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AAA
Ac
(R,R)-ANDEN-phenyl Trost ligand

Ar

BARF
(S)-BINOL
Bn

Boc

i-Bu

n-Bu

s-Bu

t-Bu

Bz

18-C-6

cod

Cp
CTH-(R)-3,5-xylyl-PHNEPHOS

Cy
(R,R)-DACH-phenyl Trost ligand

dba

DBU
DCE
DEAD
DFT
DIBAL-H
(+)-DIOP

DMAP
DME

asymmetric allylic alkylation

acetyl
(+)-(11R,12R)bis[2'-(diphenylphosphino)benzamido]-9,1
0-dihydro-9,10-ethanoanthracene

aryl
(tetrakis[3,5-bis(trifluoromethyl)phenyl])borate
(S)-(-)-1,1"-bi-2-naphthol

benzyl

tert-butoxycarbonyl

isobutyl

normal butyl

secondary butyl

tertiary butyl

benzoyl

18-crown-6

cyclooctadiene

cyclopentadienyl
(R)-(-)-4,12-bis(di(3,5-xylyl)phosphino)-[2,2]-paracyclo
phane

cyclohexyl
(1R,2R)-(+)-1,2-diaminocyclohexane-N, N'-bis(2-
diphenylphosphinobenzoyl)

dibenzylidenacetone
1,8-diazabicyclo[5.4.0Jundec-7-ene
1,2-dichloroethane

diethyl azodicarboxylate

density functional theory

diisobutylaluminum hydride
(+)-O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylpho
sphino)-butane

4-(dimethylamino)pyridine

1,2-dimethoxyethane
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DMF
DMP
DMSO
dppb
dppe
dppf
dppm
dppp
dr
dtbpy
(R,R)-Me-DUPHOS
EDG
ee

El

€q

€q

ESI

Et
EWG
fod

cHex
HFIP
HMPA
HPLC
HWE

LDA

LHMDS

Ln

M

m

Me

MEAZ

MOM
(R)-MonoPhos

N,N-dimethylformamide

Dess—Martin periodinane

dimethyl sulfoxide
1,4-bis(diphenylphosphino)butane
1,2-bis(diphenylphosphino)ethane
1,1’-bis(diphenylphosphino)ferrocene
bis(diphenylphosphino)methane
1,3-bis(diphenylphosphino)propane
diastereomeric ratio

4,4’ -di-tert-butylbipyridine
(-)-1,2-bis[(2R,5R)-2,5-dimethylphospholano]benzene
electron-donating group

enantiomeric excess

electron ionization

equivalent

equation

electrospray ionization

ethyl

electron-withdrawing group
6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedionato
hour

cyclohexyl
1,1,1,,3,3,3-hexafluoroisopropanol
hexamethylphosphoric triamide

high performance liquid chromatography
Horner-Wadsworth-Emmons reaction
ligand

lithium diisopropylamide

lithium hexamethyldisilazide

lanthanide

mol/L

meta

methyl

methyl 2-oxaazetidine-4-carboxylate
methoxymethyl
(R)-(-)-(3,5-dioxa-4-phosphacycloheptal2,1-a;3,4-aldina
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(S)-MOP

Ms

MS 4A

MTPA
(S)-(-)-9-NapBN

(S)-(+)-NMDPP
NMO

NMR

NOE

n.r.

0

p
(S)-(+)-9-PBN

Ph
(S)-PHOX

(S)-t-Bu-PHOX

PIFA

pin

Piv

PMB
(R)-(S)-PPFA

i-Pr

py
(R,R)-i-Pr-pybox
quant.

R

rt

S

(S)-sbP

phthalen-4-yl)dimethylamine
(S)-(-)-2-diphenylphosphino-2'-methoxy-1,1'-binaphthyl
methanesulfonyl

molecular sieves, 4A
a-methoxy-a-(trifluoromethyl)phenylacetic acid
(1S,2R,5S,6R)-2,6-dimethyl-9-(1-naphthyl)-9-phosphabic
yclo-[3.3.1]nonane
(S)-(+)-neomenthyldiphenylphosphine
N-methylmorpholine N-oxide

nuclear magnetic resonance

nuclear overhauser effect

no reaction

ortho

para
(1S,2R,5S,6R)-2,6-dimethyl-9-phenyl-9-phosphabicyclo[
3.3.1]-nonane

phenyl
(4S)-(-)-4,5-dihydro-2-[2'-(diphenylphosphino)phenyl]-4
-isopropyloxazole
(S)-4-tert-butyl-2-[2-(diphenylphosphino)phenyl]-2-
oxazoline

phenyliodine bis(trifluoroacetate)

pinacolato

pivaloyl

para-methoxybenzyl
(R)-N,N-dimethyl-1-[(S)-2-(diphenylphosphino)ferroceny
[lethylamine

isopropyl

pyridine
(+)-2,6-bis[(4R)-4-isopropyl-2-oxazolin-2-yl]pyridine
quantitative yield

rectus

room temperature

sinister
(S)-(-)-7,7-bis(diphenylphosphino)-2,2',3,3'-tetrahydro-1
,1'-spirobiindane

-7-



SEM
SES
(R)-ShiP

(R)-SIPHOS

SM
Sul
Su2
(S,S)-TADDOL

TBAF
TBD
TBS
temp.
Tf
TFA
TFAA
TFE
THF
TLC
TMEDA
TMP
TMS
o-tol
Tr

Ts

uv
XPhos

2-(trimethylsilyl)ethoxymethyl
2-[(trimethylsilyl)ethyl]sulfonyl
(11aR)-(+)-10,11,12,13-tetrahydrodiindeno[7,1-de:1°,7’-f
g][1.3.2]-dioxaphosphocin-5-phenoxy
(11aR)-(+)-10,11,12,13-tetrahydrodiindeno[7,1-de:1°,7’-f
g][1.3.2]-dioxaphosphocin-5-dimethylamine

starting material

unimolecular nucleophilic substitution

bimolecular nucleophilic substitution
(4S,55)-(+)-2,2-dimethyl- o, o, &, o *-tetraphenyl-1,3-dioxo
lane-4,5-dimethanol

tetrabutylammonium fluoride
1,5,7-triazabicyclo[4.4.0]dec-5-ene
tert-butyldimethylsilyl

temperature

trifluoromethanesulfonyl

trifluoroacetic acid

trifluoroacetic anhydride

2,2,2-trifluoroethanol

tetrahydrofuran

thin layer chromatography

N,N,N’,N -tetramethylethylenediamine
2,2,6,6-tetramethylpiperidine

trimethylsilyl

ortho-tolyl

triphenylmethyl

para-toluenesulfonyl

ultraviolet
2-dicyclohexylphosphino-2',4’,6'-triisopropylbiphenyl
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AR BEBEHITAEMIEE AR T 5 KR, EEMLS R 5N 8% TH Y (Figure 1-1),
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Figure 1-1. Biologically active natural products and pharmaceuticals containing spirocycles
MeO
i'ﬂ NH HN
o
‘ MeO

)

H

stepharine spirotryprostatin A spironolactone

Scheme 1-1. Synthetic routes to crinine alkaloids and apogalanthamine analogs
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FTH, At rY 7Yoo VHITEREF OSBRIV T b EEZEAWRED
—OTH Y., ZOMRNEIEORFE IR LN TEE 2 BEE TICHE STV Hik
ERAITT D

1-1 BIFETH = 7 FaRSE A O B IR

AvmvruntoT ) VR 52 HARNLFIETHY | IRFEEME RS R Rk
EMOEHITFITA SN TS, k6 BIETl 3 vERREL by EmEN WY =/
—WVEOBALSOSIZE D A {bEM 2GR 2 IEIFF BTV 22y, 2005 4i2E D
IZ X > T mCPBA & LR (LA & LT %5 2 & T Al o7l = 7 FlERIc L v |
COFABEEEY A n T 7 b UBEROMENTTRETH 5 Z & NH S 7-(Scheme 1-2)%,
FEEICIT, BRI T U FERERIIRFTCMCPBAICL Y I— KT L—r 3 bEans 2 L T
BT D720, REZ TORT 0BT, o3 E, wEEE LT222-8U 7
axTH ) —VEHAWD Z LT, MR E VWIS T, C-N MR EEY A Y
1774 NREMET S5 LI L P S 61T, IRl S LT, B bkEE b Y T
NA O FEBREKRYNGETLZER (MY 7rdaTeFu) ~udxy ReEHWTRIR T
JEZATH Z & T, 7 nt 2% C-C ARG E TR Lz ¥,

Scheme 1-2. Hypervalent-iodine(III)-catalyzed spirolactonization with
m-chloroperbenzoic acid as a cooxidant

OH
PP et L
CF3CO5H (1 eq)
CH,ClI, (0.3 M) Me o
Me COH %f@?
@]
Rl = 7 FAEIIEBETH D, FRREMEIC TS ZEATIE D Lo 7Rl
AR, X I ARMEE W EARFS b HE SIVRDTWD, — 5T, SNE7 =
J= VS OFN N LI ARTAUS, IARFE T RE B FaexodE B
HMEDOEBREZ b OB FEFOBFEER X N RKEEET L Z LIk ETT o0
(Scheme 1-3), 7 = / —/L(pKa~10) & DILAFMEN S 71 b AU L0 REEMEZ G 5 M
DEWEISHIZ WD Z LR TERNE NI HIRNRH 5,
Scheme 1-3. Mechanism of hypervalent-iodine(IlI)-catalyzed spirocyclization

Ph

i
OH O” COCOCF, o
~
PIFA
N € \
Y TFA | Y7 7\ Phl, TFA Y~ X
\___XH \__XH
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1-2 BFNA TV T HNEBILE

DFRNT PANERABIRE, R OETIZZEND A0 PLEAHES L FERO—
SLLTHHENTWS % FFEICEIAE Ry 7 a~sxh Yz ) VOARICE LTI
1967 4 Hey HIC k> THID THENZR SN 2, TN UABEROIE IS 28 Lz
FIHBRLIND0, ZORISOEKIIA AL ENERD LTV RN o T, TARH,
2005 4EIZ Curran Bl p-7ax o7 UV — VKR TEBRINTTE T I REUNR XTI R
BB L LT PN BORIZ K0 . EMIEE AT 2B E I IV TR R A &
RAHAAEOAXR A F—= L KRR Y FeXx /o285 L. ZOFREOSKNE
Mt Z R LT, 2O FRNT PANEBOSIZB W T, BELLET V=T PHIVDK
SRR L LCTA TV BRILE AV FEBRAEDSBEE T D7, ZOBRMEEZHIET L2 &8, 2
DRI ENFEN D ETHI-OOHTH S, Curran HDFEMETIE, AF A F—L%
RS 2 HEBRIEMBIGE DG, AV NERIKKDRIAEN R oIy, A 7Y BbORE R A
C7e T VANHRIES-7 7 7 A Mb (F72138b) CX VAR E 525720, Th
FERILRLTWT L ax U BHREAZRIRT 52 LT 7Y RILKZELL THTWD
(scheme 1-4)*,

Scheme 1-4. Approach to spirocyclohexadienones through radical ipso-cyclization

ortho
Et3B air lpso OX|dat|on or
CE n (TMS),;SiH S° hn " oyclization ﬂfragmentatlon

n=0,1

n=0,R=TBS 13%
n=0,R=Tr 43%
n=1,R=Tr 65%

% 7= Nanni, Spagnolo BlE, p-7axvEORDLVIC, KVARBES L p-T ¥ REEFF
BEHAW, A =0 DEONKGRERD Z LT, ;®$%%i0%$%@%@kb

Tn5 ",

FWNA T TOINBERIEIC L DA R Y 7 aadHhPx ) VEBROBERKE T, S

BEROEKRLIER SN TWD, LL, IFF 707 Lewis fE 4 HV = 0 F A 3R A 72

TV ANEACBOSISAIREIC I o T2 LTV 2, ZOREE D72 < AR ARF BUS~0 &

FIEGL G A AN

-11 -



1-3 5FNA 7V o BALRS

2003 412 Fanghanel o3, /K1F(E F. bis(4-methoxybenzylthio)acetylene % —ifk. = v # T
WET 5 & BIfE L2 IH2-R ) FAE T VARIDLEH TIER L, Ay 7 angdyy
T MRS EROVE RuT A T = VN FEARM E 2D Z L B R LT %, Larock H1XZ 0
KEAIBACSUS OB A OILRZ B L TR 21TV, B, KEFHIoMEEIC LY
RESET R D DD, B4 72 4-(p-methoxyaryl)-1-alkynes (2O T, -78 C &\ 9 FEF IS
FARIZR G T, A B LEAIEREL S50 5 2 & 28 LTV % (Scheme 1-5)%,

Scheme 1-5. Electrophilic ipso-halocyclizaion of 4-(p-methoxyaryl)-1-alkynes
I

TKN/\xx\ LN | | \
TN

Ph Ph
ICI (2 eq) Ph .
CH,ClI, (0.075 M)
-78°C, 0.5 h
OMe OMe ')
0% (48%) 88% (46%)

* Values in parentheses indicate the yield of
the reaction conducted at room temperature.

FOGHEREIX, REFRI TR T A EHREOT VX U EOMBEERICL Y AL
3— R=y LHER, BETEERBEEFEROA T NN THEL TA Y ERIHE
HEN, HBICRPICHEET DREANIC LY O-CH AN U SN 5 Z & TRHIDILEY
EH2LHEHHENS, 3— =0 AFEEKRICE 2 FHFER~ORE R EOBRIT, 5T
NT D RNVERALIIS &Rk, A 7Y NE~DE L F v ME~OE (B, A 7Y i~
DB L ZHUTHE< L2-4507) BBEET 20, ER TRIGEIT) &, AV NRBEOFERAER
THYE Rux /) U RKOBENRHZ 5 Z 80, A P M~OBEITEERNICHR] T
LN D, o, EFE LITEFRGIENRRNE | AV MESOBEMEESNL D,
ZD XTI TNA T aBALBUGIE, AV FEEBICH LA Y KB A B S S
MRKEL 72D b DD, ARy und Y Ix ) R ERET DR TR E 25
RMEZMOTND, LirL, 0L ZAMERITDR, RERERICE LTV D,

A T BUS & FRIERIC, BFHFERDOREFF LI > TEFNINDS Z & TA
vy ruantthox ) VA2 DRI E LT, BRI XA EF/ERST Y TR NT
I ROBMUKIGS, ML= AT NI T FAT RS AR TFa A X AR
VIR L LT p-k XL 7 2R FAS o AF L LADOTFEAE R Y ) VEAD
RS " T D,
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1-4 7 L= T =0 ASEERO G EFEAL

T L RSERITABARICBVTAS AN LN TV DR, 7 L— LT =7 A(1D)
FERICBILTE 9 & TOEMAIAMMEZH O NI TWRWERS A, 1999 41
Pigge HiZ. N-_XUIATE RTE M7 FOLINERRIGONL - T L—2 LT =7 4
(IEEARIT S L THEAER S ®5 &, AR 7 aadH oo = LT = AR
BT DL AW L B SRS U I ARSI U A RET ) T — kv, TV
T =0 L EOFERIEAIC KL REFRIRMEE 2 T BRI L, NLE &K ONLAZERET
R FNREMNNEIGEZEZ L, ZHUCHENT N7 v 74l (WY AFN) 12k 7
—FDO—TNHIMBNETTHZETHEONIEZEX NS, ZOREFICEAL T, £E
BRIZECDS I EEGRIICARI TH D Z LITMA T, 27+ A—3 3 CORIKIT K0 KA
BOGAERA BT ) FHNC b AR TH D72, 0 FWNE BRI EWOS OB EIEE Z 572
W, ooy 7 a7 =g AR D, LSRN KV B bRy T
=L ERS & ANV NETIIANTMICA XV EEROLA, Avr Y otk
VE)UERBWVNETEZ S, BIKELT, AT =T AERONEICLY ., BEERILR
EERK SN 2 &1T 7 % (Scheme 1-6)%,

Scheme 1-6. Ru-mediated dearomatization leading to spirocyclohexadienones

0 o}
N [(MeCN)3RuCp][PFq] N
| CICH,CH,CI |
MeO O 60°C,24h MeOg / O
RuCp

©PFg 90-95%

0O

0
MeO
1. K,COj3 (1.2 eq), DMSO, rt, 12 h N \__ CuCl (2 eq) MeO\
2. KO'Bu (2.4 eq), 18-C-6 (2.4 &q) K EtOH N—
rt. 5h MeO rt, 30 min
3. MeySOy, rt, 12 h RuCp o
67% 99%

BIEE LT, NRUUA-BT I RARARF— R ZHIBEA & U CEgiR ey N B & iR
MBS HWE BOSEAT D . £720E N-XU Db-g, R8T 2 R & RiBkA L LT
Morita—Baylis—Hillman IO G%E1TH Z &LV, Y7 undHh oo =7 =7 A(IDE
KEARTHH b EE STV % Z 0~ HOKEOHEWEIIRS AT TR H
BALEMTHY ., TRETHD -7 L— T =7 AR RO 7 oaFH oo =)L)l
T=ULADEEA L HIZER, BRUCLE T, WMOVRWBEL TH D, RISEIEDTEMTH
LI DERE L ENTERAULEME SR TE, T RER T — /W bl fTRE7e i C
HD, LLEMRNT =0 L BmEAVDIMNERS D70, LT =7 LAOFHRAEN
MENLSNDZ EDNEEND,
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15 Cufific X257 R-F7 1V —L7 2 ROl

T RETFELICE - T, BEFHEK T, Cu OB XV a7 ¥ K-N-T U —1L T
IR LTVRE R Y Y undHTx ) L EAART B TIENRE S (Scheme 1-7)°, 9
FEENOERS T OMBEZ > TA 2 —HI(DEARDTZR S, ZAUTEESR D3NS
L2 LI Ko T F TSR L 72D, 2D TR BURISHT D4/ F =
Ty arRIGEREI L, Kt T C=O BN SN D Z & T, YA 7 Vssei§
LHElbiz, BOERMEZ 525 EZ2 005, THETRMN L TEZFIETIE, EE
ELTT7 =/ BB ERELTHDLOMFEAETH- N, ZORIETIZ ST
MRREREEZMLEL LRV, A I —Hl()#EARD C—C faE., 7I FE£ LT Y —L
KA IVERE~OBE), AL 7 4 CEREICHT A/ Fa T b= a VRIS E
B2V 9 DEIBUENRE L, DN EEOMENFIKI SN D Z & KO C—NFEATERICIRD
N5 ENRRKTHD,

Scheme 1-7. Synthesis of azaspirocyclohexadienones by Cu-catalyzed oxygenation of
a-azido-N-arylamides o

A AN N

PW)\W/\MG DMF, 80 °C, 4 h MP%}/

"Me

@] under O, (1 atm)
7%

ZIZET, AvaYZa~nd U ) VEOBRNRGERIEERN L CE R, b
O FETEAREARA~ORERNRETH Y . F 7V 7BIR = ORI E VTl
WA DT TEE SN TWA T Th 5 (Scheme 1-8)"°, Z D X 5 At 0T, Mg
Tl BB E S LICHFATRERFHO A r 7 mAad U o ) U BHEA R
LD EZRETZ & L LT,

Scheme 1-8. Examples of catalytic asymmetric synthesis of spirocyclohexadienones

OH CcoOoOH Precursor (10 mol%) o)
mCPBA (1.3 eq) @)

)2 >
SO G &

83 %, 87% ee

Precursor

OH COOH Precat. (5 mol%) (0]

o) | o)
CPBA (1.2 eq) O
2 m
) HFIP (50 eq) _ Mes)LH/\(O@/O\E/\HJLMeS
. CH,Cl,, -20°C, 18 h . =
Br 88 %, 98% ee Br Precat.

\
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2-1

7 = ) —VHEIL, BRARMBC X DT VAT VR IEISICEB W T, RIS EE S
REEHIE LCRIAEND Mo, EREAIE LB FIH Mo, Ru fillitz v iz & on3 i
INTRDS B AN ST B (Scheme 2-1)2, 72, B2 T U LRLOE A TIEARW S, Pd filillt
ZHNT O-7 Uk & i< Claisen 502 24TV, KiRAIZ C-77 VU BIRZHE TV D
15173 & % (Scheme 2-2)*,

Scheme 2-1. Mo (II)-catalyzed C-allylation of phenols

M
© OH ' [Mo(CO),Br,l,
PhA\)\OAc ! Ph
CH20|2, rt OH

94% (o:p = 12:88)

Scheme 2-2. Pd-catalyzed C-allylation of phenols via O-allylation—Claisen rearrangement sequence

OH NH HN _H
"o H
QL e Eu(fod)s MeO
+
0CO,Me

Pd,(dba);- CHCl; CHCl,, 50 °C \T:::l\OH

CH20|2, rt
OMe
OMe 79%, 97% ee

88%, 97% ee

F7-7x ) VEEBEEMEET, TAXAANT A R EOREFH L RS SE-5E1C
b BE%R E T SN2 SULBHEFTT D 2 & NZW A, 431N ipso-Friedel-Crafts B oD 12 L 0 |
Ay rzant U UEELEIHMLILTV D, T 1957 42 Winstein, Baird 5
Lo TREEN, TOBREZROREICL>TRIHAESND L) 1T oTz, BEFRILELE
IFTHNT VRIS TH D . R ERIZE W THEMEEEZ R LA IC b S
LTV 5 (Scheme 2-3)%,

Scheme 2-3. Synthesis of the cortistatin core

TBSOY
D @ \ Me TBAF, THF o Meo/>
2 (o]
= MK . G
o rt, 5 min then 130 °C, 20 min
e
88%

OMs

cortistatin A
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%A TORGE LTHFREOT Y Y T HIET =/ — VO RAT VLR BRI T 7o)
IVFIAZRET % 437N ipso-Friedel-Crafts ! S\’ IRIC LD A Y 7 kU= ) U8
AR D H1EZ W LTV 5 (Scheme 2-4),

Scheme 2-4. Synthesis of allenyl spiro[4.5]cyclohexadienones via a base-promoted intramolecular

ipso-Friedel-Crafts addition of phenols to propargyl bromides
MeOOC

COOMe COOMe
COOMe KOt-Bu (1.5 eq)
HO % CH,Cl,—t-BuOH (4/1) (0.04 M)
Br rt, 8 h o “
90%

VIS ZEZ[ET S & Pd il 4 FHyy Scheme 2-5. Pd-catalyzed intramolecular ipso-
. . Friedel-Crafts allylic alkylation of phenols
727 = ) —ViBEARD T U VAL IE R ROG

WZBWTHEE OREE & SR Z D) Ji:ﬁ*
WEHEITNHNIE, 7=/ —VIRFELET K/\/

Friedel-Crafts B OIS HEIT L, Hilo 7 - \

= /) —IVDF IV MLRANT AT U v (X X
=v MEFEOREZ AV BAITE, v "

oAU B AR OA Y R RIE o ~_

2N FIREIC 72 B & B 2 5415 (Scheme 2-5),
Tx ) VRRER E LTHRET AR FIEE, BN RAY R Y7 u~Fx YU ) VAR
ECH LR 3 UHERIEE AW D HIEE TIEETORAN RS TH Y . HVIZHE
7R FIEL 701G D, F27 U ANLEBREINIIEF I RIS TH Y . RERIGIC S
JEHEN TN D 7 | AR R F A~ & BB S 5 THEME 2+ IS . R
FAE T AMRRBFFLEEEST S T LI ETHHRRET2ERIANE D, UEOEREKL
(M HFZEE Cl, Pd it 2 N2 7 = — ViR EAR D45 1-N ipso-Friedel—Crafts B 7 U JLAL
TIUXMESC L DA e 7 a~ndh oo ) VOB ERF T2 L L Lz,

22 ZNETOHRT

MIFIEEDOABIL, NTEMRT =/ —VHER la 2HE kbfﬁﬂ&*%@d%ﬁw
PdJi & LT Pd(dba),, BZFELTHRY 7=k A7 40, EEE LT THF 20, 1
eq @ LHMDS Z I3 5 &2 T 0%®W$TE%@xHuﬁM%Qa%%é*t’%%
L 7=(Scheme 2-6), Z#Li% Pd ﬁﬁﬁi%ﬁﬁb\t7 =/ — VD %3+ ipso-Friedel-Crafts 7 7 U
INLT VX MEIE DD RIBI T D, S HIZ, #EEE%E N-h I VI L8, %
FREHDVET VIALICEREZEA L2 EEICBOCHEIRICTHMH NS ST
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Wb, —J, AR LT /N T BT = ) — VB ERICB W T RO SR TR %
1To7=08, REROEARIZARONT., FHBED O-T X LIZI D EIC_EBEKE2E5E2xDH5DH
77 o7,

Scheme 2-6. Intramolecular ipso-Friedel-Crafts allylic alkylation of 1a

Pd(dba), (5 mol%) MeOOC
COOMe PPh; (12 mol%) COOMe
COOMe LHMDS (1.2 eq)
— OCOOMe  THF (0.2 M)
HO t,2h
I" y O \
1a 2a 90%

BV TUFEROIANNL, 7= ) — VDRI A TF NIRRT DAY 1g 2 HE & L
THW, U7 A7 LA BRI RS DORRE 21T > 7o, & DGR BiAr1- & L T(R)-MonoPhos,
BIE L TTE b= U LERHNDZ ET, AIEIPOEY T AT LABRMEICTAE R
BRAbAR 29 21525 Z & 1ZAED LT % (Scheme 2-7),

Scheme 2-7. Diastereoselective spirocyclization

MeOOC

COOMe Pd(dba), (5 mol%) Me COOMe
COOMe (R)-MonoPhos (12 mol%)
HO 7 OCOOMe  CH4CN (0.2 M)
rt, 24 h o -
19 29 96%, dr = 14:1

£lo. ARISTEA—RA— b BBBET DBRICRAET LA P N7 =423, 7=/
— KRR DO 7 v b AT BRI L LT OREIZ +o I RT3 720, RO
MARETHDHZ EZRH L,

LLEo X oiz, YAFRETIZ IR E TIC Pd flllEE AWz 7 =/ — VB8RO N
ipso-Friedel-Crafts 27 U WAL 7 L F /ALKISIZ L W (A B [45]v 7 X o> ) fH%E
BHRANAFD Z LTI L TW D, & 2 TEFIARISORMEO I, EE —RIEOR
FEATV. S DI AR E S~ ERIHT 5 2 2 BRE L THIEICE F LT,

-17 -



W= IR FICB T 5 A B r B S

3-1 SUSHKMHFOFKE L

HED RS DETITITEE OB RE TH D Z N gholizd, 37/ — /i
Bk la €7 VEEE E LTHW, BEIEFE TICBIT D RINETEOR#ELEZITO 2 & & L
77

HIOIZ Pd L& LT 5mol%nd Pd(dba),, L LTy r7mm A& 2, U VBT D
Fist %47 - 7= (Table 3-1),

Table 3-1. Effect of phosphorus ligands
MeOOC

COOMe Pd(dba), (5 mol%) COOMe
COOMe ligand (6 or 12 mol%)
_~_OCOOMe CH,Cl, (0.2 M)
HO
rt, 3h O =
1a 2a
entry ligand (mol%) yield (%)@
1 dppm (6) 33 (84)°
2 dppe (6) 16 bidentate
3 dppp (6) trace ligand
4 dppb (6) n.r.
5 depf(6) 5
6 P(cHex)3 (12) trace
7 PPh3 (12) 94 (1)°
8 P(o-tol); (12) 76 monodentate
9 P(2-furyl)s (12) 95 ligand
10 P(4-CI-CgHy)3 (12) 95
11 P(4-MeO-CgHa)s (12) 30 (93)°
12 P(OPh); (12) 95
4 lsolated yield. 3 o E
b yield in 24 h. 0) _ E
°|so|atedwe|dof'z.L , I = Jo—
(E = COOMe)

CTORER, RN A AW B IS A THERML -2 W 72356 O J7 D ROSHED R
ZENGIoT, THEOT VXNV T Y —)LIR AT 4 2 CliL, dppm 225 dppe. dppp. dppb
L. oDV VRFESET DRFBEHDPE L R DITONT, SUSHEDIR T35 5 37 (entries
1-4), HEDRAT 4 UBNFTlE, BFHEGEOEWINY T IAFILHRAT 4 ThDH MY
I OUANF IR AT 4 o EAWEEAITIRIE E A EREOEIT R S 727> 7= (entry 6)
DIZHF L, R T V=R AT ¢ TIRENWIIEUSELT Lz (entries 7-11), ~FU 7 U —
NRAT 4D TH 4-A XY T 2o VIETEBBENT- R AT 0 L0 EFHLEREDE
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W4-7an 7 2= VHTEB SR AT ¢ B RO ESMED & < (entries 10-11), £
7V ED3ODOBEBENRT Va0 nE A EE L O R 72 =Lk R
77 A FTHERLL AT BRILANE Oz (entry 12)Z &b, BT, =T U ox
TV LDT UNKEZE XV ETFARRIST DRORE WENLF ARG %2 202 K < AT
SEDLEZLND, EMMEBEL., ZhUBEORFIIE M) 7= AR AT 4 &l
NMFELTHWSZ EE L,

Pd il iz K 27 U WAL T VT AL IZ I W TIL, O-7 /b X /UL DB NS S T2 D3,
entry 7 IZB W TSRO AHEIITo72 8 2 A, BREZEBER 223D TN 1% (Hviz
HEHED 3%y Bond0HATHoT, ZIULEF OBIGETHEITT 2R HFEL TN D
HLOD, ZNEVITDNITENNET C-TAFMMENEITL TWD Z L2 ERT 5,

Wiz, Pd JR & LT Pd(dba),, BN &L TChRY 7 o=/LRAT ¢ &, HEICALE
DRI 24T > 72 (Table 3-2), LTSRS KIS RITIE L A LR LN o123, €D
HTOERODEWIREL B2y ran A2 ok imipit s U GERIRTAZ L E LT,

Table 3-2. Solvent effect

MeOOC
COOMe Pd(dbay), (5 mol%) COOMe
COOMe PPh3 (12 mol%)
HO G OCOOMe solvent (0.2 M)
rt,3h o ~
1a 2a

entry solvent yield (%)@
1 CH,Cl, 94

2 CH3CN 90

3 THF 88

a8 |solated yield.
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REIC, B FE LT R T2 R AT 40 WIS LT 7 mu A2 2 nT,
& JE it DFRF 21T - 7= (Table 3-3), Pd filifit & LC. [allylPdCI], & FW 7Bl idsh =R & < I
JEDHETT L7z (entry 2)723, Pd(OAC), TIXBHIDILAMNIE E A E/ LN > T (entry 3),
F 72 Ir filifit & L CIr(cod)Cl], 2 F W T R B a B LIRS B IR N D E E ZBE AT o7, I
fRIET 2 D7 U LT v AR, 1997 TN SIZ X VIO THRE SRS TH Y |
NMEENZZEN TN D T D=7 U VRIS SRIEAN OB EN L Z % Z & D2\ Pd BT L
SEARBEE DK E on-T U VRIRARINIICR B SN AR A H 5 ¥, A aBbik 2a
FNARHNTIRA TWD H On-T UV IVRSRIZ 7 = /) — /v OBEN Z > 7o RAER T 5720,
Ir flRIBE DS A S OZh R 2 bl & LT Z E i sz, LvL, Y 7x==)LKA7
A2 FTT I M X DT U LT A MU B DSOS, MLERIRMEZ 5T 5 & &
N M) 72=VRAT 74 b, WEROERNLTF 2 WSS b RISOETIZR 67
7> 72 (entries 4-5),

Table 3-3. Effects of metal sources

MeOOC

COOMe metal source (5 mol%) COOMe
COOMe ligand (12 mol%)
HO F OCOOMe CH,CI, (0.2 M)
rt, 3h O =~
1a 2a
entry metal source ligand yield (%)?
1 Pd(dba), PPh, 94
2 [allylPdCI], PPhs 84
3 Pd(OAc), PPhs trace
4 [Ir(cod)ClI], PPhy 0
5 [Ir(cod)CI], P(OPh); 0
8 |solated yield.

PLEDFER XD, PdFE LT 5 mol%d Pd(dba),, BNZF & LT 12 mol%d kY 7 ==/
RAT 40, WL LTV 7 mm 2202 MZRWD SN, A 0 BRIEEDT- DD
WM THD ERE LT,

728, AR P il 2 1 mol%IZ & T L C b R <HETT L. SOSRER 24 RERIC
T, 7=/ —/ViFEK 1la 75 89%DILE TR L' nBbik 2a 52 5,
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3-2 FHE oG

fe T, i b L7 b2 D CHRE — RO 217 o 70 A—ARXx— b2 fT57
U NACIZEHILD AN o7z 258k 7 v = —)Vikig ik 1b, 1c TIXREZR S BUSHEIT L, F T v
AEDA VT 4 R OA B BRIVIK 2b, 2¢ % 5 % 7= (Table 3-4, entries 2-3),
Table 3-4. Scope and limitations: secondary alcohol derivatives as substrates

MeOOG . Jovie
COOMe Pd(dba), (5 mol%)
COOMe PPh3 (12 mol%)
3
HO AR CH,Cl, (0.2 M) o -
rt, time
1a-c MeOOCO 2amc R3
entry substrate R3 time (h) vyield (%)?
1 1a H 3 94
2 1b Me 6 84
3 1c Ph 6 89

a|solated yield.

FeT =) =AML E T VT —RR— ML & & D70 SEL oy OIS 2 Fl 4 254 LT
BRI 69 2 B % 8~ 7= (Table 3-5), ZDfEH., V= I F NV _BHROSAF LT X —
JVCHEE ST 1d, N- b 3L C4E SV BYE e TIHBUSITIECONIHEIT L, IR R
< A bEMNRE LT (entries 1-2), —J). 3FkIRFETH *ﬁéﬂfdt/\% 1f-h &= 7=

GAICIHERWIERIC & & D (entries 3-5), F7-MAFE TG SN2 EE 1 TIHUGTEL 72
b, BRI R v a bk 2i 1IZ& < 5B R0 - 7= (entry 6),

Table 3-5. Scope and limitations: substrates bearing various tethers

Pd(dba), (5 mol%) X
/@A PPh; (12 mol%)
7 CH,Cl, (0.2 M) o -
rt, time

d-i MeOOCO 2d-i
entry substrate X time (h) yield (%)?
1 1d C(OMe), 6 93
2 1e NTs 6 86
3 1f C(H)OTBS 3 24°
4 19 C(H)OPMB 3 25P
5 1h CH(4-MeO-CgH,) 4 <5
6° 1i o 6 0 (63)¢

2 |solated yield.

b Diastereomeric mixture.

€[1i] = 0.05 M.

d|solated yield using triphenyl phosphite as the ligand.
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UEDHREY, 7=/ — Vi8R 1 262k 2 25 2 218f2(%, Thorpe—Ingold
R DI vEEEND EEZ BN D, Thorpe-Ingold Zh 5 & 1%, B Lo@#EEIC kv Bk
B DIRFE & SEBEBNERINDNREDOZ L THY | BRI O T AL brE
KT OB ThEband, DFED, OTHA~OFEL T, B EICERENZ

Ve EBIE O SR Z 0 MR OREE A E R BRIRAERY O Z T o TN D
e, BIPHIZHES TAEL DO T RN THDEWS 2L THDH, ez brb—
~ORBLIL, BB EOEEIEIZ L0 YN L V15D REENIRE SN D720, EBIR
REIEWAELEZ & > TnD EONREL 720 | %@hmm%ﬁ?é%@i/%mt—ﬁ9#
DI THT LWV D BRI RIR L R HITWELEZ & > TS HDNRE LD
HmE AR O fr B —ER/hEL T?ﬁa&k WO BRI NIROW TN %, 7
=/ —/VIFEER 1 OBLIS TEREND DIXTOTHO/NSWHER TH DD T, RrlHE
BER AMRFBEOIEE TITEBRETRDNLLZ T br =237 BIEHRPENEE
ZBN5, N-bI A THRIESNTZIEE le ICB L TIE, ALK T I ROEHN sp” IR L
TEY, RIFIVLEVED iﬁ@ﬂﬁiﬁ#ﬁﬁ biv, = hr E—HOARRFENR/NE L 8o T
Wb, B, VBN FELTRY 7= R AT 4 OOV B - REEOKE 72 b
V7 2= ViRAT 74 FeHWd & BRFERTHEEI NS 1i T ) L WITRIED
AT L, AV BRI 2i 23 63% DI CTHEH L,

7 x ) —VEER LICEREEZFFOREIC OV T O R 2T 2 A, 7=/ — LD
F b AFDTIUCEBRIER A S T2 EEIZB N THREWIEETHO A ¥ r Btk % 5.
Z 7-(Table 3-6), 7 A7 VAIRIRMEIZOWTIL, 7=/ — VDA XL AT NVILE 1LY
1 v 3N A o 7o HE -1 CIEERi &> - 7= (entries 1-3)DIZkt L, 77 b — /Bl HE

TIEHENL & LT RY 72 =R AT ¢ & WA 11, (R)-MonoPhos % Fv 7= 45
AMN301 K Flntryd) L, 7=/ — DA MLIZ A TFIVIENR A-T2FE In TIRIEE A
EH SN o T=(entry 5) (V7 AT LAEIRMED I HOWTIHER),
Table 3-6. Scope and limitations: multi-substituted phenol derivatives

R2
RI Pd(dba), (5 mol%)
X PPhs (12 mol%)
HO tw/xﬁ CH,Cl, (0.2 M)
rt, time
1j'n MeOOCO

entry substrate X R' R2 time (h) yield (%)? drP
1 1j C(COOMe), H Me 6 97 13.4:1
2 1k C(COOMe), H Cl 8 92 11.0:1
3 11 NTs H Me 9 89 7.5:11
4° 1m NTs _CH=CH-CH=CH- 24 97 3.0:1
5 1n C(COOMe), Me H 24 95 1.1:1

2 |solated yield.
® Determined by "H NMR analysis of the crude mixture.
¢ (R)-MonoPhos was used as the ligand. Solvent: CH3;CN.
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33 7= /=IO ki ALO ML

7 = ) —/ViBEIK 1 D4y ipso-Friedel-Crafts %47 U JLAL T L2 AV OGS OHEITIC I3
EOBRMBARETH D Z N oTeh, 7= /) —/VOKBEB T v b ofbsi/e &
b HIORISAEEITT 200, 71 R AGITLIE D0 5 INZ D BB D%
N5 HAT, LLFOFEREIT- 7,

—oOHLLT, 7=/ —BEEK L R3O = — VAEERATH HILAW 5 KV T
A LR O Bl S f Ll & 2 A, Friedel-Crafts o SUSAERIT R &0,
VT 6 K ON8 B H 2 DD 57 (Scheme 3-1), FUEHI A # {E# T = — )L 5 TIE¥45 LA
EEIRENDDIZR L, NRTIEHRET =Y —L 7 TIEREBICHE SN TWDL I G, $%BE
DA, 43 ipso-Friedel-Crafts LD ST L 0 A BBl =7 Ao F o thREMN
C. TN C-CREBADIHKEH > TY TR 8 ZAKT DA REM O B E TRV, A%
V=LA FUHFRBENS A N R =F LV ORBRESL Y ) -7 = ) — )VETIC
Ko TERL ? ZILEHNELBELN TN RN LD, A FFVENLHFFR~DE
O U LBRORTIE, DF Ao Mn-T VA ~ORBEEITEZ S EZXLN5,

Scheme 3-1. Reactions of anisole variants of 1 and 3

COOMe Pd(dba), (5 mol%) COOMe COOMe

HO
COOMe PPh; (12 mol%) COOMe COOMe
CH20I2 (0 2 M)
MeOOCO
(eq. 1) 4a 14% 4b 66%
COOMe
COOMe  pd(dba), (5 mol%) MeO COOMe  MeO
COOMe  PPh; (12 mol%) COOMe (H) COOMe
CH,Cl, (0.2 M)
rt, 8 h
MeOOCO
(eq. 2) 621% (OMe
q- (recovery of 5: 58%) Not detected.
M
COOMe  Pd(dba), (5 mol%) C%%'\geM e00C  ~ooMe
COOMe  PPh, (12 mol%) e ’
CH,Cl, (0.2 M) a @ﬁ b
r,8h c
MeOOCO 8 869 Me— oJ =~
(eq. 3) 88%

Not detected. ‘

MeOOC COOMe MeOOC COOMe COOMe
COOMe
O = =
through path a path b path ¢
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TORELT, T ) VHEER LD DR R — NBBBE LT UV RT U AR E TR
T DBRZHEAT DA MRV T =F 0 O5ReM~5Z L L L, 7=/ —ViFEK la
HEE URESRMDO T, 7ha— a1 YEIRINL TS Z1T > 72 (Scheme 3-2), & D
B, AX ) —)(pKa 15.54) % W L 7= 3558121% 95% & FEFITE WO T A v B LA 2a 23
Bon-oi L, 11,1,3,3,3-~F %7 1Fm-2-7 18 ) —/L(HFIP, pKa 9.3)Z I L 7=
FEIZDOT N 1% E . RIBRIGEOK TR O, ZHUIn-T VAR T O AR TE HEE
AT DA MY KT =F N7 =/ —WHAKBEO 7 h X0V LAHFIPOZ 1 |
VEBIEHRERLTWVED, A T RT =42 LLAL HFIP O3RN 7 = 7 — /L 2 il
7'a R AT D DT | A RBMEOERDBES RoTZRTHLLEEZD
1% (Scheme 3-3),

Scheme 3-2. Spirocyclization using 1 equiv of alcohols as additives

COOMe Pd(dba), (5 mol%) MeOOC COOMe

PPh3 (12 mol% ROH = (CF3),CHOH: 7%
COOMe 3! ) (recovery of 1a: 89%)
Z ROH (1e
HO CH20|2(( q,)vl) ROH = MeOH: 95%
MeOOCO rt, 4 h (0] ~ (SM was fully consumed.)
1a 2a

Scheme 3-3. Plausible reaction pathway in the presence of 1 equiv of HFIP

COOMe Pd(0) COOMe
COOMe ligand COOMe
HO an
co, o | ®
MeOOCO MeO™ - - /Pd\
1a / P P
~
H_O\(CFS — MeOOG coome
*pKa values of alcohols CF3
PhOH: 9.95 in H,O (18.0 in DMSO) @ slow
HFIP: 9.3 in H,O (17.9 in DMSO)
MeOH: 15.54 in H,O (27.9 in DMSO)
CF3
COOMe

COOMe
y
H

b, ZoDFEBRNG, -7 UNANRT DT AR ENHEEHEETHA M R =4
NCED T ) = KRR D T b B E T, /Q?{iODEWf‘%ﬁFEWD bhbZ &
23, ipso-Friedel-Crafts H17 U WAL 7 L MALIIGE DR LS ED L DITHETH D Z &M
TFIND,

