Reduktionen

 Dehydrogenasen (650+ bekannt)
Reduktion C=Hetero und C=C

Cofaktoren

— NADH (80%)

— NADPH (10%)
— FMN, FAD, PQQ
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HLADH (Pferdeleber ADH)
YADH (Hefe ADH)
TBADH (Thermoanaerobium brockii ADH)
HSDH (Hydroxysteroid DH)

CPCR (Candida parapsilosis Reduktase)
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Dehydrogenasen

Enzyme Coenzyme 1° Alc 2° Alc ALD. Acycl Simple Bulky Arom. Diketo. Unsat. 2-Oxo 3-Oxo 4-Oxo 5-Oxo

keto. cyclic Cycl. keto. keto. ester. ester. esler. ester.
keto. keto.
HLADH NADH yes yes Yyes yes yes yes yes yes  yes
YLADH NADH yes yes Yes Yyes yes
TBADH NADPH yes yes yes. yes vyes  Yes yes  yes  yes yes yes
HSDH NAD(P)H | ' yes “ves
CPCR" NADH yes yes yes Yyes yes yes yes yes yes yes yes

*CPCR is one of the new reductases recently described it is not as yet commercially available but technical-grade
enzyme can be apparently relatively easily isolated. a5



Dehydrogenasen

Enzyme T T pH pH  pH Stereo  Specific  Org. Solv  Detrgent  Inhibitors
' Optim. Stabil. Optim. Optim. Stabil. specificity achvity  accepl. accepl.
Red. Oxid. (Red)

HLADH 37 25 7 89 510 reface 2.7 yes yes chelators, SH
blockers, heavy
metsl ions.

YLADH 30 1025 715 8 6.6-9.5 reface  >300 yes no

TBADH 50 65 758 789 79 reface  8(257)  yes no SH blockers

i heavy metal

HSDH 25 25 6.4-7 89 7595 reface 5-350 no no ions

CPCR* 3640 25 7-85 9-105 6-8 re-face 1800 yes yes chelators

- metal ions

CPCR (Candida parapsilosis) is not commercially available, but the technical grade en

apparently quite easy to isolate in approximately 70% yield.

zyme (40Umg) is



Prelog-Regel
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Prelog-Regel
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» Hydrid-Angriff erfolgt von re-Seite
 Nomenklatur baut auf sterischen Effekten auf
» aufgestellt fir Curvularia falcata Zellen
 Mehrzahl der Reduktasen folgt Regel




Dehydrogenasen

Prelog-Regel
[H\]\ o 'Prelog’s Rule’
@ Dahydmgenasa ®/\ @
S =small, L = large HAD{F‘}H NAD{P]
Dehydrogenase Specificity Cofactor Commercially
Available

yeast-ADH Prelog NADH +
horse liver-ADH Prelog NADH -
Thermoanaerobium brockii-ADH Preloga NADPH +
Hydroxysteroid-DH Prelog NADH +
Curvularia falcata-ADH Prelog NADPH -
Lactobacillus kefir-ADH Anti-Prelog NADPH +
Mucor javanicus-ADH Anti-Prelog NADPH -
Pseudomonas sp.-ADH Anti-Prelog  NADH -

4 The specificity is reversed when small ketones are used as substrates.



Dehydrogenasen
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R! R2 Enzyme e.e. Alcohol [%]
H H HSDH <10
H H TBADH >95
H Cl HSDH >9()
Cl Cl HSDH >95
Me Cl HSDH >08
Me Mei HSDH >935

4 No reaction was observed with HLADH or TBADH.



NADPH NADP*
‘ Enzyme #2
A ~—".B » C
Enzyme #1 = |
Enzyme #3 ll
i Primary
D Metabolism
Kofaktor-Recyclierung
Enzymproduktion

Enzyme in natlrlichem Milieu

gunstige C-Quellen (Glucose, Saccharose) fir enantioselektive Synthesen
Toxizitat nicht-natlrlicher Substrate

Transporteffekte

Nebenreaktionen



Stereopréaferenz

j\ baker’s yeast ?H
R R2 5 R R)2
Rl R2 Configuration e.e. [%]

Me Et S 67
Me n-Bu S 82
Me Ph S 89
Me CF3 S >80
CF3 CH»-Br S >80
Me C(CH3)2-NO» S >96
Me CH2-OH S 91
Me (CH2)2-CH=C(CH3)2 S 94
Me cyclo-CegH 1 S >05

* Prelog-Regel (S-Produkte)
« signifikante GrofRendifferenz
« Limitierung auf sterisch nicht zu anspruchsvolle Substituenten



a-Ketoester

Ester = ,grof3er Substituent*
3 R-Produkte

Lipophilie erhdht Ausbeuten

kurzkettige Alkoholkomponenten
bevorzugt

O
R R’ yield CL.
Me Me 36% 92%
Me Et 38% 90%
Me n-Pent 24% 48%
Me n-Oct 17% 18%
Ph Me 91% 98%
Ph Et 68% 82%
Ph n-Pent 47% 52%
Ph n-Oct 46% 20%
HO g
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i, SR
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S =small, L = large




