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Abstract: A key aim of biocatalysis is to mimic the ability of
eukaryotic cells to carry out multistep cascades in a controlled
and selective way. As biocatalytic cascades get more complex,
reactions become unattainable under typical batch conditions.
Here a number of continuous flow systems were used to
overcome batch incompatibility, thus allowing for successful
biocatalytic cascades. As proof-of-principle, reactive carbonyl
intermediates were generated in situ using alcohol oxidases,
then passed directly to a series of packed-bed modules
containing different aminating biocatalysts which accordingly
produced a range of structurally distinct amines. The method
was expanded to employ a batch incompatible sequential
amination cascade via an oxidase/transaminase/imine reduc-
tase sequence, introducing different amine reagents at each step
without cross-reactivity. The combined approaches allowed for
the biocatalytic synthesis of the natural product 40-methyl-
norbelladine.

Introduction

Multi-step synthesis in biocatalysis has been made more
efficient through the utilization of enzymatic cascades. No
longer are reactions limited by intermediate isolation, thus
significantly reducing time and waste."? The design of
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multienzyme systems has provided convenient syntheses of
a number of high value compounds and are now seen as the
method of choice in implementing biocatalytic reactions.**
Computer-aided synthesis planning (CASP) is also poised to
revolutionize biocatalytic synthesis planning, allowing in
silico prediction of novel biocatalytic cascades.”! Neverthe-
less, while biocatalytic cascades are increasingly considered as
the method of choice for more complex syntheses, there are
still limitations to one-pot systems due to incompatible
enzyme/substrate combinations.

Flow chemistry has seen rapid development in recent
years, with the potential to improve about 50 % of chemical
processes.’! Small scale flow systems can be translated into
larger scale production with minimal optimization as the
systems can be run for longer to increase productivity, a luxury
not afforded in batch processes which need to be scaled up.”*!
Another advantage is that continuous flow systems can be
composed of different modules (different reactor types),
which can enable the combination of a broad range of
chemistries that are incompatible under batch conditions
(Figure 1).”! Further to this, the utilization of continuous flow
systems facilitates the integration of several reaction steps
resulting in telescoped synthetic sequences.!'”)

Issues that arise with analytical biotransformations not
being translatable to scale or different biocatalytic reaction
types being incompatible, has led to the emergence of
continuous flow biocatalysis as a favorable option to alleviate
these issues."'! Operating under a continuous regime allows
for greater control of reaction conditions as well as providing
opportunities for inline analysis and purification, as well as

Flow path control
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Figure 1. Advanced compartmentalized continuous flow systems can
be used to overcome incompatible enzyme combinations/chemistries
can deliver the lab-based technological advancement necessary to fully
realize this transformation.
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automation.>"¥ Most flow biocatalysis systems utilize im-
mobilized enzymes, which vastly improves reusability and
often increases thermal stability and solvent tolerance.!"*f!
The combination of immobilization and continuous flow
reactors means that enzymes can be compartmentalized and
segregated, allowing access to previously incompatible reac-
tions in sequential reactor modules. Herein, efforts to exploit
the power of biosynthetic cascades with a continuous, com-
partmentalization approach containing multiple reactor types
and a combination of free and immobilized enzyme are
described. Issues of cross reactivity and reaction incompati-
bility in linear enzymatic cascades are addressed whilst also
showing compartmentalized flow systems can be used to
overcome metabolic flux issues associated with in vitro
cascades (Figure 1).'”7 The aim was to adopt a modular
approach using standard laboratory equipment to generate
versatile systems which enable access to a broad range of
chemistries.

