HELA AFREE (Nb, Yb) Z WA HF M2
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ARICH, LT ORgREZ VT,

Ac: acetyl

Ar: aryl group

BINOL: 1,1-b1-2,2"-naphthol

Bn: benzyl

Bs: benzenesulfonyl

Bu: butyl

Bz: benzoyl

Cy: cyclohexyl

DBN: 1,5-diazabicyclo[4,3,0lnon-5-ene
DBU: 1,8-diazabicyclo[5,4,0]lundec-7-ene
DCE: 1,2-dichloroethane

de: diastereomeric excess

DMAP: 4-dimethylaminopyridine
dme: 1,2-dimethoxyethane

DMSO: dimethylsulfoxide

ee: enantiomeric excess

Et: ethyl

fod: tris(6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedionate)
h: hour(s)

LHMDS: lithium bis(trimethylsilyl)amide
Me: methyl

min: minute(s)

Ms: methanesulfonyl

Nf: nonafluorobutanesulfonyl

Ph: phenyl

Pr: propyl

rt: room temperature

quant: quantitative

TBS: tbutyldimethylsilyl

temp: temperature

Tf: trifluoromethanesulfonyl

TFA: trifluoroacetic acid

THF: tetrahydrofuran

TIPS: triisopropylsilyl

TMS: trimethylsilyl

tol: tolyl

Ts: p-toluenesulfonyl



HH AEERICRBT =47

Z 1T 5 [ e BRI AMIEE DSREUSHEN DB E ORISR L, KU
A 2T [PV P | BRLZIBICES TR Y . BIEOETE Vo E mbambh g
GO BT, SRCAWEA ORI ETER LML AY
DEL TSR ERIEOBFIC LR SN TN D, 1=F 7
6| PHF | PTa | "W | (Nb) 12, JBMIZ LT 5 RO 5 AMICHEL, FX 2 (T
Una=gh (Zr) 7L L HICHIBEMEBRSBICHFEIND,
T A EORMA, Bk, S bICBEERMEME E LTHEAShS, M.tk
IT1HIZ06mg D=AT7HZEBIL TS EINDIN, ANME~DEEIZOWTIEEL LD
Dyo TR, 2
AR E L CO=AT1E—3026+5 Ofbiia & 5 Z L biv, AERETFIZE
FARIEHIE LCTHWLND =4 7HITED 3, 4 RO 5MCTH 5, 3. 4 MHOEE T4
A AR ST N b, T T 7 EDORTEM S R BRI T T D LB b
%, BLTER BAGO AT AN A ZEE LT X . BRCERSE & ORI RS |
ZER T OWE & G U CHIR 2 % ET 5720, RBECRIEMEY A BRE T TR 5 LER S
%, 3UUTF., ZNENORISEFHREIZONTERS,

Nb | *Mo

Nb(IID) (or Low-Valent Nb)

NbCls # BnsSnH Ti#Eii 4% Z &1 L 0 T & % NbCls(DME)I XK 72 3 i =4
TEHRTH Y . 4Aldrich 226 IR S STV 5, 1987 4T Pedersen © 13 NbCls(dme) %
MHTERL, TNEHANDLA IV ETATE RO oA Fa—AEh v 7Y > TG
IZBWTT 2 ) 7T Aa— A RNERRTHELND 2 EE2HE LTS (Scheme 1), 4 St
1L, £ NbCls(dme) & 1 X UGS LT A I UEHANER L, ZNNREBICT AT E
RERIETHEEZLNTWD, 07 I UEHAIT1 -7 = F V%A L RS T 5,



Scheme 1

Bn _
Bn.y NbCls(dme) ’I\‘H
+ t-BuCHO > % t-Bu
lph THF PR Y
OH  79%, syn:anti = 83:1
NbClz(dme)
Bn L L
N +BuCHO n n
_I>NbClL, u > Nb Nb
Ph

/ N\
BnN (0] + BnN 0]

no-imine complex ) “, ) (

Ph t-Bu Ph ZZ t-Bu
1,2-dianion equivalent
favored disfavored

—7J5. NbCls &Highz M SE 5 2 &1 L0 USSR CIRIE 7l = 4 7 885k 2 542
FELHY ., IARLIZZEDO L I ICRE LR i =47 2 W=7 L% v 0 v A8
BN Z#HE LTS (Scheme 2), 5 RUCH AR E L THREIMNICRLIZAZ TF 7 m
O ERBT D EEZLN TV, WIOKG TIEM AR OBIRNEETH Y . THF
& MV DIRBEEEZ WG EIZIET7T v % o0 3 B b H#ITT 5,

Scheme 2 1) NbCls, Zn
R R'
DME/PhMe (1/1),0°C  n-CqoHp1__ H v
n-CqoHzy—=—H > = Nb
2) NaOD, D,0 D D )
81% (DAL ZE: 100%) "
n-C4oHz4
n-CoHz1
1) NbCls, Zn
THF/PhMe (1/1), 0 °C +
> n-CyoHa1
2) NaOH, H,O n-CoHo4 n-CqoH24 n-CnH
-C1oH21
total 85%

Szymoniak 5%, NbCls(dme)Z 2 @AM a— L v 7 o 7V KG%E
WELTWD, a ZDOMIBE L TH, 9 NbCls(DME) & VR = /UL EW R s LT

NWEREZAET, b IOIYBEORE L KIG LT 1,2— VA — V&2 AEKT 2 RISHEERTRE Sh
Tu % (Scheme 3),



Scheme 3

o HO, R
)J\ NbCl;(dme) _ Ph) Ph
Ph” R THE. 10° Y R = H : 78%, dl:meso = >97:3
-107C HO R R=Me:85%, d:meso=86:14
NbCl3(dme)
L, L,
o} Nb Nb
S PhCHO y ,
)/NbLn - o \O . o \O
Ph ; /
Ph  Ph PH ZZ Ph
favored disfavored

W ZEE LA (5 gt ¥ 17400, Aldrich) H >R ZE TR OLRIT D K EE 72 NbCls(dme)
DR VIT, X%l (10 g@ ¥4900, Aldrich) TZ27E72 NbCls & dignn» & FH% U 7= (K5
Fli=A T AN T a—hy 7Y ORISR L T D, ARG Tl gk
FI DD R BB E LEEBICL BV T 27 LABRIRERE NS, Ta F7-, Y
MRBOREMIIAEHEZA L ACEA L, BrxOE T AP T 2 U EENERTEHETWD
(Scheme 4),

Scheme 4
HO R

~

(0]
U NbCls, Zn » Ph” . Ph R = H: 75%, dl:meso = 79:1
Ph” "R dioxane/toluene (1/4), 0 °C HO R (d) R=Me:70%, d:meso = 12:1

N,Ar NbCls, Zn ArHN H o
J MeOH, rt Ph Y
Ph ’ H NHAr 97%, dl:meso = 2.5:1
Ar = 4-MeO-CeH4
Nb(IV)

Aldrich 2265 EIN TV D 4 i=F4 785K T 5 NbCly(thds i, 1 EFETAIE LT
<, Pedersen 51 NbCly(thf)e ZHNDA IO Fa—AHl 7 ) o TR n%E4T-
TEBY, dIEOETFNLTT I U E2ERICAEKR LTS (Scheme 5), 8

Scheme 5
NH,
NTMS 1) NbCly(thf), Ph
> ph”
Ph H 2) KOH NH
2

69%, dl/meso = 19/1



Nb(V)

5D =7 XM ORI EERE &R & RRICEERBFAMENE <, VA AL LTEH, 5
fli=F 7 BRIV A AFMEZ R THIE LT, SwRkblICL VG SNy 7 araxrof
BT bND, TAVTE RET UL T U RISER L6, TiCly TIX—EREEOT U
IATINITCIEE D23, NbCls L& Vs S17e v A AFMEZ T 729018, S BT FWEishL & £

THFOTINYTUNRIEL, vYra m/\/%ﬁﬁ“ééﬁk% B %A L%, 5N
J?EE SINTWD 2L 3 (Scheme 6), 9

Scheme 6 TiCl4 or NbClg N
. (1eq) OH
A0 SiMes > /\)\/\ "
i 1 i CHyCly, rt Ph X Ph
eq 3eq A B
TiCly; A: 91%, B: trace
NbCls; A: 0%, B: 74%
ClsNb
C|3 5 /’// )
C Nb—Cl /\v NbCls Cl /\/SIMe3
/\)\/\ /\/G/ECI Ph/\/% e
CI—NbCl,

M. T U IR EEYZRKER & LTHWS E@mE o7 AL #1795, Andrade ©

IXNDbCls Z LA Afigl LCTHWET LT B REWRT LY 2 AT 5T UK I s
LTCW5 (Scheme 7), 99

Scheme 7
NbCls (1 eq) OH
Et,0, -15°C ph/K/\

100%

PhCHO + _~_-SnBus

NPh SnBu NbCls (1 eq) NHPh
+ 2o 3 >
Ph” “H 7 CH.Cl,,-78°C  Ph N

83%

S BIZEE TlE =47 OIS ~DmE A b #F ST b, Yadav 513 NbCls 237 /b
Fb R, 1,3-V LR U EM RO LT (I FA 7L T) O3S HEE RIS HR
THHZEZRHL, P Rabtl I ) BB ROA/RKICHKI L T\ 5 (Scheme 8).

9d

Scheme 8 0 Ph
0 O 0 NbCls (5 mol%)
PhCHO + )J\/U\ + PR 5 » EtO | NH
OEt  HoN” “NH, MeOH, rt A
H 95%



WHIXZIBIEINDCLN o —Y T YT ATIVET AT E REHWS C-HFEANGIZEL T
LA U CHET D Z R R L, BBRARSFH T TR 7 h2AT A EH/DH I &
IZHRKEI LTV 5 (Scheme 9), %

Scheme 9 o
NbCls (5 mol%) o O
PhCHO + HKOEt > - I
| CH,Cly, rt Ph OEt
N2 85%

FROBKIETROND =F 7 D@ v A AL 5l &V D s bEuc k35, L
MDLENL ZNETIE, ZOEBRIED 2 OGO L X (5 Loz a7 54
BAZKTT DA N A FBNL FIFTHE N D7) o0, BWAREHEREE AT 57 ENE
=A TR OBFITENLTW e, ZOXIRIRU T, IMKBIZ2—T I 7= —/ R
DA I ETT VI NANT X)L L OARFE Mannich B SIZB W T, Z R BINOL #%
RN G E R AR ZEMOMBERICEI TH L Z L2 RHE L, B Z D TEWIEFEME T
BAHZ LT LTS (Scheme 10), o

Scheme 10
Nb(OMe)s (10 mol%)
OH OTMS chiral ligand (12 mol%)
N-methylimidazole (12 mol%)
N + T OM
J\ € toluene/CH,Cl, (1/1)
H Ph MS 3A, -20 °C

86%, 99% ee

=FTPMEET DA OISR OND X 91T Y | Frlhal TIIRrR O H 5 B 7o fil
BRIS HHRE SN TND, L, £0 OWMEHITEMIR ECHEFICIET 2 Ti 2 Zr
AW ROR & T 5 LRSI BIRBORMMA L RSN TWD, SHITIKRED
BOGTIEARTZIZ S mol%lh EDOfEZ ME L LTRY | =47 (2hed b5 )7 BOcE
ERKRICH & HETWRVWORBRTH D, FEEFIL 5 M= 7 OFT DR AWk
CHERB L, 5= 7 DA Affi s LCOE 57458 At E T~ it Lz iR,
NbCls |Z$RHE % A7 S 72 =4 7 — $RAME DS Friedel-Crafts 7 2 MEEIE R OVT & # — )L
(X9 DR S DN T it b 72 D 2 L A R U7z, AKX Friedel-Crafts 7
VIALBUGIZBI L TIE 1 mol%, & BICRF—MRLEUGIZ B L CIEfEA> 0.5 mol% o filt it &
THRBUSEMRE L BB1E), 10