=24 -



3-4 FUSOBEBIRGEL T AT LA BIRE

T x )= NOT T AU K ST OB TEEOEL Ieolon-T U AR T VT L
Hwix, WIREEO LEREBBREZREB L CENOAY a i bikE 525, ZOEBINEE
BT B RRARDTF A T VARG Oy A BEFEBER T~ ) %Y ROEEE
L OMICHERAMAAEERAMBNCTEY | RUSAR LIRS TV, tE 2R
BROEWRNY 7=V RAT7 7 A4 O L 9 7RENL 13 Z OniuEMFEAAEREZ 0 Lz 1
NOEMBE ZEEL, PRI C-CREZTBEERIED, 2TV a—/LiFEIKT E RO
TV T 4 v EFEORAERBRILAE S XD LD 1T VLT U AERICB N TCT U L
RIGOEWIE RRITL v OfEL ED D, UEDZ L a2EETH L, TERBEBREOME
E LT, TS106 TS-4 O 4FEEEN#E 2 b5 (Scheme 3-4), ERIREEZ R ELT 5 E
REF L LT, () n-7 Vv EEEE OEWE & ORI, (i) -7 YV vET = ) — T
Fir LOBHSEL L ORI, (i) AMOBHRILL 7 = ) NV EER EOBHBE R L O
NSRBI D 3 OMFEITF HILDH D, TS4 1T & TONURKBENFAET D720, FDOFHFG13/)
EWNEBEZ LD, NOE JIEIC XV IRE S IR ARELE 725, TS-1 KON TS-3 Z 4%
LTCAY =T AT VA —0, TS2 AL T~ A T =TT AT LA~ —NER
L7z ERATE %, Table 3-6 1ICE->TEZD L, WH | CIHEMER NS HBEDEE
Fpold TSI N b ZE &R0 AW T AT LAEIRENE bhi- s &2 6n 5,
— T 7 N ABOE 1m TiX, HEEDFEMEZ R D72 DI () OSERFER /N E <
TS-2 OFHFENREL QY DT AT UVABRERNME T LIZEEZ R 6ND, $Te7=/—b
DAV ML EHIE R E2FHSOT7 VLKL OFMIX, 7=/ — VDR ELLn-T U AsRT
T ADOHFLRE E OB ARBEL TV D T2, ()ONAEREDNNE L e VT AT
UABRIRENIZ E A EFHR SN T LR TE 5,

Scheme 3-4. Transition states of spirocyclization reaction

TS TS-2
R2 ’S,RZ
R ;s H
x X 5 X
o L — R
@ 0%
r Pd—P OPd!
R3 P P P
2
R X /S‘RZ
P ; H[XX
o A — R
o] %
7 Pd—p ®py
| @ e
R® p PP
TS-3 TS-4: unstable
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Fio. HENR C-T AT IACLSNO SO & LT, (i) rTRY7ZR O-7 L F ki 2
STk, 7= /) XV RT7 =AU BB E L Tn-7 U AT VT ADRFOEK S I, R
C-7IF AL ZEZIT B & ) HME(Scheme 3-5), (i) 7= / — /v DAL ML THFRT UL
NET NF AR Z - 724, Cope #A0712 L U A B v 1B B % 15 5 ¥4 (Scheme 3-6)23 %5
26D, (DORIGREORWMEF D720, 7=/ F v Rk LT 2R E A2 Gk
L. AV uBALEOSDRBERMEZET Lz, ik, AvribikizeGond. ietx
B2 DHTHST, Lo T, FEEFICEBNTIE, O-TAX UKD 7 = ) X i
SIIMEER S LTlinT, o7 VAT O AERIIRAESNRNWE B I bND, F72()
TlX, O-7 IV F ALK A R EE R AERY . C-7 VS ALK B 2R & 7 B 28,
B, S8R LTUL, HROBLDO I VERO L DDEMENRE L R0 T, RIZHD
2 O-7 VF AL Z o TR OZ BENBER S, T0D 7 = ) % REWBREEL Tr-
TIUNNRTOTLEHETDHEVIREDFIEL TVDHIZLTEH, ZORMEMHHRITH S
DIZIFAEREREZES LV LARRKRAEY I~v—%2 AT 5 DNMBET 5O TIE RV E
EZTWD, FUCHEG) 2R DB T AT VAR R % M IE SRR 1L,
NRINTRIGEZ D6 ERBETH DA, AV MICERRIEZ > 7 = /7 — ViFEK 1n
EREELE L THWERIZIZEAEY T AT VAERRENFE SN o722 &b, BB
EFOEDERIRFEICRB N T 7 = ) — /v DAV Mz & B RR 257 U LR & i3 et
ITVMZEIC RN E PREND, RISCITEFEEORBE LA TS 225, RUSRSBENLT
WD ZEND | HEG)C LD AR rBRALEOG S EIT T D WREMEIR VN L B2 B LD,

Scheme 3-5. Possible reaction mechanism (i)

R2 R2 R2

. Pd(0) . 1 X
R X ligand R X R
3 - 3
MeOOCO P/Pd?P R3

\

(@]
9
<

R2
COOMe g ;
COOMe R R X
L. ©
HO R o o
i R3

X
| RS
Pd(dba), (5 mol%) o |

PPhs (12 mol%) 0
no reaction : X

CH,Cl, (0.2 M) i 1 X 1

rt, 24 h 5 R R

R? R2
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Scheme 3-6. Possible reaction mechanism (i)

R2 R2 R2
R1 alkylation at the R1 Cope R
X ortho-position X rearrangement X
S p
o I PP, o o TZ
R® P R R

3-5 [5.5]A B i DS

T IROAC b EME G2 DRICORBEOHIE LT, 7= /) —LVOFEERNOHES
FEOIT 1 RRFBHIR LT 9106 Uiifb S fF 2l L, NBER-SNERO X B e ifEs R
DG Z 3T 7-(Scheme 3-7), ZDFEH, LHMDS Z il L7254 L [FEE, O-7 /L /UL
FICHEIT LB B W AR E LTHE LN, —H, THETEROERILTY
ROl REBRAY LAY 10 AR L TWD Z ENgnolaid, IERITDT ) 5% &
Exof 2 ZHUE, BIBHA 1 IRFEDHEORTZZ LT, n=T UART DT AL FHRER L ORM
TR erfUERIM AERAR SO NRL RoTlcleb b EZ BILD,

Scheme 3-7. Areaction expected to give a compound with [5.5]spirocyclic core

COOMe
COOMe
. COOMe
COOMe s a()fz(smrgf%)) Q
COOMe 3 COOMe
CH,Cl, (0.2 M)
o _~_OCOOMe "2 1250 |
o N °
0,
0 105% MeOOC
MeOOC

11 16% (32% of 9)

+ other cyclic oligomers

Pd il & N2 7 = 7 — )VERER D 431N ipso-Friedel—-Crafts 1 7 U JLAL 7 L S AL
[ZDWT, HEIEFAE F CORMGM 2 RE U, SISO P2 522 Uik R, SOGH
e U7 AT UABRIMEOFEICET2HREEL N TE L, VT, ZORIGDH
MYEZ @D D72, R RF AR A~D R Z B L 217 o 72,
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BUUE AR SR~ B

4-1 (R)-MonoPhos }x M= DL DR ARNT I XA NaFEIR, RAT 7 A NFEEERARANL T
& L THW ST

FP. T AREER L 2 EEHE LT, BICE, YT AT LAERPRIC TA Y R B
bik 2j 5 2% Z & AR EN TV Z(R)-MonoPhos % VW T RF RS DRat 21T - 72 (Table
4-1), WIDIZENLF-LISNDRIFIZHONT, FEIRD A v BLEZ G T 2 DIZED T &K
WSt Li-entry 1), L LELNZDIXIRET IR THo 7=, BWiEE2T7 & =
MU NZEZ THRERITIFE AL EEL L2 o7 (entry 2)3, THF Z W5 & HHRRED &
DT AR OFENEZED OO, DT RN b T o F A BPUENFEE Z 47z (entry 3),
FOSHEDR S BinoTeT7® b= MU VAR LTHY, BEZRIML THIZb DD, 1L
VT AT UABRRME, o U FABRRMEETICE N TUEE A BB R HNT, IwN
FlOMFEITH F 0 HiFF TE 220>~ 7= (entries 4-5), THF #, Pd Ji & L C[allylPdCl], % Fv 7=
&2 A, Pd(dba), WA L RIFRE O F o F AR LB SR> T2b DD,
I AR 12 OREIEIZIEE AR BN L 2o 7= (entry 6),

Table 4-1. First attempts to induce enantioselectivity using (R)-MonoPhos as a ligand

MeOOC
COOMe [Pd] (5 mol%) Me COOMe
COOMe  (R)-MonoPhos (12 mol%)
HO F additive (1.2 eq)
solvent (0.2 M) o ~—
1j OCOOMe rt, 24 h 2

entry  [Pd] additive solvent yield (%)®  drP ee (%)°

1 Pd(dba), - CH,Cl, 88 12.6:1 1

2 Pd(dba), - CH3CN 96 13.7:1 1

3 Pd(dba), - THF 759 28.7:1 13

4 Pd(dba), Li,COg CH5;CN 95 14.0:1 0

5 Pd(dba), LiOt-Bu CH4CN 89° 13.4:1 0

6 [allylPdCl], - THF 89 3.2:1 17
3 |solated yield. ® Determined by 'H NMR analysis of the Me COOMe
crude mixture. ¢ Enantiomeric excess of the major isomer COOMe
determined by chiral HPLC. Absolute configuration is (4R,
5R). 9 Diene 12 was obtained in 17% yield. © Yield in 2 h. HO N

12 §
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(R)-MonoPhos THATFOFF T HERMBZE b e o778, Pd JiE L ClallylPdCl],, ¥A#E
ELTTHF 2V, BHAARLT 44 MNFEIR 2 ROKRAT 7 A NIRRT &
L CORNEEFI 7= (Table 4-2), RAKRALT I XA FROKRRAT 74 FiBERIIENT-E
TZREEZFD, 72 /XY ROFEFENO-T VIR T VT A~OniliEREEEH %/
LTcEMBEIZREST 5720, 2RO &2l F & LTHOWIUE, SWISTEIIRIES 115
b, UL, (S)-MonoPhos DZERE FEOBEMBILABEH LIZARARNLT I XA MNFE
K A-C, X T /VEIKEEBR LT-ARARLT I XA FFEAR D, KOKRA T 7 A4 MNFEEAT
& % (R)-ShiP T, SRR 722D 7= . (R)-MonoPhos {2 Fb~_CEUGEDS KK T35
fER & 72 > 7= (entries 2-5,7), MonoPhos O B 7 F/IVERKZ A B A X L BISICE#R LT
&% 6 D(R)-SIPHOS % FHWZIRFIZIZaRE L < AV RBRILERN G b, = F o F A4Sl
b EA L7, S 6258EN RIAD D AlRetEF RV &l L, ftho % A 7 ORI %
WEREHIB D Z Lk L,

Table 4-2. Screening of phosphoramidite or phosphite ligands
MeOOC

C%%“g?w . [allﬁgﬁﬁ 2(2&?0:33%) Me COOMe
HO 7 THF (0.2 M)

4 ocoome 24N o 5 =
entry ligand yield (%)2  drP ee (%)°
1 (R)-Monophos 89 3.2:1 17 (R,R)
2 phosphoramidite A 38 1.4:1 <17
3 phosphoramidite B 8 8.1:1 36
4 phosphoramidite C nr. _ _

5 phosphoramidite D n.r. _ _
6 (R)-SIPHOS 88 13.0:1 46
7 (R)-ShiP <6 3.4:1 59

a|solated yield. ® Determined by 'H NMR analysis of the crude mixture.
¢ Enantiomeric excess of the major isomer determined by chiral HPLC.
Absolute configuration is (4S,5S) unless otherwise noted.

OO O\P—N/Me )—Me
OO g  Me é ¥'V'e
Ph

(R)-MonoPhos phosphoramidite A phosphoramidite B
S SHL VI
o Mme O\
PN
SO o
Ph Ph
phosphoramidite C phosphoramidite D (R)-SIPHOS (R)-ShiP
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4-2 (S)-(-)-9-NapBN &L 7-& L THW =S IFRES

BN F & LCHRARALT I XA FEOKRAT 74 NiF8EKRE HWZ5AI21E, Koyt
CF AR LG DN o Te T, ﬁﬂ@ﬁfﬁau%%ﬁﬁb\fﬁad%ﬁé N Py
F9°. Pd JRE LT Pd(dba),, & LTy 7uen Ao £33 7 b= U v aH0DH5
RZC, BMEF DAY YV —=2 T %{To 1= (Table 4-3), T OFEHR., EHIC XL v sUsiE, 2R
PEICRE 222N E U, A DR 72 VT R E BRI IE O IE N K72 5 v REPED /R IE
SNTce ZOHPDDAY Y —=0 7 TIIROKRT TRV F o F AP L R BT 1T
TRinoT=in, MBS TRFE ST (S)-(+)-9-PBN & TN(S)-(-)-9-NapBNZ T HIFREE DI & &
T FABRERREICE SN2, EAEOBANS, BRPCRERBEKRE LTHD
ZEDTES(S)-(-)-9-NapBN ZEL 1 & L CRIR L., FEMIZRSMMET 2175 2 & & Lz,

Table 4-3. Screening of chiral monodentate phosphine ligands

COOMe MeOOC

COOMe Pd(dba), (5 mol%) Me COOMe
ligand (12 mol%)

7

HO solvent (0.2 M)
rt, 24 h
1j OCOOMe o) 2 ==

entry ligand solvent yield (%)?  dr® ee (%)°
1 (S)-(+)-NMDPP CH,CI, 31 7.3:1 33
2 (S)-(+)-NMDPP CH3;CN 48 2.6:1 3 (R.R)
3 (S)-MOP CH,Cl, 91 14.2:1 24
4 (S)-MOP CH3CN 41 3.2:1 6 (R,R)
5 (S)-(+)-9-PBN CH,CI, 44 13.0:1 0
6 (S)-(+)-9-PBN CH45CN 73 9.2:1 36
7 (S)-(-)-9-NapBN CH,Cl, 50 9.2:1 34
8 (S)-(-)-9-NapBN CH5;CN 82 16.1:1 4 (RR)

a|solated yield. ® Determined by "H NMR analysis of the crude mixture.
¢ Enantiomeric excess of the major isomer determined by chiral HPLC. Absolute

configuration is (4S,5S) unless otherwise noted.
l OCH3;
PPh,
$ :

(S)-(+)-NMDPP (S)-MOP S)-(+)-9-PBN (S)~(-)-9-NapBN

“PPh, C
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(S)-()-9-NapBN %, 7 THERREAIO T V AANLEBSSZ X D @ T v F AR 7
Fhot Fux/ UV BOBEAMETT 2 2 LVREATWD B0 ZORIEOEEE2EE
(2. Pd i & U ClallylPdCI(Pd/EEA T =1:2.4), ¥l E LT THF Z v, 1 YE&OFRE Y F
U AFIE P ROGEAT o T2, fEFR, REISOEEN L, 7T — T =F BT U X
TV LRERE L E B bay,. TNCEEOLZEROAERBHE TR L, IX
FIL10% EE NS D TH 7203, 92%ee &9 [\ 2 F A RPN 5 4L 72 (Table 4-4,
entry 1), = Z TIZDOHRMEIEIT, WL PR, WINAIE W o e BRESOSRIEOBE 217 9
NP DY

DI OB 2T T2 2 A, Yruu XA X2 o E-137 | h= U LAEEE T, THF
EHWEEAELRERY, 7T — T =4 OREEEGONCIEE D 7 =/ — /P EKER
D O-TNFMEIFBRI ST, Flv a2 X o2 AW BRI ROSEDR BN R 6
oo L L U FAEREDPRE KT LD, BIBEOKRGFHE THF Z W TH#ED D =
& & L7z(Table 4-4),

Me MeOOC
Table 4-4. COOMe [allylPdClI], (2.5 mol%) Me COOMe
COOMe  (S)-(-)-9-NapBN (12 mol%)
Solvent :
_ HO G LiOAc (1 eq)
screening solvent (0.2 M)
. OCOOMe rt, 24 h o} L
1j ' 2
entry solvent yield (%)?  dr? ee (%)°
1 THF 10 3.2:1 92
2 CH,Cl, 35 6.5:1 63
3 CH5CN 10 5.9:1 35

2 |solated yield. ® Determined by "H NMR analysis of the crude
mixture. ¢ Enantiomeric excess of the major isomer determined by
chiral HPLC. Absolute configuration is (4S,5S).

WAz, Pd JROME & 4T > 72 (Table 4-5), dba SR TIESISHED M E23 B & 7223,
ipso-Friedel-Crafts B! ORI Tl 78T — T =4V ORBHEKR N7 = 7 — /LK
D O-T VX AL bIEHET DR L 7o 72, — 7. PA(OAC), & W 7= A S id SOt ik
FMEE AERLNPIENER SNE DR TH 7=, LT, Pd e LTi[alylPdCl],
BN THZ L LT,

Me MeOOC
Table 4-5. COOMe [Pd] (5 mol%) Me COOMe
COOMe  (S)-(-)-9-NapBN (12 mol%)
Screening of -
g HO F LiOAc (1 eq)
Pd source THF (0.2 M)
. OCOOMe rt, 24 h o) L
1j 2
entry solvent yield (%)?  drP ee (%)°
1 [allylPdCI], 10 3.2:1 92
2 Pd(dba), 44 7.7:1 52
3 Pdy(dba); 38 5.9:1 61
4 Pd(OAc), 1 3.0:1 83

a|solated yield. ® Determined by "H NMR analysis of the crude
mixture. ¢ Enantiomeric excess of the major isomer determined by
chiral HPLC. Absolute configuration is (4S,5S).
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W TIRIFI OB 21T o712, ETREI T Z—T =4 ONRER D=0, FITV
F 7 K& = (Table 4-6), RIS SUSHENRNS OO, Bz ) 77 A%, b3
r hU oL 7otV TF UL UFUhtert-7 FX 3 FETRINLUZZBRZ, IINA 22 7
WIS AT\ o F AR 23S D A7z (entries 1-3,6,10), 7 v X — T =4 L A FERR
AF M M) T NVA el A NCEZTE A W, = F o F AR L HITIET
T HRERE ol (entry 5), REEY F U LAERIAIE UL THWERRITIR, =F o F A 3410k
MKIEIZIE T Lentry 8), RALY T U ARPA UL X —T =4 U PNREME R 720
NaBARF T, A B mBRALIKIE L7 h - 7= (entries 4,11),

Table 4-6. Effect of counteranions of the additives

COOMe [allylPdCl], (2.5 mol%) '\ﬂ,‘feo OC coome
COOMe  (5)-(-)-9-NapBN (12 mol%)
Z additive (1 e
HO THF (o.(z M()])
1i OCOOMe  rt,24h 0 S
i 2
entry  additive yield (%)? dr? ee (%)°
1 LiOAc 10 3.21 92
2 - 10 2.71 75
3 NaClO, 17 4.6:1 91
4 LiBr n.r. - -
5 LIOC(=O)CF; 4 2.6:1 78
6 LiF 15 2.7:1 90
7 NaOBz 22 5.1:1 70
8 Li,CO;4 17 2.6:1 32
9 KsPO,-nH,O 36 2.7:1 70
10 LiOt-Bu 27 2.9:1 88
11 NaBARF not obtained - -

a|solated yield. ® Determined by "H NMR analysis of the crude
mixture. ® Enantiomeric excess of the major isomer determined
by chiral HPLC. Absolute configuration is (4S,5S).

WIZH D B = FF L OREFTRDT-0, BilgtE, 7 v, tert-7 &% REHW
TG ZAT > 7= (Table 4-7), FEFRIE. tert-7 R¥ RIZBWT, AU H—DFF BTV
BV EBOGEIZIE, FTOEBA T VRN LT 72 /) RT =4 NL0 Y7 Mg
KA 72 B2, ipso-Friedel-Crafts oD f it 22 Z ¢ R FEREZHI & L COSUSHEDHE
T L RBFICIBREAIE LCOGEBHE LT LIV, 2OoZ N THIKRE L TR E
DFEEIRFED Z LN E <, AV ERUIKRDINERIT RS CTHEEET M) U L Z RN L7286 O
37%IZ & EF o7 (entries 1-4,8), —F L FAEPWEICE L TIX, @B A AN RELARDIC
ONETFTDRER LR o7, 2MDEIEA A2 % b OEE TSN () %2 F W 7235 A i, IR,
T TFAERPWE E BITIK T Liz(entry 5), &JF I F A 2 FF-7e0y TBAF 295 &
EWEF U FARIRMEIIE O N b OO, RO KIE/RSEITR R0y > 72 (entry 7),
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Table 4-7. Effect of countercations of the additives

COOMe [allylPdCl], (2.5 mol%) MeOOC coome
COOMe  (S)-(-)-9-NapBN (12 mol%)
Z additive (1 eq) B
HO THF (0.2 M) _
" OCOOMe rt, 24 h o) 2%
entry additive yield (%)  dr® ee (%)°
1 LiOAc 10 3.2:1 92
2 NaOAc 37 2.8:1 90
3 KOAc 35 3.5:1 86
4 RbOAc 25 6.4:1 70
5 Zn(OAc), 5 2.3:1 48
6 NaF 12 3.0:1 79
7 TBAF 21 2.1:1 89
8 NaOt-Bu 22 4.6:1 31 (RR)

a|solated yield. ® Determined by '"H NMR analysis of the crude
mixture. © Enantiomeric excess of the major isomer determined by
chiral HPLC. Absolute configuration is (4S,5S) unless otherwise noted.

BB, ZRETERLTE 2 P, W, WINEIZ AW T, 2 OO SOS S ORET
#AT o7 (Table 4-8), /X7 U L L RN+ DEIG % 1:12 12 Lic s TAMSDOEITIXIZE AL
RO T, THFE R TIIANT P L RITY UBEAT23 2 DB U 7o SR DN E M 72 il &
L CHRET 2 Z L ARIR S D (entry 2), URIREEZ 50 ‘CE T RIFRRICIE, IR, U7
2T U ARSI E SN2, O-T A /b DEIS B L, fBEED RS B S
(entry 3), JLETVERE 02 M TIIHEHET R Y U ANAET E > TWinol=720, BEL FIFC
B ZAT o 7208, IR Tk FES N o= (entry 4), BEE L TR L7z b0EHAN-& 2
Ay WRIZEIT R D> T DD, = F o FARIRMEIL 93% & ZE TTRY RWVERE
H.Z 7= (entry 5),

Table 4-8. Effect of other factors

COOMe [allylPdCI], (2.5 mol%) MeOOC  ~ ome
COOMe  (S)-(-)-9-NapBN (x mol%) Me
Z NaOAc (1 e
HO THF (;g M)q)

1] OCOOMe  temp.,24 h @) 2i <
entry  x(mol%) y(M) temp. yield (%)®  dr® ee (%)°
1 12 0.2 rt 37 2.8:1 90
2 6 0.2 rt trace - -

3 12 0.2 50 °C 55 11.2:1 33
4 12 0.1 rt 13 3.3:1 77
5d 12 0.2 rt 37 2.9:1 93

a|solated yield. ® Determined by "H NMR analysis of the crude mixture.
¢ Enantiomeric excess of the major isomer determined by chiral HPLC. Absolute
configuration is (4S,5S). ¢ Degassed solvent.
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BN 7- & L C(S)-(-)-9-NapBN % W 7= i Tk, (S)-(-)-9-NapBN & 3 DD EH#IELD H 5
2OMTIVFXNILTH VBT OEFEEGENE W TZDD, BRI USEME - T2,
TFUFARPEICBE LT, AV Yy — RV T AT LAY —TEWEIRERSE LN TN D
FAETIE, 74%—&97x?vﬁv~ﬁ%ﬁ%mﬁwﬁmﬁﬁ%%ﬂfwto972?
LA BRI RRRNTARVEMICH D | IR B3 D &7 AT LAERME S 3503,
if/?ﬁgw¢ TR T LB a0 2o Te, BERNLFI3RAARRO B R E b= < |
PEAREED VNN TH L Z LD, ZNDHORR, BME R CTRMT 252 &1
LV,

4-3  (R,R)-ANDEN-phenyl Trost ligand % Bf7 1 & L CHW =& Mimt
4-3-1 RN DR

BRI 137 & SO R B EREGRICB W TUEEWRIGEZ R L TN b DD,
REABRICBW TR IWRERZ 5 278072720, IR, =7 U F AR & I D

U SR A SR 6D | 4 FE T PERAAL A FA N TR A AT - 72 (Table 4-9), Pd . & L C i Pd(dba),.
7 e D e/ =R I SN b ol s W call Nl N /I/%a”:ﬁﬁb\fco 7 IRERR D A b S

DEFTCTRENTZEY . JEBRANL &2 AW TGS T RN 2 W2 5A8 1, &
TR ﬁﬁiﬁﬁ#oho%hﬁ$mDmPi/&mm%ﬁ/¢ T r=bFUAH, &
BAIZEW S Z R LTS, 6 N7-0IXEIE T & A TH - 7= (entries 7-8), ME—. H#kf

WS T AERMEE B X 7D, Trost # A 7 ORI TE o7, 7' M=K UH,
(R,R)-DACH-phenyl Trost ligand Z Az & L CTHW=E Z A, YUY 68% &, FLEHYE Y
RO T F ATEIRMEN RIS S 7= (entry 14), & B2 Trost # A 7 OENLADH T
K& 2B Ar 4 & £ (R,R)-ANDEN-phenyl Trost ligand® %z vy, 7& s = + U A TG &
{Tolc A, I, =F v F A @IRME L $12(R,R)-DACH-phenyl Trost ligand = ¥ 4 7=
A5 2z 7= (entry 16)7=% . (R,R)-ANDEN-phenyl Trost ligand Z BN+ & L CER L, 36H172
FEBRIEITOZ L & LT,
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Table 4-9. Screening of chiral bidentate phosphine ligands

Me
C%%'\geMe Pd(dba), (5 mol%) '\ﬂ,?eo O coome
ligand (6 mol%)
HO F solvent (0.2 M)
rt, 24 h
1 OCOOMe 0] 2j S

entry ligand solvent yield (%)@ drP ee (%)°
1 (R,R)-Me-DUPHOS CH,Cl, n.r. - -

2 (R,R)-Me-DUPHOS CH5;CN trace - -

3 ferrocene A CH,ClI, trace - -

4 ferrocene A CH3CN 15 2.4:1 31

5 (S)-PHOX CH,Cl, trace - -

6 (S)-PHOX CH;CN trace - -

7 (+)-DIOP CH,Cl, 88 13.5:1 1(RR)
8 (+)-DIOP CH4CN 88 15.2:1 0

9 (S)-SDP CH,Cl, 5 8.9:1 9

10 (S)-SDP CH5CN trace - -

11 CTH-(R)-3,5-xyly-PHANEPHOS  CH,Cl, 28 4.6:1 3(RR)
12 CTH-(R)-3,5-xyly-PHANEPHOS ~ CH4CN 31 3.3:1 0

13 (R,R)-DACH-phenyl Trost ligand  CH,Cl, 96 5.1:1 2

14 (R,R)-DACH-phenyl Trost ligand ~ CH,CN 68 4.0:1 77

15 (R,R)-ANDEN-phenyl TrostIlgand  CH,Cl, 86 9.7:1 63

16 (R,R)-ANDEN-phenyl Trostlgand ~ CH5;CN 90 6.7:1 81

2 |solated yield. ® Determined by 'H NMR analysis of the crude mixture. ° Enantiomeric excess
of the major isomer determined by chiral HPLC. Absolute configuration is (4S,5S).

HsC
P : CH
H3C//, 3 J
P o CH 2
3 N~
Q JP PPh, N PPh
©:P WCHg z 2
'Q @ CH3 PPh2
HsC CHj
CF3
(R,R)-Me-DUPHOS ferrocene A (S)-PHOX (+)-DIOP
O { PPh, O
o) NH O  PPhy
11 PPh2 NH HN
Cr5 ﬂ
O AT
(S)-SDP CTH-(R)-3,5-xylyl-PHANEPHOS (R,R)-DACH-phenyl Trost ligand (R,R)-ANDEN-phenyl Trost ligand
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4-3-2 IREDORFT

FPNIEBEORRT) O B4R L 7= (Table 4-10), = OFER:, FE7 1 b AR OMMERB CH D T
T h=hKU/, DMF, 7 F>, = Fa XX E2HWEERICE WG, gt
F AN T A B r B LR G S, K52 DMF TSRS O FENE ORIE I3 & A
CHER ST, TN WITSUS ST L7= (entries 1-4), B Y ¥ U I CIRIAHED /R T U7 KTkt
T HEMNIREN BT K720 UGME, =) FARIRME & I KEE 72K T A S A7z (entry
5), 7'u hMEOWEREECH DT/ — L TliX, KX E» -T2 DD, =F v F 4%
PHEITIE & A EFEEE SN2 h o Tz (entry 6), T — 7 /LR DU TIERGAE 72 8 DB RS
DFEFERD, =F U FABIRNMED entriesl-4 |2~ TH KT L7z (entries 7-8), LA ED#ER
LV, BiEETE h=1rU L, T h DMFIZK> CUBEOBRGZITH Z & & LT,

Table 4-10. Solvent screening

MeOOC
C%%'\éeM Pd(dba), (5 mol%) Me COOMe
€ (R,R)-ANDEN-phenyl Trost ligand (6 mol%)
HO = solvent (0.2 M)
rt, 24 h
’ \
1 OCOOMe (@) 2i

entry solvent yield (%)@ dr® ee (%)°

1 CH3;CN 90 6.7:1 81

2 DMF 95 5.1:1 78

3 acetone 94 7.5:1 83

4 CH3NO, 85 8.3:1 76

5 pyridine 27 4.0:1 44

6 EtOH 83 12.2:1 3

7 THF 33 2.4:1 73

8 DME 75 4.2:1 68

3 |solated yield. ® Determined by 'H NMR analysis of the crude
mixture. ® Enantiomeric excess of the major isomer determined by
chiral HPLC. Absolute configuration is (4S,5S).

4-3-3 IINF ORgET

T o F AL m LS5 2 2 BIE L, BSINFI O/ 21T - 7= (Table 4-11),
EFTEM)FULEEZRIM LT, BRBOLEEL LI =T =F L LTHFH2HLDT
X, IR, o FABRIRYE L BITIR T T 58 R & 72 o 72 (entries 1-4), — 7. 95RO AR
a2 —T7 =4 LTV FULEIX, RRCOSMEDRTEZHS OO, b
PTINIRD B F ARV % 7] S 7= (entries 5-10), #RZREE Y F U A TIIIAEEN T &
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Table 4-11. Effect of additives

COOMe Pd(dba)s (5 mol%) '\ﬂ,‘feo O% coome
COOMe (g R)-ANDEN-phenyl Trost ligand (6 mol%)
HO = additive (1 eq) -
solvent (0.2 M

entry  additive solvent yield (%)?  dr® ee (%)°
1 LiClO,4 CH3CN 48 4.7:1 60
2 LiClO,4 acetone 47 5.7:1 75
3 LiCl CH5CN 45 4.1:1 59
4 LiCl acetone 12 2.9:1 76
5 LiF CH5CN 70 6.5:1 85
6 LiF acetone 90 7.3:1 82
7 LiOAc CH4CN 62 6.1:1 85
8 LiOAc acetone 87 8.0:1 78
9 Li,CO,¢ CH4CN 72 6.0:1 86
10 Li,CO4° acetone 71 6.5:1 85
11 Li,CO4® CH4CN 92 7.3:1 83
12f Li,CO5¢ CH4CN 94 10.1:1 80
13 LiBF, CH,;CN 539 >99:1 54
14 LiBF, acetone 629 8.8:1 74
15 KBF, CH4CN 96 8.2:1 80
16 NaPFg CH5;CN n.r. - -
17 (n-Bu),NBF 4 CH,CN 100 8.5:1 76
18 B(OMe); DMF 24 2.0:1 85
19 LDA, B(OMe); DMF 49 3.0:1 81
20 Mg(OTf), CH5CN trace - -
21 proton sponge CH3CN 49 5.2:1 83
22 proton sponge acetone 44 5.9:1 88
23 TMP CH,CN 55 4.8:1 85
24 T™MP acetone 93 7.8:1 78
25 N,N-dimethylaniline ~ CH5;CN 70 6.4:1 84

3 |solated yield. ® Determined by "H NMR analysis of the crude mixture.

¢ Enantiomeric excess of the major isomer determined by chiral HPLC. Absolute
configuration is (4S,5S). 9 1.2 eq. © 0.5 eq. f 7.5 mol% of Pd(dba), was used. 9 Dienone—

phenol rearrangement product of 2j was obtained.

F=hU, T AELELOERIZLT T U FARIEOSEN R ST, BIREZHE
ROTICNEE BT, TR =M AH KEY FULONEHZHS L7720, Pd
i DB A O L CTAN, MOINERIIEOND OO, =) FA SRR entry 9 121
RTHEFIRT T D85 & 7o 7= (entries 11-12), H\ T, BALREDOIRWN A 7 o & —T =F %
FFOWNA 2 Mgt Uiz (entries 13-17), T b7 7 VA R o7 =4 ZFHo60 L LT, Y

F U LTI O BB O LARZIGIEZ DD o F =T = F RO U F U A EFER, IR,

T FABRVEI T DR TR RSN, BV U LEROT NI TFAT 'm0 L
TiE, =T U FABRMEIT DT NUE T T 200, FFICRWGEEZ R LT, 7=/
FYF-@REOKEOMWEEEZ D Z L TRWHRPELNRWNERTER N AF L
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EWMUIZD, 7=/ XY ROEFEENHD LI-7c 0 2 RIBICE T SE 5658 &
72 o 7= (entries 18-19), mEAIZT I VOMREMRGEL T2 L 2 A, DT RN T U F AR
PZzm ESETEH 0D, entries 5-10 O U F 7 A XD I BICIGMEZIE T SE5FGK
Ehole, Uk X 51T, Mt LA oRiciio o FARREL S Tm LS8 5%
REeFFObDIEIHLHLOD, RFRFHISICHEDIK T ZH N TLE ST, o, =7 F 4%
REZBIRIZm S 2002 A3 2 ST TEnol,

4-3-4 F DO ESE O

WRIE . WSINBI LIS DRSS O Rt 21T - 1= (Table 4-12), £ L% 27— —7 2D AL
FOCHEZAR T S DB TH o7 (entry 1), FUNRELZ 4CICETTRFTFEZ A, =F U F
FBERMETE T EL72b 00, FOGHERKE ART L, RISFHZ 72 Kl £ TIER L T
H 2 < OFEARKSD E 5% - 7= (entries 2-3), = Z THA L7ciEBE 2 HW= & 2 A, IR
FBGE L7y, e F o F AP N /R E RV | ROSRELY T2 &ick b
R AITE A EFRRE L T L % o 7z (entries 4-5), NI & L TREEY F U L% A2, ik
R X D= o F A RPRVEICKT T 2B O R ZFTHIET Z L1XTE Z2h o7 (entry 6),

Table 4-12. Effect of other reaction conditions

COOMe MeOOC

COOM Pd(dba), (5 mol%) Me COOMe
€ (R,R)-ANDEN-phenyl Trost ligand (6 mol%)
HO = solvent (0.2 M) B
t (|

. OCOOMe emp-, fime o I\

I 2
entry  solvent temp. time (h)  vyield (%)® dr? ee (%)°
19 CH4CN rt 24 76 6.8:1 81
2 CH;CN 4°C 72 59 8.2:1 84
3 acetone 4°C 72 45 8.5:1 89
4 CH3CN (degassed) 4°C 24 73 8.4:1 82
5 acetone (degassed) 4°C 24 59 10.4:1 87
6° CH5CN (degassed) rt 18 99 9.0:1 71

2 |solated yield. b Determined by "H NMR analysis of the crude mixture. ¢ Enantiomeric excess of
the major isomer determined by chiral HPLC. Absolute configuration is (4S,5S). ¢ In the presence
of MS 4A (1000 mg/mmol SM). ¢ 1 eq of Li,CO5; was added.

4-3-5 HEXISTARELE O E & BB ARIE DO HEHR
FOGRMEOBRET TR DO WS FEREZGDICEL ol = U F A RIRMED 3
BUZRE L G X DRFITONTEHRDL R, AV rBRK 2] DAYy =R v FA~—D

Mot STRRC B A IR ET D 2 & & Uiz, BB 2j IZFEIRTH - 7255, XOBEHFEC X0 faxt
SRBLE AR ET A 2 LT X e oTo, F 2 CH Mosher {2 A VW5 2 L & L, 7o ks,
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FARSEARELEAZ DWW TR, AV ¥ —7 YT A7 LA~ —IZ3 T Scheme 4-1 |27 L7 NOE
FERADBII SN Z EMBIRE L TN D,
Scheme 4-1. Determination of the relative configuration

MeOOC

COOMe
»— :NOE

X = C(COOMe),

0 =
2j (major diastereomer)

1 Mosher % Tl 2 7 /L = — /L & Mosher 83K (MTPA-CI)7> 5 T& 5 MTPA = A 7 /L DK
FOFEL T MEND ., TTOT a3 — L O SRR 2R ET 5, 2F 0. MTPAT X5
JVTIET AT VYA strans C, B =17 a b, BAR=E hU 7t xF
NHEASF T LT < DRUERRE TH Y . TORIEEICBN TP B E [ LIS H S
PIRRICH BN LY | D7 AT LA~ —H TSRS 7 MECEREL 5, <>
PURMICH DT 0 b ATBKREGRIC L @S 7 M ERIT. KoT, T3
ko 2#%7 La—L L SRETIERIED MTPA-Cl & & 5UH &, MTPA = 27 L0> 2 Fif
DYT AT VAV —ORFEY T MEEZT STt S EITEEEER 20T L= h
MTPA AT N EAED (ZDA Yy —RE—7 OILF Y7 MEZTDELRS LEDES 2
LT 2T IV — L DS SRR E AR ETE 5,

FIRORAEBIE £ COTILE T (Scheme 42). £7°, 7€ KD A L BB Lk 2] 0
U ) USROSV AT LT 2T NV a— v EST, RS ERLEYT AT
LA~ — O SABLE X Kot NMR & NOE OJIEIZ L W kE Lz, FVT, 2D 24k

Scheme 4-2. Determination of the absolute configuration

1) Pd-C, Hy, AcOEt
2) NaBH,4, MeOH

HO

2j, racemic product
(pure diastereomer)

chiral product — 5. ~ MTPA ester
: (81% ee) —» major peak:
0.78 ppm

(S)-MTPA-CI
DMAP

CH2C|2/py

CH3: 0.78 ppm

major isomer

syn-coplanar
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T a—)L% SIRD MTPA-Cl & B &, RIKD MTPA = X7 /L& L LD A FLHDK
FOFEY 7 MEZHIE LT-, RIC 81% ee & Je ARt 2 (oxf LI LB AT~ 7=,
(R-MTPA = AT VDAY % —1p VT AT LA ~—IZ L HE—27 13 0.78 ppm IZBIH ZFu, A
FNVIINL T 2 = VLRI CHNCHFET D 2 ER STz, ZHUT XD A a8 BIK 2j d A
U — IR NAR BMEAR DM BB 1 (4S,5S) & TR E TE D, AKHT Mosher 1 TldZe 5 < %<
D7 v hOIFFEITV, T AT LA —ROEY T MEDZEZFIE R 72O DFEND
HRETHDHN, ALEW 2] > 5N MTPA T AT /LICB WY 7 a~dh VB ED T
02 hrOE—7 BOEEET. ALOATFVEOT v h L OEY T MEORNHILO T V2
— /L DHERESLARBLE 2 P E LT D,

RE LT NARBLE N D, AV Yy —Text v TFA~—K W~ A F—lex)F v FA~—
5 2 5 BIRIE O E L TN Scheme 4-3 IR T X9 IChDEEZOND, BENY
T AT VEBEEZFNL S L SONLRVIEBICRET D L, Ay —RoF o Fh~v—%
B 2 HBEBIREEIC BNV TIL, BER LD X F VNN ZRICNET D, 2B, D
Scheme 3-4 (27" T TS-1 DHfiEAR L A H L35 &, = AT VG & BT & ORNICSTARRE S
DELDTD, TS3 OENLETCHLEEZLND, —FH, ~A T —hxFrFA~v—
w2 2BBREICBO T, FER EO XTI EENLT & ORICIREEREL 5,
INT VY NET VNEOWERFEE FeEIL, T AED 3 o0RFEEAFTLFHEE 90°
DAZR L TNDDOTIERL 7 U VENADOHLRED HREN D H N TV D 729,
ZONA T =Rz U FA~—% 52 5BBIREBICEIT 5 A F VKL BT & ONRRESE
FEATHHLEBZZDHENTE D, ZORHITS-1 OEEE &> T,

Scheme 4-3. Transition state model of asymmetric reaction

o} \\\.4 o
N N
H H
PPh; Ph,P

Pd

steric
repulsion

=

©0 ‘ COOMe

COOMe

v

major enantiomer minor enantiomer

IOBZIF, AFALEORDVICE /ISR no K TEBRINEEEZAWT, RS
TR TR EAT o 125 A1, = FARRERRE KT T2 2 &b bFfaind
[7 7 T T =L 251 (2.15 A) > CH; (2.0 A) > Br (1.95 A) > CI (1.8 A)](Scheme 4-4),
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Scheme 4-4. Asymmetic reaction using substrate with chloride group

R
MeOOC
C%%'\geM Pd(dbay), (5 mol%) R COOMe
€ (R R)-ANDEN-phenyl Trost ligand (6 mol%)
G >
HO CH;CN (0.2 M)
OCOOMe r, 24 h 0

R = CHg: 90%, 81% ee
R = Cl: 76%, 24% ee

4-3-6 FE oS EL

ERIREBOHEZE NS, = AT Vs EEm < T, ~ A F—RhofrFA~—%52
LEBIRBIZIBWN T, = AT LGy L BN & DNARIEZRET D72, A FIVEEONLE
NEVEN RN TND &ETPRREND, TOFME, ATF NI LEENL & DONARKIEN LY
REL R, = F o FABRIMENH ETLOTIE RV EEZT, TZTHRED~ 22—
Ny ORETE 2 5 LR 21T 5 2 & & L7=(Table 4-13), 728, A F /LA L0 EE O EH
HKICEZ AL~ A F—TexF v F A ~—% 52 2BBREIXT XX — AR
RHEBZOND, MitalTo CHRNVEEBITE I RDMITDNH RV, EDHEIT
ZFIRRCA Uy — e U T A~ —%2 5 X 5EBIREIZB N T, Z ATy & ATV
(RO D EHIL L ONAEE BT Z LN EBERAbND,

