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The synthesis of enantiopure chiral amines from racemic
alcohols is a key transformation in the chemical industry, e.g.,
in the production of active pharmaceutical ingredients (APIs).
However, this reaction remains challenging. In this work, we
propose a one-pot enzymatic cascade for the direct conversion
of a racemic alcohol into either (S)- or (R)-enantiomers of the
corresponding amine, with in-situ cofactor recycling. This
enzymatic cascade consists of two enantio-complementary

alcohol dehydrogenases, both NADH and NADPH oxidase for in-
situ recycling of NAD(P)+ cofactors, and either (S)- or (R)-
enantioselective transaminase. This cell-free biocatalytic system
has been successfully applied to the conversion of racemic 4-
phenyl-2-butanol into the high value (S)- or (R)-enantiomers of
the amine reaching good (73% (S)) and excellent (>99% (R))
enantioselectivities.

Chiral amines are essential building blocks for the pharmaceut-
ical industry,[1] as they are key intermediates in the synthesis of
a plethora of active pharmaceutical ingredients (APIs).[2] The
industrial synthesis of chiral amines is mainly developed
through metal-catalysed processes, which mostly require tran-
sition metal complexes.[3]

During the last decades, biocatalysis emerged as a prom-
inent sustainable alternative to metal-catalysis in organic
chemical synthesis, and nowadays, the enantioselective syn-
thesis of chiral amines by isolated enzymes encompasses a
central role in industrial biocatalysis.[2] The first examples of
application of isolated enzymes to the production of chiral
amines were developed via kinetic resolution of racemic amines
by lipases[4] and dynamic kinetic resolution.[5–8] In addition, the
direct synthesis of enantiopure amines from prochiral ketones
catalysed by enzymes has also been developed, mainly using
amine dehydrogenases (AmDHs) and ω-transaminases (TAs).
The former enzymes catalyse the reductive amination of
prochiral ketones into chiral amines with the addition of the
cofactor NAD(P)H and ammonia, thus producing water as the

only by-product when the cofactor is regenerated in the
reaction.[3,9–12] TAs catalyse the transamination of prochiral
ketones by using an excess of an amine donor, usually
isopropylamine.[2,13–18] Although several equivalents of sacrificial
amino donors are needed to drive the equilibrium to product
formation, the use of TAs provides the additional benefit of
producing either the (S)- or the (R)- enantiomers of the amine,
as both (S)- and (R)-enantioselective TAs have been described.[19]

Moreover, several engineered TAs have already proved to be
excellent catalysts for the production of complex enantiopure
amines.[19–21]

In contrast to the asymmetric synthesis of amines from
ketone precursors, the direct amination of alcohols offers
advantages, since the alcohol is generally more easily
accessible.[22] In fact, different metal-catalysed approaches have
been proposed to this end.[23] In this context, the biocatalytic
amination of alcohols to synthesize chiral amines using
enzymatic cascades have also been reported. These reactions
involve a two-step process: alcohol oxidation to form a carbonyl
group, followed by reductive amination to produce a primary
amine. The use of alcohol dehydrogenase (ADH) for alcohol
oxidation and AmDH for the reductive amination step is
attractive, since, in principle, the only by-product is water, and
established the hydrogen-borrowing concept. Several examples
of these redox-neutral enzymatic cascades have been carried
out for the asymmetric amination of alcohols.[3,10,11,24] On the
other hand, TAs have also been successfully applied in the
amination step of cascade reactions to synthesize chiral amines.
Remarkably, with this strategy, the production of both
enantiomers of a broad range of chiral amines has been
achieved.[25–30]

