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Chapter 1

Vival

] =

7
=11
=

EFIIEEERSCOgE L LT, B2 VBT U B E~DT U AMALE DR
BT AT o7, RETIE, WEOFHL GNR) Z5lH LR, KRIFFEDON
B AW TE ORI 2k~ 5,

ERMEEM DA RIZIBN T, PG/ RS — IRFAE A & LR - (LE SR
(T D FITIERICHEERFETH Y | H LSRR OAIHIEE DA Rt
Uil e HiEmma Rt 2N TE D, TORNFRBEHEESLEDO—DE LT,
FFIL, 2T IUNAT N a— VGHEBROT U IALBOSIZER L2 ' (eq 1),

R3 R3
ata R1J\%R2 + R1V\R2
‘\5\% R3_M Sn2
Sl
OR3 o @
L (Leaving group) aty RV\/LR2 + R1/\/T\R2
-OC(O)R, -OS(O):R, oyn 2 anti Sy2

-OP(O)(OR),...etc.

7 U MESOGE T, BOSSEDBEERE D a fL R RNy Ml D728, SIS ONLE -
SARBIRMENEECTH D, 7 U LS TIIER 2 72K EZHA & B R O A5
DEBIFTREINTND, —fFlE LT, NI V0 L2 WY 7 b 7asKigH
DT VIALEIGRE, iE-Trost iz & L TEAL THH, AHRKETIEH L0, =«
—7 U VHRRZRR D B, O EBEFRYEOSIENIIEE ONLIRR, B 7R
BRI RESEELZT 5, 2008 FITEN O TF A M Pd (D) SEAARIEE 2 H
WET U =R a Ui DROGT, v S22 BRI T V) — VA E AT 5 2
EITHIIL TS (eq 2)°s LU, RUNMTIEREOERE R° LEAT LB
VERDEBILDOSIARI B L RE S ZT, LR O FRE DMK T
LTCLEYONRETH D,
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Pd(OAc) (10 mol%)
1,10-phenanthroline (12 mol%)
OAc AgSbFg (10 mol%) )
AR AN (2
R R PhB(OH), (1.5 equiv) R R
(97% ee) 1,2-dichloromethane, 60 °C, 6 h

R = i-Pr, R" = Me, 58% (100% conv.), 97% ee
R =Bu, R' = Me, 65% (90% conv.), 97% ee
R = Hex, R' = Et, 60% (79% conv.), 89% ee

—J7, BRI (ON— R7REH) 1282 287 VLT /v a— L iEERD
T U VBB GIE, RIS T T S22 AR A ELE T AENRM LN TV,
ZOFENG, FIEWRIRE —IRB-EEG LR T 28R EO15& LTH
TN ST E T, 7ok, EITREMEOEW sp’ RET =4 ThH D,
TV FVERRIRIZ OV THFZERN 72 STV D,

ZIT. ARERIRIC L 57 U HEBURIZ K o TRFRFE LT D HIEIC
HHTHE, Scheme 1 (T3 THH R3O ND D,

Scheme 1. Three types of allylic substituton.”

; , L R3_uCuu 83
ype — :
R1/='k\/\R2 RIN%"R2
1 2
L 3 A R3
R°-"Cu P
Type 2 V\RZ —— \)\Rz
(Chiral) (Chiral)
3 4
. R3-"Cy" RS
Type 3 Chiral Ligand .
V\Rz sz
5 6

aL = leaving group.

Type 1 : 2D 7 VIALEY 1 ICAHA S SE, AFBEICL D iz
AREHRLESD (cf.eq 1),

Type 2:R* IZARFEEZHT D 1O T VIALEY 3 12k L CHBESZ BSOS St
R* ORFFHFEICL VT RAFEHET D7,

Type 3: 77X TR LEDT U IALEY 5 IZHEIE R~E Y T REEH S
B, FTARERMESD O,

LU, Type2,3 O 4,6 (ZFHEBT DL, AW Rin & = /VIIZRE

SN MA T R b HHREREIND O, T OGP E WL D,
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ZIUTEERT, Type 1 TlE, EfiL 2 >0EH#IE RV R 2L TCW\W5, OF
D, Z—0 v N TORKET A LT HEET, LOFRMERENEFZ 5,
Fo. TV EEY 1 ITEHTE D HAEET VLT v a3 — L O RIED Tl %
ML CRY ., BoND N FHMENT VR LA THD ", TD X5 2B H»
O, FHIT Typel OERICEBTHHFICT L,

LU A 5, Type 1| OISONLE « SEARSRIRMEX, FEE 1 OE#HIEL R,
R® ORI R OVEFRIZR B D 2L, IO REMEICKRE LS EBELZT 5,
FOMEYWETHOIC, A ETICKRD L O 2Bl RERNEE S L
T&ET,

C,F,CO,-, 2,6-F,C,H,CO,- (in one occasion™) with R,Zn/CuCN-2LiCl;’
0-(Ph,(O)P)C4H,CO,- (0-DPPB oxide group) with R,Zn/CuCN-2LiCl;*

(RO),P(0)O- with R,Zn/CuCN-2LiCl;’

MsO in y-mesyloxy-o.,B-unsaturated esters with R,Cu(CN)Li,'BF, or RCu(CN)Li-BF;;°
o-(Ph,P)C,H,CO,- (0-DPPB group) with RMgX/CuBr-Me,S;"’ etc.?

INHOMNBERED 5 B 0-DPPB ALiE, /NERIOIET I & RAF 723 IRE &
BOGHEZ R A, oOBBEE TIZ, Z2< OREERLETH D, FIZIE, 2 Y
&Ll ED Ph,Zn/CuCN-2LIiICl NHWHILTWDFEN LW, ZiE Ph 7 =F
U 4 BELEMETHDLENIFETH D,

AT DRFENNCEHZMT D &, ETRARZKSHRIT sp-C SRR TH D,
TIF AR OW T SN TE o, FERFEIL, TOKICKEE sp-C 4
ALV SRR T U — 07 L = LRI (sp>-C $iFREE) [T 35
&L BUSPERDY (03) B|IRMEMETFLTLE D ZERmMBTND 2 fFilgh
E LTV DD E D53, BUSECINARIIZIR Y 23 2 HEIZIR b
TEO, HEHEO—FMEIIEWEIFE R0, I BICRSMEMEWN T L =1
HAZE (sp-C #FRZE) TITSULHI S 2 F HALTVRYY,

LU, T4, B LWEERE o-DPPB, 0-DPPB oxide, F.C,CO, #&% % & |
BIRMER sp RETHLTV—NVEOBANTEDL L) IRz WESN
7= (Scheme 2),



Chapter 1

Scheme 2. Recently developed leaving groups.

"0-DPPB" E @\Pphzi CIT‘I’_D’3M,\§/;|X(S1,11 Zq) R3
' ' uBr-Me Oe :
: | 20009 iNApe

CQU0 - Et,O,rt, 2 h
RITNR? R® = sp®, (sp?)
e i syn SN2'
"0-DPPB oxide" ! @\Pph i R%Zn(24eq) R?
: n' % CuCN-2LiCl (1.2 eq)
' O 1 \
L1070 | THE R1/\/'\R2
R R2 -30t00°C,25h RS = sp?, sp?
anti Sy2'
TF
1 F F 1
"F5C6CO;" | ! R3,Zn (2.4 eq) R3
F Fi o CUON2LCI(1269)  pinege
i 0 o ! THF-NMP (2:1)
Ee - -10°C, 3-20 h R®=sp?, sp?
R N— anti Sp2'

0-DPPB Z:Cix., AREHEIENY VIR FICEAL L TRILT D720, T2 S2
ERINESN D, £7-. 0-DPPB oxide, F,C,CO, KIF & Wk 5|1 &tk CIh
fbENT-BBER T, AT K ORI TT v F 82" ERIifEonsd,
LrL, ZNHDOKISHRTH, FLEUTORE (1)~Q) KTk, &2
2 T DR RIIAE SN TR,

(1) TIFEE L EANMERGMEZR T ) — b T = V72 & sp? IRFSREERED
B4, 0-DPPB JETIE T /L7 = L OBINAYE AN TERWER, JHATE M
R CAFERENH LN SN TV ¥ FCLCO, T T V7 =L ikniE
ABID 720N

(2) R* Y& . MgniTix, R ICEHTSE 4 YEU EMLETHD | FF
IZEHEZR R OLAICHEE 20 5 %,

3) TNHDOMEEKIIRESMTHY . A EOT AU v ME72 5,

FIT.ZNHLOMES (1) ~Q) 2R L. 7 UMLK T sp? [REX sp &
FERBIRICE AT HENAREICRNE, 2 —7 v FEROBRO T 7= 72 IR AR
70 DB EEZ, FEHITHHIE RO 2 Wi EIc ik DT,
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FFL, sp-C HERICEET AREES D, HT LW A D= XA THEM LS
BFLWBBEROBRBENEETHD LB 2T,

Scheme 2 THEM L7z, & HFRE sp-C a3k AT Dh 2 D 7= BB RE 2
DWT, OB mEME 72 B 275 2 TH7-, DPPB A (FHIFAIK DO/ IC
X BiEMEAE. o-DPPB oxide, F.C,CO, I35 3| M@ #a LI K 0 BLEERE 23N 1E M
fLENEHEEETH D, LavL, 1 ODEMLA I =X L TIE sp>-C k3D
FOSHEDIR S RN TmR CE o=t E X -, =2 TEZEZIX, Scheme3 IZ
RLIEE D72, 2050 (FHEMR) IEHIERHIFFCESEE2 95, Bal v
fg (2-B U U ANVRWE) HKIZER Lz, T7bb,

(a) HENLRNRIZLDEMR - EFRSIHEOE Y DVEIZ XY DARFT L
FATEMALT 5, CF,CO, I 5 CF EDGA L REEDIEMEIL TH 5
(b) &JF M* ~ORNIC L DIEMHL « IAVR=L@BELEE Y VUBROERF T

2 M ~FL— g LTHVRF UV EIER LT 5

R LI, B, BHICHEHL UL, BEOFL— MEO TRIN TE R o707
W, V82 BAWET UF S22 DELLDNKGEa—ABLME TE I,

Scheme 3. Expected activations of the picolinoxy group in the allylic substitution.

N
N~ " R3_Cu " R2
0“0 R? via anti Sy2' R1
R1/I\% 7 9
R3 = sp? (alkyl)
sp? (aryl, alkenyl)
— _ sp (alkynyl)

activation by the electron- ]

[ withdrawing pyridyl group
activation by —
chelatlng to M*
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ZL T, FEFIZZOMERICESW TR LIEAER, B2l VBT VL e A%
i & DRINTET v F S22 BINMICARY ZSRL L2 RN LT, ZORE, 7
w%w%ﬁﬁﬁﬁ<\ﬁﬁﬁﬁ@%ﬂ%%ﬂ@%b#ot7u—w%&?w&
=D sp® IRFEM, S BITIE, ZHETHIZ L)oo 7 v F=LE (sp-C)
H HEIZ %Afétooi@ A (1) iR CE 7z, AT, RR 7T =413
2UEU T CRIERHERE A, BBEOa X FaEIZBWTH, B2 UERIE
PERDOPBLBERL L 0 X502 TH D P (Figure 1), 2F Y, 8 (1)~3) 122
WTETEMRILTETEY, HFexRENPOABAEK LEDORAY v N ERTHEIH
Kz, FNHOHBEICOWTAE LR L TIRRTWH L,

Figure 1. Prices of three leaving groups.

o-DPPB 0-DPPB oxide [ Picolinic acid
| S
N
PPh, F>Ph2 7
HO™ ~O
1,672 yen / mmol 278 yen / mmol 4.0 yen / mmol
(28,700 yen /5 g) (13,200 yen/ 10 g) (17,400 yen / 500 g)

VIR, &EOMRS %77,

Fo2wE [TV — N7 ) = — LiRELHEEZ AN -2 BT U LDT
JALEORDBR%E ] TiE, sp? 7=A4 > THDHT7T UV — 7Y =5 — Likdk L gl H»
H5AC D8R E HWT, REOX A 7 (MEEFR) . - EEIRME ((E57
R/ ARFEE) L OBBRICOWVWTHRF Lz, ZO/E, ©aV BT U ART
U—3 (Ar) OEANIBURIEETHY | EORICEM 2L LI2FIZTOWNT
ATV B,

--.q
o} o
N ArMgBr ENj)to R2 R2
—_— : o
/\) CuBrMe,S = R1/\"/) anti Sy2 RV\)\Ar

selective
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FI3E [T NT= AV ROTAXANT ) =y — Vi3 L HEE Wi al v
7 VDT VIALRISDORR%E] Tik, 7V =v — VK LHEN AT HH
MR Z o ) VT UL ERUL &, TV =)Lk (sp? (RFE) T LF L
B (sp’ IRFB) m T T SN2 BIRWICEATEZFITHOWVWTHRRITND,

(2-Py)cO, R2  RMgBr R2 - 2
;i) /\)‘ R = alkenyl (zp )
R CuBrMe,S RI"™"YR alkyl (sp°)

HAE [2-2 7 p~"FL VForaF L al) VB 2T )L & AR A T
WeBR EARRIRF OS] Tk, EORRNEEE S TE 78R E4RIRFEDORHEIC
BWT, Bl A BB S L2 T U ABRE T 4 # R 35 % i SR IR Y
IR TEZFHIZHOWTIRRTWN S,

T

RT-"Cu" R
rRL V¥ —  » | RLC z b+ R Y
OCO(2-Py) RT

Hom A F LR LEHEZHW-Ea ) VT U LDT U ALRE
DOBAFE] T, 7V =% — VBB OF RN H Ly sp® (RBEE (T V7 =R
E) 7 VILRISICEAT 2 2 e x2& 1, UTF U LRELHOTHRFNEZIT-
oo TORER, v 7 XU LNEOWMNEHTHY  Firx D sp fRHE % FiEIR

HNZE AN TE 72T OWVTIRRTWN A,
;:‘ s Y.
QO

(2-Py)C02 R2 RLi/ MgBr2 R2 , ,
- 3 R= FG (Y = O’ S)
RV\) CuBr-Me,S RV\)‘R

R
\‘é‘/\R' , ?s\) ...etc.
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FHew [eal 7 Vo7 VRIS ZiEH Lz, Jetimttaa 14V
UDLEEE Y =0 LEOE/M] TiE, B2 g7 Vo7 ) W bs %
EH L CEHERBICAFTPLEAT DA IF Y —/b, VU DUFEREGHL
oo SOIAEMYZ RGNS 52 L THHARMEZAT 50 IV U U LE

VIV VU AEOEKIZKII LTz, KRETIXIZOFIZOWNWTIRITN S,

"imidazole"-Li RZ R RZ R3
(2-Py)CO, RZ MgBr; (

) R4-X N
—_— 1/\)YN —_— R1/\)\’ X~
RN CuBrMe;s XS W NE),
R4

v

FTE [T AX = VW22 ) VBT U A0 T U ABS DB )
Tk, 7 XV LAHEETTOY 2 U VRO I L - HEREICE R L, 2

NETHIRM SN TORNT NV F = VRS L 2407 U AT v 3 — ViFERT
DT VIS & @i IR EB TE L FICHOWN TR TN 5,

3.0= il 2
(2-Py)C02 R2 (R C_C);CULI LiBr /\)R
Z RIS
R‘J\) MgBr, R \\ o

F8E HRfE] TlL, FEDOMEZELO, ABDOEEICHOVWTHEB L T
Do
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Homl 7Y — 7Y =y — LRIE L GEA AW
:1/M7)w@7JNM§E@%%

BB TIRARIZERIT, TAF LRI (sp’-C RIK) OF2M|T IV LT a—
NHBARA~DT U LG TIET v F S AERB BT 55N G, HFAENE
72 C-C B OMEICREFTRRFIETH S, LinL, 7T U =T LT =L
R (sp™-C IR 1TSUSMEMEL BIREDIKR T ZH Z ERMBINTND ',
fsh & LT DD S 205, ROSHELSLARBIZ S A T A3 3o 72
HHEIZRONTED, —BEEICZ LW, 20X 2flREwiRT 57280, FEH
X7 U — VEERIE (sp™-C ) 29 7 VU MLIISIZAE A 7e Ot R & A3~
<P EAT -7,

2-2. SEIAREFRAW =R

AR T, H . PhMgBr 2 %) & CuBrMe,S (2,1,0.5 %4H&) 7
B 727 = = LR A . £ 2 Ph/Cu (2/2), Ph/Cu (2/1), Ph/Cu (2/0.5) #
$E L E3%T %, Scheme | ICZFNZNORIEOREEL L | [FIFHICAEKT 5 MeBr,
DY ENZHOWTR LT,

Scheme 1. Phenyl copper reagents derived from PhMgBr and CuBr-Me,S.

PhMgBr (2 equiv) n
CuBr-Me,S (2, 1, 0.5 equiv)

Ph/Cu (2/2)
PhMgBr + CuBr-Me,S ——> PhCu + MgBr,
(2 equiv) (2 equiv) (2 equiv) (2 equiv)
Ph/Cu (2/1)
PhMgBr + CuBrMe,S ——= (Ph,Cu)~(MgBr)* + MgBr;
(2 equiv) (1 equiv) (1 equiv) (1 equiv)

Ph/Cu (2/0.5)
PhMgBr + CuBr-Me,S —— = (Ph,Cu)”(MgBr)* + PhMgBr + MgBr,
(2 equiv) (0.5 equiv) (0.5 equiv) (1 equiv) (1 equiv)
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WG E LT, Scheme2 & Scheme 3 /R L723E, $74bb, Balx
—bF la,1la ® b7 2 RAREMEE 10, BELD 59 22\ TT U IALKIE Z i
HEE LT,

Scheme 2. Preliminary study.

Ph-M + CuX —l

Ph L OTBS "Ph-Cu" Ph Ph Ph Ph Ph  OH OTBS
A e L oms + Kohcoms + LA
THF
1a,5-9 2a 3 4

L (leaving group):

1a, @coz; 5, NC\>—COQ ; 6, Ph-CO,;7, CeFs-COy,; 8, (EtO),P(0)0;9, MsO
N _

Scheme 3. Allylic substitution of allyl picolinates 1a and 10.

PhMgBr (2 equiv)

Ph  OCO(2-Py) CuBr-Me,S (1 equiv) Ph Ph Ph Ph
k)\:/\ k/\/K/OTBS + K)\/\/OTBS
OTBS  THF,0°C,1h ; \
a
1a 99 : 1
PhMgBr (2 equiv) Ph Ph
Ph  OCO(2-Py) CuBr-Me,S (1 equiv) Ph Ph K/K/\/
L~ oTBS K/\/K/OTBS + _~__OTBS
10 THF,0°C, 1 h 2a s
60 : 40

9. VAR VBT YL 1a (L = (2-Py)CO,) &£FD kT AR 10
(Zxf L. Ph/Cu (2/1) % THF 1,0 °C, 1 IfffI )i SH 72 (Scheme 3), ¥ Z{RD K
H la D OIEEVNIEIRIRMET 2a 3B LTZ, Z OB, (LERMER S HEE
X L7273 (2a:3 =99 : 1 by 'HNMR, Table 1, entry 2), 2a & 3 DI RAFEM(K
Qa’ & ) BLOT /N a— K 4 OERITED o Tz, 7ok, (LiEE
PEIR 3 1312842 575 THARL L (Table 2, entry 10), ¥ A F&ME{KIL Scheme 4 D
FEERES>TAR LTz, —F7. FTU 2K 10 2251%, 2a & 3 % 60 : 40 ©
EIATAR L7z (Scheme 3), 7V AKRTIISUGNELS . —E=n 7 U L H A
ERDFICL > TERIREDME T L2 EZ TS, U EORENS, E
D _HAREADONARIZ T AN L TWD Z R bhrolz, Lo T, L FORGE
IZY AR 1la ZFVWTITY) Z &IC LT,
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Table 1. Allylic Substitution of 1a and 5-8 with “Ph-Cu’ derived from Ph-M and CuX.

Ph Ph

Ph  OH OTBS

P! _ i —»u Peu” FQ/\LOTBS + Lh~Loms + —
1a,5-9 THE 2a 3 4
7
L (leaving group): 1a, QCOZ; 5, N;\}Co2 ; 6, Ph-CO,;7, CgFs-CO,; 8, (EtO),P(0)0 ;9, MsO
reagent sources temp, time, ratio of yield,”'“

entry  substrate (equiv) °C h 2a:3:4:SM* %
1 1a PhMgBr (2), CuBr-Me,S (0.5) 0 1 99:1:0:0 85
2 la PhMgBr (2), CuBr-Me,S (1) 0 1 99:1:0:0 91
3 la PhMgBr (2), CuBr-Me,S (2) 0 1.5 98:2:0:0 84
4 la PhMgBr (1.2), CuBr-Me,S (0.5) 0 1 98:0:1:1 92
5 1a PhMgBr (2), CuBr (0.5) 0 1 97:3:0:0 nd
6 la PhMgBr (3), CuBr (1.5) =50 to 20 1 90:0:0:10 83
7 la PhMgBr (2), CuCl (0.5) 0 1 98:2:0:0 nd
8 la PhMgBr (2), Cul (0.5) 0 1 90:2:8:0 nd
9 la PhMgBr (2), CuCN (0.5) 0 1 96:0:2:2 88
10 la PhMgBr (3), CuCN (1.5) =50 to 20 1 99:1:0:0 86
11 5 PhMgBr (2), CuBr-Me,S (1) 0 tort 13 46:0:0:54 nd
12 6 PhMgBr (2), CuBr-Me,S (1) 0 tort 20 0:0:0:100 -

13 7 PhMgBr (2), CuBr-Me,S (2) 0 tort 18 60:0:40:0 nd
14 8 PhMgBr (3), CuBr-Me,S (1) 0 3 99°:1:0:0 nd
15 la Ph,Zn-2LiBr’ (3), CuBr-Me,S (1.5) -15t00 4 31:0:46:23 nd
16 la Ph,Zn-2LiBr’ (3), CuCN-2LiCl (1.5) -15t00 4 25:0:60: 15 nd
17 la Ph,Zn-2MgBr,* (2), CuBr-Me,S (1) ~-15t00 1 99:1:0:0 91
18 1a Ph,Zn-2MgBr,* (2), CuCN-2LiCl (1) -15t00 15 85:1:5:10 nd
19 la PhZnBr-MgBr,* (2), CuBr-Me,S (1) ~-15t00 1 85:2:0:13 nd
20 la PhZnBr-MgBr,* (2), CaCN-2LiCl (1) -15t0 0 1 93:1:0:6 nd

“ SM: starting materials (substrates). Zero (0) is given in the case the product

signal(s) was not

detected by '"H NMR spectroscopy. ” Isolated yield of 2a (and 3, if produced). ¢ nd: not determined.
Almost no reaction took place at —50 to —30 °C for 4 h. * An olefinic impurity (cis isomer in ca. 20%)
was seen in the '"H NMR spectrum. / Derived from PhLi and ZnBr,. ¢ Derived from PhMgBr and

ZnBr,.
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Scheme 4. Synthesis of 2a' and 3'.

Ph Ph 1) OsOy4 (cat.), NMO Ph

MOTBS Ph\/E)\/OTBS

2) NalOy, BuyNI, ag MeOH
2a 3) PhgP=CH(CHj),Ph 2a'
59%

1) n-BuLi then (CH,0),

Ph Ph 2) TBSCI, imid.

Ph Ph OTBS

X o
H 3) Hz, Pd/BaSOy, quinoline

3'

K IZ, PhMgBr & CuBrMe,S @t % bk L 7=, PhMgBr 2 ¥ &) &
CuBrMe,S (0.5 £721% 2 &) 22O L728ii3K Ph/Cu (2/0.5) & T} Ph/Cu
(212) Z BOSIZHWT b RAF 70088 U0 - IR 2 5 X 7= (entries 1, 3), #ilakdKo 7
U IWALKIE TR, —RICHRIED I L 2 2 FSRRE L gD (0F D,
TEMEFE) OBV ROSHECBRINMEIZE A2 KIE T, ZhiTxt L, ARG TIEHL
BRI MEIT Ph/Cu DHICIRTE L e »oT=, K » T, EHMIC PhMgBr &
CuBr-Me,S # EfEICHIZ VBT 72<, ZOFFEEN AV v FThDHEF X
£ 9. ¥, LUT O CITSE ol H & 28 bz 722y Ph/Cu (2/1) 72103
Ph/Cu (2/0.5) ZHWAFIZ LT,

W T, 77U = — /L33 PhMgBr # 12 Y&FE THIOL L7, ZOHA B
ST 1 BRI LLNICSERE L2 (entry 4), L2 L., BEHIIFHREOEROMAEICL S F
T INERET DA, LLFOERTIT 2 H4ED PhMgBr &1l 5 FIZ L7,

5T, oG A L7z, CuBrMe,S Ot V(2 CuBr, CuCl, Cul,
CuCN Z Wz & & b [RIEIZ BAF 725 R % 5 -2 7= (Table 1, entries 5-10), L72>L .
FOS 2RI T{T72 9 &, CuCN LIS TIISUSPEDME T L7z (e.g. ca. 10% recovery
of 2a, entry 6),

T, BV UBENBHRBEEETCH LB A ONIT LD, A
Vo=aF VB ATIN S L RBFBIATIV 6 Bl THRILEMRF LT, 5
DRI, LV EWIRE (0°C—=ii) I LThiEN- 72 (entry 11), —F5, 6 1%
BSOS T CRUG LZe o 7= (entry 12), ZAUHDFERNG, B U UERHA
ETEME R CH A B L LT, 2 oDIEM bR, (1) @B M (ot
23 T MgBr, EHI) OoF L—a VR c1a>5, (2) BRSIMPESR | 1a,
556 BEZHIL, ZNHPEFRLTEHALTWS EEX TS (Scheme 5), ¥
bbb, SEOHIBLEaY VT VL la NikETH D,

15
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Scheme 5. Expected activation of the picolinoxy group in the allylic substitution.

B R3MgBr

N~ CuBr-Me,S R2

0”0 R? via anti Sy2' R1
N ;

activation by the electron-

= [ withdrawing pyridyl group
activation by —
chelatlng to M*

2-3. St AREFRAWN -5 5%E

ZHIVE T PhMgBr ZfEWTRAFRFERAZGTE 20, o7 = = /L& BRI
DT, B RS L TAHALHREIC L, £, Zhickyvreay »
FRIZXL— b T H&8RME M 2HALNCTEDE LB X0, 7o =Ll
(Ph,Zn & PhZnBr) (ZOWTCi&, P-M (M =Li,MgBr) & ZnBr, 268 L72 %
DEHNT U b E Tz, B R&XZ L2, PhLi & ZnBr, LYV ML
Ph,Zn-2LiBr & CuBrMe,S F7-1% CuCN-2LiCl (KnocheliX3K) /S8l L7~
= =LKL 1a (28 S 720 o> 72 (entries 15, 16), 5. PhMgBr, ZnBr, Hi3K
® Ph,Zn-2MgBr, % H W72 W, RS IEZhRMIIC S2° AW 2a 25 %7
(entries 17,18), Z4 5 D#EFI%, PhMgBr IZH 795 MgBr, W = U UEEHLIC
FL— L CRMEE EFTCOWAEOSFRTHDLZ EETRERL TS, [FAEE
72ME[F) A PhZnBr THA SN 7-23, PhZn (ZHETRIGEIRIFME T L7z (entries
19, 20),

WIZ, B al Ui L T S0, ol 2RO AT 7-9 OT U
S E RS LT, X T nie BERRT AT L T IS T L —L 4
B4 L7z (entry 13), £ LT, R ARFR— K 8 TITNEZERIRMEIZR ) > 7225,
2a & XD ABMAR 220 DRGNS HITZ (2a:2a’ =8 : 2, entry 14, Table 1,
footnote e), 7R, AL T—hF 9 [IT /L a—L 4 NHHFERL AR TL2HFENK
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HThHoT, WEREGMRPIHPRRNTZD IR TR &I L TELL Lo
FHIATO R T,

2-4. AEEFEHERZHAVNVEFRIFEEICDOVTOME

o7 varyTIEROEFEERRE 2 Y BT UL (S)-1la-d ~DIEEITUY,
R DSLARAL T & RFEREIZOWTH LN LTSI DWW TS, 22T
AFHFHRE (Chirality transfer) |£ CT LS L. RHEEGFE CT (%) 1L (% ee of
product / % ee of substrate) x 100 & EFT D,

2-4-1. BE A&

HFEME 7R BV (S)-1a-d 1 Scheme 6 (/R L2 HIETAK LTZ, B, 2D
FC (§)-1c X (5)-1la OEHIE R, R Nl > TWAIEETH D,

(S)-1la & (S)-1b DAL : TATE K 13 LB LET VATV a—Liz
L-(+)-DIPT Zf#-7= Sharpless D AFTARF AL Z HNTEARF LT La—/L
14 L7, 14 »OFELEENY 15 2 Yadav HOFET T o L L7
=F L RIRNLVLAT VT RTRT v 75T, IF 73% TV —/L
16 £ L7-.16 O—f/KIERIEDOERNZ: TBS {L&H< 7T L OFTEITIC
X0 BHRNETT Y LT va— 18 &5 27, %12, DCC & DMAP %
HowTral vEe 18 Zfia L, B2V @7 UL (5-1a it/ &
% L7z (S)-1a 1% 7 VHPLCHOHTIZE > T 90% ee TH D ERE LTz, (S)-1b
(89% ee) 1% 15 O RIFRDO HiEEZHWTEM LT,

S)-1eDERK : v~ = b= AK LT /vT & K 2371% [Ph(CH,),PPh,|'Br-
& NaN(TMS), WO L7727 =4 v & Wittig IS EITW AF LT &
L. < IKRDGIRIZE > T 68% ODPFETIA—/V 24 ITFHFE LT, VA4 — LD
1 RRKEE I D AR TBS R L. FR D 0 2ok iia v a ) UL fga L
(S)-1¢ (95% ee) %437z,



Chapter 2

Scheme 6. Preparation of picolinates (S)-1a-d.

1) (Et0),POCH,CO,Et Ph OH
Ph DBU, LiCl Ph o n-Buli H H, Ph OR
L_cHo Wx - Xx. OR —-"0TBS
2) DIBAL then Pd/BaSO,
13 3) +BuOOH CCly C 14,X=0H  (CH,0), TBSCI — 16,R=H quinoline 18,R=H
L(+)DIPT, Ti(OPr)4 PPhg 15,X=Cl 73% imid. ,: 17, R = TBS 95% PyCO,H ’: (S9)-1a, R = CO(2-Py)
87% . DCC, DMAP
75% 98% (90% ee)
97%
f)nBuli  Ph OTBS  ppuli Ph OTBS Ha PhOR PyCOH Ph  OCO(2-Py)
5 ———— : - « — _ = . _
™ A
2) TBSCI X  then Mel Pd/BaSO, 21 ReTes DCC,DMAP
imid. 19 THF-HMPA 20 quinoline 22 R=H (5)-1b (89% ee)
83% 97% 88% ' 79% from 21

Bu,NF

1) [Ph(CH,)3PPhg]* Br-

OHC\(\O NaN(TMS), _ TBSCI, imid.
b Ph/\/—Y\OH Ph/\/:Y\ORZ
2) CF3CO.H OH 90% OR!
23 THFCO 24 PyCO,H 25, R'=H, R2=TBS
68% DCC, DMAP L (8)-1¢, R = CO(2-Py), R2 = TBS
79% (95% ee)
1) NaH then
QTBDPS 1) DIBAL QTBDPS n-BuLi (?TBDPS PMBCI, Bu,NI (?H PyCOLH
N —_— - = S <
COEL 2 oBry, PR N then /\/OH 2) BugNF /\/OPMB DCC, DMAP
26 -BuLi 27
3) n-BulLi 500 (CH0), 28 55% 2 o8%
86%
QCO-Py) Hy 0Co(2-Py)
N ——  —""0PMB
/\/OPMB Lindlar cat.
30 79% (S)-1d (97% ee)

(S)-1d DERL : RKERH KD ARE ZFFD (5)-FHEe=TF /LD TBDPS =—7 /L 26
ZHFERE L, Scheme 6 (/R L7z 3 BEETT /UL LT /L a— LK 27 (1
FHLT-, Kim7&F L% nBuLi ZHWWT =F b L, XTI KRLVAT LT
NMIZERHSETT va—)L 28 L L7z, £ LT, AUTKERED PMB fri &
fE <M TBDPS IZX > T 29 (& X7, B2V U geEfiia L, AL AT )L
30 % Lindlarfififit (Pd/CaCO,, Pb-poisoned) % FHWT/KFERML, 97% ee D
S)-1d ZHR LT, 7235, 30 OER4yiE L Tfitfit & LT Pd/BaSO,-quinoline % fifi
HLESGE, 7V RV Fvra~ bl o7 4—128bx% /70 0L
S)-1d L DOREENRREETH > 7=7-H, Z ZTiX Pb THE: L7= Pd/CaCO, fillit
LT,
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Table 2. Allylic substitution of enantiomerically enriched allylic picolinates.

reagent CuBr-Me,S, temp, time, yield, CT,C
entry  substrate (% ee) (equiv) equiv °C h product&® % %
Ph  QCO(2-Py) Ph R
L PhMgBr (2) 05 0 1 L S__OTBS 85 53
OTBS
(S)-1a (90% ee) (R)-2a, R=Ph
2 (S)-1a (90% ee) PhMgBr (2) 05  -20~-15 1 (R)-2a 84 71
3 (S)-1a (90% ee) PhMgBr (2) 05  —60~-40 1 (R)1-2a 83 98
4 (S)-1a (90% ee) PhMgBr (2) 1 —60~-40 1 (R)-2a 89 98
5 (51 ( 8% ee) PhMgBr (2) 1 -60~-40 1 (R)-2a 93 29
6 (S-1a (97% ee) PhMgBr (1.2) 05  —60~-40 1 (R)-2a 83 98
7 (S)-1a (90% ee) 0-MeCgH,MgBr (2) 1 -60~-40 1 (R-2b, R= 0MeCgH, 81 99
8 (S-1a (90% ee) 0-MeOCgH,MgBr (2) 1 60~-40 1 (R-2¢, R=0-MeOCgH, 85 98
9  Fh OCORPy PhMgBr (2) 1 60~—40 1 Ph Eh 8 99
(S)-1b  (89% ee) (R)-2d
Ph OTBS Ph Ph
10 _ PhMgBr (2) 1 -40 1 _~_oOTBS 93 97
0CO(2-Py) (S)-2e
(S)-1c (95% ee)
OCO(2-Py) Ph
1 - PhMgBr (2 1 —60 ~—40 1 : 83 99
A NOPMB 9Br (2) N\ ~_OPMB
(5)-1d (97% ee) (R)-2f

“ Absolute configurations of 2a, 2d, and 2e were determined unambiguously (for 2a, see
eq 1; for 2d.e, see Scheme 8), while that of the products 2b, 2¢, and 2f were determined
by analogy. ” Regioselectivities of > 98 : 2 were determined by 'H NMR spectroscopy.

¢ Chirality transfers were determined by chiral HPLC analysis of the derivatives.

2-4-2. T U ALK

(S)-1a (90% ee) 2%} LT Ph/Cu (2/0.5) & Ph/Cu (2/1) % 0°C & L<ixZh
VLR O TR & 72 (Table 2, entries 1-4), 2™ 5 &, Ph/Cu (2/1) % HWT
GOV 2a (entry 4) ONARELEZRET D512, 2a DALV T 4 %
BN L CAE LT AT e REEIE L, UREEF O 7 L a—L 31 ~ &8
L7z (eql), ENEZRELTZEZA [a]®,-13(c0.12,CHCL) THY, R 1K
D CHMENE [a]®, +14.6 (¢ 1.03, CHCL)} T o 72, 1> T.31 1 S IATHY ., 2a
OGN R THDHEWRE LT, 77205, KnlEy v S2° TixZkel., 7
VT 82 BRI ThHDHFENMEE TET (Scheme 7).

Ph Ph 1) 0s0, (cat.), NMO Ph
A _A_OTBS HO._~_oOT8BSs (1)
2) NalO, ~TN
(R)-2a 3) NaBH, 31 (S isomer)
of entry 4 68%

19
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Scheme 7. Anti- and syn-S,2’ pathways."

(anti Sy2) 0" o B N
ﬁ(E/:/R?/’ - Ph
____________ -7 2a
X phicy
Ph  OCO(2-Py)
K/K:/\ / = I
otBs N
. N "
(S)-1a «_M9Br2 pp/gy
(0™
R
R1/\:/ Ph

(syn Sn2) N /?\_?) ___________ - R1/\_{R2

aR! = (CH,),Ph, R? = CH,OTBS.

Ph/Cu I (2/0.5) PO HBONTZAEBIIZONTIX entry 4 ODEFD E X T
J HPLC DO{RFFIEZ i LC R K& P L7z (entries 1-3),

N T, RUSDOARFIEREZ KD, THIRFIT, Ph/Cu (2/0.5) ITL DK
Jiz 0°C TITH EAFHRERIIENEDTH o7z (entry 1), LU, SR
IR T+ 5 EARFEG LA L, -60~-40°C T 98% CT (Zi# L7 (entry 3, cf.
entry 2), ¥72, Ph/Cu (2/1) THEWAFEENG LT (entry 4), D E, 98%
ee D (S)-5a THIFARDARFIRERNG O, HEONFHMEN N FETITE
BL2WEEZHER L (entry 5), 52, RIEEZHS L7 Ph/Cu (1.2/05) T
HEWARFE TR CTERY DGO (entry 6),

Wz, 7 VAL OIS EH 2 R 5 72 DI2, B LR ONRIIC R %
TV =R EZ Y VT VL E RS S /T, 0-Me & 0-MeO-CH,MgBrHi 3
DT V=R LA RE EL LG L L<HETL, (R)-2b XY (R)-2¢
ZERK L72 (entries 7,8), B /2 Z S 12, IR, RFRG R LALESERMEL,
YRUVBRAIN MIOBEBRIED SR S ITEEI NPT,

DBNT, HoNDOE Y UEET UKL TT VL bEITo72, (S)-1la &
FRRIC, E (5)-1b & (S)-1c DT ULTIZ (R)-2d & (S)-2e ZZNEFNL)
RHNZAER LT (entries 9, 10), AR DOSLARIL, (S)-1a & [RERIZ STERBEEN DAL,
B ~E BB, ZTOREREMNDIRE LTZ (Scheme 8), ZHOfERIE, 7
F SN2 BIRVE L FUSHEDY a MOV y fLDAF L BB OB 2 2<% T 72
WZEEHLMNZILTWS, Entry 11 OFERE Z0—fPEE —FH LT\,
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Scheme 8. Determination of the absolute configuration of (R)-2d and (S)-2e.

Ph 1) O3/ MeOH Ph
: Ho.
Phw \/\Me
2) NaBH,
(R)-2d 32
Ph  Ph 1)0;/MeOH  Ph Ph
~_O0mBs —— L _A_oH
2) NaBH,
(S)-2e 33

2-5. RIGHEE (—85t€31k) [CDOVWTHEREREER

AFRTIE, Table2 @ entry 1 (Ph/Cu (2/0.5),0 °C) THRFHZERNMED - 7-H
A2 DT R, EBrE B2 AT o7-, Ph/Cu(2/0.5) Tix. St s L
THAIZNVTLODBRKRTIT W EE 2, Bkx RE#O Ph/Cu Z2HW TS
HiTo77, fES% Table3 12”7,

Table 3. Allylation of (S)-1a with PhMgBr/CuBr-Me,S in various ratios.”

PhMgBr

B
(2-Py)CO, OTBS CuBr-Me,S FQ/\):OTBS
NP
Ph THF,0°C, 1h N7 TPh
(S)1a (R)-2a
PhMgBr, CuBr-Me,S, yield, CT,
entry equiv equiv % %
1 2 0.5 85 53
2 2 1 89 97
3 3 1 92 49
4 4 1 80 38
5 5 1 79 32
6 4 2 91 96
7 2 0 2 61

aA|l regioselectivities were >95 : 5 by TH NMR.

Entry 1 |d Table 2, entry 1 OF#HTH D, 1 ¥ED CuBrMe,S IZxf L T
PhMgBr DY EZ L TS &, 2 YETH LN @ WA FIRG T Y &0 H
2% &K T L7z (entries 2-5), —J5, Ph/Cu (2/1) ORFEEZZNENEIZL
7= Ph/Cu (4/2) TI% Ph/Cu &R UL BWAFIERTH -7 (entry 2 vs 6), 7
bbb, SRS 1 4RI LT PhMgBr & 2 M4 KV £ <IN BRI AR
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FORTRALNTZ, RFIEFOM T ITHEEI D PhMgBr £ Dt O DFEETII7
WinE B2, SR EZ I T RS EIT> THTE, L LT U ubidsh EH#ITE
P FOEEBINENEERD (entryT), T2 5, [(Ph,Cu) MgBr* + PhMgBr |
EWVIOIEERERAFBTORTEEZ LTS EF 25,
AREFEBERIKTFTORKE LTE, () 7IALIPHMI L5836, Q) 7
UINHFANTEDTE I, B) Vv S2° FUSDHE. OFREMENE 2 Hh
Do LWL, TUNTIANIIAT A UNELD G, TORMEABEZY
MEEREOK TR RLNDIET TH D0, & TOMG T EEFIER E VT
Dy (1), (2) TR LR TE 5, £ T, Scheme 9 OFRIZEL LT,

Scheme 9. Plausible mechanism of allylation of allylic picolinate.”

(case 1)

PhMgBr + CuBrMe,S —— (PhCu)"(MgBn* + MgBr, + Me,S

2 : 1)
(case 233 (PhaCUrMgBI*
- R ro +
PhM? ; + 1())uBr Me,S + PhMgBr + MgBr; Me,S
>3 :
7] 7
N, N, Br
. A
- s\\MgBrz PhMgBr - \\\\Mg\
(Q [e) (o Ne) Ph
R1/.t/:/R2 MgBr R1/\:/R2 B
A o (Ph,Cu)~(MgBr)*
anti modej H (PhoCu)~(MgBr)*
X R2 —
R1/¥< = |
D Ph X N," BI’\ /F:‘
Mg .
Rv\_{R? (C_) \o“/{h/) (MgBr)
E Ph syn mode R‘E/Rz
Y c

aR' = (CH,),Ph, R? = CH,OTBS.

Ph/Cu (2/1) O34, MgBr, 3% L— hL7= A 7°5 lanti mode] % %% CHRL
M7 T SN2 KESD, —FH, RISHKICEREZ PhMgBr WNFE(ET DK, B =
U UfgFEE~DF L — & MgBr, & PhMgBr ORI TARHANEZ Y B N/ERT
5, B ARIZT UV ULER Z S 720 EEZ LD M (cf. Table 3, entry 7)., & 5
IZ Ph/Cu PMEFILT C Ofk7eHRfAEL 720 Tsyn mode] TT U AL HEST
THEBEZDONZY EEL L, L, Ph/Cu (2005 THIKEIZT D EALFK
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HRERNhET HHEN D (cf. Table 2, entries 1-3), B,C ## T E IZE &=
—ADEZPMRIRTITETLOSbWEEX BN D,

2-6. ERFXHATIT/—ILDEERK
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Scheme 10. Two possible routes to the key intermediate 37.
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Scheme 11. Synthesis of (—)-sesquichamaenol (38).
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Experimental section

General.
Infrared (IR) spectra are reported in wave numbers (cm™). The 'H NMR (300 MHz)

and "C NMR (75 MHz) spectra were measured in CDCI, using SiMe, (6 = 0 ppm) and
the center line of CDCI, triplet (8§ = 77.1 ppm) as internal standards, respectively. Signal
patterns are indicated as br s, broad singlet; s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet. Coupling constants (J) are given in hertz (Hz). In some cases chemical shifts
of carbons accompany plus (for C and CH,) and minus (for CH and CH,) signs of APT
experiments. The following solvents were distilled before use: THF (from
Na/benzophenone), Et,O (from Na/benzophenone), and CH,Cl, (from CaH,). After the
reactions, organic extracts were concentrated by using a rotary evaporator and residues

were purified by chromatography on silica gel (Merck, silica gel 60).

Preparation of CuBr-Me,S with Modification of the Published Procedure."”

To a flask containing CuBr (3.00 g, 20.6 mmol) was added Me,S (30 mL) slowly.
The resulting mixture was refluxed for 1 h under argon, the resulting solution was
cooled to rt and recrystallized with hexane (30 mL). The white crystals were filtered and
washed with hexane several times until the washing was colorless. The residual solid
was dried under vacuum to afford CuBr-Me,S (3.74 g, 88%) as white prisms, which was
stored under Ar in a refrigerator before use.

Synthesis of Picolinate (S)-1a.

1) (EtO),POCH,CO,Et o Ph  OH

Ph DBU, LiCI w\ n-Buli Hp FQ/C{_/\
(_cHo X > X_ _OR - =-""0TBS
2) DIBAL then Pd/BaSO,
13 3) +BuOOH CCly C 14,X=0H " (CH,0), TBSCI — 16,R=H quinoline 18,R=H
L(#)DIPT, Ti(OPr),  PPhs— 15, X=Cl 3%  imid. L= 17, R=TBS osn  PYeOH Lo (9112 R =coE@-Py)
87% , DCC, DMAP
75% 98% (90% ee)

97%

(25,35)-2,3-Epoxy-5-phenylpentan-1-ol (14).

To a suspension of LiCl (2.20 g, 51.9 mmol) in MeCN (60 mL) were added DBU
(6.70 mL, 44.9 mmol) and triethyl phosphonoacetate (9.70 mL, 48.5 mL) at 0 °C. The
mixture was stirred 0 °C for 10 min, and a solution of aldehyde 13 (5.00 g, 37.3 mmol)
in MeCN (15 mL) was added. The reaction was carried out first at 0 °C for 30 min and

then at rt for 30 min, and was quenched by addition of saturated NaHCO;. The resulting
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mixture was extracted with EtOAc three times. The combined extracts were dried over
MgSO, and concentrated to give a residue, which was purified by chromatography on
silica gel (hexane/EtOAc) to afford the corresponding ester (7.25 g, 95%): 'H NMR
(300 MHz, CDCl,) 6 1.28 (t,J =7 Hz,3 H), 2.48-2.57 (m,2 H), 2.78 (t,J =7 Hz, 2 H),
418 (q,J =7 Hz, 2 H), 5.85 (dt, J = 16, 2 Hz, 1 H), 7.01 (dt, J = 16, 7 Hz, 1 H),
7.15-7.23 (m, 3 H), 7.24-7.33 (m, 2 H).

To a solution of the above ester (5.00 g, 24.5 mmol) in CH,Cl, (5 mL) was added
DIBAL (58.0 mL, 0.95 M in hexane, 55.1 mmol) dropwise at —78 °C. After 45 min at
-78 °C, H,0O (9 mL, 500 mmol) and NaF (20.6 g, 491 mmol) were added to the solution.
The resulting mixture was stirred at rt for 30 min and filtered through a pad of Celite.
The filtrate was concentrated to give a residue, which was purified by chromatography
on silica gel (hexane/EtOAc) to afford the corresponding allylic alcohol (3.51 g, 88%):
'H NMR (300 MHz, CDCl;) 8 1.25 (br s, 1 H), 2.33-2.43 (m, 2 H), 2.71 (dd, J =8, 7
Hz,2 H),4.05-4.12 (m, 2 H), 5.66 (dd, J = 16,6 Hz, 1 H), 5.75 (dt,J = 16,6 Hz, 1 H),
7.15-7.23 (m, 3 H), 7.24-7.32 (m, 2 H).

To a suspension of Ti(O-i-Pr), (1.17 mL, 3.99 mmol) and MS 4A (powder, 1.3 g) in
CH,CI, (8 mL) was added L-(+)-DIPT (1.01 mL, 4.83 mmol) at —20 °C. The mixture
was stirred at —20 °C for 20 min and cooled to —40 °C. A solution of the above alcohol
(1.30 g, 8.01 mmol) dissolved in CH,Cl, (8 mL) and +-BuOOH (2.05 mL, 5.86 M in
CH,Cl,, 12.0 mmol) were added to the solution successively. After 4 h at —20 °C, the
reaction was quenched by addition of H,O (1.4 mL, 78 mmol) and NaF (3.4 g, 81
mmol). The mixture was stirred at rt for 30 min and filtered through a pad of Celite. To
the filtrate was added 1 M NaOH (12 mL), and the mixture was stirred at rt for 30 min.
The resulting mixture was extracted with CH,Cl, three times. The combined extracts
were washed with brine, dried over MgSQO,, and concentrated to give a residue, which
was purified by chromatography on silica gel (hexane/EtOAc) to afford the epoxy
alcohol 14 (1.29 g, 90%): '"H NMR (300 MHz, CDCl,) 8 1.55-1.62 (m, 1 H), 1.80-2.00
(m, 2 H), 2.67-2.89 (m, 3 H), 2.99 (ddd, J = 6,6,2 Hz, 1 H),3.57 (ddd, J =12, 8, 5 Hz,
1 H),3.84 (ddd, J = 12,6,3 Hz, 1 H), 7.17-7.24 (m, 3 H), 7.25-7.33 (m, 2 H). The 'H
NMR spectrum of 14 was identical with that reported.” As described below, 14 was
converted to (S)-1a, which was 90% ee by chiral HPLC analysis.

(S)-6-Phenylhex-2-yne-1,4-diol (16).

To a solution of 14 (2.00 g, 11.2 mmol) in CH,Cl, (23 mL) were added CCl, (2.20
mL, 22.8 mmol) and PPh, (3.90 g, 14.9 mmol) at O °C. The mixture was refluxed for 6
h, diluted with hexane (30 mL), and filtered through a pad of Celite. The filtrate was
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 15 (191 g, 87%): 'H NMR (300 MHz, CDCl) & 1.86-1.95
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(m, 2 H), 2.68-3.00 (m, 4 H),3.47 (dd,J = 12,6 Hz, 1 H), 3.53 (dd, J = 12,6 Hz, 1 H),
7.17-7.24 (m, 3 H), 7.26-7.34 (m, 2 H).

To a solution of chloride 15 (490 mg, 2.50 mmol) in THF (5 mL) was added n-BuLi
(4.36 mL, 2.30 M in hexane, 10.0 mmol) dropwise at =78 °C. After 1 h at —78 °C,
paraformaldehyde (451 mg, 15.0 mmol) was added portionwise. The mixture was
allowed to warm slowly to rt over 14 h, cooled to 0 °C, and diluted with EtOAc and
saturated NH,Cl with vigorous stirring. The organic layer was separated and the
aqueous layer was extracted with EtOAc twice. The combined organic layers were
washed with brine, dried over MgSO,, and concentrated to give a residue, which was
purified by chromatography on silica gel (hexane/EtOAc) to afford diol 16 (349 mg,
73%): IR (neat) 3338, 1014, 700 cm™; 'H NMR (300 MHz, CDCL,) § 1.90-2.09 (m, 2
H),2.75 (t,J=8 Hz,2 H),3.73 (brs,2 H),4.27 (d,J=2Hz,2 H),4.37 (tt,J =7,2 Hz,
1 H), 7.13-7.29 (m, 5 H); "C NMR (75 MHz, CDCl,) § 31.4 (+), 39.0 (+), 50.7 (+),
61.5(-),83.4 (+),86.5 (+),126.0 (-), 128.46 (-), 128.50 (-), 141.2 (+).

(S)-6-[ (tert-Butyldimethylsilyl)oxy]-1-phenylhex-4-yn-3-ol (17).

To a solution of 16 (440 mg, 2.28 mmol) and imidazole (230 mg, 3.38 mmol) in
DMF (8 mL) at —50 °C was added TBSCI (413 mg, 2.74 mmol) in DMF (4 mL)
dropwise. After 1 h at —50 °C, the solution was diluted with saturated NaHCO, and
hexane. The organic layer was separated, and the aqueous layer was extracted with
hexane three times. The combined organic layers were dried over MgSO, and
concentrated to afford a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to furnish 17 (680 mg, 98%): IR (neat) 3393, 1255, 1087, 837 cm™"; 'H
NMR (300 MHz, CDCl,) 8 0.13 (s, 6 H),0.92 (s, 9 H), 1.81 (br s, 1 H), 1.97-2.07 (m, 2
H),2.79 (t,J =8 Hz,2 H), 4.36-4.45 (m, 1 H),4.37 (d,J =2 Hz,2 H), 7.16-7.24 (m, 3
H), 7.25-7.32 (m, 2 H); "C NMR (75 MHz, CDCl;) § -5.0 (-), 18.4 (+),259 (-),314
(+),39.2 (+),51.8 (+),61.9 (-),84.1 (+),85.5 (+), 126.1 (-), 128.5 (-), 128.6 (-), 141 .4
(+). The "H NMR spectrum of 17 was identical with that reported."*

(S,2)-6-[(tert-Butyldimethylsilyl)oxy]-1-phenylhex-4-en-3-ol (18).

To a solution of 17 (434 mg, 1.43 mmol) in MeOH (3 mL) were added 10% Pd on
BaSO, (21 mg) and quinoline (85 mg, 0.66 mmol) at rt. The mixture was stirred for 30
min at rt under H, atmosphere, and filtered through a pad of Celite. The filtrate was
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 18 (415 mg, 95%): IR (neat) 3393, 1255, 1081, 837 cm™; 'H
NMR (300 MHz, CDCl,) 6 0.07 (s, 6 H), 0.90 (s, 9 H), 1.70-1.84 (m, 1 H), 1.86-1.99
(m, 1 H),2.20 (d,J =4 Hz, 1 H), 2.61-2.79 (m, 2 H), 4.16 (ddd, J = 14,5, 1 Hz, 1 H),
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425(ddd,J = 14,6, 1 Hz, 1 H), 4.37-4.47 (m, 1 H), 5.55 (dddd, J= 11,8, 1,1 Hz, 1 H),
5.65(ddd,J =11, 6,5 Hz, 1 H), 7.10-7.23 (m, 3 H), 7.25-7.31 (m, 2 H); °C NMR (75
MHz, CDCL,) 8 -5.2 (=), 18.4 (+), 26.0 (=), 31.7 (+), 38.8 (+), 59.7 (+), 67.3 (-), 1259
(), 12846 (), 12851 (1), 131.1 (), 134.2 (), 141.9 (+); HRMS (FAB) calcd for
C,:H,,0,SiK [(M + K)*] 345.1652, found 345.1657.

