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Enzyme-catalyzed organic syntheses have enormous potential in the development of environmentally benign
processes. In the last two decades, increased efforts have been devoted to making this a reality. However, the utility of
the enzymes is generally limited. For example, although the lipases are extensively used for the kinetic resolution or the
desymmetrization of alcohols and carboxylic acid derivatives, little is known about their ability to catalyze carbon—car-
bon bond-forming reactions. In the past several years, we have been engaged in exploiting a next-generation enzymatic
synthesis by using the lipases for the construction of carbon skeletons. This review article describes the results. First, the
development of a new type of acyl donor, 1-ethoxyvinyl esters (EVEs), that have significant advantages over common
acyl donors (e.g., vinyl esters) for lipase-catalyzed esterification reactions. Second, the highly enantioselective desym-
metrization of prochiral 1,3-propanediols and meso 1,2-diols using 1-ethoxyvinyl 2-furoate. The application of this tech-
nology for the asymmetric syntheses of fredericamycin A analogues and the oxindoles with a chiral, nonracemic quater-
nary carbon center has been demonstrated. Third, the first lipase-catalyzed domino reaction using EVEs possessing a
suitably functionalized acyl moiety is described. The acyl moiety installed during the enzymatic kinetic resolution was
used as a part of the constituent structure for the subsequent Diels—Alder reaction to produce optically pure tricyclic
compounds with five chiral carbon centers via a one-pot operation. The potential influence of the lipase on the Diels—
Alder reaction and the domino process accompanied by the dynamic kinetic resolution are also described.
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Fig. 1. Time Course of the Lipase-Catalyzed Acetylation of 1-Octanol Using either 1a or 3a
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Table 1. Lipase—Catalyzed Kinetic Resolution of (+)-5 Using 3a,c
0
HDJJ\RE
‘ Et0—
Ru cat.
0]
iL M, 3aRrR’=Me
OH EtO” "O" "R 3¢ R’®=n-C/Hys OH OCOR?
> +
R'7R? lipase, i-Pr,0 R1)*\R2 R1)*\R2
(£)-5 5 6
. . Ee, %
Entry (+)-5 3 Lipase Method? lif;?%n COII\OI/OCII;)SIOII, E value
’ 5 6
1 OH 5aR‘=H 3a PS-D A 4.5 51 (S)-5a 97 (R)-6a>99 >300
2 /©)\ 5a 3a PS-D B 6 51 (8)-5a>99 (R)-6a 96 >259
4
R 5a 3a AK A 6 51 (8)-5a 97 (R)-6a 94 136
5a 3a AK B 6 49 (S)-5a 94 (R)-6a 97 235
5 5b R*=Cl 3a PS A 21 52 (8)-5b>99 (R)-6b 91 >110
OH
6 ©/K/ 5¢ 32 PS A 25 48 (8)-5¢ 91 (R)-6c >99 >630
OH
7 [3:5 5d 3a PS A 7 48 (8)-5d 91 (R)-6d >99 >640
8 OH Se 3c CAL-B A 5 50 (S)-5¢ 95 (R)-6e 96 183
/lit/\/K Se 3c CAL-B B 3 46 (S)-5¢ 84 (R)-6e 97 175
OH
10 M)\Q 5f 3¢ CAL-B A 10 51 ($)-5(>99 (R)-6f 95 206

a) Method A: Reaction using purified 3. Method B: Reaction using unpurified 3 via one-pot operation. b) Both 5 and 6 were isolated in 45—50% yields.

EVE Method o
No
; EtOJﬁOJ\Ar racemization 1
=~ R\_~—OH >R\ ~—0CO-Ar /TTR\ »OH
) A - - |+ Il N I\ A (3)
A R2>\—OH . l‘~-R2>’kOH x ‘*'R2>*¥OCO-N
7 lipase 8 ent-8
Vinyl Ester Method

Easy racemization
during work-up,

H” ~OCOMe SiO; chromato, etc.

