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Ac acetyl

aq aqueous

Ar argon

BINAP 2,2’-bis(diphenylphosphino)-1,1’°-binaphthyl
BINOL 1,1’bi-naphthol

Bn benzyl

BPE 1,2-bis(2,5-dicthylphosphino)ethane

Bu butyl

CPME cyclopentyl methyl ether

DABCO 1,4-diazabicyclo[2.2.2]octane

DBU 1,8-diazabicyclo[5.4.0]lundec-7-ene

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
DMAP 4-(dimethyamino)pyridine

DME 1,2-dimethoxyethane

DMF N, N-dimethylformamide

DMSO dimethyl sulfoxide

dppb 1,4-bis(diphenylphosphino)butane

ee enantiomeric excess

EI-MS electron impact mass spectrometry
ESI-TOF/MS electrospray ionization-time of flight mass spectrometry
Et ethyl

EtOAc ethyl acetate

FAB-MS fast atom bombardment mass spectrometry
FT-IR fourier transfer infrared spectroscopy
HPLC high performance liquid chromatography
3-HQD 3-quinuclidinol

LAH lithium aluminum hydride

Me methyl

MOP 2-diphenylphosphino-2’-methoxy-1,1’-binaphthyl
MPM p-methoxyphenylmethyl

mp melting point

Naph 1-naphthyl

NMR nuclear magnetic resonance



Ph
i-Pr
py
quant

TBAF
TBDPS
Tf
THF
TLC
TMS
Ts

phenyl

i-propyl

pyridine

quantitatively

room temperature
tetrabutylammonium fluoride
t-butyldiphenylsilyl
trifluoromethanesulfonyl
tetrahydrofuran

thin-layer chromatography
tetramethylsilane

p-toluenesulfonyl
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1-1 FFia

AH, REINRIFEETICRFEREEERBRI B FEOHELSBAITDOATVSE DN,
bhbohAEWMiT, EFEEREELEL L TWENRLESY 0, AMEIZ -7/ BTHEBREIN., b
TIBEESERY, tMOBEY LRI LIEOKRRZEHILEY THE SR TWS, £, BT
BLTEFEZFIZI VBRI TWS,

2003 £, A TRICERIN TV D ERMHOKFSy, e, AERBRTOFRICB N TiIZ, =
DO_BHHERETH Y, S8 ZOEMERIEEEL L SbhTW5, ITHE. RREEEEDOL
B EREOHBIIEERHART —~ L RoTD, KEEEERLEHEEDITIZ. UTOE
ERHITOoND, 1) BRICEDHESEE. F TINBERMLC, PTATF LA~v—F~LE
&, BREREC IV SET 5 0RIBRGBIE. )RAEED T LERVDIREIE, HXTLT—NL
H. SFEERONMFESENEEZ LT, 6) AEMBEZAVIENLERBRUARETH S, —f&KIC, 1)
2) 3) OFHEIX, MAFEEHEPBOLNIRTIIADN THEILOD, FHOEBREOHL B SBER
BEIE. RECTHLERERIL 500,725, ELL0—FHONPEEMEELEL ST HEICIZ. 2
L, BEE. REOEHFARLEORCHBERS D, 6) ORFMBEE AV 5 &L IARIRAERE
EiE, TKBEBEOAREFROEAT, BIROCELX I NV LAY EARTIFETHS, Bk~
RAFFHIEDBERIN, TAOLEHAVWEZ LT, EEL OFHARIEVPERENLTWS, &
FETEERRECTH L HRPEEIEONED RETMEL 2D, 2, EEHEZPLLETS
FEHEWDEORRBIIBW T, ZRRBEZEZ,»r->TWVES,

SRTIR, REPOSBBIHFEREHEARTIRLET TR, FV =TI A —iTE
DOTRRNO b RISHABNBIFIMEND L 5B -TETWS, TREICSLE LWEREARK].
HERBHIEIZORBDF LWVERIEL. TRBEIXSCELVWAT - RIEORE] 12, (LEHECBEEDL
NIEERRBEH LRV OSOH D, BIRBEFANES LX) v —HBERA, BLO, #ERMENE
CBRETHREOHHA & U WkEZ2 RISEE L LTHVSHIERIZR & LW B R A3 E R IR
ENTWD, EDOEIRERT. REBAFNEARERE a2 EROBLEHDO—DL LT,
AERABEREZLBEL LWME, AR THESER STV, FES TMEBT. 27K
B EOMBEERML LD, KFEEFERLA IVERREIC LV EE 2 EE2RKISTH
h~LEE, R BLFREBEBLIVCRAFNECEIME 525, LL, TRNETOAHT
FRFRETIT e ) SRR END LI CREBYHROBENOHEERENTWE D, T
BT, DROREES FIMEOCRIBICIIRAR H o7, FHEEEOR VAR TR
BRI TV S,

TIT, AFRETR., FRSEMBEZSOREOLFME TIHERINE, EBFEE, BFXF
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PRR EHKE < ODRIEMNRBUIDE £ & 725 TWWD Morita-Baylis-Hillman (MBH)X & C#HH U7z,
ARIBCHBNT, FRSEBEARFMBE THMREINTORNWINSHEZ., FEMA DL BAEA B
DTMEEE TS DU THITA e mREEICHREHB L.

1-2 Morita-Baylis-Hillman(MBH) )i & € D AF{L~D EBH

MBH S, ZRERT7 4 o H D07 I VMEGFET. ap- R AR VbEHE T L
TEFRPox /) 252 B5RETHD Y, 1968 . WL —ar (Bl:HL) OFHEE LS
. ZBEAER T4 THDLRI I AR ARAT 4 M, AL 74 E7AFE RO
MERISE RHLTWD 2 (Scheme 1-1. k), D%, 1972 4FIZKED Celanse #-0> Baylis &
Hillman 52Xk V| BHR=EMKT I TH D DABCO Y% fiifit b 35, af-Rafuh LR =& &
TTE FORfEERGA #4 &4, Morita-Baylis-Hillman (MBH) i & MEZh A L H o7,

(Scheme 1-1. TE), ARRIGHMIZ, mAT 42, TIv DX I RN ZAEEBo - REFIH L
R=bEMT~ATNAMMULT, ARLIZ ) L— R ETATE FETT A R— IR A
HITT %, RBIS, VA REEDVB-BEEST Z2 - LIk ) 2525 LEZ BN TS (Scheme

1-2)0 (O)—P
3 OH

R (o)
j + /lL (0-63 mOl °°) > R ,
I H” "R’ dioxane, 120-130 °C R

70-90 %

R=CN,CO,Me  R'=Me, Et Ph

h
InJ
0 DABCO
- )H 0 (4.2 mol %) O OH
+ > ” m
| H R 10-155 °C R ,l\“/l\a

R" = NEt3, Me, OMe etc.
R" = Et, Ph, Pr, etc.

R"=COEt, R"'= Me: 82%

Scheme 1-1. First Morita-Baylis-Hillman reaction using Phosphine or DABCO
0o Lewis Base (o) OH

(o)
Cat.LB
R)i\" * H/U\R' LB =PR,, NR, R/“\")\R'

Days ~ Weeks
g'_"r'bo"ylu"“'“c':.‘“‘:wm Aldehyde Enone
Michael Reaction T lLB "";_’:m;:‘;"""
fo) ©
o509
R)\L _HR R)k(kn,
@ Aldol Reaction ®
LB LB

Scheme 1-2. Proposed mechanisrzn of Morita-Baylis-Hillman reaction



0 J(l)\ PXsorNXs |
n)lm +H pp ——— R)H‘)*\R' : R)\"/*kﬂ'

Medicines o OH
Agrochemicals O OH
Natural Products R “ R’
R *"R'
v anti-Aldol

Cyclic compound
Y=0orN

Scheme 1-3. Conversion of the adduct in MBH reaction to functionalized compounds

i, AEPITREICERELINTEY A2 RBREXFTIHEE~LFHITEHTRE
72 &5 (Scheme 1-3), £ DOMBMARFRIE~ORBAHFEINTZ OO, ARIGIZ—RICK
JEHDEL . FUSKR T ETIREHEAOEEMES 2 Z LY BORFMBEZ VT LRV BRM %
BHLNTERNI LD, MBEMARFE~OBIIREE L ShTWe, 8iZ, 73 i
EROWEEEICE, KBROT7ATE F2LE LT ARBELE L Tus,

1988 4 Drewes. Marko, Kaye HD#EIZ LY, HBOAKIGIZEE SND X )Xo, MiF
MBH FUSICHWO R TW ka2 R =% 7T I EHBBL T, 3—%X 27 ) Y/ — (3-HQD) 1iE
WERR 2 AT L. £ DIEMEIX DABCO @ 7 % Tdh -7z ¥ (Figure 1-1), ZHiX 3-HQD D7 I L EBfr
BoB-REAFIA VK= MEE ~~ A T AR L, AR LTz 7 L— b 2% 3-HQD Dkfg#k &
KRFEHRES L TRRPMAEEZAERT S Z LICERT S (Figure 1-1. £X),

7 times

> ('1¢ >> A] >> EN
ng_ [NAJ LT > L
k__ fde 3-HQD DABCO  quinuclicidine

OR

Figure 1-1. The catalytic efficiency of tertiary amines

—IZ, AERRICBNTHFEBBAT B KETiE. BERET CIRRIGIIMET S Z & 2345
LI TWD, Isaacs HiX. DABCO, quinuclidine, EtN il % W\ /= MBH KISIZ B0 TEESRMS:
TTIREIEWIET B2 RHELTNS ),

HFEEM A IME 2GS, A L LTIE, 1986 4 Brown HIZE W HIHDTY T AT L A BIRE A
MBH FUSHHE SN, 1A FAT 7Y L— T FT7ATE FEDRISIZBO THINED
BIRMEIT 16% de ThoTz O, FDH, 1997 4 Leahy HIZ LY Oppolzer ¥V 4 LRIEHBLFE & F v
2L THRYT AT UABIROKISHBARE SN ” (Scheme 14), ARUSOERMIZ, — /7 L
THFOTATE RBRE L, REMBENERL-CAXY ‘/P-IS'C*{P)O Teo REMB)E
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Oppolzer 4 V% LMIARBICEIRFRETHZ HOD, 15 Y¥BRULOTAFE FRETEZL L, %
BFE7NAVTE FICIXEHACERWEORMBEZR L TV,

(o) (o]
+ DABCO (11 mol %)
N | RCHO > i
S'\\ CH.Cly, 0°C
o:, o (15 eq) 12h R* O 'R
33-98%
> 99% de

Scheme 1-4. The first successful asymmetric MBH reaction using
the Oppolzer's sultam as a chiral auxiliary
—Ji. Chen LIZH ¥ 7 7 —HROARFMBPELAVTEY 7 AT L ARIRMZ MBH K& B
TP LTS ¥ (Scheme 1-5), Z OB, HWSEEH4 DMSO & THF-H,0 BAGREAOEHE
T, BEREIHMED YT AT UARIREP WIS 2 L VIR REBAB RV IES A TY
Do TOWEBRBIIKEMA oL ZICOAERIND Z L5, Chen HIXRIGFMEOT /) L—

R FREIIDTFHRREFELLLE L D2HNT, ERYDONAERENRE SN D &R
TW5,

o O OH

DABCO (10 mol %)
N | DMSO or THF-H,0, N
\ (10eq) o .
O Ph 25°C, 2-4 days O Ph

B-OH; 75-88%, up to 98% de (DMSO)
a-OH; 68-18%, up to 98% de (THF-HL0)

Scheme 1-5. The highly diastereoselective MBH reaction using
a novel camphor-based chiral auxiliary

—{ZIZ, MBH UiNiZ, 7Iv, RRATZ 4 & \W\Wo72 15 BEHEO(LS YA L L CTHW
LTV, RIEGIX, i, BEL B0 16 BuHEORM 2 REMBICER Y ARLS WS EH LW

BV #AEZIT> TS (Scheme 1-6) ¥, AKX, chalcogeno-Baylis-Hillman fZJis & s LT
D,

Me,S (10 mol %) O OH

)KCL TiCly (100 mol %) - ‘/‘\‘
| ] oromn )
2 2 NO,

60%

Scheme 1-6. Chalcogeno-Baylis-Hillman reaction using chalcogenide-TiCl,

M. A 51X F chalcogeno-Baylis-Hillman Uit % BBH L. MBEONFEW R a4 L iF#E Ak
L TICL 2 HWT, & & 74% ee DARFWRTCAERYM A 5252 &2 RAH Lﬂ\fo 19" (Scheme 1-7),
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Tz Anal ) A FeEHWERFIGORIOE TH 5,

SMe
0 . rontoomase 9
1IUl4 mol %
Me + - Me)ﬁﬁ*\/\Ph
/H H/u\/\Ph CHCl,,-78 °C
1h

43%, 74% ee
Scheme 1-7. Enatioselective chalcogeno-Baylis-Hillman reaction using the chiral
hydroxy chalcogenide-TiCl; complex

Goodman %X, Scheme 18 IZRTHFFARANT 4 N2 BRIZHND = & CRE 53% ee
TERYBZONDEZ L 2WELTWVWS Y,

Ph Ph
YNy
°\I_>-.../
S
120 mol %)
i ( O OH
J\‘ /?L BF3-OEt, (150 mol %) EtsN 2
Me’ + - S ]
| H R CHCl,,-78 °C
1-120 mi
o 8-60%
14-53% ee

Scheme 1-8. Enatioselective chalcogeno-Baylis-Hillman reaction using the chiral
tertahydrothiophene-BF3-OEt, complex

—H T AT U AEIRA 22 MBH i & Bl U T F o F ABIRNA 22 RS OMAE 1T 780, 1995
M HIEF T A DABCO FEEZfl L TAREF L2 ME L TWS, 5 Kbar OBEET
TIERIBIC RUSFF I ERE L T, BET TIX 12% ee TH ol TIMEDONZIRIZ. 47% ee £T

M E L Tv5 2 (Scheme 1-9),
/\/1/\03n
BnO ‘N
InJ OH

o)
0 (15 mol %)
+ H :t Me
Me)HI THF, 30 °C
NO, ' NO

0.001 Kbar; 66%, 12% ee (21 days)
5 Kbar; 45%, 47% ee (12 h)

2

Scheme 1-9. Asymmeric MBH reaction using the chiral 2,3-disubsituted DABCO
under high pressure conditions N



—J, BEBRBEIEITN F—ARIETHDEEEZT Marko HH, /) L— M EIBECERT N
EROSHED M B35 LHERI L, BESRMET T MBH RIGORIEIToTW5, fix OWEEHETL
HaA FBEIOZEOFEELMBL L CHEET TR LIEER, =0 lEns s a~xy
WNHNRXLTATE REAFAE=ZAY b EDORIFICBNTHINEEZ 45% ee THZ2 B L
ZRHLTWS P (Scheme 1-10), ZF~DEHDOKE XX D?F%HR%E&:%M%B& 3Kbar @
BT 45% ee THIMEMREFE LN TS, Marko HIX, F=V L DAMEL TALTFE FOHALR=
WEBAKFREET DI LIV BNARERREAT S LEBBLTWS P (Figure 1-2),

o o) O OH
(10 mol %)
Me)H + H)ko > Me
| CHyCly, 25 °C

40-50% 18 Kbar; 13% ee ,10 Kbar: 20% ee
5 Kbar; 42% ee , 3 Kbar; 45% ee

Scheme 1-10. Asymmeric MBH reaction using qunidine under high pressure conditions

Major Minor

Figure 1-2. Proposed intemediate using qunidine

Barrett HiX, =7 I VEOPTHRHICEHWVEEMZ AT L L LIZT I UG EFEHED
MAKREFES DIV E 1 ) O A IV 'Y (Scheme 1-11), IM @ NaBF, 3:1E T, 71%U0E, 67% ee
THERDEZHTTND, Eal) PUEoKEEEEF R Y v L% Scheme 1-11 (TR$T L H72F L—
MEEZ LD LICLVEVAREFERBABROND LA LTV D,



O,N

H H

0 NO, HO N O OH NO,

o (10 mol %)
Et)l\l + H » Et
| 1M NaBF,, MeCN

-40 °C,
71%, 67% ee (18 h)
BF,© without NaBF 4 92%, 26% ee (48 h)
©0 ﬁrld N%"O\
v H
R

Scheme 1-11. Asymmeric MBH reaction using the chiral pyrrolizidine base

1999 4 ML, BH DT, ¥FTAAa, FERKBLETEXITIAT IV HEKEZARLT, ¥
HR., BROBEWET AT e REEBEICHWS MBH RGIZEWT 91% ee PLEDNFINECA
5% Z LITHREI LTS 1P (Scheme 1-12), ARG, Figure 13 (IRT KBRS & &
B e LT, £O%OMBRE ) FEAEERZE T COXRELENC LY mVIBRMESREI L TV
5. SOITHIL G, ARIGEZ G REIE L T 2 REMETEERAEY () -~AERAFV LV ED
AREER O, MYMIEESRIAFEERRY =R a~v, 2 B OBREREBEL TWD

(Figure 1-3) 17,

R
= ek g¥an oF
FaC | H" R DMF-55°C FaC R/'\H/go
40-50%
31-58% 0-25%
91-99% ee 4-85% e

Scheme 1-12. Asymmeric MBH reaction using the cinchona alkaloid



O OH

Figure 1-3. Prosoped reaction mechanism of the cinchona alkaloid catalyzed by MBH reaction

HO
\WCOOH ? Ho "
H o ; 0

(-)-mycestericin E

(-)-epopromycin B
Figure 1-4. Synthesis of natural products using MBH reaction

Soai, ##51X. BINAP, Tol-BINAP, MOP 72 F Dt RFZH T B R 7 4 L bl % v i
BRI, BEERERCEML L e RAMINR=NbAWENLE LT E - Lol B, BE
TTH 4% ee THMERELNDZ L 2R LTWS (Scheme 1-13) 9,



96

PPh,
o™
o (o) O OH
(20 mol %)
RO + H SN RO * SN
| PN CHCl, 20 °C PN
N R' 3 N R'
62-329 h
8-26%
9-44% ee

Scheme 1-13. Enatioselective MBH reaction using the chiral phosphine

Mboid, ThE CEEMESRUSHEE L L TRMBIBEN ST 2207 0 F o -4 uick
W, BwP & Brgnsted LAY THDL 7 = /) —VEZTMTHE, E Ful U F AT ATE F&
DRJEPIME ST & Z#E L TS (Scheme 1-14) 9, F7=. Ca(0-i-Pr), Bu,P, BINOL 377 F,
56% ee THEBRMEH/DZ LITHLARZLTWS (Scheme 1-15) 2,

O-

(20 mol %)
& Jok/\ BugP (20 mol %) @ OH
+ H Ph THF 1 é/‘\/\Ph
1h
Quant.

Scheme 1-14. MBH reaction using the phosphine and phenol

(R)-BINOL (16 mol %)
C -i-P! 16 mol %
a(O-i-Pr), (16 mol %) O OH

o) (o)
BugP (10 mol %)

7h
62%, 56% ee

Scheme 1-15. Enatioselective MBH reaction using the phosphine and Ca-BINOL

LL, &I T AR RE MBH RUG X, BOGHE, LIRS . &7 MBH RUSIER
FEAHERIEDOOE D Lo TS, ABILFELE, FY Lo P FRRBEARFTRIGDDE
2Lz k9,



BB FHHEZEEMESEMIEZ A VWS Morita-Baylis-Hillman(MBH) X
Jis 0D BE 3

2-1 MELRBEEIN A AREZHAET 5FF MBH Kb

INETOWEHFNS MBH RISICH LU TEEERAFESSBMEZMET 21X, RIGEE
ZHRETEMHRACT 5B R OEEMM 2R FORMYBRMENEANRICRDEEZI SN,
% 2T Figure 2-1 (TR & D ITHFAIEM BINOL @ 3 fiih SEEMEMM2EEEFIR, AR—Y—
Z U THAULBEERM T2 T YA > Lz, BINOL B, & RBRAFRIEICHBNTHE WA
MER L, WEEEEAENAFARRRTRABEEMTH S, BINOL D7/ —)UEE ROoF
B PINVIZOA FI, T2 )ARBEOHFRSBHEMEE L T, HPEELRIVT X8
ZRT B, £72. BINOL @ 3 i, {LPEMNBES THD., RAREREEZEA TS &M
RET®H D, BINOL 28 ET5 LT, ZRRBEMTNERTE, MEORELOESEEZS
N3, £, Jx /e ROF T HR, TVXATy REEEZRTIENS, EEELEL
U WA S Tl & U THRENIIREI NS,

Figure 2-1. Design of new BINOL ligands bearing Lewis base unit

i Lewis Base Unit Organocatalyst
Organometallic Catalyst Spacer (nonetaliic ayetom)

O

/ﬂ\ R BINOL unit X=P,N

ansted Acid Unit

£ SHWEEMERM T 2EKT 2R1IC. BINOL E&EHM S HFMBIN D H2EERIVA ABIC
B2 IR RS 2RI L T MBH RIS HEREE LIy MORKREITo 7=,

IR ETIX, HED BINOL &&EM KI5 Al-Li-bis(binaphthoxide) complex (ALB),
La-Lis-tris(binaphthoxide) complex (LLB)&EDBARIZKRIIL TW5, ALB Id=7F® BINOL, —[H¥
DUVFIL, BEO, —EFOT7IVIZIAL%EHT S, (Scheme 2-1) *, £/z. LLB B=53FD
BINOL. ZHT DU FIABLIO—FHTDI YU L%EHTS (Scheme 2-2) ., ITNLHEHES
BARFMBIE, PORBEIIIA AR, TIVA)RBE-BREENT L ATy REREELTHE,
SRE T Fl &R O 2L H 2 FIRFICTE (LT 2 & & BIC, BINOL A ELE OELH % & B il L T
IS %{eiE T LMK TH D,

10



Bronsted base ) .
Lewis acid

o ALB i \\
. o o (10 mol %) é OO "-') OO
ij B o)l\/u\oan THF, t rcogan grAl:g
72h CO,Bn CO OO

88%, 99% ee (R)-Al-Li-bis(binaphthoxide)

Scheme 2-1. Asymmeric Micheal reaction catalyzed by ALB (R)-ALB

. Bronsted base Q
OACHO LLB O/Y\Noa Q O Lewis acid

+ CH3N02 —>(5 mol %) L0 O_Ld

THF, 50 °C OQ %‘.‘i-é%c') C@

72h

MeO MeO QQ Li”

90%, 94% ee

(R)-La-Lis-tris(binaphthoxide)
(R)-LLB

Scheme 2-2. Asymmeric Henry reaction catalyzed by LLB

ZITEESRIHET, BfEE U TV ABEEZHRMTS 2-> 70057142 1) &k
RO FATINTER (2) &D MBH KitERE Lz, EESB#HAEN 1 ORIV HITE
PUTEREUZ3R&T N D BALIcIVA REEDBA rIVmd 2, £RLUENEEERLT
L—hk (Enolate I) N7 N TE ROAINBZNEEEELLDDTIL R=IVRETIUL, H2EE
HERIBV/END EE X (Figure 2-2).

