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Chemoenzymatic Relay Reaction and Its Applications in Highly
Efficient and Green Synthesis of High-Value Chiral Compounds

Liao, Xu® Jiang, Yan’ Lai, Shilin® Liu, Yuangang”

Wang, Shibin”  Xiong, Xingquan™®*
(“ College of Materials Science and Engineering, Huagiao University, Xiamen 361021)
(* College of Chemical Engineering, Huagiao University, Xiamen 361021)

Abstract Compared with traditional chemical catalysis or enzymatic synthesis, chemoenzymatic relay reaction is a simpler,
more efficient and economical method. It not only has the advantages of high efficiency and selectivity of enzyme catalysis,
but also has the advantages of low price of synthetic raw materials, simple and high efficiency of synthetic process, green and
friendly production environment, and excellent optical purity of the obtained product. Thus, chemoenzymatic relay synthesis
methods have been widely used in the synthesis of high-value chiral compounds. In recent years, chemists have been commit-
ted to making chemoenzymatic catalytic conditions easier by changing catalysts and designing more reasonable ways, which
could be used in more fields. In this review, the recent progress in the synthesis of chiral alcohols, epoxides, heterocyclics and
other chiral compounds by using chemoenzymatic relay synthesis, such as enzyme and metal catalysis, enzyme and organic
catalysis, enzyme and new reaction techniques, is reviewed, and the development trends of this field are also prospected.
Keywords chemoenzymatic; relay reaction; high-value chiral compound; enzyme-metal catalysis; enzyme-organic catalysis

TR, A=Vl A AEAS AE AL 27 it I 2505 1 £ P3P oG AR R AE I A, A BONIRIS T2 7
R TREMRE, SESUARAHLL, B Froasoete -0 —kins, i FrEamerFA
R SNEZEATIRAN . DX £ B SLARE BRI LA VBB IR T &Y. (2 E RS EY

* Corresponding author. E-mail: xxqluli@hqu.edu.cn
Received July 23, 2018; revised September 25, 2018; published online October 26, 2018.
Project supported by the National Natural Science Foundation of China (No. 21004024), the Natural Science Foundation of Fujian Province (No. 2016J01063),
the Program for New Century Excellent Talents in Fujian Province (No. 2012FJ-NCET-ZR03), the University Distinguished Young Research Talent Training
Program of Fujian Province (No. 11FJPY02) and the Subsidized Project for Postgraduates' Innovative Fund in Scientific Research of Huagiao University (No.
ZQN-YX103).
X 19 SR A2 2 2 (No. 21004024) HiAEA H AR 4(No. 2016J01063), FREEH “RiCH LM AA 3 HFHH]” (No. 2012FJ-NCET-ZR03) #
B RN R EERBAA TR No. 1IFIPY02) KARY KWL AR 2 4 (No. ZQN-YX103) B BITIH .

668 http://sioc-journal.cn/ A © 2019 Chinese Chemical Society & SIOC, CAS Chin. J. Org. Chem. 2019, 39, 668~678



Chinese Journal of Organic Chemistry

REVIEW

EALARZE A - B 2 0 BRI N, R SORE b A2 A
CERTATA oy B e, X — A B BINR AL A i,
TEWS Je T O IR AR G A 25 B8 v R A W i A 1L
%, AR TR 2 S N A BB R A 7 A T
AN, AT OB E R B D . OB B SR
LIRS EAN, I IR0 R M i T A B,

20 tH40 80 4E4R, van Bekkum i@ 40K IE T 1k
LA A AL & 0 A7, B AR 4R A
SN AN AL S R AL R AR S 7, DA B S 13 IR
SRALEY) DR ETRE N R R 5% AR D-H 55 B .
Bt 5, Williams AR 41T R Th 5 m 26 /NI e f 50 11 2%
PR iR S0% R, $&H T 5 &R LI
ZEL BRI LA 2 N . iz — A S A 4
2, 4 Mg T AL A AR R AL S S 5 Pd BR Rh (AL 41
TH A ML GE Ay, I T A R A A S IR B A B 1 IR
43(DKR). J&K, Turner BN B i S 1 Bl (i 4 10 0 i
TE R SR JEA 5 4, I 22 B 3 UL R T A
B R REE 100%HHE i 72 3.

FI Ak 2 A - AR 45 B 22 20 B B I S ol 46 T4k
A BB, 2 2 S B A A AL A A 25 )
FOUME DASR V. BEME AL I IR AR K, TR 2B R
S TEIEAE K B IR A A SR SRR, SR, Bt Bl TR 4%
TR R DL R 5 & AL S A o, VR 2 R 2 —
— PR LA, BRI AN A 20 R BRI
il 7 S 24 3 oAb, S AT A 7 AR e 2 4
ARAFFRHEAT, RN AR A 7R s S4B FH A
LML 702 T A Bn IR R TR . Ak, LE e T
IMEF LAY, BT S5&EMEAGES, Bl
AHS FRAME S, 358 A, Mok miekiss:
WAL BAR G AT 200 BN, thEUS B
BRI O 2 N AL

1 BELCSERENTIRES

MBS A AN Tk A 7= I RER T, R AL
MAYIHEA T 2 22 R ERAL &0 T IR st 28 ) T
PEAL S5 = 2 AR BB ), 521 I &R,
HESRSMEANS G — B A ETA, SEE)R
SBEAR S A (AL B NLA B FE H RN 1A A - Tl A 0K S
8z — U3 e U < R AR P S R
PR AR RAEAT — RIS, A S NEE B
S RPN R R I A R 2 LS.