1a AFKOCOME Ar_~—OH (4)
lipase PS-HSC Me OH Me>*¥OCOMe
t-BuOMe (R)-8a (66%, 4% ee) (S)-8a
room temp.
4 days

Chart 9
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I
Ph>COH Et0” "0",°R Ph>/—OCO—R
© Et’+7—OH

Et OH C. rugosa lipase
7b i-Pry0, 30 °C 8b

.0
R="0/) 3d 2h 8bd89%ee 87%
Ph 3¢ 6h 8be81% ee 90%
Me 3a 100h, 8ba 37% ee, 66%

\

Preparation of aromatic esters 3

| | o 0.5—1 mol% o
| [RuCly(p-cymene)], J\
+ o
EtO HO’U\Ar toluene EtO OJJ\Ar
0 °C-room temp. 3

v D 20

R =H, Br, Me, NO;, OMe

Chart 10
W5, FlZE, b3 Eo4RKY) 8ba, 8bd, 8be & fﬂmﬁwmmf
7 B AE TR L 7 & & OIS O RIS 2L "NgOCORT camphorsulionioacid (0.1¢0)
- - 8ba, 8bd, 8be
L, X2VAIE8be 13> < D EFTEIT S,
100 -

2- 701)VK 8bd DFEIIE S BN IEM o Tz,
% 7=, Dess—Martin k<> NaClO, B¢ {7z & O o
ERHITBNTH T LI T T VROSRIT <
5T, ERPOED HFHNOREBARIC T2 <
NI NZ EMN o7z (Chart 11). 0
30 % 0 B IR FEEIE, fix 0T 0¥ 0 10 2w
13- 70N> PF—)VETICAER TH % (Table
2). AR, RIEHMEEETSE, € TAF o DessMortin o
WEDBYIRTFNONEL DN, TOW, ik 5 0% oxidn Phgp—oco-()
BN 50 BIATERT LT 8 DWSEMEA ERT B 2 & Et” “—OH T ECR
Moz, HE Te, Te, 7t DAL, Kz IEE
LOtHMEZ PRI EHEEDHIELE. BE D
IR ORI ZIT AL, HFEME S FICRIX

R’ =~<\3.7 (8bd)
5.

2) Oxidizing Conditions

0, 2 _ 0,
8bd (88% ee) NaCIOzl: R2 - gg?H(?guﬁ,ffj quant.)

Chart 11
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Table 2. Lipase—Catalyzed Desymmetrization of Prochiral Diols 7 Using 3d
o)
.r‘-R1 OH 3d (15—30 eq) ;"'R‘l OCO_( 7 o R 0co
~-R OH Jipase, iPr,0,30°C ~R*"“—OH R 0Cco
) 20,
8 8
7 Lipase Time® Ee, Yield, 7 Lipase Time® Ee,  Yield,
% % % %
OH
MeO OH OH oH
MY? 5h 81 69
Te 30 h? 96 21 MY 5h 61 84
7f b)
OH 48 h 83 25
OH
MY 5h 92 35 Ph OH
MeO 7d R OH
OH R=Me Tg CRL/HSC? 5h 99 66
‘ OH allyl 7h CRL/HSC 2h 82 72
O. MY 5h 79 93
7e 48 h? 91 78

a) Reaction time to consume 7, unless otherwise noted. b) Prolonged reaction. ¢) Candida rugosa lipase, d) Candida rugosa lipase immobilized on Hyflo Su-

per Cell.

OH
@:OH
1Man=2
10bn=1

3d

Mucor miehei Ilpase
f-BuOMe, 45 °C, 2 d

Lt

OMe

S LTS ERDbNS. X,
BIZERMICH 2 913, MAKDET T NFEEEMIC

Mucor miehei lipase
t-BuOMe, 45 °C

qoco—o

11an =2 (97% ee, 77%)
11b n = 1 (82% ee, 55%)

OCOMe
*

12an =2 (95% ee)

12b n = 1 (88% ee) | racemization

12a (70% ee) ) during Si0O;

12b (73% ee) chromato.
Chart 12

AR DUE—D

RE25DT, FEMSERIIZN.

AL, AV 1,2- 2F =)L 10a, b O AF IR
LIZHMO THRATH S, ftk, BEE =)L 1a
ERWS EERY 12a, b 2> ) 570X N T
T BRI T 2IVEDTFINERALANE Z o T
MENKI20% K T2 ENMEELE> T
EESDOFIER, 7 Ov MEROFIE THAME