Results and Discussion

The reaction cascades described here started with the
generation of aldehydes from stable and commercially
available alcohols. As aldehydes are versatile yet unstable
intermediates, it was thought a continuous flow system that
generated this group in situ at high concentrations could allow
for a range of subsequent enzymatic modifications. Biocata-
lytic oxidations are fundamental in transitioning to a bio-
based economy, in particular the use of oxidases which carry
out selective oxidation using molecular oxygen as the sole
oxidant."! To overcome potential limitations of oxygen
concentration, a previously described multipoint injection
reactor (MPIR) was employed; it was shown to greatly
improve the productivity of oxidase biocatalysts by negating
low aqueous oxygen availability through in situ biocatalytic
generation from hydrogen peroxide (Table 1).2??l An engi-
neered choline oxidase (AcCQOg) was initially chosen as an
ideal biocatalyst to test in the MPIR due to its broad substrate
scope and as it has been applied in biocatalytic cascades.?*!l
Using the MPIR, AcCO6 productivity was vastly improved
for the oxidation of a number of aromatic and aliphatic
primary alcohols with a 58 fold improvement in space time
yield and 4 fold improvement in productivity in the oxidation
of phenylethanol (see the Supporting Information). The bio-
oxidations were further optimized to ensure no over-oxida-
tion to the corresponding acid was observed, an issue
associated with batch reactions and a previous flow report
for this enzyme.!"¥

Following the successful implementation of the MPIR for
the generation of aldehydes, the system was expanded by
carrying out subsequent continuous bio-reductive aminations.
Amines are important molecules in synthetic chemistry, with
a significant proportion of the reactions performed by
medicinal chemists reported to be associated with amino-
group chemistry.” Biocatalytic amine synthesis has been
advanced by transaminases and imine reductases/reductive
aminases (IREDs/RedAms), with the use of aminating
biocatalysts providing selective and sustainable options for
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Table 1: Representation of the MPIR-packed bed continuous flow system
for the biocatalytic synthesis of amines from alcohols.l!
Amine donor

I Q =BmTA-EziG amber
1
S - - R

Q = AdRedAm-GDH-EziG amber

_@_. __R/\N/\/
= H
1

@NADP* NADPH

Amine

ACCOG

R OH —

r-----

Entry Aldehyde
1 ©/\AO 38
1

=
O
2 ; 38

T,es (Min) Conv Amine

NH,

50% ) 12
N/\/

57% WH 13 >99%

[a] Key: *Steady state conversions determined by GC-FID and compared
to chemical standards.

T,es(min) Conv*

>99%

the synthesis of chiral amines.”®*! One of the most frequently
applied aminating enzymes in flow is transaminase.**%!
Therefore, the transaminase from Bacillus megaterium
(BmTA) was immobilized and loaded it into a packed-bed
reactor.’>¥ This was connected to the output of the MPIR
(with inline mixing via a micro static mixer), generating an
MPIR-packed bed system (MPBS). Pleasingly, full conver-
sion to the corresponding primary amine 2 was achieved at
steady state and maintained for four hours (STY:
1.58 gL 'h™h).

For the generation of secondary amines such as 3 from
aldehyde 1, RedAm and glucose dehydrogenase (GDH)
combinations can be used and have also been demonstrated in
flow systems previously."**"3?l Here, the reductive aminase
from Ajellomyces dermatitidis (AdRedAm, 200 mg, 10 wt %)
and the GDH from Bacillus megaterium (BsGDH, 10 mg,
10 wt %) were immobilized and both loaded into a packed
bed reactor. Pleasingly, this also gave full conversion of the in
situ generated hydrocinnamaldehyde 1 to the corresponding
N-allyl amine 3 at steady state which was maintained for four
hours (STY: 2.1 gL"'h™") (Table 1).

Following the optimization of AcCOg¢-amination cascades
in continuous flow, the combination of previously batch-
incompatible enzyme systems was investigated. Galactose
oxidase (GOase), a copper-dependent alcohol oxidase, has
been shown to be a useful tool in biocatalysis with a number
of variants displaying a broad substrate scope.”! Using
GOase instead of choline oxidase would lead to a panel of
benzylic amines as shown in Scheme 1. However, due to the
reactive copper center in GOase, amines can inhibit the
biocatalyst meaning one-pot batch reactions are not feasible
with aminating enzymes. Indeed, when the cascades were
carried out in batch, performance as expected was poor, with
no observable conversion to the corresponding amines (see
Supporting Information).
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benzyl alcohol, an approach far less

