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Abstract: Although optical pure amino alcohols are in high demand due to their widespread applicability, they
still remain challenging to synthesize, since commonly elaborated protection strategies are required. Here, a
multi-enzymatic methodology is presented that circumvents this obstacle furnishing enantioenriched 1,3-amino
alcohols out of commodity chemicals. A Type I aldolase forged the carbon backbone with an enantioenriched
aldol motif, which was subsequently subjected to enzymatic transamination. A panel of 194 TAs was tested on
diverse nine aldol products prepared through different nucleophiles and electrophiles. Due to the availability of
(R)- and (S)-selective TAs, both diastereomers of the 1,3-amino alcohol motif were accessible. A two-step
process enabled the synthesis of the desired amino alcohols with up to three chiral centers with de up to >97

in the final products.
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Introduction

The combination of multiple stereoselective biocata-
lysts in a reaction sequence enables the production of
complex organic molecules with multiple chiral centers
out of simple achiral commodity chemicals.!"” In
many synthetic routes involving biocatalysis, standard
chemical methods are responsible for building up the
carbon framework while the use of enzymes is limited
to a functional group interconversion.® This strategy
can be expanded when an aldolase is used for the C—C
bond formation, providing a carbonyl group which
enables a multitude of follow-up chemistry performed
by redox enzymes.”'” Lyases or transferases suitable
for C—C bond formation are fairly diverse, among
them thiamine-dependent carboligases,!""! PLP-depend-
ent aldolases,'” metal-dependent carboligases!'” and
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Type I and Type II aldolases in which the nucleophile
component is activated via Schiff base intermediate
that evolves to an enamine, or employing a transition
metal as a Lewis-acid cofactor to give the enolate
intermediate, respectively.'"¥ A prominent example of
a potent carboligase is the Type I aldolase D-fructose-
6-phosphate aldolase from E. coli (EcFSA), which in
its supposedly natural reaction cleaves reversibly in a
retro-aldol fashion phosphate sugars into dihydroxyke-
tone and D-glyceraldehyde-3-phosphate.'* Substrate
probing and protein engineering enabled a large scope
for both, phosphorylated and unphosphorylated elec-
trophiles and nucleophiles.'"”! Hence, the wild-type
EcFSA and variants thereof are perfectly suitable in
multistep routes towards the synthesis of functional-
ized carbon backbones. The resulting 3-hydroxycar-
bonyl compounds are ideal intermediates to access
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chiral 1,3-amino alcohols, a motif found widespread
among bioactive molecules."” Among others,
IREDs!"™'"®, amine dehydrogenases,'” and transami-
nases (TAs) are suited for such a transformation.****
A plethora of synthetic routes were developed to
access chiral 1,3-amino alcohols fueled by the high
utility of these structural motives present in many
compounds of pharmaceutical and biological
interest.”*”! Besides purely synthetic one’s such as the
reduction of asymmetric 3-hydroxy-imines or 3-amino-
ketones,”**" but also e.g. hydroamination of allylic
alcohols turned out to be successful.’'** Biocatalytic
counterparts rely either on a chemically synthesized
diketone starting material,**! do not give a 1,3-
substitution pattern,®* or a transketolases was used to
build the carbon framework which requires hydrox-
ypyruvate, an expensive reagent only available in situ
through an additional multistep cascade or hydroxya-
mino acids were obtained.”****!

In this contribution we established a biocatalytic
synthetic route towards chiral 1,3-amino alcohols,
starting from achiral molecules (Scheme 1). The
approach is demonstrated on the synthesis of eleven
amino alcohols and allows accessing two diastereom-
ers based on the TA stereoselectivity.

Results and Discussion

The aldol intermediates 3-S5 were biocatalytically
synthesized according to literature described protocols
(Scheme 2).1"***%] Three aldehydes 1a—c¢ were com-
bined with three donors 2a-c to demonstrate the
flexibility in nucleophile and electrophile scope of
EcFSA. Aliphatic aldehydes were omitted, however,
would also be in scope for EcFSA variants.**! Depend-
ing on the nucleophile, either wild type EcFSA or
EcFSA D6 N variant'™ was employed. The isolated
yields were between 15 and 70% depending on the
applied nucleophile. To ensure that no racemization
takes place, ee was monitored over time (See SI,
Figure S1), but the ee remained constant. The provided
nine aldol products were then subjected to a TA panel
to find a suitable candidate to furnish the desired 1,3-
amino alcohols.

A commercial library containing 192 TAs provided
by Prozomix Ltd. as lyophilized cell free extracts
(CFEs) was initially screened with the aldol products
(R)-3a, (S)-3b and (R)-3¢ (25 mM). The reactions
were stopped after a defined time (24 h) using D/L-
alanine as amino donor in excess (15 eq, 375 mM) to
drive the equilibrium towards product formation, a
strategy which was successfully applied in a previous
study.®” The screening, monitored by HPLC-UV,
identified 12 TAs, which were then included in a
minimal panel (See SI, Table S1).
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Scheme 1. Biocatalytic aldol-amination sequence to access 1,3-amino alcohols out of achiral starting material mediated by a Type I

aldolase and a transaminase.
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Scheme 2. Investigated aldol product scope (3—5) furnished by wild type EcFSA or EcFSA D6 N variant catalysis (see experimental
section) and potential 1,3-amino alcohol (6-8) products after the enzymatic transamination reaction; ee and de determined on chiral

stationary phase HPLC or NMR, respectively.
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Based on the retention time/elution order of the
transamination product 6b on GC-MS (Supplementary
Figure S3) and on previously described stereoprefer-
ence of the active enzymes we assumed that the TAs
from the kit showing activity on the aldol panel were
exclusively (S)-selective for the newly created center
in the diastereomers.”” This was also confirmed by
NMR after product isolation (vide infra).”” Thus, the
syn-configured 1,3-amino alcohol 6b was found
(Scheme 3). The TAs from Aspergillus terreus (A¢tTA)
and from Arthrobacter sp. (ArthrTA) were suspected to
provide the stereocomplementary (R)-amine.”*! In-
deed, due to the (R)-configuration of the hydroxy
group in the aldol motif of 3a and 3 ¢, the anti-product
was found after transamination possessing an (R,R)-
configuration. In case of aldol intermediate 3b, the
switch of the CIP priority led to the (S)-configuration
of the hydroxy group* giving the (R,S)-1,3-amino
alcohol (Scheme 3).

Encouraged by these results, a panel of six addi-
tional aldol products 4a—c and Sa—c being sterically
more demanding was synthesized. The previously
described panel of TAs derived from the initial screen-

ing was expanded by AfTA and ArthrTA. The aldol
products 4 and 5 were subsequently subjected to this
TA minimal panel. The dihydroxyketone substrates 4
were overall better accepted than the substrates 5
containing the bulkier cyclobutanone moiety (Table 1).

Thereby the AfTA appeared to be slightly more
active than Arth*TA on the selected aldol products.
Nevertheless, the minimal enzyme panel from the
commercial kit was of interest. An enzyme which
displayed activity for 3 and 4 was TA166. Particularly,
TA192 was found to be very active towards dihydroxy
ketone 4, and also for 3b and 3¢ bearing BnO- and
CbzNH- moieties on the main chain, respectively.
Furthermore, TA31, and TA169 were among the most
active candidates (Table 1).

Concerning the enantiopreference, most of the TAs
revealed only minimal discrimination for one of the
two enantiomers of 3b (rac-3b was prepared by
chemical methodology, see SI) (Figure 1). Only TA169
with a de of 30% and TA187 with a de of 47% showed
a certain enantioselectivity.

The potential combination of enzymes in a one-pot
fashion in a cascade set-up is a key benefit of

OH NH,
(S)-TA
R
(0] (e} OH O syn-6a-c
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Scheme 3. Transamination of 3 a—c with (R)- or (S)- selective TAs with the formation of the possible diastereomers according to the

enantiopreference of the TAs.