The conversion of easily available racemic alcohols to
enantiopure chiral amines would be of course ideal. However,
this reaction remains challenging in the pharmaceutical
industry as the oxidation of both alcohol enantiomers is
required in the first step.[28] Different methodologies have been
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proposed for the non-enantioselective oxidation of the
alcohol,[27–30] however, the use of two enantio-complementary
ADHs in a biocatalytic approach is appealing.[25,26] ADH-
mediated oxidation of alcohols would require stoichiometric
amounts of NAD(P)+ cofactors, unless this is regenerated in-situ
to ensure the sustainability of the process. In cascades involving
ADHs-TAs for the asymmetric synthesis of amines from racemic
alcohols, the use of water-forming NAD(P)H oxidases (NOX) is
an interesting approach. This strategy only requires oxygen and
generates water as the only by-product, and it has been shown
to enhance the alcohol oxidation step in these enzyme
systems.[25,28,31]

In this work, we have developed a one-pot enzyme cascade
for the asymmetric synthesis of one aromatic amine from the
corresponding racemic secondary alcohol. The system involves
two enantio-complementary ADHs with broad substrate scope,
NOX for the in-situ recycling of NAD(P)+ cofactor, and either (S)-
or (R)-selective TA. The potential of this enzyme cascade was
investigated, adopting as a case study the conversion of the
racemic alcohol 4-phenyl-2-butanol into the high value (S)- and
(R)-enantiopure aromatic amines, since the cell-free enzymatic
synthesis of both enantiomers of this amine in a tunable fashion
has not been satisfactory. The optimized enzyme cascade
provides an alternative for the biosynthesis of chiral amines
from racemic alcohols, and to put steps forward in the
applicability of biocatalysis in the pharmaceutical industry.

The (S)-selective horse liver alcohol dehydrogenase (HLADH)
has been identified for this work as one of the two enantio-
complementary ADHs. Since the 1980s, HLADH has been
successfully applied to redox reactions showing excellent
enantioselective properties.[32–35] The coupling of HLADH with
the water-forming NOX from Lactobacillus pentosus for in-situ
recycling of the oxidized NAD+ cofactor has shown to even
enhance the overall reaction performance.[31] Then, the (R)-
selective ADH from Lactobacillus brevis (LbADH) was chosen as
the second oxidative enzyme, since it shows both excellent
enantioselectivity and broad substrate scope.[3,36,37] However,
LbADH is NADP+ dependent, and a highly efficient NADPH
oxidase (TPNOX), engineered from Lactobacillus brevis NOX was
selected as recycling partner.[38] For the amination step, we
explored the suitability of the wild-type (S)-selective TA from
Halomonas elongata (HEWT),[39–41] and the (R)-selective thermo-
tolerant TA from Thermomyces stellatus (TsRTA).[42,43] Both, HEWT
and TsRTA accept isopropylamine (IPA) as amino donor
resulting in high molar conversions (m.c.).[31,42] This one-pot
enzymatic cascade was applied to the asymmetric synthesis of
4-phenylbutan-2-amine from the corresponding racemic alcohol
(Scheme 1).

At 10 mM substrate concentration, the molar conversion
(m.c.) of racemic 4-phenyl-2-butanol to either (S)- or (R)-
enantiomer of the amine were modest but encouraging: 49%
and 24%, respectively, with good to excellent enantiomeric
excess (ee) (71% (S) and >99% (R)). The m.c. were lower at a
higher substrate concentration (50 mM) with both, HEWT and
TsRTA (Table 1). In addition, it was confirmed that both ADHs
catalyse the oxidation of this racemic secondary alcohol with
excellent enantioselectivities (Table S1).

According to the observed product distribution at different
time points (Figure S1), the alcohol was oxidised at a faster rate
than the following amination step. Therefore, the amino donor
system in the synthesis of both, (S)- and (R)-4-phenylbutan-2-
amine, was further optimized. In the application of HEWT to the
biocatalytic amination of 4-phenyl-2-butanone, the use of 10
equivalents (eq.) of IPA rather than 2 eq., and a higher enzyme
concentration (1 mgmL� 1), increased the m.c. from 54% to 75%
at 10 mM scale, and from 42% to 66% at 50 mM scale (Table 2).

Scheme 1. One-pot enzyme cascade catalysing the conversion of racemic 4-
phenyl-2-butanol into either (S)- or (R)-enantiomers of the corresponding
amine with in-situ cofactor recycling.

