, 30 mg mL™" RADH LWC
with 45 4L mL™" 1 M TEA buffer pH 10 and 300 mM (R)-3 solved in
CPME were tested with concentrations of 1-5 M S. The reactions
were incubated at 30 °C and 1000 rpm. The same experimental setup
was also applied for 30 mg mL™' LbADH LWC; only the buffer
amount was altered to 15 L mL™" 1 M TEA buffer pH 10. Samples
were analyzed by gas chromatography (GC).
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Downstream Sequence and Product Purification by
Crystallization. To determine the most suitable crystallization
process, thermodynamic equilibria were evaluated. For primary
studies, the complex mixture of the MARS was reduced to its key
components: the solvent CPME, 3 (liquid above 25 °C), 4, and S.
Solubility data for 3 and 4 were determined separately in pure CPME
and in the pure alcohol § at temperatures between 30 and 50 °C.

Investigations were carried out by solvent titration (CPME and §)
at a controlled temperature (water bath) on a VWR VMS-C10 (VWR
International, Radnor, PA, USA) equipped with a PT100 element,
obtaining solubility areas for the solutes.” Solutes 3 and 4 were
recovered as solids from CPME by slow evaporation at room
temperature prior to reuse in subsequent experiments. Based on these
experimental solubility data, which were converted to molar fractions
(x [m01compoundi m01_lallcompounds)1 the enthalPY of fusion (AHf
(k] mol™']) and the melting temperature (T, [K]) were calculated
for the solutes at various experimental temperatures (T [K]) by
applying the simplified Schroder—van Laar equation (eq 1; R, gas

constant).*
AHf1 1
R \T T

m

In(x(T)) = W

For conversion to molar fractions, density data for S was taken
from the GESTIS Substance Database (11.5.2017) at 25 °C, and for
CPME at 20 °C.** With the Schroder—van Laar-based substance
properties of 3 and 4 (AH; and T,,), the solubilities were calculated
using COSMOtherm version X17 (COSMOlogic GmbH & Co. KG,
Leverkusen, Germany) in TZVP (triple valence Splus polarization
function) mode for the quaternary system.*>*° Based on the
experimentally determined solubilities and the calculated data, a
downstream sequence was developed. First, a freeze crystallization of
5 was carried out at =30 °C in a 1 L triple-wall reactor type ATAV
(HWS Labortechnik, Mainz, Germany), tempered by a Julabo Presto
A40 (Julabo GmbH, Seelbach, Germany) and equipped with the
thermal bath fluid HL60 (Julabo GmbH, Seelbach, Germany) as the
tempering medium. Solid—liquid separation was performed by a
suction filter using filter paper circles (ref no. 300009, Schleicher &
Schiill, Diiren, Germany), where the temperature was uncontrolled.
Six fast filtration steps were performed to prevent the dissolution of S.
In the second step, vacuum evaporation of CPME and § between 50
and 100 °C, and final cooling crystallization of 4 (T = 25 °C, cooling
rate 0.15 °C min™") were carried out in a 350 mL triple-wall reactor
tempered by a Julabo CF31 (Julabo GmbH, Seelbach, Germany) and
equipped with the thermal bath fluid H10 (Julabo GmbH, Seelbach,
Germany) as the tempering medium. For vacuum evaporation, the
vacuum pump VWR VP 10 Autovac (p < 10 mbar; VWR
International, Radnor, PA, USA) with controlled distillate stream
was utilized. The separation of the product crystals was first
performed by centrifugation at 4000 rpm for 25 min with a Hettich
Rotanta 460R (Andreas Hettich GmbH & Co. KG, Tuttlingen,
Germany), and final washing was also performed on a suction filter.