(o} ) O OH
ot o
O o
o o
1 ALB 3
LB
Li
Li o _ .0
o _ o C Al )
* Al * * Ve ~ *
CO/ io) 00 (I)O
O~
LB \@ &k/\ Ph
+
LB
Li

is

Enolate (I)
11



WA ZEEE LT X2 (DABCO? 2, DBUP), AN T4 R (PAFIVAINT4 B 9D, 14
U729, RAT 4> (M) T2ZIVRAT 4> ®, BINAP®, Et-BPE, MU TFIEKAT 4
> OB RN UEERBRZTTo 7= (Figure 2-3),

Figure 2-3. Et...

' : S OUIY S
OO N GRL NS ¢ Eadh WEN
Sl s g™ O

‘Et
Amine Sulfide Phosphine

AR LUIERMR, MU TFIVEAT 4 2R LESACOHRIGAETT S I S H
Lo, LLB it E A WWEIBE, KN 2 R T L. 75%. 33% ee THRY 3) 2E5S
Nz, £lzo VIVTEROHOCHARKIGOHR I N, —F. ALB Ml TIIRIGHFHIZ 24 BRI &
LLB it & XN TERMZET D00, ERMICERDBHE LN, FTOHZWRIT 33% ee T
Ho 7z (Scheme 23), WRKIERED N TFIVKRAT 4 > DHADBE ELERRIBIFELS, MU T
FIVIRAT 4 > EEERRMAE L OEEMBETIX, KIEREEOR LSRR E Nk,

LLB or ALB
(16 mol %)
2 0 BugP (10 mol %) Q oH
Q) T W O
H Ph THF, 1t
1 2 K]

LLB; 75%, 33% ee (2 h)
ALB; Quant., 33% ee (24 h)
only BugP: 8% (2 h)
Scheme 2-3. Enatioselective MBH reactionof 1 with 2 catalyzed by heterobimetallic catalyst
in the presence of BugzP

2-2MBH K& T? ALB it D24

MBH KRBT % ALB $HEDRGEDE L 2R T 272 DICKIGRD “C-NMR (in THR)#|E
Z1ro/z (Figure 24). ALB OHOLEBIZNEMDOT VI ZIALATHD, £DEH, "C-NMR T
3 MPMEOEWEEICER T2 ALB @ 10 2O~ BBRI Nz, T TIUPIRETIX ALB
$AD "C-NMR TF—4 285 LT3 @, ALB $EABIKRICI A AEHRTHB N TFIER T
A ERBETHD b2 1 ZMASE ALB $kHRD E— 7 32 AMICERSEMACS 7 MUk,
Keiz, C2 @ (d 150ppm 13i5) OE—2 A 0.13, 036 ppm EHHFICERE S 7 L=, LML, &
| DEXFETIE ALB SHADORFMERBN BN o2, TORICTIVTER 2 25 &S DN R

12



RN Z LICERT S 20 A20D BINOL HROE—I7 BRI NZ, 20T EMS, 4FTE
Lizkdic, HESEEERTH S ALB 28 1 OANNRDIVEIEML T, EELIN®ET >
DBALTIA RBETHD MY TFIVERAT 4 81 5 IV LU 7= Enolate I (Figure 2-2) DEEFE
WRRENE, LML, PIVTEREZEMT2EE—IBERELEZBEBICOD WTIRRZARHET
B0, BRIFITBT D FEEDORIEITIEZE > THARN,

Figure 24
¥ CA ALB+BugP
3

s ?} | +Ketone (1)
(1) Lo +Aldehyde (2)
cestmtirect St arned S Wl b i (1211 121)

a4.6e '°'°\\ ' A0.04 ppm L ALB+BusP

| ' +Ketone (1)

AT
iy ,, " wmwjyﬁw%ﬂwwamlmﬂww“ﬁl %’)&m"waWﬂW\-M' (1:1:1)

\ A 0.36 ppm i
, b ALB+Bu;P

mewwwﬁmwwwmwﬁwwdmmmw“ *’ SN Aony wthygmipnts (111)

N
§ TR ALB
| Ué Yl Yt onsd ¢
WA A A S g L A Y i AP S N PRSP WWW w o \-HM(»M, At

\ BINOL
A2.41 ppm
. I,

] - J !

& e oo

160 150 140 110 129

1 A0.19 ppm

E/2 ALB EMUTFIVERRT 4 VOEEARYOHXZINBOBIC OV TRITZRITo 2, %
DRER. BWNT B MY TFINKRT 4 COEMITEN., KISHMRZEBRT2HDOORFRRDE
TR 537z (Table 2-1, entries 3-5), RAT 4 > DRMENDIRL 725 ERKIGTERG CEREH % &
U, AHENBOET bR I /= (Table 2-1, entries 1-2), LA ELDEERNSESSEMBE L N T
FIVRAT 4 OREHI, 1610 BENEY THL I ENgho .
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Table 2-1. Effect of the molar ratio of ALB and BugP in MBH reaction

L(LB or ALB)
fo) 16 mol % 0 OH
o) BusP (x mol %)
ﬁ H’u\/\ph THF, rt é)\/\"h
1 2 3
Bu,P . o o
Entry m gla% y  Time(h)  Yield(%)  Ee (%)
1 8 35 82 27
2 10 24 Quant 33
3 16 12 98 31
4 26 L5 92 29
5 32 3 Qunat 19

2-3 PLEROBEL

R, FLSBEOFEBICDOVTRH 2T/ 1 mol 248D BH,THF, 1 mol %4#&® n-BuLi £/~
& NaBH; & 2 mol ¥ # @ BINOL % & B-Li-bis(binaphthoxide) complex (BLB)3 & U¥ B-Na-
bis(binaphthoxide) complex (BSB)IZ#i#{E 15 *°, BLB BX U BSB OHLEBED R #Eid, Bfrfl
MR- OMETEE 2RI BRVEHA LB I S NSB, LALENS, NUTFIVERA T4 &ML
EEAITIE. D ALB ML D B WEEEZRL, MIEDIEERRD B S TRFINE S L
U7~ (Scheme 24).

BLB or BSB
o o gm0 o SO INe e
QO T e o0 e
1 2

(R)-B-Li-bis(binaphthoxide)
BLB; Quant., 46% ee (2 h) (R)-BLB

BSB; Quant,, 43% ee (2h) (m_B.Na-bis(binaphthoxide)
(R)-BSB

Scheme 2-4. MBH reation Using BLB or BSB

ZIZT, INET wullf . 1A *®, Kaufmann 25 235 L TWSRFR DO -BINOL ittt D4
RIS~ DEHZR A=, UL, NUTFIVEKRAT 4 JHEEF. WTNOARFRD > -BINOL fil 4
ZHWTHRINTH#ET UMD o7 (Figure 2-3),
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Figure 2-3. Hithetro known asymmetric boron catalysts

°:B—H °§::° o 0B
oo 0" Q0 ol

Waulff (1999) Yamamoto (1994) Kaufmann (1990)

WA SR HE L TWDHAEERLDHEETIR, ZIVAVEEBEHEL TVWAMNRNMAUNAD
H#EIZZW, T TARISCBITZ2TIVAY) SEORERI L (Scheme 2-5), kU TFILK
AT 4 FFETR, BINOL O/ F MU TLAE, T/ VFULEEZRYUL T, TN HE A
Lz, E/FMUDAERZRWZES, BRI BEY, ZITEROEHEHA KGN Z
V. HHERHRBESNRN -z, —H. E/UVFULEERAWESECE. ERYWIE3BSNS
BDDHANRIT 9% ee EEN>7, IWASDRERD D -BINOL DX ST FULREER
WEHE TS NEITT L BRWRRD S, FLORBORIR, UFUALE,. BLXY., M) TFIEK
AT 4 DETHRIGREICBE G LTS Z LRI N,

o Catalyst (16 mol %) o

0 BusP (10 mol %) Fr
é ' ”/U\/\Ph THF, ] é)\/\':h
1 2 3
OO O‘B—H OO o,Na OO O’Li OO 0,Lio OO
o” OH OH °B:
Q0 o™ QO " Q¢
No Reaction Trace 60%, 9% ee Quant., 46% ee

Scheme 2-5. Role of alkali metal and boron-metal in MBH reaction

EZTARD BLB M OEENIIDONTHENIZT B/20HIC PC-NMR (in THRDQRIEZTT- /-
(Figure 2-5), BLB D F.OEBORY HKIZ, BB ER> THBY ., MNEREOE WREE 2R
T, 10 KO E— BB E N/, BINOL H3ED C2 DE—2 4 1.39 ppm S 7 L TWB D
EMHRMoTlzs RICNUTFINVKAT 4 2 EMZBDE ALB OHA SRR, S ORMFRIEN <
T BINOL HIRD 20 AOE—I BRI Nz, 2, BLB OHLSETHBHRIRICHKA T
4 WAL R T, BMARRRRY REENER LI EHBIL TWD, €O C2 HKOE
— 73 NEN0.13, 033 ppm KES> 7 "BER I N, 4%, FHRBITNKELEINS,

15



Figure 2-5 c3

0
&
Ca

A2.41 ppm (1)

c3

A 0.65 ppm | ‘ J | ' BINOL+Bu,P
WWMQ\JMMMWWMLMW}L‘ a&'lrw'wu’wwwm *'(‘fiﬂ“?fﬁ
e bl 4@..L‘JUJWLJM witd

T } BLB

U W W T N

| N OH
2o . fﬂm

|
160 180 140 130 120 ~— C2

_—

KRICEWHER 25 X 7= BLB M TORIGEBEDHRICOWTHRFNZ2T> = (Table 2-2), BLB
MEEZRNWESGE., WITHOBREEZ2AVTHERB TEERNCRIFIIET TS DOD, Bon/z
ERYOARBFNRICBKRERENRE SN, WIEFEHE T TIRAMEDHZINRIZM LU, hexane

*® toluene D K S 72 FEMIEIEHE T TIX, HPBINRIZMETFAL /= (Entries 3-5) .
Table 2-2. Effects of solvent

9 o BLB (10 mol % 9 oM
é ' HJK/\Ph 1('HF, r - é)\ﬂph

1 2 3

Entry Solvent Time(h) Yield (%) Ee (%)
1 THF 2 Quant 46
2 Et,O 1 98 9

3 hexane 1 95 20
4 ~ toluene 1 91 12
5 CH,Cl, 2 Quant 20

6 MeCN 25  Quant 37
7 EtOH 1 Quant 32

16



2-4 FHERR O -V F 7 A-BINOL Mk DA R & T DMEMRIT

MBH RIGCERERSBEMESL T, RO -UFILAT /FIR- V) TFIVERAT 4 >
BEMENEWEEERTIENHASA LR 2, E 2T RAUARS o R T -1 F77 A-BINOL
complex & U T, VAERHUAFETICNAINS LIELBH (54 ; Super Hydride) 3K Li(s-
Bu),H (B4 ; L-Selectride) 2 W THR T -1 F 7 /s-BINOL it DFF 8 %47 - 7=, BINOL (1 mol
WE) O THF BRI OCIC TR 3K (1 mol MHE) 2 FL. 30 H## L/~ (Scheme 2-6).
R0 -1 F 7 A-BINOL it DR BN 713, 'H $ 2 Wi PC-NMR (in THF) #I£ T, 7 1) —® BINOL
Y—27 OMRICK DR L~ (Figure 2-5), LiEL,BH M SHEB LR T - F7 A-BINOL it D
®C-NMR i, BINOL HI3R®D C2 (150 ppm f13if) & C1 (115ppm fHE) DE—Z M, FNEh 4.22,
4.54 ppm NEERBANCS T U= (Figure 2-5-1). £7=. Li(s-Bu);H % Wi=58 b R K%
BHINDT 7 MR SN (Figure 2-5-2),

O, ween |
8: + L;(:Bu);;H - Boron-Li-BINOL
OO THF, 0°C, 30 min.

1.0 eq. 1.0 eq.

Scheme 2-6. Preparation of novel boron-lithium-BINOL complex

Figure 2-5-1. Using LiEt;BH Figure 2-5-2. Using Li(s-Bu)3BH
| Col BINOL : LiEt;BH | BINOL : Li(s-Bu);BH
bl (1:1) 1 (1:1)
Wt i In

\ A 4.22 ppm \ A 4.54 ppm “ ' ‘
. BINOL \ A5.97 ppm A 4.57 ppm

o BINOL

O T

17



LA F 9 A-BINOL itz W TEIR T, MBH KIGICHEA L& Z 3 KL 2~3
REIToefs Uz, U L. RO R FINRIZE D > 7= (Scheme 2-7),

BINOL (16 mol %)

boron reagent (16 mol %)
9 0 BugP (10 mol %) @ OH
O " >
THF, rt
1 2 3

LiEtzBH;  82%, 16% ee (3 h)
Li(s-Bu)3zBH; 85%, 11% ee (2 h)

Scheme 2-7. MBH reaction catalyzed by novel boron-lithium-BINOL complex

FIZ T, INERE - F 7 A-BINOL D 2t DR R BRI D W THRE L 7= (Scheme 2-8).
LiIEGBH M S FT U -2 H WA, OCTHRIGIZETL T, 8%, 59% ee THRYHE
5N/z, £z BSB, BLB it 2 H W/ H A3, 40CTRIFEAERKIEDEFIZE S Niho /-

HDD, LiB(s-Bu);H NS U =M, 40CTHRINZIMEL ., 72 BT 53%. 64% ee T
Y%= 5 Z 7,

BINOL (16 mol %)

boron reagent (16 mol %)
o o] BugP (10 mol %) O oH
* J\/\ Ph
H Ph THF
1 2 3

LiEtzBH;  88%, 59% ee (0 °C, 5 h)
Li(s-Bu)3BH; 53%, 64% ee (-40 °C, 72 h)

Scheme 2-8. Effect of temperature using novel boron-lithium-BINOL complex

INSHFHRAD -UF I A-BINOL OREZHSNCT H2012, BfER X GRS HEEERTE
WABZHDD, FRHEBALETH D, BEBEBEOREITIRNEZ > TWRW, ESI-TOFMS 12k
HHME (Scheme 2-8) DFERTIX, Li(s-Bu):BH & BINOL » & fiifit Z B U /~8A . Li(s-Bu);BH
M5 s-Bu S{O—7 FANBEEL T BINOL &R LZEEZSNDHTEE—Y (Mw 415) &2
DFILE Mw299) OB FERE—IODONRERE—7 L TRIEBI N (Figure 2-7), 7=,

T DRI BuP 23T 2 E BuP BNERTR EICRMUZEEZ SN TFROE—Y (Mw615)

MR E /= (Figure 2-8), /=, IR 5 B-O & B-C DHFEIRENIIIHER X /- (B-0; 1336 cm ™, B-C;
817cm?),

18



OO OH OO -Li (18(1)1‘2;2)

on  + LisBu)BH —~ °
o0 O s
PBU3
1.0eq. 1.0 eq. Calcd.; 416 Calcd.: 618
Found; 415 Found; 615

Scheme 2-8. Charactarization of boron-lithium-BINOL complex by using ESI-TOF mass

llllllll
07080288

o Li
0,
B(sBu),

01510058 v’ r:)BU3

(e} L 39008137 u 306.06137
0. (e} u 44323547
. 2800508 0. 8‘
19.04148. "
i 213,151 H
7.
; . A1, : p . n

%0
RERN iy}

Figure 2-7. Analyzed by ESI-TOF

KA LOom

Figure 2-8. Analyzed by ESI-TOF

2-5 FBAR O -1 F I A-BINOL ki B1F 3 BINOL DEMES R EERN I
2D2NT

ILRBAREFNEROM EZEEL T, BINOL @ 3 MADEREEA IS KENOHEIZDN
TR ZTo 7. Table 23 ITRTE DI, Me. SMe. 1. CH,;. PhEZEA UZHEA1T13. BINOL
ERWESEGEEART, FENBORTHERSNAESDOD, 1. CHy,, Ph HEWS LERELEE
AUEBECE, RIiEOR ERRE SN, FENBOE TR IMOVAREBFICLIVE—ORDO
>-UF 7 A-BINOL DS FABMTETWRNDTRAELWNEE I ENS,
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Table 2-3. Effect of subsutituted BINOL in MBH reaction

BINC:_!E Edegl:lathée (16| :}10! %) R

Q o Bﬁip (10 ot %)°) O OoH OO oH

é " WS THF, 1t, 0 °C Mph I >
1 2 3

Entry R Time (h) Yield (%) Ee (%)

1 H 5 88 59

2 Me 8 90 23

3 SMe 8 92 15

4 I 4 Quant. 19

5 CgH44 3 96 21

6 Ph 3 90 12

RICHMOEEZHWT., AMEORE —-REORN 2T/, ZITERELT. FOENLT
WTER, F7FINTITER, ROXTZINTEZHWTRMUEARER. SR TERDIZES
NZH DDAFINRIIEA > 7= (Scheme 2-9),

o cat. BuzP (10 mol%) O OH

)OL Catalyst (16 mol%)
+
é “WOR T THRA é/k ?

R= CQH5, C7H15, Ph

85-93%
up to 19% ee
Scheme 2-9. Catalytic asymmetric MBH reaction

BIRAEMr b THB2-v70AFt2-1-F4> Q) 2ZHOEHEICIE. PREOYEFNR
TR S 2B O DILZILRIIE N > 7~ (Scheme 2-10),

BINOL (16 mol %)
boron reagent (16 mol %) O OH

0
0 BugP (10 mol %)
+ Ph
ij pig—e.
4 2

5

LiEtzBH; 12%, 40% ee (-20°C, 144 h)
Li(s-Bu)3BH; 30%, 50% ee (0°C, 96 h)
BSB ; 68%, 37% ee (rt, 48 h)

Scheme 2-10. MBH reaction of 2-cyclohexen-1-one (4) with 3-hydrocinnamaldehyde (2)

20



. 2003 ££. Schaus 51KV BINOL #F#EE NUTFIVKA T4 VEFHWE 4 ETIIVFER
EDAF MBH RGNS XNz (Scheme 2-11) ., Schaus 51 BINOL 3K i ML % 5 4
#f U7z#ER. 3,3'-(3,5-dimethylphenyl)-Hg-BINOL B WAFNREZLE X B L2RHLTWS, L
MU, PUIZFINEXT 4 VIZBRENRDD, SS5XEARTRBRICNIIZFIERAT 4 > 2H
NOEIREND D RICKBRORMAD 2 EBbND., £-MD a,B-REEMYT F o O—BIEICDNT
IR TN TWRN,

Me

BINOL derivative O
(10-20 mol %)

1 0 EtsP (200 mol %) 7 ‘@
S THF, -10 °C, 48 h ‘[O o
4 39-88% @

R= i-PI’, Ph, O'HGX, CHchQPh, etc. 67-96% ee Me
( 9 examples)

Scheme 2-12. MBH reaction of 2-cyclohexen-1-one using BINOL derivatives with EtzP

26 £& 8

LiB(s-Bu);H (—X#) &M BINOL (—4&) Ho#MBL =R F 7 A-BINOL §k
W2 AR ZikA PBu, 2T 52 E T INETEMMEZSXESLLTWE 2270 F 2-1-
A2 (1) EEROFTFATIVTER (2) O MBH KIRICEEEM: 2R S8 Al o B 5812 iR L)
Uz AMEIE-40C T TOHORIGZEREL. 72 KT, IR 53%. 64% ee THMMELEZ -, ¥
7. BINOL @ 3 ([ICEBRIEEZHEATEIE, KIGENM ETHZ &2 RHU. X 0BRSS
G THHRE RN S,



B8 FHSBEEARI TMBEDOSRK
31 WA AEE-TV ATy RBRAZY NEETHAREARDPTFHEOSR

BORTRONZMERZEEZ, BINOL @ 3 fLICAR—H—2 N LTIV ZAEHEEERTHRR
T4 2y N2EALUARS FMEE T 2 Uk (Figure 3-1). Bl—2THRDEECTL >
ATy REEELTHETZ 7/ — ) EE ROFIRHE A ABHESEEZRTHRA T4 1w R
ZHATHIE, WRSEEERFICEELET 2 2 ENTREE RS, RIGHRBEEZEOADF I )Ry
v h2OHMETENE. ARSEBEREEH VT & HHRMICKIENRET S H KD FRlic s
N,

Figure 3-1. Design of new BINOL ligands bearing Lewis base unit

Lewis Base Unit Organocatalyst
Spacer ) (non-metallic system)
3
OO — XRp, XR,
OO T Bronsted Acid Unit \
L 0=
BINOL Unit X=P,N j\ o
H R'