B AEARICB T A EAeRE 1

218C
39Y

57| 4 580e| 59p; | 60Nd|61 Pn{ezsnl 63Eu|64Gd| 65Tb|66Dy| 67H0| 68, |69Tn.| 7°Yb| Ly |

rare earth elements

TR A REFEPERTT X (La) oA TF UL (Lu) £TO 15 JLHEORR
Thd, EBIT, FVFI)ARICADI Y UL (Se) A4y b oa (Y) 28bEz 17
JLHRIFA TFICFHE  (rare earth elements) & PRI AU, HEEEAEHMES O 23 B TlIa bR
KIEAT & o T REREMEM B, X Ry v F L — =T M H L — =7 PEROBIGIC
BWTHLAFAENTWD, 27 TR 2 AW AEA L RIIE R 23 < 1970 4074
*-® Luche @ CeCls % HW 7205t 13, % L T Kagan ©® Smls & AW 72AF5E03Z D H T
DWETH D, WAEKARILFICB T 2 A THEROFE L LT . UTORBRET LN,

1) RICSENLETHY ., SMOsERITImERMMENEGL ., N— R4 AL LT
OMWEE RS, FOMI TSzt it O F BT A E STV 5

2) R&lpA A 48 %ﬁﬂ“é k#%f“b\?% MR T L5 LN TE miLALEK
(6-12) ZZELT 2 2 & D BIITEALAEIR & 722 0 R0 < s W RISHER BIFF TE %,

3) TUH A FIHE B Ko TA A RIS 2 0 | ALFEAEE D IEE I =%
BOFFDFAET D720, 2 K b4 2 BRI VIRET S ATRE L 72 5,

4) Sm & Yb X 2fIREETH I ZETH Y . 2 HITmEEICRVE T2 R~L, 15
FiETHIE L CRIHTE 5,

i TFESEIR D LA ATRfilE & U CRIHCT& % Z &iE, 1983 4F(Z Danishefsky & D= —
B2 BT AR A IV o ~T 1 Diels-Alder SUS 2RV THID THEE S 4172 (Scheme 11) 16,

Scheme 11
OMe OMe

Eu(fod) (0.5 mol%) l
Z  + PhCHO > ~o
« CDCly, rt |
TMSO TMSO Ph

82%, cis:trans = 12:1

D% 1991 FEI/MRIE, FHEEREO MY 7T — MEEKFIZBW T HIEMER LA
AWML U CHERET D 2 L2 8E L. FNE CTCORKUIARLETHD LW I) LA AfRD
WaEFTHE L, VA AFROALFD B 7= 72 vl REME 2 /R 9 BRI 7e i 9873 72 Z417-  (Scheme
]_2) o 17



Scheme 12

OTMS  Yb(OTf)5 (10 mol%) 9
ph/K/ aq. HCHO Ph)khOH
THF/H,0, rt 94%

WA A% W= G EZBEY. FRZT I U BECARISTIET 2 O8I
DIZD/VA ABEDORIERNE Z Y | & CRISESERfR S EDL Z EIFRETH L L I TE
oo L ZAN, WIHEKIIKPTHLRETHD LT, BHICT 20D &) ety
BEENTHOTHIA Al LTHIET 2 Z L LMNE 20 | EEFBILEMEE~DIL
HbBeT SN L9172, 1990 FEICNAR S 138 BT 7 = R#RE hU 2 F Lo U v
VT = REAWET VU VU ORRRKE RS L, A ESRESERE AW EERILE
YOG AW TRk L7 (Scheme 13) 18,

Scheme 13
Y(CN)3 (25 mol%)
TMSCN NHTs
NTs S >
THF, 65 °C "GN

98%

UtEE T A PR REEER T AW B Z2FR AW DO ERRIZ OV TR DR 5803 70 &
NTEY, INETIHTE N 77— M4 Fldi e r S8, i —70 1 il
B4 X ) =Kt (Scheme 14) 19<° Pictet-Spengler [<)i~ (Scheme 15) 20732 CZH %)
ThdZENRAHINTNS,

Scheme 14
. Yb(OTf)3 (5 mol%)
~Is ~

N )\ TMSCI (5 mol%) NH
| ! g /K)J\
)\ Ph CH,CIo/THF, rt Ph Ph

H
94%

Scheme 15
Yb(OTf)3 (25 mol%)

WN+ ) TMSCI (120 moI%L ©\—/|Q\l
N~ 70 CHClL/THF, it N OH

>99% H  pp

—Ji . JLEMEA LSRR W TR AR SR H 2T TR D & FOHE I
DEREAEZ Wb D LT 5 L7 RIERBHRMESE Th 5, SRR O 134
THEBRE, 70 &EEIEN O BINOL LR SN ~T oA A XU v 7 gk
AW, REFE= a7V R—=Lt (Scheme 16) Z 11X U, A% Michael SS9 F &
R B R AR =72 E D < ORI AR RIS DBRIZEREI L, & HIZRARYOE
G ORI AR T B A~ DR IR 7R BB 24T > T b, 21



Scheme 16

(R)-LLB (3.3 mol%)

1 O
Ar\ A~ MeN02 _ Ar\o/\_/\No2 O// l\\\O\ .
0" "CHO "gyF s0°c OH ( elavg L

(o) (o) OH
. = (R)-BINOL
< OMe> 90%, 94% ee -, COH (R)
Ar = @J

LLB [LaListris(binaphthoxide)]

e H1xE 512, La(O-Pr)s, BINOL KUY PhsAs K fH# S o2 7z, 1R

AV T 4 N T AARF R AL HE L TS, REINEZ b D a il 7 vF 0
BEEHETDH, =)L TWREHIZCE L THLEMRETH S (Scheme 17), 22

Scheme 17 La(O-iPr)3 (5 mol%)
(R)-BINOL (5 mol%)

) PhsAs (5 mol%) ) o
o =17,
)J\/\Ph TBHP )J\T/\Ph
MS 4A, THF, rt

92%, >99% ee

oK DIXE KB SN T e 7 F ) g d Y(O-Pr)s LRl 5

Y [(R)-Hs-BNPls # W i=Em—F o F A &ERA 72 ~7 2 Diels-Alder M #E L TW\W5
(Scheme 18), 23

Scheme 18

1) YRy Hy NP, (1)
o O0TMS (10 mol%) Os52°
CH,Cly, rt o 0" o
PhCHO + _~ > ‘O

2) TFA Ph 0]

Evans HiZE 2 (AFH VU =)1) Y —Sc RN 0 — L Z2REH LT HRF
Friedel-Crafts 7 /VF IALIZEZI THDH Z 2 RH L. &\ G ME T O =g )
5 EBICH TREA R T(+)-Heliotridane D&% ZERK LT\ % (Scheme 19)

Scheme 19

= (0] |
=N N /SC\—N\)\:
\) \ / MS 4A, CH,CN |/ NS T0” GO @

o -_P 7/
-40 ~C i-Pr
99%, 95% ee Sc complex

_>

(+)-Heliotridane

10



F72. /RS YD(OTDHs, BINOL K& EW =/ T I v LRI D X 7 1A TJE
PERZPHE L, a3 b T F XYY Y Y ) vl DR Diels-Alder Ui
IZB W THeE 95% ee DARFINE TS EZETIEDL Z LI LTWD, 52, [Ffil
B 1,83—C 7 b L) BREIEIE A D Z LIk o TRISOEERMEN R 5 = L
HHEH LTS (Scheme 20), 25

Scheme 20 chiral Yb complex

o O (20mol%) y ;JEZL o
/\)_LNJJ\O N @ with or without addTve} )Oj\ . /A 4 )k
MS 4A, CH,Cl,, 0 °C
v/ 2Ll 07> N Yo o0~ N O

endo (28, 3R) endo (2R, 3S)

chiral Yb complex = Yb(OTf)5 + (R)-BINOL + cis-1,2,6-trimethylpiperidine (1:1.2:2.4)
O O

/JL\rJL\ yield (%) 2S, 3R/ 2R, 3S
without additive 77 97.5/25
Ph with additive 69 15.5/84.5
additive

WMHFZEE O I FII A FHEEE T 7 F AT 2 U0 b E S5 FR R A B 1
BINAMIDE([1,1-(2,2’-bisacylamino)binaphthalene] Z B3¢ L 7=, £ < DR SIHTHIH &
TV % BINOL 13 7 FNUEBREEMT 5 2 Ik > TRISICE bR ARFRE 2 g7
HIENMTE, ARZHEICELIAERBR I T RELTUERL TS, L, Effinhe
IRERALIE 3,300, B L<IE 6,6 MLICIRE S I, S OICHMR TRAET HAMEAZEZ T
W5, ZHUxf L, BINAMIDE (37 VA EEE X 5 2 L 12 X - TR, Bk
RIRARDICHETTH5Z ENAEETH D,

WX B/ RS OISZ 7 B0y, Z 0 BINAMIDE & Yb(OT)s3, &1 iPraNEt 225
JFENE Yb $ERZFHR L, a2y brsa b A xS YY) vl OEIL
Rom T o F A IRIRAY 72 A F Diels-Alder FSOBIISIZEII L T\v5% (Scheme 21),

26
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Scheme 21

o)
g0 SO FaENIgS
N
“NH, RCOX “H “OH
NH _H H
2 N o
)—R
o}

1,1'-binaphthyl-2,2'-diamine BINAMIDE — BINOL -

Y

iProNEt :
Yb(OTf)3; + BINAMIDE ————> [ chiral Yb complex

CH,Cl,, 0 °C 0P N
\__/ endo (2R, 3S)

95%, >98% ee
endo:exo = 9.1:1

chiral Yb complex = Yb(OTf); + BINAMIDE (R = Ph) + iPr,NEt (1:1.2:2.4)

o O chiral Yb complex o
(25 mol%) 7
~AN () - 1

W AP TS WIFFBLEIC D B o 7223 @113 T O IUE T TRt L 72 Yb(OTHs % H
W52 ETHIMERS ISHEIT T2 2 L2 R LTS (Table1), 27

Table 1. Drying effect of Yb(OTf)s.