T NH, . . .
RT . time consuming than the preparation
5a-e of individual batch reactions and en-
10mM zyme preparations. To further increase
efficiency and automation, three-way
NN /A switching valves (including a retrofitted
- R J H HPLC waste valve) were added to the

system (Scheme 1); this enabled exqui-
site control of the flow path without the
laborious need of changing lines or
columns. Using this approach, the sys-
tem could be quickly switched between
“RedAm” and “TA” flow paths with-
out intermittent washing steps, thus
vastly improving efficiency. The same
approach was also used for substrate
feeding to the MPIR again greatly
improving the efficiency of the system.
These cascades represent the first dem-
onstration of continuous biocatalyst

4 . . .
20 :1M substrate screening. This streamlined
>99% flow system has the potential to com-

plement current high throughput bio-
catalytic screening methods in fu-
ture,”® and ultimately facilitate auto-
mation for biocatalytic cascade discov-
5e ery in a highly efficient manner.
10 mM Following the successful implemen-
e tation of the oxidase-bioamination cas-
cades, the wide scope of the system was
demonstrated with in situ amine donor
generation in a TA-RedAm cascade
(Table 2). Combinations of TA and

F
1063M 106bM = s 1069M RedAm/IRED in batch are not com-
m m m m m .
93% 08% 6% 95% 98% patible because both enzymes use

Scheme 1. GOase M;; and AdRedAm/VfTA were applied in the MPBS continuous flow system
and used for cascade screening. Steady state conversions determined by GC-FID analysis.

Triangle in circle: pump; cross in circle: mixing valve.

To overcome these issues the use of compartmentalized
MPBS was investigated. Pleasingly, extremely efficient cas-
cades were observed with >95% conversion achieved in the
reductive amination of five benzaldehydes 4 (generated in
situ by GOase in the MPIR, Scheme 1), using the trans-
aminase from Vibrio fluvialis (VfTA) and AdRedAm to
generate the primary 5 and secondary amines 6, respectively.
Fresh samples of immobilized enzyme preparations were used
for each of the described systems to avoid the need to study
long term stability between experiments. Importantly, due to
immobilization of the enzymes, several substrates could be
screened using the same columns. This approach efficiently
surveyed the activity of VfTA and AdRedAm in the reductive
amination of the benzaldehyes 4a—e (20 mM: five or 10 equiv.
amine). A total system residence time of <38 mins was
enough to obtain >90 % conversion in all instances. A panel
of 10 primary 5a—e/secondary amines 6a—e (10 mM) were
generated merely by changing the flow path and the initial

amine substrates with potential for
cross reactivity. Hence, the in situ
generation of primary amines by TAs
for use in subsequent reductive amina-
tions by RedAm/IRED has yet to be
explored. For the initial flow bioami-
nation cascade, BmTA and AdRedAm (with BsGDH) were
immobilized on EziG amber support (200 mg 10 wt %) and
placed in separate packed bed reactors, to prevent the
previously mentioned potential issues for cross amination.
Initially, a solution containing butanal (40 mM), racemic
alanine (400 mM) and PLP (1 mM) was passed through the
TA module, achieving full conversion to butylamine 7 at
steady state with a residence time of 12 minutes. The effluent
of this reaction was mixed via a microstatic mixer (see
Supporting Information) with another solution containing
cyclohexanone (10 mM), NADP* (1 mM) and glucose
(50 mM). Initial results with AdRedAm showed about 20 %
conversion at steady state, with four equivalents of amine 7
necessary (20 mM butylamine 7, and 5 mM ketone in RedAm
module). To further improve the productivity of this reaction
a more suitable RedAm was selected from a metagenomics
panel.””’ The RedAms were identified using a previously
described screen containing 384 different enzymes, which
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Table 2: Transaminase-RedAm cascades.”

o

Carbonyl
10 mM
20 mM 20 mM NH
PpTA IR23-GDH ©
! 5[ 5mM
BmTA IR79-GDH
L - O g "
s
R/\/NHZ
5 mM
O TA-EziG Amber O RedAm-EziG Amber
Entry 1°Amine T, (min) Conv 2° Amine Tes(min) Conv
N /\/\NH
1 S, N 12 >99% 10 20%*
10
NH
/\/\NH2
2 12 >99% ¢ 85%

