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Resource Alert: Organic Enzyme Cofactor Database: Cofactor Introductions

CoEactor: Nicotinamide-adenine dinucleotide

. Groups > Thornton > CoFactor
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Molecular function
NAD(P) assists in hydride transfers [2]. Therefore the cofactor exists in two states: NAD(P)+ and NAD(P)H/H+.

In addition to its catalytic function, NAD(P) is also involved in regulation. NAD levels in the cell influence transcriptional reprogramming and regulate physiological functions of a cell in response to perturbations in NAD(H)
levels to maintain homeostatic conditions [3].



Resource Alert: Organic Enzyme Cofactor Database: Cofactor Mechanisms

Mechanisms off Nicotinamide-adenine dinucleotide

nEactar
ayoracior
= CoFactor Home

= Nicotinamide-adenine
dinucleotide

Mechanism
Enzymes & Domains
- Compounds
Conformation

Solvent
accessibility

= Search and Queries
= FAQ

= Contact

= Links

= Statistics

= Acknowledgements

Latest EBI News v

View the latest EBI news
stories and important
announcements...

more

Groups > Thornton > CoFactor

The mechanisms below have been extracted from MACIE. The substrates and products are abstracted to their essential parts, which are necessary to explain the reaction the cofactor takes part in. The atoms involved in
the next step are highlighted in red, and the ones that have been changed by the last step are shown in green. Red takes precedence when both applies.

Mechanism #1 for Nicotinamide-adenine dinucleotide

MO0059 and all others: H
. hydride
hydride acceptor H NH,
acceptor® ) NH,
—_— / o)
hydride transfer |
X
T+
R
R*+ NAD(P)H B —— R-H + NAD(P)*

Description of mechanism
The hydride transfer is initiated by the free electron pair of the N-atom. The hydride transfer is always combined with an elimination and an addition.
In liver alcohol dehydrogenase (1.1.1.1), an OH- ion (ligand of a Zinc atom) activates the C4 atom of the nicotinamide ring. Therefore NAD is indirectly linked to a catalytic metal ion [2].

The presence of a water molecule in the vicinity of nicotinamide has been found in several other protein structures [2].
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Enzymes - Nicotinamide-adenine dinucleotide
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Nicotinamide-adenine dinucleotide-using

Enzymes, which use Ni

Enzyme name

alcohol dehydrogenase

L-xylulose reductase

3-oxoacyl-[acyl-carrier-protein] reductase

Acylglycerone-phosphate reductase
8-dehydrosphinganine reductase
L-threonine 3-dehydrogenase

4-oxoproline reductase

Retinol dehydrogenase

Pantoate 4-dehydrogenase

Pyridoxal 4-dehydrogenase

Carnitine 3-dehydrogenase
D-arabinitol 4-dehydrogenase
Indolelactate dehydrogenase
3-(imidazol-5-yl)lactate dehydrogenase
Indanol dehydrogenase

L-xylose 1-dehydrogenase

Apiose 1-reductase

Ribose 1-dehydrogenase (NADP(+))
D-arabinose 1-dehydrogenase
D-arabinose 1-dehydrogenase (NAD(P)(+))
Glucose 1-dehydrogenase (NAD(+))
Glucose 1-dehydrogenase (NADP(+))
L-arabinitol 4-dehydrogenase
Galactose 1-dehydrogenase (NADP(+))
Aldose 1-dehydrogenase
D-threo-aldose 1-dehydrogenase
Sorbose 5-dehydrogenase (NADP(+))

Enzyme

CATH

1.1.1.101
1.1.1.102
1.1.1.108

111,
111,
111,
1.1.1.107
111,
111,
111,
111,
1.1.1.112
111,

1.1.1.114
111,
114,
11.1.117
111,

1.1.1.119

1.1.1.12

1.1.1.120
1.1.1.121
1.1.1.122

1.1.1.128

M0255, M0256

1.10.1040.10
1.10.287.610
see all

3D

structure

1a71 (PDBsum)
1agn (PDBsum)
see all

1pr9 (PDBsum)
1wnt (PDBsum)
see all

ledo (PDBsum)
197b (PDBsum)
seeall

2d8a (PDBsum)
2dfv (PDBsum)
see all

3nug (PDBsum)

2zk7 (PDBsum)

information
species

species

species

species
species
species

species
species

species

species

species
species

[2]