Table 4-13. Effect of malonate ester

RZ

4
PR Pd(dba), (5 mol%) R OS coor
(R,R)-ANDEN-phenyl! Trost ligand (6 mol%)
HO F solvent (0.2 M)
OCOOMe temp., time o —
1a,0-r 2a,0-r
entry substrate R? R* solvent temp. time (h)  yield (%)@ dr? ee (%)°
1d 10 Me Et CH,ClI, rt 25 98 16.0:1 -
2 10 Me Et CH3CN rt 24 41 4.6:1 79
3d 1p Me i-Pr CH,ClI, rt 25 94 11.3:1 -
4 1p Me i-Pr CH;CN rt 24 57 5.5:1 84
59 1q Me t-Bu CH,Cl, rt 25 91 14.3:1 -
6 1q Me t-Bu CH5CN rt 24 51¢ 6.4:1 85
7 1q Me t-Bu CH3CN (degassed) rt 1 99 10.6:1 82
8¢ r Me  Bn CH,Cl, rt 25 91 16.0:1 -
9 1r Me Bn CH;CN rt 24 93 7.5:1 <83
10 1a H Me CH3CN rt 24 62 - 64
11 1q Me t-Bu CH3CN (degassed) 4°C 24 51 9.0:1 90
12 1q Me t-Bu CH3CN (degassed) 4°C 48 77 8.4:1 87
13 1q Me t-Bu CH3CN (degassed) 10°C 48 88 9.2:1 87
14 1q Me t-Bu CH3CN (degassed) 10°C 48 80 9.2:1 89
15f 1q Me t-Bu CH3CN (degassed) rt 18 99 7.6:1 84

a|solated yield. ® Determined by 'H NMR analysis of the crude mixture. ¢ Enantiomeric excess of the major isomer
determined by chiral HPLC. Absolute configuration is (4S,5S). ¢ PPh; was used as a ligand. © Determined by
crude "H NMR.f 1 eq of Li,CO3 was added.
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TFL A VTR tert-T T R DD~ F— N TG SN EE R AR L.
BEtaiT o7, 78 IEWARORBELEMIC TRINZIToT2BRIZIL, EOREETH 90%LL
OBV TA B e BRILAR GOz, —TJ7. (R,R)-ANDEN-phenyl Trost ligand % Fifiz+-
ELTHWESAIZIR, Xy ~vrx— MIOKRE Ir Z RV CTRIBZRDGEROIR TR 5
. =FUFFBBREG A TF Ly x— MIOKE L ZNEEED Lo T-, TN TH
tert-7' F L~ u 3 — MUORE 19 2 AW =85512.85% ee & T D\ LR R Si7- (entry 6)
feh, ZHURHI 1g 2 E & LTV, BEtafiid 5 2 & L L, ROSHEDER S I3k L
TR Z WD Z L TH#ET 2 2 ENTE RN, RRHCT > FARREDIK T 272
(entry 7), = Z CHRISIREZ FiFl=L 2 A, =y FAsitkirdE s, 10CIC TR %
1T T-BRITITUER § 88% & BAF/2SUGE T A B r B LIRS Dz (entry 13), S 512 leq
DRIV F U LW T 5L INRITETRTT 2000, =F o FARRMEL 89%IZF
TEF%Z LITaEh LT (entry 14)%%728,

BRI, b Lo G2 tho 7 =/ —/VEFER 1s, 1t 123 A L7=(Scheme 4-6), =EilC
TRISEATHSTZEZA, 7=/ —ILDAZNITA bV EEE2ATHEE 1s TIIRSITER
PICHEIT L, AV XY —RUT AT LA~ —0 TT%DTF o FARRETH LN, 77
— RO EE 1t DA rBRAGEUG S RIS FE0NITHEIT L, 3 2 BRIMIKD @RI
TRONTZN, T AT VARFMEIEFE SR o7, 77 b= A3 1t 271 IE
DA BARORESM (PdJRE LT 5 mol%d Pd(dba),, AN+ & LT 12 mol%®d kY
T2 VRAT 4 v BEE LT 7 A2 R WD EM) I LTZERICA Yy —T
UT AT A — & LTHR LN D SERRMEAR O L 70% TH - 72,

Scheme 4-6. Spirocyclization reactions of 1s and 1t
MeOOC

Me® COOMe Pd(dba), (5 mol%) MeO COOMe
COOMe (R,R)-ANDEN-phenyl Trost ligand (6 mol%) "
Li>CO3 (1 eq) =z
= >
HO degassed CH;CN (0.2 M) o
1s OCOOMe rt, 3h 2s
quant. 77% ee (dr. 1.9:1)
COOMe
COOMe Pd(dba), (5 mol%) COOMe
COOMe (R,R)-ANDEN-phenyl Trost ligand (6 mol%) )
Li,CO3 (1 eq) Y
= >
HO degassed CH;CN (0.2 M) o)
1t OCOOMe rt, 3h 2t

98%, 70% ee (dr. 1:1)

-42 -



FTBEH Avnkb-vxm /) -T = )=V A — RIZ kD 7 = 7 — VO A
AN IER A5+ Friedel-Crafts SOt

BLE R

KIRY) ., EIG, HREMEMEIOZ  IXZOBERICHFEREZA LTV D, TDizdh C-C
FEETERMNC L2 FFROBRMUIIARILF LEE 27 oA THY | Hix e 7iEn
B &S Tnb, RENRLDOELITFICHEICRT,

1. & -7 vF ik

N RS P KRR I L BERE &R L. fﬁﬁib\fika??%'
ERONESHED Z L THERICE#RILZE A$ 5 (Scheme 5-1), &BILDTZHIZIX, R-H @
pKa il & 0 HEE DR R°—H @ pKa A K E W ERNMEATH D720, ﬁﬁi’ﬁﬁ%ﬁﬁb\éz
ERGHD, "ol -SRI TIISRLINANENAR TH L7720, B ETHET
FRMEAZERTHZ LN TE D, KAIT, ﬁ%éhf“é@ﬁi%@%ﬁ@ﬂﬂTV*

R BI, HIREN T THEM TRV EHZ 0D, NERHEWEZ FICANDS

@ﬁ)%ﬁfocb%/\ﬁ%é,ﬁf%éo %@7‘:&>7k%—4ﬁﬁﬁc?ﬁ&@ﬁb)%$fﬁrﬁﬁ’m_ EbHZU,
CHITEREAAN B UFEEOMERIRAKIE L LTRVARE 27— HETHD,
OB Z RIS 2 LIk 0 F20F L Mz E B TR TE %, 40 2 #
Z 5L EHIENEAZEE LT ZERmbTn5b, TOA 0 MG LR OFFIT %R
R L > THER DM, SONR,>SO,Ar>CONR,>CONHR>CH,N(CH;),>OR>NHAr>SR>NR,
>CR,O0 & & T %,

Scheme 5-1. Lithiation—alkylation sequence

1) Halogen—metal exchange
RX + RM —> RM + RX X=Brl

n-BuLi (1.5 eq) DMF (2 4 eq)
=~ THF,-78°C MeO THF rt

>99%

2) Directed ortho-metallation (hydrogen—matal exchange)

RH + RM —> RM + RH

Li 4\ort‘ho M
CONEt, s-Buli(1.1eq) ! e
©: TMEDA (1.1 eq) CONEt, Mel (10 eq) CONE,
> —_—
™S THF, -78 °C THF, rt
T™S T™S
(CONEt, = directed metallation group) 91%
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2. BRABMILC LD v 7Y RS

Ar-Ar §E6 %2 -2< A®MIT  Scheme 5-2. General catalytic cycles for Mizoroki—Heck, Negishi, and
Suzuki—Miyaura reactions

gﬁﬁf\%%ﬂi<4ﬂ“ﬂ b R-R H-X R1/\/R
N < NG RETN reductive

FETH D, KEITHTH > T eliminati%\ 23;* R1/\/ R
mEH SN EE ~xa s H— Pd'L

. R L,Pd® |
(27 JQES PP 2 (/N y

Il oxidative syn-f-hydride

k ﬁ&%éﬁﬂﬁ/\% (i 7L_ iT L Pd 1 adgltlton l R-X ) yelln’ilnaytion

R

fafnRibkFE) 2HND L,XPd" H

Ly Pd”
Scheme 5-2), M\ % Ak §>\‘T"//
(Scheme 5-2), e \/ R

BALEHIC LY . BA-EH  pgmetaation RI-M RIS imrory
I/ CCL . N (4 ﬁ:glilskt:i_l\cﬂgjp;llirﬁg Mizoroki—Heck
&%) (Scheme 5-3), RED
v V7 (EHEHSRMEA) . Stille 1> 7Y T (AR XMLEW) . = AR-Heck K&

(TN y) RETHEIND, 20 FDO v r AT ) —EE, 20 F0aKSEl
EYRILICEDHRED TV IR BT WD, By 7Y RGBS Z
&f\AHEVM7U—w%Am5VMH:w®i5ﬁéﬁmﬁﬁ%zﬁm%@:éﬁwm
BWNTIIT D sp? R, sp IKFE TORBBEIRNWREIC /R o 7=, F7-4 B Aol 712 B3
DIFGEINHEA . PERIFSUSMEDME N & STV EE T 038 I < ROS B ETe il #is S
. 7 a ATy 7)o 7RSO AN LT D, R lomifi 2R B e R 2 H
WRWI B Ry T Y U T USRI E ShTn g %,
Scheme 5-3. Suzuki—Miyaura cross-coupling reaction

n-Bu H

n-Bu H
Br pand Pd(PPhs), (1 mol%) —
* H  B-0 >
3 NaOEYEtOH, benzene
reflux
98%

Suzuki and Miyaura 1979

3. -7 L— U RS R AR B R

BTEE/RT L— 12 Cr, Fe, Ru, Mn, Mo 72 & DB EJE & -7 L — L & B K2 5512
BT %, EETOFEFRITBTFALTHY . REZBISH L UEETHD, HFERICHE
e L TWD KR, N UNNLDOKFEOEIEED B3> T D, BERIINAE Z L
TR TN EOR RS D, ZNHORBICEVEZ D 3 2ONIZ L HHERE
BB TE 5, GHATOFFERIDETLEZT Ty-T L—r &Rk L 2y | = 0dlkL
SN TRV G DT VT U PRREFANAIMNT D22 ENRMENTNDR, ZO7 ek R
D pP-v B -G BERLA O FEERA~DISHITE27220,) 3 ODRIG &1, (1) HEE
RZEHSOG, (i) SREMII-ERerbia)Eb, (i) UV F A b—RETHIC L 2R TH 5,
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(i) HEBREZEISUS

Hiflie g 7 LT ) — M BRI LSS L Ch E W IEE TRV, -7
L— R EEIRIC I D L IETITR S 272 D (Scheme 5-4), BRI ne L 740k
DI BBIEMER RN INVRT =F N R HEHUIEHA T DT L — A AL I AN T &
LREACHNVERT =4 AZREND,

Scheme 5-4. Nucleophilic aromatic substitution of 7°-arene-Cr complexes
R
©

<) x X
X + R =—— — R

Cr(CO)3 &rco) Cr(CO)3
X=F,Cl © ®

(i) SREZAHIN-BR LRI B b

VRO IR T =4 3 f-7 L— v B REER TR O T L — 2 % A8 O SO 6 K
B, Tad v s und ook A 5 x5, ThEka v#Es Y E AV TERMb
THE, BRE L CHEFERREBRISHEZ ~ T2 EFEME 5 2 5, TF /U LON ER
RYEIZEA TRV, 5% < OBEHER D T OARIZHV 51T % (Scheme 5-5)%,

Scheme 5-5. Natural product synthesis using nucleophilic addition—oxidative demetallation

sequence SES.y~
SES.
N
— 2 N\
—
N N
N L\ CN \ SEM
(CO),Cr SEM CN
71%

(iii) U FAH{b—RETHNZ L D HE

T L= BT b= BREsR AT S L ) FA B LR b E RS, U A
fbEani=7vr—0%, Z@bikE, ~aF LT AR, TAT e R, Fhop A O
KE1H & B3 % (Scheme 5-6), —OR, ~NMe,, -NHBoc, —-CH,0Me, —-CH,NMe,, -CONEt,, —F,
—Cl 72 EOINLEFxt 2 bOEWEN HL5E, UV F A TZEDOA NV MITRZ 5,

Scheme 5-6. Lithiation—electrophilic quench sequence

Y Y Y
n-BuLi . E
—_ Li  — E
Cr(CO); Cr(CO); Cr(CO);

Y = substituents with lone pairs
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4. BRI XD C-H itk

ERERE AW TRFE-RBMEZIEM L, BEEFRELTH2FETH D, BER DI
HINTWaiEko s a2 v 7 > 7 KOS TGRS 2 vy T oy 5 [Scheme 5-7
@] EHACRIEE 2 WS R A & LT, S 2 B AT 2 BRONLE BRI 2 Hl4E 3 5
WENRHDHZ L, ARAT v 7T REL D2 L, BASN - EimEOIELIEIT T » 7Y
/yﬁmf@ﬁnétwﬁ%m4#ﬁw EDETF BND, £ T 2000 FRUICAD, KV

Bl L R FETH D C-HIEMALAREANTHIZE ST & 7o, C-H IEME kI

*ji IEPEEARE 2 v, b 9 — TR 7 L —2 % % direct arylation[Scheme 5-7
(D)) & TEMAL STV R WEE [+ % s S % dehydrogenative cross-coupling[Scheme 5-7
©*173 % %, C-HIEMEL TG % C-H A& OMLERIEDOHIECHRE D » 7Y 71k

Dl E%ﬁﬂié ZENHEE D, Flo C-HERITML . BMEOKIGCSFEICRIEETH S
728 BOSIZIFiEH 100°C U Lo sz 2 5, bRt 2 28 LBOstEz BT 5720

LRI IR, BEUYY, TR M7=V R EORMEDOT VA l\"fd‘éxﬁkf%ﬁo fid

mﬁmﬁw% FCTHEL Vo TWVDHBE BN TND, F2HUTD R, 2D L5 724

TIEEEOE IR MBI L0 ALERREDRHIEH S5 Z ERZ VR, SEERZER DN T
DG D, BREADOE, RiFh=H%EET 5 & dehydrogenative cross-coupling 7321
BTIEHDH, BUKTITBECHED X 5 2@igfbAlz v e 752 & (LD BREICELWY
Fefb Az N2 BOS DBRFEBEA TE TITND) . —H DT L—r 2 KD LER &
LDWENLNT & ALFIEIIE DS, RSOGO R EHE LW Z LR ITHVWHR
TR0,

Scheme 5-7. Transition-metal catalyzed C—H activation
(a) traditional cross-coupling reaction

transition metal catalyst
Ar—X + M—Ar > Ar—Ar

(b) direct arylation

Ar—H + M—Ar transition metal catalyst
or > Ar—Ar
—X + H-—Ar o

RhCI(PPhs); (5 mol%)

P(i-Pr),(OCeH4-2-t-Bu) OH O
Cs,CO4, PhMe t-Bu
reflux, 18 h

96%

(c) dehydrogenative cross-coupling

transition metal catalyst
Ar—H + H-—Ar » Ar—Ar

Ph

d(OACc), (10 mol%) OCONMe,
OCONMe2 Ao 10T . :
Na28208 (3 eq) O

(~40 eq) 87% F
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AT A LM ER 2 HREHALT 5 HIE L LT, Friedel-Crafts S0 &5 %,
Friedel-Crafts ST B SIETH D23, BUECTHHRREAML SN HFERE AWM T 2 H
M2 Eo—>2Th Y, HREA I ’f“<ﬂﬂb\€>zhfb\ %, Friedel-Crafts S I3 & ERE
TEBSIETH D720, BTG ECEBL I NIZETEERITEERO TP LUNENRFE N,
Fi B b OEBIE O T BRI SO DAL E IR %@%ﬁzéﬁmmw5& RS
HIEPNHDHE, ZOFIN MIK ORI TOBEBBRNPESR L, B RIENHDLE, FD X
AL TOBEBMPMELT D (e A5 WEFRGIETER AV b= TERAETH D),
LBV T, bR RB LG ROR A B SN D, MEERMECITRE
TAICEIIEDO SN R, BRI OB b BT D,

Scheme 5-8. Substituent effect on the regioselectivity of electrophilic aromatic substitution

EDG EDG EDG EDG
H E ® H H
. + +
H H H
H | H | H

EDG: electron-donating group major product minor product
EWG EWG EWG EWG
H E ® H H
—_— + +
H H H
H | H | H
EWG: electron-withdrawing group minor product major product

7 =/ —/V% Friedel-Crafts S{LDEE & LTHWD &, JOGNTEHLGETHLE P
FUEOFN N RONTALTHEITT D, £RICK L, B FrF 5o X Z AL ~ERPICE
PARZEAT L2 LITBUEICBW T O REREETH D, A/ b= TRMPEER LD A X
2 BRI EREIMET 5618 LT, TFOLORMESNTNS %,

Scheme 5-9. Meta-selective copper-catalyzed C—H bond arylation of acetanilides via dearomatizing
oxy-cupration®
t-Bu t-Bu

H. H. ,&O

N™ “O Cu(OTf), (10 mol%) N
Ph,IOTf (2 eq)
DCE, 60 °C
Me Me Ph
Proposed mechanistic hypothesis R R
R R
H.® H.
PN ) v A

O cat. cu(OTh, N° "0
_ T H — —_—
Ph,IOTF P Ph @\
2 Cu(lln Cu(lin) Ph




Scheme 5-10. Formal meta-selective C—H arylation using carboxylic acids as traceless directing
groups™

H Me Me
€0, Pd(OAC), (2 mol%)

c o Me ~ Ag,COs (1eq) CO,H H
+ AcOH (3.5 eq) > a S
130 °C, 16 h O Me | _co, O Me
F Me

F F  83%

Scheme 5-11. Activation of remote meta-C—H bonds assisted by an end-on template*

removable linkage

Cl t-Bu :
T1 CO,Et Pd(OPiv), (10 mol%) t-Bu
+ W AgOPIv (3 eq) D (A NN I RS ,\\_’
b DCE, 90 °C i-Bu i-Bu

CO,Et H—pPd” N Z Nisu
75% linear fand_ on
m:(p+o+o') = 97:3 coordination

Scheme 5-12. Meta-selective alkylation of arenes through Ir-catalyzed C—H borylation and
Ni-catalyzed coupling process*®

Bpin Ph” "1 (1.0eq) g

cl B,pin, (0.6 eq) Cl p NHMe
[Ir(cod)OMe (0.25 mol%) NiBry(dme) (10 mol%)
dtbpy (0 5 mol%) Ligand (20 mol%)
> ‘y
THF, 80 °C KOt-Bu (1.2 eq) NHMe

OMe OMe 2-butanol (2.0 eq) Ligand
(~1.5eq) 1,4-dioxane, 60 ° 83%

— . H< OO TWDRBEDODEETH LY ) o —T = ) — VL TIET 7
O A~FY25-0x ) D ANEOBEEEE)N 3 21T SALITHERNL L, A XS T VxR VIR A AT
%7 = ) —/LVINERET B (Scheme 5-13)*,

Scheme 5-13. Dienone—phenol rearrangement

OH
% meta
dienone-phenol to the hydroxyl group

rearrangement R2
R' R2? R!

\

ZDZENL, BT A BRI E V) =T = ) —)VHRAL & D3 E R
1T UL, BN T = 7 — LD A Z ([T Friedel-Crafts Fa23 9T L7-TE O A5 %
one-pot TIH5H Z &N TE 5 L& %, WF3LIZHETF L7=(Scheme 5-14),
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Scheme 5-14. Reaction design

Pd-catalyzed Lewis acid-catalyzed
allylic alkylation dienone-phenol rearrangement

MeOOC
CO((;)oMoeMe COOMe COOMe
Pd cat. Lewis aC|d COOMe
HO 7 HO
MeOOCO = v ™
formal Mmeta-specific
CO, intramolecular Friedel-Crafts reaction
Me0®
COOMe COOMe
COOMe COOMe
—_—
®
" T © T
®
Pd
N L

FTAE Pd AL LA A B {b—Lewis itz LAY ) -7 = ) — VRN A S —
R DB

6-1 o) -7 = ) — VEENT DT

2o iibif 2a 28 E LC, TR =Yg, @ LA ) -T2 ) —L
WL S 2 Bt LTz, WIS 2 7 ) — =2 7 %47 > 7= (Table 6-1), £ HL B Y
T ) =T x ) — U AR A A S LT STV S TsOH-H,0 % 5 mol%fHu 7= &

A PUGSEESCNZHEIT L. T R T U 2 —)LEBEK 13a 28 91% DL T 5 L7z (entry 1),

Table 6-1. Screening of the acid catalyst

MeOOC M
COOMe . pOOMe
acid catalyst (5 mol%) COOMe
CHCN (02M) o
~ rt, 3 h
o 2a 13a X

entry acid yield (%)?

1 TsOH-H,0 91

2 BF3' Etzo 92

3 LiBF, n.r.

4 Mg(OTf), n.r.

5 Zn(OTf), 9

6 Cu(OTf), 84

7 Sc(OTf)3 91

8 Yb(OTf), 90

9 FeCl; 90

10 AuCly 89

2 |solated yield.
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il c ko> ) -7 = ) — VRN OBBIREBII I FA AMETH LD T, FH—HRT ¥
NWEEEFE TR T NXNEEL TIE, DF A LZERRED LD @mWEE k7 LXK O T3
FHLLTWeETHREINS, T/EEY, T 87U 7 —AFEK 13a (7 =/ — /D A XN
BT VRV TEBR SIS S LW, 13a ITHE—ONERMEAE L TE LI,
VL) T = ) — VRN OfflE L U CiX BF3-EL,OS°BCl D X ) 7 LewisiE b VB D,
% Z Tentry 2 T BF3-ELO fF1E RS EITo 728 2 A, TsOH-H,0 Z W =54 L [FIFLE D
ISR THMMNE STz, & BT Lewis BRI SV T b MiFf 21T - 72 (entries 3-10)*,
ZDORER, 13 U OB LR ZHLER E T 5 Lewis BRITIE & A E RS E il UZe -
7= (entries 3-5), ZAUZKI L, A TFEAIE N U 7 L— MIFEFITRHRM 22l & L CHERET D
Z LMy - (entries 7-8), Y 7 b7 Lewis fig © 2 W HAIC B D LIRS 5 05l 2
DU FERDFGF B ALT= (entries 6, 10), LA EDOFERAZEEE 2| Sc(OTfs & (i) &\ I THANL
Bah 272 &, (i) KEEPL7 e B AR TZETH L Z & (i) 225 TLER
FERETH Y RO FLDDES Th D Z L bAGHEZ Lewis Bt & L TEIR L7z ¥, Sc(OTH);
ITMUZ B LT D L 9 BREFEEFFD: (1) < O Lewis FEZ KIESE D L o g 2R baW b
DETEM LT 22N TE S, (i) o5ER#%E,. FUIXLEFHATE %, (i) BEloE %
AT Ln(OTH) (T, TR MEAS TR G 23 & D [Ln(I)T ELX Sc(H)D A 7 DN S
W72, Lewis BEME D FRUN], (iv) 5 T 172 Sc REEDSBHFE STV B,

KIZ 5 mol%® Sc(OTf); & HV ., WD fRFET 217 > 7= (Table 6-2), € DfEFR., = hm A X
FCIETE h= R UL L FERREOICRIC TR G B D Z L3 o Tz(entry 2), —
J7 . FRIEOAR AL Clrdsy TS OFEIG 2 U, B & LTINS O-7
XL ETIT C-T T AL ST G315 D LT (entries 3-4), BUALMEDIEBETH 5
THF FCIESHEDME T L, JFUEFDS 58%[E1Y S 4172 (entry 5), H 1 & 3 285 S D — BB
H® Pd it ic L5 A e LSRN T2 b= MU AP CHhHRISEITTDHZ LD -T
Weteh, UBEOKFHZIZ T b= NI L z2Eite LTHWA Z & & LTz,

Table 6-2. Solvent effect

MeOOC
COOMe COOMe
Sc(OTf)3 (5 mol%) COOMe
solvent (0.2 M) 'HO
rt, 3h
o} S X

2a 13a

entry solvent yield (%)@

1 CH;CN 91

2 CH3NO, 91

3 toluene 64

4 CH,Cl, 75

5 THF 38

a8 |solated yield.
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sl L7eRth 2 vy, WE —BYEORET 21T - 72 (Table 6-3), 77 o Dafiiis & HIZE
i X372 FE Tl TSOH-H,0, Sc(OTf)s &6 B & W T & IET T i WU CHANLAE R 23 15
57 (entries 2-3), H T D afiiiZ DI A FNFEE AT 5 IEIHOWTIE Sc(0TH); &2 -k
FFLOMT o TRV BONMTIEERNTEIT L, 5/ k7 VD 6 irE721% 10 u é.ﬁﬁ
N LTALBE AR 11 Ol TE S L= (entry 4), T 5 OFE TII@BILEHB LRI
NF A MEDOBRIREL L ENTE D, JUSHENRENEEZxOND *, —J, 7 b
D P BEHIE A AT 2 HE TIERUSTEDE LUME T3 A 5 41, TSOH-H,0 12 Hh~= T Sc(0Tf),
0)?375>{Eﬂf_rf*%%5x7‘_(entrles5 7). #EHE 2j T Sc(OTH; F7E T, 0.2 M TS EAT
STEGEITIE, BALREW D, BBAARPIEE LD LIIFBFERORSFZ ETHEE G LTz
ﬂ:/\%ip%h%z% 5% (JFEtD 10%757) FREERIAE L, REZ 0.02 MIZETHEE T L0
MBS DEIG T L, 80% DU THAN A 255 Z & AT & 7z(entry 5), AH 2j @)iFE\H%E
MR EVDIE, %/V—ﬁ/TXTVﬁ7—®%u# RWeH EBEZbND, ZOHE L
LTEATY Y —RIT AT LA~—D0EAT DB, B0L5ED 10 (LR F5E L@/ﬁ%_é: =
=L OMICHFERFEDEL D Z LT %hé(Scheme 6-1), 77 F¥x URIOIE
Th, HIREET, Sc(OTH; Z WD & BWIER TR S B A7 A3 (entry 7). ﬂ@jﬁ“\
7 B JF - CES S NV E CIINBGRE 21T > THARWIERIC & & & - 7 (entries 6,8), ~7
o R OFENREFREIDRIZL Y, I TF A MEOEBRENRZE LSNTZ-H EE
bbb,
Table 6-3. Scope and limitation

3

%% _coor R COOR
R’ acid catalyst COOR
(5 mol%)
2u,13u: R=Me, R' = R2 Me, R®=H,R*=H,R®=H
o S CHsCN 2 2v,13v:R=Me,R'=R2=0Me, R®=H,R*=H,R5=H
R4 R4 © ©
R2 R5 R s 2w, 13w: R =Me, R' = R2—H R3=H, R4—Ph R5 H
2 13 R 2x,13x: R=t-Bu, R"=R?2=H,R3=H, R*=H, R5 H
entry substrate temp, time yield (%)?
catalyst: TsOH-H,O catalyst: Sc(OTf)3
1 2a rt,3h 91 91
2 2u rt, 3 h 98 98
3 2v rt,3h 91 93
40 2n rt, 6 h - quant.®
5be 2j rt, 14 h 26 80
gbod 2s reflux, 57 h 31 53
7P 2t rt, 30 h 4 80
8b 2k rt, 3 h then reflux, 24 h - 17
9 2b rt,3h 65 93
10° 2c rt,3h 74 93
11 2w rt,2h 39 77
12 2x rt, 0.5 h 96 17!

2 |solated yield.
b Diastereomeric mixtures were used as substrates. 2n (dr. 1.2:1), 2j (dr. 14:1), 2s (dr. 1.3:1), 2t (dr. 2.1:1), 2k (dr. 8.8:1)
¢ Reactions were carried out under diluted conditions (0.02 M) to prevent the formation of side products.

420 mol% of acid catalyst was used. |

) . . COOMe COOMe
¢ A mixture of regioisomers was obtained. Me COOMe COOMe
f Reaction time: 15 h. + Me
HO
X HO
13n-, 48% 13n-1l, 52%
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Scheme 6-1. Rearrangement of the major diastereomer of substrate 2j

COOMe
Sc cat. COOMe
—>
slow HO
0 A
2j (major diastereomer) slectrostatic 13j

repulsion

EHIT SCOTH T T AF LT 40V I SN BEA LT 0 VAT DHEE DRI
W2 HaE LT/ (entries 9-11), —5, tert-7 F L= A7 VRO FEZ Sc(OTH; 2 V5 Liis
M EHARITECICHEITT 2 DD, tert-7 F /L F A4 o ORBEN R, & 71, TsOH-H,0 D573
ENZBWEERZ B 2 7-(entry 12), 7235, Lewis fefiiiitl LY 7 F72 AuCls Z W5 &
T6NRDIGE TN AR ZGL Z ENTE, UEDZ b, A rElE2 DY) -7
x ) —VER(T AR S Al & U Cid, TSOH-H,0 (ZEE~ Sc(OTH); D 5 ASTEMED iV & HEHI
T& %,

Gy A~ v f— by D N-Ts ICAEH L7 R 2e, A R[B5]v 7 nAadxHV= /10
DAL DOV T b gt 21T - 72 (Scheme 6-2), 2e (2 Sc(OTH); & FHV N 7= Feidi 5t % # FH 4
e, HTHKIERT I RERNPLOBTOM LM LICE 28 U UV BROBBRKIE M5
AL, BE T 2MAOIEIZOT 0 8%95I12 & EE ~7-, £ 2 T Lewis RMEEZ 559D 5 72
B THF B2 . SRS TRISEAT S & PREE QIR TR 13e MF bz, A
v'uBslvrant o ) U TIFEEMIZE VAR T D500 7 BERTH D 72O SN
<L NBGEDE L CHERNLIRIE 6% L AME Do Tz,

Scheme 6-2. Dienone—phenol rearrangement of 2e and 10

/Ts
N Sc(OTf)3 (5 mol%)
THF (0.02 M)
o ~_ rt,2h &
2e 13e, 44%
oo Sc(OT); (5 mol%) COOMe
c mol%)
COOMe 3 COOMe
CH45CN (0.2 M)
O A 50 °C, 15 h then reflux, 13 h
10 14, 6%

%72, (R,R)-ANDEN-phenyl Trost ligand % F > 66% D =) > FARIETERK L7z A E 1

BRAVAR 28 ZHEALSUS OB SR Lz & 2 A, 65%ee LT & A ENFEME LR H Z &
72 < HRAZIR 13a 23F H 72 (Scheme 6-3), Z D Z &b A RERL-V =) V-7 = ) — )V
AL DI IR F O IHE S E LN D AREMED & 5 Z & BRI,
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Scheme 6-3. Dienone—phenol rearrangement using an optically active substrate

ngggw Pd(dba), (3 mol%) MeOOC oome
€ (R R)-ANDEN-phenyl Trost ligand
o _ (3.6 mol%) /
CH3CN (0.2 M)
MeOOCO rt, 24 h (0] S
1a 2a, 58%, 66% ee
MeOOC .\ COC%Ncl)eM
Sc(OTf); (5 mol%) O‘ e
* CHsCN (02M)  HO
o ~ rt, 3h A
2a, 66% ee 13a, 98%, 65% ee

6-2 H e S i~ B

UGS ~O A B L, —BREE O Pd AR X 2 2 © o BAL UG O SUGH K O34
FWAAAE T BSOS R HETT T2 D2 & 5 I iERR & 4T - 7= (Table 6-4), Rfitiit & L T
TsOH-H,0 % AW 7=354121E. 5 mol%® Pd(dba), X OF 12 mol%d> PPhy DFRMNC L D K& <
I ETEE 2MECT L 7= (entries 2-3), Z4UiE TSOH-H,O 28 PA(OVZ R LA L= 0 . ¥_v Y
VFo T RN T2 VikA T g 70 oAb H5Z LT V= U ETEHEL
WK ol eEZx b, —F, BiEE LT Sc(OTf); & HW=HEIZIL, T Y
U LBERR Lewis I T D A % 7 — /L OIAFIER NS DD [ [F U< Lewis HETH 5
RAT 4 VEL A OTINZ K0 SOSHEL 72D T & 353 7o 7= (entries 6-8), L 2A> LGIFRH]
ZAE R AUE R IR 2 2B S 7= 72 . PPhg (2%F LT Sc(OTh; 4 LZ I W IE

Table 6-4. Compatibility of the reaction conditions

MeOOC COOM
COOMe ©
acid catalyst (5 mol%) COOMe
additive o
CH4CN (0.2 M) HO
=

O 2a rn3h 13a X

entry acid catalyst additive (mol%) yield (%)?

1 TsOH:-H,0O - >99

2 TsOH-H,O Pd(dba), (5) 9

3 TsOH-H,O PPhs (12) 14

4 TsOH-H,0O MeOH (100) 94

5 Sc(OTf), - >99

6 Sc(OTHf), Pd(dba), (5) >99

7 Sc(OTf), PPh; (12) 50 (78)°

8 Sc(OTf); MeOH (100) 97

2 Yields indicate the percentage of 13a among the crude 'H NMR sample.
® Reaction time: 12 h.
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BR) & T 0GRS NERTE D B X7, B EL L OB A2 HWGaIcs, MY
T2 VRAT 4 ROAZ ) = APEEOREA VT 4 ANKREBE L TALE WD %
FEEARK LT 5D,
A=A — MK lu 2 & LTHW, E OGO 21T 572, TLC 1T T Pd filtfitiz

% A 1 B AU UG D 5ERE 2 HERR L 72 1% . 20 mol% D Sc(OTH); 2 M2 % & Eafr AN o) T4 T
L. 93% DI TILEY) 13u 7345 5472 [Scheme 6-4(D)], T 41 H D B D feid 541 % FV
two-pot TIUSZAITH &, —BBEE O Pd itz X 2 A B r B LIS OIED 91%, —EiRE
H® Sc iz X 28500 S DR 98% T H 72, R TIL 89%IN=E T&H % [Scheme
6-4(@)]. 2 F Y two-pot THIGEIT-7oE & [RRREOIERTEAMIZ T = ) — VD A XA
T Friedel-Crafts 5S35 4T L 72 R D L& 4% one-pot TR SN 7= 2 LIt/ s *,

Scheme 6-4. One-pot multi-catalytic sequential process

(a) Two-pot process

COOMe
Me COOMe Pd(dba), (5 mol%) Me OOMe
PPh3 (12 mol%) 9 Sc(OTf)3 (5 mol%) COOMe
» 2U >
HO CH,Cl, (0.2 M) CH4CN (0.2 M) HO
Me | r,4h rt, 3 h Ve
91% 98% X .
Tu " 6coome 13u, 89% (2 step yield)
(b) One-pot process (Two-step procedure)
COOMe
Me COOMe Pd(dba), (5 mol%) bl Me COOMe
PPh; (12 mol%) ~l2y] Sc(OTf); (20 mol%) COOMe
HO CH,.CN(@2M) ) rt, 0.5 h HO
r,9h
Me 9 Me o
1u ocoome 13u, 93%
(c) One-step procedure
COOMe  pq(dba), (5 mol%), PPhs (12 mol%), COOMe
COOMe  5¢(OTf); (20 mol%), additive (1 eq) COOMe
1/ -
/ 77 [l
HO CH5CN (0.2 M) HO
1a pMeoOCO r, 24 h 13a [

additive: MeOH, almost no reaction
additive: t-BuOK, 2a: 48% (SM recovery: 26%)

HFLE B L AR uBb-U ) -7 = ) — VIR A — ROBR%

2 rBbOFE T, Sc itz Nz 5 &9 FEZ B A 72556 (two-step procedure)(Z (s
eSSz BT 5 2 E BN TE 208, F1da 5 Pd fillfit & Sc il & % H:47 S 72355 (one-step
procedure)(Z 1 B I DERNLAR 2155 Z & 23T & 72 ) o 7= [Scheme 6-4(C)], & Z THL—Ofiligtiz
XV RIEROEHS ST AR WRFTT 52 L & Lie, ZHUIT VAT v a— UK | 238
L. Wit A WD Z & CERATEE TH D & B 2 72 (Scheme 7-1), DF VD, TFAD L H 72
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Bransted [iZ<> Sc(OTf);, Bi(OTf); &\ o7 Lewis FRIZ LV & e U EOMiBiEE EiF <7
UAHFA L RER L, REHIZ T VX MET B8O TNDEZ & O H5TFR
ipso-Friedel-Crafts M EZ KX 5 A B BRIZAIIIC I Vit s b B2 bnbd, F24E
Cicavayra~nkd$ oy v I OV ) -7 = ) —)VENLIEE— ORIz X 0 2
HEIND D,

Scheme 7-1. Reaction design of a single-catalyst system

R
H,O
................ >
HO spirocyclization
HO
1
R
o

(E = COOMe)

WIDIZRZEIRT U NI T AL HER LT WEBZOLNDT VNI T = = VA FT
D7 va— R 15c ZHE & L CRGRIEORET 21T o7z, £7 Lewis Befilijit & LT
Sc(OThH; 2 V., OG22 1T - 7= (Table 7-1), DN SISIZBWT B RE2 5 2
7% h=hULTIE, FERBEDRT 7 bk 16c DREIAENR S, EEAIARDIERIT 60%
it EFEofzlentryl), = hue A X U EHWEBRICL T 7 D UARDARIZA SN H DD,
DA R T BRI R A2 5 2 72720, 2R aRimiait & L GRIR L7z (entry 4),

Table 7-1. Solvent effect

COOMe COOMe COO(I\)/Ie
COOMe Sc(OTf)3 (5 mol%) COOMe
HO solvent (0.2 M) + HO O
rt, 3h HO
HO X N\
15¢
Ph 13c Ph 16¢ o1
entry solvent 13¢ (%) 16¢ (%) (dr)
1 CH5CN 60 31(7.0:1)
2 CH,Cl, 22 10 (2.6:1)
3 THF 4 32 (3.0:1)
4 CH3NO, 69 12 (1:1.2)
52 CH3NO, 4 -

2 In the presence of MS 4A (1000 mg/mmol SM).
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WIZERfRE D R 7 V) — =2 7 % 1T > 7=(Table 7-2), TsOH-H,O LI} @ Brensted iz % v 7=
BAIIIBUSEEL 720 | BRI RIS & & F o 7= (entries 7-9), TSOH-H,0 % vy, ¥
smana R Z o FORET > e A IIEBUST R E WSS 7oy, FAR E LTHE
ONTZDFyT7 7 hAR16c THY , ETEEDOT VIO FrFx N2 M U ETHE
B X NIALAEH ORI S B STz (entry 6), 48 Lewis FAARBEIZ 35\ T H IR ITHRRE 72 -
7= 73 (entries 1-4), @ ICHR & B E 220 Lewis FR TH 5 TrClIO, & W 7235812137 7 R AR
DIEE A LRIEET, BARIGE TN E B D Z & D3> T2 (entry 5),

Table 7-2. Screening of acid catalysts

COOMe COOMe Coog/le
COOMe g¢id catalyst COOMe
HO solvent (0.2 M) HO + o
HO "t N N\
15¢ pp 13c  Ph 16c  pp
entry acid (mol%) solvent time (h) 13c (%) 16c¢ (%) (dr)
1 Sc(OTf); (5) CH;NO, 3 69 12 (1:1.2)
2 Yb(OTf); (5) CHNO, 3 45 13 (12.3:1)
3 Cu(OTf), (5) CH;NO, 3 54 10 (2.9:1)
4 Zn(OTf), (5) CH;NO, 3 39 7 (4.6:1)
5. TG« CHNO, 3 8 - 1) .
6 TsOH+H,0 (20) CH,Cl, 24 31 57 (1:1.1) N
7 TFA (20) CH,Cl, 24 7 15 (2.0:1) o ©H
8 hydrogenphosphate A (20) CH,Cl, 25 7 37 (1.8:1) OO
9 hydrogenphosphate A (20) CH3NO, 24 <13 n.d. hydrogenphosphate A

T U AL EBRIL A R 72 W22 7 U LT L a3 — VR 158 O RJRIZ DWW T bR
%17 7-(Table 7-3), Lewis it & L C. #ii/e TrClO, & AW 723541213 59% & HFLE DU %
PAFHNTZOITRE L, Sc(OTf); TIHEAEINZ <D | BAARDINRIT 20% &, HE2S 15¢
DAL B R 7203 L B A7z (entries 1-2), IEOmM EAZHfEL, RUT U —LAF
Table 7-3. Reaction using substrate difficult to generate an allylic cation

COOMe COOMe
COOMe  Lewis acid (5 mol%) COOMe
~_H CHsNO,(02M) HO
HO rt, 24 h
OH N
15a 13a
H
entry Lewis acid yield (%)
1 Sc(OTf), 20
2 TrClO, 592
3 TrPFg 51
4 TrBF, 45
5 ArzCCIO,4 (Ar = p-MeOCgHy) n.r.
a

-56 -

15% of lactone 16a (dr. 1.2:1) and 5% of aldehyde were obtained.



NHFF DR 2 =T =F TV — VOS2 B Uil 23 L7223, TrClO,
AW AICHAREIN S < B D SR L 22 o 7= (entries 3-5), L2 LT U L F34 v &AL
I WEEBEZLND RO T VATV a—)LxEE L L THEREDIER T HOIRLIK
DEFEOLNTEZ e, ZOMBA) T A — FRISIZIRWEEIZEH T & 2 AREME RIE &
j/l/é 52
BN, Z OB F T V72 Lewis FEZ WD 2 & TRFUNCEBHTE 2089 7
*ﬁﬁﬂl%ﬁo 7= (Table 7-4), RAEBNL 7% FIH L7= 3% 7 /L7 Sc iz X 5 = F o F AR 7
FUSIXZNETICELBESRATND P, ZN6HE2BEIC Sc(OTh); & AF FERL 1%
WOEKE G H (T o720, EOFMHFITB N THE LN ERMITT & IR TH - 7= (entries
1-4), IR T VNI F AL HRR L THEITLTWDHDOTHIUL, XTI T 2 —T =
FUDFIEIC LD = F  FARPREDNF R EIND AR H D LB, FT LRI T X
=T =AU EFEO N FADT AU EBRMLTHIZR, HOENTAERDITEY 78Ik
Thoiz(entry5), TUNLDFAUNERLTWIZELTH, F T4 4T &Pk
ETDRISTA A I OFERE L 1A ER CHRIBEIAEE L <. 20X 5 R REEZR S R
FUSIEIR BT S ™,

Table 7-4. Chiral Lewis acid-catalyzed spirocyclization—dienone—phenol rearrangement cascade

COOMe 4id catalyst COOMe
CH3N02 (0.2 M) HO
15¢ pp 13c
entry acid catalyst (mol%) time (h) 13c (%) 16¢ (%) (dr) ee
18 Sc(OTf); (20), (S)-BINOL (24) 6 80 6 (1:1.9) racemate
28 Sc(OTf); (20), (S)-BINOL (24), i-ProNEt (48) 24 40 9 (4.0:1) racemate
3 Sc(OTf); (20), (S,S)-TADDOL (24) 3 89 trace racemate
4 ScéOTf 3 (20), (R,R)-i-Pr- pybox (24) 12 24 3(2.8:1) racemate
5 O3S (+)-camphor (20)° 12 62 n.d. racemate
20.05 M.

