X

BIREE RIS F S ENEERLL:
ZERZEXBTROIVRINEFEGREDRHSE

RHM3IE3A

ITH W

I RF R
EEEFRETMENR
BT RARE
EMFER









Bu

cat.
CAL-B
CBS
CI

cod

DCC
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HRMS
HPLC
IR

MALDI
min

MPS

NMR
nOe
Ph
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TMS
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acetyl

butyl

Catalyst

Candida antarctica lipase B
Corey-Bakshi-Shibata

chemical ionization
1,5-cyclooctadiene

day
N,N'-Dicyclohexylcarbodiimide
diethyl azodicarboxylate
4-Dimethylaminopyridine
dynamic kinetic resolution
2,6-Di-tert-butyl-4-methylpyridine
enantiomeric excess

electron ionization

ethyl

hour

high-resolution mass spectrometry
high performance liquid chromatography
infrared

kinetic resolution

matrix assisted laser desorption ionization
minute

mesoporous silica

normal

nuclear magnetic resonance
nuclear Overhauser effect

phenyl

room temperature

tertiary

tert-butyldimethylsilyl
trimethylsilyl

tetrahydrofuran

tolyl
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b=1111
Hp

U Ry MERRIESIE, —DORISKHIRN TEEMEO OGS [FIRIZ, £ 72i3dEke iz T 5 &
BiETH S (Figure 1), ' RO ZEPEE R TIL, TNENORINIHZAEE, FHO TRNE
FNTHEY, ZNOO LRI TREDOREL LE LT 5720, BHMROBENDG S
BREEM BN BFE LS 2, —F, TrRy bARIER, AT v T I E AR
RSO BEZ ST Z LN TE LT T, HEELBROBMAH ST Z LT, 2F
RGO EEZ R ESED A~— N BiETH D, TR T By MK, B Ofit
BAFHT 22 8T, EENREHDRERLILICEDLZENTED, LLAERDL, 20
KO R BB ALY LRy AR, @RI U 72 BOSHIRCEIE R 23 o SOR D ST
ZUYETLHZEHHY, MER OISEHFHIITMEROZ BB ARIEL Y & L0 £ < OFEN
H 5,

A: Multistep reaction

/re:gents B
work up = work up

substrate A purification purification
reagent A > substrate B > _  desired compound
solvent solvent

many steps

B: One-pot procedure

« circumventing several purification procedures
/\ reagent A . min_imizing chemical wastes
/\ reagent B * saving time
= reagent C « simplifying practical aspects

work up
purification

substrate A
solvent

desired compound

Figure 1. ZEPEARR(A)E U VR v MARRB)OAE X



REWM2T Ry NERRIEOFIE LT, 2013 /F, K5I, A > 7= HEK (-)-oseltamivir
5%, BOBARE LM 4 2, 2ol ODOIGERNTAER TS Z LI LTV 5
(Scheme 1), 2 AEAIE, MR IR, FEIEY), PrERME2MmRE CHRLZATHY, KL
HIENREE L SNDT Ry MEOFHAMEEZ R LT,

one-pot procedure

1.
0 0 N
. HCO,H

ﬁ No evaporation
ArHN

3
2. G005 3 No solvent exchange
tBuOZC/\ 3. EtOH 9
4. TolSH
2 NG 5 TMSCI, Zn (-)-Oseltamlver (5)

6. NH3 bubbling, K,CO3 6 reactions

36% total yield

Scheme 1. #K 512 X % (-)-Oseltamiver (5)D 7 >R v h ARk

FTo, MKDEEER ) S—EB 2 AW T Ry MERIEO—HIE LT, b, RHEGIET &R
WZxFL, U N—BIZ X D3 EmAE 50 #] (kinetic resolution, PAT
KR LHE3) {EEEANLTT KA FIM L7251 Diels-Alder i % [7]—
TEEBEZEEHKE —ZF 55 HikEHE LT % (Scheme 2), * 2N E TY X—EIT X
VBANINTET VRIS ORI CTHRE SN LI MUOBFREICER I L TWeh, KF
IR LT 2V EEE O b O % R IR 56 - IR RGBT RS R U 7= SEBRA 722 i 72
Thole, LLAENRD, U/N—EIZLS KRITEZT T4~ —DILED 50% &9 [HE
WY, ZOURy MERIEZEWTHZERALEY 9 DRKRIEIT 46% ThH -7,

D)LY )T Ia— L6

RNTITH Z &

A
EtO oij\%\w

R3 intramolecular] 5
R® = Diels-Alder R R R®
i tion
\ lipase 2 R4 reac > ,C\ﬁ\/
R? /O R acetone R R1o 0 IR SRS /O Y o

g OH 30°C Y R =R OH

kinetic resolution 8 ) 9 (S)-

up to 46% yield

up to >99% ee

Scheme 2. UV N—FV&FIH L7-ZBEXEHEOT KRy NAREG



ZOMEEMRT 2 FiEE LT, U —E & T & Itz 0FH 3 2 8 B am e os ol
(dynamic kinetic resolution, LA~ DKR & W37 ¥E0NEH STV 5 (Scheme 3), * AjElE, U
AN—BE KR TS 7 13 —(8)-10 Z[R—UGRNTT7 IS5 2 &T, mEMIC
FTRTOT & IRFE 10 2 AEER 11 ICERIICERTHZ LR TE D,

OH lipase OCOR3
R R2 acyl donor R R2
lipase (R)-10 kinetic resolution (R)-M
acyl donor (k1) up to 100% vyield
OH racemization catalyst‘ racemization high enantioselectivity
R'R2 (kq >>> k)
()10 OH OCOR?
17 p2 > -
R R kinetic resolution R17R2
(5)-10 (k2) (S)-M1

Scheme 3. /Koy fEEE =%

Y /S8 & T B R e

4y &l (DKR)

KR & 7 Ifufldi 2 0F 4% DKR IEORYIOWMER]IZL, 1997 £ Stirmer (2 K> THES
iz #50%, PdfiEZFIA L72[33]-> 7/~ hrE—EICL D ATV 12 78 (b &
B, FRFC Y S=BIZ KD = AT VNIKRGfREZ D KR 28T S5 2 & TDKR #3#R L T
V% (Scheme 4), *

Pseudomonas
Ph fluorescens
OCOMe [PdCI,(MeCN),] | MeOCO OCOMe jipase
phosphate buffer
buffer
(*)-12 (R)-12 (S)-12 (S) 13

81%, 96% ee
Scheme 4. Pd 7 & I fbfit & U x—E %2 ffH L 7= DKR



—7J7, [FAEIC Bickvall B35 &7V a2—1 14128 L, UV /8—PIHET, Ruflft17 TL
Ry 7 28 MU)EETTH 2 & TDKR ##5% L7- (Schemes5and 6), ¢ U /X—FXZ5HD
MPEEREZA L TRY, Z161E Ru il & ST 5720, WE OIFEREN -T2, 5
IZ Ru il ) o REBEELTAZ L TYNRX—FP ORISR T S, Etkzm kX
HHZ LTI LT, TORESE, U/ 8—FZ M- DKR IEDOEE ALKk LTz,

OAc
_ OH _ B
= i PN
Ru cat. 17 (2 mol%) - llpase Ph Ph O_ _O  Ph
oH Novozym 435 o = (R)-14 (R)-16 H
)\ p-CI-PhOAc (3 equiv) )J\ poor result Ph Ph Ph Ph
Ph £BUOH Ph \ OH (using C|2RU(PPh3)3) Ph \ H / Ph
618 70°C T 50% yield, 99% ee Ri R
- Ph (using Ru cat. 17) oC L CO
(S)-14 ot ¢o
- - 92% yield, >99.5% ee 17

(using Ru cat. 17, and
acetophenone (1 eq.))

Sheceme 5. Ru 7 & I{bfiliiE & Y v— ¥ % £ L 7= DKR £

j%(o\H/o Ph Ph on
Ph Ph:§\
Ph Ph 4 BuoH Ph/%F’h
Ph ’ PR ——> o
(s “Ru
oc-Ru Rus 0C~ i ~otB
A éO CcO 106 t-Bu
17 8

(S)-14
t-BuOH
OH

(+) P o
R 0
(S) 14

OH
Ph

Ph Ph Ph

-Ru{ M( Ph

oc

o0& ©" pn oc-Ru~,
\_/ 20

o

Ph)l\

15

Scheme 6. Ru 7 & I fbfilli 17 12 K 5 7 & I {L OHEE BSOS



ZOWZEE YIS, BEx eiFFEE 512 X > C DKR OHFFENE AT, 2R T2 2
(LA 8B S - (RERIZe b D % Figure 2 1R T), Z4U51% Ru, Fe, Rh 72 X OEBSL
BOSKTHY, ZhbZ2HNDZ LT, L0 ZERRIEEIZ DKR SIS ATREE o7z, 7 72
B, TRLOTEULDIEEALIEL Ky 7 ARG CHEFT 5,

Ph Ph >7
Ph\g Ph Ph\g NH
@ PH ‘ Ph PH ‘ Ph

‘Ru
PhsP' /" ~¢j ~Ru. ~Ru.
PhsP %t © %ot ©
22 23 24
Park (1998)" Bachvall (2004)7° Kim (2004)7¢
Ph ; 4/< TMS
HO
% : MeO ‘ TMS? : [Rh(czcgd)Cllz
-Ru —Fe
PhsP I Cl -Ru OMe oC I ~H
Phs OCOé ocC Rh(OAc)4
25 26 27 2
Nolan (2012)7¢ Kim (2019)7® Rueping (2016)"f Williams (1996)79

Figure 2. U /S—Efll DKR (Z W 7o RER 2 T & I {bfidi

—J7, FHDLIX, TNETOTEIHEL TR, A% ATy AHc L5 e Ra
XFURD 13 EED T MbERA LT VLT v 2—dD DKR % B L7- (Scheme
Mo ¥ T72bb, XV RF U T L33 F21T 34 2EBERETCHWSZETT U AT L
—30 DT HERETL, UAR—BEHHTLI LT, = AT IUR)32 AR, mTT
YFAEPRNETH R, ZTNOAFYANTFT VT AP L 5T VAT a3 =D T IR
JEHEAEI, 30 AT Y NTF U T AN ARFUUBT ATV A BNEL, ZO C-O fEANERA
T ETA AR B NER LI, HEMATIBRICTEIERD 30 2525 L5%
BILTWD, LIPLZeRn, XY AT T A33 L7 I{biENMES, BEIZL->TiE7®
AEPBO TELS R>TLE D, —FHT, X INRNFTVT LM IIISERES NS DOD, U X
—B L DIAFENMEL, (R)-32 DULEN 60%RICEEEDLZ L bdHoTz, 723, KDKR Tl
30 ONEBEMAR 31 2T, (R)-32 ZRARDILER & EEiE T hH 2 72,



— 1

R R® vinyl acetate — R R3
T Y
R2 R lipase
VNT 22 R On — R? OAc
S~ . R)-30 R
R R3 0s,,-0 (R) (R)-32
= o // AN \
YT 33 0r 34 (10 mol%) ROOR Iy R R3
R? OH CALB R! . . A ﬁ/\:/
(£)-30  vinyl acylate RZLA R R? OH
or MeCN or acetone 0570 1,3-transposition (S)-30
R e %07 RO OR N\
A B R 3 R)-31
OH Rzﬁ/\/R {/’ ( )_
(£)-31 O.. .0
N _D
RO OR (S)-31
L C

33: 0=V(0SiPha); -
0

7

34: 0=V, P
e
polymer

Scheme 7. A ¥ VY NF T T AT (bl L V=V E2HHIT ST Y LT L 2—/L®D DKR

FZTCHRHALE, T I L YV X—BDZENENOICEE BT S Z LT, RREE
iR Uiz, 2 47ebb, ZAEEEMEICH D AV KR—F AU B (mesoporous silica, LA
MPS L&) OMFLRNICAF V3G 20 Ml 2 [E e U728 7 & il V-MPS2,
V-MPS3, V-MPS4 (MPS D% OEFITMILNE 2~ T, 21X, MPS4 DA X 4 nm DOAMFL
Z O MPS & )& Bi%E L7= (Figure3), Z 07 & LMt <ix, MIFALNERmICA T V3
UUAPHEEINTEY, A AO/NSRT V3 —/L T MPS WERIZ A > TAF Y NV A
EIETEDM, A XDOKERY X—BIIMPS NIFIICAD Z EMTER, ZDH,
FYNFUTLE Y SR— RS, WEOMFENEN o7z, 738, MPS ORIFLRDOK
EEINT B MEDOSUMEICHEZ 52 52 Lo TEY, WEDRRHRKE W V-MPS4 &
WD Z L Tx BT (b a4TH 2N TE S, ®

R2 OH %

i R1v

mesoporous
silica (MPS)

AT V-MPS4

Zt LD RIGE HEREND RIS
Figure 3. V-MPS4 D5 & V-MPS4 & VU /S—¥ & F 4% DKR O



ZDEHIZ, V=B LT I A O L7z DKR BUSIFEANCFE SN TE TEHY,

AUTHEY, DKR Z W2 U Ry FERIEBIIFE SN TS, Bl 21X 2005 4, db, #RIF
5%, Rufiifil U X—BE20EH L7271 2—/1(£)-35 ® DKR Z I\, FH U Bk 38 21
FHESE LT D (Scheme8), ' AiElE, (£)-35 D DKR TT AT /L(R)-37 & L7-t&, [A—%WN
T3 1N Diels-Alder MG & #EITSEDHZ LI2LY, —2IC 38 ZHEET L FIETH D, AT
FITNBEI R ERIETIEH D0, ISV ALETHH L, LRy I AT IMLERDHTZDIC
TFRCAPVEIET DL EREORELH T,

N JU

EtO O COzEt o 0
OH COgEt H:
Ru cat. 39 Ru . 39 36A ~COEL
__ lipase Ilpase
MeCN = intramolecular R2 R2
R2 R2 20-35 °C R2 R2 R2 R2 R2 R2 Diels-Alder 38
(£)-35 (5)-35 (R)-35 (R)-37 up to 86% yield
dynamic kinetic resolution (DKR) up to >99% ee
C| Cl ﬁ Q\/
R? R2

Scheme 8. U /X—+t & Ru it 2 FH L7= DKR #i{EH L7=U 7R > M EkiE

F72 20174, FRIFSEET VAT L3 —)(+)-41 £7213(H)-42 2 HE L LT, 8285, DKR,
5y Diels-Alder Fits % —28124T\, (-)-himbacine (45)D T 4% 44 % ARG D FiE W
H Lz, 51T, H< AT ND 45 DRFARIZKE LTS (Scheme 9), !

_~_OCH,CF;

PhO,S O
x OH 36B (0.3 equiv x 3)
Novozym 435 (3.0 w/w)
+)-41 o
c()r) V-MPS3 (1.0 mol%) @/\/{O reflux . steps
OH MeCN, 25 °C (\\( PhO,S 44 ©

7 PhOs O 72% yield, 98 % ee mR S
43 dr = 4:1 (from 41) ) '
()-42 DKR intramolecular 73% yield, 98 % ee (-)-himbacine (45)

Diels-Alder dr = 4:1 (from 42)

Scheme 9. (-)-Himbacine (45)D R~ 4%



DKR {ETEHA LT T VA BREIERIC W 2ol & LT, 2019 4, Ostaszewski (%7
Jba—)L (+)-46 %, Ru 7% J{bfilft & U R—¥ %\ 72 DKR I & 0 RFEMR 47 ~E
E, AL T 4 U AFBUAKIGIZE Y 48 EARFEET D FIEEZHE L T D (Scheme
10), 2 728, A HIEDKR &AL T 4 U A X BV ANIGEE D VR Yy b TIT IR BT 7228,
B E 52 T2 W TV D,

O O
Ru cat. -BuOK
)Oi/\ lipase, vinyl crotonate QJ\/\ Grubbs 2" 0 |
R A > < — . <
Na,COj, toluene R ° R
(+)-46 60 °C 47 toluene, 80 °C 48
dynamic kinetic resolution (DKR) up to 75% yield

up to >99% ee
Scheme 10. DKR TE A U727 VA Z R LT BRI



ZOXIRERT, BHREIAX AT VU LMIEORETHL, TI AT Ia—DE K
XVED I3HICERL, TNEHWDZETT AU EEE OZBRBED Ry AN
ARETH D B X, AMEICEFT LIz, T72bb, HMT VAT a3 —()-49 12, TIv
B, UR—E8, FF N\ F Vo Afililfiez—EICfEH S, B Rex v 1,350, 7ra—
NDZE M, U=V K DEERNETE], /51N Diels-Alder i & — 28TV, T
BV B 38 EET DL NS 2T R THD (Scheme 11),

MRS TWNDLTZ ) 50 22H(1)49 % 1| TRTEZICHMT I ZENTEHH, KUV
Wy MEBUEDEMR TEIRED 2 TRT 4 @ AEFTLERD 38 2 REMET L LN
TE 5, £, APEEFARERIBE T 35 BHEET 5 2 L RO EIT I 729, (H)-
35 23E L LTHWDLRETIO DKR 7 4 U o B#EGRE (Scheme 8)10 L0 & FE /gD Y A
IRV, KU VR Yy METEKT AT 4 Y BRI AEMEEYE TH D compactin (51) <°
forskolin (52) 2 EIZEHENTHY, AHLRAGHKFHEIAL LTHWORD ZERHIfFEND,
T2, KUKy MEBIEFIAFERS 2 =>0/bEW (= /> 50, = A7)V 36, E=/1L71)
—y—/Lild), 2L CEEBRT ) VEREBET LI LNTE, T hAazZa/I—0
RENRBHENTND

A OH

9 o Y
Ri U O oY y | P ROJ\%G o v o
150 ROJJ\/) 1 Un lipase 0—<¢

36 (R)-35 — Z HE
BMg™:  jipase kinetic . 9 = ALY

resolution Diels-Alder
- rearrangement ) ]
S oxovanadium > H oxovanadium | _ R1/ "
v P racemization 1/ n 38

PN OH R 37 optically active
(£)-49 =

racemate @\/
DA =
1 n

- R (9935 —
HO 0
compactin (51) forskolin (52)
Scheme 1. A3 ¥ /3F 90 1/ ) S—CHAMEE VT Y B0 T 2Ky FRFEE

% O &

10



F—ETIE, VAR y h DKRIEZFETTHDICHEREELS (B Kafk oo 1,345
NS, VR—PI2 XD KR, kT /Va—L 35 DT & IS, 27 Diels-Alder i)
ERETL, TROORERIZIESNTY VR Y b DKR BRIEORF 21T o7, B, v
49a ZHEH L LTU VR y MEBIEDHRE 21T 7208, R 7 V7 b b R s 1,3-
Bifr L, T ATV 54a BREIE LT, 207D, SEIOU Ry s DKRIETIE, b Frf ki
L3-BEALDFF A Z WIS U CHITET 2 03038k & e o 7o, FEHRIZ, 70 Ry U VA S
A L7 49b 2 HEICHWS Z & T2 ORFEZ iR L 7-(Scheme 12),

