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blocatalytlgynthesis

Reductive Biotransformations
Reduction of Aldehydes and Ketones

lo) ADH OH (o) ADH OH
I I ]

R? NAD(P)H R "R? NAD(P)H R

R1

(ADH = alcohol dehydrogenase; Angew. Chem., Int. Ed. 2002, 41, 1014, Angew. Chem., Int. Ed. 2008,
47, 714; ChemCatChem 2013, 5, 1744.)

Reductive Amination of Aldehydes and Ketones

j)L TA JN\I—Iz / j) TA )NHZ
* —_—
R" "R? amine donor R" "R? R amine donor R
[NAD(P)H] [NAD(P)H]

(TA = w-transaminase; Angew. Chem., Int. Ed. 2008, 47, 9337; Angew. Chem., Int. Ed. 2012, 51,
9156; Org. Proc. Res. Dev. 2013, 17, 751; ACS Catal. 2014, 4, 129.)

Reduction of Carboxylic Acids

0 CAR 0 ADH OH
P - Il
R™ "OH ATP, NADPH R NAD(P)H R

(CAR = carboxylate reductase, ADH = alcohol dehydrogenase; Chem. Monthly, 2016, 147, 575.)

Reduction of C=C-Bonds

R2_ R' Ene-Reductase R2 HI* :R1
R3 :x NAD(P)H RS p X

(X = electron-withdrawing group; Angew. Chem., Int. Ed. 2007, 46, 3934, Chem. Eur. J. 2012, 18,
10367, Curr. Opin. Chem. Biol. 2007, 11, 203, J. Biotechnol. 2012, 162, 381, Nat. Commun. 2014, 5,
4150; Curr. Opin. Chem. Biol. 2018, 43, 97)

Reduction of Imines

R? R IRED H R
=N 2N,
R3 NADPH RS H

(IRED = imine reductase; Adv. Synth. Catal. 2015, 357, 1655, ChemCatChem 2018, 10, 3236.)
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Oxidative Biotransformations
Oxidation of Alcohols / Aldehydes

j)\H ADH / NAD(P)* or j)l\ ADH / NAD(P)* or o

1 2 o 1 2 > 1

R R Oxidase / O, R" R Oxidase / O, ROl
R' = H, or Alkyl R?=H

(ADH = alcohol dehydrogenase; Angew. Chem., Int. Ed. 2002, 41, 1014, Angew. Chem., Int. Ed. 2008,
47, 714; ). Am. Chem. Soc. 2008, 130, 13969; ChemCatChem 2013, 5, 1744.)

Oxidation of Thiols

SH Oxidase / O, S SH
- +
R" "R? R1JLR2 R1J<R2
rac enantiopure

(Angew. Chem., Int. Ed. 2018, 57, 2864.)

C=C-Bond Cleavage

. _R? enzyme, O,
=

(Angew. Chem., Int. Ed. 2006, 45, 5201, J. Am. Chem. Soc. 2008, 131, 5368, Chem. Commun. 2012,
48, 3303; Adv. Synth. Catal. 2015, 357, 3309; Front. Microbiol. 2016, 7, 1511.)

De-Amination

NH, TA or AO o) NH, TA or AO ?
_—
R1J\R2 i R "R2 R) R)
amine acceptor amine acceptor

[NAD(P)'] [NAD(P)']

(TA = w-transaminase; AO = a-amino oxidase; Angew. Chem., Int. Ed. 2008, 47, 9337, Org. Proc. Res.
Dev. 2013, 17, 751, ACS Catal. 2014, 4, 129.)

N-De-Alkylation

Alkyl enzyme H
| — > 4
R1’N‘R2 02 R1/ ‘RZ

(Angew. Chem., Int. Ed. 2015, 54, 15051.)
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Oxidative Biotransformations
Hydration of Styrenes

R OH
enzyme R
|\ XN |\\
= H,0
HO HO =
(Angew. Chem., Int. Ed. 2013, 52, 2293; ACS Catal. 2018, 8, 2438.)
Oxidative Decarboxylation
0] P450 OleT A co
- RN 7 2
R/\)J\OH 0, + NADH or
H20,

(Angew. Chem., Int. Ed. 2015, 54, 8819; Chem. Commun., 2016, 51, 1918; Eur. J. Org. Chem., 2016,
2473; Eur. J. Org. Chem. 2016, 3473.)

C-H Hydroxylation

P45 monooxygenase OH

R

Y
—

R2
H,0, R
or O,, NAD(P)H, 2H*

terpenoid, steroid, APls

(Angew. Chem., Int. Ed. 2006, 45, 5201; J. Am. Chem. Soc. 2008, 131, 5368, Chem. Commun. 2012,
48, 3303; Adv. Synth. Catal. 2013, 355, 3321; Angew. Chem. Int. Ed. 2018, 57, 427, Catal. Lett. 2018,
148, 787)

Baeyer-Villiger Oxidation

o o]
o) hFMO o hFMO HJ\
> 1 > (o)
R11LR2 NADPH, O, R\O)I\R2 R/‘ 7) NADPH, O, RKMJ
n n
R' = H, or Alkyl n=1,2
R? = Alkyl or Aryl R = Alkyl

(hFMO = human flavin containing monooxygenase; ACS Chem. Biol., 2016, 11, 1039; ACS Chem. Biol.
2017, 12, 2379.)
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Hydrolysis / Esterification

Hydrolysis of Lactams

(@)
1 . §
oo NH lactamase HZN\M/\R)kOH
n=0-2 “th, n

(ChemCatChem 2014, 6, 2517.)