Table 1. Heatmap of endpoint conversion for transamination of aldol panel 3-5 with (R)-selective in-house TAs and previously
identified minimal panel of the commercial TA library. Amine product: light green: conv. <20%, green: conv. 20-60% dark green:
conv. > 60%. Conditions: lyophilized whole cells in case of ArthrTA or AtTA (4 mg) or CFE (5 mg), 3-5 (25 mM), D- or L-alanine
(375 mM), PLP (1 mM), Kp; buffer (50 mM, pH 7), total volume 200 pL, rt, horizontal shaking, 24 h.

Amino donor 3a 3b 3¢ 4a 4b 4c 5a 5b 5¢
ArthrTA D-alanine
AtTA D -alanine
TA26 L-alanine 42,739
TA31 L-alanine 39,633
TA33 L-alanine 5,033
TA81 L-alanine 41,361
TA93 L-alanine 49,994
TA166 L-alanine 38,621
TA169 L-alanine 37,283
TA187 L-alanine 4,061
TA188 L-alanine 15,66
TA189 L-alanine 65,981
TA191 L-alanine 53,75
TA192 L-alanine 18,849
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Figure 1. Diastereomeric excess at specific conversions of rac-3b with minimal panel of TAs. Conditions: lyophilized whole cells in
case of AfTA and ArthrTA (4 mg) or CFE for TA-Prozomix (5 mg), rac-3b (25 mM), D- or L-alanine (375 mM), PLP (1 mM), Kp;
buffer (50 mM, pH 7), total volume 200 pL, rt, horizontal shaking, 24 h.

biocatalysis towards conventional chemistry.!"! Hence,
to perform the reaction one-pot with the in-situ trans-
amination of the aldol product is indeed very attractive.
After testing AfTA at the adapted conditions suitable
for the cascade (i.e., change of buffer, slightly more
basic pH, results not shown), a screening was
performed to investigate the compatibility of the two
reaction steps in one-pot (Figure 2) with substrate 1a
and 2 a as example.

A one-pot procedure performing both reaction steps
simultaneously provided mainly 2-phenylethylamine
(9 a) indicating that AfTA prefers 1a over aldol product
3a as substrate (Figure 2B, experiment I). In the two-
step procedure, performing the two steps in a sub-
sequent fashion, the aldol product was the main
product (Figure 2B, experiments III and IV). In
selected cases, experiment II and V, the aldolase was
precipitated by heat-shock and then removed via
centrifugation which improved the formation of 6a.
The highest product formation (66%) was achieved
with additional purging of the acetone via airstream
(Figure 2B, experiment V). Overall, employing LDH
for pyruvate removal led to better results than using
excess of alanine to shift the equilibrium towards
amine formation (6%) (Figure 2B, I1I).

To characterize the desired 1,3-amino alcohols 68,
the transamination was performed at preparative scale
(Scheme 4). To obtain the anti-diastercomer AfTA was
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employed, for the syn-diastereomer TA166. TA166
was found in a genomic library and a BLAST search
identified that it is closely related to TA from
Burkholderia pyrrocinia. The equilibrium of the
reactions was shifted to the side of the product either
by recycling/removal of pyruvate using an alanine
dehydrogenase (AlaDH) or with LDH."” The obtained
conversions reached almost completion for products
6a—c (96-99% conv.) with moderate to good isolated
yields. The de found for products 7a—c which were
isolated with moderate yields (32-71%). In case of
products 8a-b, the conversion showed a significant
drop to 66-80%, with meager isolated yields (19—
20%). It is assumed that this is due to a reduced
efficiency during the work-up operations due to low
extraction efficiency. The increased de for 8a-b
confirms that the TA can discriminate between the two
diastereomers of the aldol product. The diastereoselec-
tivity of the products were determined via NMR and
for product anti-7a and syn-7 ¢ perfect de was found.
Indicating, that the TA again provides steric discrim-
ination.

Conclusions

In summary, a bienzymatic route is described in which
enantioenriched 1,3-amino alcohols were produced
starting from achiral compounds. The key aldol
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Figure 2. Aldol addition of acetone (2a) to phenylacetaldehyde (la) catalyzed by EcFSA D6 N and subsequent transamination
reaction catalyzed by A¢TA in the presence of D-Ala. A) One pot reaction of aldol addition and subsequent transamination of la and
2a with AfTA mediated side reaction to 9a. B) Product distribution of the aldol reaction and the subsequent transamination in a one-
pot setup with following conditions: (I) One-pot concurrent cascade; (II) One-pot, two-step cascade, EcFSA removed via heat-
shock after completion of aldol addition and then AfTA added; (III) One-pot, two-step cascade, 15 eq D-alanine instead of pyruvate
removal with LDH and no EcFSA elimination (IV) One-pot, two-step cascade in the presence of EcFSA; (V) One-pot, two-step
cascade, EcFSA removed by heat-shock and acetone purged by airflow; (VI) no 4fTA added; i.e. control experiment. Reaction
conditions: Triethanolamine (TEoA) buffer (50 mM, pH 8), horizontal shaking, 25°C, 80 mM substrate (initial, 50 mM after A/TA

addition), lactate dehydrogenase (LDH) to eliminate the pyruvate formed after the transamination reaction.

addition exploited the expansion of the nucleophilic
scope of wild type EcFSA and variants, while the
transamination of the resulted ketone group mediated
by stereocomplementary TAs furnished both diaster-
eomers of the amine. The initial screening of a TA
panel revealed that only a rather small subset of
enzymes was capable to aminate the aldol products. A
key finding was that the two transformations can take
place in the same vessel, however only sequentially.
The selection of the TA for the transamination turns
out to be crucial for the overall de of the final product
as in some cases a preference towards one of the
enantiomers of the aldol products was observed. The
results successfully demonstrated that the designed
enzymatic route could serve as a tool to access
demanded chiral 1,3-amino alcohols directly from
racemic starting material. This protocol offers a benign
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alternative to established methods, providing both
diastereomers in good yields.

Experimental Section
General

All chemicals were ordered from Sigma Aldrich (Steinheim,
Germany) and all solvents from Acros (Geel, Belgium).
Prozomix (Haltwhistle, UK) provided the commercial TA kit.
GDH was provided from DSM (7 U/mg), FDH from evocatal
(Evo 1.1.230, 1.4 U/mg). TLC analysis was performed on pre-
coated silica gel 60F,s, and compounds were visualized by UV,
ninhydrin, ceric ammonium molybdate or anisaldehyde staining.
Flash column chromatography was carried out using Merck
silica gel 60 (particle size 0.040 —0.063 mm). Optical rotation
was measured at 20 °C on an Anton Paar MCP 5100 Polarimeter
against the sodium D-line. All NMR spectra were recorded
using a Bruker NMR at 300 or 500 (1H) and 75 (13 C) MHz in
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Scheme 4. 1,3-Amino alcohols synthesized at laboratory scale by the two-step procedure with co-substrate removal/recycling.
*Conversion determined by HPLC-UV. "Isolated yield. de of the isolated products were determined by NMR.

CDCl, or d,-MeOH using the residual solvent peak as reference.
Chemical shifts are reported in ppm and coupling constants (J)
are given in Hz. High resolution MS measurements (HR-MS)
were carried out on an Agilent 6230 TOF LC/MS system in
ESI*" mode. Purified recombinant L-alanine dehydrogenase was
prepared as described previously (11 U/mg).l”!

Analytical methods

HPLC reaction monitoring. Measurements were carried out
with the Agilent 1260 infinity System with a C18 (2) 100 A
Luna Phenomenex column (250 mmXx4.6 mmx5 pum) and a
DAD (G4212B) for the UV detection at 210 or 254 nm. The
flow rate was 1 mL/min at 30°C for 30 min with a gradient of
the solvent B of 10%—100%, solvent system: 0.1%% (v/v) TFA
in H,O and solvent B: 0.1% (v/v) TFA in CH;CN/H,O 4:1. The
amount of product and substrates was quantified from the peak
areas using an external standard methodology and calibration
curves.