0.2 M in CH,Cl, Prepared by mixing silver (1S)-(+)-10-camphorsulfonate and trityl chloride in CH,Cl,.

< SN,

OH ><O RS

o O]X

Ph" pnh i-P

(S)-BINOL (S,S)-TADDOL (R,R)-i-Pr-pybox

—|/Il

HO5S

(1S)-(+)-10-camphor-
sulfonic acid

I 15c 12 R T 15a D HFNEME TS % m®ﬁmﬁﬁﬁ@ot_kﬁ%>@w g
il X e R RoOMBENEZ Y, BRICT I FAUNERLTWED, £
1L C-O FEANRKE L o LA F 412 w%L%kofwék%z%mé 15¢c B4 T
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LT (FITEIEER) X7 2= o BRIV ZELER TS, 20
TUVNAFF AR L, 7 = 7 —D355 1N ipso-Friedel-Crafts B S A Z 92 & TAE
2 ERAAD BT D, DF VEEAEIC X2 A B rBEROGIE SN2 TlEe< S\ TH D
EBZ TG, ZHIFBET HHF7RIC L VIRE ST D RGHIE L —54 2 L, Ehh T
F O FREOR R ERET HIET 7 b U HOBHEREECTRIER ) £ W o7eZ &b
SNUTL OB 2 SCFRE L T D, SN2 UG O RTREME 2 HEBR T 2 7o RFEEM AR T U LT L
a— /UK 16c Z B LIS EITE 9 E B 212N, af-REafnr b OARF 1,2-2 550 9 £ <
W IR o To, A UTe AV B BAUIRIEE —Omiilic kv oo ) -7 = ) — VR A R T
L. 7 h2 U =ik % 52 %, TrClO, Z it & L THW T RUSIZ B W TIHEERIZ A
ErBRLREZ B LTIV R0, 2 rB{bik 2all= e A% o TClO, ZEH &5
EESCMITHNI DT T D2 e, TUYADTF A AT LT = /=D A XD D EHE
REBEPEZ > THLHOTIE RS, ARBRUERZREE L TWD LEXTND,

FE 158 OSUGTIE 15¢ DRUSIZHART, AR L7e 7 7 M ARORIE RS oz, 7=/
— /L@ ipso-Friedel-Crafts BN T 522 T A U AR LTe FBEIT LT 0 olzxf L,
77 AT BN LTOREED R ET LTV onns LlRy, £23EHL 60
KRG T VIV F A DN ER LT BOG L9703, ipso-Friedel—Crafts LoD ()i 7
DHXTNCIR DD LIV, T IUNATFHUNERT D E, 7=/ — AV EHRERE DM
TrHUEMMAAEERNRE D AL BRILOBBREISIVEELZ L 57 L bEZHNRD,
ZDBEZIHESL L, TICIO XTI T YN AT AU BAERIE LD BEmNT=0IC, 1
ENET T N ARDERE DTSR E 5272 B 2D LN TE S,
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= Pl LA 2T L ) T — NS TFHNT VAN EBRKSEZFH LT 3 B
7 a7 a U DA

BA\E HR

BREEMBN L 27 Y WVALEHSOS IR FE - ARG 2 TS 5 WA 72 51D
—DThDH M, Lo LREREEAE LTI, pKa 28 20 K0/ S WO IBIER TH 5
T RNRINERT =F PR N D GEDERINICE < R TE 2 REROE R 5 %5k
B3RO BN TND, KV = R REAITH L ZELSnTWRWnWsr hrox ) F—h
ERNET VAT VFMERE * &, FIOREB ) £ 0D Rho2 2 b, Atk
b5 T BICHGE ST e, 1999 41272 5 C Trost B & W & bz 51 Chignvr kv
ZREFHN LT DT F AT R T U AT IV F AL 3] TR S 4u(Scheme
8-1)°, ZIMDLRBEBT TE %,

Scheme 8-1. First enantioselective direct alkylation of nonstabilized ketone enolates
allyl acetate (1.1 eq)

(o) [allylPdCI], (2.5 mol%) e}
(S,S)-DACH-phenyl Trost ligand (5 mol%) 5
<?f§1fj/ T AN
LDA (2.0 eq)
N0 Me3SnCl (1.0 eq) \o
DME (0.17 M)
0°C 950/0, 92% ee

L LZORISIE, =/ 7 — hOWEE D LA L S 72T TIEJR T o F AUk
ICREREENHLBENHDH L P Fho ) — L TE L7 0 F oD D & R
DT )T — MREMENAFAET DI KV AWM 7 R oAb S, (LERIRE R O
FUFABREBE T LIZY . RY TAXUER R HFREROH S 28 O b, 2o
MFPHIXR SN TV D,

ZOMBEAEERET A H1EE LT 1980 Izt S . SESIC v sIciE ST UL
T )= —RF— b RT VB N AT VO RLRER LD T V% AL B % (Scheme
8_2)610
Scheme 8-2. Pd-catalyzed decarboxylative allylic alkylation of allyl enol carbonates

o
OJ\/\/

2 o
R Z S _R?
)R><R3\/ Pd(0)L, RW)::S
o
0

J\ F Pdy(dba);-CHCl; (10 mol%) }/A
o 0 PPh; (40 mol%) F o e
> " A
© DME (0.2 M) 0@~z e~

0°C R2

@

R1J\|/R2
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TV x ) =V =R F— T Pd AR S D & (i) EE O Pd (O)J\ODE&%I:EI’JHDD
LD —Rx = OBEL 727 VART VT KO, (i) I —RF— hDOBLRERIC
LHRHPTOr b= ) T— FOAER, (i) 7 v ) T — b DT UART VﬁAm@ﬂ%$&“
BT LY odﬂfn?’ VUL SN2 R R OT VT e R3MGH5, EERT VL7 b
T AT NVOEGEITNEA T AC-BREE-T VX LTI <L A T Ab=T v % ALl R g
D2 & % é:%z BNTWD T2, FERMIZITT FrDahiNT U AL ENIALE WD
DIDD, EERITKREA & LTEIWTWADIXLZEL SN ST NINVKRABA A Th D
O, ZOBREEEED T U MLT VI RS TIEREEHA] &SRB FRINRRHCAER L, =
TUNNRTGOOENT ) T— b DI T B —HF AL 720 XA A AT ZRR L
TWH 7w, fibo TSN ) 77— FDOT VT IALTRIEE 72 D BIIE DI Z B
%o FIARSUSIAFRIRIC BISHARETH S %, TY VT ) — L —R3x— M EIE L L
T B A DARFFOSIE, Stoltz & D 7' )L—F[Scheme 8-3()]* & Trost 5~ /L—7[Scheme
83 I kv HE SN TWS, TYALHT P AT A EE L L ARFRIEZENL S
HeBRF T, Burger SRV ERIATNS %,

Scheme 8-3. Enantioselective decarboxylative allylation of ketones

(a) o
W o~ i
07 Y0 Pdy(dba); (2.5 mol%) N
(S)-t-Bu-PHOX (6.25 mol%) ‘
THF (0.033 M)
25°C 94%, 92% ee

b o
(b) o

oJ\o/\/ Pd,(dba)s-CHCl3 (2.5 mol%) P
(R,R)-ANDEN-phenyl Trost ligand (5.5 mol%)
O‘ Dioxane (0.1 M) Mgo
MeO

B°C 90%, >99% ee
VL b s JEIZ ., Fe OB OS2 30T DRI 16 D K 5 2o iiz = A7 ViE#EZ
Fopt=L7Fus s b ‘/*E&"B‘—:E L7z, ZHUZ Pd it 2 fEH S S, BRd Tk~
o7 Vb ERIERIZ, FE O Pd (0)~D LA & BRI T UNARTY
TADERE EBICTZ ATV ) T — EBEL, IS %V\?T?k**ﬁﬂk Lcm<zeT
SEH 7 a T a N UPHE SR TE 50O TiXeWi LB 2 7-(Scheme 8-4),
Scheme 8-4. Reaction design

o O o Ester
Pd cat. AR MeOOC /s
MeO (o) ligand MeO R —
R — > R' —> R'
/\ ”“\
Rl

- CO, |
+
P Pd . ~
10 Pd cat. L- ‘L
R Iigy L _
MeO
Base
)‘\(/\(OAC
RI
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TATE BT b AR afid 71 b D pKa S KE W I LR ERFERNS AT DT )
7 — M BB ORI LD AF T U LERRISORER E L THH L TWL LS 5
IZIRBNTWD, LObZDIZLEAEE, THT 7 bR 3 (BB EZGET HA4F A
YR=N TV AT TR BOMET ) T — Y AU ANVRT =4 &
KR C 2 AL DS 2 LT VR CER R 2 IV - O Tdb % (Figure 8-1)%, 2o X
D IR IR AN R R T I W VAR VRFH RN AE T D = ) T — P AREAI LT
BIXIEE (D720 (Scheme 8-5)%, H /2B A BANSEIC & D BLRER & £F 5 LR R K
OT VAL LT, Trost HIZ LY = AT V> ) T — NEMROT UV b3l ShTnd
(Scheme 8-6)*4"¢8

Figure 8-1. The structures of special carboxylic acid derivatives used in transition metal-catalyzed
AAA reactions 1

0O R R2
R\(“\O ©j$=o CF3CO\N\/’-§/0t-Bu Ph _N>—COZR1
N={ N v >_
Ph R? Ph
azalactones oxindoles Zn enolate glycine esters

Scheme 8-5. Pd-catalyzed AAA reactions of acyclic amides

( )

(o]
o [allylPdClI], (1 mol%) o} Q/QN}"U—Pr

(S, Sphos:S)-L (2 mol%) W Ph Fe  NEt
PhO _Ph OAc > N V= OO
N + /\/ B
LHMDS (100 mol%) phd Me fr N

Me Ph (2 eq) LiCI (100 mol%) 2
THF, rt 99%, 93% ee OO
(Svsphosvs)'L
. J

Scheme 8-6. Pd-catalyzed AAA reactions of N-acylbenzoxazolidinone-derived enol carbonates
(0]

o o
o o 5
PR I _Me Me Pda(dba);CHCI; (2.5 mol%) O NJ\./\%
0" N (RR)-L (7 mol%) ]

> Me Me
Ph. Ph

89%, 97% ee

R 0
NH  HN LiOBn
THF.0°c o9 I
PAry AryP ) Me Me
Ar = o-tolyl
RAL 86%, 96% ee

e LTRLND Y7 a7 e /R BITEEICEATHE TH Y 2 A< RIRY,
EPNEMED o HILEMIT A GG, FT2, BATHEE CTH 20 BICHRZ F O Hix 72
FISEEZ T ZERMOATNS Y, Zb0BEHIcLY ., BRI TH Y7 m sy
a7 AT UAERRE, £ FARRMICERT 2 FHEZRE T 28 1056
HILTWS O, feFIZ A HIE L LCiE, Simmons-Smith [, EBABAMLIC X507 Y
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TINT o EF VT 4 DT EA R VR E R L7 b O, Michael-initiated ring-closure
(MIRC)iJit~,  Kulinkovich—-de Meijere 72 ENRd 5, BB E W07 UL
AT VX MABOGIT £ D NARIBIR 72 > 7 v 7 a X OERIE, RERINZEILT ) T —
kT D BIDHE STV % (Scheme 8-7)Y, 72 A UL 27 U A& BEERD AR 2 £ 5 A3,
REROBENFLRFEIZRZ VA X T ra T B o kR Ty rara XU HEAkT 5
FFEDE 54TV % (Scheme 8-8)7,

Scheme 8-7. Enantioselective Ir-catalyzed cyclopropanation through intramolecular allylic

alkylation of stable enolates

[Ir(cod)Cl], (2 mol%)

L* (4 mol%)
COMe  OCOMe  1h g molo)
A

MeO,C THF, 0 °C

MeO,C_ CO,Me

85%, 94% ee

Scheme 8-8. Enantioselective Pd-catalyzed cyclopropanation via attack of nucleophiles to the

central carbon of a zallylpalladium

(0] o)
1. [allylPdCI], (2 Mol%), (Sphos,R)-L (4 moI%) S
Et\)l\Nphz LHMDS (100 mol%), LiCl (100 mol%) BN S ht Nj OO
2. NalO,, RuCls o e 0
Ph/\/\ocone BnEt;NCI 72% (dr. 12:1), 97% ee Oe
(1.2 eq) AcOE¥/H,0 S (Sphos:R)-L

ERE 7 a R AeDE

FPHREL L Caiic 7 == VB HTHE =L 7 b 18 %384R L 7=, 2010 4E(C Chen
SAEMEEE AN e =T FuT s FOARRERE LTV B, TNEBEICT
ULVT T — 17T #E & U CRIREITo 7208, BUSHEL 720 B OULEET 16%I2 &
& o7 (Table 9-1, entry 1), & Z Tt THUWT W Lewis IRt 23 L7z & 2 A,
Sc(OTH); TIELUGHEPMEN -T2 H DD TrClO, Zfiklift L 95 Z & T 80%% M 2 5 UL TH W
L2577 NAREGRT % Z L3 T & 7= (entries 2-3),

Table 9-1. Synthesis of j~vinyl butyrolactone

O
Ph >(\/\/OAC catalyst _ MeOOC
MeOOC~ "COOMe conditions - Phﬁ/
17 18 “—
entry catalyst conditions results
1 AUPPh3CI/AgSbFg (5 mol %)  (CH,CI),, reflux, 4 h 16% (dr. 1.4:1)
Sc(OTf);3 (20 mol %) CH3NO,, rt, 24 h 21% (dr. 2.1:1)
TrCIO4 (20 mol %) CH3NO,, rt, 87 h 85% (dr. 1.9:1)
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BoNEEEERNN Y7 07 a0 ALOBE 2T -7 8 25, RGOSR, 7 A7 L
FBIUE & B IR BEOFREEIC KR & <UKTFT 5 2 L 23 h o 7= (Table 9-2), ABME DK\ R H
TIESONTELS | EDEWEE, = —7 VR 2 W 2356 103 K S ROSHEIT L
oo VT AT UABRPPEIZ OV UMD @ WIS B CIHR< . THF £72iF br 2 v
AT 91 i b BWE R A 52 7= (entries 1-5. entries 1-4 DR L9 DX 30 CTL H W
Th D), PAIROfRFI 1T -7 & Z A, Pd(dba), & [7] U dba $5/K T % Pdy(dba); -CHCI; %
WA ICRRRE DI L N T AT LA RIENRTG DT (entry 8), BT DFT Tl
(2-furyl)sP Z WG EICE WY T AT LARIRERE LN DD, KISHEMED > 72
(entry 11), NZARAIIZ & OB T d 5 (0-tolyl)sP <> XPhos % VT & L 0 L7245 1315
S7aio 7= (entries 9-10), F7=. Ir i 2 W2 ET ) T — DOy FINT U VL EHRIK
JRIC &Y @ o FARRIC E =Ly 7 a P a R AT AEIREE Sh vz M
D A TR ©AT o 723 BOGIEHELT L 727> o 7= (entry 12),

Table 9-2. Optimization of the reaction conditions

o]
MeOOC [Pd] or [Ir] (5 mol %)
0 ligand (12 mol %) _ Ph'A
Ph _ solvent (0.2 M) MeOOC _
18 (dr. 1.9:1) 19
entry [Pd] or [Ir] ligand solvent temp time  results
1 Pd(dba), PPh; CH,Cl, rt 24 54% (dr. 4.0:1)
22 Pd(dba), PPhs toluene rt 25 17% (dr. 9.2:1)
3 Pd(dba), PPhy CH;CN  rt 33 83% (dr. 1.8:1)
4 Pd(dba), PPh; DMF rt 24 74% (dr. 2.9:1)
5 Pd(dba), PPh; THF 30°C 24 88% (dr. 9.1:1)
6 [allylPdCI]; PPhg THF 30°C 24 15% (dr. 2.0:1)
7 Pd(OAc), PPhy THF 30°C 24  trace
8 Pdy(dba);'CHCI;  PPhg THF 30 °C 15 90% (dr. 8.3:1) O
9 Pd(dba), (o-tolyl)sP THF 30°C 24 48% (dr. 4.6:1) PCy,
10 Pd(dba), XPhos THF 30°C 24 84% (dr. 5.4:1)  i-Pr i-Pr
11 Pd(dba), (2-furyl)sP  THF 30°C 24 <35% (dr. 11.6:1) O
12 [Ir(cod)Cl], P(OPh)3 THF 30°C 24 n.r. .
1-Pr
@ A mixture of diastereomers in 1:5.6 ratio was used as a substrate. XPhos

R 19 DT AT LA —OLAREITHL D D3 e L TEH S T v
7T DA R~ E L Z & TIE L7z(Scheme 9-1), H—D A V¥ —72 T AT LA
~—Z M, AT 4 OB M 21T o128, BONET AT F20 28T Lz s
ZAH, AT ETHEITL, (1S,2R)-2 V7T v OAE A & [FE—D{ba 22 3
BoNiz, £oT DY 707 a R flc W BLNE A Py — RO T AT L~ —I3,
BV E T AT NVEN TV RIZEBR L TWD I ERNmhholz, ~A4A T —RIT AT LA~
— (A F =V T AT LAY = ATy =TT AT LA~—0 1111 DIRAY) (2250 Th
R DR ZATVN G BT T /v 32— /HRICHR L & 512 TsSOH-H,0 Z{Ef S TH 727 b
DI SR NZ & MDD TN D,
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Scheme 9-1. Determination of the relative configuration

Enantioselective synthesis of (1S,2R)-milnacipran’®®

Ph,,
I\ 4 steps P% 4 steps Et,N NH,
— >

o) O
COOH (0) (1S,2R)-Milnacipran

(antidepressant)

Conversion to the known intermediate

RuCl3-nH,0 Ph
Ph/A N§|O42 Ph’l/ NaBH4 Ph’// b
_
MeooC CH3CN/H,0 MeOOC CHO THF,0°c | MeOOC o)

19 (major isomer) (6/1), rt 220

LT, IR LIZRUGEZAS2R)-2 VTV 7T v OERICHIAT A Z 2B L. AENX
JIEDRRETEATH Z &b Lz, FLHI2HE L THAINTHWDEINFT VT T UIETEIKRT
FEOLNTWNDD, HBIEENIRWVDIZAS2R)-ETH L Z EBRMHL N TS, = F 4%
RI72(1S,2R)- 2 VT LT T v DERIE 3 DD 7 — 712 L 0 3R STV 5 (Scheme 9-2),

Scheme 9-2. Enantioselective synthesis of (1S,2R)-milnacipran

(a) Shuto et al.
NaNH Ph
?}\/CI + P NON —— )\/<? —>Ph“’A _Leon
benzene NC NC OH 2.HCI
NaN3
Ph PPh, H Ph,,
b LiNEt, Ph,, _CBry Ph,, Pd-C /
— Et,N NH
THF Et,N OH pMF EBbN N3 MeOH 2 0 2
87% 99% 0 87% T

67%, 96% ee

(b) Doyle et al.

Ph Ph,, P Y
N, Rh,(4S-MEAZ), 3 steps - EiN
—_— >
o o (same as above) 2 o Rh—Rh

O—/= CH,Cl, O 14
80%, 68% ee Rh,(4S-MEAZ),
(c) Doris et al.
Ph,

Ph chiral tetramlne N 7 MeOH HNTN"NH

iy > 2 XN
n- BuL| K2003 o) \ choos N Sen pn
(0] OH allylBr 98% chiral tetramine
83%, 88% ee 92% (88% ee)

cis/trans = 70/30

Ph
Ph o Ph,, ”é Et,NH Ph,,
I\ O Dioxane/HMPA | MeO OH Al EiN

(e} OMe o)
55% (88% ee)

Ph potassium Ph “, Ph ‘t
socl " phthalimide ethanolamlne
— 2y L, EBN Et,N
Et,N cl

96% 88% 9%
o (88% ee)
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EOREH T 7 b 22 #8ERE L, ZONARIEBRREEEZIT-> T D, B IFHE
AT, filROR)-mEZ7 oot RY S L7 2= 7% b= b VL ZSRERAIC
MMEELHZET, ERRFUATFARE= NI AVERRIZEBR LI 7 a a0 %
ER L, fE< = MU AVEDONIKGRE, 77 FABIZ L0 SRR 22 2 96%ee ([T TH A Z &
(2R Eh L7=[Scheme 9-2(a)]. £ 7= Doyle 5% 7 = =/LFEENS 3 AT v 7 TR TE 57V

NT 2=V OT I TeT— KB E L, T 07kn Ty L R E AT REY
Vﬁﬂ7ﬂﬂ/m%ﬁj_kf\%@m@%%%ﬁm’ﬁT%5oLﬂbif/?ﬁﬁﬁ
P 68%1C & & & o 7-[Scheme 9-2(b)], & B2, Doris HIEZF T NART F I T I EF T /L
MiBNEE L LTHWS Z & T = 2VEB O ofi i =) U F AR T Vo kL, i< 7
AT VBRI — RT 7 M ARIC KD . SEP R Z ARG 2 B E &
ROMDAFREEANT L0 FEEE ST, LOLENE TSV ARIE T o ARIC
LT 70:30 DEETLOMEOLNTE LT, V7 AT LARFIEOUEITRENRFE - TV D
[Scheme 9-2(¢c)].

FH DO L PAd il A AW AT L ) T — Dy FINT U L ESRRSIC
H%ﬂéém%19@%V%—&V727Vﬁv—#%$%¢ZZAkX@Tﬁé_k
&MWgafﬁbkoikﬂQ@?iFk\iv747®@%%%%ﬂi67w?tF@é
A, ZITH T X ABIC LD o PRI Z R TICAS,2R)-I VT U T T AR A KT E
% Al HE: i%; & % (Scheme 9-3),

Scheme 9-3. Synthetic plan to (1S,2R)-milnacipran

Ph Y, Ph 7 % PiIUA
< \ > Et,N

(1S,2R) MllnaCIpran

Z ZCHR LIS E AR G~ BT 2 Z & & B L CRigt 217 > 72 (Table 9-3), Pd i
& LT Pd(dba),, S LT THF Z W, REBNFDORA T V== T Z2ATo720, ED
BONZF B AR~ FFRLE DO ARF LOFEL L7e ) o 7= (entries 1-10), ZHETH L Z A, HED KR
AT 4 VBT S (S)-MOP Z HWIZGAIT, 7 AT LA ERYE, = o F A58R 0 &
BTk BWVREREBPE LN TS, BN 1% (S)-MOP IZ[EE LA OMET 21T 72 & 2 A,
T T AR EZLET DI LT TERD ST, RIVE VT AT LA RIRPIITAERK
MG 13 = —T )V ROREEMTE LTV D 2 & 3RER X u7z (entries 10-12), 7235, 7 3
KOB S E DL DR ZRFI L TS FIT, ZORISHZIRE < H#TT 51213 30 CHIT
BOWREZ VI L THHAENL N ERND-o Tz, RAEFGOBRNE 10, 11 H O=RE F17
STz128, 30 CICTHEMRF 21T 21X, 2RI Table 9-3 IR L2 b D LY @I Ty
A== PAVG /N 1oV (W Rl Al o¥ N
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Table 9-3. Extension to the asymmetric catalysis

O
Pd(dba), (5 mol%
MeoOC Ao chiral Iig(;and)2(6( or 12 m)ou%) Ph/A
Ph _ solvent (0.2 M) MeOOC —
rt, 24 h
18 (dr. 1.9:1) 19

entry chiral ligand (mol%) solvent yield (%) drP ee (%)°
1 (R,R)-DACH-phenyl Trost ligand (6) THF 8 1:1.3 n.d.
2 (+)-DIOP (6) THF 83 2.3:1 3
3 (R)-(S)-PPFA (12) THF 40 1:1.5 21
4 (R)-MonoPhos(12) THF 35 2.4:1 19
5 phosphoramidite A (12) THF >12 1.6:1 -9
6 phosphoramidite C (12) THF 8 1:1.3 n.d.
7 phosphoramidite D (12) THF <19 211 -13
8 (R)-SIPHOS (12) THF 75 2.1:1 11
9 (S)-(-)-9-NapBN (12) THF trace ca.1.0:1 n.d.
10 (S)-MOP (12) THF 68 13:1 37
11 (S)-MOP (12) 1,4-dioxane 50 13:1 22
12 (S)-MOP (12) DME 63 10:1 38

@ |solated yield of the mixture of diastereomers.
b Desired/undesired. Determined by 'H NMR analysis of the crude sample.

¢ Enantiomeric excess of the desired diastereomer. i
NMe,
Qo — Q—{ OMe
W\~pph, Z
NH >< ] Fe PPh, PPh,
PPh,
PPhy PhyP @ H3

(R,R)-DACH-phenyl Trost ligand (+)-DIOP (R)-(S)-PPFA (S)-(-)-9-NapBN )-MOP
: | \\\\ O
)-MonoPhos phosphoramidite A phosphoramidite C phosphoramidite D R)-SIPHOS

RPHRSEER & U CEIR O ITx L Pd ﬁﬁﬁi%fﬁﬂ% EED L, FRRICY 7 a T aung
LD DINE D IR ZEAT - 7=(Table 9-4), £FHET ) 77— bDyFNT U NNLEHSES
RIS A= A= PAVE A7) SU e =1t ﬁﬁﬁi& L T Pd(OAc), & dppe % W CTHiEtZ21T-
/i i*%fg/ﬁmumxot BTSRRI T, RISIREZ 60 ‘Clz Bif s &
RO MBS L2, BbN-DiEy Ak 24 (C3-C4 MO —HEFEEN L AL FT v
A DIRAW) Tdbof_(entry 1), 2 LT NaH %{ﬁbu LT EE IS DOETITR S
L9, 60 ClZT 5 EFEHIIZE A EHEEINTN, BoN-DFT =k 24 L AT )L
VR =)V & ORI A S T B 25 & DIREGEW TH - 7= (entry 2), L LT DBU %
WINLT88 T IR B E T 5 7 a7 a XU NMELNTA, FEREY, Vo) =—k
25 N 1A%REIAE LT272), &7 a7 a /R ORI 1T%IZ & EF o7z (entry 3), 71 I KA K
DIEGIEO B L0 | B FRN Y 7 ==k 27 ¢ »O#41TIE, Pd(OAC), % Pd
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JRELTHWTHIEE A ERUSHIEIT LW Z &N T 7=8(Table 9-2), entry 4 Tlx 7
T IRE RO RERMICHER L LT DBU 2N L TRISEIT 272, £ OREER, JREHI AT
HESNIbOD, B 1913 1A% LGN o e, ERMIO DT 27 LA L 15
Tholr, Elox ) — A EAERT B & LT Yb(OTHs 2 VTV Xk d » 7= P72,
ZTH oL EBEILISET TNy 7 a7 a XU Auidi Z e T (entry 5), LA Z &
5, TATNE ) T — O PdBEEZFIH L7253 7N T U AL EHRSOSIZ L Y7 v 7 a R
LT, A ICm AT VBRI AT D=7 FuT s o REE L THWDESR
DRSNTZEBZ TN D,

Table 9-4. Examination using a linear substrate

Ph MOCOOMe Pd catalyst Ph 7&\;
"~ MeoOC =

COOMe THF
23 19
entry  conditions results
1 Pd(OAc), (5 mol%), dppe (6 mol%) 19 was not obtained.
THF (0.05 M), rt, 13 hthen 60 °C, 24 h Only dienes 24 were formed.
2 Pd(OAc), (5 mol%), dppe (6 mol%), NaH (1 eq) 24 + 25
THF (0.05 M), rt, 6 h then 60 °C, 24 h 19 was not obtained.
3 Pd(OAc), (5 mol%), dppe (6 mol%), DBU (1.2 eq) 19: 17% (dr. 1:1.5)
THF (0.05 M), rt, 22 h then 60 °C, 6 h 25: 14%
4 Pd(dba), (5 mol%), PPh3 (12 mol%), DBU (1.2 eq) 19: 14% (dr. 1:5.0)
THF (0.1 M), 30 °C, 24 h
5 PdCI,(PhCN), (10 mol%), Yb(OTf)3 (20 mol%) 19 was not obtained.
THF (0.1 M), rt, 22 h then 60 °C, 6 h
Ph / // Ph —
0] o
OMe 24 OMe 25

BBICSOCHEREIC DWW TER LT, B VT AT VA LOIREE IR L, RISHESMEL
JRBFA > T2 L, EIR L7ZRmEI O T A7 LA R~z L 2 A, 1FIEH
—DOIENE BT (Scheme 9-4), ZDOZ by 7 a7 AL TIEBE B < RO
WL INVRIF L L— "N T =F DT VARG T AA~OFAIREZ Y | KR T
E = VD W RFBEONARNZE L TND EEZ BILD, 30 Tl 9 IREE X IREE %
VT DITHERRE B2 TnD,

Scheme 9-4. Effect of the diastereomeric ratio of »~vinylbutyrolactone

0
Pd(dba), (5 mol%)
MeOOC o PPhs (12 mol%) Ph'K
> MeOOC V=
/

Ph toluene (0.2 M)
rt, 25 h

/
18 19
dr of SM SM recovery

1:5.6 64% (dr. 1.3:1)
13.7:1 73% (dr. 1.3:1)
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(THF 1 CIE 30 ‘C LY @VIREE TIXMBIC OGS EIT U, 2B L0 A L7z & R
ODNOVEARPELND ZENRD DT, BREEOBFENEEEM & X5V EliZen,)
LorU, ROSIREDRESTED AR O RRLY T AT VATRIMEDIK T2, £y
T AT VA OB GBI LD ANV RFT T — MIW o AZEEICHBEL, E
=VEDOMTFIRORFRLITHELRT 2720, HWLEEO YT A7 U A HITRKISHERICE
BERFENWEEBEZTND, BRBEPEZDEZAT LT ) T— BEL, 200351
NTHF AT VART DT MMIREHET H 2 LT a7 a U BN ERT 5, BN
HZ MR TOWRWNGEITIE, RPICFET DA AT ) T— T =F e W F Ao Mr
TUVNNRTDT DI THDHIZD, EET HDMNE)-T /77— K ThiulX, FrliIEMmERLE
HCIED TN THRERA A _XTZEEL TS EZ26ND, =/ T — FORBELHED
I EE U IR O DS & TV 5 (Scheme 9-5)%%,

Scheme 9-5. Proposed mechanisms for alkylation of enolate nucleophiles
(a) Outer sphere nucleophilic addition

L. .L
Pd

Ve S Ve
N _’%

(b) Inner sphere nucleophilic addition

LNP d,L
0 ® ot o /
\/ three-centered
o T — SO
reductive elimination

(c) Ineer sphere (Reductive elimination through a pericyclic transition state)

©

\---Pd?7 L
/X Pal_ L~pq
[ L o7
0 —> 5 N ::— or /L — /
1—Pd—L = ‘*Pd L ——————— d
\ YA
55) boat chalr RN

—ODVISREZAIN T U VARSI E RS U, Pd 5K & (&9 2 % T & % [Scheme 9-5(3)],
7k foﬁﬂ%i‘fﬁl X ORISHEE L DTV E SR TW5D, —JF, ~N— RERERIZOIC

CHEL, ZO0% HOEBREZKRLIBEBCHBBHC LV AR E 525 L a5
[Scheme 9-5(b)], Trost & IFMiBEEEDIRTAARF F L & iR oTlc /) — VA —RF— & AT
RO ET XML E Z A, TﬁEP DONLARD R ST ARRIN GO &
Mo, SREFINT hrox ) T — FOAIZIE, RIS Scheme 9-5(a)(Z s L 7-H4E TS T
I 5 Lk _RTWnD, —J5, Stoltz & iff%uﬁﬂn+§ IV o>z 77— FOTF AR inner
sphere pathway 7&’&’(@ TT5EFEERELTWD, LML=/ T7— FORFE TP IZENT D
DTIFHRL, =/ 77— FOBRFETEN L, T I oY BRIRERIREZ IR 2 & DLk 2
=9 & LTV 5[Scheme 9-5(c)],
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ARIEZE VAT 7 a7 a AR TORPITHFET 24 A3 ) T — T =F
ENFHNMeaT VNINT DT LDH T DT FrIIEMRMEERIE R T3y 7N T 72 1
T _XT EHE L TV D AR S 5, Stoltz 23 2MET 5 K 9 72U BRfER IR A R 5 &
T5LE8BRABMLARTIUI LR NED, ZOBBREBIIAFITHL LB LD,
LrLx )/ 7 — hDORFTPAICHES LIZIUBREBIREZ LV, £ 200 =T.0EBIRE
AR DR ITCHIMRELC X 0 AR & 5- 2 D513 2 5415 [Scheme 9-6(a)], UEERD /T &
YA I NERRT D=L 7 S VEREROTAEAETRNE D N T R
ETDEEANE RSOV T AT VABRRMELZHATE 5, HROEHEZAWIZHEIC
XY ARDERC L TV D T2 DB BRI IR Z > TWD X H 7223, 7 v 7 Akl
BHRINIHEAT Lo Tlo, ZOGAITITEEROFIEICL V= ) F— NIaT VA RT I A
LAFT T L TOWRWABER S D, £OEBER D L7 n T a R A=AV
HEITTH7DIE. =) T— e T UNARTITNEDAFT T OFEEP LA DN
Livievy, L LEROIEE T 7 m 7 a /i qbd 9 £ 0o lzDiX, Bic=/ 7
— b NDATE=HTFEFUDBEDY ZORBENEN LR ERDOERNEZ X HiLd,
AT BRI £ 0 ZEATE DA TIEA AT ZE L TOZRWATREMED & 5
R, BIROIEEEZ MW25EI2iE, 7' F= K UL DMF H TR OGS EIT LT
oo £Te, T ) T —NT =F L DT FMarT VNANNRTIT NENAF T R L T
Wb LTh, FRUIBUSAFR £ 2T CTROSEZREL TWD I TH Y | RIBAEIK
I% outer sphere pathway % #8 CH#EfT L TV D AIEEME S HE TE RV, Z OHEITITISDE
BIREBIZBWC AT A T UART VT AR K EEmW T = =)V HE & OSREE % 3k
FAHZETUT AT UVABIENTFE SN & B XD 2 &3 TE % [Scheme 9-6(b)].
Scheme 9-6. Possible mechanisms for cyclopropanation reaction

(a) Inner sphere nucleophilic addition

L

| L L (@)
. OMe bg—0~_-OMe \ OMe = COOOMe
2\ — w — . —Pd
Do - /\l\/\‘E = & Ph _V’Ph
' Ph 7 Ph 7

(b) Outer sphere nucleophilic addition

—> @Illl/

MeOOC =

AKBOSTEBEOTIANFISNE, T AT VARIRIEICRE R BE 525 Z LR Eh
Iz THUIIBEDS, BT 2 ) T — FORMARNE, =/ T = T UNANRTPTLLED

- 69 -



AT XTI, T X7 aT B INERT D IS EERIFE LD E e B X
bivd, E£7 Sh2 BOBRLAIINEEIED @A R TINS5 Z EBMmbn TR |
FRPE D BRI CU T 27 U ATRIRVENME ) > 7= DX, BB ORRLRIfH A = » —
AR LTy 7 a7 a XU RHERT 2 REPFIET D7D W I At b b b, DFE D
NFIHBNZ LD T AT VABRRET D, BUE., UFREEOEHENAKSSIZONT LD
FERRSET 21T o TV D, B —MRMORETORIR. oD 7 = = V& BRI HEE
L7eT V= NIKICEmT DL, DT AT UVFERREDTRDLZ ERGho TS, Zihvh
OGN B CHEA TERE R b L7y,
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FE TV~ U T U — L AT T FA bl o> BRI ST
BHE R

KU FH T A ATEEE RSBV T, EIZ 2 2OFETHO LN TWD, —D728 Lewis
el LTTHY., 77U ai pReT7 B — L ~ORBEFI OB NT, RIS
L— hReT v adxy ROMBEARE L7720 M7 L R— LRSS IL-Michael SS%EC
BT H R =V IEATEMEALT % (Scheme 10-1)%, & 5 —ZBMLAIL LTTHY, 7
CFFT I AR T TAaA— Do, VI a~THE RN Ehbe R RE
71 & $ < (Scheme 10-2)"°,

Scheme 10-1. Triarylmethyl cations as Lewis-acid catalysts
(a) Glycosylation

BnO OAc BnO o
o TrClO, (5 mol%)
+ TMS >
DME, 0 °C
BnO OBn |
BnO OBn
90%
(b) Michael reaction
1) TrCIO, (5 mol%) O Ph O
. /ilys CH,Cly, -78 °C PPN
> Me Ph
Ph 2) aq. NaHCO3 92%
Scheme 10-2. Triarylmethyl cations as oxidants (Hydride abstraction)
[ OTMS
O Ph S

TrBF, (1.05 eq) /> t-B (2.25€eq) />

/> /\/l\ u . W
-Bu S
CH2C|2 reflux o J CH2C|2 O0°Ctort 86%
BF,

ZOXIT NI FAIFAATHSPOHHINTODRIGAITZ, I 407 MU T Y
— NV AF NI F A E HOTEAREOGE Scheme 10-3 7R L2 DR Y ARG S A RO
HFF AL D 2REBHESNTNDEDATHL X, LrboF r FARRMEIESHH G
HREEICE EE-oTW D,

EFIFIINETOMEDOF T Fax I ELT 87— NoOBBEZEEST DI U Fu
NF A AR L, = OMBEER OIGAIE Lol AEZ ik Lz, &2 CEHIT
NUT V=V AF BT A OFEHEIMBEE U CTOMMEZED 25X, FOFT 072 R
T U=V AFNITFF L REOREZHET 2 & & LT,
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Scheme 10-3. Chiral triarylmethyl cation-mediated reactions

(a) Mukaiyama aldol reaction

Et  Et
S
OTBS Ar  ClO,  aq.HF/CH,CN OH O
PhCHO + > > q
OEt CH,Cly, -78 °C Ph OFt

Ar =Ph (1eq): 22%, 50% ee
Ar = 4-tert-BuCgH,4 (20 mol%): 40%, 38% ee
(b) Hydride abstraction from meso 7" iron dienes

oc % co e <0
TFeTT ) ocC | Oi-Pr
/@O/-Pr Ar  PFs (1eq) NaHCO; Q
i'PrO CH2C|2, rt H20 O

Ar = Ph, 65%, 53% ee

FTH—F FHOXTNV NI TV =)L AFILTF A D BT

BHIO X —47 > k& LT, Figure 11-1 IR T X 9 2B 5 I AFATHEZR (S)-BINOL Dl
AHEEFE LIt 2555 Lc, £7°. 16 BRT=—T7 VA2 AR T 2BRICRISDOEREZ E D
B2, RICEMRIEZ = \WI T AL 26 DARERFTDHZ L L Lz,

Figure 11-1. Catalyst design

Catalyst design First target
- R N e H h
0 Y SO,

® ph 2 pn

-

R

<

J

(.