O intramolecular
Diels-Alder 0
OH

O -
J&\/COzEt i = : WCO,Et
kinetic resolution
- -
oz = R
rearrangement R R

35a:R=H 37a:R=H 38a:R=H
/ 35b: R=TMS JL O CO,Et 37b:R=TMS 38b: R=TMS
= R
OH \

oxovanadium o Z 36A
49a:R=H R - R O COEt
49b: R = TMS @\N‘J\ kinetic resolution %OM
OH

EtO
\ lipase
53a:R=H 54a:R = H

53b: R = TMS
54b: R=TMS
(53b was not detected) (54b was not detected)

T
'\O

Scheme 12. TH U V' EHOT iRy AT ERK

BOETIE, AU UKy MERBIEOREESEICOW TR, Thebh, Tra—149 &
T UAERIZE N ZE R O W THEISHEEZ N, W< OO El 2 T Z &R TE
(Scheme 13),

R3 o Y
( — ROM' 36
o SiR'; >
R? g2 one pot procedure

49

Scheme 13. U > A8 v b & RklE O FLE 5 )0 H

11



Wl THY) CEROETRZREREE LT, BFEERT VLT v a—LvdT vk L 431N Diels-
Alder SUGHE WD FENRH D, T7205H, Corey HIXY T /2 55 D CBS iy CHFEEMRT VLT
Jba—)L 56 B L, #i< 7 I b & 43N Diels-Alder S E1T 9 2 & TT A U 5 H 58 & A5
FTLlo, B EBIT, #51X58 15 folskolin (52) DA AL A R L TV % (Scheme 14), ' £72, MAED
X, ZEIROT VATV a— L ()59 12U =B ZHWZ KR 2179 2 & TORFEEERT VLT v a
—/L(8)-59 AL, #i< 7 Ik & 43+ Diels-Alder )G &1T9 2 & TF A U EH 62 2R LT-
(Scheme 15), '*

HPh, 1) HO,C——Ts

m Ph3P - |2
o N\B/O (cat) oH DTBMP Q)\
A CHzclz R A

Me - o Ts
-35°Ct0 23 °C
o T = > — "
BH,- THF 2) pentaisopropyl- CHzCl,
THF, 35 °C 57 23°C

guanidine
55 ref. 1 (5)-56 -35°C
CBS reduction gg;f yield  condensation Diels-Alder forskolin (52)
b ee

Scheme 14. Corey HIZ L 5T U B DO REHEELE

0
o A
HO,C——= NS
— DCC, DMAP Q\/
e — —

\

S S CH,Cl, THF
OH _35°C SES reflux
|I_Palse ot (S)-59 condensation Diels-Alder K)
viny1aceta’®  49% yield, 83% ee 61 62
+
kinetic
U resolution OAc
(*)-59 _
racemate
(R)-60

41% vyield, >82% ee
Scheme 15. MAEDIZE 2T 4V LV EOARFHELE

12



7

I:IIIIPI

EF—F THIVEEOIURYNRFBELDORSH

BT X1, BT VAT L= (1)-49 NET Ry N TTFH U B S
TLHEEBET H720I12E, BRICOZEF LR, T X TORISDHIFICETT 2 5%
RS R UTR B0, RETIE, BAS, 7' MesUs, V3 —BIZL D5 KR, 4F
W Diels-Alder % T L, DKR U iR v M A kIEDERK % B L7- (Scheme 11),

S OH
g . (O ¢
Rt n oY | ROJ\/
— o]
50 A A 36 (6] Y VY,
RoANA ri U lipase Jq 0—%
A 36 (R)-38 m o g: WY
BrMg” ™S lipase ) régglllftion Diels-Alder ‘
- rearrangemen i e S
X oxovanadium g " Hoxovanadium | _ R1/ 4
</, = racemization 1/ n 38
R1( )":)SH OH R 37 optically active
+)- =
racemate |
M4 =
1 n
— R (9)-35 -
HO O
) T:f P
Yo, oC
ﬁ (0]
OH
/go

compactin (51) forskolin (52)
Scheme 11. A% /ST 0 1/ ) = AR E V77 U RO T LKy RF A
PRIROBES: (B

13



F—8 TURYNFERD-ODERRIGDIEET

VIR, RIFBIE,  (2)-35a O KR ORFTEIT> TV D0, %D TERITE BT VAT v
22—/l (1)-35a D KR DfEET & 1T > 72 (Table 1), = DOfER, HLiHIMMED mWT & =K UL,
TRy, Vran AL R, V=¥ CAL-B 5 Z & T, BT U T AR
ATV 63 h- %, MWEME 2 Zm,R LIz, £O7®, RETIE, I DRI
DR O TR Z1T 2 72,

Table 1. %5 %7 U /LT /L 21— 1 (+)-35a D KR Ot

0

o] .
OH /\OMO equiv.) OJ\/\

CAL-B (3 w/iw) o

solvent (0.1 M

(%)-35a 35°C, 30 min (R)-63

entry solvent o (O(A)S))a-%ee T ("ia’ja)-esee o E value?
1 acetone 45 97 48 96 >200

2 CH,Cl, 49 97 48 98 >200

3 MeCN 45 96 47 97 >200

4 toluene 39 99 55 69 27

5 iPr,0 36 99 56 49 14

6 PhCF4 37 99 56 57 18

a) isolated yield

b) determined by HPLC analysis on a chiral column (CHIRALCEL OD-3)

c) determined by HPLC analysis on a chiral column (CHIRALPAK IG)

d) E value indicates the enantioselectivity in the enzymatic kinetic resolution.

12 —MBYICKR TiE, [EUEE R O A O N U I SO LRI K » THl 2 & BT 25D T,
T FARRMEZ I FME DL THE T2 DX R#EY Th D, E fH (£ value) &IFZEOFAMETH
D, RISHERHLER (conversion, ¢), BUFUEFOJEFEMEE (ees), P OICFMEE (eep) DO H _HODIE
2O FREHAWTHIHTAZENTES, 10 EERREWVIZE, BIUFE R OAERD D & bICEE
FHETHOND,

_ In[(1-0)(1 —eey)] ln[l - c(l - eep)]
T In[(1-0)(1 +eey)] In[1—c(1+ee,)]

_ eep

ees +eey,

14



FT—IE E=HT7ILa—I)ILOEROXDEH 1 3-ExfI RICDIRET

WIZ, AF VT2 Ml A T2 kT V3 — b (£)-49a O Ra kU 1,3-85070 %K
JEDOME 24T > 72 (Table2), FFEIABET(+)-49a IZ V-MPS4 (1 mol%) ZEfl &7 L 25, »
THOBEBIZBNTHE T Va3 —(1)-35a BNEHNTZN, T OIERIT 32-48% & il -\
<HDOTE RN To, £z, K77 oice Ra xR L2 H %7 /b2 —/L 53a
HEIE L7 (entries 1-3), i bIRZ2R8EIE, 3 FIEONE BMEA (35a, 53a, 492) DFRILR )
43-68% L FH LMK TFTLTWAD Z & T, Ziux 35a, 53a, 49a kD= —7 /L 64 NEIZE LT-7-
DTHDHEEZLND, LNLRRG, T—T7 )L 64 13FNTENENEET D EnEL <, H
BEIZIZE > TR, 22T, X0 KISMEIMEVY O=V(0SiPhs); % 10 mol% H\ N THEAL i %
MEt Uiz, 2ORER, 7 mm X2 I, i) BAFRIEE (68%) T(+)-35a 2135 2 &
MTET=, £77, 53a OFEIAE LI XTI D0, 3 FEEOAE ZMERORIEN 100%TH Y,
T—T LR FEEITIMZ BN TWD T EHIBA L (entry 5), — T, 7k F= kU /LEEH
IZBWTIE, =—7 /b L < AT LRRIGRIL 22%72 > 72 (entry 6),

F7o, ERRICER T IS E G 35a ZHEEL, 7T R PR L7223, AT
AU ~—(bliz, —J, HERSWSNTNWD VT 9a IZFRBEOFMNT, P E--T
HIRIFTED Z N0 oTo, ZOFEFET, 49a ZFEHIHWD U VR y MEOFHMEZ R L
TW5,
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Table2. 7 V)T /L= ‘—/V(i)-49a D 1,3-%&&55@@%

OH
(j\/ V cat . @\Mﬂ
OH/ sobvent (0 M) =7 X0
(£)-49a (£)-35a 63a
entry V cat solvent time 352 ysiilg (%:;a ;ost:%: ﬁ_%’;
1 V-MPS4 (1 mol%) acetone 40 min 32 3 33 68
2 V-MPS4 (1 mol%) CH,Cl, 40min 39 4 0 43
3 V-MPS4 (1 mol%) MeCN 40 min 48 8 10 66
4 O=V(0SiPh3)3 (10 mol%) acetone 30 min 63 16 0 79
5 O=V(OSiPh3)3 (10 mol%) CH,CI, 30min 68 24 8 100
6 O=V(0OSiPh3)3 (10 mol%) MeCN 30 min 18 4  trace 22

a) Yield determined by GC analysis.

o retend B )
R/ \R R= or or ;Li/"bbb/
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FIE FZMTILO—ILODKREHEAT AT RV EERBGEDRET

vrun AR BT E)-49a Ot Ro U 13BN NS = —T b A 2 0T L
7272%, WIZDKR O #1772 (Scheme 16), T 72 b, Y7/ mu A X UEREH, 7iv
{bA 36A (2 equiv), Y /3—F¥ (CAL-B, 0.6 g/mmol), I X ¥ O=V(OSiPhs);(10 mol%), MS4A *
3(0.4 g/mmol) Z Mz 35°CT AR LIZE 25, BADERLIK 38aA NHE—DYT AT L
F~—& LT 34%, JFMEE 92% ee T BTz, FRFIZTZ AT /L 54a 73 36% DIV T
RIAELTWDZENHALL, T72bb, b Rax T EOEMICE > CRIALZE KT v
T—)L 53a BUN—BIZL 5 TT /B ENT 54a BEIAE LT, £72, 35a BFEFLTND
Z &% TLC CThER L7z,

JJ\ O CO,Et
M:&GA (2eq.)

EtO” O
lipase (CAL-B, 0.6 g/mmol) :
@% 0=V(0SiPhg); (10 mol% ~COEt @\‘w\ COzEt
OH MS 4A, CH,Cl,
(+)49a 35°C, 2 day 38aA 54a
34%, 92% ee 36%
single isomer dr=4:3

0O

OH 0
36A &COZEt
lipase
—_— > B
/ _ _ 38aA
+)-35a
(®) 37a

OV(OSiPha), 36A

lipase
NS
OH

53a

(£)-49a

/-

Scheme 16. 7 U /L7 /L= —/L(+)-49a ® DKR D&t

3 Yrma A Z T o7 /L a—)0 35a O KR I1Z, BERMEICZ LavoT-, —J7, MS4A Zh1x T
KR %175 &, LA LATEE, if:,HzO ERMRANINZ T 558, KRI3IE L A LAERT L 7R o
oo TNHDOZ EMG, Yrra AR U EERIZET 5 KR 1T H0 OREEZZITR0T W &R 0o
72o £D728, DKR ORFFTH MS4A # M2 TIT- 72,
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ZITERNL, TR U NVEEEAT D I L CRMBEAMIRT 52 LNTED
£E %72 (Scheme 17), T72bb, BERWNWT L a— biv AL L7ZELTH, YU AR
XAOVRBEEIZLY, UR—BERINTDHZENRTERWETELLE, —FHT, F %7V
A=V NERES VU R=BERIET D ENTEIUE, FEICE->TividiilcBg®EL, 4
RCOFEH BT Vb SN Tiii 2 525 LB 27,

lipase

OH OCOR

esterification
_
— fast
rearrangem

: 2w
iq/t,/ ) SiR3 o SiR3

(t’\%\SiR3 lipase

OH

i \
rearrangement\\ V

@\Hj)\"' f\\( esterification mOR
~ _—
NS

S|R3 slow S|R3
iv v

Scheme 17. 7 V7 Kimll v U VEEEE A LT=7 UL 7 /b a—/b i O DKR O#E&
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F7o, BRASO[AZ FRNCTRET L7012, FHRICE > TT U AT Vv a— VOB )Y
72 ENEZ RO T, @O T VLTV a—)L 49a TIELH T /L a—/L 35a L FH—fT
Jba—)b 53a OHBTRAX—EI/NE D72, TIVTF VR U VIEEZE A LT 49b
TIE, BT a2—135h LE—RT L3 —/L 53b OB R T R L F —EN R E o
7z (Figure 4), ZDZ L5, 49b Tid 35b ~FHEANIZIZTERITmY , 35b DAY "—FIT &
L7 AL ETT 5 & TR LT,

(a) Equilibrium among 35a, 49a, and 53a
OH

|
/ 35a
> OV(OSiPh3)s (-4.5)
OH
49a
+ X
N"oH
OH
(2)-53a (E)-53a
(-3.0) (-3.4)
(b) Equilibrium among 35b, 49b, and 53b
OH
/ |
Q\/\ OV(OSiPhz) 3sb TMS
1FN3)3 -4.6
o Tms (-4.6)
49b
+ X
N"oH
TMS™ "OH
(2)-83b (E)-53b
(+1.3) (+0.6)

(c) 3D-structures of 35b and 563b

(2)-53b (E)-53b

Figure 4. 7 U /L7 )V a3 — VDB FRYZENE. () 49a, 35a, 53a D F-ffr; (b) 49b, 35b,
53b OF-Ai; (c) 35b, (2)-53b, (E)-53b DI E 7% 3 IkoiAkiE (% 7 /v 21— /L% Gaussian 09,
Revision D.01'7 & A\ B3LYP/6-31G* THEE A b L, EHEhofxiiiex 7 2 g h=
FIVX—% 49a & 49b DA (kcal/mol) % 0 & L CHEIINIZEE L7, 3D {13 CYL

view.7"8 & W CTHERK L 72)
19



FIZIE FILTUKRERIZOVIVEEZF I E=H7I/ILa—/)LOerOxS & 1 3-8 6 &
DIRE

AR L7ZARED S &, R T V7 ATy U NVEZ BN UTZEH =T /v 2 —/L 49b O 1,3-§5(7
FOGDRE 2AT > 72, 2 O A4 F Y /3527 I (0=V(0SiPhs)s, V-MPS4), 3 FEEH ORI TR
LIRS, WOt Th 53b OARKIZELS BO 5T, 35b OLHBELNT-
(Table 3), FTH, Y7o XH AAEHF T 0=V(0OSiPh); & AWV 550 & H IR X < 35b
rhH T,

Table3. 7 U /L7 /L2 — )L (+)-49b Dt K v & T HE 138507 KOG O fEt

OH
_ - +
TMS  solvent (0.1 M) 7 XM NoH
OH 35 °C. 4 h T™MS
(+)-49b ’ (+)-35b (+)-53b
yield (%)?
t
entry V cat solvent 35b 53b 49b
1 0O=V(0OSiPh3)3 (10 mol%) acetone 85 0 0
2 0=V(OSiPhs); (10 mol%) CH,Cl, 93 0 0
3 0=V(OSiPhs); (10 mol%) MeCN 81 0 0
4 V-MPS4 (1 mol%) CH,Cl, 85 0 0

a) Isolated yield.
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Z D 13- HAONLESHRE DB ) PRI B LD O R T XU T OB 21T>72, T
72, 35a & 53a B4 & CD.CLIIZERfE L, O=V(OSiPhs); (10 mol%) % 1z, 35°C, 3 BFfH#E
HLIZEZA, Wb ROSITE < EITE T 2 B L 72 (Scheme 18), £ 7z, #1279 35b
D7 ¥ LORET (Table 5) T, O0=V(OSiPhs); #3(5)-35b #2< T L& ERnoT,

IN6DZ ENnG, 49b O 13-4 AR O S AITES FH I L 5 b0 TiERS, B
LU NI E ONAREFE ZRET D X 512 35b ~ERA UG — HHNCHETT LR TH D
LEbns,

OH OH
0=V(0SiPhs); (10 mol%) . @\Jﬁ
Pz CD.Cl, Pz XS0l
35°C
(+)-35a 3h (+)-35a 53a
>99% yield* not detected*
* NMR yield
0O=V(0OSiPh3)3 (10 mol%) .
(+)-53a CD,Cl, > (+)-35a 53a
35 °C not detected* >99% yield*
3h * NMR vyield

Scheme 18. 7 U /L7 /b=t —/L 35a & 53a DEANLLIE DT
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FMOIE SV)IILEZRT7ILI—ILD)IN—EEZRANLIERERILFENE], RUSFRH
Diels—Alder & s D&ET

1,3-HAA7 SO DML ESER A AT L7272 8D, IRIC 35b D U S—BIZ L 5 KR OfEFt &7 -7z
(Table 4), T 72 bH, (#)-35b (2 VU /3S—+ (CAL-B, 0.6 g/mmol), 7 > /LLHAl 36A (2 equiv) % 4%
FRYEEEF 35 °CC 2 FFEEH S B72/ER, = AT /L(R)-3TbA, 7 /L 2—/1(5)-35b 15 L UR(L
K 38bA DIREMNFFHNTZ, £ T, NKRIZ My &% 80°CT 2 RFffi#E+ 2 Z &
T/ 1IN Diels-Alder [t~ % 5845 S 72 (35 CTH A 1M Diels-Alder S I T 5 A3HFR
IS T8, 80 CITHEN LG 2t X8 70), £ DL 7-BR{LIK 38bA & (S)-35b DULHE K
OYEERIE 2 i~ T, st o mnW7T 2 by, 7 h=h UL, 12-¥7mRTX L, ¥
Jun AL ORI T, 38bA BIEFITEVIEFMETAE LI Lanh, U —Efilr X
TIALRS =T T ARIRECHEAT L2 2 &30 o 72 (entries 1-4), —J7, FEHAORRME DK
WhU 7t hLooov A Y 7o —7 L TlE, = F AR LK TS
5 &Aoo (entries 5, 6 and 8), N /L ATARMRMIABZ BB S, BIAMICE =)
v FAIEIRAICAHELT LT (entry 7)

ZDZEND, UKy MBI RO O B ORI A W TR R EGE T D Z LS
R STz, 72, = AT L 3TbA D431 Diels-Alder ST H—D 7 A7 LA~ —"T 38bA
HH 252 BB LT,
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Table 4. 7 Y /L7 /b1 —/L(£)-35b © KR, KUy 1-M Diels-Alder SIS DR

OH

i F T™MS

(+)-35b

_ 7
EtO o)i:A/ o o 4 OH
2.0eq) OJ&\/C%H - A _CO,Et
CAL-B (0.6 g/mmol) . (5)-a8p|__80°C + P
I . —
[ ] ™S ™S
gz 2h (S)