(S,2)-6-[(tert-Butyldimethylsilyl)oxy]-1-phenylhex-4-en-3-yl Pyridine-2-carboxylate
((S)-1a).

To an ice-cold suspension of picolinic acid (152 mg, 1.23 mmol) in CH,Cl, (2 mL)
were added DMAP (126 mg, 1.03 mmol) and DCC (276 mg, 1.34 mmol). After 20 min
at rt, alcohol 18 (316 mg, 1.03 mmol) in CH,Cl, (2 mL) was added to the mixture at
0 °C. The mixture was stirred at rt for 1 h, diluted with hexane (4 mL), and filtered
through a pad of Celite. The filtrate was concentrated to afford a residue, which was
purified by chromatography on silica gel (hexane/EtOAc) to furnish (S)-1a (411 mg,
97%): 90% ee by HPLC analysis (Chiralcel AD-H; hexane/i-PrOH = 98/2, 0.3 mL/min, ,
rt; t (min) = 25.5 (S), 27.1 (R)); IR (neat) 1718, 1302, 1245, 1132, 1086, 836, 778 cm™;
'H NMR (300 MHz, CDCl,) 8 0.07 (s, 3 H), 0.08 (s, 3 H),0.90 (s, 9 H), 1.95-2.09 (m, 1
H), 2.20-2.34 (m, 1 H), 2.73 (dd, J = 8, 8 Hz, 2 H), 436 (dd, J = 6, 2 Hz, 2 H), 5.58
(ddt,J=11,9,2 Hz, 1 H),5.76 (dt,J = 11, 6 Hz, 1 H), 5.78-5.89 (m, 1 H), 7.14-7.23
(m,3 H),7.24-731 (m,2 H),7.46 (ddd,J=8,5,1Hz, 1 H),7.82 (ddd,J=8,8,2 Hz, 1
H), 8.09 (dm, J = 8 Hz, 1 H), 8.78 (dm, J = 5 Hz, 1 H); "C NMR (75 MHz, CDCl,) §
52 (-),-51(-), 184 (4),260 (-), 31.5 (+), 362 (+), 59.8 (+), 71.6 (-), 1252 (-),
126.1 (-), 126.8 (=), 127.6 (-), 128.40 (-), 128.49 (-), 134.6 (-), 1369 (-), 141.1 (+),
148.4 (+), 150.0 (-), 164.5 (+); HRMS (FAB) calcd for C,,H;;NO;SiNa [(M + Na)']
4342127, found 434.2118.

Synthesis of Picolinate (S)-1b.

f)nBuli  Ph OTBS  nBuli Ph OTBS Ho Ph - OR PyCO,H Ph  QCO(2-Py)
5 —— - . - . _ ", _
2) TBSCI X then Mel oS Pd/BaSO, 21 RTps DCC.DMAP
imid. 19 THF-HMPA 20 quinoline 22 RoH (S)-1b (89% ee)
83% 97% 8% g, \F 79% from 21

(S)-4-[ (tert-Butyldimethylsilyl)oxy]-6-phenylhex-2-yne (20).

To a solution of the above chloride 15 (1.68 g, 8.57 mmol) in THF (17 mL) was
added n-BuLi (24.0 mL, 1.26 M in hexane, 30.2 mmol) dropwise over 15 min at —78 °C.
After 30 min at —78 °C, the reaction was quenched by addition of saturated NH,CI. The
organic phase was separated, and the aqueous phase was extracted with Et,O three times.

The combined organic layers were dried over MgSO, and concentrated to afford
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(S)-1-phenylpent-4-yn-3-ol, which was used for the next reaction without further
purification: '"H NMR (300 MHz, CDCl;) § 1.87 (dd,J =6, 1 Hz, 1 H), 1.95-2.13 (m, 2
H),2.51(dd,J=2,1Hz,1H),2.81 (t,/ =8 Hz,2 H),4.37 (dddd,J=7,7, 6,2 Hz, 1
H), 7.16-7.33 (m, 5 H). The '"H NMR spectrum of the product was identical with that
reported."”

To an ice-cold solution of the above acetylenic alcohol and imidazole (1.20 g, 17.6
mmol) in DMF (17 mL) was added TBSCI (1.94 g, 12.9 mmol). After 2 h at rt, the
solution was diluted with saturated NaHCO, and hexane. The organic layer was
separated and the aqueous layer was extracted with hexane three times. The combined
organic layers were dried over MgSO, and concentrated to afford a residue, which was
purified by chromatography on silica gel (hexane/EtOAc) to furnish silyl ether 19 (1.95
g, 83% from 15): '"H NMR (300 MHz, CDCl;) § 0.11 (s, 3 H), 0.13 (s, 3 H), 0.91 (s, 9
H), 1.95-2.04 (m,2 H),2.42 (d,J =2 Hz, 1 H),2.68-2.85 (m, 1 H),4.37 (ddd, /=6, 6,
2Hz,1H),7.15-7.23 (m, 3 H), 7.25-7.32 (m, 2 H).

To a solution of 19 (2.74 g, 9.98 mmol) in THF (50 mL) and HMPA (5.0 mL) was
added n-BuLi (9.4 mL, 1.60 M in hexane, 15.0 mmol) at —78 °C. After 20 min at
—78 °C, Mel (1.25 mL, 20.0 mmol) was added to the solution dropwise. The solution
was allowed to warm to rt slowly. After 12 h, the reaction was quenched by addition of
saturated NH,Cl. The organic phase was separated, and the aqueous phase was extracted
with hexane three times. The combined organic layers were washed with brine, dried
over MgSO,, and concentrated to afford methyl acetylene 20 (2.81 g, 97%): IR (neat)
1092, 836, 777, 698 cm™"; '"H NMR (300 MHz, CDCl;) 6 0.09 (s, 3 H), 0.12 (s, 3 H),
091 (s,9H),1.84(d,/=2Hz,3H),193(dt,J=1,7Hz,1 H),1.96(dt,/J=1,7 Hz, 1
H),2.74 (dt,J =4,7 Hz,2 H), 4.30-4.37 (m, 1 H), 7.14-7.23 (m, 2 H), 7.24-7.32 (m, 3
H); "C NMR (75 MHz, CDCl,) § 4.9 (-), 4.3 (-),3.6 (-), 18.3 (+),25.9 (), 31.6 (+),
40.6 (+), 62.6 (-), 804 (+), 80.8 (+), 125.8 (-), 1284 (-), 128.5 (-), 142.0 (+); HRMS
(FAB) calcd for C,sH,;0Si [(M — C;H;)"] 249.1675, found 249.1671.

(S,Z2)-1-Phenylhex-4-en-3-ol (22).

To a solution of 20 (1.38 g, 4.74 mmol) in MeOH (19 mL) were added 10% Pd on
BaSO, (95 mg) and quinoline (0.284 mL, 2.40 mmol). The mixture was stirred at rt for
2.5 h under H, atmosphere and filtered through a pad of Celite. The filtrate was
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 21 (1.21 g, 88%): IR (neat) 3027, 1254, 1085, 836, 775 cm™';
'H NMR (300 MHz, CDCl,) 8 0.03 (s, 3 H), 0.06 (s, 3 H),0.90 (s, 9 H), 1.61 (d,J =5
Hz,3 H), 1.65-1.77 (m, 1 H), 1.80-1.93 (m, 1 H), 2.56-2.76 (m,2 H),4.47 (dt,J =6,7
Hz, 1 H), 5.34-5.51 (m, 2 H), 7.15-7.23 (m, 2 H), 7.24-7.32 (m, 3 H); "C NMR (75
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MHz, CDCl;) 6 4.7 (), 4.2 (-), 134 (-), 183 (+), 260 (-), 31.8 (+), 40.1 (+), 68.0
(=), 1234 (-),125.7 (), 128.3 (=), 128.4 (-), 1349 (-), 142.5 (+).

To a solution of 21 (2.48 g, 8.47 mmol) in THF (12 mL) was added Bu,NF (12.7 mL,
1.0 M in THF, 12.7 mmol). The solution was stirred at rt for 4 h and diluted with
saturated NH,Cl. The organic phase was separated, and the aqueous phase was extracted
with EtOAc three times. The combined organic layers were dried over MgSO, and
concentrated to afford alcohol 22, which was used for the next reaction without further
purification. Analytically pure sample of 22 was obtained by chromatography on silica
gel (hexane/EtOAc): IR (neat) 3347, 3026, 1044 cm™; '"H NMR (300 MHz, CDCL,)
145 (brs, 1 H), 1.65 (dd, J =7, 2 Hz, 3 H), 1.70-1.84 (m, 1 H), 1.88-2.00 (m, 1 H),
2.65-2.73 (m,2 H), 4.46-4.52 (m, 1 H), 545 (ddq,/=11,9,2 Hz, 1 H), 5.60 (ddq, J =
11,1,7 Hz, 1 H), 7.16-7.24 (m, 2 H), 7.25-7.33 (m, 3 H); "C NMR (75 MHz, CDCl,)
0134 (-),31.7 (+),39.0 (+),669 (-), 1259 (-), 126.8 (-), 128.4 (-), 128.5 (-), 133.3
(=), 142.0 (+); HRMS (EI) calcd for C,H,,O (M") 176.1201, found 176.1204.

(S,Z)-1-Phenylhex-4-en-3-yl Pyridine-2-carboxylate ((S)-1b).

To a suspension of picolinic acid (1.15 g, 9.34 mmol) in CH,Cl, (20 mL) were added
DMAP (1.14 g, 9.33 mmol) and DCC (2.10 g, 10.2 mmol). After 20 min at rt, the above
alcohol in CH,Cl, (2 mL) was added to the mixture. The mixture was stirred at rt for 12
h, diluted with hexane, and filtered through a pad of Celite. The filtrate was
concentrated to afford a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to furnish (S)-1b (1.88 g, 79% from 21): 89% ee by HPLC analysis
(Chiralcel AD-H; hexane/i-PrOH = 95/5, 0.5 mL/min, rt; f; (min) = 25.5 (S5), 28.6 (R));
[a]®, +31 (¢ 1.09, CHCL,); IR (neat) 1738, 1716, 1132 cm™'; '"H NMR (300 MHz,
CDCly) 6 1.77 (dd,J=7,2 Hz,3 H), 1.96-2.08 (m, 1 H), 2.22-2.34 (m, 1 H), 2.73 (t,J
=8 Hz,2 H),5.57 (ddq,/=11,7,2 Hz, 1 H), 5.74 (ddq,J = 11,2,7 Hz, 1 H), 5.93 (dt,
J=9,7Hz,1H),7.15-721 (m, 2 H), 7.25-7.30 (m, 3 H), 7.46 (ddd, J =8, 5, 1 Hz, 1
H),7.82 (ddd,J=8,8,2 Hz, 1 H),8.10 (ddd /=8, 8,1 Hz, 1 H), 8.76 (ddd,J=5,2, 1
Hz, 1 H); "C NMR (75 MHz, CDCl,) 8 13.6 (-), 31.4 (+),36.0 (+), 71.3 (-), 125.1 (-),
1259 (-), 126.7 (-), 128.30 (-), 128.35 (-), 128.38 (-), 1294 (-), 136.8 (-), 141.2 (-),
148.4 (-), 1499 (-), 164.5 (+); HRMS (EI) calcd for C,H,,NO, (M") 281.1416, found
281.1422.

Synthesis of Picolinate (S)-1c.
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1) [Ph(CH,)sPPha]* Br-
OHC\(\O NaN(TMS), _ TBSCI, imid.
o Ph/\/—Y\OH Ph/\/:Y\ORZ
2) CF4COH OH 90% OR!

THF/H0 24 PyCO,H 25 R'=H, R?2=TBS
68% DCC, DMAP L (S)-1¢, R' = CO(2-Py), R? = TBS
79% (95% ee)

23

(S,Z2)-6-Phenylhex-3-ene-1,2-diol (24).

To an ice-cold suspension of [Ph(CH,);PPh,]'Br~ (5.0 g, 10.8 mmol) in THF (20
mL) was added NaN(TMS), (10.1 mL, 1.0 M in THF, 10.1 mmol). The mixture was
stirred at 0 °C for 20 min and cooled to —78 °C. Aldehyde 23 (1.23 g, 7.23 mmol) was
added to the mixture. The reaction was carried out first at —78 °C for 1 h and then at rt
for 12 h, and quenched by addition of saturated NH,Cl. The resulting mixture was
extracted with hexane three times. The combined extracts were dried over MgSO, and
concentrated to afford a residue, which was passed through a short column of silica gel
(hexane/EtOAc) to afford the corresponding olefin (1.64 g), which was used for the next
reaction without further purification.

A solution of the above olefin (1.64 g, 6.01 mmol) in CF;CO,H (1.84 mL, 24.0
mmol), H,O (3 mL), and THF (3 mL) was stirred at rt for 3 h and diluted with saturated
NaHCO,; and EtOAc. The organic layer was separated and the aqueous layer was
extracted with EtOAc. The combined extracts were dried over MgSO, and concentrated
to afford a residue, which was purified by chromatography on silica gel (hexane/EtOAc)
to furnish diol 24 (942 mg, 68% from 23): IR (neat) 3354, 1684, 1206, 699 cm™'; 'H
NMR (300 MHz, CDCl,) 6 1.70-1.95 (br s, 2 H), 2.32-2.54 (m, 2 H), 2.61-2.80 (m, 2
H),3.35(d,/=6Hz,2 H),4.33 (ddt,/ =9, 1,6 Hz, 1 H), 5.36 (ddt,/ =9,9, 1 Hz, 1 H),
5.61 (ddt,J =11, 1,8 Hz, 1 H), 7.12-7.25 (m, 3 H), 7.25-7.35 (m, 2 H); "C NMR (75
MHz, CDCl;) 8 29.9 (+), 35.6 (+), 66.1 (+), 68.4 (-), 126.2 (-), 128.4 (-), 128.8 (-),
128.9 (-), 133.1 (-), 141.4 (+); HRMS (FAB) calcd for C,,H,;O,K [(M + K)*] 231.0787,
found 231.0783.

(S,2)-1-[(tert-Butyldimethylsilyl)oxy]-6-phenylhex-3-en-2-ol (25).

To a solution of 24 (914 mg, 4.75 mmol) and imidazole (1.07 g, 7.10 mmol) in DMF
(20 mL) at —20 °C was added TBSCI (388 mg, 5.70 mmol) in DMF (2 mL) dropwise.
After 1 h at —20 °C, the resulting solution was diluted with saturated NaHCO, and
EtOAc with vigorous stirring. The organic layer was separated, and the aqueous layer
was extracted with EtOAc three times. The combined organic layers were dried over
MgSO, and concentrated to afford a residue, which was purified by chromatography on
silica gel (hexane/EtOAc) to furnish 25 (1.31 g, 90%): IR (neat) 3441, 1256, 1107, 837
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cm™; 'H NMR (300 MHz, CDCL,) 8 0.07 (s, 6 H), 0.91 (s, 9 H), 2.30-2.58 (m, 3 H),
2.61-2.80 (m, 2 H),3.31 (dd, J = 10, 8 Hz, 1 H), 3.38 (dd, J = 10,4 Hz, 1 H), 438 (ddd,
J=8,8 4Hz, 1H),536ddt,J=11,8,1Hz, 1 H),5.61 (dt, J = 11, 8 Hz, 1 H),
7.15-7.24 (m, 3 H), 7.25-7.35 (m, 2 H); *C NMR (75 MHz, CDCl,) 8 -5.31 (=), -5.23
(), 184 (+),25.9 (=), 30.0 (+), 35.9 (+), 66.7 (+), 68.3 (=), 126.0 (-), 1284 (-), 128.6
(), 1287 (=), 132.9 (-), 141.5 (+); HRMS (FAB) calcd for C,;H;,0,SiK [(M + K)*]
345.1652, found 345.1654.

(S,Z2)-1-[(tert-Butyldimethylsilyl)oxy]-6-phenylhex-3-en-2-yl Pyridine-2-carboxylate
((S)-1¢).

To an ice-cold solution of 25 (501 mg, 1.63 mmol) in CH,Cl, (10 mL) were added
DCC (437 mg, 2.12 mmol), DMAP (239 mg, 1.96 mmol), and picolinic acid (241 mg,
1.96 mmol). The mixture was stirred at rt for 2 h and filtered through a pad of Celite.
The filtrate was concentrated to afford a residual oil, which was purified by
chromatography on silica gel (hexane/EtOAc) to furnish (S)-1c¢ (527 mg, 79%): 95% ee
by HPLC analysis (Chiralcel AD-H; hexane/i-PrOH = 98/2, 0.5 mL/min, rt; #; (min) =
18.2 (R), 24.3 (9)); IR (neat) 1718, 1247, 1126, 838, 699 cm™'; 'H NMR (300 MHz,
CDCl,) 6 0.004 (s, 3 H), 0.04 (s, 3 H), 0.83 (s, 9 H), 2.45-2.83 (m, 4 H), 3.64 (dd, J =
11,5Hz,1H),3.80(dd,/J=11,7 Hz, 1 H),5.52 (ddt,J = 11,9, 1.5 Hz, 1 H), 5.72 (dt,
J=11,8Hz,1H),593 (ddd,/=9,7,5Hz, 1 H),7.10-7.32 (m, 5 H), 7.44 (ddd, J = 8,
5,1Hz,1H),7.81(ddd,J=8,8,2 Hz, 1 H), 8.10 (dt,/ =8, 1 Hz, 1 H), 8.76 (ddd, J =
5,2, 1 Hz, 1 H); °C NMR (75 MHz, CDCl,) 5.3 (-), 18.3 (+), 25.8 (-), 30.0 (+),
3577 (+),64.7 (+),723 (-), 125.1 (-), 1252 (-), 1259 (-), 126.7 (-), 128.4 (-), 128.6
(=), 1354 (-), 1369 (-), 141.5 (4), 148.5 (+), 1499 (-), 164.4 (+); HRMS (FAB) calcd
for C,,H;,NO,Si [(M + H)"] 412.2308, found 412.2299.

Synthesis of Picolinate (S)-1d.

1) NaH then

OTBDPS 1) DIBAL OTBDPS  p.BuLi OTBDPS PMBCI, Bu,NI OH PyCOLH
/\ _ > ~ _ = N = [ .
COEL 5 CBr,, PPh, N then /\/OH 2) Bu,NF /\/OP'V'B DCC, DMAP
26 -BuLi 27
8) n-Buli 52 (CH0)q 28 55% 29 98%
86%
QCO(2-Py) Hy 0CO(2-Py)
n —— =" opMmB
/\/OPMB Lindlar cat.
30 79% (S)-1d (97% ee)
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(S)-3-[(tert-Butyldiphenylsilyl)oxy]-1-butyne (27).

To an ice-cold solution of ethyl (S)-lactate (5.0 mL, 43.6 mmol) in DMF (46 mL)
were added TBDPSCI (15 mL, 58.4 mmol) and imidazole (6.4 g, 94 mmol). After 6 h at
rt, the resulting solution was cooled to 0 °C and diluted with saturated NaHCO, and
hexane with vigorous stirring. The organic layer was separated, and the aqueous layer
was extracted with hexane three times. The combined organic layers were dried over
MgSO, and concentrated to afford a residue, which was purified by chromatography on
silica gel (hexane/EtOAc) to furnish silyl ether 26 (14.61 g, 94%): '"H NMR (300 MHz,
CDCly) 0 1.10 (s, 9 H), 1.14 (t,/=7Hz,3H), 137 (d,J =7 Hz,3 H),4.02 (q,J =7 Hz,
2 H), 4.26 (q, J = 7 Hz, 1 H), 7.30-7.48 (m, 6 H), 7.62-7.76 (m, 4 H). The 'H NMR
spectrum of 26 was identical with that reported.'

To a solution of silyl ether 26 (3.00 g, 12.9 mmol) in CH,Cl, (24 mL) was added
slowly a solution of DIBAL (13.6 mL, 0.95 M in hexane, 12.9 mmol) at —78 °C. The
solution was stirred at —78 °C for 30 min. Excess hydride was destroyed by careful
addition of H,O (2.5 mL, 140 mmol). The cooling bath was removed and NaF (3.0 g,
71.4 mmol) was added to the resulting mixture. The mixture was stirred vigorously for
1 h and filtered through a pad of Celite to afford the corresponding aldehyde (2.16 g,
82%): '"H NMR (300 MHz, CDCl;) 6 1.11 (s,9 H), 1.22 (d,J =7 Hz,3 H),4.09 (dq, J =
1,7 Hz, 1 H), 7.33-7.50 (m, 6 H), 7.60-7.74 (m, 4 H), 9.64 (d,J = 1 Hz, 1 H). The 'H
NMR spectrum was identical with that reported.'’

To an ice-cold solution of PPh, (16.0 g, 61 mmol) in CH,Cl, (60 mL) was added
CBr, (10.6 g, 32.0 mmol) portionwise. The solution was stirred at the same temperature
for 20 min, and the above aldehyde (5.00 g, 16.0 mmol) in CH,Cl, (20 mL) was added
dropwise. The reaction was continued at 0 °C and hexane was added. The resulting
mixture was filtered and the filtrate was concentrated to leave an oil, which was purified
by chromatography on silica gel (hexane/EtOAc) to furnish the corresponding
dibromoalkene (5.90 g, 79%): '"H NMR (300 MHz, CDCl;) § 1.06 (s,9 H), 1.21 (d,J =
6 Hz, 3 H), 443 (dq,J =8, 6 Hz, 1 H), 647 (d, J = 8 Hz, 1 H), 7.32-7.48 (m, 6 H),
7.61-7.70 (m, 4 H).

To a solution of the above dibromide (4.03 g, 8.61 mmol) in THF (35 mL) was
added n-BuLi (11.5 mL, 2.40 M in hexane, 27.6 mmol) dropwise at —70 °C. After 1 h at
—70 °C, the solution was allowed to warm slowly to —40 °C, and poured into hexane and
saturated NH,Cl with vigorous stirring. The organic layer was separated and the
aqueous layer was extracted with EtOAc twice. The combined organic layers were

washed with brine, dried over MgSO,, and concentrated to give a residue, which was
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purified by chromatography on silica gel (hexane/EtOAc) to afford acetylene 27 (2.14 g,
81%): '"H NMR (300 MHz, CDCl,) 8 1.08 (s,9 H), 1.39 (d,J =7 Hz,3 H),2.33 (d,J =
2 Hz, 1 H), 445 (dq, J = 2, 7 Hz, 1 H), 7.33-7.47 (m, 6 H), 7.66-7.78 (m, 4 H); °C
NMR (75 MHz, CDCL,) 8 19.3 (+),25.2 (-),26.9 (=), 59.8 (), 71.6 (+), 86.2 (+), 127.6
(=), 127.7 (=), 129.78 (-), 129.83 (-), 133.5 (+), 133.7 (+), 135.8 (-), 136.0 (-); HRMS
(EI) caled for C,,H,,0Si (M) 308.1596, found 308.1597.

(S)-5-(4-Methoxybenzyloxy)-3-pentyn-2-ol (29).

To a solution of 27 (3.98 g, 12.9 mmol) in THF (26 mL) was added n-BuLi (9.70
mL, 1.60 M in hexane, 15.5 mmol) at -78 °C. After 20 min at -78 °C,
paraformaldehyde (1.16 g, 38.6 mmol) was added portionwise. The resulting mixture
was allowed to warm to rt, stirred overnight, and diluted with saturated NH,Cl. The
product was extracted with EtOAc three times. The combined organic layers were dried
over MgSO, and concentrated to afford a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to furnish 28 (3.77 g, 86%): IR (neat)
3307, 1105,976 cm™; 'H NMR (300 MHz, CDCL,) 6 1.07 (s, 9 H), 1.11 (t,J = 6 Hz, 1
H), 141 (d,J =7 Hz,3 H),4.08 (dd, J = 6, 2 Hz, 2 H), 4.53 (tq, J = 2, 7 Hz, 1 H),
7.29-7.47 (m, 6 H), 7.64-7.78 (m, 4 H); "C NMR (75 MHz, CDCI,) 6 19.2 (+),25.1 (-),
269 (-),51.1 (+),60.0 (-), 82.1 (+),88.3 (+), 127.5 (-), 127.7 (-), 129.7 (-), 129.8 (-),
133.7 (+), 134.0 (+), 135.9 (-), 136.1 (-).

To an ice-cold solution of 28 (898 mg, 2.65 mmol) in THF (6 mL) was added NaH
(117 mg, 60% in mineral oil, 2.92 mmol). After 20 min at 0 °C, Bu,NI (294 mg, 0.796
mmol) and PMBCI (0.44 mL, 2.95 mmol) were added to the mixture. The reaction was
carried out at rt overnight and quenched by addition of NaOMe (72 mg, 1.33 mmol).
The resulting mixture was extracted with hexane three times. The combined extracts
were dried over MgSO, and concentrated. The residue was passed through a short
column of silica gel (hexane/EtOAc) to afford the corresponding PMB ether, which was
used for the next reaction without further purification.

To a solution of the above PMB ether in THF (4 mL) was added Bu,NF (4.0 mL, 1.0
M in THF, 4.0 mmol). The reaction was carried out at rt overnight, and quenched by
addition of saturated NH,Cl. The product was extracted with EtOAc three times. The
combined organic layers were dried over MgSO, and concentrated to afford a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to furnish alcohol
29 (322 mg, 55% from 28): IR (neat) 3411, 1612, 1514 cm™'; '"H NMR (300 MHz,
CDCl;) 6148 (d,/J=7Hz,3H),1.89(d,/=5Hz,1H),3.80(s,3H),4.16 (d,J =2 Hz,
2H),4.52 (s,2H),4.59 (dtq,J=5,2,7Hz,1 H),6.88 (d,/=9Hz,2H),7.28(d,J=9
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Hz, 2 H); "C NMR (75 MHz, CDCL,) 8 24.3 (), 55.3 (), 57.0 (+), 58.3 (=), 71.3 (+),
799 (+), 88.5 (+), 1139 (-), 1294 (+), 129.8 (-), 1594 (+); HRMS (FAB) calcd for
C,;H,,O;Na [(M + Na)*] 243.0997, found 243.0996. The '"H NMR spectrum of 29 was
identical with that reported.'

(S)-5-(4-Methoxybenzyloxy)-3-pentyn-2-yl Pyridine-2-carboxylate (30).

To an ice-cold suspension of picolinic acid (992 mg, 8.06 mmol) in CH,Cl, (15 mL)
were added DMAP (410 mg, 3.36 mmol) and DCC (1.80 g, 8.72 mmol). After 20 min at
rt, 29 (1.48 g, 6.72 mmol) in CH,Cl, (10 mL) was added to the mixture at O °C. The
mixture was stirred at rt for 1 h, diluted with ether, and filtered through a pad of Celite.
The filtrate was concentrated to afford a residue, which was purified by chromatography
on silica gel (hexane/EtOAc) to furnish 30 (2.14 g, 98%): IR (neat) 1719, 1514, 1126
cm™'; '"H NMR (300 MHz, CDCl,) 8 1.71 (d,J =7 Hz,3 H),3.80 (s,3 H),4.17 (d,J =2
Hz,2 H),4.52(s,2H),5.84 (tq,/J=2,7Hz,1H),6.87 (d,/J=9Hz,2H),7.27(d,J=9
Hz,2 H),7.49 (ddd,J=8,5,1Hz, 1 H),7.86 (ddd,J=8,8,2 Hz, 1 H), 8.16 (ddd, J =
8,1,1Hz,1H),8.88(ddd,J=5,2,1Hz, 1H); °C NMR (75 MHz, CDCl,) § 21 .4 (-),
553 (-),57.0 (+),62.0 (-),71.2 (+),81.5 (+),84.5 (+), 113.8 (-), 1254 (-), 127.1 (-),
1294 (+), 1298 (-), 137.0 (-), 147.9 (+), 150.1 (-), 159.4 (+), 164.1 (+); HRMS (FAB)
calcd for C,,H,,NO,Na [(M + Na)*] 348.1212, found 348.1214.

(S,Z2)-5-(4-Methoxybenzyloxy)-3-penten-2-yl Pyridine-2-carboxylate ((S)-1d).

To a solution of 30 (686 mg, 2.11 mmol) in EtOAc (7 mL) was added Lindlar
catalyst (Aldrich, 210 mg) at rt. The mixture was stirred at rt for 12 h under H,
atmosphere, and filtered through a pad of Celite. The filtrate was concentrated to give a
residue, which was purified by chromatography on silica gel (hexane/EtOAc) to afford
(8)-1d (544 mg, 79%): 97% ee by HPLC analysis (Chiralcel OD-H; hexane/i-PrOH =
96/4, 0.5 mL/min, rt; #; (min) = 75.6 (S), 85.9 (R)); IR (neat) 1737, 1716, 1513, 1247
cm™'; '"H NMR (300 MHz, CDCl,) 8 1.48 (d,J = 6 Hz, 3 H), 3.80 (s, 3 H), 4.16-4.30 (m,
2H),447 (s,2H),5.72(dd,J=11,7Hz, 1 H),5.77 (dt,J = 11,6 Hz, 1 H), 5.84-5.98
(m,1H),6.87(d,/=8Hz,2H),7.27(d,/J=8Hz,2 H),7.46 (ddd,J=8,5,1Hz, 1 H),
7.83 (ddd,J=8,8,2 Hz, 1 H), 8.11 (dm,J =8 Hz, 1 H), 8.77 (dm, J =5 Hz, 1 H); °C
NMR (75 MHz, CDCl,) 6 20.8 (), 55.3 (-), 65.8 (+), 68.6 (-), 72.1 (+), 113.8 (-),
125.1 (-), 126.8 (-), 129.5 (-), 1299 (-), 130.2 (+), 131.5 (-), 1369 (-), 148.3 (+),
1499 (-), 159.2 (+), 164 .4 (+); HRMS (FAB) calcd for C,,H,,NO, [(M + H)"] 328.1549,
found 328.1540.
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Allylic subtitution.

NMR spectra of 2a’ and 3°.

Isomer 2a’: '"H NMR (300 MHz, CDCl;) 8 -0.07 (s, 3 H), -0.06 (s, 3 H), 0.83 (s, 9 H),
2.26-2.49 (m, 2 H), 2.52-2.70 (m, 2 H), 3.62-3.79 (m, 3 H), 5.56 (dt,J = 11,7 Hz, 1 H),
5.65 (dd, J =11, 8 Hz, 1 H), 7.10-7.31 (m, 10 H); "C NMR (75 MHz, CDCl,) § -5.37
(=), =535 (=), 184 (+),26.0 (-),29.8 (+),35.8 (+),46.5 (-), 679 (+), 1259 (-), 126.3
(-), 128.1 (-), 128.32 (-), 128.34 (-), 128.5 (-), 130.6 (-), 1309 (-), 142.0 (+), 1429
(+).

Isomer 3’: '"H NMR (300 MHz, CDCI,) 8 0.03 (s, 3 H), 0.04 (s, 3 H), 0.89 (s, 9 H),
1.87-2.13 (m, 2 H), 2.47-2.68 (m, 2 H), 3.45-3.60 (m, 1 H), 4.15 (dd, J = 13,4 Hz, 1
H),4.27 (dd,J = 13,5 Hz, 1 H), 5.54-5.66 (m, 2 H), 7.12-7.34 (m, 10 H); "C NMR (75
MHz, CDCl;) 6 -5.08 (-),-5.05 (-), 18.4 (+),26.0 (-), 33.7 (+), 38.5 (+),43.3 (-),59.7
(+), 1259 (-), 1262 (-), 1274 (-), 1284 (-), 128.5 (-), 128.6 (-), 130.0 (-), 134.1 (-),
142.1 (4), 144.7 (+).

General Procedure of the Allylic Substitution.

(Table 2, entry 4) To an ice-cold suspension of CuBr-Me,S (18 mg, 0.088 mmol) in
THF (3 mL) was added PhMgBr (0.20 mL, 0.90 M in THF, 0.18 mmol) dropwise. After
30 min of stirring, the resulting mixture was cooled to —60 °C. A solution of (S)-1a
(36.5 mg, 0.0877 mmol, 90% ee) in THF (1 mL) was added to the mixture dropwise.
The resulting mixture was allowed to warm to —40 °C over 1 h, and diluted with hexane
and saturated NH,CI with vigorous stirring. The layers were separated and the aqueous
layer was extracted with hexane twice. The combined extracts were washed with brine,
dried over MgSO,, and concentrated to give a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to afford (R)-2a (29 mg, 89%): [a]*’,
~7.7 (¢ 0.626, CHCl,); IR (neat) 1255, 1102, 836, 698 cm™; 'H NMR (300 MHz,
CDCly) & -0.06 (s, 3 H), —0.05 (s, 3 H), 0.84 (s, 9 H), 2.35 (dt, J = 6, 8 Hz, 2 H), 2.68
(dd,J=8,7.5Hz,2 H),342 (ddd,J =8,7,7 Hz, 1 H),3.74 (dd, J = 10, 7 Hz, 1 H),
3.76 (dd, J = 10,7 Hz, 1 H), 5.55 (dt, J = 15,6 Hz, 1 H), 5.67 (dd, J = 15,7 Hz, 1 H),
7.12-7.38 (m, 10 H); "C NMR (75 MHz, CDCl,) § -5.3, 18.4, 26.0, 34.8, 36.0, 51 4,
67.6,125.8, 1264, 128.26, 128.34, 128.6, 131.2, 142.1, 142.6; HRMS (FAB) calcd for
C,,H;,0OSiNa [(M + Na)*] 389.2277, found 389.2278. The enantiomeric information
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(88% ee, 98% CT) was determined by HPLC analysis of the corresponding alcohol:
Chiralcel AD-H; hexane/i-PrOH = 98/2, 0.4 mL/min, rt; t; (min) = 47.7 (5),49.1 (R).

Determination of the absolute configuration: (eq 1) To an ice-cold solution of (R)-2a
(120 mg, 0.327 mmol) in acetone-H,O (4 : 1, 3 mL) were added NMO (50 mg, 0.43
mmol) and OsO, (0.33 mL, 0.02 M in ~-BuOH, 0.0066 mmol). After 3 h at 0 °C, the
mixture was diluted with H,O and Et,O. The layers were separated and the aqueous
layer was extracted with Et,O twice. The combined extracts were dried over MgSO,,
and concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford the corresponding diol (115 mg, 87%).

To an ice-cold solution of the above diol (110 mg, 0.244 mmol) in MeOH-H,O (4 : 1,
2.5 mL) were added Bu,NI (27 mg, 0.073 mmol) and NalO, (68 mg, 0.32 mmol). After
3 hat 0 °C, NaBH, (40 mg, 1.06 mmol) was added to the mixture. The mixture was
stirred at O °C for 30 min, and diluted with saturated NH,Cl and Et,O. The layers were
separated and the aqueous layer was extracted with Et,O twice. The combined extracts
were washed with aqueous Na,S,0,, dried over MgSO,, and concentrated to give a
residue, which was purified by chromatography on silica gel (hexane/EtOAc) to afford
31 (51 mg, 78%): [a]”p, —13.0 (¢ 0.12, CHCL,); cf. [a]*, +14.6 (¢ 1.03, CHCL,) for the
R enantiomer' "H NMR (300 MHz, CDCl;) & 0.07 (s, 6 H), 0.91 (s, 9 H), 2.75 (dd, J =
7,4Hz,1H),3.09 (ddd,J=7,7,5Hz,1H),3.89 (ddd,J=11,7,5Hz,1 H),393 (d,J
=7 Hz, 2 H), 408 (ddd, J = 11, 7, 4 Hz, 1 H), 7.19-7.36 (m, 5 H). The 'H NMR

spectrum was identical with the data reported."”

(R,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-(2-methylphenyl)-6-phenyl-3-hexene
((R)-2Db).

(Table 2, entry 7) 81% yield from (S)-1a (90% ee), 89% ee, 99% CT; IR (neat) 1255,
1102, 837 cm™; 'H NMR (300 MHz, CDCl,) & —0.04 (s, 3 H), -0.02 (s, 3 H), 0.85 (s, 9
H), 2.28-2.39 (m, 2 H), 2.33 (s, 3 H), 2.67 (dd, J = 8, 6 Hz, 2 H), 3.67-3.84 (m, 3 H),
5.50 (dt,J = 15,7 Hz, 1 H), 5.64 (dd, J = 15,6 Hz, 1 H), 7.11-7.32 (m, 9 H); "C NMR
(75 MHz, CDCl,) § -5.34,-5.30, 18.4,19.9, 26.0, 34.8, 360, 46.6, 67.1, 125.8, 125.9,
126.1, 1270, 128.3, 128.5, 130.3, 131.0, 131.2, 136.4, 140.6, 142.1; HRMS (FAB)
caled for C,;H,(OSiNa [(M + Na)*] 403.2433, found 403.2432. The enantiomeric
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information was determined by HPLC analysis of the corresponding alcohol: Chiralcel
AD-H; hexane/i-PrOH = 97/3, 0.5 mL/min, rt; #; (min) = 39.0 (S5), 40.7 (R).

(R,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-(2-methoxyphenyl)-6-phenyl-3-hexene
((R)-2¢).

(Table 2, entry 8) 85% yield from (S)-5a (90% ee), 88% ee, 98% C.T.; [a]*, -9.7 (c
0.682, CHCI,); IR (neat) 1241, 1103, 837, 751 cm™'; '"H NMR (300 MHz, CDCl,) 6
—0.041 (s,3 H),-0.038 (s,3 H),0.84 (s,9 H),2.34 (dt,/=7,8 Hz,2 H), 2.68 (dd, J = 8,
6 Hz, 2 H), 3.71 (dd, J = 10, 8 Hz, 1 H), 3.78 (dd, J = 10, 5 Hz, 1 H), 3.80 (s, 3 H),
3.85-3.93 (m, 1 H),5.57 (dt,J =16,7 Hz, 1 H),5.73 (dd,J = 16,7 Hz, 1 H), 6.84 (dd, J
=8,1Hz,1H),688(ddd,J=8,8,1Hz, 1 H),7.10 (dd, J =8, 2 Hz, 1 H), 7.13-7.21
(m, 4 H), 7.22-7.29 (m, 2 H); ”C NMR (75 MHz, CDCl,) § -5.3 (-), 18.4 (+),26.0 (-),
34.8 (+),36.1 (+),44.5(-),554 (-),66.5 (+), 110.6 (-), 120.5 (-), 125.7 (-), 127.2 (-),
128.3 (-), 128.6 (-), 1289 (-), 130.7 (+), 1309 (-), 131.1 (-), 1423 (+), 157.1 (+);
HRMS (FAB) calcd for C,;H;,O,SiNa [(M + Na)*] 419.2382, found 419.2385. The
enantiomeric information was determined by HPLC analysis of the corresponding
alcohol: Chiralcel OD-H; hexane/i-PrOH = 97/3, 0.5 mL/min, rt; #; (min) = 45.2 (S),
54.1 (R).

(R,E)-1,5-Diphenyl-3-hexene ((R)-2d).

(Table 2, entry 9) According to the typical procedure, a solution of (S)-1b (114 mg,
0.405 mmol, 89% ee) in THF (4 mL) was added to a mixture of CuBr-Me,S (84 mg,
0.41 mmol) in THF (10 mL) and PhMgBr (0.86 mL, 0.95 M in THF, 0.82 mmol) at
—60 °C, and the mixture was allowed to warm to —40 °C over 1 h to afford a mixture of
(R)-2d and Ph, in a 83 : 17 ratio by '"H NMR analysis (93 mg in total, 86% yield of
(R)-2d): 'H NMR (300 MHz, CDCl;) 8 1.31 (d,J =7 Hz, 3 H), 2.33 (dt,J = 7,7 Hz, 2
H),2.68 (t,/ =7 Hz,2 H),3.40 (dq,J=7,7 Hz, 1 H),5.48 (dt,J = 15,7 Hz, 1 H), 5.60
(dd,J=15,7Hz, 1 H),7.14-7.20 (m, 4 H), 7.23-7.28 (m, 6 H).

Determination of the absolute configuration and CT (Scheme 8): A stream of O, in
O, was gently bubbled into a solution of the mixture of (R)-2d and Ph, (222 mg in total,
(R)-2d/Ph, = 81 : 19) in MeOH at —78 °C for 20 min. Excess O, remaining in the
solution was purged by bubbling argon at —78 °C for 10 min and NaBH, (309 mg, 8.17

39



Chapter 2

mmol) was added. After stirring for 1 h at =78 °C, the resulting mixture was allowed to
warm to rt, and diluted with EtOAc and saturated NH,Cl. The layers were separated and
the aqueous layer was extracted with EtOAc three times. The combined extracts were
washed with brine, dried over MgSO,, and concentrated to give a residue, which was
purified by chromatography on silica gel (hexane/EtOAc) to afford alcohol 32: 89% ee
and 99% CT by HPLC analysis (Chiralcel OB-H; hexane/i-PrOH = 98/2, 0.2 mL/min,
rt; t (min) = 56.6 (S), 61.3 (R)); [a]**, —11.7 (¢ 1.2, CHCL); cf. [a],* =10.8 (c 1.0,
CHCL,) for the S enantiomer of 78% ee;* "H NMR (300 MHz, CDCl;) 8 1.26 (d,J =7
Hz, 3 H), 293 (tq, J =7, 7 Hz, 1 H), 3.67 (d, J = 7 Hz, 2 H), 7.19-7.26 (m, 2 H),
7.28-7.34 (m, 3 H). The 'H NMR spectrum of the product was identical with that

reported.”

(S,E)-1-[(tert-Butyldimethylsilyl)oxy]-4,6-diphenyl-2-hexene ((S)-2e).

(Table 2, entry 10) According to the typical procedure, a solution of (S)-1c (59 mg,
0.143 mmol, 95% ee) dissolved in THF (1 mL) was added to a mixture of CuBr-Me,S
(29 mg, 0.14 mmol) in THF (5 mL) and PhMgBr (0.27 mL, 1.07 M in THF, 0.287
mmol) at —40 °C, and the mixture was stirred —40 °C for 1 h to furnish (5)-2e (49 mg,
93%): [a]**, +14 (c 0.59, CHCL,); IR (neat) 1254, 836, 776 cm™'; '"H NMR (300 MHz,
CDCly) 6 0.06 (s,6 H),0.91 (s,9 H),2.05 (ddd, J =8, 8,8 Hz, 2 H), 2.48-2.68 (m, 2 H),
3.30(ddd,J=8,8,8 Hz, 1 H),4.16 (d,J=5Hz,2 H),5.57 (dt,J = 15,5 Hz, 1 H), 5.82
(dd, J = 15, 8 Hz, 1 H), 7.10-7.35 (m, 10 H); "C NMR (75 MHz, CDCl;) § -5.0 (-),
18.5 (+),26.0 (-),33.8 (+),37.5 (+),47.9 (-),63.9 (+), 1258 (-), 126.3 (-), 127.7 (-),
1284 (-), 128.52 (-), 128.54 (-), 129.5 (-), 1343 (-), 1423 (+), 1444 (+); HRMS
(FAB) calcd for C,,H;,0SiNa [(M + Na)*] 389.2277, found 389.2287. The enantiomeric
information (92% ee, 97% CT) was determined by HPLC analysis of the corresponding
alcohol: Chiralcel AD-H; hexane/i-PrOH = 98/2, 0.3 mL/min, rt; #; (min) = 95.4 (S),
99.2 (R).

Determination of the absolute configuration (Scheme 8): A stream of O, in O, was
gently bubbled into a solution of (§)-2e (92 mg, 0.25 mmol) in MeOH at —78 °C for 20
min. Excess O, remaining in the solution was purged by bubbling argon at —78 °C and
NaBH, (95 mg, 2.51 mmol) was added at —78 °C. The cooling bath was removed. The

mixture was stirred at rt for 1 h and diluted with saturated NH,CI. The resulting mixture
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was extracted with EtOAc three times. The combined extracts were dried over MgSO,
and concentrated. The residue was purified by chromatography on silica gel
(hexane/EtOAc) to furnish the alcohol 33 (56 mg, 99%): [a.]*, =11 (¢ 0.41, CHCL,); cf.
[a]p +6.92 (¢ 1.82, CHCL,) for the (S)-enantiomer;”' '"H NMR (300 MHz, CDCl,) § 1.33
(brs, 1 H), 1.81-2.12 (m, 2 H), 2.40-2.62 (m, 2 H), 2.73-2.88 (m, 1 H), 3.67-3.80 (m,
2 H), 7.05-7.40 (m, 10 H); "C NMR (75 MHz, CDCL,) & 33.5 (+), 33.7 (+), 48.2 (-),
67.7 (+), 1259 (-), 127.0 (-), 128.25 (-), 128.39 (-), 12845 (-), 128.8 (-), 142.0 (+),
142.1 (+). The '"H NMR and C NMR spectra were identical with the data reported.”'

(R,E)-1-[(2-Phenylpent-3-enyloxy)methyl]-4-methoxybenzene ((R)-2f).

(Table 2, entry 11) According to the typical procedure, a solution of (S)-1d (60.0 mg,
0.183 mmol, 97% ee) in THF (1 mL) was added to a mixture of CuBr-Me,S (40 mg,
0.195 mmol) and PhMgBr (0.50 mL, 0.75 M in THF, 0.50 mmol) in THF (5 mL) at
—60 °C. The resulting mixture was allowed to warm to —40 °C over 1 h and diluted with
hexane and saturated NH,Cl to afford a residue, which was purified by chromatography
on silica gel (hexane/EtOAc) to give (R)-2f (43 mg, 83%): IR (neat) 1612, 1513, 1248
cm™'; '"H NMR (300 MHz, CDCl,) 8 1.68 (d, J = 6 Hz, 3 H), 3.53-3.68 (m, 3 H), 3.80 (s,
3H),445(s,2H),5.51(dq,J=15,6 Hz, 1 H),5.63 (dd,J= 15,7 Hz, 1 H),6.85 (d,J
= 8 Hz, 2 H), 7.15-7.23 (m, 5 H), 7.25-7.33 (m, 2 H); "C NMR (75 MHz, CDCIl,) &
182 (-),48.9 (-),553 (), 72.7 (+),73.7 (+), 113.8 (-), 126 4 (-), 126.7 (), 128.0 (-),
1284 (-), 129.3 (-), 130.6 (+), 131.9 (-), 1425 (+), 159.1 (+); HRMS (EI) calcd for
C,,H,,0, (M") 282.1620, found 282.1627. The enantiomeric information (97% ee, 99%
CT) was determined by HPLC analysis of the corresponding alcohol: Chiralcel AD-H;
hexane/i-PrOH = 97/3, 0.3 mL/min, rt; ; (min) = 29.9 (R), 33.7 (S).

Synthesis of (-)-Sesqichamaenol (38). (Scheme 11)

(S,Z2)-2-(3-Methylbut-1-enyl)-1.4-dioxaspiro[4.5]decane (39).

To a suspension of [i-PrCH,PPh;]'Br™ (10.50 g, 26.2 mmol) in THF (35 mL) was
added NaN(TMS), (24.4 mL, 1.0 M in THF, 24.4 mmol) at 0 °C. The mixture was
stirred O °C for 20 min and cooled to —78 °C. Aldehyde 23 (2.97 g, 17.5 mmol) was
added to the mixture. The reaction was carried out first at —78 °C for 1 h and then at rt

for 12 h, and quenched by addition of saturated NH,Cl. The resulting mixture was
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extracted with hexane three times. The combined extracts were dried over MgSO, and
concentrated to afford a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 39 (3.52 g, 96%): IR (neat) 1108, 931 cm™; '"H NMR (300
MHz, CDCl;) 6 092 (d,J =7 Hz,3 H), 098 (d, /=7 Hz, 3 H), 1.31-142 (m, 2 H),
1.50-1.66 (m, 8 H), 2.53-2.71 (m, 1 H),3.47 (dd,J=8,8 Hz, 1 H),4.02 (dd,/J =8, 6
Hz,1H),4.82(ddd,J=8,8,6 Hz, 1 H),525(dd, /= 11,9 Hz, 1 H), 542 (dd, J = 11,
10 Hz, 1 H); "C NMR (75 MHz, CDCl,) 8 23.0 (-),23.7 (-),23.9 (+),24.0 (+),25.2 (+),
273 (-),35.6(+),36.4 (+),693 (+),71.8 (-), 109.7 (+), 125.1 (-), 142.2 (-).

(S,Z2)-1-[(tert-Butyldimethylsilyl)oxy]-5-methylhex-3-en-2-ol (41).

A solution of 39 (500 mg, 2.38 mmol) in CF;CO,H (0.73 mL, 9.5 mmol), H,O (1
mL), and THF (1 mL) was stirred at rt for 12 h, and diluted with saturated NaHCO; and
EtOAc. The organic layer was separated and the aqueous layer was extracted with
EtOAc. The combined extracts were dried over MgSO, and concentrated afford a
residue, which was purified by chromatography on silica gel (hexane/EtOAc) to furnish
diol 40 (210 mg, 68%): IR (neat) 3391, 1075, 756 cm™'; '"H NMR (300 MHz, CDCl,) 6
092 (d,J=7Hz,3H),096 (d,J =7 Hz, 3 H), 2.50-2.69 (m, 1 H),3.42 (dd,J=12,8
Hz, 1 H),3.51 (dd,J = 12,3 Hz, 1 H), 3.65 (br s, 2 H), 4.51 (ddd, J =8, 8, 3 Hz, 1 H),
5.19 (dd,J = 11,9 Hz, 1 H), 535 (dd, J = 11, 10 Hz, 1 H); "C NMR (75 MHz, CDCl,)
023.1(-),23.4(-),274(-),66.6 (+),68.9 (), 1254 (-), 141.5 (-).

To a solution of the above diol 40 (915 mg, 7.03 mmol) and imidazole (1.59 g, 10.5
mmol) in DMF (10 mL) at —40 °C was added TBSCI (573 mg, 8.42 mmol) in DMF (4
mL) dropwise. After 2 h at —40 °C, the resulting solution was diluted with saturated
NH,CI and EtOAc. The organic layer was separated, and the aqueous layer was
extracted with EtOAc three times. The combined organic layers were dried over MgSO,
and concentrated to afford a residue, which was purified by chromatography on silica
gel (hexane/EtOAc) to furnish 41 (1.54 g, 90%): IR (neat) 3424, 1106, 836, 777 cm™;
'H NMR (300 MHz, CDCI,) 6 0.06 (s, 6 H), 0.91 (s, 9 H),0.94 (d, J = 7 Hz, 3 H), 0.99
(d,J =7Hz,3 H),2.56 (brs, 1 H), 2.53-2.69 (m, 1 H), 3.40 (dd, J = 10, 8 Hz, 1 H),
3.56 (dd,J=10,4 Hz, 1 H),4.47 (ddm,J=8,8 Hz, 1 H),5.19 (dd,J = 11,9 Hz, 1 H),
5.39 (ddd, J = 11, 10, 1 Hz, 1 H); "C NMR (75 MHz, CDCl,) 8 -5.3 (-),-5.2 (-), 18.4
(+),23.2(-),23.5(-),26.0 (-),27.5(-),67.2(+),68.6 (—), 1254 (-), 1414 (-).
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(R,Z)-1-[(tert-Butyldimethylsilyl)oxy]-S-methylhex-3-en-2-yl Pyridine-2-
carboxylate (42).

To a solution of PPh, (2.15 g, 8.20 mmol) in THF (18 mL) at —78 °C were added
picolinic acid (1.01 g, 8.20 mmol) and a solution of alcohol 41 (1.54 g, 6.30 mmol) in
THF (3 mL). After 15 min, DIAD (1.66 mL, 7.87 mmol) was added dropwise. The
solution was warmed to rt over 12 h, and diluted with saturated NaHCO, and EtOAc.
The organic layer was separated, and the aqueous layer was extracted with EtOAc three
times. The combined organic layers were dried over MgSO, and concentrated to obtain
a residue, which was purified by chromatography on silica gel (hexane/EtOAc) to
furnish 42 (1.63 g, 74%): 99% ee by HPLC analysis (Chiralcel AD-H; hexane/i-PrOH =
98/2, 0.2 mL/min, rt; t; (min) = 25.4 (), 26.2 (R)); [a]”, +18 (c 0.188, CHCL,); IR
(neat) 1718, 1247, 837 cm™'; '"H NMR (300 MHz, CDCl;) 6 -0.02 (s, 3 H), 0.05 (s, 3 H),
0.84 (s,9H),099 (d,J =6 Hz, 6 H), 2.80-2.94 (m, 1 H),3.76 (dd,J = 11,5 Hz, 1 H),
3.89(dd,J=11,7Hz,1H),536(dd,/J=11,9 Hz, 1 H),5.50 (dd,J =11, 11 Hz, 1 H),
597 (ddd,J=9,7,5Hz,1H),7.45 (ddd,J=8,5,1Hz,1H),7.82(ddd,J =8, 8,2 Hz,
1 H), 8.11 (ddm, J = 8, 1 Hz, 1 H), 8.76 (ddm, J = 5,2 Hz, 1 H); "C NMR (75 MHz,
CDCly) & -5.48 (=), -5.46 (-), 18.2 (+),22.7 (=), 23.1 (-),25.7 (-), 274 (), 649 (+),
724 (-),121.8 (-), 1250 (-), 126.6 (-), 136.8 (-), 143.6 (-), 148.3 (+), 149.7 (-), 164.2
(+); HRMS (FAB) calcd for C,,H;,NO,;SiNa [(M + Na)*] 372.1971, found 372.1968.

(R,E)-4-(2-Methoxy-5-methylphenyl)-5-methylhex-2-en-1-o0l (44).