SepNytt

J

AV TELVTNTE RPG 22Ty P THERLET VT E R2T & 3T 08XV AT VT
t KRB 3 AT v 7 CTiliBl L7- Grignard 5838 28 & & SO &H, A U7 287 v a— /L OfE
b, YU NEORREIZ LD TV a— ik 31 2187, ZOT7 )V a— ik E 4 HED
(S)-BINOL & WIES DG T LT 2 A, B =TV 32 PRI LGELNTE T,
HENT MOM EATEE L. [ABRICCIER S CEB L AR 7228, BRI R & & F
5 7-(Scheme 11-1), * Z TILAW 33 D —iffkt Fux A 7 o I8 L S\2 )Usic &
D15 BERT—TADPHELILGONROVDRFZITI 2L & L,
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Scheme 11-1. Synthesis of cyclization precursor 34
OH

\/@\ Mn02 (~Xx3)
TBSO
MgBr (1.2 eq) O O CHCI348§ M)
rt
THF (0.2 M) 86%
OMOM 0 Cgo rt TBSO OMOM TBSO OMOM
75%
S)-BINOL (1.0 eq

TBAF (1.2 eq) DEAD (1. 0 eq)

PPh, (1.0 eq)
THF (O 125 M)

THF (0.0875 M) OH

92% rt 35h
OMOM

MOMO

CBry (1.25 eq)
HCI (41 eq) PPh3 (1.25 eq)
THF/H,O (10/7, 0.06 M) CHZCIZ (0.2 M)
50 °C,3.5h OH °C,2h OH
70% (2 steps) 90%

ZORER, FREMT, EHEL Lfrﬁ&ﬁ UL, LS LT DMF %Hﬂb\t Gais. 48%
EFREEDILETIEH D23, BRALIR 35 AR & LT 5T & 7=(Scheme 11-2), Z®
Ke, BRfR & A ~—08 20% (REHD 40%) FREZRIAE L7z, #iEE LT DMF ooV IZT7 & k
YERETE F=FUAERWESEITIE. BIGEK 35 ITHABRIRY A~ — DI % < ARk
THMERE T, £, TuEHEE LV BEREO ST — RELY ’sz%ﬂﬂfﬁ JdES
Nighotz, FEWTELNZ7r Fra2 e ) —36 & L, EKEET ., iR 2 /EH
EHBZLT, FTARPNITV—=AAFADF AL EZHE LT, 20D 36 15 26 A
T HRISIE T o722y, — R BIRERBAINZ 270006 0 Clome L, RISHE LI
TR A = — T L CHE T D EMEILEIR TIT - T e, ZORERE LN, KD
KTHY, AIABICRT WA EEALTHWD LI ThoTz, NI TFAIT A%
AL TV BIBEORLERATZE 25 L WO SIERWEEICT 5 L AR LIz FA v LR
Btoinve s —n &SR E BT 2 AlRetEd d 5 2 &, TrClO, (3= 1R C R AkiE 7
Scheme 11-2. Synthesis of catalyst 26

OO o O K,CO3 (1.5 eq) _ OO o O PhLi (2.0 eq) _

O DMF (0.01 M) O THF (0.1 M)
rt, 18 h 0°C,1h
o ol NG o 5N S
Br 34 35
CIL 8D, woesew CIL oY
0O Ph a ( 9 > 0o @ Ph yeIIow-green
OH Ac,0 (0.34 M) solid
(6] 0°C,1h (e} S
clo,
36 catalyst 26
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HE 9T 2= VT NFLUNIR D GREDDREVIRERIZR D) B yhol, 22T
TR B O/ T, EERBE N KD D E TSRS E AEKICRT ., £ O%RITIEG -
HEN DD ETT oL 0 CltikoTz, TORE, NRMEO MM % & £ 7Bk
NN CISY W

B LT AT A 26 ZL-T /v R—=/VROSZ W TR IR =S o F AR RS S
e -o7z(Scheme 11-3), >V v ) — LT —T AT VL T e EERERIE L THW
HIETIERP TR TAFAL U AATF A RNAERT D0, ZOH T4t Lewis FRfREE
ELTHRET 272D, NUTFAADTFFLOFAESR MY TV TF A 2 BT D BOS D E
BAIE, = FARIREOE T2 L ShTnd ) iy =) —Lo—F 1
ERNIT V=NV AFNANAFF L EBRIS LTIALEMD AR L, i th 2 IZHE SN D Z
ELMETHDL, T2 TVINADTFFEZAER LN T LF LT ) — )L —T L % REZHA
ELTHWET B X — A ~DOIBISZ T LTc, BOSIERIEMICEIT LI 0D, 20
BEICb = T AR IR EBL L e o T2,

Scheme 11-3. Preliminary experiments

OTBS
(0] OEt (1.2eq) TBSO (0] aq. HF (30 eq) . HO (0]
Ph™ "H  catalyst 26 (20 mol%) Ph OEt CH3Cr't\l goz.?lSS M Pn OEt
CH,Cl, (0.13 M) ' <37%, racemate
-78°C,15h
)Oii'\" O OMe
oM v Me (1.15 eq) N
Y ® Ph _ Ph “>Ph
Ph”™ "OMe catalyst 26 (5 mol%) Me
CH,Cl, (0.0675 M) 98%, syn:anti = 82:18
-78°C, 3 h racemate

Figure 11-2 {Z DFT FFRIC L W KR MY 7 YV —  Figure 11-2. DFT conformational study
WAFNATF A 26 DIREERIEZ RS, BT
> @ EANE(S)-BINOL D) 7 FVERIZ L - T2
234U, Lewis HIT MG Z &R THES
Do FMAIDZEMITNRYD Z2NTNLHTEDIZm T
FARPEDRHIL Lo To B2 DD, 5%,
Lewis MiJE DM Z#HETE D LI W TF A O
EEEM L, R L U TR TE R et
TLHLTETH D,

(DFT. B3LYP/6-31G*¥)
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b, KigXaFLdrt®kDILH1T7%5,

UHFIEE TR S- PABEIC X 5 7 = 7 — VI EIR D43 1N ipso-Friedel-Crafts %177 U
IALT F ACINZ DWW T, IR PSRBT DS 2 E LT, 2 OxiEgtt
e W TEE — MO 21T o 1o i . A B rBR{kISIE Thorpe—Ingold 20 (2 K 0 ik
ENDZENRE SN,

F AR SO~ DR & B LIRET 21T o 72, FRIZELL 7 & L T(S)-(-)-9-NapBN
J% OYR,R)-ANDEN-phenyl Trost ligand % F\ N CREflZ SRS 2 st L7z, (S)-(-)-9-NapBN
AW SAICIT S T 93%ee & W\ U FAERMEICTHO A B e B LR35 51
oM, ROSEEGESED 2 ENTE 0572, (R,R)-ANDEN-phenyl Trost ligand % Fv 7=
LAIZiE, Bonic AV x — ) v T A~ — O N LRELE D> 5 ERR IR OA%IE 2 HEH
L. EOZ ATV E L0 < §5 2 & T, UL 80%, 89% ee (& T 4 Mk ARARFEH
LEFFOALBERILEEZS S Z LTI LT,

R, R, X
R Pd(dba), (5 mol%) R
1 X PPh; (12mol%) ™1
R; CH,CI, (0.2 M), rt
HO W 3 2 2( ) r o —
MeOOCO Rs
----------------------------------------------------------------- Ts
MeOOC COOM MeO OMe / (@)
N
JQEC oS
o == o) ~ o) = 6 h, 0%
3 h, 94% 6 h, 93% 6 h, 86% CH,Cl, (0.05 M)

MeOOC MeOOC MeOOC MeOOC

i COOMe e COOMe COOMe
0O = @) 7 S S

6h,89% pPh  6h,97% (dr=13.4:1) 8h,92% (dr=11.0:1) 24 h, 95% (dr = 1.1:1)

Ve t-BuUOOC
COOt-Bu Pd(dba), (5 mol%) Me CcootBu
COOt-Bu (R R)-ANDEN-phenyl Trost ligand (6 mol%)
HO Z CH.ON Jdoaeson 0.2 M ~
OCOOMe N e W ©

80% yield (dr = 9.2:1), 89% ee
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FWTARAE B BRILG & Sciltic L by > ) -7 = 7 — VEET & % one-pot Tl
ATV, FERRIZ 7 =/ — v D A X {7 C Fridel-Crafts &S0 81T L 72 B DL & 2 IR X
KBHZ TP Lz, 7o, TIUATLVa— /URkERE L L, TrClo, % ffilkfi & L CH
W5 Z LT, AR Z H—DfIC I V1G5 Z R TE T,

One-pot sequential multi-catalytic process

COOMe COOM
Me COOMe Pd(dba), (5 mol%) then Me e
PPhy (12mol%) ., 1 SC(OTf); (20 mol%) COOMe
HO CHﬁpé%ZM) = i, 0.5h HO
Me ' Me X
1u 13u, 93%
OCOOMe | Formal substitution at meta position occured. °
Single-catalyst system
9 ystsy COOMe
COOMe
COOMe
COOMe TrCIO, (5mol%)
HO ~_R CH;NO,(02m),rt HO
AN
OH R =Ph: 3 h, 85%
R R=H:24h,59%

HFESITIC BV TRIERY & LR ORI af il = AT VB E Fiop =17 T T
7 R PAd A VEF SH 5 2 LT, TATILT ) T— RN EREAIE T 55FNT UL
BTSN L AT L. TAFAEE o LR R B L7 s o a8 901
DT AT VABRPWECTROND Z L2 A L, TARMITH S L LTS
TWHEINF VT T UoOERTHE~NEES Z LN TE, BEIZE=LT 7 hrOARK
WCHWEZ R T V=V AFNAAFANTHER L, FTARMBORELZ B LTS LD
AHTH D,

o) Ph
Pd(dba), (5 mol %) Ph,,, “, Ph,,
MeOOC PPh; (12 mol %) 2 2steps
o) > MeOOC =5 EbN NH,
Ph THF, 30 °C 88% vield O O
/

dr.9.1:1 known i
( ) intormedrate (1S,2R)-Milnacipran
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General: Infrared (IR) spectra were recorded on a JASCO FT/IR 230 Fourier transform infrared
spectrophotometer, equipped with ATR (Smiths Detection, DuraSample IR I1). NMR spectra were recorded on a
JEOL ecp 400 spectrometer, operating at 400 MHz for *H NMR, and 100 MHz for *C NMR. Chemical shifts in
CDCls, were reported downfield from TMS (= 0 ppm) for 'H NMR. For *C NMR, chemical shifts were
reported in the scale relative to the solvent signal [CHCI; (77.0 ppm)] as an internal reference. JEOL ecp 600
spectrometer was used for the determination of the absolute configuration. EI mass spectra were measured on
JEOL GCmate MS-BU20. ESI mass spectra were measured on JEOL AccuTOF LC-plus JMS-T100LP. The
enantiomeric excess (ee) was determined by HPLC analysis. HPLC was performed on JASCO HPLC systems
consisting of the following: pump, PU-980; detector, UV-970, measured at 254 nm; column, DAICEL
CHIRALCEL OD-H, DAICEL CHIRALPAK AS-H, DAICEL CHIRALPAK AD-H, DAICEL CHIRALPAK
0J-H; mobile phase: hexane—2-propanol. Reactions were carried out in dry solvent under argon atmosphere.
Other reagents were purified by the usual methods.

Analytical thin layer chromatography was performed on Merck Art. 5715, Kieselgel 60F254/0.25 mm
thickness  plates. Visualization was accomplished with UV light, phosphomolybdic  acid,
cerium-phosphomolybdic acid, ninhydrin, and anisaldehyde solution followed by heating. Column

chromatography was performed with silica gel 60 N (spherical, neutral 40-50 pm).
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1. General procedure for the Pd-catalyzed intramolecular ipso-Friedel-Crafts allylic alkylation of

phenols and product characterizations

MeOOC
COC%'\(")eMe Pd(dba), (5 mol%) COOMe
PPhs (12 mol%)
HO Z CH2CI2,rt
S
1a OCOOMe 0 9a

General Procedure: 1a (110.0 mg, 0.30 mmol), Pd(dba), (8.6 mg, 0.015 mmol), and PPh; (9.4 mg, 0.036
mmol) were dissolved in CH,Cl, (1.5 mL) and the resulting solution was stirred at room temperature. After 3h,
the reaction was quenched with sat. aq. NH,4CI, and the mixture was extracted with AcOEt. The organic layer
was washed with brine, dried over Na,SO,4 and then concentrated in vacuo. The obtained residue was purified
by flash column chromatography (SiO,, hexane/AcOEt = 3/1) to give 2a (82.0 mg, 94% yield) as colorless oil.
IR (ATR) v 2954, 1728, 1662, 1625, 1435, 1408, 1253, 1200, 1173, 1146, 1093, 1069, 993, 929, 886, 858, 771
cm™; *H NMR (CDCly): & 2.45 (d, J = 14.4 Hz, 1H), 2.52-2.70 (m, 3H), 2.84 (ddd, J = 6.8 Hz, 6.8 Hz, 13.2 Hz,
1H), 3.79 (s, 3H), 3.80 (s, 3H), 5.00 (d, J = 18.4 Hz, 1H), 5.01 (d, J = 9.6 Hz, 1H), 5.41 (ddd, J = 6.8 Hz, 9.6 Hz,
18.4 Hz, 1H), 6.26 (dd, J = 2.0 Hz, 10.0 Hz, 1H), 6.31 (dd, J = 2.0 Hz, 10.0 Hz, 1H), 6.73 (dd, J = 3.2 Hz, 10.0
Hz, 1H), 6.86 (dd, J = 3.2 Hz, 10.0 Hz, 1H); **C NMR (CDCl,): & 38.4, 43.4,52.0, 53.2, 53.2, 53.4, 58.4, 117.7,
129.1, 130.0, 133.7, 148.9, 152.9, 172.0, 172.3, 185.8; EI-LRMS m/z 290 (M"); EI-HRMS. Calcd for C;gH1505
(M"): 290.1154. Found: 290.1149.

MeOOC . Colorless solid; IR (ATR) v 2959, 1732, 1665, 1625, 1436, 1255, 1200, 1095, 966,

859 cm™; *H NMR (CDCly): 8 1.56-1.58 (m, 3H), 2.42 (d, J = 14.8 Hz, 1H), 2.50

(dd, J = 14.0 Hz, 14.0 Hz, 1H), 2.63 (dd, J = 6.8 Hz, 14.0 Hz, 1H), 2.65 (d, J = 14.8

0 o Hz, 1H), 2.79 (ddd, J = 6.8 Hz, 6.8 Hz, 14.0 Hz, 1H), 3.78 (s, 3H), 3.79 (s, 3H),

Me 5.00-5.06 (M, 1H), 5.42 (dg, J = 12.8 Hz, 6.4 Hz, 1H), 6.25-6.30 (m, 2H), 6.70 (dd,

J=3.2 Hz, 9.6 Hz, 1H), 6.86 (dd, J = 3.2 Hz, 10.4 Hz, 1H); *C NMR (CDCl): 5 17.7, 39.1, 43.4, 52.2, 52.9,

53.1, 53.2, 58.4, 126.3, 128.8, 129.1, 129.9, 149.3, 153.4, 172.1, 172.4, 186.1; EI-LRMS m/z 304 (M");
EI-HRMS. Calcd for Cy7H,00s (M*): 304.1311. Found: 304.1304.

MeOOC . Colorless solid; IR (ATR) v 2058, 1729, 1662, 1625, 1435, 1252, 1199, 1172, 1092,
964, 858, 751, 693 cm™; *H NMR (CDCly): & 2.48 (d, J = 14.4 Hz, 1H), 2.63-2.78
(m, 3H), 2.99-3.06 (m, 1H), 3.80 (s, 3H), 3.81 (s, 3H), 5.78 (dd, J = 7.6 Hz, 16.0 Hz,
0 e 1H), 6.27-6.37 (m, 3H), 6.79 (dd, J = 2.8 Hz, 10.0 Hz, 1H), 6.94 (dd, J = 2.8 Hz,
Ph 10.0 Hz, 1H), 7.18-7.28 (m, 5H); **C NMR (CDCl,): 5 39.0, 43.6, 52.4, 52.9, 53.2,
53.3, 585, 125.1, 126.2 (x 2), 127.7, 1285 (x 2), 129.3, 130.2, 132.7, 136.2, 149.0, 172.0, 172.3, 185.8;
EI-LRMS m/z 366 (M"); EI-HRMS. Calcd for C»,H,,05 (M*): 366.1467. Found: 366.1471.
-78 -



MeQ Colorless oil; IR (ATR) v 2941, 1661, 1625, 1262, 1122, 1040, 994, 919, 856, 835cm’™;

'H NMR (CDCls): § 2.02-2.15 (m, 3H), 2.32 (dd, J = 7.8 Hz, 13.8 Hz, 1H), 2.85-2.91 (m,

1H), 3.22 (d, J = 1.8 Hz, 3H), 3.23 (d, J = 1.8 Hz, 3H), 4.92-4.97 (m, 2H), 5.38-5.47 (m,

o ~ 1H), 6.24-6.29 (m, 2H), 6.70-6.74 (m, 1H), 7.04-7.07 (m, 1H); *C NMR (CDCl,): &

2d 39.5, 45.8, 49.2, 49.6, 50.6, 51.5, 109.9, 116.9, 129.0, 129.6, 134.9, 150.1, 153.8, 186.2;
EI-LRMS m/z 234 (M™); EI-HRMS. Calcd for C14H;505 (M"): 234.1256. Found: 234.1252.

Ts White solid; IR (ATR) v 2924, 1665, 1629, 1344, 1163, 1090, 1008, 858, 815, 663 cm™; *H
N  NMR (CDCL): & 2.48 (s, 3H), 2.86 (m, 1H), 3.35-3.40 (m, 2H), 3.50 (d, J = 10.4 Hz, 1H),
3.73 (dd, J = 8.4 Hz, 10.0 Hz, 1H), 4.98 (d, J = 16.8 Hz, 1H), 5.06 (d, J = 10.4 Hz, 1H),
5.30 (ddd, J = 7.6 Hz, 10.4 Hz, 16.8 Hz, 1H), 6.23 (dd, J =2.0 Hz, 10.0 Hz, 1H), 6.33 (dd, J
=2.0 Hz, 10.0 Hz, 1H), 6.48 (dd, J = 3.0 Hz, 10.0 Hz, 1H), 6.54 (dd, J =3.0 Hz, 10.0 Hz,
1H), 7.39 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 8.4 Hz, 2H); **C NMR (CDCl5): & 21.6, 50.5, 50.7, 52.2, 55.7, 119.7,
127.4 (x 2), 130.0 (x 2), 130.3, 131.0, 131.7, 133.5, 144.2, 145.9, 148.3, 185.4; EI-LRMS m/z 329 (M");
EI-HRMS. Calcd for C15H1sNO5S (M*): 329.1086. Found: 329.1087.

/

(@)
2e

o  Colorless oil; IR (ATR) v 2926, 2868, 1659, 1622, 1408, 1261, 1095, 1054, 920, 856 cm™;
'H NMR (CDCl,): & 3.14 (ddd, J = 8.4 Hz, 8.8 Hz, 8.8 Hz, 1H), 3.91 (dd, J = 8.8 Hz, 8.8
o «_ Hz, 1H), 429 (dd, J = 8.8 Hz, 8.8 Hz, 1H), 5.04 (dd, J = 0.8 Hz, 16.8 Hz, 1H), 5.08 (dd, J =
2i 0.8 Hz, 10.4 Hz, 1H), 5.47 (ddd, J = 8.4 Hz, 10.4 Hz, 16.8 Hz, 1H), 6.36-6.40 (M, 2H), 6.74
(dd, J = 2.8 Hz, 10.4 Hz, 1H), 7.02 (dd, J = 2.8 Hz, 10.4 Hz, 1H); **C NMR (CDCls): 5 53.3, 54.6, 71.8, 75.7,
119.3, 130.0, 131.4, 131.8, 147.7, 149.2, 186.0; EI-LRMS m/z 176 (M*): EI-HRMS. Calcd for Cy;1H1,0, (M*):
176.0837. Found: 176.0836.

White solid; IR (ATR) v 2954, 1728, 1663, 1626, 1435, 1253, 1200, 1172, 1090, 930,
882, 849, 814 cm™; *H NMR (CDCls, major diastereomer): & 2.05 (s, 3H), 2.33 (d, J
=15.2 Hz, 1H), 2.62 (d, J = 9.6 Hz, 12H), 2.88 (d, J = 15.2 Hz, 1H), 3.05 (dt, J =
:E% 7.2 Hz, 9.6 Hz, 1H), 3.79 (s, 3H), 3.81 (s, 3H), 4.97 (dd, J = 0.9 Hz, 18.0 Hz, 1H),
' 5.00 (dd, J = 0.9 Hz, 10.4 Hz, 1H), 5.38 (ddd, J = 7.2 Hz, 10.4 Hz, 18.0 Hz, 1H),
6.24 (dd, J = 2.0 Hz, 10.4 Hz, 1H), 6.25 (d, J = 2.0 Hz, 1H), 6.86 (d, J = 10.4 Hz, 1H);"*C NMR (CDCls, major
isomer): & 18.9, 38.4, 42.2, 51.2, 53.2, 53.3, 54.6, 58.3, 117.5, 128.2, 130.5, 133.9, 150.1, 159.2, 172.1, 172.6,
185.7; EI-LRMS m/z 304 (M™"); EI-HRMS. Calcd for C17H,00s (M¥): 304.1311. Found: 304.1304;
H/\Cm »~~ : NOE
H X =C(COOMe),

COOMe
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Pale yellow solid; IR (ATR) v 2955, 1727, 1654, 1596, 1434, 1312, 1276, 1249,
1205, 1179, 1150, 1118, 1103, 974, 945, 857 cm™; *H NMR (CDCls, major isomer):
8 2.46 (dd, J = 13.6 Hz, 14.0 Hz, 1H), 2.55 (d, J = 14.8 Hz, 1H), 2.79 (dd, J = 6.8
3% Hz, 13.6 Hz, 1H), 3.05 (d, J = 14.8 Hz, 1H), 3.35 (ddd, J = 6.8 Hz, 7.6 Hz, 14.0 Hz,
1H), 3.79 (s, 3H), 3.82 (s, 3H), 5.06 (dd, J = 0.8 Hz, 17.2 Hz, 1H), 5.07 (dd, J = 0.8
Hz, 10.0 Hz, 1H), 5.37 (ddd, J = 7.6 Hz, 10.0 Hz, 17.2 Hz, 1H), 6.28 (dd, J = 2.0 Hz, 10.0 Hz, 1H), 6.56 (d, J =
2.0 Hz, 1H), 6.92 (d, J = 10.0 Hz, 1H); *C NMR (CDCl;, major isomer): & 38.2, 42.6, 52.7, 53.3, 53.3, 56.9,
58.2, 118.5, 127.8, 131.4, 133.1, 148.8, 157.4, 171.8, 172.1, 184.2; EI-LRMS m/z 324 (M"); EI-HRMS. Calcd
for C1H17Cl0s (M*): 324.0765. Found: 324.0757.

COOMe

Yellow oil; IR (ATR) v 2925, 2889, 1662, 1624, 1335, 1163, 1090, 988, 972, 813, 661 cm™;
'H NMR (CDCl,, major isomer): & 1.96 (s, 3H), 2.47 (s, 3H), 3.09 (ddd, J = 7.6 Hz, 8.0 Hz,
10.4 Hz, 1H), 3.29 (d, J = 10.4 Hz, 1H), 3.34 (dd, J = 10.4 Hz, 10.4 Hz, 1H), 3.60 (d, J =
10.4 Hz, 1H), 3.78 (dd, J = 8.0 Hz, 10.4 Hz, 1H), 4.96 (d, J = 17.2 Hz, 1H), 5.04 (d, J =
10.0 Hz, 1H), 5.26 (ddd, J = 7.6 Hz, 10.0 Hz, 17.2 Hz, 1H), 6.15 (dd, J = 2.0 Hz, 10.0 Hz,
1H), 6.25 (d, J = 2.0 Hz, 1H), 6.34 (d, J = 10.0 Hz, 1H); *C NMR (CDCl,, major isomer): & 18.8, 21.6, 50.1,
50.4, 53.1, 54.6, 1195, 1274 (x 2), 129.4, 130.0 (x 2), 131.0, 131.6, 133.5, 144.2, 146.9, 155.3, 185.2;
EI-LRMS m/z 343 (M"); EI-HRMS. Calcd for C;gH,3NO3S (M™): 343.1242. Found: 343.1238.

Ts White solid; IR (ATR) v 2924, 2860, 1660, 1597, 1335, 1301, 1159, 1087, 1013, 920, 807,
| 768, 661cm™; *H NMR (CDCls, major isomer): & 3.27 (ddd, J = 4.0 Hz, 7.6 Hz, 10.4 Hz,
1H), 3.42 (dd, J = 10.4 Hz, 10.4 Hz, 1H), 3.66 (d, J = 10.8 Hz, 1H), 3.82 (d, J = 10.8 Hz,
i~ 1H), 4.69 (d, J = 17.2 Hz, 1H), 4.85 (d, J = 10.4 Hz, 1H), 5.24 (ddd, J = 7.6 Hz, 10.4 Hz,
17.2 Hz, 1H), 6.38 (d, J = 10.4 Hz, 1H), 6.49 (d, J = 10.4 Hz, 1H), 7.40-7.45 (m, 4H),
7.58-7.62 (m, 1H), 7.79-7.82 (m, 2H), 8.15-8.17 (m, 1H); **C NMR (CDCls, major isomer): 5 21.6, 50.5, 50.6,
55.4,58.8, 119.2, 125.5, 127.0, 127.4 (x 2), 127.8, 129.3, 130.0 (x 2), 131.1, 132.7, 133.0, 133.7, 141.7, 144.1,
146.4, 183.9; EI-LRMS m/z 379 (M"); EI-HRMS. Calcd for C,HyNOS (M*): 379.1242. Found: 379.1246.

@)

Colorless oil; IR (ATR) v 2949, 1730, 1664, 1636, 1434, 1250, 1198, 1083, 924, 821
cm™; 'H NMR (CDCls, inseparable mixture, nearly 1:1 ratio): & 1.88 (d, J = 1.6 Hz,
1.5H), 1.90 (d, J = 1.6 Hz, 1.5H), 2.40-2.86 (m, 5H), 3.78-3.79 (m, 6H), 4.95-5.00
3\ (m, 2H), 5.34-5.45 (m, 1H), 6.25 (d, J = 10.0 Hz, 0.5H), 6.29 (d, J = 9.6 Hz, 0.5H),
6.52 (dd, J = 1.6 Hz, 3.2 Hz, 0.5H), 6.63 (dd, J = 1.6 Hz, 3.0 Hz, 0.5H), 6.71 (dd, J
= 3.0 Hz, 9.6 Hz, 0.5H), 6.83 (dd, J = 3.2 Hz, 10.0 Hz, 0.5H); **C NMR (CDCls) isomer I: § 15.8, 38.3, 43.6,
52.0,53.1,53.1, 53.3,58.3, 117.3, 128.8, 134.1, 136.5, 144.2, 148.5, 172.2, 172.5, 186.6. isomer II: 5 16.1, 38.6,
435, 51.9, 53.2, 53.2, 53.4, 58.5, 117.4, 129.6, 134.0, 135.5, 148.6, 152.8, 172.1, 172.5, 186.5; EI-LRMS m/z
304 (M"); EI-HRMS. Calcd for Cy7H,005 (M"): 304.1311. Found: 304.1317.

COOMe
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COOMe  Yellow oil; IR (ATR) v 3447, 2953, 1733, 1436, 1256, 1205, 920, 754 cm™; 'H

COOMe MR (CDC,): § 1.99 (dd, J = 11.2 Hz, 13.6 Hz, 1H), 2.57 (ddd, J = 2.0 Hz,

6.0 Hz, 13.6 Hz, 1H), 3.12 (J = 16.4 Hz, 1H), 3.33 (d, J = 16.4 Hz, 1H),

da X 3.38-3.45 (m, 1H), 3.70 (s, 3H), 3.77 (s, 3H), 4.83 (s, 1H), 5.13-5.16 (m, 1H),

5.66-5.75 (m, 1H), 6.59 (d, J = 2.8 Hz, 1H), 6.63 (d, J = 2.8 Hz, 8.4 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H); **C

NMR (CDCl,): & 35.1, 35.2, 40.7, 52.8, 52.8, 53.4, 113.8, 114.9, 116.3, 128.3, 129.9, 134.7, 141.4, 154.0, 171.2,
172.1; EI-LRMS m/z 290 (M™); EI-HRMS. Calcd for C16H1505 (M*): 290.1147. Found: 290.1149.

HO

coome  Yellow oil; IR (ATR) v 3462, 2953, 1719, 1459, 1434, 1256, 1230, 1199, 1053, 914,
COOMe 784, 765, 734, 700 cm™; *H NMR (CDCly): § 2.12 (dd, J = 8.0 Hz, 13.6 Hz, 1H), 2.62
(ddd, J = 1.6 Hz, 7.2 Hz, 13.6 Hz, 1H), 3.23 (d, J = 16.8 Hz, 1H), 3.29 (d, J = 16.8 Hz,
OH Ko 1H), 3.66 (s, 3H), 3.71 (s, 3H), 3.76 (ddd, J = 7.6 Hz, 8.0 Hz, 8.0 Hz, 1H), 5.28-5.30
4b (m, 2H), 5.59 (s, 1H), 5.85-5.94 (m, 1H), 6.70 (d, J = 8.0 Hz, 1H), 6.75 (d, J = 8.0 Hz,
1H), 7.08 (dd, 8.0 Hz, 1H); *C NMR (CDCly): & 35.1, 35.3, 37.2, 52.7, 52.7, 52.8, 114.5, 117.6, 121.1, 121.4,
128.0, 134.9, 140.9, 154.8, 170.9, 171.6; EI-LRMS m/z 290 (M*); EI-HRMS. Calcd for CisH:0s (M"):
290.1154. Found: 290.1155.

3. Substrate syntheses and compound characterizations

(3-1) Preparation of dimethyl malonate-tethered substrates 1a, 1j, 1k, 1nand 3.

Dimethyl malonate-tethered substrates l1a, 1j, 1k, 1n, and 3 were prepared from the corresponding
p-hydroxybenzaldehyde derivatives, or m-hydroxybenzaldehyde according to the general procedure for
compound 1la. p-hydroxybenzaldehyde, m-hydroxybenzaldehyde, 2-chloro-4-hydroxy-benzaldehyde, and
4-hydroxy-3-methyl-benzaldehyde: commercially available. 4-hydroxy-3-methyl benzaldehyde, see: J. Org.
Chem. 2002, 67, 1247.

Synthesis of compound la

1) TBS protection

CHO  2) Knoevenagel reaction COOMe
3) Hydrogenation
COOMe
HO TBSO

S-1

General Procedure: To a stirred solution of p-hydroxybenzaldehyde (1.22 g, 10 mmol) and imidazole (1.36 g,
20 mmol) in DMF (10 mL) at 0 °C was added TBSCI (1.88 g, 12.5 mmol), and the reaction mixture was stirred
at room temperature. After 4 h. the reaction mixture was diluted with ether, and the obtained mixture was
washed with water (x 3), and brine, and then dried over Na,SO,4. After concentration in vacuo, the obtained
mixture was passed through a short pad of silica to remove polar compounds (eluting with hexane/AcOEt = 5/1).
After concentration in vacuo, the obtained crude residue was utilized for the next reaction. The crude silylated
product, dimethyl malonate (1.26 mL, 11 mmol), piperidine (0.99 mL, 10 mmol), and acetic acid (57 uL, 1

mmol) were dissolved in toluene (25 mL) in a reaction vessel equipped with a Dean-Stark apparatus, and the
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solution was refluxed for 3 h. After cooling down to room temperature, the reaction mixture was evaporated in
vacuo, and the obtained mixture was passed through a short pad of silica to remove polar compounds (eluting
with hexane/AcOEt = 4/1). After concentration in vacuo, the obtained crude residue was utilized for the next
reaction. A suspension of the crude product and 5% Pd-C (350 mg) in MeOH (30 mL) was stirred at room
temperature under H, atmosphere. After 5 h, the reaction mixture was filtered through a short pad of celite, and
the filtrate was concentrated in vacuo. The obtained residue was purified by flash column chromatography
(hexane/AcOEt = 15/1) to give S-1 (1.75 g, 50% yield) as colorless oil. IR (ATR) v 2953, 2858, 1737, 15009,
1436, 1253, 1150, 911, 838, 780 cm™; *H NMR (CDCls): 8 0.17 (s, 6H), 0.97 (s, 9H), 3.15 (d, J = 8.0 Hz, 2H),
3.63 (t, J = 8.0 Hz, 1H), 3.68 (s, 6H), 6.73 (d, J = 8.4 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H); *C NMR (CDCLy): §
4.5 (x 2),18.1, 25.6 (x 3), 34.0, 52.4 (x 2), 53.8, 120.1 (x 2), 129.7 (x 2), 130.3, 154.4, 169.2 (x 2); EI-LRMS
m/z 352 (M"); EI-HRMS. Calcd for C15H,505Si (M"): 352.1706. Found: 352.1707.

COOMe

/@/\/COOMe 5~~~ OCOOMe COOMe
COOMe g
TBSO TBSO _~_-OCOOMe

NaH, THF, rt
S-1 S-2

General Procedure: To a solution of S-1 (2.87 g, 8.14 mmol) in THF (18 mL) at 0 °C was added NaH (60%
dispersion in oil, 391 mg, 9.77 mmol). After being stirred for 30 min at room temperature, a solution of freshly
prepared allylic bromide (2.99¢g, 14.32 mmol) in THF (9.0 mL) was added to the mixture. After being stirred for
1 h at room temperature, the reaction was quenched with water. The resulting mixture was extracted with AcOEt.
The combined organic layers were washed with water and brine, dried over Na,SO, and then concentrated in
vacuo. The obtained residue was purified by flash column chromatography (SiO,, hexane/AcOEt = 10/1) to
give S-2 (2.94 g, 84% yield) as colorless oil. IR (ATR) v 2954, 2857, 1734, 1509, 1441, 1253, 1201, 1173, 1107,
910, 839, 780 cm™; 'H NMR (CDCl5): & 0.18 (s, 6H), 0.97 (s, 9H), 2.55 (d, J = 6.4, Hz, 2H), 3.16 (s, 2H), 3.70
(s, 6H), 3.79 (s, 3H), 4.58 (d, J = 5.6 Hz, 2H), 5.64-5.79 (m, 2H), 6.72 (d, J = 8.4 Hz, 2H), 6.92 (d, J = 8.4 Hz,
2H): 3C NMR (CDCls): 8 —4.5 (x 2), 18.1, 25.6 (x 3), 35.2, 37.8, 52.3 (x 2), 54.7, 59.1, 67.9, 119.8 (x 2), 127.8,
128.2, 130.6, 130.8 (x 2), 154.7, 155.5, 171.0 (x 2); ESI-HRMS. Calcd for C»,H3sNaOgSi (M+Na*): 503.2077.
Found: 503.2055.

COOMe COOMe
COOMe TBAF COOMe
OCOOM
TBSO = OCOOMe THF, rt HO G e
S-2 1a

General Procedure: To a solution of S-2 (3.54 g, 7.37 mmol) in THF (74 mL) at 0 °C was added 1.0 M TBAF
in THF (8.9 mL, 8.85 mmol). After being stirred for 1 h at room temperature, the reaction mixture was diluted
with AcOEt. The obtained mixture was washed with water and brine, dried over Na,SO, and concentrated in
vacuo. The obtained residue was purified by flash column chromatography (SiO,, hexane/AcOEt = 2/1) to give

la (2.32 g, 86% yield) as white solids. IR (ATR) v 3441, 2955, 1723, 1624, 1516, 1440, 1259, 1199, 1173, 1109,
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1046, 939, 840, 792, 735 cm'™; *H NMR (CDCls): 5 2.56 (d, J = 6.4 Hz, 2H), 3.15 (s, 2H), 3.71 (s, 6H), 3.79 (s,
3H), 4.58 (d, J = 5.6 Hz, 2H), 5.65-5.79 (m, 2H), 5.84 (br-s, 1H), 6.70 (d, J = 8.4 Hz, 2H), 6.91 (d, J = 8.4 Hz,
2H); *C NMR (CDCly):  35.1, 37.7, 52.4 (x 2), 54.8, 59.1, 68.0, 115.2 (x 2), 127.2, 127.9, 130.5, 130.9 (x 2),
155.0, 155.6, 171.2 (x 2); EI-LRMS m/z 366 (M"); EI-HRMS. Calcd for CigH,,05 (M*): 366.1315. Found:
366.1328.

Synthesis of compound 1j
CHs Colorless oil; IR (ATR) v 2953, 2858, 1737, 1509, 1436, 1253, 1150, 911,
/©/\( COOMe  g38, 780 cm™; 'H NMR (CDCl): § 0.18 (s, 6H), 0.97 (s, 9H), 2.27 (s, 3H),
TBSO COOMe  S-3 316 (d, J = 8.0 Hz, 2H), 3.63 (t, J = 8.0 Hz, 1H), 3.68 (s, 6H), 6.58 (dd, J =
2.4 Hz, 8.4 Hz, 1H), 6.64 (d, J = 2.4 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H); *C
NMR (CDCls): & -4.5 (x 2), 18.1, 19.3, 25.6 (x 3), 31.4, 52.2, 52.4 (x 2), 117.3, 121.9, 128.4, 130.1, 137.4,

154.2, 169.3 (x 2); EI-LRMS m/z 366 (M"); EI-HRMS. Calcd for CigH300sSi (M"): 366.1863. Found:
366.1857.

CH:  ooMe Colorless oil; IR (ATR) v 2953, 2857, 1733, 1607, 1500, 1440,
S'4 _1 l

M 1254, 1200, 1113, 1010, 973, 942, 552, 838, 780 cm™; *H NMR

TBSO ~_-0OCO0Me (cpcl,): §0.17 (s, 6H), 0.97 (s, 9H), 2.22 (s, 3H), 2.60 (d, J = 6.8,

Hz, 2H), 3.28 (s, 2H), 3.67 (s, 6H), 3.78 (s, 3H), 4.56 (dd, J = 0.8 Hz, 5.6 Hz, 2H), 5.64-5.79 (m, 2H), 6.57 (dd,

J=2.8Hz, 8.8 Hz, 1H), 6.62 (d, J = 2.8 Hz, 1H), 6.89 (d, J = 8.8 Hz, 1H); *C NMR (CDCls): 5 —4.5 (x 2), 18.1,

20.0, 25.6 (x 3), 34.4, 36.1, 52.3 (x 2), 54.7, 59.1, 67.9, 117.3, 122.0, 126.9, 127.5, 130.8, 130.9, 138.4, 154.2,

1555, 171.4 (x 2); EI-LRMS m/z 494 (M"); EI-HRMS. Calcd for CysHss0gSi (M"): 494.2336. Found:
494.2343.

Me Colorless oil; IR (ATR) v 3446, 2954, 1724, 1504, 1439, 1259,
W 1j 1200, 1113, 1047, 939, 910, 860, 824, 792, 729 cm™; 'H NMR
_ _0COOMe  (CDCL): 8 2.20 (s, 3H), 2.60 (d, J = 7.2, Hz, 2H), 3.23 (s, 2H),

HO 3.68 (s, 6H), 3.78 (s, 3H), 4.55 (d, J = 6.4 Hz, 2H), 5.64 (dt, J =
15.6 Hz, 6.4 Hz, 1H), 5.77 (dt, J = 7.2 Hz, 15.6 Hz, 1H), 6.53 (dd, J = 2.4 Hz, 8.8 Hz, 1H), 6.61 (d, J = 2.4 Hz,
1H), 6.87 (d, J = 8.8 Hz, 1H); *C NMR (CDCl,): & 19.9, 34.4, 36.0, 52.4 (x 2), 54.8, 59.2, 68.0, 112.7, 117.2,

125.8, 127.6, 130.8, 131.0, 138.6, 154.6, 155.6, 171.6 (x 2); EI-LRMS m/z 380 (M"); EI-HRMS. Calcd for
Ci19H2405 (M"): 380.1471. Found: 380.1468.

Synthesis of Compound 1k
cl Colorless oil; IR (ATR) v 2953, 2931, 2859, 1737, 1604, 1494, 1436, 1289,
/©/\( COOMe 1196, 1151, 1040, 940, 838, 780 cm™; *H NMR (CDCls): 5 0.16 (s, 6H), 0.94
TBSO COOMe S-5 (s, 9H), 3.23 (d, J = 7.6 Hz, 2H), 3.65 (t, J = 7.6 Hz, 1H), 3.79 (s, 6H), 6.62
(dd, J = 2.4 Hz, 8.4 Hz, 1H), 6.83 (d, J = 2.4 Hz, 1H), 7.05 (d, J = 8.4 Hz,
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1H); ®C NMR (CDCl5): & 4.6 (x 2), 18.0, 25.5 (x 3), 32.0, 51.2, 52.4 (x 2), 118.5, 121.1, 127.7, 131.6, 134.1,
155.2, 169.0 (x 2); EI-LRMS m/z 386 (M"); EI-HRMS. Calcd for CigH,;CIOsSi (M"): 386.1316. Found:
386.1325.

Cl COOMe Colorless oil; IR (ATR) v 2953, 2931, 2859, 1733, 1603, 1494,

S-6 1.1
M 1440, 1250, 1200, 939, 838, 781 cm™; *H NMR (CDCls): 5 0.19 (s,
TBSO ~\_OCOOMe g1y 0.97 (s, 9H), 2.60 (d, J = 6.8, Hz, 2H), 3.37 (s, 2H), 3.70 (s,
6H), 3.78 (s, 3H), 4.55 (d, J = 7.2 Hz, 2H), 5.64 (dt, J = 15.2 Hz,
6.8 Hz, 1H), 5.83 (dt, J = 15.2 Hz, 6.8 Hz, 1H), 6.65 (dd, J = 2.4 Hz, 8.4 Hz, 1H), 6.84 (d, J = 2.4 Hz, 1H), 7.01
(d, J = 8.4 Hz, 1H); *C NMR (CDCl): & 4.6 (x 2), 18.0, 25.4 (x 3), 34.7, 35.9, 52.3 (x 2), 54.6, 58.9, 67.8,

1185, 121.0, 126.4, 127.6, 130.8, 131.8, 135.1, 155.1, 155.4, 170.9 (x 2); EI-LRMS m/z 514 (M"); EI-HRMS.
Calcd for CysH35CIO0gSi (M*): 514.1790. Found: 514.1795.

- Colorless oil; IR (ATR) v 3425, 2954, 1720, 1610, 1499, 1438, 1255,
COOMe 1.1 . -
e e 1k 1200, 1137, 1042, 940, 792 cm™; *H NMR (CDCl): & 2.60 (d, J
6.8, Hz, 2H), 3.37 (s, 2H), 3.70 (s, 6H), 3.78 (s, 3H), 4.55 (d, J = 6.0
_~__OCOOMe
HO Hz, 2H), 4.83 (br-s, 1H), 5.65 (dt, J = 15.2 Hz, 6.0 Hz, 1H), 5.81 (dt,
J=15.2 Hz, 6.8 Hz, 1H), 6.65 (dd, J = 2.8 Hz, 8.4 Hz, 1H), 6.85 (d, J = 2.8 Hz, 1H), 7.04 (d, J = 8.4 Hz, 1H);
3C NMR (CDCly): & 34.7, 35.8, 52.6 (x 2), 54.8, 59.1, 70.0, 114.2, 1165, 124.9, 127.7, 130.7, 132.1, 135.2,

155.6, 155.8, 171.3 (x 2); EI-LRMS m/z 400 (M"); EI-HRMS. Calcd for C1gH,,ClOg (M™"): 400.0925. Found:
400.0926.

Synthesis of compound 1n

HaC coOMe  Colorless oil; IR (ATR) v 1739, 1504, 1266, 1150, 892, 840, 780 cm™; ‘H
mwe NMR (CDCls): & 0.19 (s, 6H), 1.00 (s, 9H), 2.16 (s, 3H), 3.11 (d, J = 7.6 Hz,

TBSO ST 9H),3.62 (t, J = 7.6 Hz, 1H), 3.69 (s, 1H), 6.66 (d, J = 8.4 Hz, 1H), 6.86 (dd,

J=2.4Hz, 8.4 Hz, 1H), 6.95 (d, J = 2.4 Hz, 1H); *C NMR (CDCls): 8 -4.4 (x 2), 16.7, 18.1, 25.6 (x 3), 34.0,

52.3 (x 2), 53.8, 118.3, 126.7, 128.8, 130.0, 131.2, 152.5, 169.2 (x 2); EI-LRMS m/z 366 (M"); EI-HRMS.

Calcd for C1gH300sSi (M*): 366.1863. Found: 366.1870.

COOMe S-8 Colorless oil; IR (ATR) v 1737, 1502, 1442, 1262, 1205, 1129, 944,

HsC COOMe 1
844 cm™; *H NMR (CDCl,): 8 0.19 (s, 6H), 1.00 (s, 9H), 2.15 (s,
TBSO A\ OCOOMe - 511 954 (d, 3 = 6.8 Hz, 2H), 3.12 (s, 2H), 3.70 (s,6H), 3.79 (s,
3H), 4.58 (d, J = 6.0 Hz, 2H), 5.64-5.79 (m, 2H), 6.64 (d, J =8.4 Hz, 1H), 6.74 (dd, J = 2.4 Hz, 8.4 Hz, 1H),
6.81 (d, J = 2.4 Hz, 1H); *C NMR (CDCl,): 8 —4.4 (x 2), 16.7, 18.0, 25.5 (x 3), 35.0, 37.6, 52.0 (x 2), 54.5,

58.9, 67.7, 118.0, 127.7, 127.7, 127.8, 128.4, 130.6, 132.3, 152.7, 155.3, 170.8 (x 2); ESI-HRMS. Calcd for
CasH3sNaOgSi (M+Na™): 517.2234. Found: 517.2252.
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COOMe White solid: IR (ATR) v 3450, 1725, 1440, 1260, 1200, 1118, 939,
Me COOMe 1n 11 . _
791, 734 cm™; 'H NMR (CDCly): 8 2.19 (s, 3H), 2.55 (d, J = 6.4 Hz,
HO A~ OCO0Me 511y 313 (s, 2H), 3.71 (s, 6H), 3.79 (5, 3H), 4.59 (d, J = 6.0 Hz, 2H),
4.91 (s, 1H), 5.65-5.80 (M, 2H), 6.64 (d, J = 8.0 Hz, 1H), 6.76 (dd, J = 2.0 Hz, 8.0 Hz, 1H), 6.80 (d, J = 2.0 Hz,
1H); 3C NMR (CDCly): & 15.8, 35.0, 37.6, 52.3 (x 2), 54.7, 59.1, 67.9, 114.6, 123.8, 126.9, 127.8, 128.1, 130.6,

132.4, 153.2, 155.6, 171.2 (x 2); EI-LRMS m/z 380 (M"); EI-HRMS. Calcd for CigH,,05 (M"): 380.1471.
Found: 380.1459.

Synthesis of compound 3
TBSO COOMe Colorless oil; IR (ATR) v 2954, 2858, 1737, 1585, 1486, 1437, 1254, 1156,
1004, 958, 838, 780, 696 cm™; 'H NMR (CDCls): & 0.18 (s, 6H), 0.98 (s,
COOMe g9
9H), 3.17 (d, J = 8.4 Hz, 2H), 3.66 (t, J = 8.4 Hz, 1H), 3.70 (s, 6H),
6.68-6.79 (m, 3H), 7.13 (dd, J = 8.0 Hz, 8.0 Hz, 1H); *C NMR (CDCls): 8 -4.5 (x 2), 25.6 (x 3), 34.6, 52.5 (X
2), 53.5, 118.5, 120.5, 121.7, 129.4, 139.2, 155.7, 169.2 (x 2); EI-LRMS m/z 352 (M"); EI-HRMS. Calcd for
Ci1H2505Si (MY): 352.1706. Found: 352.1700.