Table 1. Bioamination of racemic 4-phenyl-2-butanol in batch reactions
catalysed by soluble HLADH (0.5 mgmL� 1), LbADH (0.5 mgmL� 1), LpNOX
(0.25 mgmL� 1), TPNOX (0.25 mgmL� 1), and either HEWT (0.5 mgmL� 1) or
TsRTA (0.5 mgmL� 1), to synthesize either (S)- (with HEWT) or (R)- 4-
phenylbutan-2-amine (with TsRTA). Reaction conditions: 10 mM or 50 mM
racemic 4-phenyl-2-butanol in phosphate buffer (20 mM, pH 8), 0.1 eq.
NAD+, 0.1 eq. NADP+, 2 eq. IPA, 10 mM MgCl2, 1 mM flavin adenine
dinucleotide (FAD), and 0.1 mM pyridoxal 5’-phosphate (PLP). T=30 °C.
Reaction volume=1 mL. Mean values of triplicate reactions.

TA Substrate Product distribution [%][a] m.c. ee
[mM] Alcohol Ketone Amine [%][a] [%][b]

HEWT 10 0 50 50 49 71 (S)
TsRTA 10 1 73 27 24 >99 (R)
HEWT 50 16 48 35 28 88 (S)
TsRTA 50 10 80 9 2 >99 (R)

[a] Molar conversion (m.c.) determined by HPLC. [b] Enantiomeric excess
(ee) determined by GC-FID.

Table 2. Bioamination of 4-phenyl-2-butanone in batch reactions catalysed
by soluble HEWT (1 mgmL� 1) to synthesize (S)-4-phenylbutan-2-amine.
Reaction conditions: 10 mM or 50 mM 4-phenyl-2-butanone in phosphate
buffer (20 mM, pH 8), 2–10 eq. IPA, and 0.1 mM PLP. T=30 °C. Reaction
volume=1 mL. Mean values of triplicate reactions.

Substrate [mM] IPA [eq.] m.c. [%][a]

10 2 54
10 5 68
10 10 75
50 2 42
50 5 64
50 10 66

[a] Molar conversion (m.c.) determined by HPLC.
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In parallel, for the synthesis of (R)-4-phenylbutan-2-amine
catalysed by TsRTA, the same conditions, pushed the m.c. to
53% at 10 mM scale, while at 50 mM substrate concentration,
the highest m.c., 10%, was obtained with 5 eq. of IPA (Table 3).

Despite these improvements, the m.c. in the TsRTA
catalysed reaction was still low for the implementation of this
enzymatic cascade for the synthesis of the (R)-amine and further

optimization of the concentration of TsRTA was carried out. At
5 mgmL� 1 of biocatalyst, 58% and 20% m.c. were achieved at
10 mM and 50 mM scales, respectively (Table 4).

The enzymatic cascade consisting of HLADH-LbADH-LpNOX-
TPNOX and either HEWT or TsRTA, with optimised reaction
conditions in the amination step, was then applied to the
synthesis of the (S)- or (R)-enantiomers of the target amine
(Table 5). In the synthesis of (R)-4-phenylbutan-2-amine from
racemic alcohol, 61% and 35% m.c. were respectively achieved
at 10 mM and 50 mM substrate concentrations, with excellent
enantioselectivity (>99% ee) which nicely compares with the
system developed by Mutti and co-workers which established
an enzymatic cascade formed by two enantiocomplementary
ADHs, AmDH, NADPH oxidase, catalase and formate dehydro-
genase, albeit such system yielded complete conversion of the
same substrate.[44] The lower m.c. obtained in the present work
might be due to operational stability issues of TsRTA, but
engineering of this enzyme was recently reported to yield a
more stable variant.[42]

The synthesis of (S)-4-phenylbutan-2-amine at 50 mM was
obtained with very good m.c. (67%), and this value compares
to a previously reported cascade which, however, required the
optically pure (S)-alcohol and generated both alanine and
lactate.[25] In addition, Li and co-workers developed a novel
simple system containing only ADH, TA and IPA for the
amination of racemic alcohol to produce (S)- amine.[28] However,
they applied this enzymatic cascade only in-vivo, and the
whole-cell yielded the (S)-amine with 88% m.c. and >99% ee.