Bio-Mitsunobu-Inversion

OH 0SO0;’ sulfatase 0SO0;’ sulfatase 0S0;" OH
= = + =

R? R" "R2 retaining R1j\
rac

R1;\ R1;\

R2

R1;\ R2

R? inverting

(Angew. Chem., Int. Ed. 2002, 41, 1014; Angew. Chem., Int. Ed. 2005, 44, 6381; Angew. Chem., Int.
Ed. 2013,52, 3277; Eur. J. Org. Chem. 2013, 356, Trends Biotechnol. 2013, 31, 468; Appl. Microbiol.
Biotechnol. 2014, 4, 1485.)

C-C-Bond Hydrolysis

C-C bond hydrolase
R« _ o
H,0 R
(0] 0O OH

(Adv. Synth. Catal. 2013, 355, 1677; Adv. Synth. Catal. 2013, 355, 1703; Top. Catal. 2014, 57, 376.)

Ester-Formation in Aqueous Systems

j)\H AT OAc
R" "R? acyl donor R" "R?
R', R? = alkyl

(AT= acyl transferase; ACS Catal. 2018, 8, 10698.)

Phosphorylation

phosphatase 9
R™OH -~ q-Ps
i 0”1 OH
PPi R OH

(PPi = pyrophosphate; Eur. J. Org. Chem., 2016, 45, J. Biotechnol. 2016, 233, 219, Adv. Synth. Catal.
2018, 360, 2394.)
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Biocatalytic C-C-Bond Formation
Carboxylation

OH
OH OH
o-carboxylase p-carboxylase X
X CO,H N - R-
R—%—// KHCO, R KHCO, Z
= | X carboxylase /@/\/C%H
R—- > R—
HO KHCO, HO™
or CO,

(Chem. Soc. Rev. 2010, 39, 313, Org. Lett. 2012, 14, 1974, J. Biotechnol. 2013, 168, 264, RSC Adv.
2014, 4, 9673; Angew. Chem. Int. Ed. 2017, 56, 13893.)

Friedel-Crafts Acylation
OH O
| R?

OH
acyltransferase
R D acyl donor Ro— o
= =

(Angew. Chem. Int. Ed. 2017, 56, 7615.)

Alkaloid Synthesis /N
RA=C | NH, sTR RL@\/QNH
P

(BBE = berberine bridge enzyme; STR =
strictosidine synthase; NCS = Hom HO
norcoclaurine synthase; Angew. Chem., R10 NH; mH
Int. Ed. 2011, 50, 1068; Org. Proc. Res.

Dev. 2013, 17, 751, Angew. Chem., Int.
Ed. 2014, 53, 3731; ACS Catal. 2016, 6,

23; Angew. Chem. Int. Ed. 2018, 57,
10683.)

Trifluoromethylation

- OH laccase . (ﬁ/ OH
i - Rr
R (j R

TFMS, TBHP CF,

(TFMS = trifluoromethylsulfonic acid,; TBHP = t-butylhydroperoxide; Nat. Commun. 2016, 7, 13323.)
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Biocatalytic C-O-Bond Formation and Cleavage
Methylation and De-Methylation

methyltransferase
+ methyl-donor

methylation
demethylation
methyltransferase
X=0,S,N + methyl-acceptor

(Communs. Chem., 2018, 1, 82.)

Enzymatic Isomerisation

Isomerisation of C=C-Bonds

i O i O i
O\b/ Flavoprotein 0\5/ Flavoprotein O\y

(ChemBioChem, 2012, 13, 2346; ChemSusChem 2016, 9, 3393.)

Disproportionation: Biocatalytic Cannizzaro Reaction

spont. (CTTTTT
R1/\N,OH Spomt, R13\CHO NAD(P)H! ADH | NAD(P)*

7

R2
R1J<COOH
(R) or (S)

(ADH = alcohol dehydrogenase; ChemCatChem, 2013, 5, 1744, Adv. Synth. Catal. 2018, 360, 2742.)
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Enzymatic Cascades

Direct Amination of Alcohols

OH ADH (or Oxidase) and TA NH,

Y
—

R R

(ADH = alcohol dehydrogenase; TA = transaminase; ChemCatChem 2015, 7, 3121; Angew. Chem.,
Int. Ed. 2012, 51, 9156; ACS Catal. 2014, 4, 129.)

6-Aminohexanoic Acid from Cyclohexanol

OH

ADH, BVMO, lactonase and TA [e)
@ HO 2

(ADH = alcohol dehydrogenase; BYMO = Baeyer-Villiger monooxygenase, TA = transaminase; Angew.
Chem., Int. Ed. 2014, 53, 14153; ACS Catal. 2014, 4, 129.)

Cyclohexylamines from Diketones

R?__R? NH,
R! R’ C-C bond hydrolase, lipase and TA *
R’ o~
o o) R2 'R2

(TA = w-transaminase; Adv. Synth. Catal. 2013, 355, 1703.)
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Enzymatic Cascades

Enantio-Pure Lactic Acids from Phenols

(0]
R
N CO.H enzymes X ¥ “NOH
| + 2 — |
HO Z \([)]/ o HO = OH
2
(ACS Catal. 2016, 6, 2393.)
L-Tyrosine Derivatives from Benzenes
(o)
R H R o
N COH | \H enzymes wo
S \[c])/ ’ \ HO L~ @NMs
co,
(ACS Catal. 2015, 5, 7503.)
Vinylation of Phenols
R 4 R
NS . CO,H enzymes |\ XX
| _— Y =
HO o co HO
2
(Angew. Chem., Int. Ed. 2015, 45, 10899.)
Hydroxyethylation of Phenols
enzymes oH
R H H,0 R
. CO,H 2 /@/k
HO/©/ \g/ \ HO
CO,

(Org. Lett. 2018, 20, 5139.)