Analytics. NVR Spectra. "H NMR spectra were recorded on a
Bruker Avance DRX 600 MHz (Bruker, Billerica, MA, USA). The
obtained '"H NMR spectroscopic data were consistent with those in
the literature (see Supporting Information (SI)).'**” Chiral HPLC
analytics were conducted on a Dionex P680 HPLC System (Thermo
Fisher Scientific, Waltham, MA, USA). GC analysis was performed on
an Agilent 6890N GC system (Agilent, Glostrup Kommune,
Denmark). Chiral GC analysis was also used to determine the crystal
purity and stereoselectivity of the final product.

Chiral HPLC. Samples were analyzed on a Chiralpak IC (Diacel
Corp., Germany) column (4.6 mm X 250 mm, S ym) under isocratic
conditions of 30% isopropanol and 70% n-heptane at 1.5 mL min™"
flow rate and 20 °C. Toluene was applied as an internal standard.
Elution times in order of peak appearance were as follows: toluene
(210 nm) 2.3 min, 1 (275 nm) 4.8 min, (R)-3 (275 nm) 5.4 min,
(8)-3 (275 nm) 6.3 min, (R)-2-hydroxy-1(4-(hydroxymethyl)-2-(4-
methoxyphenyl)ethan-1-one (275 nm) 10.0 min, and (S)-2-hydroxy-

11821

1(4-(hydroxymethyl)-2-(4-methoxyphenyl)ethan-1-one (275 nm)
11.0 min. The total run time was 13 min.

Chiral GC. Samples were separated on a CP-Chirasil- Dex CB
(Agilent J&W) column (i.d. 0.25 mm; 25 m X 0.25 ym). The furnace
temperature was continuously increased from 50 to 190 °C over
25 min. The temperature was kept at a constant for 10 min; the total
run time was 34 min. Elution times in order of peak appearance were
as follows: 1 16.7 min, dodecanol 19.8 min, 4-methoxy-benzaldehyde,
(R)-3 22.2 min, (S)-3 22.5 min, (1R2R)-4 25.8 min, (I1R,2S)-4
26.2 min, (15,2R)-4 26.4 min, and (15,25)-4 after 26.8 min.

Bl RESULTS AND DISCUSSION

The assembly of lipophobic biocatalysts in an artificial cascade
requires prior reaction environment conditioning followed by
individual step optimization to produce 4 in an organic
reaction environment. MARS reaction environment condition-
ing is predominantly manipulated by solvent selection. In this
study, ethers displayed a high biocatalysis-promoting capa-
bility. CPME was seen as a particularly promising choice for a
MARS setup, as it enabled the highest catalytic activity (see SI,
Figure S1). In addition, its safety and eco-friendly character-
istics led to a general reaction environment conditioning based
on CPME.*>**

Fed-Batch Design Overcomes Substrate Inhibition. In
batch, high STYs are dependent on high substrate concen-
trations. Starting concentrations of the first step were thus
increased until substrate inhibition occurred. This revealed
500 mM 4-methoxy-benzaldehyde (1) to be optimal (data not
provided). Higher concentration led to biocatalyst inhibition.
In contrast, acetaldehyde (2) was only applicable until
175 mM for PfBAL and 100 mM for PpBFD varL461A (see
SI, Figure S2). Higher concentrations resulted in rapid activity
decline. Interestingly, both carboligases sustained higher
concentrations of acetaldehyde in aqueous conditions, as
reported by others.””** The reason for the increased sensitivity
in MARS is currently not known. Unfortunately, a high yield of
3 requires an excess of 2.72%

Substrate 2 was therefore pulsed in a simple fed-batch mode.
The pulse intervals were empirically optimized to a maximum
yield of 3 (see SI, Figures S3—S5). This enabled an 80% yield
(400 mM) of the intermediate (R)-3 within 2 h and 99%
enantiomeric excess (ee) with PfBAL. Notably, with PpBFD
varL461A a yield of 56% (280 mM) (S)-3 with 99% ee within 3
h was achieved. In contrast, the wild-type enzyme PpBFD wt
reportedly yields only 23% (S)-3 with an ee of 92%, thus
confirming the catalyst selection.”® Others investigated the
same enzymes in a cascade with 500 mM unsubstituted
aromatic substrate in a different MARS setup.15’16 There, an
80% yield of the respective (R)-derivative was obtained in 2 h
and 76% yield of the respective (S)-derivative was obtained in
6 h.'>'® These and our findings thus suggest that MARS is a
robust system for obtaining high STYs and excellent ee’s in an
organic environment with otherwise solvent-sensitive bio-
catalysts.