&< Zb 5z (Chart 12),

EES IR, HEEEAEME T LT YA
A DREREREZERL 2N, 6 Z DS
D—RELTL3- VF =)V Te DIEMHLTHE SN
7z 8¢ (96%ee) MO EAEHLM & FNERIEKRIG
I2&-> T, RKAMWD ABCDE B2 Y 0 —2 DOifj T
FUOFAR—EARAFEARTERL.® £z, ARIELFR
bz N R4 DREXZHETLHF )L 131
WAL, 3MICAFENEREELZETLAF 1>
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veo O on MeO /OCOU
OH —-
@» C rugosa lipase HN
wet /-Pr,0
7c 30°C, 30h 8c (96% ee) [
» g 000—(_7
IIc C rugosalipase R2
‘ wet I‘Prgo-THF
30°C, 3-64h
R®= Boc Cbz, Ac, MOM, Me R
Chart 13
R—)L 14 ME IR, SAFEME TR SNL. P 14 = —OFEt
) ] [RuCl(p-cymene)],
Z, Ara by SORyF R EEEREYENE MeOsC\ sy (05 Mol% eq) Me%c\f\'{o\lroa
2!

ERTA R TIAOA ROFIIN >R & 15 e 5h 3 L °
LTHEMATHS (Chart 13). Ve ca. 95% (H NMR yield)

4. EVEZRH W3 F I /BFRFEHRIEDH a2 Me Ve
Z50,5) OH (2162 /0\ Et R\ .

EEED XD EHSMNAMLZEVE 3) | P. aeruginosa lipase Meozc\y\q{o * oy

OH
RO SIS <, VRIS SRR b, = 20703 days 178 O (168
O7 IIVEH P HHICHEEEMTESDT, "
e

Chart 4 D K /B SZERSE5-0DOLMN % 2
TNTHET 2 2 EMWSNICRS 2, 2 TES — _ O reae s0%
513, 3Z2FHT 2RI VR ORFEICET L. Meo,c 1 O

BRI B RIERIE, P2/ 71V EEFD
M EPIHERET ST EIDOTIVO—)L 16a &
DRIETHS. FMED 3, IXIBE/ITAT
WISE 2T hF T 2FL ATMHMEES 2 ETIE
EEEMICHABTE 0, SUATI7Ox hoA
HHEHMEORPT—8aM L. LnL, Tablel (T
RUIEEDIT, 30HEKE T DL MR KINITH
WTHELMEZNDOT, 3f OFHIKIC (£)-16a
& Pseudomonas aeruginosa ') )\—Y LIP %l 2 20
CTHIRT AL, TATI)V 17a DFRRICHE W TH
F N Diels—Alder a2 T L7z, 2 HIFOEERIC
£o T, SEHOARFHLAEGET 2 ERIAK 18a 71 H
—0)/7;(71/1‘7 E LT 99%ee, HEEILR 45

THE5N, (S)-16a (99%ee, 50%) NEIN SN
f:. ZDORINIIEF 7B R THETTZDT, 20

18a (>99% ee, 45%)
single diastereomer

Chart 14

FERIZIFITEELELF A% (Chart 14).

FHICL T, BERENRLRLIEED(£)-16 & 3
D 15f—h EDO R/ RRZET > /2. ROME
(£)-16 ® 3 LD EHIL R ITKFEL, R2HPH S
Me D &I R JRRIEDERKIETL, £
12 syn-18 MEAFIRIEFEMETESNZ. FIZ RN
Me OBEEITVE, syn-18 OBHMEL =, LirL, R?
A Ph D& XTI, HEOESINERN S
<HET U7 o 7= (Chart 15, Table 3). R2 7Y Me
DGE D E W syn EIRMELX, Diels—Alder i T
anti- fK % 5 2 % BB IREEIT Al3=strain ITL > TAR
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EWGWOH

o}
15f EWG = CO,Me
15g EWG = CO,Et

15h EWG = COMe — -

EWG_~_ 0O, OEt R
A &
0 I3 AN LR
]! !\ R? - | R
(0] P. aeruginosa lipase EWG o]
OH acetone \5\(
(£)16 10-30 °C (RH7 0O
1—6 days
L+ (S)16
R? RZ g3
1\\ R“I
EWG H o
syn-18 anti-18

R' = H, Me; R? = H, Me; Ph R® = Me, Et

R EWG
syn-18 = ENGN—H -——— fj'a"‘,gg? > ant-18
Y ¢
0 R
o H A3.gtrain
Chart 15

Table 3. Domino Reactions of 15 and (£)-16

18
R2

Total yield  Optical purity  Diastereoselectivity

H 25—50% 75—99% ee 24—46% de (syn)
Me 34—46% 91—99% ee >99% de (syn)