[IntEnz

[IntEnz

[IntEnz
[IntEnz
[IntEnz]

[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]
[IntEnz]




Ketoreductase (KRED) and Alcohol Dehydrogenase (ADH) Overview
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Ketoreductases (KREDs) catalyze selective reductions of aldehydes and ketones
and are referred to as Alcohol Dehydrogenases (ADHs) in the reverse direction

organic cofactor

Hydride source

NH, domain we will abbreviate as:

IID_\OH phosphate

Nicotinamide Adenine Dinucleotide Phosphate (NADPH)
Reduced cofactor and hydride source



Ketoreductase (KRED) and Alcohol Dehydrogenase (ADH) Overview

H

Me = — Me
ADH

Ketoreductases (KREDs) catalyze selective reductions of aldehydes and ketones
and are referred to as Alcohol Dehydrogenases (ADHs) in the reverse direction

.|||O

= Also referred to as alcohol dehydrogenases (ADH)
= An oxidoreductase divided formally into five classes
= Mechanistically, can be simplified into two groups (metal dependent or not)
= Metal dependent KREDs often utilize divalent metal cations (e.g. Zn?*, Mg®™")
= Dependent on NAD(P)H cofactor
= Some KREDs use NADH, some use NADPH (difference is 2’ ribose phosphate group)
= Catalyzes both ketone reduction or alcohol oxidation, depending on conditions
= In synthetic applications, often run in reductive direction to generate stereocenters
= Almost always coupled with some form of cofactor regeneration
= Excess simple alcohol (iPrOH, EtOH)

= Catalytic glucose dehydrogenase (GDH) and superstoichiometric glucose



Ketoreductase (KRED) and Alcohol Dehydrogenase (ADH): The Critical Equlibrium
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Ketoreductases (KREDs) catalyze selective reductions of aldehydes and ketones
and are referred to as Alcohol Dehydrogenases (ADHs) in the reverse direction
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Ketoreductase (KRED) and Alcohol Hydrogenase (ADH): Mechanism

Active site for catalytic triad ketone activation Active site for cationic divalent metal ketone activation

= Mechanism starting with reduced cofactor
= Substrate ketone enters active site and is activated via Lewis acid (either through hydrogen bonding or a metal)
= Triad residues can vary, though almost always contain protic moeities

= Reduced cofactor NAD(P)H donates a hydride to the carbonyl carbon, and the carbonyl oxygen abstracts a
proton from a nearby residue

= Both cases involve a series of key residues/active site waters for proton relay
= Product alcohol leaves active site, with cofactor now in its oxidized state NAD(P)
= Cofactor regeneration can occur in one of two ways

= Excess simple alcohol (iPrOH, EtOH) allows for the reverse reaction to occur

= NAD(P) exits the active site, binds with GDH, and glucose reduces NAD(P) to NAD(PH), which exits
and binds the KRED



Common Enzyme-Mediated Turnover Systems

FORMATE DEHYDROGENASE

FDH
NAD+ / \ > NADH
H,O
Formate H,CO3 — H,0+CO,

Formate Dehydrogenases (FDHs) enable the
regeneration of NADH from NAD+ by catalyzing the
oxidation of formate to bicarbonate. The driving
force is the release of CO;.

Our FDH-101 is a natural enzyme with a specific
activity of > 1.0 U/mg.

GLUCOSE DEHYDROGENASE

NAD(P) > NAD(P)
AD(P)+ AD(P)H
\

H>,O
Glucose Gluconolactone — Gluconic Acid

Glucose Dehydrogenases enable the regeneration of
NAD(P)H from NAD(P)* by catalyzing the oxidation of
B-D-glucose to D-glucono-1,5-lactone. Note that D-
glucono-1,5-lactone is easily hydrolyzed to gluconic
acid, lowering the pH of the reaction.

Codexis offers two different engineered GDHs: GDH-
105 and CDX-901. CDX-901 has a specific activity of
> 50 U/mg and is more cost-effective. GDH-105 has a
specific activity of > 44 U/mg and can operate at a
wider pH and temperature range.