NADPH Regeneration with Smart Cosubstrates and
Self-Sufficient Cascade Design. In the individual second
step optimization, two stereocomplementary NADPH-depend-
ent alcohol dehydrogenases, RADH and LbADH, were
investigated in their reductive potential of (R)-3. NADPH is
endogenously provided by the applied LWCs. However, its
obligatory regeneration challenges atom economy and
E-factors in processes. Therefore, two nicotinamide regener-
ation options were investigated in a single-step experiment to
determine their applicability: (i) a parallel cascade with a smart
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Table 1. Comparison of Process Parameters for the Production of All Four Stereoisomers of 4-Methoxyphenyl-1,2-
propanediol in Sequential and Simultaneous Modes: End Point Detection

sequential mode® simultaneous mode’

b ] d

conv” STY® ce?

product Cend de® conv” Gl STY ee de®

isomer [%] [gL™] [g L7 day™'] (%] [%]  E-factor’ [%] [gL™] [g L7 day™'] [%] [%]  E-factor’
(1R2R)" 712 60.1 165 (10 h) 99 99 13.8 77.5 62.7 109 (10 h) 99 99 12.3
(1R.28)’ 372 33.9 414 (10 h) 99 99 214 0.2 0.3 0.6 (7 h) 99 99 na.
(182RY 41.7 374 84.4 (9 h) 99 99 243 2.5 4.6 7.0 (10 h) 99 99 na.
(18,28)* 19.2 17.47 18.1 (9 h) 99 99 45.6 0.1 0.1 0.6 (7 h) 99 99 na.

“4-Methoxy-benzaldehyde conversion (conv) to 4-methoxyphenyl-1,2-propanediol (see SI, Table S1, for conversion of each cascade step). bFinal
product titer (c,,q) was calculated from the final reaction solution after 24 h. “Space-time yield (STY). “Enantiomeric excess (ee). *Diastereomeric
excess (de).”The E-factor accounts for all required substrates, catalysts, and solvents in the reaction. n.a. = not applicable. Calculation, see SI, eq S2.
Reaction conditions include reaction volume 4 mL. ”(1R,2R)-Anethole-diol production: 25 mg mL™" P. fluorescens benzaldehyde lyase (BAL)
with 25 L mL™" 1 M TEA buffer pH 10, 30 mg mL™" Ralstonia sp. alcohol dehydrogenase (RADH) with 45 uL mL™' 1 M TEA buffer pH 10,
500 mM 4-methoxy-benzaldehyde, 180 mM acetaldehyde, 3 M 4-methoxybenzyl alcohol. *(1R,2S)-Anethole-diol production: 25 mg mL™" BAL
with 25 L mL™" 1 M TEA buffer pH 10, 90 mg mL™" L. brevis alcohol dehydrogenase (LbADH) with 60 uL mL™' 1 M TEA buffer pH 10,
500 mM 4-methoxy-benzaldehyde, 180 mM acetaldehyde, 5 M 4-methoxybenzyl alcohol. /(1S,2R)-Anethole-diol production: 100 mg mL™" P.
putida benzoylformate decarboxylase variant L461A (BFD) with 100 4L mL™' 1 M TEA buffer pH 10, 30 mg mL™" RADH with 45 yL mL™' 1 M
TEA buffer pH 10, S00 mM 4-methoxy-benzaldehyde, 120 mM acetaldehyde, 3 M 4-methoxybenzyl alcohol. k(15,28)-Anethole-diol production:
100 mg mL~" BFD with 100 uL mL™" 1 M TEA buffer pH 10, 90 mg mL™' LbADH with 45 uL mL~' 1 M TEA buffer pH 10, 500 mM 4-methoxy-
benzaldehyde, 120 mM acetaldehyde, 5 M 4-methoxybenzyl alcohol. “The reactions are equal to sequential mode, with the exception that only