NH> @\/\
3 @N 12 >99% ik 12 94%

1

ox
© 11 95%

12

>99%

[a] Cascades were applied in a multi packed-bed reactor system with
switching valves enabling efficient control of flow path. Conversions to
primary and secondary amines were calculate by comparison of GC-FID
spectra with product standards. Key: *Reductive amination carried out
by AdRedAm.

gives a colourimetric indication of activity using a coupled
diaphorase system (see supporting information and referen-
ces).’”3 For the generation of N-
butylcylohexlyamine 10, IR-79 was
selected and immobilized on the
EziG amber support (100 mg,
10 wt %), with 85% conversion to
the secondary amine 10 observed
and maintained for three hours at
steady state (Table2). This repre- R OH
sented a total system residence time 120 mM
of 21 mins (STY: 1.87 gL™'h™"), and
only required two equivalents of

AlOx
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amination of benzaldehyde followed by reductive amination
with cyclohexanone using IR-79. Pleasingly 95 % conversion
to 12 was achieved and maintained for four hours with
a system residence time of 24 mins (STY: 2.24gL'h™").
Again, the implementation of several switching valves
allowed rapid change of flow path and enabled the generation
of three RedAm products (10, 11, 12) without isolation or
purification of any intermediates.

De novo designed biocatalytic cascades are often limited
to 2-4 steps due to incompatibility issues as discussed above,
which become more limiting as the number of steps increases.
After demonstrating that MPBS could over-come these
issues, a compartmentalized six-enzyme cascade was targeted,
highlighting that multiple reactor technologies can be com-
bined to enable previously inaccessible reaction sequences. A
synthetic sequence that was able to convert primary alcohols
into amines via an oxidase-TA sequence, which could then be
used as the amine substrate for a RedAm reaction was
envisaged (Table 3). Using the compartmentalized MPBS,
AcCO6 efficiently oxidized phenylethanol (120 mM). The
resulting aldehyde 14 was mixed with racemic alanine
(400 mM) and PLP (1 mM) via a microstatic mixer, which
then passed through immobilized BmTA forming 2-phenyl-
ethylamine 8. The effluent from this reaction was mixed with
a RedAm line (glucose (50 mM), NADP" (1 mM), cyclo-
hexanone (10 mM)) and passed through immobilized IR-79
to quantitatively generate 11 under continuous conditions.
Pleasingly, amine donors were generated in two biocatalytic
steps from the alcohols, which then fed directly into the
RedAm reactors that successfully utilized the in situ gener-
ated amine substrates. All three examples reached steady
state conversions of >90%.

To highlight the benefits of this system in target synthesis,
a continuous biocatalytic synthesis of 40-methylnorbelladine

Table 3: A six enzyme continuous cascade used for the synthesis of asymmetric amines.”

Carbonyl
10 mM

NH
% A~ R
¢} R™ "NH, 5mM
40 mM 20 mM

QO TA-EziG amber Q RedAm-GDH-EziG amber

butylamine 7 (20 mM butylamine

Entry Aldehyde T, (min)

Conv 1°Amine T,(min) Conv 2°Amine T, (min) Conv

and 10 mM ketone in RedAm mod-
ule). This approach was expanded 1~ 55
to generate N-(2-phenyl)ethyl cy- 13

clohexylamine 11 wusing another
metagenomic RedAm  (IR-23),
again only requiring two equiva-
lents of amine with a system resi-
dence time of 24 mins (STY:
2.53gL'h™"). A third approach
was then used to generate N-ben-
zylcyclohexylamine 12 with the
transaminase from Pseudomonas

<" NH
7

>99% >99% 13 92%

@A/NHz 12
8

NH
©/\NH2 12 >99% © 13 97%

9 12

putida (PpTA)*” mediated trans-
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Scheme 2. Continuous oxidase-RedAm cascade for the synthesis of
40-methylnorbelladaine 17.

T
SO
O
OH
17

>90% conv.

