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Towards environmentally acceptable synthesis of chiral
a-hydroxy ketones via oxidase-lyase cascades

An enzymatic cascade comprising alcohol oxidase and
benzaldehyde lyase transforming simple alcohols into
enantiomerically enriched acyloins is presented. The poor water
solubility of the products enables simple product isolation via
filtration instead of waste-intensive extraction.
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The one-pot multistep enzymatic oxidation of aliphatic and
benzylic alcohols to the corresponding aldehydes combined with
their subsequent carboligation to chiral a-hydroxy ketones has
been exemplarily evaluated in terms of being a “green” biocatalytic
approach. Besides the potential to start from bio-derived alcohols,
this concept avoids the direct use of the reactive aldehyde inter-
mediates, enables addition of high substrate concentrations in one
liquid phase while maintaining enzyme activity and enables a sim-
plified product isolation with diminished waste formation.

Chiral o-hydroxy ketones are valuable building blocks especially
in fine chemistry and pharmaceutical applications.'® They can
conveniently be produced from simple aldehydes with thia-
mine-dependent carboligases catalysing the biocatalytic version
of the well-known benzoin condensation (albeit enantioselec-
tively and omitting the use of cyanides).”*°

There are, however, still some practical issues related to the
use of aldehydes as starting materials. First, aldehydes are
reactive molecules prone to undesired side-reactions such as
aerobic oxidation and hydroperoxide formation. More impor-
tantly, reactive aldehydes can form Schiff-bases with lysine
residues of the biocatalysts thereby blocking the access
channel to the enzymes’ active sites and/or modulating the
polarity of the enzymes (neutral imines instead of positively
charged lysine residues)."*

Furthermore, aldehydes are relatively hydrophobic with
generally poor solubility in aqueous reaction media. This issue
is often addressed by adding water-soluble cosolvents enhan-
cing the aqueous concentration of the starting materials.

Inspired by earlier work of Dominguez de Maria and co-
workers,"'> we evaluated a bi-enzymatic cascade comprising
alcohol oxidase from Pichia pastoris (PpAOX) and benzaldehyde
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Scheme 1 The envisioned synthetic enzyme cascade consisting of
alcohol oxidase (PpAOX) from Pichia pastoris and benzaldehyde lyase
(PfBAL) from Pseudomonas fluorescens for the stereoselective synthesis
of (R)-benzoin. To circumvent the hazardous effect of H,O, (formed in
the alcohol oxidation step) catalase is added.
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lyase from Pseudomonas fluorescens (PfBAL) for the formation
of chiral benzoins from the corresponding alcohols
(Scheme 1).

Due to the significantly higher solubility of alcohols com-
pared to aldehydes (benzyl alcohol for example is at pH 7.0
and 25 °C approximately 20 times more soluble than benz-
aldehyde), we envisioned a buffered reaction system without
cofactor addition exhibiting substrate concentrations >350 mM
in one liquid phase. Also, the inhibitory effects of the inter-
mediate aldehyde should be minimized due to the further con-
version to the corresponding benzoin in the one-pot approach.
Furthermore, the poor water-solubility of the benzoin products
should efficiently pull the equilibrium of the carboligation
reaction and thereby avoid unnecessary molar surpluses of the
starting material to shift the equilibrium. Finally, the absence
or at least minimal use of co-solvents should facilitate the
work-up of the reaction mixtures by simple filtration avoiding
solvent-dependent extraction procedures.

In a first set of experiments, PpAOX and PfBAL were com-
bined under arbitrarily chosen conditions (based on the stan-
dard oxidase-lyase reaction conditions as reported by Perez-
Sanchez et al.) in the same pot in aqueous solution without co-
solvent in the presence of 20 mM benzyl alcohol yielding
56% of the desired enantiopure (R)-benzoin. Encouraged by
these promising results, we further investigated the para-
meters influencing the efficiency of the cascade.

This journal is © The Royal Society of Chemistry 2017
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PpAOX has been reported to preferentially oxidize short-
chain, aliphatic alcohols."®'* Indeed, PpAOX activity towards
benzyl alcohol was only about 1% compared to the rate
observed with methanol (Fig. S217), which to some extend can
be attributed to a comparably high Ky, value around 140 mM
against benzyl alcohol (Fig. S2271). Nevertheless, thanks to a
very high intrinsic activity of PpAOX, this was still sufficient to
convert benzylic alcohols into the corresponding aldehydes.
PpAOX was mildly inhibited by aldehydes showing reduction
of its activity above 50 mM benzaldehyde (Fig. S23+). This inhi-
bition, however, should not negatively influence PpAOX per-
formance in the envisaged cascade in which the concentration
of the aldehyde should be low due to the direct ligation of the
intermediate (see also Fig. 1). H,O, proved to be more detri-
mental to PpAOX (Fig. S24+) as already 10 min incubation with
10 mM lead to complete inactivation of the oxidase. Therefore,
all subsequent experiments were performed in the presence of
at least 1 g L' of bovine catalase. The optimal pH value for
PpAOX was around 7.5 (Fig. S25t), whereas PfBAL performs
best at pH 9.5 for ligation.® Therefore, as compromise, we
chose a pH of 8.5 for all subsequent experiments. The ratio of
PpAOX and PfBAL had a significant influence on the perform-
ance of the cascade with an optimal performance at a molar
ratio of approx. 1:2 (Fig. S297).