To a suspension of CuBr-Me,S (280 mg, 1.05 mmol) in THF (5 mL) was added
Grignard reagent 35 (2.65 mL, 0.80 M in THF, 2.12 mmol) at 0 °C. The mixture was
stirred at 0 °C for 20 min and cooled to —40 °C. Picolinate 42 (370 mg, 1.06 mmol)
dissolved in THF (2 mL) was added to the mixture. The reaction was carried out at
—40 °C for 2 h, and quenched by addition of saturated NH,CI. The resulting mixture was
extracted with hexane three times. The combined extracts were dried over MgSO, and
concentrated to obtain a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 43, which was used for the next reaction without further
purification.

To a solution of the above compound 43 in THF (3 mL) was added Bu,NF (1.8 mL,
1.0 M in THF, 1.8 mmol) dropwise. The solution was stirred at rt for 1 h and diluted

with saturated NH,Cl. The mixture was extracted EtOAc three times. The combined
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organic layers were dried over MgSO, and concentrated to afford a residue, which was
purified by chromatography on silica gel (hexane/EtOAc) to furnish alcohol 44 (152 mg,
61% from 42): 98% ee, 99% CT; IR (neat) 3408, 1501, 1244, 1036, 804 cm™'; '"H NMR
(300 MHz, CDCl;) 6 0.73 (d,J =7 Hz,3 H),095 (d,J =7 Hz, 3 H), 1.56-1.86 (br s, 1
H), 1.90-2.30 (m, 1 H),2.27 (s,3 H),3.33 (dd,J=9,9 Hz, 1 H), 3.78 (s, 3 H), 4.08 (dd,
J=6,1Hz,2H),5.65(dt,J=15,6Hz, 1 H),591 (dd,J = 15,9 Hz, 1 H),6.75 (d,J =
8 Hz, 1 H), 6.90-6.99 (m, 2 H); "C NMR (75 MHz, CDCl,) & 20.7 (-), 21.1 (-), 31.8
(-), 49.8 (), 55.7 (=), 63.7 (+), 111.0 (-), 127.1 (=), 129.1 (-), 129.5 (-), 129.6 (+),
132.5 (+), 135.1 (=), 155.0 (+). The enantiomeric information was determined by HPLC
analysis: Chiralcel AD-H; hexane/i-PrOH = 99/1, 0.2 mL/min, rt; #; (min) 65.6 (S), 70.7

(R).

(5)-4-(2-Methoxy-5S-methylphenyl)-5-methylhexanoic Acid (45).

To a mixture of 10% Pd/C (75 mg, 0.070 mmol) in EtOAc (1 mL) was added 44 (152
mg, 0.649 mmol) in EtOAc (1 mL). The mixture was stirred at rt for 2 h under H,
atmosphere and filtered through a pad of Celite. The filtrate was concentrated to afford
the corresponding alcohol, which was used for the next reaction without further
purification.

To an ice-cold solution of the above alcohol in acetone (4.3 mL) was added Jones
reagent (0.28 mL, 4.7 M, 0.88 mmol) dropwise. The reaction was quenched by addition
of i-PrOH and the aqueous layer was extracted EtOAc three times. The combined
organic layers were dried over MgSO, and concentrated to afford a residue, which was
purified by chromatography on silica gel (hexane/EtOAc) to furnish 45 (121 mg, 75%
from 44): [a]*’, —4.17 (c 0.24, CHCL,); IR (neat) 2957, 1244, 1037 cm™; '"H NMR (300
MHz, CDCl,) § 0.73 (d,J =7 Hz, 3 H), 1.00 (d, J =7 Hz, 3 H), 1.74-1.96 (m, 3 H),
2.04-2.20 (m,2 H),2.27 (s,3H),2.77 (dd,J=9,9Hz, 1 H),3.75 (s,3H),6.74 (d,J =
8 Hz, 1 H),6.88 (d,J=2Hz, 1 H),6.96 (dd,J=8,2 Hz, 1 H) 9.5-11.0 (br s, 1 H); °C
NMR (75 MHz, CDCl,) 6 20.6 (-), 20.8 (-), 21.3 (-), 27.3 (+), 32.56 (+), 32.59 (-),
442 (-),55.6 (), 110.6 (+), 127.2 (-), 128.8 (), 129.6 (-), 131.7 (-), 156.0 (-), 180.7

(+).
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(-)-Sesquichamaenol (38).

To an ice-cold solution of 45 (130 mg, 0.523 mmol) in AcOH (2.6 mL) was added
30% HBr in AcOH (1.31 mL). The mixture was refluxed for 2 h and poured into
saturated NaHCO,. The organic phase was separated, and the aqueous was extracted
EtOAc three times. The combined organic layers were dried over MgSO, and
concentrated to afford a residue, which was passed through a short column of silica gel
(hexane/EtOAc) to afford the corresponding phenol (103 mg), which was used for the
next reaction without further purification.

To a solution of the above phenol (103 mg) in Et,O (5 mL) was added MeLi (2.19 mL,
1.02 M in Et,0, 2.23 mmol) dropwise at —55 °C. After 3 h at —-55 °C, the resulting
solution was diluted with saturated NH,C] and EtOAc. The organic layer was separated
and the aqueous layer was extracted with EtOAc. The combined extracts were dried
over MgSO, and concentrated to afford a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to furnish (-)-sesquichamaenol (38) (75
mg, 59% from 45): [a]”’, 8.1 (¢ 0.72, CHCL,) and [a]*’, -9.2 (¢ 0.72, CH,CL,); cf.
[a]”p —4.3 (¢ 0.6, CHCIL,)'"™ and [a]*, =5.95 (c 0.042, CH,C1,);'” '"H NMR (300 MHz,
CDCly) 6 0.73 (d,J =7 Hz,3 H), 1.01 (d,J =7 Hz, 3 H), 1.66-1.93 (m, 2 H), 2.05 (s, 3
H), 2.04-2.24 (m, 3 H),2.25 (s, 3 H), 2.61 (ddd, J =12,9,3 Hz, 1 H), 5.55 (br s, 1 H),
6.68 (d,J =8 Hz, 1 H), 6.85 (d, J = 8 Hz, 2 H); ’C NMR (75 MHz, CDCl,) § 20.8 (-),
209 (-), 21.3 (-), 26.7 (+), 30.1 (-), 33.0 (-), 420 (+), 442 (), 115.7 (-), 127.3 (-),
128.6 (=), 129.8 (+), 1299 (+), 152.1 (+), 211.1 (+); HRMS (FAB) calcd for
C,sH,,0O,Na [(M + Na)"] 257.1517, found 257.1512. The spectral data were consistent

with those reported.'’
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EW3EI TNV EORT I NT ) = — L33 L
%ﬁ%mmkenuyﬁ79w@79wMﬁm@%
]

WoETERIT, Vol UBEABEILL Li27 UV —8iild o 7 U b
AR LT, 2 C, AETIE., 207V ILRIGERAWT, 7=
RTNFNIEAEANTEDEINEWLNICT HFIT LT (Scheme 1),

Scheme 1. Allylic substitution of picolinate 1.

g
Ns
R3-MgBr/CuBr-Me,S R?
2 /\)

0”0 R RN “R3 R3: aryl (sp?-C, Chapter 2),
_ anti Sp2' alkenyl (sp?-C, this Chapter),
R! 2 alkyl (sp®-C, this Chapter)

1

DT, Tl = VERIETOT U b DOHFFIZHOWN T, LTI T 5,

UTAE Breit &%, PhMgBr =° CH,=C(Me)MgBr H3ED sp>-C #iik3K 2 v 7=,
¥ KD 0-DPPB 7 U LT ZT DT U AACOALERIRVED . (1) FOSEREE
% Et,0 75 CH,CL ICEET 50, F7201E (2) ZRFMIIZIEY slow addition 3~
HETHEIND WA L2 ' (Scheme 2), L2rL., [ LU sp*C #liA#KCTH - T
By T U=l E T S VR CIERSPER AR Y | TV = LR T
0720 OBOWEEFENELNTLED |, £, TOHBIETIR, FEO—i
PSR FERENZ DWW T BT SN TV,
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Scheme 2. Study by Breit.

"0-DPPB"
f—%
R™MgX (1.1 eq)
PPh
2 CuBrMe,S (0.5 eq) RT RT

.
oo £50 (<0.05 M) LN NN I NN
PhNMe rt,2h Sn2' Sn2

RT = Ph, addition time (~5 min) : 90%, SN2' : SN2 =93 : 7
RT = Ph, addition time (5h):84%, SN2 : SN2=97:3

RT = H,C=(Me)-, addition time (5 min) : 81%, Sn2': SN2 =85 : 15
RT = H,C=(Me)-, addition time (3 h) : 73%?, S\2': SN2 =94 : 6

2 (SN2' + SN2) / elimination products = 60 / 40 by GC analysis

=
elimination products : Ph\/\/\Me ; NMe 7 Phio o
Ph

40 : 17 : 43

AR BT y- A v F Voo f-REBFIT AT KT DT XV T Vi =1
SR DO G AHME LT D AScheme 3), 7KK TR/ T v F
S\2 BIMEE IR LN, TORMZ T Ay = VICEAT 5 L, T =15k
TIER S AKFENEAESIND (Scheme 3-1), MR ORE R, @RI L O
I Z FHANT T L7 =)V 28 A TE TRW S, OICERSOBIR M 10
<HDOTIEHZR (Scheme 3-2), EHIZ, FH2ETRLEN, 7V LA T—F
XD A TOREEEREEMPHE L E WD NS D,

Scheme 3. Study by Yamamoto.

OTBS )\ ‘ _
N CO,Me Cu(CN)Li-BF3 (3 equiv) OTBS com (3-1)
A THF, -78 °C = 2\e
S 83% H
OTBS (vinyl),Cu(CN)(ZnCl),-2MgCl,-2LiCl  OTBS OTBS

AN COMe o) /\/\(C BN /\i\/Co2Me (3-2)
OMs X (61%) X (4%)
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Fim, RUFIAFRLAEBRT AT LTI, T U —AEOME A T bR
TR, T = VR & DFUEIEHE ShCunizuy,

SO RS BB O, AR T S EERAT B 2 L HORRIET
bolebBx, TVTr= VOB ANEHHFNTL2HE L,

—JspC T =AY THHTIVFRAARINT sp™-C FIRIEL Y RS
EoT B VBT U MCH LT h RIS R R T ER PRSI DA, B
U A AV ZORIEROBICHME MR T 2 FIEECH DL L EL, T
L5 bREET -1,

3-2. 7T IR

HHEISH LT 2 HBO7 ) =v—Lald 3a R =H) & CuBrMe,S (I %)
POFR LT = ARIEE VT, (9-1a OF UMEETT o Tz, TORR,
7V — )VHIERIK DR &[RRI, IR K SALE - AAREIRIIIZ S22 B (S)-2a

S5 (Scheme 4, entry 1),

Scheme 4. Allylation of (S5)-1a with alkenyl copper reagents 3a-c.

R

R
Ph  OCO(2-Py) /J\MgBr (3a-c)(2 equiv) FPh \-/
A~ L~ ~_OTBS
OTBS
CuBr-Me,S (1 equiv)
(S)-1a (90% ee) N (S)-2a:R=H
—60~—40°C, 1 h (R)-2b: R = CsHyq
(R)-2¢c: R = Ph
entry  product? yield cTb
1 (5)-2a 81% 98%
2 (R)-2b 75% 97%
3 (R)-2¢c 85% 97%

“ The stereochemistry of (§)-2a was determined as described in Scheme 5, while that of
(R)-2b.,c was assigned by analogy. ” Chirality transfer (CT) was determined by chiral
HPLC.

Scheme 5 IZ/RF L 912, (5)-2a OffcfEEIL 6 ITAEH L TRE L, T/
b, MHEERHET L TW5D (S)-2e (Scheme 6) 75 3B TE#LZ 6 &,
(S)-2a MOHLEHL LT 6 O HPLC DOIREEFEMN—FH LD T, 2a 2% S (K75 &
IETE, DFEV, TAT =T HRISHT oF S2° BICHEITL TV D H
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LT LT, B VRS IR D ROCMEDN /NS WVWEREED 1| D THHZ &N
HHNTREY Y, ZofEIE, Bal By U LoEsnEaHED B = LEilRldE o
BRWESEZ R D DK GBI THDHEERLTWND,

Scheme 5. Determination of absolute configuration of ($)-2a.

retention time on chiral HPLC
being identical each other

1) Hp, Pd/C
Ph N\ H,PdC Ph N BuNF | Ph Y GBeNe. Ph
S)-2a OTBS 4 OTBS 5 R=H S)-2e OTBS
%) BZCl’pyEG,Rsz S

N T, 77U =y — Ll 3b, 3¢ 2O L7727 V7 = LiilidE % (S)-1a
IZRONSED &L (5)-2a LREIBRIZ, mWLE - VAREIRMET (R)-2b & (R)-2¢ &
5. % 72 (Scheme 4, entries 2,3), = DK, ¥ = I FIANLIEEWVERIE R 2F
7 = — )Lk 3b,3¢c DL IRLGATH., SIROETITA N7,

3-3. FILFILEEE

sp>-C 7 =42 L0 RN E W T L F LERERKIC O W T HL a2 fT o 72, =
DR, HEHEEL TR AF L7 ¢ VEMERKIZOWTEE LIz, £3. 7V
— VAR DO FUS S REVY, EtMgBr & CuBrMe,S 75 = F /Lgiikdi %z 2
AR L7z, ENENIC LT, ZHEADONERDERRD T IROE rac-1a
& rac-1a’ x4, 7 VLG E1T > 72 (Scheme 6), ¥ ARDOFE rac-1a 7>
SITmvy 82 BIMETHERY) rac-2e BWEbiiz, —FH. M7V ABOERE
rac-12> DG TIE, SW2° BRMEIZIRG TH T, V7 4 UV ONARKIRE W%
H.2 77 (rac-2e :rac2¢’=1:1), Lo T, TILF/LGREKICE L THAEEITI R
B L CTWDZ ENP LN T,
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Scheme 6. Allylation of rac-1a and rac-1a’ with EtMgBr/CuBr-Me,S.

Ph  OCO(2-Py) EtMgBr (2 equiv) Ph Et

oTBs CuBrMe,S (0.5 equiv) N
—40°C,1h OTBS

rac-1a 91%, Sy2': S\2=97:3 rac-2e

(2-Py)CO; EtMgBr (2 equiv) Ph Et Ph Et
= + X
Ph CuBr-Me,S (0.5 equiv) N
OTBS _40°C. 1h OTBS OTBS
rac-1a' 66% (combined) rac-2e rac-2’

SN2 :SN2=93:7 1 : 1

Scheme 6 T S\2° MO " FHED OSLARIRNMEICEN & - T2 fE RITHONW T,
Scheme 7 D L HIZEZE LTz, VARDIE rac-1a (27 /VF VHREK)N S2° X
JRAE TR, REOREIT A & B O2@YNEZLND, L., BE B
Tix, B R, R O T 13-7 VDK IR o DT 0B L6 < |
BlEE A R DERN) rac-2e NEWVIERETH LD, —H., M7 ABOK
E rac-1a> OBE . BE D OE#HIE R\, H OBONKRFEN/ NS WD T, HEE
OBEFEILZ C & D 0280 ZHADFENTE rac2e & 20 DIRAEVINELIT-
IR LT,
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Scheme 7. Plausible mechanisum of allylation of rac-la and rac-1a’ with
EtMgBr/CuBr-Me,S.

Et~
(2-Py)CO, R*  Etrcu" o l H Et
= > ," R1_<_ — :RZ I,' -

R1)\) ; Dh ; R1/\/I\R2
;o Locory iy
|

OCOP
' H
H—< _ R?
R
¢ __1,3-allylic strain____; B
e t— JE—
(2-Py)CO; Et-"Cu” ;_\ R? J
_ 1 — “ —_—
R1J\/\R2 :" R : H H ‘/ RTTX R2
! C (:)COPy rac-2e
rac-ta® | i T . C
(OCOPy R2 ":' R1 Et
N A R N
RPN R
_____________ { EC . . D rac-2e"
L weak 1,3-éllylic'strain _

BT, RE M7 v AR O S (S)-1a 12, RMgBr (R = Me, Et, n-Bu) &
CuBrMe,S O L7z 7 VR VHIREEZ )OS ST, O, B frE
BIRME & RFIREH T (5)-2d~f % 5 %7 (Scheme 8), F7-. EtMgBr & (S)-1b
DG S RRIZEIT L, (5)-28 #5272, (5-2g 1%, (5)-1la & =F /LEIRAEE L
DT VIALKIETD S 2 AT YE T 5, (5)-2¢ & (S)-2g @ 'H NMR A3
7 MVEBEWIZHEL L, (S)-1a & (S)-1b DOFUSHITALE BRI R S - TR
WERGINo T2, ZOFENL B2 VT Uo7 VX Ak Ml (Ph(CH,),-,
TBSOCH,-) (2K 53 S2° A E G- 2 2 FENRHLh o7, EHIZ, (R)-1c
HEIRIICEIS L, (R)-2g 57,
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Scheme 8. Allylation with alkyl copper reagents.

Ph  OCO(2-Py) RMgBr (2 equiv) Ph R
e MOTBS
OTBS  CuBr-Me,S (0.5-1 equiv)
-1a (90% —60 to —40 °C, 1 h, THF
(S)-1a ( b ee) (5920, R = Mo
(S)-2e, R = Et
entry product®  yield cT? (S)-2f, R = n-Bu
1 (S)'Zd 90°/o 96°/o
2 (S)-Ze 91% 97%
3 (5)-2f 89%  96%
Ph
EtMgBr (2 equiv) Ph Et
oTBS L_A~_oOTBS
OCO(2-Py) CuBr-Me,S (1 equiv)
-40°C, 1 h, THF (S)»-29
(S5)-1b (95% ee) 92%, 97% CT

OPMB

0CO(2-Py) EtMgBr (2 equiv) Aj
/'E/\OPMB N Et

CuBr-Me,S (1 equiv)
(R)-1c (98% ee)  —6010—50 °C, 1 h, THF (R)-2h
86%, 100% CT

“ The stereochemistry of (5)-2e, 2g and (R)-2h was determined as described in Scheme

9, whereas that of the other products was assigned by analogy. * Chirality transfer (CT)
was determined by chiral HPLC.

728, (S)-2e,2g, (R)-2h [ TFNENEEALAEY 8,10,11 ~EH L, [a], &Lt

L CHE S 2 P L7 (Scheme 9), FDFEENS, TAAF AR ETHL T
UIMACKIGINT o F §\20 |IRAITHEIT L TW A HLEE TE 70,
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Scheme 9. Determination of absolute configuration of (S)-2e, 2g, and (R)-2h.

Ph -

: NMO Ph  OH / NalOy, BugNI /
l_~_~_oOmBs — . K)WOTBS HO._~__OTBS
Os0y (cat.) then NaBH,
(S)-2e OH 7 8
Ph Et 1) O3/ MeOH Ph Et
A~ 0TBS ——m X
2) NaBH,
(S)-29 9, X = OH
CBra, PPN [ 10"y gy
OPMB PMB
1) O3/ MeOH ©
N HO ., ~
2) NaBH,
(R)-2h 1
=4O
3-4. fHim

7V =y — Vil L HIE NS4 U5 AMSREZ o) VT UL E RS S
B, T =8 (sp-C) T VF/LHk (sp-C) b7 »F S2° EIRITE A

T& 7=, Frlo, 2 E TRMEOEWBIRE BTV ZRWT L =)L oE A
ZPVEIZAT 72 O TR 7= IR EITET 5,
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Experimental Section

(S,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-ethenyl-6-phenyl-3-hexene ((S)-2a).

(Scheme 4, entry 1) (S)-2a was synthesized from (§)-1a according to the procedure
described in Chapter 2; 81% yield, 88% ee, 98% CT; IR (neat) 1256, 1104, 836 cm™;
'H NMR (300 MHz, CDCl5) & 0.05 (s, 6 H), 0.90 (s, 9 H), 2.35 (dt, J = 7, 8 Hz, 2 H),
269 (dd,J =7,6 Hz, 2 H), 2.87 (ddt, J = 8, 8,7 Hz, 1 H), 3.54 (d,J =7 Hz, 2 H),
4.98-5.08 (m,2 H),5.40 (dd,J = 16,8 Hz, 1 H), 5.55 (dt,J = 16,7 Hz, 1 H), 5.79 (ddd,
J=17,11,7 Hz, 1 H), 7.15-7.23 (m, 3 H), 7.25-7.32 (m, 2 H); "C NMR (75 MHz,
CDCly) 6 5.2, 18.5, 26.0, 34.8, 360, 49.5, 66.6, 115.4, 125.8, 128.3, 128.5, 130.2,
131.3, 138.9, 142.1. The enantiomeric information was determined by HPLC analysis
of the corresponding alcohol: Chiralcel AD-H; hexane/i-PrOH = 97/3, 0.3 mL/min, rt; t;
(min) =30.5 (R),31.9 (S).

Determination of the absolute configuration (Scheme 5): To a solution of (S)-2a (42
mg, 0.153 mmol) in MeOH and EtOAc (1 : 1,2 mL) was added 10% Pd/C (20 mg). The
mixture was stirred at rt for 2 h under H, atmosphere, and filtered through a pad of
Celite. The filtrate was concentrated to give a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to afford 4 (40 mg, 94%): [a]**, O (¢ 0.80,
CHCL,); IR (neat) 1256, 1094, 835,774 cm™'; '"H NMR (300 MHz, CDCl;) 8 0.02 (s, 6
H),0.85 (t,J=7Hz,3 H),0.89 (s,9 H), 1.18-1.42 (m, 8 H), 1.54-1.66 (m, 1 H), 2.60 (t,
J=8Hz,2 H), 346 (d,J =5 Hz, 2 H), 7.15-7.20 (m, 3 H), 7.23-7.30 (m, 2 H); °C
NMR (75 MHz, CDCl,) 6 -5.3 (=), 11.3 (-), 184 (+), 23.6 (+), 26.0 (-), 26.7 (+), 30.4
(+),32.0(+),36.0 (+),42.0 (-),65.3 (+), 125.6 (-), 128.3 (—), 128.5 (=), 143.0 (+).

To an ice-cold solution of 4 (40 mg, 0.125 mmol) in THF (1 mL) was added Bu,NF
(0.19 mL, 1.0 M in THF, 0.19 mmol). The reaction was carried out at rt for 3 h, and
quenched by addition of saturated NH,CI. The organic phase was separated, and the
aqueous phase was extracted with EtOAc three times. The combined organic layers
were dried over MgSO, and concentrated to afford a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to furnish 5 (24 mg, 93%): [a]®, 1.2 (¢
0.803, CHCL,); IR (neat) 3351, 1453, 1030 cm™; '"H NMR (300 MHz, CDCL,) 6 0.89 (t,
J=7Hz,3 H), 121 (brs, 1 H), 1.26-1.45 (m, 6 H), 1.56-1.68 (m, 3 H), 2.61 (t,/ =8
Hz,2 H),3.54 (d,J =4 Hz,2 H), 7.13-7.22 (m, 3 H), 7.23-7.30 (m, 2 H); "C NMR (75
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MHz, CDCl,;) 8 11.2 (-), 23.4 (4), 26.7 (+), 304 (+), 319 (+), 36.0 (+),42.0 (-), 65.3
(+),125.7 (=), 128.3 (—), 128.5 (), 142.8 (+).

To an ice-cold solution of § (24 mg, 0.117 mmol) in pyridine and CH,CI, (1 : 1, 1
mL) was added BzCl (0.027 mL, 0.233 mmol). The resulting mixture was stirred at rt
overnight and diluted with EtOAc and H,O. The excess reagent was quenched with
N ,N-dimethyl-1,3-propanediamine (0.050 mL, 0.40 mmol). The mixture was stirred at rt
for 20 min. The organic phase was separated, and the aqueous phase was extracted with
EtOAc three times. The combined organic layers were dried over MgSO, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 6 (23 mg, 63%): [a]**, —1.8 (¢ 1.00, CHCI,); 'H NMR (300
MHz, CDCly) 6 0.94 (t,J = 8 Hz, 3 H), 1.35-1.52 (m, 6 H), 1.58-1.77 (m, 3 H), 2.62 (t,
J=8Hz,2H),424 (d,J =6 Hz,2 H), 7.13-7.21 (m, 3 H), 7.22-7.30 (m, 2 H), 7.44
(dddd,J=8,8,1,1Hz,2 H),7.56 (dddd,/J=8,8,1,1 Hz, 1 H),8.04 (ddd,/J =8, 1,1
Hz, 2 H); "C NMR (75 MHz, CDCL,) § 11.2 (=), 24.1 (+), 26.6 (+), 30.9 (+), 31.9 (+),
36.0 (+),39.0 (-),67.3 (+), 125.7 (-), 128.3 (-), 128.43 (-), 128.45 (-), 129.6 (-), 130.6
(+), 1329 (-), 142.7 (+), 152.1 (+), 166.8 (+); HRMS (EI) calcd for C,H,;0, (M")
310.1934, found 310.1933.

HPLC analysis (Chiralcel OB-H; hexane/i-PrOH = 98/2, 0.2 mL/min, rt; #; (min) =
32.6 (S), 33.8 (R)) showed that retention time of 6 thus synthesized was identical with
that of 6 synthesized from (§)-2e (R = Et in Scheme 8) ((1) H,, Pd/C, MeOH and
EtOAc; (2) Bu,NF; (3) BzCl, pyridine, CH,Cl,), while determination of the absolute

configuration of (S)-2e was independently carried out as described below.

(R,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-(1-pentylethenyl)-6-phenyl-3-hexene
((R)-2Db).

(Scheme 4, entry 2) 75% yield, 87% ee, 97% CT; '"H NMR (300 MHz, CDCl,) § 0.02
(s,3H),0.03(s,3H),0.88 (s,9H),0.89 (m,3 H), 1.21-1.48 (m, 6 H), 1.97 (t,J = 8 Hz,
2H),232(ddd,J=8,8,7Hz,2 H),2.67 (t,J=8 Hz,2 H),2.76 (ddd,J=7,7,7 Hz, 1
H),3.55(dd,J=10,7Hz,1H),3.65 (dd,J=10,7Hz, 1 H),4.71 (s, 1 H),4.78 (s, 1 H),
537 (dd, J =15, 8 Hz, 1 H), 550 (dt, J = 15, 6 Hz, 1 H), 7.14-7.30 (m, 5 H). The
enantiomeric information was determined by HPLC analysis of the corresponding
alcohol: Chiralcel AD-H; hexane/i-PrOH = 97/3, 0.3 mL/min, rt; £ (min) = 26.0 (R),
28.0 (5).
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(R,E)-1-[(tert-Butyldimethylsilyl)oxy]-6-phenyl-2-(1-phenylethenyl)-3-hexene
((R)-2c).

(Scheme 4, entry 3) 85% yield, 87% ee, 97% CT; IR (neat) 1256, 1103, 836 cm™'; 'H
NMR (300 MHz, CDCl,) & -0.09 (s, 6 H), 0.79 (s, 9 H), 2.22-2.32 (m, 2 H), 2.60 (dd, J
=8,8Hz,2 H),3.28 (ddd,/J=7,7,6 Hz, 1 H), 3.52 (dd,J = 10,7 Hz, 1 H), 3.62 (dd, J
=10,6 Hz, 1 H),4.96 (s, 1 H),5.22 (s, 1 H),5.44 (dd,J = 16,7 Hz, 1 H), 5.52 (dt, J =
16, 6 Hz, 1 H), 7.04-7.33 (m, 10 H); "C NMR (75 MHz, CDCl,) § -5.3, -5.2, 18 4,
26.0, 34.7, 360, 50.2, 66.2, 113.7, 125.8, 126.7, 127.2, 128.1, 128.3, 128.6, 131.1,
131.3, 142.1, 142.6, 149.6; HRMS (FAB) calcd for C,;H;,OSiNa [(M + Na)*] 415.2433,
found 415.2430. The enantiomeric information was determined by HPLC analysis of
the corresponding alcohol: Chiralcel AD-H; hexane/i-PrOH = 97/3, 0.3 mL/min, rt; #;
(min) =47.6 (5),59.9 (R).

(S,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-methyl-6-phenyl-3-hexene ((S)-2d).

(Scheme 8, entry 1) 90% yield from (S)-1a (90% ee), 86% ee, 96% CT; IR (neat)
1257, 1078, 837,775 cm™"; 'H NMR (300 MHz, CDCl,) 8 0.04 (s, 6 H), 0.89 (s, 9 H),
0.96 (d,J=7Hz,3 H),2.20-2.35 (m,3 H),2.67 (t,J =7 Hz,2 H),3.34 (dd,J =9, 7 Hz,
1 H),346 (dd,J=9,6 Hz, 1 H),5.35 (dd,J=16,7 Hz, 1 H),5.49 (dt,J = 16,7 Hz, 1
H),7.14-7.21 (m, 3 H), 7.24-7.31 (m, 2 H); °C NMR (75 MHz, CDCl,)  -5.21,-5.18,
16.8,18.5,26.0,34.7,36.2,39.4,68.4,125.8,128.3, 128.6, 129.3, 133.6, 142.2. HRMS
(FAB) calcd for C,,H;,0SiNa [(M + Na)*] 327.2120, found 327.2122. The enantiomeric
information was determined by HPLC analysis of the corresponding alcohol: Chiralcel
AD-H; hexane/i-PrOH = 97/3, 0.3 mL/min, rt; #; (min) = 30.0 (R), 31.3 (§).

(S,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-ethyl-6-phenyl-3-hexene ((S)-2e).

(Scheme 8, entry 2) 91% yield from (S)-1a (90% ee), 87% ee, 97% CT; IR (neat)
1256, 1103, 836 cm™'; '"H NMR (300 MHz, CDCl;) 6 0.03 (s, 6 H), 0.82 (t,J = 7 Hz, 3
H), 0.89 (s, 9 H), 1.07-1.34 (m, 1 H), 146-1.62 (m, 1 H), 1.94-2.08 (m, 1 H),
2.28-2.38 (m,2 H),2.68 (dd,J=7,6 Hz,2 H),3.43 (dd,J=10,7 Hz, 1 H),3.48 (dd, J
=10, 6 Hz, 1 H), 5.20 (dddd, J = 15, 8, 2, 2 Hz, 1 H), 548 (dt, J = 15, 7 Hz, 1 H),
7.13-7.35 (m, 5 H); "C NMR (75 MHz, CDCl;) § -5.2, 11.7, 18.5, 240, 26.0, 34.8,
36.3, 47.3, 669, 125.8, 128.3, 128.6, 130.9, 132.3, 142.2; HRMS (FAB) calcd for
C,H;,0SiNa [(M + Na)'] 341.2277, found 341.2269. The enantiomeric information
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was determined by HPLC analysis of the corresponding alcohol: Chiralcel AD-H;
hexane/i-PrOH = 97/3, 0.3 mL/min, rt; f; (min) = 28.7 (R), 29.8 (S).

Determination of the absolute configuration (Scheme 9): To an ice-cold solution of
(5)-2e (110 mg, 0.345 mmol) in acetone-H,O (4 : 1, 3.5 mL) were added NMO (53 mg,
0.45 mmol) and OsO, (0.175 mL, 0.02 M in +-BuOH, 0.0035 mmol). After 5 h at 0 °C,
the mixture was diluted with H,O and Et,O. The layers were separated and the aqueous
layer was extracted with Et,O twice. The combined extracts were dried over MgSO,,
and concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 7 (105 mg, 85%).

To an ice-cold solution of 7 (55 mg, 0.16 mmol) in MeOH-H,O (5 : 1, 2 mL) was
added Bu,NI (18 mg, 0.049 mmol) and NalO, (48 mg, 0.22 mmol). After 4 h at 0 °C,
NaBH, (20 mg, 0.53 mmol) was added to the mixture. The mixture was stirred at 0 °C
for 30 min, and diluted with saturated NH,CI and Et,O. The layers were separated and
the aqueous layer was extracted with Et,0 twice. The combined extracts were washed
with aqueous Na,S,0,, dried over MgSO,, and concentrated to give a residue, which
was purified by chromatography on silica gel (hexane/EtOAc) to afford 8 (21 mg,
61%): [a]”, —10.0 (¢ 0.10, CHCL,); cf. [a]*, —11.41 (¢ 1.42, CHCL);* '"H NMR (300
MHz, CDCl,) 8 0.07 (s, 6 H),0.90 (s,9 H),0.92 (t,J = 8 Hz, 3 H), 1.19-1.35 (m, 2 H),
1.58-1.72 (m, 1 H), 2.92 (dd, J = 6,4 Hz, 1 H), 3.60 (dd, J = 10,7 Hz, 1 H), 3.60-3.68
(m, 1 H), 3.70-3.80 (m, 1 H), 3.81 (dd, J = 10, 4 Hz, 1 H); "C NMR (75 MHz, CDCI,)
0-5.55,-549,119,18.2,20.7,25.9,43.7,66.7,67 4.

(S,E)-2-Butyl-1-[(tert-butyldimethylsilyl)oxy]-6-phenyl-3-hexene ((S)-2f).

(Scheme 8, entry 3) 89% yield, 86% ee, 96% CT; IR (neat) 1256, 1077, 837, 775
cm™; '"H NMR (300 MHz, CDCl5) 6 0.05 (s, 6 H), 0.82—1.00 (br s, 12 H), 1.16-1.35 (m,
5 H), 1.44-1.54 (m, 1 H), 2.03-2.16 (m, 1 H), 2.33 (dt,J=7,7 Hz,2 H),2.69 (t,J =7
Hz,2 H), 3.37-3.53 (m,2 H), 521 (dd, J = 15,8 Hz, 1 H), 548 (dt,J = 15,7 Hz, 1 H),
6.85-7.22 (m, 3 H), 7.25-7.32 (m, 2 H); "C NMR (75 MHz, CDCl,) § -5.21, -5.17,
142, 18.5, 22.9, 26.0, 29.3, 30.9, 34.7, 36.2, 45.5, 67.2, 125.8, 128.3, 128.6, 130.6,
132.7, 142.2; HRMS (FAB) calcd for C,,H;OSiNa [(M + Na)'] 369.2590, found
369.2594. The enantiomeric information was determined by HPLC analysis of the
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corresponding alcohol: Chiralcel AD-H; hexane/i-PrOH = 97/3, 0.3 mL/min, rt; t; (min)
=259 (R),27.6 (S).

(S,E)-1-[(tert-Butyldimethylsilyl)oxy]-6-diphenyl-4-ethyl-2-hexene ((S)-2g).

(Scheme 8) 92% yield from (S)-5¢ (95% ee), 92% ee, 97% CT; [a]”, +4.7 (¢ 0.42,
CHCL,); IR (neat) 1462, 1255, 1092, 837 cm™'; '"H NMR (300 MHz, CDCl,) & 0.099 (s,
3 H),0.101 (s,3 H),0.86 (t,/ =7 Hz,3 H),0.93 (s, 9 H), 1.18-1.80 (m, 6 H), 1.87-2.00
(m, 1 H), 2.45-2.70 (m,2 H),4.19 (d,J=5Hz,2 H), 543 (dd, J = 15,8 Hz, 1 H), 5.55
(dt, J = 15,5 Hz, 1 H), 7.12-7.22 (m, 3 H), 7.24-7.32 (m, 2 H); "C NMR (75 MHz,
CDCl;) 8 49 (-), 11.7 (=), 18.5 (+),26.1 (-), 28.1 (+), 33.7 (+), 36.8 (+),43.8 (-), 64.1
(+), 125.6 (-), 128.3 (-), 128.5 (-), 130.0 (-), 134.9 (-), 143.0 (+). The enantiomeric

information was determined by HPLC analysis of the corresponding alcohol shown

below.
Ph Et Bu,NF Ph Et
A~ omBs — LA _~_oH

(S)-29 12

Determination of CT: To a solution of (5)-2g (23 mg, 0.072 mmol) in THF (2 mL)
was added Bu,NF (0.14 mL, 1.0 M in THF, 0.14 mmol) dropwise. The reaction was
carried out at rt for 1 h and quenched by addition of saturated NH,Cl. The organic phase
was separated and the aqueous phase was extracted with EtOAc three times. The
combined organic layers were dried over MgSO, and concentrated to afford a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to furnish 12 (14
mg, 95%): '"H NMR (300 MHz, CDCl;) § 0.85 (t, J = 7 Hz, 3 H), 1.24-1.78 (m, 5 H),
1.88-2.02 (m, 1 H), 2.45-2.70 (m, 2 H), 4.13 (dd,J=6,1 Hz, 1 H),5.46 (dd,J=15,9
Hz, 1 H), 5.64 (dd, J = 15, 6 Hz, 1 H), 7.14-7.22 (m, 3 H), 7.24-7.32 (m, 2H); "°C
NMR (75 MHz, CDCl,) 8 11.7 (=), 27.9 (+),33.7 (+),36.6 (+),439 (-),63.9 (+), 125.7
(=), 128.4 (-), 128.5 (-), 129.6 (-), 137.0 (-), 142.8 (+); HRMS (EI) calcd for C,,H,,0
(M") 204.1514, found 204.1516. The enantiomeric information (92% ee, 97% CT) was
determined by chiral HPLC analysis: Chiralcel OB-H; hexane/i-PrOH = 98/2, 0.3
mL/min, rt; #; (min) = 31.8 (R), 33.8 ().

Determination of the absolute configuration (Scheme 9): A stream of O, in O, was

gently bubbled into a solution of (5)-2g (78 mg, 0.245 mmol) in MeOH at —78 °C for 20
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min. Excess O, remaining in the solution was purged by bubbling argon at —78 °C and
NaBH, (93 mg, 2.45 mmol) was added. The cooling bath was removed, and the solution
was stirred at rt for 1 h. Saturated NH,CI was added to the solution, and the resulting
mixture was extracted with EtOAc three times. The combined extracts were dried over
MgSO, and concentrated to obtain a residue, which was purified by chromatography on
silica gel (hexane/EtOAc) to give alcohol 9 (38 mg, 87%): [a]”, 0 (¢ 0.2, CHCL,); 'H
NMR (300 MHz, CDCl5) 6 1.92 (t,J =7 Hz, 3 H), 1.36-1.54 (m, 2 H), 1.56-4.74 (m, 2
H), 2.64 (t,J = 8 Hz, 2 H), 3.60 (d, J = 5 Hz, 2 H), 7.14-7.33 (m, 5 H); "C NMR (75
MHz, CDCly) 6 11.3 (-),23.3 (+),32.6 (+),33.5 (+),41.8 (-),65.3 (+), 1259 (-), 128.6
(-), 1429 (+). The 'H NMR and "C NMR spectra were identical with the data
reported.’

To an ice-cold solution of 9 (25 mg, 0.14 mmol) in CH,Cl, (5 mL) were added CBr,
(56 mg, 0.169 mmol) and PPh, (48 mg, 0.183 mmol) portionwise. The mixture was
stirred at O °C for 2 h and filtered through a pad of Celite. The filtrate was concentrated
to afford a residual oil, which was purified by chromatography on silica gel
(hexane/EtOAc) to furnish bromide 10 (20 mg, 59%): [a]”, +6 (¢ 0.2, CHCL,), cf. [a],
+10.8 (c 1.5, CHCL,) for the same enantiomer;’ "H NMR (300 MHz, CDCl,) 6 0.91 (t,J
= 8 Hz, 3 H), 1.43-1.80 (m, 5 H), 2.53-2.73 (m, 2 H), 3.52 (d, J = 4 Hz, 2 H),
7.16-7.24 (m, 3 H), 7.25-7.34 (m, 2 H); "C NMR (75 MHz, CDCl;) § 10.9 (-),25.2 (+),
33.0 (4), 34.1 (+), 38.8 (+),40.5 (-), 1259 (-), 1284 (-), 128.5 (-), 142.2 (+); HRMS
(EI) caled for C,,H,,Br (M*) 242.0514, found 242.0518. The '"H NMR and "C NMR

spectra were identical with the data reported.’

(R,E)-1-[(2-Ethylpent-3-enyloxy)methyl]-4-methoxybenzene ((R)-2h).

(Scheme 8) 86% yield from (R)-1c (98% ee), 98% ee, 100% CT; [a]”, 6.4 (¢ 0.346,
CHCL,); IR (neat) 1612, 1513, 1248, 1096, 1038 cm™'; 'H NMR (300 MHz, CDCI,)
0.84 (t,/=8Hz,3 H),1.12-1.38 (m, 1 H), 1.46-1.63 (m, 1 H), 1.67 (dd,J=6,2 Hz, 3
H),2.11-2.25 (m, 1 H),3.30 (dd,/J=9,7Hz,1 H),3.33 (dd,J=9,7 Hz, 1 H), 3.80 (s,
3H),443 (s,2 H),5.23 (ddq, J =15, 8,2 Hz, 1 H), 548 (ddq, J = 15, 1, 6 Hz, 1 H),
6.87 (d,J =9 Hz,2 H), 7.25 (d,J = 9 Hz, 2 H); "C NMR (75 MHz, CDCl,) § 11.5 (-),
182 (-),24.6 (+),44.6 (-),553 (), 72.6 (+),73.8 (+), 113.7 (-), 126.2 (-), 129.2 (-),
1309 (+), 132.6 (-), 159.1 (+); HRMS (FAB) calcd for C,;H,,O,Na [(M + Na)']
257.1517, found 257.1522. The enantiomeric information was determined by chiral
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HPLC: Chiralcel OB-H; hexane/i-PrOH = 98/2, 0.2 mL/min, 40 °C; t; (min) = 67.3 (R),
73.8 (S).

Determination of the absolute configuration (Scheme 9): A stream of O, in O, was
gently bubbled into a solution of (R)-2h (25.7 mg, 0.110 mmol) in MeOH at —78 °C for
5 min. Excess O, remaining in the solution was purged by bubbling argon at —78 °C and
NaBH, (41 mg, 1.08 mmol) was added. After stirring at —78 °C for 1 h, saturated NH,Cl
was added to the solution, and the resulting mixture was extracted with EtOAc three
times. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to obtain a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to give 11 (19.6 mg, 79%): [a]*’, +13 (¢ 0.238, CHCL,); cf. [a]*y
—12.8 (¢ 1.0, CHCL,) for the (S)-enantiomer.” The '"H NMR spectrum of 11 was identical
with the data reported.’
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FAE [2-v 7~ )ForoFrral i
ATV & AT HEHRR IR & O T2 BR b 4 kR 3R O |

ANEREIZUHRRFEZHT D REIMIBESHOENTEY, 4 KEITIT, &
THRRATCEBRINTE OO E~T R 250N H 5, (Figure 1),

Figure 1. Natural products having quaternary carbon.

AcO O OH
BzHN O
Ph/\;)J\O'-- A
OH /5 NO
HO OBz OAc
testosterone morphine taxol

FOWEDONHEE S D 21T, LB 72 4 fk K 5E OREFLE OB X EE /25
BO—>Thd, 22T, EFIIFE 2, 3ETRAHLEAREZTIC, 7TVl
FOSZTE M U TBR BT 4 #RB 2 ST D98 21T 9 T L, RO E L
TE, AREG R 2-v7a~F VT oo F Lo al) VBT AT L~DT UL
LEFR LT (eq 1)s GONDERY 2 IR E = VA RH Y ICHE R 5554
ERIrEEn, FRTHDL EEX BN,

RT-"CyU" RT

R V7 —>| R z |+ rRZC Y7 (1)
OCO(2-Py) RT

1 2 3

¥, BURD 4 MRBHEEIZHOWTEL, B3V VBT UALDT F S22 i
Ze JLFRWEFEE O A IUDMTWV RAFRFER 21TV D (eq2)'s

PhMgBr (2 equiv) @
(2-Py)CO, CuBr-Me,S (1 equiv)
TBSO\)\)\/OPMB

(98% ee)

—60 °C, 1 h, THF

81% yield
100% CT
82% regioselectivity
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Z 2T, BRESRE T U MBS & o TER BT 4 BRIR R E R LT
ZHAIr9 5 (Scheme 1), Breit 5%, 0o-DPPB XId o-DPPB oxide %&% itk &
Liz2-v7anktr—1 -4 — Vi EEDRIG T, BEFZRERMIETY U7
vF 82 AW AR TS 2, £7-. Knochel 5% CF,CO, #E&BEERE L LT
TV THER BIC4RREEBEL T, RIDERTIEHA L TWD 3, —7,
eq 1 @ 4 FRRFBREFEITA RSN CTITI 5T/, Felkin, Wenkert &% Ni
il il 2 - CTAFFE L T D, Lar L, & ONLE & OSIAREPUE 2 A < b
DTIXARN Y,

Scheme 1. Examples of other studies.

Breit, B. et al.
"0-DPPB"
—r T .
Ph,P O . RB Ml\jjx (82?) :quw).
[ CEMeS0S ) (T gnse
O R Et,O/CH,Cl, R
rt, 15—-20 min

> 95% yield by GC
l H,0,, quant.

RT,Zn (2.4 equiv)

0

11

PhP O Q\ CuCN-2LiC (1.2 equiv) ©\RT anti Sy2
©)ko R’ THF "

R'I
-30°C,25h )
> 95% yield by GC

%{_J
"0-DPPB oxide"

Knochel, P. et al.

0 | (n-C5H11)2Zn (24 equiv) Me
E Me CuCN-2LiCl (1.2 equiv) /.\C5Hq4-n anti S\2'
0=~ THF, 25°C,12h 5
F g ’ ’ 68% ‘0TBS

Felkin, H.; Wenkert, E. et al.

OH MeMgBr
X  NiCl,(PPhy), = Me =
+Bu Me gy t-Bu

+-Bu mixture of
stereoisomers 77 : 4 : 19
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4-2. RIGEHDEET

4-2-1. HEDEHL

FOSEEIL, RO Y7 a~FH ) ViFEKR) | (1) Horner-Wadsworth-
Emmons Ui, (2) DIBAL (2 X %3&76, 3) B2 U Uk E OffiA 0 3 T TiifE
(CH AT E 72 (Scheme 2), 7eds. BEHILN 2L FIL3MLICHLHA .
Horner-Wadsworth-Emmons SIS DEETA V7 4 » ONARIEE W% 5- 2 17203
DEERHREETE o727, IREMDOFE EFOSEE~EEW L CRCEMRETT 5 2
il hl B

Scheme 2. Preparation of picolinates 1a-e.

2

3 ©¢O (EtO),(0O)PCH,COOEt O/ACOOB DIBAL m (2-Py)CO.H O/\

° 2-P

N DBU, LiCl \ 78°C S OHDCCDMAP S\ OCOEFY)
CH4CN R R

5a-e 6a-e 4a-e 1a-e

1a: 4-t-Bu; 1b: 4-Ph; 1c: 4-Me; 1d: 2-Me; 1e: 3-Me

4-2-2. RIS

I aAFY UBROANIZ -Bu BAEATLEE 1a (IX LT, T U IMEDK
IS 2 AT 2 EIC Lz (Table 1), Z D7 U MBS T, 28D S2° 4
K¥) 2a,2a’ KON S2 ERW) 3a ZELDHA[REMNRSH D, T2 TliE, frEER
% (2a + 2a°) : 3, S\2° W DOSAREIMEE 2a : 22 THL, TOEIT'H
NMR 7 HRD7,
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Table 1. Allylation of 1a with MeMgBr/CuBl"MeZS.

MeMgBr
/OA CuBr-Me,S /(j m
OCO(2-P /[ ]
t-Bu @-Py) addltlve t-Bu t-Bu
1a 2a (S\2', major) 2a' (Sy2', minor) a (Sn2)
regio- stereo-
Me-"Cu" additive temp., selectivity selectivity yield,?

entry (equiv) (equiv) °C [(2a+2a")/3a] [2a :2a"? %
1 Me,CuMgBr-MgBr, (1.5) none —40 ~-20 18:82 nd nd

2 as above none 0 22:78 nd nd
3 as above BF3-OEt, (1.5) 0 91:9 91:9 nd
4 as above ZnBr, (1.5) 0 95:5 93:7 nd
5 as above ZnBr, (1.5) -40 ~-10 99 :1 96 :4 nd
6 as above ZnBr, (4) —40~0 100:0 97:3 88
7 as above Znl, (1.5) —40 ~-10 99:1 99 :1 85
8 MeCu-MgBr, (1.5) none 0 90:10 94:6 nd

9 MeCu-MgBr; (1.5) ZnBrp, (1.5) 0 ~rt(18h) 85:15 94:6 nd®

10 MeMgBr / CuBr (3/0.5) none 0 7:93 — nd®

2 nd: not determined. ? Alcohol 4a was formed competitively. m
OH
+-Bu 4a

£ 9. MeMgBr (3 ¥ &) & CuBrMeS (15 Y% &) 6 R L /=
Me,CuMgBr-MgBr,, 2% ¥ Me/Cu (3/1.5) % la I SE7-E 2 A, KIGIEIE
BEIRAFE T S2 A 3a 25 L= (entries 1,2), & 2T, S\2° BRI
M bS5 BIZ8ODONA AL RE Lz, £OH Tl ZnBr, & H 7
Bt BIRICALE K ONLREARYER S8 S 4, 2a RN H- 2 72 (entry 4),
MgBr, TIIMZEZBEIEDK 1:1 &K<, LiCl TE7 v =—)L da KT D
DIHTHoTe, £ T, HEEIZOWTILIZHF L E Z A, ZnX, (X =Bror
15~4 %) 2IFMLCTE VKR (40~-10°C) TRLSHED & FEFITHED
NLIE R ONLARIERIRME T S2° A 2a MO 2 FH % RHE 7 (entries 5-7),

ZnX, OFMTERELR M ELZEHABAE LT, (1) Ba) gL — g
% MgX, DRSS LT 2 H T, vl VEREEOBEERE A ESET ()
ZnX, NHEER L EEERETER L, SRSEDORISERM E LT, 20D 220K
JotEZ BT DR BB N b D EEZXTND

Flo, AFVHTREOTEMREO g 21T > 72, Me/Cu (3/0.5) Ti S\2 ZRM:
23\ _E L. Me/Cu (1.5/1.5) TIZ9EIRRE D S2° (hLE) &R0 /7L 5372 (entries
8,10), HHBRIEWVERIZ, Me/Cu (1.5/1.5) I ZnBr, (1.5 M%&) ZHEMLTH, (iE
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BHPEICA BT R ORI (entry 9), 728, TILHDRMETIEET L a—v
K da ORIENR BN,

4-2-3. HEESIEHEE D E 4L

ATEI CEIRICE D FENTE 2 S AERMDOE YT A7 LA ~— (a, 2a°)
IISCERBEAN CTH 5 4 Ao PC NMR % SCHRE & el L7z & 2 A, fEsHE
X 2a THDHEHALTE, ZOFENLSHNZ Scheme 3 OERIZHEZ LT=,

Scheme 3. Plausible mechanism for 2a

= Me,CuMgBr-MgBr, I\?/Ie
(1.5 equiv) =
OCO(2-Py)
t-Bu Znl, (1.5 equiv) t-Bu
1a THF, —40 ~—10 °C 2a
74
Cu"-Me +Bu Me
"Cu"-Me
A ocoe-py) W~ OC0@PY)
P M
/:
t-Bu ‘\ t-Bu l‘\" \
(equatorial) Me—"Cu
A "Cu'-Me B

FOGHE 1a T, 7 a X H VR AN -Bu EPNAEEO/ NSV
MU T AR DD, AUk L CHIREE (Me—“Cu”) 28 1 2 ZHH5 A ITHL
TR FEEGANLBLT 508, REL LD ST 2543y 7 a~xi
VERD 3. SALDT X TINIKFNIAKEF LD (PEE A) o —T5. o F
OIMAl RREA F) 22bEaET 256 (TRE B) | Bl U7z sk iEmH 137 < |
BT 82 Ui LT EERINMER < 2a 2#/4E U %, 7235, entries 1,2,8-10 @
ST T SN2 RUSHELS, 7 7V AFEEREZRET S2 K 3a ZEIAELZE
EZTND,
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4-2-4. wh#FH DR
BT, AIHI TR L7282 tic, v 7 e~ Ui EoEEsh % (&
HL N ONEHANLE) ZFDFIT LT,

Table 2. Allylation of 1a-c.

RT,CuMgBr-MgBr, RT
% (1.5 equiv) § _
RmCO(Z'PY) ZnBr; (4 equiv) RJij\/
THF
1a-c —-40~0°C,1~2h 7-12
product regio- stereo-
——————— selectivity, selectivity, vyield,
entry  substrate No. R RT % % %
1 1a 7 t+Bu Et 98 98 81
2 1a 8 tBu i-Pr 95 100 80
3 1b 9 Ph Et 100 99 81
4 1b 10 Ph  i-Pr 100 100 83
5 1c 11 Me Et 94 93 70
6 1c 12 Me i-Pr 90 97 79

FF. AMICEBEE R 2o 7 o~FT U FooForal) VBT AT

LZxt LT R OB AZIT/2 572 (Table 2), SO EETEVILE & WA
W@TLﬁLS@’%%EﬁLkﬁ entry 5 CTIEET Tidd 2 BRI MED
KTIENA bR, ZOEE, E 1c OEBHEEL R) biko R EHiLio/hs
WHLEHE D=8, Scheme 3 1Z/8 LIG T —ADBRIRMEME T L7z &2 T
5D, ZOFEE, R Z Et 206 i-Pr [R5 & (entry 5—6), YNAARIEIRMED LA
WIEENPL BMETESD, £, RT EN 2HT VX0 i-Pr T8RRI
Bt THoT=,

FNT, 7K B EDRATFINVIEONEZEZT-FE 1d,1e DL%E
Tolz, BERIOA LT 4 OSNRIZIRE D ThHo 72y, BIRMEIT R CThH o7z,
Scheme 4 |2 1d OFERZ/RT, V7 o ~"FH UBEO 208 Me HETEBINT
WABEE . ZnBr, ZEHMNE I RT = Me JE4 @B IRAIE A TE 7= (entry 1),
F7o. RT EREE L 722 LBEIRMEOIK TR 547223 (entries 2, 3). ZnBr, %
MMz 5 EERMEEZ M LS5 Z LN TE7 (entries 3—4),
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Scheme 4. Allylation of 1d.