EFT, AR =T NFIVEEHTDHRZX T 4 >-BINOL 5 Fid. BEAITHS MOM 3 T
U 3-FRIII)V-(S)-EF T =)L (- DEHRERHCER L, BL&OTIFIVHEETS
RARZT L E NaOEt 2z Wittig RISIC K DR E. #METICX D T AFIVECS)-3) N
EB Nz HENT, LIAIHLICE D, TAFIVOAINRZ)EZBRITL TH ST )L 3 —)UER(S)-4)
ZRUIMET DI LK D AR —DTIFINEOEIN n=14. BXU 8 O b I IVE(S)-5)%
TNENUEPE 65-90% DINER TR, KIT. FIIME(ES)-B)EVFIAS T ZIVEAT 4 > &
DAYy TN ITRIBCEDERAT 4 RO BRERATZ. LE L, HUETEHRAT 4 KIZHE
ENT. KRR T 4 A I NIRRT 4 A F 2 RIE(S)-E L THEEX N, BEMICI.
TsOH IZ&X D MOM EZRRELZE, N roOs Sk RA T4 oAF T RE2BTCTBIE
THHYIDKRZX T 4 ME(S)-8)EART DI EMNTE/, (Scheme 3-1)

o

o
- +
O 0 CHO BrPhap/\(.,)Jnl\oEt OO N~ TOEt
Pd-CH, OMOM LAH

OMOM NaOEt
OMOM DMF, 0°C~rt EtOH/EtOAC/ OMOM THF, 0 °C~rt
OQ MeOH, 40 °C, O@
n=1-48
(S)-1

(8)-3

-



OH OTs
n B PhoPLi
OMOM TsCl, Pyridine OMOM
] O OMOM CH,Cl,, rt ‘ O OMOM THF, -78 °C
(S)-4

(S)-5
65-90%, 4 steps
o i

LR e, QO OLLI
OMOM TsOH-H,0 OO o HSIClg, EtaN 8an=1
OMOM CHZCl, 1t o “Toluene 50°C 8b:n=2
OO O@ OO 8c.n=3
(5)-6 (8-7 (518 8d:n=4
57-80%, 2 steps 49-81% 84:n=8

Scheme 3-1. Indroduction of alkyldiphenyl phosphine moiety to BINOL

HBREAR—Y —ITFDEKRAT 4 -BINOL 53 Fid. Me ETH#EEINE 3-3—R(9)-EF 7
= (99 PHEBKRLE. o-. m-. pMICE ROFUINEEZETEIROVEEF )T X
T )& 3-3— R-BINOL #FEELDNT T LAERHWERAR-EHWh Y T) DRI 7/
—IVBEES)-1ONEEZ, T —)VKEBEEE N TN A ORAY X)Lk BEKY TUET S
ZEZKD., MU TL—ME®-1)E/REZ, BEWT, )11 EPTTZIHRA T4 >AFHAR
EDNIPILTKDAY T PTKIEH. AFINEERFREL T, KA T4 >FF 2 R(S)-13)
ZEFE 65-72% Thilz, BBIC, RAT 4 UAF T REZBITTAHIECIVEMMDOERAT 4 >
-BINOL((S)-14)Z &L L 7= (Scheme 3-2),

o.
: OH 7 7
I %(0 | |
§

X
OMe Pd(PPhg)s, 1M KoCO3 aq OO oMo OH  T1,0, Pyridine

OMe THF, reflux OMe CH:Cla, 0 °Cwrt

(J

Phy(O)PH, Pd(OAc),,

O OTf  DPPB, iPrNEt

OMe DMSO, 100 °°C

SRS,
e2e
()

(S-9 (S)-10 (9)-1
7 I = ~ '
o N e
PPhy BBr. OO PPhy  HSICly, EtsN 00 PPh, ) )
OMe O : OH O 14a: o-substituted
OMe s gl e OH Toluene, 50 °C 14b: m-substituted
OO C@ OO 14c: p-substituted
(S)-12 (513 (S)-14
65-72% (4 Steps) 19-53%

Scheme 3-2. Indroduction of triphenylphosphine moiety to BINOL



3-2 fRIEAARF MBH KIS~ D R

BRLUIZT IIVFIVEE XA R—P—IZH T % phosphine-BINOL(8a-e)®® MBH K& BT B 1EM %
i L7z AR~ —DEIN n = 14 O 8a-d ITBNTIX. n=3 (8¢) DI FHS LB & Ve
HZERL, 1 &2 DRIBICBWT 10 HMET, 68% DILZFINR TA Y D345 5 /= (Table 3-1, entries
14), £z, TIVFILEHOEN n = 8 (8e) T, I SIIKIGHEDH EAH SN 10 AR TR
LT, T TERYMZEEZ DT ENGh o7z, LHLEBARS, WTFNIZBWLW THARFNRIIE
BTH 18% ee EENBDTHo, M) TFIVEKAT 4 & BINOL OEBRTIX. EEMITS
TIRELTHONDIENS, BEBKIUEESEIZ=Y MRS TAHRRCHEATEZIETHS
BEOAFBEEDOR LIIMRI N,

Table 3-1. MBH reaction catalyzed by phosphine-BINOLs containg alkyl spacer

OO N PPh,

N 3
é HJ\/\Ph — (5/\/\%

1 2 3
Entry n Time (days) Yield (%) Ee (%)
1 1 10* 8 3
2 2 10* 25 18
3 3 10" 68 6
4 4 10* 10 9
5 8 10 97 5

* Not completed

BoEIORUEHEBMR WRREZ 5 A BRI Lis-BuB:H &7 I)VFI#EAR—H—IC
49 % phosphine-BINOL (8a-c) NEFM L =SB ADEMFNMETo/2ET S, KIBEIREL
M EUZZS DDARFINRIIES 22% ee THFIE &R,
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Table 3-2. Enantioselective MBH reaction using functionalized BINOLs (S)-8a-¢ and Li(s-Bu)3BH

1 2 3
Entry n Time (days) Yield (%) Ee (%)
1 1 (8a) 3.5 90 1
2 2 (8b) 4 88 12
3 3 (8¢c) 2.5 85 22

—h. HFEREAXR—Y—IZHFTBEHRAT 4 2-BINOL 5F (14a¢) ZHWVEHEESICIE. AHS
BHBIUODFMEDES SEZHNTHHRIERT. KIS <#ET LM >~ (Scheme 3-3),

0
. j)\/\ (LiB(s-Bu)sH) OH
é o Ph  THE R 7 é/\/\”‘
1 2 3

Scheme 3-3. MBH reaction catalyzed by phosphine-BINOLs



BAE HHASWMEEARS FMIKICXSKH aza-MBH RGO R
4-1 TN X TDAFRA aza-Morita-Baylis-Hillman K i

aza-MBH &SI, afREaf1r b ET IV RA I U EDRB-REMAERRISETH D P, 2002
W O TR R F RIS O HIA#HE /. Shi*?, Adolfsson®®, Ll S O3 =N EnHT L
T 2AFT7hAoS FEEEREZAERS FREICHWTENZRRZ2HEL TWS (Scheme 4-
Do LML, XBHMEFINRELTNBED, MBEOTYAL ICEARDD, HriLnwys S
DANLAFABRD TREORHNZEN TS, £ T, SEARKR L =EH#D Tt aza-MBH

B 5# i rTRE RS 2175 T,

Shi
Ts
(o)} N/ (10 mol %) (o} NHTs
R)H « > R)‘\H/LR'
| H” R MeCNDMF
or CHoCly
R = Me, OMe R=Me; 50-80%, 46-99% ee
R =OMe; 58-87%, 70-83% ee
Adolfsson
Catalyst
(o] o (15 mol %) (o] NHTs
TsNH, + Ti(O-i-Pr)4 (2 mol %)
MeO * 2 A > MeO Ar
)k" H R THF, rt, MS 4A
’ 78-95%, 49-74% ee
Hatakeyama
Catalyst ,P(O)P
o) .P(O)Ph; . O HN s
FsC NI (10 mol %) FaC,
Yo e > " »o R
FaC | H” R DMF,-55 °C FoC

16-97%, 54-72% ee

Scheme 4-1. Asymmeric aza-MBH reaction using cinchona alkaloid derivative

EToaf-AEFANRZIAEEMELTERIRY NS 1) PZUIBAFIV (6), SAFIVTY
a7k (D, 72700tk 8) AFIEZINT KRS (9) & N-FI)p- 7Ry Xy
WTFTERAIY (10) EDRIEERIF L (Scheme 4-2).,
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e e

0

7 8

10 Cl

Scheme 4-2. aza-MBH reaction of o, f-unsaturated compound (1, 6-9) with tosylimine (10)

TDFER. RAT 4 > —BINOL filiht 9 & 10 @ aza-MBH Kt & (e 52 RN LE, £
DRE. MBEDORAT 4 > OB EIC L > THRIGHE, BRECKERENE SN, o-fEMRMET
BAFNRIL, 70% ee £TH ELZ (Table 4-1), 728, MEERELTMN) Iz VAR T 4
PDHERNEEE. 3 METRIGEETT2H0D, 10 OMAER N, WRIZTHEETH
27z (Entry 1). BINOL Z¥{RINT 25 ERIGEREFETFT2H00, 1 I ORMRITEZ 5o
7z (Entry 2), 7z, ARG, BT INVFIAXR—Y—%2E7F 5 phosphine-BINOL 4> F(8¢)TH

EFTTHHDD, AFINRITEMN > (24h,64%,5% ee),
Table 4-1. Enantioselective aza-MBH reaction catalyzed by phosphine-BINOLs

OO \\I‘Pphz
40

0 NTs (10 mol %) O NHTs
M"/um - THF, 0 °C Me .
10 (o] 1 (o]}
Entry Organocatalyst Time (h)  Yield (%) Ee (%)
1 PPhs (10) 3 70 -

2 (S)-BINOL+ PPhg 4 75 1
________ (10mol%+10mol%) .
3 p-substituted 12 88 1
4 m-substituted 18 93 5
5 o-substituted 20 62 70




42 FHOBREL

aza-MBH S IZE WAFFEAEZ R L /= o-phosphine-BINOL i[ZDW T, £, KINEH O
HEZfr>7z (Table 4-2), ZTOFEHR. KINEEH: & U TIX diethyl ether, --BuOMe, DME, THF D k& >
BI=FTINROBRZEZAVEZHEEICRVERIBFON, T—F IO TH LRI
Td % diethyl ether, --BuOMe % i W= 58, RAENRBON ENR 51/~ (Entries 14),

Table 4-2. Effect of solvent

0 NTs (10 mol %) O NHTs
Me/um ' H Solvent, 0 °C Me o
10 c  20h 11 cl
Entry Solvent Yield (%) Ee (%)

1 Et,O 44 79

2 -BuOMe 72 82

3 DME 54 67
. THE ] 62 (N

5 toluene 24 56

6 CH,CI, 36 45
7 MeCN 34 21

8 MeOH 38 48

9 DMF 22 29

RiZ, RIGREDOHRICDONWTREITZFT> /= (Table 43), VIR TIX. 10 DRI Z D,
WNROETFNE SN/ (Entry 1), 20CTiX 10 OHRIZR S NT . RAFNRIZEDSE LR FINR
T RHosn (Entry 3), UL, 20C TIMEFENROE TRR Sz,



Table 4-3. Effects of temperature

OO hz

96

o NTs (10 mol %) O NHTs

+ >
Meﬁ HJ\@\ +BuOMe, Mem
9 10 cl Temperature 1 cl
Entry Temperature Time (h)  Yield (%) Ee (%)
1 rt 7 61 62
2 0 20 72 82
g -20 40 38 89
4 -40 80 19 88

ARSI BT DNRETOHRERD—=DTH DA I U EOFHONRIT. KIBRNICTHEET M
BOKDEERLTVDOTRABWNAEEZ, EbFad——TZX (MS) ORMEBPRER
U7z (Table 44). SA ZIHRMUZHEDH, HTOFNROM LIZESNZHDD, KPR
IZX9 5 MS ORIZH DB ENah-o =,

Table 4-4. Effect of molecular sieve (MS) as additive

OO "2

96

o NTs (10 mol %) O NHTs
+
Me/“m H +BuOMe, Me”
-20°C, 40 h cl
10 MS (100 mg/mmol) 11
Entry MS Yield (%) Ee (%)
1 none 38 89
2 3A 35 87
<) 4A 39 89
4 5A 49 87




KT, HEOBWENRICDOVWTRIL (Table 4-5), ZNETORIGEEE 0.5 M T > T
7ZZ(Entry 1), RISRED OCTEENMEREORAT TR, RIEKRTETEMMETS OD, 1
IUDHMIFELEAERSNTEHNRTHERYNE SN/ (Entries 1-3), KIiHh%E-20C TS & &
PR, ENERRANCAIERERT D Z EN00 o7 (Entry 4),

Table 4-5. Concentration of substrate

o NTs (10 mol %) O NHTs
+
Me)HI HJ\@\ t-BuOMe, Me)m
9 1070 % 11 c
Entry Concentration (M) Time (h) Yield (%) Ee (%)
1 0.5 24 85 83
2 0.2 40 88 80
3 0.05 72 93 83
43 0.05 144 88 91

2 carried out at - 20 °C

LA EDOBEHHER D S A RINIX, 20CF, B -BuOMe H, HEMBEZ 0.05M 12T D RH:DE
WTH D ENGh o7z,

4-3 NWHEOKIE

42 TRIBDRBEBRUGEZRETELZDT, RICRETH21IOFBFREOBREHRICD
WTHKRE 217> 72 (Table4-6), p-MICETFREIETHAZNOF O NEBERLZ1 I TIEF<Cl<Br
DMV RIEHED R LR S /= (Entries 24), £7z, EFH5%EED Me, Bt TIIRIEHEDEL W
EERR SN/ (Enteis 1, 89), p-. m-. o-fLOBBRMENRTIE. mALICEREEZETIHEICH
WTDAIEE, AENBOME TN SN/ (Enties 3, 10, 12). NO, Z2FHBFRICH T3 HEIT.
[ISED B o /2. (Entries 5,11), €Z T, p- BEY mALIiZ NO, BRERZ2HTH 1 I KicxL
Tid, AOCTHRINZEToETA. ETOARFRRDF EAH SN/ (Scheme 4-2),
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Table 4-6. Enantioselective aza-MBH reaction catalyzed by phosphine-BINOL

OOO

PPh,
o NTs %) O NHTs
Me/Um + HJ\@ t-B:::\él:e. Me Y \\
9 10 R 11 R
Entry R Time (days) Yield (%) Ee (%)
1 H 9 97 87
2 p-F 7 Quant. 89
3 p-Cl 6 88 91
4 p-Br 4 87 92
5 p-NO, 2 95 82
6 p-OMe 9 88 95
7 p-CN 6 91 78
8 p-Me 10 82 89
9 p-Et 8 Quant. 93
10 m-Cl 7 87 77
11 m-NO, 3 Quant. 62
12 o-Cl 6 96 92
oo
o NTs %) O NHTs
vy *@ Sl B O
9 10 R 11 R
R = p-NOy; 88%, 87% ee (4 days)
Scheme 4-2. m-NOa; 92%, 73% ee (6 days)
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4-4 FTHBHRICE T ERYOABIREDORE MR

HFHNIRAT 4 2-BINOL HH#D TREEMHETZH T, FH LML T, 2003 4T Shi 5
i FIOTHFIIRBIBAT 4 2 RERD T2 W azaMBH RIBICDWTHELTWS P,
Z DM, fAFES Ik > THRBE Nz 2-diphenylphosphino-2’-methoxy-1,1’ -binaphthyl (MOP)®
BRTEETH S ., Shi 513, R OEMAFEHTHHEHD TN S, (S)-AEDERYIES
NBZEZH/ELTWS (Scheme 4-3), OO

PPh,
OH
L w
0 NTs (10 mol %) O  NHTs
+
X X
9 10 R 11 R
26-85%
76-94% ee

Scheme 4-3. aza-MBH reaction using the chiral phosphine

EHOERY OMENICHEIL, FEBRIC Shi 5 OffE (BINOL #&i2% § i) 28RLT. RKIS&E
TR DFFHTT— 5 % KT 5 2 ETREL . 20CF. B -BuOMe o, EBEMEEZ 0.05M TK
IBETo /2, TORER, R4 OMEIZ. 2 TOERYOMNEES Shi & DOMBDOEHA SN T
b7z (Scheme 4-4), /=, EFEDOHBES TMEIX, Shi SOMEL TVBMBELIDBHEL DB
By ERYOIZEIER, RENBEBITEMN D,

i NTs (10 mol %) O NHTs
+
Me)‘\” H | \\ +BuOMe, -20 °C Me * | R
~ N > -,
9 10 R 1 \R
C SO
QI Fen, pon,
oo 9®
82-100% 70-91%
62-95% ee (S) 19-95% ee (R)
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HE LShio O S TIX, Fl—OMIAK 28525 ERY OVARLEICIE. HENR SN,
AR DAENEC BN, Figure 3-212579 K 5 syn-1, anti-1, syn-2, anti-20DEFEEO REEIIER S 1
e, BMBMETHRAT 4 2=y "B IEET B T & Tsyn-1, anti-VEN SIESHEDS, syn-2, anti-2
ENSEREERD, £I T, EELSHLOMBELDELICHBNT, NEBEOREENERT S
HEMAEDAE & O T % )L F—7 % Universal Force Field (UFF) 2 AW TEHE T3 Z & TRFRBE OB
BIZOWTERTDZ &Il

Figure 4-1. Reaction intermediate of MBH reaction

. HO

_ s

.SO,Ph >
N? Ph,P

o “H
M(k{%TH\
s/

Syn-1
\
Y
O N (0] N
Product Me)‘\“)\Ph Me)j\l‘/\Ph
8y (R)-

Shi & DMBIE. syn-2 KEDHEENLEEEZEZ SN, ERVNER R ATHBHZEEH—K
U7z (Figure 43-1), &EZATEEDARLEZFRAT 4 ~-BINOL HHEH FMEEE. 7L A5y
REEMEZ L TH< E ROFIEE2TDHT S, BINOL O 2 MOKEEHE P RGEFRL-HEE
D, 2 OKEILEPREEEBKRLESEXDBREEEZ SN, FTH syn-1 4£& BINOL
D 2 fLOKEEEE TR E N -HPRENRDLETH D MBI NS (Figure 4-3-2), EBE. T
HEENSBONDSERMESETHOERFELRN—FERLE,
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Figure 4-2. Investigation of stable conformation of reaction intermediate using Universal Force Field (UFF)

Phosphine Catalyst O

90 I B,
PPh, #~\ 2-0H
99 g
_ ﬂExperiment
Experiment
N
O N ?
Me)klr:\Ph Me)j\n/kph
(R (8)
lu.
ﬂ Calu. ﬂ Calu

Syn-1: 396 (kcal/mol
Syn-1: 395 (kcal/mol) ’%;7713(_)]
Anti-1: 364 2-0H)< ‘syn-z aa7

Syn-2.350 Anti-2: 413
Anti-2: 425 =

" Syn-1: 437 (kcal/mol)
Matched " Anti-1: 418
a2l g Syn-2: 418
| Anti-2: 411

Matched
Figure 4-3-1 Shi's catalyst Figure 4-3-2  Our catalyst

Blue: N, Red: O, - S, Purple: P, C

34



HERZHR A T4 -BINOL Okt ROFTHO—DOERBLAEMBESRTEIET. —DODOKEE
HEOMRITONWTHRI L=, (9-15 2 HFEEFERNC, £3°. TBDPS % TBAF ok D Bk,
KEEEZ Me (ET 2 ETO)-17 NEW=, BEOWTHAR-EWAY S ICEOFRA T4 o FF

YA REDAY T D TRET. KD(G)-14 ERBROBRBICHN, BHETS (522 28R L
7= (Scheme 4-5),

O.