17 via an Oxidase-RedAm cascade was designed
(Scheme 2).°! 40-Methylnorbelladine is an important pre-
cursor in the synthesis of a number of pharmacologically
active alkaloid scaffolds, such as the dementia drug galant-
amine.***!l For this cascade, it was thought tyramine 16 could
be generated via a continuous oxidase-TA cascade. Choline
oxidase activity was tested against tyrinol in the MPIR. The
resulting biogenic aldehyde is a key intermediate in the
biosynthesis of benzylisoquinoline alkaloids and often re-
quires multistep syntheses.***! Despite the biooxidation
proving highly efficient (120 mM substrate loading; > 90 %
conversion; STY: 837gL'hl; productivity:
5.1 product gcnzymc’l) tyramine was commercially available at
a lower cost than the alcohol so this step was not necessary.

For the reductive amination of isovanillin and tyramine
16, the previously described high throughput colorimetric
assay was used to identify potential RedAms.” From this
screen IR-80 was selected and the reaction validated with an
analytical scale biotransformation. The product 17 was found
to be insoluble in aqueous buffer and proved difficult to
analyze by HPLC. As an alternative, the crude biotransfor-
mation was filtered, and the residue suspended in DMSO/
MeOH for MALDI analysis with an observed m/z of 274.2
corresponding to the protonated adduct of the product 17 (see
Supporting Information). Encouraged by this result, IR-80
was immobilized on EziG amber (150 mg, 10 wt%) for
translation into continuous flow (Scheme 2). To implement
a cascade for this synthesis, a GOase M,s (5 mgmL™)
mediated biooxidation of isovanilyl alcohol 15 (30 mM) was
carried out in the MPIR. The effluent was mixed with the
RedAm feed (tyramine 16 (50 mM), NADP* (0.1 mM) and
glucose (50 mM)) which was flowed through an IR-80 module
to quantitatively generate 17 for four hours with a system
residence time of 36 min (STY: 2.26 gL.""h™"). Filtration of
the effluent allowed recovery of the excess tyramine and
provided a simple purification method for the isolation of 17.

Conclusion

For the first time it has been shown that previously
incompatible enzyme cascades can be run continuously,
greatly improving the metrics (up to 58-fold for STY and 4-
fold for enzyme productivity) when compared to the equiv-
alent batch reactions. This system is extremely versatile with
several enzyme combinations tested that enabled the gen-
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eration of a range of amine intermediates. The reactors were
also extended to demonstrate proof-of-concept, high through-
put reaction screening in continuous flow. A continuous
synthesis of the biologically relevant molecule 40-methyl-
norbelladine was also successfully demonstrated. Using
a continuous approach allows many additional benefits to
those discussed here to further improve biocatalytic reaction
efficiency. In particular, recycling of co-factors is made
operationally more simple with flow systems which signifi-
cantly reduces the economic impact.”>*! Furthermore, com-
bination with automated high throughput biocatalyst screen-
ing,*! and computer aided synthesis planning,”! paves the
way for fully autonomous biocatalytic synthesis.

Acknowledgements

This work was supported by IBiolC, Prozomix Ltd. and
Bioshape Ltd., RCUK (BB/ L013762/1; BB/M027791/1; BB/
M02903411; BB/ M028836/1) and ERC (788231-ProgrES-
ERC-2017-ADG). S.C.C. acknowledges the UK Catalysis
Hub and Keele University for funding. We would like to
thank Dr Michael Chapman, Prof. John Blacker and Prof. Nik
Kapur for providing the MPIR. Thanks go to Dr James
Galman for providing samples of PpTA. Also, to Rehana
Sung for assisting in the acquisition of mass spec data.

Conflict of interest

Matthew Thompson is an employee for EnginZyme, and
provided the immobilisation support used in this study.

Keywords: biocatalytic cascades - continuous flow - oxidation -
reductive amination - transamination

[1] S. Gandomkar, A. Zadto-Dobrowolska, W. Kroutil, Chem-
CatChem 2019, 11, 225-243.

[2] 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,
S. A. Robaire, E. C. Sherer, M. D. Truppo, A. M. Whittaker, D.
Verma, L. Xiao, Y. Xu, H. Yang, Science 2019, 366, 1255 —1259.