Hefe-Reduktionen

b-Ketoester w\)}\ L ) S i e

small
large
R! R2 Configuration e.e, [%]
C1-CHz2- CHs D 64
Cl-CH»- C3zHs D 54
Cl-CH3- n-CiH7 D 27
Cl-CH2- n-CsHyy L 77
CI-CH2 n-CgHj7 L 974
(CH3)»C=CH-(CH2)>- CHs D g2
CCly et C2Hs D 835
CH3 CzHs L >96
N3-CHz- C2Hs L 80
Br-CH3- n-CgHp7 L 100
C2Hs- n-CgHy7 L 95

2 Low yield.

Grofde von R1 & R2 bestimmend fur Selektivitat



b-Ketoester - dynamische Resolution

O TL
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U 2R,35-syn 28,35-anti
in-situ racemization
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RI R2 e.e. [%] Ratio
syn anti syn/anti
CH3 C2Hs5 100 100 83:17
CHa Ph-CH3>- 100 80 67:33
CH=CH-CHy-  C3Hs 100 100 25:75
Ph-CH>- C2Hs 100 100 33:67
Ph-S- CH3 =06 =06 17:83

« Aciditat unter physiologischen Bedingungen ausreichend ftr
Racemisierung



Hefe-Reduktionen

b-Ketoester - dynamische Resolution

&COQH baker’s yeast 5= |C'02H2
> !
R’ (FD a

RI R2 e.e. [%]
-(CH2)2- C2Hs >08
-(CH2)3- C2Hs 86-99a
-S-CHp- CH3 85
-CH»-S- CH3 >95

4 Depending on the yeast strain used.




Gre?2
D- & L-Enzyme (aaomtoxy oH
ketone 2

) COOR'
reductase) R /\‘/
'lly Rlll
OH

o anti (2S,3S)
"FAS"
COOR! COOR!
R../k/ - R")JY
fatty acid R
(R) synthase \
"L-1" OH
0o ) OH ] i.__.-H o Yprlp ?
| . R
J, 7 L Of - NS R R Sy J “OR (aldo-keto R"/\:/COO
! ) reductase) FEQ
H, | - antl ratic syn (2R,3S)

50+ Reduktasen in Hefe
(ca. 500 Enzyme mit vermuteter Reduktaseaktivitat)



Hefe-Reduktionen

Selektivitatsmodifikation - Inhibition

&

\)'\/

OH OH
COOMe - COOMe+
L D
Additive Config, ee %
nane D {FI]' 14
giucose D 54
allyl alcohol (B} B0
glucose + allylalcohaol D 66

\/Y\/GGUMB

Table 2.4. Selectivity enhancement of yeast-reductions via D-enzyme
inhibition (see Scheme 2.122)

RI R2 Conditions Configuration e.e. [%]
C7Hs CH3 standard L 15
CoHs CHs + CI-CH2-CO2-n-Bu L 69
C2Hs CH3 + Cl-CH7-CO2-C2Hs L 91
C2Hs CaHs standard D 40-50
CyHs CoHs + allyl bromide L >98
Cl-CHz- CaHs standard D 43
Cl-CH»- CaHs + Cl-CH2-CO2-CoHs L 80




Hefe-Reduktionen

Selektivitatsmodifikation - Inhibition

Table 2.3. Selectivity enhancement of yeast-reductions via L-enzyme
inhibition (see Scheme 2.122)

R! R3 Conditions Configuration e.e. [%]
Cl-CH3z- CsHs standard D 43
CI-CH3>- CsHs + allyl alcohal D 85
CaHs CH3 standard D 37
CsHs CHaz + CH3-CO-CH=CH2 D 829
CH3 CaHs5 standard L >U8
CHj3 CaHs PU-immobilizeda L 60
C>Hs CHj standard D 5
CoHs CHj3 PU-immobilized? D 86

a Polyurethane-immobilized.
0 L-1 enzyme OH
GI-\_,A % o S - COOR'
o A DEt 2 o
Ao .
D-2 enzyme COOoR'
A b [

f:szrgn




Hefe-Reduktionen

Selektivitatsmodifikation - Immobilisierung

BY in HYDROPHILIC OH
G ervircnment > _
; \)I\/GOGH' - HWCDGH
BY in HYDROPHOEIC OH \
8 enviranment i . i (A
: \)\/G IR R \-/1:1,-\/[:00” e | TR
o 22
EE"
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o
Frae BY , cone 10 mM 49%, pa i
conc: 20 M 27% ee g
Palyurethane, conc: 10 mM BR% e A i
canc: 50 mM B2% ee

O
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Free BY

Water / MgCl, (2 M)

4B%, 12% ea
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Hefe-Reduktionen