1.1 BSERIEEENTEES

LR A 11 5 SCAR IR S LA <6 J R A S as EL A B I
MIPLHs, BEfeid 5 s B2 AL M AL A &% FHEAL S 0 3=
TPE. HM, 5w s & T A -

Chin. J. Org. Chem. 2019, 39, 668~678

© 2019 Chinese Chemical Society & SIOC, CAS

il 22 30 BRI S N A A6 A HL L = 3L 2008 4F, Groger
VR A R T AE S KR LAY R R, AR A R 38 A
I s M5 AR AR 45 B B S — AN S, G Suzuki 28 X
A8 BC AR Bl 5 1100 A 6 B B AT O i A i 1 T PR g R
(Scheme 1), EA EE 91%MFEA AN (1) S AR IR FE
PE(>99% ee). WEFERM, SEHENAEN Suzuki 22X
B S 0L () 26 TR SR A B4 JL A (1) AN ] {8 FH 18l PR s
s 2)WHER AN v It A 5 (3) Wb A FH /KA M I AT T

[PA(PPh3),Cly] (2 mol%)
Hzo, N82CO3

B(OH),
©/ (1 equiv.)
(S)-ADH from Rhodococcus sp. OH

NAD*, pH 7
'PrOH (25 vot%), r.t.

91% overall conv.
>99% ee

B 1 A Suzuki 2 BB BEITE RS & & T

5 Y

Scheme 1 Chemoenzymatic synthesis of chiral biarylsubstitut-
ed alcohols via palladium-catalyzed Suzuki cross-coupling and
enzymatic reduction'!

SR, T - & 2 0 R, BT
ek Z IS, FECEVIBGAENN Sk 2iENE. 2014
4, Groger URUZH Ul i K AR [ {4k (1) Wacker %
A FIBEAR I8 SR AT X BRALSE IR T M IR AT R K &, [BE
TR WA BT(PDMS) B W HE1T Wacker %Ak,
Wacker 0TS 2| FI2K =9 0@ PDMS Bk
FISNER R AW EA. T PDMS RGBS, fH4E
IR 5 AR AN B Ak, B URATIAE % B AR R e X3 L i
By B m A TE Y, S — R R EA ee
A[IE 99%[1) 1-75 3 2% (Schemes 2, 3). b4k, Wacker

PdCl,, 16 h, r.t.

Sh Y

02 HQO

(R)-ADH from L. kefir
NADP*

Buffer/PrOH (V:V = 3:1)

16 h, r.t. 85% overall conv.
98% ~ 99% ee

MeOH/H,O (V:V = 7:1) o

CU”

B2 4L R #E Wacker S S BE(RIE R A & & T
g

Scheme 2 Chemoenzymatic synthesis of chiral alcohols via
palladium-copper cocatalyzed Wacker oxidation coupled with
enzymatic reduction!!”!
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¥ o cI>PA WRBRATHEY)(Scheme 4).

ok > AR, C—H LB I B S8 T AT

= LR IE. 2016 4F Latham U405 1o i (Bl 540 4

e CAH LS 2 25 B LS T 5|k 5-, 6-F1 7-
B 3 A PDMS &5 HEAT ML A X FE 4L oK A+ ttﬁ’])cyfl%ﬂﬂﬂ‘ﬁ %}%ﬂ%%} Tj\l%m 1
Wacker EAL AR IA )5 22 45 88 1k e 3 1) B C—H RERBIHEM, ERMHRES F, 82)
Scheme 3 Concept of site-isolation of catalysts using a PDMS TRy U%ﬁﬁ%ﬁﬁ‘]%%ﬁt# %F%(Scheme >), AT DR
thimble, and the relay reaction by the combination of Wacker THAFARLI AR TE C—H AL B8] R B8 M v A 1 3

oxidation and enzymatic reduction!'”! B A, X 24k 5 R T R 4 R AR A
AN AL FRIIEIR 15 G, F R R T R B L, A e RO AR WAL R TR A T 22 0k, HLAR

2015 4F, Turner V2" Wil T g LR 2 20 MR R RE AN R ZAE AT o B) b BE Al (02D 3R,

BOCzo, C52003
HoO/THF
MW, 90 °C, 20 min

NHBoc
BOCQO, CSQCO:; Br

HO/THF
1 MW, 90 °C, 20 min

DAADH
NH4C| NaZCO3
r t.,24h

9 _ AWPALFI07A
N
T NH.OH. pH 96
Br 37°C, 24h
o)
/©/\H)‘\ . B(OH), Pd, catalyst .
MW, 120 °C, 20 min