Select Biocatalysis (KRED) vs Chemical Method (CBS) Comparisons from Industry

\I\:> engineered LkADH (1.5 g/L) HOE
S _ S

NADP*, glucose
glucose dehydrogenase >99% conv
TEOA (0.1M, pH 7.0) >99% ee

76% conv
23% ee
(with (R)-Me-CBS)

OH

Me/l’x/,l;rg
1.0,

sulopenem
(antibacterial)



Select Biocatalysis (KRED) vs Chemical Method (CBS) Comparisons from Industry

O % , OH
Cl F engineered LkADH (whole cells) Cl F
F NADP*, iPrOH F
PBS (0.1M, pH 6.0) >99% conv
>99% ee
94% conv
94% ee
(with (5)-Me-CBS)
HO _N H
5 N R
7o
\\\ ”/ N\
HO OH S F

F
ticagrelor S
(blood thinner) Me



Select Biocatalysis (KRED) vs Chemical Method (CBS) Comparisons from Industry

ot

engineered LkADH (1.0 g/L)

HO

NADP*, iPrOH
TEOA (0.1M, pH 10.0)

AcO
ase
o,

eslicarbazepine acetate
(antiepileptic)

\

ale

SN,

O
>99% conv

>99% ee

56% conv
93% ee
(with (R)-Me-CBS)



Select Biocatalysis (KRED) vs Chemical Method (CBS) Comparisons from Industry

Cl

Cl

Cl

engineered LkADH (whole cells)

Cl

NADP*, iPrOH

PBS (0.1M, pH 6.0)

luliconazole
(antifungal)

Cl Cl
OH

Cl
>99% conv
>99% ee

72% conv
99% ee
(with (5)-Me-CBS)



Kinetic Resolution of Bridged Bicyclic Ketones

4 1
HLADH + Lb@H
» 2

1 4 OH
’ (@)
bo (1R,4S)1a (1S,2R 4R)-2a
4 2 31% vyield, 46% opt. pur. 39% vyield, 64% opt. pur.
rac-1a
Curvularia lunata 4 1 0
~4 H + / 4’ /5
OH
(1R,2S,45)-2a (1S,4R)-1a
91% opt. pur. 67% opt. pur.

----------------------------- scope of the reaction -----------------------------

S o

rac-1b rac-1c rac-1d
O O ‘ (@) @)
U rac-1h
rac-1e rac-1f rac-1g

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Kinetic Resolution of Bridged Bicyclic Ketones

OH  KRED101 OH
» O

rac-3 (68 9R)-3 (6R,9S)-4
44% vyield, >99% ee

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Kinetic Resolution of Bicyclic Ketones

5 6,0 TabADH
\ o
1 7
rac-5a
A 30,20B-HSDH
\ :
"R’
R2

rac-5b, R'=R?=Me
rac-5¢, R'=endo-Cl, R>=H
rac-5d, R'=R*=Cl

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.

OH

N\

(1S,5R,6S)-6a

//O

\

R’
Ro
(1S,5R)-5b
(1S,5R,7S)-5¢
(1S,5R)-5d

s //O
<\\\“
(1R,5S)-5a
" OH
<\\\“ "IR1
R2

(1R,5S,6S)-6b

(1R,5S,6S,7R)-6¢

(1R,5S,6S)-6d



Kinetic Resolution of Wieland-Miescher and Hajos Parrish Ketones

. OH
| T. delbrueckii
> +
SO
@) @) @)
rac-7a (4R)-7Ta (4S,5S)-8a
4R:4S = 85:15 82% yield, 98% ee 15% yield, 72% de by T. delbrueckii
4R:4S = 15:85 22% vyield,18% ee 78% yield, 94% de by T. delbrueckii
4R:4S = 50:50 32% yield, 97% ee 65% de by IS2-SDR
OH OH
Dm7a-HSDH
> -
O @) O
rac-7a (4R,5S)-8a (4S,5S)-8a

------------------------------- scope of the reaction --------------------------------

rac-7b rac-7¢

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Kinetic Resolution of Ketone-Containing Heterocycles

(@)
HLADH
4
z ﬁﬁ o (1
S
rac-9a 28)-9a (2s 4S)-10a (2R,4S)-10a

35% vyield, 36% ee  11% yield, >99% ee 29% yield, >99% ee

----------------------------- scope of the reaction ---------------ccmcmmoono

@) @) O
S fs‘j\’/ S 0
rac-9b rac-9¢ rac-9d rac-9e

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Kinetic Resolution of Ketone-Containing Heterocycles

O
M"’h"v/ |
O
trans-11

30, 20B-HSDH

o

3p,17p-HSDH
: ol

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.