O e COL v COX. 20

OMOM Pd(PPhg),, 1M K;CO3 aq
OTBOPS tur ;p O O OH Acetone, rt C O OMe THF, reflux
(9)-15 (S)-16 (817

60%, 2 Steps

1,0, Pyridine O@ on  PhNOM, Pd(OAc),, O@ 'i.g')""z _ TsOHHO

OMOM DPPB, i-ProNEt
CHgCly, 0 °C~rt

P(O)Ph
OH( )Ph2

OMe
DMSO, 100 °C cnzmz =

(S)-19 (S)-20 (S)-21
90%, 2 Steps 42%, 2 Steps

HSICl3, EtsN 00 PPh,

Toluene, 50 °C l OMe

58% (S)-22

Scheme 4-5. Synthesis of 2'-mono-methyl-phosphine-BINOL ((S)-22)

£z, 2-0Me KD EERIX. (5)-16 D 2D KEEEZ MPM B THEL T, 2 1O MOM H:% Me
HATEW. Scheme 4-5 1R L 72(5)-22 EIFIEFRBEDFIET (5)-30 2R L 7= (Scheme 4-6),

clmou MPMCI. Nal, K,zco;, CO omom  TEOH H20 _Mel, K;C05
O O OH  Acetonert OMPM  Crgciprt ori Acetone, 40°C oreth

(S)-16 (S) 24

Pd(PPhg)s, 1M K2CO3 aq
THF, reflux

76%, 3 Steps

PhoP(O)H, Pd(OAc),,

Tf,0, Pyridine DPPB, i-ProNEt

CH,Cly, 0 °Cnrt DMSO, 100 °C
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w O ,.,,,, wwopen I hz

CH,Cly:H,0, rt OMe Toluene, 50 °C OH
Gl 0

Ca 18%, 5 Steps (5)-20

Scheme 4-6. Synthesis of 2-mono-methyl—-phosphine-BINOL ((S)-30)

Scheme 4-7 [TRT KD, BRULEETNENDOE ) AFIVEEERS TS L TRHWEEZ
5, BIRBEWRERDBEG O N, (922 ZHWESE, RISOETILELS, £24RY QMBI
S THhol. —7H. (530 ZHWEEEITIE, KISEom ENR SN, ERYOMEAELEIX Shi S
DHELTHWDMBEELFEL R Lao7z, EFEOHERS TR TIX. ZD0OKBED S B RERE
WRIL THX, 2-OH OB GRS BEEL TWBZ EMWRBEINSE, UL, EBIX, mA 74>
AL EZDDT o/ — )V OEBIEHEALERIC K D KISPEITL TNBEE I TV,

Phosphine catalyst
(10 mol %) O NHTs
<l A
Cl
(o 5 M) 11

OQO L

PPh, PPh,

OO OH O@ OH

90%, 70% ee (R) 62%, 83% ee (R)
(10 h) (24 h)

85%, 83% ee (S) 83% ,59% ee (S)
(24 h) (48 h)

Scheme 4-7. Role of phenolic hydroxy group in aza-MBH reaction

4-6 X&¥

K OTEENDEBRIRWRMEORRBEZBEEL T, F—2FRIIVA AEEMEEZRTEAT 4 >
BERREETV ATy FEBEEEZRT 7 /) —IVKBEEETHHES TR O ZFT, MBH
IR T 5 B S HEEA B T OB TR Uz, /2. &R LIEHRZX T4 2-BINOL &
W TR, aza-MBH RISICHBWNT, EWIEEZERL, KIZ, -BuOMe S, 20C T, &
PN DEBIRIICERN E 5 XD EMHENER S =,
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SBRORHA

“hl. BRUZHFRIZHNAT 4 >-BINOL A#5 T3, K% MBH & %Wid aza-MBH Kt
WHRD TEWEMEZR Uz, Al eEHA T, AERARSEREZHVTIC, L RXR
Y. RS, BREREOHEPHELZARTEREEIONS, £z, TRNETHREH DRV
TRAF MBH RIGNDREBHP. 2 EEd 2 2 & CHFIH TR H7 BR300 M BUR A ki o
A DNTHIZEL T RTFIuIR s £,

TR A AEEPALE L TTY I U 2ATBHH T I 2 -BINOL A HSH T D& R IR
UZz. il B R ORIEREOBRBEILIC DOV TIRRMERL TVWSHDD, KA 74 >-BINOL
iz WSS E TR, ERYOVENRPIET S Lo ZRIKEVWAR BB ON TS, £
REAEED ML RE, ChDSEITBEZFLLAFMEDOHNBTHD., 4B —DODEKE
Bo T ZEITHFEL=N,

soare

ool
0 . NTs Amine-BINOL o ’?‘HTS
Me)Hl H (10 mol %) Me >
CHuCly, 1t (R)
10 7 days 11

41%, 73% ee
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Experimental section

THE, diethyl ether and CH,Cl, were distilled prior to use over sodium and benzophenone, and CaH,,
respectively.  Anhydrous MeCN MeOH, t-BuOMe, CHCl;, CICH,CH,Cl, CPME and toluene were
purchased from Kanto Chemicals, Kishida Chemicals, or Aldrich. The following reagents are commercially
available: MeAl; (1.0 M in Hexane), n-BuLi (1.6 M or 2.5 M in Hexane) were purchased from Kanto. The 2-
cyclopentn-1-one, BH; THF (1.0 M in THF) LiBEt;H (1.0 M in THF), LiB(s-Bu);H (1.0 M in THF), boronic
acid pinacol ester, diphenylphosphine oxide, MPMCI, Pd(OAc),, i-Pr,NEt from Aldrich, La(O-i-Pr); from
High Purity Chem. Lab. Co. Ltd, p-tolenesulfonamide, trifluoromethansulfonic anhydride from nacalai
tesque. The 2-cyclohexen-1-one, TMSBr from ACROS The 3-hydrocinnamaldehyde, tributylphosphine,
diphenylphosphine, p-toluenesulfonic acid, monohydrate, DDQ from TCI, iodomethane, LAH, NaH from
Kishida Chemical, Celite (No. 500) from Wako. Column chromatography was performed on Kanto Silica
Gel 60 (40-100 mm). 'H-NMR and “C-NMR spectra were recorded on JEOL JNM-EX270 (‘H-NMR 270
MHz, “C-NMR 67.7 MHz). Chemical shifts are reported in ppm (), coupling cinstants, J are reported in Hz.
IR spectra were obtained with SHIMAZU FTIR-8300 instrument. Optical rotations were measured with
JASCO DIP-370 Polatimeter. Enantiomeric excess were determined by HPLC analysis equipped with a

chiral sationary phased column.

Catalytic enantioselective MBH reaction promoted by heterobimetallic catalyst with Bu,P
General procedure

To a solution of heterobimetallic catalyst (ALB, LLB, BSB, BLB) (16 mol %) in THF (0.5 mL) were added
2-cyclopenten-1-one or 2-cyclohexen-1-one (1 or 4, 0.5 mmol), 3-hydrocinnamaldehyde (2, 98.8 mL, 0.75
mmol) and tributylphosphine (12.5 ml, 0.05 mmol) at room temperature. The mixture was stirred until the
reaction had reached completion by monitoring with TLC analysis. The mixture was diluted with 0.5 ml of
n-hexane, and purified by flash column chromatography (n-hexane/ether = 1/1) to give the adduct 3 or 5 as a
colourless oil. The adduct was identical in all respects with 'H- and *C-NMR spectra reported by Fu and
co-workers (Org. Lett. 2001, 3, 295-4298).
3; 'H-NMR (CDCLy): & 7.43 (1H, dt, J = 1.1 and 2.4 Hz), 7.15-7.32 (5H, m), 4.49 (1H, O OH
dd, /= 5.9 and 7.0 Hz), 2.81 (1H, ddd, J = 5.1, 7.0 and 7.8 Hz), 2.67 (1H, ddd, J= 7.0, é)\/\Ph
7.8 and 8.1 Hz), 2.58-2.64 (2H, m), 2.42-2.46 (2H, m), 2.02 (1H, dd, J = 6.5 and 8.1
Hz), 2.01 (1H, dd, J = 6.8 and 8.4 Hz); C-NMR (CDCL):  209.6, 158.0, 147.5, 141.4, 1282, 128.1, 125.6,
66.8, 37.1, 35.2, 31.5; The enantiometic excess of adduct was determined by chiral stationary phase HPLC
analysis. (DAICEL CHIRALPAK AS column, detection at 254 nm, i-PrOH/n-hexane = 1/9, flow rate 0.5
ml/min, 22.3 min (minor isomer, R) and 34.6 min (major isomer, S).

Purified by flash column chromatography (n-hexane/ether = 1/1) to give the adduct §.
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5; 'H-NMR (CDCL): 8 7.29-7.12 (5H, m), 6.83 (1H, dd, / =84 and 46 Hz), 430 (1H, © OH
dd,/=9.1and 5.1 Hz), 2.79(1H,ddd,J=9.7,6.8and 6.2 Hz), 2.64 (1H, ddd, J = 9.2, Ph
7.0 and 6.8 Hz), 2.42-2.33 (6H, m), 2.08-1.83 (6H, m); *C-NMR (CDCL,): & 200.4,

145.9, 141.7, 140.5, 128.3, 1282, 125.6, 387, 32.6, 32.2, 25.7; The enantiometic excess of adduct was
determined by chiral stationary phase HPLC analysis. (DAICEL CHIRALPAK OD column, detection at 254
nm, i-PrOH/n-hexane = 1/9, flow rate 0.3 ml/min, 34.9 min (minor isomer, R) and 42.9 min (major isomer,

S).
Synthesis of 3-substituted-BINOLSs

(8)-3-Methylthio-1,1'-binapththyl-2,2’-diol

dark red solid; mp 88-89 °C; 'H-NMR (CDCl,):8 7.90 (1H, d, J = 8.9 Hz), 7.86 (1H, s), 7.82 @ she
(1H, d, J = 8.1 Hz), 7.77 (1H, d, J = 7.8 Hz), 7.34-7.18 (5H, m), 7;06 (2H, d, J = 8.4 Hz), g:
5.90 (1H,br s), 4.92 (1H, brs), 2.53 (3H, s); HRMS (ESI) calcd for C,,H;NaO,S, 355.0769 OO
[(M+Na)'}; found, 355.0733.

(5)-3-Iodo-1,1'-binapththyl-2,2’-diol

dark red solid; mp 52-53 °C; 'H-NMR (CDCl,):4 8.53 (1H, s), 7.98 (1H, d, J = 8.9 Hz), 7.89 OO !
(1H, d, J = 7.8 Hz), 7.80 (1H, d, J = 7.8 Hz), 7.41-7.29 (5H, m), 7.12 (1H, d, J = 6.7 Hz), g:
7.09 (1H, d, J = 8.1 Hz), 5.53 (1H, brs), 4.97 (1H, brs); C-NMR (CDClL,;):d 152.3, 150.6, CO
140.4, 133.3, 133.0, 1314, 130.7, 1293, 1283, 1278, 1274, 1272, 127.2, 1247, 1244,

124.0, 117.7, 111.7, 111.4; HRMS (ESI) calcd for C,H,5INaO,, 434.9858 [(M+Na)']; found, 435.9847,;
[a]5*°—95.3° (¢ 0.4, CHCL,).

(5)-3-Pentyl-1,1'-binapththyl-2,2’-diol

'H-NMR (CDCL):d 7.98 (1H, d, J = 8.9 Hz), 7.90 (1H, d, / = 7.5 Hz), 7.84 (1H,d, /=78 e
Hz), 7.81 (1H, s), 7.41-7.24 (5H, m), 7.14 (1H, d, J = 8.6 Hz), 7.08 (1H, d, J = 8.6 Hz), OO OH
5.09 (1H, br, s), 5.08 (1H, brs), 2.88 (2H, t, / = 7.5 Hz), 1.88-1.73 (2H, m), 1.46-1.39 (4H, OO OH
m), 0.93 (3H, t, J = 6.7 Hz); "C-NMR (CDCL,):5 152.6, 151.7, 133.3, 131.9, 131.6, 129.8,

1294, 1283, 127.6, 1273, 1263, 124.1, 123.9, 123.8, 123.8, 117.6, 111.2, 110.3, 31.7, 30.9, 294, 22.7,
14.2; HRMS (ESI) caled for C,sH,,NaO,, 379.1674 [(M+Na)'], found, 379.1663; [a],”® —37.8° (¢ 0.2,

CHCL).
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Synthesis of phosphine-BINOLSs ((S)-8)containing alkyl chain as a spacer

Synthesis of (§)-2(n=1~4,8)
To a solution of phosphonium salt (3 eq) (prepared from triphenylphosphine and

n-bromo alkyl ethyl ester) in DMF (5 ml) was added NaOEt (3 eq) and was
stirred for 0.5 h at O °C. The mixture was added to solution of (5)-1 *? (0.5 mmol) OO
in DMF (2 ml) at same temperature, and warmed to room temperature. The

reaction mixture was purified directly by flash column chromatography (n-hexane/ether = 1/1) to give the
title compound (S)-2. _

n = 1; 'H NMR (CDCL);d 7.95 (1H, d, J = 9.2 Hz), 7.92-7.84 (2H, m), 7.87 (1H, s), 7.57 (1H, d, J = 9.2 Hz),
7.41-7.16 (6H, m), 6.80 (1H, d, J = 11.6 Hz), 5.83 (1H, dt, J = 7.0 and 11.6 Hz), 5.14 (1H, d, J = 6.7 Hz),
5.01(1H,d,J=6.7Hz),4.64 (1H,d, /= 5.7 Hz), 4.59 (1H, d, /= 5.7 Hz), 4.15 (1H, q, J = 7.3 Hz), 3.16 (1H,
s), 2.78 (1H, dt, J = 7.5 and 7.3 Hz), 2.62 (1H, s), 2.46 (1H, t, J = 7.5 Hz), 1.24 (3H, t, J = 7.3 Hz); HRMS
(ES]) calcd for C;,H;,NaOQg, 523.2097 {(M+Na)]; found, 523.2089.

n = 2; 'H-NMR (CDCL):8 7.94 (1H, d, J = 89 Hz), 7.85 (2H, d, J = 9.1 Hz), 7.83 (1H, s), 7.57 (1H, d, J =
8.9 Hz), 7.38-7.15 (6H, m), 6.76 (1H, d, J = 12.1 Hz), 5.85 (1H, dt, / = 7.0 and 12.1 Hz), 5.13 (1H,d, /= 7.0
Hz), 5.01 (1H, d, J = 7.0 Hz), 465 (1H, d, / = 5.7 Hz), 460 (1H, d, J/ = 5.7 Hz), 4,12 (1H, q, J/ = 7.0 Hz),
3.16 (1H, s), 2.61 (1H, s) 2.48 (2H, dt, J = 7.0 and 7.3 Hz), 2.33 (2H, t, / = 7.3 Hz), 1.77-1.55 (4H, m), 1.24
(3H, t, J = 7.0 Hz); HRMS (ESI) calcd for C3,H;,NaOg, 537.2251 [(M+Na)']; found, 537.2191.

n = 3; '"H-NMR (CDCL):8 7.95 (1H, d, J = 9.1 Hz), 7.88 (1H, d, J = 9.1 Hz), 7.84 (1H, s), 7.57 (1H, d, J =
8.9 Hz), 7.15-7.59 (6H, m), 6.76 (1H, d, J = 11.9 Hz), 5.84 (1H, dt, / = 6.7 and 11.9 Hz), 5.14 (1H, d,J =7.0
Hz), 501 (1H, d, J = 7.0 Hz), 4.66 (1H, d, J = 54 Hz), 460 (1H, d, / = 54 Hz), 4,12 (1H, q, J = 7.0 Hz),
3.16 (3H, s), 2.60 (3H, s), 248 (2H, dt, J = 6.7 and 7.0 Hz), 2.30 (2H, t, / = 7.0 Hz), 1.77-1.52 (6H, m), 1.24
(3H, t, J = 7.0 Hz); HRMS (ES]) calcd for Cy3H;¢NaOg, 551.2410 [(M+Na)*}; found, 551.2423.

n = 4; "H-NMR (CDCL): 8 7.92 (1H, d, J = 8.6 Hz), 7.83 (1H, d, J = 8.9 Hz), 7.82 (1H, s), 7.55 (1H, dd, J =
8.6 and 1.2 Hz), 7.35-7.12 (6H, m), 6.75 (1H, d, J = 11.6 Hz), 5.80 (1H, dt, /= 7.0 and 11.6 Hz), 5.11 (1H, 4,
J=7.0Hz), 500 (1H, d, /= 7.0 Hz), 463 (1H,d, J= 57 Hz), 459 (1H,d, J =57 Hz), 410 (1H, q, /=73
Hz), 3.14 3H, s), 2.67 (3H, s), 2.42 (2H, dt, / = 7.5 and 7.3 Hz), 2.25 (2H, t, / = 7.3 Hz), 1.40-1.24 (8H, m),
1.23 (3H, t, J = 7.3 Hz); HRMS (ESI) calcd for Cy;H;gNaOg, 565.2566 [(M+Na)*]; found, 551.2604.

n = 8; '"H-NMR (CDCL):d 7.92 (1H, d, J = 9.2 Hz), 7.84 (2H, d, / = 8.9 Hz), 7.82 (1H, s), 7.55 (1H, d, J =
9.2 Hz), 7.38-7.13 (6H, m), 6.72 (1H, d, / = 11.3 Hz), 584 (1H, dt, J =73 and 11.6 Hz), 5.11 (1H,d, J = 6.7
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Hz), 499 (1H, d, J = 6.7 Hz), 464 (1H, d, / = 54 Hz), 460 (1H, d, / = 54 Hz), 4.10 (1H, q, J = 6.7 Hz),
3.14 (3H, s), 2.58 (3H, s5), 2.41 (2H, dd, J = 7.3 and 7.3 Hz), 2.26 (2H, t, J = 7.0 Hz), 1.55-1.18 (18H, m),
1.20 3H, t, J = 6.7 Hz); HRMS (ESI) calcd for C3gH,NaOg, 621.3192 [(M+Na)*]; found, 621.3242.

Synthesis of ($)-3(n=1~4,8)
To a solution of (5)-2 (0.5 mmol) in EtOH (2.5 ml), EtOAc (2.5 ml), MeOH (0.1
ml) was added Pd-C (cat.) followed by H, at room temperature. The mixture was
warmed to 40 °C for 2h. The filterate though by Celite, washed EtOAc,

evaporated in vacuo. The residue was purified by flash chromatography (SiO,,

EtOAc/n-hexane = 1/4) to give the title compound (S)-3.

n = 1; 'H-NMR (CDCL):8 7.95 (1H, d, J = 9.2 Hz), 7.86 (1H, d, J = 10.2 Hz), 7.82 (1H, d, J = 8.6 Hz), 7.78
(1H, s), 7.58 (1H, d, J = 8.1 Hz), 7.38-7.15 (6H, m), 5.11 (1H, d, J = 7.0 Hz), 5.03 (1H, d, / = 7.0 Hz), 4.59
(1H, d, J = 5.7 Hz), 450 (1H, d, J = 5.7 Hz), 4.12 (1H, q, J = 7.0 Hz), 3.17 (3H, s), 2.92 (3H, s), 2.91 (3H,
m), 2.40 (2H, t, J = 7.0 Hz), 1.84-1.82 (4H, m), 1.27 (3H, t, / = 7.0 Hz).

n = 2; '"H-NMR (CDCL): 8 7.95 (1H, d, J = 9.2 Hz), 7.86 (1H, d, / = 9.7 Hz), 7.83 (1H, d, J/ = 9.2 Hz), 7.78
(1H, s), 7.58 (1H, d, J = 8.9 Hz), 7.39-7.15 (6H, m), 5.11 (1H, d, / = 6.7 Hz), 5.03 (1H, d, J = 6.7 Hz), 4.59
(1H,d,J =59 Hz), 450 (1H, d, / = 59 Hz), 4.12 (1H, q, / = 7.0 Hz), 3.18 (3H, s), 2.92 (3H, s), 2.91 (2H, t,
J="713Hz),234 (2H,t,J =73 Hz), 1.89-1.43 (6H, m), 1.24 (3H,t, /= 7.5 Hz).

n=3; '"H-NMR (CDCLy) : § 7.95 (1H, d, J = 9.2 Hz), 7.86 (1H, d, / = 8.1 Hz), 7.82 (1H, d, / = 9.2 Hz), 7.78
(1H, s), 7.58 (1H, d, J/ = 9.2 Hz), 7.34-7.12 (6H, m), 5.10 (1H, d, J/ = 6.7 Hz), 5.03 (1H, d, J = 6.7 Hz), 4.60
(1H,d, J=5.4Hz), 4.51(1H, d, J = 54 Hz), 412 (1H, q, / = 7.0 Hz), 3.18 (3H, s), 2.92 (3H, s), 291 (2H, t,J
=7.0Hz), 231 (2H, t,/=7.0 Hz), 1.89-1.43 (6H, m), 1.25 (3H, t, / = 7.0 Hz).

n = 4; '"H-NMR (CDCL;):5 7.88 (1H, d, J = 9.2 Hz), 7.79 (1H, d, J = 8.6 Hz), 7.75 (1H, d, J = 9.4 Hz), 7.71
(1H, s), 7.50 (1H, d, J = 9.2 Hz), 7.30-7.04 (6H, m), 5.03 (1H, d, J = 7.0 Hz), 4.96 (1H, d, J = 7.0 Hz), 4.53
(1H,d,J =5.7 Hz), 444 (1H, d, J = 5.7 Hz), 405 (1H, q, / = 7.3 Hz), 3.11 (3H, s), 2.84 (3H, s), 2.84 (2H, t,
J =6.5Hz), 223 2H, t, J = 7.5 Hz), 1.73-1.21 (12H, m), 1.18 (3H, t, J/ = 7.3 Hz); HRMS (ESI) calcd for
C,,HyoNaOg, 567.2723 [(M+Na)*']; found, 567.2732.

n = 8; 'H-NMR (CDCl,):5 7.88 (1H, d, J = 8.9 Hz), 7.79 (1H, d, J = 89 Hz), 7.75 (1H, d, J = 9.4 Hz), 7.71
(1H, s), 7.50 (1H, d, J = 8.9 Hz), 7.30-7.04 (6H, m), 5.03 (1H, d, / = 6.7 Hz), 496 (1H, d, J = 6.7 Hz), 4.53
(1H,d,J = 5.4 Hz), 444 (1H, d, J = 54 Hz), 4.05 (1H, q, / = 7.3 Hz), 3.11 (3H, s), 2.84 (3H, s), 2.84 (2H, t,
J=75Hz),221 2H,t,J=7.5Hz), 1.73 (2H, dd, / = 7.3 and 7.0 Hz), 1.54-1.02 (18H, m), 1.18 3H, t, J =
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7.3 Hz)

Synthesis of (§)-4 (n=1~4,8)

To a solution of (§5)-3 (0.5 mmol) in THF (5 ml) was added lithium aluminum
hydride (1.5 eq) for 30 min at 0°C. The reaction mixture was quenched saturated
NH,CI aq. and extracted EtOAc. The combined extracts were washed brine, dried

(Na,SO,). The filtrate was evaporated in vacuo. The residue was purified by flash

chromatography (SiO,, Acetone/n-hexane = 1/3) to give the title compound (S5)-4.

n = 1; 'H-NMR (CDCL): 8 7.96 (1H, d, J = 89 Hz), 7.86 (1H, d, J = 9.4 Hz), 7.83 (1H, d, J = 6.2 Hz), 7.79
(1H, s), 7.58 (1H, d, J = 9.2 Hz), 7.38-7.15 (6H, m), 5.11 (1H, d, J = 5.4 Hz), 5.03 (1H, d, J = 5.4 Hz), 4.60
(1H, d, J = 54 Hz), 451 (1H, d, / = 54 Hz), 3.68 (2H, t, / = 6.2 Hz), 3.18 (3H, s), 2.93 (2H, t, / = 7.3 Hz),
2.92 (3H, s), 1.88-1.53 (6H, m); HRMS (ESI) calcd for C,0H;,NaOys, 483.2147 [(M+Na)*]; found, 483.2114.

n = 2; '"H-NMR (CDCL):8 7.95 (1H, d, J = 9.2 Hz), 7.86 (1H, d, J/ = 9.7Hz), 7.83 (1H, d, J = 9.7 Hz), 7.78
(1H, s), 7.58 (1H, d, J = 8.9 Hz), 7.38-7.12 (6H, m), 5.10 (1H, d, / = 6.7 Hz), 5.03 (1H, d, J = 6.7 Hz), 4.60
(1H,d, J =54 Hz), 4.51 (1H, d, J = 54 Hz), 3.66 (2H, t, / = 6.2 Hz), 3.18 (3H, s5), 291 (3H, 5), 2.91 2H, t, J
= 6.2 Hz), 1.83-1.44 (8H, m).

n = 3; 'H-NMR (CDCl;):3 7.95 (1H, d, J = 9.7 Hz), 7.86 (1H, d, J = 8.9 Hz), 7.82 (1H, d, / = 9.7 Hz), 7.78
(1H, s), 7.58 (1H, d, J = 9.2 Hz), 7.12-7.38 (6H, m), 5.10 (1H, d, J = 7.0 Hz), 5.03 (1H, d, J/ = 7.0 Hz), 4.60
(1H,d, J=5.7 Hz), 4.51 (1H, d, J = 5.7 Hz), 3.65 (2H, t, ] = 6.5 Hz), 3.18 (3H, s), 2.91 (3H, s), 291 (2H, t,J
= 7.0 Hz), 1.83-1.34 (10H, m); HRMS (ES]I) calcd for C;;H;¢NaOs, 511.2460 [(M+Na)*}; found, 511.2396.

n = 4; '"H-NMR (CDCL):d 7.93 (1H, d, / = 8.9 Hz), 7.84 (1H, d, J = 9.4 Hz), 7.80 (1H, d, / = 8.7 Hz), 7.76
(1H, s), 7.56 (1H, d, J = 9.2 Hz), 7.36-7.13 (6H, m), 5.08 (1H, d, / = 7.0 Hz), 5.01 (1H, d, / = 7.0 Hz), 4.56
(1H,d, /=54 Hz), 449 (1H, d, / = 5.4 Hz), 3.62 (2H, t, / = 6.5 Hz), 3.16 (3H, s), 2.89 (2H, t, / = 8.1 Hz),
289 (3H, s), 1.79 (2H, dt, J = 7.5 and 7.5 Hz), 1.55-1.30 (10H, m); HRMS (ESI) calcd for C;,H3sNaOs,
525.2617 [(M+Na)]; found, 525.2652.

n = 8; 'H-NMR (CDCL;):5 7.88 (1H, d, J =9.2 Hz), 7.79 (1H, d, J = 8.6 Hz), 7.75 (1H, d, J = 9.2 Hz), 7.71
(1H, s), 7.50 (1H, d, J = 8.9 Hz), 7.31-7.04 (6H, m), 5.03 (1H, d, J = 7.0 Hz), 4.96 (1H, d, J = 7.0 Hz), 4.53
(1H, d, J = 5.4 Hz), 445 (1H, d, J = 54 Hz), 3.56 (2H, t, / = 7.5 Hz), 3.10 3H, s5), 2.84 3H, 5), 2.84 (2H, t, J
= 7.5 Hz), 1.73 (2H, dd, J = 7.3 and 6.6 Hz), 1.54-1.02 (18H, m); HRMS (ESI) calcd for CseH,NaOs,
581.3243 [(M+Na)']; found, 581.3202.