100 mM 4-methoxy-benzaldehyde was applied; all reactions were pulsed with acetaldehyde to total amounts of 650 mM; total reaction volume
1 mL; 30 °C and 1000 rpm; n = 3.
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Figure 3. Sequential cascade mode for all stereoisomers of 4-methoxyphenyl-1,2-propanediol (A—D). Once carboligation has reached its maximum
conversion, the alcohol dehydrogenase and cosubstrate are added, and the second step takes place. First step: 25 mg mL™" P. fluorescens
benzaldehyde lyase (PfBAL) lyophilized whole cells (LWC) were incubated with S00 mM 4-methoxy-benzaldehyde and 180 mM acetaldehyde in
cyclopentyl methyl ether (CPME) with 25 L mL™' 1 M TEA buffer pH 10 (A, B). 90 mM acetaldehyde was dosed after S, 12, 20, 30, 45, and
60 min; 100 mg mL™" P. putida benzoylformate decarboxylase (PpBFD varL461A) variant L461A LWC was incubated with 500 mM 4-methoxy-
benzaldehyde and 120 mM acetaldehyde in CPME with 100 4L mL™' 1 M TEA buffer pH 10 (C, D). 90 mM acetaldehyde was pulsed after 10, 20,
30, 45, 60, 75, 90, and 105 min. Second step: 30 mg mL ™" Ralstonia sp. alcohol dehydrogenase (RADH) LWC was added to the reaction solution
with 45 L mL™" 1 M TEA buffer pH 10 and 3 M 4-methoxybenzyl alcohol (A, C). 90 mg mL™" L. brevis ADH (LbADH) LWC was added with
60 uL mL™' 1 M TEA buffer pH 10 and 5 M 4-methoxybenzyl alcohol to the reaction solution (B, D). 30 °C, 1000 rpm; HPLC and GC analysis;
n=3.

cosubstrate and (ii) a cosubstrate that allows the setup of a
self-sufficient cascade (Figure 2).*>°' 7%

In a self-sufficient cascade, the coproduct formed is
recyclable in the first step of the cascade (Figure 2). Here,
only 4-methoxybenzyl alcohol (5) was investigated, since
ethanol is not within the substrate scope of RADH.” Besides
recycling the oxidation product of S, smart cosubstrates were
investigated. Since smart cosubstrates possess two hydroxyl

groups for oxidation, 0.5 M 1,5-pentanediol, 1,4-pentanediol,
and 3-methyl-1,5-pentanediol were compared against each
other and 1 M self-sufficient cosubstrate 5. Within this
comparison, RADH yielded 85% product with the cosubstrates
1,4-pentanediol, 3-methyl-1,5-pentanediol, and 5 (see SI,
Figure S6). LbADH achieved a maximum conversion of 25%
with 1,5-pentanediol after 24 h. These results reflect the
different substrate scopes and activities of LbADH and

11822 DOI: 10.1021/acssuschemeng.8b02107
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Figure 4. Block flow diagram of downstream product crystallization.

RADH.?>*® Combined, these results favor smart cosubstrates,
since their application renders cosubstrate excess almost
obsolete. Unfortunately, in the subsequent downstream
purification, slight thermal conditioning at 35 °C already
resulted in the untargeted polymerization of the lactone with
the desired diol product 4, which rendered product isolation
impossible.

The self-sufficient cascade design with 5 was thus selected,
as it permits product isolation and features excellent atom
economies of 99.9% in simultaneous cascade mode as will be
presented in the section Cascade Operation in Sequential and
Simultaneous Mode To Obtain All Product Isomers.”*
Different concentrations of § as a cosubstrate were examined,
revealing a 6-fold excess as optimal for RADH to achieve 90%
conversion of 400 mM 3 within 6 h. LIADH required a 10-fold
excess, in which the solvent is completely subsisted by the
cosubstrate, to drive the reaction to a conversion of 38% within
24 h (see SI, Figure S7). The required cosubstrate surplus is
reconcilable due to a selective product isolation.