O
I
W' i _/\ "'I/
(@)

(2R,5R)-11
96% ee

HO,

ey

(@)
(2R,4S,5S)-12
99% ee

O

(2S,4S,55)-12
96% ee

HQO

Z_)\/I
W

(@)
(28,48,5R)—1 2
81% ee



Kinetic Resolution of a-Hydroxy p-Ketoesters

O baker’s yeast O (:)H
2 OH - OH + ~ L,OH
CO,Et [— CO,Et Q{’COgEt
n Fleischmann’s’ n )n
rac-13a n = 1 A‘—“‘“’i'! (1R)-13a (15,25)-14a,
E—— 45% vyield, 98% ee 40% vyield, 96% ee
rac-13b n=2 (1R)-13b (1S,2S)-14b,
27% yield, 99% ee 58% vyield, 63% ee
O ; O OH
OH baker's yeast> OH . - OH
CO,Et —— CO,Et @O"CO&t
Fleischmann's
ActiveDry/
rac-15 (1R)-15 (1S,2S5)-16
—_ 49% yield, >95% ee 43% yield, 86% ee

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Kinetic Resolution of a-Ketonitriles

baker's yeast
2 CN - ~ ,CN + ~_CN
o 9% T
rac-17a, n=1 (1R,2S)-18a (1S,2S)-18a,
38% vyield, >99% ee 54% vyield, 73% ee
rac-17b, n =2 (1R,2S)-18b (1S,25)-18b,
34% vyield, 99% ee 58% vyield, 61% ee

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Kinetic Resolution of $-Ketoesters

O O O OH

OM baker's yeast )J\/U\ Q)J\/(s',)\

: .
WCOZMe (K/\/\COZMe NN coMe
N3

rac-19a (6R)-19a (6S,3'S)-20a
19% vyield, 70% ee 49% vyield, 70% ee

---------------------------------- scope of the reaction ----------------------------------

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Kinetic Resolution of }-Ketoesters

BN Bn. Bn<
" o 0 baker's yeast " o O " O OH
A _cog - A M cort + S L _cost
rac-21a (5R)-21a (3R55)-22

28% yield, >98%de, 50% ee
--------------------------------- scope of the reaction ------------------------------oo--

MPM.. .
O O MPMyo o H
2
SAAcor AN cok MPM:  —C OOMe
FZ
rac-21b rac-21c

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



ADH-Mediated DKR of a-Disubtituted Aldehydes

H 0 SSADH10, OH
fast NADH
——
~—— Rf X Me — > Rf N Me
s EtOH (5% viv), T
Z 20mM K3POs, Z
pH 9.0, 80 °C
(S)-70 7
Me Me :
__OH __OH
L (j Uw W
MeO Me
71a 71b 71c 71d 71e
(precursor to naproxen) (precursor to ibuprofen) (precursor to flurbiprofen) (precursor to fenoprofen) (precursor to ketoprofen)
96%, 98% ee 92%, 99% ee 77%, 97% ee 85%, 95% ee 85%, 95% ee

Org. Process Res. Dev. 2022, 26, 1925-1943.



Dynamic Kinetic Resolution of a-Alkyl §-Ketoesters

+ + Y
R3 SR R3 R? Sgo
34a-z (2R,3R)-35a-z (2S,35)-35a-z (2S,3R)-35a-z (2R,3S)-35a-z
up to 99% de, 99% ee up to 99% de, 99% ee up to 89% de, 99% ee up to 99% de, 99% ee

------------------------------------------------------------------- scope of the reaction ittt

EtOZC\MOEt EtO,C OEt EtO,C OEt ElOzC\i%OEt Etozc\i&OEt EtO,C Ot
Ph

34a 34b 34c 34d 34e 34f

5 OH
; DKR : .
OEt OEt OMe OCH(Et), ! OEt —> OEt —»

349 34h 34i 34j 34k (2S,3S)-35k

99% de, 99% ee

/K/H\OMe /?\(H\OiPr Moan OMe )?\(ﬁ\oa /ﬁ\iﬁ\omr OiPr

341 34m 34n 340 34p 34q 34r

P
%2:
A
|3
A\
gj
5
I
e

Ph :