\

solvent (0.05 M) + 38bA toluene 38bA _35b
35°C, 2h (R)-37bTAMS single diastereomer
entry solvent & ee (%) of (S)-35b° E value
yield (%)? ee (%)°
1 MeCN 51 97 99 >200
2 acetone 50 99 99 >200
3 CICH,CH,CI 50 96 94 175
4 CH,Cl, 50 98 99 >200
5 PhCF3 55 77 95 29
6 Pr,0 52 86 95 47
7 toluene 52 93 99 150
8 isooctane 54 81 94 32

8lsolated yield.
bDetermine by HPLC analysis on a chiral column (CHRALPAK AD-3).
®Determine by HPLC analysis on a chiral column (CHRALCEL OD-3).
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FHIE SV)IILEZRT7ILI—ILDSEILiEET

b R o 1345008, UV /3—EBI2 L5 KR, % L T4 W Diels-Alder R340
ST T2 2 e 0o Telo®, REZICE T Va3 —)L 35b OFF Y 3 F U0 Afih
B X BT ' LIS ORFT 21T > 72 (Table 5), 97, 0=V(OSiPhs);(10 mol%)% 7= 7 &
MbEATHTEZA, TR MY, YZumrAXY, MLZUOWTROEBEFIZENTH K
S XHEST L2 r o 72 (entries 1-3), RIZ, L0 7 I(LEEREV, VU BICHEFINIZAFY
NF DT A 34 (10 mol%) & AWie & 2 A, T IMLKIRITIEFITHEEIT LR, 20
T—T7 LB IEFITHLS, FRZY 7 mr A X R ML R IR — 7 AR OGS AN B
ZE\ZHETT LT- (entries 4-7), Fc %12 V-MPS4 (0.2 mol%) % VT 7 & LIS OMET 21T - 77,
TRy, TR U MV R TIBOSSET Lie ooy, Yrur 2 a2y
LVr/uaTH O FUREEFRTIET ' AR L HEITL, 20 35b OD=—T L
LA oD Z ERH L (entries 11 and 12), 2D Z b, TV Ry MEAEIZ 1
VR T, T IR L LT V-MPS4 WD 2 E R TH D T LSRR STz,
Flo, AXRIAT DT L34 137 € IMEARBITHETSEDL Z LD, ZOMBEZ S
TZET, =m—=T M EMAOOT B LA EITIE L WREMRIIH 28, FOMEHIIT-> T
AV AN

24



Table 5. 7 U /L7 )b 2— 1 35b D 7 & LG ORG

9H racemization OH
@\/\ catalyst o V/O\P//o
—_— 34: OV
Z~1Ms  solvent (0.05M) = i
(S)-35b 35°C TMS (10 mol%)
99% ee 6h (+)-35b
entry catalyst solvent 35b entry catalyst solvent 35b

ee (%)° vyield (%)? ee (%)° yield (%)?

OV(OSiPha)s

1 (10 mol%) toluene 99 84 L7 34 (10mol%)  toluene <1 24
; V-MPS4
i ' toluene 88 97
OV(OSIPh3)3 h 8 0.2 mol%
2 (10 mol%) CH,Cl, 97 100 e ( o)
: V-MPS4
i ' 9 0 acetone 99 80
OV(OSiPhy)s ! (0.2 mol%)
3 (10 mol%) acetone  >99 84
; V-MPS4
10 MeCN 96 100
4 34 (10 mol%)  MeCN 1 36 ; (0.2 mol%)
: V-MPS4
5 34(10mol%)  CHCl, 1 9 P ©2mo  CHCl2 33 95
6 34(10mol%)  acetone 20 43 D12 26"‘4"?;3;% CICH,CH,CI 49 70
1 . 0

a) Yield was determined by HPLC analysis.
b) Determined by HPLC analysis using a chiral column (CHIRALCEL OD-3).
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BAE EFOFOED A ERARGETEIEREDRICHBDEE

INFETOMRILY, O=V(OSiPhy); filtfiiix 49b D & N1 & LA #A7 L T 35b 24 L %28,
35b O T & LG EHETEET, —F5 T V-MPS4 (X 49b O b R VORI GE 35b
D7 IS bETIED Z LA L7z, 2 OEWIZILEN ORI OSSR e
HZEIWZEDHLDEHE LT, T/ H, 0=V(0SiPhs)s il TIE[3,3]-> 7'~ b 1 B —Hizfr
JEPMESE UTHEIT L, V-MPS4 TIEA F A PREZ R H LT & 7 & IfbstifT Lz &
# 2 Hiv5(Schemes 19), ZAUILL FOHFIZ L D,

LLRT, Fx O 7 )V —713 7 v 32— )b 65 @ O=V(0SiPhs); fill it & V72 DKR )i % #A5 Lz,
(Scheme 19a), % Z DFE, O=V(OSiPhs); itz K 5 7 ¥ (b3, 65 TIEZMIBIZHEITT 52, 66
TIEIFICEL 2oz, 2O Z E1%, 0=V(OSiPhs): filtlitiz 3 & L T[3,3]-2 7~ b o & —i#iEfr
FISEEITSEDZ 2R LTS, DFV, [33]-7 7~ b B —E ST AR A R FF
L7228 BREEALT 572 D(5)-65 72 H(R)-65 NAEL, fiRELTIIMENEZDLEZEXLND
(Scheme 19a), —J7 T 66 Tlx, [3,3]-> 7~ bu v —#MISIFERIO=F v FA~—% 52
7RI B TIE T & {RITE 5 720 (Scheme 19b),

TDZ EE 49 TEZTHDHE, 0=V(0OSiPhy); filtfiiiL 49b #[3,3]-> 7'~ b v B —#aAr i
12X 5T 35b ~RREF TS 5720 T8 IRITR Z 520, —HFTHihmo [3,3]-
VU~ bR ST, ML= L2 d e 63, ZoE bR —
DIENTZDIZ 35b 705 49b [ ZAEK Lo 72 F 2 545 (Scheme 19¢), V-MPS4 % 7=
%6, 49b L N35b O C-OfEEMRAL THT ALV LIEZELDHZ ENTEX LIRS T
Y LD AT ST D Z LN TE 72 L HEELTE 5 (Scheme 19d),
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(a) [3,3]-Sigmatropic rearrangement of 65 by O=V(OSiPh3)3

OH 0=V(OSiPh3), OH
fast
(S)-65 (+)-65
R 0=VX2
OH o= V(OSlPh3)3 @, \é 0=V(0SiPh)s HO\@ @
(S)-65 (enantiomer of D) (R)-65 (R)-65

[3,3]- SIgmatrop/c rearrangemem‘ racemization

(b) [3,3]-Sigmatropic rearrangement racemization of 66 by O=V(OSiPhs);

R R
£ slow /.
R? R?
(S)-66 (+)-66
R R
R /VX2 v R
= 0=V(0SiPhj)
A\ _OHo= V(OSlPh3)3 “ 3 HO\@ = @“‘OH
Y % 7.
R2 R? R?
(S)-66 67 (R)-66

_sigmatropic rearrangemen L
[3;3]39 atropic rearrangement no racemization

c) [3,3]-Sigmatropic rearrangement of 49b

Os
@\\ﬁ > sz \VXZ @\ﬁ @\ﬁ
TMS

49b G

(d) Rearrangement and racemization reactions via a catlonlc intermediate

% o=, QI @1 @w

Scheme 19. O=V(OSiPhs); & V-MPS4 @ S JiMEDE
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E2H THIVERDIURINREESH

LIEOFERRTORE R A FIZ, DKR ZfE5 U 2Ry MERRICE Y FLA T (Scheme20), 7
B, VU X Z UPREET, (£)-49b 12, 36A (2equiv), Y /X—1F (CAL-B, 0.6 g/mmol), V-MPS4
(2.0 mol%), MS4A (0.4 g/mmol) % —Z&IZ/N% 35°CC 24 FEIHER L= & 2 A, BRALRUG—
ELEITET, 49b 2% 90%EI S i7e (3N 1), ARG TN EUG & PR ICEI TS 5 72
DIZV-MPS4 % 7 & LD SRFDERIC W T il s (0.2mol%) KV ZDHITMZ TWAHIZH
DO, BALSONTIEE A EEIT LW Z L2V L7z, DKR D54 T V-MPS4 237 i
AT SERWERIZ, 50 L 250> TV, —7, V-MPS4 Ot ¥ |2 0=V(0SiPhs);
(10 mol%) & W ClRED UG A T o728 25, 49b O 1 3-BaNLSUGAHICE#EITL, TLC B
T49b BT _RTCHUE L7 2 EDHER TE 7223, 38bA DULHKIZ 3%z E EE-7202), Zh
IL, Table4 ORRFFTOFER DAY, O=V(0SiPhs); i TILH M7 v a—nz T I{bEE 5
ZEEFTERVWEDEEZEZLND,

JL O  CO,FEt
N o

Et0” SO
36A (2 equiv) OH—://

Q\A CAL-B (0.6 g/mmol) E \CO,Et @\ﬁ
V-MPS4 (2 mol%) N _
A TMS  MS4A (0.4 g/mmol) [ Il s

OH CH,Cl, (0.05M) ™S
49b 35°C, 24 h 38bA 49b
trace 90% yield
J\ O CO,Et
EtO OJ\/
36A (2 equiv)
CAL-B (0.6 g/mmol)
0=V(OSiPh3); (10 mol%) 38bA n 495 )
49b MS4A (0.4 g/mmol)
CH,ClI, (0.05M 43%
35%, 3:5. h ) 94% oee not detected

Scheme 20. 7 U /L7 )L =2—/L 49b O DKR &5 D&
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TDZ LN, FEEIL, ol U RELET 49b 12, 36A, U S—1F (CAL-B), 0=V(OSiPhs);
BIOMSIA ZEHEZET49b O Ka o 1,3-8507 55, (R)-35b DT 3 WALKUL % 1t
1TSE72%, V-MPS4 x5V ARy MEEZER LT (Scheme2l), T72bb, RHIOFM:
T(3)-49b Dt R a3 1 3-8 a3 I T L CT ' KD 35b 2 5.2, =D 9 HD(R)-35b
DOHPY R—=BIZ LY T I ENT ATV 3TbA L 70D, & 212 V-MPS4 2% bz 5
ZET, FEoT(5-35b &7 LI DKR RUSDHET L, IR X < ERIVIK 38bA 2 52 5
EEZT

O  CO,Et
J\ J\% 36A 0

D Et0” o o—z
CAL-B H =
57 s MS4A (0.4 g/mmol)
CH,Cl,, temp. ™S
. 38bA
()-49b 2) V-MPS4
OH
»Z
T™S 36A
(R)-35b CAL-B T
rearrangement o 7
OV(OSiPh)s kinetic Diels-Alder
(+)-49b > V-MPS4 resolution L 38bA
CHCly racemization =
™S
QH 37bA
@\/\
™S
(S)-35b

Scheme 21. 2 FEFHAD A% YV X F 27 Al 2 v 72 DKR
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FROBEEDT, Vo Ry MEOKF 21T 572 (Table6), £3°, 7 ru XX H (0.05M),
36A (3 equiv) 12, U /S—+ (CAL-B,0.8 g/mmol), O=V(OSiPhs); (10 mol%), MS4A (0.4 g/mmol)
Z NNz 35°CC 2 MR S ¥ 7%, V-MPS4 (1.2 mol%) ZH1z 35°C, 3 HREFEFR L& 2 A
38bA 23 66%ULFE, 95%ee THFHILIZ (entry 1) . F7z, FEROLRMT, Yr/au 2 &2 0,
Pic12-Yr7unxcZ U EREEE LTHWZE 25, 38bA DULERIN 56% £ T U 72 (entry
2) ., RIZ V-MPS O % 1.2 mmol 7°5 2.0 mmol ~HEC L7 25, T2%ULE, 95% ee T
38bA #157= (entry 3), MWENZHNTW=T kAl Z 3 4&8END 2 BE~, U X—F% 0.8
g/mmol 75 0.6 g/mmol F T U THFIZIT-72& 25, 71% =K, 93% ee DRI T 38bA
ZhH Z 72 (entry 4), F£72, V-MPS4 2 X DRIRIGEINZ DT DIZIREE 20°CE T FiF720,
FEEREZ 00IM £ TERS L2 LTHEZITo72E 25, WTIORFIZEW TS, 38bA
DIERHBE T L7= (entries 4, 5 and 7).

Table 6. 7 U /L7 /L =2—,L 35b ® DKR DO#Et

O CO.Et
1) JJ\ M 36A O

EtO” O o—<¢
CAL-B H
Q\%\ 0=V(OSiPh3);3 (0.1 eq.) @:COzEt
™S MS4A (0.4 g/mmol)
OH S£)|Vel'sl;'( ) T™S
(+)-49b 2) VPS4 temp. (2)-38bA
38bA
entry V-MPS4 36A (equiv) CAL-B (g/mmol)  solvent temp. time 2 b
yield® ee
1 1.2 mol% 3 0.8 CH,Cl, (0.05 M) 35°C 3 day 66% 95%
2 1.2 mol% 3 0.8 CICH,CH,CI (0.05 M) 35°C 3 day 56% 95%
3 2 mol% 3 0.8 CH.ClI, (0.05 M) 35°C 2 day 72% 95%
4 2 mol% 2 0.6 CH,Cl, (0.05 M) 35°C 2 day 71% 93%
5 2 mol% 2 0.6 CH,ClI, (0.05 M) 20°C 2 day 54% 95%
6 2 mol% 2 0.6 CH,CI, (0.01 M) 35°C 1 day 47% 93%
7 2 mol% 3 0.8 CH.CI, (0.01 M) 20°C 2 day 42% 96%

a) NMR yield with an internal standard (1,4-dimethoxybenzene).
b) Determined by HPLC analysis on a chiral column (CHRALPAK AD-3)
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S=E /ME

FEEITT R IEROFE=RT VAT I3 —)L 49b Inb - o7 — LR T 5 AT L ER>
JCFHEMER T 71 U 5K 38bA A 95% ee THESL S 2 FIEABHFE LT, KU ARy METIE
Ne oo 13- O ERIRMENRE & 72 57223, K7 V7 Ay U VA E AT S
ZETINERR LT,

KU Ry b ROSD R

RIX 72% THDH D, 4 DO E —ZFLIT-oTWBHTZd, e
MWD TEYE 2% IINETHEITL TWAZ ERLTEY, SRR T h ) U FRRREEEE L W

A%
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B8 ZEMZBABTROVURIINEFERZEOEEEGE

BT IDE /T A a—AEFEEHC LT ) VU EROU Ry N ARFERE
ERFE LT, AETHE, AU VR y MEOEEBEIGHEIZ DWW TN, F—F<ix, 71
T3 — )V OIEBEIGEIZOWT, BT, 7Y BAIORE#EISEIC OV TGRS,
Fo, HHITIE, AR LIEZREAGEOBSEREIZ OV TIERD,

ET—8 FE=HMTIVILTILa—-ILOEEEGE

DKR ZiEH L2V Ry hARIEORE T L a—/L 49 OEIGHEIC O W TR 21T - 1=
(Scheme 22), DKR SRR S T 5720120%, 7B bV R—FVIZ kDT v ubo
BHEDNTG L ANEETH D, FEAMIZIT Table 5, entry 4 DSfE (Method I & f14) 24K
BECHEA LR, BEIC K-> ULT ML DRISHEDE S, SBEH 38 ORI
Role, ZFOYATE, V-MPS4 DY &% 0.7 mol%E T L, o7 v ubHlé UV i—Eo&®
AT LT, TR HEOWEEEEL LoD, T I IbOME 23 < L7 4EMethod 1) b
AT,
TBS A H T 257 /L 1—/L 49¢ (Z Method I Z 8 /H L 725 5R, ILER 70%, 98% ee TH—DY
T AT VA~v—& U TERIUIK 38cA 21572, RIZ, B RrX T D BALY A FIVELFT 5 49d
Z U Method I THERT L 72 & 25 30%, 98% ee, Hi—D Y7 27 LA~ —TEALIK 38dA %
372, £ 2T, Methodll Zi# /0 5 Z & TULEK 44%, 99%ee, H—DTT AT LA~ —TE
{BAR 38dA 24537, yALIC Y A TF VI EG T HIE 49e R LA L7 0 LAl BALIC A F L HE %
BN L7 3E 49f TlE, CAL-B 12X 57 2 b2 EITHTERILIR 38eA, 38fA %5 % 7¢
o7z (Method I), RIZT /L a—VDEOKE IE2EZ TR EIT-7-, 7 BEREZGTEE
49g % 72 & 25 (Method IT), LK 51%, 96% ee TER{LIK 38gA #157-7%, ZhETLiX
Bz MIIMATH -7z, 725 BERZETEE 490 2 2& 25 (Method 1), 78%
EEWVIETERILIA 38hA 2 5 2727, = T ARRMIIE LK T L, £, 1N
Diels-Alder S& 73 = 2 R/ 36 Vi J7 7 HiEFT L 72 BR(LAA 38hA, 38hA’ N Z TG BT,
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Method |

1 J\ 0 COzEt

EtO 36A (2 equiv)
CAL-B (0.6 g/mmol)
0O=V(0SiPh3)3 (10 mol%)
MS4A, CH,Cl,, 35 °C

N 2) V-MPS4 (2.0 mol%), 35 °C
Z Naip2 >
R Thoy SiR%3 Method II
] o) COzEt
(£)-49 ) 38A
EtO 36A (3 equiv)

CAL-B (0.8 g/mmol)
0O=V(0SiPh3)3 (10 mol%)
MS4A, CH,Cl,, 35 °C
2) V-MPS4 (0.7 mol%), 35 °C

R
SiMe3 SiMes(t-Bu) ; Z SiMe3 SiMe3

49b: n—1R H
49f:n=1,R = Me
49g:n=2,R=H
49h:n=0,R = H

\CO,Et
SiMe,(t-Bu) SiMes
38cA 38dA 38eA 38fA
Method | Method Il N.D. N.D.
70% yield 44% yield Method | Method |
98% ee 99% ee
dr =>99:1 dr = >99:1
(0]
O—g{/
CO,Et CO,Et 5 ‘\\C02Et
i iM SiMe
SiMe; 8hA' 3
38gA
Method I Method |
51% vyield 78% vyield
96% ee 38% ee
dr =>99:1 dr=2:1

Scheme 22. FE 7 /L 22— )L O M

33



Uk, U s—8fffi KR Tl REOBERILOEIZ K > TT U EOEFT OF HEITEND A
ATTEZEICELT, KOXHICER L (Figure 5), ARBICIEFICKE VN TBS a2 AT
% 49¢ R PPLIZ Y A F NIEEGT D 49d 1B WL, 85 L CAERT A5 #k 7 /L2 —/1 35c¢,
35d Ot RuF R, TBS 0V A F L & ISR W LEIZIFET D7, U —F
INT VA=) ERORT DER, T HEHEIISIEDOEEFEITITR 620, —J7 T, 49e X° 491 1%
B L CAERRT % 35e, 35f Db R U EDTHCLERMIIC K E WEHENFEL, B R
FUENVAN=BERIET DI, SEEREE LRV OSEHELTND LB,

7 Y7, ,0
1 H o \COEt Y H: ok o5 e O Wes
T ANCO, T WCOE i: WCO,Et A WCOZEL
TBS T™S
38cA T™S
81% 38dA 38eA 38fA
98%ee 43% N.D.