Selektivitatsmodifikation - genetische Veranderung

Q
\)j\/cooa
40%S
A l Co knock out
94%S
OH OH
\/'\/COOEt T A_COOEt
(R) (S)
Q L1 OH OH
COOEt ~ O ~_-CO0Et T _-COOEt
(S) & (S) trol overexpr.
60%syn .
| syn | anti 83%syn
Q L-2 OH OH
COOEt — N _A_-COOEt A_-COOEt co
(S) (S)

75% syn

65% syn

X



Hefe-Reduktionen

Selektivitatsmodifikation - naturliche Vielfalt
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Path- Rl R2 R} Biocatalyst vield de. ee. Ref.
way (%] [%] [%]
A M allyl Et baker'syeast 94 92 =99 [187]
A Me Me mOctyl biker'syeast 82 90 =98 [188]
B M Me R Geotrichum 80 98 =08 [189]
candidum
B E Me Ei Ceorrichim 8 96 91 [190]
candigdum
C  4McOCsH& Q1 Ei Sporotrichum 52 96 98 [191]
exife
D 4-MeOCgHi- ©  Me Mucor 58 98 >99 [192]

ambiguus




Hefe-Reduktionen

Diketone
OH
+ /\V’H zumeist keine weitere
OH Reduktion
anti syn
(major) (minor)
S R 4
R e.e. anti-diol | OW\>_/\T,¢D saker's yeast \HO. ; R Holh /Q
Ph- 94 = w ]—
1,3-dithian-2-yl- 97 (CHz) (CHz)n (CHz)n
Ph-S-CH3- 97 syn anti
R n e.e. syn [%] synfanti
CH3-C(=CH2)}-CH3- l UK 100:0
CH»=CH-CH3- l =08 90:10
HC=C-CH»- | =00 100:0
N=C-(CH3)>- l =08 O6:4
CH3-C(=CH3)-CH3- 2 =08 24:76
CHy=CH-CH?3- 2 >08 45:55
HC=C-CH2>- 2 >98 2773
N=C-(CHz2)2- 2 =08 30:70
CH>=CH-CH3- 3 =08 100:0
CH;=CH-CH3- 4 =08 82:18
CH>=CH-CH;- 5 =98 no reaction




Redox-Kopplungen

Deracemisierung von sec.-Alkoholen

2. Redox-
irreversibel transformieren

Enzym muf3

Netto-Elektronentransfer = 0
[ internes Kofaktor-Recycling

ot

rac

Rhodococcus
ervihropolis

NAD(P)* )

!

Dehydrogenase
- ydrog
? (reversible)

RV TR = m R
intermediate

NAD(P)" NAD(P)H

Redox-Enzymae
{irraversible)

R

NAD(P)H NAD(P)*

Pt = T

internal cofactor-racycling

R! R2 Microorganism(s) Yield ee  Ref
[%]  [%]
Me CHaCOzE1 Geatrichum candidum 67 96 [224]
Me pCl-CsHg Geotrichum candidum 07 96 [225]
Ph  CHzOH Candide parapsilosiy ~100 ~1002 [226]
Me (CH2)2CH=CMe2 Bacillus stearothermophilus+ 91  ~100 [227]
Yarrowia lipolytica
Ph COzH Pseudomonas polycolor + 70 >99 [228]

Micrococcus freudenreichii

4 Opposite configuration as shown.
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Cl baker's Cl baker’s C

‘e . ; t i
ungesattigte Ester =< o8 o = T
R & COgsMe (hydrolase) R COgH  (enoate reductase) =~ g COgH
R cl baker's R Cl baker’s ol
yveast B | -
= i, | T ool g A Y
3 CO-,Me (hydrolase) COzH  (enoale reductase) ~ g COzH
R Configuration e.e. [%]
C2Hs. (E) = (R) 47
(CH3)>CH- (E) — (R) 68
CHCla. (E) — (R) il
C2Hs. (Z) = (8) >08
(CHa3)2CH- (Z) —+(5) =08
CHCl- (Z£) —* (5) 98
CCl3. (Z£) =+ (S5) >08

zunachst Hydrolyseaktivitat, dann Reduktaseaktivitat

Chiralitat abhangig von E/Z-Positionierung
3 Erkennung von Prochiralitat

aktivierte DB Voraussetzung
(Michael-Akzeptor, nucleophiler Angriff)



ungesattigte Ketone

baker’s
yeast
———ee e
f "
O 4 6 o O "y
80%
baker’s baker’s
yeast yeast
slow slow
ﬁl_l
0 HO'"
6% 7%

Angriff an DB ublicherweise rasch
weitere Reduktaseaktivitat (C=Het) mdglich



ungesattigte Aldehyde

@ CHy
2 \“’7L “CHO

1-7

t'h th

normalerweise zuerst DB-Reduktion (1,4-Angriff)

bei stark elektronenziehenden Substituenten am Aromaten
[} starke Aktivierung von CO
[} zuerst Carbonylreduktion