34s 34t 34u (2R,3S)-35u 1

D e >95%ee . B H i

: 0PN OH |

OtBu OMe OEt OtBu OCHj i i

N CN CN CN NHCOPh SooeeenGitasondlide AT I o, :
34v 34w 34x 34y 34z

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Dynamic Kinetic Resolution of a-Amido 3-Ketoesters

OH OH OH
5 KREDs
3 OMe — 77 ToMe + OMe — = X
NHB NHB NHB HN<_-CHCl,
MeO,S o¢ MeO,S oc MeO,S oc MeO,S g

26a (2R.3R)-27a (2S,3R)-27a 2
98% dr, >99% ee 91% yield, 99% dr, >99% ee 28a, X=F, florfenicol,
(by KRED-10) (by KRED-02) 28b, X=0H, thiamphenicol

-------------------------------------------------------------------- scope of the reaction e ittt ittt

OMe OFt /@j\(ﬁ\%t /@is/ﬁ\on/le /@j\(ﬁ\oa OFt
B NH
NHBoc NHBoc MeO,S NHBoc al NHCO,Et cl Ac al NHCbz
26d e f

O,N cl
26b 26¢ 26 26 26g
OH OH 0
R! 5 KREDs R! Rl HOOC
3 OoBu —> Y OtBu + OtBu , NH S\)\NHAC
RZ NHAc R? NHAc RZ NHAc HO
29a, R'=R?=H (2R,3R)-30a (25,35)-30a - O
up to 82% de, >99% ee OH
29b, R'=R?=Me (2R,3R)-30b (25,35)-30b

up to >99% de, low ee 31, (+)-lactacystin,

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Dynamic Kinetic Resolution of a-Alkoxy [-Ketoesters

ChKRED12 OH QH
2 and its variants -
3 OEt - : OEt + OEt
OMe OMe OMe
32 (2R,3R)-33 (2S,3S)-33
up to 96% de, >99% ee up to 99% de, >99% ee

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Dynamic Kinetic Resolution of a-Halo -Ketoesters

KRED \)Oi/ﬁ\ 4 4 \/Qi/ﬁ\

2 S - -

Ry ot ——— ™" "oee 0 R oEt o+ OBt + "N om
F F F F

23a-j (2R,3R)-24a-j (2S,35)-24a-j (2S,3R)-24a-j (2R,3S)-24a-j
up to 66% de, >99% ee up to 98% de, >99% ee up to 84% de, >99% ee up to 82% de, 81% ee

------------------------------------------------------------------- scope of the reaction ittt ittt ittt ittt ettt ittt

/ﬁ\(ﬁ\oa /\/\/ﬁ\/ﬁ\oa /\/\/\/ﬁ\/ﬁ\oa /\/\/\/ﬁ\/ﬁ\ OEt /\/\/\/\/\/ﬁ\(ﬁ\oa
F F F F :
23b 2 23d 23

23a c
oHt o /@j\(ﬁ\oa woa Moa
F
F ~ o F FsC F D F
23f 23g 23h 23i 23j
Ph
OH A
2 KREDs
3 OEt — > H OEt + OEt
Cl Cl Cl
23k (2R,3S)-24k (2S,3R)-24k
80% de, >98% ee > 98% de, >98% ee 25, Taxol side chain
(by YDLO39w) (by YDL124w)

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Dynamic Kinetic Resolution of a-Alkyl $-Ketothioesters

+

1 2 S 1 1
R sz ————= Y TSR? R Y~ "SR?
~ ~

R3 R3 R3
45a-h (2R,3R)-46a-h (2S5,3S) 46a h (2S, 3R)-46a -h (2R,3S)-46a-h
up to 99% de, 99% ee up to 99% de, 99% ee up to 89% de, 99% ee up to 99% de, 99% ee

------------------------------------------------------------------- scope of the reaction T e e e e e e e e e e e e e —e-e-e

/ﬁ\(ﬁ\s/\/nm/ \MSNHY \/ﬁ\(ﬁ\s/\/ol/ \MSA /ﬁ\(ﬁ\s/\

(0] (0]
45a 45b 45¢c 45d 45e
S/\/ N\n/ S/\/N \n/ - s ACP —» ~ ACP
o) o :
45f 459 (2R)-45h (2S,3R)-46h

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



ADH-Mediated DKR of f-Ketoamides

ADH-A,
NADH (1 mM),

o 0 DMSO (2.5% viv) oH o /\)L
R1JI\/ILNHR3 > R1’\‘/lLNHR3 ¥ RN ONHR?
R2 R2 :