[3] J. H. Schrittwieser, S. Velikogne, M. Hall, W. Kroutil, Chem. Rev.
2018, 718, 270-348.

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

[5] W. Finnigan, L. Hepworth, N. Turner, S. Flitsch, Nat. Catal. 2021,
4,98-104.

[6] L. Tamborini, P. Fernandes, F. Paradisi, F. Molinari, Trends
Biotechnol. 2018, 36, 73-88.

[7] K. Geyer,J. D. C. Codée, P. H. Seeberger, Chem. Eur. J. 2006, 12,
8434 -8442.

[8] J. Wegner, S. Ceylan, A. Kirschning, Chem. Commun. 2011, 47,
4583 -4592.

[9] C. De Risi, O. Bortolini, A. Brandolese, G. Di Carmine, D.
Ragno, A. Massi, React. Chem. Eng. 2020, 5, 1017 -1052.

18664 www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH  Angew. Chem. Int. Ed. 2021, 60, 1866018665


https://doi.org/10.1002/cctc.201801063
https://doi.org/10.1002/cctc.201801063
https://doi.org/10.1126/science.aay8484
https://doi.org/10.1021/acs.chemrev.7b00033
https://doi.org/10.1021/acs.chemrev.7b00033
https://doi.org/10.1021/acscatal.6b02979
https://doi.org/10.1021/acscatal.6b02979
https://doi.org/10.1038/s41929-020-00556-z
https://doi.org/10.1038/s41929-020-00556-z
https://doi.org/10.1016/j.tibtech.2017.09.005
https://doi.org/10.1016/j.tibtech.2017.09.005
https://doi.org/10.1002/chem.200600596
https://doi.org/10.1002/chem.200600596
https://doi.org/10.1039/c0cc05060a
https://doi.org/10.1039/c0cc05060a
https://doi.org/10.1039/D0RE00076K
http://www.angewandte.org

GDCh
~~

[10] J. C. Pastre, P. R. D. Murray, D. L. Browne, G. A. Brancaglion,
R.S. Galaverna, R. A. Pilli, S. V. Ley, ACS Omega 2020, 5,
18472 -18433.

[11] J. Britton, G. A. Weiss, J. Britton, Chem. Soc. Rev. 2018, 47,
5891-5918.

[12] F. Paradisi, Catalysts 2020, 10, 645.

[13] M. B. Plutschack, B. Pieber, K. Gilmore, P. H. Seeberger, Chem.
Rev. 2017, 117, 11796 -11893.

[14] M. P. Thompson, S. R. Derrington, R. S. Heath, J. L. Porter, J.
Mangas-Sanchez, P.N. Devine, M. D. Truppo, N.J. Turner,
Tetrahedron 2019, 75, 327-334.

[15] M. P. Thompson, I. Penafiel, S. C. Cosgrove, N. J. Turner, Org.
Process Res. Dev. 2019, 23, 9—18.

[16] W. Bohmer, A. Volkov, K. Engelmark Cassimjee, F. G. Mutti,
Adv. Synth. Catal. 2020, 362, 1858 -1867.

[17] R. Cutlan, S. De Rose, M. N. Isupov, J. A. Littlechild, N.J.
Harmer, Biochim. Biophys. Acta Proteins Proteomics 2020, 1868,
140322.

[18] R. A. Sheldon, Front. Chem. 2020, 8, 132.

[19] J.J. Dong, E. Fernandez-Fueyo, F. Hollmann, C. E. Paul, M.
Pesic, S. Schmidt, Y. Wang, S. Younes, W. Zhang, Angew. Chem.
Int. Ed. 2018, 57, 9238 -9261; Angew. Chem. 2018, 130, 9380 —
9404.

[20] S. C. Cosgrove, A. P. Mattey, M. Riese, M. R. Chapman, W. R.
Birmingham, A. J. Blacker, N. Kapur, N. J. Turner, S. L. Flitsch,
ACS Catal. 2019, 9, 11658 -11662.