(0]
o O chiral Yb complex o OO y_©
0,
/\)J\ J\ + @ (25 mol%) > [/ Jk NH
N o CH,Cl,, 0°C OAN 0 OO nH C
(0]

endo (2R, 3S)

chiral Yb complex = Yb(OTf); + BINAMIDE + iProNEt (1:1.2:2.4) BINAMIDE
entry drying conditions yield (%) endo:exo ee (%)
1 no treatment trace - -
2 120 °C, 0.1 mmHg, 2 h 50 9.7:1 97
3 150 °C, 0.1 mmHg, 2 h 41 9.7:1 97
4 90 °C, 0.1 mmHg, 2 h 63 9.5:1 97
5 90 °C, 0.1 mmHg, 0.5 h 66 9.1:1 97

5, BBIIAMEBEAZ AWy raXvrvo v brneT 7 )uaf vty Uy
J v & DA Diels-Alder Gz TR E LT, FUEGEITAYE ()-Sarkomycin D22 7E
RIBRAAR T d 5 (-)-Cyclosarkomycin D& hk A =6 L, RO & Rk b 20978 Atz LT

(Scheme 22), 28
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Scheme 22

o O chiral Yb complex Br 0 (0]
A () e 0 é/
¥ > — L e
Br™ " "N" 0 CH,Cly, 0°C L=
0]

N o7 “CoH

_/
%_@ 97%. 93% ee (-)-Cyclosarkomycin  (-)-Sarkomycin
OO N,H endo:exo = 99:1
OO
0]

chiral Yb complex = Yb(OTf); + BINAMIDE + iPryNEt (1:1.2:2.4)
BINAMIDE

EHIIARGEERZ N D & 572 54 A7) A7 BOS DB & Frat LR F. AREE RN
=m0 DA R 1,3— BB FBLA IS A CTh D 2 2RI L. 77 U VR
72037 v R UBBHSROBRRICE L, MBGERREHCH NS T 2 ARSI 2
THETT U F AR (KE 98% ee) ICHMMZSD Z LIk Lz (2%,

X D IIARBERNBIE £ TITHEB OM N Danishefsky Vx> EEFREA L7 40 &
OfEE AR Diels-Alder S ESI TH A L2 BH L. AARSKTREIATH 52
[EPREL Y 7 vt ) e mV O (m 94% ee) TR D 2 EITpE LTz (B 3 &),

KiwSIU T OEIC I VLS D,

B3 Nb(V)—Ag ikl 2 v 2 fikiBER) Friedel-Crafts 7 > v b, OV & # — /W%t
DRI — RO

%% BINAMIDE-Yb $ikx A\ 5= bry b BT RET VT v EDEHTF T A
BINAAFE 1,3 — BURF- B LA N

% =% BINAMIDE-Yb &K% H\»% Danishefsky x> L& RET V72 & Ofif
BRI Diels-Alder S

LI, ZOBASORMBICHOWTEEMIC IR T D,

13



2
]

i Nb(V)—Ag fil i %2 v % il i) Friedel-Crafts 7 3 W b, MO & % — /L 2%d
2 — il LS

B PR

BRICER IS li=A T2 A AL L THOWAILERIGORBEEZIT) R T, P77 ax
VHEHERALEWIZH LT NDBCL 2 G352 ik, EirEERICE BT v
BRI EITTHZ L2 /RB LTS, YA RFY vy 1 OATFIUALETT O BRI,
NbCls & FHWTZBRITIE A TV LT — 7 USRI BIA L, 2 2SR 92% T
bid, ZOHHE. A M VEDRWG EBRA LT 4 1 T8 ER LRV, —F, BAFL
{E#IE LT BBrs 2 W BRI 2 IR 61% TEHONDL N, 4 1 29%15F 55, (Table
2)0 29

Table 2. Nb(V)-Promoted selective dealkylation.

Me Me Me Me
OMe 1) promoter (1.1 eq) _ OMs N OMe N OMs
2) MsCl, EtsN
1 OMe 2 OMe 3 OMs 4 OMs
promoter conditions 2(%) 3(%) 4(%)
NbCl5 DCE, rt,37 h 92 7 0
BBrj CH,Cl,, -78 to -20 °C, 14 h 61 0 29

& Z AT B HER 6 RO B DFAE FIENilE D — T v LR 2 SO S8 5 &
LRBIEAYINNL A AR LTX ., =—F VOB . FHICEE L T U AL MR 2 3
ITTHZENEBLICEYHIESIINLTUVWSD (Scheme 23), 30

Scheme 23
NbCl5 (10 mol%)

Bu—O—-Bu + BzCl 5 » Bu—0-Bz
DCE, 80 “C 95%

AT HBNT NbCl 1ZE W ISTEE R L TR Y . b LRGN T FRIEDO S 2 v
HEF O )G~EHATE 57251, NbCls (2 X AfEERIE /7 BT VX ARG T 2% D
TV EEZ -, AL, HREEE L TAELD T F 77 re =4 T AT 2/ 52 KR
Bt v & RS T 52 & T, BBEFEFNT I IUbEN5 &R, NbCls BNEAESIND &
WO HDTHD (Scheme 24),
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Scheme 24

ZTITET 1KLL

l OR
ONbCl, _ BzCl OBz
_RCI

R ELSA B
T E i B

OR

NbCls

® NbCls X BzCl Z S & A, FASICH 5

L6 13 < ARk 9. Friedel-Crafts a3 T LT o 7 KO8 XA E 90%DIL=R T

557~ (Scheme 25),
-t% (=4 LT7x /)% RE5E48I

RAESHEIE) |

—J. £91% NbCl; &S, TLC ET1 @Yﬁf‘%%ﬁﬁ?ﬂ L
Z BzCl Nz 7-%

I

{t.. Friedel-Crafts [jis & HIZEITET AR IZHK > > 7= (Scheme 26), = @@EE L

T, =FEYLT =) XY FOKREMEN=

FET LT Ay NCHARN 0

W7 v

ESEIT LB bD, £72, Scheme 25 | iob\fﬂﬂ)‘ﬁ“ﬂ/ﬂ:iﬁﬁ(ﬁﬂéﬂfib‘ &

Scheme 25

Me
OMe

OMe

Scheme 26

5. Friedel-Crafts [its DR EE DS A T ALIZ L~ L <]
. Me
Dealkylative
O-Acylation
NbCls (1.1 eq)
BzCl (1.1 eq) °
DCE, rt, 75 min Me
Friedel-Crafts Bz OMe
Reaction o
OMe
! 75%
Me

Me
OMe

1

WRHAFE U TN il i 7 L 2 AV SO
bt Bt T B IRE — IRBIEETER S TH D128

NbClg (1.1 eq)

L.
L

DCE, reflux, 1 h

BzCl(1.1eq)

W EARIBS LT, 2

Me

@:CBZ ©:0Me
Y/ +

/T

OMe OBz

6

Me
OMe

g Bz OMe
15%

Me

N .
"NbCl, NR 77
0

Me

15

TR L2y o 723,

OMe

5

Friedel-Crafts 7 ¥
CiEMICEREIT A L & LT,



Friedel-Crafts 7 /U LIZH EIHRKREFEBRSLIEO—D2>TH Y . HHEBEWMN O HE
B b mBEEART DRENRRISTH S, 31, VA AR e b UBAEE T, 5
FIEALEW & R LSO K Y) E T 5 2 L CTRISHETT 5, ISR Z DT &
I EROEBETEEDORELZMS 2T, BETEERFERIZERISHEIT LTV, H,
TIUNENEASIND EFEFRDNEH LSS 72, Friedel-Crafts 7 /v /b & 135
20 R —ERRNE D BB CROUGIFFIET S (Scheme 27)

Scheme 27
Lewis acid (0]

o or protic acid
DR (Y %
X R

Bt ARt 5 72 DA Afig e LTIk AICL;=° FeCls 72 & DRk & BNV 51
5, o, o hUEEE LTCUIREE, RV U UVBEONRY 7t a XX ZR)VR VRN E
R &SNS, AlCIs<° BFs 72 £ &2 HW % 572 Friedel-Crafts 7 > /WL Tl £
THDHT R ANA ABEBENLT D Te Db FEmE L LD A A E WD 2 E BN,
KEAZAT D BIITRIE T 2 B ORIt BEEY O LE N E & 70 D, D72, T4
FIE R DBIFE MERIATON TR Y . 7=V =7 EO RSO B W E BRI A I
LTl < OB n e 5, HKEEEEZ 7 LAl E Lic T =Y — D7 2 F ik
IR LT, REVRLOELITIZRT (Table 3), 32

Table 3. Examples of catalytic Friedel-Crafts acylation of anisol.

MeO MeO
e . .
\@ + A0 Lewis acid \©\'(
0]

Lewis acid (mol%) conditions yield (%) [0 : p]
GaCl; (10)-AgClO, (10) DCE, rt, 40 h go3%
Yb(OTf)3 (20) MeNO,, 50 °C, 18 h 99320
Hf(OTf), (5)-LiClO, (600) MeNO,, rt, 6 h 9532
ReBr(CO)s (2) PhCI, reflux, 4 h 89 (3 : 97)°%
Bi(OTf)3 (1) MeNO,, 50 °C, 6 h 96 (2 : 98)*%°
Sc(OTf); (20) MeNO,, 50 °C, 4 h 893
In(OTf)3 (1)-LiClO4 (100) MeNO,, 50 °C, 1 h 96329
PdCl,(MeCN), (2.5)-AgSbFg (5) CH,Cl,, reflux, 72 h 7532h
Cu(OTf), (5) neat, 50 °C, 3 h 99 (10 : 90)*2

INETIA YT NANETLRLAD VY LR EORTHERSCNT =0 A, LU A
RGN i, A TA, H)TA, ERASAOERE, $% < DA AW
FKENTWD, —IZ, NY 703 2 X v Z LR RSB R R o fil S M 1 ki
T A &b L CTEW, 272 L, {EE BT 572Dl EO RN L E G E
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H 5, 328
% < DIV A AFRARE T IR E 7B E R T B IR LS D Friedel-Crafts 7 2 AKIZ D A
AR TH D25, Bi(OTHs32e, H(OTH,TFOHE, &N Ga(ONf)332k 7 K A& fil i & L C
HWEGEIZIZorFa X8 r EORIGHEDOIRWEEIZ L TH RISHETT 5
(Scheme 28),

Scheme 28

F Ga(ONf); (5 mol%)
+ BzCl > Ph
reflux (neat)

0O 91%

% H Nb(V)—Ag fillit 2 Fv 2 il 57 Friedel-Crafts 7 3 /AL

Table 4. Catalytic Friedel-Crafts acylation using NbCls.

OMe NbCls OMe
OMe @acylating reagent (1.5 eq)‘ OMe
©/ additive g /©/ 10a: R= Ac
9 R 10b: R = Bz
entry acylating reagent NbCls (mol%) additive (mol%) conditions product (%)
1 Ac,0 110 none CHxClp, i, 1.5 h 10a (89)
2 Ac,0 10 none CH,Cl,, rt, 24 h 10a (19)
3 Ac,0 10 AgClO4 (20) CH,Cly, rt, 24 h 10a (63)
4 Ac,0 0 AgCIO, (20) CH,Cly, 1, 24 h 10a (12)
5 Ac,0 10 AgClOy4 (20) MeNO, rt, 3.5 h 10a (87)
6 Ac,0 25 AgCIO, (5) MeNO,, 80 °C, 1 h 10a (93)
7 AcCl 2.5 AgCIO4 (5) MeNO,, 80 °C, 4 h 10a (52)
8 Bz,0 25 AgClOy (5) MeNO,, 80 °C, 2 h 10b (99)
9 BzCl 25 AgClOy4 (5) MeNO,, 80 °C, 4 h 10b (89)
10 Ac,0 1 AgCIO4 (2) MeNO,, 80 °C, 25 h 10a (89)
11 Ac,0 1 AgClIOy4 (3) MeNO,, 80 °C, 1.5 h 10a (91)
12 Ac,0 1 AgOTf (3) MeNO,, 80 °C, 1.5h 10a (82)
13 Ac,0 1 AgSbFy (3) MeNO,, 80 °C, 1.5 h 10a (62)
14 Ac,0 0.5 AgClO4 (1.5) MeNO,, 80 °C, 23 h 10a (77)
15 Ac,0 0.5 AgClIO4 (2) MeNO,, 80 °C, 23 h 10a (84)