Chiral HPLC measurements. Enantiomeric excesses (ee) were
determined using HPLC analysis on chiral stationary phase
(CHIRALPAK® IC 4.6x250mm column, 5pum, flow rate
1.0mL min~" at 20°C and UV detection (210 nm), isocratic
elution hexane/iPrOH 75:25.

GC-MS derivatization and reaction monitoring. All GC-MS
measurements were carried out with an Agilent 1909 1S-433:30
GC system, equipped with a HP-5MS, 5% phenyl methyl silox
column (30 mx0.25 mmx0.25 pm) and an Agilent 5975¢ mass
detector (electron impact: 70 eV). The carrier gas was helium at
a flow rate of 0.7 mL/min and the temperature program was
100°C-300°C with a gradient of 10 °C/min.
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GC-MS sample derivatization. 150 pL of the reaction mixture
was quenched by 15 pL 10 M NaOH. The product was
extracted with 150 pL ethyl acetate, the organic phase dried
Na,SO, and N-methyl-bis(trifluoroacetamide) (MBTFA) (45
pL) was added. The reaction was carried out at 60 °C for 45 min
with horizontal shaking.

Enzyme Production and Activity Tests

Production of FSA variants. The expression and purification of
FSA variants was performed as described before with small
adoptions.™¥

A freshly transformed single colony of E. coli M-15 [pREP-4]
(QIAGEN) was used to inoculate 10 mL LB/Kan/Amp for an
overnight culture (ONC) and shaken overnight at 37°C and
120 rpm in an orbital shaker. The 1 L main culture (LB/Amp/
Kan) was inoculated with 10 mL ONC and cultivated (37°C,
150 rpm) to an ODgy, of 0.7. The expression was induced by
IPTG (1 mM) and the culture was shaken at 30 °C and 150 rpm
for 18 h. The cells were harvested by centrifugation (20 min,
12000 x g, 4°C) and the pellet resuspended in Gly-Gly buffer
(35mL, 100 mM, pH 8.5, 1 mM DTT). The cells were lysed
using the Branson Digital Sonifier SFX 250 (30% amplitude,
30s pulse, 30s pause, 7.5 min) and centrifuged to clear the
lysate (45 min, 20000xg, 4°C). The clear supernatant was
treated by heat shock (70°C, 30 min), then centrifuged again
(45 min, 20000 % g, 4°C) The supernatant was dialyzed against
GlyGly buffer (5 mm, pH 8.5) that contained DTT (0.1 mm)
and finally lyophilized. ~600 mg of the purified variants was
obtained with 0.6 pg protein per pg lyophilized powder.

Production of TAs whole cells. AfTA and ArthrTA were
prepared as described previously."”!
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Determination of activity of TAs from the Prozomix kit. The
activity of TA from Prozomix was determined in duplicates.
25mg of the TA, as cell free extract preparations, was
rehydrated in potassium phosphate buffer (50 mM, pH 7), PLP
(1 mM), NAD'* (1 mM). Then alanine (125 pL, 125 mM,
5eq.), glucose (150 puL, 150 mM), LDH (90 U) and glucose
dehydrogenase (30 U) were added.

Substrate rac-3b (25 mM) was added, mixed, and put into the
thermoshaker (25°C, horizontal shaking). After 5, 10, 20, 40
and 60 minutes an aliquot of 150 pL of the reaction mixture
was withdrawn and immediately quenched with 15 L 10 M
NaOH and extracted with EtOAc (150 pL). The sample was
then further derivatized for a GC-MS measurement.

Determination of activity of TAs as cell free extracts (CFE)
preparations. The activity of the (R)-selective TA was
determined in the same way as the (S)-selective TA from
Prozomix with the difference that 20 mg of the TA was used.
Additionally, the enzyme was rehydrated by shaking for 30 min
and 120 rpm at 30°C in an orbital shaker.

Endpoint screening of TA screening with AlaDH recycling
system. The procedure was adapted from Mutti et al.*"!

Lyophilized cells of E. coli BL21(DE3) containing overex-
pressed TA (4 mg) were rehydrated in an microcentrifuge tube
(1.5mL) in phosphate buffer (100 pL, 50 mM, pH 7, 1 mM
PLP, 1 mM NAD™) for 30 min at 30°C and 120 rpm on an
orbital shaker. Alternatively, lyophilized cell-free extract of TA-
Prozomix (5 mg) were added to phosphate buffer 500 pL
50mM, pH7, 1mM PLP, 1 mM NAD"), then ammonium
formate (30 uL, 150 mM), bp-alanine (125 mM, 25uL), L-
alanine dehydrogenase (2.4 U), formate dehydrogenase (2.0 U)
and ketone 1 (25 mM) were added and the volume was adjusted
to 1 mL with water. The mixture was shaken at 25°C and
1000 rpm. The reaction was stopped after 24 h and analyzed via
HPLC or GC-MS after derivatization.

Endpoint screening of TA with LDH pyruvate removal system.
The procedure was adapted from Mutti et al.*”

Lyophilized cells of E. coli BL21(DE3) containing overex-
pressed TA (20 mg, 120 mU) were rehydrated in an micro-
centrifuge tube (1.5 mL) in phosphate buffer (500 pL, 50 mM,
pH7, 1mM PLP, 1 mM NAD™) for 30 min at 30°C and
120 rpm on an orbital shaker. Alternatively, TA-Prozomix CFE
(25 mg, 160 mU) were added to phosphate buffer 500 puL
50mM, pH7, 1mM PLP, 1mM NAD"), then D/L-alanine
(125 mM, 125 pL), p-glucose (150 mM, 150 uL), GDH (43 uL,
30 U) LDH (90 pL, 90 U) and ketone 1 (25 mM) were added.
The mixture was shaken at 25°C and 1000 rpm. The reaction
was quenched after 24 h by the addition of aqueous 1 N NaOH
(200 pL) and the reaction mixture was extracted with ethyl
acetate (2x500 pL). The combined organic phases were dried
(Na,SO,) and the conversion was measured by GC-MS after
derivatization.

Synthesis of Aldol products with nucleophile 2a. The procedure
was adapted from Roldan et al.l*”

The reaction was conducted in a 50 mL screw capped conical-
bottom polypropylene tubes. To an FSA D6 N solution (60 mg,
2.7 kU) in plain water (16 mL), Triethanolamine (TEoA) buffer
pH 8 (1 mL) was added. To this solution, aldehyde 1 (1.6 mmol,
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80 mM final concentration) dissolved in 2a (3 mL, 15% v/v)
was added. Total reaction volume was 20 mL. Reaction
mixtures were shaken (700 rpm) at 25°C until completion was
detected on TLC. After that, the reaction was stopped with
MeOH (30 mL) to precipitate the enzyme. Then, the mixture
was filtered through Celite’, the MeOH was evaporated, and the
aqueous residue was lyophilized, purified, and characterized.
Purification was conducted by silica gel column chromatogra-
phy and eluted with a step gradient of hexane:EtOAc.

Alternatively, after MeOH was evaporated, the aqueous phase
was saturated with NaCl. The mixture was then extracted with
dichloromethane (3x50 mL). The organic phase was dried over
anhydrous Na,SO, and the solvent was evaporated. The product
was purified by silica gel column chromatography and eluted
with a step gradient of hexane:EtOAc.

Synthesis of Aldol products with nucleophile 2b. The procedure
was adapted from Garrabou et al.*”!

The reaction was conducted in a 50 mL screw capped conical-
bottom polypropylene tubes. To an FSA wild type solution
(60 mg, 2.7 kU) in plain water (19.3 mL), TEoA buffer pH 8
(1 mL) was added. The aldehyde 1 (1 mmol, 50 mM final
concentration) was dissolved in DMF (0.4 mL, 2% v/v) and 2b
(1 mmol, 50 mM final concentration) was then added. Reaction
mixtures were shaken (700 rpm) at 25 °C. Reaction mixtures
were shaken (700 rpm) at 25°C until completion was detected
on TLC. After that, the reaction was stopped with MeOH
(30 mL) to precipitate the enzyme. Then, the mixture was
filtered through Celite, the MeOH was evaporated, and the
aqueous residue was lyophilized, purified, and characterized.
The product was purified by silica gel column chromatography
and eluted with a step gradient of hexane:EtOAc.