98%ee

! OH I JW OH
H
H
| H Me
Me Me Me

Me
Me \ﬁMe M 35e

Figure 5. % k7 /L 2—/L® KR ~Dji)

2B, TIVaA— DB AT NIERL T == VENFEL TWDHRRETY, V/3—F AK &
WD ET VAL HIICET LT2HER H D (Scheme 23), % 35e <° 35F (BT HARL 72
FHEOU A= EMATHZE TKRITEITLI D EEXZTWD,

OH OAc

Ph lipase AK Ph
©/ toluene B ©/
(+)-67 68
Scheme 23. & N ¥ ED BALIZ Ph A2 FTH7 /L2 —/LD KR
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Fo, Ta—L 49 DEDORKE I TEDSFW Diels-Alder SUS DO NAREIRVENR R > 72 Z
LDV, DFT #tH CEBIREZ RDEBL LT (Figure6), 6 BEROYLH, =2 RhbHHE(T
L7BRBIREEIL, R EDT XU vy VAKER VAR = NVOEERIF 2L, HIVR= VR Y
T UL E ISR D DEPIELTWD, £, 6 AROBEBRECII= M/ Vilih &
b VT UL E R LN AT TR, AMANC W IE E D = UL &SR LD
HHENKE < Ipo TN D, EDT®, VA=V L D VO “IRIGF EERNE Y,
NEARHIZZEN TN D =X Y DO USDEIT L2 B 2 Db, S BROYES, = R LT
L7 & =12, 471N Diels-Alder K& & PRE T 2 KB 7238 EICFEL TV, £, ¥
TUERAL &RV AR 6 BERE D BVATICELS AR =L e Vv & o R AR
MR B Z & C, =2 MBS T Diels-Alder FULPHEIT LT & B2 HiLd,

F72 7 BER 49g [ZOWTH DFT fHRZIT o728, TOx 2 REBRIRMEZ T C X 2858135
STV, 7 EBERETIIEEO HHEDOE I D, P U0 LRy = AL AT T, 2>
DTS DOHEEEG T R HBEAFAEL, RIS R <@ < = FEIRAYICHET L

T EHEER LT D,
O

o —f _//O 0

H - coMe Ph - %

- WCO, f L i CO,Me H CO,Me

TMS
' TMS T™MS
38bA 38bA 38fA 38fA'
not obtained Minor Major
-
\ .99 265

0.0 kcal/mol +2.6 kcal/mol +1.6 kcal/mol 0.0 kcal/mol

Figure 6. = A7 /L 38bA & 38fA D Diels-Alder )i DEBINEMMNT (BB IREEDOMHEE T
Gaussian 09, Revision D.01'7 % 1V T B3LYP/6-31G* Ciiift L 72, 3D i iX CYL view.7" %
AWTHER L7z, I ORFITERBRREDOfk A0 C-C MR (A)Z2rxL Tnd, fEo
TORFITEBREICB T 23R kL F—Z2 R L TN D)
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EE TUIIERIOEEERE

WIZ, DKR ZIEH L7V VR v MERBIED T 3 LA O BB DV TRET & (T o 72
(Scheme 24), £, Flix DR UL ZGTLANVAR W 36'E T2 KT L3 —/L 35b 2
IEROS THEG LTI B RO AT )L3Th 25 R L, 29T M Diels-Alder KUS S HEITS 2 DA
Bt Uiz, A=)V 2 AT 5 VAR R 36B' Tik, 771 Diels-Alder K73 FIEIC

BAGIR 38bB % BIF7RUUR (95%) CThH- 272, WIZZ naa AT 7 = VA HT D HLR

VW 36C' L 36D"E, n-7 B H, 160°CE THHE L7223, 43 F W Diels-Alder SUS3ETH T
SR LT, ET-, TIAF=AEEETe VR R 36E' TlE, HERILLIALEY 69 % 52%
DINHETEH 272, —77, 36F CIIEMEII IR LT,

0]

o v
0
OH Ho N 36 OJ& o—// 0

DEAD(1.2 equiv) XY  Diels-Alder H: ’
_ PPh3 (1.5 equiv) ‘
_— -
™S 20

THF n-decane TMS TMS
(+)-35b rt (+)-37b rtto 160°C (+)-38b (+)-69
38b was obtained § 38b was Not detected
: o)
o Y ; o Y )\
: HO NN
ne | ne N,
36A'Y = CO,Et (38bA: 94%) ! 36C'Y= Cl(38bC: ND) 36E'Y = H (38bE: ND)*
36B' Y = SO,Ph (38bB: 95%) ! 36D'Y= SPh(38bD:ND)  36F' Y = Me (38bF: ND)

* 69 was obtained in 52% yield.
Scheme 24. 7 2 /WAL K OVr 1N Diels-Alder St D fRaT

OB TANK=NEE TS 5 AT VD% 1N Diels-Alder G235 ETT L7728, DKR
PIGH L7=U Ry MEICHE)S L7z (Scheme 25), ANKR=/VIEAZHT 57 VLA 36B %
HNT, T/va—149b & 49¢ (12U Ry UL ZETEIS LTz & 2 A, BR{BIK 38bB (IR 70%,
99% ee) & 38cB(IX=K 60%, 99% ee)%:’guzf:o B, ANVKR=NVEEHTLHT LA 36B &
MAWZD Ry FE %A Methodl TI1T9 &, B—ETHRFTL72 36A Z W 5568 (1C_Tx
—TIVERMN L ORI T L, ZauL, 7' IERT b b bIEFITH <
AT L7272 Th D, £ 2T V-MPS4 D4 EZJE 5 L7z Method I 23 3% Z & T LFiofs
REFFT,
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O SO,Ph

1 o)
) CFaCH0™ ~36p (3.6q) o—<
CAL-B (4 wiw) H:  oopn
Q\/A O=V(OSiPhs); (10 mol%) ¥ W2
on  SRs Ms4A, CH,CI, SiR
(£)-49 35°C, 24 h 388 ’
2) V-MPS4 (0.7 mol%) single diastereomer
35°C, 3 d
o o)
02 o+
38bB 38¢B
70% 60%
99%ee

99%ee
Scheme 25. 7 2 /4L 36B % FH\ 7= DKR Ot

EOBEFT, TAxrERkym ARk E L THWT- Diels-Alder )i Tl, BILIK 38bE N5 FE
BRILL7Z 69 NSO, 2T, B Fax o BALIc A FIVEEZEA LR 35 2 H\5 2

ETCOARMENMERCE D L EZT-, Thbb, 35t L 7’4 —/LEig (36E') DOfiEd, 1N
Diels-Alder St 2 K 0 ARt % 38fE IZBRNIC 4 IR BN EENTWAHTD, BRI TS 2
EMTE 7R E W L72 (Scheme 25),

OH
HO % O y
/ condensation
™S Diels-Alder TMS
35b 69
OH O
Me 36E"' O, 1t Me
] - H H
_ condensation > <
™S Diels-Alder TMS TMS
35f 38fE 70

Scheme 26. 7V 2 H9 57T 2 W bAI % H 7= Diels-Alder )it
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RO G L, ()35 & a A — Uk (36E') %, JHESE (condition A) <> DCC #fi &
# (condition B) & MW THg A SIS EAT 727y, HEOT AT )L 3INME (I noT

(Scheme 27),
OH A) DCC(1.5 equiv)
DMAP (0.2 equiv) 07N
@E‘"; 36 E' (2 equiv) Ve H
CH,Cly, rt -
7 =

TMS By DEAD (1.2 equiv)

T™S
35f PPh; (1.5 equiv) 37fE

36 E' (1.5 equiv)

THF, rt ND

Scheme 27. 7 /L =1—)L 35f & LR ik 36EHE & B s

R 35 TIXT VUL DRBIAED &L Z AREETH D03, FFHRFtEITH 2L THITTH 2 L
DTEDHELEZHTZ R T, ZORE, URIFHRA D7 NV—T70, Tva—/ BT ==Lk
e 67 12T N—F AK VD Z L TKRICHI L TWAMNHTH D (Scheme 23,
28 X—y), %

ZD7, (4)-35f & 36A DA, U /3—F¥ CAL-B & AK & 727 S LS O R
#4772 (Table 7), T 72 H, CAL-B (0.6 g/mmol)%& V>, kL i, 70°C, 24 FERH G
ATV, T ATV ITA U 15% CTHD Z LR TE 72 (entry2), 723, U/ /3—F AK #HW
L&, vrmnRAgy, AT DTROEBEETIZENTS, 7IUWRITaEIT LR
72 (entries3and 4), 7=, 38fA % 160°CE TIZELL 43N Diels-Alder St & iRA 7223, Bt
ITHETT Lo 72,

L1, DV X— BRI A T IUE 38fA 2D U VR v AN ERATREL E 2 T
Do £, T A —NVEBERKOT VALK 36E ZFHEL L, ZOT AL TZ & T,
ARIDBRILIK3BE 25T 2 2 LR TEDH LEZ D,
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Table 7. 7 /L 22—)L 35f D Y X—P |2 L D KR OkEt

Z 36A
EtO" O =
OH (2 equiv) O
Me lipase (0.6 g/mmol) Me
~1ms  solvent (0.05 M) S TMS
(+)-35f temperature 38fA
24 h
entry lipase temperature solvent 38fA
1 CAL-B 35°C CH,Cl, ND
2 CAL-B 70 °C toluene 15%2
3 lipase AK 35°C CH,CI, ND
4 lipase AK 70°C toluene ND

a) Isolated yield
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F=H RIEKDBERE

INFETORFNTHE LRI, '"HNMR 7 —H# &4 — =7 =% (n0e) DT
—HCESEFEEZRE LD T T 2,

38aA (TIBEFIO(LEM O TH Y, O T —HiTWE S TWDL b DL K< —FK LT,
TV UEEEIR (38aA, 38bA, 38cA, 38bB, 38cB, 38dA)TiX, AT 7 u~FrUBERO S 0
UMW TNHEEBIO » 7Y v 7 ESE R LT (Figure7), 2O Z L5, WTALH FRIERD
NAREEZ A L TWD ST Lz, RS, 2 bbB¥D He & Ho OO RE e v 7Y &~
TER (13~14H)lE, b7 a by N T RAMETHZ EERLTND, —J7, 382A
® He & Hp DFEAESBIL 85 Hz & HIHIT/NEL, Zb 5D 7 e h RV ARE TH D
&I L7,

J=13.5Hz J=13.5 Hz J—130HZ

J 4.0 Hz
oﬁ J=4.0Hz Ho—@ J=40Hz
M1 HogHe -0 CO Et D
DX .CO,Et - A_CO; 2Et
Ha
’ H3J=2'OHZ H,@ J=1.0Hz HT J=15Hz
° 38bA 38cA '

J=14.0 Hz J=13.0Hz

H,y H.:3HB J=3.0Hz
I e P s pn
Ha

ﬁ TBS ]
38cB B no coupling

O
%

Figure 7. 38aA, 38bA, 38cA, 38bB, 38¢B, 38dA, 38gA D EE /7' 11 h U D5 G EIK
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F7-, 38gA L 38hA T, 'HNMR IZEBIFHK V7 FIVDIRNB Y RLEL D O DITHEA EE
FIEE A ETABINIR o122, n0e T — 4 & VT 2 b OALE W O FH %) 7 ST A
ZHEE L= (Figure8), 725, 38gA (2 O\ TCIX He & Hp 25HRS L 2>, He & Hp SHEI L
TWbHZ &, £LT, Diels-Alder SIS T AN 2728 Ha & Hp 23 s-cis BLFEA & 5 2 &7
5, 38gA T RKTHD EHENI L7, F72 38hA IZDOWCIE, He & Hp 2MHBI L CTEY,
—HTYUT AT LA~—Th 5 38hA' TIIZD X 5 MR -T2 LD, 38hA BT
RIECTH D EHEE LTz,

38hA nOe

38hA

Figure 8. 38gA & 38hA DT 10 bV DA —/N— T HF =20 (F RO KX nOe
B ZRLTWVD)
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SFUET ME

BB CHBLET ) VEROU Ry MAFERIELZTEA OT Va—n T 2 nAbH
IS L, ENENOIGHEICOWTHEL, WL 002857, FREZ, Tara—
NV DOBEHERAUC K> TET VMERIEREIT L2 2 &0, 7 BRI K- TEmFH
Diels-Alder SUSPHEIT LICK WZ E BB SN2, LLARS, BiFIC VT, %
RV R—BEMFT 52 LT, AEAMRCE LA RN L, £, 7%=
Rz R Y AARIZE T4y 1N Diels-Alder KBS IZOWT HAH Y VR v A RAS ATRENME 2 7L H
L7, 72, ZORE—MBIEORECHE b7 F I, forskolin 72 E DG HITIEH LG5 H D
ThHY, SHOBEMMEIIEHTELEE XD,
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iba  off

S HRERE SNTOLETENE R T T U BRI, RRx I EIETEE ORI S T
TRV, ZORFMEIET Z S EWIEEYE N N ZIR DRI R BRI R TH S,

BERIL, DS EMBTA M 2 AT 5 20 RO TR AR IER bAN -T2,
=9 Ltk

H 5

ot

T, I, RS A ST Y LT L2 — 0 ® DKR &4 1IN Diels-Alder X
InEIEHT 52 LT 5 EE
)

REFLEZELT Y NS FOEZFOLEAFEKOT Ry
N ARF G RIEDOBIFICEY #1A, L FOEE 57,

1) KUKy NUNEET 57-20121%, A% FTU o afiflifick e e Ko 13-
WA SO DAL EERIREDSRE & 72 o 7223, FET AV a— VD7 V7 U REmRIZ Y U VI ZE A

+5 2 LT, BRSO S EHIET 5 2 LIRS L, £72, 2 FEOAF Y AT U0 Lk
BEORMATED L, HFERTH ) S BHEO U LKy MR R LT ().

2) KU UKy MEBMEDOREE —MMEEHGE L, TORE, BILKLEZT L a—LoXF v

HAH LT NVa—), FImANVKRoNVEEGTHT VIALBIRFIHCE S Z 2 /R LT,
IO OMAEENLEA DSERZIRAFHEOT VKR y MECEKI LT,

E6IT, Uo—E
RV EORISRM AT 5 2 & T, Mo R EIZHEIGIERT 2 2 LN TE 5 et
Rt (F—=)
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AWFFRICE L, Aie7e ZB S SR8 A TE & £ LML K2R PR o 3R AT 70 R 5%
AN SERESE AR B L £ 97, ADFZEDFIE, EER, BROMEICED THRER D Y,
THiEZ TA X F LI RICRFRZEBEREIZER B R A ml eI D X 0 s L £77,
FBRIZER L ZHRIEW 72 & £ LICRIROR AR AP e R B 1)1 B, wh b
NERFPRZFBE R SRR R ER AR 2R LR IR EIRHB L £7,

AWFED ZTHE, L CHELSEE YR — b LTV & F Lo KIK R BRI
FHRAEBD . BEX &P RGHE L £ 7,

ENGIE A e~V AV -3 M By PN TONE 2255 25107 S ST R s o mll T R VAVNE SNE S8 S
EOPZERE Pepg IIEE LIRS L £,

AV R—=F ALY B HEL < I2EWE Lo KBRS I B B L £ 9

BTN BT DEEDOHT ALY MVERIE L W22 & £ Lz IUN E 1K, SN KBCR
FRFBE LR T o & — IS L £,

7, WIZEHIMT, BhE LDV, %< DR 2 IRT U7z hd LR R 7R 5 A P 2E
BORER, KBRS RFBEH A ZER R S G 2 B ORERITEH OB 2 £ LET,

BB, BIMEHECRo7Z <D 4, PTHR, BHILNBEHEL £7,
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KERDER

General considerations

Melting points were determined on a Yanagimoto melting point apparatus and are uncorrected. Infrared (IR)
absorption spectra were recorded on a SHIMADZU IRAffinity-1S spectrophotometer. 'H and '*C NMR spectra
were measured on a JEOL INM-ECAS500 ("H: 500 MHz, *C: 125 MHz) and a JEOL JMN-ECS400 ('H: 400 MHz,
13C: 100 MHz) instrument with chemical shifts reported in & (ppm) relative to the residual nondeuterated solvent
signal for '"H (CHCls: 6 = 7.26 ppm, benzene: § = 7.16 ppm) and relative to the deuterated solvent signal for 3C
(CDCls: ¢ = 77.16 ppm). The mass spectra (MS) were measured on a JEOL JMS-S3000 (MALDI) and a JEOL
IJMS-700 (EI, CI) instruments. Yield refers to the isolated yield of a compound greater than 95% purity as
determined by 'H NMR analysis. 'H NMR and melting points (where applicable) of all known compounds were
taken. All new products were further characterized by '*C NMR, IR and high-resolution mass spectrum (HRMS).
HPLC analyses were carried out using a JASCO LC-2000Plus system (HPLC pump: PU-2080, UV detector: MD-
2018) equipped with a Daicel CHIRALPAK AD-3 column and a Daicel CHIRALCEL OD-3 column; each with a
size of 4.6 mm X 250 mm. Optical rotations were measured on a JASCO P-1020 polarimeter.

Candida antarctica lipase B (CAL-B) immobilized on an organic polymer support (commercial name: Novozym
435 or Chirazyme L-2 C4) was purchased from Roche Diagnostics K. K., Japan and was used as received without
further purification. V-MPS4 (vanadium content: 0.2 mmol/g) was prepared according to the reported method®
(it is now commercially available from FUJIFILM Wako Pure Chemical Corp., Japan). Compounds (50d'?,50e?°,
50f2!, 36A%and 36B'") were prepared according to the reported methods. Other compounds were purchased from
Tokyo Chemical Industry Co., Ltd., Sigma-Aldrich Co. LLC, Kanto Chemical Co., Inc., and Nacalai Tesque, Inc.
Silica gel 60N, particle size 40—50 pm, purchased from Kanto Chemical Co., Inc., Japan was used for flash column
chromatography. All reagents were of reagent grade unless otherwise stated. In general, the reactions were carried

out in anhydrous solvents.
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Experiments for Chapter 1

Screening of solvents for kinetic resolution of (+)-35a using CAL-B (Table 1)

To a stirred solution of (+)-35a (12 mg, 0.10 mmol) in a solvent (2 mL) were added vinyl butyrate (25 pg, 0.20
mmol) and CAL-B (36 mg) at room temperature. The mixture was stirred for 30 min at 35 °C and was filtered
through a Celite pad. The Celite pad was washed with Et2O. The combined filtrates were concentrated under
reduced pressure. The residue was purified by column chromatography (EtOAc/n-hexane 1:10) to give 63 and (S)-
35a. Optical purity of 63 was determined by HPLC analysis at 20 °C using a CHRALPAK IG column (n-hexane/2-
propanol = 98:2, 0.5 mL/min, retention time 9.8 (R), 11.1 min (S)), and that of (S)-35a was determined by HPLC
analysis at 20 °C using a CHRALCEL OD-3 (n-hexane/2-propanol = 98:2, 0.5 mL/min, retention time 23.6 (R),
25.4 min (S)).