FPRIGHEDENANL R =V A FFIR_RoPr 9 ZHELE LRSS ERF L

(Table 4), b fEm (110 mol%) D NbCls 71 T, #EAKEEEE 4 7 2 A k#l & LT CHzCly
SRR CRIS ZAT o TofE R, OIS 5ERE L. BIDO T L UARK 10a 23 B — i ik
& LTI 89% T b AL (entry 1), —J7, filif&E (10 mol%) @ NbCls & FV TG
AT T285A020E 24 BERISOG 217> CTH BT 19% L2549, NbCls DA Tidf
Bhipft & UCTHSRE L7222 &2V I L7z (entry 2), ZHUIEE 234N =47
WZEAZ L, A ABEEZIR TSI TCLE >R EEZLND, I T, atErm ExE
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%< AgClOs (20 mol%) ZWIUL7= & Z A KMERSTEDE BN RS, IR 63% T
HH9MmtE S5z (entry 3), AgClOs (20 mol%) DO FATidHEIMOIRIL 12%IZ8 £ -
722 DD (entry 4), AFERIFHEZRD2MMNZRIZL DB O TIEAW, RICIHEEEA BRFHL
7o& A, MeNO IR & 55 2 & TRIGHER M E L, S HICKIGRE%Z 80 CIZHIRT
% Z & TNbCls % 2.5 mol% E T L TH @mINETHW NS LV (entries 5-6), 7
BN T 2 ECik, TR F b, XUV A BN TIOEAIZB O T IR K
W7 AL L 0 O E R LTs (entries 6-9), ZOFHE LT, =47 13 JE
BOALE DAL AT xE L TRV 2R3 2 v 29 T EERINTLME O B MK W A3 B I BT
PO X 0 S RMICIEME LSS T LRI SN D, ZIUIEZ e e kL AR T
NbCls & HEKEFR ZIEST 5 &, IHNMR ICEBW T T v F VMRS 7 Fa2 242
EbbEEEEINS (Figurel), —J7, EZ ruk/L AT NbCl; LT v F L 2RE
L7ZBRICIZ B 22 bIZ R o e o Tz,

Figure 1 NbCI
’ AY 5
224ppm 5 4 269ppm 5

SO N

TN T B b ISSEMOEG#ELZBE L7 R, NbCls 2 1 mol% % T L TH,
AgClOs % 3 ff (3mol%) V2D Z & THCMIIENEIT L, BHIMDINE 91% T
HiL7e (entries 10-11), F 72, IINFNC BT D M5 Tl AgClOs M i B DFER % 5 2 7275,
JBEIEMED 720y AgOTE 2 W56 Th mWRISHENBLII S 7 (entries 11-13), filillt &
I 512 0.5 mol% FE TR L= A I3RS HENRREIK T L, Z0HAI121E AgClOy %
4 f5E (2 mol%) AWVWTHEN >RGO SEIIR O/ > 72 (entries 14-15), Hif
- T, NbCls % 1 mol%, AgClO4 % 3 mol% MV, MeNO2H 80 CT/IL%ETT 9 entry 11
DEMELUHRORFI CTHWAS Z & & LTz,

Figure 2. Proposed catalytic cycle for Friedel-Crafts acylation using NbCls with AgCIOy.

C|O4 @
Ac,0O Me—C=0 — OMe
~ X
AgClo, @ l © ¢ / g OMe
NbClg —C> NbCl, ClO4 NbCl4(OAc)

-AgCl
f , \ OMe
’/ \ Ac/©:OMe

AcOH HCIO,4 10a

Figure 2 ([ZHEE SN DG Z R L2, £7 NbCls & AgClO4 BT 5 Z &Ik -
TAHTFF M= TNERL, ZOLONEARERE LT DI EICED, N—rrL—
N7 =412k ﬁﬁﬂ:éhf:T“/U AT TFF R R=F T AT T — N AR A
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Ch, ZOT7 VU LAFFAAK LGFERICE D RERELT D LT LD #EIT &
B FRERE N AL, S HICEERRN A AT T — e T DI TH
FA M= T NEAET D, 822h33 Z DL DI, FEFICEISEDOEmNT VU T AT TF A
HRIARDERR L. RS OFEBERETH DT AL EN KX M BT 5 2 & 23R s o fi
BALDOHRA P THDHEEZBND,

RIZNDCls & A F A ME=A T DRISHEDIENCEA L TS 6 2R 5 A2/ LT D
£ 970 FEBRZ{T -7 (Table 5),

Table 5. Comparison of the reactivity between NbCls and cationic Nb complex.

NbCls or Nb* (1 eq)

OMe AgClO4 (1 eq) OMe
Ac,O (1.5e
OMe 20 ( sl » OMe entry promoter AgCIO, yield (%)
CH2C|2, 0 OC, 15 min
9 Ac 10a 1 NbC|5 - 36
2 Nb* - 13
benzophenone (1 eq) 3 NbCI + 88
|: NbC|5 - » Nb* 4 * ° + 9
CH,Cls, rt, 30 min Nb 0

CH:Cle 1 0 CIZT1%5&ED NbCls & HW TR EITV, 16 DRICKILEEIE L =
By TV IBIRDINER 36% TE b7z (entry 1), RICTFH 1 EEBOR Y 7= )bk
HIZHEER L7 NbCls (Nb*E£itd2) AV CRBRICK G EZIToT2 8 2 A, SO K
ERME TR RO (entry 2), —J7. AgClO4IC LV B F A o M=F7 234 S 5E
121X NbCls, Nb*DOWF 3z W ZERIC S 7 U U BIEN SR TE 72 (entries 3-4),
ZDRERNS B TF A M= AT IEINDCL LD bEBRICE W EE A L, £ DG
PEIXAERM TH D7 b DOIFE F THMERF SN D Z LRSIz,

WA OBSME TS TR A O EIRILAWITR LTT Vb & L7- (Table 6), 4/l
F—=T A RFTR_RB9IEIR YA L THEWINEZ R L, BB 10b 237E
BRICEOLNT (entry2), —J7. AX =T A X TRV 1L IEROGEMEL . EREH]
DJEH%TH T v BIR 12a, 12b OULERIT 58%IZHE F » 7= (entry 3), 7= —/L 13,
1= A KT FTHZ LI ROATTF L 1T ZFE & LGB TE e UG LT L
HEOA @R (79-99%) TH O - (entries 4-6), AFUSITIEFEBRILEMICH L TH
BEHARETHY, T 7219, 77021 KONN— R A 2 R—)L 28 ZHE & L7
(ZHBI DI 4% 86%., 52% M TN 92% T b7 (entries 7-9), 11 X° 21 BT A7
ALK 12a, 12b L N 22 13 =4 71 RN L CTRERSEREZER L TLE I EEZ2 LN
%o EORER, MRS 1 7 L ORERAHE S, 26 OEEEHWEEAITIEK
TEMEAMED 72 LHERI SN D (entries 3 and 8), [, FE&RMN S & 0 KISHEDENF 7 #
LoRw Ml U2 L LBRICITRINER (<15%) T VU BIEEZ G188 -7, £7-
NN—TAFNLT =1 o0, BRIRFEIEAKY) CTH 5 MK a7 Ik L CTHARBLIIAZIT
2, BRI <G oniehrol,
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Table 6. Niobium-catalyzed Friedel-Crafts acylation using various substrates.

NbCls (1 mol%), AgCIO, (3 mol%)

aromatic acylating reagent (1.5 eq)
compound ° > ketone
P MeNO,, 80 °C
OMe
R
9:R=H 11: R1-R2-H ‘R= 15:R=H
10a: R =Ac 14:R=Ac 16: R=Ac

12a: R'= Ac, R?=H
12b: R'=H, R? = Ac

Fo N VoY ©f§

10b: R =Bz

19:R=H 21:R=H Ts
7. R= 20: R=Bz 22:R=Bz 23 R=H
18:R=Ac 24:R=Ac
entry aromatic compound acylating reagent time (h) ketone (%)
1 9 Ac,0 1.5 10a (91)
2 9 Bz,0 7 10b (quant)
3 11 Ac,0 10 12a+12b (58)°
4 13 Ac,O 7 14 (79)
5 15 Ac,O 2 16 (99)
6 17 Bz,0 7 18 (95)
7 19 Bz,0 2b 20 (86)
8 21 Bz,0 30b¢ 22 (52)
9 23 Ac,O 7 24 (92)

@12a:12b = 94:6. ° Two equiv of Bz,0 was used.
 The reaction was carried out at rt.

Friedel-Crafts 7 > /WAL THWSN D T 2 UALFNIEREA L DR B K D5 D3 FE & C
Y, VR CEEE RO HITHRE DNV, 38 L L, BIVR B ITEREA L OmE K
Wz, 2L OFEOLDONRTHIRESNTWTATERES THDHZ &b, BBt T
THEBEIVAR U WET LA E L THWD Z ENTEIEZE DAL 72 H AL S
WEEB 2, BEtE1To72 (Table 7).

MOIZZINE TORESM T, BKEFROMR DV IZEEZ 7 > U bAl & L TRILZTT-
L2 A, T HEIT L o7 (entry 1), % Z CHEKMOIRMERE LT, W
MU= BRI AT RN TR VR E OB L CHREME KM Z AT, 2L 0 iEERT
BRI E LTI EIfF S e, TR EEEFEBEZIMAT-L 2 A, BROT EF L
WUh#ﬂ%@EﬁﬁWéf%%ﬂtﬁfﬂnﬂWMM$wb%B%E$Lt®mW@o
—J7. HFER BICEFRSIMEO= Fr ka8 AL NT —= F e #KZBEFR 4 ZIRML
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Table 7. Niobium-catalyzed Friedel-Crafts acylation using carboxylic acids as acylating agents.

OMe NbCls (1 mol%), AgCIO, (3 mol%) OMe 10a: R = Me
OMe RCOH (15 eq), acid anhydride (1.5 eq) OMe 06 R = Ph
o > R 25: R = Et
9 MeNO,, 80 °C 26:R = iPr
0O 27: R=1tBu
entry R acid anhydride time (h) product (%)
1 Me none 5 NR
2 Me Bz,0 5 10a (73) + 10b (13)
3 Me (P-NO2PhCO),0 3 10a (88)
4 Et ()-NO,PhCO),0 10 25 (63)
5 iPr (p-NO2PhCO),0 27 26 (59)
6 t-Bu  (p-NO2PhCO),0 12 27 (trace)
Scheme 29
NbCls (1 mol%), AgCIO,4 (3 mol%)
©/\L (4-NO,PhCO),0 (1.5 eq)
- >

TZBRIZIX T B F AR 102 2N EE— AR & LT 88% DN T Sz (entry 3), KRIC
flix DINKR BT AN TRISEZRET LTICRER, e e RO Y S UV Z W
BalZid, B 25 KN 26 NHRREOIEE (59-63%) T Hiv/e (entries 4-5), L»
U AR @@ W E 2 VER Z W T BRITIZ B B 27 2R &5 5 DA £ - 72 (entry
6). ABUNMIDFAKINIZH AR THY . 7 = =/VEkE 28 ZHEH L Lz & Z ABRIEIK 29
DIV 85% T H A7~ (Scheme 29),

Scheme 30 (ZHEE SNDSHEIEZ R LT, £T AR UEE (RIEMER T U edl) 2
FANT/NT —= b K ZEERE EROG L THEERREAY 30 (/2T v ubHl) NAEL
%o ZDIREBREEKY 51T SENFEE LT 2O 7 v ) 7 A F 4 3la £721% 31b
NAERT D AREMEN S D, LavL, 31b 1= b nEDiRWEFWIIZIRIC L > TREEL
ENTZHT A THDHTDAERLIZ K, ZOFER 31a (23 L TERNI SIS HEEIT L T
TINVRUBHFEO T UOVENEBR LI BRSNS LB LN,

Scheme 30 (0] O

gy
REOM /©*OJ\©\ NO,PhCO H; i
- P-NO; 2 ;
O5N NO active NO,
z z %

inactive

® ©
NbCl, ClO, ® o ® o
» R-C=0 ClO,~ or OZN@—CEO ClO,
31a 31b
[unstable cation ]
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B Nb(V)—Ag iz FIv 5, 7 & 2 —/TkEd 2 Al R — LSS

TV LT T A PR AR T D LR Friedel-Crafts SO IZES LT BAF 724G B s
HEONTZOT, WRIZERRICA T A U HHREIEE LAY =g AT A 2R T 5 L5
2D, T'E— KT DR — G 35 ~DOAfE D 2 3 7 7= (Table 7).,

Table 7. Catalytic Sakurai-Hosomi reaction of acetals promoted by a Nb-Ag system.