5:1
Me e RT,CuMgBr-MgBr, Meor
Y | (1.5 equiv) g _
OCO(2-Py) [ZnBr, (4 equiv)]
1d THF 13-15

-40~0°C,1~2h

([
"Cu"-RT RT

uCL\lu_RT
SN _0CO(-Py) Wy OC0@PY)
(equatorial) I\ e
"Cu"-R"
ZnBr, _product selrggtli(\)/}ty, S(;:aecrt?\?i;y, yield,?
entry  (equiv) No. RT % % %
1 none 13 Me 98 96 61
2 none 14 n-Bu 86 93 69
3 none 15 -Pr 63 90 nd
4 ZnBr, (4) 15 -Pr 92 96 69
4 nd: not determined.

¥, B 13 ONERREZRET D720, 13 DA L7 ¢ V& FRLRICY)
Wr U CSCRRBERN > D VAR Ul 16 1ZAE#L L 72 (eq3). Bk L7z 16 @ “C NMR
I SCHME & —F L=, 2N LY, Scheme4 ([Z/RTHRIC, 4-+-Bu &2 FD 1la D
Bt L AR DO SOGRRIE T ARIRBEPEE I N L S 25,

Me NaIO4
- cat. RuCls I\!Ie
< coon ©
73%
13 16
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T, VATV UBRO NS Me ETEBRINTND le (220 ThH,
ZDHA VT 4 v DIARIZER R < BAF 72K 3G B 4172 (Scheme 5), ZnBr,
L ClIfriE Eﬁiﬁﬁﬁotﬁ(@% ZnBr, ZRNT 5 FC@EIRMENM L L
(94%). S\2° FULIARRIRIJICHEST L 72 (entry 1 vs entry 2), 7235, Scheme 5 (Z
R LT B OFBRINL A EITHEE T D3, T 2-, 4- B IR & [RER O B
R CTHEITLZEEZ TN,

Scheme 5. Allylation of 1e.

e 1:1 RT,CuMgBr-MgBr, RT
Me i Me, :
/ | (1.5 equiv) . "
OCO(2-Py) [ZnBr, (4 equiv)]
THF 17,18

le —40~0°C, 1~2 h Il

7§jf
RT
"CU"—RT

"CU"—RT
H’ﬁ, \ _0CO(@Py) H ., 0C0@-PY)
H ~Z _ H N
Me [\ /}_\‘
. R _llCuH
equatorial
( q ) "CU"—RT
product regio- stereo- g
ZnBr, selectivity, selectivity, Yield,
entry (equiv) No. RT % % %
1 none 17 Et 68 93 710
2 ZnBr, (4) 17 Et 94 94 84
3 ZnBrp(4) 18 i-Pr 9% 96 nd \O/\
OH
and: not determined. ? Alcohol 4e was formed competitively. de

4-3. [CAME

BT, ICHAFEE LTAT B A REEA~D AMKRBOMGEIZER LTz, A
FaA REEO A BITASNER EIC2 OBBRELZEDL . ST AERNR D KX
WEND, T U IMERIGDIEHIZSE D LW EZ IR E1To 12, TORER%E
Scheme 6 (2787,
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Scheme 6. Construction of quaternary center on steroidal skelton.

OTBS
(EtO),(0O)PCH,COOEt (1) DIBAL, -78 °C
DBU, LiCl (2) (2-Py)CO,H
CH3CN-CH,Cl, = DCC, DMAP
97% ( COOEt 2 89%
TBSCI 19;R=H
Imid. 20; R=TBS
87%
OTBS OTBS
Et,CuMgBr-MgBr,
(1.5 equiv) — -
Znl, (1.5 equiv) . Cu'-Et Me
/ _ - o Vv
THF, ~40~0°C, 1h Et 28 :§;<i$@
2- 22 Y H
< OCO@-Py) 87% yield y » «H
1:1 100% regioselectivity /g’ 24
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Experimental section
Synthesis of Picolinates.

2-(4-tert-Butylcyclohexylidene)ethyl Picolinate (1a).

To a suspension of LiCl (593 mg, 14.0 mmol) in MeCN (10 mL) were added DBU
(1.80 mL, 12.0 mmol) and triethyl phosphonoacetate (2.60 mL, 13.0 mmol) at O °C. The
mixture was stirred at 0 °C for 30 min, and Sa (1.54 g, 9.98 mmol) was added. The
reaction was carried out at rt overnight and quenched by addition of saturated NaHCO,.
The resulting mixture was extracted with EtOAc three times. The combined extracts
were washed with brine, dried over MgSO,, and concentrated to give a residue, which
was purified by chromatography on silica gel (hexane/EtOAc) to afford 6a (2.22 g,
99%): 'H NMR (300 MHz, CDCl,) 8 0.86 (s,9 H), 1.28 (t,J =7 Hz, 3 H), 1.10-1.33 (m,
3 H),1.76-1.99 (m, 3 H), 2.16 (dt,J =3, 14 Hz, 1 H), 2.31 (dm, J = 14 Hz, 1 H), 3.87
(dm,J=14Hz,1 H),4.14 (q,J =7 Hz,2 H),5.60 (s, 1 H).

To a solution of 6a (765 mg, 3.64 mmol) in THF (7 mL) was added DIBAL (7.80 mL,
1.03 M in hexane, 8.03 mmol) dropwise at —78 °C. After 1 h at —78 °C, the reaction was
quenched by addition of water. The cooling bath was removed, and 1 N HCI was added.
The resulting mixture was extracted with EtOAc three times. The combined extracts
were washed with saturated NaHCO, and brine successively, dried over Na,SO,, and
concentrated to afford the corresponding alcohol 4a (616 mg), which was used for the
next reaction without further purification: '"H NMR (300 MHz, CDCl,) 8 0.85 (s, 9 H),
0.82-1.26 (m, 4 H), 1.75 (t,J = 14 Hz, 1 H), 1.80-1.94 (m, 2 H), 2.02 (tm,J = 13 Hz, 1
H),2.26 (tq,J = 14,3 Hz, 1 H), 2.69 (tq,J = 14,3 Hz, 1 H), 4.09-4.20 (m, 1 H), 5.36 (t,
J=7Hz, 1 H). The '"H NMR spectrum of 4a was identical with that reported.’

To an ice-cold solution of the above 4a (616 mg) in CH,Cl, (11 mL) were added
picolinic acid (538 mg, 4.37 mmol), DMAP (133 mg, 1.09 mmol), and DCC (976 mg,
4.73 mmol). The mixture was stirred at rt for 1 h, diluted with ether, and filtered
through a pad of Celite. The filtrate was concentrated to afford a residue, which was

purified by chromatography on silica gel (hexane/EtOAc) to furnish 1a (958 mg, 92%
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from 6a): mp. 55-56 °C; IR (nujol) 1730, 1302, 1135 cm™; '"H NMR (300 MHz, CDCl,)
§0.85 (s, 9 H), 0.78-1.26 (m, 3 H), 1.74-1.96 (m, 3 H), 2.06 (tm, J = 13 Hz, 1 H), 2.25
(dm,J =13 Hz, 1 H), 2.82 (dm, J = 14 Hz, 1 H), 495 (d,J =7 Hz, 2 H), 546 (t,J = 7
Hz,1H),7.47 (ddd,J=8,5,1Hz, 1 H),7.84 (ddd,J=8,8,2 Hz, 1 H), 8.15 (ddd, J =
8,1,1Hz, 1 H),8.77 (dm, J = 5 Hz, 1 H); ®C NMR (75 MHz, CDCL,) & 27.5 (=), 282
(+),28.7 (+),28.8 (+),324 (+),36.8 (+),48.1 (-),62.2 (+),114.6 (-), 125.0 (-), 126.7
(-),136.9 (-), 147.0 (+), 148.3 (+), 149.8 (-), 165.2 (+).

2-(4-Phenylcyclohexylidene)ethyl Picolinate (1b).

To a suspension of LiCl (240 mg, 5.66 mmol) in MeCN (16 mL) were added DBU
(0.82 mL, 5.49 mmol) and triethyl phosphonoacetate (1.1 mL, 5.50 mmol) at 0 °C. The
mixture was stirred O °C for 15 min, and a solution of Sb (0.800 g, 4.59 mmol) in
MeCN (2 mL) was added dropwise. The reaction was carried out at 0 °C for 1 h and
quenched by addition of saturated NH,Cl. The resulting mixture was extracted with
Et,O three times. The combined extracts were dried over MgSO, and concentrated to
afford the corresponding ester 6b, which was used for the next reaction without further
purification.

To a solution of the above ester 6b in THF (18 mL) was added DIBAL (9.60 mL,
1.06 M in hexane, 10.2 mmol) dropwise at —78 °C. After 1 h at =78 °C, the resulting
solution was quenched by addition of water (0.40 mL, 22 mmol) and NaF (2.0 g, 48
mmol). The mixture was stirred at rt for 30 min and filtered through a pad of Celite. The
filtrate was concentrated to give a residue, which was purified by chromatography on
silica gel (hexane/EtOAc) to afford the corresponding allylic alcohol 4b (660 mg, 71%
from 5b).

To an ice-cold suspension of DCC (2.10 g, 10.2 mmol) in CH,Cl, (25 mL) were
added DMAP (1.20 g, 9.82 mmol) and picolinic acid (1.30 g, 10.6 mmol). After 15 min
at rt, 4b (1.70 g, 8.40 mmol) in CH,Cl, (3 mL) was added to the mixture at 0 °C. The
mixture was stirred at rt for 4 h, diluted with Et,O (28 mL), and filtered through a pad of
Celite. The filtrate was concentrated to afford a residue, which was purified by

chromatography on silica gel (hexane/EtOAc) to furnish 1b (2.04 g, 83%): 'H NMR
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(300 MHz, CDCl,) 8 1.47-1.68 (m, 3 H), 1.86-2.20 (m, 2 H), 2.26 (t, J = 14 Hz, 1 H),
237 (d,J =14 Hz, 1 H),2.73 (tt,J = 12,3 Hz, 1 H),2.91 (d,J = 14 Hz, 1 H), 4.98 (d, J
=8 Hz,2 H), 5.55 (t,J = 8 Hz, 1 H), 7.16-7.24 (m, 3 H), 7.25-7.33 (m, 2 H), 7.48 (ddd,
J=8,5,1Hz, 1 H),7.84 (ddd, J=8,8,2 Hz, 1 H), 8.16 (dm, J = 8 Hz, 1 H), 8.78 (dm,
J=5Hz,1H).

2-(2-Methylcyclohexylidene)ethyl Picolinate (1d).

To a suspension of LiCl (297 mg, 7.01 mmol) in MeCN (5 mL) were added DBU
(0.90 mL, 6.03 mmol) and triethyl phosphonoacetate (1.30 mL, 6.49 mmol) at O °C. The
mixture was stirred at O °C for 30 min, and 5d (0.60 mL, 4.97 mmol) was added. The
reaction was carried out at rt overnight and quenched by addition of saturated NaHCO,.
The resulting mixture was extracted with EtOAc three times. The combined extracts
were washed with brine, dried over MgSO,, and concentrated to give a residue, which
was purified by chromatography on silica gel (hexane/EtOAc) to afford the
corresponding ester 6d (647 mg, 71%), which was a 85:15 mixture of the stereoisomers
by 'H NMR spectroscopy: '"H NMR of the major isomer (300 MHz, CDCI,) 8 1.07 (d, J
=7Hz,3H), 129 (t,J =7 Hz,3 H), 1.01-1.92 (m, 5 H), 2.02-2.47 (m, 3 H), 3.54 (dt,J
=13,5Hz,1H),4.15(q,J =7 Hz,2 H), 5.58 (s, 1 H).

To a solution of 6d (647 mg, 3.55 mmol) in THF (7 mL) was added DIBAL (7.60 mL,
1.03 M in hexane, 7.83 mmol) dropwise at —78 °C. After 1 h at —78 °C, the reaction was
quenched by addition of water. The cooling bath was removed, and 1 N HCI was added.
The mixture was extracted with EtOAc three times. The combined extracts were washed
with saturated NaHCO, and brine successively, dried over Na,SO,, and concentrated to
afford the corresponding alcohol 4d (477 mg), which was used for the next reaction
without further purification: '"H NMR of the major isomer (300 MHz, CDCL,) §
0.82-1.26 (m, 4 H), 1.75 (t,J = 14 Hz, 1 H), 1.80-1.94 (m, 2 H), 2.02 (tm,J = 13 Hz, 1
H),2.26 (tq,J = 14,3 Hz, 1 H), 2.69 (tq,J = 14,3 Hz, 1 H), 4.09-4.20 (m, 1 H), 5.36 (t,
J=7Hz, 1 H). The '"H NMR spectrum of 4d was identical with that reported.’

To an ice-cold solution of the above 4d in CH,Cl, (14 mL) were added picolinic acid

(524 mg, 4.26 mmol), DMAP (130 mg, 1.06 mmol), and DCC (952 mg, 4.62 mmol).
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The mixture was stirred at rt for 1 h, diluted with ether, and filtered through a pad of
Celite. The filtrate was concentrated to afford a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to furnish 1d (756 mg, 87% from 6d,
85:15 mixture): IR (neat) 1739, 1717, 1307, 1289, 1128 cm™'; '"H NMR of the major
isomer (300 MHz, CDCl5) 6 1.07 (d,J =7 Hz, 3 H), 0.80-2.20 (m, 8 H), 2.58-2.70 (m,
1 H),491-5.14 (m,2 H), 542 (t,J =7 Hz, 1 H), 743-7.51 (m, 1 H), 7.84 (ddm, J = 8,
8 Hz, 1 H), 8.10-8.17 (m, 1 H), 8.74-8.82 (m, 1 H); "C NMR of the major isomer (75
MHz, CDCl,) & 18.3 (—), 25.3 (+),27.9 (+), 28.7 (+),36.4 (+), 384 (), 622 (+), 1124
(=), 1250 (-), 126.6 (-), 136.8 (-), 148.1 (+), 149.7 (-), 150.7 (+), 165.0 (+).

2-(3-Methylcyclohexylidene)ethyl Picolinate (1e).

To a suspension of LiCl (297 mg, 7.01 mmol) in MeCN (5 mL) were added DBU
(0.90 mL, 6.03 mmol) and triethyl phosphonoacetate (1.30 mL, 6.49 mmol) at O °C. The
mixture was stirred at 0 °C for 30 min, and 5e (0.61 mL, 5.00 mmol) was added. The
reaction was carried out at rt overnight and quenched by addition of saturated NaHCO,.
The resulting mixture was extracted with EtOAc three times. The combined extracts
were washed with brine, dried over MgSO,, and concentrated to give a residue, which
was purified by chromatography on silica gel (hexane/EtOAc) to afford the
corresponding ester 6e (801 mg, 88%), which was a 1:1 mixture of the stereoisomers by
'H NMR spectroscopy: 'H NMR of the major isomer (300 MHz, CDCl;) 8 0.95 and
098 (2d,J=6.5and 6.5 Hz, 1:1, total 3 H), 1.02-2.30 (m, 11 H), 3.59-3.72 (m, 1 H),
414 (q,J=7Hz,2H),5.60 and 5.61 (2 s, 1:1, total 1 H).

To a solution of the above ester (801 mg, 4.39 mmol) in THF (8 mL) was added
DIBAL (9.40 mL, 1.03 M in hexane, 9.68 mmol) dropwise at —78 °C. After 1 h at
—78 °C, the reaction was quenched by addition of water. The cooling bath was removed,
and 1 N HCI was added. The mixture was extracted with EtOAc three times. The
combined extracts were washed with saturated NaHCO, and brine successively, dried
over Na,SO,, and concentrated to afford the corresponding alcohol 4e (571 mg), which
was used for the next reaction without further purification: '"H NMR (300 MHz, CDCl,)
0091 and 0.94 (2d,J =7 and 7 Hz, 1:1, total 3 H), 0.87-2.04 (m, 8 H), 2.12-2.33 (m,

76



Chapter 4

1 H), 2.54 (dm, J =10 Hz, 1H), 4.14 (dm,J =6 Hz,2 H),5.36 and 539 (2t,J =6 and 6
Hz, 1:1, total 1 H). The '"H NMR spectrum of 4e was identical with that reported.’®

To an ice-cold solution of the above 4e (571 mg) in CH,Cl, (16 mL) were added
picolinic acid (649 mg, 5.27 mmol), DMAP (161 mg, 1.32 mmol), and DCC (1.18 g,
5.72 mmol). The mixture was stirred at rt for 1 h, diluted with ether, and filtered
through a pad of Celite. The filtrate was concentrated to afford a residue, which was
purified by chromatography on silica gel (hexane/EtOAc) to furnish 1e (997 mg, 93%
from 6e): IR (neat) 1740, 1718, 1301, 1289, 1246, 1129 cm™'; '"H NMR (300 MHz,
CDCl;) 6 090 and 095 (2 d, J = 6 and 6 Hz, 1:1, total 3 H), 0.83-2.04 (m, 7 H),
2.14-2.26 (m, 1 H), 2.59-2.72 (m, 1 H), 494 (d, J =7 Hz, 2 H), 542-5.52 (m, 1 H),
746 (ddd,J=8,5,1Hz, 1 H),7.83 (ddd,J=8,8,1Hz, 1 H),8.14 (d,J =8 Hz, 1 H),
8.76 (d,J = 5 Hz, 1 H); "C NMR (75 MHz, CDCl;) 8 22.0 (-), 22.1 (-), 26.4 (+), 26.8
(+),28.3 (+),33.5(-),34.0 (-),34.7 (+),36.3 (+),37.0 (+),45.0 (+),61.9 (+),62.0 (+),
1150 (=), 1249 (-), 126.6 (-), 136.8 (-), 146.4 (+), 148.1 (+), 149.6 (), 165.0 (+).

(E and Z)-2-[(108,135,17S)-17-(tert-Butyldimethylsilyloxy)-10,13-
dimethylhexahydro-1H-cyclopenta[a]phenanthren-3(2H 4H ,10H,12H,13H,14H,15
H,16H,17H)-ylidene]ethyl Picolinate (22).

To an ice—cold solution of stanolone (19) (329 mg, 1.13 mmol) in DMF (4 mL) were
added imidazole (369 mg, 5.42 mmol) and TBSCI (508 mg, 3.37 mmol). The mixture
was stirred at rt overnight and diluted with saturated NaHCO, and EtOAc. The organic
layer was separated, and the aqueous layer was extracted with EtOAc three times. The
combined organic layers were dried over MgSO, and concentrated to afford a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to furnish 20 (399
mg, 87%): 'H NMR (300 MHz, CDCl;) 8 —0.01 (s, 3 H), 0.00 (s, 3 H), 0.71 (s, 3 H),
0.87 (s,9 H), 1.01 (s, 3 H), 0.64-1.94 (m, 17 H), 1.97-2.12 (m, 2 H), 2.20-2.46 (m, 3
H), 3.54 (t, J = 8 Hz, 1 H). The '"H NMR spectrum of 20 was identical with that
reported.’

To a suspension of LiCl (53 mg, 1.25 mmol) in MeCN (1 mL) were added DBU
(0.160 mL, 1.07 mmol) and triethyl phosphonoacetate (0.23 mL, 1.15 mmol) at 0 °C.
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The mixture was stirred at O °C for 30 min, and 20 (363 mg, 0.897 mmol) was added.
The reaction was carried out at rt overnight and quenched by addition of saturated
NaHCO;. The resulting mixture was extracted with EtOAc three times. The combined
extracts were washed with brine, dried over MgSQO,, and concentrated to give a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to afford 21 (415
mg, 97%), which was a 1:1 mixture of the stereoisomers by '"H NMR spectroscopy: 'H
NMR (300 MHz, CDCl,) 6 —0.012 (s, 3 H), —0.005 (s, 3 H), 0.56-2.40 (m, 21 H), 0.69
(s,3H),0.86 (s,9H),091 (s,3H),1.26 (t,J=7Hz,3H),3.47 and 3.72 (2dm, J = 15
and 15 Hz, 1:1, total 1 H), 3.53 (t,/=8 Hz, 1 H),4.13 (q,J =7 Hz, 2 H), 5.64-5.60 (m,
1 H).

To a solution of the above ester (393 mg, 0.828 mmol) in THF (2 mL) was added
DIBAL (1.8 mL, 1.03 M in hexane, 1.85 mmol) dropwise at —78 °C. After 1 h at —78 °C,
the reaction was quenched by addition of water. The cooling bath was removed, and 1 N
HCI was added. The mixture was extracted with EtOAc three times. The combined
extracts were washed with saturated NaHCO, and brine successively, dried over Na,SO,,
and concentrated to afford the corresponding alcohol (324 mg), which was used for the
next reaction without further purification: '"H NMR (300 MHz, CDCI,) § 0.00 (s, 3 H),
0.06 (s, 3 H),0.69 (s, 3 H), 0.87 (s, 12 H), 0.56-2.55 (m, 23 H), 3.53 (t,J = 8 Hz, 1 H),
4.02-4.24 (m,2 H),5.26-5.43 (m, 1 H).

To an ice-cold solution of the above alcohol (324 mg) in CH,Cl, (3 mL) were added
picolinic acid (122 mg, 0.991 mmol), DMAP (30 mg, 0.246 mmol), and DCC (222 mg,
1.08 mmol). The mixture was stirred at rt for 1 h, diluted with ether, and filtered
through a pad of Celite. The filtrate was concentrated to afford a residue, which was
purified by chromatography on silica gel (hexane/EtOAc) to furnish 22 (398 mg, 89%
from 21, 1:1 mixture): [a]”, +15 (¢ 0.72, CHCL,); IR (neat) 1740, 1718, 1302, 1247,
1124, 1094 cm™; '"H NMR (300 MHz, CDCl,) 8 —0.04 (s, 3 H), —0.03 (s, 3 H), 0.66 (s, 3
H), 0.84 (s,9 H), 0.85 (s, 3 H), 0.52-2.36 (m, 21.5 H), 2.60 (d, J = 15 Hz, 0.5 H), 3.49
(t,/ =8 Hz, 1 H), 4.83-4.99 (m, 2 H), 5.16-5.45 (m, 1 H), 742 (ddd, J =8,5, 1 Hz, 1
H), 7.80 (ddd,J=8,8,2 Hz, 1 H),8.11 (dm,J =8 Hz, 1 H),8.73 (d,/ =5 Hz, 1 H); °C
NMR (75 MHz, CDCl,) 6 4.8 (-), 4.5 (-), 114 (-), 11.8 (-), 11.9 (-), 18.1 (+), 20.7
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(+),20.8 (+),23.5 (+),24.8 (+),259 (-), 28.6 (+), 289 (+),30.9 (+), 31.55 (+), 31.61
(+),32.5 (+),355 (-), 3646 (+),36.49 (+),37.2 (+),39.3 (+),394 (4+),39.7 (+),43.3
(+),474 (-), 480 (-), 50.6 (), 54.5 (), 54.6 (-), 62.16 (+), 62.20 (+), 81.8 (-), 114.5
(-),114.7 (-),125.1 (-), 126.8 (-), 137.0 (-), 146.9 (+), 147.1 (+), 148.3 (+), 1499 (-),
1652 (4),165.3 (4).

Allylation of Picolinates.

(1s,45)-4-tert-Butyl-1-methyl-1-vinylcyclohexane (2a).

Allylation using Znl,.

To an ice-cold suspension of CuBr-Me,S (27.9 mg, 0.136 mmol) and Znl, (43.4 mg,
0.136 mmol) in THF (1 mL) was added MeMgBr (0.29 mL, 1.0 M in THF, 0.27 mmol)
slowly. The resulting mixture was stirred at 0 °C for 30 min and cooled to —40 °C. A
solution of 1la (26.0 mg, 0.0905 mmol) in THF (1 mL) was added to the mixture
dropwise. The resulting mixture was allowed to warm to —10 °C over 1 h and diluted
with hexane and saturated NH,Cl with vigorous stirring. The layers were separated and
the aqueous layer was extracted with hexane twice. The combined extracts were washed
with aqueous Na,S,0; and brine successively, dried over MgSO,, and concentrated to
give a residue, which was purified by chromatography on silica gel (hexane/EtOAc) to
afford 2a (13.9 mg, 85%): IR (neat) 3081, 1364, 910 cm™'; 'H NMR (300 MHz, CDCl,)
0 0.77-1.03 (m, 3 H), 0.83 (s, 9 H), 0.94 (s, 3 H), 1.06—1.30 (m, 4 H), 1.46-1.59 (s, 2
H), 1.67-1.78 (m, 2 H), 4.96 (dm, J = 18 Hz, 1 H), 5.02 (dm,J =11 Hz, 1 H), 5.76 (dd,
J=18,11 Hz, 1 H); "C NMR (75 MHz, CDCl;) 8 23.5 (=), 27.7 (+), 31.5 (+), 32.5 (-),
36.6 (-), 38.5 (-), 48.3 (+), 1120 (-), 146.3 (+). Relative structure was determined as

above by comparison of the ’C NMR data reported.*

Allylation using ZnBr,.
To an ice-cold solution of ZnBr, (308 mg, 1.37 mmol) in THF (7 mL) was added
MeMgBr (1.05 mL, 1.0 M in THF, 1.05 mmol) slowly. After 30 min at 0 °C,
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CuBr-Me,S (107 mg, 0.520 mmol) was added to the mixture. The resulting mixture was
stirred at O °C for 20 min and cooled to —40 °C. A solution of 1a (100 mg, 0.348 mmol)
in THF (2 mL) was added to the mixture dropwise. The resulting mixture was allowed
to warm to O °C over 2 h and diluted with hexane and saturated NH,CI with vigorous
stirring. The layers were separated and the aqueous layer was extracted with hexane
twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel

(hexane/EtOAc) to afford 2a (55 mg, 88%).

(1s,4s)-4-tert-Butyl-1-ethyl-1-vinylcyclohexane (7).

Allylation using Znl,.

To an ice-cold suspension of CuBr-Me,S (39.5 mg, 0.192 mmol) and Znl, (61.3 mg,
0.192 mmol) in THF (1.5 mL) was added EtMgBr (0.38 mL, 1.0 M in THF, 0.38 mmol)
slowly. The resulting mixture was stirred at 0 °C for 30 min and cooled to —40 °C. A
solution of 1la (36.8 mg, 0.128 mmol) in THF (1 mL) was added to the mixture
dropwise. The resulting mixture was allowed to warm to O °C over 1 h and diluted with
hexane and saturated NH,CI with vigorous stirring. The layers were separated and the
aqueous layer was extracted with hexane twice. The combined extracts were washed
with aqueous Na,S,0; and brine successively, dried over MgSO,, and concentrated to
give a residue, which was purified by chromatography on silica gel (hexane/EtOAc) to
afford 7 (21.5 mg, 86%): IR (neat) 3079, 1365, 1000, 910 cm™'; 'H NMR (300 MHz,
CDCly) 6 0.73-1.17 (m, 5 H), 0.76 (t, J = 8 Hz, 3 H), 0.81 (s, 9 H),1.22 (q, J = 8 Hz, 2
H), 1.36-1.58 (m, 2 H), 1.73-1.81 (m, 2 H),4.91 (dd, J = 18,2 Hz, 1 H), 5.14 (dd, J =
11,2 Hz, 1 H),5.50 (dd,J =18, 11 Hz, 1 H); "C NMR (75 MHz, CDCl,) § 7.9 (-),23 4
(+),27.7 (-),32.5(+),36.1 (+),36.9 (+),40.0 (+),48.8 (-), 114.0 (+), 144.9 (-).

Allylation using ZnBr,.
To an ice-cold solution of ZnBr, (160 mg, 0.710 mmol) in THF (5 mL) was added
EtMgBr (0.57 mL, 095 M in THF, 0.542 mmol) slowly. After 30 min at 0 °C,
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CuBr-Me,S (19.9 mg, 0.0968 mmol) was added to the mixture. The resulting mixture
was stirred at 0 °C for 20 min and cooled to —40 °C. A solution of 1a (51.0 mg, 0.177
mmol) in THF (1 mL) was added to the mixture dropwise. The resulting mixture was
allowed to warm to 0 °C over 3 h and diluted with hexane and saturated NH,C] with
vigorous stirring. The layers were separated and the aqueous layer was extracted with
hexane twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel

(hexane/EtOAc) to afford 7 (27.8 mg, 81%).

(1s,4s)-4-tert-Butyl-1-isopropyl-1-vinylcyclohexane (8).

To an ice-cold solution of ZnBr, (315 mg, 1.40 mmol) in THF (7 mL) was added
i-PrMgBr (1.2 mL, 090 M in THF, 1.08 mmol) slowly. After 30 min at 0 °C,
CuBr-Me,S (110 mg, 0.535 mmol) was added to the mixture. The resulting mixture was
stirred at O °C for 20 min and cooled to —40 °C. A solution of 1a (100 mg, 0.348 mmol)
in THF (1 mL) was added to the mixture dropwise. The resulting mixture was allowed
to warm to O °C over 2 h and diluted with hexane and saturated NH,CI with vigorous
stirring. The layers were separated and the aqueous layer was extracted with hexane
twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 8 (58 mg, 80%): 'H NMR (300 MHz, CDCl,) § 0.78 (d,J =7
Hz, 6 H), 0.79 (s, 9 H), 0.69-0.94 (m, 2 H), 1.00-1.20 (m, 3 H), 1.24-1.40 (m, 1 H),
1.44-1.60 (m, 2 H), 1.79-1.94 (m, 2 H), 4.90 (dm, J = 18 Hz, 1 H), 5.20 (dm, J =11 Hz,
1 H),546 (dd,J = 18,11 Hz, 1 H).

(1s,4s)-1-Ethyl-4-phenyl-1-vinylcyclohexane (9).

To an ice-cold solution of ZnBr, (243 mg, 1.08 mmol) in THF (5 mL) was added
EtMgBr (095 mL, 0.85 M in THF, 0.81 mmol) slowly. After 30 min at 0 °C,
CuBr-Me,S (83.3 mg, 0.405 mmol) was added to the mixture. The resulting mixture was
stirred at 0 °C for 15 min and cooled to —40 °C. A solution of 1b (80 mg, 0.274 mmol)

in THF (2 mL) was added to the mixture dropwise. The resulting mixture was allowed
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to warm to O °C over 2 h and diluted with hexane and saturated NH,CI with vigorous
stirring. The layers were separated and the aqueous layer was extracted with hexane
twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 9 (47.5 mg, 81%): '"H NMR (300 MHz, CDCL,) 6 0.81 (t,J =
7 Hz, 3 H), 1.25-1.42 (m, 4 H), 1.56-1.76 (m, 4 H), 1.82-1.93 (m, 2 H), 2.40-2.54 (m,
1 H),5.01(dd,J=18,2Hz, 1 H),523(dd,/=11,2Hz, 1 H),5.59 (dd,J = 18, 11 Hz,
1 H), 7.12-7.36 (m, 5 H); "C NMR (75 MHz, CDCl,) 8 7.9, 30.3,35.8,36.9,39.8,45.0,
114.5,1259,1269, 128.3, 144.6, 147 9.

(1s,4s)-4-tert-Butyl-1-ethyl-1-vinylcyclohexane (10).

To an ice-cold solution of ZnBr, (216 mg, 0.710 mmol) in THF (5 mL) was added
i-PrMgBr (0.80 mL, 0.90 M in THF, 0.72 mmol) slowly. After 30 min at 0 °C,
CuBr-Me,S (74 mg, 0.36 mmol) was added to the mixture. The resulting mixture was
stirred at 0 °C for 20 min and cooled to —40 °C. A solution of 1b (71.0 mg, 0.239 mmol)
in THF (1 mL) was added to the mixture dropwise. The resulting mixture was allowed
to warm to O °C over 2 h and diluted with hexane and saturated NH,CI with vigorous
stirring. The layers were separated and the aqueous layer was extracted with hexane
twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 10 (45.5 mg, 83%): '"H NMR (300 MHz, CDCl,) 6 0.84 (d, J
=7 Hz, 3 H), 1.28-1.47 (m, 3 H), 1.52-1.74 (m, 3 H), 1.96 (dm, J = 14 Hz, 2 H), 2.43
(tt,J=16,4 Hz, 1 H),4.98 (dd,J = 18,2 Hz, 1 H),5.28 (dd,J =11, 2 Hz, 1 H), 5.55
(dd, J =18, 11 Hz, 1 H), 7.12-7.33 (m, 5 H); ”’C NMR (75 MHz, CDCl,) 6 17.2, 30 .4,
33.9,39.1,42.3,44.8,115.8,1259, 1269, 128.3, 142 4, 147 9.

(1s,4s)-1-Ethyl-4-methyl-1-vinylcyclohexane (11).

Allylation with EtCu-MgBr,.
To an ice-cold solution of ZnBr, (330 mg, 1.47 mmol) in THF (6 mL) was added
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EtMgBr (1.40 mL, 0.80 M in THF, 1.12 mmol) slowly. After 45 min at 0 °C,
CuBr-Me,S (258 mg, 1.25 mmol) was added to the mixture. The resulting mixture was
stirred at 0 °C for 20 min and cooled to —40 °C. A solution of 1¢ (90 mg, 0.367 mmol)
in THF (1.5 mL) was added to the mixture dropwise. The resulting mixture was allowed
to warm to O °C over 3 h and diluted with hexane and saturated NH,CI with vigorous
stirring. The layers were separated and the aqueous layer was extracted with hexane
twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 11 (42.5 mg, 76%): 'H NMR (300 MHz, CDCl;) 6 0.75 (t,J =
8 Hz, 3 H),0.85 (d,J =7 Hz, 3 H), 0.80-1.39 (m, 7 H), 1.40-1.49 (m, 2 H), 1.66-1.77
(m,2 H),4.92 (dd,J =18,2 Hz, 1 H),5.13 (dd,J = 11,2 Hz, 1 H),5.50 (dd,J =18, 11
Hz, 1 H).

Allylation with Et,CuMgBr-MgBr,.

To an ice-cold solution of ZnBr, (330 mg, 1.47 mmol) in THF (6 mL) was added
EtMgBr (140 mL, 0.80 M in THF, 1.12 mmol) slowly. After 40 min at 0 °C,
CuBr-Me,S (125 mg, 0.608 mmol) was added to the mixture. The resulting mixture was
stirred at 0 °C for 20 min and cooled to —40 °C. A solution of 1¢ (90 mg, 0.367 mmol)
in THF (1.5 mL) was added to the mixture dropwise. The resulting mixture was allowed
to warm to O °C over 3 h and diluted with hexane and saturated NH,CI with vigorous
stirring. The layers were separated and the aqueous layer was extracted with hexane
twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel

(hexane/EtOAc) to afford 11 (39 mg, 70%).

(1s,4s5)-1-Isopropyl-4-methyl-1-vinylcyclohexane (12).

To an ice-cold solution of ZnBr, (275 mg, 1.22 mmol) in THF (6 mL) was added
i-PrMgBr (1.13 mL, 0.81 M in THF, 0.904 mmol) slowly. After 30 min at 0 °C,
CuBr-Me,S (94 mg, 0.457 mmol) was added to the mixture. The resulting mixture was

stirred at 0 °C for 20 min and cooled to —40 °C. A solution of 1¢ (75 mg, 0.306 mmol)
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in THF (1.5 mL) was added to the mixture dropwise. The resulting mixture was allowed
to warm to 0 °C over 2.5 h and diluted with hexane and saturated NH,CI with vigorous
stirring. The layers were separated and the aqueous layer was extracted with hexane
twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 12 (40 mg, 79%): 'H NMR (300 MHz, CDCl) & 0.78-1.62
(m,7H),0.79 (d,J =7 Hz, 6 H),0.83 (d,/ = 6 Hz, 3 H), 1.68-1.90 (m, 3 H), 4.90 (dd,
J=18,2Hz,1H),520(dd,/J=11,2Hz,1H),547 (dd,J =18, 11 Hz, 1 H).

(15#,25%)-1,2-Dimethyl-1-vinylcyclohexane (13).

To an ice-cold suspension of CuBr-Me,S (95 mg, 0.462 mmol) in THF (6 mL) was
added MeMgBr (0.93 mL, 1.0 M in THF, 0.93 mmol) slowly. The resulting mixture
was stirred at 0 °C for 30 min and cooled to —30 °C. A solution of 1d (75 mg, 0.306
mmol) in THF (2 mL) was added to the mixture dropwise. The resulting mixture was
allowed to warm to 0 °C over 3 h and diluted with hexane and saturated NH,C] with
vigorous stirring. The layers were separated and the aqueous layer was extracted with
hexane twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 13 (26 mg, 61%): '"H NMR (300 MHz, CDCl,) 8 0.79 (d, J =
7Hz,3 H),0.98 (s,3 H),0.70-2.15 (m, 9 H), 4.96 (dd,J = 18,2 Hz, 1 H), 5.04 (dd, J =
11,2 Hz, 1 H), 6.08 (dd, J = 18, 11 Hz, 1 H); "C NMR (75 MHz, CDCl,) § 16.7,22.5,
26.6,27.0,31.1,39.5,39.8,41.3,112.8, 142.7.

(15%#,25%)-1-Butyl-2-methyl-1-vinylcyclohexane (14).

To an ice-cold suspension of CuBr-Me,S (52 mg, 0.253 mmol) in THF (5 mL) was
added n-BuMgBr (0.63 mL, 0.81 M in THF, 0.51 mmol) slowly. The resulting mixture
was stirred at 0 °C for 30 min and cooled to —40 °C. A solution of 1d (62.0 mg, 0.253
mmol) in THF (1 mL) was added to the mixture dropwise. The resulting mixture was
allowed to warm to 0 °C over 3 h and diluted with hexane and saturated NH,CI] with

vigorous stirring. The layers were separated and the aqueous layer was extracted with
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hexane twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 14 (31.5 mg, 69%): 'H NMR (300 MHz, CDCl,) & 0.78-1.80
(m, 20 H), 1.92-2.05 (m, 3 H),4.90 (dd,J = 18,2 Hz, 1 H),5.09 (dd,J = 11,2 Hz, 1 H),
5.82(dd,J=18,11 Hz, 1 H).

(1R*,28%)-1-Isopropyl-2-methyl-1-vinylcyclohexane (15).

To an ice-cold solution of ZnBr, (220 mg, 0.977 mmol) in THF (6 mL) was added
i-PrMgBr (0.80 mL, 090 M in THF, 0.72 mmol) slowly. After 30 min at 0 °C,
CuBr-Me,S (75 mg, 0.365 mmol) was added to the mixture. The resulting mixture was
stirred at 0 °C for 20 min and cooled to —40 °C. A solution of 1d (60.0 mg, 0.245 mmol)
in THF (1 mL) was added to the mixture dropwise. The resulting mixture was allowed
to warm to O °C over 2 h and diluted with hexane and saturated NH,CI with vigorous
stirring. The layers were separated and the aqueous layer was extracted with hexane
twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 15 (28 mg, 69%): '"H NMR (300 MHz, CDCl,) 8 0.76 (d, J =
7Hz,3H),0.83(d,J=7Hz,3H),0.84 (d,J =7 Hz,3 H),0.7-1.7 (m, 9 H), 1.76-1.92
(m, 1 H),4.89 (dm,J =18 Hz, 1 H),5.19(d,J =11 Hz, 1 H), 5.66 (dd,J =18, 11 Hz, 1
H).

(1R*,25%)-1,2-Dimethylcyclohexanecarboxylic Acid (16).

To an ice-cold solution of 13 (25 mg, 0.181 mmol) in H,0-CCl,-MeCN (3 :1:1, 1.8
mL) were added NalO, (162 mg, 0.76 mmol) and RuCl;-H,O (1 mg, 0.005 mmol). After
5 h at 0 °C, the mixture was diluted with Et,0 and aqueous Na,SO,. The layers were
separated and the aqueous layer was extracted with Et,O twice. The combined extracts
were dried over MgSO,, and concentrated to give a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to afford 16 (21 mg, 73%): 'H NMR (300
MHz, CDCl,) 6 084-1.74 (m, 8 H), 1.06 (d,J =7 Hz, 3 H), 1.29 (s, 3 H), 1.96-2.06 (m,
1 H); C NMR (75 MHz, CDCl,) 6 16.8,22.8,24.5,25.2,30.2,35.2,39.6,45.7, 183.3.
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The ""C NMR spectrum of 16 was identical with that reported’, and relative structure of

13 was determined as the above.

(15*,3R*)-1-Ethyl-3-methyl-1-vinylcyclohexane (17).

Allylation using Znl,.

To an ice-cold suspension of CuBr-Me,S (46.3 mg, 0.225 mmol) and Znl, (71.8 mg,
0.225 mmol) in THF (2 mL) was added EtMgBr (0.45 mL, 1.0 M in THF, 0.45 mmol)
slowly. The resulting mixture was stirred at 0 °C for 30 min and cooled to —40 °C. A
solution of le (36.7 mg, 0.150 mmol) in THF (1 mL) was added to the mixture
dropwise. The resulting mixture was allowed to warm to O °C over 1 h and diluted with
hexane and saturated NH,Cl with vigorous stirring. The layers were separated and the
aqueous layer was extracted with hexane twice. The combined extracts were washed
with aqueous Na,S,0; and brine successively, dried over MgSO,, and concentrated to
give a residue, which was purified by chromatography on silica gel (hexane/EtOAc) to
afford 17 (14.2 mg, 62%): IR (neat) 3079, 1458, 1001, 909 cm™'; '"H NMR (300 MHz,
CDCly) 6 0.68-0.94 (m,3 H),0.75 (t,J =7 Hz,3 H),0.83 (d,/ =6 Hz,3 H), 1.02 (dt, J
=5,13Hz, 1 H), 1.22 (q,J =7 Hz,2 H), 1.18-1.75 (m, 5 H), 4.88 (dd, J = 18,2 Hz, 1
H),5.11 (ddd,J=11,2,1 Hz, 1 H), 5.52 (dd, J = 18, 11 Hz, 1 H); "C NMR (75 MHz,
CDCly) 8 7.7 (), 22.6 (+),23.2 (), 284 (-),35.1 (+),35.6 (+),37.1 (+),40.9 (+),44.8
(+), 113.7 (+), 1452 (-).

Allylation using ZnBr,.

To an ice-cold solution of ZnBr, (200 mg, 0.888 mmol) in THF (7 mL) was added
EtMgBr (091 mL, 0.81 M in THF, 0.737 mmol) slowly. After 30 min at 0 °C,
CuBr-Me,S (70 mg, 0.341 mmol) was added to the mixture. The resulting mixture was
stirred at 0 °C for 20 min and cooled to —40 °C. A solution of 1e (60.0 mg, 0.245 mmol)
in THF (1 mL) was added to the mixture dropwise. The resulting mixture was allowed
to warm to O °C over 2 h and diluted with hexane and saturated NH,CI with vigorous

stirring. The layers were separated and the aqueous layer was extracted with hexane
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twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel

(hexane/EtOAc) to afford 17 (31 mg, 84%).

(3R,10S5,135,175)-17-(tert-Butyldimethylsilyloxy)-3-ethyl-10,13-dimethyl-
3-vinylhexadecahydro-1H-cyclopenta[a]phenanthrene (23).

To an ice-cold suspension of CuBr-Me,S (23.3 mg, 0.113 mmol) and Znl, (36.4 mg,
0.114 mmol) in THF (1 mL) was added EtMgBr (0.23 mL, 1.0 M in THF, 0.230 mmol)
slowly. The resulting mixture was stirred at 0 °C for 30 min and cooled to —40 °C. A
solution of 22 (40.7 mg, 0.0757 mmol) in THF (1 mL) was added to the mixture
dropwise. The resulting mixture was allowed to warm to O °C over 1 h and diluted with
hexane and saturated NH,CI with vigorous stirring. The layers were separated and the
aqueous layer was extracted with hexane twice. The combined extracts were washed
with aqueous Na,S,0; and brine successively, dried over MgSO,, and concentrated to
give a residue, which was purified by chromatography on silica gel (hexane/EtOAc) to
afford 23 (29.3 mg, 87%): [a]”, +23 (¢ 0.53, CHCL,); IR (neat) 3078, 1472, 1255, 1119,
1094, 1081, 909, 835 cm™; "H NMR (300 MHz, CDCl;) 6 -0.011 (s, 3 H), —0.004 (s, 3
H),0.67 (s,3 H),0.745 (t,J =8 Hz,3 H), 0.754 (s, 3 H), 0.87 (s, 9 H), 1.20 (q, J = 8 Hz,
2 H),0.54-191 (m, 22 H), 3.51 (t, /=8 Hz, 1 H),4.91 (dd,J =18, 1 Hz, 1 H), 5.12 (dd,
J=11,1Hz,1H),5.51(dd,J=18,11 Hz, 1 H); "C NMR (75 MHz, CDCl,) § -4.7 (-),
—44(-),78 (-), 115 (-), 12.1 (-), 18.2 (+),20.7 (+), 23.6 (+),26.0 (-), 28.9 (+), 304
(+),31.0 (+),31.7 (+),349 (+),35.7 (), 36.4 (+),36.9 (+),37.3 (+),39.0 (+),40.6 (+),
42.1 (-),43.4(+),50.8 (-),549 (-),82.0 (-), 113.5 (+), 145.6 (-).
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Scheme 1. Allylic substitution of picolinates.
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Do

90



Chapter 5

Table 1. Preliminary study using rac-1a.

Ph-M + CuBr-Me,S T

OCO(2-Py) (MgBr,) Ph Ph OH
n - n . . 2
R1}\:/R2 * Ph-Cu ’ R1vR2 ‘ R1}\/\R2 ‘ R1j\:/R
THF, 1 h,0°C
rac-1a rac-2a rac-3a rac-4a

Ph-M: PhLi, PhZnBr-LiBr, Ph,Zn-2LiBr
R': (CHy),Ph, R2: CH,OTBS

CuBr-Me,S, MgBr,, ratio® of yield,d'e
entry Ph-M” (equiv) equiv equiv rac-2a:-3a:-4a:-la %
1 PhLi (2) 2 0 9:0:69:22 nd
2f PhLi (2) 2 3 100:0:0:0 97
3 PhLi (2) 1 0 1:0:47:42 nd
4 PhLi (2) 1 2 84:0:15:1 nd
5 PhLi (2) 1 3 100:0:0:0 94
6 PhLi (2) 1 4 98:0:2:0 92
7 PhLi (2) 0.5 0 48:0:44:8 nd
8 PhLi (2) 0.5 3 98:2:0:0 95
9 PhZnBr-LiBr? (2) 0.5 0 17:0:47:36 nd
10 PhZnBr-LiBr? (2) 0.5 3 94:0:6:0 nd
11 Ph,Zn-2LiBr" (3) 1.5 0 31:0:46:23 nd
12 Ph,Zn2LiBr* (3) 1.5 6 100:0:0:0 89

“ Reactions were carried out at 0 °C unless otherwise noted. ” Salt free PhLi was used. ¢
Determined by 'H NMR spectroscopy of the crude products. Isolated combined yields of
rac-2a and -3a. ° nd: not determined.’ Reaction at —60 ~ —50 °C afforded essentially the same
result. ¢ Prepared from PhLi (2 equiv per rac-1a) and ZnBr, (3 equiv). h Prepared from PhLi (6
equiv per rac-1a) and ZnBr, (3 equiv).

Ph
Ph Ph
oy ors A~
Ph OTBS
5 (cis isomer of rac-2a) 6 (cis isomer of rac-3a)

VL EOFEERTIE MgBr, & 3 4@V, lmaROD7-0, 2 7203 4
Y8 MgBr, Z Ph/Cu (2/1) \Z¥M L7z, 9, MgBr, & 2 Y &M =56,
rac-2a DERIIIN 72 VTS NTZN, £LET V23—V rac-da OREIAEDRRG
7= (entry 4), —F. 4 HETIE rac-2a NIFEZERIMETH O (entry
6)o DFE U | EWEUGNME &AL EERIRMEZ G5 720X Lit 0¥ &L D %< MgBr,
EIRINTH5ENMLETH D, FEIT MgBr,>Li* ORtR%Z Requirement 1 & F-OX,
LA OT U MBI Z D Requirement 1 % M35 Z LI LTz,
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I, ERROZFHET TR Ao a ) 7 Vv 7 208 HE
(Scheme 2), JJSiE 0 °C T 1 FFLINICHE T L, (CEESRVETEN T 2R
(>95%). S\2° ERIL rac2a L AEMEAKR 5 D 86:14 DHLDOEEM TH -
oo Lo T, BWBREDOTEDIZTV AR THLENEHETH D,

Scheme 2. Substitution of frans picolinate 7.
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CuBr-Me,S (1 equiv)

woms MgBr; (3 equiv) Ph Ph Ph
. L~ A_omes + K/:\;/\OTBS
; THF, 1 h, 0°C i
rac-2a 5

(86 : 14)
BLRZE WIS, 2 O@IRMEIT PhMgBr X — 2 D #l# 3 PhMgBr/CuBr-Me,S
Q2/1) ZHWESE O\ (rac-2a & -3a & 60:40) & RS> Tz (eq3),

Ph  OCO(2-Py) zhggar(ZSe(?uiv)_) o o -
upr-vie equiv,
L_A_~_oOTBS 2
= K/\)\/OTBS + K/g\/\/o'rss (3)
. THF, 1 h, 0°C
rac-2a rac-3a
(60 : 40)

WIT, ML (PhZnBr, Ph,Zn) 75 L7z Ph/Cu (2O Tz, Hifh
#IEIE PhLE & ZnBr, 2 OFELL 7, £, PhZnBr (2 Yi#) & CuBrMesS (0.5
W) ZKM T 30 /A L Ph/Cu (2/0.5) ZFR% L7-, KIZ, MgBr,(3 4 &)
DIFTE FETIIIEGFEE T, rac-la & 0 °C T1RHMGES T, 205,
MgBr, % N 2 7233 TRISOIEAL & 23 L2311 47z (entry 10 vs entry 9), [A]
RS RIT, PhyZn 22 HFR L7-8RAIETHE 67 (entry 12 vs entry 11), =
NS ORERIE, BHREN M CX 720 TS TH L BAIHMTHS
FERLTND 2,

5-3. REFMHEZTHA=&E

Entries 2, 5,8 T/~ L 7z 3 FAHD a3 % % o2 aim M 2 388 (S)-1a (95— 98% ee)
I L 72 (Table 2), (S)-1la DE&)KIZ Scheme 4 THILT %,
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Table 2. Allylic substitution of (S)-1a“ with Ph copper reagents derived from PhLi.

OTBS TBSO

(2-Py)CO, PhLi / CuBr-Me,S / MgBr, /\/\J\
Ph & THF, 1 h Ph N Ph
(S)-1a (R)-2a

(R)-2a"
CuBr-Me,S, MgBr,, temp, CT yield,
entry source of PhLi (equiv) equiv equiv °C % Y%
1 salt free PhLi‘ (2) 2 3 0 98 97
2 salt free PhLi‘ (2) 2 3 -60 ~ -50 98 92
3 salt free PhLi‘ (2) 1 3 0 98 92
4 salt free PhLi® (2) 1 3 -60 ~ -50 98 92
5 salt free PhLi‘ (2) 0.5 3 0 71 92
6 salt free PhLi‘ (2) 0.5 3 -60 ~ -50 84 90
7 PhBr (2) + n-BuLi (2) 1 3 0 - o
8 PhBr (2) + +-BuLii (4) 1 5 0 98 93
9 PhI (2) + n-BuL.i (2) 1 3 0 - o
10 Phl (2) + t-BuLi (4) 1 5 0 98 90

“95-98% ee.” The absolute configuration was determined by chiral HPLC analysis. ©
Chirality transfer (CT) defined by (% ee of (R)-2a/% ee of (S)-1a) x 100. ¢ Determined
by chiral HPLC analysis. ¢ Obtained from a company.’ Unidentified compounds were
produced.

Table 2 @ entries 1-6 (Z/RTARIZ, SFFHAOHIRILII ST (R)-2a & 527,
Z OHEAEE I TBEA O 5 & 27 L HPLC ORI &2 et L CikE LTz, 2

DFRERBEINET F 82 BICHEIT L TWAHENMHII L, S 612, KHD
AREHGRERD Thic L ZAH MENTARFIRE ) Ph/Cu (2/2) LT Ph/Cu (2/1)
TEMR SN, ROSEREIEELR N LR o 7= (entries 1-4), & Z AN,
Ph/Cu (2/0.5) D5GE . WL SAMRWRFIRGERPBHI S 40 (entry 5). SUNRE &
B LTH®WESNRD>7Z (entry 6), Z DOfiHi% PhMgBr ~X— A D47k 3K
PhMgBr/CuBr-Me,S (2/0.5) MEIRIZT 5 & AFHRERZIZIFERICKETE -
FHERL-TWD (FE2ESR), LIEORKEENS, 2 YED RLi & 12 Y&
® CuBrMe,S NPEWAFIRGEREZGDHIIHERFMETHY | FEHITZORM:
% Requirement2 LWESHIZULTo, RFEZEZX DL, ZORISTIE, a3 R
D# D CuBrMe,S DIEFERFFREIIMNE TR, o, B 22 SO RE OFE &
BETRWEWIEELORFTZRL TN D,
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Entries 5 & 6 TEIZEINTIRWARFIEGTROFRKEZIRDH 722, PhMgBr
— A DRI PhMgBr/CuBr-Me,S (2/0.5) (2 2 ¥ &® LiBr #/x CHhiz, 75
&L LiBr 2RI LR WO RFERE R (98%) 775 82% F THLF L7z (Scheme
3), WZIZ, PhLi & CuBrMe,S 7°5 Ph/Cu A4 2% & X4LIC4RKT % LiBr

DEBETIRNRFIEEHREZ /R L2 L2 5 (Table 2, entries 5,6), & (X, Ph/Cu
(2/0.5) OFUGHRFIZ LiBr BWFET D ERIATH V> S22 R EMx 2 FN
TETP, AFBERENH E LR o728 B 2T\ D (5B 25 Scheme 9 &) |

Scheme 3. Influence of LiBr on CT.