NADPH NADp+ o

*

OH

D-glucose GOH N NHBoc

L

L-39-65 overall isolated yield, >99% ee
D-40-70 overall isolated yield, >99% ee

D-gluconolactone

B4 R 2D R EA R N-RI AR R IR L1 D-— 5 S & fr A=t

Scheme 4 One-pot chemoenzymatic relay synthesis of N-protected non-natural L- and D-diarylalanine derivatives!'®

Halogenase [Pd] _
— Fre, (GDH,) — Ar—B(OH), ,
\ X i N R v
7>r  FAD, NADH SR R
O,, NaBr

Selected examples: OH
O 7 "NH
CONH, CONH, y
S HO.
O-Crwe D-Cm OO0
~ N
79% yield 71% yield 66% yield 75% yield

B 5 RS BB S s R4 & & I e S A e &)

Scheme 5 Synthesis of functional aromatic products via palladium-catalyzed cross-coupling reaction and halogenases!'”
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2017 4E, Gonzalez-Sabin 4" I 14U AL
NSRRI, SN W 2 IE ke -Pd e &1 AL
I, B - 1-BE AL Ry 5-FRFk-2- IR, WERREY, &8
Pd AL T /KA 2 5 R I4 R B (KRED) 46 11 A= 4
W JF AR S N 24 h 5, B DL R T ISR (5
15 90%) /3 E] 1,4-1% BEPIFR AT REIX B R AE. B,
I R A AT 1,48 1 5% /2,2,6,6-PU F
FEURE ZE A PI(TEMPO)AL R 3ET AL B, B
177 2 A B B A [R) S AR YR -1 P B (Scheme 6).

[Pd] (5 mol%) o
(0]
H,O
/\/\OH Catalyst m 2 )I\/\/OH
H,0/30 °C 99% yield

KRED/NADP*

j OH Laccase/TEMPO 0P

1 0, * %

ProR. 3075 MOH citrate \g
Buffer pH 5.0 99% conv.

8h,rt. > 99% ee (R)
98% ee (S)

B 6 AUEALIR ML S H TEMPO % £ £ P15
AR

Scheme 6 Chemoenzymatic synthesis of chiral y-valerolactone
via palladium-catalyzed cycloisomerization and laccase/TEMPO
catalytic system!'®
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2015 4F, Hartwig i@ 21 9108 1 il L i P450-BM3
AU J 5L o AR Ak FRUAR 45 B 4 K B 0 12 TR B P e fb
N —IREAYI(Scheme 7). LG XRIE T R AGIE S
{37~ BRI PR SR AN IR AR 45 A 10 7 ORI 1 SR S i
PEM LA o B — R AR, H. ee MR KIRE, WEW T4
520 FR R IR S G T T R B B, JF AT 13 51 H
A Tt I B ) 55 IR A,

o 2.5 mol% NHC-Ru
k@/\ S Catalyst
SN + NN ———
HO 8 Tris-HCl/isooctane
Buffer (V:V =4:1)
HOZCW P450-BM3 o
. PTDH, NADP* o
COH| — o
HOZCW) Na,HPO3 ) 3.
8 8 90% vyield
38% ee

~ 9 |
3 ~6 mol% NHC-Ru Ryl Ph

R Catalyst AR |
PR + §\/R ——  »py —
Ph  ~"2.5 vot% DMSO/KPi Ph

Buffer P450-BM3 Mutant
GDH, NADP*

Ph/cl)>/R
94% ee
BR7 471k P450-BM3 fiE: 415 SR Atk &t

Scheme 7 Rhodium-catalyzed combination with P4500-BM3
enzyme to synthesize epoxides compoundst' 2

R = Me, Et glucoseJ
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2015 4F, Garcia-Alvarez W HRIE T —FhE 2.
LR RN DL A E T e A -l s & — R 2 D
FRIRON, 3t FH 2R 0 TS S B KA ISR, AR KM
o R AT B R R A R I R A o-F
ZU (- TA)Y AL I 3 i Ak S S B BREE SR, DA P B R i
BT DL s s skttt & i AN R S50 0 F1ERE, HER R
B BA = R AR 51 ee {E(Scheme 8). S Mg
i i Ji7 g (KREDs)VE R 2E WAL, BRI E 3R 3 1 1 4
[H 79K % (NADP "5k NADPH) %4, 116 IE % % B,
Rz FR L LS 77 KA Be 5Bk, A o-TA Fi%H
Rl ¥ AR i G R AR AL RS, 07120 TE KA A il
o & B AUV AL R N I — Sk R B A R =%
UIKIER

-.._E' _N//\NH
(1) P
al
R OH - 2
Buffer (1 mol/L ‘PrNH,) R NH,
R1 X R4 R'I)\/*kR“
R3 (2) w-TA, PLP, DMSO R3

Buffer (1 mol/L 'PrNH,)

Selective examples:

NH, N, Q)Niz/
©/'\/ /©/\/ MeO

80% vyield 80% yield 70% vyield
>99% ee >99% ee >99% ee
NH;
: NH,
/©/\/ \/k/Bu
Br
88% yield 75% yield
>99% ee >97% ee
B 8 FEAKVEA BT 45 G 4T (A0 IR 0 TR I S A A RN AS X
AWk e i

Scheme 8 Rhodium-catalyzed allyl alcohol isomerization and
asymmetric bioamination combine in water medium!*"!