®
OMe S (4 26q) OMe )OlMe o
> X
Ph)\ome NbCls, AgCIO,4, CH,Cl,  Ph X R
32a 33a oxonium cation

entry NbCls (mol%) AgClO,4 (mol%) conditions yield (%)

1 5 none rt, 15 min 3
2 5 15 -20 °C, 10 min 90
3 0.5 15 0°C, 5 min 90
4 0.5 0.5 0°C, 10 min 87

HDOIZR AT VT B R AF )T v H—/L 82a 2% LT NbCls (5 mol%) % Bl CH
W, CHeCle F=RIEIZCTT UL RNY AF AT 02T UbAIE L CRREITo72 8 2 A,
HRIOBRET U /bx—7 )L 33a 13D TIRINETHOLNDL DA TH -7 (entry 1), — 7.
3fE&E (15 mol%) D AgClOs s L7z & Z ABI 7 s m ERN R i, —20 CO
IR T2 W T HED 10 43 TR FERE L. HBOH 90% D @R T 517z (entry 2),
S L7 5 ETORES, NbCls, AgClO4 % & H1Z 0.5 mol% FE TR L TH %872 5
ZERLSBINETHEIMERED Z LITPILTZ (entry 4),

WIZFE A OFE I3 U CRINERF LTEfER, XoB U8R ki WElTHDH 7 an
B, ¥3BE A ERTHLIA MRV EAZETHHE (32b,¢). é 52 80 KPR
REMAIREDOEE 32d ICB L TH AR (84-98%) THWIMNE H47- (Table 8),

Table 8. Catalytic Sakurai-Hosomi reaction of various acetals promoted by a Nb-Ag system.

OMe ATMS (12¢q) OMe
R)\OMe NbCl5 (0.5 mol%), AgClO,4 (0.5 mol%)' R)\/\
32 CH,Cl,, 0°C 33
entry acetal time (min) product (%)
1 32a:R=Ph 10 33a (87)
2 32b: R = 4-CICgH,4 20 33b (98)
3 32c: R = 4-MeOCgH,4 20 33c (94)
4  32d:R=Ph(CHy), 120 33d (84)
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PLb, IS M=A 7 2RV MBSO EZ B L LTI E T 2R R, 9
FN TR L2 F A =47 % AW 2 i/ Friedel-Crafts 7 2 /WL DBAFSITEL ) L
7o ARG TIHIRABRIKMEZEBAT 52 & T, DIVERVEEET Y UALAIE LTHWD
ZELARETH D, BAFONGE E L T-BEOARKGOFR S E LT, AR 72 50T
AR (1 mol%) TRISAMTZ D Z &, 72 NbCLIIFELSLTWERTHY . Bk
WRBRGTHDZ ERFETFoND,

S BTSN T & & — b T D — MRS RERH THO L Z E 2R ML, &
7> 0.5 mol% D fil il T TR SIS ZEE ST D Z LI Lz, 10 216 ORI
5 I HAE £ TICHE S TWD =47 %2 W i (B2 5 mol%lh b)) & B
T 5 EREIZD R, =FTOF OEWKISEEER IS SIEH LI TH DL EE XD,
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% ¥ BINAMIDE-Yb $(k2 WA =bu EEBEFAARRT N EDOETF T 4%
RARFE 1,3 — R BR AL AN

B PR

1,3— M7, M OF DOBEAVATINR S O E %

1,3— M-3R L7z 3 Jif LT andEFRa b, O H GRS ICIEEM & AR
faf M EIRFIZAFAET D ROSTEHFE ORI CTH D, 3 R FIXZNZE I sp2 & DT sp IRAKHLE
ZERED, LR sp2 e bR o 7o EE (T U AR A) | sp ThHIVTEREE (7
LAl B) @ 1,3 MR- &7 5 (Figure 3), ZiILE TIZEBALTWD £ 1,3- Wik
%z Table 9 IZF L 7z, 36

Figure 3. The basic resonance structure of 1,3-dipoles.

(A) allyl anion type (B) allenyl anion type
® 4 o9 ®0O 0®
a® Yl € > Tt a=b—c —=<-—>» a=b=c
Table 9. Classification of the parent 1,3-dipoles.
allyl anion type E allenyl anion type
nitrogen in the middle oxygen in the middle 1 nitrillium betaines diazonium betaines
® 0O :
~ @® 0O @O i ® O
C=N-0 ; N~_X_ X~ carbonyl P nitrile =7
e | nitrones _C=0-C_ ylides : C=N-0 oxides N=N-C_ diazoalkanes
@0 :
SCc=N-N_ azomethine \C—%)—C;l) carbonyl . _C:C,:)_C,;) nitrile NE%)—%) azides
771 imines e ~ imines E ™ imines ~
@® 0O . : o
\C:N—C/ azomethine \C:%)—%) carbonyl ! _C:C?\?_%)/ nitrile N:C:\?_%) nitrous
71 Y ylides ~ oxides : =N7L ylides = oxides
\w%% D © E
| ~ azimines N=0O-N__ nitrosimines :
\N=€3—%> azoxy ~ ® 0O ) . E
| compounds N=0-0 nitrosoxides :
® 0O
0=N-0 nitro 0_68_%) ozone '
| compounds - '

B D 1,8— BB IIRLER S DD L BART-[F LD ZBLRIG e ENEZ 5720,
RVIBAAFAE T, USRI THRAESIELZENZV, L LFZIE—EHo=rarD k)
2, BIR T CEHMMRGFETEDIZELER LD LFET D,

[4+2]fF 717 Diels-Alder )i & FIBRIZ 1,8 — W AR - O BRGNS b | 4 BB % £ 0
FDO=>D p#iil L 2 BT 2 EORIRTF DO oD p HEOHEERIC LV #TT 5, %
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DFIEHEE 7 0o 7 4 THGEGRICHE 37, IUET-, KIS &5 5 A—H 0 LUMO #iE
EH =D HOMO #LEDZNZENDO TR LX—WEN BT L TWAIEE, KGOiEM
b VX —IXME T L. BSITICHETT 5, Z ORI, BGOSR f#EE (7 U R
PGA DA . J OBGA-, BLAGRA-75 & D X 5 2B E T 2 0N K » TE 5o Bk
KOERPEZEZDOND, =brr bt —@BEBRT V7 U ORISERNZET D E, LLTO 3 S0
E & 725 (Scheme 31),

1) PNLEBRMEAROFA
2) BPRGA DT T DO OENC LD YT AT LA~—D4 Rk
3) HPRRA DBEES 5 PARA DS H DOE WL D= v FF~—D4ER

UL, EBCIE % BERICE - THIE S b7, @%hkw<0#@ﬁkﬁm¢
DRIERT 5o Pl 21E, BHIER OSSR, FISAUAOHSOMEOER Y (2

BEBIRIEDZENL (T WA AE) | mmbkﬁw_;éa%m\immm%@&f%
Bo Wb, 1,3— BHE THBHLANTIREFIC . BEb Ay (BIEER) DR%AmT 5 RO
UREETHD EEX D,

Scheme 31
1) regioselectivity
R’ R’
N : s :
’ /
e m b2 — m
R~ * ‘\ ‘\
=
R
2) diastereoselectivity
$1 $1 |Iq1+ 31
+
N, . — 2 N N_ . — 2 N
79 , —= "~N"o o £ — Rsro
RZ., YR \J R7 >_/
3) enantioselectivity
1 1 1
RPN ) +R R
" 1 RZ/I N\ ZF_N\ — R2 N\
"+, R!" —— " O or RRY O —» 0
RQ/K\N. S / v
0 R?; R3)§1' R3

AFF 1,3 — MhRA-BRALAHN

1,3 — P BN 38T D RIS OMFZEIEL, 1,8 — B2 X 5 M FEER OHELED
R L EBICIERICHESNTE 2, LaLAans, RFEOBRMMEIGTH D
Diels-Alder 5D YEFEIEME LA ABRIZ X B AR FAL A, BEIZ 1970 R85 10 HIE%
[CHFFE SN CTE DR L, AF 1,38 ERABAINZ B LTI 1990 4FR D ITITE S
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F T, POARFRZEAN LS EEZ AW T AT UAER 72 s D BB Er S
TW, —BlELLFIZied, 38

Scheme 32

<2§_ O
Ph CH,Cly, reflux \[|\\
I

exo only, 93% de

aIIosedamlne

Scheme 33

Q. & 5
N -tol —y
N Eptol Et,0, rt ‘ H P

36 !
38 H

O
(+) sedrldme
exo only, 82% de

Oppolzer HEFTNRERIR=Fn Yy 34 E AT L UGS E, BOBRLAINEK 35
Z 93% de &) EVIEIRMETEH TV, & HICEDOBRE T %1 C(-)-allosedamine D&
%% 2R LT\ % (Scheme 32), 38

—J7, Louis HITT7 ¥ T NRERIR= a2 86 EXT N7 V7 87 e SE, BEF
7REIRMETHMY 88 215, Dk (+)-sedridine (ZE W TV 5 (Scheme 33),

= bz VD R AR A 1,8 — Wisf-BRAL A0 39

FRBER AR A BOS T, ¥ 7 V@ BER A2t L LT, Bii1--CBU0s1- 12 B S & THE
PEAEL, =T FAERICRIMINAE 2155, /- T, F 7 /VamefinEm b4 ~&
FEAERMICENL L, REGERMIT D04 AR E U COIRMICERT 20 ER S D,
L2 LIEHEE T,

1) mWVENEZ RO 1,3— Bl D56, X7 ek o RN ER bz /<,
2) BOGHED B 1,8 —BHF-135%F 7 V@ mEEiA z I S ISR+ & RS %,

EWVWHIEBZFN R TH - 72, DT ORF 1,3— MBI o fiii i ZEn Tz
23, 1994 |2 Jegensen BT LV ¥ T LT X A R T2 fRIBERD AR F SO 408 )3 X
NTe D 2R IE R IR e SN D L H T/ -7,

= b ¥1,3— ﬂﬁ%@¢f%% ZET, HEfEL TRETH D | RUSIHEE OfiliE~Dfd
M ET DAY OB FAEICNE RO 72 &) ZAlRe /2[R0 HERR T & 28 M0 &
H720 . REMBALZBRETT 2BOEEL LTHELTWS, = ka7 Arr tORK
1,3- BB FERALMAINC E 0B O (f Y XV U D UFER) OEZ -—BEKE
%, BREITLR I K AHAENAIRETH D . T ORRARRENKE T Th 20 FENE 1,3
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—T7 T Nha—nE6i5 (Scheme 32-33) .