OTBS PhMgBr (2 equiv) TBSO

(2-Py)CO, CuBr-Me,S (0.5 equiv) /\/\J\
N ™
Ph 60 ~—40°C, 1h Ph Ph
(S)'1a " LiBr (2 eqUiV) " (R)-2a

without LiBr 98% CT, 83% yield
with LiBr 82% CT, 76% yield

W, R INT A RRUCB U ESICEAT 2 F 2 H1EFIC A, ey -
UTF T AZHIZ LD RP TR S 72 PhL 2 WS &2 T~ T2, &I,
t-BuLi (4 % &) %, Et,0 # 0 °C T PhBr (2 ¥ &) &Mz 7=, 30%3#%. LiBr,
Me,C=CH, & t-BuH (ZiZFi 2 %&E) LR L7 PhLi 2 ¥ &) %,
CuBrMe,S (1 ¥ &) (2t ST Ph/Cu (2/1) ([ZEHLLT-, % L . Requirement
1 (MgBr, > Li*) 21V, MgBr, & 5 ¥ &R LEMH T T (5)-1a & EHRRIG
AT O & BN ARYRINVE L KOSTET (R)-2a % 5-%72 (entry 8), Ph/Cu %
t-BuLi & Phl 72O L7256 b Rk R A 5 272 (entry 10), *HHRAYIC,
ma g F 7 AZZEIZ n-BuLi 2 ¥ &) & PhX (X = Br, ) Z W54,
(R)-2a X572 03> 7= (entries 7,9), ZDJRKIL, /N1 F 7 ALZHD
BRCREIAET D n-BuX ORETHD EEZXTND (eq4, X =Br,I),

t-BuLi (4 equiv)
Ph-X =, Ph-Li + Li-X + Me,C=CH, + t-BuH

(2 equiv) Et,0, 0 °C (2 equiv) (2 equiv) (2 equiv) (2 equiv)
“4)
n-BuLi (2 equiv)
Ph-X . Ph-Li + nBu-X

(2 equiv) THF,0°C (2 equiv) (2 equiv)
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5-4. #EIGEFORET

5-4-1. BE LSk

(S)-1a & Ph/Cu (2/1),Ph/Cu (2/2) THESLL7=7 U /Mt}iﬂ?@%{t{:%‘f\ F7r 7

BEHIL AT HSBONO 3 ) VT U VICHEH Lz, %k Table 3 ICH5H %
FLOl, ALYV VBT VAOEED S B, (5)-1a, (R)-1c, (S)-1d.e |
Scheme 4 (IR T HETHM LTz, H2ETIE, (5)-1a,-1d % Yadav’ D71 |
aNVEFHL, 89-90% ee D7 /X)L F LT L a—)b (5)-10 ZRETEHRL TV
7= (Scheme 5), A EIOMFIETIL, BHK 5 23513 L 72 Ru[(S,5)-TsDPEN](p-cymene)
I C X A ARFKRFBESON 2 VT, L0 @O FHRED (5)-1a,-1d,-1e &
AR L2 (94-99% ee),

Scheme 4. Synthesis of optically active picolinates.

OH

TMSC=CLi Ru cat.? H
prCHO A/\ /\)\ ) Ph/\/\
95% 84% +PrOH R
5
rac-8 96% KoCOs ,: (5)-8, R=TMS
MeOH 10,R=H
1) n-BuLi OH 1) (2-Py)CO,H 100%
then (CH0), z DCC, DMAP (2-Py)CO, oTBS
- - Ph/\/\/ - - L
2) TBSCI, imid. N 0TBS Hj, Lindlar cat. Ph
1 EtOAc (S)-1a, 95-98% ee by chiral HPLC
73% 0
88%
1) n-BuLi OR Hy, Lindlar cat. OPMB
OH TBDPSCI OTBDPS then (CH,O),, EtOAc (2-Py)CO,
/'\\ —_— /\ \_opms — = Z
A imid., DMF \\ 2) NaH then 77% from 15
12 100% 13 PMBCI, BuyNI 14, R = TBDPS (R-1c
° BuNF [, 5 R=H 98-99% ee by
(2-Py)CO-H, |: 55% from 13 chiral HPLG
DCC, DMAP 16, R = (2-Py)CO
D oH 1) (2-Py)CO,H
1) K,CO3, MeOH Rl_R Ru cat.2 E DCC, DMAP (2-Py)CO>
rac-8 Ph [ —————— > Ph [ _
2) n-BuLi, Mel N i-PrOH N 2) Hy, Lindlar cat.
THF, HMPA rao-117 , 100% (817 EtOAc (9)-1d
75% PCC |: R'=0OH,R°=H 70% 94% ee by
74% 18,R'=R2=0 chiral HPLC
1) Ru cat.?
CHO c-HexC=CLi R R2 -PrOH (2-Py)CO, H,, Lindlar cat. (2-Py)CO, c-Hex
- - - -
S (\/\ PMBO. >
A5
OPMB g 86%  PMBO c-Hex 2 (2-PY)ICOH  pypo N c-Hex 86%
rac-20 DCC, DMAP 22 (S)-1e
o
PCC [ R'=OH, R2=H 78% 99% ee by
82% 21,R'=R?=0 chiral HPLC

“ Ru cat. = Ru[(S,S)-TsDPEN](p-cymene)
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Scheme 5. Previous synthesis of ($)-1a and -1d in Chapter 2.

n-BuLi OH

.0 : . (S)-1a
NN —_— >
Ph cl PR (S)-1d
23, >95% ee (S)-10, 89-90% ee

5-4-2. FEE DI EPH O]

FT. mERIICT F S22 M ETE DT, Requirement 1 (MgBr, >
Li") & Requirement 2 (Ph/Cu = 2:1-2) IZfE\V>, 3 4D MgBr, FfE F Ph/Cu
/1) ZXKHT 1 BERSS S 72 (Table 3, entries 1-5), (S)-1la & CkF oD &
FlFZ R (S)-1b DU (R)-2a & [AER BN T 2b (T2 H 2a D
AL BAMER) &A% L7= (Table 3, entry 1; cf. Table 2, entry 3), Z DFEHRIX. A F
L UBEHEORE S MO, BRIF 250 2 BN FUS DRI E 2 &
ESRNZEEZRBL TS, Ea w7 UL (R)-1e & (5)-1d b EiRIRAY
IZ 2¢ & 2d ZAERELT= (entries 3,4), Z3UDHDOFER S Bl U7z —#iE 2 3064
LHERDHHITH D, B D83E Ph/Cu (2/2) ZHW 2 (R)-1e & ORUG b [AIFE
FEDONHETH -T2 (entry 2), & HIZ, V7 4 VRBICE BN T BF L
TR NTWNTH S DORIRITITREZ RIFT S 720 > 7= (entry 5),

5-4-3. [BHILZFFOT V — /L HDHEA

WIZ, (S)-1a Tk L THA 227 UV — VA A LTz, £9, SRS SOGME
PMETLTWDEEWT U — L3 2 2SO s S 72 (entries 6-9), FHIC,
n-BuLi ZHWTT7 =Y —LDOA N M) Fo—2ay S ETORBLEZY FU A
I A . Requirement 2 % Z#%\Z 0-MeOPh/Cu (2/1) [ LT-, Z OHRIEE
S)-la IZLEED L, V2= VEDOLGE LRIV NV OEWAFEGTR, BX
UYL 85% T 2f Z4K L7= (entry 6),
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Table 3. Allylic substitution of optically active picolinates with copper reagents.’

anti S\2' product ¢

CT, %

allylic picolinate
entry (% ee)

N Ph  Ph
1 F’h/\/j\/o_rBs PhLi (2) — 1 3 MOTBS 99 87
(2-Py)CO3

(8)-1b (99% ec)

method CuBrMe,S, MgBr,,
giving RLi equiv equiv

RLi (equiv) structure yield, %

(2py)c0, OPMB . oPMB
2 PhLi (2) — 2 3 98 87
= N
c
(R)-1¢ (99% ee)
3 (R)-1c (99% ee) PhLi (2) — 1 3 2¢ 98 84
4 o ~ PhLi (2) - 1 3 o N en ( g;t g;)d
(S)-1d (94% ee) 2d
(2-Py)CO, c-Hex c-Hex
5 PMBO A PhLi (2) - 1 3 PMBO\/\/\)\Ph 98 94
(S)-1e (99% ee) 2e
oTBS TBSO
(2-Py)CO, U ortho lithiation
6 : @) ; . 3 S 99 85
Ph = oo using n-BuLi Ph R OMe
(8)-1a (95% ee) 2f,R= s
MOMO OMOM
7 (5)-1a (98% cc) —QLi @y ortholithiation 1 3 2. R= ‘-ﬁi)\ >99 97
using n-BuLi
MOMO MOMO
8 ($)-1a (97% ee) Li (2) Li-Br exchange ¢ 1 5 2h,R= "ié 97 88
<
9 (5)-1a (97% ee) (:(L\N ortlho hthlatlgn 1 3 2i,R= \’;’:@ >99 98
using n-BuLi N
i 2
b @ Xb
10 (S)-1a (98% ee) F@Li 2) Li-Br exchange ¢ 1 5 2j,R= f@\ 95 92
F (97 92)¢
direct lithiation _ ¥&0
11 S)-1a (95% ee 1 3 2k,R = 99 86
(S)-1a (95% ee) Q\Li 2) using n-BuLi E/)
direct lithiation _ ¥¢S
12 S)-1a (97% ee 1 3 2LLR= 99 83
(§)-1a (7% ce) Qu @ using n-BuLi U
CsHyy
13 (S)-1a (98% ee) C5H“/\L_ 3) Li-I exchange ¢ 15 2m,R = },s/ 98 75
1
A .
14 ($)-1a (95% cc) m ()  Lilexchange® 15 2n,R = ;rg:/O 99 82
1
15 (8)-1a (95% ee) CeHy ‘/\/ Li (2) Li-I exchange ¢ 1 5 20,R= fJ\CsH” 98 93

“ Reactions were carried out at 0 °C for 1 h unless otherwise noted. ” Regioselectivities
for all of the reactions were > 97% by 'H NMR spectroscopy. ¢ The absolute
configuration of 2b was confirmed by converting to known compound. Those of other
products were determined by analogy of 2a, 2b, and 2d. ¢ At —-60 °C (entry 4); —20 °C
(entry 10). © Corresponding halide (3 or 2 equiv) and #~-BuLi (6 or 4 equiv).
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1,3-(MOMO),-5-MeCH, DA/ F ) Fr— g LUz, SHICERS
WU —VERIE S (S)-1a S L, AFBELAER S 2L 2g 2157
(entry 7)., K IZ. 1-Br-2,6-Me,CH, ® Li-Br A #: % f| i L T L L /=
2,6-Me,C,H,/Cu (2/1) % . Requirement 1 \ZHEV> 5 & D MgBr, 71 F T (5)-1a
ERREED &L R 88%,97% CT T 2h #5272 (entry 8), A /v MLIZ AL
RE VVIEEMEZ FFOmEWT U — LSRG | FERICSRICERY 21 %
B 272 (entry 9); ZHODHNIZDRISHKROEFZRTDIZH5THDL E VR
£ 9,

BN ETHD 7 v ER &> p-F-CH,/Cu (2/1) 1%, IX%E 92%,95% CT
THERY 2j &5 272 (entry 10), K FOSE TIIAFEHRERITE K - 72
2, 20°C THILEITH Z & TRHIZUFETE 7= (entry 10, in a parenthesis),

Ll b, ¥x e FE G L7727 U — U F 0 L3RR T U AL BUGIZ 58 A C
XLENDIoT, Lk, XUBUVER EOEBFI LR OSNARNRBZRIZED 5
T RAFRALE - TSRS S IS L Tl EOR R Th o 7,

5-4-4. 77, FA Tz BDEA

FROKISRNE, FEBEERBETHDH 7T F 47 = VITHEKT DR
FIZHH LTc, 26 OEREOHRIEIISLISMENMENFER A TWD, 7
Z v ORI TMSBr X° BF, 20 /L A ABEZTIM L2 & 1TAATIIRE D
EITLRW 0 FF7 = VIFEICKISHEDMENTZD | 1 4IRS IZ BT
Lipshutz 3D # I — VU o FE LTI TW5D (Figure 1), L22L, Zh b
DEFRIEZ VT (S)-1a OT VAKIEETF>THD &, BFERIEHNEL |
EBWIR K ORFIEGRT 2k & 21 255 FENTEX /- (entries 11, 12),

Figure 1. Lipshutz reagents for 1,4-addition.

2_
[@CU(CN)RT} 2 Li*
S

5-4-5. T =L EDEA
WIZ, TNV = VEOEANEIT T, 5 TCHLRRZARKIZ, TATr =T
A RELBRB~ TR TEANSDT V=7 ) =y — LREOFRIC1L, — 8
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CHEAEBORMMENE IS Z ENMLNTWD, 7Y = — Va3 & 3o R
2 t-Buli & (2)-1-F— K7 A7 o ® Li-l KB TR LT A7 =11 F Ak
& CuBrMe,S 2Ol U783 % (5)-1a ERULSE D &1E, v AR A E
IERL BWAFIERE BIRIET 2m & 2n 2527, hT7 U RABOD,
(E)-1-~T T = VR L 2T Vbbb A L7 0 U ONHRZRZR 5 Z L7 <
HEATL. 20 2R E X T,

5-4-6. 7 LF/FEDEA

AT E CICH O LIERINEEE, 74X L) FULAOMBETH D
n-BuLi (2 H L7z, Scheme 6 T3 L 912, #Hilil# n-Bu,CuLi-LiBr (%, sp’-C
RSB DR PER BN 20>, MgBr, 72 WA TSI ZIEFITRIGERLS T v F
S22 ERkW 24 L 25 52T,

Scheme 6. Reaction with the n-BuLi/CuBr-Me,S reagent.

n-BulLi (2 equiv)

B
@Py)co, OB CuBrMe,S (1 equiv) AinJ\
2 -
Ph THF,-20°C, 1 h Ph n-Bu
S)-1a
(9(50)/0 ce) 95% CT, 90% yield 24

OPMB n-BuLi (2 equiv)

P PMB
(2-Py)CO, CuBr-Me,S (1 equiv) ©
= S
THF, -15°C, 1h n-Bu
(R)-1c 25
(98% ee) 98% CT, 82% yield

5-5. ST (ACATHEHEZEMHIEEYMDERK)

ZOETRHELEKSOIGHMIEE LT #1727 2L CoA 2 L AT 11—/ b
TN T AT 27 —8 (ACAT) FHEIEEZFF LAY 35 ° OEEIT 9
ZEIT LT, 35 X7 IR TOIEMEME 001 uM) BDHESNTWHEIDOHRTH D
D3, REHFLOSRAL N EBEMEE ISR L M TER PRI 2D,
H e SRR DO B RIEOMNLIIEE & B 2 7=, AR % Scheme 7 12777,
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Scheme 7. Synthesis of ACAT inhibitor 35.

OH
n-BuLi R_R? Ru cat.? . (2-Py)COH
OBn
P _— /\)\/\ . /\/\A :
//\/ then n-PrCHO N OBn -PrOH oBn Mukaiyama reagent (29)
DMAP, EtzN
* %% rac-27 80% (927 96"/3
PCC|: R'=0OH, R2=H
81% 28,R"=R2=0 <0
o O
(2-Py)CO,
B Hp, Lindlar cat. (2-Py)CO, 0Bn L B2 <O H,, Pd/C
/\/\/\ - /\M ?
A _— :
0Bn o NN
30 92% 31 Cu’\égf\;ﬂrézs OBNn 759, (from 31)
97.4% ee by 33
chiral HPLC
o] o] | X I
<OD (1) CrOg, H* <O . 5 : '\‘;’l/ ol :
NS0 (@) 2 gediiPraniline SNy Mokt 3
, i Mukaiyama
34 29, DMAP, EtsN o H | Reagent (29) !
(97% CT) 37% 2T T e

“ Ru cat. = Ru[(S,S)-TsDPEN](p-cymene)

HEMOTEF L 26 20 FALL, n-7 ZF—/MAIMERT rac-27 &
Lic, ZEBIEOT Va— Lzt L, Ru Ml X 5 REFEC TR
Ta—L (527 & LTz, EIZ, mlEE 29 ZHlnwTea ) UgaiEs
Lm&u%ﬁ%%mt%““*ftzjxk7)w31%9W%ee@%$%f
TR L7, Li-Br UK VR L7V 57 25038 32 2w 31 o7 UL
IXMMICH#EIT L, (ESRRER < 33 24 L7z, UL, BR0EAEL O
EEDNNEECH o 7o 7ow, KBRS T, PA/C #HWT ZEHEGOETE R
UNVEOBREEZITONT L3 —)L 34 [TEBR L, T OBRETHEE - R L7,
EORFREZRELIZEZ A, 97% CT & @ ONVRIEBIRM 2R L, &kIC,
TNV ~DIAb L i< 7 2 MMEIZ X V| 35 OGEREERTE T,

VL, 291TRE, &IUE 15% & TR - R kEZgETE, 7Y
MEBOG &8t & LT AR EIR OB O R 2 R T FA Rz, S HIiC, v =
U U E AW T U UALRIGIE, FEO—BENE L, e oG ERE ME
IZBEATELDT, ZOXIREREFIMEEMOEIZE L TWDH EBERXD
FENRTE D,

100



Chapter 5

5_6 . :\Egﬁ.

BAHY FULE CuBrMe,S 7Ol L7 AHSREIZ L o2 ) VBT U
N AT IDT U IR GIE, MgBr, DRINC X > TRHHREITIE St (LE
BIIZT o F S22 AP EONLFEWA LN Lz, ZORE, BAF7RER
BERT HT2DHD 2 DOKRM: : Requirement 1 (MgBr, > Li*) TN Requirement 2
(Ph/Cu=2:1-2) %N L7, Table3 (Z/"T Lo, BEEaY U7V Lo—
ettt b B< . £z, SRR - BRIRERNK S TSRk % 227 U — L gl 3R 7
LT T S2 ERME EEIRANICER LTz, SHIZ, e du-Y F U AR
RANNITF—ra DX 57, 7V—=nNUFULORL RHENENRZOT
U ARS8 AT RE /2 S bRt Tz, iz b AKX N T AT Vi =)V Hk
ZUN, T, TN HBICEATE -,
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Experimental section

Synthesis of Picolinates.

Synthesis of Picolinate (S)-1a.

OH

TMSC=CLi Ru cat.? H
iPrOH R
rac-8 96% KoCO4 ’: S5)-8, R=TMS
MeOH 10,R=H
1) n-BuLi 1) (2-Py)COH 100%
OoTBS
then ( CHZO)n DCC DMAP (2-Py) 002
2) TBSCI, imid. /\/\/OTBS 2) H,, Lindlar cat.
EtOAc S)-1a, 95-98% ee by chiral HPLC

73% 88%
5-Phenyl-1-(trimethylsilyl)-1-pentyn-3-one (9).

To an ice-cold solution of trimethylsilylacetylene (2.30 mL, 16.3 mmol) in THF (25
mL) was added n-BuLi (9.30 mL, 1.60 M in hexane, 14.9 mmol). The mixture was
stirred at O °C for 30 min and cooled to —78 °C. Ph(CH,),CHO (1.66 mL, 12.4 mmol)
was added to it dropwise and the resulting mixture was allowed to warm to 0 °C over 1
h. Saturated NH,Cl and EtOAc were added to the mixture. The organic phase was
separated, and the aqueous phase was extracted with EtOAc three times. The combined
organic layers were dried over MgSO, and concentrated to give a residue, which was
purified by chromatography on silica gel (hexane/EtOAc) to afford alcohol rac-8: 'H
NMR (300 MHz, CDCl,;) 6 0.19 (s, 9 H), 1.79 (d, J = 6 Hz, 1 H), 1.96-2.07 (m, 2 H),
2.80 (t,/=8Hz,2H),436(q,J=6Hz, 1 H),7.16-7.33 (m, 5 H).

To an ice-cold solution of rac-8 (1.42 g, 6.11 mmol) in CH,Cl, (20 mL) were added
Celite (2.9 g) and PCC (1.45 g, 6.73 mmol). The mixture was stirred at rt overnight,
diluted with hexane, and filtered through a pad of Celite. The filtrate was concentrated
to give a residue, which was purified by chromatography on silica gel (hexane/EtOAc)
to afford 9 (1.18 g, 84%): '"H NMR (300 MHz, CDCIL,) 6 0.24 (s, 9 H), 2.86-2.94 (m, 2
H),2.94-3.04 (m, 2 H), 7.16-7.24 (m, 3 H), 7.25-7.33 (m, 2 H).

The 'H NMR spectra of rac-8 and 9 were identical with that reported.’

(S)-5-Phenylpent-1-yn-3-ol (10).
To a solution of 9 (1.18 g, 5.12 mmol) in i-PrOH (50 mL) was added
Ru[(18,25)-TsDPEN](p-cymene) (61 mg, 0.102 mmol). The mixture was stirred at

30 °C overnight and concentrated to give a residue, which was purified by
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chromatography on silica gel (hexane/EtOAc) to afford the (5)-8 (1.14 g, 96%). The 'H
NMR spectrum of the alcohol was identical with that of rac-8.

To an ice-cold solution of ()-8 (1.99 g, 8.57 mmol) in MeOH (17 mL) was added
K,CO; (355 mg, 2.57 mmol). The mixture was stirred at rt overnight and concentrated
to give a residue, which was purified by chromatography on silica gel (hexane/EtOAc)
to afford 10 (1.37 g, 100%): '"H NMR (300 MHz, CDCL,) 6 1.87 (dd, J = 6, 1 Hz, 1 H),
1.95-2.13 (m,2 H), 2.51 (dd,J =2, 1 Hz, 1 H), 2.81 (t,J = 8 Hz, 2 H), 4.37 (dddd, J =
7,7,6,2Hz, 1 H),7.16-7.33 (m, 5 H). The '"H NMR spectrum of 10 was identical with
that reported.’

Picolinate (S)-1a.

Alcohol 10 was transformed to (§)-1a according to the procedure in Chapter 2: (1)
BuLi then (CH,0),; (2) TBSCI, imidazole; (3) H,, Lindlar cat.; (4) picolinic acid, DCC,
DMAP. Enantiomeric excess (98% ee) was determined by chiral HPLC analysis:
Chiralcel OD-H; hexane/i-PrOH = 98/2, 0.5 mL/min, rt; f; (min) = 19.4 (S), 84.9 (R).
The '"H NMR spectrum of (S)-1a was identical with that reported in Chapter 2.

Synthesis of Picolinate (R)-1c.

1) n-BulLi OR H,, Lindlar cat. OPMB
OH TBDPSCI OTBDPS then (CH,0),, EtOAc (2-Py)CO,
)\ —_— /'\ N_omp — = z
X imid., DMF X 2) NaH then 77% from 15
PMBCI, BugNI - (R)-1c
12 100% 13 4 Bu N [ 14 R=TBOPS
15,R=H 98-99% ee by
(2-Py)COH, [ 56% from 13 chiral HPLC
DCC, DMAP L, 16, R = (2-Py)CO

(R)-3-[(tert-Butyldiphenylsilyl)oxy]-1-butyne (13).

To an ice-cold solution of (R)-3-butyne-2-ol (12) (1.00 mL, 12.8 mmol) and
imidazole (1.74 g, 25.6 mmol) in CH,Cl, (25 mL) was added TBDPSCI (4.90 mL, 19.1
mmol). After being stirred overnight at rt, the solution was diluted with saturated
NaHCO,. The organic layer was separated, and the aqueous layer was extracted with
CH,CI, twice. The combined organic layers were dried over MgSO, and concentrated to
afford a residue, which was purified by chromatography on silica gel (hexane/EtOAc) to
furnish 13 (3.95 g, 100%): 'H NMR (300 MHz, CDCI,) § 1.08 (s, 9 H), 1.39 (d,J =7
Hz,3 H), 233 (d,J =2 Hz, 1 H), 445 (dq, J = 2,7 Hz, 1 H), 7.33-747 (m, 6 H),
7.66-7.78 (m, 4 H); °C NMR (75 MHz, CDCL,) 6 19.3 (+),25.2 (-),26.9 (-), 59.8 (-),
71.6 (+), 86.2 (+), 127.6 (-), 127.7 (-), 129.78 (-), 129.83 (-), 133.5 (+), 133.7 (+),
135.8 (=), 136.0 (-); HRMS (EI) calcd for C,,H,,0Si (M) 308.1596, found 308.1597.
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Picolinate (R)-1c.

The title compound was synthesized from 13 according to the procedure in Chapter
2. The 'H and "C NMR spectra of the product were identical with those reported in
Chapter 2. Enantiomeric excess (98% ee) was determined by chiral HPLC analysis:
Chiralcel OD-H; hexane/i-PrOH = 96/4, 0.4 mL/min, rt; #; (min) = 75.6 (S), 85.9 (R).

Synthesis of Picolinate (S)-1d.

1) (2-Py)CO,H

1) K,CO3, MeOH R! R? Ru cat.2 OH DCC, DMAP (2-Py)CO,
rac-8 _— Ph/\)\ _ Ph N B — /\/\)
2) n-BuLi, Mel N PrOH N 2) Hy, Lindlar cat. Ph
THF, HMPA rac—117 , 100% (8)-17 EtOAc (S)-1d
75% PCC [ R'=0OH,R*=H 70% 94% ee by
74% 18,R'=R?=0 chiral HPLC

1-Phenylhex-4-yn-3-ol (rac-17).

To a solution of racemic alcohol of 10 (502 mg, 3.13 mmol) in THF (6 mL) was
added n-BuLi (4.30 mL, 1.60 M in hexane, 6.88 mmol) at —78 °C. After 30 min at
—78 °C, HMPA (1.6 mL, 9.20 mmol) and Mel (0.25 mL, 4.07 mmol) were added to the
solution dropwise. The resulting mixture was allowed to warm to rt and stirred
overnight. The reaction was quenched by addition of saturated NH,Cl. The product was
extracted with hexane three times. The combined organic layers were washed with brine,
dried over MgSO,, and concentrated to afford methyl acetylene rac-17 (407 mg, 75%):
IR (neat) 3369, 2246, 1496, 1454 cm™; '"H NMR (300 MHz, CDCl,) 8 1.84 (d,J =2 Hz,
3 H),1.93-2.11 (m,3 H), 2.77 (t,/ =8 Hz,2 H), 4.33 (tq,J = 7,2 Hz, 1 H), 7.13-7.31
(m, 5 H); "C NMR (75 MHz, CDCl,) & 3.6 (-), 31.5 (+), 39.5 (+), 62.0 (-), 80.2 (+),
814 (+), 1259 (-), 1284 (-), 128.5 (-), 141.5 (+); HRMS (EI) calcd for C,,H,,0 (M")
174.1045, found 174.1043.

1-Phenylhex-4-yn-3-one (18).

To an ice-cold solution of rac-17 (357 mg, 2.05 mmol) in CH,Cl, (7 mL) were
added Celite (1.0 g) and PCC (486 mg, 2.25 mmol). The mixture was stirred at rt
overnight, diluted with hexane, and filtered through a pad of Celite. The filtrate was
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 18 (261 mg, 74%): IR (neat) 2222, 1674, 1167 cm™'; '"H NMR
(300 MHz, CDCl,) 8 2.02 (s, 3 H), 2.82-2.89 (m, 2 H), 2.94-3.01 (m, 2 H), 7.16-7.23
(m, 3 H), 7.25-7.32 (m, 2 H); "C NMR (75 MHz, CDCL;) 8 42 (), 29.9 (+), 46.9 (+),
80.2 (+), 90.6 (+), 126.3 (-), 1284 (-), 128.6 (-), 1404 (+), 187.1 (+); HRMS (EI)
calcd for C,,H,,O (M) 172.0888, found 172.0888.
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(S)-1-Phenylhex-4-yn-3-ol ((S)-17).

To a solution of 18 (503 mg, 2.92 mmol) in i-PrOH (15 mL) was added
Ru[(18,25)-TsDPEN](p-cymene) (18 mg, 0.0300 mmol). The mixture was stirred at
30 °C overnight, and the catalyst (36 mg, 0.0600 mmol) was added again. The mixture
was stirred at 30 °C overnight, and concentrated to give a residue, which was purified
by chromatography on silica gel (hexane/EtOAc) to afford (§)-17 (508 mg, 100%). The
'H NMR spectrum of the product was identical with that of rac-17.

Picolinate (S)-1d.

To an ice-cold solution of (S)-17 (508 mg, 2.92 mmol) in CH,Cl, (11 mL) were
added picolinic acid (431 mg, 3.50 mmol), DMAP (107 mg, 0.876 mmol), and DCC
(783 mg, 3.79 mmol). The mixture was stirred at rt for 2 h, diluted with ether, and
filtered through a pad of Celite. The filtrate was concentrated to afford a residue, which
was purified by chromatography on silica gel (hexane/EtOAc) to furnish the
corresponding ester (664 mg, 81%).

To a solution of the above ester (664 mg, 2.38 mmol) in EtOAc (12 mL) was added
Lindlar catalyst (Aldrich, 240 mg). The mixture was stirred at rt overnight under H,
atmosphere, and filtered through a pad of Celite. The filtrate was concentrated to give a
residue, which was purified by chromatography on silica gel (hexane/EtOAc) to afford
(5)-1d (582 mg, 87%): 94% ee by HPLC analysis (Chiralcel AD-H; hexane/i-PrOH =
98/2, 0.2 mL/min, t; (min) = 93.6 (S), 109.8 (R)). The 'H NMR spectrum of (S)-1d was
identical with that reported in Chepter 2.

Synthesis of Picolinate (S)-1e.

a
1) Ru cat. (2-Py)CQz

CHO ¢-HexC=CLi R! R2? -PrOH Hp, Lindlar cat. (2-Py)CO, c-Hex
> N _ (\/\ _— PMBO\/\/\/
A
PB4 86%  PMBO c-Hex 2) (2PY)COH  pypo Nohex  86%
rac-20 DCC, DMAP 22 (S)-1e
PCcC R'=OH,R%=H 78% 99% ee by
82% 21,R'=R2=0 chiral HPLC

1-Cyclohexyl-6-[(4-methoxybenzyl)oxy]-1-hexyn-3-one (21).

To a solution of (2,2-dibromovinyl)cyclohexane' (1.99 g, 7.43 mmol) in THF (8
mL) was added n-BuLi (9.30 mL, 1.60 M in hexane, 14.9 mmol) dropwise at —78 °C.
After 30 min at —78 °C, a solution of aldehyde 19" (1.03 g, 4.95 mmol) in THF (2 mL)
was added to it. The reaction was carried out at —78 °C for 1 h, and quenched by
addition of saturated NH,CIl. The mixture was extracted with EtOAc three times. The
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combined organic layers were dried over MgSO, and concentrated to give a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to afford rac-20
(134 g, 86%).

To an ice-cold solution of rac-20 (320 mg, 1.01 mmol) in CH,Cl, (4 mL) were
added Celite (0.5 g) and PCC (262 mg, 1.22 mmol). The mixture was stirred at rt
overnight, diluted with hexane, and filtered through a pad of Celite. The filtrate was
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 21 (260 mg, 82%). IR (neat) 2206, 1673, 1513, 1248 cm™'; 'H
NMR (300 MHz, CDCl,) & 1.24-1.59 (m, 6 H), 1.63-1.88 (m, 4 H), 1.95 (tt,J =7, 6 Hz,
2 H),2.45-2.60 (m, 1 H), 2.65 (t,/ =7 Hz,2 H), 347 (t,J = 6 Hz, 2 H), 3.80 (s, 3 H),
442 (s,2 H), 6.88 (d, J = 9 Hz, 2 H), 7.25 (d, J = 9 Hz, 2 H); "C NMR (75 MHz,
CDCly) 6 24.3 (+), 24.7 (+), 25.6 (4), 29.1 (-), 31.6 (+), 424 (+), 55.3 (-), 68.8 (+),
72.6 (+), 80.8 (+),98.0 (+), 113.8 (-), 129.3 (-), 130.5 (+), 159.2, (+) 188.1 (+); HRMS
(FAB) calcd for C,,H,,0; [M + H)*] 315.1960, found 315.1960.

(S)-1-Cyclohexyl-6-[ (4-methoxybenzyl)oxy]-1-hexyn-3-ol (($)-20).

To a solution of 21 (260 mg, 0.827 mmol) in -PrOH (8 mL) was added
Ru[(18,25)-TsDPEN](p-cymene) (25 mg, 0.417 mmol). The mixture was stirred at
30 °C overnight and concentrated to give a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to afford (5)-20 (229 mg, 87%): IR (neat)
3406, 2207, 1612, 1513 cm™; '"H NMR (300 MHz, CDCL,) § 1.22-1.54 (m, 6 H),
1.62-1.90 (m, 8 H), 2.32-2.43 (m, 1 H), 2.57 (d,J =6 Hz, 1 H), 3.50 (t,J =5 Hz, 2 H),
3.80 (s,3 H),437-448 (m, 1 H),4.45 (s,2 H),6.88 (d,/=9Hz,2 H),7.26 (d,/J=9
Hz, 2 H); "C NMR (75 MHz, CDCL,) § 24.9 (+), 25.6 (+),25.9 (+),29.1 (-), 32.7 (+),
3577 (+),553 (=), 624 (-), 699 (+), 72.6 (+), 81.1 (+), 89.6 (+), 113.9 (-), 1294 (-),
130.3 (+), 159.2 (+); HRMS (FAB) calcd for C,,H,;O;Na [(M + Na)*] 339.1936, found
339.1929.

(5)-1-Cyclohexyl-6-[(4-methoxybenzyl)oxy]-1-hexyn-3-yl ~ Pyridine-2-carboxylate
(22).

To an ice-cold suspension of picolinic acid (107 mg, 0.869 mmol) in CH,Cl, (1 mL)
were added DMAP (88 mg, 0.720 mmol) and DCC (194 mg, 0.940 mmol). After 20
min at rt, (5)-20 (229 mg, 0.723 mmol) in CH,Cl, (2 mL) was added to the mixture at
0 °C. The mixture was stirred at rt for 1.5 h, diluted with ether, and filtered through a
pad of Celite. The filtrate was concentrated to afford a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to furnish 22 (274 mg, 90%): IR (neat)
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2236, 1719, 1513 cm™; 'H NMR (300 MHz, CDCl,) & 1.18-1.54 (m, 6 H), 1.60-1.89
(m, 6 H), 1.96-2.08 (m, 2 H), 2.32-2.44 (m, 1 H), 3.51 (t,J = 7 Hz, 2 H), 3.80 (s, 3 H),
444 (s,2 H),5.73 (dt,J =2,7 Hz, 1 H), 6.87 (d,J =9 Hz, 2 H), 7.26 (d,J = 9 Hz, 2 H),
747 (ddd,J=8,5,2 Hz, 1 H), 7.83 (dd,J =8, 8 Hz, 1 H), 8.13 (dd, J = 8,2 Hz, 1 H),
8.78 (dm, J = 5 Hz, 1 H); °C NMR (75 MHz, CDCL,) & 24.8 (+), 25.6 (+), 25.9 (+),
290 (=), 322 (+), 324 (+), 553 (), 66.0 (=), 69.4 (+), 72.6 (+), 91.1 (+), 109.1 (+),
113.8 (1), 1254 (-), 1269 (=), 129.3 (-), 130.6 (+), 137.0 (), 148.1 (+), 150.0 (),
1592 (+), 1642 (+); HRMS (FAB) caled for C,H,NO, (M*) 4222331, found
422.2336.

Picolinate (S)-1e.

To a solution of 22 (264 mg, 0.626 mmol) in EtOAc (3 mL) was added Lindlar
catalyst (Aldrich, 110 mg). The mixture was stirred at rt for 2 days under H, atmosphere,
and filtered through a pad of Celite. The filtrate was concentrated to give a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to afford (S)-1e
(228 mg, 86%): IR (neat) 1717, 1513, 1247 cm™"; '"H NMR (300 MHz, CDCl;) &
0.95-1.50 (m, 6 H), 1.52-2.03 (m, 8 H), 2.43-2.58 (m, 1 H), 348 (t, J = 6 Hz, 2 H),
3.80 (s,3H),443 (s,2 H),537(dd,J=11,8 Hz, 1 H),543 (dd,J = 11,9 Hz, 1 H),
590 (dt,J=8,7Hz,1H),6.87(d,/J=9Hz,2H),725(d,J=9Hz,2 H),7.45 (ddd, J
=8,5,1 Hz, 1 H),7.81 (ddd,J =8,8,2 Hz, 1 H),8.10 (d,J =8 Hz, 1 H), 8.67 (dm, J =
5 Hz, 1 H); "C NMR (75 MHz, CDCl,) § 25.7 (+),25.8 (+), 26.0 (+),31.7 (+), 33.0 (+),
333 (4),37.1 (-),553 (-),69.7 (+),72.2 (), 72.6 (+), 113.8 (-), 125.1 (-), 125.4 (-),
126.7 (-), 129.3 (-), 130.6 (+), 136.9 (-), 140.8 (-), 148.6 (+), 150.0 (—), 159.2 (+),
164.5 (+); HRMS (FAB) calcd for C,;H;;NO,Na [(M + Na)*] 446.2307, found 446.2308.
Enantiomeric excess (99% ee) was determined by chiral HPLC analysis: Chiralcel
AD-H; hexane/i-PrOH = 95/5, 0.5 mL/min, rt; #; (min) = 23.0 (S5), 46.5 (R).

Allylic Substitution.

The reactions of (S)-la with Ph coppers prepared by various ways are described
below as the general methods.

(R,E)-1-[(tert-Butyldimethylsilyl)oxy]-2,6-diphenyl-3-hexene ((R)-2a).

Table 2, entry 1: To an ice-cold suspension of CuBr-Me,S (39.5 mg, 0.192 mmol) in
THF (1.6 mL) were added PhLi (0.180 mL, 1.08 M in cyclohexane-Et,O, 0.194 mmol)
and MgBr, (1.40 mL, 0.20 M in THF, 0.280 mmol). After 30 min at 0 °C, a solution of
(8)-1a (39.5 mg, 0.0960 mmol, 98% ee) in THF (1 mL) was added to it dropwise. The
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resulting mixture was stirred at 0 °C for 1 h, and diluted with hexane and saturated
NH,CI with vigorous stirring. The layers were separated and the aqueous layer was
extracted with hexane twice. The combined extracts were washed with brine, dried over
MgSO,, and concentrated to give a residue, which was purified by chromatography on
silica gel (hexane/EtOAc) to afford (R)-2a (34.0 mg, 97%, 96% ee, 98% CT). The 'H
NMR spectrum and retention time of (R)-2a on chiral HPLC were identical with those
reported in Chapter 2.

Table 2, entry 3: To an ice-cold suspension of CuBr-Me,S (22.0 mg, 0.107 mmol) in
THF (1.4 mL) were added PhLi (0.200 mL, 1.08 M in cyclohexane-Et,O, 0.216 mmol)
and MgBr, (1.60 mL, 0.20 M in THF, 0.320 mmol). After 30 min at 0 °C, a solution of
(S)-1a (44.1 mg, 0.107 mmol, 98% ee) in THF (1 mL) was added to it dropwise. The
resulting mixture was stirred at O °C for 1 h to afford (R)-2a (36.2 mg, 92%, 96% ee,
98% CT by chiral HPLC analysis).

Table 2, entry 8: To an ice-cold solution of PhBr (0.022 mL, 0.209 mmol) in Et,O (1
mL) was added 7-BuLi (0.250 mL, 1.57 M in pentane, 0.393 mmol) slowly. After 30
min at 0 °C, a solution of MgBr, (240 mL, 0.20 M in THF, 0480 mmol) and
CuBr-Me,S (19.9 mg, 0.0968 mmol) were added to the solution. The resulting mixture
was stirred at 0 °C for 30 min, and a solution of (S)-1a (39.8 mg, 0.0967 mmol, 95% ee)
in THF (1 mL) was added to it dropwise. The resulting mixture was stirred at 0 °C for 1
h, to afford (R)-2a (33.0 mg, 93%, 93% ee, 98% CT by chiral HPLC analysis).

Table 2, entry 10: To an ice-cold solution of PhI (0.024 mL, 0.214 mmol) in Et,O (1
mL) was added 7-BuLi (0.250 mL, 1.57 M in pentane, 0.393 mmol) slowly. After 30
min at 0 °C, a solution of MgBr, (240 mL, 0.20 M in THF, 0.480 mmol) and
CuBr-Me,S (19.7 mg, 0.0958 mmol) were added to the solution. The resulting mixture
was stirred at 0 °C for 30 min, and a solution of ($)-1a (39.5 mg, 0.0960 mmol, 95% ee)
in THF (1 mL) was added to it dropwise. The resulting mixture was stirred at 0 °C for 1
h to afford (R)-2a (31.8 mg, 90%, 93% ee, 98% CT by chiral HPLC analysis).

(S,E)-1-[(tert-Butyldimethylsilyl)oxy]-4,6-diphenyl-2-hexene (2b).

Table 3, entry 1: To an ice-cold suspension of CuBr-Me,S (19.5 mg, 0.0949 mmol)
in THF (1.6 mL) were added PhLi (0.180 mL, 1.08 M in cyclohexane-Et,O, 0.194
mmol) and MgBr, (1.40 mL, 0.20 M in THF, 0.280 mmol). After 30 min at 0 °C, a
solution of (S)-1b (39.0 mg, 0.0947 mmol, 99% ee) in THF (1 mL) was added to it
dropwise. The resulting mixture was stirred at O °C for 1 h to afford 2b (30.1 mg, 87%,

108



Chapter 5

98% ee, 99% CT). The '"H NMR spectrum and retention time of 2b were identical with
those reported in Chapter 2.

(S,E)-5-((4-Methoxybenzyl)oxy)-4-phenyl-2-hexene (2c).

Table 3, entry 2: To an ice-cold suspension of CuBr-Me,S (23.6 mg, 0.115 mmol) in
THF (1.3 mL) were added PhLi (0.210 mL, 1.08 M in cyclohexane-Et,O, 0.227 mmol)
and MgBr, (1.70 mL, 0.20 M in THF, 0.340 mmol). After 30 min at 0 °C, a solution of
(R)-1¢ (37.4 mg, 0.115 mmol, 99% ee) in THF (1 mL) was added to it dropwise. The
resulting mixture was stirred at 0 °C for 1 h to afford 2¢ (27.1 mg, 84%, 97% ee, 98%
CT). The 'H NMR spectrum of 2¢ was identical with that reported in Chapter 2.

(R,E)-1,5-Diphenyl-3-hexene (2d).

Table 3, entry 4: To an ice-cold suspension of CuBr-Me,S (16.8 mg, 0.0817 mmol)
in THF (1.6 mL) were added PhLi (0.15 mL, 1.08 M in cyclohexane-Et,O, 0.162 mmol)
and MgBr, (1.30 mL, 0.20 M in THF, 0.260 mmol). After 30 min at 0 °C, a solution of
(8)-1d (23.0 mg, 0.0817 mmol, 94% ee) in THF (1 mL) was added to it dropwise at
—60 °C. The resulting mixture was stirred at —60 °C for 1 h to afford 2d (17.8 mg, 92%,
91% ee, 97% CT). The 'H and "C NMR spectra of 2d and its retention time were
identical with that reported in Chapter 2.

(R,E)-1-Cyclohexyl-6-((4-methoxybenzyl)oxy)-1-phenyl-2-hexene (2e).

Table 3, entry 5: To an ice-cold suspension of CuBr-Me,S (18.3 mg, 0.0890 mmol)
in THF (1.5 mL) were added PhLi (0.170 mL, 1.08 M in cyclohexane-Et,O, 0.184
mmol) and MgBr, (1.40 mL, 0.20 M in THF, 0.280 mmol). After 30 min at 0 °C, a
solution of ($)-1e (37.8 mg, 0.0892 mmol, 99% ee) in THF (1 mL) was added to it
dropwise. The resulting mixture was stirred at O °C for 1 h to afford 2e (31.9 mg, 94%):
IR (neat) 1612, 1513, 1248 cm™'; '"H NMR (300 MHz, CDCL,) 8 0.70-0.96 (m, 2 H),
1.04-1.28 (m, 3 H), 1.32-1.90 (m, 8 H), 2.07 (dt,/J=7,7 Hz,2 H),2.86 (dd,J=9,9
Hz,1H),3.40 (t,J =7 Hz,2 H),3.80 (s,3 H),4.39 (s,2 H),5.38 (dt,/ = 15,7 Hz, 1 H),
5.57 (dd,J = 15,9 Hz, 1 H), 6.87 (d, J = 9 Hz, 2 H), 7.06-7.30 (m, 7 H); °C NMR (75
MHz, CDCl,) 6 26.47 (+),26.49 (+),26.6 (+),29.2 (+),29.6 (+),31.4 (+),31.5 (+),42.6
(-),553(-),564(-),69.5 (+),72.6 (+), 113.8 (-), 125.8 (-), 1279 (-), 128.3 (), 129.3
(=), 130.2 (-), 130.8 (+), 1333 (-), 1450 (+), 159.2 (+); HRMS (FAB) calcd for
CxH;,O,Na [(M + Na)'] 401.2457, found 401.2447. The enantiomeric information
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(97% ee, 98% CT) was determined by chiral HPLC analysis: Chiralcel OD-H;
hexane/i-PrOH = 98/2, 0.2 mL/min, rt; ; (min) =41.9 (R), 47.9 (S).

(R,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-(2-methoxyphenyl)-6-phenyl-3-hexene (2f).

Table 3, entry 6: To an ice-cold solution of anisole (0.025 mL, 0.23 mmol) in THF
(1.4 mL) was added n-BuLi (0.13 mL, 1.60 M in hexane, 0.208 mmol) slowly. After 30
min at 0 °C, a solution of MgBr, (1.60 mL, 0.20 M in THF, 0.32 mmol) and CuBr-Me,S
(21.2 mg, 0.103 mmol) were added to the solution. The resulting mixture was stirred at
0 °C for 30 min, and a solution of (S)-1a (42.4 mg, 0.103 mmol, 95% ee) in THF (1
mL) was added to it dropwise. The resulting mixture was stirred at O °C for 1 h to afford
2f (34.6 mg, 85%, 94% ee, 99% CT). The '"H NMR spectrum of 2f was identical with
that reported in Chapter 2.

(R,E)-2-[(2,6-Bis(methoxymethoxy)-4-methyl)phenyl]-1-[(tert-butyldimethylsilyl)ox
y]-6-phenyl-3-hexene (2g).

Table 3, entry 7: To an ice-cold solution of
1,3-bis(methoxymethoxy)-5-methylbenzene (43.9 mg, 0.207 mmol) in THF (1.6 mL)
was added n-BuLi (0.120 mL, 1.60 M in hexane, 0.192 mmol) slowly. After 30 min at
0 °C, a solution of MgBr, (1.40 mL, 0.20 M in THF, 0.280 mmol) and CuBr-Me,S (19.3
mg, 0.0939 mmol) were added to the solution. The resulting mixture was stirred at 0 °C
for 30 min, and a solution of (S)-1a (38.7 mg, 0.0940 mmol, 98% ee) in THF (1 mL)
was added to it dropwise. The resulting mixture was stirred at O °C for 1 h to afford a
mixture of 2g and (2,6-(MOMO),-4-MeCH,), in a 84 : 16 ratio by '"H NMR analysis
(54.1 mg in total, 97% yield of 2g): '"H NMR (300 MHz, CDCl,) 6 —0.08 (s, 3 H), -0.07
(s,3H),0.78 (s,9 H),2.21 (s, 3 H), 2.15-2.28 (m, 2 H), 2.57 (t,J = 8 Hz, 1 H), 3.39 (s,
6 H),3.72 (dd,J=10,6 Hz, 1 H), 3.96 (dd,J = 10,9 Hz, 1 H),4.08 (ddd,J =9, 7, 6 Hz,
1 H),5.06 (s,4H),546 (dt,J =15,7 Hz, 1 H), 5.86 (dd, J = 15,8 Hz, 1 H), 6.52 (s, 2
H), 7.03-7.12 (m, 3 H), 7.13-7.22 (m, 2 H); "C NMR (75 MHz, CDCl,) § -5.1, 18.5,
21.8,260, 34.8,36.1,42.5,56.2,65.3,94.6, 1092, 117.2, 125.7, 128.3, 128.5, 130.6,
130.7,137.7,142.4, 156 0.

Transformation of 2g to alcohol for determination of the structure: To a solution of
the above mixture of 2g and (2,6-(MOMO),-4-MeCH,), in THF (1 mL) was added
Bu,NF (0.14 mL, 1.0 M in THF, 0.14 mmol). The reaction was carried out at rt
overnight to furnish the corresponding alcohol (34.1 mg, 94% from (S)-1a): IR (neat)
3430, 1610, 1583, 1046 cm™; '"H NMR (300 MHz, CDCI,) § 1.53 (br s, 1 H), 2.29 (s, 3
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H),2.32(ddd,J=8,7,7Hz,2 H),2.63 (dt,J = 14,8 Hz, 1 H), 2.71 (dt,J = 14,7 Hz, 1
H), 3.46 (s, 6 H), 3.70-3.81 (m, 1 H), 3.85-3.95 (m, 1 H), 4.18 (dt, J = 8, 8 Hz, 1 H),
5.14 (s,4 H), 5.62 (dt,J = 15,7 Hz, 1 H), 5.87 (dd, J = 15, 8 Hz, 1 H), 6.61 (s, 2 H),
7.11-7.20 (m, 3 H), 7.22-7.28 (m, 2 H); "C NMR (75 MHz, CDCI,) 6 21.8 (=), 34.6 (+),
359 (+),42.8 (-),56.2 (-),64.5 (+),94.5 (+), 109.3 (-), 116.1 (+), 1259 (-), 128.3 (-),
128.5 (-), 1299 (-), 132.2 (-), 138.3 (+), 142.0 (+), 155.9 (+); HRMS (FAB) calcd for
C;H;,ONa [(M + Na)'] 409.1991, found 409.1988. The enantiomeric information
(98% ee, > 99% CT) was determined by chiral HPLC analysis: Chiralcel AD-H;
hexane/i-PrOH = 98/2, 0.3 mL/min, rt; #; (min) = 108.2 (S5), 112.5 (R).

(R,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-(2,6-dimethylphenyl)-6-phenyl-3-hexene
(2h).

Table 3, entry 8: To an ice-cold solution of 2-bromo-1,3-dimethylbenzene (0.026 mL,
0.195 mmol) in Et,0 (1 mL) was added #-BuLi (0.280 mL, 1.57 M in pentane, 0.361
mmol) slowly. After 30 min at 0 °C, a solution of MgBr, (2.30 mL, 0.20 M in THF,
0.460 mmol) and CuBr-Me,S (18.8 mg, 0.0914 mmol) were added to the solution. The
resulting mixture was stirred at 0 °C for 30 min, and a solution of (§)-1a (37.6 mg,
0.0913 mmol, 97% ee) in THF (1 mL) was added to it dropwise. The resulting mixture
was stirred at 0 °C for 1 h to afford 2h (31.7 mg, 88%): IR (neat) 1255, 1099, 836 cm™;
'H NMR (300 MHz, CDCl,) 8 -0.06 (s, 3 H),—0.02 (s, 3 H), 0.84 (s, 9 H), 2.25-2.38 (m,
8 H),2.65 (t,J =8 Hz,2 H), 3.72-3.84 (m, 1 H), 3.96-4.07 (m,2 H), 5.39 (dt,J = 16,7
Hz,1H),5.81 (dm,J =16 Hz, 1 H), 6.93-7.04 (m, 3 H), 7.11-7.19 (m, 3 H), 7.21-7.28
(m, 2 H); "C NMR (75 MHz, CDCL,) § -5.3 (-), 18.3 (+), 21.8 (-), 26.0 (=), 34.9 (+),
360 (+),464 (-), 652 (+), 125.8 (-), 126.2 (-), 128.3 (-), 128.5 (-), 130.0 (-), 130.3
(=), 138.8 (+), 142.2 (+); HRMS (FAB) calcd for C,sH;;OSiNa [(M + Na)*] 417.2590,
found 417.2592. The enantiomeric information (94% ee, 97% CT) was determined by
chiral HPLC analysis of the corresponding alcohol: Chiralcel OD-H; hexane/i-PrOH =
98/2, 0.4 mL/min, rt; ty (min) = 50.1 (S), 71.9 (R).

(R,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-[2-(4,4-dimethyl-4,5-dihydrooxazol-2-yl)ph
enyl]-6-phenyl-3-hexene (2i).

Table 3, entry 9: To an ice-cold solution of 44-dimethyl-2-phenyl-2-oxazoline
(0.035 mL, 0.205 mmol) in THF (1.6 mL) was added n-BuLi (0.12 mL, 1.60 M in
hexane, 0.192 mmol) slowly. After 30 min at O °C, a solution of MgBr, (1.40 mL, 0.20
M in THF, 0.280 mmol) and CuBr-Me,S (19.1 mg, 0.0929 mmol) were added to the

solution. The resulting mixture was stirred at O °C for 30 min, and a solution of (S)-1a
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(38.3 mg, 0.0930 mmol, 97% ee) in THF (1 mL) was added to it dropwise. The
resulting mixture was stirred at O °C for 1 h to afford a mixture of 2i and Ar,ina 82 : 18
ratio by '"H NMR analysis (48.8 mg in total, 98% yield of 2i): IR (neat) 1645, 1102,
1038, 837 cm™; '"H NMR (300 MHz, CDCl,) 6 —0.06 (s, 3 H), —0.04 (s, 3 H), 0.84 (s, 9
H), 138 (s,6 H),2.39 (ddd,J=8,7,7 Hz,2 H), 2.67 (dd,J=8,7 Hz,2 H),3.75 (dd, J
=10,7 Hz, 1 H),3.81 (dd,J = 10,6 Hz, 1 H),4.06 (s,3 H),4.40 (ddd,/J=7,7,6 Hz, 1
H), 5.56 (dt,J =16,7 Hz, 1 H), 5.70 (dd, J = 16,7 Hz, 1 H), 7.13-7.29 (m, 7 H), 7.34
(ddd, J =8, 8,1 Hz, 1 H), 7.66 (dd, J = 8, 1 Hz, 1 H); "C NMR (75 MHz, CDCL,) &
-53(-),183(+),260(-),284 (-),34.8 (+),36.0 (+),46.3 (-),67.1 (+),67.9 (+),78.9
(+), 125.7 (=), 1259 (-), 128.2 (+), 128.3 (-), 128.6 (-), 128.7 (-), 130.0 (-), 130.2 (-),
131.1 (-), 1314 (-), 1422 (4), 1424 (+), 1629 (+); HRMS (FAB) calcd for
C,H,,NO,SiNa [(M + Na)*] 486.2804, found 486.2799.