B, Cheruzel AP E N 24401 P450-BM3 fiff
5 Ru(I)- "3 FRER], X MOGIRsh iR 7 %
et MU RuIl)- — 2 fOGHGR R4 4L P450-BM3
TR (1) 516 e 2 P SR 348 456 P b 3 AT BB 5 0 ) = 9 R
WAL, FEOCEMRIFE AT, e BEE Pt r)
CF; H &R 5] N2 )& (Scheme 9). 7EZ%4L P450-
BM3 i, SEA R Ru(I)-— R BTS2 s 22
(R HL T, AR AT LG O I AR = T AR BB AT
P450 FALE gk, BT P450-BM3 SARAH A If (i £
P, FrLAREIX 7> =9 A i i, O AR Xk ek
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R1
R'=H, NO,, Br
R? = Et, Ph
OH
02 FSC/\/ | R2
_ R1 A

15% ~ 20% overall yield
69% ~ 93% ee
B 9 Ru(lD)-Abng 5B S V0GR 28 BESS & H T HUR

5 48 1) = 5 R Ak B )

Scheme 9  Trifluoromethylation/hydroxylation of substituted
arenes by combining photoredox of Ru(II)-polypyridyl complex-
es and hybrid enzymes catalyst’*”
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AL AR E A T A EL a-F p-Z B
RIS, 166 Ak F H 2 JE % A I E R 6 ok
2008 4E, Janssen BRI ARG T LAANEHEN) a-1
AR J5 R E i At 2= -l 3 25 30 71 229 73 (DKR) B #2
il £ AR R G  a BE  PR EA. BpRd R 2, ROV
= F EH(DMSOME A BIEFI(S.0 vot%), 1EFARFLE
MOIRZE R IURH 2R 8 R AT IOSE, FE BRI AL R A Ak
NRBL 16 h, SR 5 A i AR i 2 5§ Hhe C(— FhiE L
o< AR AN ER S A B4 PR B ) fR A, 15 FRH BN PR T Bk S
KA NH)(Scheme 10). hAh, 48 FH 25005 FRIEY
I, 1% NS5 B R SRR A H £ 0 iz

OH Ir-cat. (5 mol%) halohydrin
/E\/CI KO'Bu (6 mol%) dehalogenase 0
R Toluene (20 vot%) R i R
DMSO (4 ~ 13 vot%) HCl

Buffer (pH 8.0)
rt,16h

Selective examples:

o 0 o) o)
O,N
NC FsC

65% yield 59% yield 57% yield 51% yield
94% ee 96% ee 90% ee 99% ee

B 10 AMHHEN o- s AR AL 2R B 70 47 43 )

Scheme 10 Chemoenzymatic DKR of racemic a-halohydrins!®’)
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2010 4F Kroutil BP9 VARG 7 4K b 7
A SRR AR JF A Z5 A 101 1. BRI, 2R
i FH i AR N JEURE, AR VT A B AT SR L (AL AL
A S L % ot SR AN T A i ) A 3t 4 I i S £ 1
Wk PR A IR . 4B AR L AT bl SR S A B
HEAT IR} i R () AR A ) 5% HH D v () 4k - ST, IRfi
T 5 K B AR E R e 718, RIGARA
Rhodococcus ruber FEZ i S8 ADH-A ARG BEVEHLE
BT 3R AF 1 a- SRR 38 J5 A AR B 6 2 48 B 1 i AQ R
(Scheme 11), Z LAk ADH-A, K NEXHHHLET
HA 5 BT 32 1.

Ir-cat. (2 or 5 mol%)
toluene (30 vot%)
Icohol
alcohol OH

OH Buffer pH 7.5 o
30°C,16 h dehydrogenase
Cl .
A 7—T>RJ\/C|7—§>R (’%/m

o OH +
\gﬁ cl \SJ\: cl NAUD

NADH

Selective examples: regeneration
OH .
cl OH 1 pF;
~p e ‘7#(
5 Ir-—~N=C—Me
99% conv. 99% conv.  Ir-cat. =
40% ee 29% ee T\
H