Cascade Operation in Sequential and Simultaneous
Mode To Obtain All Product Isomers. The optimized
carboligation and the self-sufficient reductive step were
assembled to a cascade in one-pot, which was tested in
simultaneous and sequential cascade modes. In simultaneous
mode, all catalysts and substrates were present from the start
and the reaction progressed directly to the product. In
sequential mode, the substrates and catalyst of the first step
were present from the beginning. When the intermediate
concentration peaked, the cosubstrate and the catalyst of the
second step were added. In comparison, the sequential mode
achieved superior STYs of up to 165 g L™ day™" and E-factors
ranging between 13 and 4S for all four product isomers (Table
1; E-factors see SI, Tables S2 and S3 and eq SZ).54756 Here,
with PfBAL higher conversions were observed than with
PpBFD varL461A. This finding has also been observed
elsewhere.'"””” In the second step, the highly aromatic
substrate-affine RADH outperforms LbADH, which prefers
smaller substrates.”>*® It was thus anticipated that (1R,2R)-4
would achieve the highest STY, as verified by the obtained
results. Nevertheless, all four isomers were obtained with
excellent to satisfying STYs (Figure 3).

In simultaneous mode, only the (1R,2R)-4 isomer was
obtained with STY > 109 g L™ day ™! and an E-factor of 12.
Here, substrate cross-reactivity averts the synthesis of the other
three product isomers. LbADH exhibits a higher affinity toward
the aliphatic substrate 2 than to the aromatic intermediate 3,
thus depriving the cascade of substrate."> This affects the final
yields of (1S2R)-4 and (1S,2S)-4 negatively. In contrast,
RADH prefers an aromatic substrate, such as aldehyde 1,
alcohol S, and intermediate 3.*° Theoretically, RADH could
also interfere in the first cascade step by reducing the aromatic
aldehyde 1 to the corresponding alcohol S. However, in terms
of thermodynamics, the excess of § in the reaction prevented

11823

this. Further, PpBFD varL461A introduces no cross-reactivity,
but suffers an observable sensitivity toward the presence of
elevated alcohol concentrations. Similar observations have
been reported for the wild-type enzyme.'>® Therefore, only
the combination of PfBAL and RADH permits a successful
synthesis of (1R,2R)-4 in simultaneous mode (see SI, Figure
S8).

In conclusion, the sequential mode was found to be superior,
since it allows higher STYs and grants access to all four
product isomers. Notably, all four product isomers were
obtained in optimal stereoselectivity with ee’s and diastereo-
meric excesses (de’s) of >99%, proving the high selectivity of
selected catalysts. Furthermore, all four isomers were
synthesized with satisfying E-factors well within the range of
industrially defined benchmarks of 5 to >50 for fine chemicals
and even excellent E-factors for pharmaceuticals (25 to
>100).°> In the future, catalyst engineering or new catalyst
discovery might reduce cross-reactivity and sensitivity, which
would enable a simultaneous mode for all product isomers.

Preparative-Scale Production of (1R,2R)-4 Including
Product Crystallization. Due to its superior STY and its
access to all four product isomers, the sequential synthesis of
(1R,2R)-4 was scaled up to a production volume of 0.5 L. The
product was then isolated at defined parameters by
crystallization.

Remarkably, the sequential cascade mode for the upstream
synthesis of (1R,2R)-4 proved to be directly scalable from 4 to
500 mL, with a final product concentration of 75 g L™" and
excellent stereoselectivity of ee and de values of >99% in the
larger volume (see Figure S9). Furthermore, the STY in
preparative scale corresponded with results obtained from
1 mL scale, with a satisfying 148 g L™' day™' and an overall
conversion of 82%.