COOMe Colorless oil; IR (ATR) v 2954, 2857, 1735, 1487, 1440, 1257,

TBSO COOMe S-10 1.1
m 1200, 981, 940, 838, 781, 698 cm™; 'H NMR (CDCls): 5 0.18 (s,
A OCOOMe 611 0.98 (s, 9H), 2.56 (d, J = 6.8, Hz, 2H), 3.18 (s, 2H), 3.71 (s,
6H), 3.78 (s, 3H), 4.56 (d, J = 6.0 Hz, 2H), 5.65-5.80 (m, 2H), 6.56-6.72 (m, 3H), 7.11 (dd, J = 7.6 Hz, 7.6 Hz,
1H): 3C NMR (CDCL,): 3 -4.5 (x 2), 18.1, 25.6 (x 3), 35.2, 38.4, 52.3 (x 2), 54.7, 59.0, 67.8, 118.7, 121.7,

122.9, 127.9, 129.2, 130.5, 137.1, 155.5, 155.5, 170.9 (x 2); ESI-HRMS. Calcd for Cy4H3sNaOgSi (M+Na'):
503.2077. Found: 503.2099

o coome Colorless oil; IR (ATR) v 3441, 2955, 1723, 16214,11516, 1440, 1259,
1199, 1173, 1109, 1046, 939, 840, 792, 735 cm™: *H NMR (CDCls):

\O/\t/\/OCOOMe § 2.57 (d, J = 6.0 Hz, 2H), 3.18 (s, 2H), 3.72 (s, 6H), 3.80 (s, 3H),
458 (d, J = 5.2 Hz, 2H), 5.65-5.78 (m, 2H), 5.88 (br-s, 1H), 6.58-6.71 (m, 3H), 7.11 (dd, J = 8.0 Hz, 8.0 Hz,
1H); 3C NMR (CDCly): & 35.1, 38.2, 52.5 (x 2), 54.9, 58.8, 68.0, 114.1, 117.0, 121.9, 123.2, 128.1, 129.5,

130.5, 137.1, 155.7, 171.2 (x 2); EI-LRMS m/z 366 (M"); EI-HRMS. Calcd for CigH»,05 (M): 366.1315.
Found: 366.1310.

(3-2) Preparation of N-tosyl amide-tethered substrates

N-Tosyl amide-tethered substrates 1e, 1, and 1m were prepared from the corresponding
p-hydroxybenzaldehyde derivatives, according to the general procedure for compound le.
4-hydroxy-1-naphthalene-carboxyaldehyde: commercially available.
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1) TBS protection
CHO 2) Imine Formation NHTS
/@/ 3) Hydrogenation /@ﬁ
HO ~  TBSO S-11

General Procedure: To a stirred solution of p-hydroxybenzaldehyde (1.22 g, 10 mmol) and imidazole (1.36 g,
20 mmol) in DMF (10 mL) at 0 °C was added TBSCI (1.88 g, 12.5 mmol), and the reaction mixture was stirred
at room temperature. After 4 h. the reaction mixture was diluted with ether, and the obtained mixture was

washed with water (x 3), and brine, and then dried over Na,SO,. After concentration in vacuo, the obtained
mixture was passed through a short pad of silica to remove polar compounds (eluting with hexane/AcOEt = 5/1).
After concentration in vacuo, the obtained crude residue was utilized for the next reaction. To a stirred solution
of the silylated product, p-TsNH, (1.88 g, 11 mmol), and NEt; (4.18 mL, 30 mmol) in CH,Cl, (25 mL) at 0 °C
was added TiCl, (0.55 mL, 5 mmol), and the resulting suspension was stirred at room temperature. After 16 h,
ethyl acetate was added to the reaction, and the obtained suspension was filtered through a short pad of celite.
After evaporation in vacuo, the obtained residue was purified by flash column chromatography (SiOs,
hexane/AcOEt = 15/1) to give the corresponding N-Ts-imine (2.45 g, 63% vyield) as pale yellow solids. A
suspension of the imine (963 mg, 2.47 mmol) and 20% Pd(OH),—C (82.5 mg) in 1,4-dioxane (12 mL) was
stirred under H, atmosphere. After 13 h, the reaction was filtered through a short pad of celite. After
concentration in vacuo, the obtained residue was purified by flash column chromatography (SiO,,
hexane/AcOEt = 9/1) to give S-11 (926 mg, 96% vyield) as white solids. IR (ATR) v 3242, 2927, 2857, 1606,
1507, 1438, 1316, 1250, 1149, 1089, 1061, 912, 836, 810, 779, 735, 705, 665 cm™; *H NMR (CDCl,): & 0.16 (s,
6H), 0.96 (s, 9H), 2.42 (s, 3H), 4.03 (d, J = 6.0 Hz, 2H), 4.86 (broad peak, 1H), 6.71 (d, J = 8.4 Hz, 2H), 7.03 (d,
J=8.4 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H); *C NMR (CDCl5): 5 —4.5 (x 2), 18.1, 21.5,
25.6 (x 3), 46.7, 120.2 (x 2), 127.1 (x 2), 128.9, 129.1 (x 2), 129.6 (x 2), 136.8, 143.3, 155.3; EI-LRMS m/z
391(M™); EI-HRMS. Calcd for CyoHagNO5SSi (M*): 391.1637. Found: 391.1626.

OCOOMe ~Ts
/©/\ NHTs Br/\/\/ N
TBSO %oooonwe

S-11 NaH, THF, 1t TBSO
s-12

General Procedure: To a solution S-11 (887.8 mg, 2.27 mmol) in THF (8 mL) at 0 °C was added NaH (60%
dispersion in oil, 108.8 mg, 9.77 mmol). After being stirred for 30 min at room temperature, a solution of
freshly prepared allylic bromide (947.8 mg, 4.53 mmol) in THF (3.3 mL) was added to the mixture. After the

mixture was stirred for 16 h at room temperature, the reaction was quenched with water. The resulting mixture
was extracted with AcOEt. The combined organic layers were washed with brine, dried over Na,SO,, and then
concentrated in vacuo. The obtained residue was purified by flash column chromatography (SiO,,
hexane/AcOEt = 6/1) to give S-12 (979.9 mg, 79% yield) as colorless oil. IR (ATR) v 2929, 2857, 1748, 1608,
1508, 1442, 1337, 1251, 1157, 1090, 905, 836, 780, 751, 718, 692, 654 cm™; *H NMR (CDCl5):  0.19 (s, 6H),
0.97 (s, 9H), 2.44 (s, 3H), 3.73 (d, J = 6.0 Hz, 2H), 4.24 (s, 2H), 4.45 (d, J = 5.6 Hz, 2H), 5.40-5.55 (m, 2H),
6.76 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.72 (d, J = 8.0 Hz, 2H); **C NMR
(CDCls): 8 -4.5 (x 2), 18.1, 21.5, 25.6 (x 3), 47.8, 50.0, 54.8, 67.2, 120.1 (x 2), 127.1 (x 2), 127.8, 128.2, 129.3,
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129.7 (x 2), 129.8 (x 2), 137.7, 143.3, 155.3, 155.4; ESI-HRMS. Calcd for CysH3;NNaOgSSi (M+Na"):
542.2009. Found: 542.2041.

N/Ts TBAF N/Ts
TBSO K/\/OCOOMe THF, rt HO K/\/OCOOMe

S-12 1e

General Procedure: To a solution S-12 (895.3 mg, 1.72 mmol) in THF (8.6 mL) at 0 °C was added 1.0 M
TBAF in THF (2.1 mL, 2.07 mmol). After being stirred for 30 min at room temperature, the reaction mixture
was diluted with AcOEt. The obtained mixture was washed with water and brine, dried over Na,SO, and then
concentrated in vacuo. The obtained residue was purified by flash column chromatography (SiO,,
hexane/AcOEt = 2/1) to give le (697.0 mg, quantitative yield) as white solids. IR (ATR) v 3431, 1747, 1614,
1516, 1443, 1263, 1154, 1091, 941, 908, 817, 749 cm™; *H NMR (CDCl,): & 2.44 (s, 3H), 3.71 (d, J = 6.0 Hz,
2H), 3.78 (s, 3H), 4.23 (s, 2H), 4.44 (d, J = 5.6 Hz, 2H), 5.41 (dt, J = 15.6 Hz, 6.0Hz, 1H), 5.50 (dt, J = 15.6 Hz,
5.6 Hz, 1H), 5.87 (br-s, 1H), 6.77 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.72 (d,
J = 8.0 Hz, 2H); **C NMR (CDCl): & 21.5, 47.9, 50.2, 54.9, 67.2, 115.4 (x 2), 127.1 (x 2), 127.3, 127.8, 129.2,
129.7 (x 2), 130.0 (x 2), 137.1, 143.5, 155.5, 155.6; EI-LRMS m/z 405(M"); EI-HRMS. Calcd for CyHz3NOgS
(M"): 405.1246. Found: 405.1235.

Synthesis of compound 11
White solid; IR (ATR) v 3274, 2928, 2857, 1607, 1500, 1283, 1255, 1158, 1110,
NHTs 1093, 1011, 967, 839, 814, 780, 661 cm™; *H NMR (CDCl;): & 0.16 (s, 6H), 0.96 (s,
9H), 2.17 (s, 3H), 2.43 (s, 3H), 4.00 (d, J = 6.0 Hz, 2H), 4.60 (broad peak, 1H), 6.54
(dd, J = 2.4 Hz, 8.4 Hz, 1H), 6.60 (d, J = 2.4 Hz, 1H), 6.93 (d, J = 8.4 Hz, 1H), 7.30
(d, J = 8.0 Hz, 2H), 7.74 (d, J = 8.0 Hz, 2H); **C NMR (CDCls): 5 —4.5 (x 2), 18.1, 18.9, 21.5, 25.6 (x 3), 44.9,
117.4, 122.2, 126.7, 127.1 (x 2), 129.6 (x 2), 130.2, 136.6, 138.2, 143.4, 155.4; EI-LRMS m/z 405(M");

EI-HRMS. Calcd for CyH3;NO5SSi (M*): 405.1794. Found: 405.1802.

CHs

TBSO S-13

CHj Colorless oil; IR (ATR) v 2929, 2857, 1750, 1500, 1443, 1261,
T S-14 :
NTS 1162, 973, 858, 840, 782, 656 cm™; *H NMR (CDCly): & 0.18 (s,
TBSO %OCOOMe 6H), 0.97 (s, 9H), 2.26 (s, 3H), 2.45 (s, 3H), 3.66 (d, J = 4.8 Hz,

2H), 3.77 (s, 3H), 4.25 (s, 2H), 4.38 (d, J = 4.8 Hz, 2H), 5.34-5.44 (m, 2H), 6.58 (dd, J = 2,4 Hz, 8.4 Hz, 1H),
6.63 (d, J = 2.4 Hz, 1H), 6.97 (d, J = 8.4 Hz, 1H), 7.32 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H); *C NMR
(CDCly): § -4.5 (x 2), 18.1, 19.3, 21.5, 25.6 (x 3), 30.9, 48.4, 49.1, 62.7, 117.1, 122.1, 125.9, 126.0, 127.3 (x 2),
129.7 (x 2), 130.9, 133.0, 136.6, 138.8, 143.3, 155.3; ESI-HRMS. Calcd for C,7HssNNaOgSSi (M+Na'):
556.2165. Found: 556.2146.
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White solid; IR (ATR) v 3431, 1747, 1443, 1262, 1155, 1090, 943,

Me
N/TS 11 903, 817, 792, 751, 712, 657 cm™*; 'H NMR (CDCly): 6 2.26 (s, 3H),
. v\/OCOOMe 2.45 (s, 3H), 3.65 (d, J = 4.0 Hz, 2H), 3.77 (s, 3H), 3.90 (d, J =5.6
H Hz, 2H), 4.24 (s, 2H), 5.30 (dt, J = 15.6 Hz, 6.8Hz, 1H), 5.46 (dt, J =

15.6 Hz, 5.6 Hz, 1H), 5.67 (br-s, 1H), 6.59 (dd, J = 2,4 Hz, 8.4 Hz, 1H), 6.63 (d, J = 2.4 Hz, 1H), 7.01 (d, J =
8.4 Hz, 1H), 7.33 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H); *C NMR (CDCl):  19.2, 21.5, 47.9, 49.1, 54.9,
67.3, 112.6, 117.5, 124.8, 127.2, 127.3 (x 2), 1295, 129.7 (x 2), 131.1, 136.4, 139.2, 143.5, 155.5, 155.6;
EI-LRMS m/z 419 (M"); EI-HRMS. Calcd for Cp1HpsNOgS (M*): 419.1403. Found: 419.1410.

Synthesis of compound 1m

White solid; IR (ATR) v 3274, 2929, 2857, 1583, 1462, 1391, 1320, 1276, 1253,

O 1155, 1092, 1056, 864, 838, 779, 763, 735, 661 cm'™; 'H NMR (CDCly): § 0.26 (s,
‘ NHTS 61, 1.08 (s, 9H), 2.43 (s, 3H), 4.44 (d, J = 6.0 Hz, 2H), 4.73 (broad peak, 1H), 6.68
S-15  (d,3=76Hz 1H), 7.12 (d, J = 7.6 Hz, 1H), 7.26 (d, J = 8.0 Hz, 2H), 7.45-7.47 (m,

2H), 7.74 (d, J = 8.0 Hz, 2H), 7.78-7.82 (m, 1H), 8.17-8.21 (m, 1H); 3C NMR (CDCly): & —4.5 (x 2), 18.4,
215,258 (x 3), 45.3, 1115, 123.2, 123.2, 1239, 125.2, 126.9, 127.2 (x 2), 127.5, 128.2, 129.6 (x 2), 132.5,

1365, 1434, 152.3; EI-LRMS m/z 441 (M"); EI-HRMS. Calcd for CosHyNO;SSi (M*): 441.1794. Found:

441.1794.
Colorless oil; IR (ATR) v 2954, 2858, 1748, 1583, 1462, 1394,
O 15 S16 1338, 1259, 1158, 1074, 943, 866, 840, 781, 740, 658 cm™; 'H
O N NMR (CDCls): 8 0.28 (s, 6H), 1.09 (s, 9H), 2.47 (s, 3H), 3.66 (d, J
= OCOOMe

TBSO = 4.4 Hz, 2H), 3.75 (s, 3H), 4.28 (d, J = 4.0 Hz, 2H), 4.68 (s, 2H),
5.30-5.37 (m, 2H), 6.73 (d, J = 7.6 Hz, 1H), 7.15 (d, J = 7.6 Hz, 1H), 7.35 (d, J = 8.4 Hz, 2H), 7.47-7.55 (m,
2H), 7.78 (d, J = 8.4 Hz, 2H), 8.18-8.23 (m, 2H); *C NMR (CDCly): & —4.3 (x 2), 18.4, 21.6, 25.8 (x 3), 47.8,
49.7,54.8, 67.2,112.3, 122.9, 123.1, 123.9, 125.3, 126.9, 127.3, 127.5 (x 2), 128.2, 128.3, 129.3, 129.7 (x 2),
133.3, 136.5, 1435, 152.4, 155.4; ESI-HRMS. Calcd for CaHzgNNaOgSSi (M+Na*): 592.2165. Found:

592.2146.

TBSO

Ts m 1154, 1089, 1017, 942, 910, 813, 790, 732, 711, 669 cm™; 'H NMR

N CDCls): & 2.47 (s, 3H), 3.64 (d, J = 4.0 Hz, 2H), 3.76 (s, 3H), 4.23

HO O V\/OCOOMG Ed, J =)3.6 Hz, 2(H), 4.)66 (s, ;H), 5.25-5.30 (m), 2H), 2.44 (s), 1H),

6.70 (d, J = 8.0 Hz, 1H), 7.13 (d, J = 8.0 Hz, 1H), 7.35 (d, J = 8.0 Hz, 1H), 7.48-7.58 (m, 2H), 7.78 (d, J = 8.0

Hz, 2H), 8.19-8.24 (m, 2H); *C NMR (CDCl,): & 21.5, 47.9, 49.6, 54.8, 67.2, 107.5, 122.3, 123.8, 124.8, 125.2,

126.6, 127.0, 127.0 (x 2), 127.4, 128.3, 129.3, 129.8 (x 2), 133.0, 136.2, 143.6, 152.5, 155.4; EI-LRMS m/z 455
(M"); EI-HRMS. Calcd for C,sH,5NOgS (M™): 455.1403. Found: 455.1413.

i Pale brown solid; IR (ATR) v 3403, 2955, 1745, 1439, 1329, 1260,
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(3-3) Preparation of O-tethered substrate 1i

HO/\/\/OH

S-17
cl NaH, TBAI /@Ao
-~ OH
TBSO/©/\ TBSO e

DMF

To a stirred solution trans-2-butene-1,4-diol (503 mg, 1.90 mmol) in DMF (2.0 mL) at 0 °C was added NaH
(60% dispersion in oil, 76.1 mg, 1.90 mmol). After being stirred for 10 min at room temperature, a solution of
alkyl chloride (489 mg, 1.90 mmol) in DMF (1.0 mL) was added to the mixture. After being stirred for 6 h at
room temperature, the reaction was quenched with saturated aqueous NH;Cl. The resulting mixture was
extracted with AcOEt. The combined organic layers were washed with water and brine, dried over Na,SO, and
concentrated in vacuo. The obtained residue was purified by flash column chromatography (SiO,,
hexane/AcOEt = 3/1) to give S-17 (2.94 g, 84% vyield) as colorless oil. IR (ATR) v 3425, 2953, 2929, 2857,
1609, 1509, 1252, 1092, 1007, 909, 836, 778 cm™; *H NMR (CDCl5): 6 0.19 (s, 6H), 0.98 (m, 9H), 1.34 (broad
peak, 1H), 4.02 (dd, J = 1.2 Hz, 5.2 Hz, 2H), 4.15-4.18 (m, 2H), 4.44 (s, 2H), 5.81-5.95 (m, 2H), 6.79-6.83 (m,
2H), 7.19-7.22 (m, 2H); *C NMR (CDCls): 8 4.5 (x 2), 18.2, 25.7 (x 3), 63.0, 69.9, 72.1, 120.0 (x 2), 128.0,
129.3 (x 2), 130.9, 132.1, 155.2; EI-LRMS m/z 308 (M"); EI-HRMS. Calcd for C;;H,505Si (M"): 308.1808.
Found: 308.1808.

go S-17 CICOOMe go 18
DMAP
M
TBSO N O — TBSO .~ 0ocoowme
CHClj, pyridine
To a stirred solution S-17 (124 mg, 0.401 mmol), pyridine (50 pL, 0.601 mmol), and DMAP (4.89 mg, 0.0401
mmol) in CH,Cl, (0.80 mL) at 0 °C was added methyl chloroformate (90 uL, 1.20 mmol). After being stirred

for 2 h at room temperature, the reaction was quenched with saturated agueous NH,CI. The resulting mixture

was extracted with ACOEt. The combined organic layers were washed with water and brine, dried over Na,SO,
and concentrated in vacuo. The obtained residue was purified by flash column chromatography (SiO,,
hexane/AcOEt = 15/1) to give S-18 (128 mg, 87% yield) as colorless oil. IR (ATR) v 2955, 2930, 2857, 1748,
1509, 1442, 1250, 1097, 909, 837, 779 cm™; *H NMR (CDCl5): 6 0.19 (s, 6H), 0.98 (m, 9H), 3.78 (s, 3H), 4.02
(dd, J =1.2 Hz, 4.8 Hz, 2H), 4.43 (s, 2H), 4.64 (dd, J = 0.8 Hz, 4.8 Hz, 2H), 5.82-5.96 (m, 2H), 6.79-6.82 (m,
2H), 7.17-7.21 (m, 2H); *C NMR (CDCl,): & -4.5 (x 2), 18.2, 25.7 (x 3), 54.7, 67.6, 69.4, 72.1, 120.0 (x 2),
125.8,129.2 (x 2), 130.7, 131.9, 155.3, 155.6; EI-LRMS m/z 366 (M"); EI-HRMS. Calcd for C1gH3OsSi (M™):
366.1863. Found: 366.1857.

/©AO TBAF /©/\o
M OCOOMe
TBSO V\/OCOO e THF, rt HO k/\/

S-18 1i

To a stirred solution S-18 (185.0 mg, 0.50 mmol) in THF (2.5 mL) at 0 °C was added 1.0 M TBAF in THF (0.6
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mL, 0.6 mmol). After being stirred for 30 min at room temperature, the reaction mixture was diluted with
AcOEt. The obtained mixture was washed with water and brine, dried over Na,SO, and then concentrated in
vacuo. The obtained residue was purified by flash column chromatography (SiO,, hexane/AcOEt = 3/1) to give
1i (115.0 mg, 91% yield) as colorless oil. IR (ATR) v 3396, 1747, 1614, 1517, 1444, 1264, 1106, 943, 830, 792
cm™; 'H NMR (CDCly): & 3.78 (s, 3H), 4.02 (d, J = 5.2 Hz, 2H), 4.43 (s, 2H), 4.63 (d, J = 5.2 Hz, 2H),
5.81-5.95 (m, 2H), 6.35 (br-s, 1H), 6.75 (d, J = 8.0 Hz, 2H), 7.17 (d. J = 8.0 Hz, 2H); *C NMR (CDCls): & 54.9,
67.7,69.2, 72.0, 115.2 (x 2), 125.9, 129.4, 129.7 (x 2), 131.6, 155.6, 155.6; EI-LRMS m/z 252(M"); EI-HRMS.
Calcd for C13H:60s (M*): 252.0998. Found: 252.0996.

(3-4) Preparation of compounds 1b and 1c

Preparation of compound 1b

1) allyl bromide COOMe
COOMe  aH. THF COOMe
COOMe _0
TBSO 2) OsOy4, NalO,4 TBSO
S-1 THF-H,0, S-19

To a stirred solution of S-1 (4.81 g, 13.6 mmol) in THF (68 mL) at 0 °C was added NaH (60% dispersion in oil,
682.7 mg, 17.1 mmol). After being stirred for 30 min at the same temperature, allyl bromide (2.3 mL, 27.3
mmol) was added to the mixture. After being stirred for 1 h at room temperature, the reaction was quenched
with saturated aqueous NH4Cl. The resulting mixture was extracted with AcOEt. The combined organic layers
were washed with water and brine, dried over Na,SO, and then concentrated in vacuo. The obtained residue
was purified by flash column chromatography (SiO,, hexane/AcOEt = 15/1) to give the allylated adduct (4.50 g,
84% vyield) as colorless oil. The obtained product (659 mg, 1.68 mmol) was dissolved in THF (12 mL) and H,O
(4.8 mL), and then a 0.2 M solution of OsO, in t-BuOH (0.84 mL, 0.168 mmol) and NalO, (1.08 g, 5.04 mmol)
were added subsequently to the reaction mixture. After the suspension was stirred for 4 h, the reaction was
guenched by the addition of aq. Na,S,03. The reaction mixture was extracted with AcOEt, and the combined
organic layers were washed with brine, dried over Na,SQO,, and then evaporated under reduced pressure. The
obtained crude residue was purified by flash column chromatography (SiO,, hexane/AcOEt = 10/1) to give S-19
(449.8 mg, 68% yield) as colorless oil. IR (ATR) v 2953, 1728, 1509, 1252, 1202, 1173, 910, 837, 779 cm™; *H
NMR (CDCl,): 6 0.18 (s, 6H), 0.97 (s, 9H), 2.88 (d, J = 0.8 Hz, 2H), 3.31 (s, 2H), 3.76 (s, 6H), 6.73 (d, J = 8.4
Hz, 2H), 6.87 (d, J = 8.4 Hz, 2H), 9.64 (d, J = 0.8 Hz, 1H); *C NMR (CDCly): § -4.5 (x 2), 18.1, 25.6 (x 3),
38.7, 45.8, 52.8 (x 2), 56.0, 120.1 (x 2), 127.8, 130.8 (x 2), 154.9, 170.4 (x 2), 199.1; EI-LRMS m/z 395 (M");
EI-HRMS. Calcd for CyoH3006Si (MY): 394.1812. Found: 394.1815.

CH
COOMe 2 3 COOMe
/@/\@oom Ph3p/\g COOMe
0
TBSO = THF, 60 °C TBSO AN Cs
S-19 S20 O

To a stirred solution of S-19 (0.62 g, 1.57 mmol) in THF (15.7 mL) at room temperature was added the Wittig
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reagent (0.75 g, 2.35 mmol), and the resulting solution was kept stirring at 60 °C. After 24 h, the mixture was
evaporated under reduced pressure, and the obtained residue was purified by flash column chromatography
(SiO,, hexane/AcOEt = 6/1) to give S-21 (621 mg, 91% yield) as colorless oil. IR (ATR) v 2953, 1733, 1677,
1509, 1252, 1200, 1172, 910, 839, 780, 735, 702 cm™; *H NMR (CDCls): & 0.18 (s, 6H), 0.97 (s, 9H), 2.23 (s,
3H), 2.67 (dd, J = 1.2 Hz, 7.6 Hz, 2H), 3.20 (s, 2H), 3.74 (s, 6H), 6.08 (dt, J = 16.0 Hz, 1,2 Hz, 1H), 6.68 (dt, J
=16.0 Hz, 7.6 Hz, 1H), 6.73-6.76 (m, 2H), 6.91-6.94 (m, 2H); **C NMR (CDCl5): 5 —4.5 (x 2), 18.1, 25.6 (x 3),
26.9, 35.7, 38.4, 52.5 (x 2), 58.9, 120.0 (x 2), 127.7, 130.8 (x 2), 134.4, 142.1, 154.9, 170.7 (x 2), 198.0;
EI-LRMS m/z 434 (M"); EI-HRMS. Calcd for Cy3H3406Si (M"): 434.2125. Found: 434.2118.

COOMe 1) NaBH,, COOMe
COOMe CeCl-7H,0, MeOH COOMe
> CH
TBSO A O E)MCA'(F:,OOM‘? TBSO = 3
S20 O pyridine/CHCl, (1/3) S-21 ocoome

rt

To a stirred solution of S-20 (524 mg, 1.20 mmol) in MeOH (12 mL) at room temperature was added
CeCl3-7H,0 (447 mg, 1.20 mmol), and the suspension was stirred for 10 min. After the reaction was cooled
down to 0 °C, NaBH, (54.5 mg, 1.44 mmol) was added to the reaction, and the reaction was stirred for 30 min,
and then quenched with water. After a half of solvent was evaporated in vacuo, the mixture was diluted with
AcOEt, washed with brine, and then dried over Na,SO,. After concentration in vacuo, the obtained residue was
directly utilized for the next reaction. To a stirred solution of the crude allylic alcohol and DMAP (36.7 mg, 0.3
mmol) in CHCI; (2 mL) and pyridine (0.5 mL) at 0 °C was added methyl chloroformate (185 pL, 2.4 mmol).
The reaction mixture was kept stirring for 2 h at room temperature, and then diluted with ACOEt. The mixture
was washed with water, 1IN HCI, and brine, and then dried over Na,SO,. After concentration under reduced
pressure, the crude adduct was purified by flash column chromatography (SiO,, hexane/AcOEt = 10/1) to give
S-21 (527 mg, 89% yield over 2 steps) as colorless oil. IR (ATR) v 2954, 1735, 1509, 1438, 1254, 1202, 1176,
1038, 912, 838, 780 cm™; *H NMR (CDCls): § 0.17 (s, 6H), 0.97 (s, 9H), 1.35 (d, J = 6.4 Hz, 3H), 2.51 (dd, J =
2.0 Hz, 7.2 Hz, 2H), 3.15 (s, 2H), 3.70 (s, 6H), 3.77 (s, 3H), 5.13-5.18 (m, 1H), 5.58 (dd, J = 6.8 Hz, 15.2 Hz,
1H), 5.68 (dt, J = 15.2 Hz, 6.4 Hz, 1H), 6.71-6.73 (m, 2H), 6.91-6.93 (m, 2H); *C NMR (CDCls): 5 —4.5 (x 2),
18.1,20.4, 25.6 (x 3), 35.1, 37.7,52.3 (x 2), 54.5, 59.2, 74.8, 119.8 (x 2), 127.7, 128.2, 130.8 (x 2), 133.6, 154.7,
155.0, 171.0, 171.7; EI-LRMS m/z 494 (M"); EI-HRMS. Calcd for C,5H330sSi (M"): 494.2336. Found:
494.2339.

COOMe COOMe
TBSO AN Me THF, rt HO AN Me
s-21 OCOOMe 1b OCOOMe

To a stirred solution S-21 (470 mg, 0.95 mmol) in THF (9.5 mL) at 0 °C was added 1.0 M TBAF in THF (1.2

mL, 1.2 mmol). After being stirred for 1 h at room temperature, the reaction mixture was diluted with AcOEt.
-01 -



The obtained mixture was washed with water and brine, dried over Na,SO, and then concentrated in vacuo. The
obtained residue was purified by flash column chromatography (SiO,, hexane/AcOEt = 2/1) to give 1b (334 mg,
93% vyield) as colorless oil. IR (ATR) v 3425, 1732, 1720, 1516, 1438, 1260, 1200, 1037, 941, 841 cm™; 'H
NMR (CDCl5): 8 1.35 (d, J = 6.4 Hz, 3H), 2.47-2.57 (m, 2H), 3.15 (s, 2H), 3.70 (s, 6H), 3.77 (s, 3H), 5.13-5.19
(m, 1H), 5.29 (br-s, 1H), 5.56 (dd, J = 7.2 Hz, 15.2 Hz, 1H), 5.70 (dt, J = 15.2 Hz, 7.2 Hz, 1H), 6.72 (d, J = 8.8
Hz, 2H), 6.94 (d, J = 8.8 Hz, 2 H); *C NMR (CDCl,): & 20.2, 34.9, 37.5, 52.3 (x 2), 54.5, 59.2, 74.9, 115.2 (x
2), 126.8, 127.6, 130.8 (x 2), 133.5, 155.0, 155.1, 171.2 (x 2); EI-LRMS m/z 380 (M*); EI-HRMS. Calcd for
C1oH240g (M"): 380.1471. Found: 380.1477.

Preparation of compound 1c

Ph
COOMe z COOMe
o) _~__Ph
TBSO Z THE, 60 °C TBSO
S-19 S22 o

Compound S-22 was prepared from S-19 (86% yield) according to the experimental procedure from S-19 to
S-20. Pale yellow oil; IR (ATR) v 2953, 2858, 1733, 1672, 1623, 1608, 1509, 1446, 1252, 1198, 1172, 909, 839,
780, 692 cm™; 'H NMR (CDCls): & 0.18 (s, 6H), 0.97 (s, 9H), 2.78 (d, J = 6.0 Hz, 2H), 3.24 (s, 2H), 3.73 (s,
6H), 6.73-6.76 (m, 2H), 6.90-6.97 (m, 4H), 7.46-7.60 (m, 3H), 7.90-7.93 (m, 2H); *C NMR (CDCly): 5 4.5
(x 2), 18.1, 25.6 (x 3), 35.8, 52.5 (x 2), 59.0, 120.0 (x 2), 127.9, 128.6 (x 2), 128.6 (x 2), 129.3, 130.8 (x 2),
132.9, 137.5, 143.1, 154.8, 170.8 (x 2), 190.1; ESI-HRMS. Calcd for CygH3sNNaOsSi (M+Na*): 519.2179.
Found: 519.2170.

COOMe 1) NaBHy, COOMe
COOMe CeCl3-7H,0, MeOH COOMe
_— Ph 2) CICOOMe = Ph
TBSO OMAP TBSO
S22 0O pyridine/CHClI; (1/3) S-23  OCOOMe

rt

Compound S-23 was prepared from S-22 (82% yield) according to the experimental procedure from S-20 to
S-21. Colorless oil; IR (ATR) v 2954, 1734, 1509, 1439, 1252, 1200, 1172, 911, 839, 780, 698 cm™; ‘*H NMR
(CDCly): & 0.17 (s, 6H), 0.97 (s, 9H), 2.50 (dd, J = 2.0 Hz, 14.0 Hz, 1H), 2.55 (dd, J = 2.0 Hz, 14.0 Hz, 1H),
3.14 (s, 2H), 3.61 (s, 6H), 3.78 (s, 2H), 5.69-5.80 (m, 2H), 6.03 (d, J = 2.0 Hz, 1H), 6.67-6.71 (m, 2H),
6.85-6.88 (m, 2H), 7.29-7.39 (m, 5H); *C NMR (CDCls): 8 -4.5 (x 2), 18.1, 25.6 (x 3), 35.2, 37.8, 52.2 (x 2),
54.7, 59.1, 79.8, 119.8 (x 2), 126.7 (x 2), 128.1, 128.3, 128.5 (x 2), 128.6, 130.8 (x 2), 132.4, 138.6, 154.6,
154.9, 171.0 (x 2); ESI-HRMS. Calcd for C3pH,NNaOgSi (M+Na*): 579.2390. Found: 579.2401.
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COOMe COOMe
COOMe TBAF COOMe

TBSO A THF, 0°C HO A

s-23 OCOOMe Tc OCOOMe

Compound 1c was prepared from S-23 according to the experimental procedure from S-21 to 1b. Compound 1c
was gradually decomposed in stock even at 4 °C. Therefore, freshly purified 1c was utilized for the
spirocyclization. Colorless oil; IR (ATR) v 3440, 3027, 2954, 1729, 1516, 1440, 1258, 1200, 1173, 751, 698
cm™; 'H NMR (CDCLy): 8 2.47-2.57 (m, 2H), 3.14 (s, 2H), 3.61 (s, 3H), 3.62 (s, 3H), 3.78 (s, 3H), 5.60 (br-s,
1H), 5.70-5.81 (m, 2H), 6.04 (d, J = 6.0 Hz, 1H), 6.67 (d, J = 8.0 Hz, 2H), 6.87 (d, J = 8.0 Hz, 2H), 7.26-7.38
(m, 5H); *C NMR (CDCly): & 35.2, 37.8, 52.3 (x 2), 54.8, 59.2, 79.9, 115.2 (x 2), 126.7 (x 2), 128.3, 128.4,
128.5, 128.6 (x 2), 131.0 (x 2), 132.5, 138.5, 154.9, 155.0, 171.1 (x 2); ESI-HRMS. Calcd for Cp4H,sNaOg
(M+Na"): 465.1525. Found: 465.1558.

(3-5) Preparation of compound 1d
+ _
1) BnO” " “PPh; Br

CHO n-BulLi OH
/©/ 2) TBSCI, Imidazole /©/\|;08n
TBSO TBSO

3) 0s0,, NMO
4) Et;SiH, TFA S-24

To a stirred suspension of well-dried phosphonium salt (11.37 g, 23.1 mmol) in THF (130 mL) at —78 °C was
added a 1.56 M solution of n-BuL.i in hexane (14.8 mL, 24.4 mmol), and the resulting mixture was stirred for 3
h at the same temperature. A THF solution of the p-TBSO-benzaldehyde (2.73 g, 11.6 mmol in 14 mL of THF)
was added to the reaction and the resulting solution was kept stirring at —78 °C. After 45 min, the reaction was
quenched by the addition of water and the resulting mixture was extracted with CH,Cl, (x 3). The combine
organic layers were washed with brine and dried over Na,SO,. Evaporation of the obtained solution under
reduced pressure gave the crude mixture (cis/trans mixture). Partial deprotection of the TBS group occurred
during the Wittig reaction process. Thus, the obtained crude sample was treated with general silylation
conditions (TBSCl/imidazole), and the obtained residue was roughly purified by flash column chromatography
(SiO,, hexane/AcOEt = 50/1) to remove polar compounds. To a stirred solution of the obtained product in
acetone (99 mL) and H,O (17 mL) at room temperature were added ag. 4.8M solution of N-methylmorpholine
N-oxide (24 mL, 116 mmol) and 1.2 M solution of OsQ, in t-BuOH (5.8 mL, 1.16 mmol). After being stirred
for 3 h at room temperature, the reaction was quenched with saturated ag. NaHSO3. The resulting mixture was
extracted with Et,O (x 3), and the combined organic layers were dried over Na,SO,, and evaporated in vacuo.
The obtained residue was purified by flash column chromatography (SiO,, hexane/AcOEt = 10/1) to give the
corresponding diol (1.80 g) as a mixture of diastereomers. To a stirred solution of the diol (1.80 g, 4.48 mmol)
in CH,Cl, (45 mL) at 0 °C were added triethylsilane (2.80 mL, 17.5 mmol) and TFA (4.3 mL, 57.9 mmol), and
the reaction was stirred for 1 h at room temperature. The reaction was carefully quenched with saturated

aqueous NaHCO; at 0 °C, and the resulting mixture was extracted with AcCOEt (x 3). The combined organic
-03-



layers were washed with water and brine, dried over Na,SQO,4, and then evaporated in vacuo. The obtained
residue was purified by flash column chromatography (SiO,, hexane/AcOEt = 10/1 to 6/1) to give the S-24
(1.48 g, 35% vyield over 4 steps) as colorless oil. IR (ATR) v 3480, 2928, 2856, 1508, 1252, 1101, 913, 838, 780,
735, 696 cm™; *H NMR (CDCls): 8 0.18 (s, 6H), 0.97 (s, 9H), 1.75-1.80 (m, 2H), 2.67 (dd, J = 6.4 Hz, 14.0 Hz,
1H), 2.73 (dd, J = 8.0 Hz, 14.0 Hz, 1H), 2.81 (d, J = 2.8 Hz, 1H), 3.59-3.74 (m, 2H), 3.95-4.02 (m, 1H), 4.52 (s,
2H), 6.75-6.78 (m, 2H), 7.03-7.07 (m, 2H), 7.27-7.37 (m, 5H); *C NMR (CDCl5): 8 -4.5 (x 2), 18.1, 25.6 (x
3), 35.6, 43.1, 68.9, 72.1, 73.2, 119.9 (x 2), 127.6 (x 2), 127.7, 128.4 (x 2), 130.3 (x 2), 131.1, 137.9, 154.1;
EI-LRMS m/z 386 (M"); EI-HRMS. Calcd for Cy3H3403Si (M"): 386.2277. Found: 386.2271.

OH OMe
OBn  2) TsOH-H,0 oB
TBSO 2 n
S-24 (MeO);CH/MeOH TBSO S-25

To a stirred solution of Dess-Matrin periodinane (1.77 g, 4.18 mmol) in CH,CI, (30 mL) at 0 °C was added a
CH,CI, solution of S-24 (1.34 g, 3.48 mmol in 5 mL of CH,Cl,). After being stirred for 6 h at room temperature,
the reaction was diluted with CH,Cl,, and quenched with aqueous 1N NaOH. The resulting mixture was
extracted with CH,CI, (x 2), and the combined organic layers were washed with brine, dried over Na,SO,, and
then evaporated in vacuo. The obtained residue was purified by flash column chromatography (SiO,,
hexane/AcOEt = 15/1) to give the corresponding ketone (1.30 g, 97% vyield) as colorless oil. To a stirred
solution of the obtained product (575 mg, 1.50 mmol) in MeOH (11.2 mL) and (MeQ)s;CH (3.7 mL) was added
TsOH-H,O (28.4 mg, 0.15 mmol). After being stirred for 30 min at room temperature, the reaction was
quenched with saturated aqueous NaHCQ;. The resulting mixture was extracted with CH,Cl, (x 3), and the
combined organic layers were dried over Na,SO,4. After concentration in vacuo, the obtained residue was
purified by flash column chromatography (SiO,, hexane/AcOEt = 20/1) to give S-25 (600.3 mg, 93% vyield) as
colorless oil. IR (ATR) v 2930, 1508, 1253, 1120, 1046, 912, 837, 779, 735, 696 cm™; *H NMR (CDCl5):  0.18
(s, 6H), 0.98 (s, 9H), 1.85 (t, J = 7.6 Hz, 2H), 2.80 (s, 2H), 3.26 (s, 6H), 3.49 (t, J = 7.6 Hz, 2H), 4.42 (s, 2H),
6.72 (d, J = 8.4 Hz, 2H), 7.05 (d, J = 8.4 Hz, 2H), 7.28-7.34 (m, 5H); **C NMR (CDCls): § —4.4 (x 2), 18.1,
25.7 (x 3), 32.6, 38.5, 48.0 (x 2), 65.8, 72.8, 102.4, 119.7 (x 2), 127.5, 127.6 (x 2), 128.3 (x 2), 129.2, 130.8 (x
2), 138.3, 154.1; ESI-HRMS. Calcd for CysH3sNaOsSi (M+Na®): 453.2437. Found: 453.2467.

OMe

/@/\tiMe 1) Pd-C/H, pre

OBn

TBSO 2) b™MP TBS OMO
S-25 S-26

A suspension of S-25 (600.3 mg, 1.39 mmol) and 10% Pd-C (60.0 mg) in MeOH (28 mL) was stirred under H,
atmosphere for 15 h. Filtration of the reaction mixture through a short pad of celite, followed by evaporation of
the filtrate, gave nearly pure alcohol adduct, which was utilized for the next reaction without purification. To a

stirred solution of the obtained alcohol in CH,CI, (14 mL) at 0 °C was added Dess-Matrin periodinane (709.4
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mg, 1.67 mmol). After being stirred for 1 h at room temperature, the reaction was diluted with ether, and
quenched with aqueous 1N NaOH. The resulting mixture was extracted with AcOEt (x 2), and the combined
organic layers were washed with brine, dried over Na,SO4, and then evaporated in vacuo. The obtained residue
was purified by flash column chromatography (SiO,, hexane/AcOEt = 15/1) to give S-26 (387.3 mg, 82% vyield
over 2 steps) as colorless oil. IR (ATR) v 2931, 1719, 1509, 1254, 1115, 1047, 913, 838, 780 cm™; *H NMR
(CDCly): 6 0.18 (s, 6H), 0.97 (s, 9H), 2.52 (d, J = 2.8 Hz, 2H), 2.99 (s, 2H), 3.31 (s, 6H), 6.73-6.77 (m, 2H),
7.05-7.09 (m, 2H), 9.49 (t, J = 2.8 Hz, 1H); **C NMR (CDCl,): 8 —4.5 (x 2), 18.1, 25.6 (x 3), 40.4, 41.2, 48.4 (x
2), 101.6, 119.9 (x 2), 128.2, 131.3 (x 2), 154.6, 200.0; ESI-HRMS. Calcd for CigH3oNaO,Si (M*): 361.1811.
Found: 361.1834.