IPA (5% V/v), pH 7.5
30 °C, 24 h, 250 rpm

72 (28, 35)-73 (2R, 35)-74
OH O OH O OH O OH O OH O OH O
Me/\:)LNHBn Me/\E)LNHBn Me/\:)LNHBn Me/\s/u\NHBn Me/\:)LNHBn Me/\:/u\u/\/
Me Me _-Me NF Bn Me
74a 74b 74c 74d 74e 74f
94% vyield, 93% yield, 93% yield, 90% yield, 72% vyield, 94% vyield,
95% de, 99% ee 87% de, 99% ee 59% de, 99% ee 83% de, 99% ee 79% de, 99% ee 81% de, 99% ee
evo-1.1.200,
NADH (1 mM), H H
Q Q DMSO (2.5% viv) 't Q 't 9
> /k/u\ +
Et)H/U\NHBn Et " “NHBn * Et NHBn
0, 2
Me M CIITAG(:;OVNB-I’ 7.5 Me Me
729 9~ PR (2R,3R)-75 (2S,3R)-76
30 oC’ 24 h, 250 rpm 19% ee >99% ee

84% vield, 78% de (2S,3R)

Org. Process Res. Dev. 2022, 26, 1925-1943.



Dynamic Kinetic Resolution of a-Substituted p-Arylphosphonates

R
KREDs P\OR.] P\OR1
I s

anti-50a-u syn-50a-u
up to >99:1 dr, >99% ee up to 91:1 dr, >99% ee

““““““““““““““““““““““““““““““““““““““ scope of the reaction Ittt ittt ettt

? ? ? ? ? ?
R~oMe \ _OMe R~oMe F"OMe R~oMe R~oMe R~oMe
M M M M M M M
OMe OMe o\Oe OMe CIOe HN\nO/e C’IOe
49a 49b 49c 49e 49f o) 49g
? ? ? ? ? ? F ?
R~oMe R~oMe R~oMme R~oMe R~ome F R~oMe R~oMme
OMe OMe OMe OMe OMe OMe OMe
Cl Cl Cl Cl Cl
~o F cl Br FsC
49h 49i 49j 491 49m 49n
2 9 2 9 2 f ? 2 f ? 2 9
OO R~oMe ©)J\{’?‘0Me ©)J\('?‘0Me P‘OEt R=oiPr R~OEt R~OEt
¢l OMe \ 0 ¢l OMe \ 3 ¢l OMe OE’( ¢ QiPr i ¢l OEt o ¢l OEt
490 49p 49q 49s 49t 49u

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Dynamic Kinetic Resolution of a-Alkylketones

CN CN
(0] KREDs OH
2 —_— B ————
3 Racemization
by base

51a-g (2S,3S)-52a-g (3S,4S)-53a-g
up to >99:1 dr, >99% ee up to >99:1 dr, up to 99% ee

--------------------------------------------------------------------- scope of the reaction = --------------------c---oioooooooioooo oo e

CN CN CN o CN CN CN CN
0 o 0 ~ 0 0 0 0
F
AN NS
51a 51b 51c 51d 51e 51f 51g

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Dynamic Kinetic Resolution of N-Protected o-Aminoketones

NHBoc

57

54a, P=Boc
54b, P=CBz

=z

KREDs

KREDs

pH=10

F OH /Nl
X Br
NHP
F
(1R,2R)-55a

up to 83% de, 97% ee

OH P

=

&
NHBoc

(1R,2R)-58
up to 83% de, 97% ee

F (1525)55a F (15.2R)-55a F (1R25)-55a-b
up to 92% de, 97% ee up to >99% de, >99% ee up to >99% de, >99% ee

OH 4
H)KL);N

59, Vibegron 56, allosteric F
modulator of mGIuR5

Frontiers in Bioengineering and Biotechnology 2022, 10, 929784.