AR 11 SR AI SR LIE R 4 A & T T SRR
Scheme 11 Synthesis of chiral chlorohydrins via iridium-
catalyzed oxidation and enzymatic reduction®*
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2013 4E, Bergman 820 PR IE T E A
GadL6 VU [ 4568 73—+ 7% H 14 i 17 T I ot &l 0 — 4
SIEA YL R T AL RN, — W S B 3 2 A2 Y
THIAA R 231 % o DB L AR B AL TR 0. 45 R
W, K% T T B OB R Y BRI K i
A R BE R E— 20 PRAL, DATE K PRS2 il A 7= A B )
VSR, BEJS7ENE BEIRY b gk AT B BR R IE 5 77
2R 5y /A0 (Scheme 12). FIFE, 1Z 7AW TE Ru B4
A5 PR N (1) S R A/ A1 i iR Hp SR R R 2 O V2 A
Ve ER EAEAL 1) LR AT V2 A s 20T, ok, A T UL
PR T N B O TR B R R AR B A Y RE T AT RE
SR AN GBI G Far. HIR, RIH &K E
AR 23 2 A ] B AT A T B 7K A ML A 1) 4 i 2
G R BIKER A, TR G EAE A LS A
AT S BRI AE K SRS, S 4b, % R AT LR Ik
R TR AT BN R, R e B S
B R A BAE .
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HO_ « R €ncapsulated
Au(l) catalyst

—_—

R Esterase or lipase
e

buffer 7.0 ~ 8.0
DMSO (5 vot%)
rt,48h

0
m “R

R =H, 99% conv.; Me, 32% conv., 89% ee, 26% de;
Et, 33% conv., 96% ee, 30% de

.

K12
#25)

Scheme 12 Chemoenzymatic synthesis of chiral tetrahydrofu-
ran derivatives via enzymatic hydrolysis/Au-catalyzed cycliza-
tion!*”)

— R DMK R e MR 5 T DY AR T A

i Mihovilovic 15820 P54 S K& %
PSR JF ARG A, Rl T — A R R A e E
FA T B CE A R 5ol 2 40 B 1 e B A 2 - B T V. 1%
THEVAI IR R AT AR N R, SEbL AuCly AL 7
TEZKAH 26 A T 1) 4% H 2K OB S AT AR, PR FH(S)-8K
(R)- 1L 1 it SR (S-ADH E{ R-ADH) AW FRAEAL &
B (S)-BR(R)- 75 B IEERAL &W. 45 R, RHZ
J7 A LI (S)- R (R)- 75 25 e H B Ak B ) e S Al % vy
HEALR IS 91%A L (Scheme 13). HIT7E &AL TR
A PrOH 1F Au(IID ALK & BT, N A 4 fi
A5 BRI S VR mT T B S (1 B AT 3 i 2 .

f
AUC|3 H2O
" PrOH, 65°C.

B 13 ALK S B AR S A A5 T PR
Scheme 13 Chemoenzymatic synthesis of chiral alcohols via
enzymatic Au-catalyzed hydrolysis and enzymatic reduction’®”’

1.5 EECSHEHMEESEELETBESE

B 7 DA b & AR S B A A 45 Sl AT 200 o
BRI B4, HAht 48, 0 Cu. Rh S RMELA
MR SA(ATH), H 5B A G BotFiE &
Y. 2013 4E, Lavandera B 8ZHOHRIE T 78 TR SN 4%
R, FEKRMEA B IE IS A — A B (ADH) 5
Cu by “ il ” RIS G, SCE o ik £
A Bl AN TR 45 0 1 T 1 1,2,3- = WA AR 1
(Scheme 14). 729 1) A0 B el AR WA ) 4 ), HL
(R.S), (R,RYFA(S,S)- S Ha AT i LA sy i 2 AL 2 4l B 35

(S)- or (R)-NADH +
H*/NAD* HO
Selectlve ADH

Buffer Tris HCI

(S)-alcohol 91% conv., > 99% ee
(R)-alcohol 93% conv., > 99% ee
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)l\ ADH Q
R \\ Buffer, pH 7.5 R&
+ 30°C CuSO,
+
(0] 0 Cu, 60 °C
N
R')J\/NS OH o R 3
OH
SN
R N
N:N/
Selective examples:
'/-3/ HO,,II
— R
OH N OH r= :\1 )
N N
(R) /ﬁs\)(R)V N
69% vyield 85% yield
99% ee 99% ee
96% de 98% de
HO
S
o A
= N\ .
[jﬁ&V N
82% yield
99% ee
99% de

ER 14 H—EHEAADH)S Cu b “ mik” R MAHSLS
BB AR FE 1,2,3- =047 R 1 — Rt

Scheme 14 Synthesis of different chiral 1,2,3-triazole-derived
diols by combining a single alcohol dehydrogenase (ADH) with a
Cu-catalyzed “click” reaction™”

2017 4, MoK IE BB HRAE T — RboEr B A X
Fr “&JE-EMHA R, RAH Rh 1L ATH i
25 &N SRR RIS &, T3 — R4
A PRAN SEAR o (R T2 2-BUA Ay — U 20 0 -4 (4 7% )
FEE,99 11 B dr, >99% ee, Scheme 15).