In this work, we described a cell-free biocatalytic system for
the tunable conversion of racemic 4-phenyl-2-butanol into
either (S)- or (R)-enantiomers of 4-phenylbutan-2-amine. These
high value enantiomers of the aromatic amine were synthesized
in one-pot with good (73% (S)) and excellent (>99% (R))
enantioselectivities from the corresponding racemic alcohol. To
improve further on the applicability of this one-pot enzymatic
cascade to the synthesis of (R)-4-phenylbutan-2-amine, engi-
neering TsRTA for improved operational stability might be an
interesting approach. In addition, this work represents the first
example of synthesis of (S)-4-phenylbutan-2-amine from the
racemic alcohol using isolated enzymes with good conversion
and the highest ee reported up to date. Thus, this work provides
a biocatalytic system as an alternative for the direct synthesis of
chiral amines from racemic alcohols and contributes to further
expand the toolbox of biocatalysis for its application to the
pharmaceutical industry. As an outlook, the immobilisation of
the biocatalysts and the translation of the reaction to a
continuous flow set up would make the process even more
efficient.
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Table 3. Bioamination of 4-phenyl-2-butanone in batch reactions catalysed
by soluble TsRTA (1 mgmL� 1) to synthesize (R)- 4-phenylbutan-2-amine.
Reaction conditions: 10 mM or 50 mM 4-phenyl-2-butanone in phosphate
buffer (20 mM, pH 8), 2–10 eq. IPA or 1–2 eq. (R)-methylbenzylamine
(RMBA), and 0.1 mM PLP. T=30 °C. Reaction volume=1 mL. Mean values
of triplicate reactions.

Substrate [mM] Amino donor [eq.] m.c. [%][a]

10 IPA (2) 33
10 IPA (5) 45
10 IPA (10) 53
10 RMBA (1) 20
10 RMBA (2) 10
50 IPA (2) 9
50 IPA (5) 10
50 IPA (10) 8
50 RMBA (1) 0
50 RMBA (2) 0

[a] Molar conversion (m.c.) determined by HPLC.

Table 4. Bioamination of 4-phenyl-2-butanone in batch reactions catalysed
by soluble TsRTA (1 - 5 mgmL� 1) to synthesize (R)- 4-phenylbutan-2-amine.
Reaction conditions: 10 mM or 50 mM 4-phenyl-2-butanone in phosphate
buffer (20 mM, pH 8), 5 eq. (for 10 mM substrate concentration) or 10 eq.
IPA (for 50 mM substrate concentration), and 0.1 mM PLP. T=30 °C.
Reaction volume=1 mL. Mean values of triplicate reactions.

Substrate
[mM]

TsRTA
concentration

m.c.
[%][a]

10 1 mgmL� 1 53
10 2 mgmL� 1 58
10 5 mgmL� 1 58
50 1 mgmL� 1 10
50 2 mgmL� 1 13
50 5 mgmL� 1 20

[a] Molar conversion (m.c.) determined by HPLC.

Table 5. Bioamination of racemic 4-phenyl-2-butanol in batch reactions
catalysed by soluble HLADH (0.5 mgmL� 1), LbADH (0.5 mgmL� 1), LpNOX
(0.25 mgmL� 1), TPNOX (0.25 mgmL� 1), and either HEWT (1 mgmL� 1) or
TsRTA (5 mgmL� 1), to synthesize either (S)- (with HEWT) or (R)-4-phenyl-
butan-2-amine (with TsRTA). Reaction conditions: 10 mM or 50 mM racemic
4-phenyl-2-butanol in phosphate buffer (20 mM, pH 8), 0.1 eq. NAD+,
0.1 eq. NADP+, 10 eq. (with HEWT and with TSRTA at 10 mM substrate
concentration) or 5 eq. IPA (with TSRTA at 50 mM substrate concentration),
10 mM MgCl2, 1 mM FAD, and 0.1 mM PLP. T=30 °C. Reaction volume=

1 mL. Mean values of triplicate reactions.