Alternatively, after MeOH was evaporated, the aqueous phase
was saturated with NaCl and brine (20 mL) were added. The
mixture was then extracted with dichloromethane (3x50 mL).
The organic phase was dried over anhydrous Na,SO, and the
solvent was evaporated. The product was purified by silica gel
column chromatography and eluted with a step gradient of
hexane:EtOAc.

Synthesis of Aldol products with nucleophile 2 c.

The reaction was conducted in a 50 mL screw capped conical-
bottom polypropylene tubes. To an FSA D6 N solution (60 mg,
2.7 kU) in plain water (18 mL), TEoA buffer pH 8 (1 mL) was
added. To this solution, aldehyde 1 (1.6 mmol, 80 mM final
concentration) dissolved in 2 ¢ (1 mL, 5% v/v) was added. Total
reaction volume was 20 mL. Reaction mixtures were shaken
(700 rpm) at 25°C until completion was detected on TLC after
96 h. After that, the reaction was stopped with MeOH (30 mL)
to precipitate the enzyme. Then, the mixture was filtered
through Celite, the MeOH was evaporated, and the aqueous
residue was lyophilized, purified, and characterized. The
product was purified by silica gel column chromatography and
eluted with a step gradient of hexane:EtOAc.

Alternatively, after MeOH was evaporated, the aqueous phase
was saturated with brine. The mixture was then extracted with
dichloromethane (3x50 mL). The organic phase was dried over
anhydrous Na,SO, and the solvent was evaporated. The product
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was purified by silica gel column chromatography and eluted
with a step gradient of hexane:EtOAc.

Representative preparative transformation of anti-6 and 7-8
employing AtTA. The procedure was adapted from Mutti et al.”!

Lyophilized cells of E. coli BL21(DE3) containing overex-
pressed AfTA (400 mg, 2.4 U) were rehydrated in a 50 mL
screw capped conical-bottom polypropylene tubes in phosphate
buffer (50 mM, pH 7, 1 mM PLP, 1 mM NAD™) for 30 min at
30°C and 120 rpm on an orbital shaker. Then, D-alanine
(125 mM), ammonium formate (150 mM), AlaDH (110 U),
FDH (220 U) and ketone 3-5 (0.5 mmol, 25 mM) dissolved in
DMSO or MTBE (5% v/v) were added. The mixture was
shaken at 25 °C and 700 rpm for 24 h. After completion, the
reaction mixture was saturated with NaCl, and the pH was
adjusted to 3.7. Then, EtOAc (20 mL) and 2 spoons of celite
was added the mixture was shaken for 15 min at 700 rpm. After
a filtration through a water wetted pad of celite the phases were
separated, and the aqueous phase was adjusted to pH 12. The
product was extracted with EtOAc (5x%20 mL). The combined
organic phases were dried over Na,SO, and the solvent
evaporated until dryness.

Representative preparative transformation of syn-6 employing
TA166. The procedure was adapted from Mutti et al.l”

Lyophilized CFE of TA166 (250 mg, 1.2 U) were added to
phosphate buffer (50 mM, pH7, 1 mM PLP, ] mM NAD™).
Then, L-alanine (125 mM), D-glucose (150 mM), LDH (900 U)
GDH (300 U) and ketone 3 (0.5 mmol, 25 mM) dissolved in
DMSO or MTBE (5% v/v) were added for 24 h. The mixture
was shaken at 25°C and 700 rpm. After completion, the
reaction mixture was saturated with NaCl, and the pH was
adjusted to 3.7. Then, EtOAc (20 mL) and 2 spoons of celite
was added the mixture was shaken for 15 min at 700 rpm. After
a filtration through a water wetted pad of celite the phases were
separated, and the aqueous phase was adjusted to pH 12. The
product was extracted with EtOAc (5x%20 mL). The combined
organic phases were dried over Na,SO, and the solvent
evaporated.

(R)-4-Hydroxy-5-phenylpentan-2-one (3a) 137 mg isolated
yield (48%), 95% ee, colorless oil. Chiral HPLC t; (S)=
15.8 min; tz (R)=17.0 min. '"H NMR (300 MHz, d-CHCl,): §
7.28-7.14 (m, 5H), 4.28-4.20 (m, 1H), 2.82 (dd, J=13.5,
7.1 Hz, 1H), 2.75 (dd, J=13.5, 7.1 Hz, 2H), 2.70-2.51 (m, 2H),
2.10 (s, 3H). In accordance with literature.!'”

[(S)-5-(Benzyloxy)-4-hydroxypentan-2-one] (3b) 207 mg iso-
lated yield (62%), 87% ee, colorless oil. Chiral HPLC t; (R)=
16.2 min; ty (S)=19.5 min. '"H NMR (300 MHz, d,-MeOH): &
7.38-7.25 (m, SH), 4.55 (d, /=1.9 Hz, 2H), 4.28-4.23 (m, 1H),
3.50-3.40 (m, 2H), 2.72-2.58 (m, 2H), 2.17 (s, 3H). In
accordance with literature.*”

[Benzyl (R)-(3-hydroxy-5-oxohexyl)carbamate] (3¢) 297 mg
isolated yield (70%), 93% ee, slightly yellow oil. Chiral HPLC
ty (R)=20.6 min; ty (S)=24.7 min. '"H-NMR (300 MHz, d,-
MeOH) & 7.38-7.28 (m, 5H), 5.08 (s, 2H), 4.14-4.06 (m, 1H),
3.27 -3.22 (m, 2H), 2.60 (d, J=5.9 Hz, 2H), 2.17 (s, 3H),
1.73-1.53 (m, 2H). In accordance with literature.”!

(35,4R)-3,4-Dihydroxy-5-phenylpentan-2-one (4 a) 84 mg iso-
lated yield (27%), 80% de, white solid. "H NMR (300 MHz, d,-
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MeOH): 6 7.29-7.18 (m, 5H), 4.18-4.14 (m, 1H), 3.93 (d, J=
1.9 Hz, 1H), 2.96 (dd, /=13.3, 7.2 Hz, 1H), 2.85 (dd, J=13.3,
7.2 Hz), 2.18 (s, 3H). In accordance with literature.*"

(35,4R)-5-(Benzyloxy)-3,4-dihydroxypentan-2-one (4b)
169 mg isolated yield (47%), 90% de, colorless liquid. 'H
NMR (300 MHz, d-CHCL,): 6 7.37-7.30 (m, SH), 4.57 (s, 2H),
4.25-4.23 (m, 1H), 4.21-4.19 (m, 1H), 3.64-3.62 (m, 2H), 2.28
(s, 3H). In accordance with literature.™’!

Benzyl ((3R,4S)-3,4-dihydroxy-5-oxohexyl)carbamate] (4c)
43 mg isolated yield (15%), 92% de, colorless liquid. . 'H
NMR (300 MHz, d,-MeOH): 6 7.37-7.27 (m, 5H), 5.07 (s, 2H),
4.05-3.97 (m, 2H), 3.26 (td, J=6.8, 4.4 Hz, 2H), 2.20 (s, 3H),
1.77 (q, J= 6.8 Hz, 2H). In accordance with literature.”