[21] M. R. Chapman, S. C. Cosgrove, N. J. Turner, N. Kapur, A.J.
Blacker, Angew. Chem. Int. Ed. 2018, 57, 10535-10539; Angew.
Chem. 2018, 130, 10695 -10699.

[22] A. Toftgaard Pedersen, W.R. Birmingham, G. Rehn, S.J.
Charnock, N. J. Turner, J. M. Woodley, Org. Process Res. Dev.
2015, 79, 1580-1589.

[23] J. I. Ramsden, R. S. Heath, S. R. Derrington, S. L. Montgomery,
J. Mangas-Sanchez, K. R. Mulholland, N. J. Turner, J. Am. Chem.
Soc. 2019, 141, 1201 -1206.

[24] R.S. Heath, W. R. Birmingham, M. P. Thompson, A. Taglieber,
L. Daviet, N. J. Turner, ChemBioChem 2019, 20, 276-281.

[25] S.D. Roughley, A. M. Jordan, J. Med. Chem. 2011, 54, 3451 -
3479.

[26] 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.

[27] S. A. Kelly, S. Mix, T. S. Moody, B. F. Gilmore, Appl. Microbiol.
Biotechnol. 2020, 104, 4781 -4794.

[28] M. L. Contente, F. Dall’Oglio, L. Tamborini, F. Molinari, F.
Paradisi, ChemCatChem 2017, 9, 3843 —3848.

[29] M. L. Contente, F. Paradisi, Nat. Catal. 2018, 1, 452 —459.

Research Articles

Internati

[30] V. Aumala, F. Mollerup, E. Jurak, F. Blume, J. Karppi, A. E.
Koistinen, E. Schuiten, M. VoB, U. Bornscheuer, J. Deska, E. R.
Master, ChemSusChem 2019, 12, 848 -857.

[31] W. Finnigan, J. Citoler, S. C. Cosgrove, N. J. Turner, Org. Process
Res. Dev. 2020, 24, 1969-1977.

[32] J. Mangas-Sanchez, M. Sharma, S. C. Cosgrove, J. I. Ramsden,
J. R. Marshall, T. W. Thorpe, R. B. Palmer, G. Grogan, N. J.
Turner, Chem. Sci. 2020, 11, 5052 -5057.

[33] W. R. Birmingham, N. J. Turner, ACS Catal. 2018, 8, 4025 —4032.

[34] J. B. Rannes, A. Ioannou, S. C. Willies, G. Grogan, C. Behrens,
S. L. Flitsch, N. J. Turner, J. Am. Chem. Soc. 2011, 133, 8436—
8439.

[35] G.J.Ford, N. Kress, A. P. Mattey, L. J. Hepworth, C. R. Baldwin,
J. R. Marshall, L. S. Seibt, M. Huang, W. R. Birmingham, N. J.
Turner, S. L. Flitsch, Chem. Commun. 2020, 56, 7949 —7952.

[36] D. A. Holland-Moritz, M. K. Wismer, B. F. Mann, 1. Farasat, P.
Devine, E. D. Guetschow, I. Mangion, C. J. Welch, J. C. Moore,
S. Sun, R. T. Kennedy, Angew. Chem. Int. Ed. 2020, 59, 4470—
4477, Angew. Chem. 2020, 132, 4500-4507.

[37] S.L. Montgomery, A. Pushpanath, R. S. Heath, J. R. Marshall,
U. Klemstein, J. L. Galman, D. Woodlock, S. Bisagni, C.J.
Taylor, J. Mangas-Sanchez, J. I. Ramsden, B. Dominguez, N. J.
Turner, Sci. Adv. 2020, 6, eaay9320.

[38] J. R. Marshall, P. Yao, S.L. Montgomery, J. D. Finnigan, T. W.
Thorpe, R. B. Palmer, J. Mangas-Sanchez, R. A. M. Duncan,
R.S. Heath, K. M. Graham, D.J. Cook, S.J. Charnock, N. J.
Turner, Nat. Chem. 2021, 13, 140—148.

[39] J. L. Galman, D. Gahloth, F. Parmeggiani, I. Slabu, D. Leys, N. J.
Turner, Front. Bioeng. Biotechnol. 2018, 6, https://doi.org/10.
3389/fbioe.2018.00205.