Prior to consecutive downstream purification, different
compound behavior was investigated in the reaction solution.
The obtained results enabled a model-based prediction of
suitable crystallization parameters for the product (see SI,
Figure S11). These simulations in COSMOthermX17 revealed
an enrichment of the product diol 4 to be necessary in
achieving a supersaturation of the 1,2-diol. The concentration
of 4 required to achieve supersaturation depends on the ratio
of the solvent/cosubstrate mixture in the mother liquor. For
this reason, both amounts of CPME and cosubstrate S need to
be reduced. Therefore, a downstream process was devised
consisting of (i) a freeze crystallization to remove the
cosubstrate 5, followed by (ii) a vacuum evaporation of
CPME (Figure 4).

First, the reduction of the cosubstrate S was successfully
targeted by utilizing the high melting point of the substance
(T, =23 °C) in a freeze crystallization at —30 °C. The crystals
obtained had a purity of 55.5% (w w™') of the cosubstrate 5.
The main side component was CPME (37.6% (w w™')), in
addition to small amounts of the product 4 (5.7% (w w™'))
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and intermediate 3 (1.2% (w w™)). In total, 2.4% (ww™") of §
was removed (Figure S, process steps 2 and 3). The overlying
solid—liquid equilibrium of § in CPME complicates its efficient
separation.

8,0
E ——0Wt.%, data in (CPME)
75 - 7 — — owt%, datain (5)
70.L = ——0 WL-%of3 L
I — — 10Wt%; — - =30 W%

=== 20W.-%; —=-=-40 W%

Loading Solute [94/dsovent]

T T T T7
060 02 04 06 08 10
Solvent Loading [95/9soent

Figure S. Simulated solubility data of 4 in product solution and
experimental concentrations of 4 along different downstream process
steps. Depicted is the simulated solid—liquid equilibrium of 4 with
CPME and § for different percentages (w w™") of 3 in solution at 25
°C. The symbols depict experimental compositions in solution after
processing steps in the downstream sequence: 1, feed to enzyme
cascade; 2, product of enzyme cascade; 3, first crystallization of S; 4,
after evaporation at 50 °C and attempted crystallization of 5; S, after
evaporation at 100 °C; 6, mother liquor after cooling crystallization of
4 to 25 °C; 7, crystal-enriched phase after centrifugation. Identical
experimental and calculated data were also obtained for the
intermediate 3 (see SI, Figure S12).

Vacuum evaporation at S50 °C was then applied, mainly to
remove CPME and the remaining substrates 1 and 2 (Figure S,
process steps 3 and 4). This again led to an accumulation of
the product diol 4, predominantly in cosubstrate S, and smaller
amounts of CPME. The simulation demonstrates that an
increased amount of $ in a solvent mixture of 5 and CPME is
unfavorable for product crystallization. Instead, vacuum
evaporation at 100 °C removed sufficient amounts of $ to
achieve supersaturation. Selective crystal formation of the
desired product 4 formed during a subsequent cooling
crystallization to 25 °C (Figure S, process steps 4 and $).

When the experimentally determined product concentration
of each step is aligned with the simulated solubility range of 4
at different conditions with COSMOthermX17 (Figure S), it
becomes apparent that no crystallization should be expected
during the final evaporation and cooling crystallization step.
Although this represents a deviation between experimental
results and simulation, it is still well within the expected range
of error discussed for COSMOtherm calculations.** The cause
of this deviation is the limited capability of COSMOthermX17
to project the real solvent mixture conditions. Here, the
program relies on experimental solubility in pure CPME and in
pure S. The precision of the simulated product solubility was
improved by calculating the binary interaction parameters from
the experimental product concentration of the mother liquor
after final crystallization. Nevertheless, the approximation by
COSMOthermX17 is well-suited to generating a first
impression of the behavior in the quaternary system
comprising the product 4, the intermediate 3, the cosubstrate
S, and the solvent CPME. Thus COSMO simulations are still
valuable to reduce experimental effort and isolation costs.