1,3 — BB FERALAMINTIE, v A AMERM LU T=5E1, 1,307 & B0 &5
DRV A ABRIZENLT DD EETH S, THIZE Y| 1,3 R & BB T-D EH 5D
HOMO & LUMO DHEAEAT 20N RED 2D TH D, — e, “JEENMED VR
=bEY, = bur & LU THERNMED VR = ALE B DNAIC VA ABRIZHR 5Bl
N EVMEM 233 5 (Scheme 34), 3% 1,3— B0 HOMO & #HAUH-0 LUMO %
T 256 BTV A ABRIZENLT 256) 1% “EEEFEFY, 1,8— i1
® LUMO & #3 s+ 0 HOMO M+ 556 (= b idivA AR 256) 11X
“WETEFY EofEEIns, LT, EFRETFEFMEOKISICEREZR > T 5,

Scheme 34 Ln
MLn , MLn M
H + O_ B S
R'\ 0 R\ o ©
W < '\fk < 4 /\)l\ J\
H R3 R N O
monodentate nitrones ) —
carbonyl bidentate
compounds carbonyl
compounds
1E A SR SO

af— BRI VAR = AL EM E A A TIEHAL L L 5 35856, = ha v & Ol
SEHNRIEE 22D, L L ERDO LIS, TIALIRH YT od kD i TR O
ANR=ALEMER WD Z L CZORMEIIERETE S, ZOHEOT7v T 4 7551l
1H (FMO) =3 /X —HBEX % Figure 4 |Z509, VA ABRIZENLT 5 2 & THBE 1
® LUMO O )L X —¥EMME T L T= b > ® HOMO O R/ F—HEMNIZITSE | K
JERHEIT LT K 72 B,

Figure 4. The catalytic alternation of the alkene FMQ's in the normal
electron-demand 1,3-dipolar cycloaddition reaction.

O O RZ\?\] ,O_ ‘ M“

LUMO

energy Tt ‘ ________
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T, MERRELR ET S, AL, LA ABRIZE > THAR=V BALO LUMO Ol
BEREDNHERK L, 228 HOMO O#UEREOKR b RE W= OBENRINWICHE S
ERRT D, —J. VT AT UAERME (=2 R, =X V@R B L I TERER
IFEREG TR, A—0oHLE&EREHT 58K TH- T, &F EOBNL -0l &
IZE W RESEEFTLHE601H D,

1994 -2 Jogensen 51 TADDOL-Ti $&{& % N2 SR AS 7 1,3 — BUR1- AL AHn o
W DRI & A LTz, 10 mol% D ANFMIEAE/E T, = b= 2 89a (Zxf L RN AL D #
W+ 40a Z B S5 2 & T, BRIOBREAINA 41a Z &R (94%) HOHFREE (60%
ee) DTF U FABRMETHETVD, M, ZOHEITTF VAIMASMESEANTAR L TV
%, (Scheme 35) 40a,

Scheme 35 . -
Ph_t.O o O chiral Ti catalyst ppN~ N" o o o
N° (10 mol%) 3
l\fk + /\)J\N)ko °0 - N)ko ><o 5 O/T|C|2
\ PhMe, 20 °C .,
o " o Ph" ph 42a
exo-4a chiral Ti catalyst
94%, 60% ee Y

exo:endo = 90:10

PRSI BT v O RIPEICRE LS EETHZ L2 R L, 50 mol% o fi
WEAVELTHEOD, FH B b T — beFT 5t 42d ZHVH 2 LT, m=
F U F ARG (93% ee) ICHMIMAISD Z LTI Lz, TR E 1,3 — Wik
FEALAINC BN T 90% ee iz 2 =) v F A BIRMEEZ ER Lo RAIOH TH D (1996
4, Table 10), 40b

Table 10. Application of TADDOL-TiX, catalysts for the 1,3-dipolar cycloaddition between 39a and 40a.

Ph.t. 0~ o O F>hN’O ot PhN/O ot
P L )| chiral Ti catalyst i i
| + \ > \\. +
kph N\_/O PhMe, 20 °C PR o) Ph N~ YO
39a 40a 3 \ / 3 \ /
endo-41a exo-41a
catalyst (mol%) yield (%) endo:exo endo ee (%) Ph Ph
42a (10) 98 10:90 62 0 O s2ax=cl
42b (10) 98 64:36 76 X | % 426 x=Br
42c (10) 73 79:21 0 OPh %O 42c: X = OTf
42d (50) 99 >95:<5 93 Ph 42d: X = OTs
chiral Ti catalyst

Z DX Z 1 Ti fillft 2 v 72 Jegensen © O Z U1V (2, mot o F A SR KE
EARET DEN - AFMBEOMEN 2 IND X IR o7z, 1998 1T, /IR D 1377 THA

28



M L72F 7L Yb gk (11 24—, Scheme 20) % 7 1,3— AURFBRALATINCIEH L7z,
DA, EFRREFICINZ 27 IV OMENREETHY . (BR) KOXFT7 L7 I 45
%ﬁﬁb\tlﬁ% IR BEDORRPZ G TWD, —T7, 7%?»7‘;?? T D PreNEt
cis-1,2,6-TMP, iti(SSﬁmM5%%wt ZIXREE D= o F AR I F
>TW% (Table11), 4

-~

Table 11. Effect of amines in the 1,3-dipolar cycloaddition catalyzed by a chiral Yb complex.

i 0]
+ A o chiral Yb complex - o
Bn \N/O O )k (20 mol%) BnN 0
l + /\)J\ ! S )k
Ph N O MS4A CHCly,rt,20h PR »—N" "0
43 40a 44 O \/
chiral Yb complex = Yb(OTf); + (S)-BINOL + amine (1:1:2)
amine yield (%) endo:exo endo ee(%)
iProNEt 73 >99:1 62
cis-1,2,6-TMP? 73 99:1 78 O N ‘
(R,R)-45 92 99:1 96 O | O
(S,S)-45 87 99:1 62 45

@ cis-1,2,6-trimethylpiperidine

4R, & OIZ A e 240 U VENL DBFOX & = v 77Ut o0 g U 7= filit
W= ARE 1,3 — BB b AN Z2 4 L7 (Scheme 36) 42, Aftfiix B A DO BR{LATHN
REMD CTEVEFEMECTEHE 25, 7o, KIBIOD 7 BERAL O BB -2 A

72RO A HE CTh 5 SUTFFEIZIET 25 (Scheme 37), 43
Scheme 36
- o Ni(CI0y)6H,0 (10 mol%)
Bn.}f.O O DBFOX-Ph (10mol%)
e AN A - )k
N NS0 MS4A CHCh it piof
46 P 40a \__/ 47 &
100%, >99% ee
1) an2 (10 mol%) endo:exo = 99:1
Scheme 37 AgClO4 (20 mol%)
. DBFOX-Ph (16mol%) O O
Ph.{-© CHO  MS4A, CH,Cly, rt PhN” 0
L7 D 48 2)NaBH g 2y~ oy N3
Br a
85%, 98% ee
endo:exo = 95:5 DBFOX-Ph

2001 4F, BEHIFEE WY A F VAT NEEHETHER (AP V=) vV A
BN 1 & = A X 0 IR S D it 2 34E L T D, AfiEE (—BuOH O X 972~
2 kMR CHEEH A RE CH D (Scheme 38), 44
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Scheme 38

+ — o N|(C|O4)'6H20 (10 mol%) /O “\\ | X
Ph N -0 O pybox-tipsom (10mol%) PhN ’ (0] o) NG 0
U PN - I | i
kF>h NP PR N o o |2 N
. e endo-41a O \/ NOTIPS TIPSO
CH,Cl,, rt: 95%, 97% ee, endo:exo = 98:2 pybox-tipsom

t-BuOH, 30 °C: 85%, 95% ee, endo:exo = >99:1

W, T AT UATRIPEICE L Tld = > RiBIRIZUL D356 ETH - 7223, 2005 4EIZ

BEOIXTFT VU T4 U HER 50 & BN - & UTm S VBRI S s Uz, AR
JRIZE D, ERETERZ T U F BRI L ZEBRETH T2, o —T U FOMXE
BlE 2 A3 DMK 51 2@ W IEFHME CTH L Z & A TES (Scheme 39), 45

Scheme 39 ¢l
on + o o s  NiCIOg8H;0 (10 mol%)
N BINIM-DCOH (10mol%) _ \_7’ OO 7 .
L //QQ/H\NJkO MS 4A, CHCIa, rt )k " on
39a ©h 50 \/ OH

exo- 51 O OO N\ Cl
87%, 93% ee

exo:endo = >99:1 BINIM-DCOH

ERROESIC, = o BRI R U THALE £ TITENIEAF BB Sh TE 7,
Ll ENREE OGO X0 FOSHE, SIRPEICHEREC 2862 47
il 2 DI LT — ik TR UG & (et 4 2 At oo BA 28 13 B S 2 A SR

Th b, I T, EZIIFTEMNTEEME O BINAMIDE-Yb 8K %2 W CARMISZ a5
NP DY
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% 5 BINAMIDE-Yb $5{& % AV 2 AR F = b a B BN

F9T=br39a &7 7 U NAERHKOBIIRT 40b 2 VN TRISSMH % #FT L7z (Table

12), 1, BINAMIDE-YDb 88K % 2 R4 KRG &2 BELMER <AT 5 720121 Yb(OTDs O Fz
I#'ﬁf%éo_himﬂWMW§%$@ﬁﬁmiDmﬁ%k&ék\%@ﬂﬂiof
BINAMIDE & Yb(OTf)s DA N LE SN D720 EEZ LN TS, 21iE~>T, LT
DORFTTITETTORET (90 C. <0.1 mmHg) T#M: L 7= Yb(OTDs 2 v 7=,

Table 12. Asymmetric 1,3-dipolar cycloaddition between nitrone 39a and acryloyl-1,3-oxazolidinone 40b.

Ph + O chiral Yb complex PhN/O o
“N” (y mol%)
l \)L )k > \C\%f )J\

1eq “Ph 15 eq CHCly, rt PR N\_/O N’H
39a 40b ©
endo-41e
chiral Yb complex = Yb(OTf); + 52 + iProNEt (1:1.2:2.4) . BINAMIDE (52)
entry 52 y (mol%) time (h) yield (%) endo:exo endo ee (%)
1 52a (X = H) 25 32 49 74:26 89
2 52b (X = 4-Br) 25 24 96 95:5 98
3 52b (X = 4-Br) 10 24 99 97:3 97
4 52c (X = 4-F) 10 24 81 91:9 96
5 52d (X = 4-CF3) 10 24 97 94:6 98
6 52e (X = 3-Br) 10 28 33 65:35 73

FPTMELLAN ANV OB T 52a AV, CHoCle FRIETRIGEIToT2 & 2 A,
mT T T AR (89% ee) ([ZHMIDBRILATINEK 41e 235 DAV DS BOSPEIE < | I
1T 49% 28 £~ 7= (entry 1), & Z Tt A Atz m LS5 T, 7D
NUBUR BTN WsED 7 o AFEAEA LT 52b & W= & 2 A, IR, SR
PEE B thllaai,ﬁﬁh#ﬁ HAL. BRIDEE 96%., RATIEE 98% ee, =2 R/— % V[t 9515

EWVHEFICEMRIERTELNT (entry 2), & 5I(ZfiliEE % 10 mol%IZ/KJH L CTH X
e, IR i@ﬁbh@#ot(WUyw T, IAA RN 7vd e AT
NEH LSS (52¢,d) bIRROIERNISG O (entries 4-5), —F . S{LICEHLIL %
HALEY (54e) VLS ME K ONEBIRME D RIE 72K T2 R 5407z (entry 6), 2D X 912,

T U NVEE T IR 2 D T2 TR OO ROSHE & 25 5 (AR S R % sy BINAMIDE K & 721 i1
Thb,

W7 v b FRH OB 40a (2B L TG L7 (Table 13), AG Tk =i O
REFLEETHMHIE 41a BDEOND, FTEROEESRMS T ORE LR, IR,
R & BICHREICE T -7 (entry 1), & Z 25 mol%lZHML-& 2 A, =)
FAERMEICBE L TEFE L ER R 572 (93% ee) 25, ICRITEKIRE L TIRWAER T
Ho7- (entry2), ZZ CHAMMEZKAE LT L Z A, BIMIRT 40a © &KX 53 DAL
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Table 13. Asymmetric 1,3-dipolar cycloaddition between nitrone 39a and crotonyl-1,3-oxazolidinone 40a.