OMe 1) HWE reagent OMe
/©/\t(iMe NaH, THF OMe
_0O o OH
2) DIBALH TBSO
TBSO S-26 ) S-27

To a stirred suspension of NaH (60% dispersion in oil, 45.8 mg, 1.14 mmol) in THF (2.8 mL) at 0 °C was added
diethylphosphonoacetic acid ethyl ester (0.23 mL, 1.14 mmol). After being stirred for 20 min at 0 °C, a THF
solution of S-26 (322.7 mg, 0.953 mmol in 2 mL of THF) was added to the reaction mixture, and the reaction
was kept stirring at room temperature. After 4 h, the reaction was quenched by the addition of water, and the
resulting mixture was extracted with Et,O (x 2). The combined organic layers were washed with water and brine,
dried over Na,SO4, and then concentrated in vacuo. The obtained product was utilized for the next reaction
without purification. To a stirred solution of the obtained alcohol adduct in CH,Cl, (4.8 mL) at —78 °C was
added a 1M solution of DIBAL-H in hexane (2.1 mL, 2.1 mmol). After being stirred for 30 min at the same
temperature, the reaction was quenched with MeOH. After the reaction was gradually warmed up to room
temperature, the resulting mixture was filtered through a short pad of celite, and the filtrate was washed with
1M aqg. HCI, water, and brine, and then dried over Na,SO,4. After concentration under reduced pressure, the
obtained residue was purified by flash column chromatography (SiO,, hexane/AcOEt = 3/1) to give S-26 (283.4
mg, 81% vyield over 2 steps) as colorless oil. IR (ATR) v 3440, 2930, 1509, 1252, 1114, 1047, 912, 837, 778
cm™; 'H NMR (CDCl,): 8 0.18 (s, 6H), 0.97 (s, 9H), 2.25 (d, J = 6.4 Hz, 2H), 2.83 (s, 2H), 3.29 (s, 6H), 4.10 (d,
J = 4.8 Hz, 2H), 5.51-5.65 (m, 2H), 6.74 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 8.4 Hz, 2H); **C NMR (CDCl): &
4.5 (x 2), 18.1, 25.6 (x 3), 35.7, 38.1 48.1 (x 2), 63.5, 102.9, 119.6 (x 2), 126.6, 129.2, 131.0 (x 2), 132.5,
154.1; ESI-HRMS. Calcd for CyH3;NaO,Si (M™): 389.2124. Found: 389.2134.

OMe CICOOMe OMe

g OCOOMe
TBSO ANOH cHelgPy TBSO =

S-27 S-28

Compound S-28 was prepared from S-27 (88% yield) according to the experimental procedure from S-17 to

S-18. Colorless oil; IR (ATR) v 2954, 1749, 1508, 1261, 1049, 916, 839 cm™; *H NMR (CDCl,): 5 0.18 (s, 6H),
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0.97 (s, 9H), 2.24 (d, J = 6.8 Hz, 2H), 2.82 (s, 2H), 3.28 (s, 6H), 3.79 (s, 3H), 4.58 (d, J = 7.2 Hz, 2H), 5.48 (dl,
J = 15.6 Hz, 6.8 Hz, 1H), 5.73 (dt, J = 15.6 Hz, 7.2 Hz, 1H), 6.72-6.76 (m, 2H), 7.05-7.09 (m, 2H); **C NMR
(CDCly): 8 —4.5 (x 2), 18.1, 25.6 (x 3), 35.8, 38.2, 48.0 (x 2), 54.5, 68.3, 102.6, 119.5 (x 2), 126.6, 129.0, 130.9
(x 2), 131.1, 154.0, 155.5; ESI-HRMS. Calcd for C,,HagNaOgSi (M+Na*): 447.2179. Found: 447.2168.

OMe OMe
/©/\to/Me\/ e -
M THF, rt %% OCOOMe
TBSO = OCOOMe HO
S-28 1d

Compound 1d was prepared from S-28 (96% yield) according to the experimental procedure from S-2 to la.
Colorless oil; IR (ATR) v 3410, 2954, 1747, 1515, 1442, 1259, 1095, 1044, 975, 940, 828, 793, 750 cm®; *H
NMR (CDCly): 8 2.26 (d, J = 7.2 Hz, 2H), 2.83 (s, 2H), 3.29 (s, 6H), 3.76 (s, 3H), 4.59 (dd, J = 0.8 Hz, 6.4 Hz,
2H), 5.16 (s, 1H), 5.46-5.54 (m, 1H), 5.70-5.78 (m, 1H), 6.72 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 8.4 Hz, 2H); °C
NMR (CDCl,): & 35.6, 37.9, 48.1 (x 2), 54.8, 68.4, 102.9, 114.9 (x 2), 126.6, 127.8, 131.0, 131.1 (x 2), 154.5,
155.7; ESI-HRMS. Calcd for C16H,NaOg (M+Na™): 333.1314. Found: 333.1361.

(3-6) Preparation of compound 9 and characterization of compound 10 and compound 11

cooMe  Colorless oil; IR (ATR) v 2954, 2858, 1735, 1509, 1435, 1251, 1146, 1042,
910, 836, 779, 685 cm™; *H NMR (CDCl,): & 0.18 (s, 6H), 0.98 (s, 9H), 2.19
(dt, J=7.6 Hz, 7.6 Hz, 2H), 2.58 (t, J = 7.6 Hz, 2H), 3.37 (t, J = 7.6 Hz, 1H),
3.73 (s, 6H), 6.75 (d, J = 8.4 Hz, 2H), 7.02 (d, J = 8.4 Hz, 2H); °C NMR
(CDClg): 6 -4.5(x 2), 18.1, 25.6 (x 3), 30.5, 32.4, 50.8, 52.4 (x 2), 119.9 (x 2), 129.3 (x 2), 133.0, 153.9, 169.7
(x 2); EI-LRMS m/z 366 (M"); EI-HRMS. Calcd for C19H3,05Si (M™): 366.1863. Found: 366.1862.

COOMe

TBSO S-29

COOMe  S-30  Colorless oil; IR (ATR) v 2954, 2858, 1733, 1509, 1440, 1251,
@/—\tc/o\/om 1198, 1171, 976, 910, 837, 780, 692 cm™; *H NMR (CDCly): &

TBSO AN\ AOCOOME 18 (s, 6H), 0.97 (5, 9H), 2.11-2.16 (m, 2H), 2.41-2.46 (m, 2H),
2.73(d, J = 5.2 Hz, 1H), 3.72 (s, 6H), 3.77 (s, 3H), 4.56 (d, J = 4.4 Hz, 2H), 5.65-5.74 (m, 2H), 6.74 (d, J = 8.0
Hz, 2H), 7.00 (d, J = 8.0 Hz, 2H); **C NMR (CDCL3): 5 —4.5 (x 2), 18.1, 25.6 (x 3), 29.6, 34.6, 35.8, 52.4 (x 2),

54.7, 67.8, 119.9 (x 2), 127.8, 129.1 (x 2), 130.3, 133.6, 153.8, 155.5, 171.3 (x 2); EI-LRMS m/z 494 (M");
EI-HRMS. Calcd for Cp5H3508Si (M"): 494.2336. Found: 494.2342.

COOMe Colorless oil; IR (ATR) v 3441, 2955, 1726, 1515, 1440, 1257,
COOMe 1199, 1172, 1066, 976, 941, 825, 791, 735 cm™; *H NMR (CDCls):
HOWOCOOW § 2.11-2.15 (m, 2H), 2.41-2.45 (m, 2H), 2.74 (d, J = 5.2 Hz, 1H),
3.73 (s, 6H), 3.77 (s, 3H), 4.56 (d, J = 4.8 Hz, 2H), 5.66-5.73 (m,

2H), 6.73-6.77 (m, 2H), 6.98-7.01 (m, 2H); **C NMR (CDCl): & 29.5, 34.7, 35.8, 52.5 (x 2), 54.8, 57.4, 67.9,

115.2 (x 2), 127.8, 129.4 (x 2), 130.2, 132.8, 154.1, 155.6, 171.5 (x 2); EI-LRMS m/z 380 (M"); EI-HRMS.
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Calcd for C1gH,405 (M¥): 380.1471. Found: 380.1478.

coome  White solid; IR (ATR) v 2951, 1728, 1508, 1436, 1261, 1214, 1173, 1066, 1016,
. Q/? oo 978, 912, 820, 732 cm™; *H NMR (CDCl,): & 1.81-1.85 (m, 4H), 2.21-2.25 (m,
7{/@ | 11 4H).2.75(d, J=7.2 Hz, 4H), 3.75 (s, 12H), 4.63 (d, J = 4.8 Hz, 4H), 5.49 (dd, J
o © = 7.2 Hz, 15.6 Hz, 2H), 5.70 (dd, J = 4.8 Hz, 15.6 Hz, 2H), 6.70 (d, J = 8.4 Hz,
MeoOC 4H), 6.77 (d, J = 8.4 Hz, 4H); **C NMR (CDCls): & 29.1 (x 2), 33.1 (x 2), 34.7 (x
2), 52.5 (x 4), 67.3 (x 2), 115.3 (x 4), 127.4 (x 2), 129.0 (x 4), 129.9 (x 2), 133.1 (x 2), 155.8 (x 2), 171.5 (x 4);
ESI-HRMS. Calcd for C4H4oNaOyo (M+Na*): 631.2519. Found: 631.2481.

COOMe Colorless oil; IR (ATR) v 2923, 1729, 1663, 1433, 1242, 1172, 1078, 852 cm’;

COOMe  'H NMR (CDCly): & 1.51-1.58 (m, 1H), 1.82 (ddd, J = 3.6 Hz, 14.4 Hz, 14.4 Hz,

10 1H), 1.96 (dd, J = 14.0 Hz, 14.8 Hz, 1H), 2.01 (ddd, J = 3.6 Hz, 14.4 Hz, 14.4 Hz,

O X 1H), 2.36-2.46 (m, 3H), 3.71 (s, 3H), 3.81 (s, 3H), 4.94-5.02 (m, 2H), 5.37 (ddd,
J=7.6 Hz, 10.4 Hz, 17.2 Hz, 1H), 6.26 (dd, J = 2.0 Hz, 10.4 Hz, 1H), 6.38 (dd, J = 2.0 Hz, 10.4 Hz, 1H), 6.62
(dd, J = 3.2 Hz, 10.4 Hz, 1H), 7.23 (dd, J = 3.2 Hz, 10.4 Hz, 1H); *C NMR (CDCl,): 5 26.4, 31.6, 32.9, 43.4,
44.9,52.9, 53.0, 54.5, 116.9, 129.6, 131.2, 136.3, 148.1, 156.2, 171.0, 172.0, 186.1; EI-LRMS m/z 304 (M");

EI-HRMS. Calcd for Cy7Hz00s (MY): 304.1311. Found: 304.1319.

(3-7) Compound characterization of anisole derivatives.
COOMe 5 Colorless oil; IR (ATR) v 2954, 1731, 1584, 1438, 1257, 1199, 1178,
Meow 1043, 942, 792, 699 cm™; 'H NMR (CDCl): & 257 (d, J = 6.8 Hz,
\_OCOOMe 511y 391 (s, 2H), 3.72 (s, 6H), 3.76 (s, 3H), 3.78 (s, 3H), 4.58 (d, J =
5.6 Hz, 2H), 5.66-5.80 (m, 2H), 6.62-6.66 (M, 2H), 6.76-6.78 (M, 1H), 7.15-7.19 (m, 1H); *C NMR (CDCl,):

8 35.2, 385, 524 (x 2), 54.7, 55.0, 58.9, 67.9, 112.3, 115.7, 122.2, 128.0, 129.3, 130.5, 137.1, 155.5, 159.5,
170.9 (x 2); EI-LRMS m/z 380 (M"); EI-HRMS. Calcd for C19H2,0g (M"): 380.1471. Found: 380.1480.

COOMe Colorless oil; IR (ATR) v 2955, 1731, 1513, 1440, 1248, 1200, 1175,
m 1114, 1033, 941, 842, 792 cm'™; *H NMR (CDCly): § 2.55 (d, J = 6.8
MeO A~OCO0Me 1y 91y, 3.17 (s, 2H), 3.71 (s, 6H), 3.78 (s, 3H), 3.79 (s, 3H), 4.59 (d,
7 J=6.0 Hz, 2H), 5.65-5.79 (m, 2H), 6.79-6.81 (m, 2H), 6.97-6.99 (m,

2H): ®C NMR (CDCly): 5 35.1, 37.6, 52.2 (x 2), 54.7, 55.0, 59.0, 67.8, 113.6 (x 2), 127.4, 127.8, 130.5 130.7 (x

2), 155.4, 158.5, 170.9 (x 2); EI-LRMS m/z 380 (M"); EI-HRMS. Calcd for C1oH,405 (M*): 380.1471. Found:
380.1475.
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COOMe 6 Colorless oil; IR (ATR) v 2952, 1731, 1601, 1584, 1490, 1434, 1261, 1219,

MeO
COOMe 1167, 1042, 1005, 909, 698 cm™; *H NMR (CDCly): 6 3.38 (s, 2H), 3.74 (s,
A 6H), 3.74 (s, 3H), 5.15 (dd, J = 0.8 Hz, 10.0 Hz, 1H), 5.24 (dd, J = 0.8 Hz,
> 16.8 Hz, 1H), 6.06 (d, J = 16.0 Hz, 1H), 6.16 (dd, J = 10.0 Hz, 16.0 Hz,

1H), 6.35 (ddd, J = 10.0 Hz, 10.0 Hz, 16.8 Hz, 1H), 6.62-6.66 (M, 2H), 6.75-6.77 (m, 1H), 7.13-7.17 (m, 1H);
13C NMR (CDCly): § 42.4, 52.7 (x 2), 55.1, 60.6, 112.5, 115.7, 118.5, 122.4, 129.1, 130.2, 132.4, 136.2, 137.0,
159.3, 170.4 (x 2); EI-LRMS m/z 304 (M"); EI-HRMS. Calcd for C17H,0s (M*): 304.1311. Found: 304.1302.

COOMe Colorless solid; IR (ATR) v 2956, 1730, 1611, 1513, 1431, 1245, 1216, 1195,

COOMe i
1168, 1029, 1014, 905, 846 cm™; *H NMR (CDCly): & 3.43 (s, 2H), 3.73 (s,
MeO N 6H), 3.7 (s, 3H), 5.17 (dd, J = 0.8 Hz, 10.0 Hz, 1H), 5.24 (dd, J = 0.8 Hz, 17.2
8 X Hz, 1H), 6.04 (d, J = 16.0 Hz, 1H), 6.15 (dd, J = 10.4 Hz, 16.0 Hz, 1H), 6.35

(ddd, J = 10.0 Hz, 10.4 Hz, 17.2 Hz, 1H), 6.75-6.79 (m, 2H), 6.98-7.01 (m, 2H); *C NMR (CDCls): & 41.6,
52.7 (x 2), 55.1, 60.9, 113.6 (x 2), 118.4, 127.4, 130.4, 131.0 (x 2), 132.4, 136.3, 158.6, 170.5 (x 2); EI-LRMS
m/z 304 (M"); EI-HRMS. Calcd for C17H,,0s (M"): 304.1311. Found: 304.1306.

4. Asymmetric reaction and determination of the absolute configuration

Me t-BuOOC PPh; O
. Pd-cat
C%%tgt?su (+)-(1:3 Me coot-Bu [j/ “NH o PPhy
HO A~_-0COOMe Z H)b (+)-13
Z
t O LIS
Experimental Procedure: 1q (43.5 mg, 0..0936 mmol), Pd(dba), (2.7 mg, 0.0047 mmol), (+)-13 (4.6 mg,

0.0056 mmol), and Li,CO3 (6.9 mg, 0.0936 mmol) were dissolved in degassed CH;CN (0.7 mL) and the

resulting solution was stirred 10 °C. After 40 h, the reaction was quenched with sat. aq. NH4Cl, and the mixture

was extracted with AcOEt. The organic layer was washed with brine, dried over Na,SO,, and then concentrated
in vacuo. The obtained residue was purified by flash column chromatography (SiO,, hexane/acetone = 15/1) to
give 2q (29.1 mg, 80% vyield, 9.2:1 diastereomixture, inseparable) as colorless oil. IR (ATR) v 2979, 1720, 1665,
1628, 1368, 1279, 1254, 1167, 1137, 842, 736 cm™; *H NMR (CDCl,, major isomer): & 1.47 (s, 9H), 1.49 (s,
9H), 2.05 (d, J = 1.2 Hz, 3H), 2.22 (d, J = 14.8 Hz, 1H), 2.44-2.57 (m, 2H), 2.80 (d, J = 14.8 Hz, 1H),
3.00-3.06 (m, 1H), 4.94-4.99 (m, 2H), 5.33-5.42 (m, 1H), 6.22-6.24 (m, 2H), 6.89 (d, J = 10.4 Hz, 1H); **C
NMR (CDCl;, major isomer): 8 19.0, 27.8 (x 6), 38.2, 42.2, 51.3, 54.8, 59.7, 82.0, 82.0, 117.2, 128.0, 130.3,
134.4, 150.7, 159.8, 170.9, 171.3, 186.0; EI-LRMS m/z 388 (M"); EI-HRMS. Calcd for C,3H3,05 (MY):
388.2250. Found: 388.2255. The enantiomeric excess of the major diastereomer was determined by chiral
HPLC analysis (DAICEL CHIRALPAK AS-H, hexane/2-propanol = 97/3, flow rate: 0.5 mL/min, tz: major
diastereomer 35.7 min [(S,S)-isomer] and 44.6 min [(R,R)-isomer], minor diastereomer 27.3 min and 55.0 min,
detection at 254 nm).
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H 3 H"_|\ ™~ :NOE
H X =c(Ccoot-Bu),

The enantiomeric excess of the major diastereomer of 2k was determined by chiral HPLC analysis (DAICEL
CHIRALCEL OD-H, hexane/2-propanol = 95/5, flow rate: 0.5 mL/min, tg: major diastereomer 43.2 min

(minor-isomer) and 65.5 min (major-isomer), detection at 254 nm).

The enantiomeric excess of the major diastereomer of 20 was determined by chiral HPLC analysis (DAICEL
CHIRALCEL OD-H, hexane/2-propanol = 95/5, flow rate: 0.7 mL/min, tg: major diastereomer 23.8 min

(minor-isomer) and 26.0 min (major-isomer), detection at 254 nm).

The enantiomeric excess of the major diastereomer of 2p was determined by chiral HPLC analysis (DAICEL
CHIRALCEL AS-H, hexane/2-propanol = 97/3, flow rate: 0.5 mL/min, tz: major diastereomer 81.2 min

(major-isomer) and 106.7 min (minor-isomer), detection at 254 nm).

The enantiomeric excess of the major diastereomer of 2r was determined by chiral HPLC analysis (DAICEL
CHIRALCEL AD-H, hexane/2-propanol = 90/10, flow rate: 0.2 mL/min, tg: major diastereomer 81.7 min
(minor-isomer) and 88.3 min (major-isomer, The peak of one isomer of the minor diastereomer overlapped.),
detection at 254 nm).

The enantiomeric excess of the major diastereomer of 2a was determined by chiral HPLC analysis (DAICEL
CHIRALCEL OD-H, hexane/2-propanol = 90/10, flow rate: 0.5 mL/min, tg: 31.1 min (minor-isomer) and 42.1

min (major-isomer), detection at 254 nm).

MeOOC 2s was obtained as an inseparable mixture of diastereomers. Colorless oil; IR (ATR)

Me® CoOMe v 2954, 1732, 1658, 1592, 1436, 1375, 1337, 1256, 1219, 1104, 994, 855 cm™; ‘H

Z NMR (CDClIz, major diastereomer): 6 2.37-2.44 (m, 1H), 2.49 (d, J = 14.0 Hz, 1H),

o 2.67-2.96 (m, 2H), 3.26 (ddd, J=7.2 Hz, 7.2 Hz, 14.0 Hz, 1H), 3.75 (s, 3H), 3.78
2s

(s, 3H), 3.80 (s, 3H), 4.93-5.01 (m, 2H), 5.34-5.46 (m, 1H), 5.67 (d, J = 1.6 Hz, 1H),
6.14-6.20 (m, 1H), 6.65 (d, J = 10.0 Hz, 1H); Bc NMR (CDClIs, major diastereomer): & 38.2, 42.6, 52.1, 53.1,
53.2, 53.5, 55.8, 58.3, 104.2, 117.5, 127.8, 134.1, 1454, 1721, 172.3, 174.6, 187.5; ESI-LRMS m/z 343
(M+Na"); ESI-HRMS. Calcd for C;7H,0NaOg (M+Na"): 343.1158. Found: 343.1125. The enantiomeric excess
of the major diastereomer was determined by chiral HPLC analysis (DAICEL CHIRALCEL OD-H,
hexane/2-propanol = 90/10, flow rate: 0.5 mL/min, tz: major diastereomer 28.8 min (minor-isomer) and 35.4
min (major-isomer), detection at 254 nm). The enantiomeric excess of the minor diastereomer was also

determined under the same separation conditions (tg: 23.5 min (major-isomer) and 26.3 min (minor-isomer),
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detection at 254 nm).

COOMe White solid; IR (ATR) v 2954, 1729, 1663, 1599, 1435, 1269, 1202, 1172, 1090, 770

COOMe  ¢y1: I NMR (CDCls, inseparable mixture, nearly 1:1 ratio): & 2.54 (dd, J = 6.0 Hz,
13.2 Hz, 0.5H), 2.66-2.77 (m, 2H), 2.83 (dd, J = 6.0 Hz, 13.2 Hz, 0.5H), 2.89 (d, J

o = 15.2 Hz, 0.5H), 3.14-3.20 (m, 1H), 3.23-3.30 (m, 0.5H), 3.81 (s, 1.5H), 3.84 (s,
2t 1.5H), 3.85 (s, 1.5H), 3.86 (s, 1.5H), 4.63-4.74 (m, 1.5H), 4.76-4.85 (m, 1H), 5.33

(ddd, J = 7.2 Hz, 10.0 Hz, 17.2 Hz, 0.5H), 6.40 (d, J = 10.0 Hz, 0.5H), 7.01 (d, J = 10.0 Hz, 0.5H), 7.38-7.43
(m, 1.5H), 7.57 (ddd, J = 1.2 Hz, 7.2 Hz, 8.0 Hz, 0.5H), 7.63 (ddd, J = 1.2 Hz, 7.2 Hz, 7.2 Hz, 0.5H), 7.69 (d, J
= 7.2 Hz, 0.5H), 8.14 (dd, J = 1.2 Hz, 8.0 Hz, 0.5H), 8.16 (dd, J = 1.2 Hz, 8.0 Hz, 0.5H); *C NMR (CDCl;)
isomer I: 6 39.3, 45.6, 51.9, 53.1, 53.2, 54.7, 60.2, 117.9, 126.6, 126.7, 127.1, 132.1, 132.3, 133.3, 154.8, 155.0,
171.6,172.7, 184.8. isomer I1: 8 38.6, 46.8, 52.1, 53.1, 53.3, 56.9, 58.3, 117.2, 126.2, 126.4, 127.1, 128.1, 132.5,
133.0, 133.9, 145.8, 149.6, 172.3, 172.9, 184.4; ESI-LRMS m/z 363 (M+Na"); ESI-HRMS. Calcd for
CaoHooNaOs (M+Na*): 363.1208. Found: 363.1184. The enantiomeric excess was determined by chiral HPLC
analysis (DAICEL CHIRALCEL AS-H, hexane/2-propanol = 97/3, flow rate: 0.3 mL/min, tg: isomer | 52.5 min
(major-isomer) and 73.3 min (minor-isomer), isomer 11 55.3 min (major-isomer) and 61.3 min (minor-isomer),

detection at 254 nm).

77 .

Synthesis of compound 1q, 1s and 1t. Compound 1q, 1s and 1t were prepared using the same experimental
procedure for compound 1a.
Colorless oil; IR (ATR) v 2931, 1727, 1500, 1392, 1367, 1254, 1134,

Me
COOt-Bu 837, 779 cm™; *H NMR (CDCl): & 0.18 (s, 6H), 0.97 (s, 9H), 1.38 (s,
COOLBU ggq 1B 220(s3H), 306 (d,J =76 Hz 2H) 342 (t, 3 =76 Hz, 1H)
TBSO 6.56 (dd, J = 2.4 Hz, 8.4 Hz, 1H), 6.62 (d, J = 2.4 Hz, 1H), 6.98 (d, J =

8.4 Hz, 1H); ¥c NMR (CDCl3): 6 —4.5 (x 2), 18.2, 19.5 (x 2), 25.7 (x 3), 27.8 (x 6), 31.1, 54.1, 81.4 117.2,
121.9, 129.2, 130.4, 137.5, 154.1, 168.5 (x 2); EI-LRMS m/z 450 (M"); EI-HRMS. Calcd for Cy5H,,05Si (M™):
450.2802. Found: 450.2823.

Colorless oil; IR (ATR) v 2931, 1748, 1719, 1500, 1442, 1367,

Me
C%(gg‘_’Bu $-32 1753 1163, 1146, 973, 839, 780 cm™; *H NMR (CDCly): § 0.17
o _0cOOMe  (5:6H),0.97 (5, 9H), 1.39 (5, 18H), 2.24 (s, 3H), 258 (0, 1 = 6.8
TBSO Hz, 2H), 3.14 (s, 2H), 3.77 (s, 3H), 455 (d, J = 6.4 Hz, 2H),

5.62 (dt, J = 15.6 Hz, 6.4 Hz, 1H), 5.75 (dt, J = 15.6 Hz, 6.8 Hz, 1H), 6.56 (dd, J = 2.4 Hz, 8.4 Hz, 1H), 6.60 (d,
J=2.4Hz, 1H), 7.04 (d, J = 8.4 Hz, 1H); **C NMR (CDCl,): § -4.4 (x 2), 18.2, 20.5 (X 2), 25.7 (x 3), 27.8 (x 6),
335, 36.7, 54.7, 59.2, 68.1, 81.6, 117.2, 121.8, 127.0, 128.0, 130.9, 131.4, 138.6, 154.0, 155.6, 170.3 (x 2);
ESI-HRMS. Calcd for C3;HsoNaOgSi (M+Na*): 601.3173. Found: 601.3134.
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Me cootB  1q Colorless oil; IR (ATR) v 3458, 2978, 1746, 1717, 1505, 1443, 1368,
COOt-Bu 1256, 1145, 944, 845, 793, 735 cm™; *H NMR (CDCly): § 1.41 (s, 18

_~_ _OCOOMe H), 2.24 (s, 3H), 2.59 (d, J = 7.2 Hz, 2H), 3.15 (s, 2H), 3.77 (s, 3H),

456 (d, J = 6.4 Hz, 2H), 5.63 (dt, J = 15.6 Hz, 6.4 Hz, 1H), 5.73 (s,

1H), 5.75 (dt, J = 15.6 Hz, 7.2 Hz, 1H), 6.53 (dd, J = 2.4 Hz, 8.4 Hz, 1H), 6.62 (d, J = 2.4 Hz, 1H), 7.03 (d, J =
8.4 Hz, 1H); *C NMR (CDCl): 5 20.4, 27.8 (x 6), 33.4, 36.6, 54.7, 59.2, 68.1, 81.8 (x 2), 112.5, 117.1, 126.9,
127.0, 131.0, 131.2, 138.7, 154.3, 155.6, 170.5 (x 2); EI-LRMS m/z 464 (M*); EI-HRMS. Calcd for CpsHasOs

(M"): 464.2410. Found: 464.2409.

HO

MeO COOMe White solid; IR (ATR) v 3444, 2955, 1733, 1616, 1597, 1541, 1509,
COOMe 1437, 1267, 1200, 1160, 1125, 1036, 942, 834, 793 cm™; 'H NMR

HO F (CDCly): 6 2.51 (d, J = 7.6 Hz, 2H), 3.22 (s, 2H), 3.69 (s, 3H), 3.70 (s,
1s OCOOMe 6H), 3.78 (s, 3H), 4.56 (d, J = 6.4 Hz, 2H), 5.63 (dt, J = 15.2 Hz, 6.4 Hz,

1H), 5.87 (dt, J = 15.2 Hz, 7.6 Hz, 1H), 6.27 (dd, J = 2.4 Hz, 8.0 Hz, 1H), 6.34 (d, J = 2.4 Hz, 1H), 6.83 (d, J =
8.0 Hz, 1H); *C NMR (CDCly): & 31.8, 35.2, 52.2 (2C), 54.7, 55.0, 59.0, 68.1, 98.7, 106.8, 115.4, 127.2, 131.3,
131.8, 155.6, 156.5, 158.9, 171.6 (2C): ESI-LRMS m/z 419 (M+Na'); ESI-HRMS. Calcd for CyoH,sNaOs
(M+Na"): 419.1318. Found: 419.1305.

White solid; IR (ATR) v 3424, 2954, 1728, 1587, 1441, 1378, 1270,
1205, 1058, 940, 762 cm™; *H NMR (CDCls): & 2.64 (d, J = 7.2 Hz,
2H), 3.58 (s, 6H), 3.68 (s, 2H), 3.77 (s, 1H), 4.58 (d, J = 6.4 Hz, 2H),
5.67 (dt, J = 15.2 Hz, 6.4 Hz, 1H), 5.83 (dt, J = 15.2 Hz, 7.2 Hz, 1H),
1t OCOOMe ¢ 3(d, J=8.0Hz, 1H), 7.12(d, J = 7.6 Hz, 1H), 7.39-7.47 (m, 2H),
7.93 (d, J = 8.4 Hz, LH), 8.24 (d, J = 8.4 Hz, 1H); *C NMR (CDCly):  33.8, 36.0, 52.3 (2C), 54.7, 59.2, 67.9,
107.6, 1225, 123.3, 1234, 1244, 1247, 1260, 127.7, 128.1, 130.7, 1335, 151.5, 155.6, 1715 (2C);
ESI-LRMS m/z 439 (M+Na"): ESI-HRMS. Calcd for Cy,H,4NaOg (M+Na®): 439.1369. Found: 439.1348,

-101 -



Determination of the absolute configuration.

Examination was performed using optically active 2j, which was obtained in 81% ee using the Pd-(+)-13
catalyst system. The enantiomeric excess of the major diastereomer of 2j was determined by chiral HPLC
analysis (DAICEL CHIRALCEL OD-H, hexane/2-propanol = 90/10, flow rate: 0.5 mL/min, tg 33.4 min
[(R,R)-isomer] and 46.1 min [(S,S)-isomer], detection at 254 nm). Diastereomerically pure product could be
obtained by single recrystallization of racemic 2j (dr ratio: >12:1) from hexane-AcOEt. The obtained product
was first converted into the alcohol derivative as shown below. The relative stereochemistry of the product was
determined by *H-"H COSY and NOE.

1) Pd-C, H,, AcOEt
2) NaBH,4, MeOH

0°C
HO
2j, racemic product 41% The relative stereochemistry was
(pure diastereomer) (+diastereomers) determined by 2D NMR and NOE.

The absolute configuration was determined using the Mosher’s Method.

racemic

CH3 : 0.87 ppm
CH3: 0.78 ppm
chiral product
COOM
(S)-MTPA-CI
1) Pd-C, H,, AcOEt DMAP

2) NaBH,, MeOH, CH,Cl,/py, rt

0°C
(81% ee with (+)-13)

( \

CHg
HE COOMe
Ph(OMe COOMe g7l nbert —=p
N\ O -
F3C>\ﬂ/
H H
O major isomer

.
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1. Pd-catalyzed spirocyclization of phenols
Spirocyclic derivatives except for 2w and 10 were prepared from the corresponding para-substituted phenol
derivatives with an allyl carbonate unit according to “General Procedure for the Pd-catalyzed Intramolecular

ipso-Friedel-Crafts Allylic Alkylation of Phenols”. Spirocyclic compound 2w and 10 were prepared using the
reported method. See our preceding papers for details.®***

Ve COOMe White solid: IR (ATR) v 3504, 2953, 1730, 1616, 1491, 1441, 1383,
COOMe 1264, 1201, 1154, 1055, 942, 793 cm™; *H NMR (CDCly): § 2.18 (s,
_~__OCOOMe
HO 6H), 2.54 (d, J = 6.8 Hz, 2H), 3.10 (s, 2H), 3.71 (s, 6H), 3.79 (s, 3H),
Me 1u

458-4.59 (m, 3H), 5.64-5.80 (m, 2H), 6.66 (s, 2H):; *C NMR
(CDCly): 8 15.7 (2C), 35.0, 37.6, 52.1 (2C), 54.5, 59.0, 67.8, 123.0, 126.5, 127.7 (2C), 129.7 (2C), 130.6, 151.3,

155.4, 171.0 (2C); ESI-LRMS m/z 417 (M+Na"); ESI-HRMS. Calcd for CyHsNaOg (M+Na'): 417.1525.
Found: 417.1487.

MeOOC .\ White solid: mp. 73.0-75.0 °C; IR (ATR) v 2953, 1731, 1668, 1635, 1435, 1254,
Me 1199, 1086, 909 cm™; *H NMR (CDCl5): & 1.88 (d, J = 1.6 Hz, 3H), 1.90 (d, J= 1.6
Hz, 3H), 2.38 (d, J = 14.4 Hz, 1H), 2.50-2.65 (m, 3H), 2.75-2.82 (m, 1H), 3.79 (s,
6H), 4.93-4.97 (m, 2H), 5.38 (ddd, J = 6.8 Hz, 10.0 Hz, 17.2 Hz, 1H), 6.49 (dd, J =
1.6 Hz, 2.8 Hz, 1H), 6.60 (dd, J = 1.6 Hz, 2.8 Hz, 1H); **C NMR (CDCls): & 16.0,
16.3, 38.5, 43.7, 51.3, 53.1, 53.2, 53.3, 58.4, 117.0, 134.4, 135.0, 136.0, 144.0, 148.4, 172.3, 172.6, 187.2;
ESI-LRMS m/z 341 (M+Na®); ESI-HRMS. Calcd for Cy5H,,NaOs (M+Na*): 341.1365. Found: 341.1322.

@) =

Me 2u

MeO COOMe White solid: IR (ATR) v 3454, 2954, 2842, 1730, 1613, 1519, 1442,
COOMe 1337, 1262, 1203, 1110, 975, 940, 845, 793, 734, 701, 665 cm™; 'H
= OCOOMe

HO NMR (CDCl,): 6 2.59 (d, J = 5.6, Hz, 2H), 3.16 (s, 2H), 3.73 (s, 6H),
OMe 1v

3.78 (s, 3H), 3.83 (s, 6H), 4.59 (d, J = 5.2 Hz, 2H), 5.54 (s, 1H),
5.66-5.78 (m, 2H), 6.31 (s, 2H); **C NMR (CDCl,): § 35.2, 38.6, 52.3 (2C), 54.6, 56.1 (2C), 58.9, 67.8, 106.5
(2C), 126.3, 127.9, 130.6, 133.8, 146.7 (2C), 155.4, 170.9 (2C); ESI-LRMS m/z 449 (M+Na"); ESI-HRMS.
Calcd for CyH,NaOyo (M+Na*): 449.1424. Found: 449.1420.

- 103 -



MeOOC .~ White solid: mp. 119.0-120.0 °C; IR (ATR) v 2954, 1729, 1668, 1617, 1436,
1253, 1200, 1109, 928, 871 cm™; *H NMR (CDCly): § 2.40 (d, J = 14.4 Hz, 1H),

MeO
2.59-2.69 (m, 2H), 2.77 (d, J = 14.4 Hz, 1H), 2.81-2.88 (m, 1H), 3.64 (s, 3H),
(0] = 3.69 (s, 3H), 3.79 (s, 3H), 3.80 (s, 3H), 4.95-5.00 (m, 2H), 5.39 (ddd, J = 7.2 Hz,
OMe 2v 10.0 Hz, 17.2 Hz, 1H), 5.68 (d, J = 2.0 Hz, 1H), 5.83 (d, J = 2.0 Hz, 1H); B¢

NMR (CDCl,): 6 38.4, 45.7, 50.1, 53.2, 53.2, 54.2, 55.2, 55.3, 58.1, 115.9, 117.4, 120.3, 134.2, 150.8, 151.7,
172.6, 172.6, 176.5; ESI-LRMS m/z 373 (M+Na"); ESI-HRMS. Calcd for Ci5H»,NaO; (M+Na"): 373.1263.
Found: 373.1226.

cooMe  'HNMR (CDCly): 8 2.52 (dt, J = 8.0 Hz, 2.4 Hz, 2H), 3.21 (5, 2H), 3.73 (s, 6H),
COOMe 4.68 (s, 1H), 4.73 (dt, J = 6.4 Hz, 2.4 Hz, 2H), 5.01 (t, J = 6.4 Hz, 8.0 Hz, 1H),
HO | 6.70-6.74 (m, 2H), 6.95-6.99 (m, 2H).

S-33

MeOOC Colorless oil; IR (ATR): v 1729, 1662, 1252, 1200, 856, 733, 701 cm™; 'H NMR

COOM
® (CDCly): § 2.35 (d, J = 14.8 Hz, 1H), 2.70 (d, J = 14.8 Hz, 1H), 2.76 (dd, J = 6.4,
2w 140 Hz, 1H), 2.90 (dd, J = 13.2, 14.0 Hz, 1H), 3.47 (dd, J = 6.0, 13.2 Hz, 1H), 3.79
o (s, 3H), 3.83 (s, 3H), 5.10 (s, 1H), 5.11 (s, 1H), 5.59 (dd, J = 2.0, 10.0 Hz, 1H), 6.14
Ph

(dd, J = 2.0, 10.0 Hz, 1H), 6.44 (dd, J = 3.2, 10.0 Hz, 1H), 6.83 (dd, J = 3.2, 10.0 Hz,
1H), 7.02-7.05 (m, 2H), 7.17-7.20 (m, 3H); **C NMR (CDCl,): § 37.5, 44.1, 50.5, 52.9, 53.2, 53.3, 57.5, 114.0,
126.9 (2C), 127.7, 127.7, 128.0 (2C), 128.5, 141.7, 146.5, 149.3, 153.2, 171.9, 172.4, 185.6; ESI-LRMS m/z
389 (M+Na®); ESI-HRMS. Calcd for C,,H,,NaOs (M+Na®): 389.1359. Found: 389.1385.

COOtBu . Colorless oil; IR (ATR) v 3458, 2978, 1746, 1717, 1505, 1443, 1368,
COOt-Bu 1256, 1145, 944, 845, 793, 735 cm™; *H NMR (CDCly): 5 1.41 (s, 18
_~__OCOOMe
HO H), 2.24 (s, 3H), 2.59 (d, J = 7.2 Hz, 2H), 3.15 (s, 2H), 3.7 (s, 3H),
456 (d, J = 6.4 Hz, 2H), 5.63 (dt, J = 15.6 Hz, 6.4 Hz, 1H), 5.73 (s, 1H), 5.75 (dt, J = 15.6 Hz, 7.2 Hz, 1H),
6.53 (dd, J = 2.4 Hz, 8.4 Hz, 1H), 6.62 (d, J = 2.4 Hz, 1H), 7.03 (d, J = 8.4 Hz, 1H); *C NMR (CDCly): & 20.4,
27.8 (6C), 33.4, 36.6, 54.7, 59.2, 68.1, 81.8 (2C), 112.5, 117.1, 126.9, 127.0, 131.0, 131.2, 138.7, 154.3, 155.6,
170.5 (2C); EI-LRMS m/z 464 (M*); EI-HRMS. Calcd for CosHssOg (M*): 464.2410. Found: 464.2409.

t-BuOOC . o~ White solid: mp. 63.1-66.0 °C; IR (ATR) v 2978, 2933, 1720, 1666, 1627, 1457,
1393, 1368, 1281, 1256, 1211, 1166, 1139, 1094, 922, 857, 738 cm™; 'H NMR

(CDCly): 8 1.47 (s, 9H), 1.48 (s, 9H), 2.31 (d, J = 14.4 Hz, 1H), 2.46-2.56 (m, 2H),

2.60 (d, J = 14.4 Hz, 1H), 2.82 (ddd, J = 7.6 Hz, 7.6 Hz, 15.2 Hz, 1H), 4.97-5.01 (m,
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2H), 5.42 (ddd, J = 7.6 Hz, 10.0 Hz, 17.6 Hz, 1H), 6.26 (dd, J = 2.0 Hz, 10.0 Hz, 1H), 6.30 (dd, J = 2.0 Hz, 10.0
Hz, 1H), 6.74 (dd, J = 3.2 Hz, 10.0 Hz, 1H), 6.88 (dd, J = 3.2 Hz, 10.0 Hz, 1H); *C NMR (CDCly): § 27.8 (3C),
27.8 (3C), 38.2, 43.6, 52.2, 53.5, 60.0, 82.0, 82.0, 117.4, 129.1, 129.9, 134.3, 149.5, 153.5, 170.9, 171.2, 186.1;
ESI-LRMS m/z 397 (M+Na®); ESI-HRMS. Calcd for C»,HzoNaOs (M+Na*): 397.1991. Found: 397.1979.

COOMe 'H NMR (CDCls): 8 2.13 (dt, J = 8.8 Hz, 4.4 Hz, 2H), 2.44 (dt, J = 8.8 Hz,
COOMeB 4.4 Hz, 2H), 2.73 (d, J = 7.4 Hz, 2H), 3.73 (s, 6H), 3.91 (d, J = 7.4 Hz,
= r
HO S-34 2H), 4.79 (s, 1H), 5.65 (dt, J = 14.8 Hz, 7.4 Hz, 1H), 5.80 (dt, J = 14.8 Hz,

7.4 Hz, 1H), 6.75 (d, J = 8.0 Hz, 2H), 7.03 (d, J = 8.0 Hz, 2H).

2. Acid-catalyzed dienone—phenol rearrangement of spiro[4.5]cyclohexadienones

MeOOC
© COOMe y COOMe
e
Me Sc(OTf); (5 mol%) COOMe

-
-

CH4CN, rt HO

Me ™
Me

Typical experimental procedure for Sc(OTf)s-catalyzed dienone-phenol rearrangement of
spiro[4.5]cyclohexadienone: 2u (27.8 mg, 0.087 mmol), and Sc(OTf);z (2.1 mg, 0.0044 mmol) were dissolved
in CH3CN (0.44 mL), and the resulting mixture was stirred at room temperature. After 3 h, the reaction was
quenched with sat. ag. NH,CI, and the mixture was extracted with AcOEt. The organic layer was washed with
brine, dried over Na,SO,, and then concentrated in vacuo. The obtained residue was purified by flash column

chromatography (SiO,, hexane/Et,O = 2/1) to give 13u (28.6 mg, 98% yield) as colorless oil.