Ph No reaction

Rzl EHETE S,
R2ZMERWVWEEZITIIIISDE LN E WD E
1, ROKXDIZHINETHRIRT 2 EMTE . /&
DE, RRICBrEZEITHE4OT7Y)ILT I a—)
16b Z 1% & 93—99% ee DER (LK 18b 7% syn- K
DO H BIFIs BEENR T/ 54, RKIZ18b DE =)L
7U‘F%L%ﬂmbf 16¢c n 53 fFS NN
72192 ZNRE LD EMTER, HERIZ, o
*%&f&%%b)r,ﬁ%%ﬁﬁ%%ﬂ'(%é®'( (Chart
16), AiEE, AHLEY 18, 19 O TR TR
R ARE G HIEICIE S Tz,

5. UN—EDORFARRZT KRB EEBERIE~
@%2%550,51)

ZO—HED R ZEREH, U /N—1E 7 Diels—Al-
der fNIC B EE KT T e RTEREE-.

EWG%cozH =-OEt

15 [RuCly(p-cymene)];
+ B P. aeruginosa lipase
acetone R

10—-30 °C
!\ R2 EWG H 0

1 1-6 da
R s syn-18b (S)-16b
(£)-16b OH 93-99% ee B2-99% ee
30-45% 38-54%
R! = H, Me, CH,OMe >99% de
R? = Me, Et
EWG = CO;Me, CO,Et, COMe
syn-18b

(R! = H, R? = Et, EWG = COEt)

PhB(OH),, HC c:sn\.«e3
PdCI,(PPh3),,
Na;COs, THF cm Et;NH DMF

SiMey

Ewo,c 1 O
19b (96% ee, 60%)

o6 iR
19a (96% ee, 61%)

Chart 16

Tabb, 7IVa—)L 16d DIE, Diels—Alder X
JRDOHEFTAGE L, R 10 BRRIE O 5Tl 70%ee
DODIATIVITd NEKRT 20, TOHD- D&
BLL, syn-18d, anti-18d 78 EH 5 HK) 80%ee T
"o, WE, JCEREITIIAERY O EMET
it & EBITHADT 275, ZDHEEIL Diels
—Alder S DR THAMEN LA LT & &R
L TWwb (Chart 17). £, JtEIKkOoTZXF7)
nd%h RIS ER U ST ICHRBLEZEZ

A, HEMEIZDT N TIEH S0, HHEERRE
K syn-18d, anti-18d 7375 5 7= (Chart 18). U
N—EDEEHLTALE (R)-17d (70%ee) 3
EHEHRONSHZD A0 Liain s, SERTCIEMR
BERYICERIE T 2 S RRT, — RIS M A0 Tl i
EPAN o s - R A D AN 735 5 Diels—Alder [ 73 i
1L, AEMEN ER L ZRENENH 2 EEZ TN
% (Chart 19).

BHEIZIR /=& D12, Diels—Alder i Z il gt 3
% BEFRDOIFIENIA S MNIT7R > 72 DIF 1990 At
LD ZET, DED3BILAMEN RN, 1071
TDOL, X707 4 I UBRAREERD X B
WIERITEAERA AN Z AL DERNEGFITR> T
Nature |5 £ X 11, 12 Diels—Alderase D7 1E & &
DOEEMRBIBIER Yy FREELR> T3, 29
IG5 3FNTHET D REIE, BESR1T Diels—Alder
ﬁﬁ@&%%ﬁ?é@fiﬁ<,lj%@ﬁﬁ%%
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P. aeruginosa

/ N Me  MeO,.C O, _OEt lipase
Q\{ N i\é\r(]-r P

OH 0 acetone
(£)-16d 3f 30°C,10h
@\{ R Me Me
Meo,C — WL r . P
O |8d Meo, 6" O Meo,C ' ©
0,
(R)-17d (70% ee) syn-18d anti-18d
(79% ee, 22%) (81% ee, 14%)
Chart 17
P. aeruginosa lipase
with or without
[RuClz(p-cymene)]z
(£)-17d
acetone
30 °C, 4-6 days
Me Me

o + 0 + (S)17d
(~ 9% ee)

=~ H H
MeO,C = ©  Meo,C @ ©
syn-18d anti-18d

(~ 8% ee) (~ 23% ee)