(R)-2-((R)-1-Hydroxy-2-phenylethyl)cyclobutan-1-one (5a)
47 mg isolated yield (15%), 80% de, colorless liquid. '"H NMR
(300 MHz, d-CHCl;): Major: 8 7.34-7.21 (m, 5H), 4.02 (q, J=
6.5 Hz, 1H), 3.43-3.35 (m, 1H), 3.04-2.94 (m, 2H), 2.88 (d,
J=6.5Hz, 2H), 2.10-2.07 (m, 2H), 1.90-1.86 (m, 1H). Minor:
8 7.34-7.21 (m, SH), 4.21 (dt, J=38.0, 5.1 Hz, 1H), 3.70-3.62
(m, 1H), 310-3.06 (m, 2H), 2.88 (d, J=6.5 Hz, 2H), 2.10-2.07
(m, 2H), 1.90-1.86 (m, 1H). *C NMR (75 MHz, d-CHCl,):
Major: 211.3, 137.6, 129.6, 128.7, 126.8, 72.4, 64.7, 45.5, 41.7,
14.1. Minor: 6 211.4, 137.6, 129.5, 128.8, 126.9, 70.2, 65.3,
453, 339, 12.3. HR-MS [M+H] 191.106807 calc.
191.106656.

(R)-2-((S)-2-(Benzyloxy)-1-hydroxyethyl)cyclobutan-1-one
(Sb) 76 mg isolated yield (21%), diasteromeric ratio 50:50,
colorless liquid. '"H NMR (300 MHz, d,-MeOH): Major: &
7.34-7.26 (m, 5H), 4.53 (s, 2H), 3.92 (dt, /=6.5, 5.0 Hz, 1H),
3.57 (dd, J=9.8, 6.6 Hz, 1H), 3.55-3.53 (m, 2H), 2.95 (ddd,
J=10.1, 7.7, 2.7 Hz, 1H), 2.89 (ddd, /=9.8, 6.2, 2.5 Hz, 1H),
2.09-2.02 (m, 2H). Minor: 6 7.34-7.26 (m, SH), 4.53 (s, 2H),
4.05 (dt, J=6.3, 5.0 Hz, 1H), 3.47 (dd, /=9.0, 5.2, 1H), 3.40
(dd, J=9.8, 6.3, 1H), 3.05-2.81 (m, 2H), 2.15-1.96 (m, 2H). In
accordance with literature.™”

Benzyl ((R)-3-hydroxy-3-((R)-2-
oxocyclobutyl)propyl)carbamate (5¢) 21 mg isolated yield
(27%), 60% de, colorless liquid. 'H NMR (300 MHz, d,-
MeOH): Major: 6 7.37-7.27 (m, 5H), 5.06 (s, 2H), 3.73 (dt, J=
9.0, 4.5 Hz, 1H), 3.45-3.35 (m, 1H), 3.22 (td, J=6.8, 2.8 Hz,
2H), 2.98-2.81 (m, 2H), 2.07 (qd, J=10.1, 6.2 Hz, 1H), 2.02—
1.90 (m, 1H), 1.86-1.64 (m, 2H). Minor: 6 7.37-7.37 (m, 5H),
5.06 (s, 2H), 3.93-3.87 (m, 1H), 3.45-3.35 (m, 1H), 3.25-3.18
(m, 2H), 3.02-2.95 (m, 2H), 2.11-1.93 (m, 2H), 1.81-1.58 (m,
2H). In accordance with literature.!**!

anti-4-Amino-1-phenylpentan-2-ol (anti-6a) 64 mg isolated
yield (74%), >97% de, yellow liquid. "H NMR (300 MHz, d-
CHCL,): 6 7.31-7.17 (m, 5H), 4.17-4.13 (m, 1H), 3.38 (tt, J=
6.6, 3.6 Hz, 1H), 2.84 (dd, J=13.4, 7.1 Hz, 1H), 2.70 (dd, J=
13.4, 6.2 Hz, 1H), 1.50 (qdd, J=14.3, 7.6, 3.3 Hz, 2H), 1.13 (d,
J=6.5Hz, 3H). § “C NMR (75 MHz, d-CHCl;): & 139.1,
129.5, 128.5, 126.3, 70.4, 44.7, 44.4, 42.0, 23.4. In accordance
with literature. HR-MS: [M+H] 180.138429 calc.
180.138291. [a]p*=-7.9 (¢ =1.0, CHCl,).

syn-4-Amino-1-phenylpentan-2-ol (syn-6a) 36 mg isolated
yield (71%), 91% de, yellow liquid. '"H NMR (300 MHz, d,-
MeOH): Major: & 7.30-7.15 (m, 5H), 3.91 (tt, J=6.5Hz,
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3.6 Hz, 1H), 3.10 (qt, J=6.5 Hz, 3.5, 1H), 2.80-2.66 (m, 2H),
147 (t, J=6.4Hz, 2H), 1.07 (d, J=6.4 Hz, 3H). Minor: §
7.30-7.15 (m, 5H), 3.77-3.69 (m, 1H), 3.21-3.15 (m, 1H),
2.90-2.82 (m, 2H), 1.68-1.52 (m 2H), 1.10 (d, J=6.6, 3H). *C
NMR (75 MHz, d,-MeOH): Major: & 140.0, 130.6, 129.3,
1272, 72.8, 46.8, 45.9, 453, 22.8. Minor: & 140.0, 130.7,
129.4, 127.2, 72.8, 46.7, 45.9, 45.3, 22.7. § [a]pX = +3.4 (c=
1.0, CHCI,)

anti-4-Amino-1-(benzyloxy)pentan-2-ol (anti-6b) 63 mg iso-
lated yield (60%), 88% de, reddish-brown liquid 'H NMR
(300 MHz, d-CHCl,): Major: 8 7.37-7.27 (m, 5H), 4.56 (s, 2H),
4.12-4.05 (m, 1H), 3.45-3.43 (m, 2H), 3.30 (d, /J=3.5 Hz, 1H),
3.02 (s, 2H), 1.64 (ddd, /J=14.3, 8.7, 3.5 Hz, 1H), 1.44 (ddd,
J=143, 7.7, 3.2 Hz, 1H), 1.15 (d, J=6.5 Hz, 3H). Minor: 3
BC NMR (75 MHz, d-CHCL;): Major: & 138.2, 128.4, 127.7,
127.7, 74.5, 73.3, 67.9, 44.3, 39.7, 23.6. Minor: & 138.2, 128.4,
127.7, 127.7, 74.5, 73.3, 67.9, 46.6, 40.1, 23.6. HR-MS: [M +
H] 210.149227 calc. 210.148855. [a]p°=—-17.9 (c=12,
CHCL).

syn-Amino-1-(benzyloxy)pentan-2-ol (syn-6b) 30 mg isolated
yield (56%), 79% de, yellow liquid "H NMR (300 MHz, d,-
MeOH): Major: & 7.37-7.25 (m, SH), 4.54 (s, 2H), 3.88 (ddd,
J=9.6, 5.5, 44 Hz, 1H), 3.41 (d, J=5.4 Hz, 2H), 3.21 (q, J=
6.5Hz, 1H), 1.62-1.53 (m, 2H), 1.17 (d, J=6.5Hz, 3H).
Minor: & 7.37-7.25 (m, 5H), 4.52 (s, 2H), 3.83-3.73 (m, 2H),
2.94-2.82 (m, 1H), 1.54-1.48 (m, 1H), 1.38-1.29 (m, 1H), 1.11
(d, J=6.5 Hz, 3H). “C NMR (75 MHz, d,-MeOH): Major: §
139.6, 129.4, 128.9, 128.7, 75.9, 74.4, 70.3, 46.9, 41.8, 22.1.
Minor: & 139.6, 129.4, 128.9, 128.8, 76.3, 74.4, 70.3, 46.6,
41.7, 24.6. HR-MS: [M +H] 210.1512 calc. 210.1494. [a],”’ =
—2.8 (c=1.0, CHClLy)