2 BEUSHENSTRLRBSES

WTAER, AIIFRA LT PR R A5 BT
S AEWREA R SAR S5 A 15 DASEE. SEBR b, AXTRRA AL
TEAL RN AE DAL S o7 2 HAND, TR A A e A 7 —
RANVMEFIY —88 2 20 R ERECN T RE. D, 7E 2009 4F,
Berkessel W AP RIS T 76 & /KA T T P 1,3-
TR D BB RN, B U AR RS A B
TR 18 A I IS J5E s I 485 45 1) 4% 7 D A R0 43 S 440 )
1,3-:&%, HA 45 5 (> 95%F5 40 >99% ee Al
. 11 dr, Scheme 16). {HAF—EIE, HAVMEL RN
%@af‘iﬁ’])ﬁf“/'%AfF%%E%&EFE’J@E{E CFEAAE, TG
5 Ab B e E] ).
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OH

N (CP*RhCl,), (0.5 mol%)
©\/j\ Chiral Ts-DPEN (1.2 mol%)
N™ "R HCOONa (10.0 equiv.)
ABS (5.0 mL, pH = 5.0)

40°C,12h
Selective examples:

Rhodococcus equi
ZMU-LK19 (50 g cdw/L) *
ABS or PBS, 30°C, 24 h > R

N
H

@@ @@CO CO

47% yield; 99 1dr,>99% ee

17% yield; 99:1 dr, > 99% ee

14% vyield; 77:23 (99 1)dr;
99% (> 99%) ee

16% yield; 92:8 (98 2)dr;
99% (> 99%) ee

B 15 AT ATH 52 g A SIS BRI A K 45 A B T R D S e i Ak )
Scheme 15 Chemoenzymatic synthesis of chiral 2-subsituted-tetrahydroquinoline-4-ols via rhodium-catalyzed binding of ATH and

whole cell-mediated asymmetric hydroxylation®'!

(1)(:/H)<

((S,S), 5 mol%)
rt,20h

OH

4+ X

(2) (S)-ADH Rhodococcus sp
NADH. buffer pH 7.5
IPA 25 vot%, r.t., 18 h

OH
m«@—i_{m

> 95% conv.
1:11 dr (syn/anti)
>99% ee

B 16 HHEAFIRIED TR LA H T A P gt

Scheme 16 Chemoenzymatic synthesis of chiral diols by using organocatalyst and biocatalyst™?

PR, %R P SOK S 3 R A T S AR
(105 B e, MhA1HRIE 1R AV &UR . TR A R
IR p-E R REAT AR WM A B B R 4 A RN B AL
FAEVIHEAL R BARSE &, S SR % BA T
ZERI 13-l (dr =I5 >25 11, ee>99%) (Scheme
17). 2014 4E, iZ WAL YARIE 14l 55— Rl R [ e
I F A LN FAEATRIS,S)-IT T F 0 &
B WEFLR B, M UAM SR . TIE G R,
(S,8)-I1 {EFHEMALT, KB 24 h J5 LA 95%[ B k%
F1 95% ee il # H(R)-p-F2 M. 1EiZdfEd, N7k
(S,8)-11 TEAEKAHZEAF MRS, FAEH 3-FOKH IR
(3-CBA, 2 mol%)fE AN, FHRIAE 3 CRAR &
e, TEAHLE R 3R O b B AR 4 R UF A A X Rk
. 5 PR i B (A DHL) 388 3t o] 18 1 s = 47 ik
AT 5 S BE, 2% N3t i R AN 7 AT ] o ) A 4
5, TEBGHE AL S50 IR 2 J Al T A 2 R A LS R
FEIAR [ETU [ i AR, S5 RR M, kR A Llm
A2 (89%) FIAR S IIE FEME(dr>35 1 1, >99% ee)fill
7% tHOGE Al 1) — REAL & W) (Scheme 18).

o-Z 5T W RAFAE T R E R 2 rE
WE ISR BT, 2014 4, Simon R4 PHRIE T 76 5+
PIEE(IPA) R, DA 7 % 5 2 B TR L1860 JFURHG i i 1
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0 (1) (S,S)-1 (0.5 mol%)
0 ;
NaCl (sat.) solution, r.t., 24 h
+)J\ aCl (sat.) solution, r

(2) (R)-ADH Lactobacillus kefir
Cl NADP*, buffer pH 7.5 al

IPA,rt., 24 h
> 95% conv.

25:1 dr (syn/anti)
> 99% ee (syn)

B 17 AR RLEUAR I 55 B e A Tt )
Scheme 17 Synthesis of chiral diols from meta-substituted ar-
omatic aldehydes?!

o M OH O
cl (S,S)1,0.5 mol°/) :
+ )k (8.5, 0.5 oty
3-CBA (2mol%)

cyclohexane
3°C,24h
Immoblised OH OH
(S)-ADH H

IPA, cyclohexane
rt,24h cl

> 89% overall conv.
35:1 dr (syn/anti)
> 99% ee (syn)

B 18 (LA I AT v

Scheme 18  Synthesis of chiral diols using catalyst IT1**]
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&, FH TSI L Je G L-I =R 1L R kAT
Mannich SN BRI R B0 I8 S5 s B, il £ Hi 3R
X B S AL R B BRI BT AR R EAE R BUAE S A8 3 26 A
T (HCI-MeOH) & A= IR0 I B, & Jl 1 o' 2 48 B 1)
IIi-(3S,5R)- N g, 72Z 47%, ee 1t ik 99% (Scheme 19).