Transformation of 2i to alcohol for determination of the structure: To a solution of
the above mixture of 2i and Ar, in THF (1 mL) was added Bu,NF (0.14 mL, 1.0 M in
THF, 0.14 mmol). The reaction was carried out at rt overnight to furnish the
corresponding alcohol (30.6 mg, 94% from (S)-1a): IR (neat) 3292, 1739, 1642, 1046
cm™'; '"H NMR (300 MHz, CDCL,) & 1.38 (s, 3 H), 141 (s, 3 H), 2.31-2.44 (m, 2 H),
2.67 (dt,J = 14,8 Hz, 1 H), 2.72 (dt, J = 14,8 Hz, 1 H), 3.61 (dd, J = 10, 10 Hz, 1 H),
407 (dd,J=10,5Hz,1H),4.10 (d,/ =8 Hz, 1 H),4.14 (d,J =8 Hz, 1 H), 4.48 (ddd,
J=10,10,5Hz, 1 H), 543 (br s, 1 H), 548-5.62 (m, 2 H), 7.14-7.32 (m, 7 H), 7.40
(ddd,J=8,8,1Hz,1H),7.67 (dm,J =8 Hz, 1 H); "C NMR (75 MHz, CDCl,) 6 28.2
(), 28.8 (-), 34.7 (+), 358 (+),45.1 (-), 68.1 (+), 68.5 (+),79.2 (+), 1259 (-), 126.1
(-), 127.6 (+), 128.2 (-), 128.4 (), 128.6 (-), 129.1 (-), 1309 (-), 131.1 (-), 131.2 (-),
141.8 (+), 143.8 (+), 163.0 (+); HRMS (EI) calcd for C,;H,,NO, [M*] 349.2042, found
349.2046. The enantiomeric information (97% ee, > 99% CT) was determined by chiral
HPLC analysis: Chiralcel OD-H; hexane/i-PrOH = 97/3, 0.5 mL/min, rt; #; (min) = 33.7
(R),41.3 ().

(R,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-(4-fluorophenyl)-6-phenyl-3-hexene (2j).

Table 3, entry 10: To an ice-cold solution of 1-bromo-4-fluorobenzene (0.020 mL,
0.182 mmol) in Et,0 (1 mL) was added #-BuLi (0.220 mL, 1.57 M in pentane, 0.345
mmol) slowly. After 30 min at 0 °C, a solution of MgBr, (2.20 mL, 0.20 M in THF,
0.440 mmol) and CuBr-Me,S (17.8 mg, 0.0866 mmol) were added to the solution. The
resulting mixture was stirred at 0 °C for 30 min, cooled to —20 °C. A solution of (S)-1a
(39.8 mg, 0.0967 mmol, 97% ee) in THF (1 mL) was added to it dropwise. The
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resulting mixture was stirred at —20 °C for 1 h to afford 2j (30.6 mg, 92%): IR (neat)
1509, 1099, 836 cm™"; "H NMR (300 MHz, CDCI,) 8 —0.07 (s, 3 H), -0.06 (s, 3 H), 0.83
(s,9H),2.34 (ddd,J=8,6,6 Hz,2 H), 2.68 (dd, J = 8,6 Hz,2 H),3.40 (ddd, J =17, 7,
7 Hz,1H),3.68 (dd,J=10,7 Hz, 1 H),3.74 (dd,J = 10,7 Hz, 1 H),5.51 (dt,J = 16,6
Hz, 1 H),5.61 (dd,J = 16,7 Hz, 1 H), 6.95 (ddt,J =9,9,2 Hz,2 H), 7.07-7.21 (m, 5
H), 7.22-7.30 (m, 2 H); "C NMR (75 MHz, CDCl,) § -5.4 (-), 18.3 (+), 25.9 (-), 34.7
(+),359 (+),50.5 (), 67.5(+), 1149 (d,J =21 Hz) (-), 1258 (-), 128.3 (-), 128.6 (-),
129.7 (d,J=7Hz) (-),131.0 (-), 131.3 (-), 138.3 (d,J =3 Hz) (+), 142.0 (+), 161.6 (d,
J =242 Hz) (+); HRMS (FAB") calcd for C,,;H;;FOSiNa [(M + Na)]* 407.2194, found
407.2182. The enantiomeric information (94% ee, 97% CT) was determined by chiral
HPLC analysis of the corresponding alcohol: Chiralcel OD-H; hexane/i-PrOH = 98/2,
0.5 mL/min, rt; fz (min) = 64.3 (R), 75.2 (S).

(S,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-(furan-2-yl)-6-phenyl-3-hexene (2k).

Table 3, entry 11: To an ice-cold solution of furan (0.015 mL, 0.206 mmol) in THF
(1.6 mL) was added n-BuLi (0.120 mL, 1.60 M in hexane, 0.192 mmol) slowly. After
30 min at 0 °C, a solution of MgBr, (1.40 mL, 0.20 M in THF, 0.280 mmol) and
CuBr-Me,S (19.2 mg, 0.0934 mmol) were added to the solution. The resulting mixture
was stirred at 0 °C for 30 min, and a solution of ($)-1a (38.4 mg, 0.0933 mmol, 95% ee)
in THF (1 mL) was added to it dropwise. The resulting mixture was stirred at 0 °C for 1
h to afford 2k (28.5 mg, 86%): IR (neat) 1471, 1255, 1105, 837 cm™; "H NMR (300
MHz, CDCl,) 8 0.01 (s, 6 H),0.88 (s, 9 H), 2.32-2.44 (m, 2 H), 2.70 (t,J = 8 Hz, 2 H),
344 (ddd,J=7,7,7Hz,1H),3.75(dd,J = 10,7 Hz, 1 H),3.86 (dd,J = 10,7 Hz, 1 H),
5.53-5.68 (m,2 H),6.03 (dd,/J=3,1Hz, 1 H),6.31 (dd,/J=3,2 Hz, 1 H),7.17-7.23
(m, 3 H), 7.26-7.33 (m, 2 H), 7.34 (dd, J = 2, 1 Hz, 1 H); "C NMR (75 MHz, CDCl,) §
-5.39 (-),-5.36 (-), 184 (+),259 (-), 34.6 (+), 35.8 (4+),45.5 (=), 65.5 (+), 105.8 (-),
110.1 (-), 125.8 (-), 128.3 (-), 1284 (-), 128.5 (-), 1323 (-), 141.1 (-), 1420 (+),
155.7 (+); HRMS (FAB) caled for C,,H;,0,SiNa [(M + Na)'] 379.2069, found
379.2071. The enantiomeric information (94% ee, 99% CT) was determined by chiral
HPLC analysis of the corresponding alcohol: Chiralcel OB-H; hexane/i-PrOH = 98/2,
0.2 mL/min, 40 °C; t; (min) = 93.5 (S), 110.0 (R).

(S,E)-1-[(tert-Butyldimethylsilyl)oxy]-6-phenyl-2-(thiophen-2-yl)-3-hexene (21).

Table 3, entry 12: To an ice-cold solution of thiophene (0.016 mL, 0.200 mmol) in
THF (1.6 mL) was added n-BuLi (0.12 mL, 1.60 M in hexane, 0.192 mmol) slowly.
After 30 min at 0 °C, a solution of MgBr, (1.40 mL, 0.20 M in THF, 0.280 mmol) and
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CuBr-Me,S (18.9 mg, 0.0919 mmol) were added to the solution. The resulting mixture
was stirred at 0 °C for 30 min, and a solution of (S)-1a (37.8 mg, 0.0918 mmol, 97% ee)
in THF (1 mL) was added to it dropwise. The resulting mixture was stirred at 0 °C for 1
h to afford 21 (28.5 mg, 83%): IR (neat) 1255, 1107, 837 cm™'; '"H NMR (300 MHz,
CDCl,) 6 0.06 (s, 6 H), 0.93 (s, 9 H), 2.37-2.48 (m, 2 H), 2.75 (dd, / =9, 7 Hz, 2 H),
3.70-3.86 (m, 3 H), 5.60-5.74 (m, 2 H), 6.85 (dt,/ =4, 1 Hz, 1 H),6.99 (dd,J =5, 4
Hz,1H),7.21(dd,J=5,1Hz, 1H),7.22-727 (m, 3 H), 7.29-7.37 (m, 2 H); "C NMR
(75 MHz, CDCl,) 8 -5.3 (-), 184 (+), 26.0 (-), 34.5 (+), 359 (+), 46.8 (-), 67.8 (+),
1235 (-), 124.1 (=), 1259 (-), 1264 (-), 1284 (-), 128.6 (-), 130.8 (-), 131.9 (-),
142.0 (+), 145.7 (+); HRMS (FAB) calcd for C,,H;,OSSiNa [(M + Na)*] 395.1841,
found 395.1842. The enantiomeric information (96% ee, 99% CT) was determined by
chiral HPLC analysis of the corresponding alcohol: Chiralcel OB-H; hexane/i-PrOH =
97/3,0.3 mL/min, rt; ty (min) = 62.1 (R), 64.9 (9).

(S,I’E 3Z)-1-[(tert-Butyldimethylsilyl)oxy]-2-(4’-phenyl-1’-butenyl)-3-nonene (2m).

Table 3, entry 13: To an ice-cold solution of (Z)-1-iodo-1-heptene (58.1 mg, 0.259
mmol) in Et,0 (1 mL) was added #BuLi (0.320 mL, 1.57 M in pentane, 0.502 mmol)
slowly. After 30 min at 0 °C, a solution of MgBr, (2.90 mL, 0.20 M in THF, 0.580
mmol) and CuBr-Me,S (25.8 mg, 0.125 mmol) were added to the solution. The resulting
mixture was stirred at 0 °C for 30 min, and a solution of (S)-1a (34.4 mg, 0.0836 mmol,
98% ee) in THF (1 mL) was added to it dropwise. The resulting mixture was stirred at
0 °C for 1 h to afford 2m (24.1 mg, 75%): IR (neat) 1255, 1103, 836 cm™'; 'H NMR
(300 MHz, CDCl,) 6 0.03 (s, 6 H), 0.85-0.94 (m, 3 H), 0.89 (s, 9 H), 1.23-1.38 (m, 6
H),2.03 (dt,J=8,6 Hz,2 H), 2.31 (dt,J =7, 8 Hz, 2 H), 2.66 (t,J = 8 Hz, 2 H), 3.16
(ddt,J=9,7,7Hz,1H),347(d,J=7Hz,2H),520(dd,J=11,9 Hz, 1 H), 5.39 (dd,
J=16,7 Hz, 1 H), 539-5.57 (m, 2 H), 7.14-7.23 (m, 3 H), 7.24-7.32 (m, 2 H); "°C
NMR (75 MHz, CDCl,) 6 -5.2 (), 142 (), 18.5 (+),22.7 (+), 26.0 (), 27.7 (+),29.5
(+),31.7 (+), 34.8 (+), 36.1 (+),43.7 (), 67.0 (+), 125.8 (-), 128.3 (=), 128.5 (-), 129.3
(=), 130.2 (-), 1309 (-), 1314 (-), 142.2 (+); HRMS (FAB) calcd for C,H,,OSiNa
[((M + Na)*] 409.2903, found 409.2899. The enantiomeric information (96% ee, 98%
CT) was determined by chiral HPLC analysis of the corresponding alcohol: Chiralcel
AD-H; hexane/i-PrOH = 99/1, 0.2 mL/min, 40 °C; t; (min) = 69.2 (R), 76.2 (S).

(R,1Z A4E)-3-[ (tert-Butyldimethylsilyl)oxymethyl]-1-cyclohexyl-7-phenylhepta-1,4-di
ene (2n).
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Table 3, entry 14: To an ice-cold solution of (Z)-(2-iodovinyl)cyclohexane (61.7 mg,
0.261 mmol) in Et,0 (1 mL) was added #-BuLi (0.32 mL, 1.57 M in pentane, 0.502
mmol) slowly. After 30 min at 0 °C, a solution of MgBr, (3.00 mL, 0.20 M in THF,
0.600 mmol) and CuBr-Me,S (26.0 mg, 0.126 mmol) were added to the solution. The
resulting mixture was stirred at 0 °C for 30 min, and a solution of (§)-1a (34.7 mg,
0.0843 mmol, 95% ee) in THF (1 mL) was added to it dropwise. The resulting mixture
was stirred at 0 °C for 1 h to afford 2n (27.5 mg, 82%): IR (neat) 1255, 1105, 837, 775,
698 cm™'; '"H NMR (300 MHz, CDCIl,) § 0.04 (s, 6 H), 0.89 (s, 9 H), 0.96-1.35 (m, 6 H),
1.53-1.76 (m, 4 H), 2.18-2.36 (m, 3 H), 2.66 (dd, /= 8,6 Hz, 2 H), 3.18 (ddt, J = 10, 6,
7Hz,1H),347(d,J=7Hz,2H),509 (dd,J = 11,10 Hz, 1 H),5.30 (dd, J =11, 10
Hz,1H),5.40 (dd,/J=16,6 Hz, 1 H),5.52 (dd,J = 16,7 Hz, 1 H), 7.13-7.21 (m, 3 H),
7.23-7.30 (m, 2 H); "C NMR (75 MHz, CDCl,) 6 -5.2 (=), 5.1 (=), 18.5 (+),25.99 (+),
26.04 (4),26.07 (-), 26.13 (+), 33.3 (+), 33.6 (+), 34.8 (+), 36.1 (+), 36.8 (-), 43.9 (-),
67.2 (+),125.8 (-), 1275 (-), 128.3 (-), 128.5 (), 130.1 (-), 131.2 (=), 1373 (-), 142.2
(+); HRMS (FAB) calcd for C,H,,OSiNa [(M + Na)'] 421.2903, found 421.2902.
The enantiomeric information (94% ee, 99% CT) was determined by chiral HPLC
analysis of the corresponding alcohol: Chiralcel OD-H; hexane/i-PrOH = 98/2, 0.2
mL/min, 40 °C; t; (min) = 52.5 (R), 55.5 (5).

(S,I’E 3E)-1-[(tert-Butyldimethylsilyl)oxy]-2-(4’-phenyl-1’-butenyl)-3-nonene (20).

Table 3, entry 15: To an ice-cold solution of (E)-1-iodo-1-heptene (49.8 mg, 0.222
mmol) in Et,0 (1 mL) was added #BuLi (0.260 mL, 1.57 M in pentane, 0.404 mmol)
slowly. After 30 min at 0 °C, a solution of MgBr, (2.50 mL, 0.20 M in THF, 0.500
mmol) and CuBr-Me,S (20.8 mg, 0.101 mmol) were added to the solution. The resulting
mixture was stirred at 0 °C for 30 min, and a solution of (§)-1a (41.6 mg, 0.101 mmol,
95% ee) in THF (1 mL) was added to it dropwise. The resulting mixture was stirred at
0 °C for 1 h to afford 20 (36.4 mg, 93%): IR (neat) 1255, 1104, 836 cm™'; 'H NMR (300
MHz, CDCl,) 6 0.03 (s, 6 H), 0.85-0.94 (m, 3 H), 0.89 (s, 9 H), 1.23-1.41 (m, 6 H),
1.99 (dt,J =7,7 Hz,2 H),2.32 (dt,J =8,6 Hz,2 H), 2.68 (t,J = 8 Hz, 2 H), 2.81 (ddt,
J=17,7,7Hz,1H),349 (d,J=7Hz,2H),5.32(dd,J=16,7 Hz, 1 H), 5.32-5.43 (m,
1 H),543 (dd, J = 16,7 Hz, 1 H), 5.51 (dt, J = 16, 6 Hz, 1 H), 7.14-7.22 (m, 3 H),
7.24-7.32 (m, 2 H); "C NMR (75 MHz, CDCl,) 8 -5.2 (-), 142 (=), 18.5 (+), 22.6 (+),
260 (-), 29.2 (+), 31.5 (+), 32.8 (+), 34.8 (+), 36.1 (+), 48.5 (-), 67.0 (+), 125.8 (-),
128.3 (-), 128.6 (-), 1300 (-), 130.6 (-), 131.1 (), 1319 (-), 142.2 (+); HRMS
(FAB) calcd for C,sH,,0SiNa [(M + Na)*] 409.2903, found 409.2897. The enantiomeric
information (93% ee, 98% CT) was determined by chiral HPLC analysis of the
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corresponding alcohol: Chiralcel OD-H; hexane/i-PrOH = 98/2, 0.2 mL/min, 40 °C; t;
(min) =51.2 (R),57.8 (5).

(S,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-butyl-6-phenyl-3-hexene (24).

To a suspension of CuBr-Me,S (18.8 mg, 0.116 mmol) in THF (2 mL) was added
n-BuLi (0.12 mL, 1.55 M in hexane, 0.186 mmol) slowly at —20 °C. The resulting
mixture was stirred at —20 °C for 30 min, and a solution of (§)-1a (37.6 mg, 0.0913
mmol, 95% ee) in THF (1 mL) was added to it dropwise. The mixture was allowed to
warm to —20 °C for 1 h to afford 24 (28.6 mg, 90%, 90% ee, 95% CT). The '"H NMR
spectrum of 24 was identical with that reported in Chapter 3.

(R,E)-1-[(2-Butylpent-3-enyloxy)methyl]-4-methoxybenzene (25).

To a suspension of CuBr-Me,S (22.4 mg, 0.109 mmol) in THF (2 mL) was added
n-BuLi (0.13 mL, 1.66 M in hexane, 0.216 mmol) slowly at —15 °C. The resulting
mixture was stirred at —15 °C for 30 min, and a solution of (R)-1¢ (35.4 mg, 0.109
mmol, 98% ee) in THF (1 mL) was added to it dropwise. The mixture was allowed to
warm to 0 °C for 1 h to afford 25 (23.5 mg, 82%): IR (neat) 1612, 1513, 1248, 1092,
1038 cm™; '"H NMR (300 MHz, CDCl,) 8 0.87 (t,J = 7 Hz, 3 H), 1.11-1.36 (m, 5 H),
1.40-1.52 (m, 1 H), 1.67 (dd,J=6,1Hz,3 H),2.20-2.32 (m, 1 H),3.30 (d,/J =9 Hz, 2
H),3.80 (s,3 H),4.43 (s,2 H), 523 (ddq, J = 16,8, 1 Hz, 1 H),5.47 (dq,J =16, 6 Hz,
1 H),6.87 (d,J =8 Hz,2H),7.25(d,J =8 Hz,2 H); "C NMR (75 MHz, CDCl,) § 14.2
(=), 18.2(-),22.9 (+),29.3 (+),31.5(+),43.0(-), 553 (), 72.6 (+),74.1 (+), 113.8 (-),
1259 (-), 129.2 (-), 1309 (+), 133.1 (-), 159.1 (+); HRMS (FAB) calcd for C,,H,0,
[M*] 262.1933, found 262.1939. The enantiomeric information (96% ee, 98% CT) was
determined by chiral HPLC: Chiralcel OB-H; hexane/i-PrOH = 98/2, 0.2 mL/min,
40 °C; t (min) = 61.8 (R), 72.9 ().
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Scheme 1. Previous syntheses of chiral imidazolium salts.
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REZEY VBTV EEMIZRIESE D & mWVIBIRIETTY U F S\2° ARk
MR oNEERHLTND, 512, AHY T LREKIZE LTk, ffix
RHENENFRETH LI L I No TS, THHDREREREIC, EEIL, (M-
TNAXNAIZS =24 )L) fiidIK 4 22 7 VL 5 IZRICSET
AIFY =)L 6 £ L, FIZ N-TAF /LT DI LT, HAFERMEEZFH-
AIFV VUL T 235 FHNTEDHEBE R (Scheme 2), UL FIZ 2D DR
FHERIZ OV TR S,

Scheme 2. Synthesis of chiral imidazoles and imidazolium salts through allylic

substitution.
H /hﬂ IlCu"
Rl base 1 CuBr-Me,S 1
N)§ N o Ry ETEE R /kN
\—/ \—/ \—/ 4
1 2, M=Li
3, M = MgBr
|ICUI|
RL *\
N N R2 R 4 R2 =Y
(2-Py)CO, R? \—/ 4 \)\/'\i R*-X \)\/N,
N 3 —_— 3
L Y g ©)
anti Sp2' N N X
5 6 7 R*
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6-2. FUINMERIGZEZFRALEA S AV —ILE~DOAIEEA

MEETCTICEERERZL0 Lo AKERED ERBMHR,. TRMgBr :
CuBrMe,S =2:1] Z_X—R|Z, N-AF /LA I XY —)L 1a,R'=Me) DT =A4
fi 2a 7213 3a °5 R,Cu(MgBr)" BIOHFRIR 2T 5 F 2R iz, 7 =4
v 2a £720F 3a #HBABOHFIEELE LT, (D1la ® 2 (o7 a b w5 &H5<,
Q) 2-7 A IFS—)LIK 8a O Br—A XL * NEZHND, LnL,
Figure 1 (2B &2 /RIERIZ, 2-7 0 BA I XY — LFFER 8 1IxET 5414
— L 1 \ZHRTEMTH L2 AFTERE N, 2T, (1) ODHFETAIFX S —
NDOT =AY 2a £721% 3a T 2 HERAT,

Figure 1. Prices of some imidazoles.

)H\ r )H\ r
Me. Me. Bn. Bn.
NN NN TSNIN NN
\—/ \—/ \—/ \—/
1a 8a 1b 8b
(bromide of 1a) (bromide of 1b)
$400/3 kg $458/5¢9g $100/25¢g not available
(Aldrich) (Aldrich) (Aldrich) (Aldrich)

FFIFELDIC, 7V =y —Lil#K (EtMgBr £721% +BuMgCl) % fH\\T N-
TIFXNAIZS =D C2 iz~ T 32 AL L TT Vb AT, Rk
MIFonlerolz, 2T, KVBWERTH S n-Buli ZHNT 1a 2V F
AT 5L, VF VLT =4 2a ERONDLIFROIERNE LT, 512
CuBr-Me,S Z/Nx ., $iFk3E 2a/Cu (2/1) ~ZEH#L LTz, 55 HOREE (Requirement
I: MgBr, > Li") {26V 3 Y% &ED MgBr, Z2¥/IL. 4a % rac-5a & 0°C T 1
FFBOS S D & FONITER L TR . IR 76%, (EERM >98 : 2 L&
VY S\20 BIRMET rac-6a 155K (Scheme 3), A L7 ¢ > ONLARIE b
T A TH ST (Uopeen = 15 Hz), DFV, A IF¥ Y —/L 1 & n-BuLi 2265l
L7V F L 2 B L CHER LRI 4 3, a3V BT IV Lo7T
UIMBIZERI TH L FE L LM TET,
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Scheme 3. Prelininary result.

H 1) n-BuLi Me
Mo, 2 Mger, N
\__/ [ / Cu~(MgBr)*-2MgBr,-2LiBr
3) CuBr-Me,S N /s
1a 4a
TBSO
OTBS
(2-Py)CO; 4a (1 equiv) Ph Me
. N
Ph Z . Y
0°C,1h N /
rac-5a 76% rac-6a

F T, 7EIROREREIKIC, FEEELRE U VBT UL (5)-5ab &
(R)-5¢ IZXLTAIXY—NEBROEANEIToT-, TDREE % Table 1 (237,

Table 1. Allylation of picolinates with imidazol-2-yl copper reagents 4.

R1 1) n-BuLi R (2-Py)CC_)2 R2 - 1
1 .
N 2) MgBr N R3/\/ 5 (1 equiv) ;
[ />—H [ / Cu~(MgBr)*-2MgBr,-2LiBr RS/\/‘\\/N
N 3) CuBr-Me,S N /2 0°C,1h NJ
1 4 (1 equiv) 6
anti Sy2' product
entry allyl picolinate (% ee) imidazole 1 structure CT, % yield, %
TBSO
2-PV)CO oTBS Ph M
¥ A ]
Ph (9)5a o NI
(97% ee)
TBSO
Ph B
2 (S)-5a (95% ee) 1b (R' = Bn) Nn 99 89
N
b N7
Ph
(2-PY)CO, B
3 /\/\) (S)-°5b 1b AN _ 98 81
Ph (94% ee) 6c N \/7
OPMB PMBO.
4 (2-Py)CO 1a /\J Me 95 82
= (F");5C X (/\)
(98% ee) 6d N /

PMBO

5 (R)-5¢ (98% ee) 1b /\J.,,TE” 96 86
6e N\/)

“ Regioselectivities for all of the reactions were > 98% by '"H NMR spectroscopy.
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o) T UL (S)-5a(97% ee) & 4a TT UL LT DL 6a(95% ee) 7315
S, RFERGRIT 98% CT L B4+ Th o7 (Table 1,entry 1), [E#ik: R' (2 A
FNEIDRENRDAVEEZFOA IXY =L 1b 220 TH, RSO
SONLIE « SERIRIVEICEEII R O e o7z (entry 2), S HIZ, B2V V@Y
UV OESHE R R IZHOWTH, MUSIFRICEE 2 ME ST BRI T 5
72 (entries 3-5), 2%, T2 RTOMISDARFIHEITRIFTH Y (>95%). Hi
HETOMENLT F S22 AIONAREFETH D LEHHEL TV D,

6-3. A5V OLIE~ADEH

A7 v a U TCHRLNTEFHEM A I XY — VIFER 6 & N-7 /L%l
LT, AIFV VUL T 28T 5B EiTo70, ZOBE, 1567758
ORI L THREE LT, £9.6 IZKLTTFNANT A RE/EHEET,
A IFY = NVDRISREED C2 LT m @ W EHILD & 5 2 UGS ET L7
BT D 7203, WFIED R-X {F7E T, CHCL, ¥+ 30°C T-B&»HH
HORNIZFERHITE L, BEFRINET 7 2455 FNHKTZ (Table 2), Table 2 |2
AT RO, 2004 IFY = VEREREFICIEFE—F2ITEL R DT v F LV E
EROLOZBRATERAETHY, 7d £ Te DN, 2 DOERFTIC
IR —E#IEEZH L TWADERREEES R WEE 2 55 (entries 3, 4),
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Table 2. N-Alkylation of imidazoles 6.

R2

2
R |31 R4-X B1
N N
R3/\/\/ _— = R3/\/\/
\ j CH,Cl, ®
N 30 °C N
6 7 R

X~

product

entry substrate R*-X structure yield, %

TBSO

b, TBSO Ph Me
Me ( pale-yellow solid
1 Mel N 85
N : N K/\JY@)) mp 97.98 °C

6a NJ N

TBSO
Ph TBSO .
2 N Nn BnBr 100 white amorphous
\
6b N\/) Br
PMBO PMBO .
Me yellow solid
3 /\j/(/i\‘/) Mel /\J\/C:N)> 87 mp 99-100 °C
N I~
6d N 74 e
PMBO PMBO
/\j N ?n
4 N 'u/r/N Mel AN CiN)) 84 yellow syrup
6e N\/) 7e N I~
Me

WIZ, BonAIXZ S — Lo a7 OEAZBICONTHRE L, EHR
BARFIREDNE D Dy, ETMMEICEAER H D0 E R A Z & LTz, HEARHIGIT
DWTIIEA R E M CORIERHRE SN TWAENR, 7 O X5 REHETKRE 0
T RERNCEMTELIEDOERNFME RET R&E LB R, 22T, i
Mk CTH D 8,9 ZET /MbAE LT, EAHNISZ/ME L7z (Scheme 4),

Scheme 4. Reaction to 9 from 8.

/—\ LiNTf, (1.0 eq) ™\ solvent
SN Ne o S AN NMe o1, -H,0 (1:1) : complete
solvent, rt, 2 h acetone-H,0 (1:1) : not complete
Br 9 THN™ acetone : too slow
8
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3HHOBB R ZHAWT, Bt 8 12 1 HED LINTf, 2{Ef S, =i

T 2 WfE#E L7z, BUSiE TLC ZHWTE=Z2 U 7 Lz, BN 7' Fo
DI, FITE M=K (11 1) ORHIKIGETEE L2720, @R TH
DAL A T LK (10 1) WHEOR;, FOfIEFEf L 9 BVERR L, L-oT, 1
fEAF LK (1:1) 2T 7 OEAHAEITIFIC L, TOME, =
I CEFRERT 5 &, A I ¥ Y —LFHER 7 OBEASHIIMEICET LT
(Table 3), F7=. EA RV T AA B RAX ANV T =04 I Kl 10 (X, ~e ¥
VHE T ORI D ST A A IROBWE L L TE LTS (entries 1-4),

Table 3. Transformation of 7 to 10.

2 2
R R LiNT, (1.0 eq) R R
N N
37 3/\/\/
" /\/\[\E)) X~ CR:Cly 20 " N@ TN~
— tt, 2-4 h 0 R 2
product
entry substrate structure yield, %
TBSO B
| le-yellow solid | .
1 N pa N ellow oil
= @ mp 97-98 °C N ® 8
72 e | 108 o TH,N
TBSO
Ph Bn ph 1250 Bn
2 X QS white amorphous X (5 88 yellow oil
N Br- N\) TfoN~
7 Br 10b Bn” 2
PMBO PMBO
Me llow solid Me
( ellow soli ! .
3 A N ymp 99-100 °C AN G’% 100 yellow oil
/N\) I~ N\) szN_
7d  Me 10d e’
PMBO PMBO
IIBn Bn
4 N Cg) yellow syrup N \N) 78  yellow oil
S - T THN-

6-4. HXEFHLGAEEZEODEY DI LIEBEDERK

Btz arETIT, ZBEIIAIXN Y —NDARIEEED HFIEETES LT,
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EIZ T, ZOHMAEENLT, EAEERAUBEEZET LAY Y D=0 AEDO AR
ZRarT 53 Lz (Scheme 5),

Scheme 5. Synthesis of pyridinium salt 15.

Br. N
11 \Ej tBuLi (4 equiv)
(2 equiv) = _l a

Li N
1
_ TBSO
(2-PY)CO, OTBS 12 .~ (2equiv) Ph
PW/\V;\¢J/ MgBr, (5 equiv) N NS

CuBr-Me,S (1 equiv) |

=
(S)-5a THF,0°C, 1h 13
> 98% regioselectivity
86% yield, >99% CT
Mel pn 1550 Vo LINsz(1 0Oeq) pp 1850
CH,Cl, X N I7 CHZ% H,0 C THNT
30°C ©) N
94% 14 91% 15
yellow oil yellow oil

BOEOMAZIIZ, 2-7rEE U Y 11 & +Buli oo nd 122 %4
) 12 1 H&ED CuBrMe,S & 5 H&ED MgBr, #1283 ZTHE L, (S)-5a
& 0°C T 1 BfIpUL ST, ROSIETER L TRV IR 86%., mV MLE KT
SEARBERMET 13 255 0k, S 612, Mel IZX 5 4k L HEARH S 5
WIGERTEITL, @RI ) =T L 15 28K CE 5 F2R~ET,

6-5. §&5i

ARETE, INETHRMOENTWRWEISERIZE Y, #1240
VABBIOVEY) V=0 MMEOEE RN LT, TROOWITHT =4 %
TEN 2T 252 & THERTHREE LTHFEEL. I LWA T URIKEEZE 2 Bivd,
EHIT, BENTA Y = AFHEROMBIIE EREAOMICHL ERERLE A
TOENTE, ERLIFEMICERS 2728, Bl A OG K & 2 D)5 R
BN HIRF T X 5,
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Experimental section
Allylic Substitution.

(R,E)-1-[(tert-Butyldimethylsilyl)oxy]-2-(1-methyl-1H-imidazol-2-yl)-6-phenyl-3-
hexene (6a).

(Table 1, entry 1) To an ice-cold solution of 1-methylimidazole (0.017 mL, 0.210
mmol) in THF (1.5 mL) was added n-BuLi (0.13 mL, 1.60 M in hexane, 0.21 mmol)
slowly. After 30 min at 0 °C, a solution of MgBr, (1.40 mL, 0.20 M in THF, 0.280
mmol) and CuBr-Me,S (20.6 mg, 0.100 mmol) were added to the solution. The resulting
mixture was stirred at 0 °C for 30 min, and a solution of (§)-5a (41.2 mg, 0.100 mmol,
97% ee) in THF (1 mL) was added to it dropwise. The resulting mixture was stirred at
0 °C for 1 h, and diluted with EtOAc and saturated NH,Cl with vigorous stirring. The
layers were separated and the aqueous layer was extracted with EtOAc twice. The
combined extracts were washed with brine, dried over MgSQO,, and concentrated to give
a residue, which was purified by chromatography on silica gel (hexane/EtOAc) to afford
6a (30.1 mg, 81%): IR (neat) 1492, 1471, 1255,1102 cm™; '"H NMR (300 MHz, CDCl,)
0-0.05(s,3H),-0.01 (s,3H),0.84 (s,9H),2.35(dt,J=7,8Hz,2 H),2.68 (t,J =8
Hz,2 H),3.53 (s,3 H),3.58 (ddd,J=8,8,7 Hz, 1 H),3.87 (dd,J=10,7 Hz, 1 H),3.93
(dd,J=10,8 Hz, 1 H),5.51 (dt,J =15,7 Hz, 1 H), 5.68 (dd,J = 15,8 Hz, 1 H), 6.75 (d,
J=1Hz,1H),696 (d,J=1Hz, 1H),7.12-7.21 (m, 3 H), 7.22-7.31 (m, 2 H); °C
NMR (75 MHz, CDCl,) 6 -5.4 (), 183 (+),25.9 (-), 32.6 (-), 344 (+),35.7 (+),43.5
(=), 66.7 (+), 120.3 (-), 1259 (-), 127.3 (-), 128.3 (-), 128.4 (=), 128.5 (-), 1324 (-),
1419 (+), 148.2 (+); HRMS (FAB) calcd for C,H;N,0Si (M*) 370.2519, found
371.2516. The enantiomeric information (95% ee, 98% CT) was determined by chiral
HPLC analysis: Chiralcel OD-H; hexane/i-PrOH = 98/2, 0.5 mL/min, rt; #; (min) = 28.1
(R),49.5 (9).

(R,E)-2-(1-Benzyl-1H-imidazol-2-yl)-1-[(tert-butyldimethylsilyl)oxy]-6-phenyl-3-
hexene (6b).

(Table 1, entry 2) To an ice-cold solution of 1-benzyl-1H-imidazole (31.6 mg, 0.200
mmol) in THF (1.5 mL) was added n-BuLi (0.110 mL, 1.60 M in hexane, 0.176 mmol)
slowly. After 30 min at 0 °C, a solution of MgBr, (1.40 mL, 0.20 M in THF, 0.280
mmol) and CuBr-Me,S (18.7 mg, 0.0910 mmol) were added to the solution. The
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resulting mixture was stirred at 0 °C for 30 min, and a solution of (§)-5a (37.4 mg,
0.0909 mmol, 95% ee) in THF (1 mL) was added to it dropwise. The resulting mixture
was stirred at O °C for 1 h, and diluted with EtOAc and saturated NH,CI with vigorous
stirring. The layers were separated and the aqueous layer was extracted with EtOAc
twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 6b (36.1 mg, 89%): IR (neat) 1256, 1101, 837 cm™"; '"H NMR
(300 MHz, CDCl,) 6 -0.06 (s, 3 H),-0.02 (s, 3 H),0.83 (s, 9 H), 2.27 (dt,J =7,8 Hz, 2
H),2.60 (t,J =8 Hz,2 H),3.52 (ddd, J =8, 8,8 Hz, 1 H), 3.85 (dd, /=10, 8 Hz, 1 H),
395(dd,J=10,8 Hz, 1 H),5.00 (d,J =16 Hz, 1 H),5.12 (d,J = 16 Hz, 1 H), 5.36 (dt,
J=16,7Hz,1H),5.62 (dd,J=16,8 Hz, 1 H),6.79 (d,J =1 Hz, 1 H), 6.99-7.06 (m, 3
H), 7.09-7.20 (m, 3 H), 7.22-7.34 (m, 5 H); "C NMR (75 MHz, CDCl,) § -5.4 (-),
183 (+),259 (-), 343 (+),35.6 (+),43.8 (-),49.2 (+), 66.5 (+), 119.7 (-), 125.8 (-),
126.7 (-), 127.7 (=), 127.8 (=), 128.3 (-), 1284 (-), 128.5 (-), 1289 (-), 132.5 (-),
136.9 (+), 141.9 (4), 148.3 (+); HRMS (FAB) calcd for C,iH;sN,OSiNa [(M + Na)']
469.2651, found 469.2649. The enantiomeric information (94% ee, 99% CT) was
determined by chiral HPLC analysis of the corresponding alcohol: Chiralcel OJ-H;
hexane/i-PrOH = 97/3, 0.5 mL/min, 40 °C; t; (min) = 85.3 (R), 100.8 (S).

(R,E)-5-(1-Benzyl-1H-imidazol-2-yl)-1-phenyl-3-hexene (6¢).

(Table 1, entry 3) To an ice-cold solution of 1-benzyl-1H-imidazole (42.8 mg, 0.271
mmol) in THF (1.2 mL) was added n-BuLi (0.15 mL, 1.60 M in hexane, 0.24 mmol)
slowly. After 30 min at 0 °C, a solution of MgBr, (1.80 mL, 0.20 M in THF, 0.360
mmol) and CuBr-Me,S (25.3 mg, 0.123 mmol) were added to the solution. The resulting
mixture was stirred at 0 °C for 30 min, and a solution of (5)-5b (34.6 mg, 0.123 mmol,
94% ee) in THF (1 mL) was added to it dropwise. The resulting mixture was stirred at
0 °C for 1 h, and diluted with EtOAc and saturated NH,Cl with vigorous stirring. The
layers were separated and the aqueous layer was extracted with EtOAc twice. The
combined extracts were washed with brine, dried over MgSQO,, and concentrated to give
a residue, which was purified by chromatography on silica gel (hexane/EtOAc) to afford
6¢ (31.5 mg, 81%): IR (neat) 1735, 1496, 1453, 1243, 730, 699 cm™'; '"H NMR (300
MHz, CDCl,) 6 1.39 (d,J =7 Hz,3 H),2.26 (dt,J =7,7 Hz,2 H), 2.60 (t,J =7 Hz, 2
H),3.42 (dq,J=7,7 Hz, 1 H),4.99 (s,2 H),5.35 (dt,J = 15,7 Hz, 1 H), 5.54 (dd, J =
15,7 Hz, 1 H), 6.79 (d, J = 1 Hz, 1 H), 6.96-7.04 (m, 3 H), 7.09-7.21 (m, 3 H),
7.22-7.34 (m, 5 H); "C NMR (75 MHz, CDCl,) 8 19.8 (-), 33.9 (+),35.2 (), 35.6 (+),
49.1 (+), 120.1 (=), 1259 (-), 126.6 (-), 127.4 (=), 1279 (-), 128.3 (-), 128.5 (-), 1289
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(), 1298 (-), 1329 (-), 136.8 (+), 141.8 (+), 150.5 (+); HRMS (FAB) calcd for
C,,H,sN, [(M + H)*] 317.2018, found 317.2017. The enantiomeric information (92% ee,
98% CT) was determined by chiral HPLC analysis: Chiralcel OD-H; hexane/i-PrOH =
90/10, 0.4 mL/min, rt; t; (min) =41.5 (5),45.0 (R).

(S,E)-5-[(4-Methoxybenzyl)oxy]-4-(1-methyl-1H-imidazol-2-yl)-2-pentene (6d).

(Table 1, entry 4) To an ice-cold solution of 1-methylimidazole (0.014 mL, 0.176
mmol) in THF (0.8 mL) was added n-BuLi (0.10 mL, 1.60 M in hexane, 0.16 mmol)
slowly. After 30 min at 0 °C, a solution of MgBr, (1.20 mL, 0.20 M in THF, 0.24
mmol) and CuBr-Me,S (16.7 mg, 0.0812 mmol) were added to the solution. The
resulting mixture was stirred at 0 °C for 30 min, and a solution of (R)-S¢ (26.5 mg,
0.0814 mmol, 98% ee) in THF (1 mL) was added to it dropwise. The resulting mixture
was stirred at O °C for 1 h, and diluted with EtOAc and saturated NH,CI with vigorous
stirring. The layers were separated and the aqueous layer was extracted with EtOAc
twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 6d (19.2 mg, 82%): IR (neat) 1512, 1248, 1097, 1035 cm™;
'H NMR (300 MHz, CDCl,) 8 1.68 (d,J =6 Hz, 3 H), 3.54 (s, 3 H), 3.68 (ddd, J = 8, 7,
7 Hz, 1 H),3.73-3.90 (m, 2 H), 3.79 (s,3 H),4.40 (s,2 H),5.46 (dq,J = 15,6 Hz, 1 H),
5.63 (dd,J=15,8 Hz, 1 H), 6.77 (br s, 1 H), 6.85 (d,J =9 Hz, 2 H), 6.97 (br s, 1 H),
7.19 (d, J =9 Hz, 2 H); ”C NMR (75 MHz, CDCl,) 8 18.0 (-),32.6 (-),41.3 (-), 55.3
(=), 72.7 (+), 73.0 (+), 109.1 (+), 113.8 (=), 120.5 (-), 127.2 (=), 1279 (-), 128.7 (-),
129.3 (-), 130.5 (4), 159.2 (+); HRMS (FAB) calcd for C,;H;N,O, [(M + H)']
287.1760, found 287.1757. The enantiomeric information (93% ee, 95% CT) was
determined by chiral HPLC analysis: Chiralcel OD-H; hexane/i-PrOH = 90/10, 0.5
mL/min, rt; £; (min) = 22.9 (R), 26.9 (S).

(S,E)-4-(1-Benzyl-1H-imidazol-2-yl)-5-[ (4-methoxybenzyl)oxy]-2-pentene (6e).
(Table 1, entry 5) To an ice-cold solution of 1-benzyl-1H-imidazole (27.6 mg, 0.160
mmol) in THF (0.8 mL) was added n-BuLi (0.10 mL, 1.60 M in hexane, 0.16 mmol)
slowly. After 30 min at 0 °C, a solution of MgBr, (1.20 mL, 0.20 M in THF, 0.24
mmol) and CuBr-Me,S (16.3 mg, 0.0793 mmol) were added to the solution. The
resulting mixture was stirred at 0 °C for 30 min, and a solution of (R)-S¢ (25.8 mg,
0.0793 mmol, 98% ee) in THF (1 mL) was added to it dropwise. The resulting mixture
was stirred at 0 °C for 1 h, and diluted with EtOAc and saturated NH,CI with vigorous
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stirring. The layers were separated and the aqueous layer was extracted with EtOAc
twice. The combined extracts were washed with brine, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 6e (24.6 mg, 86%): IR (neat) 1513, 1248, 1096, 730 cm™'; 'H
NMR (500 MHz, CDCl,) 6 1.61 (dd,J =7, 1 Hz,3 H),3.65 (ddd,J=8,7,7 Hz, 1 H),
3.75(dd,J=9,7Hz,1H),3.79 (s,3H),3.83 (dd,J=9,8 Hz, 1 H), 4.40 (s,2 H), 5.04
(d,/J=16Hz,1H),5.11 (d,/=16Hz, 1 H),5.34 (dq,J = 15,7 Hz, 1 H), 5.59 (ddq, J =
15,7,1Hz, 1 H),6.78 (brs, 1 H), 6.84 (d,J =9 Hz,2 H), 7.00-7.06 (m, 3 H),7.16 (d,J
=9 Hz, 2 H), 7.25-7.34 (m, 3 H); "C NMR (75 MHz, CDCl,) § 18.0 (-),41.4 (-),49.3
(+), 553 (-), 72.8 (+), 729 (+), 113.7 (-), 119.8 (-), 1269 (-), 127.7 (-), 1279 (-),
1280 (-), 1284 (-), 1289 (-), 129.3 (-), 130.5 (+), 136.7 (+), 148.3 (+), 159.2 (+);
HRMS (FAB) calcd for C,;H,,N,O, [(M + H)'] 363.2073, found 363.2063. The
enantiomeric information (94% ee, 96% CT) was determined by chiral HPLC analysis:
Chiralcel AS-H; hexane/i-PrOH = 97/3, 0.3 mL/min, 40 °C; #; (min) = 38.0 (R), 404

(8.

Synthesis of imidazolium salt 7.

(R,E)-2-[1-[(tert-Butyldimethylsilyl)oxy]-6-phenylhex-3-en-2-yl]-1,3-dimethyl-1H-
imidazol-3-ium Iodide (7a).

(Table 2, entry 1) A solution of 6a (24.4 mg, 0.0658 mmol) and methyl iodide (0.008
mL, 0.13 mmol) in CH,Cl, (0.5 mL) was stirred at 30 °C overnight and concentrated.
The residue was washed with hexane-Et,O (3 : 1, 5 mL) three times and dried under
vacuum to afford 7a (28.7 mg, 85%): mp. 97-98 °C; [a]**, +19 (c 0.43, CHCL,); IR
(nujor) 3083, 1111, 838,778 cm™"; '"H NMR (300 MHz, CDCI;) 6 -0.02 (s, 3 H), 0.01 (s,
3H),0.77 (s,9H),2.46 (dt,J=7,7 Hz,2 H),2.74 (t,/ =7 Hz,2 H), 3.88 (s, 6 H), 3.93
(dd,J =10,9 Hz, 1 H),4.01 (dd, J = 10,5 Hz, 1 H), 4.26-4.39 (m, 1 H), 5.60 (dd, J =
16,8 Hz, 1 H), 5.77 (dt,J = 16,7 Hz, 1 H), 7.11-7.32 (m, 5 H), 7.74 (s, 2 H); "C NMR
(75 MHz, CDCl;) 6 -5.6 (-), =5.5 (-), 18.0 (+), 25.6 (—), 34.1 (+), 34.7 (+), 370 (-),
41.1 (-), 63.1 (+), 1214 (-), 123.7 (-), 126.2 (-), 128.48 (-), 128.52 (-), 136.7 (-),
140.1 (+), 145.6 (+).
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(R,E)-1,3-Bibenzyl-2-[1-[(tert-butyldimethylsilyl)oxy]-6-phenylhex-3-en-2-yl]-1H-
imidazol-3-ium Bromide (7b).

(Table 2, entry 2) A solution of 6b (19.0 mg, 0.0425 mmol) and benzyl bromide
(0.020 mL, 0.168 mmol) in CH,Cl, (0.5 mL) was stirred at 30 °C for 2 days and
concentrated. The residue was washed with hexane-Et,O (1 : 1, 5 mL) three times and
dried under vacuum to afford 7b (26.3 mg, 100%): [a.]”", +15 (¢ 0.54, CHCL,); IR (neat)
1254, 1101, 838,753 cm™'; '"H NMR (300 MHz, CDCl,) 8 -0.07 (s, 3 H), —0.04 (s, 3 H),
0.81 (s,9H),2.26 (dt,J =8,7 Hz,2 H),2.55 (t,/ =7 Hz,2 H),3.76 (d,J =7 Hz, 2 H),
440 (dt,J =6,7Hz, 1 H),5.35-547 (m, 1 H), 545-5.60 (m, 1 H), 5.48 (d, J = 16 Hz,
1 H),558(,J=16Hz, 1 H),7.05(d,J =7 Hz,2 H), 7.12-7.29 (m, 7 H), 7.34-7 .44
(m, 6 H), 7.70 (s, 2 H);”C NMR (75 MHz, CDCl;) 8 -5.5 (), 18.2 (+), 25.8 (-), 33.9
(+), 346 (+), 414 (-), 52.8 (+), 63.6 (+), 121.6 (-), 123.3 (), 126.1 (-), 127.8 (-),
128.40 (-), 128.44 (=), 129.2 (-), 129.5 (), 1334 (+), 136.8 (-), 141.0 (+), 146.2 (+).

(S,E)-1,3-Dimethyl-2-[1-[(4-methoxybenzyl)oxy]pent-3-en-2-yl]-1H-imidazol-3-ium
Iodide (7d).

(Table 2, entry 3) A solution of 6d (14.4 mg, 0.0503 mmol) and methyl iodide (0.010
mL, 0.16 mmol) in CH,Cl, (1 mL) was stirred at 30 °C for 2 days and concentrated. The
residue was washed with hexane-Et,O (1 : 1,5 mL) three times and dried under vacuum
to afford 7d (18.7 mg, 87%): mp. 99—-100 °C; [a]*’, —20 (¢ 0.37, CHCL,); IR (nujol)
1513, 1242, 1089, 1035 cm™; '"H NMR (300 MHz, CDCl;) § 1.74 (d, J = 6 Hz, 3 H),
3.80-3.98 (m,2 H),3.82 (s,3 H),3.93 (s, 6 H),4.36-4.46 (m, 1 H), 4.38 (d, J = 12 Hz,
1H),447(,J=12Hz,1H),5.60 (dd,J=16,5Hz, 1 H),5.68 (dq,J = 16,6 Hz, 1 H),
6.87 (d, J = 8 Hz, 2 H), 7.10 (d, J = 8 Hz, 2 H), 7.74 (s, 2 H); "C NMR (75 MHz,
CDCly) 6 18.2 (), 372 (-),39.1 (-),554 (-), 682 (+),73.0 (+), 1140 (), 121.5 (-),
123.7 (-), 128.8 (+), 129.6 (-), 132.6 (-), 145.4 (+), 159.6 (+).

(S,E)-1-Benzyl-2-[1-[(4-methoxybenzyl)oxy]pent-3-en-2-yl]-3-methyl-1H-imidazol-
3-ium Iodide (7e).
(Table 2, entry 4) A solution of 6e (14.6 mg, 0.0403 mmol) and methyl iodide (0.005
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mL, 0.0803 mmol) in CH,Cl, (1 mL) was stirred at 30 °C overnight and concentrated.
The residue was washed with hexane-Et,O (1 : 1, 5 mL) three times and dried under
vacuum to afford 7e (17.1 mg, 84%): [a]”, 21 (c 0.342, CHCL,); IR (neat) 1611, 1513,
1457, 1248,734 cm™'; '"H NMR (300 MHz, CDCI,) 6 1.63—1.68 (m, 3 H), 3.72-3.84 (m,
2 H),3.82(s,3H),396 (s,3 H),433(d,J=12Hz,1H),441(d,J =12 Hz, 1 H),
434-446 (m, 1 H),541 (d,J=15Hz,1H),548-5.62 (m,2 H),5.54 (d,J=15Hz, 1
H),6.87 (d,/=9Hz,2H),7.10 (d,J =9 Hz,2 H), 7.14-7.22 (m, 2 H), 7.31-7.40 (m, 3
H),7.46 (d,J=2Hz, 1 H),7.84 (d,J =2 Hz, 1 H); "C NMR (75 MHz, CDCI,) § 18.2
(-),37.6 (-),39.2 (-),52.8 (+),554 (), 68.5 (+),73.1 (+), 114.1 (-), 121.6 (-), 122.4
(=), 1244 (=), 1279 (-), 1289 (+), 1292 (-), 1294 (-), 129.7 (-), 132.7 (=), 133.0 (+),
145.8 (+), 159.6 (+). HRMS (FAB) caled for C,,H,N,O, (M") 377.2229, found
377.2219.

Synthesis of imidazol-3-ium bis(trifluoromethylsulfonyl)imides 10.

(R,E)-2-[1-[(tert-Butyldimethylsilyl)oxy]-6-phenylhex-3-en-2-yl]-1,3-dimethyl-1H-
imidazol-3-ium Bis(trifluoromethylsulfonyl)imide (10a).

(Table 3, entry 1) A solution of 7a (28.7 mg, 0.056 mmol) and LiNTf, (16.4 mg,
0.0571 mmol) in CH,Cl,-H,O (1 : 1, 2 mL) was stirred at rt for 2 h. The layers were
separated and the aqueous layer was extracted with CH,Cl, twice. The combined
extracts were dried over MgSO, and concentrated to give 10a (32.2 mg, 86%): [a]*’,
+17 (¢ 0.64, CHCL,); IR (neat) 1353, 1194, 1058 cm™"; '"H NMR (300 MHz, CDCl,) &
-0.02 (s,3 H),0.003 (s,3 H),0.76 (s,9 H),2.45 (dt,J =7,7 Hz,2 H), 2.73 (t,J =7 Hz,
2 H),3.69 (s,6 H),3.89 (dd,J = 10,9 Hz, 1 H),3.99 (dd,J = 10,6 Hz, 1 H), 4.14-4.24
(m,1H),549 (dd,J=16,5Hz, 1 H),5.69 (ddt,J =16,2,7 Hz, 1 H), 7.11-7.30 (m, 7
H); "C NMR (75 MHz, CDCl;) § =5.8 (=), 5.7 (), 17.9 (+),25.6 (-), 34.1 (+), 34.7 (+),
363 (-),41.1 (-),62.9 (+), 120.0 (+, q, Jor = 320 Hz), 121.0 (), 123.3 (-), 126.2 (-),
128.5 (-), 128.6 (-), 136.8 (-), 141.1 (+), 1459 (+).

(R,E)-1,3-Bibenzyl-2-[1-[(tert-butyldimethylsilyl)oxy]-6-phenylhex-3-en-2-yl]-1H-
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imidazol-3-ium Bis(trifluoromethylsulfonyl)imide (10b).