Using the partially optimised reaction conditions, we per-
formed a time-course experiment using 20 mM of benzyl
alcohol (Fig. 1).

Within the first 10 h more than 60% conversion was
achieved with significantly longer reaction time needed to
achieve full conversion (10 mM) of the desired benzoin. We
attribute this to the comparably high Ky, values for both
enzymes (K value for benzoin formation of PfBAL is 10 +
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Fig. 1 Kinetic profile obtained for the oxidase-lyase one-pot cascade
reaction using benzyl alcohol as substrate. The green line shows benzyl
alcohol, the red line benzaldehyde and the black line (R)-benzoin.
Reaction conditions: Alcohol substrate (20 mM), PpAOX (6.3 uM), crude
cell extract containing PfBAL (39.13 pM), MgCl, (2.5 mM), ThDP
(0.15 mM), catalase from bovine liver (2.5 mg mL™), phosphate buffer
(50 mM, pH 8.5), 30 °C. Due to the precipitation of the product, product
profile was determined by HPLC and *H NMR.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Communication

1.5 mM).® Notably, the concentration of the intermediate alde-
hyde remained low during the whole reaction
(0.4-1.5 mM). In agreement with previous literature, PfBAL
showed an outstanding enantioselectivity of >99%.%1%1%1¢

We next investigated the conversion of further benzylic
alcohol substrates (Tables 1 and 2 as well as Tables S2 and
S3t). To circumvent kinetic limitations observed at low sub-
strate concentrations and to show that high product concen-

low

Table 1 Product yields and enantioselectivities obtained in the syn-
thetic cascade reactions with PpAOX and PfBAL using the soluble
alcohol substrates

Aldehyde  Yield®  eef
Substrate® Product [%] [%] [%]
@o»« o O 4 96 >99
G
@AOH % 13 84 >99
I Py
e} -
OH o] /
@AOH o O o 2 94 >99
\O x
~o O OH
o OH o o 24 19 93
JeCh ) T
)ko O OH

Reaction conditions: The reaction mix contained the liquid alcohol
substrate (350 mM), phosphate buffer (50 mM, pH 8.5) containing
MgSO, (2.5 mM), ThDP (0.15 mM) and catalase from bovine liver
(2.5 mg mL™"). Crude cell extract containing PfBAL (around 5 mg,
62.72 pM, 8 U), and PpAOX (17.75 pL, 788.89 nM, 25 U), oxygen-supply,
800 rpm, 30 °C, 24 hours. “ Non-soluble alcohols formed a two-liquid
phase system. ? Determined from "H NMR spectra. ° Enantioselectivities
were determined by HPLC using enantiopure product standards or, if
not available, literature data’” was used.

Table 2 Conversions and enantioselectivities obtained in the synthetic
cascade reactions with PDAOX and BAL in a slurry-to-slurry approach

Yield? ee®
[%] [%]

Aldehyde
[%]

0 O 8 81 99

Substrate® Product

o

Reaction conditions: The reaction mix contained the solid alcohol
substrate (350 mM), phosphate buffer (50 mM, pH 8.5) containing
MgSO, (2.5 mM), ThDP (0.15 mM) and catalase from bovine liver
(2.5 mg mL™"). Crude cell extract containing PfBAL (5 mg, 62.72 pM,
8 U), and PpAOX (17.75 pL, 788.89 nM, 25 U), oxygen-supply, 800 rpm,
30 °C, 24 hours. “Alcohols were directly used in their solid form due
to their low solubility. ”Determined from 'H NMR spectra.
¢ Enantioselectivities were determined by HPLC using enantiopure
product standards or, if not available, literature data’” was used.
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trations at high substrate loadings can be achieved, we for-
mally applied 350 mM of the alcohol starting material.

Liquid alcohols (Tables 1 and S2+) were added directly to the
aqueous solution of the biocatalysts whereas in case of solid
alcohols (Tables 2 and S37) 5% (v/v) of 2-methyl tetrahydrofuran
was added to facilitate the dissolution of the alcohols.

Especially non- or p-substituted benzyl alcohols were con-
verted to the enantiomerically pure benzoins in good to excel-
lent yields. Other substitution patterns lead to significantly
reduced conversions and optical purities of the final products.
While the poor stereoselectivity cannot be ascribed to PfBAL
(always high optical purities were reported),’”'® it is interest-
ing to note that in these cases also the concentration of the
intermediate aldehyde was low indicating that the oxidation
step was overall rate-limiting. Also, racemisation of some pro-
ducts was observed under the current reaction conditions. In
case of vanillyl alcohol for instance, the ee after 72 hours of
reaction is only 43%, whereas after 18 hours the ee is >99%.
Optimized reaction setups (particularly adjusting the molar
ratio of PpAOX and PfBAL) will enable higher conversion. It is
worth mentioning here, that in all cases the final product pre-
cipitated from the reaction mixture and could be removed
easily via filtration.