42



Synthesis of (S)-5(n=1~4,8)
To a solution of (5)-4 (0.5 mmol) and pyridine (4 eq) in CH,Cl, (5 ml) was
added p-toluenesulfonyl chloride (2 eq) at 0°C, then the mixture was warmed to

room temperature and was then overnight. The mixture was quenched with water

and extracted with CH,Cl,. The combined organic extracts were dried (Na,SO,).
The filtrate was evaporated in vacuo. The residue was purified by flash chromatography (SiO,, EtOAc/n-
hexane = 1/4) to give the title compound (S)-5 (65-90%, 4 steps from (S)-1).

n = 1;'H-NMR (CDCL):8 8.07 (1H, d, J = 9.2 Hz), 7.97 (1H, d, J = 8.1Hz), 7.95 (1H, d, J = 9.7 Hz), 7.91
(1H, s), 7.86 (2H, d, J = 9.4 Hz), 7.69 (1H, d, J = 9.2 Hz), 7.51-7.23 (8H, m), 5.21 (1H, d, / = 7.0 Hz), 5.13
(1H,d, J=7.0Hz), 469 (1H, d, J = 57 Hz), 459 (1H, d, / = 6.5 Hz), 4.17 (2H, t, J = 6.2 Hz), 3.28 (3H, s),
3.02 (3H, s), 3.00 (2H, t, J = 6.2 Hz), 2.52 (3H, s), 1.93-154 (6H, m); “C-NMR (CDCL):d 152.8, 152.7,
144.5, 135.4, 133.9, 133.2, 132.6, 130.9, 129.7, 129.6, 129.6, 128.3, 127.8, 127.2, 126.5, 125.6, 125.4, 1253,
125.0, 124.7, 124.0, 121.0, 116.5, 98.9. 94.9, 70.5, 56.6, 55.9, 30.9, 29.8, 289, 25.5, 21.7, 21.1, 14.3; HRMS
(ESI) calcd for CssHzgNaO-S, 637.2236 [(M+Na)']; found, 637.2156; [a]y*® —35.2° (¢ 0.7, CHCL,).

n = 2; '"H-NMR (CDCL):d 7.95 (1H, d, J = 89 Hz), 7.86 (1H, d, J = 9.7Hz), 7.83 (2H, d, J = 9.7 Hz), 7.79
(1H,d, J =84 Hz), 7.75 (1H, s), 7.58 (1H, d, J = 89 Hz), 7.39-7.12 (8H, m), 5.10 (1H, d, / = 7.0 Hz), 5.02
(1H,d,J=7.0Hz), 458 (1H,d, J = 57 Hz), 449 (1H, d, J = 5.7 Hz), 404 (2H, t, J = 6.5 Hz), 3.17 (3H, s),
2.90 (3H, s), 2.89 (2H, t, J = 7.0 Hz), 2.43 (3H, s), 1.77-1.38 (8H, m); “C-NMR (CDCl,):d 152.8, 152.7,
144.4, 135.7, 133.8, 133.1, 132.5, 130.9, 129.7, 129.6, 128.2, 127.7, 127.2, 126.5, 125.5, 125.4, 1252, 124.7,
124.0, 121.0, 116.5, 98.9, 94.8, 70.6, 56.6, 55.9, 30.9, 30.2, 29.0, 28.9, 254, 21.6, 14.3; HRMS (ESI) calcd
for C3,H,oNaO-S, 651.2392 [(M+Na)*]; found, 651.2353; [a],*° —39.0° (¢ 0.7, CHCL,).

n = 3; '"H-NMR (CDCL):5 7.95 (1H, d, J = 8.9 Hz), 7.86 (1H, d, J = 9.7Hz), 7.83 (1H, d, J = 9.7 Hz), 7.79
(2H, d, J = 8.1 Hz), 7.76 (1H, s), 7.58 (1H, d, J = 9.2 Hz), 7.38-7.12 (8H, m), 5.10 (1H, d, J = 7.0 Hz), 5.02
(1H, d, J = 7.0 Hz), 4.59 (1H, d, J = 5.4 Hz), 4.50 (1H, d, J = 5.4 Hz), 4.03 (2H, t, ] = 6.5 Hz), 3.17 (3H, s),
291 (3H, s), 2.89 (2H, t, J = 7.0 Hz), 2.43 (3H, s), 1.79-1.35 (10H, m); C-NMR (CDCL):d 152.8, 152.6,
144.4, 135.8, 133.8, 133.1, 132.5, 130.9, 129.6, 128.2, 127.7, 127.1, 126.4, 125.5, 125.4, 125.1, 124.8, 124.6,
123.9, 121.0, 116.4, 98.8, 94.8, 70.6, 56.5, 55.8, 31.0, 30.9, 30.3, 29.4, 289, 28.8, 254, 21.6, 21.0, 14.2;
HRMS (ESI) calcd for CsgH,,NaO,S, 665.2549 [(M+Na)']; found, 665.2468; [a]p® ~26.5° (¢ 0.7, CHCL).

n = 4, '"H-NMR (CDCL):6 7.93 (1H, d, J = 8.9 Hz), 7.84 (1H, d, J = 8.9 Hz), 7.80 (1H, d, J = 9.4 Hz), 7.77
(1H, d, J = 89 Hz), 7.75 (1H, s), 7.56 (1H, d, J = 9.2 Hz), 7.36-7.23 (8H, m), 5.08 (1H, d, / = 7.0 Hz), 5.01
(1H,d, J=7.0Hz), 458 (1H, d, J = 54 Hz), 449 (1H, d, / = 5.4 Hz), 4.00 (2H, t, J = 6.5 Hz), 3.20 (3H, s),
2.85(3H, s), 2.85 (2H, t, /= 6.2 Hz), 2.41 (3H, s), 1.76 (2H, dt, J = 7.5 and 6.7 Hz), 1.65-1.15 (10H, m); “C-
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NMR (CDCL):8 152.8, 152.7, 144.4, 135.9, 133.2, 132.5, 130.9, 129.7, 129.6, 1283, 1277, 1272, 126.5,
1255, 125.5, 1252, 124.9, 124.6, 124.0, 121.1, 116.5, 98.9, 94.9, 70.6, 56.6, 55.9, 31.1, 30.9, 30.5, 29.6,
29.4, 29.0, 289, 254, 21.7; HRMS (ESI) calcd for CyH,NaO,S, 679.2705 [(M+Na)*]; found, 679.2705;
[a],2°~34.3° (c 0.4, CHCL,).

n = 8; 'H-NMR (CDCL):4 7.93 (1H, d, J =8.9 Hz), 7.83 (1H, d, J/ = 9.4 Hz), 7.78 (1H, d, J = 8.6 Hz), 7.77
2H, d, J = 84 Hz), 7.76 (1H, s), 7.50 (1H, d, J = 8.9 Hz), 7.31 (1H, d, J = 8.4 Hz), 7.35-7.09 (6H, m), 5.08
(1H,d,J=6.7Hz), 501 (1H, d, J = 6.7 Hz), 458 (1H, d, / = 54 Hz), 449 (1H, d, / = 54 Hz), 4.00 (2H, t, J
=6.5Hz), 3.15 (3H, s), 2.88 (3H, s), 2.88 (2H, t, / = 7.5 Hz), 2.44 (3H, s), 1.75 (2H, dd, J/ = 7.0 and 6.5 Hz),
1.61 (2H, dd, J = 7.5 and 7.0 Hz), 1.42-1.21 (16H, m); “C-NMR (CDCL):3 152.9, 152.7, 144.4, 136.1, 133.9,
133.2, 132.5, 130.9, 129.6, 129.6, 1283, 127.7, 127.2, 126.5, 125.5, 125.5, 125.1, 124.8, 124.6, 124.0, 121.2,
116.5, 98.9, 94.9, 70.7, 56.5, 55.9, 31.1, 30.9, 30.5, 29.8, 29.7, 29.5, 294, 29.0, 28.9, 254, 31.7, HRMS
(ESI) caled for C3Hs,NaO-S, 735.3331 [(M+Na)*]; found, 735.3295; [a],® —42.8° (c 0.4, CHCL,).

Synthesis of ($)-6 (n=1~4, 8)

| To a solution of PPh,H (2 eq) in THF (3 ml) was added n-BuLi (2 eq, 1.6 M in O O gth
hexane) at —78 °C for 0.5 h. The solution of (S)-8 (0.5 mmol) in THF (2 mil) OMOM

solution was added at same temperature, then was stirred for 0.5 h. The OO OMoM

reaction mixture was quenched with water and extracted with CH,Cl,. The

combined organic extracts were dried (Na,SO,). The filtrate was evaporated in vacuo to give the title crude

compound (5)-6.

n = 1; 'H-NMR (CDCL,):d 8.01 (1H, s), 7.94 (1H, d, / = 9.4 Hz), 7.85 (1H, d, J = 7.5Hz), 7.83 (1H, d, J =

6.7Hz),7.78 (1H, d, /=6.5Hz), 775 (1H,d, /= 73 Hz), 770 (1H, d, / = 6.5 Hz), 7.68 (1H, d, / = 7.8 Hz),

7.58-7.11 (13H, m), 5.08 (1H, d, J = 7.0 Hz), 5.01 (1H, d, J = 7.0 Hz), 4.56 (1H, d, J/ = 54 Hz), 4.45 (1H, 4,

J=5.4Hz),3.14 3H, s), 2.86 (3H, s), 2.84 (2H, t, J = 7.0 Hz), 2.38-2,23 (2H, m), 1.77-1.51 (6H, m); HRMS

(ESI) calcd for C,;H,NaOsP, 667.2589 [(M+Na)*]; found, 667.2563.

Synthesis of ($)-7 (n=1~4,8)
To a solution of crude (S5)-6 in CH,Cl, was added p-toluenesulfonic acid, O O < '|!. oh,
monohydrate (1.5 eq.) at room temperature for 0.5 h. The reaction mixture was OH
quenched with water and extracted with CH,Cl,. The combined organic OO OH
extracts were dried (Na,SO,). The filtrate was evaporated in vacuo. The residue
was purified by flash chromatography (SiO,, EtOAc/n-hexane = 4/1) to give the title compound (S)-7 (60-
80%, 2 steps from (S5)-5).
n = 1, white solid; mp 194-195 °C; 'H-NMR (CDCL):8 7.97 (1H, d, J = 8.4 Hz), 7.89 (1H, d, J = 9.2 Hz),
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7.81 (2H, d, J = 7.5 Hz), 7.73 (1H, s), 7.72-7.40 (12H, m), 7.38 (1H, d, J = 6.2 Hz), 7.32 (1H, d, J = 8.4 Hz),
7.31-7.21 (4H, m), 7.14 (1H, d, J = 9.4 Hz), 7.08 (1H, d, J = 7.3 Hz), 2.82 (2H, t, / = 7.5 Hz), 2.23 (2H, t, J =
8.4 Hz), 1.77-1.44 (6H, m); *C-NMR (CDCL+MeOH-d,):d 153.7, 151.6, 134.6, 132.9, 132.8, 132.5, 132.4,
131.5, 131.4, 131.0, 130.9, 130.8, 129.5, 129.2, 129.1, 1284, 127.8, 127.1, 125.9, 124.8, 124.7, 123.6, 123.5,
1185, 1140, 113.2, 31.0, 30.8, 30.1, 29.5, 29.1, 21.6; HRMS (ESI) caled for CyH,NaO,P, 579.2065
[(M+Na)']; found, 579.2087; [a],2° —40.7° (c 0.2, CHCL,).

n = 2; white solid; mp 84-85 °C; 'H-NMR (CDCL;):d 7.96 (1H, d, J/ = 8.9 Hz), 7.88 (1H, d, / = 8.1 Hz), 7.86
(1H, d, J = 7.5 Hz), 7.73 (1H, s), 7.75-7.63 (3H, m), 7.46-7.18 (11H, m), 7.13 (1H, d, J = 8.1 Hz), 7.08 (1H,
d,J=8.1Hz), 291 (1H, dt, J = 7.5 and 6.8 Hz), 2.78 (1H, dt, J = 8.4 and 7.5 Hz), 2.23-2.17 (2H, m), 1.79-
1.40 (8H, m); "C-NMR (CDCL,):5 153.0, 151.4, 133.7, 133.6, 132.1, 131.5, 131.1, 131.0, 130.8, 130.7, 130.6,
130.6, 129.6, 129.6, 129.5, 129.3, 128.6, 1284, 128.2, 127.5, 127.1, 126.1, 124.4, 124.2, 123.6, 123.6, 118.1,
111.5, 30.6, 30.3, 29.2, 29.1, 284, 21.3, 21.3; HRMS (ESI) calcd for Cy;gH;sNaO;P, 593.2222 [(M+Na)'];
found, 593.2299 [a],*° +16.7° (¢ 0.2, CHClL,).

n = 3; white solid; mp 78-79 °C; 'H-NMR (CDCl,):d 7.94 (1H, d, J = 8.9 Hz), 7.87 (1H, d, J = 8.1 Hz), 7.80
(1H, d, J = 8.1 Hz), 7.72 (1H, s), 7.75-7.64 (3H, m), 7.55-7.11 (12H, m), 7.08 (1H, d, J = 8.1 Hz), 3.00 (1H,
dt, J = 7.3 and 6.7 Hz), 2.78 (1H, dt, J = 8.4 and 6.7 Hz), 2.23-2.17 (2H, m), 1.79-1.40 (10H, m); *C-NMR
(CDCLy):d 153.4, 151.4, 134.0, 1323, 131.7, 131.6, 131.5, 131.3, 130.7, 130.7, 130.6, 130.5, 129.4, 129.0,
1286, 1285, 128.1, 127.4, 1269, 125.7, 124.6, 124.6, 124.4, 123.3, 123.3, 1183, 112.7, 111.7, 30., 30.6,
30.2, 288, 28.1, 20.8 ; HRMS (ESI) calcd for CsoHyNaO,P, 607.2378 [(M+Na)*]; found, 607.2368; [o]p?
+63.0° (¢ 0.2, CHCL).

n = 4; white solid; mp 62-63 °C; '"H-NMR (CDCL,):d 7.92 (1H, d, J = 8.9 Hz), 7.85 (1H, d, J/ = 7.8 Hz), 7.79
(1H, 4, J = 7.8 Hz), 7.73 (1H, s), 7.70-7.63 (4H, m), 7.49-7.15 (11H, m), 7.10 (1H, d, J = 8.4 Hz), 7.05 (1H,
d, /= 8.6 Hz), 5.25 (1H, brs), 2.90 (1H, dt, / = 7.8 and 7.1 Hz), 2.81 (1H, dt, / = 7.1 and 6.5 Hz), 2.25-2.14
(2H, m), 1.78-1.24 (12H, m); “C-NMR (CDCl,):d 153.1, 151.4, 133.1, 131.4, 131.3, 130.8, 130.7, 130.7,
130.6, 130.5, 129.2, 129.1, 128.6, 128.5, 128.1, 127.5, 127.0, 125.9, 1243, 124.2, 1234, 118.0, 111.8, 111.6,
30.8, 30.7, 30.5, 29.5, 29.0, 288, 21.4; HRMS (ESI) calcd for C,H3;0NaO;P, 621.2535 [(M+Na)*]; found,
621.2522; [a]p™ +6.2° (¢ 0.2, CHCL,).

n = 8; white solid; mp 55-56 °C; 'H-NMR (CDCl,):8 7.88 (1H, ’d, J=92Hz), 781 (1H,d,J =8.1 Hz), 7.75
(1H, d, J = 8.4 Hz), 7.71 (1H, s), 7.70-7.61 (4H, m), 7.46-7.18 (11H, m ), 7.06 (1H, d, J = 8.4 Hz), 7.00 (1H,
d, J = 8.4 Hz), 5.63 (1H, brs), 5.15 (1H, brs), 2.79 (1H, dt, / = 8.1 and 5.1 Hz), 2.15 (1H, dt, / = 7.5 and 5.4
Hz), 1.69 (1H, dt, / = 7.3 and 6.7 Hz), 1.50 (1H, dt, J = 8.4 and 8.1 Hz), 1.29-1.14 (16H, m); “C-NMR
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(CDCLy):d 153.0, 151.5, 133.7, 133.5, 132.0, 131.5, 131.0, 130.7, 130.6, 129.5, 129.3, 129.2, 128.6, 1284,
128.2, 127.6, 127.2, 126.1, 124.3, 123.7, 123.6, 117.8, 111.4, 111.1, 30.9, 30.8, 29.7, 29.6, 29.5, 29.5, 29.3,
29.1, 21.5; HRMS (ESI) calced for Cy,H,;;NaOsP, 677.3161 [(M+Na)']; found, 667.3198; [a],® —14.3° (¢ 0.2,
CHClL).

Synthesis of (S)-8 (n=1~4,8)

To a solution of (S5)-7 (0.1 mmol) with EtN (20 eq.) in toluene (2 ml) was O O -
added CI;SiH (10 eq.) at O °C. The reaction mixture was stirred at 50 °C for 12
h. After being cooled to room temperature, the mixture was diluted with EtOAc OO
and quenched with small amount of saturated NaHCO, aq.. The resulting
suspension was filtered through Celite, and the solid was washed with EtOAc. The combined organic layer
was dried over Na,SO,. The filtrate was concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel (n-hexane/EtOAc= 9/1) to give title compound (S)-8 (49-81%)
8a (n = 1); 'H-NMR (CDCL):d 7.98 (1H, d, J = 8.9 Hz), 7.90 (1H, d, J = 8.6 Hz), 7.82 (1H, d, J = 7.8 Hz),
7.76 (1H, s), 7.50-7.21 (14H, m), 7.18 (1H, d, / = 8.1 Hz), 7.12 (1H, d, J = 8.1 Hz), 7.08 (1H, d, J = 8.4 Hz),
2.84 (2H,t,J =73 Hz), 2.07 (2H, t, ] = 8.4 Hz), 1.83-1.44 (6H, m).

8b (n = 2); 'H-NMR (CDCl;): 7.99 (1H, d, J = 8.9 Hz), 7.89 (1H, d, J = 8.1 Hz), 7.84 (1H, d, J = 7.8 Hz),
7.76 (1H, s), 7.48-7.21 (14H, m), 7.18 (1H, d, / = 89 Hz), 7.12 (1H, d, / = 8.4 Hz), 7.07 (1H, d, J = 8.1 Hz),
2.80 (2H,t,J =73 Hz), 2.05 (2H, t, / = 8.4 Hz), 1.85-1.44 (8H, m).

8¢ (n = 3); '"H-NMR (CDCl):d 7.96 (1H, d, J = 8.9 Hz), 7.89 (1H, d, J = 8.6 Hz), 7.82 (1H, d, J = 7.8 Hz),
7.74 (1H, s), 7.52-7.21 (14H, m), 7.17 (1H, d, / = 8.1 Hz), 7.12 (1H, d, J = 8.1 Hz), 7.06 (1H, d, / = 8.4 Hz),
2.83 (2H,t,J =73 Hz), 2.07 (2H, t, J = 8.4 Hz), 1.79-1.42 (10H, m).

8d (n = 4); 'H-NMR (CDCl,):d 7.94 (1H, d, J = 8.4 Hz), 7.87 (1H, d, J = 8.6 Hz), 7.82 (1H, d, J = 8.1 Hz),
7.73 (1H, s), 7.51-7.19 (14H, m), 7.16 (1H, d, / = 89 Hz), 7.10 (1H, d, J = 8.4 Hz), 7.06 (1H, d, J/ = 8.1 Hz),
2.84 (2H,t,J =73 Hz), 2.04 (2H, t, / = 8.4 Hz), 1.78-1.38 (12H, m).