. (0]
. chiral Yb complex O OO )_Q,x
Ph\N’O /\)J\ )k (y mol%) PhN\_g» i NSy
§ g

CH,Cl, PR

Ph N° O —N-H
e 39%a ' eq4 O OO @X
0a endo-41a o 52

chiral Yb complex = Yb(OTf); + 52 + iProNEt (1:1.2:2.4)

entry 52 y (mol%) temp (°C) time (h) yield (%)  endo:exo endo ee (%)
1 52b (X =Br) 10 rt 52 51 65:35 57
2 52b (X =Br) 25 rt 53 36 82:18 93
3 52d (X = CF5) 25 rt 48 37 88:12 87
4 52b (X = Br) 25 0 96 40 97:3 98
Scheme 40
o O
)k chiral Yb complex (25 mol% )k
P
N O CH,Cly, 1t, 4 h 0
_/ 53 64%

chiral Yb complex = Yb(OTf)3 + 52b + iPr,NEt (1:1.2:2.4)

RS, BB PHE SN TLE D Z L THIWMNMERIERL 705 2 & D3 Lto
%ﬁﬂﬂ?% 40a ® 7% BINAMIDE-YDb $&(& & SRS S B 72 BRICIZER T 4 FFE TRISH 5%
L7220t 20 ZEUITREMINC S THEWRIG TH 5 Z L0375 (Scheme 40)0
T 2 CERAL A EOEBBE DL (Br—CFs) CRINREDET (1t—0 C) ZAAici, =
B2 IHT 2 2 LIRS, BEEOR EIIZE L0 o7 (entries 3-4),

Scheme 41
o O o o O
Yb ) \O 40
/\)J\N)ko HNO'\N/'KO T s N)ko > 53
40

T/ kD A 1 = X L Michael # A 7O IIOG & HER S 4L, SRRICGET DT I U0
A4 T AET AL VIEM LSRR Ly DT 8 R Ea x k< 2 & TS
BT 5HEEZHND (Scheme 41),

Do T, FBEFRIIREICINZ 27 I D B LICKRESEEB L TWD LB X, FHaAaDT
RV L2 DTN &2 T 72 (Table 14), ZOfER, 7o h AR D0
DBU & Wo IO EmWT I &2 W56 S b3 il v, B0 @I ©F
SIAMHEBMRH D Z LA LT, #iz, DBU &AW EBRICIZ B E IR 99%., R
IR 98% ee, T N/ YV [ 99:1 & W9 IEFITRAF A R 21520 Z L A TE T2 (entry 8)
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Table 14. Effect of amine.

. (0]
\ chiral Yb complex O @
"L )k esmory PN 0 QI
k /—N (0] N-H
¢ | e

CH,Cly, rt N
1eq Ph 1.5eq v T Ph

39a 40a endo-41a o)
chiral Yb complex = Yb(OTf)3 + 52b + amine (1:1.2:2.4) 52b
entry amine time (h) yield (%) endo:exo endo ee (%)
1 iProNEt 53 36 82:18 93
2 1,2,2,6,6-PMP? 66 27 83:17 92
3 quinuclidine 43 quant 94:6 0
4 1-methylimidazole 42 24 47:53 2
5 DMAP 48 29 20:80 0
6 1,1,3,3,-TMG 48 63 91:9 74
7 proton sponge 37 92 98:2 93
8 DBU 33 99 99:1 98
9 DBN 42 92 99:1 96

@ 1,2,2,6,6-pentamethylpiperidine b 1,1,3,3-tetramethylguanidine

Scheme 42 Iamine
Yb, -

‘ \\ O 0]
o O amine
H\/\)l\NkO MN\)_k/O
_/

basicity: iProNEt < DBU
Lewis acidity of Yb: prepared with iPro,NEt > prepared with DBU

Scheme 41 |27~k L7z Michael % A 7O XD Bk EITL WD &35 L . DBU
DX EEEREE AW I bIC B MRS D L TIREND D, EBEIXZOHT
3’?)07”:0 ZOBEIZRD L H12E 2 TS (Scheme 42) , LA - 40a 7314 >~ T L E 7 A

(ZBUAL L72BRICIE, RICHET 27 20 oA v T A E T MBI L TV D EERX DBID,

2T O EREDRZDTEDITIE, A v T AE T LD A ABIEICEY vy T
v b UARERICKR L TEELEN A ERH S, UL, DBU & HW=EiZid DBU @
RV LG K > TA v T VBT AN y T'a b 2+ RllIEE LT 5120 oA AR
PZ RSP, Z2ODi7 e hAREZ 0T b\k%iﬁﬂbfb\é e, BT 40a
DO BALRISIET S v OEENEE A4 v T E T LDV A ZFEME L OFFEIAE T K o THITE
SNDHEBLELTND, 46

WA ke B ORI 2 WGt L7z & 2 A il 2 25 mol% B FiF 212 L7zhd - TG,
R L IR TN R 54072 (Table 15, entries 1-4), F£7=. 7 0 AR OE K5 EE
A LTI EFT R b2 o7 (entries 5-8), L7=23-> T, 71 h=/LHRIDE N
Fi27- 40a (2B LTI 25 mol% D il 2 Fu % entry 1 OS2 RS & LT,
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Table 15. Optimization of the asymmetric 1,3-dipolar
and crotonyl-1,3-oxazolidinone 40a.

chiral Yb complex

cycloaddition between nitrone 39a

+
N )L (y mol%)
+ A >
§ /\)J\N O CH,Cly, 1t
1eq Ph 15eq \_/
39a 40a

chiral Yb complex = Yb(OTf); + 52 + DBU (1:1.2:2.4)

entry 52 y (mol%) time (h) yield (%)  endo:exo endo ee (%)

1 52b (X =Br) 25 33 99 99:1 98
2 52b (X = Br) 20 92 73 97:3 92
3 52b (X = Br) 15 117 75 96:4 83
A 52b(X=Bn) _____ 10 12 .59 .. 92:8 ________ 79 .
5 52c (X=F) 10 72 21 67:33 47
6 52d (X = CFj) 10 72 20 64:36 18
7 52f (X = Cl) 10 72 27 71:29 25
8 52g (X =1) 10 72 trace - -

Table 16. BINAMIDE-Yb complex-catalyzed asymmetric 1,3-dipolar cycloaddition using various substrates.

(@)
- chiral Yb complex O WR? »—@B
Ph\&’ )L (y mol%) PhN "o N r
l /\)]\ - 1\\‘ Jk
1 CH2C|2, rt R N (@] _n—H
1eq R 1.5 eq \ / \ O N
39 40 O z Br
endo-41 52b
chiral Yb complex = Yb(OTf)3 + 52b + amine (1:1.2:2.4)
entry 39 40 amine y time  product endo:exo endo ee
(mol %)  (h) (%) (%)
1 39a(R'=Ph) 40b (R? = H) Pr,NEt 10 24 41e(99) 97:3 97
2 39a(R'=Ph) 40b (R? = H) DBU 10 24  4le(41) 96:4 99
3 39b(R'=4-MeOCgH,) 40b (R? = H) iPr,NEt 10 8 4f(quant)  99:1 97
4 39¢ (R = 4-BrCqHy) 40b (R? = H) iPr,NEt 10 24  41g(73) 97:3 97
__5._39d(R'=2-naphthyl) __ 40b(R=H)____PNEt 10 23 41h(99) 991 9%___
6 39a(R'=Ph) 40a (R>=Me) DBU 25 33 41a(99) 99:1 98
7 39b (R'=4-MeOCgH,) 40a (R>=Me) DBU 25 25 41b(91) >99:1 91
8  39c¢ (R' = 4-BrCgH,) 40a (R>=Me) DBU 25 38 41c(78) >99:1 89
9  39d (R'=2-naphthyl)  40a (R*=Me) DBU 25 25 41d(quant) >99:1 93
WRIZHE — 2 Et Lz (Table 16), 77 UIVEEE 2137 v ke ko E R4
40a, b IZxf L, _UEBUEB LI BEHPED A F X UHRCE B IO T B A%ﬁﬁ?ﬁb
7= bk 39, c. £721E2 —7“77‘/1/%7527ﬁ¢5: Frr39d s Ee & T A,

fmmﬁbf%ammﬁm¢ﬁ%m$w0%xfy%ﬁ@mm’“gmt@mMm13@

M. 727U a A VRO B G- 40b

(ZBI L T DBU & v FiHd U7z it 2 v 7 BRI

2l
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fog s LTBRBMRFORY ~— L3 20 [UERPRE KT L (entry 2), ZOEEH
& LT, —ANCT 7 U VIERFERIIIE MR T TES LT (T=4EE) £V
HHEMEDO®EW DBU 2 HHWZERICAR Y v — kMRt s iz L ZE 2 65 (PreNEt & v
ZEC S DBU Z W2 BIZ E TR0V, RN ~—kiFBlllsnd),

/N

PLE. EHIIFTEAZEEM B © BINAMIDE-Yb 8478, = ra v 2H0WAHRF 1,3—H
W ERILAICES THDZ 2R Lz, AL, 727 U AleEiZ7 a b U EBEkOHE
PHGIZBA L, AR WD T I VRN ITH I LT, Rar=br LT
BT T ARG (i 98% ee) ICHMIMERED Z LI Lz, BEI/IMRD B RIERD
BINOL-Yb $&{K % AW ARE N E BE L CND2, %5 ORIGTIEE @#R 2152 7=
DIZFTINT IV EAWVDIREND D, 4Z1ICx L, BINAMIDE-Yb $#{K % 7254
X, 7FINRT I EAVWTEERICHIEFITEWEIRENSE NS, ARISORIEEZE T
T, B OE TR RBEDROGE R ONEBIRMEICRESEET L LR LN E o T,
ZOERIE, WEDOAF Diels-Alder ML DOBFEZ1T 9 ECTHEBERIFE 78 o7-,
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% =% BINAMIDE-Yb $/A% H\ % Danishefsky v LB AT V7 v & Ofifit
IR Diels-Alder i

[ TS ]

WFIEEERL Y 7 usXt ) iE, = UEAEA~D 1,4— 15 Diels-Alder i, & L
IEHINVE= IV a fLOBEEG E W o T2, BEx BN AIRE/R A A2 A PR TH Y |
BAEE TIOBREMEE Y 7 o~ ) U ERE LR OLEERIIZEOREND 5,
il % DL IZEE T,

Scheme 42 OMe

o] A \
'S M™Sco,Me
A o 1) K2003, MeOH
r ’ o —
O R 2) CH,N, >
- o,
Y\54 S-p-tol 55 (0] 65%
o) N

Ar = 3,4-dimethoxyphenyl H Me
(+)-mesembrine

OMe

Scheme 43 _
OBn Ph/\N OBn
Pd (OAc),
TMSCI MeCN
56 O THF,-78°C OTMS (+)-57
96% (2 steps), 84% ee
OBn BnO

, methyl acrylate l, H, />5\COMe
‘, : ‘, A I/
(1 CH,Cl,, 0°C, hv H — >
(-)-57 O 58 @)

INEBIEFTNANVEX Y RERFRE L TEK LT 54 ZIEMESM TICTRILKS
WAL IRWTAE LTIV R VB AT ML L TX T vy 7 uankt /) 55 2, &5
(2 T HE % £ C(+)-mesembrine DA KA ZEK L TV 5 (Scheme 42), 47

72, Smith HIIT7F T 077 b 56 OARFMR T v koAb, < Bblick v *FI7 1
Juan~Ft ) )BT ERIERTFUTARFIETH TN D, 8 3512, FERICLTHED
Méify%ﬁ7*+ﬁ67%7ﬁ)w@%%wtamﬁm%m’HLT58%%\%@%%