Ultimately, crystals were isolated by centrifugation in a
grayish bottom phase, which was separated from the top
solution (Figure S process steps S—7). Crystals with a purity of

>99% of 4 were obtained after washing with cooled acetone.
No side components were detected.

Advantageously, the efficient product crystallization permits
a direct recycling of the remaining substrates, cosubstrate,
intermediate, and CPME for the next batch. This remarkably
reduces E-factors of the overall process close to 1 (see SI,
Tables S2 and S3). However, it must be noted that the current
downstream purification does not isolate 5 efficiently enough
from other compounds to avoid a potential inhibition of
PpBFD varL461A during reapplication.

In conclusion, the sequential cascade was directly scaled up
from 4 to 500 mL, achieving the same STY as well as product
concentration and stereoselectivities. In the consecutive
downstream processing, an isolated yield of 38% with a crystal
purity of >99% was obtained. In future, downstream process
efficiency could be increased by optimizing the separation of §
by freeze crystallization. This would have a positive impact on
operation parameters, such as seeding and washing strategies,
to simplify a subsequent solid—liquid separation of crystals and
ultimately increase isolated yields. It would also enable an
isolated recovery of each reaction compound and thus facilitate
direct recyclability for all four product isomer cascades.

B CONCLUSION

In this study, we demonstrated the impact of a sophisticated
overall process design guided by E-factors and STY
considerations. Four stereocomplementary biocatalytic cas-
cades were successfully assembled for the sustainable synthesis
of all four stereoisomers of 4-methoxyphenyl-1,2-propanediol
with excellent ee and de values of >99%. Clever coproduct
recycling enables a self-sufficient cascade design with an atom
economy of 57% in sequential mode and 99% in simultaneous
mode. All product isomers can be gained effectively in
sequential operation mode. A simultaneous operation is
restricted to the (1R,2R)-4 product isomer due to cross-
reactivities. Space-time yields of up to 165 g L™' day™' are
achieved in the applied hydrophobic microaqueous reaction
system based on CPME. Furthermore, the linear transferability
to a large scale was exemplarily demonstrated on (1R2R)-4
with a final product conversion of 82% and >99% de and ee in a
0.5 L scale. During subsequent downstream purification, the
product was successfully crystallized with an isolated yield of
38% and a purity of >99%. Notably, this would enable the
potential reapplication of all substrates, cosubstrates, and the
solvent in a next batch, which reduces the E-factor of the whole
process to potentially 1. Overall, the process aligns neatly with
other biocatalytic syntheses for 1,2-diols, thus highlighting the
significant potential of biocatalysis to synthesize a whole
derivative product platform in a hydrophobic environment.

In the future, the current process efficiency could be
increased both upstream and downstream. Upstream, precise
reaction kinetics including inhibition constants would permit a
refined fed-batch process of the first catalytic step. A
simultaneous cascade mode for all stereoisomers might be
enabled by enzyme engineering or the discovery of novel
substrate sensitive catalysts with no cross-reactivity. Down-
stream, a more efficient freeze crystallization separation of the
alcohol 5 might speed up the crystallization process and
facilitate crystal separation.
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PfBAL = Pseudomonas fluorescens benzaldehyde lyase
PpBFD = Pseudomonas putida benzoylformate decarboxylase
CPME = cyclopentyl methyl ether

E. coli = Escherichia coli

E-factor = environmental factor [1]

AH; = heat of fusion, melting enthalpy [k] mol™]
LbADH = Lactobacillus brevis alcohol dehydrogenase
LWC = lyophilized whole cells

R = gas constant [J K™! mol™']

n.a. = not applicable

RADH = Ralstonia sp. alcohol dehydrogenase

STY = space-time yield [g L™" day™']

T,, = melting temperature [K]

T = process temperature [K]

TZVP = triple valence plus polarization function

x = molar fraction [m01compoundi m01_1a11 compounds]
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