COOMe Colorless solid: 108.0-113.0 °C; IR (ATR) v 3443, 2954, 1721, 1611, 1500,

COOMe 1436, 1274, 1226, 1056, 1031, 988, 919, 886, 817 cm™; *H NMR (CDCly): &
HO 13a 198 (dd, J =112 Hz, 136 Hz, 1H), 257 (ddd, J = 2.0 Hz, 6.0 Hz, 136 Hz,
X 1H), 3.09 (d, J = 15.6 Hz, 1H), 3.33 (dd, J = 2.0 Hz, 15.6 Hz, 1H), 3.41-3.48

(m, 1H), 3.69 (s, 3H), 3.74 (s, 3H), 4.96 (s, 1H), 5.15-5.20 (m, 2H), 5.72 (ddd, J = 6.8 Hz, 10.0 Hz, 17.2 Hz,
1H), 6.62 (dd, J = 2.8 Hz, 8.0 Hz, 1H), 6.63 (d, J = 2.8 Hz, 1H), 6.98 (d, J = 8.0 Hz, 1H); *C NMR (CDCl,): &
34.3, 34.9, 414, 52.7, 52.8, 53.6, 114.0, 114.8, 116.7, 125.2, 129.9, 137.5, 140.9, 154.0, 171.3, 172.1;
ESI-LRMS m/z 313 (M+Na"); ESI-HRMS. Calcd for CigHigNaOs (M+Na®): 313.1052. Found: 313.1005. The
enantiomeric excess was determined by chiral HPLC analysis (DAICEL CHIRALPAK AD-H,
hexane/2-propanol = 90/10, flow rate: 1.0 mL/min, 35 °C, tg 10.0 min [minor-isomer] and 16.6 min
[major-isomer], detection at 254 nm); [a]p?* +13.0 (c 0.87, CHCls, 65% ee).
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COOMe Colorless oil; IR (ATR) v 3502, 2953, 1727, 1636, 1481, 1435, 1249, 1208,

Me
COOMe 1478 1053, 921 cm™; H NMR (CDCl):  2.06 (s, 3H), 2.20 (s, 3H), 2.33 (ddd,
HO 13y =16 Hz 4.4 Hz, 14.0 Hz, 1H), 2554 (ddd, J = 1.6 Hz, 7.2 Hz, 14.0 Hz, 1H),
Me N 2.98 (d, J = 16.0 Hz, 1H), 3.31 (d, J = 16.0 Hz, 1H), 3.65 (5, 3H), 3.66 (5, 3H),

3.77 (ddd, J = 4.4 Hz, 6.4 Hz, 7.2 Hz, 1H), 4.65 (s, 1H), 4.68 (ddd, J = 1.6 Hz, 1.6 Hz, 17.6 Hz, 1H), 4.98 (ddd,
J=1.6 Hz, 1.6 Hz, 10.4 Hz, 1H), 5.73 (ddd, J = 6.4 Hz, 10.4 Hz, 17.6 Hz, 1H), 6.79 (s, 1H); **C NMR (CDCl,):
5 11.9, 15.8, 34.8, 34.8, 38.5, 52.3, 52.6, 52.6, 114.9, 121.6, 121.9, 1255, 128.4, 132.7, 140.6, 150.8, 171.9,
172.0; ESI-LRMS m/z 341 (M+Na’); ESI-HRMS. Calcd for CigH,,NaOs (M+Na’): 341.1365. Found:
341.1323.

COOMe White solid: 90.4-96.4 °C; IR (ATR) v 3460, 2952, 2843, 1730, 1615, 1498,

MeO
COOMe 1448 1433, 1294, 1245, 1198, 1124, 1095, 1072, 1002, 915, 882, 827 cm™; *H
HO 13v  NMR (CDCLy): 8 2.23 (dd, = 6.4 Hz, 14.0 Hz, 1H), 2.51 (ddd, J = 1.6 Hz, 7.2
OMe N Hz, 14.0 Hz, 1H), 3.05 (d, J = 15.6 Hz, 1H), 3.27 (d, J = 15.6 Hz, 1H), 3.66 (s,

3H), 3.68 (s, 3H), 3.79 (s, 3H), 3.83-3.86 (m, 1H), 3.86 (s, 3H), 4.83 (ddd, J = 1.6 Hz, 1.6 Hz, 17.2 Hz, 1H),
4.99 (ddd, J = 1.6 Hz, 1.6 Hz, 10.4 Hz, 1H), 5.41 (s, 1H), 5.82 (ddd, J = 6.8 Hz, 10.4 Hz, 17.2 Hz, 1H), 6.44 (s,
1H); 3C NMR (CDCly): § 34.5, 34.8, 35.9, 52.4, 52.6, 53.0, 56.0, 60.2, 106.2, 113.7, 122.3, 124.9, 137.0, 141.7,
145.2, 146.4, 1716, 171.9; ESI-LRMS m/z 373 (M+Na"); ESI-HRMS. Calcd for CigHx»NaO; (M+Na'):
373.1263. Found: 373.1229.

COOMe Colorless solid: IR (ATR) v 3463, 2954, 1723, 1621, 1512, 1434, 1241, 1198,

Me
COOMe 1473 1042, 920 cm™; *H NMR (CDCly): 5 1.96 (dd, J = 11.2 Hz, 13.6 Hz, 1H),
HO 13ny 2185, 3H), 255 (ddd, J = 2.0 Hz, 6.4 Hz, 13.6 Hz, 1H), 3.05 (d, J = 16.4 Hz,
X 1H), 3.31 (dd, J = 2.0 Hz, 16.4 Hz, 1H), 3.41 (ddd, J = 6.4 Hz, 9.6 Hz, 11.2 Hz,

1H), 3.69 (s, 3H), 3.75 (s, 3H), 4.60 (s, 1H), 5.14-5.20 (m, 2H), 5.70 (ddd, J = 9.2 Hz, 9.2 Hz, 18.8 Hz, 1H),
6.56 (s, 1H), 6.87 (s, 1H); *C NMR (CDCls): 5 15.4, 34.2, 35.0, 41.2, 52.7, 52.8, 53.6, 114.4, 116.4, 122.5,
125.1, 131.1, 134.8, 141.2, 152.3, 171.3, 172.2; ESI-LRMS m/z 327 (M+Na®); ESI-HRMS. Calcd for
Ci17H20NaOs (M+Na"): 327.1208. Found: 327.1160.

| coome  Colorless solid: IR (ATR) v 3457, 2053, 1720, 1593, 1489, 1434, 1253, 1199, 1050,
COOMe 920,808 cm™; *H NMR (CDCl): & 2.08 (s, 3H), 2.35 (dd, J = 4.4 Hz, 14.0 Hz, 1H),
Me 2.56 (dd, J = 7.2 Hz, 14.0 Hz, 1H), 3.01 (d, J = 15.6 Hz, 1H), 3.34 (dd, J = 15.6 Hz,
13ndl  1H), 3.65 (s, 3H), 3.66 (s, 3H), 3.82 (ddd, J = 4.4 Hz, 6.4 Hz, 7.2 Hz, 1H), 4.68 (d, J
HO =17.2 Hz, 1H), 4.79 (s, 1H), 4.99 (d, J = 10.4 Hz, 1H), 5.75 (ddd, J = 6.4 Hz, 10.4
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Hz, 17.2 Hz, 1H), 6.63 (d, J = 8.0 Hz, 1H), 6.88 (d, J = 8.0 Hz, 1H); *C NMR (CDCls): & 11.6, 34.7, 34.9, 38.6,
52.4, 52.7, 52.7, 113.7, 115.0, 122.6, 126.1, 127.0, 135.5, 140.3, 152.3, 171.9, 172.0; ESI-LRMS m/z 327
(M+Na"); ESI-HRMS. Calcd for C;7H,0NaOs (M+Na'): 327.1208. Found: 327.1162.

Ve Colorless solid: 126.1-129.2 °C; IR (ATR) v 3460, 2953, 2925, 2854, 1721,

COC%'\geMe 1612, 1596, 1435, 1243, 1197, 1147, 1084, 1034, 996, 920, 858, 687 cm’: 'H

NMR (CDCls): 3 2.00 (dd, J = 11.2 Hz, 13.6 Hz, 1H), 2.21 (s, 3H), 2.53 (ddd, J

13j =20 Hz 56 Hz, 13.6 Hz, 1H), 2.84 (d, J = 16.4 Hz, 1H), 3.30 (d, J = 16.4 Hz,

1H), 3.38 (ddd, J = 5.6 Hz, 8.8 Hz, 11.2 Hz, 1H), 3.70 (s, 3H), 3.76 (s, 3H),

5.11 (s, 1H), 5.14 (d, J = 9.6 Hz, 1H), 5.15 (d, J = 17.2 Hz, 1H), 5.70 (ddd, J = 8.8 Hz, 9.6 Hz, 17.2 Hz, 1H),

6.50 (s, 2H); °C NMR (CDCly): 5 19.8, 315, 345, 41.6, 52.8, 52.8, 535, 112.5, 115.6, 116.5, 123.8, 137.5,

137.8, 141.1, 1535, 171.6, 172.4; ESI-LRMS m/z 327 (M+Na"); ESI-HRMS. Calcd for CyHaoNaOs (M+Na®):
327.1208. Found: 327.1168.

HO
A

OMe White solid: 111.6-118.0 °C; IR (ATR) v 3450, 2954, 1732, 1605, 1435, 1248,

COCC())I\:I)eMe 1195, 1148, 1109, 1055, 977, 923, 843 cm™; "H NMR (CDCl5): & 1.98 (dd, J =

11.2 Hz, 13.2 Hz, 1H), 2.51 (ddd, J = 2.0 Hz, 6.0 Hz, 13.2 Hz, 1H), 2.76 (dd, J

13s =1.2 Hz, 16.8 Hz, 1H), 3.35 (ddd, J = 6.0 Hz, 8.8 Hz, 11.2 Hz, 1H), 3.46 (dd, J

=2.0 Hz, 16.8 Hz, 1H), 3.70 (s, 3H), 3.75 (s, 3H), 3.77 (s, 3H), 5.14 (d, J = 9.6

Hz, 1H), 5.15 (s, 1H), 5.15 (d, J = 18.0 Hz, 1H), 5.68 (ddd, J = 8.8 Hz, 9.6 Hz, 18.0 Hz, 1H), 6.23 (d, J = 1.6 Hz,

1H), 6.24 (d, J = 1.6 Hz, 1H); *C NMR (CDCls): & 28.4, 34.5, 41.3, 52.7, 52.8, 52.9, 55.4, 96.9, 106.4, 114.3,

116.5, 138.0, 141.0, 154.5, 158.1, 171.6, 172.5; ESI-LRMS m/z 343 (M+Na"); ESI-HRMS. Calcd for
Ci17H20NaOg (M+Na™"): 343.1158. Found: 343.1128.

HO
A

COOMe 1434, 1394, 1341, 1260, 1228, 1087, 921, 861, 760 cm™; 'H NMR (CDCL,): &
O‘ COOMe ) 07 (dd, J = 11.2 Hz, 13.6 Hz, 1H), 2.66 (ddd, J = 2.0 Hz, 6.0 Hz, 13.6 Hz,
13t 1H), 3.32 (dd, J = 2.0 Hz, 16.4 Hz, 1H), 3.62 (ddd, J = 6.0 Hz, 8.8 Hz, 11.2 Hz,

1H), 3.66 (s, 3H), 3.80 (5, 3H), 3.87 (d, J = 16.4 Hz, 1H), 5.18 (s, 1H), 5.19 (dd,
J=1.2Hz, 9.6 Hz, 1H), 5.24 (dd, J = 1.2 Hz, 16.8 Hz, 1H), 5.72 (ddd, J = 8.8 Hz, 9.6 Hz, 16.8 Hz, 1H), 6.65 (s,
1H), 7.48 (ddd, J = 0.8 Hz, 8.4 Hz, 8.4 Hz, 1H), 7.55 (ddd, J = 0.8 Hz, 8.4 Hz, 8.4 Hz, 1H), 7.98 (d, J = 8.4 Hz,
1H), 8.16 (dd, J = 0.8 Hz, 8.4 Hz, 1H); *C NMR (CDCly): 5 30.9, 34.6, 42.0, 52.8, 52.9, 53.4, 108.9, 116.8,
120.7, 122.1, 123.0, 123.7, 124.8, 126.7, 133.0, 133.5, 1415, 149.8, 171.4, 172.4; ESI-LRMS m/z 363
(M+Na"); ESI-HRMS. Calcd for CyH,oNaOs (M+Na*): 363.1208. Found: 363.1189.

O White solid; IR (ATR) v 3446, 2953, 2924, 2853, 1722, 1628, 1600, 1519,

HO
AN
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c Colorless solid: IR (ATR) v 3445, 2954, 1722, 1607, 1577, 1435, 1264, 1061,

COC(Z)IVCI)eMe 994, 924, 828 cm™; 'H NMR (CDCls): & 1.99 (dd, J = 11.6 Hz, 13.6 Hz, 1H),

2.54 (ddd, J = 2.0 Hz, 6.0 Hz, 13.6 Hz, 1H), 2.92 (d, J = 16.8 Hz, 1H), 3.38

13k (ddd, J =6.0 Hz, 9.2 Hz, 11.6 Hz, 1H), 3.54 (dd, J = 2.0 Hz, 16.8 Hz, 1H), 3.71

(s, 3H), 3.77 (s, 3H), 4.89 (s, 1H), 5.14-5.21 (m, 2H), 5.68 (ddd, J = 9.2 Hz,

9.2 Hz, 18.4 Hz, 1H), 6.58 (d, J = 2.4 Hz, 1H), 6.77 (d, J = 2.4 Hz, 1H); *C NMR (CDCl,): & 31.9, 34.4, 41.7,

52.9, 52.9, 53.2, 114.0, 115.0, 117.3, 123.6, 134.5, 139.5, 140.3, 153.9, 171.2, 171.9; ESI-LRMS m/z 347
(M+Na"); ESI-HRMS. Calcd for C;5H;7CINaOs (M+Na"): 347.0662. Found: 327.0625.

HO

8

COOMe  Colorless solid: 87.7-92.1 °C: IR (ATR) v 3461, 2954, 1733, 1611, 1500, 1448,

COOMe 1573, 1227, 1068, 968, 815 cm™; *H NMR (CDCls): & 1.72 (dd, J = 1.6 Hz, 6.0

135 Hz 3H), 1.95 (dd, J = 112 Hz, 136 Hz, 1H), 2.53 (ddd, J = 2.0 Hz, 6.0 Hz,

13.6 Hz, 1H), 3.07 (d, J = 16.0 Hz, 1H), 3.32 (dd, J = 2.0 Hz, 16.0 Hz, 1H),

3.37 (ddd, J = 6.0 Hz, 8.8 Hz, 11.2 Hz, 1H), 3.68 (s, 3H), 3.74 (s, 3H), 5.21 (s,

1H), 5.31-5.37 (m, 1H), 5.60 (dg, J = 15.2 Hz, 6.0 Hz, 1H), 6.59 (dd, J = 2.8 Hz, 8.4 Hz, 1H), 6.63 (d, J = 2.8

Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H); *C NMR (CDCly): 5 17.8, 34.3, 35.4, 40.2, 52.7, 52.8, 53.7, 113.8, 114.8,

125.1, 127.4, 129.8, 133.7, 138.5, 154.0, 171.5, 172.3; ESI-LRMS m/z 327 (M+Na"); ESI-HRMS. Calcd for
C17HpoNaOs (M+Na"): 327.1208. Found: 327.1169.

HO

§J_8

COOMe  White solid: 129.7-131.8 °C; IR (ATR) v 3444, 3024, 2953, 1720, 1610, 1498,

COOMe 1446, 1268, 1225, 1073, 967, 817, 738, 694 cmi™; 'H NMR (CDCl): & 2.06 (dd,

13c J=11.2 Hz, 13.6 Hz, 1H), 2.63 (ddd, J = 2.0 Hz, 6.0 Hz, 13.6 Hz, 1H), 3.13 (d,

J=16.4 Hz, 1H), 3.36 (dd, J = 2.0 Hz, 16.4 Hz, 1H), 3.62 (ddd, J = 6.0 Hz, 8.8

Ph Hz, 11.2 Hz, 1H), 3.68 (s, 3H), 3.72 (s, 3H), 4.96 (s, 1H), 6.11 (dd, J = 8.8 Hz,

15.6 Hz, 1H), 6.51 (d, J = 15.6 Hz, 1H), 6.63-6.65 (m, 2H), 7.01 (d, J = 8.4 Hz, 1H), 7.23 (t, J = 7.2 Hz, 1H),

7.31 (dd, J = 7.2 Hz, 7.2 Hz, 2H), 7.37 (d, J = 7.2 Hz, 2H); *C NMR (CDCl,):  34.2, 35.1, 40.6, 52.8, 52.9,

53.6,114.1, 115.0, 125.2, 126.2 (2C), 127.4, 128.6 (2C), 130.1, 131.9, 132.4, 137.0, 137.7, 154.1, 171.3, 172.1;
ESI-LRMS m/z 389 (M+Na"); ESI-HRMS. Calcd for C,,H,,NaOs (M+Na"): 389.1365. Found: 389.1327.

HO

3

COOMe  colorless oil; IR (ATR) v 3446, 3024, 2953, 1720, 1610, 1499, 1435, 1266,
COOMe 1224, 1078, 1056, 1030, 907, 820, 780, 735, 702 cm™; *H NMR (CDCly): &
13w 2.06 (dd, J = 10.8 Hz, 13.6 Hz, 1H), 2.62 (ddd, J = 2.0 Hz, 6.4 Hz, 13.6 Hz,

Ph 1H), 3.15 (d, J = 16.0 Hz, 1H), 3.33 (dd, J = 2.0 Hz, 16.0 Hz, 1H), 3.66 (s, 3H),
3.69 (s, 3H), 4.11 (dd, J = 6.4 Hz, 10.8 Hz, 1H), 4.89 (s, 1H), 5.09 (s, 1H), 5.45 (s, 1H), 6.65 (dd, J = 2.4 Hz,
8.4 Hz, 1H), 6.74 (d, J = 2.4 Hz, 1H), 7.01 (d, J = 8.4 Hz, 1H), 7.22-7.27 (m, 5H); *C NMR (CDCls): & 34.4,
34.6, 43.4, 52.7, 52.8, 54.0, 114.1, 114.9, 116.5, 125.8, 126.8 (2C), 127.5, 128.3 (2C), 130.1, 138.2, 140.6,
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151.2, 154.2, 171.3, 172.0; ESI-LRMS m/z 389 (M+Na"); ESI-HRMS. Calcd for CyHx,NaOs (M+Na®):
389.1365. Found: 389.1345.

COOt-Bu  White solid: 152.2-153.7 °C; IR (ATR) v 3448, 2977, 2932, 1712, 1611, 1500,
COOBU 1455, 1393, 1368, 1278, 1234, 1150, 1053, 915, 846 cm™: *H NMR (CDCls): &
13x 1.37 (s, 9H), 1.46 (s, 9H), 1.88 (dd, J = 11.6 Hz, 13.6 Hz, 1H), 2.45 (ddd, J =

2.0 Hz, 6.4 Hz, 13.6 Hz, 1H), 2.94 (d, J = 16.0 Hz, 1H), 3.23 (dd, J = 2.0 Hz,
16.0 Hz, 1H), 3.42 (ddd, J = 6.4 Hz, 8.8 Hz, 11.6 Hz, 1H), 4.97 (s, 1H), 5.15 (dd, J = 2.0 Hz, 10.0 Hz, 1H), 5.17
(dd, J = 2.0 Hz, 16.8 Hz, 1H), 5.74 (ddd, J = 8.8 Hz, 10.0 Hz, 16.8 Hz, 1H), 6.60 (dd, J = 2.4 Hz, 8.0 Hz, 1H),
6.62 (d, J = 2.4 Hz, 1H), 6.97 (d, J = 8.0 Hz, 1H); °C NMR (CDCly): § 27.7 (3C), 27.8 (3C), 34.4, 35.0, 41.8,
548, 81.2, 81.6, 113.8, 114.6, 1163, 1259, 129.8, 138.0, 1413, 153.9, 170.1, 171.1; ESI-LRMS m/z 397
(M+Na"); ESI-HRMS. Calcd for C»,H3oNaOs (M+Na*): 397.1991. Found: 397.1986.

HO

ke

_Ts  White solid; *H NMR (CDCl,): § 2.42 (s, 3H), 3.08 (dd, J = 7.2 Hz, 12.0 Hz, 1H),

3.42 (dd, J = 4.8 Hz, 12.0 Hz, 1H), 3.54 (ddd, J =4.8 Hz, 7.2 Hz, 8.4 Hz, 1H), 4.11

13e (d,J =152 Hz, 1H), 4.21 (d, J = 15.2 Hz, 1H), 5.02 (bs, 1H), 5.17 (d, J = 18.4 Hz,

1H), 5.77 (ddd, J = 8.4 Hz, 10.0 Hz, 18.4 Hz, 1H), 6.51 (d, J = 2.8 Hz, 1H), 6.66 (dd,
J=2.8Hz, 8.4 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 7.33 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 8.4 Hz, 2H).

HO

e

Colorless oil; *H NMR (CDCls): & 1.79-1.95 (m, 2H), 2.55-2.62 (m, 2H),
2.71-2.77 (m, 1H), 2.87-2.93 (m, 1H), 3.56-3.61 (m, 1H), 3.67 (s, 3H), 3.79 (s,
3H), 4.66 (bs, 1H), 5.14 (d, J = 18.0 Hz, 1H), 5.21 (d, J = 10.4 Hz, 1H), 6..10
(ddd, J = 8.0 Hz, 10.4 Hz, 18.0 Hz, 1H), 6.57 (dd, J = 2.4 Hz, 8.0 Hz, 1H), 6.66
(d, J = 2.4 Hz, 1H), 6.97 (d, J = 8.0 Hz, 1H).

COOMe

HO COOMe

14

3

3. Spirocyclization—dienone—phenol rearrangement cascade

Me COOMe
COOM
® Pd(dba), (5 mol%) then Me COOMe
HO PPhs (12mol%) Sc(OTf)3 (20 mol%) COOMe
Me CH3CN, 9 h rt HO
Me X

OCOOMe

Experimental procedure for the one-pot sequential multi-catalytic process: 1u (31.5 mg, 0.080 mmol),
Pd(dba), (2.3 mg, 0.0040 mmol), and PPh; (2.5 mg, 0.0096 mmol) were dissolved in CH;CN (0.40 mL), and

the resulting mixture was stirred at room temperature. After 9 h, Sc(OTf); (7.9 mg, 0.016 mmol) was added, and
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the reaction was stirred for another 30 minutes. The reaction was quenched with sat. aq. NH,CI, and the mixture
was extracted with AcOEt. The organic layer was washed with brine, dried over Na,SO,, and then concentrated
in vacuo. The obtained residue was purified by flash column chromatography (SiO,, hexane/Et,O = 2/1) to give

13u (24.1 mg, 93% yield) as colorless oil.

COOMe
COOMe
COOMe
COOMe TrCIO, (5 mol%)
o ~_Ph CHNO,, 1t HO
N
OH
Ph

Typical experimental procedure for the sequential reaction with a single catalyst: 15c¢ (30.7 mg, 0.080
mmol), and PhzCCIlO, (1.4 mg, 0.0040 mmol) were dissolved in CH3;NO, (0.40 mL), and the resulting mixture
was stirred at room temperature. After 3 h, the reaction was quenched with water, and the mixture was extracted
with AcOEt. The organic layer was washed with brine, dried over Na,SO, and then concentrated in vacuo. The
obtained residue was purified by flash column chromatography (SiO,, hexane/AcOEt = 3/1) to give 13c (24.8
mg, 85% yield) as colorless oil.

COOMe Colorless oil; IR (ATR) v 3443, 3024, 2952, 1720, 1614, 1516, 1438, 1201,

COOMe 1174, 1110, 1049, 975, 841 cm™; *H NMR (CDCl,): & 2.55 (d, J = 7.2 Hz,

HO .5 ~_OH  2H), 3.16 (s, 2H), 3.71 (s, 3H), 3.72 (s, 3H), 4.12 (d, J = 5.6 Hz, 2H), 5.63
a

(dt, J = 15.6 Hz, 7.2 Hz, 1H), 5.75 (dt, J = 15.6 Hz, 5.6 Hz, 1H), 6.71 (d, J =
8.0 Hz, 2H), 6.93 (d, J = 8.0 Hz, 2H); ®C NMR (CDCl,): § 34.9, 37.4, 52.4 (2C), 59.3, 63.3, 115.3 (2C), 126.2,
127.4, 131.0 (2C), 133.8, 154.9, 171.4 (2C); ESI-LRMS m/z 331 (M+Na"); ESI-HRMS. Calcd for C;5H,0NaOg
(M+Na"): 331.1158. Found: 331.1140.

COOMe White solid: 100.6-103.3 °C; IR (ATR) v 3443, 3033, 2952, 1719, 1614,
COOMe 1515, 1437, 1200, 1173, 1109, 1047, 971, 840, 735, 700 cm™; 'H NMR

HO A" (CDCly): 8 2.36 (s, 1H), 2.52-2.54 (m, 2H), 3.15 (s, 2H), 3.62 (s, 3H), 3.63
15¢ OH (5 3H),5.17 (s, 1H), 5.72-5.75 (m, 3H), 6.65 (d, J = 8.0 Hz, 2H), 6.87 (d, J

= 8.0 Hz, 2H), 7.24-7.35 (m, 5H); 3¢ NMR (CDCl,): 6 34.9, 37.6, 52.4 (2C), 59.3, 74.8, 115.2 (2C), 125.3,
126.1 (2C), 127.3, 127.7, 128.5 (2C), 131.0 (2C), 137.1, 1426, 154.9, 171.3, 171.4; ESI-LRMS m/z 407
(M+Na"); ESI-HRMS. Calcd for CxH,sNaOg (M+Na*): 407.1471. Found: 407.1484.
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1. Synthesis of yvinyl butyrolactone 18
1) AcO OH (o) (o)
o o =/
Pd(OAc),, dppe, MeO OMe
MeO OMe NaH, THF _ PH \

Ph 2) ACZO, Et3N,
DMAP, THF S-35 OAc

To a stirred solution of dimethyl 2-phenylmalonate (2.08 g, 10.0 mmol) in THF (8 mL) at 0 °C was added NaH

(60% dispersion in oil, 420.0 mg, 10.5 mmol). After being stirred for 30 min at room temperature, resulting
suspension was added to a solution of (Z)-4-hydroxybut-2-enyl acetate (1.43 g, 11.0 mmol), dppe (79.7 mg,
0.20 mmol) and Pd(OACc); (22.5 mg, 0.10 mmol) in THF (35 mL). The mixture was stirred for 5 h at room
temperature, and then quenched with saturated aqueous NH4Cl. The resulting mixture was extracted with
AcOEt. The organic layer was washed with brine, dried over Na,SO4, and then concentrated in vacuo. The
obtained residue was utilized for the next reaction. To a stirred solution of the crude product, DMAP (122.2 mg,
1.0 mmol) and Et3N (1.8 mL, 13.0 mmol) in THF (33 mL) at 0 °C was added Ac,0 (1.2 mL, 13.0 mmol). The
reaction mixture was kept stirring for 3 h at room temperature, and then quenched with saturated aqueous
NH,CI. The resulting mixture was extracted with AcOEt. The organic layer was washed with brine, dried over
Na,SO,. After concentration under reduced pressure, the crude residue was purified by flash column
chromatography (SiO,, hexane/AcOEt = 5/1 to 3/1) to give S-35 (2.95 g, 92% yield over 2 steps) as white solid.
'H NMR (CDCl3): 8 2.03 (s, 3H), 3.06 (d, J = 7.2 Hz, 2H), 3.74 (s, 6H), 4.44 (d, J = 6.0 Hz, 2H), 5.59 (dt, J =
15.6 Hz, 6.0 Hz, 1H), 5.74 (dt, J = 15.6 Hz, 7.2 Hz, 1H), 7.28-7.37 (m, 5H).

(0] (0] o O
TrC|O4

MeO OMe MeO @)
Ph \ CH3N02, rt Ph

\

S-35 OAC 18

S-35 (1.02 g, 3.2 mmol), and Ph;CCIO, (218.7mg, 0.64 mmol) were dissolved in CH3NO, (16 mL), and the
resulting mixture was stirred at room temperature. After 87 h, the reaction was quenched with sat. aq. NH,Cl,
and the mixture was extracted with ACOEt. The organic layer was washed with brine, dried over Na,SO,, and
then concentrated in vacuo. The obtained residue was purified by flash column chromatography (SiO,,
hexane/AcOEt = 8/1) to give 18 (667.5 mg, 85% vyield) as colorless oil. ‘H NMR (CDCls, major diastereomer):
82.40 (dd, J = 10.0 Hz, 12.8 Hz, 1H), 3.39 (dd, J = 6.4 Hz, 12.8 Hz, 1H), 3.79 (s, 3H), 4.97 (ddd, J = 6.4 Hz,
6.4 Hz, 10.0 Hz, 1H), 5.31 (d, J = 10.4 Hz, 1H), 5.44 (d, J = 17.2 Hz, 1H), 5.85 (ddd, J = 6.4 Hz, 10.4 Hz, 17.2
Hz, 1H), 7.29-7.44 (m, 3H), 7.51-7.54 (m, 2H).
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2. Pd-catalyzed cyclopropanation reaction
Q Pd(dba), (5 mol %)
2 (¢}
MeOOC o PPhs (12 mol %) Ph/A_
Ph THF, 30 °C "~ MeoOC \=

/

Experimental procedure for a Pd-catalyzed cyclopropanation reaction: 18 (24.4 mg, 0.10 mmol), Pd(dba),
(2.9 mg, 0.005 mmol), and PPh; (3.1 mg, 0.012 mmol) were dissolved in THF (0.5 mL) and the resulting
solution was stirred at 30 °C. After 24 h, the reaction mixture was filtered through a short pad of celite, and the
filtrate was concentrated in vacuo. The obtained residue was purified by flash column chromatography
(hexane/AcOEt = 30/1) to give 19 (17.6 m g, 88% yield) as white solid. For the known compound 19, see: J.
Am. Chem. Soc. 2009, 131, 5382. The enantiomeric excess of 19 was determined by chiral stationary-phase
HPLC analysis (DAICEL CHIRALPAK 0J-H, hexane/2-propanol = 99/1, flow rate: 0.3 mL/min, tg: major

diastereomer 35.5 min and 45.5 min, detection at 254 nm).

3. Determiniation of the relative configuration of 19

RuCl5-nH,0O Ph
—
MeOOC CH5;CN/H,0 MeOOC CHO THF,0°C MeOOC o o
19 (major isomer) (6/1), rt 20 o1 HO 2

To a stirred solution of 19 (39.0 mg, 0.2 mmol) in CH3CN (1.2 mL) was added aqueous RuClz-nH,O (0.035 M,
0.19 mL, 0.0067 mmol) and NalO,4 (82.5 mg, 0.39 mmol). The resulting mixture was stirred for 8 h at room
temperature, and then quenched with saturated aqueous Na,S,0s. The resulting mixture was extracted with Et,0.
The organic layer was washed with brine, dried over Na,SO,, and then concentrated in vacuo. The obtained
residue was utilized for the next reaction. To a stirred solution of the crude product in THF (0.39 mL) at 0 °C,
was added NaBH, (18.6 mg, 0.49 mmol). The reaction mixture was kept stirring for 1.5 h at, 0 °C and then
quenched H,O. The resulting mixture was extracted with AcOEt. The organic layer was washed with brine,
dried over Na,SO,. After concentration under reduced pressure, the *H NMR analysis of the crude residue was

conducted.

4. Examination of cyclopropanation reactions using a linear substrate

5y~~~ OCOOMe o)
O LDA Ph OMe
Ph \)j\OMe HE > _~__0COOMe
-78°Ctort 23

To a solution of diisopropylamine (0.37 mL, 2.6 mmol) in THF (4 mL) at -78 °C was added dropwise a solution
of n-butyllithium in hexane (1.64 M, 1.6 mL, 2.6 mmol) under argon atmosphere. After stirring at the same
temperature for 15 min, a solution of methyl 2-phenylacetate (360.1 mg, 2.4 mmol) in THF (4 mL) was added.

After 40 min, a solution of (E)-4-bromobut-2-enyl methyl carbonate (546.8 mg, 2.6 mmol) in THF (4 mL) was
-112 -



added. The reaction mixture was gradually warmed to room temperature. After 9 h, the reaction was quenched
with sat. ag. NH4CI, and the mixture was extracted with AcOEt. The organic layer was washed with brine, dried
over Na,SO, and then concentrated in vacuo. The obtained residue was purified by flash column
chromatography (SiO,, hexane/acetone = 15/1) to give 23 (371.6 mg, 56% yield) as colorless oil. *H NMR
(CDCly): 6 2.48-2.55 (m, 1H), 2.80-2.89 (m, 1H), 3.62 (dd, J = 6.8 Hz, 8.8 Hz, 1H), 3.65 (s, 3H), 3.77 (s, 3H),
4.52 (d, J =5.2 Hz, 2H), 5.58-5.75 (m, 2H), 7.22—7.35 (m, 5H).

Pd(dba),, PPh, o
Ph DBU
OMe
> MeO X
A~_OCOOMe  THF, 30°C Ph
23 19

To a solution of 23 (27.7 mg, 0.10 mmol), Pd(dba), (2.9 mg, 0.005 mmol), and PPh; (3.1 mg, 0.012 mmol) in
THF (1.0 mL) was added DBU (17.9 xL, 0.12 mmol) and the resulting solution was stirred at 30 °C. After 24 h,
the reaction mixture was filtered through a short pad of celite, and the filtrate was concentrated in vacuo. The
obtained residue was purified by flash column chromatography (hexane/AcOEt = 30/1) to give 19 (2.7 m g,
17% vyield) as white solid.
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1. Synthesis of catalyst 26

OH
OHC Q\ 28
TBSO
THF
o7 OMOM 0°Ctort TBSO 29 OMOM

To a stirred solution of aldehyde 27 (720.0 mg, 4 mmol) in THF (15 mL) was added Grignard reagent 28 (0.93
M, 5 mL, 4.7 mmol). The reaction mixture was gradually warmed to room temperature. After completion of
reaction, the reaction was quenched with saturated aqueous NH,Cl. The resulting mixture was extracted with
AcOEt. The organic layer was washed with brine, dried over Na,SO,, and then concentrated in vacuo. The
obtained residue was purified by flash column chromatography (SiO,, hexane/AcOEt = 4/1) to give 239(1.21 g,
75% vield). *H NMR (CDCl5): 8 0.07 (s, 6H), 0.92 (s, 9H), 2.20 (d, J = 2.4 Hz, 1H), 3.39 (s, 3H), 4.58 (s, 2H),
4.70 (s, 2H), 4.72 (s, 2H), 5.85 (d, J = 2.4 Hz, 1H), 7.22-7.39 (m, 8H).

OH o}
MnO, (~X3)
O O CHClj, rt O O

TBSO 29 OMOM TBSO 30 OMOM
To a solution of 29 (1.21 g, 3 mmol) in CHCI; (15 mL) was added MnO; (4 g) and the resulting solution was
stirred at room temperature. After 40 h, the reaction mixture was filtered through a short pad of celite, and the
filtrate was concentrated in vacuo. The obtained residue was purified by flash column chromatography
(hexane/AcOEt = 10/1 to 6/1) to give 30 (1.03 g, 86% yield). 'H NMR (CDCls): & 0.10 (s, 6H), 0.93 (s, 9H),

3.41 (s, 3H), 4.66 (s, 2H), 4.73 (s, 2H), 4.79 (s, 2H), 7.43-7.48 (m, 2H), 7.57-7.61 (M, 2H), 7.67-7.72 (m, 2H),
7.46 (d, J = 0.8 Hz, 1H), 7.81 (s, 1H).

fe) (0]
TBAF O O
(U s
TBSO 30 OMOM HO 31 OMOM

To a solution of 30 (1.03 g, 2.57 mmol) in THF (20 mL) at 0 °C was added 1.0 M TBAF in THF (3.0 mL, 3.0
mmol). After completion of reaction, the reaction mixture was diluted with AcOEt. The obtained mixture was

washed with water and brine, dried over Na,SO, and concentrated in vacuo. The obtained residue was purified
by flash column chromatography (SiO,, hexane/AcOEt = 2/1 to 1/1) to give la (680.0 mg, 92% yield) as
colorless oil. 'H NMR (CDCls): & 3.41 (s, 3H), 4.66 (s, 2H), 4.73 (s, 2H), 4.77 (s, 2H), 7.46—7.50 (m, 2H),
7.60-7.62 (m, 2H), 7.72 (d, J = 7.6 Hz, 2H), 7.81 (s, 2H).
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i W, W,
ooe O o
O O DEAD, PPh, o o HCI © o
THF, rt OO OH O THF/?89é10/7) OO OH O
HO 31 OMOM
MOMO HO
32 33

To a solution of 31 (442.9 mg, 1.5 mmol), PPh; (405.7 mg, 1.5 mmol), and (S)-BINOL (442.9 mg, 1.5 mmol) in
THF (17.7 mL) was added DEAD (40% in toluene, 0.70 mL, 1.5 mmol) and the resulting solution was stirred at
room temperature. After 35 h, the reaction mixture was diluted with Et,O. The obtained mixture was washed
with water and brine, dried over Na,SO, and concentrated in vacuo. The obtained residue was roughly purified
by flash column chromatography (CHsCl/acetone = 200/1). To a solution of the crude product in THF (14.4 mL),
6 M aqueous HCI (10 mL, 60 mmol)P was added and the resulting solution was stirred at 50 °C for 3.5 h. After
cooled to room temperature, the resulting mixture was extracted with CH,Cl,. The organic layer was washed
with water, dried over Na,SO,4, and then concentrated in vacuo. The obtained residue was purified by flash
column chromatography (SiO,, hexane/AcOEt = 3/2 to 1/1) to give 33 (589.6 mg, 70% yield in two steps) as
pink solid. '"H NMR (CDCl5): & 1.82 (t, J = 6.0 Hz, 1H), 4.68-4.70 (m, 2H), 5.09 (s, 1H), 5.10 (d, J = 12.8 Hz,
1H), 5.18 (d, J = 12.8 Hz, 1H), 7.01 (d, J =8.4 Hz, 1H). 7.12-7.16 (m, 2H), 7.21-7.32 (m, 5H), 7.38-7.47 (m,
3H), 7.49 (s, 1H), 7.60-7.66 (m, 3H), 7.69 (s, 1H), 7.79 (d, J = 9.2 Hz, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.90 (d, J
= 8.0 Hz, 1H), 8.01 (d, J =9.2 Hz, 1H).

0 A s QO
o PPh; o
le) > (0]
<0 T A0
HO Br
33 34

To a solution of 33 143.0 mg, 0.28 mmol) in CH,Cl, (1.4 mL) at 0 °C was added PPh; (91.8 mg, 0.35 mmol)

and CBr, (116.1 mg, 0.35 mmol). After stirring at the same temperature for 2 h, solvent was evaporated in

vacuo. The obtained residue was purified by flash column chromatography (SiO,, hexane/acetone = 5/1) to give
34 (145.1 mg, 90% vyield) as white solid. "H NMR (CDCls): & 4.48 (s, 2H), 4.97 (bs, 1H), 5.12 (d, J = 12.8 Hz,
1H), 5.18 (d, J = 12.8 Hz, 1H), 7.02 (d, J = 9.2 Hz, 1H), 7.14 (ddd, J = 1.2 Hz, 6.8 Hz, 8.8 Hz, 1H), 7.21-7.32
(m, 6H), 7.37 (d, J =7.6 Hz, 1H), 7.41 (d, J = 7.6 Hz, 1H), 7.46 (d, J = 9.2 Hz, 1H), 7.50 (s, 1H), 7.57-7.63 (m,
3H), 7.76 (dd, 2.0 Hz, 2.0 Hz, 1H), 7.82 (d, J = 8.4 Hz, 1H), 7.85 (d, J = 9.2 Hz, 1H), 7.90 (d, J = 8.4 Hz, 1H),
8.06 (d, J =9.2 Hz, 1H).
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To a stirred solution of 34 (45.9 mg, 0.08 mmol) in DMF (8 mL) was added K,CO; (16.6 mg, 0.12 mmol). The
resulting mixture was stirred for 18 h at room temperature, and then quenched with saturated aqueous NH4CI.
After solvent was evaporated in vacuo, the mixture was diluted with Et,0. The organic layer was washed with
water (x 2) and brine, dried over Na,SQO,, and then concentrated in vacuo. The obtained residue was purified by
flash column chromatography (SiO,, CHCIy/Et,O = 200/1) to give 35 (18.9 mg, 48% vyield) as white solid. *H
NMR (CDCly): 6 4.96 (d, J =13.6 Hz, 2H), 5.28 (d, J =13.6 Hz, 2H), 7.22-7.32 (m, 6H), 7.40 (d, J =9.2 Hz,
2H), 7.52 (dd, J = 8.0 Hz, 8.0 Hz, 2H), 7.64 (d, J =7.2 Hz, 2H), 7.65 (s, 2H), 7.82 (d, J = 8.0 Hz, 2H), 7.88 (d, J
=9.2 Hz, 2H), 7.91 (d, J = 7.6 Hz, 2H).

00 oo

To a solution of 35 (91.2 mg, 0.19 mmol) in THF (1.9 mL) at 0 °C was added 1.8 M PhLi in Bu,O (0.21 mL,

0.37 mmol). After stirring at the same temperature for 1 h, the reaction was quenched with saturated aqueous

NH,CI. The resulting mixture was extracted with CH,Cl,. The organic layer was washed with brine, dried over
Na,SO,, and then concentrated in vacuo. The obtained residue was purified by flash column chromatography
(Si0,, CHCI4/Et,0 = 200/1) to give 36 (100.6 mg, 95% yield). *H NMR (CDCl,): & 2.57 (s, 1H), 4.87 (d, J 13.2
Hz, 1H), 4.91 (d, J = 13.2 Hz, 1H), 5.18 (d, J = 12.0 Hz, 1H), 5.21 (d, J 12.0 Hz, 1H), 7.02 (s, 1H), 7.05 (ddd,
J =16 Hz, 1.6 Hz, 8.9 Hz, 1H), 7.15-7.24 (m, 9H), 7.25-7.33 (m, 7H), 7.39 (d, J 9.2 Hz, 1H), 7.47 (d, J =
9.2 Hz, 1H), 7.57-7.61 (m, 1H), 7.81 (t, J = 7.6 Hz, 2H), 7.86 (d, J = 9.2 Hz, 2H).

o OH Ac,0, 0 °C o o
I 0 ) o
36

catalyst 26

The heterogeneous mixture of 36 and Ac,0 was gently warmed till a clear solution was observed. The solution
was gradually cooled to room temperature and treated with HCIO,4 dropwise with constant cooling to maintain
the temperature in a range of 15-20 °C. The resulting solution was cooled to 0 °C and stirred for 1 h. Excess of
HCIO, and acetic acid were partially removed in vacuo over 30 min. Anhydrous ether (8 mL) was added slowly

to induce crystallization of 26. The solvent was removed by decantation and salt was washed with anhydrous
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ether (5 x 4 mL) at 0 °C. The resulting green-yellow solid was dried in vacuo at 0 °C to give 26.

2. Preliminary experiments using chiral catalyst 26

Reactions were conducted according to the literature procedure, see: Chem. Lett. 1987, 16, 1051 and ref. 80a.
The enantiomeric excess of products was determined by chiral stationary-phase HPLC analysis as follows,
respectively.

Mukaiyama-aldol reaction: DAICEL CHIRALPAK OD-H, hexane/2-propanol = 95/5, flow rate: 0.5 mL/min,
tg: 23.7 min and 32.3 min, detection at 254 nm.

Aldol-type reaction of alkyl enol ethers with acetals: DAICEL CHIRALPAK OD-H, hexane/2-propanol = 99/1,
flow rate: 0.3 mL/min, tg: 21.7 min and 26.5 min (syn-adduct), 23.3 min and 24.3 min (anti-adduct), detection
at 254 nm.
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