(R)-3-Vinylcyclohex-2-en-1-yl butyrate: 63

IR (neat) v 1730 cm™!; 'H NMR (400 MHz, CDCls) 6 6.35 (dd, 1H, J = 10.5, 17.5 Hz), 5.72-5.70 (m, 2H), 5.38-
5.36 (m, 1H), 5.23 (d, 1H, J=17.5 Hz), 5.06 (d, 1H, J = 10.5 Hz), 2.30-2.20 (m, 3H), 2.15-2.08 (m, 1H), 1.92-
1.75 (m, 2H), 1.74-1.58 (m, 4H), 0.94 (t, 3H, J = 7.5 Hz); '*C NMR (100 MHz, CDCl3) 6 173.7, 140.7, 139.2,
126.7, 113.6, 68.8, 36.8, 28.6, 23.9, 19.0, 18.8, 13.9; HRMS (MALDI) m/z calcd for Ci12H1902 (M-H): 195.1385,
found: 195.1388.

Preparation of racemic 49a

1-Vinylcyclohex-2-en-1-ol: (+)-492%

Q, 7 O
— > =
@)

OH
50a ;:FC 49a
48%

To a stirred solution of 2-cyclohexenone (50a) (0.99 g, 10.3 mmol) in THF (40 mL) at -78 °C was dropwise added
vinylmagnesium bromide (1.0 M in THF, 13.4 mL, 13.4 mmol). The mixture was then allowed to warm to room
temperature and stirred for 1 h at the same temperature. After addition of sat. NH4Cl to the mixture, the whole
mixture was transferred to a separatory funnel. It was extracted with EtOAc. The combined organic phases were
dried over MgSQOs, and filtered. The solvent was removed under reduced pressure to afford a residue, which was
purified by column chromatography (EtOAc/n-hexane 1:10 v/v) to give 49a (0.61 g, 48% yield) as a colorless oil.
IR (neat) v 3277 cm™'; 'TH NMR (500 MHz, CDCls) J 5.94 (dd, 1H, J=10.5, 17.0 Hz), 5.88 (td, 1H, J=3.5, 9.5
Hz), 5.55 (td, 1H, J=2.5,9.5 Hz), 5.23 (dd, 1H, J=1.5, 17.0 Hz), 5.09 (dd, 1H, J= 1.5, 10.5 Hz), 2.10-1.94 (m,
2H), 1.77-1.70 (m, 2H), 1.67-1.59 (m, 2H); *C NMR (125 MHz, CDCl3) § 144.2, 131.1, 130.5, 113.2, 71.1, 36 4,
25.1,19.1. The spectroscopic data of this material were in good agreement with those reported.”? HRMS (MALDI)
m/z caled for CsH110 (M-H): 123.0804, found: 123.0804.
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Preparation of racemic 35a

0 0 OH
ii conc. HCI @\ 2 MgBr ij\/ LiAIH,
EtOH EtZO _~ THF _
> occ 0°C
quant 66 % S3 75 % 35a

3-Ethoxycyclohex-2-en-1-one: S223

To a solution of 1,3-cyclohexanedione (S1) (5.0 g, 45 mmol) in EtOH (50 mL) was added conc. HCI (1 mL) at
room temperature. After 24 h of stirring at the same temperature, sat. NaHCO3 was added to quench the reaction,
and the mixture was transferred to a separatory funnel. The product was extracted with EtOAc. The combined
organic phases were dried over MgSOs and filtered. The solvent was removed under reduced pressure to afford
S2 (6.2 g, quant) as a colorless oil.

IR (neat) v 1667, 1649 cm™'; "H NMR (400 MHz, CDCl3) 6 5.33 (s, 1H), 3.88 (q, 2H, J= 7.0 Hz), 2.39 (t, 2H, J =
6.5 Hz), 2.32 (t, 2H, J = 6.5 Hz), 1.96 (quint, 2H, J = 6.5 Hz), 1.35 (t, 3H, J = 7.0 Hz); *C NMR (100 MHz,
CDCls) ¢ 200.0, 178.0, 102.8, 64.3, 36.9, 29.2, 21.4, 14.2. The spectroscopic data of this material were in good
agreement with those reported.”> HRMS (MALDI) m/z calcd for CsH120, (M+H)™: 141.0907, found: 141.0910.

3-Vinylcyclohex-2-en-1-one: S3%

To an ice-cold solution of S2 (2.0 g, 14 mmol) in Et,O (25 mL) was dropwise added vinylmagnesium bromide
(1.0 M in THF, 15.7 mL, 15.7 mmol). The reaction mixture was stirred at the same temperature for 30 min, and
sat NH4Cl was added to quench the reaction. The mixture was transferred to a separatory funnel, where it was
extracted with EtOAc. The combined organic phases were dried over MgSO, and filtered. The solvent was
removed under reduced pressure to afford an oil residue, which was purified by column chromatography
(EtOAc/n-hexane 1:5) to give S3 (1.15 g, 66% yield) as a colorless oil.

IR (neat) v 1653 cm™!; 'H NMR (500 MHz, CDCls) § 6.48 (dd, 1H, J=11.0, 17.0 Hz), 5.93 (s, 1H), 5.67 (d, 1H,
J=17.0Hz), 5.45 (d, 1H, J=11.0 Hz), 2.46 (t, 2H, J = 6.0 Hz), 2.41 (t, 2H, J= 6.5 Hz), 2.02 (tt, 2H, /= 6.0, 6.5
Hz); *C NMR (125 MHz, CDCl3) 6 200.6, 157.0, 138.0, 128.3, 120.9, 37.8, 24.4, 22.3. The spectroscopic and
analytical data of this material were in good agreement with those reported.?> HRMS (MALDI) m/z calcd for
CsH; 1O (M+H)": 123.0802, found: 123.0804.

3-Vinylcyclohex-2-en-1-ol: (+)-352%

To an ice-cold solution of S3 (0.50 g, 4.1 mmol) in Et,O (40 mL) was added LiAlH4 (250 mg, 6.6 mmol). The
mixture was stirred at the same temperature for 20 min, and 1 N NaOH, H»O, and Celite were added. The mixture
was stirred vigorously and filtered through a pad of Ceite. The filate was concentrated under reduced pressure, and
the residue was purified by column chromatography (EtOAc/n-hexane 1:5) to give 35a (0.47 g, 92% yield) as a

colorless oil.
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IR (neat) v 3334 cm!; '"H NMR (500 MHz, CDCls) § 6.34 (dd, 1H, J=11.0, 18.0 Hz), 5.76 (s, 1H), 5.21 (d, 1H,
J=18.0 Hz), 5.04 (d, 1H, J=11.0 Hz), 4.30 (s, 1H), 2.20-2.07 (m, 2H), 1.93-1.87 (m, 1H), 1.85-1.79 (m, 1H),
1.66-1.54 (m, 2H); *C NMR (125 MHz, CDCl3) 6 139.3, 138.8, 130.9, 113.2, 66.4, 32.2, 23.9, 18.9. The
spectroscopic and analytical data of this material were in good agreement with those reported.?* HRMS (MALDI)
m/z caled for CsH11O (M-H)™: 123.0805, found: 123.0804.

Preparation of racemic 53a and 54a

[
O COEt
EtO-F ,
(@] EtO OEt Ho ) 36A
ij t-BUOK @\rj\ LiAH, ©\f~ DCC, DMAP ©\f~ O  CO,Et
dioxane XMN0Et EO X"SoH  CHyCly X \OM
50a n sa 0°c 53a rt 54a
2% o,
° E/Z=12 90 % EIZ1:2 EIZ1:2

Ethyl (£)-2-(cyclohex-2-en-1-ylidene)acetate: (£)-S4%°

Ethyl (E)-2-(cyclohex-2-en-1-ylidene)acetate: (E)-S4%

To a stirred suspension of #-BuOK (5.6 g, 50 mmol) in dioxane (100 mL) was added triethyl phosphonoacetate
(11.5 mL, 58 mmol) at room temperature. After 20 min of stirring at the same temperature, 50a (4.0 g, 42 mmol)
was added and the stirring was continued for another 24 h. The solvent was removed under reduced pressure to
afford a solid residue. The crude material was transferred to a separatory funnel where it was partitioned between
Et,0O and ice water. The organic phase was separated, washed with sat. NH4Cl, dried over MgSQOs, and filtered.
The solvent was removed under reduced pressure to afford a residue, which was purified by column
chromatography (EtOAc/n-hexane 1:5) to give a hardly separable mixture of (Z2)-S4 and (E)-S4 (110 mg, 2% yield,
E/Z 1:2) as a colorless oil. The spectroscopic data of this material were in good agreement with those reported.?
(Z)-S4 (major): 'H NMR (400 MHz, CDCl3) 6 7.40 (dtd, 1H, J= 1.0, 2.0, 10.5 Hz), 6.26-6.18 (m, 1H, overlapped
with the signal of (£)-S4), 5.48 (s, 1H), 2.40-2.36 (m, 2H), 2.26-2.16 (m, 2H, overlapped with the signal of (£)-
S4), 1.81-1.69 (m, 2H, overlapped with the signal of (E)-S4), 1.28 (t, 3H, J= 7.5 Hz); *C NMR (125 MHz, CDCls)
0166.6,152.5,138.3,125.2, 113.7, 59.6, 32.6, 26.4, 22.7, 14.4.

(E)-S4 (minor): '"H NMR (400 MHz, CDCls) § 6.26-6.18 (m, 1H, overlapped with the signal of (Z)-S4), 6.11 (dt,
1H, J=2.0,9.0 Hz), 5.56 (s, 1H), 2.96 (dt, 2H, J = 2.0, 6.0 Hz), 2.26-2.16 (m, 2H, overlapped with the signal of
(E)-S4), 1.81-1.69 (m, 2H, overlapped with the signal of (£)-S4), 1.27 (t, 3H, J = 7.0 Hz); *C NMR (125 MHz,
CDCl3) 6 167.2,153.9,137.9,130.3, 114.9, 59.6, 26.2, 25.6, 21.9, 14.4.
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(2)-2-(Cyclohex-2-en-1-ylidene)ethan-1-ol: (£)-53a

(E)-2-(Cyclohex-2-en-1-ylidene)ethan-1-ol: (E)-53a

To an ice-cold solution of S4 (24 mg, 0.144 mmol, £/Z 1:2) in Et,O (1 mL) was added LiAlH4 (8.2 mg, 0.31
mmol). After the mixture was stirred at the same temperature for 30 min, 1 N NaOH, H,O, and Celite were added.
The mixture was stirred vigorously and filtered through a pad of Ceite, and the filtrate was concentrated under
reduced pressure. The residue was purified by column chromatography (EtOAc/n-hexane 1:10) to give a hardly
separable mixture of (2)-53a and (£)-53a (15 mg, 85% yield, E:Z 1:2) as a colorless oil.

IR (neat) v 3334 cm™!; '"H NMR (500 MHz, CDCls) 6 6.42 (td, 2/3H, J=2.5, 11.0 Hz), 6.06 (td, 1/3H, J=1.5, 9.5
Hz), 5.94-5.90 (m, 2/3H), 5.84 (td, 1/3H, J=4.0, 10.0 Hz), 5.43 (t, 1/3H, J=7.0 Hz), 5.34 (t, 2/3H, J = 7.0 Hz),
2.37-2.34 (m, 2/3H), 2.31 (t, 4/3H, J= 5.5 Hz), 2.19-2.11 (m, 2H), 1.74-1.67 (m, 2H); 3C NMR (125 MHz, CDCl5)
0 137.9, 137.3, 132.3, 130.5, 130.4, 124.7, 123.6, 122.9, 58.9, 58.2, 32.3, 26.2, 25.6, 25.3, 23.0, 22.4; HRMS
(MALDI) m/z calcd for CsH;1O (M-H): 123.0803, found: 123.0804.

(2)-2-(Cyclohex-2-en-1-ylidene)ethyl ethyl maleate: (£)-54a

(E)-2-(Cyclohex-2-en-1-ylidene)ethyl ethyl maleate: (E)-54a

To a stirred solution of allyl 53a (18.6 mg, 0.15 mmol, E/Z 1:2) in CH,Cl, (1 mL) were added (Z)-4-ethoxy-4-
oxobut-2-enoic acid (36A") (45 mg, 0.31 mmol), DCC (48 mg, 0.23 mmol) and DMAP (1 mg, 0.008 mmol) at
room temperature. After being stirred at the same temperature for 30 min, the mixture was concentrated under
reduced pressure. The residue was purified by column chromatography (EtOAc/n-hexane 1:15) to give a hardly
separable mixture of (2)-54a and (F£)-54a (29 mg, 77%, E/Z 1:2) as a colorless oil.

IR (neat) v 1734, 1730 cm™'; 'TH NMR (500 MHz, CDCls) 6 6.43 (d, 2/3H,J=9.0 Hz), 6.23 (s, 2H), 6.06 (td, 1/3H,
J=1.5,9.5 Hz), 6.00-5.95 (m, 2/3H), 5.88 (td, 1/3H, J = 4.0, 9.5 Hz), 5.39 (t, 1/3H, J=7.5 Hz), 5.29 (t, 2/3H, J
=7.5Hz),4.80 (t,2H, J="7.5 Hz), 4.24 (q, 2H, J=7.5 Hz), 2.39 (td, 2H, J= 1.5, 7.5 Hz), 2.33 (t, 2H, /= 6.0 Hz),
2.18-2.10 (m, 2H), 1.75-1.68 (m, 2H), 1.30 (t, 3H, J = 7.5 Hz); *C NMR (125 MHz, CDCl3) § 165.44, 165.41,
140.7, 140.0, 133.3, 131.5, 130.13, 130.10, 129.8, 129.7, 123.4, 118.6, 116.9, 61.6, 61.4, 60.9, 32.2, 26.2, 25.6,
25.3,22.9,22.2, 14.2; HRMS (MALDI) m/z calcd for Ci4H1304sNa (M+Na)*: 273.1102, found: 273.1097.

An experimental protocal of Table 2
To a stirred solution of (+)-49a (12 mg, 0.10 mmol) in a solvent (2 mL) were added oxovanadium catalyst (V-
MPS4 (1 mol%) or O=V(0OSiPhs); (10 mol%)) and tetradecane (20 mg, 0.1 mmol) as an internal standard at room

temperature. The mixture was stirred for 30 min or 40 min at 35 °C and was subjected to GC analysis.
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An experimental protocal of Scheme 16

To a solution of (£)-49a (30 mg, 0.24 mmol) in CH,Cl, (2.5 mL) were added 36A (100 mg, 0.48 mmol), MS4A
(60 mg), immobilized Candida antarctica lipase B (CAL-B) (90 mg) and OV(OSiPhs)3 (21 mg, 0.024 mmol) at
room temperature. The reaction mixture was stirred at 35 °C for 2 d and filtered through a Celite pad. The Celite
pad was washed with Et,O, and the combined filtrates were concentrated under reduced pressure. The crude
product was subjected to 'H NMR analysis using 1,4-dimethoxybenzene as an internal standard to find that 38aA
(92% ee) and 54a (dr = 4:3) were obtained in 34% (21 mg) and 36% (22 mg) yields, respectively. Its optical purity
was determined by HPLC analysis at 20 °C using a CHRALPAK AD-3 column (z-hexane/2-propanol = 90:10,
1.0 mL/min, retention time 15.1 (R), 13.8 min (S)).

An experimental protocal of Table 3

To a stirred solution of (+)-49b (20 mg, 0.10 mmol) in a solvent (2 mL) were added oxovanadium catalyst (V-
MPS4 1 mol% or O=V(OSiPh;z); 10 mol%) at room temperature. The mixture was stirred for 4 h at 35 °C and
filtered through a Celite pad. The Celite pad was washed with Et,O, and the combined filtrates were concentrated
under reduced pressure. The residue was purified by column chromatography (EtOAc/n-hexane 1:10) to give a
(£)-35b as a colorless oil.

(S, E)-3-(2-(trimethylsilyl)vinyl)cyclohex-2-en-1-0l: 35b

A colorless oil. IR (neat) v 3356 cm™'; '"H NMR (500 MHz, CDCl;) 6 6.51 (d, 1H, J=19.0 Hz), 5.88 (d, 1H, J =
19.0 Hz), 5.82-5.78 (m, 1H), 4.36-4.28 (m, 1H), 2.22-2.08 (m, 2H), 1.92-1.87 (m, 1H), 1.84-1.77 (m, 1H), 1.66-
1.55 (m, 2H), 0.08 (s, 9H); '*C NMR (125 MHz, CDCls) J 146.3, 139.9, 131.5, 128.8, 66.6, 32.3,24.1, 19.1, -1.1;
HRMS (EI) m/z caled for Ci1H200Si (M)™: 196.1283, found: 196.1282.

An experimental protocal of Scheme 18
To a stirred solution of (£)-35a or (+)-53a (5 mg, 0.04 mmol) in a CD,Cl, (0.5 mL) were added O=V(OSiPhs)s
(3.6 mg, 0.004 mmol) at room temperature. The mixture was put for 3 h at 35 °C and was subjected to 'H NMR

analysis.
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Screening of solvents for kinetic resolution of (+)-20 using CAL-B (Table 4)

To a stirred solution of (£)-35b (20 mg, 0.10 mmol) in a solvent (2 mL) were added 36A (44 mg, 0.20 mmol) and
CAL-B (60 mg) at room temperature. The mixture was stirred for 2 h at 35 °C and was filtered through a Celite
pad. The Celite pad was washed with Et;O. The combined filtrates were concentrated under reduced pressure. The
residue was dissolved in toluene (2 mL), and the mixture was stirred at 80 °C for 2 h. After cooling, the mixture
was concentrated under reduced pressure. The residue was purified by column chromatography (EtOAc/n-hexane
1:10) to give 38bA and (S)-35b. Optical purity of 38bA was determined by HPLC analysis at 20 °C using a
CHRALPAK AD-3 column (n-hexane/2-propanol = 90:10, 1.0 mL/min, retention time 7.3 (R), 6.4 min (S)), and
that of (S)-35b was determined by HPLC analysis at 20 °C using a CHRALCEL OD-3 (n-hexane/2-propanol =
98:2, 1.0 mL/min, retention time 19.6 (R), 17.3 min (S)).