F4b, B REE KT R S K A R T
HHUE RN, XL 5K H Trametes versicolor
(R 45 & C T T Zh RS AL Wk 1 22 25 B8 BBk B P67,
2012 4E, Kudo ML PSHRE T R FH B AR E 2 ik 10
(TFA-IID) A HEATTI, BA o - AN FNEE 55 05| AT A= 1) Akl
U5 R ARLEAT A FR Friedel-Crafts fe54k, Tk A& a)
IRTERIFL 2,2,6,6-VU A LR IE A A )(TEMPO) I 3
[F AL AT I B S A, IRONLAE S KA B AT, 4

il 4-Bl 3 A REBE I, S &P Wi 2/ e LR
75 25, ee fH M 96% (Scheme 20). 45 BE M, 4i% M
PR B HABEUR S, thnT SRS HAR 25 AL

BT, Cha ZE0HRGE T KOLMEAL. AL RIA
AL &, DLIETBEAERL, 2B RBE M 2-23E 0
AECT N NAD /R NS A T A IE T R AL,
IETEE, ARG IR LE T EEE B-HAIRM I Pt T2
BEAE A N, TG 2-2 3 CRmE. I RE R D
HEAL T - TR0 55 & T 2L (Pt@CdS) AT LA 4 PR 7 154
SERRM, ERNER- T B LIE(ABE)A T, K =R
FUA NAD I FZA R H, “EHEN 15.0 mmol K
fii, 30.0 mmol T EEAN 5.00 mmol ZEER, 3 h YeHE 5, BPwT
BENEA 2-2.F% O EE IR A Y)(Scheme 21).

L-proline o

Me0\©\ )CJ)\ IPA _ PMP__ Acetone/IPA '%IHPMP
+ — ~ —_—
NH, COEt rt,2h N™ "COEt 4 25h COoEt
(PMP—NH,)
ADH-200/buffer HCl in Et,0 NHPMP
rt,24h OH NHPMP &
S — H I ——
77N CoEt Mt 16h g™ 0
+
NADH NAD 47% yield
>99% ee

IPA  acetone

86:14 dr (synl/anti)

B 19 L-flZER LI Mannich [ R5 A5 15 R AR P8 A G0 JE A 45 4 4 B g 6 Y D)

Scheme 19 Synthesis of chiral amino lactones by using L-proline-catalyzed Mannich reaction and bio-catalytic reduction of the ob-

tained ketonel*”!

\ TFA-III (20 mol%)

N N-CHO 0mHF (viv = 2:1)
S * S CHO
OMe O,N rt,24h O
O,N

Selective examples:

HN O
S OMe
CHO
O 0
O,N AN O2N

TEMP

70% yield
79:21 dr (synl/anti)
98% ee (syn)

57% yield
75:25 dr (syn/anti)
98% ee (syn)

\
N O laccase T. versicolor
S OMe air, TEMPO

H,O/THF (V:V = 2:1)

rt,12h
O,N

59% yield
75:25 dr (synl/anti)
96% ee (syn)

\N
\ \
CHO
O\

TEMP

55% yield 51% yield
72:28 dr (synlanti) 7:3 dr (synlanti)

98% ee (syn) 91% ee (syn)

B 20 SERA AR SR IR AL I Friedel-Crafts Fe 56 (0 5 SR AL o- S80I S RIAR S5 2 £ 5| WA AT AR 0%

Scheme 20 Synthesis of indole derivatives by combining resin-supported peptide-catalyzed Friedel-Crafts alkylation with laccase-

catalyzed a-oxidation*®!
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ADH )
S. cerevisae Palanine
/\ |
|

OH NAD* NADH O

Nohv S ¢!
7N

Hy e
Pt@CdS

B 21 =R RIAE — B A A A AR 2- S F: O D)
Scheme 21 One-pot synthesis of 2-ethylhexenal by combining
three catalysts?®”

2015 4F, Pietruszka WA UOHRIE T 46K %R
1,453 2 AT AR DR A O R R 6 2K R AT AR,
B4 TS o (B A AE (S)-2-[ = 2R FE (= W 2 H Rk o i AR ) R
S B AL R, S EERAA W HAT SRR B
o- T AL, GERFW, ZNAE 10 mol% [ KA FH
DU S I ATT A2 ()2 2R i (= HF 5 R ek e i A 3 R
BB EAL T, £E 10 1 (V : VYIRS MeCN/& K
AT, 33 a-77 AR, IR LR R
ilE. T I T, PRI ee BT IE K S NI [H]
Jei W AR R AR PR A B A EE (5.0 equiv.), FEHiZIR
IR FH B 5 AR AL ER AR 20 A B, YIRE DL = A
Mo 1 ee (E 1) 2% HAH R M7 ) (Scheme 22).