TA Substrate Product distribution (%)[a] m.c. ee
[mM] Alcohol Ketone Amine [%][a] [%][b]

HEWT 10 0 18 82 66 44 (S)
TsRTA 10 0 28 72 61 >99 (R)
HEWT 50 0 36 64 67 73 (S)
TsRTA 50 0 55 45 35 >99 (R)

[a] Molar conversion (m.c.) determined by HPLC. [b] Enantiomeric excess
(ee) determined by GC-FID.

ChemBioChem
Research Article
doi.org/10.1002/cbic.202200108

ChemBioChem 2022, 23, e202200108 (3 of 4) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 31.03.2022

2208 / 239813 [S. 114/115] 1



Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: 4-phenylbutan-2-amine · alcohol amination ·
biocatalysis · chiral amines · racemic 4-phenyl-2-butanol

[1] H. Kohls, F. Steffen-Munsberg, M. Höhne, Curr. Opin. Chem. Biol. 2014,
19, 180–192.

[2] R. A. Sheldon, D. Brady, ChemSusChem 2019, 12, 2859–2881.
[3] F. G. Mutti, T. Knaus, N. S. Scrutton, M. Breuer, N. J. Turner, Science 2015,

349, 1525–1529.
[4] H. Ismail, R. M. Lau, L. M. van Langen, F. van Rantwijk, V. K. Švedas, R. A.

Sheldon, Green Chem. 2008, 10, 415–418.
[5] O. Verho, J.-E. Bäckvall, J. Am. Chem. Soc. 2015, 137, 3996–4009.
[6] Y. Kim, J. Park, M.-J. Kim, ChemCatChem 2011, 3, 271–277.
[7] A. J. Blacker, M. J. Stirling, M. I. Page, Org. Process Res. Dev. 2007, 11,

642–648.
[8] M. D. Truppo, N. J. Turner, J. D. Rozzell, Chem. Commun. 2009, 2127–

2129.
[9] T. Knaus, W. Böhmer, F. G. Mutti, Green Chem. 2017, 19, 453–463.
[10] M. P. Thompson, N. J. Turner, ChemCatChem 2017, 9, 3833–3836.
[11] W. Böhmer, T. Knaus, F. G. Mutti, ChemCatChem 2018, 10, 731–735.
[12] L. J. Ye, H. H. Toh, Y. Yang, J. P. Adams, R. Snajdrova, Z. Li, ACS Catal.

2015, 5, 1119–1122.
[13] M. Fuchs, J. E. Farnberger, W. Kroutil, Eur. J. Org. Chem. 2015, 6965–

6982.
[14] S. Mathew, H. Yun, ACS Catal. 2012, 2, 993–1001.
[15] D. Koszelewski, K. Tauber, K. Faber, W. Kroutil, Trends Biotechnol. 2010,

28, 324–332.
[16] S. A. Kelly, S. Mix, T. S. Moody, B. F. Gilmore, Appl. Microbiol. Biotechnol.

2020, 104, 4781–4794.
[17] S. A. Kelly, S. Pohle, S. Wharry, S. Mix, C. C. R. Allen, T. S. Moody, B. F.

Gilmore, Chem. Rev. 2018, 118, 349–367.
[18] A. Gomm, E. O’Reilly, Curr. Opin. Chem. Biol. 2018, 43, 106–112.
[19] W. Kroutil, E.-M. Fischereder, C. S. Fuchs, H. Lechner, F. G. Mutti, D.

Pressnitz, A. Rajagopalan, J. H. Sattler, R. C. Simon, E. Siirola, Org. Process
Res. Dev. 2013, 17, 751–759.