[40] M. B. Kilgore, M. M. Augustin, C. M. Starks, M. O’Neil-Johnson,
G.D. May, J. A. Crow, T. M. Kutchan, PLoS One 2014, 9,
e103223.

[41] 1. Desgagné-Penix, Phytochem. Rev. 2021, 20, 409—431.

[42] N. Samanani, D. K. Liscombe, P.J. Facchini, Plant J. 2004, 40,
302-313.

[43] M. L. Contente, F. Paradisi, ChemBioChem 2019, 20, 2830-
2833.

[44] C.J. Hartley, C. C. Williams, J. A. Scoble, Q. 1. Churches, A.
North, N.G. French, T. Nebl, G. Coia, A.C. Warden, G.
Simpson, A. R. Frazer, C. N. Jensen, N. J. Turner, C. Scott, Nat.
Catal. 2019, 2, 1006-1015.

Manuscript received: March 17, 2021
Revised manuscript received: April 12, 2021
Accepted manuscript online: April 15, 2021
Version of record online: May 19, 2021

Angew. Chem. Int. Ed. 2021, 60, 18660-18665 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH ~www.angewandte.org 18665

An dte


https://doi.org/10.1021/acsomega.0c02390
https://doi.org/10.1021/acsomega.0c02390
https://doi.org/10.1039/C7CS00906B
https://doi.org/10.1039/C7CS00906B
https://doi.org/10.3390/catal10060645
https://doi.org/10.1021/acs.chemrev.7b00183
https://doi.org/10.1021/acs.chemrev.7b00183
https://doi.org/10.1016/j.tet.2018.12.004
https://doi.org/10.1021/acs.oprd.8b00305
https://doi.org/10.1021/acs.oprd.8b00305
https://doi.org/10.1002/adsc.201901274
https://doi.org/10.1016/j.bbapap.2019.140322
https://doi.org/10.1016/j.bbapap.2019.140322
https://doi.org/10.1002/anie.201800343
https://doi.org/10.1002/anie.201800343
https://doi.org/10.1002/ange.201800343
https://doi.org/10.1002/ange.201800343
https://doi.org/10.1021/acscatal.9b04819
https://doi.org/10.1002/anie.201803675
https://doi.org/10.1002/ange.201803675
https://doi.org/10.1002/ange.201803675
https://doi.org/10.1021/acs.oprd.5b00278
https://doi.org/10.1021/acs.oprd.5b00278
https://doi.org/10.1021/jacs.8b11561
https://doi.org/10.1021/jacs.8b11561
https://doi.org/10.1021/jm200187y
https://doi.org/10.1021/jm200187y
https://doi.org/10.1016/j.cbpa.2016.11.022
https://doi.org/10.1007/s00253-020-10585-0
https://doi.org/10.1007/s00253-020-10585-0
https://doi.org/10.1002/cctc.201701147
https://doi.org/10.1038/s41929-018-0082-9
https://doi.org/10.1002/cssc.201802580
https://doi.org/10.1021/acs.oprd.0c00075
https://doi.org/10.1021/acs.oprd.0c00075
https://doi.org/10.1039/D0SC02253E
https://doi.org/10.1021/acscatal.8b00043
https://doi.org/10.1021/ja2018477
https://doi.org/10.1021/ja2018477
https://doi.org/10.1039/D0CC02976A
https://doi.org/10.1126/sciadv.aay9320
https://doi.org/10.1038/s41557-020-00606-w
https://doi.org/10.3389/fbioe.2018.00205
https://doi.org/10.3389/fbioe.2018.00205
https://doi.org/10.1371/journal.pone.0103223
https://doi.org/10.1371/journal.pone.0103223
https://doi.org/10.1111/j.1365-313X.2004.02210.x
https://doi.org/10.1111/j.1365-313X.2004.02210.x
https://doi.org/10.1002/cbic.201900356
https://doi.org/10.1002/cbic.201900356
https://doi.org/10.1038/s41929-019-0353-0
https://doi.org/10.1038/s41929-019-0353-0
http://www.angewandte.org