anti-Benzyl-5-amino-3-hydroxyhexyl)carbamate  (anti-6¢)
60 mg isolated yield (45%), 78% de, yellow liquid. '"H NMR
(300 MHz, d-CHCl;): Major: & 7.35-7.31 (m, 5H), 5.60-5.58
(m, 1H), 5.08 (s, 2H), 4.01-3.98 (m, 1H), 3.45-3.22 (m, 7H),
1.63-1.53 (m, 3H), 1.45 (ddd, J=14.5, 7.0, 3.0 Hz, 1H), 1.17
(d, J=6.5 Hz, 3H). Minor: § 7.25-7.31 (m, 5H), 5.44 (m, 1H),
5.11(s, 2H), 3.45-3.22 (m, 7H), 4.48-4.40 (m, 1H), 1.63-1.53
(m, 3H), 1.26-1.21 (m, 1H), 1.06 (d, J=6.7 Hz, 3H). C NMR
(75 MHz, d-CHCl;): Major: § 156.9, 136.9, 128.6, 128.2, 128.1,
67.7, 66.7, 44.9, 42.5, 38.8, 37.1, 23.0. Minor: § 156.9, 137.1,
128.5, 128.2, 128.1, 67.1, 66.4, 44.8, 42.3, 40.1, 38.8, 37.0,
22.8. HR-MS: [M +H] 267.170755 calc. 267.170319. [a],*=
—1.5 (¢c=1.1 g/100 mL, CHCl;)

syn-Benzyl-5-amino-3-hydroxyhexyl)carbamate (syn-6c¢)
47 mg isolated yield (70%), >97% de, yellow liquid. '"H NMR
(300 MHz, d,-MeOH): 6 7.35-7.26 (m, 5H), 5.07 (s, 2H), 3.73
(tt, J=8.4, 4.5 Hz, 1H), 3.23 (t, J/=7.0 Hz, 2H), 3.09 (qt, J=
6.5, 5.8 Hz, 1H), 1.70-1.54 (m, 2H), 1.52-1.45 (m, 2H), 1.11
(d, J=6.4 Hz, 3H). *C NMR (75 MHz, d,-MeOH): & 159.0,
138.5, 129.5, 129.0, 128.8, 69.1, 67.4, 46.7, 46.3, 39.1, 38.6,
23.1. HR-MS: [M+H] 267.1736 calc. 267.1709. [a],’= +
17.8 (c=4.2, CHCl,).

(2R,3R,4R)-4-Amino-1-phenylpentane-2,3-diol (7a) 31 mg
isolated yield (62%), 58% de. yellow liquid. '"H NMR
(300 MHz, d,-MeOH): Major: § 7.30-7.15 (m, 5H), 3.94 (ddd,
J=83,6.2,2.6 Hz, 1H), 3.16 (dd, J=6.4, 2.6 Hz, 1H), 3.04 (q,
J=6.5Hz, 1H), 2.91-2.76 (m, 2H), 1.13 (d, J=6.5 Hz, 3H).
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Minor: 8 7.30-7.15 (m, SH), 3.62 (td, J=8.9, 2.6 Hz, 1H),
3.21-3.19 (m, 1H), 3.04 (q, J=6.5 Hz, 1H), 2.61-2.54 (m, 2H),
1.11 (d, J=6.5 Hz, 3H). *C NMR (75 MHz, d,-MeOH) Major:
5 140.4, 130.5, 129.3, 127.1, 76.9, 73.5, 50.2, 41.2, 18.8. Minor:
5 140.7, 130.7, 129.1, 127.0, 78.0, 75.2, 41.6, 16.4. HR-MS:
[M-+H] 196.133385 calc. 196.133205. [a]y=—11.4 (c=2.8,
CHCL,).

(2R,3R,4R)-4-Amino-1-(benzyloxy)pentane-2,3-diol (7b)
80 mg isolated yield (71%), 82% de, yellow liquid. "H NMR
(300 MHz, d,-MeOH): Major: & 7.38-7.27 (m, 5H), 4.55 (s,
2H), 3.91 (ddd, J=6.2, 5.3, 3.1 Hz, 1H), 3.63-3.52 (m, 2H),
3.40 (dd, J=6.0, 3.1 Hz, 1H), 3.11-3.01 (m, 1H), 1.16 (d, J=
6.6 Hz, 3H). Minor: § 7.31-7.24 (m, 5H), 4.54 (s, 2H), 4.03—
3.98 (m, 2H), 3.75-3.65 (m, 1H), 3.22-3.16 (m, 1H), 1.21 (d,
J=6.5Hz, 3H). ®C NMR (75MHz, d,-MeOH): Major: &
139.6, 129.4, 128.9, 128.7, 75.6, 74.4, 73.1, 71.1, 50.1, 18.3.
Minor: & 140.8, 129.4, 129.0, 128.7, 75.7, 74.4, 73.1, 71.1,
50.1, 18.3. HR-MS: [M+H] 226.144023 calc. 226.14377.
[0]p=—2.3 (c=4.4, CHCl,)

Benzyl ((3R,4R,5R)-5-amino-3,4-dihydroxyhexyl)carbamate
(7¢) 45 mg isolated yield (32%), 82% de, yellow liquid. 'H
NMR (300 MHz, d,-MeOH): Major: 6 7.35-7.28 (m, 5H), 5.07
(s, 2H), 3.72 (ddd, /=8.3, 5.4, 3.4 Hz, 1H), 3.26 (t, J/=7.0 Hz,
2H), 3.17 (dd, J=6.1, 3.3 Hz, 1H), 3.00 (p, J=6.4 Hz, 1H),
1.73-1.65 (m, 2H), 1.12 (d, J=6.7 Hz, 3H). Minor: 7.35-7.28
(m, 5H), 5.09 (s, 2H), 3.92-3.75 (m, 1H), 3.63-3.54 (m, 1H),
3.50-3.44 (m, 1H), 2.74-2.65 (m, 1H), 2.15-1.98 (m, 2H), 1.09
(d, J=6.7 Hz, 3H). 5 *C NMR (75 MHz, d,-MeOH): Major: &
159.0, 138.5, 129.5, 129.0, 128.8, 78.1, 69.9, 67.4, 49.8, 38.8,
34.7, 18.5. Minor: & 159.0, 138.5, 129.5, 129.0, 128.8, 78.1,
69.9, 67.4,49.8, 38.8, 34.7, 18.5. HR-MS: [M +H] 283.165831
calc. 283.165234. [a]p™ = —4.0 (c=1.7, CHCI,).

(S)-1-((1R,2R)-2-Aminocyclobutyl)-2-phenylethan-1-0l (8a)
19 mg isolated yield (20%), 87% de, yellow liquid. '"H NMR
(300 MHz, d,-MeOH): Major: § 7.30-7.16 (m, SH), 4.06 (ddd,
J=9.38, 7.8, 4.1 Hz, 1H), 3.66 (tdd, /=78, 4.1, 1.2 Hz, 1H),
2.79 (dd, J=13.8, 4.1 Hz, 1H), 2.58 (dd, J=13.8, 7.8 Hz, 1H),
2.43-2.26 (m, 2H), 1.93-1.84 (m, 2H), 1.82-1.76 (m, 1H).
Minor: § 7.22-7.15 (m, 5H), 3.98-3.95 (m 1H), 3.81-3.77 (m,
1H), 2.73-2.71 (m, 1H), 2.69-2.68 (m, 1H), 2.57-2.52 (m, 1H),
2.04-2.00 (m, 2H) 1.87-1.85 (m, 1H). *C NMR (75 MHz, d,-
MeOH): Major: 8 140.1, 130.7, 129.2, 127.1, 73.7, 49.8, 45.1,
42.3,27.7, 21.0. Minor: 140.1, 130.8. 129, 2 127.1, 73.7, 50.9,
448, 42.6, 26.9, 20.4. 5 HR-MS: [M+H] 192.13838 calc.
192.138291. [a]p* = + 1.4 (c= 1.0, CHCl;)