Ethyl (2a8,2a'S,3R,4S5,8aR)-2-0x0-4-(trimethylsilyl)-2a,2a',3,4,6,7,8,8a-octahydro-2 H-naphtho[1,8-
bc]furan-3-carboxylate: 38bA

A colorless oil. IR (neat) v 1786, 1730 cm™'; 'H NMR (500 MHz, CDCl;) 6 5.31 (m, 1H), 4.65 (ddd, 1H, J = 4.5,
8.5, 13.0 Hz), 4.22-4.10 (m, 2H), 3.21-3.17 (m, 1H), 3.12 (dd, 1H, J = 1.0, 4.0 Hz), 2.30 (1H, dd, J = 4.0, 13.5 Hz)
2.30-2.23 (m, 2H), 2.15 (d, 1H, J = 1.0 Hz), 1.96 (m, 1H), 1.85 (m, 1H), 1.65 (m, 1H), 1.38 (m, 1H), 1.25 (t, 3H,
J=17.0 Hz), 0.09 (s, 9H); 3*C NMR (125 MHz, CDCl3) 6 174.6, 173.5, 137.0, 121.1, 77.9, 61.3, 42.6, 37.4, 36.6,
30.6,26.2,24.3,19.4, 14.2, -2.9; HRMS (EI) m/z calcd for Ci7H2602Si (M)*: 322.1600, found: 322.1599.

Screening of solvents and oxovanadium catalysts for racemization of optically pure (S)-35b (Table 5)

To a stirred solution of (+)-35b (20 mg, 0.10 mmol, >99%ee) in a solvent (2 mL) were added oxovanadium
catalysts and 1,4-dimethoxybenzene (14 mg, 0.1 mmol) as an internal standard at room temperature. The mixture
was stirred for 6 h at 35 °C. The mixture was subjected to HPLC analysis at 20 °C using a CHRALCEL OD-3 (n-
hexane/2-propanol = 98:2, 1.0 mL/min, retention time 19.6 (R), 17.3 min (5)).

Optimization of one-pot DKR/IMDA conditions of (+)-35b (Table 6)

(+)-35b was treated with 36A, CAL-B, and O=V(OSiPh3); (10 mol%) in CH>Cl, (0.05 M of 35b) at 35 °C for 2
h, after which time V-MPS4 was added and the resulting mixture was stirred at 35 °C for 1-3 d. The mixture was
filtered through a Celite pad. The Celite pad was washed with Et,O. The combined filtrates were concentrated
under reduced pressure. The crude product was subjected to '"H NMR analysis using 1,4-dimethoxybenzene as an

internal standard.
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Experiments for Chapter 2

Preparation of racemic zert-alcohols 49

(E)-1-[2-(Trimethylsilyl)viny])cyclohex-2-en-1-ol : (+)-49b

route A
=—TMS LiAIH,
n-BuLi NaOMe
/ THF OH\ THF
0°c

+)-S5b

o L O\/\ ™S
50a N ™S OH
. (+)-49b
t-BuLi

route B -78 °C

Route A

1-((Trimethylsilyl)ethynyl)cyclohex-2-en-1-ol: (+)-S5b

To a stirred solution of trimethylsilylacetylene (14.4 mL, 102 mmol) in THF (60 mL) at 0 °C was dropwise added
n-BuLi (2.7 M in n-hexane, 30 mL, 81 mmol). After 10 min of stirring at the same temperature, 2-cyclohexenone
(50a) (6.0 mL, 62 mmol) was added, and the stirring was continued for another 30 min. Sat. NH4Cl was added to
quench the reaction, and the mixture was transferred to a separatory funnel. It was extracted with Et,O. The organic
combined phases were separated, dried over MgSOs, and filtered. The solvent was removed under reduced pressure
to afford an oil residue, which was purified by column chromatography (EtOAc/n-hexane 1:5) to give SSb (10.7
g, 89% yield) as a colorless solid.

Mp. 38-39 °C; IR (neat) v 3340, 2165 cm’; 'H NMR (500 MHz, CDCl3) § 5.83 (td, 1H, J= 3.5, 9.5 Hz), 5.73 (dt,
1H, J = 2.5, 9.5 Hz), 2.08-1.98 (m, 3H), 1.92-1.86 (m, 1H), 1.79-1.71 (m, 2H); '*C NMR (125 MHz, CDCl3) §
144.2, 131.1, 130.5, 113.2, 71.1, 36.4, 25.1, 19.1, 0.07; HRMS (EI) m/z calcd for C;1H70Si (M-H)"; 193.1054,
found: 193.1047.

(E)-1-[2-(Trimethylsilyl)viny])cyclohex-2-en-1-ol: (£)-49b

To a stirred suspension of NaOMe (5.8 g, 107 mmol) in THF (110 mL) at 0 °C was added LiAlH4 (4.7 g, 122
mmol). After 30 min of stirring at the same temperature, a solution of (£)-S5b (9.5 g, 49 mmol) in THF (10 mL)
was added and the stirring was continued for another 1 h. 1 N NaOH, H>0, and Celite were added and the mixture
was stirred vigorously. The mixture was filtered through a pad of Ceite and the filtrate was concentrated under
reduced pressure. The residue was purified by column chromatography (EtOAc/n-hexane 1:10) to give 49b (9.0

g, 94% yield) as a colorless oil.
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IR (neat) v 3339, 1614 cm™'; '"H NMR (400 MHz, CDCls) 6 6.08 (d, 1H, J = 19.0 Hz), 5.87 (td, 1H, J = 3.5, 10.0
Hz), 5.83 (d, 1H, J=19.0 Hz), 5.51 (td, 1H, J=2.5, 11.0 Hz), 2.10-1.92 (m, 2H), 1.77-1.56 (m, 5H), 0.06 (s, 9H);
3C NMR (100 MHz, CDCl5) 6 151.3, 131.3, 130.4, 127.4, 71.9, 36.4, 25.1, 19.1, -1.1; HRMS (EI) m/z calcd for
Ci1H200Si (M)"; 196.1283, found: 196.1282.

Route B

To a solution of (E)-(2-iodovinyl)trimethylsilane? (100 mg, 0.44 mmol) in THF at -78 °C was dropwise added -
BuLi (1.6 M in n-hexane, 0.55 mL, 0.88 mmol). After the mixture was stirred for 30 min at the same temperature,
0a (40 pL, 0.40 mmol) was added. The mixture was warmed to room temperature and was stirred for 6 h. Water
was added to quench the reaction, and the mixture was transferred to a separatory funnel where it was extracted
with Et;0. The combined organic phases were dried over MgSOy and filtered. The solvent was removed under
reduced pressure to afford an oil residue, which was purified by column chromatography (EtOAc/n-hexane 1:10)

to give 49b (50 mg, 66% yield).

O

TBS
S5¢

1-((tert-Butyldimethylsilyl)ethynyl)cyclohex-2-en-1-ol: ()-S5¢

Similarly to the preparation of (+)-S5b, (+)-S5¢ (0.69 g, 94% yield) was obtained from (-
butyldimethylsilyl)acetylene (0.65 g, 4.6 mmol), n-BuLi (2.7 M in n-hexane, 1.5 mL, 4.0 mmol) and 50a (0.30
mL, 3.1 mmol).

A colorless solid. M.p. 36-36.5 °C; IR (neat) v 3350, 2158 cm™'; 'H NMR (400 MHz, CDCl3) 6 5.82 (td, 1H, J =
3.5,10 Hz), 5.73 (td, 1H, J=2.5, 10 Hz), 2.05-1.99 (m, 3H), 1.92-1.86 (m, 1H), 1.80-1.72 (m, 2H), 0.92 (s, 9H),
0.09 (s, 6H); 1*C NMR (100 MHz, CDCl;) 6 130.5, 129.9, 109.9, 86.2, 65.6, 38.1, 26.2, 24.8, 19.3, 16.7, -4.53, -
4.55; HRMS (EI) m/z calcd for C14H240Si (M)': 236.1596, found: 236.1600.

(E)-1-(2-(tert-Butyldimethylsilyl)vinyl)cyclohex-2-en-1-ol: (+)-49¢

Similarly to the preparation of (+)-49b, (+)-49¢ (0.56 g, 85% yield) was obtained from S5¢ (0.65 g, 2.8 mmol),
NaOMe (0.33 g, 6.1 mmol) and LiAlH4 (0.26 g, 6.9 mmol).

A colorless solid. Mp. 47-47.5 °C; IR (neat) v 3344 cm™'; "TH NMR (400 MHz, CDCl;) § 6.11 (d, 1H, J=18.5 Hz),
5.89(td, 1H, J=3.5,10.0 Hz), 5.82 (d, 1H, J=18.5 Hz), 5.51 (td, 1H, J=2.0, 10.0 Hz), 2.11-1.93 (m, 2H), 1.78-
1.55 (m, 5H), 0.86 (s, 9H), 0.03 (s, 6H); 1*C NMR (100 MHz, CDCl3) 6 152.8, 131.3, 130.5, 124.6, 72.2, 36.5,
26.6,25.1,19.2,16.7, -5.9, -6.0; HRMS (EI) m/z calcd for C14H260Si (M)": 238.1753, found: 238.1752.
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OH TMS

S5d
6,6-Dimethyl-1-((trimethylsilyl)ethynyl)cyclohex-2-en-1-ol: (+)-S5d
Similarly to the preparation of (£)-S5b, (+)-S5d (0.47 g, 71% yield) was obtained from trimethylsilylacetylene
(0.31 g, 5.9 mmol), n-BuLi (2.8 M in n-hexane, 0.93 mL, 2.6 mmol) and 50d (0.26 g, 3.9 mmol).
A colorless solid. M.p. 22.7-23.5 °C; IR (neat) v 3447, 2160 cm™'; '"H NMR (400 MHz, CDCl;) 6 5.77 (td, 1H, J
=3.0,9.5 Hz), 5.70 (td, 1H, J=2.0, 9.5 Hz), 2.09-2.03 (m, 2H), 1.62 (dt, 1H, J= 6.5, 13.5 Hz), 1.50 (td, 1H, J =
6.0, 13.5 Hz), 1.06 (s, 3H), 1.04 (s, 3H), 0.17 (s, 9H); 1*C NMR (100 MHz, CDCls) 6 130.4, 129.0, 107.8, 89.5,
71.7,36.8,31.6,24.3,22.9,22.8, 0.1; HRMS (EI) m/z calcd for C13H»0Si (M)*: 222.1440, found: 222.1435.

(E)-6,6-Dimethyl-1-(2-(trimethylsilyl)vinyl)cyclohex-2-en-1-ol: (+)-49d

Similarly to the preparation of (+)-49b, (+)-49d (58 mg, 45% yield) was obtained from S5d (0.24 g, 1.1 mmol),
NaOMe (0.13 g, 2.4 mmol) and LiAIH4 (0.10 g, 2.7 mmol).

A colorless oil. IR (neat) v 3447 cm™'; '"H NMR (400 MHz, CDCl;) 6 6.13 (d, 1H, J=19.0 Hz), 5.83 (d, 1H, J =
19.0 Hz), 5.79 (td, 1H, J= 2.5, 10.5 Hz), 2.10-2.03 (m, 2H), 1.57-1.43 (m, 3H), 0.97 (s, 3H), 0.85 (s, 3H), 0.07 (s,
9H); *C NMR (100 MHz, CDCl3) 6 148.7, 131.7, 128.7, 128.4, 76.9, 36.3, 33.2, 24.2, 23.0, 22.9, -1.0; HRMS
(EI) m/z caled for Ci13H2408i (M)™: 224.1596, found: 224.1595.

/ O

TMS
S5d

5,5-Dimethyl-1-((trimethylsilyl)ethynyl)cyclohex-2-en-1-ol: (+)-S5e

Similarly to the preparation of (+)-S5b, (£)-S5e (155 mg, 87% yield) was obtained from trimethylsilylacetylene
(0.12 g, 5.9 mmol), n-BuLi (2.8 M in n-hexane, 0.4 mL, 2.6 mmol) and 50e (100 mg, 0.81 mmol).

A colorless oil. IR (neat) v 3459, 2165 cm™!; 'TH NMR (500 MHz, CDCls)  5.78 (td, 1H, J = 4.0, 10.0 Hz), 5.68
(td, 1H, J=1.5,10.0 Hz), 1.99 (d, 1H, J = 13.0 Hz), 1.91-1.83 (m, 2H), 1.76 (d, 1H, J=13.0 Hz), 1.04 (s, 3H),
1.00 (s, 3H), 0.15 (s, 9H); '*C NMR (125 MHz, CDCl3) 6 128.9, 128.4, 109.5, 65.8, 50.2, 38.7, 30.2, 30.0, 28.6, -
0.02; HRMS (EI) m/z caled for C13H2,0Si (M)*: 222.1440, found: 222.1437.

54



(E)-5,5-Dimethyl-1-(2-(trimethylsilyl)vinyl)cyclohex-2-en-1-ol: (+)-49¢

Similarly to the preparation of (+)-49b, (+)-49e (70 mg, 70% yield) was obtained from S5e (100 mg, 0.45 mmol),
NaOMe (53 mg, 1.0 mmol) and LiAlH4 (43 mg, 1.1 mmol).

A colorless oil. IR (neat) v 3439 cm™'; '"H NMR (500 MHz, CDCl;) 6 6.02 (d, 1H, J = 18.5 Hz), 5.86 (d, 1H, J =
18.5 Hz), 5.82 (ddd, 1H, J = 3.0, 4.5, 10.0 Hz), 5.54 (td, 1H, J = 3.0, 10.0 Hz), 1.91-1.80 (m, 2H), 1.66-1.58 (m,
2H), 1.07 (s, 3H), 0.94 (s, 3H), 0.06 (s, 9H); *C NMR (125 MHz, CDCl;) § 152.4, 130.0, 128.6, 216.0, 72.2, 48.9,
39.1,31.0, 29.8, 28.3 ; HRMS (EI) m/z calcd for Ci3H240Si (M)™: 224.1596, found: 224.1599.

OHX

T™MS
S5f

2-Methyl-1-((trimethylsilyl)ethynyl)cyclohex-2-en-1-ol: (+)-S5f

Similarly to the preparation of (£)-S5b, (£)-S5f (320 mg, 91% yield) was obtained from trimethylsilylacetylene
(0.26 g, 2.7 mmol), n-BuLi (2.8 M in n-hexane, 0.8 mL, 2.86 mmol) and 50f (190 mg, 1.7 mmol).

A colorless oil; IR (neat) v 3446, 2169 cm™'; '"H NMR (500 MHz, CDCl;) § 5.55 (td, 1H, J = 1.5, 5.0 Hz), 2.06-
1.90 (m, 4H), 1.86 (t, 3H, J = 1.5 Hz), 1.73-1.68 (m, 2H), 0.16 (s, 9H); 1*C NMR (125 MHz, CDCl3) § 134.9,
126.1, 108.9, 88.2, 68.4, 38.9,25.4, 19.3, 18.4, 0.07; HRMS (EI) m/z calcd for C12H20Si (M)*: 208.1283, found:
208.1280.

(E)-2-Methyl-1-(2-(trimethylsilyl)vinyl)cyclohex-2-en-1-ol: (+)-49f

Similarly to the preparation of (+)-49b, (+)-49f (15 mg, 50% yield) was obtained from S5f (30 mg, 0.14 mmol),
NaOMe (17 mg, 0.3 mmol) and LiAlH4 (14 mg, 0.37 mmol).

A colorless oil. IR (neat) v 3443 cm™'; '"H NMR (500 MHz, CDCl;) 6 6.00 (d, 1H, J=19.0 Hz), 5.84 (d, 1H, J =
19.0 Hz), 5.59 (td, 1H, J= 1.5, 5.0 Hz), 2.08-1.92 (m, 2H), 1.77-1.56 (m, 4H), 4.57 (s, 3H), 0.07 (s, 9H); *C NMR
(125 MHz, CDCL3) 6 150.4, 135.8, 127.4, 126.4, 74.8, 37.7, 25.7, 19.4, 18.2, -1.1; HRMS (EI) m/z calcd for
Ci2H»0Si (M)": 210.1440, found: 210.1441.
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1-((Trimethylsilyl)ethynyl)cyclohept-2-en-1-ol: (+)-SS5¢g

Similarly to the preparation of (+)-S5b, (+)-S5g (0.64 g, 79% yield) was obtained from trimethylsilylacetylene

(0.58 g, 5.9 mmol), n-BuLi (2.6 M in n-hexane, 2.0 mL, 5.1 mmol) and 50g (430 mg, 3.9 mmol).

A colorless solid. M.p. 55-56 °C; IR (neat) v 3306, 2167 cm™'; '"H NMR (400 MHz, CDCl3) § 5.80-5.70 (m, 2H),

2.27-2.08 (m, 3H), 1.95-1.83 (m, 4H), 1.77-1.70 (m, 1H), 1.49-1.41 (m, 1H), 0.17 (s, 9H); *C NMR (100 MHz,

CDCls) 0 137.5, 131.7, 107.5, 89.2, 71.5, 41.2, 27.5, 26.9, 25.7, 0.09; HRMS (EI) m/z calcd for C12H200Si (M)*:

208.1283, found: 208.1282.

(E)-1-(2-(Trimethylsilyl)vinyl)cyclohept-2-en-1-ol: (+)-49g

Similarly to the preparation of (+)-49b, (£)-49g (0.25 g, 77% yield) was obtained from S5g (0.32 g, 1.5 mmol),
NaOMe (0.18 g, 3.3 mmol) and LiAlH4 (0.14 g, 3.8 mmol).

A colorless solid. M.p. 55-56 °C; IR (neat) v 3297 cm™'; '"H NMR (400 MHz, CDCl3) 6 6.08 (d, 1H, J = 19.0 Hz),
5.87(d, 1H,J=19.0 Hz), 5.83 (ddd, 1H, J=5.0, 6.0, 12.0 Hz), 5.51 (d, 1H, J=12.0 Hz), 2.22-2.02 (m, 2H), 1.89-
1.74 (m, 3H), 1.68-1.51 (m, 3H), 0.07 (s, 9H); *C NMR (100 MHz, CDCl;) 6 149.7, 137.0, 131.3, 127.9, 78.3,
39.9,27.9,27.3,24.1, -1.1; HRMS (EI) m/z caled for C12H2,0Si (M)™: 210.1440, found: 210.1439.