8e (n = 8); 'H-NMR (CDCl,):8 7.98 (1H, d, J = 9.2 Hz), 7.89 (1H, d, J = 8.9 Hz), 7.80 (1H, d, J = 7.8 Hz),
7.72 (1H, s), 7.50-7.21 (14H, m), 7.15 (1H, d, / = 84 Hz), 7.12 (1H, d, / = 8.1 Hz), 7.08 (1H, d, J = 8.4 Hz),
2.80 (2H,t,J = 7.3 Hz), 2.05 (2H, t, J = 8.4 Hz), 1.80-1.34 (16H, m).



Synthesis of phosphine-BINOL:s ((S)-14) containing phenyl ring as a spacer

Synthesis (S)-10 (o, m, p-substituted)
To a solution of (5)-9°? (0.3 mmol) with boronic acid ester (1.2 eq) in THF (6 ml) and
IM K,CO; aq. (3 ml) followed by Pd(PPhs), (5 mol %). The mixture was refluxed for

12 h, and was cooed to room temperature, and added CH,Cl,. The phases were

separated, and extraction was completed with additional portions of CH,Cl,. The
combined organic extracts were dried (Na,SO,). The filtrate was evaporated in vacuo. The residue was
purified by flash chromatography (SiO,, EtOAc/n-hexane = 1/4) to give the title compound (5)-10.

0-; orange solid; mp 58-59 °C; 'H-NMR (CDCL;):5 8.02 (1H, d, J = 9.2 Hz), 8.00 (1H, s), 7.93 (1H, d, J = 8.6
Hz), 7.89 (1H, d, J = 8.6 Hz), 7.59 (1H, d, / = 7.8 Hz), 7.46 (1H, dt, J = 8.6 and 1.3 Hz), 7.41-7.17 (8H, m),
7.08 (1H, d, J = 8.9 Hz), 3.82 (3H, s), 3.24 (3H, s); "C-NMR (CDCL):d 154.6, 153.8, 152.2, 133.8, 133.2,
131.8, 131.5, 131.3, 131.1, 129.8, 1294, 128.8, 128.1, 127.9, 126.8, 126.6, 126.3, 125.8, 125.5, 1253, 124.8,
123.5, 121.1, 1182, 113.2, 614, 56.3; HRMS (ESI) calcd for CyH,,NaO,, 429.1467 [(M+Na)*]; found,
429.1466; [a]p>° —63.9° (¢ 0.6, CHCL).

m-; "H-NMR (CDCL):5 8.01 (1H, d, J = 8.1 Hz), 7.96 (1H, s), 7.90 (1H, d, / = 7.3 Hz), 7.88 (1H, d, / = 7.3
Hz), 7.48 (1H, d, J = 9.2 Hz), 7.48-7.16 (10H, m), 6.88-6.84 (1H, m), 3.82 (3H, s), 3.14 (3H, s); "C-NMR
(CDCL):d 155.5, 154.6, 153.6, 140.1, 134.5, 133.9, 133.3, 130.7, 130.1, 129.5, 129.3, 1289, 127.9, 127.8,
1264, 126.1, 125.6, 1254, 1250, 124.9, 1234, 1214, 1214, 1162, 1142, 113.4, 60.4, 56.4; HRMS (ESI)
calcd for CygH,,NaOj;, 429.1467 [(M+Na)']; found, 429.1485; [a],® —165° (¢ 0.4, CHCL).

p-; 'H-NMR (CDCl,):4 8.00 (1H, d, J = 9.2 Hz), 7.92 (1H, s), 7.89 (1H, d, / = 8.1Hz), 7.88 (1H, d, / = 8.1
Hz), 7.64 (2H, d, / =89 Hz), 748 (2H, d, J = 8.9 Hz), 7.39-7.18 (4H, m), 7.12 (2H, d, J = 8.4 Hz), 6.91 (2H,
d,J=89Hz),3.81 (3H, s), 2.91 (3H, s); >C-NMR (CDCL):d 154.1, 154.6, 153.9, 134.5, 134.0, 133.1, 130.8,
130.5, 129.7, 129.5, 129.0, 217.8, 1264, 125.8, 125.5, 1254, 125.2, 124.8, 123 4, 115.1, 113.6, 60.2, 56.6; ;
HRMS (ES]) calcd for C,sH,,NaO;, 429.1467 [(M+Na)*]; found, 429.1485; [a]p® —115° (¢ 0.5, CHCL).

Synthesis (S)-11 (o, m, p-substituted)
To a solution of (S)-10 (0.3 mmol) with pyridine (3 eq) in CH,Cl, (3 ml) was added at
trifluoromethanesulfonic anhydride (2 eq) at 0°C, then the mixture was warmed to

room temperature and was then overnight. The mixture was quenched with water and

extracted with CH,Cl,. The combined organic extracts were dried (Na,SO,). The filtrate
was evaporated in vacuo. The residue was purified by flash chromatography (SiO,, EtOAc/hexane = 1/4) to
give the title compound (S)-11.
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o-; orange solid; mp 42-43 °C; '"H-NMR (CDCL):d 7.99 (1H, d, J = 9.2 Hz), 7.93 (1H, s), 7.90 (1H, d, J =
8.6Hz), 7.85 (1H, d, J = 7.3 Hz), 7.69-7.65 (1H, m), 7.48-7.16 (9H, m), 3.80 (3H, s), 3.06 (3H, s); *C-NMR
(CDCL):d 154.7, 153.6, 147.6, 134.2, 133.9, 132.7, 132.5, 131.0, 130.2, 129.7, 129.2, 129.1, 128.9, 128.0,
1277, 126.6, 1254, 125.2, 125.1, 1249, 123.6, 121,2. 1188, 113.2, 60.4, 56.3; HRMS (ESI) calcd for
CH,, FsNaOsS, 561.0960 [(M+Na)*]; found, 561.0955; [a],*® —78.4° (¢ 0.5, CHCL).

m-; "H-NMR (CDCL,):5 7.99 (1H, d, J = 9.4 Hz), 7.95 (1H, s), 7.94 (1H, d, J = 8.4Hz), 7.88 (1H, d, J = 8.4
Hz), 7.81-7.09 (11H, m), 3.82 (3H, s), 3.11 (3H, s); ®*C-NMR (CDCL):d 154.7, 153.4, 1494, 141.4, 134.5,
133.9, 132.7, 130.6, 130.2, 129.8, 129.7, 129.0, 128.1, 128.0, 126.9, 126.6, 126.0, 125.5, 125.2, 125.0, 123.6,
1234, 1223, 121.1, 1198, 1189, 113.5, 60.5, 56.5; HRMS (ESI) caled for C,H,,FNaO,S, 561.0960
[(M+Na)*]; found, 561.0966; [a],2 —101° (¢ 0.5, CHCL).

p-; '"H-NMR (CDCL):6 8.02 (1H, d, J = 9.4 Hz), 7.98 (1H, d, J = 9.4 Hz), 7.95 (1H, s), 7.92 (1H, d, J = 8.1
Hz), 7.87 (1H, d, J = 8.6Hz), 7.85 (2H, d, J = 8.9 Hz), 7.53-7.08 (6H, m), 6.82 (2H, d, J = 8.6 Hz), 3.82 (3H,
s), 3.10 (3H, s); ®)C-NMR (CDCL):d 154.8, 154.7, 153.5, 139.2, 133.9, 133.7, 131.1, 130.6, 130.2, 129.7,
129.5, 1293, 129.0, 128.0, 127.9, 127.8, 126.7, 126.6, 126.5, 126.2, 1258, 125.5, 1252, 125.1, 124.9, 123.6,
123.4, 121.0, 120.5, 1152, 1142, 113.5, 569, 56.6; HRMS (ESI) caled for C,H,FsNaO,S, 561.0960
[(M+Na)*]; found, 561.0955; [a],2 —86.5° (c 0.5, CHCL,).

Synthesis (5)-12 (o, m, p-substituted)

To a solution of (S5)-11 (0.3 mmol), Ph,(O)PH (2 eq) and DPPB (10 mol %) in & |
DMSO (6 ml) followed by Pd(OAc), (5 mol %), i-Pr,NEt (4 eq). The mixture was OO \\Pphz
OMe O

warmed up 100 °C and was stirred for 12 h, cooed to room temperature, and added OMe
EtOAc, washed twice with water, dried over Na,SO, and evaporated in vacuo. The OO

residue was purified by flash chromatography (SiO,, EtOAc/n-hexane = 4/1) to give the title compound (S)-
12.

0-; white solid; mp 77-78 °C; 'H-NMR (CDCl,):5 7.96 (1H, d, J = 9.2 Hz), 7.75 (1H, s), 7.85-7.04 (22H, m),
7.54 (1H, d, J = 7.5 Hz), 6.99 (1H, d, J = 8.1 Hz), 3.78 (3H, s), 2.99 (3H, s); *C-NMR (CDCL):d 154.6,
153.6, 144.6, 134.1, 133.9, 133.8, 133.5, 133.3, 133.2, 133.2, 133.1, 132.0, 131.9, 131.6, 131.5, 131.4, 1314,
131.3, 131.2, 131.0, 130.9, 130.9, 129.4, 1293, 129.2, 128.8, 128.8, 1283, 128,1, 128.0, 127.9, 127.7, 127 4,
127.4, 126.4, 126.2, 126.2, 125.9,124.9, 124.2, 1234, 113.6, 60.1, 56.8; HRMS (ESI) calcd for C,H;,NaO;P,
613.1909 [(M+Na)']; found, 613.1858; [a]*® —64.3° (¢ 0.4, CHCL,).

m-; light red solid; mp 64-65 °C; "H-NMR (CDClL,):3 7.88 (1H, d, J = 9.2 Hz), 7.79 (2H, dt, J = 8.9 and 2.1
Hz), 7.74 (1H, s), 7.67 (1H, d, J = 8.1 Hz), 7.53-7.7.34 (5H, m), 7.32-6.90 (15H, m), 3.59 (3H, s), 2.84 (3H,
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s); ®C-NMR (CDCL,):8 154.6, 153.5, 139.2, 133.8, 133.6, 133.5, 133.0, 133.0, 135.7, 132.5, 132.0, 131.9,
131.8, 131.8, 131.7, 130.7, 130.5, 130.2, 129.6, 128.8, 128.5, 128.2, 127.9, 127.4, 126.4, 126.3, 125.5, 125.9,
125.0, 124.9, 123.4, 119.0, 113.5, 60.3, 56.5; HRMS (ESI) calcd for C,H;,NaOsP, 613.1909 [(M+Na)*];
found, 613.1858; [a],** —69.5° (¢ 0.6, CHCl).

p-; 'TH-NMR (CDCL):8 7.94 (1H, d, J = 8.9 Hz), 7.90 (1H, s), 7.86 (1H, d, / = 7.8 Hz), 7.80 (2H, d, J = 7.8
Hz), 7.70-7.48 (8H, m), 7.46-7.06 (12H, m), 3.75 (3H, s), 3.03 (3H, s); "C-NMR (CDCL):d 154.6, 153.6,
142.6, 136.4, 133.8, 133.6, 133.6, 133.0, 133.0, 132.2, 131.9, 131.8, 131.6, 131.5, 1344, 131.4, 131.3, 130.5,
130.3, 130.1, 129.6, 129.4, 129.2, 129.1, 128.9, 128.8, 1284, 128.2, 128.0, 127.8, 127.8, 126.6, 126.4, 1254,
125.0, 1249, 123.6, 1234, 1189. 1134, 60.5, 56.6; HRMS (ESI) calcd for C,H3;NaOsP, 613.1909
[(M+Na)*]; found, 613.1858; [a],*° —118° (¢ 0.5, CHCl).

Synthesis (5)-13 (o, m, p-substituted)

To a solution of ($)-12 (0.3 mmol) in CH,Cl, (3 ml) was added BBr; (1.5 eq., 1 M Z \l
X
in CH,Cl,) at O °C for 30 min. The reaction mixture was quenched with water and OO PPh,
OH O

extracted with CH,Cl,. The combined organic extracts were dried (Na,SO,) and OH
evaporated in vacuo. The residue was purified by flash chromatography (SiO,, OQ
EtOAc/n-hexane = 1/4) to give the title compound (5)-13 (65-72%, 4 steps)

o-; white solid; mp 149-150 °C; '"H-NMR (CDCl,):d 7.89 (1H, d, / = 8.9 Hz), 7.84 (1H, d, J = 7.8 Hz), 7.80-
6.98 (22H, m); “C-NMR (CDCL):d 153.3, 150.9, 143.1, 134.0, 133.3, 133.0, 132.8, 132.7, 1323, 132.1,
132.0, 131.8, 131.7, 131.5, 1314, 131.2, 130.8, 130.6, 129.8, 129.8, 128.6, 128 4, 128.3, 128.2, 128.0, 127.9,
127.8, 1277, 1277, 127.0, 126.9, 126.8, 126.2, 126.0, 124.9, 124.8, 123.1, 122.8, 119.6, 1150, 112.9;
HRMS (ES]) calcd for C3gH,,NaOsP, 585.1596 [(M+Na)*]; found, 585.1665; [a]p° +104° (¢ 0.5, CHCl,).

m-; white solid; mp 133-134 °C; 'H-NMR (CDCl,):d 7.95 (1H, d, J = 8.9 Hz), 7.76 (1H, s), 7.72 (1H, d, J =
7.3 Hz), 7.69 (2H, dt, J = 7.8 and 1.3 Hz), 7.53 (1H, d, / = 7.3 Hz), 7.49 (1H, d, J = 7.5 Hz), 7.41-7.05 (16H,
m), 6.92 (1H, d, J = 84 Hz), 6.89 (1H, d, J = 8.4 Hz), 5.56 (1H, brs), 5.33 (1H, brs); ?C-NMR (CDCl,):d
153.8, 1494, 138.6, 133.8, 133.1, 133.3, 133.2, 133.1, 132.9, 132.6, 132.5, 132.9, 131.8, 130.7, 130.6, 129.2,
129.0, 128.9, 128.5, 1283, 128.2, 128.1, 126.9, 124.6, 124.5, 124.2, 123.8, 123.3, 111.5, 111.4; HRMS (ESI)
caled for CyH,,NaOsP, 585.1596 [(M+Na)*]; found, 585.1529; [a]o° —118° (¢ 0.5, CHCL).

p-; white solid; mp 107-108 °C; 'H-NMR (CDCL):6 8.01 (1H, s), 7.97 (1H, d, J = 8.6 Hz), 7.90 (1H, d, J =
8.4 Hz), 7.87-7.62 (TH, m), 7.72 (1H, d, J = 7.3 Hz), 7.54-7.12 (12H, m); “*C-NMR (CDCL):5 153.9, 149.0,
142.1, 133.8, 133.3, 132.2, 131.6, 131.5, 131.2, 130.7, 130.2, 130.0, 129.9, 129.5, 1293, 1289, 128.6, 128.4,
1282, 128.0, 1274, 127.2, 1263, 124.6, 124.0, 123.7, 122.7. 118.5, 115.6, 111.3; HRMS (ESI) calcd for
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C;3sH,sNaOsP, 585.1596 [(M+Na)']; found, 585.1670; [a],”® —89.8° (¢ 0.5, CHCL,).

Synthesis (S)-14 (o, m, p-substituted)

To a solution of (5)-13 (0.2 mmol), Et;N (10 eq.) in toluene (6.7 ml) was added
CI3SiH (20 eq.) at 0 °C. The reaction mixture was stirred at 50 °C for 12 h. After X
being cooled to room temperature, the mixture was diluted with EtOAc and OO e
quenched with small amount of saturated NaHCO; aq.. The resulting suspension was OO
filtered through Celite, and the solid was washed with EtOAc. The combined organic
layer was dried over NaSO, and concentrated under reduced pressure. The residue by column
chromatography on silica gel (n-hexane/EtOAc= 1/4) to give the title compound (S)-14 (19-53%)
14a (0-); white solid; mp 105-106 °C; '"H-NMR (CDCL,):3 7.96 (1H, d, J = 9.2 Hz), 7.88 (1H, d, J = 7.3 Hz),
7.80-6.98 (23H, m), 5.18 (1H, brs); "C-NMR (CDCL):d 152.8, 150.2, 149.7, 143.1, 142.7, 133.8, 133.6,
133.5, 133.3, 132.0, 131.9, 130.9, 129.2, 129.2, 129.2, 1289, 128.8, 128.6, 1284, 1283, 128.2, 128.1, 126.9,
1269, 1252, 1247, 1238, 123.6, 1181, 111.8, 111.7, HRMS (ESI) calcd for Cs;H,,NaO,P, 569.1646
[(M+Na)*]; found, 569.1611; [a],™ —68.8° (¢ 0.6, CHCL,).

14b (m-); white solid; mp 78-79 °C; 'H-NMR (CDCL):d 7.98 (1H, d, J = 9.2 Hz), 7.95 (1H, s), 7.89 (1H, d, J
=7.5Hz), 7.88 (1H, d, J = 8.1 Hz), 7.74 (2H, dt, J = 8.4 and 1.4 Hz), 7.48-7.11 (18H, m), 7.03 (1H, d, J =
8.4 Hz), 5.23 (1H, brs), 5.10 (1H, brs); HRMS (ESI) calcd for Cy;gH,,NaO,P, 569.1646 [(M+Na)*]; found,
569.1615; [a],™ —166° (¢ 0.4, CHCL,).

14c (p-); white solid; mp 74-75 °C; 'H-NMR (CDCl,):d 8.04 (1H, s), 7.99 (1H, d, J = 89 Hz), 7.91 (1H, d, J
= 8.1 Hz), 790 (1H, d, J = 7.0 Hz), 7.74 (2H, d, J = 7.3 Hz), 7.45-7.26 (18H, m), 7.21 (1H, d, / = 8.9 Hz),
7.14 (1H, d, J = 84 Hz), 529 (1H, brs), 5.12 (1H, brs); HRMS (ESI) calcd for Cy;gH,,NaO,P, 569.1646
[(M+Na)']; found, 569.1615; [a],° —112° (¢ 0.5, CHCL,).

Synthesis of (S)-22 containing phenyl ring as a spacer

Synthesis of (5)-16

I
To a solution of (5)-15* (1 mmol) in THF (5 ml) was added TBAF (1.2 eq., 1.0 M in OO

THF) at room temperature re under argon. The mixture was stirred for 0.5 h. The oMoMm

OH
resulting was diluted with water and extracted with Et,0. The combined extracts were OO

washed with brine and dried over NaSO,. Evaporation of organic solvents under reduced

a
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pressure and was performed purification of the residue by column chromatography on silica gel (n-
hexane/EtOAc= 4/1) to give the title compound (S)-16.

'H NMR (CDCL);5 8.57 (1H, s), 7.90 (1H, d, / = 8.6 Hz), 7.82 (1H, d, / = 8.9 Hz), 7.79 (1H, d, J = 8.9 Hz),
7.45-7.15 (6H, m), 7.03 (1H, d, / = 8.1 Hz), 5.05 (1H, brs) , 4.79 (1H, d, J = 5.7 Hz), 4.69 (1H, d, J = 5.7 Hz),
2.78 (3H, s) °C NMR (CDCL);3 152.2, 151.4, 140.6, 133.5, 133.4, 130.3, 128.8, 127.9, 127.4, 126.9, 126.8,
126.1, 1257, 124.7, 123.6, 123.5, 117.8, 115.2, 99.3, 57.1; HRMS (ESI) calcd for C,,H;-INaO;, 479.0120
[(M+Na)'}; found, 479.0146; [a],>® —43.4° (¢ 0.6, CHCL,).

Synthesis of (5)-17

To a solution of (S5)-16 (0.3 mmol) with potassium carbonate (2 eq) in acetone (6 ml) I
was added Mel (5 eq). The mixture was warmed at 35-40 °C for 1 day, cooled to room OO OMOM
temperature, and diluted CH,Cl,. The organic phases were separated, and extraction was OO OMe
completed with additional portions of CH,Cl,. The combined organic extracts were dried
(Na,SO,). The filtrate was evaporated in vacuo. The residue was purified by flash chromatography (SiO,,
EtOAc/n-hexane = 1/4) to give the title compound (5)-17 (60%, 2 steps from (S)-15).
'H-NMR (CDCl,):5 8.51 (1H, s), 7.90 (1H, d, / = 8.9 Hz), 7.82 (1H, d, J = 8.1 Hz), 7.79 (1H, d, J = 8.1 Hz),
7.73-7.68 (2H, m), 7.45-7.21 (6H, m), 7.13 (1H, t, J = 8.6 Hz), 5.05 (1H, brs), 4.76 (1H, d, J = 5.7 Hz), 4.65
(1H, d, J = 5.7 Hz), 3.80 (3H, s), 2.74 (3H, s); "C-NMR (CDCl,;):3 154.9, 139.2, 135.0, 134.7, 133.7, 133.6,
132.3, 130.0, 129.5, 128.7, 127.7, 127.6, 126.8, 126.7, 126.6, 1263, 125.8, 125.5, 125.0, 123.6, 118.5 113.1,
99.0, 56.9, 56.5; HRMS (ESI) calcd for C3H,gINaO;, 493.0277 [(M+Na)']; found, 493.0199; [a]y° -146° (¢

0.5, CHCL).