Chart 18

7 7 R-17d
Me\o‘@Me Me\o 0O Me
7

— OH[.
Po )7
(R)-selective
/ ~ 7/ Ser acylation

active site
Iipase-cmb’zed/ Q‘
reaction j
) ve. 0K W& e
e
R \OA%/O
/,
syn-18d 0 Or7
79% ee :H f-ﬁi?’fff (?g)‘}'{: eg
& Q
(at 8 days) MeO,C (at 10 h)

Chart 19

WL 7=1%, ERM @ Diels—Alder I HE 5T
L5Z2ETHD. UN—HidARTF > FAHRRWNA
IATILZEMIEST 20, TOERYMOT S > FF
EAR MY Diels—Alder KR IZ B BH % alfEME T+ 5
HrEEZOGND. £z, ERO3flIIWTNHE
BRGREO —~TRICEA T 5BET, REIIESN
12550, AREGRICIAIN TWS Y N—t %

OH ,ﬂof%a o 0

(f7 EtO" O 3 | ~ CO,Et
|{,| + C. antarctica - é,\‘ +
o

(+)-20 10°C, 17 h

21
CO,Et 86% ee, 70%
single diastereomer

Chart 20

FWwiuZ, Diels—Alder i % lhHfE % Ok FEE#
TR DI IR T E 5.

6. EHIAFENBNZMED kI /BREY

EFS ORI RIS, nitrone O X ER 1L
KIGIZHEHATER, 8D, JEIRKD o~ b
ROoF>=Zbo220i2(Z2)- AL 71 2%2HT5
3i & Candida antarctica ) )N\—Y 2 a3 85 &,
10°C TT X T IVIBRR & 47 F INER (LA I B its 70 i3 fe
FICHEST L 3R a2l 2H -0 Y7 25 L F
R—ELTHEAL BEIXREE, AFEIEITES
T7IaA—=) (8)-20 NARIRGHETICT TS
ZETHD. ZoFPEESEZHED B BRE
IZ&K T, 2178 86%ee HLELINER 70% TFH N/
(Chart 20).

72, BIORIEZRTH, Rufiliilt & BN FEE T
WCERERE THEEE T N a—= T (T 2
ZENGND, KORNBREBNEESEZMED R
BRI ERNLEEZATHS.

1. &HYIC

EHL, Chart4IC R JRIKIED 1 DO E%E
RUE. Thbs, EE7Ia-)I1ET 2IULA
II Ol 5 ITiEMRERER (FG-1,2) 28K
INRTHZERENEITY, BAINLT IVHEEEE
EDHTFNBRIL G Z S 512k U TEER AU NIz
EITIEDEEODBDOTHD. EFHESOHFEICLS
T, HMT VLA EVE (3) & Hl W iud A &) i
ZDRTHEHETELZENHSNIBR>TER. &
512, SBEMEETONAEE T IV I—-ILD T3k
IR BERPDEFE GBI AIREIC/R D, Kz, UN—FE
Mo TFINEBRALSONIT b iIERE 2 /R I IR ® RA T
Elz. INSOWFRIIELZEITONVNEZIEND T, £
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EEERMNLETH D0, ek, Tk IRENE
SEIL COREEMEARZE S D720 0V ) — Yl 5Ot
I3, AEARILEEDT AT 7 RET, mE—IRFHE
EEERE SO L IR0 TRERSNLETE 5 &
EZTNW5.

oL, Fli, BERIGEBO S THEL X)L
TOMRAR, T4 T7— A1 REZEOAIED AIEEICR
DDODHD, INSHEHESFTFOESEHEST, B
A ARG, RN, EEEAMEREICBN
THHMALEMBICE 2 X5FAEERD TND,
A5, BEBICHELVWIENS, KIHEREAKTS
R E U T RERBHSIFETE S, EE 5138
£, TORBICMITSENITH TH 5.

HEE AUITL, REORERZFEGEE AR
TEBALFE B TIHON 2. #&in, HHEEHEE 2
B0 ELdt RTEERIE<HLAEL LIFET.
LD, HEFEFEEDOBEE L ABNE O
BOFTY. ZOHEBOTLMASEHHL LT %
9. K, ARRERZE L THE KU 72#ERoAED)
B, RSB L BT xR

BERIL, KRBT U1 aMatt, SRR
=2t O a - FATT AT v 7 AKRKEA,
RIEHER At s TEEHE R L. £z, X
BB AT S, B RHA IR B 728
i, FEARRIEEEEY BB e O RE 215 0 X
L7z, BFETRGHBL X7
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