Ph
Ph OH
OH O

N
R R H OMTS R1\—
,\’ | laccase, O, l\ | (10 mol%) N\ /
—_—
X buffer (pH 6.0) ; o R2
MeCN (50 vot%) o 0 Y

OH H
rt,72h RZ\)J\H (5 equiv.) OH

BRI 22 i B A A AAST R A HUE AT O FE S a-

75 BRI (04 )1+
Scheme 22 Synthesis of chiral a-arylated aldehydes (as hemi-
acetals) through laccase oxidation and asymmetric organocataly-

sist*"

A TS AT AR T — KA E N
AW, R Friedel-Crafts ZUAXIFRIEEA(FCAA) R
R, PLAETFPEMIWEAT A vk an 5ok, AT & i 2 Dise
W FIERIRATAEY). 1245 A1k, CRkiE 7 & @ MR
AT WU IR 2 Fh FCAA KR,

2016 4, Turner AL IHRIE T M A HE 55 13 A EL
R BT a6, @i -f 2 0 Bk, DLm e
Fe2E o g G i L-RFE A L e - S BR AT 9.
ZJ7EFIH T Knoevenagele-Doebner 4 & 5 MR i
T FE S TR 1) OB (1] PN S SE A A R AE W) AE R
RN RS AN A YA LS vik= 2 i DN
L), B3] LRI L-mene E-NEARITAED. BT
IR F AN [E] R REE B i 2 o, 3828 1 HoAth B 2304
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RGP, nSnEme, wemy fvEmk, 15207 &L
ZH ee {H(Scheme 23).

phenylalanine

piperidline o ammonia lyase
O DMSO buffer pH 9.0, 37 °C 0
)J\ /\)J\
R™H R OH / R OH
o o NH; NH,

CO, + H,0
A

OH
. o cl 0
NH, F 2

93% conv. g%’ conv.
>99% ee o ee
o o)
MeO | N o . 0 I o
N” NH } NH,
99% conv. 99% conv.
>99% ee >99% ee

B 23 Knoevenagel-Doebner 4 &5 B /K it & B L-3-(4%) 75
SRR EATE )

Scheme 23 Combination of a Knoevenagel-Doebner condensa-
tion with an enzymatic hydroamination to synthesize L-3-hetero-
arylalanine derivatives!*>**!

3 Hfte

2017 4, ZE 2 R T 5 A - T
WA, TERPEEE N I AT T 05 & I PRI —
BN BN 115957 5> (DKR). (ERE RS T, e EN 1L
TEAEE B Pd 9Kk PA@SBA-15 fil Novozym 435
HAEMERNS AN EER DKR 1586 714 7 A
R, 153 BA R FI R 0 Bk B i 6 2 Al
MIEERAAEY. 2 1-285E 2B DKR 452 50 InFimns,
Pd R F 5T 530 R AU T 2 e A,
IR K46 %E 7 DKR ).

2011 4E, Arends WA HRIE T4 & 7k, R
H H,0, FflHEEM4E &, KRG T IBNiEF B E
1B [ B LL K Baeyer-Villiger N, F & 88 A b
WA RN A ARG R EE . fE %R T £ Novozym
A35(FAER IR E) CalB)fAAE FHETT 73 O R E)a
KOOI EACCEIR, 24 h), Pt ERAE AL,
XTI IR FNIR I, 754 55 UA MARTC A7 7 Ik e I
ILs oA ARECAL A A48 AL 45 [HOPMIm] [NOs] i A 52 %]
BRI 2 R, (FH OIS —ME oL s, 5
I~ Sk F] 71%, tb [BMIm] [BF,] & 9%. X T
Wk, Z2RE2TKR, ST 23%. — RIS
FH, RN 3 T A X B IR B AP 1) ILs, AT LA
WATAFN ILs DR EAELE R, Fik, #r— R
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B 7 B, 2017 4F K IR A HOHRGE ORI
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RIS, WAL T ANE EDS X S FIFEIR, R AL AR
(LB REBEAE RIS A IR T R, Rl T
70%. X HAWR AT TR, 24 h DL, RN EAL
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IREE I AU H ARG 1 SE s B IR 1 R IS

4 RE5RE

(ES KR, K B A A 4 1, T
i R B S NI 7 A 4 e R IME PR B, R
AL A BERFE # R — R A RS IR k. &
BAE - ADFAIT SO, (FOTFERRIE T — R85
T E-BE 2 D RIS, AR IHIE ] T A A
SHAEALFNL A “ 57 45 & T AR, BLAh,
W2E-BG S8 THAR Tp . A6/ I A A 1512 4
MR e Z i, — S RS AR, Wnfl ] &)
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WA S L ) N B 1 Al

B 7Y OE KA A A A A A AR 45
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SRR M B A A BRAh, B SR A A A
AR A DAL TR Z A, S N TR [ ([ 2 A 1 1
P PR R A 4 750 A [ B8 125 X3 B 8 D) P it
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