Synthesis of (5)-18
To a solution of (§)-17 (0.3 mmol), boronic acid ester (1.2 eq) in THF (6 ml) and 1M
K,CO; aq. (3 ml) followed by Pd(PPhs), (5 mol %). The mixture was refluxed for 12 h,

cooed to room temperature, and mixture was diluted with CH,Cl,. The organic phases

were separated, and extraction was completed with additional portions of CH,Cl,. The
combined organic extracts were dried (Na,SO,) and the filtrate was evaporated in vacuo. The residue was
purified by flash chromatography (SiO,, EtOAc/n-hexane = 1/4) to give the title compound (S)-18.

orange solid; mp 56-57 °C; '"H-NMR (CDCL);d 7.94 (1H, d, J = 9.4 Hz), 7.92 (1H, s), 7.86 (1H, d, / = 8.4
Hz), 7.64 (2H, dt, J = 7.8 and 1.6 Hz), 7.49 (1H, dd, J = 7.5 and 6.2 Hz), 7.41-7.16 (7TH, m), 7.03 (2H, dt, / =
8.6 and 1.1 Hz), 438 (1H, d, J = 5.4 Hz), 432 (1H, d, / = 5.4 Hz), 3.78 (3H, s), 2.32 (3H, s); *C-NMR
(CDCL):0 154.9, 153.5, 135.1, 134.7, 133.2, 131.6, 1314, 131.1, 129.9, 129.5, 1294, 1288, 128.1, 127.8,
127.6, 127.1, 1268, 1264, 125.8, 125.5, 125.1, 123.6, 121.2, 1179, 113.2, 994, 56.5, 56.4; HRMS (ESI)
calcd for C,0H,,NaO,, 459.1572 [(M+Na)*]; found, 459.1544; [a],>° —28.2° (¢ 0.2, CHCL,).
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Synthesis of (5)-19

To a solution of (5)-18 (0.6 mmol) and pyridine (4 eq) in CH,Cl, (6 ml) was added
trifluoromethanesulfonic anhydride (2 eq) at 0°C, warmed to room temperature and was
strried overnight. The mixture was quenched with water and extracted with CH,Cl,. The

combined organic extracts were dried (Na,SO,) and filtrate was evaporated in vacuo. The

residue was purified by flash chromatography (SiO,, EtOAc/n-hexane = 1/4) to give the

title compound (S5)-19 (90%, 2 steps from (S5)-17).

'H-NMR (CDCL):5 7.98 (1H, d, J = 9.2 Hz), 7.83 (1H, s), 7.81 (2H, d, J = 7.5 Hz), 7.64 (H, dd, J = 7.3 and
2.1 Hz), 7.57 (1H, dd, J = 6.5 and 5.7 Hz), 7.40 (1H, d, J = 9.4 Hz), 7.43-7.13 (7H, m), 7.00 (1H, d, /= 7.8
Hz), 5.10-5.05 2H, br), 3.73 (3H, s), 3.28 (3H, s); >)C-NMR (CDCL):d 155.9, 155.8, 148.5, 147.9, 134.7,
133.9, 133.8, 132.8, 131.1, 131.0, 129.2, 128.2, 128.0, 127.9, 127.6, 127.3, 126.8, 124.8, 124.7, 124.1, 123.6,
121.2, 115.9, 1148, 113.5, 93.1, 56.7, 56.5; HRMS (ESI) calcd for C3H,3F;NaOgS, 591.1065 [(M+Na)*];
found, 591.0970; [a]p> —40.8° (¢ 0.4, CHCL,).

Synthesis of (5)-20
To a solution of (5)-19 (0.6 mmol), Ph,(O)PH (2 eq), and DPPB (10 mol %) in
DMSO (12 ml) was added Pd(OAc), (5 mol %), i-Pr,NEt (4 eq). The mixture was

warmed up 100 °C and stirred for 12 h. After being cooled to room temperature, and

added EtOAc, washed twice with water, dried over Na,SO, and the filtrate was
evaporated in vacuo. The residue was purified by flash chromatography (SiO,, EtOAc/n-hexane = 1/1) to
give the title compound (5)-20.

"H-NMR (CDCl,):d 7.89 (1H, d, J = 8.6 Hz), 7.87 (1H, d, J = 89 Hz), 7.75 (2H, dd, J/ = 7.8 and 1.5 Hz),
7.64 (H,dd, J =73 and 2.1 Hz), 7.45 (1H, d, J = 7.8 Hz), 7.71-6,99 (15H, m), 6.94 (1H, d, J = 8.4 Hz), 4.22
(1H, d, J = 5.1 Hz), 4.12 (1H, d, J = 5.1 Hz), 3.71 (3H, s), 3,09 (3H, s); C-NMR (CDCl,;):5 154.7, 153.6,
147.6, 1134.2, 133.8, 133.8, 133.3, 132.1, 131.9, 131.9, 131.8, 131.7, 131.5, 131.4, 131.3, 130.9, 130.8,
130.7, 129.6, 129.5, 128 8, 1283, 128.2, 128.1, 127.9, 127.8, 127.7, 127.4, 127.3, 126.5, 126.5, 126.4, 126.3,
126.0, 125.2, 125.2,125.1, 124.5, 123.5, 119.1, 113.8, 113.2, 98.1, 56.9, 557, HRMS (ESI) calcd for
C4;H33NaO,P, 643.2014 [(M+Na)*]; found, 643.1946; [a]p™® —45.2° (¢ 0.4, CHCL,).

Synthesis of (5)-21

To a solution of (S)-20 (0.5 mmmol) in CH,Cl, (2.5 ml) was added p-toluenesulfonic O
acid, monohydrate (1.5 eq.) at room temperature for 30 min. The reaction mixture was OO P(O)Ph,
quenched with water and extracted with CH,Cl,. The combined organic extracts were g;e
dried (Na,SO,;) and evaporated in vacuo. The residue was purified by flash OO

chromatography (SiO,, EtOAc/n-hexane = 1/2) to give the title compound (S)-21 (42%, 2 steps from (5)-19).
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light yellow solid; mp 111-112 °C; 'H-NMR (CDCl;):8 7.96 (1H, d, J = 8.9 Hz), 7.72-7.05 (23H, m), 6.94
(1H, d, J = 8.1 Hz), 3.80 (1H, brs), 3.77 (3H, s); "C-NMR (CDClL;):8 155.1, 1494, 134.0, 133.6, 1334,
133.3, 133.1, 1329, 132.4, 132.2, 132.0, 131.8, 131.7, 131.5, 131.4, 131.3, 131.2, 129.5, 129.2, 1284, 1283,
1283, 128.2, 128.0, 127.8, 127.8, 127.6, 127.5, 126.9, 126.7, 126.1, 125.9, 1258, 125.7, 124.8, 123.5, 123 4,
123.3, 123.2, 113.9, 60.4; ; HRMS (ESI) calcd for C;H,0NaO;P, 599.1752 [(M+Na)']; found, 599.1731;
[alp®—47.6° (¢ 0.4, CHCL).

Synthesis of ($)-22
To a solution of (5)-21 (0.127 mmol), and Et:;N (20 eq.) in toluene (2.54 ml) was added
CL3SiH (10 eq.) at O °C. The reaction mixture was stirred at 50 °C for 12 h. After being

cooled to room temperature, the mixture was diluted with EtOAc and quenched with

small amount of saturated NaHCO; aq.. The resulting suspension was filtered through
Celite, and the solid was washed with EtOAc. The combined organic layer was dried over Na,SO, and the
filtrated was concentrated under reduced pressure. The residue was purified by column chromatography on
silica gel (n-hexane/EtOAc= 1/4) to give the title compound (5)-22 (58%)

light yellow solid; mp 72-73 °C; '"H-NMR (CDCl,):8 7.94 (1H, d, J = 89 Hz), 7.84 (1H, d, J = 7.3 Hz), 7.72-
7.05 (23H, m), 6.96 (1H, d, J = 84 Hz), 5.10 (1H, brs), 3.77 (3H, s); HRMS (ESI) calcd for C;sHNaO;P,
583.1803 [(M+Na)‘]; found, 583.1739; [a],* —103° (¢ 0.5, CHCL).

Synthesis of (S)-30 containing phenyl ring as a spacer

Synthesis of ($)-23

To a solution of (S)-16 (1 mmol), potassium carbonate (2 eq), and Nal (1.2 eq.) in acetone (5 ml) was added
p-methoxybenzyl chloride (1.2 eq). The mixture was warmed at 35-40 °C, and stirred for O :

1 day. After cooled to room temperature, and added CH,Cl,. The phases were separated, g:gx
and extraction was completed with additional portions of CH,Cl,. The combined organic O@
extracts were dried (Na,SO,). The filtrate was evaporated in vacuo. The residue was
purified by flash chromatography (SiO,, EtOAc/n-hexane = 1/9) to give the title compound (5)-23.
'H-NMR (CDCl,):d 8.51 (1H, s), 7.94 (1H, d, J = 89 Hz), 7.87 (1H, d, / = 8.4 Hz), 7.78 (1H, d, J = 8.4 Hz),
745 (1H, d, J = 8.9 Hz), 7.74-7.11 (6H, m), 6.98 (2H, d, / = 89 Hz), 6.70 (2H, d, J = 8.9 Hz), 5.06 (1H, d, J
= 12.1 Hz), 501 (1H, d, J = 12.1 Hz), 472 (1H, d, J/ = 5.1 Hz), 467 (1H, d, J = 5.1 Hz), 3.78 (3H, s), 2.71
(3H, s); "C-NMR (CDCly):d 154.2, 151.4, 139.2, 133.8, 132.5, 129.9, 129.0, 1289 128.5, 127.7, 126.7,
126.5, 126.1, 1254, 1253, 125.1, 124.7, 123.8, 115.2, 113.5, 99.1, 70.9, 56.8, 55.2; HRMS (ESI) calcd for
C3oH,sINaO,, 599.0695 [(M+Na)']; found, 599.0728; [a],* —19.0° (¢ 0.4, CHCL,).
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Synthesis of (5)-24

To a solution of (S)-23 (1 mmol) in CH,Cl, (5 ml) was added p-toluenesulfonic acid, OQ I
monohydrate (1.5 eq.) at room temperature and stirred for 30 min. The reaction mixture g: o
was quenched with water and extracted with CH,Cl,. The combined organic extracts OO
were dried (Na,SO,) and the filtrate was evaporated in vacuo. The residue was purified
by flash chromatography (SiO,, EtOAc/n-hexane = 1/4) to give the title compound (S)-24 (60-80%, 2 steps
form (5)-16).
'H-NMR (CDCLy):5 8.53 (1H, s), 7.98 (1H, d, J = 8.9 Hz), 7.89 (1H, d, J = 8.6 Hz), 7.80 (1H, d, J = 7.5 Hz),
7.41-7.28 (7H, m), 7.12 (2H, d, J = 7.3 Hz), 7.10 (2H, d, J =7.2 Hz), 3.85-3.66 (2H, m), 2.14 (3H, s); *C-
NMR (CDCl):8 155.2, 1523, 150.6, 1403, 133.2, 133.0, 131.4, 130.6, 129.6, 129.2, 128.3, 127.8, 127 4,
127.1, 127.0, 124.6, 124.4, 124.0, 117.7, 113.5, 111.7, 111.4, 86.1, 55.3; HRMS (ESI) calcd for C,sH,;INaO;,
555.0433 [(M+Na)']; found, 555.0436; [a]p>° —128° (¢ 0.2, CHCL,).

Synthesis of (5)-25

To a solution of (5)-24 (1 mmol) with potassium carbonate (5 eq) in acetone (5 ml) was I
added Mel (5 eq). The mixture was warmed at 35-40 °C for 3 days, cooled to room 00 OMe
temperature, and added EtOAc. The organic phases were separated, and extraction was OO OMPM
completed with additional portions of EtOAc. The combined organic extracts were dried
(Na,SO,) and the filtrate was evaporated in vacuo. The residue was purified by flash chromatography (SiO,,
EtOAc/n-hexane = 1/9) to give the title compound (S)-25 (76%).
"H-NMR (CDCL):8 8.59 (1H, s), 7.97 (1H, d, / = 8.9 Hz), 7.89 (1H, d, / = 8.1 Hz), 7.83 (1H, d, / = 8.1 Hz),
7.49-721 (6H, m), 7.09 (1H, d, J = 8.1 Hz), 6.72-6.60 (4H, m), 4.64 (1H, d, / = 9.7 Hz), 432 (1H,d, / = 9.7
Hz), 3.73 (3H, s), 2.16 (3H, s); *C-NMR (CDCl,):d 159.3, 151.4, 1403, 133.7, 133.5, 132.7, 130.4, 130.0,
1289, 128.5, 128.1, 1274, 127.0, 1269, 126.1, 1257, 124.8, 123.5, 1180, 1134, 93.0, 753, 55.2, 55.2;

HRMS (ES]I) calcd for C,sH»INaO;, 569.0590 [(M+Na)*]; found, 569.0560; [a],° —30.6° (¢ 0.4, CHCL,).

Synthesis of (5)-26

To a solution of (5)-25 (0.2 mmol) with boronic acid ester (1.2 eq) in THF (4 ml) was
added 1M K,CO; aq. (2 ml) followed by Pd(PPh,), (5 mol %). The mixture was refluxed
for 12 h. After being cooled to room temperature, and added CH,Cl,. The organic phases
were separated, and extraction was completed with additional portions of CH,Cl,. The

combined organic extracts were dried (Na,SO,) and the filtrate was evaporated in vacuo.

The residue was purified by flash chromatography (SiO,, EtOAc/n-hexane = 1/4) to give the title compound

(S)-26.
'H-NMR (CDCl,):d 8.08 (1H, s), 7.94 (1H, d, J = 8.6 Hz), 7.97-7.78 (2H, m), 7.54-6.94 (11H, m), 6.50 (2H,
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d, /=89 Hz), 6.27 (2H, d, J = 89 Hz), 5.06-5.01 (1H, br), 4.29 (1H, d, J = 10.0 Hz), 4.19 (1H, d, J =10.0
Hz), 3.69 (6H, s); "C-NMR (CDCL):8 159.3, 153.7, 152.1, 151.4, 133.7, 1329, 131.7, 131.3, 130.1, 129.7,
1284, 128.1, 127.2, 127.0, 126.9, 126.8, 126.1, 1254, 124.6, 123.4, 121.4, 11838, 117.6, 113.3, 79.6, 55.1,
55.1; HRMS (ESI) caled for C;sHgNaO,, 535.1885 [(M+Na)']; found, 535.1882; [a]p® —51.6° (¢ 0.2,
CHCL).

Synthesis of (5)-27

To a solution of (5)-26 (0.2 mmol) and pyridine (4 eq) in CH,Cl, (2 ml) was added at
trifluoromethanesulfonic anhydride (2 eq) at 0°C, then warmed to room temperature and
the mixture was stirred overnight. The mixture was quenched with water and extracted

with CH,Cl,. The combined organic extracts were dried (Na,SO,) and the filtrate was

evaporated in vacuo. The residue was purified by flash chromatography (SiO,, EtOAc/n-
hexane = 1/9) to give the title compound (5)-27.

'H-NMR (CDCL,):5 8.10 (1H, s), 8.07 (1H, d, J = 8.4 Hz), 7.97 (1H, d, J = 8.4 Hz), 7.96 (1H, d, J = 7.8 Hz),
7.57 (1H, d, J = 8.4 Hz), 7.55-7.14 (8H, m), 6.89 (2H, d, / = 8.9 Hz), 6.42 (2H, d, J = 8.6 Hz), 6.21 (2H, d, J
= 8.6 Hz), 5.06-5.01 (1H, br), 421 (1H, d, J = 10.2 Hz), 3.96 (1H, d, J =10.2 Hz), 3.81 (3H, s), 3.66 (3H, s);
BC-NMR (CDCL):3 152.8, 146.9, 134.7, 133.6, 132.8, 132.2, 130.4, 130.1, 129.5, 129.3, 129.0, 128.3, 128.1,
128.0, 127.9, 127,7. 127.6, 127.1, 126.9, 126.8, 126.7, 125.6, 125.5, 124.9, 121.6, 119.2, 114.8, 113.7, 113.5,
1123, 99.9, 74.7, 55.3, 55.0; HRMS (ESI) calcd for C3H,,F;sNaO,S, 667.1378 [(M+Na)*']; found, 667.1416;
[a]p*®-9.9° (¢ 0.2, CHCL).

Synthesis of (S)-28

To a solution of (5)-27 (0.2 mmol), Ph,(O)PH (2 eq) and DPPB (10 mol %) in
DMSO (2 ml) followed by Pd(OAc), (5 mol %) with i-Pr,NEt (4 eq). The mixture
was warmed up 100 °C, and stirred for 12 h, cooed to room temperature, and added

EtOAc, washed twice with water, dried over Na,SO, and the filtrate was evaporated

in vacuo. The residue was purified by flash chromatography (SiO,, EtOAc/n-hexane = 1/1) to give the title
compound (S5)-28.

'H-NMR (CDCL):6 7.92 (1H, d, J = 9.2 Hz), 7.85 (1H, d, J = 8.1 Hz), 7.70 (1H, d, J = 7.0 Hz), 7.68 (1H, d,
J =8.1Hz), 7.65 (1H, s), 7.59-7.09 (19H, m), 6.90 (1H, d, J = 8.4 Hz), 6.29 (1H, d, / = 8.6 Hz), 6.17 (1H, d,
J =86 Hz), 428 (1H, d, J = 11.1 Hz), 3.93 (1H, d, J = 11.1 Hz), 3.95 (3H, s), 3.91 (3H, s); *C-NMR
(CDClL):0 155.6, 154.5, 143.1, 133.9, 132.1, 132.0, 131.8, 131.7, 131.4, 131.3, 130.0, 129.3. 129.3, 128.7,
128.5, 1283, 128.2, 1280, 127.7, 1274, 126,6, 124.7.112.8, 76.5, 55.0, 550, HRMS (ESI) calcd for
C4Hs;NaO,P, 719.2327 [(M+Na)*]; found, 719.2252; [a]p™® -21.5° (¢ 0.4, CHCL,).

55



Synthesis of (5)-29

To a solution of (S)-28 (0.2 mmol) in CH,Cl, (2 ml) and H,O (0.2 ml) was added O
DDQ “’(1.5 eq) at room temperature. After 3 h, quenched with saturated NaHCO,, OO P(O)Ph,
extracted with CH,Cl,. The combined organic extracts were dried (Na,SO,) and g:e
evaporated in vacuo. The residue was purified by flash chromatography (SiO,, OO
EtOAc/hexane = 1/4) to give the title compound (S)-29.

white solid; mp 126-127 °C; 'H-NMR (CDCl,):8 8.01 (1H, d, J = 9.4 Hz), 7.97 (1H, d, J = 8.6 Hz), 7.75-7.12
(23H, m), 6.96 (1H, d, J = 7.8 Hz), 2.12 (3H, s); "C-NMR (CDCl,):d 150.5, 145.7, 143.7, 139.5, 133.5,
133.3, 133.2, 132.6, 132.4, 132.2. 132.1, 132.1, 131.9, 131.8, 131.3, 131.1, 129.9, 129.3, 128.6, 128.2, 128.2,
128.0, 127.9, 127.8, 127.6, 127.5, 127.2, 127.1, 127.0, 126.6, 126.2, 1249, 123.6, 119.3, 118.7, 55.6, HRMS

(ESI) caled for CyHpoNaO5P, 599.1752 [(M+Na)']; found, 599.1731; [a]p,® +75.8° (¢ 0.8, CHCL,).

Synthesis of ($)-30

To a solution of (5)-29 (0.042 mmol), Et;N (20 eq.) in toluene (0.84 ml) was added
Cl;SiH (10 eq.) at 0 °C. The reaction mixture was stirred at 50 °C for 12 h. After being O
cooled to room temperature, the mixture was diluted with EtOAc and quenched with OQ oM’:th
small amount of saturated NaHCO; aq.. The resulting suspension was filtered through OO

Celite, and the solid was washed with EtOAc. The combined organic layer was dried

over NaSO, and the filtrate was concentrated under reduced pressure. The residue by column
chromatography on silica gel (n-hexane/EtOAc= 9/1) to give the title compound (5)-30 (18%, 5 steps form
(5)-25). ‘

white solid; mp 89-90 °C; 'H-NMR (CDCl;):d 8.02 (1H, d, J = 9.4 Hz), 7.94 (1H, d, J = 8.9 Hz), 7.75-7.12
(23H, m), 6.98 (1H, d, J = 8.1 Hz), 5.18 (1H, brs), 2.12 (3H, s); HRMS (ESI) calcd for C;sH,sNaO,P,
583.1803 [(M+Na)']; found, 583.1736.

.Catalytic enantioselective aza-MBH reaction promoted by Phosphine-BINOLSs

General procedure
To a solution of phosphine-BINOL catalyst (10 mol %) in -BuOMe (1.0 ml) was added imine*” (9, 0.05
mmol), methyl vinyl ketone (10, 12.5 ul, 0.15 mmol) at —20 °C. The mixture was stirred until the reaction
had reached completion by monitoring with TL.C analysis. The mixture was directly O NHTs
purified by flash column chromatography (SiO,, n-hexane/EtOAc = 2/1) to give the

adduct 11 as a colourless solid. The adduct was identical in all respects with "TH-NMR

spectra reported by Shi and co-workers (Chem. Commun. 2003, 1310-1311.)
The enantiometic excess of aza-MBH adduct was determined by chiral stationary phase HPLC analysis.
R = H; (DAICEL CHIRALPAK AD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate 0.2
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ml/min, 43.6 min (major isomer, S) and 49.6 min (minor isomer, R).

R = p-F; (DAICEL CHIRALPAK AD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate 0.3
ml/min, 43.1 min (major isomer, S) and 47.8 min (minor isomer, R).

R = p-CI; (DAICEL CHIRALPAK AD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate 0.3
ml/min, 44.7 min (major isomer, S) and 50.8 min (minor isomer, R).

R = p-Br; (DAICEL CHIRALPAK AD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate 0.2
ml/min, 48.9 min (major isomer, S) and 56.1 min (minor isomer, R).

R = p-NO,; (DAICEL CHIRALPAK AD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate
0.5 ml/min, 53.2 min (major isomer, S) and 70.8 min (minor isomer, R).

R = p-OMe; (DAICEL CHIRALPAK OD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate
0.2 ml/min, 58.8 min (major isomer, S) and 65.4 min (minor isomer, R).

R = p-CN; (DAICEL CHIRALPAK AD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate
0.5 ml/min, 49.5 min (major isomer, S) and 59.9 min (minor isomer, R).

R = p-Me; (DAICEL CHIRALPAK AD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate
0.3 ml/min, 43.9 min (major isomer, S) and 49.1 min (minor isomer, R).

R = p-Et; (DAICEL CHIRALPAK AD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate 0.2
ml/min, 60.0 min (major isomer, S) and 66.1 min (minor isomer, R).

R = m-Cl; (DAICEL CHIRALPAK AD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate 0.2
ml/min, 56.5 min (major isomer, S) and 70.2 min (minor isomer, R).

R = m-NO,; (DAICEL CHIRALPAK AD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate
0.5 ml/min, 36.7 min (major isomer, $) and 46.8 min (minor isomer, R).