($)-1-((1S,2R)-2-Aminocyclobutyl)-2-(benzyloxy)ethan-1-ol
(8b) 22 mg isolated yield (19%), 66% de, yellow liquid. 'H
NMR (300 MHz, d,-MeOH): 8 1H NMR (300 MHz, d,-MeOH)
8 7.36-7.27 (m, 5H), 4.554.51 (m, 2H), 4.06-4.00 (m, 1H),
3.68 (ddd, J=8.5, 6.5, 5.2 Hz, 1H), 3.52-3.37 (m, 2H), 2.53-
247 (m, 1H), 2.29-2.25 (m, 1H), 1.80 (ddd, J=10.3, 4.7,
2.1 Hz, 2H). Minor: 6 7.31-7.24 (m, 5H), 4.50-4.46 (m, 2H),
424-4.11 (m, 1H), 3.97-3.91 (m, 1H), 3.87-3.78 (m, 2H),
2.61-2.58 (m, 1H), 2.15-2.01 (m, 1H), 1.94-1.85 (m, 2H). *C
NMR (75 MHz, d,-MeOH): & 139.6, 129.4, 128.9, 128.7, 74.3,
74.1, 71.9, 49.9, 42.3, 28.1, 20.4. Minor: 139.6, 129.3, 128.8,
128.6, 74.4, 74.1, 71.9, 50.3, 40.3, 28.1, 20.5. 6 HR-MS: [M +
H] 222.149103 calc. 222.148855. [a]p=+5.8 (c=1.0,
CHCL,)

1493 © 2023 The Authors. Advanced Synthesis & Catalysis

published by Wiley-VCH GmbH


http://asc.wiley-vch.de

RESEARCH ARTICLE

asc.wiley-vch.de

Adva
Synthesis &
Catalysis

Acknowledgement

This research was funded in part by the Austrian Science Fund
(FWF) [J 4242-B21]. M. P. acknowledges funding by the
Austrian FWF through an Erwin Schrédinger fellowship and by
grants PID2021-1221660B—100 and PCI2018-092937 funded
by MCIN/AEI/10.13039/501100011033, and by “ERDF A way
of making Europe” and under the ERACoBioTech (European
Union's Horizon 2020 research and innovation programme
under grant agreement No [722361]. The authors wish to thank
Goran Djordjic for technical assistance and Klaus Zangger for
NMR measurements and valuable discussions. The University of
Graz and BioHealth Graz are acknowledged for financial
support.

References

[1] J. H. Schrittwieser, S. Velikogne, M. Hall, W. Kroutil,
Chem. Rev. 2017, 118, 270-34.

[2] R. N. Patel, Bioorg. Med. Chem. 2018, 26, 1252—1274.

[3] M. Hall, RSC Chem. Biol. 2021, 2, 958-989.

[4] F. Rudroff, M. D. Mihovilovic, H. Groger, R. Snajdrova,
H. Iding, U. T. Bornscheuer, Nat. Catal. 2018, 1, 12-22.

[5] R.C. Simon, N. Richter, E. Busto, W. Kroutil, ACS
Catal. 2014, 4, 129-143.

[6] M. A. Huffman, A. Fryszkowska, O. Alvizo, M. Borra-
garske, K. R. Campos, K. A. Canada, P. N. Devine, D.
Duan, J. H. Forstater, S. T. Grosser, H. M. Halsey, G. J.
Hughes, J. Jo, L. A. Joyce, J. N. Kolev, J. Liang, K. M.
Maloney, B. F. Mann, N. M. Marshall, M. Mclaughlin,
J. C. Moore, G.S. Murphy, C. C. Nawrat, J. Nazor, S.
Novick, N.R. Patel, A. Rodriguez-Granillo, Science
2019, 7259, 1255-1259.

[7] S.P. France, L. J. Hepworth, N. J. Turner, S. L. Flitsch,
ACS Catal. 2017, 7, 710-724.

[8] H. Kohls, F. Steffen-Munsberg, M. Hohne, Curr. Opin.
Chem. Biol. 2014, 19, 180-192.

[9] M. Brovetto, D. Gamenara, P. Saenz Méndez, G. A.
Seoane, Chem. Rev. 2011, 111, 4346-4403.

[10] N. G. Schmidt, E. Eger, W. Kroutil, ACS Catal. 2016, 6,
4286-4311.

[11] V. Vinogradov, M. Vyazmensky, S. Engel, I. Belenky, A.
Kaplun, O. Kryukov, Z. Barak, D. M. Chipman, Biochim.
Biophys. Acta Gen. Subj. 2006, 1760, 356-363.

[12] K. Fesko, M. Gruber-Khadjawi, ChemCatChem 2013, 5,
1248-1272.

[13] M. Pickl, Curr. Opin. Green Sustain. Chem. 2021, 30,
100476.

[14] V. Hé¢laine, C. Gastaldi, M. Lemaire, P. Clapés, C.
Guérard-Hélaine, ACS Catal. 2022, 12, 733-761.

[15] R. Roldén, K. Hernandez, J. Joglar, J. Bujons, T. Parella,
W. D. Fessner, P. Clapés, Adv. Synth. Catal. 2019, 361,
2673-2687.

[16] H.S. Lee, S. H. Kang, Synlett 2004, 1673—1685.

[17] J. Mangas-Sanchez, S.P. France, S.L. Montgomery,
G. A. Aleku, H. Man, M. Sharma, J.I. Ramsden, G.
Grogan, N. J. Turner, Curr. Opin. Chem. Biol. 2017, 37,
19-25.

Adv. Synth. Catal. 2023, 365, 14851495 Wiley Online Library

1494

[18] G.J. Ford, C.R. Swanson, R. T. Bradshaw Allen, J. R.
Marshall, A.P. Mattey, N.J. Turner, P. Clapés, S. L.
Flitsch, J. Am. Chem. Soc. 2022, 2, 2251-2258.

[19] G. Grogan, Curr. Opin. Chem. Biol. 2018, 43, 15-22.

[20] F. Guo, P. Berglund, Green Chem. 2017, 19, 333-360.

[21] A. Gomm, E. O’Reilly, Curr. Opin. Chem. Biol. 2018,
43, 106-112.

[22] L. Slabu, J. L. Galman, R. C. Lloyd, N.J. Turner, ACS
Catal. 2017, 7, 8263—-8284.

[23] S. M. Lait, D. A. Ranric, B. A. Keay, Chem. Rev. 2007,
107, 767-796.

[24] F. D. Klingler, Acc. Chem. Res. 2007, 40, 1367—-1376.

[25] S.T. Pruett, A. Bushnev, K. Hagedorn, M. Adiga, C. A.
Haynes, M. C. Sullards, D. C. Liotta, A. H. Merrill, J.
Lipid Res. 2008, 49, 1621-1639.

[26] P.E. Daniel, A. E. Weber, S.J. Malcolmson, Org. Lett.
2017, 19, 3490-3493.

[27] J. Song, W. H. Zheng, Chem. Commun. 2022, 58, 7392—
7395.

[28] T. Kochi, T. P. Tang, J. A. Ellman, J. Am. Chem. Soc.
2002, /124, 6518-6519.

[29] T. Kochi, T. P. Tang, J. A. Ellman, J. Am. Chem. Soc.
2003, 725, 11276-11282.

[30] G.E. Keck, A. P. Truong, Org. Lett. 2002, 4, 3131-3134.

[31] W. Ma, X. Zhang, J. Fan, Y. Liu, W. Tang, D. Xue, C. Li,
J. Xiao, C. Wang, J. Am. Chem. Soc. 2019, 141, 13506—
13515.

[32] G.T. Rice, M. C. White, J. Am. Chem. Soc. 2009, 131,
11701-11706.

[33] H. Kohls, M. Anderson, J. Dickerhoff, K. Weisz, A.
Cordova, P. Berglund, H. Brundiek, U. T. Bornscheuer,
M. Hohne, Adv. Synth. Catal. 2015, 357, 1808—1814.

[34] Y. Li, N. Hu, Z. Xu, Y. Cui, J. Feng, P. Yao, Q. Wu, D.
Zhu, Y. Ma, Angew. Chem. Int. Ed. 2022, 61,
€202116344.

[35] P. Gruber, F. Carvalho, M. P. C. Marques, B. O’Sullivan,
F. Subrizi, D. Dobrijevic, J. Ward, H.C. Hailes, P.
Fernandes, R. Wohlgemuth, F. Baganz, N. Szita, Bio-
technol. Bioeng. 2018, 115, 586-596.