(Table 3, entry 2) A solution of 7b (26.5 mg, 0.0429 mmol) and LiNTf, (13 mg,
0.045 mmol) in CH,CI,-H,O (1 : 1, 2 mL) was stirred at rt for 4 h. The layers were
separated and the aqueous layer was extracted with CH,Cl, twice. The combined
extracts were dried over MgSO,, and concentrated to give 10b (30.7 mg, 87%): [a]*',,
+7 (¢ 0.61, CHCL,); IR (neat) 1353, 1196, 1137, 1059 cm™'; '"H NMR (300 MHz, CDCl,)
0 -0.06 (s,3 H),-0.02 (s,3 H),0.81 (s,9H),2.28 (dt,J=6,7 Hz,2 H),2.56 (t,J =7
Hz,2 H), 3.72-3.84 (m, 2 H), 4.24 (dt,J =7, 6 Hz, 1 H), 5.28 (s, 4 H), 5.38 (dt, J = 16,
6 Hz, 1 H), 546 (dd,J = 16,7 Hz, 1 H), 7.06 (d,J =7 Hz, 2 H), 7.11-7.28 (m, 7 H),
7.34-7.45 (m, 6 H); "C NMR (75 MHz, CDCl;) § -5.6 (-), 18.2 (+), 25.8 (-), 33.9 (+),
345 (+),414 (-),52.8 (+),63.4 (+), 1199 (+, q, Jor = 320 Hz), 121.1 (-), 122.8 (-),
126.1 (-), 127.6 (-), 128.46 (-), 128.48 (-), 129.5 (-), 129.6 (-), 132.8 (+), 137.0 (-),
141.0 (+), 146.3 (+).

(S,E)-1,3-Dimethyl-2-[1-[(4-methoxybenzyl)oxy]pent-3-en-2-yl]-1H-imidazol-3-ium
Bis(trifluoromethylsulfonyl)imide (10d).

(Table 3, entry 3) A solution of 7d (18.4 mg, 0.0430 mmol) and LiNTf, (12.6 mg,
0.044 mmol) in CH,CI,-H,O (1 : 1, 2 mL) was stirred at rt for 2 h. The layers were
separated and the aqueous layer was extracted with CH,Cl, twice. The combined
extracts were dried over MgSO, and concentrated to give 10d (25.0 mg, 100%): [a]*;,
21 (¢ 0.48, CHCL,); IR (neat) 1514, 1354, 1196, 1138, 1058 cm™'; '"H NMR (300 MHz,
CDCly) 6 1.74 (ddd, J = 6,2, 1 Hz,3 H), 3.75 (s, 6 H), 3.74-3.86 (m, 2 H), 3.80 (s, 3 H),
4.19-4.30 (m,1H),4.34(d,J=12Hz,1H),4.44 (d,J=12Hz, 1 H),5.52 (ddq, J = 16,
5,2Hz,1H),5.67 (ddq,J =16,2,6 Hz,1 H), 6.86 (d,/ =9 Hz,2 H),7.07 (d,J =9 Hz,
2 H), 7.23 (s, 2 H); "C NMR (75 MHz, CDCl;) & 18.1 (=), 36.4 (-),39.2 (), 55.4 (-),
68.0 (+),73.0 (+),1140 (), 1199 (+,q, Jor =320 Hz), 121.1 (-), 123.4 (-), 128.9 (+),
129.7 (=), 132.8 (-), 145.6 (+), 159.7 (+).

(S,E)-1-Benzyl-2-[1-[(4-methoxybenzyl)oxy]pent-3-en-2-yl]-3-methyl-1H-imidazol-
3-ium Bis(trifluoromethylsulfonyl)imide (10e).
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(Table 3, entry 4) A solution of 7e (17.6 mg, 0.0349 mmol) and LiNTf, (10.2 mg,
0.036 mmol) in CH,CI,-H,O (1 : 1, 2 mL) was stirred at rt for 4 h. The layers were
separated and the aqueous layer was extracted with CH,Cl, twice. The combined
extracts were dried over MgSO, and concentrated to give 10e (17.9 mg, 78%): [a]*',
—19 (¢ 0.38, CHCI,); IR (neat) 1515, 1354, 1194, 1137, 1058 cm™'; 'H NMR (300 MHz,
CDCl;) 6 1.63-1.69 (m, 3 H), 3.71 (dd,J =9,9 Hz, 1 H), 3.77 (dd, /=9, 5 Hz, 1 H),
3.78 (s,3 H),3.81 (s,3H),4.24-4.33 (m, 1 H),4.30 (d,/=12Hz,1 H),4.39(d,J =12
Hz,1H),521(,/=15Hz,1H),531(d,J=15Hz,1H),542-5.60 (m,2 H), 6.86 (d,
J =8 Hz,2 H),7.04-7.13 (m, 5 H), 7.26-7.40 (m, 4 H); "C NMR (75 MHz, CDCl,) 6
18.1 (-),36.7 (-),39.2 (-),52.6 (+),554 (), 682 (+),73.1 (+), 114.1 (-), 119.9 (+, q,
Jer=320Hz),121.2 (-), 122.1 (=), 124.0 (-), 127.7 (=), 128.8 (+), 1294 (-), 129.5 (-),
129.8 (-), 132.7 (+), 132.8 (=), 145.8 (+), 159.7 (+).

Synthesis of Pyridinium salt. (Scheme 5)

(R,E)-1-[(tert-Butyldimethylsilyl)oxy]-6-phenyl-2-(pyridine-2-yl)-3-hexene (13).

To a solution of 2-bromopyridine (0.020 mL, 0.210 mmol) in Et,O (1 mL) was added
t-BuLi (0.24 mL, 1.57 M in pentane, 0.377 mmol) slowly at —78 °C. After 30 min at
—78 °C, a solution of MgBr, (2.40 mL, 0.20 M in THF, 0.480 mmol) and CuBr-Me,S
(19.5 mg, 0.0949 mmol) were added to the solution. The resulting mixture was stirred at
0 °C for 30 min, and a solution of ($)-5a (39.0 mg, 0.0947 mmol, 98% ee) in THF (1
mL) was added to it dropwise. The resulting mixture was stirred at 0 °C for 1 h, and
diluted with hexane and saturated NH,Cl with vigorous stirring. The layers were
separated and the aqueous layer was extracted with hexane twice. The combined
extracts were washed with brine, dried over MgSQO,, and concentrated to give a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to afford 13 (29.8
mg, 86%): IR (neat) 1590, 1255, 1097, 837 cm™'; '"H NMR (300 MHz, CDCIL,) 6 —0.11
(s,3H),-0.08 (s,3H),0.79 (s,9 H), 2.35 (dt,J =7,8 Hz,2 H), 2.68 (t,J = 8 Hz, 2 H),
3.60 (ddd,J=8,8,7 Hz, 1 H),3.84 (dd,J = 10,7 Hz, 1 H), 3.95 (dd,J = 10,8 Hz, 1 H),
5.61(dt,J=16,7Hz, 1 H),5.75 (dd,J = 16,8 Hz, 1 H), 7.06-7.30 (m, 7 H), 7.57 (ddd,
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J=8,8,2Hz,1H),8.55(d,J=2Hz, 1 H); "CNMR (75 MHz, CDCl,) § -5.5 (-), 54
(=), 183 (+),259 (-),34.7 (+),359 (+), 539 (-), 669 (+), 1214 (-), 123.7 (-), 125.8
(=), 128.3 (-), 128.5 (-), 130.0 (-), 132.1 (-), 136.1 (-), 142.1 (+), 149.3 (-), 162.2 (+);
HRMS (FAB) calcd for 390.2229 C,;H;;NOSiNa [(M + Na)*], found 390.2231. The
enantiomeric information (98% ee, > 99% CT) was determined by chiral HPLC
analysis: Chiralcel AD-H; hexane/i-PrOH = 99/1, 0.1 mL/min, rt; #; (min) = 52.1 (R),
60.9 (S).

(R,E)-[1-[(tert-Butyldimethylsilyl)oxy]-6-phenylhex-3-en-2-yl]-2-pyridinium Iodide
(14).

A solution of 13 (26.5 mg, 0.0722 mmol) and methyl iodide (0.020 mL, 0.32 mmol)
in CH,Cl, (1 mL) was stirred at 30 °C for 2 days and concentrated. The residue was
washed with hexane-Et,O (3 : 1, 5 mL) three times and dried under vacuum to afford 14
(34.7 mg, 94%): [a]”, +6 (c 0.68, CHCL,); IR (neat) 1629, 1254, 1104, 839 cm™'; 'H
NMR (300 MHz, CDCl,) 8§ -0.05 (s, 3 H),-0.01 (s, 3 H),0.77 (s, 9 H), 2.40 (ddd, J = 7,
7Hz,2 H),2.68 (dt,J = 14,7 Hz, 1 H),2.73 (dt,J = 14,7 Hz, 1 H), 3.84 (dd,J =10, 8
Hz,1H),4.08 (dd,J=10,4 Hz, 1 H),4.23 (ddd,J=8,7,4 Hz, 1 H),4.55 (s,3 H), 5.49
(dd,J =16,7 Hz, 1 H), 5.68 (dt,J = 16,7 Hz, 1 H), 7.07-7.32 (m, 5 H), 7.84 (d,J = 8
Hz, 1 H),7.99 (dd,J=8,6 Hz, 1 H), 841 (dd,J=8,8 Hz, 1 H),9.61 (d,J =6 Hz, 1
H); "C NMR (75 MHz, CDCl;) § =5.6 (=), 5.5 (-), 18.0 (+),25.7 (-), 34.2 (+), 34.9 (+),
462 (-),47.3 (), 65.7 (+), 1246 (-), 126.1 (-), 126.2 (-), 1274 (-), 128.4 (-), 128.5
(=), 136.6 (), 140.1 (+), 145.0 (-), 1474 (-), 1594 (+).

(R,E)-[1-[(tert-Butyldimethylsilyl)oxy]-6-phenylhex-3-en-2-yl]-2-pyridinium
Bis(trifluoromethylsulfonyl)imide (15).

A solution of 14 (34.0 mg, 0.0667 mmol) and LiNTf, (19.5 mg, 0.0679 mmol) in
CH,C1,-H,O (1 : 1, 2 mL) was stirred at rt for 2 h. The layers were separated and the
aqueous layer was extracted with CH,Cl, twice. The combined extracts were dried over
MgSO, and concentrated to give 15 (40.2 mg, 91%): [a]*', +4 (¢ 0.77, CHCL,); IR
(neat) 1354, 1197, 1137, 1058 cm™'; "H NMR (300 MHz, CDCl;) 6 -0.07 (s, 3 H), -0.01
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(s,3 H),0.76 (s, 9 H), 2.41 (dt,J = 7,7 Hz, 2 H), 2.70 (t, J = 7 Hz, 2 H), 3.81 (dd, J =
10, 8 Hz, 1 H), 4.03 (dd, J = 10, 5 Hz, 1 H), 4.04-4.15 (m, 1 H), 4.28 (s, 3 H), 5.43 (dd,
J=16,7 Hz, 1 H), 5.64 (dt, J = 16, 7 Hz, 1 H), 7.09-7.30 (m, 5 H), 7.78 (dd, J = 8, 2

Hz, 1 H),7.82 (ddd, J =8, 6,2 Hz, 1 H),8.33 (dd, J = 8,8 Hz, 1 H),8.71 (d,J = 6 Hz, 1

H); *C NMR (75 MHz, CDCL,) 8 -5.8 (-), =5.7 (=), 18.0 (+), 25.6 (-), 34.1 (+), 34.8 (+),
46.5 (), 46.6 (-), 65.8 (+), 119.8 (+, q, Jor = 320 Hz), 1243 (=), 126.0 (-), 126.1 (-),

127.6 (-), 1285 (=), 128.6 (=), 136.8 (-), 141.1 (+), 145.2 (-), 146.7 (-), 159.7 (+).
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FHTEIT L= VERELZH W -2 U7 UL
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T U =)L T =)L (sp-C) M OT ILF)L (sp>-C) SHFRIEAS R HPH 2 KB
JLA[RETH HHF A~ L TE 7= (Scheme 1),

Scheme 1. Allylic substitution: previous results and the present purpose.

1. Previous results
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2
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R R3: alkenyl, aryl (sp?-C),
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\/\(\ \/Y\ Y\/\ (Ph
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45 : 55
— . 1B 2T IR, 3TV OB S TIT. SERRYIC
ZENTUWD 1 AR B TRIGSEE Z 5 (eqgs 3,4)™,

AcO =

>i A

\/Y (3 equiv) \/\(\K 3)
Cul (5 mol%)
in EtzN, 50— eo °C SN2 98% OH

)‘\% HO% (4.6 equiv) }\)\ﬂ
R +
Cul (5 mol%) Sn2

in Et3N, 50—60 °C

DED ., TAF=VEHRIEEE 28T U LT L 3 — LEEERICOG S §CF
TIVIRIRFE-T B F L UGB 5T 2 FZ B2 BOSRMEIZBRE ST i)
olc, ZOXIRBEFEND, FEHIZ, REREHEOT THRGREMEIZZ LW
sp-C 7=F D7 VLRI ERIBEIZT 5728, ZOWEEToTz, £DE
B ELT, SFETHEEE T sp-C RKREMEDIENTFF 7 = TRREILT Y
2l CEEMEERE TRETL, FOMOBEERIC OV T HMRE LT,

Z ORFFETIE, Figure 1 (Z/R$ 7 VLT )L 3 —) LB K %2V CHIHIR R 217
729 Z LI LTe,(R)-1a & XD T IR rac-la I3EICMEZ R Ea Y U
EHELTCND, —F, Eal UV BERRANTHD LIFSARVED, LEW
4-9 L’J%’C%ﬁ}%f\é; il e B

138



Chapter 7

Figure 1. Substrates for the present investigation.
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Scheme 2. Synthesis of allylic esters.

Preparation of (S)-1d
1) PMBCI, Nal, K,COj
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93%
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OH RCO,H QCOR Hy . OPMB
X _ > _— =
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Table 1. Preliminary study using racemic substrates.

OPMB TMS—=— - ~OPMB ™
}L\)/ ——Li (20) (2 equiv) . |‘| OPMB
= CuBr-MesS (1 equiv) = \\ ™S }\)/
rac1a, 4-9 THR07C, 1h rac-3a rac-21
(racemic) [additive (3 equiv)]
entry  substrate L additive*  vyield, % rac-3a:rac-21"
1 rac-la (2-Py)CO, - 0° -
2 rac-1a (2-Py)CO, MgBr, 88 94:6
3 rac-la (2-Py)CO, ZnBr, 0° -
4 4 (2-pyrazine)CO, - 0° —
5 4 (2-pyrazine)CO, MgBr, 514 92:8
6 5 (EtO),P(O)O - nr -
7 5 (EtO),P(O)O MgBr, 12/ nd®
8 5 (EtO),P(O)O ZnBr, nr’ -
9 6 C,FCO, - nr’ -
10 6 C,FCO, MgBr, nr’ -
11 6 C,FCO, ZnBr, nr’ -
12 7 o-(Ph,P)C,H,CO, - 0" -
13 7 o-(Ph,P)C,H,CO, MgBr, 0" -
14 7 o-(Ph,P)C,H,CO, ZnBr, 0" -
15 8 MeOCO, - nr’ -
16 8 MeOCO, MgBr, nr’ -
17 9 AcO - nr’ -
18 9 AcO MgBr, nr —

“ Three (3) equiv. ” Determined by '"H NMR spectroscopy. © Alcohol 19 was obtained.
Unidentified products were co-produced. ° No reaction after 18 h at rt.” Allylic bromides
22a and 22b were produced in 88% NMR yield (Joy_cy = 15 Hz). ¢ Not determined. " The
corresponding phosphine oxide was produced.

Z 2T U EERSGET XL VA ABORINEE 2T, 29T 5F T, (1) it
HER ZTEM (L S 5. 2) iREBRDOKSHE I 5 F 4T sp- & sp>-C
FFRIRIC K A EHSUG T [R,Cul Lit £ 0 ISHEREW E E3d [R,Cul MBr* (M
=Mg, Zn) ZK ¥ 5 HMT MgBr, & ZnBr, Z/LA Al L CGRIRLT-, &
B, MgBr,(3 % &) % (TMSC=C),CuLi-LiBr (1 ¥4 &) {2z 5 &, JH\iEy | v
2 T VIV rac-la & DT U MACEOSBEIT T H54RIZ72 0 . 0 °C, 1 AT
FOSIE5ERE LTz, EDORES. INE 88%., LE MR rac-21 12X L 94% OALE
HIRMET rac-3a #5272 (entry 2), 728, (LEEMEER rac21 DALV 7 4 1%
VA (Jaeen =11 Hz) THY | rac-la DAV 7 ¢ DONAR[CERMET- LT,
BRI Z . Ph,CuMgBr (sp>-C $iiA3K) TO T U LSO S2 FA R A
N7 AR TCHSTmD LRI S>TND (5F 2 ),
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ETHL 94% OfESRIVEDO X625 E2KY | KNRE%L -20°C £
721 60 °C IZ T 722, ALESERMIIEINT, BICKSEZELREL7T
2ot £, SHEIEFE T, TMSC=CLi (20) (2 24&) & MgBr, 3 4 &) #1{F
HESETH, 7va—n 19 MELNHEOHETHY | KISIZHENLETH S
FEMR LT, EI VNV ARVEERT UV 4 1 MgBr, IZX o TIEHREENT
U AL EFT L=y, BAb® 22a/22b MER L. AR SR ITE - 72
(entry 5), VBT AT /L 5 DA, MgBr, ZEHML TH L 0 °C, 1 HFRE
T THET, ZiET 18 RS IS ST D & rac-3a ZAE U=, FEARK
WE 7 VLR 22a/22b(1:1) ToH 7= (entry 7). 723, rac-1a 1= CuBr-Me,S
(05 M) MY MgBr, B 4 &) #2EHSEAL o< D ERFINETL, =
BT 1 8EEfLIZ., T U AMEORILY) 22a/22b % NMR bt 2:3 THERLE
(eq5) (HNMR T Joyep=15Hz DR SNI=FND N T AR ERELT,)
D FEE 6-9 1L MgBr, 12 L > THEMEL SR> 72 (entries 10, 13, 16, 18),

OPMB

PMB
(2-Py)002 0 MgBr2 (3 equV
- )\/\/OPMB (5)

CuBr-Me,S (0.5 equiv)
THF, rt, 18 h

rac-1a
2:3

WIZ, ZnBr, 3 4 &) O#WREMFT Lz, LoL, EilofEREFHMIz, v
Y T UV rac-1a 13 0 °C, 1K CIIIGET, BICER TGS HT-
EZATINa— 19 FREIETDHOHRTE ST (entry 3), U BT AT /L 5 (X
0°C NPH=EREE TGS T THIFEIZ BT 5 DARTE ST (entry 8), Z DA,
CFsCO, £ b 0-(Ph,P)CH,CO, £ bIEMAL S 1720 > 72 (entries 11, 14),

FEWT, EEOF V7 4 U ONEZ LTz, YAF V7 0 % HD rac-la
ERBIIZ, NI A KROE Y UEET YLV 23 OEBSNE . MgBr, fF1E T
(TMSC=C),CuLi-LiBr Z#HW\TITH &, rac-3a & FDONERVER (W2 ARY)
24 DIRAME G272 (eq6) TEF LU T =F2 20 Cu ODEEN1:1 DR
HTHMEBEEROERAEYME 5 272, Lo T, sp-C SRAIKICBWTH, KED
FVT 4 DONARIT U ATRINE L TSI AR TE, B, VAL LT
4 EXT XA Y REfEo7 Wittig GS° = EifES @ Lindlar #2570 21T
TMRBINICAKR TE D20, A EDOT AT v MIZw, £/, TR
REHEZLTH, P UAKREID AR LIZS NI &b,
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TMS—=—Li (20) (2 equiv) _oPmB T™S
)Oi(iZ-P\i) CuBr-Me,S (1 or 2 equiv) | |
OPMB N + ©)
~ MgBr, (3 equiv) X s __OPUB
23 THF,0°C, 1 h
(trans isomer rac-3a 24

of rac-1a)
20/Cu (2/1) rac-3a/24 = 64 :36
20/Cu (2/2) rac-3a/24 = 64:36

7-3. RFEFHEERZEZRAVERICEHORE

Table 1, entry 2 OGS (TMSC=C),CuLi-LiBr from 20/Cu = 2/1, MgBr,,
0°C,1h) % (R)-1a(98% ee) (23 H L 7= (Table 2),

Table 2. Reaction of (R)-1a and 20/CuBr-Me,S/MgBr,.’

TMS—==—Li (20) (2 equiv) T™S
(g_py)i?i)/OPMB CuBr-Me,S (2, 1, 0.5 equiv) /\)/OPMB | | OPMB
N
= MgBr, (3 equiv) = \\TM s _
(R)-1a THF,0°C,1h (5)-3a 21
20/CuBr-Me,S/MgBr,, ratio” of yield, CcT/

entry equiv (5)-3a:21:19:(R)-1a % %
1 2/2/3 93:7:0:0 86 99
2 2/1/3 94:6:0:0 93 99
3 2/05/3 91:5:4:0 81 nd®

“ In the absence of MgBr,, reactions in entries 1-3 gave alcohol 19 in 13, 23, 45%
yields, respectively. ” Determined by '"H NMR spectroscopy. ¢ Isolated yield of (S)-3a
and 21. “ Determined by chiral HPLC analysis. ° Not determined.

entry 2 \Z/R T K DT, (8)-3a DI A 2 Z /L HPLC oAt CikiE L7z & Z
5 9%ee THV ITEAEZRRAFIETG (99% CT) DR ST, (5)-3a D
Mo S I ZRE LA ~ER L CIRE L U T > F 82 R TH D H 2
HMTLTZ (eq ). 723, (5)-25 WA= T VA | 10% PA/C filfi CHEfidis
YD E T ' I HIT L7, & Z T, Wilkinson il % > CTARAIFORE
BOBRTEIToT2E A, T IMbEMAD LN TET,

OPMB OPMB

Bu,NF, AcOH H,, RhCI(PPhy), H,, Pd/C
(988 ————————— - . - o (7)
95% DN o
(5-25 7
(Chapter 3)

retention time on chiral HPLC
was identical each other
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BNT . TEF L7 =420 & CuBrMe,S DHRAZE 2 -8 K TR %
1To77, 20/Cu (2/2) TIL. 20/Cu (2/1) (ZFAY 3 2 IR « Kot ZE 7R L7z (entry
1o —77. 20/Cu (2/0.5) TliE, TR « PUSHEIZRAF CTH T3, 7raa—)L 19
b 4% LR LT (entry 3)e DF VD, RARHRZG D2 DORIEREIL 20/Cu
(22~1) THY |, FELRFIEZ T L2 WHTERBELEHTH D,

2:1 OHET 20 Lo (CuCl, CuBr, Cul, CuCN) 7> 5FHHl L= 7 L%
=NRIEE W TR ZIT -T2, EO8EEZAWTH (5)-3a 4R L7203,
Z DRSO R | RFHEEIL 20/CuBrMe,S (455D THh-o7-, (Table 3),

Table 3. Effect of CuX on the reaction.’

ratio of yield,” CTS
entry CuX (5)-3a:21:19:(R)-1a % %
1 CuBr 93:7:0:0 74¢ 96
2 CuCl 86:6:0:8 57¢ 95
3 Cul 94:6:0:0 83 91
4 CuCN 81:6:6:7 nd’ nd’

“ Reactions of (R)-1a with copper reagents derived from 20 (2 equiv) and
CuX (1 equiv) were examined in the presence of MgBr, (3 equiv) at 0 °C
for 1 h. ” Isolated yield of (S)-3a and 21. ¢ Determined by chiral HPLC
analysis. ¢ Allylic bromides 22a and 22b were co-produced. ¢ Not
determined.

7-4. BROEE - 7EFLUIZDOVTORKEE

ZOT VIALKIE DOBEICHIFH 25 &2, fixeoval VBT UL KT
X = VR W TG EIT ) T LTz, £7°. rac-la & R, R* OFEN
WZ>TWAHTEIK 32 25k, 7 VMRS ZEIToT2&E Z A, rac-3a
DONLERMERTH D 33 % B3 UE K QUL TARL L72 (Scheme 3), D F
D, ZOTVMMEIET VVEMOBEHEIZ L 54 52" BRI TH -7,
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Scheme 3. Synthesis and allylation of picolinate 32.

OR
1) 20, BF5-OFEt OH +-BuOK
[e) » B3 2
[>~_©OPmB X _4_orMB — \_oPuB
2) K,CO3, MeOH DMSO
28 29

20 (2 equiv)
Hp, Lindlar cat. OCO(2-Py) CuBr-Me,S (1 equiv)
—_— K/K/OPMB o~ OPMB
66% overall yield MgBr, (3equiv) g =
32 THF,0°C,1h 33

82% yield, 91% regioselectivity

D& IRE I A R ORI OWTHRFT L7z (Table 4), 7 U /LRI HEE
TH 2 AF LR CHOR (7 /vzafx v xF ) FHid,
(TMSC=C),CuLi-MgBr, DS EZ RIF ST, 7 F SQ2VERKY (R)-3b-d
ZH-Z2 7= (entries 1-3), TALEXHRMIC, L7 4 VIRFBIZE D HmEWT 7 B
XU NVEEFFOE (5)-1e TIHERIME &R IMET u”: (entry 4), 72X, (R)-3b
DHERHAEEIT, (5)-3a & [FARICEEI LAY 36 ~ZH#i L TIRE L= (eq8).

OTBS OH OR

BuyNF, AcOH H,, Pd/C /\/\)/\/
. [ — 8
Ph N s Ph RN ., Ph 8)
BzClI 35 R=H
-3b 34
Ry pyridine ,: 36, R =Bz
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Table 4. Substitution of picolinates with alkynyl copper reagents.

regio-
ArC=CLi CuBr-Me,S, MgBry, isolated  selec-

entry picolinate (equiv) equiv equiv product yield¢  tivitypd  CTPe
oTBS OTBS
(2-Py)CO;
1 Ph =~ TMSC=CLi (20) 1 3 Ph AN 83 97 98
(2 (R)-3b T™S
(S)-1b (98% ee)
(2-Py)CO,
H Ph AN
2 N\) 20 (2 1 3 A 80 98 98
Ph @ ™S
(S)-1c (94% ee) (R)-3c
CsH
(@PYCO, Ceft PMBO ~
3 PMBO_~_~_* 20 (2) 1 3 A 89 94 98
(S)-1d (93% ee) (R)-3d ™S
(2-Py)CO,
4 PMBO N 20 (2) 1 3 PMBO. > 66 86 nd’
(S)-1e (99% ee) (R)-3e ™S
2-PYICO OPMB OPMB
5 (2-Py)CO, PhC=CLi (37) (3) 15 4 70 95 96
= A ’\\
R
(R)-1a (98% ee) (8)-3f (R=Ph)
6 (R-1a (98% ee)  p-TBSOCGH,C=CLI (38) (3) 15 4 (5)-3g (R=p-TBSOCgH,) 61 93 95
7 (R)-1a(98% ee)  p-MeOCgH,C=CLi (39) (3) 1.5 4 (5)-3h (R = p-MeOCgH,) 67 92 97
8 (R)-1a(98% ee)  0-MeOC4H,C=CLi (40) (3) 15 4 (8)-3i (R = 0-MeOCqgH,) 89 97 97
9 (R)-1a(98% ee)  p-MeCqH,C=CLi (41) (3) 15 4 (5)-3 (R = p-MeCgH,) 84 94 97
10 (R)-1a(98%ee)  p-FCgH,C=CLi (42) (3) 15 4 (8)-3k (R = p-FCgHy) 88 95 98

“ Reactions in entries 1-4 were carried out with 20 (2 equiv), CuBr-Me,S (1 equiv), and
MgBr, (3 equiv) in THF at O °C for 1 h. Reactions in entries 5-9 were carried out with
Ar-C=CLi (3 equiv), CuBr-Me,S (1.5 equiv), and MgBr, (4 equiv) in THF at 0 °C for 1
h.” In %. © Combined yield of the regioisomers. ¢ Determined by '"H NMR spectroscopy.
¢ Determined by chiral HPLC analysis.” HPLC signals on several chiral columns were
separated incompletely.

BEWT, o7 EF Lot Liz, 2 %8O Ph-C=CLi 37) & 1 ¥ &D
CuBrMe,S O L72.2-7 = = /L7 L& = L3 (Ph-C=C),CuLi-LiBr I3,
(TMSC=C),CuLi'LiBr & ¥ SUsVEAMELS . 0°C, 1 FFfHI T 18% DIEHE (R)-1a &
[l U 7o, BOG % et SE D720 1.5 FEO 37/Cu 25 LJFEEHIHR L,
(5)-3f UL 70% TH LT (entry 5), < DEPPEIL (TMSC=C),CuLi-LiBr |Z
MA T 2BBRETHo T, RIS, 38402 POHMB LEELx O
(ArC = C),CuLi-LiBr (Ar : p-TBSOC(H,, p-MeOC(H,, 0-MeOC(H,, p-MeCH,,
p-FCH,) Z WSO TIE, mWIEREL IR T (5)-3g-k /K L7z, K&
B EOBEBMEOEBE AR (BTG « B RS MPEERE) (3. SO &R ONE
PHEICHE VB KT SR oTo, B, TAFILEBRTEFL & LT,
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(+-BuC=C),CuLi-LiBr % 7 ¥ KD rac-1la & s SE7=M, OGPEMELS S2°
LR 43 % 40% DWETHLDHTH -7 (eq9).

tBu———1Li (3 equiv) _OPMB
OPMB CuBr-Me,S (1.5 equiv
(2-Py)CO, 25 (1.5 equiv)
X [ @
= MgBr, (4 equiv), THF, 0 °C N +Bu
rac-1a 40% yield, 90% regioselectivity 43

7-5. ICHAEM : 1,44 DT

ZIZTEHTIMEERMTEH D 1410 AV OBEBIZOWTHRE LIZRERIC
DWNTIRRX? (Scheme 4), X — VHIIZHB X742, (S)-3a & THF H,
Bu,NF-AcOH (1:1) THHT 2 Z LICLVAESHICTMS EE2RETE, (525 %
572 (eq 7)o FHEIZ (R)-3b BIETEF LT a— L 34 ~EHETX
(eq8), 72¥3. (R)-3b % TBAF OATUBELT7=H5, LAHAOERKRY 34 LT
VIR EDIREME S5 X2 TLE 57, (E)-I-CH=CHC,H,, (44), Phl (46) K& O
pI-CH,COEt 47) & (5)-25 DEHEISITIFER RFMETHEITL, ThETNER
UF7RIRT (S5)-45,36,48 Z/ERK LT, (5)48 DX IR AT NIEEFS>T®T
L X, p-(BtO,0)C=CLi OFHHIMNEEETT U AL THERRTE 220D, A G
ZRHT 2FETHKTE D FPRET,

Scheme 4. Transformations of (S)-3a.

OPMB OPMB N OPMB
/\)/ BugNF, ACOH /\j SFNCoH, (a4) /\)/
N — A ; (925 N
\\TMS 95% \\H EtN, Cul, Pd(PPhg), \\/\Can
(S)-3a (9)-25 THF, r.t. 68% (S)-45
[
OPMB \@ OPMB
Ph-1 (46) /\)/ CO,Et (47) /J
(5)-25 XTI ;o (525 XTI
EtN, Cul, Pd(PPhy), \\Ph EtN, Cul, Pd(PPhy), \\Q
THF, r.t. THF, r.t
: 94% ()-3f ' 98%
(5)-48 COqEt
OPMB
o~~~ Ph 1) p-NH(Ac)CeH4SON3 (51) PMBO
Ph Nj (49) J_/ Cul (cat.), 2,6-lutidine /\j E0 0 0
25 ——— 7 N FN ; (925 N
CuS045H,0 N=N 2) EtOH (55 equiv)
Na ascorbate 81% -52 NHAc
+BUOH-H,0 91% (9)-50 *
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FWT, 7Y FEDRISE T Lo, dfliE4 7= Ph(CH,);N; 49) &
(8)-25 @ 13-BhA(HNEOE T, @R THI 7Y = (950 =5 %7,
F 7=, AT p-NH(AC)CH,SO,N, (51) & (8)-25 % )i S, ifafl & EtOH
THH 7T 5L IR 81% TAIT—b (R-52 ~eEWMTHZ L AEETH
S7, —Ji. rac-25 L 51 % -BuOH KIFEHF CRIGSHE D L, 53 N
DI TIHE LT (eq 10),

OPMB  p-NH(Ac)CgH,SO,N; (51) PMBO o
CuSO4-5H,0 //\\;]\\/ﬂ\ Q§9
X SN S N’ (10)
H Na ascorbate H
rac-25 t-BuOH-H,O 47% 52 NHAc
7-6. #EH

AFETIL, INETEIAEN RN o7, TAF = VEREE W25 2 8
T UNT V3= ViFBRA~DT ) LIS OW TR LTz, £OREER, B
U Ul MR & T2 FNFEFICEETH D . @V LE - SLRERETT
T S\2 MRS Z ENHRD ISR 2O TR Lc, S BIZ, JFEE
1A A NIIERE D Lo T2 A TOEMTH Y . Scheme 4 1Z7°
Lol k% RICHBRAZHIF TE 5 B2 T 5,
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Experimental section

Synthesis of Picolinate (S)-1d. (Scheme 2)

4-[(4-Methoxybenzyl)oxy]-1-butanol (11).

To a suspension of K,CO; (8.76 g, 63.4 mmol) and Nal (8.63 g, 57.6 mmol) in
acetone (20 mL) were added 14-butanediol (10) (6.80 mL, 76.7 mmol) and PMBCI
(2.60 mL, 19.2 mmol). The mixture was refluxed overnight, and filtered through a pad
of Celite. The filtrate was concentrated to give a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to afford 11 (3.35 g, 83%): IR (neat)
3391, 1612, 1512 cm™; 'H NMR (300 MHz, CDCL,) 8 1.60-1.76 (m, 4 H), 2.36-2.48
(m, 1 H),3.49 (t,/J=6Hz,2 H),3.63 (dt,J=5,5Hz,2 H), 3.80 (s, 3 H), 4.45 (s, 2 H),
6.88 (d,J =9 Hz,2 H),7.26 (d,J =9 Hz, 2 H); ”"C NMR (75 MHz, CDCL,) § 26.8 (+),
303 (4+),553 (-),62.8 (+),70.1 (+),72.8 (+), 113.9 (-), 1294 (-), 130.2 (+), 159.3 (+);
HRMS (EI) calcd for C,,H O, (M*) 210.1256, found 210.1251. The '"H NMR spectrum
of 11 was identical with that reported.®

4-(4-Methoxybenzyloxy)-1-butanal (12).

To an ice-cold solution of 11 (1.62 g, 7.70 mmol) in CH,Cl, and DMSO (1 : 1,32 mL)
were added SO,-Py (4.90 g, 30.8 mmol) and Et;N (5.40 mL, 38.5 mmol). The reaction
mixture was stirred at O °C for 3 h, and diluted with EtOAc and H,O. The organic phase
was separated, and the aqueous phase was extracted with EtOAc three times. The
combined organic layers were dried over MgSO, and concentrated to give a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to afford 12 (1.18
g,74%): '"H NMR (300 MHz, CDCl,) 8 1.91 (tt,J = 7,6 Hz,2 H), 2.54 (dt,J = 2, 7 Hz,
2H),348 (t,J=8Hz,2 H),3.81 (s,3H),4.42(s,2 H),6.88 (d,/J=9Hz,2 H),7.24 (d,
J=9Hz,2H),9.78 (t,J =2 Hz, 1 H). The 'H NMR spectrum of 12 was identical with
that reported.®

1-(4-Methoxybenzyloxy)undec-5-yn-4-one (13).

To an ice-cold solution of 1-heptyne (1.20 mL, 9.15 mmol) in THF (9 mL) was added
BuLi (5.50 mL, 1.55 M in hexane, 8.53 mmol) dropwise. The mixture was stirred at
0 °C for 30 min and cooled to —78 °C. A solution of 12 (1.18 g, 5.67 mmol) in THF (3
mL) was added to it dropwise and the resulting mixture was allowed to warm to —20 °C
over 2 h. Saturated NH,CI] and EtOAc were added to the mixture, and the product was

extracted with EtOAc three times. The combined organic layers were dried over MgSO,
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and concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford the corresponding alcohol (1.48 g, 86%).

To an ice-cold solution of the above alcohol (519 mg, 1.70 mmol) in CH,Cl, (6 mL)
were added Celite (1.0 g) and PCC (441 mg, 2.05 mmol). The mixture was stirred at rt
overnight, and PCC (147 mg, 0.682 mmol) was added again. The mixture was stirred at
rt overnight, diluted with hexane, and filtered through a pad of Celite. The filtrate was
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 13 (388 mg, 75%): IR (neat) 2210, 1675, 1513, 1248 cm™'; 'H
NMR (300 MHz, CDCl5) 6 091 (t,J =7 Hz,3 H), 1.24-1.45 (m, 4 H), 1.49-1.65 (m, 2
H), 195 (tt,J=7,6 Hz,2 H),2.35 (t,J =7 Hz,2 H),2.65 (t,J =7 Hz,2 H),3.47 (t,J =
6 Hz,2 H),3.81 (s,3 H),4.42 (s,2H),6.88 (d,/J =9 Hz,2 H), 7.25 (d,J =9 Hz, 2 H);
"C NMR (75 MHz, CDCL,) 8 13.9 (=), 18.9 (+), 22.1 (+), 242 (+), 27.4 (+), 31.0 (+),
423 (+),553 (-),68.8 (+),72.6 (+), 80.9 (+),94.5 (+), 113.8 (-), 129.2 (), 130.5 (+),
1592 (+), 1879 (+); HRMS (FAB) calcd for C,,H,;O; [((M + H)*] 303.1960, found
303.1967.

(S)-1-(4-Methoxybenzyloxy)undec-5-yn-4-ol (14).

To a solution of 13 (388 mg, 1.28 mmol) in i-PrOH (10 mL) was added
Ru[(18,25)-TsDPEN](p-cymene) (23 mg, 0.383 mmol). The mixture was stirred at
30 °C overnight and concentrated to give a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to afford 14 (330 mg, 84%): IR (neat)
3410, 1612, 1513, 1248 cm™'; 'H NMR (300 MHz, CDCl,) § 0.89 (t, J = 7 Hz, 3 H),
1.23-1.42 (m, 4 H), 1.43-1.56 (m, 2 H), 1.69-1.90 (m, 4 H), 2.19 (dt,J =2, 7 Hz, 2 H),
2.64 (d,J=6Hz,1H),3.45-3.54 (m,2 H),3.81 (s,3 H),434-445(m, 1 H),4.45 (s,2
H), 6.88 (d,J =9 Hz, 2 H), 7.26 (d, J = 9 Hz, 2 H); °C NMR (75 MHz, CDCL,) § 14.0
(=), 18.7 (+),22.2 (+),25.6 (+),28.4 (+), 31.1 (+),35.6 (+),55.3 (-),62.4 (), 699 (+),
72.6 (+), 81.2 (+), 85.5 (+), 113.8 (-), 1294 (-), 130.3 (+), 159.2 (+); HRMS (FAB)
calcd for C,;H,;O;Na [(M + Na)*] 327.1936, found 327.1938.

(S)-1-(4-Methoxybenzyloxy)undec-5-yn-4-yl Pyridine-2-carboxylate (15).

To an ice-cold solution of 14 (330 mg, 1.08 mmol) in CH,Cl, (4 mL) were added
picolinic acid (160 mg, 1.30 mmol), DMAP (40 mg, 0.327 mmol), and DCC (290 mg,
1.41 mmol). The mixture was stirred at rt for 2 h, diluted with ether, and filtered
through a pad of Celite. The filtrate was concentrated to afford a residue, which was
purified by chromatography on silica gel (hexane/EtOAc) to furnish 15 (410 mg, 93%):
IR (neat) 2241, 1718, 1513, 1247, 1128 cm™'; '"H NMR (300 MHz, CDCl,) 6 0.87 (t,J =
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7 Hz, 3 H), 1.22-1.40 (m, 4 H), 1.43-1.62 (m, 2 H), 1.78-1.90 (m, 2 H), 1.98-2.08 (m,
2 H),2.19 (dt,J=2,7 Hz,2 H), 3.51 (t, J = 6 Hz, 2 H), 3.80 (s, 3 H), 444 (s, 2 H), 5.71
(tt,J =7,2 Hz, 1 H),6.87 (d,J =9 Hz,2 H), 7.26 (d,J = 9 Hz, 2 H), 7.47 (ddd, J = 8, 5,
1 Hz, 1 H),7.83 (ddd, J =8, 8,2 Hz, 1 H), 8.13 (ddd, /=8, 1,1 Hz, 1 H), 8.78 (ddd, J
=5,2,1Hz, 1 H); °C NMR (75 MHz, CDCL,) § 14.0 (), 18.8 (+), 222 (+), 25.6 (+),
282 (+), 31.1 (+), 32.1 (+), 553 (-), 66.0 (=), 69.4 (+), 72.6 (+), 872 (+), 113.8 (-),
1254 (-), 1269 (=), 1293 (), 130.6 (+), 137.0 (), 148.1 (+), 150.1 (), 159.2 (+),
164.2 (+); HRMS (FAB) caled for C,sH,,NO, [(M + H)*] 410.2331, found 410.2324.

Picolinate (S)-1d.

To a solution of 15 (387 mg, 0.945 mmol) in EtOAc (10 mL) was added Lindlar
catalyst (Aldrich, 189 mg). The mixture was stirred at rt overnight under H, atmosphere,
and filtered through a pad of Celite. The filtrate was concentrated to give a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to afford (S)-1d
(308 mg, 79%): [a]**, +40.5 (¢ 0.356, CHCL,); IR (neat) 1739, 1513, 1303, 1246, 1134
cm™; '"H NMR (300 MHz, CDCl,) § 0.86 (t, J = 7 Hz, 3 H), 1.20-145 (m, 6 H),
1.63-1.87 (m, 3 H), 1.88-2.07 (m, 1 H), 2.09-2.32 (m, 2 H), 3.43-3.53 (m, 2 H), 3.80 (s,
3H),443(s,2H),549 (ddt,J=11,9,2 Hz, 1 H),5.61 (dt,J=11,7 Hz, 1 H), 5.89 (dt,
J=9,7Hz,1H),687(d,/J=9Hz,2H),7.25(d,J=9 Hz,2 H),7.45 (ddd,J =8, 5, 1
Hz,1H),7.82 (ddd,J=8,8,2 Hz, 1 H),8.10 (ddd, /=8, 1,1 Hz, 1 H), 8.77 (ddd, J =
5,2, 1 Hz, 1 H); "C NMR (75 MHz, CDCl,) § 14.0 (-), 22.4 (+), 25.5 (+), 27.9 (+),
29.1 (+), 314 (4),31.5(+),551 (=), 695 (+),71.8 (=), 72.5 (+), 113.7 (-), 1250 (-),
126.6 (-), 1274 (-), 129.1 (-), 130.5 (+), 135.1 (-), 136.8 (-), 148.5 (+), 149.8 (-),
159.0 (+), 164.4 (+); HRMS (FAB) calcd for C,sH;,NO, [(M + H)"] 412.2488, found
412.2484. The enantiomeric information (93% ee) was determined by chiral HPLC
analysis: Chiralcel AD-H; hexane/i-PrOH = 95/5, 0.5 mL/min, rt; #; (min) = 26.0 (),
446 (R).

Synthesis of Picolinate rac-1a. (Scheme 2)

5-(4-Methoxybenzyloxy)-3-pentyn-2-yl Pyridine-2-carboxylate (17).

To an ice-cold solution of rac-16’ (244 mg, 1.11 mmol) in CH,Cl, (5 mL) were added
picolinic acid (164 mg, 1.33 mmol), DMAP (40.6 mg, 0.332 mmol), and DCC (298 mg,
1.44 mmol). The mixture was stirred at rt for 1 h, diluted with ether, and filtered through
a pad of Celite. The filtrate was concentrated to afford a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to furnish 17 (358 mg, 99%). The 'H and
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C NMR spectra were identical with those reported in Chapter 2.

Picolinate rac-1a.

To a solution of 17 (358 mg, 1.09 mmol) in EtOAc (10 mL) was added Lindlar
catalyst (Aldrich, 210 mg) at rt. The mixture was stirred at rt for 12 h under H,
atmosphere, and filtered through a pad of Celite. The filtrate was concentrated to give a
residue, which was purified by chromatography on silica gel (hexane/EtOAc) to afford
rac-1a (274 mg, 77%). The 'H and "C NMR spectra were identical with those reported
in Chapter 2.

Synthesis of Pyrazinecarboxylate 4. (Scheme 2)

5-(4-Methoxybenzyloxy)pent-3-yn-2-yl Pyrazine-2-carboxylate (18).

To an ice-cold solution of rac-16 (210 mg, 0.953 mmol) in CH,Cl, (4 mL) were added
2-pyrazinecarboxylic acid (142 mg, 1.14 mmol), DMAP (35 mg, 0.286 mmol), and
DCC (256 mg, 1.24 mmol). The mixture was stirred at rt for 1 h, diluted with ether, and
filtered through a pad of Celite. The filtrate was concentrated to afford a residue, which
was purified by chromatography on silica gel (hexane/EtOAc) to furnish 18 (304 mg,
98%): IR (neat) 1724, 1514, 1288, 1250, 1131 cm™'; "H NMR (300 MHz, CDCl;) & 1.72
(d,J=7Hz,3H),3.80(s,3H),4.18 (d,/=2Hz,2 H),4.52 (s,2 H),5.86 (tq,J =2,7
Hz,1H),6.87 (d,/J=9Hz,2H),727 (d,J=9 Hz,2 H),8.76 (dd, J =2, 1 Hz, 1 H),
8.79 (d,J =2 Hz, 1 H),9.34 (d,J =1 Hz, 1 H); "C NMR (75 MHz, CDCl,) 6 21.3 (),
552 (-),56.8 (+),62.4 (-),71.2 (+),82.0 (+), 839 (+), 113.8 (-), 129.2 (+), 129.8 (-),
1432 (+), 1445 (-), 146 4 (-), 147.8 (-), 159.3 (-), 162.8 (+); HRMS (FAB) calcd for
C,sH,,N,O, [((M + H)*] 327.1345, found 327.1347.

(Z)-5-(4-Methoxybenzyloxy)pent-3-en-2-yl Pyrazine-2-carboxylate (4).

To a solution of 18 (284 mg, 0.870 mmol) in EtOAc (10 mL) was added Lindlar
catalyst (Aldrich, 103 mg). The mixture was stirred at rt for 12 h under H, atmosphere
and filtered through a pad of Celite. The filtrate was concentrated to give a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to afford 4 (235
mg, 82%): IR (neat) 1718, 1513, 1303, 1249, 1142 cm™'; '"H NMR (300 MHz, CDCL,) 6
149 (d,J =6 Hz,3 H),3.80 (s,3 H),4.23 (dm,J =6 Hz,2 H), 4.47 (s, 2 H), 5.70 (ddt,
J=11,8,2Hz,1H),5.78 (dt,J=11,6 Hz, 1 H),5.95 (dq,J =8,6 Hz, 1 H), 6.87 (d,J
=9Hz,2H),727(d,/J=9Hz,2H),8.72(dd,J=2,1Hz,1H),8.75(d,J=2Hz, 1 H),
9.29 (d,J =1 Hz, 1 H); "C NMR (75 MHz, CDCl,) 6 20.8 (-), 55.3 (-), 65.7 (+), 69.3
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(D), 722 (+), 113.8 (1), 129.4 (-), 130.1 (+), 130.4 (), 131.0 (), 143.7 (+), 1444 (),
146.3 (-), 147.6 (), 1592 (+), 1632 (+); HRMS (FAB) caled for C,iH,,N,0, [(M +
H)*] 329.1501, found 329.1504.

Synthesis of Racemic Allylic Esters 5-9. (Scheme 2)

(Z)-5-(4-Methoxybenzyloxy)pent-3-en-2-ol (19).

To a solution of rac-16 (567 mg, 2.57 mmol) in MeOH (20 mL) were added 10% Pd
on BaSO, (39 mg) and quinoline (0.141 mL, 1.19 mmol). The mixture was stirred at rt
for 7 min under H, atmosphere, and filtered through a pad of Celite. The filtrate was
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford alcohol 19 (418 mg, 73%): IR (neat) 3397, 1612, 1514, 1249
cm™'; 'TH NMR (300 MHz, CDCl,) 8 1.25 (d,J =7 Hz, 3 H), 2.00 (br s, 1 H), 3.81 (s, 3
H),3.98-4.17 (m,2 H),4.46 (s, 2 H), 4.52-4.64 (m, 1 H), 5.59-5.70 (m,2 H), 6.89 (d, J
=9 Hz,2 H),7.27 (d,J = 9 Hz, 2 H); "C NMR (75 MHz, CDCl,) 8 23.3 (-), 55.3 (-),
639 (-), 654 (+),72.2 (+), 1139 (-), 126.8 (-), 129.5 (-), 130.0 (+), 137.7 (-), 159.3
(+); HRMS (FAB) calcd for C;H,;0;Na [(M + Na)*] 245.1154, found 245.1152.

(Z)-Diethyl 5-(4-Methoxybenzyloxy)pent-3-en-2-yl Phosphate (5).

To an ice-cold solution of 19 (102 mg, 0.459 mmol) in Et,0O (1 mL) were added
N-methylimidazole (0.22 mL, 2.79 mmol) and CIP(O)(OEt), (0.32 mL, 2.23 mmol).
The mixture was stirred at rt overnight, and diluted with EtOAc and saturated NaHCO,.
The organic layer was separated, and the aqueous layer was extracted with EtOAc twice.
The combined organic layers were dried over MgSO, and concentrated to afford a
residue, which was purified by chromatography on silica gel (hexane/EtOAc) to furnish
phosphate 5 (145 mg, 88%): IR (neat) 1613, 1514, 1250, 1035 cm™'; '"H NMR (300
MHz, CDCl,) 6 1.31 (dq, Jpy =1 Hz, J,, y=7 Hz,3 H), 1.26-1.35 (m,3 H), 1.38 (d,J =
6 Hz, 3 H), 3.81 (s, 3 H), 3.99-4.14 (m, 6 H), 4.45 (s,2 H), 5.22 (ddq, J; s = 9 Hz, J, 4
=6 Hz, J,, ;=6 Hz, 1 H),5.62 (ddt,J = 11,9, 1 Hz, 1 H), 5.70 (dt, J = 11, 6 Hz, 1 H),
6.88 (d,J=9Hz,2H),7.27 (d,J =9 Hz, 2 H); "C NMR (75 MHz, CDCl,) § 160 (-, d,
Jep=7THz),22.6 (—,d,J.p»=5Hz),552 (-),63.46 (+,d,J., =3 Hz),63.54 (+,d, Jop
=3 Hz),655(+),71.1 (-, d,J.,=3Hz),72.2 (+), 113.8 (-), 128.8 (-), 1294 (-), 130.1
(+), 132.5 (-, d, Jop = 5 Hz), 159.2 (+); HRMS (FAB) calcd for C,;H,;OP [(M + H)"]
359.1624, found 359.1623.

(Z)-5-(4-Methoxybenzyloxy)pent-3-en-2-yl 2,3.4,5,6-Pentafluorobenzoate (6).
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To an ice-cold solution of 19 (113 mg, 0.508 mmol) in CH,Cl, (2 mL) were added
pentafluorobenzoic acid (129 mg, 0.608 mmol), DMAP (19 mg, 0.156 mmol) and DCC
(137 mg, 0.664 mmol). The mixture was stirred at rt for 1 h, diluted with ether, and
filtered through a pad of Celite. The filtrate was concentrated to afford a residue, which
was purified by chromatography on silica gel (hexane/EtOAc) to furnish ester 6 (192
mg, 91%): IR (neat) 1735, 1507, 1233 cm™'; '"H NMR (300 MHz, CDCl,) § 142 (d, J =
6 Hz,3 H),3.81 (s,3H),4.19 (dt,J=6,2Hz,2 H),4.47 (s,2 H),5.61 (ddt,/J=11,9,2
Hz, 1 H),5.78 (ddt,J =11, 1,6 Hz, 1 H), 5.80-5.93 (m, 1 H), 6.88 (d, /=9 Hz, 2 H),
728 (d,J =9 Hz, 2 H); "C NMR (75 MHz, CDCl,) § 20.5 (-), 55.2 (-), 65.6 (+), 70.1
(=), 72.2 (+), 113.8 (-), 1294 (-), 130.1 (-), 130.6 (-), 130.7 (-), 135.9-146.9 (+, m,
5C), 158.2 (+), 159.3 (+); ""F NMR (470 MHz, CDCl,, C/F, as an internal standard) &
1.28 (m, 2 F), 12.8 (m, 1 F), 23.2 (m, 2F); HRMS (FAB) calcd for C,,H,;F;0, (M")
416.1047, found 416.1052.

(Z)-5-(4-Methoxybenzyloxy)pent-3-en-2-yl 2-(Diphenylphosphino)benzoate (7).

To an ice-cold solution of 19 (119 mg, 0.535 mmol) in CH,Cl, (2 mL) were added
2-(diphenylphosphino)benzoic acid (197 mg, 0.643 mmol), DMAP (20 mg, 0.18 mmol),
and DCC (144 mg, 0.698 mmol). The mixture was stirred at rt for 3 h, diluted with ether,
and filtered through a pad of Celite. The filtrate was concentrated to afford a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to furnish DPPB
ester 7 (222 mg, 81%): IR (neat) 1738, 1712, 1513, 1249, 1046 cm™'; 'H NMR (300
MHz, CDCl;) 8 1.20 (d,J =7 Hz,3 H), 3.76 (s,3 H),4.05 (dd, J = 13,7 Hz, 1 H), 4.11
(dd,J=13,7Hz,1 H),436 (d,J=11Hz, 1 H),439(d,J=11Hz, 1 H),544 (dd,J =
11,9 Hz,1H),5.60 (dt,J=11,7 Hz, 1 H),5.69 (dq,/=9,7 Hz, 1 H), 6.85 (d,J =9 Hz,
2 H),6.84-693 (m, 1 H),7.23 (d,J =9 Hz,2 H), 7.21-7.38 (m, 12 H), 7.99-8.06 (m, 1
H); "C NMR (75 MHz, CDCl;) § 20.6 (-), 55.2 (-), 65.7 (+), 68.1 (=), 72.0, (+) 113.7
(=), 1282 (=), 1284 (-, d, Jop = 2 Hz), 128.5 (-, d, Jo» = 2 Hz), 128.5 (-), 128.6 (-),
129.3 (-), 1294 (-), 130.3 (+), 130.6 (-, d, Jop =3 Hz), 131.7 (-), 131.8 (-), 133.8 (-, d,
Jep=12Hz),1340 (-,d, J., =12 Hz), 134.2 (-), 134.7 (+,d, Jop» = 19 Hz), 1379 (+,
d,J.p=8Hz),138.1 (+,d,J.p =8 Hz), 1400 (+,d, J., =27 Hz), 159.1 (+), 166.1 (+,
d,Jop =3 Hz).