Deracemization of a-Aminoketones

Ph ?
20,PO —N H
\ OH
‘?Nt/§:
L Me

labile stereocenter

A
(o]
Ph R Me ™~ |
H,N H
(S)-87a
stable stereocenter
B o KRED P1-B05 (30% w/w),
PLP (10 mol%)
R! R?
NH NiSO4 (15 mol%),
2 NADP* (1 mol%),
87 IPA, MES buffer (pH 6.5)
Cl OH OH
Me S
NH,
88b 88c
92% vyield, 62% vyield,
>20:1 dr, >99:1 er >6:1dr, 97:3 er
OH OH
Me Ph Me
NH, NH,
88e 88f
85% yield, 99% yield,
>20:1 dr, >99:1 er 16:1 dr, >99:1 er
OH OH
Me
Me Me Me
NHZ Me NH2
88h 88i
99% yield, 90% yield,

16:1 dr, >99:1 er

8:1dr, >99:1 er

- e

88

Me C’/\(L
~ NH
N 2

92% yleld,
20:1 dr, >99:1 er

OH
PhWMe
NH,

88g
92% vyield,
>20:1 dr, >99:1 er

OH
Me
NH,

94% vyield,
19:1 dr, >99:1 er

Me
ketoreductase OoH
_‘
/VL Ph” 7 “Me
H,N  H H,N H
(R)-87a
- stable stereocenter 88a
(o3
OH KRED P1-B10 KRED P1-B05 OH
H PLP PLP
ph/Y\Et . —— ph Et
NH, NH,
(2S, 3R)-88k (o) (2S, 3S)-88k
95% vyield, 82% vyield,
12:1dr, >99:1 er — Ph Et — 6:1dr, 99:1 er
NH,

OH 87k OH
Ph/\./kEt B R — 3 P "Rt
s KRED P2-C02 KRED 101 -

NH, PLP PLP NH,
(2R, 3S)-88k (2R, 3R)-88k
95% yield, 93% yield,
>20:1 dr, >99:1 er 7:1dr, 99:1 er
D
'0
fo) KRED P1-B10 OH
PLP T
Bnﬁ)l\/CI - Bn Cl -ee-3m
Yv .7 >
,S:o
NH, NH, 3
871 88l OH l\l/Me
95% vyield, 89
>20:1 dr, >99:1 er darunavir Me

Org. Process Res.

Dev. 2022, 26, 1925-1943.



Dynamic Kinetic Resolution Through Ru-Oxidation/KRED Sequence

Ru catalyst (10 mol%)

OH

KRED (100 wiw)
/k/
Ar

1 mM NADP*

: ; Me
Ar/\/

(R)-alcohol
up to 96% yield
up to 99% ee

A

enzymajltlc KRED
reduction

(rac)-allylic 125 mM KPi buffer
alcohol pH 7, 43% DES
15% IPA, 40 °C, Ar, 24 h
cooperative allylic
alcohol oxidation/
enzymatic ketone
@ Ru-mediated reduction
oxidation
0]
I _we
allylic alcohol -
isomerization L o

ketone intermediate

ChemBioChem 2023, 24, e202300334.



Photoenzymatic Dynamic Kinetic Resolution of (3-Stereogenic Ketones

DKR of B-Stereogenic Ketones Via Synergistic Photoredox Organocatalysis

(@]

racemic

Reaction Mechanism

20 mol% TBDPS-Prolinol
10 mol% p-OMeC,H,SH
1 mol% [Ir(dF(CF;)ppy),(dtbbpy)]PF,

L
t

0.24 mol% KRED lysate
0.67 mol% NADP, 11% v/v iPrOH
50 mM KPi buffer pH 7.5[0.017 mM]
rt, blue LEDS, 18 h

21 examples
up to 92% yield, >99:1 er, >20:1 dr

OH

O O
inactive —_— active
enantiomer enantiomer .
Ry cofactor
(S) ketone (R)-ketone KRED
bDH turnover
G mix
{ Mg
Ro /"~ H,0 R, = CH,OTBDPS +H,0 N 2
Organocatalytic Cycle OH
R, hv “R
(S)-enamine .(_,J‘ © +H* (R)-enamine R
i Tl R,S R,SH 1
{ T alcohol product

Select Examples ............................................................
OH OH OH OH

('j. ‘o <

-,,I/Ph N 'lPh ' N
Ph Boc Pz

82% yield 84% yield 82% yield 68% yield

99:1 er, >20:1 dr 98:2 er, 5:1dr >99:1 er, >20:1 dr 99:1 er, 19:1dr

with KRED-P1A04 with LKADH with LKADH mutant with LKADH

pharmacophore precursor

compatibility with aminotransferases

OH (reaction followed up with Boc protection)

g NHBoc NHBoc

% O

Z . .
N “Ph “~Ph
85% yield 75% yield 86% yield

>99:1 er, >20:1 dr >99:1 er, >20:1 dr >99:1er, 4:1 dr
with KRED-P3G09 with ATA-256 with ATA-013

SET Photocatalytic Cycle HAT Cycle HAT

\\‘)Ir”/\\RS/

loss of
+- stereochemical

information

up to five catalytic cycles
working in concert

ACS Catal. 2022, 12, 8911-8924.