R = 0-Cl; (DAICEL CHIRALPAK AD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate 0.3

ml/min, 48.6 min (major isomer, S) and 55.7 min (minor isomer, R).

Synthesis of Amine-BINOL containing DMAP-methylene as a spacer

Soalad: e 0y
g:g: NaH OO oMOM =N TMSBr OQ =N
OO THF, 60 °C CO OMOM CHyCly, - 10 °C OO
(5)-31 (9-32 (5)-33

To a solution of NaH (1.2 eq) in THF (0.3 ml), was added 3- O O ,l‘ 7\

methylaminopyridine® (1.2 eq.) in THF (0.7 ml) at O °C. The mixture was stirred at OMOM
OMOM

60 °C for 2 h, and solution of (5)-31*" (0.2 mmol) in THF (1.0 ml) was added. The OO

mixture was stirred for 15 min at room temperature. and cooled to 0 °C and quenched_
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with saturated NH,Cl aq. and extracted with CH,Cl,. The combined organic extracts were dried (Na,SO,) and
the filtrate was evaporated in vacuo. The residue was purified by flash chromatography (SiO,, CH,Cl,/MeOH
=9/1) to give the title compound (S)-32 (quant.)

'H-NMR (CDCl,):8 8.25 (1H, d, J = 3.0 Hz), 7.99 (2H, d, J = 9.2 Hz), 7.89 (1H, d, J = 8.6 Hz), 7.75 (1H, d,
J=8.1Hz), 7.61 (1H, s), 7.60 (1H, d, J = 8.4 Hz), 7.41-7.11 (6H, m), 7.19 (2H, d, / = 7.0 Hz), 5.16 (1H, d, J
=7.3 Hz), 5.06 (1H, d, J = 7.3 Hz), 491 (2H, s), 4.67 (1H, d, J = 59 Hz), 4.5.0 (1H, d, / = 5.9 Hz), 3.28 (3H,
s), 3.18 (3H, s), 3.10 (3H, s) ; "C-NMR (CDCLy):d 152.6, 152.4, 145.1, 137.6, 134.5, 133.7, 133.1, 130.7,
130.5, 129.9, 129.6, 127.8, 127.7, 126.8, 125.9, 125.8, 125.5, 1254, 125.3, 125..0, 124.1, 123.5, 120.4, 118.2,
116.4, 993, 94.8, 57.0, 56.1, 52.7, 38.7; HRMS (ESI) calcd for C;,H3,N,NaO,, 517.2103 [(M+Na)*]; found,
517.2093; [a]* —40.8° (¢ 1.0, CHCLy).

Synthesis of (5)-33
To a solution of (S)-32 (0.2 mmol), MS 4A (10 mg) in CH,Cl, (1 ml) was added
trimethylsilyl bromide (2 eq.) at O °C for 30 min. The reaction mixture was quenched

with water and extracted with CH,Cl,. The combined organic extracts were dried

(Na,SO,) and evaporated in vacuo. The residue was purified by flash
chromatography (SiO,, CH,Cl,/MeOH = 9/1) to give the title compound (S)-33 (92%)
white solid; mp 119-120 °C; '"H-NMR (CDCL,):d 8.28-8.18 (1H, br), 7.96 (2H, d, J = 9.2 Hz), 7.89 (2H, d, J
=84 Hz), 7.79 (1H, d, J = 8.1 Hz), 7.70 (1H, s) 7.39 (1H, d, J = 8.9 Hz), 7.34-7.13 (6H, m), 4.76 (2H, s),
3.18 (3H, s);8 "C-NMR (CDCLy): 153.3, 151.4, 145.2, 136.6, 133.8, 133.0, 129.0, 1288, 128.1, 127.8, 127.1,
1269, 126.5, 125.6, 124.4, 1243, 123.7, 123.3, 119.5, 1183, 1133, 112.0, 53.0, 38.6, HRMS (ESI) calcd for
CyH,3N;NaO,, 407.1760 [(M+H)*]; found, 407.1740; [a],* —17.8° (¢ 0.7, CHCL,).

Catalytic enantioselective aza-MBH reaction promoted by Amine-BINOL

General procedure
To a solution of Amine-BINOL catalyst ((5)-33, 10 mol %) in CH,Cl, (0.1 ml) was O NHTs
added imine (9, 0.05 mmol), methyl vinyl ketone (10, 12.5 ul, 0.15 mmol) at room Me > X
temperature. The mixture was stirred until the reaction had reached completion by | X

monitoring with TLC analysis. The mixture was directly purified by flash column R

chromatography (SiO,, n-hexane/EtOAc = 2/1) to give the adduct 11 as a colourless solid.
The enantiometic excess of aza-MBH adduct was determined by chiral stationary phase HPLC analysis.
R = H; (DAICEL CHIRALPAK AD-H column, detection at 254 nm, i-PrOH/n-hexane = 1/4, flow rate 0.2

ml/min, 43.6 min (minor isomer, S) and 49.6 min (major isomer, R).



Reference

Bl=

1) For recent reviews, see (a) Basavaiah, D.; Rao, P. D,; Hyma, R. S. Tetrahedron 1996, 52, 8001-8062. (b)
Ciganek, E. T. Org. React. 1997, 51, 201-350. (c) Langer, P. Angew. Chem. Int. Ed. 2000, 39, 3049-3052. (d)
Basavaiah, D,; Rao, A.J,; Satyanarayana, T. Chem. Rev. 2003, 103, 811-891.

2) Morta, K.; Suzuki, Z.; Hirose, H. Bull. Chem. Soc. Jpn. 1968, 41, 2815-2815.

3) (a) Baylis, A. B,; Hillman, M. E. D. German Patent 2,155,113, 1972; Chem. Abstr. 1972, 77, 34174q. (b)
Hillman, M. E. D.; Baylis, A. B. U. S. Patent 3,743,669, 1973.

4) (a) Drewes, S. E.; Roos, G. H. P. Tetrahedron 1988, 44, 4653-4670. (b) Bailey, M.; Marko, I. E.; Ollis, W.
D.; Rasmussen, P. R. Tetrahedron Lett. 1990, 30, 4509-4512. (c) Bode, M. L.; Kaye, P. T. Tetrahedron Lett.
1991, 31, 5611-5614.

5) (a) Hill, J. S.; Isaacs, N. S. Tetrahedron Lett. 1986, 27, S007-5010. (b) Gilbert, A.; Heritage, T. W.; Isaacs, N.
S. Tetrahedron:Asymmetry 1991, 2, 969-972.

6) Brown, J. M.; Cutting, I.; Evans, P. L.; Maddox, P. J. Tetrahedron Lett. 1986, 27, 3307-3310.

7) (a) Brzezinski, L. J.; Rafel, S.; Leahy, J. W. J. Am. Chem. Soc. 1997, 119, 4317-4318. (b) Piber, M.; Leahy, J.
W. Tetrahedron Lett. 1998, 39, 2043-2046.

8) Yang, K.-S.; Chen, K. Org. Lett. 2000, 2, 729-731.

9) (a) Kataoka, T.; Iwama, T.; Tsujuyama, S. Chem. Commun. 1998, 197-198. (b) Kataoka, T.; Iwama, T.;
Tsujuyama, S. Iwamura, T.; Watanabe, S. Tetrahedron 1998, 54, 11813-11824. (c) Kataoka, T.; Kinoshita, H.;
Kinoshita, S.; Iwamura, T.; Watanabe, S. Angew. Chem. Int. Ed. 2000, 39, 2358-2360.

10) (a) Kataoka, T.; Iwama, T.; Tsujiyama, S.; Kinoshita, H.; Kanematsu, K.; Tsurukami, Y.; Iwamura, T.;
Watanabe, S. Chem. Lett. 1999, 257-258. (b) Kataoka, T.; Iwama, T.; Tsujiyama, S.; Kanematsu, K.; Iwamura,
T.; Watanabe, S. Chem. Pharm. Bull. 1999, 47, 956-961.

11) Walsh, L. M.; Winn, C. L.; Goodman, J. M. Tetrahedron Lett. 2002, 43, 8219-8222.

12) Oishi, T.; Oguri, H.; Hirama, M. Tetrahedron:Asymmetry 1995, 6, 1241-1244.

13) Marko, I. E.; Giles, P. R.; Hindley, N. J. Tetrahedron 1997, 53, 1015-1024.

14) (a) Barrett, A. G. M.; Cook, A. S.; Kamimura, A. Chem. Commun. 1998, 2533-2534. (b) Barrett, A. G. M;
Dozzo, P; White, A. J. P; Williams, D. J. Tetrahedron 2002, 58, 7303-7313.

15) Iwabuchi, Y.; Nakatani, M.; Yokoyama, N.; Hatakeyama, S. J. Am. Chem. Soc. 1999, 121, 10219-10220.

16) Iwabuchi, Y.; Furukawa, M.; Esumi, T.; Hatakeyama, S. Chem. Commun. 2001, 2030-2031.

17) Iwabuchi, Y.; Sugihara, S.; Esumi, T.; Hatakeyama, S. Tetrahedron Lett. 2001, 42, 7867-7871.

18) Hayase, T.; Shibata, T.; Soai, K.; Wakatsuki, Y. Chem. Commun. 1998, 1271-1272.

19) Yamada, Y. M. A.; Ikegami, S. Tetrahedron Lett. 2000, 41, 2165-2169.

59



w2

20) (a) Arai, T.; Sasai, H.; Aoe, K.; Okamura, K.; Data, T.; Shibasaki, M. Angew. Chem. Int. Ed. Engl. 1996, 35,
104-106. (b) Arai, T.; Yamada, Y, M. A.; Yamamoto, N.; Sasai, H.; Shibasaki, M. Chem. Eur. J. 1996, 2,
1368-1372. (c) Arai, T.; Sasai, H.; Yamaguchi, K. Shibasaki, M. J. Am. Chem. Soc. 1998, 120, 441-442.

21) (a) Sasai, H.; Suzuki, T.; Itoh, N.; Arai, S.; Shibasaki, M. Tetrahedron Lett. 1993, 34, 2657-2660. (b) Sasai,
H.; Itoh, N.; Suzuki, T.; Shibasaki, M. Tetrahedron Lett. 1993, 34, 855-858. (c) Sasai, H.; Yamada, Y. M. A_;
Suzuki, T.; Shibasaki, M. Tetrahedron 1994, 50, 12313-12318.

22) Rafel, S.; Leahy, J. M. J. Org. Chem. 1997, 62, 1521-1522.

23) Aggarwell, V. K.; Mereu, A. Chem. Commun. 1999, 2311-2312.

24) Shi, M.; Xu, Y.-M. Chem. Commun. 2001, 1876-1877.

25) (a) Shi, M.; Jiang, J.-K.; Cui, S.-C.: Feng, Y.-S. J. Chem. Soc. Perkin Trans. 1 2001, 390-393. (b) Wang,
L.-C.; Luis, A. L.; Agapiou, K.; Jang, H.-Y.; Krische, M. J. J. Am. Chem. Soc. 2002, 124, 2402-2403. (c)
Frank, S. A.; Mergott, D. J.; Roush, W. R. J. Am. Chem. Soc. 2002, 124, 2404-2405.

26) Shibasaki, M.; Sasai, H.; Arai T. Angew. Chem. Int. Ed. Engl. 1997, 36, 1236-1256.

27) Antilla, J. C.; Wulff, W. D. J. Am. Chem. Soc. 1999, 121, 5099-5100.

28) Ishihara, K.; Miyata, M.; Hattori, K.; Tada. T.; Yamamoto, H. J. Am. Chem. Soc. 1994, 116, 10520-10524.

29) Kaufmann, D.; Boese, R. Angew. Chem. Int. Ed. Engl. 1990, 29, 545-546.

30) McDougal, N. T.; Schaus, S. E.; J. Am. Chem. Soc. 2003, 125, 12094-12095.

w3

31) Matsunaga, S.; Das, J.; Roels, J.; Vogl, E. M.; Yamamoto, N.; Iida, T.; Yamaguchi, K.; Shibasaki, M. J. Am.
Chem. Soc. 2000, 122, 2252-2260.

32) Meng, Y.; Slaven IV, W. T.; Wang, D.; Liu, T.-J.; Chow, H.-F; Li, C.-J. Tetrahedron:Asymmetry 1998, 9,
3693-3707.

Bam

33) (a) Perlmutter, P; Teo, C. C. Tetrahedron Lett. 1984, 25, 5951-5952. (b) Bertenshow, S.; Kahn, M
Tetrahedron Lett. 1989, 30, 2731-2732. (c) Takagi, M.; Yamamoto, K. Tetrahedron 1991, 47, 8869-8882. (d)
Love B. E.; Raje, P. S.; Williams, T. C. Synletr 1994, 493-494. (e) Richter, H.; Jung, G. Tetrahedron Lett.
1998, 39, 2729-2730. (f) Aggarwell, V. K.; Castro, A. M. M.; Mereu, A.; Adams, H. Tetrahedron Lett. 2002,
43, 1577-1581. (g) Balan, D.; Adolfsson, H. J. Org. Chem. 2002, 67, 2329-2334. (h) Azizi, N.; Saidi, M. R.
Tetrahedron Lett. 2002, 43, 4305-4308. (i) Shi, M.; Xu, Y.-M. Eur. J. Org. Chem. 2002, 3666-3679. (j) Shi,
M.; Xu, Y.-M. J. Org. Chem. 2003, 68, 4784-4790.

34) Shi, M.; Xu, Y.-M. Angew. Chem. Int. Ed. 2002, 41, 4507-4510.

35) Balan, D.; Adolfsson, H. Tetrahedron Lett. 2003, 44, 2521-2524.

60



w2

20) (a) Arai, T.; Sasai, H.; Aoe, K.; Okamura, K.; Data, T.; Shibasaki, M. Angew. Chem. Int. Ed. Engl. 1996, 35,
104-106. (b) Arai, T.; Yamada, Y, M. A.; Yamamoto, N.; Sasai, H.; Shibasaki, M. Chem. Eur. J. 1996, 2,
1368-1372. (c) Arai, T.; Sasai, H.; Yamaguchi, K. Shibasaki, M. J. Am. Chem. Soc. 1998, 120, 441-442.

21) (a) Sasai, H.; Suzuki, T.; Itoh, N.; Arai, S.; Shibasaki, M. Tetrahedron Lett. 1993, 34, 2657-2660. (b) Sasai,
H.; Itoh, N.; Suzuki, T.; Shibasaki, M. Tetrahedron Lett. 1993, 34, 855-858. (c) Sasai, H.; Yamada, Y. M. A.;
Suzuki, T.; Shibasaki, M. Tetrahedron 1994, 50, 12313-12318.

22) Rafel, S.; Leahy, J. M. J. Org. Chem. 1997, 62, 1521-1522.

23) Aggarwell, V. K.; Mereu, A. Chem. Commun. 1999, 2311-2312.

24) Shi, M.; Xu, Y.-M. Chem. Commun. 2001, 1876-1877.

25) (a) Shi, M.; Jiang, J.-K.; Cui, S.-C.: Feng, Y.-S. J. Chem. Soc. Perkin Trans. 1 2001, 390-393. (b) Wang,
L.-C,; Luis, A. L.; Agapiou, K.; Jang, H.-Y.; Krische, M. J. J. Am. Chem. Soc. 2002, 124, 2402-2403. (¢)
Frank, S. A.; Mergott, D. J.; Roush, W. R. J. Am. Chem. Soc. 2002, 124, 2404-2405.

26) Shibasaki, M.; Sasai, H.; Arai T. Angew. Chem. Int. Ed. Engl. 1997, 36, 1236-1256.

27) Antilla, J. C.; Wulff, W. D. J. Am. Chem. Soc. 1999, 121, 5099-5100.

28) Ishihara, K.; Miyata, M.; Hattori, K.; Tada. T.; Yamamoto, H. J. Am. Chem. Soc. 1994, 116, 10520-10524.

29) Kaufmann, D.; Boese, R. Angew. Chem. Int. Ed. Engl. 1990, 29, 545-546.

30) McDougal, N. T.; Schaus, S. E.; J. Am. Chem. Soc. 2003, 125, 12094-12095.

m3E

31) Matsunaga, S.; Das, J.; Roels, J.; Vogl, E. M.; Yamamoto, N.; lida, T.; Yamaguchi, K.; Shibasaki, M. J. Am.
Chem. Soc. 2000, 122, 2252-2260.

32) Meng, Y.; Slaven IV, W. T.; Wang, D.; Liu, T.-J.; Chow, H.-F; Li, C.-J. Tetrahedron:Asymmetry 1998, 9,
3693-3707.

Bam

33) (a) Perlmutter, P; Teo, C. C. Tetrahedron Lett. 1984, 25, 5951-5952. (b) Bertenshow, S.; Kahn, M
Tetrahedron Lett. 1989, 30, 2731-2732. (c) Takagi, M.; Yamamoto, K. Tetrahedron 1991, 47, 8869-8882. (d)
Love B. E.; Raje, P. S.; Williams, T. C. Synletr 1994, 493-494. (e) Richter, H.; Jung, G. Tetrahedron Lett.
1998, 39, 2729-2730. (f) Aggarwell, V. K.; Castro, A. M. M.; Mereu, A.; Adams, H. Tetrahedron Lett. 2002,
43, 1577-1581. (g) Balan, D.; Adolfsson, H. J. Org. Chem. 2002, 67, 2329-2334. (h) Azizi, N.; Saidi, M. R.
Tetrahedron Lett. 2002, 43, 4305-4308. (i) Shi, M.; Xu, Y.-M. Eur. J. Org. Chem. 2002, 3666-3679. (j) Shi,
M.; Xu, Y.-M. J. Org. Chem. 2003, 68, 4784-4790.

34) Shi, M.; Xu, Y.-M. Angew. Chem. Int. Ed. 2002, 41, 4507-4510.

35) Balan, D.; Adolfsson, H. Tetrahedron Lett. 2003, 44, 2521-2524.

60



36) Kawahara, S.; Nakano, A.; Esumi, T.; Iwabuchi, Y.; Hataketyama, S. Org. Lett. 2003, 5, 3103-3105.

37) Shi, M.; Chen, L.-H. Chem. Commun. 2003, 1310-1311.

38) Uozumi, Y.; Tanahashi, A.; Lee, S.-Y.; Hayashi, T. J. Org. Chem. 1993, 58, 1945-1948.

39) (a) Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Goddaed III, W. A.; Skiff, W. M. J. Am. Chem. Soc. 1992,
114, 10024-10035. (b) Casewit, C. J.; Colwell, K. S.; Rappe, A. K. J. Am. Chem. Soc. 1992, 114, 10035-
10046. (c) Casewit, C. J.; Colwell, K. S.; Rappe, A. K. J. Am. Chem. Soc. 1992, 114, 10046-10053.

40) Tayama, E.; Saito, A.; Ooi, T.; Maruoka, K. Tetrahedron 2002, 58, 8307-8312.

41) Horita, K.; Yoshida, T.; Tanaka, T.; Oikawa, Y.; Yonemitsu, O. Tetrahedron 1986, 42, 3021-3028.

42) Lee, K. Y.; Lee, C. G.; Kim, J. M. Tetrahedron Lett. 2003, 44, 1231-1234.

43) Krishnamurthy, S. Tetrahedron Lett. 1982, 33,3315-3318.

44) Matsunaga, S.; Das, J.; Roels, J.; Vogl, E. M.; Yamamoto, N.; lida, T.; Yamaguchi, K.; Shibasaki, M. J. Am.

Chem. Soc. 2000, 122, 2252-2260.

61



o F
ERREFTICHEDKBTHRE, THEEEBD £ LU ERRAPEEN2HAFTBREHEH

FARITESIBHIHBLUET,

AFFRCH L. ARG E. THEE2NWEEEE L ERTERPHERCZRBBIETHER
EECERHNZLET,

AFFEEEL T, ERFTEONR, EELRIKCDHOED, ZRBHE,. THREVWEFEEELEKR
BRR BB 2SR B FRER A TBRH WU ET,

iz, IREER, CHETHEEVWEZEEELARAEEEL EERILREETYEREWE
R LifsE B) . BIEMAKE L (B Boston College HL5EE). BOE gL (F/NEFEK T %0
KR, . RERKZEEPEHEFBITF Doss Jayaprakash Jo4, [FFEH EEFSE § Mahesh L. Patil
BhicE<E@LHe L LFET,

FHARCH T DEEARY MVAETHHFEICR D E UL KRKEEERNZICHT. MEHENT
T —DERICEIE LR L LITET,

PE. L, BhLEBEORES. KEH. Al BEZCHAVWKICHETEZZ &R
WESTHEFECODAIANZVNEYTHDEBNWET., ZOHEED TESBEIHBRLET.

(M ILBERRZERAR (L) ; LR -8R (BESERREZER) . FHERE L, LXNEE
L. A JIRR2E, aAETEL, BREREEL. MAHEREZEL. FHERZEL, LENE
2t PR TFEL,
P LR KRR ZEBRERR CRE - (WEPD ; KAEEERR, LHEERER, ffHOS UEL, BEE
Bt REFRERR) . FNEHRNM. F#: H TE—EL GRRTEREELBIEREERSE D3).
HHEREL BRETEL, R¥EE . KEEREL. EHREL. AFMEZL. BRBEBE
. hEROCE L. FEES L, HAEEY T, THEESL, BERRE¥EL. LWTHEEL 8
MH=EEL GARRHIAZELRELEE DD, REE %L, F)I8EAEL, EHERPZL,
mAREEE L, UARPILZEL, REENRZ L. FXRBLEL, NBHREL 2HRE2L. B
s, (W=t H)INE%EL:
RIRRZERZEGRR (EHP) ; EABEFEK, 5EHMHEL, Chinnasamy Muthiah &+, R : 40
BmEEEL (GEIRHREEE D3). #¥EE KEREEL. AF400EL, M TEEEL
(D2). XKEHERMEL (D2). BAMEL, F2EREL, EWREEL. HHREEL. KEX
TEL. BERAZL M2), JIFHE2L (M2). NEHEZFELE M2), FrE%t (M2). i
HmEZYEt (M2), HHEZEZ 1, HFEFhELE MDD, FEEKMEL M), BEOEEZE M),
AR (B4))
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