1-((Trimethylsilyl)ethynyl)cyclopent-2-en-1-ol: (+)-SSh

Similarly to the preparation of (£)-S5b, (+)-SSh (1.87 g, 84% yield) was obtained from trimethylsilylacetylene
(1.8 g, 18 mmol), n-BuLi (2.6 M in n-hexane, 6.1 mL, 15.9 mmol) and SOh (1.0 mL, 12 mmol).

A colorless oil. IR (neat) v 3344, 2165 cm™'; '"H NMR (400 MHz, CDCl3) 6 5.99 (td, 1H, J=2.0, 5.5 Hz), 5.80 (td,
1H, J= 2.0, 5.0 Hz), 2.60-2.48 (m, 2H), 2.46-2.37 (m, 2H), 2.19-2.11 (m, 2H), 0.16 (s, 9H); '3*C NMR (100 MHz,
CDCl) d 135.6, 134.9, 108.2, 88.8, 78.3, 41.2, 31.3, 0.1; HRMS (EI) m/z calcd for C1oH1s0Si (M)": 180.0970,
found: 180.0973.

56



(E)-1-(2-(Trimethylsilyl)vinyl)cyclopent-2-en-1-ol: (+)-49h

Similarly to the preparation of (+)-49b, (+)-49h (0.90 g, 89 % yield) was obtained from SSh (1.0 g, 5.6 mmol),
NaOMe (0.66 g, 12 mmol) and LiAIH4 (0.53 g, 13.9 mmol).

A colorless oil. IR (neat) v 3346 cm™'; "H NMR (400 MHz, CDCl3) 6 6.17 (d, 1H, J=19.0 Hz), 5.96 (td, 1H, J =
2.0,5.5Hz), 5.82 (d, 1H, J=19.0 Hz), 5.62 (td, 1H, J=2.0, 5.5 Hz), 2.58-2.49 (m, 1H), 2.40-2.31 (m, 1H), 2.10
(ddd, 1H, J = 5.0, 8.5, 13.5 Hz), 1.93 (ddd, 1H, J = 5.0, 8.5, 13.5 Hz), 1.75 (s, 1H), 0.07 (s, 9H); *C NMR (100
MHz, CDCl) J 150.1, 135.8, 134.8, 125.9, 86.9, 39.1, 31.4, -1.0; HRMS (EI) m/z calcd for CioHis0Si (M)":
182.1127, found: 182.1128.

One-pot DKR/IMDA of (+)-49b—49f (Scheme 22)

A general procedure of Method I: To a solution of (£)-49 in CH,Cl, (0.05 M) were added 36 (2 equiv), MS4A
(0.4 g/mmol), immobilized Candida antarctica lipase B (CAL-B) (0.6 g/mmol) and OV(OSiPhs); (10 mol%) at
room temperature. The reaction mixture was stirred at 35 °C for 2 h, and V-MPS4 (2 mol%) was added. The
mixture was stirred at the same temperature for 2 d and filtered through a Celite pad. The Celite pad was washed
with Et,O, and the combined filtrates were concentrated under reduced pressure. The residue was purified by

column chromatography (EtOAc/n-hexane) to give 38.

A general procedure of Method II: To a solution of (+)-49 in CH,Cl, (0.05 M) were added 36 (3 equiv), MS4A
(0.4 g/mmol), immobilized Candida antarctica lipase B (CAL-B) (0.8 g/mmol) and OV(OSiPhs); (10 mol%) at
room temperature. The reaction mixture was stirred at 35 °C for 1 d, and V-MPS4 (0.3 mol%) was added. The
mixture was stirred at 35 °C for 1 d, and V-MPS4 (0.4 mol%) was added. The reaction mixture was stirred at 35
°C for 2 d and filtered through a Celite pad. The Celite pad was wash Et,O, and the combined filtrates were
concentrated under reduced pressure. The residue was purified by column chromatography (EtOAc/n-hexane) to

give 38.

Ethyl (2a8,2a'S,3R,45,8aR)-2-0x0-4-(trimethylsilyl)-2a,2a',3,4,6,7,8,8a-octahydro-2 H-naphtho[1,8-
bc]furan-3-carboxylate: 38bA

38bA (24 mg, 72% yield, 93% ee) was obtained by Method I from (+)-49b (20 mg, 0.10 mmol) and 36A (43 mg,
0.20 mmol). A colorless oil. [a]3? = 45.5 (¢ 1.0, CHCl3). The spectroscopic data of this material were in good

agreement with those obtained by KR/IMDA (Table 4).
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Ethyl (2aS,2a'S,3 R 45,8aR)-4-(tert-butyldimethylsilyl)-2-0x0-2a,22a',3,4,6,7,8,8a-octahydro-2H-
naphtho[1,8-bc|furan-3-carboxylate: 38cA

38cA (26 mg, 70% yield, 98% ee) was obtained by Method I from (£)-49¢ (24 mg, 0.10 mmol) and 36A (43 mg,
0.20 mmol). Its optical purity was determined by HPLC analysis at 20 °C using a CHRALPAK AD-3 column (n-
hexane/2-propanol = 98:2, 0.50 mL/min, retention time 26.2 (R), 27.7 min (S5)).

A colorless oil. [a]3? =51.4 (¢ 0.98, CHCL3); IR (neat) v 1787, 1730 cm™'; 'H NMR (500 MHz, CDCl;) § 5.36-
5.34 (m, 1H), 4.64 (ddd, 1H, J=4.5, 8.5, 13.0 Hz), 4.21-4.12 (m, 2H), 3.24 (dd, 1H, J= 1.5, 4.0 Hz), 3.15-3.10
(m, 1H), 2.42-2.40 (m, 1H), 2.36 (dd, 1H, J=4.0, 13.0 Hz), 2.27-2.22 (m, 2H), 1.97-1.93 (m, 1H), 1.89-1.81 (m,
1H), 1.70-1.61 (m, 1H), 1.43-1.33 (m, 1H), 1.26 (t, 3H, J= 7.0 Hz), 0.96 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3H); 1*C
NMR (125 MHz, CDCL) 6 174.5, 173.4, 136.1, 122.2, 77.8, 61.4, 42.6, 37.3, 37.2, 28.3, 27.4, 26.3, 24.3, 19.4,
17.9, 14.2,-6.3, -6.6; HRMS (EI) m/z calcd for C21H3,04Si (M)*: 364.2070, found: 364.2069.

Ethyl (2a$,2a'S,3R,45,8aR)-6,6-dimethyl-2-0x0-4-(trimethylsilyl)-2a,2a',3,4,6,7,8,8a-octahydro-2 H-
naphtho[1,8-bc|furan-3-carboxylate: 38dA

38dA (15 mg, 44% yield, 99% ee) was obtained by Method II from (+)-49d (22 mg, 0.1 mmol) and 36A (64 mg,
0.30 mmol). Its optical purity was determined by HPLC analysis at 20 °C using a CHRALPAK AD-3 column (#-
hexane/2-propanol = 90:10, 1.0 mL/min, retention time 4.7 (R), 6.2 min (S)).

A colorless oil. [a]3? =12.3 (¢ 0.70, CHCL); IR (neat) v 1790, 1734 cm™'; 'H NMR (500 MHz, CDCl;) 6 5.30 (4,
1H, J = 2.5 Hz), 4.76 (ddd, 1H, J =4.5, 8.5, 13.0 HZ), 4.21-4.10 (m, 2H), 3.28-3.23 (m, 1H), 3.09 (dd, 1H, J =
1.5, 4.5 Hz), 2.28 (dd, 1H, J= 4.5, 13.0 Hz), 2.16-2.14 (m, 1H), 1.95-1.92 (m, 1H), 1.63 (ddd, 1H, J= 2.0, 7.0,
14.0 Hz), 1.54-1.47 (m, 1H), 1.44-1.31 (m, 1H), 1.25 (t, 3H, J = 7.5 Hz), 1.10 (s, 3H), 0.08 (s, 9H); *C NMR (125
MHz, CDCL) 6 174.8, 173.5, 145.2, 118.7, 77.7, 61.3, 43.1, 43.1, 36.8, 36.5, 36.3, 34.9, 32.2, 30.4, 28.9, 24.8,
14.2, -2.9; HRMS (CI) m/z caled for Ci19H3104Si (M+H)*: 351.1992, found: 351.1994.
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Ethyl (2aS,2a'S,3R,45,9aR)-2-0x0-4-(trimethylsilyl)-2,2a,22a',3,4,6,7,8,9,9a-
decahydrocyclohepta[cd]isobenzofuran-3-carboxylate: 38gA

38gA (17 mg, 51% yield, 96% ee) was obtained by Method II from (£)-49g (20 mg, 0.10 mmol) and 36A (64 mg,
0.30 mmol). Its optical purity was determined by HPLC analysis at 20 °C using a CHRALPAK AD-3 column (n-
hexane/2-propanol = 90:10, 1.0 mL/min, retention time 21.5 (R), 7.7 min (S)).

A colorless oil. [a]3? =11.0 (¢ 0.60, CHCL3); IR (neat) v 1770, 1733 cm™'; "H NMR (500 MHz, CDCl;) 6 5.70 (d,
1H, J=3.0 Hz), 4.71 (ddd, 1H, J = 3.5, 8.5, 10.0 Hz), 4.26-4.18 (m, 1H), 4.10-4.03 (m, 1H), 3.37 (s, 1H), 3.23
(dd, 1H, J=8.5, 10.0 Hz), 3.16 (t, 1H, J= 5.5 Hz), 2.47 (td, 1H, J= 4.0, 13.0 Hz), 2.07-1.95 (m, 2H), 1.89-1.79
(m, 4H), 1.39-1.22 (m, 5H), 0.08 (s, 9H); 'H NMR (500 MHz, benzene-ds)  5.53 (dd, 1H, J = 1.5, 5.0 Hz), 4.17-
4.10 (m, 1H), 4.06 (dt, J = 4.0, 8.5 Hz), 3.92-3.86 (m, 1H), 3.10-3.00 (m, 1H), 2.84 (t, 1H, J = 5.5 Hz), 2.41 (dt,
1H,J=1.5, 8.5 Hz), 2.16 (td, 1H, J=5.0, 15.0 Hz), 1.90-1.70 (m, 3H), 1.54-1.30 (m, 4H), 1.02 (t, 3H, /= 5.0 Hz),
0.93-0.87 (m, 1H), 0.23 (s, 9H); 3C NMR (150 MHz, CDCl3) 6 177.0, 172.1, 134.1, 127.1, 83.2, 61.1, 42.6, 40.6,
37.3, 31.8, 30.2, 27.8, 22.9, 14.4, 14.2, -0.63; HRMS (EI) m/z calcd for CisH2304Si (M)": 336.1757, found:
336.1755.

Ethyl (2aR,2a'S,3S,4S,7aR)-2-0x0-4-(trimethylsilyl)-2,2a,2a',3,4,6,7,7a-octahydroindeno[1,7-bc|furan-3-
carboxylate: 38hA

Ethyl (2a$,2a'S,3R,4S5,7aR)-2-0x0-4-(trimethylsilyl)-2,2a,2a',3,4,6,7,7a-octahydroindeno[1,7-bc]furan-3-
carboxylate: 38hA'

38hA (17 mg, 54% yield, 38% ee) and 38hA' (7.4 mg, 24% yield, 38% ee) were obtained by Method I from (£)-
49h (18.2 mg, 0.10 mmol) and 36A (43 mg, 0.20 mmol). The optical purity of 38hA was determined by HPLC
analysis at 20 °C using a CHRALPAK AD-3 column (n-hexane/2-propanol = 90:10, 1.0 mL/min, retention time
14.4 (R), 11.0 min (S)). The optical purity of 38hA' was determined by HPLC analysis at 20 °C using a
CHRALPAK AD-3 column (n-hexane/2-propanol = 90:10, 0.50 mL/min, retention time 13.9 (R), 14.8 min (S)).
38hA: [a]4? = 4.6 (¢ 0.70, CHCl5); IR (neat) v 1767, 1730 cm™'; 'H NMR (500 MHz, CDCl;) § 5.62-5.58 (m,
1H), 5.05-5.01 (m, 1H), 4.16 (ddd, 1H, J=17.5, 11.0, 18.0 Hz), 3.93 (ddd, 1H, J= 7.5, 11.0, 18.0 Hz), 3.40-3.35
(m, 2H), 3.05-2.95 (m, 1H), 2.57-2.52 (m, 1H), 2.41-2.32 (m, 2H), 1.98-1.90 (m, 1H), 1.24 (t, 3H, J = 7.5 Hz),
0.08 (s, 1H); *C NMR (150 MHz, CDCls) § 177.6, 172.6, 142.8, 118.9, 82.8, 60.8, 42.9, 41.7, 40.8, 32.3, 31.5,
28.0, 14.0, -2.0; HRMS (EI) m/z calcd for Ci16H2404Si (M)*: 308.1444, found: 308.1439.

38hA": [a]3? =19.9 (¢ 0.50, CHCl3); IR (neat) v 1791, 1730 cm™'; "H NMR (500 MHz, CDCl;) § 5.31 (dd, 1H, J
=2.0,4.5 Hz), 4.95 (dd, 1H, J=9.0, 16.0 Hz), 4.24-4.13 (m, 2H), 3.10 (dd, 1H, J=8.5, 13.5 Hz), 2.90 (dd, 1H, J
=4.0, 5.5 Hz), 2.67 (dd, 1H, J=7.0, 13.5 Hz), 2.18-2.15 (m, 1H), 2.00 (dd, 1H, J=5.5, 13.5 Hz), 1.86-1.78 (m,
1H), 1.28 (t, 3H, J= 7.0 Hz), 0.08 (s, 9H); *C NMR (150 MHz, CDCls) 6 173.65, 173.62, 149.9, 117.6, 70.6, 61.4,
49.4,44.6,35.4,33.9,31.9,30.4, 14.2, -2.9; HRMS (EI) m/z calcd for Ci6H2404Si (M)*: 308.1444, found: 308.1438.
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Investigation of esterification and intramolecular Diels-Alder reaction (Scheme 24)

2aR,2a'S$,35,45,8aR)-3-(phenylsulfonyl)-4-(trimethylsilyl)-2a,2a',3,4,6,7,8,8a-octahydro-2 H-naphtho|[1,8-
bc]furan-2-one: 38bB

To a solution of (£)-35b (10 mg, 0.05 mmol) in THF (1 mL) were added 36B' (16 mg, 0.075 mmol), PPh; (20 mg,
0.08 mmol) and DEAD (2.2 M in toluene, 30 pL, 0.07 mmol) at room temperature. The reaction mixture was
stirred at same temperature for 1 h. The mixture was concentrated under reduced pressure. The residue was purified
by column chromatography (EtOAc/n-hexane 1:4) to give (1)-37bB (16 mg, 82%) as a coloeless oil. (£)-37bB
was dissolved in toluene, and the mixture stirred at 80 °C for 2 h. after cooling, the mixture was concentrated under
reduced pressure. The residue was purified by column chromatography (EtOAc/n-hexane 1:4) to give 38bB (15
mg, 95%) as a colorless oil.

A colorless oil; IR (neat) v 1785 cm™'; 'H NMR (500 MHz, CDCl3) § 7.95 (td, 2H, J = 1.5, 8.0 Hz), 7.68 (tt, 1H,
J=1.5,8.0Hz),7.59 (t,2H, J=8.0 Hz), 5.37 (dd, 1H, J=2.5, 4.5 Hz), 4.72 (ddd, 1H, J=4.5, 8.5, 13.0 Hz), 3.85-
3.80 (m, 1H), 3.77 (d, 1H, J=3.5 Hz), 2.53 (dd, 1H, J= 3.5, 14.0 Hz), 2.49 (dd, 1H, J = 2.5, 6.0 Hz), 2.37-2.24
(m, 2H), 1.96-1.81 (m, 2H), 1.75-1.66 (m, 1H), 1.36-1.27 (m, 1H), -0.09 (s, 9H); 3C NMR (125 MHz, CDCl3) &
171.9,139.3,136.9, 134.3,129.5, 128.8,119.8, 77.9, 58.7, 42.1, 36.1,29.2, 26.5, 23.8, 19.3, -3.3; HRMS (CI) m/z
caled for CyH2704SSi (M+H)*: 390.1399, found: 391.1400.

3-((E)-2-(Trimethylsilyl)vinyl)cyclohex-2-en-1-yl (Z)-3-chloroacrylate: 37bC

To a solution of (£)-35b (10 mg, 0.05 mmol) in THF (1 mL) were added 36C"' (8.0 mg, 0.075 mmol), PPh3 (20
mg, 0.08 mmol) and DEAD (2.2 M in toluene, 30 pL, 0.07 mmol) at room temperature. The reaction mixture was
stirred at same temperature for 1 h. The mixture was concentrated under reduced pressure. The residue was purified
by column chromatography (EtOAc/n-hexane 1:4) to give (£)-37bC (10 mg, 73%) as a colorless oil.

A colorless oil. IR (neat) v 1770 cm™; 'H NMR (400 MHz, CDCl;) J 6.69 (d, 1H, J = 8.0 Hz), 6.53 (d, 1H, J =
19.0 Hz), 6.17 (d, 1H, J= 8.0 Hz), 5.93 (d, 1H, J=19.0 Hz), 5.83-5.80 (m, 1H), 5.49-5.47 (m, 1H), 2.27 (td, 1H,
J=6.0,11.0 Hz), 2.21-2.03 (m, 1H), 1.94-1.55 (m, 4H), 0.08 (s, 9H); *C NMR (100 MHz, CDCl;) J 163.3, 145.9,
142.1, 132.5, 129.6, 126.5, 121.8; HRMS (EI) m/z calcd for C14H,1C10,Si (M)": 284.0999, found: 284.1000.
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3-((E)-2-(Trimethylsilyl)vinyl)cyclohex-2-en-1-yl (£)-3-(phenylthio)acrylate: 37bD

To a solution of (£)-35b (10 mg, 0.05 mmol) in THF (1 mL) were added 36D' (14 mg, 0.075 mmol), PPhs (20 mg,
0.08 mmol) and DEAD (2.2 M in toluene, 30 uL, 0.07 mmol) at room temperature. The reaction mixture was
stirred at same temperature for 1 h. The mixture was concentrated under reduced pressure. The residue was purified
by column chromatography (EtOAc/n-hexane 1:4) to give (£)-37bD (14 mg, 79%) as a colorless oil.

A colorless oil. IR (neat) v 1732 cm™'; '"H NMR (400 MHz, CDCl3) § 7.52-7.48 (m, 2H), 7.40-7.33 (m, 3H), 7.27
(d, 1H, J=10.0 Hz), 6.54 (d, 1H, J=19.0 Hz), 5.93 (d, 1H, J=19.0 Hz), 5.90 (d, 1H, J=10.0 Hz), 5.53-5.49 (m,
1H), 2.27 (td, 1H, J = 5.5, 11.0 Hz), 2.21-2.08 (m, 1H), 1.98-1.66 (m, 4H), 0.08 (s, 9H); *C NMR (100 MHz,
CDCL) 6 166.4, 149.9, 146.1, 141.8, 136.4, 131.3,129.5, 129.2, 128 .4, 127.2, 113.7, 69.2, 28.7, 24.0, 18.9, 1.17,
-1.1; HRMS (EI) m/z calcd for C20H260,SSi (M+H)™: 358.1423, found: 358.1422.