(Z)-5-(4-Methoxybenzyloxy)pent-3-en-2-yl Methyl Carbonate (8).

To an ice-cold solution of 19 (103 mg, 0.463 mmol) in CH,Cl, (1 mL) were added
pyridine (0.230 mL, 2.84 mmol) and methyl chloroformate (0.11 mL, 1.42 mmol). The
mixture was stirred at rt overnight, and diluted with EtOAc and saturated NaHCO,. The
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organic layer was separated, and the aqueous layer was extracted with EtOAc twice.
The combined organic layers were dried over MgSO, and concentrated to afford a
residue, which was purified by chromatography on silica gel (hexane/EtOAc) to furnish
carbonate 8 (116 mg, 89%): IR (neat) 1744, 1513, 1268, 1037 cm™'; '"H NMR (300 MHz,
CDCly) 6 1.34 (d,J =6 Hz,3 H),3.76 (s, 3 H), 3.81 (s, 3 H), 4.16 (dm, J = 6 Hz, 2 H),
445(d,J=11Hz,1H),447 (d,J=11Hz,1H),545(ddq,/ =9, 1,6 Hz, 1 H), 5.57
(ddt,J=11,9,1Hz, 1 H),5.73 (ddt,J =11,1,6 Hz, 1 H), 6.88 (d,J =9 Hz,2 H), 7.27
(d, J =9 Hz, 2 H); °C NMR (75 MHz, CDCl,) & 20.6 (-), 54.5 (=), 55.2 (=), 65.6 (+),
709 (=), 72.1 (+), 113.7 (=), 1294 (-), 129.6 (), 130.1 (+), 131.4 (=), 155.0 (+), 159.2
(+); HRMS (FAB) calcd for C,sH,,0sNa [(M + Na)*] 303.1208, found 303.1208.

(Z)-5-(4-Methoxybenzyloxy)pent-3-en-2-yl Acetate (9).

To an ice-cold solution of 19 (99.9 mg, 0.449 mmol) in CH,Cl, (1 mL) were added
pyridine (0.31 mL, 3.83 mmol) and Ac,0 (0.17 mL, 1.80 mmol). The mixture was
stirred at rt overnight, and diluted with EtOAc and saturated NaHCO,. The organic layer
was separated, and the aqueous layer was extracted with EtOAc twice. The combined
organic layers were dried over MgSO, and concentrated to afford a residue, which was
purified by chromatography on silica gel (hexane/EtOAc) to furnish acetate 9 (102 mg,
86%): IR (neat) 1735, 1514, 1247 cm™"; '"H NMR (300 MHz, CDCl,) 6 1.28 (d, J = 6 Hz,
3H),2.02(s,3H),3.81(s,3H),4.14 (dd,J =6,2 Hz,2 H), 442 (d,J = 11 Hz, 1 H),
447 (d,J=11Hz,1H),4.51 (s,2 H), 546-5.66 (m,2 H), 5.68 (dt,J = 11,6 Hz, 1 H),
6.88 (d,J =9 Hz, 2 H), 7.27 (d,J = 9 Hz, 2 H); ”C NMR (75 MHz, CDCl,) § 20.7 (-),
212 (-),552 (), 65.6 (+),669 (-),72.1 (+), 113.7 (), 129.1 (), 1294 (-), 130.2 (+),
1320 (-), 1592 (+), 170.2 (+); HRMS (FAB) calcd for C,sH,,O,Na [(M + Na)']
287.1259, found 287.1263.

Synthesis of Racemic Picolinate 32. (Scheme 3)

1-(4-Methoxybenzyloxy)pent-3-yn-2-ol (30).

To an ice-cold solution of (trimethylsilyl)acetylene (0.500 mL, 3.54 mmol) in THF (4
mL) was added n-BuLi (2.00 mL, 1.60 M in hexane, 3.20 mmol) slowly. The solution
was stirred at 0 °C for 30 min, and cooled to —78 °C. BF;-OEt, (0.44 mL, 3.47 mmol)
was added to it slowly. After 10 min of stirring at —78 °C, a solution of 28 (426 mg, 2.19
mmol) in THF (3 mL) was added slowly. The resulting mixture was allowed to warm to
rt, and stirred overnight. Saturated NH,Cl and EtOAc were added to the mixture. The

organic phase was separated, and the aqueous phase was extracted with EtOAc three
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times. The combined organic layers were washed with brine, dried over MgSO,, and
concentrated to give the corresponding acetylene alcohol, which was used for the next
reaction without further purification: 'H NMR 6 0.14 (s, 9 H), 2.40 (d, J = 5 Hz, 1 H),
245(dd,J=17,7Hz, 1 H),2.51 (dd,J=17,6 Hz, 1 H), 346 (dd,J =9, 6 Hz, 1 H),
3.58 (dd,J=9,4Hz,1H),3.80 (s, 3 H), 3.88-3.97 (m, 1 H),4.50 (s,2 H), 6.88 (d,J =
9Hz,2H),727 (d,J=9 Hz,2 H).

To an ice-cold solution of the above alcohol in MeOH (5 mL) was added K,CO; (910
mg, 6.58 mmol). The mixture was stirred at rt for 4 h, and concentrated to afford a
residue, which was passed through a short column of silica gel (hexane/EtOAc) to
afford acetylene 29 (652 mg), which was used for the next reaction without further
purification.

To an ice-cold mixture of the above acetylene 29 (652 mg) in DMSO (4 mL) was
added ~-BuOK (983 mg, 8.76 mmol). The resulting mixture was stirred at rt for 2 h, and
diluted with EtOAc and H,O. The layers were separated and the aqueous layer was
extracted with EtOAc twice. The combined extracts were washed with brine, dried over
MgSO,, and concentrated to give a residue, which was purified by silica gel
chromatography (hexane/EtOAc) to give the methyl acetylene 30 (284 mg, 74% from i):
IR (neat) 3420,2242, 1514, 1249 cm™; '"H NMR (300 MHz, CDCl,) 8 1.84 (d,J =2 Hz,
3H),243(d,/J=4Hz,1H),349 (dd,J=10,8 Hz, 1 H),3.58 (dd, J = 10,5 Hz, 1 H),
3.81 (s, 3 H), 446-4.54 (m, 1 H),4.51 (d,J =12 Hz, 1 H),4.56 (d,J = 12 Hz, 1 H),
6.89 (d,J =9 Hz,2 H), 7.27 (d, J = 9 Hz, 2 H); "C NMR (75 MHz, CDCL,) § 3.6 (-),
553 (-),61.8 (-),73.0 (+),73.6 (+),77.0 (+), 82.0 (+), 1139 (-), 129.5 (-), 129.8 (+),
159.4 (+); HRMS (FAB) calcd for C;H,,O;Na [(M + Na)*] 243.0997, found 243.0998.

1-(4-Methoxybenzyloxy)pent-3-yn-2-yl Pyridine-2-carboxylate (31).

To an ice-cold solution of 30 (274 mg, 1.24 mmol) in CH,Cl, (5 mL) were added
picolinic acid (184 mg, 1.49 mmol), DMAP (30 mg, 0.246 mmol), and DCC (333 mg,
1.61 mmol). The mixture was stirred at rt for 1 h, diluted with ether, and filtered through
a pad of Celite. The filtrate was concentrated to afford a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to furnish 31 (397 mg, 98%): IR (neat)
2245, 1722, 1514, 1303, 1246, 1130 cm™"; 'H NMR (300 MHz, CDCl,) 8 1.84 (d,J =2
Hz,3 H),3.75(dd,/J=11,4Hz,1H),3.79 (s,3 H),3.86 (dd,J = 11,8 Hz, 1 H), 4.54 (d,
J=12Hz,1H),4.59(d,J=12Hz,1H),5.87 (ddq,/=8,4,2Hz,1 H),6.84 (d,/=9
Hz,2 H),7.26 (d,J =9 Hz,2 H),7.38 (ddd,J=8,5,1Hz, 1 H),7.84 (ddd,J =8, 8,2
Hz, 1 H), 8.14 (ddd, J =8, 1,1 Hz, 1 H), 8.79 (ddd, J = 5, 2, 1 Hz, 1 H); "C NMR (75
MHz, CDCI;) 6 3.8 (-), 553 (-), 64.8 (-), 71.0 (+), 72.8 (+), 73.8 (+), 83.6 (+), 113.8
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(=), 1255 (=), 1270 (-), 1294 (-), 129.8 (+), 136.9 (-), 1479 (+), 1500 (-), 159.3 (+),
164.2 (+); HRMS (FAB) calcd for C,,H,,NO, [(M + H)"] 326.1392, found 326.1390.

(Z)-1-(4-Methoxybenzyloxy)pent-3-en-2-yl Pyridine-2-carboxylate (32).

To a solution of 31 (397 mg, 1.21 mmol) in EtOAc (15 mL) was added Lindlar
catalyst (Aldrich, 100 mg). The mixture was stirred at rt for 12 h under H, atmosphere
and filtered through a pad of Celite. The filtrate was concentrated to give a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to afford 32 (357
mg, 91%): IR (neat) 1717, 1513, 1303, 1247, 1132 cm™'; '"H NMR (300 MHz, CDCL,) §
1.82 (dd,J =7,2 Hz,3 H),3.62 (dd,J = 11,4 Hz, 1 H), 3.78 (dd, J = 11, 7 Hz, 1 H),
379 (s,3H),451(d,J=12Hz,1 H),4.57 (d,J =12 Hz, 1 H),5.54 (ddq,/J=11,9,2
Hz, 1 H),5.78 (ddq, J =11, 1,7 Hz, 1 H), 6.10-6.18 (m, 1 H), 6.84 (d,J =9 Hz, 2 H),
7.25(d,J=9Hz,2H),744 (ddd,J=8,5,1Hz, 1 H),7.83 (ddd, J =8,8,2 Hz, 1 H),
8.12 (ddd, J =8, 1, 1 Hz, 1 H), 8.78 (ddd, J = 5, 2, 1 Hz, 1 H); "C NMR (75 MHz,
CDCl,) 8 13.7 (-), 553 (=), 70.5 (=), 709 (+), 72.8 (+), 113.8 (), 1253 (-), 126.8 (-),
129.3 (-), 130.1 (+), 1309 (-), 1369 (-), 148.4 (+), 1499 (-), 159.2 (+), 164.5 (+);
HRMS (FAB) calcd for C,,H,,NO, [(M + H)"] 328.1549, found 328.1550.

Allylic Substitution.

General Procedure of the Allylic Substitution. (Table 2, entry 2)

To an ice-cold solution of trimethylsilylacetylene (0.032 mL, 0.231 mmol) in THF
(0.4 mL) was added BuLi (0.13 mL, 1.60 M in hexane, 0.208 mmol) dropwise. After 30
min at 0 °C, a solution of MgBr, (1.60 mL, 0.20 M in THF, 0.320 mmol) and
CuBr-Me,S (21.6 mg, 0.105 mmol) were added to the solution. The resulting mixture
was stirred at 0 °C for 30 min, and a solution of (R)-1a (34.1 mg, 0.105 mmol, 98% ee)
in THF (1 mL) was added to it dropwise. The mixture was stirred at 0 °C for 1 h, and
diluted with EtOAc and saturated NH,Cl with vigorous stirring. The layers were
separated and the aqueous layer was extracted with EtOAc twice. The combined
extracts were washed with brine, dried over MgSO,, and concentrated to give a residue,
which was purified by chromatography on silica gel (hexane/EtOAc) to afford a 94:6
mixture of (5)-3a and 21 (29.5 mg, 93%, 94% regioselectivity): [a]*’, +57.8 (c 0.816,
CHCL,); IR (neat) 2172, 1514, 1250, 843 cm™; '"H NMR (300 MHz, CDCl,) 8 0.17 (s, 9
H),1.71 (ddd,J=7,2,2 Hz,3 H),3.28-3.39 (m, 1 H),3.42 (dd,/=9,7 Hz, 1 H), 3.51
(dd,J=9,6 Hz,1 H),3.80 (s,3 H),4.51 (s,2 H),543 (ddq,J=15,6,2 Hz, 1 H),5.78
(ddq,J =15,2,7 Hz, 1 H), 6.88 (d,J =9 Hz, 2 H), 7.27 (d, J = 9 Hz, 2 H); "C NMR
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(75 MHz, CDCl,) 6 0.23 (), 179 (-), 364 (), 553 (-), 72.7 (+), 729 (+), 87.7 (+),
105.6 (+), 113.8 (-), 127.3 (-), 127.7 (-), 129.3 (=), 1304 (+), 159.2 (+); HRMS (FAB)
caled for C,H,O,SiNa [(M + Na)"] 325.1600, found 325.1598. The enantiomeric
information (97% ee, 99% CT) was determined by chiral HPLC analysis: Chiralcel
AS-H; hexane/i-PrOH = 98/2, 0.2 mL/min, rt; t; (min) = 27.6 (R), 38.9 (9).

Determination of the absolute configuration of (S)-3a: (eq 7)

(R)-1-[(2-Ethylpentyloxy)methyl]-4-methoxybenzene (26) from 27.

To a solution of 27 (17.4 mg, 0.0743 mmol) in EtOAc (1 mL) was added 10% Pd/C (8
mg). The mixture was stirred at rt for 1 h under H, atmosphere, and filtered through a
pad of Celite. The filtrate was concentrated to give a residue, which was purified by
chromatography on silica gel (hexane/EtOAc) to afford 26 (12.2 mg, 69%): [a],™ -7.2
(c 0.166, CHCL,); IR (neat) 1612, 1513, 1248, 1094, 1038 cm™'; '"H NMR (300 MHz,
CDCly) 6 0.86 (t,J =8 Hz,3 H),0.86 (t,J =8 Hz,3 H), 1.18-1.64 (m,7 H),3.31 (d,J =
6 Hz,2 H),3.81 (s,3 H),4.42 (s,2 H),6.88 (d,J =9 Hz,2 H), 7.26 (d,J =9 Hz, 2 H);
"C NMR (75 MHz, CDCl,) 8 11.1 (=), 14.6 (=), 20.1 (+), 24.0 (+), 33.3 (+), 39.6 (-),
554 (=), 72.7 (+),73.0 (+), 113.8 (-), 129.2 (-), 131.1 (+), 159.1 (+). Chiralcel OB-H;
hexane/i-PrOH = 96/4, 0.4 mL/min, 40 °C; t; (min) = 27.8 (S), 34.9 (R).

(S,E)-1-[(2-Ethynylpent-3-enyloxy)methyl]-4-methoxybenzene ((S)-25).

To an ice-cold solution of (§)-3a (101 mg, 0.334 mmol) in THF (0.5 mL) was added a
solution of Bu,NF (0.67 mL, 1.0 M in THF, 0.67 mmol) and AcOH (0.038 mL, 0.664
mmol) in THF (0.5 mL). The resulting solution was stirred at rt overnight, and diluted
with EtOAc and saturated NH,Cl. The layers were separated and the aqueous layer was
extracted with EtOAc twice. The combined extracts were washed with brine, dried over
MgSO,, and concentrated to give a residue, which was purified by chromatography on
silica gel (hexane/EtOAc) to afford (5)-25 (73.0 mg, 95%): [a]”y, +54.2 (c 0.542,
CHCL,); IR (neat) 3292, 1612, 1513, 1249, 1100, 1036 cm™'; '"H NMR (300 MHz,
CDCl,) 8 1.70 (ddd, J =6,2,2 Hz,3 H),2.23 (d,J =2 Hz, 1 H), 3.26-3.37 (m, 1 H),
343 (dd,J=9,7Hz,1H),3.50(dd,/J=9,7Hz,1H),3.81(s,3H),4.51 (s,2 H),543
(ddq, J = 15,6,2 Hz, 1 H), 5.81 (ddq, J = 15,2, 6 Hz, 1 H), 6.88 (d, /=9 Hz, 2 H),
727 (d,J =9 Hz, 2 H); ”"C NMR (75 MHz, CDCl,) 8 179 (-),35.2 (-), 553 (-), 71.3
(+), 72.7 (+), 72.8 (+), 83.5 (+), 113.8 (-), 1269 (-), 128.1 (-), 1294 (-), 130.2 (+),
159.3 (+); HRMS (FAB) calcd for C,sH,;0, (M") 230.1307, found 230.1308.
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(R)-1-[(2-Ethylpentyloxy)methyl]-4-methoxybenzene (26) from ($)-25.

To a solution of (§)-25 (26.3 mg, 0.114 mmol) in benzene (1 mL) was added
RhCI(PPh;); (21 mg, 0.0227 mmol). The solution was stirred at rt for 20 h under H,
atmosphere, and filtered through a pad of Celite. The filtrate was concentrated to give a
residue, which was purified by chromatography on silica gel (hexane/EtOAc) to afford
26 (19.4 mg, 72%). Retention time for 26 was identical with that derived from 27.

(R ,E)-3-[(tert-Butyldimethylsilyloxy)methyl]-7-phenyl-1-(trimethylsilyl)hept-4-en-
1-yne ((R)-3b).

Table 4, entry 1: To an ice-cold solution of trimethylsilylacetylene (0.029 mL, 0.210
mmol) in THF (1.5 mL) was added BuLi (0.12 mL, 1.60 M in hexane, 0.192 mmol)
dropwise. After 30 min at O °C, a solution of MgBr, (1.50 mL, 0.20 M in THF, 0.300
mmol) and CuBr-Me,S (19.7 mg, 0.0958 mmol) were added to the solution. The
resulting mixture was stirred at 0 °C for 30 min, and a solution of (S)-1b (39.5 mg,
0.0960 mmol, 98% ee) in THF (1 mL) was added to it dropwise. The mixture was
stirred at 0 °C for 1 h to afford (R)-3b (30.9 mg, 83%, 97% regioselectivity): [a]*,
-39.7 (¢ 0.564 CHCL,); IR (neat) 2172, 1251, 1109, 841 cm™; '"H NMR (300 MHz,
CDCl;) 6 0.06 (s, 6 H),0.16 (s,9 H),0.90 (s, 9 H), 2.35 (dt,J=7,8 Hz,2 H), 2.70 (t,J
=8 Hz,2 H),3.20 (ddd,/J=7,7,6 Hz, 1 H),3.52 (dd,/J=9,7 Hz, 1 H),3.64 (dd,J =9,
7Hz,1H),544 (dd,J=15,6 Hz, 1 H),5.80 (dt,J = 15,7 Hz, 1 H), 7.14-7.22 (m, 3 H),
7.24-7.32 (m, 2 H); "C NMR (75 MHz, CDCl,) § -5.2 (), -5.1 (), 0.25 (-), 18.5 (+),
260 (-),34.4 (+),35.8 (+),39.0 (), 66.7 (+), 87.7 (+), 1059 (+), 1259 (-), 126.9 (-),
128.4 (-), 128.5 (-), 132.0 (), 142.0 (+); HRMS (FAB) calcd for C,;H,;;OSi,Na [(M +
Na)*] 409.2359, found 409.2354. The enantiomeric information (96% ee, 98% CT) was
determined by chiral HPLC analysis: Chiralcel OD-H; hexane/i-PrOH = 100/0, 0.05
mL/min, 40 °C; t; (min) = 88.0 (R), 97.5 (5).

Determination of the absolute configuration of (R)-3b: (eq 8)

To an ice-cold solution of (R)-3b (13.9 mg, 0.0359 mmol) in THF (0.5 mL) was
added a solution of Bu,NF (0.11 mL, 1.0 M in THF, 0.11 mmol) and AcOH (0.006 mL,
0.11 mmol) in THF (0.5 mL). The resulting solution was stirred at rt for 20 h, and
diluted with EtOAc and saturated NH,Cl. The layers were separated and the aqueous
layer was extracted with EtOAc twice. The combined extracts were washed with brine,
dried over MgSQO,, and concentrated to give alcohol 34 (8.4 mg), which was used for
the next reaction without further purification: 'H NMR (300 MHz, CDCl,) 8 1.64 (br s,
1 H),226 (d,J =3 Hz, 1 H),239 (dt,J =7, 8 Hz, 2 H), 2.72 (t, J = 8 Hz, 2 H),
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3.16-3.27 (m, 1 H),3.55(d,J=6Hz,2 H),533 (dd,J= 15,7 Hz, 1 H), 5.83 (ddt, J =
15,1,7 Hz, 1 H), 7.14-7.23 (m, 3 H), 7.25-7.33 (m, 2 H).

To a solution of the above alcohol in MeOH (1 mL) was added 10% Pd/C (2 mg). The
mixture was stirred at rt overnight under H, atmosphere, and filtered through a pad of
Celite. The filtrate was concentrated to give alcohol 35 (7.6 mg), which was used for the
next reaction without further purification.

To an ice-cold solution of the above alcohol in pyridine and CH,Cl, (1 : 1, 1 mL) was
added BzCl (0.010 mL, 0.086 mmol). The resulting mixture was stirred at rt overnight
and diluted with EtOAc and H,0. The excess reagent was quenched with
N ,N-dimethyl-1,3-propanediamine (0.014 mL, 0.11 mmol). The mixture was stirred at rt
for 20 min. The organic phase was separated, and the aqueous phase was extracted with
EtOAc three times. The combined organic layers were dried over MgSO, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford 36 (8.3 mg, 74% from (R)-3b): The S configuration and the
structure of 36 were determined by chiral HPLC analysis and 'H and "C NMR

spectroscopy with the known sample in Chapter 3.

(R,E)-3-Methyl-7-phenyl-1-(trimethylsilyl)hept-4-en-1-yne ((R)-3c).

Table 4, entry 2: To an ice-cold solution of trimethylsilylacetylene (0.035 mL, 0.253
mmol) in THF (0.8 mL) was added BuLi (0.14 mL, 1.60 M in hexane, 0.224 mmol)
dropwise. After 30 min at 0 °C, a solution of MgBr, (1.70 mL, 0.20 M in THF, 0.34
mmol) and CuBr-Me,S (23.6 mg, 0.115 mmol) were added to the solution. The resulting
mixture was stirred at 0 °C for 30 min, and a solution of (S)-1¢ (32.3 mg, 0.115 mmol,
94% ee) in THF (1 mL) was added to it dropwise. The mixture was stirred at 0 °C for 1
h to afford (R)-3¢ (23.6 mg, 80%, 98% regioselectivity): [a]*, —26 (¢ 0.532, CHCL,); IR
(neat) 2169, 1250, 869, 842 cm™'; 'H NMR (300 MHz, CDCl,) 8 0.16 (s, 9 H), 1.21 (d,J
=7 Hz,3 H),2.33 (dt,J =7,8 Hz,2 H), 2.69 (t,J = 8 Hz,2 H), 3.12 (dqq, /= 6,7, 2
Hz,1H),5.40 (ddt,J = 15,6, 1 Hz, 1 H),5.70 (ddt,J = 15,2,7 Hz, 1 H), 7.10-7.22 (m,
3 H),7.24-7.31 (m, 2 H); "C NMR (75 MHz, CDCl,) 8 0.30 (-), 21.9 (-),29.6 (-), 34.1
(+), 35.8 (+), 85.8 (+), 109.5 (+), 125.8 (-), 128.3 (-), 128.6 (-), 1294 (-), 131.5 (-),
1420 (-); HRMS (EI) caled for C,;H,,Si (M") 256.1647, found 256.1654. The
enantiomeric information (92% ee, 98% CT) was determined by chiral HPLC analysis:

Chiralcel OD-H; hexane/i-PrOH = 100/0, 0.1 mL/min, 40 °C; t; (min) = 72.9 (R), 78.7
().

(R,E)-8-(4-Methoxybenzyloxy)-3-pentyl-1-(trimethylsilyl)oct-4-en-1-yne ((R)-3d).
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Table 4, entry 3: To an ice-cold solution of trimethylsilylacetylene (0.025 mL, 0.181
mmol) in THF (1.8 mL) was added BuLi (0.11 mL, 1.55 M in hexane, 0.171 mmol)
dropwise. After 30 min at 0 °C, a solution of MgBr, (1.20 mL, 0.20 M in THF, 0.24
mmol) and CuBr-Me,S (17.1 mg, 0.0832 mmol) were added to the solution. The
resulting mixture was stirred at 0 °C for 30 min, and a solution of (S)-1d (34.2 mg,
0.0831 mmol, 93% ee) in THF (1 mL) was added to it dropwise. The mixture was
stirred at 0 °C for 1 h to afford (R)-3d (28.5 mg, 89%, 94% regioselectivity): [a]*,
-30.2 (¢ 0.570, CHCL,); IR (neat) 2167, 1513, 1249, 842 cm™'; '"H NMR (300 MHz,
CDCl;) 6 0.15(s,9H),0.89 (t,/ =7 Hz,3 H), 1.19-1.56 (m, 8 H), 1.68 (tt,J =8, 7 Hz,
2H),2.11 (dt,J=7,7Hz,2H),2.99 (dt,J=7,6 Hz, 1 H),3.45 (t,J =7 Hz, 2 H), 3.80
(s,3H),443 (s,2H),534(dd,J=15,7Hz,1 H),5.63 (dt,J=15,7 Hz, 1 H), 6.88 (d,
J=9Hz,2H),726(d,J=9Hz, 2 H); "C NMR (75 MHz, CDCL,) 0.3 (-), 14.1 (-),
22.6 (4),26.6 (+),289 (+),29.4 (+),31.6 (+),35.5(-),35.8 (+),55.3 (-),69.5 (+),72.6
(+), 86.6 (+), 108.8 (+), 113.8 (-), 129.3 (-), 130.2 (), 1304 (-), 130.8 (+), 159.2 (+);
HRMS (FAB) calcd for C,;H;;0,SiNa [(M + Na)'] 409.2539, found 409.2539. The
enantiomeric information (91% ee, 98% CT) was determined by chiral HPLC analysis:
Chiralcel AS-H; hexane/i-PrOH = 98/2, 0.2 mL/min, rt; t; (min) = 17.7 (R), 25.2 (S).

(R,E)-3-Cyclohexyl-8-(4-methoxybenzyloxy)-1-(trimethylsilyl)oct-4-en-1-yne
(R)-3e).

Table 4, entry 4: To an ice-cold solution of trimethylsilylacetylene (0.025 mL, 0.181
mmol) in THF (0.8 mL) was added BuLi (0.10 mL, 1.60 M in hexane, 0.160 mmol)
dropwise. After 30 min at 0 °C, a solution of MgBr, (1.20 mL, 0.20 M in THF, 0.24
mmol) and CuBr-Me,S (16.8 mg, 0.0817 mmol) were added to the solution. The
resulting mixture was stirred at 0 °C for 30 min, and a solution of (S)-1e (34.7 mg,
0.0819 mmol, 99% ee) in THF (1 mL) was added to it dropwise. The mixture was
stirred at 0 °C for 1 h to afford (R)-3e (21.6 mg, 66%, 86% regioselectivity): '"H NMR
(300 MHz, CDCl;) 6 0.16 (s, 9 H), 0.96-1.84 (m, 13 H), 2.12 (dt,J = 7,7 Hz, 2 H), 2.86
(dd,J=7,7Hz,1H),345(,J=7Hz,2H),3.80(s,3H),443 (s,2 H),5.32 (dd,J =
15,7 Hz, 1 H), 5.61 (dt,J=15,7Hz,1 H),6.88 (d,/ =9 Hz,2 H),7.26 (d,J =9 Hz, 2
H); "C NMR (75 MHz, CDCl,) 8 0.4 (-), 26.4 (+), 26.47 (+), 26.52 (+), 29.0 (+), 29.5
(+),29.6 (+),31.0 (+),42.0 (-),423 (-),553 (-),69.5 (+),72.7 (+),87.6 (+), 107.6 (+),
113.8 (=), 128.8 (-), 129.3 (-), 130.8 (+), 131.4 (), 159.2 (+).

(S,E)-3-[(4-Methoxybenzyloxy)methyl]-1-phenylhex-4-en-1-yne ((S)-3f).
Table 4, entry 5: To an ice-cold solution of phenylacetylene (0.027 mL, 0.246 mmol)
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in THF (0.5 mL) was added BuLi (0.14 mL, 1.60 M in hexane, 0.224 mmol) dropwise.
After 30 min at 0 °C, a solution of MgBr, (1.50 mL, 0.20 M in THF, 0.300 mmol) and
CuBr-Me,S (22.6 mg, 0.110 mmol) were added to the solution. The resulting mixture
was stirred at 0 °C for 30 min, and a solution of (R)-1a (24.0 mg, 0.0738 mmol, 98%
ee) in THF (1 mL) was added to it dropwise. The mixture was stirred at O °C for 1 h to
afford (S)-3f (15.8 mg, 70%, 95% regioselectivity): [a]*, +38 (¢ 0.412, CHCl,); IR
(neat) 1513, 1248, 1099, 760 cm™; '"H NMR (300 MHz, CDCl,) 6 1.73 (d, J = 7 Hz, 3
H), 3.47-3.64 (m, 3 H), 3.80 (s,3 H), 4.54 (s,2 H),5.52 (dm, J = 15 Hz, 1 H), 5.86 (dq,
J=15,7Hz,1H),6.87 (d,J =8 Hz,2 H),7.23-7.34 (m, 5 H), 7.38-7.46 (m, 2 H); °C
NMR (75 MHz, CDCl,) 6 17.9 (-), 36.1 (=), 55.3 (-), 72.8 (+), 73.0 (+), 83.7 (+), 88.9
(+), 113.8 (), 123.7 (+), 127.5 (-), 127.8 (-), 127.9 (-), 128.2 (-), 129.4 (-), 1304 (+),
131.8 (=), 159.3 (+); HRMS (EI) calcd for C,,H,,0, (M*) 306.1620, found 306.1628.
The enantiomeric information (94% ee, 96% CT) was determined by chiral HPLC
analysis: Chiralcel AS-H; hexane/i-PrOH = 98/2, 0.2 mL/min, rt; t; (min) = 69.5 (R),
76.4 (S).

(S,E)-1-[(tert-Butyldimethylsilyloxy)phenyl]-3-[ (4-methoxybenzyloxy)methyl]hex-4-
en-1-yne ((5)-3g).

Table 4, entry 6: To an ice-cold solution of
4-(tert-butyldimethylsilyloxy)phenylacetylene (67.6 mg, 0.291 mmol) in THF (1.2 mL)
was added BuLi (0.17 mL, 1.60 M in hexane, 0.272 mmol) dropwise. After 30 min at
0 °C, a solution of MgBr, (1.80 mL, 0.20 M in THF, 0.360 mmol) and CuBr-Me,S (27.2
mg, 0.132 mmol) were added to the solution. The resulting mixture was stirred at 0 °C
for 30 min, and a solution of (R)-1a (28.7 mg, 0.0882 mmol, 98% ee) in THF (1 mL)
was added to it dropwise. The mixture was stirred at 0 °C for 1 h to afford (5)-3g (23.6
mg, 61%, 93% regioselectivity): [a]”’, +43 (¢ 0.354, CHCL,); IR (neat) 1507, 1254, 911,
842 cm™; '"H NMR (300 MHz, CDCl,) 8 0.18 (s, 6 H),0.97 (s,9 H), 1.72 (d,J = 6 Hz, 3
H), 3.44-3.63 (m, 3 H), 3.81 (s, 3 H), 454 (s, 2 H), 551 (dm, J = 15 Hz, 1 H), 5.85
(ddq,J=15,1,6 Hz,1 H),6.75(d,J=9Hz,2H),6.87 (d,/J=9Hz,2H),729 (d,J =
9 Hz, 2 H), 7.31 (d, J = 9 Hz, 2 H); ”C NMR (75 MHz, CDCl,) § 4.4 (-), 179 (-),
18.3 (+), 25.7 (=), 36.1 (-), 55.3 (-), 72.8 (+), 73.1 (+), 83.5 (+), 87.4 (+), 113.8 (-),
116.5 (+), 120.1 (-), 127.7 (-), 127.8 (-), 1294 (-), 1304 (+), 133.1 (-), 155.6 (+),
159.2 (+); HRMS (FAB) calcd for C,;H;,0,Si [(M + H)"] 437.2512, found 437.2514.
The enantiomeric information (93% ee, 95% CT) was determined by chiral HPLC
analysis: Chiralcel OJ-H; hexane/i-PrOH = 98/2, 0.2 mL/min, rt; ty/min = 51.5 (§), 63.1

(R).
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(S,E)-3-[(4-Methoxybenzyloxy)methyl]-1-(4-methoxyphenyl)hex-4-en-1-yne
((S)-3h).

Table 4, entry 7: To an ice-cold solution of 4-methoxyphenylacetylene (41.3 mg,
0.312 mmol) in THF (1 mL) was added BuLi (0.18 mL, 1.55 M in hexane, 0.279 mmol)
dropwise. After 30 min at O °C, a solution of MgBr, (1.90 mL, 0.20 M in THF, 0.380
mmol) and CuBr-Me,S (29.2 mg, 0.142 mmol) were added to the solution. The resulting
mixture was stirred at O °C for 30 min, and a solution of (R)-1a (30.8 mg, 0.0947 mmol,
98% ee) in THF (1 mL) was added to it dropwise. The mixture was stirred at 0 °C for 1
h to afford (S)-3h (21.4 mg, 67%, 92% regioselectivity): [a]*', +67.6 (¢ 0.296, CHCL,);
IR (neat) 1607, 1510, 1248, 1035 cm™; '"H NMR (300 MHz, CDCl,) 8 1.72 (d, J = 6 Hz,
3 H),3.46-3.64 (m,3 H),3.79 (s, 3 H), 3.80 (s,3 H),4.54 (s,2 H), 5.51 (dm, J = 15 Hz,
1 H),5.85(dq,/=15,6Hz,1H),6.81(d,/=9Hz,2H),6.87(d,J=9 Hz,2 H),7.29
(d,J=9Hz,2 H),7.36 (d,J =9 Hz, 2 H); "C NMR (75 MHz, CDCl,)  17.9 (-), 36.1
(=), 5532 (-), 55.34 (-), 72.8 (+), 73.1 (+), 83.5 (+), 87.3 (+), 113.8 (-), 1158 (+),
127.7 (-), 127.8 (=), 1294 (-), 1304 (+), 133.1 (-), 159.2 (+), 159.3 (+); HRMS (FAB)
calcd for C,,H,sO; [(M + H)"] 337.1804, found 337.1800. The enantiomeric information
(95% ee, 97% CT) was determined by chiral HPLC analysis: Chiralcel AS-H;
hexane/i-PrOH = 96/4, 0.4 mL/min, rt; f; (min) = 60.6 (R), 78.8 (S).

(S,E)-3-[(4-Methoxybenzyloxy)methyl]-1-(2-methoxyphenyl)hex-4-en-1-yne ((S)-3i).

Table 4, entry 8: To an ice-cold solution of 2-methoxyphenylacetylene (48.4 mg,
0.366 mmol) in THF (0.8 mL) was added BuLi (0.20 mL, 1.66 M in hexane, 0.33
mmol) dropwise. After 30 min at 0 °C, a solution of MgBr, (2.20 mL, 0.20 M in THF,
0.44 mmol) and CuBr-Me,S (22.9 mg, 0.111 mmol) were added to the solution. The
resulting mixture was stirred at 0 °C for 30 min, and a solution of (R)-1a (36.2 mg,
0.111 mmol, 98% ee) in THF (1 mL) was added to it dropwise. The mixture was stirred
at 0 °C for 1 h to afford (S)-3i (33.2 mg, 89%, 97% regioselectivity): [a]”, +57.4 (¢
0.540, CHCL,); IR (neat) 1612, 1513, 1493, 1249, 1098, 753 cm™'; '"H NMR (300 MHz,
CDCl,) 6 1.73 (d, J = 6 Hz, 3 H), 3.50-3.68 (m, 3 H), 3.80 (s, 3 H), 3.85 (s, 3 H), 4.56
(s,2 H), 554 (dm, J = 15 Hz, 1 H), 593 (dq, J = 15, 6 Hz, 1 H), 6.82-6.94 (m, 4 H),
7.20-7.35 (m, 3 H), 7.40 (dd, J = 8, 2 Hz, 1 H); "C NMR (75 MHz, CDCl,) § 17.9 (-),
36.3 (-), 553 (-),558 (-), 72.8 (+), 73.1 (+), 799 (+), 93.0 (+), 110.6 (-), 112.8 (+),
113.8 (-), 1204 (-), 127.6 (-), 127.7 (=), 129.25 (-), 129.35 (-), 130.5 (+), 133.7 (-),
159.2 (+), 160.1 (+); HRMS (FAB) calcd for C,,H,,0O;Na [(M + Na)*] 359.1623, found
359.1623. The enantiomeric information (95% ee, 97% CT) was determined by chiral
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HPLC analysis: Chiralcel AS-H; hexane/i-PrOH = 96/4, 0.4 mL/min, rt; #; (min) = 15.5
(R), 17.1 ().

(S,E)-3-[(4-Methoxybenzyloxy)methyl]-1-(4-methylphenyl)hex-4-en-1-yne ((S)-3j).
Table 4, entry 9: To an ice-cold solution of 4-methylphenylacetylene (0.043 mL,
0.339 mmol) in THF (1 mL) was added BuLi (0.19 mL, 1.66 M in hexane, 0.32 mmol)
dropwise. After 30 min at 0 °C, a solution of MgBr, (2.10 mL, 0.20 M in THF, 0.42
mmol) and CuBr-Me,S (31.8 mg, 0.155 mmol) were added to the solution. The resulting
mixture was stirred at 0 °C for 30 min, and a solution of (R)-1a (33.4 mg, 0.103 mmol,
98% ee) in THF (1 mL) was added to it dropwise. The mixture was stirred at 0 °C for 1
h to afford (S)-3j (27.8 mg, 84%, 94% regioselectivity): [a]*’, +66.7 (¢ 0.426, CHCL,);
IR (neat) 1612, 1511, 1248, 1099, 817 cm™"; "H NMR (300 MHz, CDCl,) § 1.72 (d, J =
6 Hz, 3 H), 2.33 (s, 3 H), 3.47-3.63 (m, 3 H), 3.80 (s, 3 H), 4.54 (s,2 H), 5.52 (dm, J =
15Hz,1H),5.86 (dq,/=15,6 Hz,1 H),6.84 (d,/ =9 Hz,2 H), 7.09 (d,J = 8 Hz, 2 H),
728 (d,J =8 Hz,2 H), 7.31 (d, J= 8 Hz, 2 H); "C NMR (75 MHz, CDCl,) § 17.9 (-),
215 (-),36.1 (=), 553 (-), 72.8 (+), 73.0 (+), 83.8 (+), 88.0 (+), 113.8 (-), 120.6 (+),
127.67 (-), 127.71 (=), 129.0 (-), 1294 (-), 1304 (+), 131.6 (-), 137.8 (+), 159.2 (+);
HRMS (FAB) caled for C,,H,,O,Na [(M + Na)'] 343.1674, found 343.1670. The
enantiomeric information (95% ee, 97% CT) was determined by chiral HPLC analysis:
Chiralcel AS-H; hexane/i-PrOH = 97/3, 0.3 mL/min, rt; t; (min) = 22.3 (R), 26.5 (S).

(S,E)-1-(4-Fluorophenyl)-3-[(4-Methoxybenzyloxy)methyl]hex-4-en-1-yne ((S)-3k).
Table 4, entry 10: To an ice-cold solution of 4-fluorophenylacetylene (0.037 mL,
0.323 mmol) in THF (1 mL) was added BuLi (0.18 mL, 1.66 M in hexane, 0.30 mmol)
dropwise. After 30 min at 0 °C, a solution of MgBr, (1.90 mL, 0.20 M in THF, 0.38
mmol) and CuBr-Me,S (30.0 mg, 0.146 mmol) were added to the solution. The resulting
mixture was stirred at O °C for 30 min, and a solution of (R)-1a (31.7 mg, 0.0974 mmol,
98% ee) in THF (1 mL) was added to it dropwise. The mixture was stirred at 0 °C for 1
h to afford (S)-3k (27.8 mg, 88%, 95% regioselectivity): [a]*, +58.5 (¢ 0.496, CHCL,);
IR (neat) 1612, 1507, 1248, 1093, 1037, 836 cm™'; 'H NMR (300 MHz, CDCl,) & 1.73
(d,J=6Hz,3 H),3.46-3.62 (m, 3 H), 3.80 (s,3 H),4.54 (s,2 H),5.50 (dm, J = 15 Hz,
1H),5.84 (dq,/=15,6Hz,1H),6.88 (d,/=8Hz,2H),698 (dd,J, ;=9 Hz,J. ;=9
Hz,2 H),7.29 (d,J =8 Hz, 2 H), 7.39 (dd, J,_; = 9 Hz, J.; = 5 Hz, 2 H); "C NMR (75
MHz, CDCl,) 6 17.9 (), 36.0 (), 55.3 (-), 72.8 (+), 72.9 (+), 82.6 (+), 88.6 (+), 113.8
(=), 1154 (-,d,Jo =22 Hz), 119.7 (+,d, J.r =4 Hz), 127.4 (-), 127.9 (-), 1294 (-),
130.3 (+), 133.6 (-, d, Jor = 8 Hz), 1593 (+), 162.3 (+, d, Jo = 247 Hz); "F NMR

164



Chapter 7

(470 MHz, CDCl,, CF, as an internal standard) 0 49.8 (tt, J. ; =9, 6 Hz, 1 F); HRMS
(FAB) calcd for C,,H,,FO,Na [(M + Na)*] 347.1423, found 347.1418. The enantiomeric
information (96% ee, 98% CT) was determined by chiral HPLC analysis: Chiralcel
AS-H; hexane/i-PrOH = 97/3, 0.3 mL/min, rt; t; (min) = 31.3 (R), 38.1 ().

(E)-6-(4-Methoxybenzyloxy)-3-methyl-1-(trimethylsilyl)hex-4-en-1-yne (33).

Scheme 3: To an ice-cold solution of trimethylsilylacetylene (0.034 mL, 0.246 mmol)
in THF (0.4 mL) was added BuLi (0.14 mL, 1.60 M in hexane, 0.22 mmol) dropwise.
After 30 min at O °C, a solution of MgBr, (1.60 mL, 0.20 M in THF, 0.32 mmol) and
CuBr-Me,S (22.1 mg, 0.108 mmol) were added to the solution. The resulting mixture
was stirred at O °C for 30 min, and a solution of picolinate 32 (35.0 mg, 0.108 mmol) in
THF (1 mL) was added to it dropwise. The mixture was stirred at 0 °C for 1 h to afford
33 (26.7 mg, 82%, 91% regioselectivity): IR (neat) 2170, 1513, 1250, 843 cm™; 'H
NMR (300 MHz, CDCl,) 8 0.16 (s,9 H), 1.26 (d,J =7 Hz, 3 H), 3.20 (dq, J = 6,7 Hz,
1 H),3.81(s,3H),399(d,J=6Hz,1H),445 (s,2H),5.67 (dd,J =16,6 Hz, 1 H),
5.82 (dt,J = 16,6 Hz, 1 H), 6.88 (d, J = 8 Hz, 2 H), 7.27 (d, J = 8 Hz, 2 H); "C NMR
(75 MHz, CDCl;) 8 0.3 (-), 21.5 (-), 294 (-), 554 (), 70.1 (4), 71.8 (+), 86.2 (+),
108.7 (+), 1139 (-), 126 4 (-), 129.5 (-), 130.5 (+), 134.3 (=), 159.3 (+); HRMS (FAB)
calcd for C,;H,,0,Si (M") 302.1702, found 302.1700.

Transformations of (5)-25. (Scheme 4)

(S,E)-1-Methoxy-4-(2-propenylundec-5-en-3-ynyloxy)methylbenzene ((5)-45).

To an ice-cold solution of (§)-25 (15.7 mg, 0.0682 mmol; see the text for the
preparation) and (E)-1-iodoheptene (44) (23 mg, 0.103 mmol) in THF (1 mL) were
added Et;N (0.012 mL, 0.086 mmol), Cul (1.3 mg, 0.0068 mmol) and Pd(PPh;), (2.4
mg, 0.0021 mmol). The resulting mixture was stirred at rt for 18 h, and diluted with
EtOAc and saturated NH,Cl. The layers were separated and the aqueous layer was
extracted with EtOAc twice. The combined extracts were washed with saturated
NaHCO,, saturated Na,S,0,, and brine successively, dried over MgSO,, and
concentrated to give a residue, which was purified by chromatography on silica gel
(hexane/EtOAc) to afford (S)-45 (15.2 mg, 68%): [a]**, +61.9 (c 0.430, CHCI,); IR
(neat) 1612, 1513, 1249, 1098 cm™'; '"H NMR (300 MHz, CDCI,) 8 0.88 (t,J = 7 Hz, 3
H), 1.20-1.43 (m, 6 H), 1.70 (d, J = 6 Hz, 3 H), 207 (ddt, J = 7, 2, 7 Hz, 2 H),
3.36-3.57 (m, 3 H), 3.81 (s, 3 H), 4.50 (s, 2 H), 544 (dm, J = 15 Hz, 1 H), 5.48 (dm, J
=15Hz,1 H),5.77 (dq,J = 15,6 Hz, 1 H),6.10 (dt,J = 15,7 Hz, 1 H),6.87 (d,J =8
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Hz,2 H), 7.27 (d, J = 8 Hz, 2 H); °C NMR (75 MHz, CDCL,) & 14.1 (-), 17.9 (), 22.6
(+), 28.5 (+), 31.4 (+), 33.0 (+),36.0 (1), 554 (), 72.7 (+), 73.0 (+), 82.4 (+), 87.0 (+),
109.6 (), 113.8 (1), 127.6 (-), 127.8 (), 129.4 (-), 1304 (+), 144.3 (-), 1593 (+);
HRMS (FAB) calcd for C,,H;,0, [(M + H)*] 327.2324, found 327.2318.

(S,E)- 3-[(4-Methoxybenzyloxy)methyl]-1-phenylhex-4-en-1-yne (($)-3f).

To an ice-cold solution of ($)-25 (11.8 mg, 0.0512 mmol) and iodobenzene (46) (16
mg, 0.078 mmol) in THF (1 mL) were added Et;N (0.010 mL, 0.072 mmol), Cul (1.0
mg, 0.0053 mmol) and Pd(PPh;), (1.8 mg, 0.0016 mmol). The resulting mixture was
stirred at rt overnight, and diluted with EtOAc and saturated NH,CI. The layers were
separated and the aqueous layer was extracted with EtOAc twice. The combined
extracts were washed with saturated NaHCO,, saturated Na,S,0O,, and brine
successively, dried over MgSQO,, and concentrated to give a residue, which was purified
by chromatography on silica gel (hexane/EtOAc) to afford (S)-3f (14.8 mg, 94%). The
'H and "C spectra of the product was identical with those prepared by the allylic
substitution of (R)-1la with (PhC=C),Cu(MgBr) (Table 4, entry 5; see above for the

procedure).

(S,E)-Ethyl 4-[3-((4-Methoxybenzyloxy)methyl)hex-4-en-1-ynyl]benzoate ((5)-48).

To an ice-cold solution of ($)-25 (20.9 mg, 0.0908 mmol) and ethyl 4-iodobenzoate
(47) (0.023 mL, 0.137 mmol) in THF (1 mL) were added Et;N (0.015 mL, 0.108 mmol),
Cul (1.7 mg, 0.009 mmol), and Pd(PPh,), (3.2 mg, 0.0027 mmol). The resulting mixture
was stirred at rt for 18 h, and diluted with EtOAc and saturated NH,Cl. The layers were
separated and the aqueous layer was extracted with EtOAc twice. The combined
extracts were washed with saturated NaHCO,, saturated Na,S,0,, and brine
successively, dried over MgSQO,, and concentrated to give a residue, which was purified
by chromatography on silica gel (hexane/EtOAc) to afford (5)-48 (33.7 mg, 98%):
[a]*, +45.0 (c 0.462, CHCL,); IR (neat) 2231, 1717, 1273, 1105 cm™; 'H NMR (300
MHz,CDCl;) 6 1.39 (t,J =7 Hz,3 H), 1.73 (d,J =6 Hz,3 H), 3.47-3.64 (m, 3 H), 3.80
(s,3H),437(q,J=7Hz,2H),4.54 (s,2 H), 550 (dm, J =15 Hz, 1 H), 5.85 (dq, J =
15,6 Hz, 1 H),6.87 (d,/J=9Hz,2 H),7.29 (d,J =9 Hz,2 H) 747 (d,J = 8 Hz, 2 H),
797 (d,J = 8 Hz, 2 H); "C NMR (75 MHz, CDCL,) 8 144 (-), 17.9 (-), 36.2 (-), 55.3
(=), 61.1 (+),72.7 (+),72.8 (+),83.1 (+),92.3 (+), 113.8 (-), 127.1 (=), 128.1 (-), 128.3
(+), 129.36 (-), 129.38 (-), 129.5 (+), 130.2 (+), 131.6 (-), 159.3 (+), 166.2 (+); HRMS
(FAB) calcd for C,,H,,0, [M + H)*] 379.1909, found 379.1900.
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(S,E)-4-[1-(4-Methoxybenzyloxy)methylbut-2-enyl]-1-(3-phenylpropyl)-1H-
[1,2,3]triazole ((S)-50).

To a mixture of (5)-25 (15.2 mg, 0.066 mmol) and (3-azidopropyl)benzene (49) (12.8
mg, 0.0794 mmol) in +~-BuOH (1 mL) and H,O (0.3 mL) were added CuSO,-5H,0 (6.4
mg, 0.026 mmol) and sodium ascorbate (10.4 mg, 0.0523 mmol) at rt. The resulting
mixture was stirred at rt for 2 h, and diluted with EtOAc and saturated NH,CI. The
layers were separated and the aqueous layer was extracted with EtOAc twice. The
combined extracts were washed with brine, dried over MgSQO,, and concentrated to give
a residue, which was purified by chromatography on silica gel (hexane/EtOAc) to afford
(8)-50 (23.4 mg, 91%): [a]*, +26 (c 0.370, CHCl,); IR (neat) 1612, 1513, 1248, 1097,
1035 cm™; "H NMR (300 MHz, CDCl,) 6 1.70 (d,J = 6 Hz,3 H), 2.22 (tt,J = 8,7 Hz, 2
H),2.64 (t,J =8 Hz,2 H), 3.66 (dd,J =9, 6 Hz, 1 H), 3.69-3.86 (m, 2 H), 3.78 (s, 3 H),
430 (t, J =7 Hz, 2 H), 446 (s, 2 H), 552-5.71 (m, 2 H), 6.84 (d, J =9 Hz, 2 H),
7.13-7.34 (m, 7 H); "C NMR (75 MHz, CDCl,) § 18.1 (=), 31.8 (+), 32.6 (+),40.8 (-),
49.5(+),553 (-),72.8 (+),72.9 (+), 113.8 (-), 121.3 (), 1264 (-), 127.7 (=), 128.5 (-),
128.7 (-), 129.3 (=), 1299 (-), 1304 (+), 140.3 (+), 148.6 (+), 159.2 (+); HRMS (FAB)
calcd for C,,H;,N;O, [(M + H)"] 392.2338, found 392.2341.

(R AE)-Ethyl N-4-Acetamidophenylsulfonyl-3-[(4-methoxybenzyloxy)methyl]hex-4-
enimidate ((R)-52).

To an ice-cold solution of (S)-25 (14.4 mg, 0.0625 mmol) and azide 51 (16.5 mg,
0.0687 mmol) in CHCI, (0.5 mL) were added 2,6-lutidine (0.01 mL, 0.086 mmol) and
Cul (2.4 mg, 0.013 mmol). The resulting mixture was stirred at O °C for 20 h, and EtOH
(0.2 mL) was added to it. After stirring at rt for 30 min, the mixture was diluted with
CH,Cl, and saturated NH,Cl. The layers were separated and the aqueous layer was
extracted with CH,Cl, twice. The combined extracts were washed with brine, dried over
MgSO,, and concentrated to give a residue, which was purified by chromatography on
silica gel (hexane/EtOAc) to afford (R)-52 (24.8 mg, 81%): [a]®, —11 (c 0.45, CHCL,);
IR (neat) 3330, 2127, 1593, 1533, 1316, 1249, 1154 cm™'; '"H NMR (300 MHz, CDCl,)
0120 (t,J=7Hz,3H),1.61(dd,J=7,1Hz,3H),2.19(s,3H),2.88(dd,/J=13,8
Hz, 1 H), 2.90-3.02 (m, 1 H),3.08 (dd, J = 13,5 Hz, 1 H), 3.32 (dd, /=9, 8 Hz, 1 H),
343 (dd,J=9,5Hz,1H),3.80 (s,3 H),3.974.14 (m, 2 H),4.42 (s,2 H),5.26 (ddd, J
=15,8,1Hz,1H),554 (dq,J=15,7Hz,1 H),686 (d,/=9Hz,2H),724(d,J=9
Hz, 2 H), 7.61 (d, J = 9 Hz, 2 H), 7.77-7.88 (m, 3 H); "C NMR (75 MHz, CDCIl,) §
13.7 (), 18.1 (), 24.7 (-), 36.7 (+), 40.7 (=), 554 (), 64.5 (+), 72.7 (+), 73.2 (+),
113.8 (-), 119.1 (-), 127.7 (-), 127.8 (-), 1290 (-), 1294 (-), 1299 (-), 1304 (+),
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1370 (+), 141.8 (+), 159.2 (4), 168.9 (+), 1754 (+); HRMS (FAB) for C,;H;,N,O,SNa
[(M + Na)*] 511.1879, found 511.1874.
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