[20] I. V. Pavlidis, M. S. Weiß, M. Genz, P. Spurr, S. P. Hanlon, B. Wirz, H. Iding,
U. T. Bornscheuer, Nat. Chem. 2016, 8, 1076–1082.

[21] C. K. Savile, J. M. Janey, E. C. Mundorff, J. C. Moore, S. Tam, W. R. Jarvis,
J. C. Colbeck, A. Krebber, F. J. Fleitz, J. Brands, P. N. Devine, G. W.
Huisman, G. J. Hughes, Science 2010, 329, 305–309.

[22] J. H. Schrittwieser, S. Velikogne, M. Hall, W. Kroutil, Chem. Rev. 2018,
118, 270–348.

[23] S. Bähn, S. Imm, L. Neubert, M. Zhang, H. Neumann, M. Beller,
ChemCatChem 2011, 3, 1853–1864.

[24] F.-F. Chen, Y.-Y. Liu, G.-W. Zheng, J.-H. Xu, ChemCatChem 2015, 7, 3838–
3841.

[25] K. Tauber, M. Fuchs, J. H. Sattler, J. Pitzer, D. Pressnitz, D. Koszelewski, K.
Faber, J. Pfeffer, T. Haas, W. Kroutil, Chem. Eur. J. 2013, 19, 4030–4035.

[26] M. L. Corrado, T. Knaus, F. G. Mutti, ChemBioChem 2021, 22, 2345–2350.
[27] S. Gandomkar, R. Rocha, F. A. Sorgenfrei, L. M. Montero, M. Fuchs, W.

Kroutil, ChemCatChem 2021, 13, 1290–1293.
[28] K. Tian, Z. Li, Angew. Chem. Int. Ed. 2020, 59, 21745–21751; Angew.

Chem. 2020, 132, 21929–21935.
[29] J. Albarrán-Velo, I. Lavandera, V. Gotor-Fernández, ChemBioChem 2020,

21, 200–211.
[30] L. Martínez-Montero, V. Gotor, V. Gotor-Fernández, I. Lavandera, Green

Chem. 2017, 19, 474–480.
[31] M. Romero-Fernandez, F. Paradisi, Green Chem. 2021, 23, 4594–4603.
[32] J. Grunwald, B. Wirz, M. P. Scollar, A. M. Klibanov, J. Am. Chem. Soc.

1986, 108, 6732–6734.
[33] I. Kelemen-Horváth, N. Nemestóthy, K. Bélafi-Bakó, L. Gubicza, Chem.

Pap. 2002, 56, 52–56.
[34] T. Schubert, W. Hummel, M. Müller, Angew. Chem. Int. Ed. 2002, 41, 634–

637; Angew. Chem. 2002, 114, 656–659.
[35] P. Galletti, M. Pori, D. Giacomini, Synlett 2010, 2644–2648.
[36] M. Ernst, B. Kaup, M. Müller, S. Bringer-Meyer, H. Sahm, Appl. Microbiol.

Biotechnol. 2005, 66, 629–634.
[37] S. Leuchs, L. Greiner, Chem. Biochem. Eng. Q. 2011, 25, 267–281.
[38] V. Cracan, D. V. Titov, H. Shen, Z. Grabarek, V. K. Mootha, Nat. Chem. Biol.

2017, 13, 1088–1095.
[39] L. Cerioli, M. Planchestainer, J. Cassidy, D. Tessaro, F. Paradisi, J. Mol.

Catal. B 2015, 120, 141–150.
[40] M. Planchestainer, M. L. Contente, J. Cassidy, F. Molinari, L. Tamborini, F.

Paradisi, Green Chem. 2017, 19, 372–375.
[41] M. L. Contente, F. Paradisi, Nat. Catal. 2018, 1, 452–459.
[42] C. M. Heckmann, L. J. Gourlay, B. Dominguez, F. Paradisi, Front. Bioeng.

Biotechnol. 2020, 8, 707.
[43] C. M. Heckmann, B. Dominguez, F. Paradisi, ACS Sustainable Chem. Eng.