4-(Trimethylsilyl)-6,7,8,8a-tetrahydro-2 H-naphtho[1,8-bc]furan-2-one: 69

To a solution of (£)-35b (10 mg, 0.05 mmol) in THF (1 mL) were added 36E' (5.3 mg, 0.075 mmol), PPh3 (20
mg, 0.08 mmol) and DEAD (2.2 M in toluene, 30 pL, 0.07 mmol) at room temperature. The reaction mixture was
stirred at same temperature for 1 h. The mixture was concentrated under reduced pressure. The residue was purified
by column chromatography (EtOAc/n-hexane 1:4) to give (£)-37bE (8.2 mg, 66%) as a coloeless oil. (+)-37bE
was dissolved in toluene, and the mixture stirred at 100 °C for 2 h. after cooling, the mixture was concentrated
under reduced pressure. The residue was purified by column chromatography (EtOAc/n-hexane 1:4) to give 69
(4.3 mg, 52%) as a colorless oil.

A colorless oil. IR (neat) v 1750cm™!; '"H NMR (500 MHz, CDCl;) 6 7.83 (s, 1H), 7.51 (s, 1H), 5.22 (dd, 1H, J =
5.0, 11.5 Hz), 3.02 (ddd, 1H, J= 1.0, 8.0, 18.0 Hz), 2.75 (td, 1H, J = 8.5, 18.0 Hz), 2.54-2.48 (m, 1H), 2.24-2.17
(m, 1H), 2.00-1.90 (m, 1H), 1.57-1.35 (m, 1H), 0.29 (s, 9H); 3C NMR (125 MHz, CDCl3) 6 171.2, 150.2, 143.5,
137.2,13.4,127.8,124.1,78.4,27.6,24.8, 19.8,-0.9; HRMS (EI) m/z calcd for C14H130,Si (M)*: 246.3810, found:
246.3810.

(E)-3-(2-(Trimethylsilyl)vinyl)cyclohex-2-en-1-yl but-2-ynoate: 37bF

To a solution of (£)-35b (10 mg, 0.05 mmol) in THF (1 mL) were added 36F' (6.3 mg, 0.075 mmol), PPhs (20
mg, 0.08 mmol) and DEAD (2.2 M in toluene, 30 pL, 0.07 mmol) at room temperature. The reaction mixture was
stirred at same temperature for 1 h. The mixture was concentrated under reduced pressure. The residue was purified
by column chromatography (EtOAc/n-hexane 1:4) to give (+)-37bF (14 mg, 79%) as a colorless oil.

A colorless oil. IR (neat) v 1780 cm™!; '"H NMR (400 MHz, CDCl3) 6 6.51 (d, 1H, J=19.0 Hz), 5.88 (d, 1H, 19.0
Hz), 5.79 (s, 1H), 5.48-5.45 (m, 1H, 2.30-2.06 (m, 2H), 1.93-1.54 (m, 4H), 0.08 (s, 9H); '*C NMR (100 MHz,
CDCL) 6 155.9, 145.8, 142.5, 129.8, 125.8, 87.3, 72.3, 70.9, 28.3, 23.9, 18.8, 7.0. -1.2; HRMS (EI) m/z calcd for
Ci5H220,8i (M)™: 262.1389, found:262.1388.
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One-pot DKR/IMDA of (+)-49b and (+)-49c with 36B (Scheme 25)

(2aR,2a'S,3S,45,8aR)-3-(phenylsulfonyl)-4-(trimethylsilyl)-2a,2a',3,4,6,7,8,8a-octahydro-2 H-naphtho[1,8-
bc]furan-2-one: 38bB

38bB (27 mg, 70% yield, >99% ee) was obtained by Method II from (£)-49b (20 mg, 0.10 mmol) and 36B (88mg,
0.30 mmol). Its optical purity was determined by HPLC analysis at 20 °C using a CHRALPAK AD-3 column (n-
hexane/2-propanol = 90:10, 1.0 mL/min, retention time 17.3 (R), 26.2 min (S)). [«]3? =39.9 (¢ 1.0, CHCl;)

(2aR,2a'S,3S,4S5,8aR)-4-(tert-butyldimethylsilyl)-3-(phenylsulfonyl)-2a,2a',3,4,6,7,8,8a-octahydro-2H-
naphtho[1,8-bc|furan-2-one: 38cB

38cB (26 mg, 60% yield, 99% ee) was obtained by Method II from (+)-49¢ (24 mg, 0.10 mmol) and 36B (88mg,
0.30 mmol). Its optical purity was determined by HPLC analysis at 20 °C using a CHRALPAK AD-3 column
(hexanes/2-propanol = 90:10, 1.0 mL/min, retention time 13.3 (R), 15.6 min (3)).

A colorless solid. M.p.113-117 °C; [a]3? = 42.9 (¢ 1.0, CHCI;); IR (neat) v 1791 cm’'; 'H NMR (500 MHz,
CDCls) 6 7.97-7.95 (m, 2H), 7.70-7.66 (m, 1H), 7.59 (t, 2H, J = 8.0 Hz), 5.43 (dd, 1H, J=2.0, 5.0 Hz), 4.72 (ddd,
1H, J=4.0, 8.5, 13.0 Hz), 3.89 (d, 1H, J = 3.0 Hz), 3.86-3.81 (m, 1H), 2.69 (dd, 1H, J= 3.0, 7.0 Hz), 2.62 (dd,
1H, J=3.0, 14.0 Hz), 2.36-2.23 (m, 2H), 1.96-1.91 (m, 1H), 1.89-1.81 (m, 1H), 1.75-1.60 (m, 1H), 1.37-1.27 (m,
1H), 0.85 (s, 9H), -0.11 (s, 3H), -0.18 (s, 3H); 3*C NMR (125 MHz, CDCl;) ¢ 171.8, 139.3, 135.9, 134.4, 129.6,
128.8, 121.1, 77.9, 59.1, 41.9, 35.9, 27.2, 27.1, 26.6, 23.9, 19.4, 17.8, -6.62, -6.66; HRMS (CI) m/z calcd for
C23H33048Si (M+H)": 433.1869, found: 433.1873.
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B

Cartesian coordinates of DFT calculation
All calculations were performed using the Gaussian 09 program package and optimized by DFT

[B3LYP/6-31G*].

35a
SCF Done: E(RB3LYP) =-387.258360238 A.U.
Sum of electronic and zero-point Energies = -387.073941 A.U.

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 -0.595454 1.824292 0.258822
2 6 0 0.782888 1.255908  -0.113214
3 6 0 0.876362  -0.243741 0.093159
4 6 0 -0.228844  -0.987753 0.296966
5 6 0 -1.641408  -0.456904 0.331900
6 6 0 -1.725923 0.940716  -0.277575
7 1 0 1.010594 1.482333  -1.165851
8 1 0 1.562801 1.757504 0.474099
9 1 0 -0.676549 1.894114 1.352738
10 1 0 -0.693270 2.846040  -0.126332
11 1 0 -1.978851  -0.407858 1.384099
12 1 0 -1.641268 0.835696  -1.366983
13 1 0 -2.709881 1.374929  -0.068747
14 1 0 -0.120597  -2.063764 0.447646
15 8 0 -2.536548  -1.296077  -0.408189
16 1 0 -2.533080  -2.172286 0.008172
17 6 0 2.190026  -0.892809 0.044110
18 1 0 2.178557  -1.971730 0.202362

63



19
20
21

3.366923
4.290635
3.455880

-0.292882
-0.863180
0.775847

-0.185233
-0.211901
-0.357400

49a

SCF Done: E(RB3LYP) =-387.250536498 A.U.

Sum of electronic and zero-point Energies = -387.066704 A.U.

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 -0.316589  -1.155857  -0.530878
2 6 0 0.559959  -0.036274 0.082055
3 6 0 -0.215261 1.269131 0.165856
4 6 0 -1.541341 1.362092 0.010215
5 6 0 -2.437892 0.182658  -0.272375
6 6 0 -1.738950  -1.147516 0.040550
7 1 0 -0.367768  -1.019888  -1.620314
8 1 0 0.184622  -2.111499  -0.344780
9 1 0 -3.367367 0.277376 0.305110
10 1 0 -2.745585 0.205456  -1.330376
11 1 0 -1.693588  -1.290469 1.129538
12 1 0 -2.318020  -1.988264  -0.358822
13 8 0 0.990371  -0.410622 1.404461
14 1 0 0.259337  -0.203153 2.005683
15 6 0 1.801928 0.160784  -0.760278
16 1 0 1.604187 0.371904  -1.810933
17 6 0 3.053927 0.099687  -0.310385
18 1 0 3.266936  -0.108933 0.732607
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19 1 0 3.898900  0.252589  -0.976470

20 1 0 2017662 2338993 0.090845

21 1 0 0378351  2.152638  0.393657
(2)-53a

SCF Done: E(RB3LYP) =-387.256210713 A.U.

Sum of electronic and zero-point Energies = -387.071410 A.U.

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 0.947700  -1.305612 0.333046
2 6 0 0.411671 1.135802 0.066565
3 6 0 1.724310 1.428435 0.102472
4 6 0 2.811265 0.385262 0.075588
5 6 0 2.275083  -0.983097  -0.371571
6 1 0 1.129727  -1.356081 1.417814
7 1 0 0.574729  -2.290259 0.029759
8 1 0 3.625134 0.712389  -0.586153
9 1 0 3.263709 0.304953 1.077685
10 1 0 2.110481  -0.968413  -1.457054
11 1 0 3.014602  -1.767185  -0.169920
12 1 0 2.034981 2.471293 0.145203
13 1 0 -0.307504 1.951152 0.055035
14 6 0 -0.097792  -0.238667 0.060942
15 6 0 -1.387081  -0.572166  -0.145457
16 1 0 -1.662570  -1.626316  -0.124381
17 6 0 -2.542972 0.338166  -0.430190
18 1 0 -2.814291 0.258220  -1.498452
19 1 0 -2.288764 1.391774  -0.244201
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20 8 0 -3.638955  -0.078182 0.388420
21 1 0 -4.421707 0.415190 0.098935
(E)-53a
SCF Done: E(RB3LYP) =-387.255843269 A.U.
Sum of electronic and zero-point Energies = -387.070890 A.U.
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 0.207182  -0.899969 0.539395
2 6 0 1.021974 1.393403  -0.149567
3 6 0 2.291242 0.950891  -0.185227
4 6 0 2.659425  -0.496386 0.016322
5 6 0 1.449799  -1.416626  -0.204422
6 1 0 0.403056  -0.935482 1.623068
7 1 0 -0.647379  -1.551954 0.340873
8 1 0 3.477246  -0.771296  -0.663520
9 1 0 3.062102  -0.637857 1.032975
10 1 0 1.226725  -1.462010  -1.278174
11 1 0 1.682642  -2.438456 0.118119
12 1 0 3.098498 1.655457  -0.378485
13 1 0 0.810121 2445198  -0.336923
14 6 0 -0.121700 0.529774 0.148710
15 6 0 -1.378533 1.014352 0.099195
16 1 0 -1.521246 2.054074  -0.191989
17 6 0 -2.620872 0.217736 0.389638
18 1 0 -3.470468 0.903363 0.527232
19 1 0 -2.503344  -0.344245 1.330355
20 8 0 -2.874230  -0.686161  -0.697021
21 1 0 -3.675213  -1.186554  -0.471634
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35b

SCF Done: E(RB3LYP) =-795.938006018 A.U.

Sum of electronic and zero-point Energies = -795.651341 A.U.

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 3.046420 1.786029  -0.214288
2 6 0 1.568072 1.497936 0.091356
3 6 0 1.186632 0.050899  -0.152526
4 6 0 2.130372  -0.894865  -0.335362
5 6 0 3.620495  -0.655491  -0.307864
6 6 0 3.955769 0.685485 0.340924
7 1 0 1.345766 1.750585 1.139141
8 1 0 0.928568 2.153610  -0.513473
9 1 0 3.185426 1.857456  -1.302312
10 1 0 3.329023 2.760826 0.200081
11 1 0 4.000935  -0.653897  -1.346477
12 1 0 3.806686 0.579657 1.423296
13 1 0 5.014172 0.918421 0.180091
14 1 0 1.816638  -1.925227  -0.514848
15 8 0 4301912 -1.670383 0.439306
16 1 0 4.142049  -2.519896  -0.001042
17 6 0 -0.230696  -0.329648  -0.164186
18 1 0 -0.406299  -1.390695  -0.351795
19 6 0 -1.291028 0.479598 0.041020
20 1 0 -1.089237 1.536897 0.231468
21 14 0 -3.089053  -0.061416 0.036549
22 6 0 -3.863837 0.331769 1.722202
23 1 0 -4.927986 0.065088 1.739682
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24
25
26
27
28
29
30
31
32
33
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-3.367561
-3.788197
-3.216467
-4.266341
-2.789356
-2.699019
-4.027094
-5.091204
-3.960764
-3.623685

-0.221980
1.399919
-1.920516
-2.238246
-2.188615
-2.509968
0.895395
0.627982
1.978553
0.682872

2.527790
1.959815
-0.301946
-0.306301
-1.275587
0.464180
-1.305791
-1.311986
-1.146303
-2.302796

49b

SCF Done: E(RB3LYP) =-795.929980259 A.U.

Sum of electronic and zero-point Energies = -795.644049 A.U.

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 -2.199138  -1.090850  -0.617337
2 6 0 -1.426602  -0.158866 0.348431
3 6 0 -2.116902 1.191274 0.458991
4 6 0 -3.360112 1.432158 0.025648
5 6 0 -4.237083 0.395261  -0.630415
6 6 0 -3.713065  -1.027165  -0.387273
7 1 0 -1.982088  -0.796810  -1.653747
8 1 0 -1.816544  -2.107488  -0.478974
9 1 0 -5.267471 0.496861  -0.263685
10 1 0 -4.289645 0.596610  -1.712666
11 1 0 -3.936370  -1.328974 0.645840
12 1 0 -4.230334  -1.742148  -1.037633
13 8 0 -1.347933  -0.753726 1.656775
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14 1 0 2.183520  -0.555390  2.105535
15 6 0 -0.008686  0.033502  -0.154795
16 1 0 0.040642 0401317  -1.180875
17 6 0 1.110181  -0.201749  0.543620
18 1 0 0.971393  -0.566711  1.563194
19 1 0 -3.780287  2.430213  0.148634
20 1 0 -1.541058  1.974074  0.949465
21 14 0 2.858454  0.037873  -0.095908
22 6 0 3755973 1.302330  0.996317
23 1 0 4797788 1433762 0.678173
24 1 0 3267851  2.283169  0.953486
25 1 0 3.768965  0.985768  2.046347
26 6 0 3.785822  -1.614173  -0.013137
27 1 0 3.798388  -2.014337  1.007957
28 1 0 3314747 2366895  -0.656234
29 1 0 4.828183  -1.502904 -0.337116
30 6 0 2.828839  0.657451  -1.886207
31 1 0 2307321  1.617824  -1.976407
32 1 0 3.849414  0.802549 -2.261073
33 1 0 2332360  -0.055937  -2.554775

(2)-53b

SCF Done: E(RB3LYP) =-795.928219063 A.U.

Sum of electronic and zero-point Energies =-795.641931 A.U.

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 6 0 2.462695 -0.918584 0.959020
2 6 0 1.771162 0.786306  -0.762848
3 6 0 3.015734 1.299532  -0.760689
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
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4.165905
3.870891
2.425990
2.254178
5.080859
4.374832
3.938772
4.622532
3.220938
1.004812
1.395396
0.189692
0.022539
-1.013237
-0.716177
-1.608212
-2.392307
-2.287209
-1.637648
-2.324552
-0.660174
-1.524698
-2.586100
-3.398282
-2.862301
-1.690084
-3.916381
-4.658203
-3.783256
-4.357460

0.679146
-0.782370
-0.337345
-1.960026

0.742801

1.265189
-1.402534
-1.157262

2.198333

1.273904
-0.400396
-1.004675
-1.890586
-0.602847

0.031686
-1.829714
-1.579820

0.350098

2.090580

2.635021

2.053775

2.681831
-0.603231
-0.151163
-1.643529
-0.614602

0.470951

1.050080

0.970365
-0.516258

-0.010599
0.359917
1.893980
1.229977

-0.615335
0.899669

-0.543388
1.064942

-1.340111

-1.359809
0.009302

-0.064898
0.548219

-0.859879

-1.709932

-1.357692

-1.870743
0.238747
0.605489
1.265093
1.099498

-0.311386
1.843809

2.425961
1.636644

2.474423

-0.732305

-0.168656

-1.700308

-0.917558
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(E)-53b

SCF Done: E(RB3LYP) =-795.929405602 A.U.

Sum of electronic and zero-point Energies = -795.643091 A.U.

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 -1.820802 0.804535  -0.738057
2 6 0 -2.410076  -1.037241 0.884929
3 6 0 -3.668488  -0.574366 0.986563
4 6 0 -4.188965 0.564271 0.147607
5 6 0 -3.316518 0.780885  -1.097085
6 1 0 -1.623272 1.680828  -0.101529
7 1 0 -1.219705 0.944221  -1.643788
8 1 0 -5.227859 0.366256  -0.149087
9 1 0 -4.226030 1.487046 0.750160
10 1 0 -3.499168  -0.037018  -1.806208
11 1 0 -3.595171 1.712828  -1.603545
12 1 0 -4.355563  -1.040138 1.690819
13 1 0 -2.097739  -1.885394 1.492747
14 6 0 -1.399718  -0.453808  -0.000728
15 6 0 -0.177933  -1.023786  -0.093328
16 1 0 0.011965  -1.924621 0.491220
17 6 0 1.006401  -0.558313  -0.874970
18 1 0 0.687936 0.125342  -1.679297
19 8 0 1.623651  -1.738242  -1.451163
20 1 0 2.398281  -1.440528  -1.953033
21 14 0 2.275211 0.352874 0.265158
22 6 0 3.845371 0.671206  -0.757860
23 1 0 4.586455 1.220845  -0.164465
24 1 0 4326617 -0.260382  -1.081480
25 1 0 3.635945 1.271318  -1.652240
26 6 0 1.553968 2.005921 0.841556
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30
31
32
33
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1.318171
0.632329
2.262937
2.702949
3.022713
3.518710
1.843146

2.662795

1.855347

2.540199
-0.744171
-1.738102
-0.309771
-0.876161

-0.004440
1.415160
1.485871
1.743824
1.410927
2.334334
2.410266
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