The same selectivity pattern was also observed in case of
solid starting materials; particularly p-substituted benzyl alco-
hols excelled in terms of conversion and enantioselectivity.
Our first attempts to perform these reactions under ‘cosolvent-
free’ conditions resulted in slow reactions. Most probably, this
is due to slow dissolution kinetics of the starting material.
Therefore, 5% (v/v) 2-methyl tetrahydrofuran was added to
accelerate the process (Table 2).

Interestingly, the presence of 2-Me-THF did not impair the
facile downstream processing by simple filtration. Finally, we
performed the semi-preparative scale conversion of benzyl
alcohol with up to 500 mM substrate. Due to the limited solu-
bility of benzyl alcohol and to avoid possible substrate inhi-
bition on PpAOX, benzyl alcohol was added to the reaction
mixture in 10 portions 4 50 mM (adding up to a nominal final
concentration of 500 mM or 54 g L™"). Almost instantaneously,
the desired (R)-benzoin precipitated from the reaction mixture
(Fig. S27). After filtration, the raw product contained 5.4 mM
of the intermediate aldehyde, which was easily removed by
evaporation under vacuum. Overall, enantiomerically pure (R)-
benzoin was obtained in 83% isolated yield (4.6 g).

Finally, we were interested on the environmental impact of
the established cascade comprising PpAOX and PfBAL for the
stereoselective synthesis of a-hydroxyketones. To assess the
waste generation in the cascading oxidase-lyase reactions, we
performed an E-factor analysis including downstream proces-
sing of the product (Table 3) and the catalyst preparation
(Table S4t)."**° Additionally, the waste generation in a similar
cascade reaction reported by Perez-Sanchez et al. were calcu-
lated for comparison reasons."?

As shown in Table 3, solvents constitute the main contribu-
tors to the E-factor. First, water as the reaction medium con-
tributes by 25 kg kg™ and the water as the solvent for the
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Table 3 Estimation of the generated waste in the cascading oxidase-
lyase reactions

Enzymatic reaction Cascade reaction with
with soluble product” precipitating product?

[g] [g]

Contribution Perez-Sanchez et al.* This work
Reaction water 250 250
Wash water 2000 150
Buffer (phosphate) 3 3
Substrate 30 2
Catalase 0.09 0.6
PpAOXE 0.09 0.2
PfBALS 0.25 0.1
MgCl, 0.05 0.05
ThDP 0.01 0.01
2-Me-THF — 0.06
Brine 50 —
EtOAc 1500 —
Sum 3835 406

¢ Calculations were performed for 1-butanol and benzaldehyde as sub-
strates assuming the same conversion (91%) and substrate addition
(6 mM) on large scale based on the work of Perez-Sanchez et al
(2013).™ ? Calculations were performed for the amount of crude
product obtained (4.6 ). ‘Only the catalyst itself, not the cell mass
which is not the catalyst was included in the calculation.

preparation of the biocatalysts roughly by 14 kg kg " to the
final product (Table S47). Secondly, ethyl acetate and 2-methyl
tetrahydrofuran used as co-solvents in the reaction and/or for
product removal (work by Perez-Sanchez et al.)'* also signifi-
cantly contribute to the overall waste formed. Nevertheless, by
exploiting the poor solubility of the products, problematic sol-
vents such as ethyl acetate for extraction were avoided simply
by filtration. Furthermore, preliminary results indicate that the
filtrate (containing the biocatalysts and traces of the reagents)
can be re-used, thereby also reducing the overall waste-contri-
bution of the fermentation step.

Conclusions

Enzymatic cascade reactions have gained an enormous interest
in recent years as alternative synthesis strategy, which overall
bears a great potential to make organic syntheses environmen-
tally more benign. The mere use of enzymes, however, does
not automatically render the reaction ‘green’ or ‘environmen-
tally benign’ and a critical evaluation of the environmental
impact of a given reaction is important to identify bottlenecks
and to adapt the whole reaction setup en route to a greener
process.

In this study, we have demonstrated that reaction design
exploiting the reagents’ properties can significantly simplify
product isolation and thereby reduce or even omit organic sol-
vents. Particularly, solid products not necessarily need to be
solubilized throughout the process. In contrary, product pre-
cipitation can shift reaction equilibria and simplify product
isolation. By emphasizing problems like waste generation, the
search for simplified downstream processing and the need of

This journal is © The Royal Society of Chemistry 2017
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integrated reactors our work may trigger others to think along
those premises to be able to develop more examples on how
biocatalysis should move on to establish greener alternatives.
Especially the applicability of this systems for larger-scale reac-
tions may also render this system attractive for greener synth-
eses in the future.
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