2021, 9, 4122–4129.
[44] T. Knaus, L. Cariati, M. F. Masman, F. G. Mutti, Org. Biomol. Chem. 2017,

15, 8313–8325.

Manuscript received: February 21, 2022
Accepted manuscript online: February 21, 2022
Version of record online: March 3, 2022

ChemBioChem
Research Article
doi.org/10.1002/cbic.202200108

ChemBioChem 2022, 23, e202200108 (4 of 4) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 31.03.2022

2208 / 239813 [S. 115/115] 1

https://doi.org/10.1016/j.cbpa.2014.02.021
https://doi.org/10.1016/j.cbpa.2014.02.021
https://doi.org/10.1002/cssc.201900351
https://doi.org/10.1126/science.aac9283
https://doi.org/10.1126/science.aac9283
https://doi.org/10.1039/b714088f
https://doi.org/10.1021/jacs.5b01031
https://doi.org/10.1002/cctc.201000330
https://doi.org/10.1021/op060233w
https://doi.org/10.1021/op060233w
https://doi.org/10.1039/b902995h
https://doi.org/10.1039/b902995h
https://doi.org/10.1039/C6GC01987K
https://doi.org/10.1002/cctc.201701092
https://doi.org/10.1002/cctc.201701366
https://doi.org/10.1021/cs501906r
https://doi.org/10.1021/cs501906r
https://doi.org/10.1002/ejoc.201500852
https://doi.org/10.1002/ejoc.201500852
https://doi.org/10.1021/cs300116n
https://doi.org/10.1016/j.tibtech.2010.03.003
https://doi.org/10.1016/j.tibtech.2010.03.003
https://doi.org/10.1007/s00253-020-10585-0
https://doi.org/10.1007/s00253-020-10585-0
https://doi.org/10.1021/acs.chemrev.7b00437
https://doi.org/10.1016/j.cbpa.2017.12.007
https://doi.org/10.1021/op4000237
https://doi.org/10.1021/op4000237
https://doi.org/10.1038/nchem.2578
https://doi.org/10.1126/science.1188934
https://doi.org/10.1021/acs.chemrev.7b00033
https://doi.org/10.1021/acs.chemrev.7b00033
https://doi.org/10.1002/cctc.201100255
https://doi.org/10.1002/cctc.201500785
https://doi.org/10.1002/cctc.201500785
https://doi.org/10.1002/chem.201202666
https://doi.org/10.1002/cbic.202100123
https://doi.org/10.1002/cctc.202001707
https://doi.org/10.1002/anie.202009733
https://doi.org/10.1002/ange.202009733
https://doi.org/10.1002/ange.202009733
https://doi.org/10.1039/C6GC01981A
https://doi.org/10.1039/C6GC01981A
https://doi.org/10.1039/D1GC01095F
https://doi.org/10.1021/ja00281a044
https://doi.org/10.1021/ja00281a044
https://doi.org/10.1002/1521-3773(20020215)41:4%3C634::AID-ANIE634%3E3.0.CO;2-U
https://doi.org/10.1002/1521-3773(20020215)41:4%3C634::AID-ANIE634%3E3.0.CO;2-U
https://doi.org/10.1002/1521-3757(20020215)114:4%3C656::AID-ANGE656%3E3.0.CO;2-Z
https://doi.org/10.1007/s00253-004-1765-5
https://doi.org/10.1007/s00253-004-1765-5
https://doi.org/10.1038/nchembio.2454
https://doi.org/10.1038/nchembio.2454
https://doi.org/10.1016/j.molcatb.2015.07.009
https://doi.org/10.1016/j.molcatb.2015.07.009
https://doi.org/10.1039/C6GC01780K
https://doi.org/10.1038/s41929-018-0082-9
https://doi.org/10.1021/acssuschemeng.0c09075
https://doi.org/10.1021/acssuschemeng.0c09075
https://doi.org/10.1039/C7OB01927K
https://doi.org/10.1039/C7OB01927K