[36] M. Lorillicre, C. Guérard-Hélaine, T. Gefflaut, W. D.
Fessner, P. Clapés, F. Charmantray, L. Hecquet, Chem-
CatChem 2020, 12, 812-817.

[37] K. Hernandez, J. Bujons, J. Joglar, S.J. Charnock, P.
Dominguez De Maria, W.D. Fessner, P. Clapés, ACS
Catal. 2017, 7, 1707-1711.

[38] C.J. Moreno, K. Herndndez, S.J. Charnok, S. Gittings,
M. Bolte, J. Joglar, J. Bujons, T. Parella, P. Clapés, ACS
Catal. 2021, 11, 4660—4669.

[39] J. Ogawa, H. Yamanaka, J. Mano, Y. Doi, T. Kodera, N.

Nio, S. V. Smirnov, N. Natalya, Y. I. Kozlov, S. Shimizu,

Biosci. Biotechnol. Biochem. 2007, 71, 1607-1615.

S. V. Smirnov, N. N. Samsonova, A. E. Novikova, N. G.

Matrosov, N.Y. Rushkevich, T. Kodera, J. Ogawa, H.

Yamanaka, S. Shimizu, FEMS Microbiol. Lett. 2007,

273, 70-77.

[41] C. Guérard-Hélaine, E. Heuson, M. Ndiaye, L. Gour-
beyre, M. Lemaire, V. Hélaine, F. Charmantray, J. L.

[40]

© 2023 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH


https://doi.org/10.1016/j.bmc.2017.05.023
https://doi.org/10.1039/D1CB00080B
https://doi.org/10.1038/s41929-017-0010-4
https://doi.org/10.1021/cs400930v
https://doi.org/10.1021/cs400930v
https://doi.org/10.1021/acscatal.6b02979
https://doi.org/10.1016/j.cbpa.2014.02.021
https://doi.org/10.1016/j.cbpa.2014.02.021
https://doi.org/10.1021/cr100299p
https://doi.org/10.1021/acscatal.6b00758
https://doi.org/10.1021/acscatal.6b00758
https://doi.org/10.1016/j.bbagen.2005.10.008
https://doi.org/10.1016/j.bbagen.2005.10.008
https://doi.org/10.1002/cctc.201200709
https://doi.org/10.1002/cctc.201200709
https://doi.org/10.1016/j.cogsc.2021.100476
https://doi.org/10.1016/j.cogsc.2021.100476
https://doi.org/10.1021/acscatal.1c04273
https://doi.org/10.1002/adsc.201801530
https://doi.org/10.1002/adsc.201801530
https://doi.org/10.1055/s-2004-829578
https://doi.org/10.1016/j.cbpa.2016.11.022
https://doi.org/10.1016/j.cbpa.2016.11.022
https://doi.org/10.1016/j.cbpa.2017.09.008
https://doi.org/10.1039/C6GC02328B
https://doi.org/10.1016/j.cbpa.2017.12.007
https://doi.org/10.1016/j.cbpa.2017.12.007
https://doi.org/10.1021/acscatal.7b02686
https://doi.org/10.1021/acscatal.7b02686
https://doi.org/10.1021/cr050065q
https://doi.org/10.1021/cr050065q
https://doi.org/10.1021/ar700100e
https://doi.org/10.1194/jlr.R800012-JLR200
https://doi.org/10.1194/jlr.R800012-JLR200
https://doi.org/10.1021/acs.orglett.7b01471
https://doi.org/10.1021/acs.orglett.7b01471
https://doi.org/10.1039/D2CC01963A
https://doi.org/10.1039/D2CC01963A
https://doi.org/10.1021/ja026292g
https://doi.org/10.1021/ja026292g
https://doi.org/10.1021/ja0363462
https://doi.org/10.1021/ja0363462
https://doi.org/10.1021/ol026456y
https://doi.org/10.1021/jacs.9b05221
https://doi.org/10.1021/jacs.9b05221
https://doi.org/10.1002/adsc.201500214
https://doi.org/10.1002/bit.26470
https://doi.org/10.1002/bit.26470
https://doi.org/10.1002/cctc.201901756
https://doi.org/10.1002/cctc.201901756
https://doi.org/10.1021/acscatal.6b03181
https://doi.org/10.1021/acscatal.6b03181
https://doi.org/10.1021/acscatal.1c00210
https://doi.org/10.1021/acscatal.1c00210
https://doi.org/10.1271/bbb.60655
https://doi.org/10.1111/j.1574-6968.2007.00783.x
https://doi.org/10.1111/j.1574-6968.2007.00783.x
http://asc.wiley-vch.de

RESEARCH ARTICLE

asc.wiley-vch.de

Adva
Synthesis &
Catalysis

Petit, M. Salanoubat, V. De Berardinis, T. Gefflaut,
Chem. Commun. 2017, 53, 5465-5468.

[42] R. Roldén, K. Hernandez, J. Joglar, J. Bujons, T. Parella,
I. Sanchez-Moreno, V. Hélaine, M. Lemaire, C. Guérard-
Hélaine, W. D. Fessner, P. Clapés, ACS Catal. 2018, 8,
8804—-8809.

[43] A.L. Concia, C. Lozano, J. A. Castillo, T. Parella, J.
Joglar, P. Clapés, Chem. Eur. J. 2009, 15, 3808-3816.

[44] S. Junker, R. Roldan, H.J. Joosten, P. Clapés, W.D.
Fessner, Angew. Chem. Int. Ed. 2018, 57, 10153-10157,
Angew. Chem. 2018, 130, 10310-10314.

[45] M. Hohne, S. Schitzle, H. Jochens, K. Robins, U. T.
Bornscheuer, Nat. Chem. Biol. 2010, 6, 807-813.

[46] A. Iwasaki, Y. Yamada, N. Kizaki, Y. Ikenaka, J.
Hasegawa, Appl. Microbiol. Biotechnol. 2006, 69, 499—
505.

[47] F. G. Mutti, C. S. Fuchs, D. Pressnitz, J. H. Sattler, W.
Kroutil, Adv. Synth. Catal. 2011, 353, 3227-3233.

[48] A. Szekrenyi, A. Soler, X. Garrabou, C. Guérard-
Hélaine, T. Parella, J. Joglar, M. Lemaire, J. Bujons, P.
Clapés, Chem. Eur. J. 2014, 20, 12572—12583.

[49] X. Garrabou, J. A. Castillo, C. Guérard-Hélaine, T.
Parella, J. Joglar, M. Lemaire, P. Clapés, Angew. Chem.
Int. Ed. 2009, 48, 5521-5525; Angew. Chem. 2009, 121,
5629-5633.

[50] M. Gutierrez, T. Parella, J. Joglar, J. Bujons, P. Clapés,
Chem. Commun. 2011, 47, 5762-5764.

Adv. Synth. Catal. 2023, 365, 1485—1495 Wiley Online Library

1495 © 2023 The Authors. Advanced Synthesis & Catalysis

published by Wiley-VCH GmbH


https://doi.org/10.1039/C7CC00742F
https://doi.org/10.1021/acscatal.8b02486
https://doi.org/10.1021/acscatal.8b02486
https://doi.org/10.1002/chem.200802532
https://doi.org/10.1002/anie.201804831
https://doi.org/10.1002/ange.201804831
https://doi.org/10.1038/nchembio.447
https://doi.org/10.1007/s00253-005-0002-1
https://doi.org/10.1007/s00253-005-0002-1
https://doi.org/10.1002/adsc.201100558
https://doi.org/10.1002/chem.201403281
https://doi.org/10.1002/anie.200902065
https://doi.org/10.1002/anie.200902065
https://doi.org/10.1002/ange.200902065
https://doi.org/10.1002/ange.200902065
https://doi.org/10.1039/c1cc11069a
http://asc.wiley-vch.de