Breaking Symmetry with Biocatalysis: Enzymatic Desymmeterization with Ketones

OH O R O o) R, o) OH
. R
R: /1, Ho/”'r ¢ X \\\\\OH enantioface R W2
R” R V R R™ SN R R R >R  differentiation R SR
P
R R enantiotopic R, u R
1 . - - \
differentiation
51a 51b Ir 52a 52b
pro-S group pro-R group

o) o)
)
R4 \_ﬁ
50

Figure 23. Possible products in the desymmetrization of a generic diketone 50.

Symmetry 2020, 12, 1454.



Desymmeterization of 1,3-Diketones

H,C — H,yC S
(o) 0] (o) OH
S. cerevisiae S
yeast YSC-2
:
H,O/DMSO 10:1,
53 30°C, 24h (2R,3S)-54
84%, >99% ee Paspaline
dr 10:1

Symmetry 2020, 12, 1454.



Desymmeterization of 1,3-Diketones

Saccharomices
cerevisiae yeast

0 Phosphate buffer pH 6.5,
3.5% EtOH
30°C, 24 h

55 (13R,17S)-56
Tris buffer pH 8.0, 87%, >98% ee
20% DMSO,

glucose, NADP 30°C,3h (13R,17S)-56
65%, >98% ee

Immobilized
KRED1-PGlu/BmGDH 1/25

Symmetry 2020, 12, 1454.



Desymmeterization of a 1,7-Dione: Remote Control!

S. cerevisiae reductase

YOL-151
> o} OH

o] o]
/\y TEA buffer pH 7.0,
MgCl,

NADPH NADP*

v glucose 30 °C, 4h H
NO, NO,
-

(5S,8S)-64

glucose dehydrogenase

|

63
from B. subtilis
92%, >98% ee
dr >99:1
acetone NADPH L. kefir reductase
\ TEA buffer pH
‘/ 7.0, MgCl,
2-propanol NADP* 30 °C, 16h
Y OH

OH

|

NO,
meso-anti,anti-65
61%, dr >98:2

Symmetry 2020, 12, 1454.



Chemoenzymatic 1,3-Diol Synthesis

Me
O
en a8
N
NH H e
HO Ph
(S,S)-amine catalyst (0.5 mol%)
(S)-ADH from Rhodococcus sp. QH OH
O {62 U/mmol starting material) Cl -
L - (R)(9)Me
Me Me phosphate buffer, pH 7, NAD*
acetone 28% IPA, 1t, 24 h . "
° chiral 1,3-diol
. % vi
cooperative ?O/’ y 'e’f
enamine-mediated aldol/ >25:1 dr, 99% ee
enzymatic ketone reduction A
aminet | enamine-mediated ~ ) enzymatic .ketone 208
cat aldol OH O reduction
Cl -
(R) Me
O
Cl - ] .
H chiral alcohol
intermediate

3-chlorobenzaldehyde
500 mM concentration

ChemBioChem 2023, 24, e202300334.



Chemoenzymatic Thiol-Ene-Ketone Reduction

0

vkpﬂ ' RZSH

o,p-unsaturated thiols
ketones R2 = Ar Bn
R = alkyl

Ru PC thio-Michael
addition

[Ru(bpy)s]Cl, (0.3 mol %)
KRED {10 mg/mL)
NADP* (0.03 mol%)

OH

200 mM phosphate buffer, IPA, pH 7
DMSO, 37 °C, 24 h, visible light

W

cooperative
thio-Michael addition/
enzymatic reduction

(A)

OH

2 ;i or
- R\S/\/\R‘ R%S/\/'\Fﬂ

()

1,3-mercaptoalkanols

up to 99% yield
up to 99% ee

enzymatic ketone
reduction

A

KRED

RZ\S/\)I\W

ChemBioChem 2023, 24, e202300334.