WM 1‘%%7%?“64 v R—nT /v HaA K(—)penitrem D OEEEZER LT-

(Scheme 43),

DXz t%ﬁéﬁﬁ/&mm#t//i@%&%L%ﬁoéﬁﬁéwg@Am
%wf%ﬁﬁ@//k/k@@ﬁéo%OT\%@Tﬁémﬁ@%%iE%@ﬁ AT
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BB, RIPITHEFIEEBR S 7 a~Xt ) O R FEERICE U TIsh 857
A

1974 42, Danishefsky HiZ7 X V=D 1 0L 3NICHBEEREZEAN LV
59a |2 X % Diels-Alder I Z Wi Lz, 30 Z OV U IIBRE DL Hi &2 B> T
Danishefsky @ & PRI, ZODOMFBEOEFGIC IV EEIL T &% o= b g LT
BCEm WU EZ R, o, MIMEZBARE S 52 T ) KT 52 &N TE,
KD ERIZ B FHA SN TS (Scheme 44), 51 iilt, EHEOFTBMEERTHL Y =
59b % 2% Diels-Alder S8 THRDO —> L L THWE, WBIEET VI A R
(—)-nakadomarin A D &5k % ZK L T\ % (Scheme 45), 52

Scheme 44
TMSO 1,
= R1/\/R2 R, OTMS H R, o
N T e - 1J
59a R?
OMe OMe bstituted
. . substi
Danishesky's diene cyclohexenone
Scheme 45
B (@]
OTBS l
;j/' n180°c °c BsN_
= _>i
<

(-)-nakadomarin A

P> T REURITE AT EREE I TH 525, BUEF TITARBEAIAF L O BB FlE
TNT B RRA I 2T 5 ~7 1 Diels-Alder SUSIZIRHAVTER Y 83 54 7 L0 ATt
5 IRFABRTE R DRI A F BOGIE2 < S STV 7Ly (Scheme 46),

catalytic asymmetric Diels-Alder reaction
with electron-deficient alkenes

Scheme 46
Si0O_~ W/mv¢\R2 Sio R
X > R
no report
OMe MeO (0]
Danishefsky's diene (59) carbocyclic adducts

—J5, 1997 412 Rawal 5% Danishefsky = D7 /v afx a7 I ) KITHB2T-Y
T % Wiz Diels-Alder b #HE Lz, 5207 X 7 vyaf vyl EROEN
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BFEGEIC LV IEFITEONEIEE AT 5, flxiE, P 60ald=R FTOAZ 7
A > & @ Diels-Alder )23V T, Danishefsky = 59b & b LT 3000 f#LL LD
FOoHEZ 7R3 2 EDNER SN TWD (Scheme 47), 55

TBSO
CHO
+
CHO CDCb

Scheme 47

TBSO —
A

relative rates

59hb: 1
X 60a: 3300
59b: X = OMe
60a: X = NMe,

WHIFT T NIRRT EEZEANTHZ LT, ARSEARETKIG~E B L, Blb,
FINRTI )X 60brAX Tl A L ERIGSEZE. T VT B ROET,
T REOMBEAZITO) 2 LT UMK 61 B EVIEFEME TH TS (Scheme 48), 55f

Scheme 47
TBSO = TBSO
1) LiAIH
\g + _— \@{CH ) 4 @/
H o]
Ph/“ N Ph C O PhMe 10 C I' P //—OH
60b 71% 79%, 88% ee

2000 4=, 1% 513 S BICARRIS OERIARFALICRPI L2, Lo a A8ERFET. 7
R/ vBaFUTVE 60 EAX T AL A U ERRSED I ET, Ty RAIIMK 62 #IEH
2B WY E TE T % (Scheme 48), 55

Scheme 48

TBSO =
A

salen-Cr complex
(5 mol%)

CHO MS 4A, CH,Cl,, -40 °C

TBSO
.‘\\\
> CHO

'Bu Bu
N 62 N
Bn” “CO,Me Bn” “CO,Me ‘Bu Bu
60c 93%, 97% ee salen-Cr complex
endo only
ZOXolE, T/ vax YA AW ENTEARF ISR SN TN DR, ik

272XV ATEOEWINMEP ZIIAREZETH Y . EYIRORGFRREECH

LHEERZN,
Danishefsky > 59a, b (Il S TE Y

L5 L TR DREMELT L ENATRETH S,

Fo. RSN TE LT,

AR RS ZIE EEHEE TR,

—77 .

IR T CREIFMRAFATE D, /o, ZAET
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Danishefsky = % H W\ % il A~ Diels-Alder I O#E L S D—>& LT,
Danishefsky ¥ U DEEICXT L TARELETH D, WD Z &R D VA AR ER E
INDZENFETOND, EEE TXFINANRKISTT B, 7T AT D0 A AFRIRE
RO D RWENEER EFN DI TV R Do 723, 2001 FRIZHA BIXT & 7 A4 RBKRBGLD
Bahiefiift b 725 2 L 245 LT 2b (Scheme 49), 6 Z OfER NS, EH X
BINAMIDE-Yb $8{AN Y2 20 RT 25 2 & Px ) 7 4 W EIEMAL L 9 D& L
T HE T D20 T EF AW EBE X O BREE AT o
Scheme 49

Me H TMSO = Me .
| Yb(OTf)5 (10 mol%) 1 CO,'Bu
Me + XN > 4
‘BuO,C toluene, 0 °C Q”Ae
O OMe (o) 87%

?

BINAMIDE.Y | an effective catalyst for
b complex ——) the Diels-Alder reaction

% i BINAMIDE-Yb $5/A% v % Danishefsky Y= L B A RET N7 & DRFK
Diels-Alder /)i

Table 17. Diels-Alder reaction between Danishefsky's diene 59b and acyl-1,3-oxazolidine-2-ones 40
catalyzed by Yb(OTf)s-iProNEt.

1) Yb(OTf)3 (25 mol%)
amine (25 mol%)

TBSO o) R
=z O (0]
CH,Cl, U \
- . (0]
\g L LN Y
o)

2) TFA/DCE (1/50) |

9 Ome 0 60°C, 0.5 h 63 0
3eq 1eq
entry 40 amine Yb(OTf)3 temp (°C) time (h) product
(%) 40a (R = Me) none not dried rt 4 63a (49)
2 40c (R=n-Pr) none not dried 0 6 63c (0)
3 40c (R=n-Pr) none dried” 0 6 63c (3)
4  40c (R=n-Pr) ProNEt dried” 0 15 63c (90)
5 40d (R=/Bu) ProNEt dried® Otort 3 63d (75)
6  40e (R=Pr) ProNEt dried” 0 to rt 4 63e (70)
7 40f (R = CICH,) iProNEt dried” 0 2 63f (55)
8  40g [R=Ph(CH,),] ProNEt dried” 0 2 63g (73)
9  40h (R=BnOCH,) IPrNEt dried® 0 3 63h (81)
10 40i (R=MeO,C)  iPrNEt dried” 0 1.5 63i (82)%¢
11 40a (R = Me) (-)-sparteine  dried® 0 24 63a (trace)
122 40a (R = Me) (+)-cinchonine  gried®? 0 18 63a (34)°

@10 mol% of the catalyst was used. b90°C (<0.1 mmHg), 0.5 h  Total yield of the enone and the
methoxyketone. 9 A mixture of a,f- and B, -enones (ratio: 6/1) © <5% ee
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mol%® Yb(OTY); % H >, Danishefsky =2 59b & = / 7 ¢/l 40a % CH2Cla H 0 C
TG SE, WNT TFA ICE 2B A T oL 25, BIO Y 7 n~kt ) Uik
63a DMK 49% T bz, IEEPPREICHE E 720X, SRR T DAY =)
RTHMLTLE ST THD, M, ZOHAIZIE Diels-Alder KIG&1T -7 HR (1
WEEZAT 9 HI) T, TLC LT Diels-Alder 40K (U = ) —x—7 VE S 2R FF L
TVWD M) 134 < HeR ST, Diels-Alder FHI{KIE Yb(OTHs DV LA ZEMEZ L 0
T ) MRETEB I TV (entry 1), RIT40c 2= ) 7 4L & LTS ERRFT LT,
P, entry 1 L RBICEIG 21T o7 & 2 A, RIOMIEEBONRLST, T OFEE,
40¢ 1350 BT 0 B T 408 & 0 SISHEAMES | RISAHETT B il o
VRGL T LESTETEOHTHD (entry 2), 2 Z CRNICHFET HBRUZEL Y V=D
IIRDMEHE SHL% O TRV E B 2 FOMERRE L7 YOTDs 2 iz & = 24, IR
3% TIXHLANAHIMEGD Z LN TE (entry 3), &6, PZUNHHBLTLEY D
I YD(OTH)s D)V A ABRHEN S E 5 OAEIR & % 2 A AFEA IR T S5 A TR &
D ProNEt 2RI LT & 25, D r ORI S S, BIO 63c & 90%0D
IWHETHDL 2 ENTET (entry 4), Z D Yb(OTDs 1ProNEt il X\ — et 28 L,
E0EEWA Y TFAERLA Y A EE AT S 40d, e (B L TH BAFARILE
(70-75%) THHINIEF ST (entries 5°6), & LA I a7 BHHEER, = A
T, KO —F Vb -flir OEREEZ AT HEE (40f1) ICH@EMAFRETHY . =
J MK 63f-1 MBI 55-82% CT15 H 7= (entries 7-10), KRIZ PraNEt OOV X T LT
TUERRIL, REOGORF b Z R Tz, E£3(—)-spareine Z W72 & Z A, RISHEIME
<. AP EEMRCHESICEE o7, ZOMERISHEIL, (—)-sparteine B Al AE A%
& o072l YBOTDs DL A AfetEE FIFlE TLE -l Lick DB bND
(entry 11), ¥KIZ(+)-cinchonine #fW\ =& Z A, BN 34% THROLNTZHDOD, R
IR EFHE N0 o7 (entry 12), T D X I ITAFAITIZT L TW R WA
Yb(OTHs-iProNEt fillik 2 V5 = & T\ — itk T Diels-Alder S/ HEITT % 2 L % R,
M U7, FRULOKRFZE T T, AL AED VA ZAERPER ARSI I T D T B2
THAHZEHBA L, AlE, o 4 ABEERE T CHLIRT I CL D <&
TEP. B E SR TEDLEOICIIY T a0t 5 2 L vx ) 7 4 LV EiEM L
3 2 S AL A AR 2 BRI R A D BB B B,

KIZ BINAMIDE-YDb $5(AZ W TAF KIS E G Lic, £74 — 72XV A UED
BINAMIDE 52b & DBU X v % L 7-8&(K (10 mol%) 171E . Danishefsky = 59b
& 40a & @ Diels-Alder G Z#1T o 7GR, BEIDOMAIURDNEERI N OBE—DT T AT L
F~v—& LTHELN, IMEDSREFICE LT, H & H2ORIZ NOE 238l S
722l KOV HNMRICBWCH2E H3O D v 7 ) V7 EHN 9Hz THY, TF T /L
—TX VT NVOBRIZHD Z ENRBEINTZZ E LD =X VK 64a TH D EIRE LT,
Z ORIy REIMEDSEIRIICE B D Rawal OGS & xR TH 5, 55 RN TH:
ST IR & FRLER 3% L = 7 LK 65a BWEREMIZE S, HPLC ATIc X 0 2 0¥
HiEE 2 81% ee L IRTE L7z (Scheme 50) , ¥, AKGD 3 V3 IRMEDEJFIZEN TR,
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9% BINAMIDE 28 RIE 3 O DNARFIC I D26 D EHEP L=, 7T F T 07
Yb(OTDs ProNEt fillliiz N TH =X VAIERE—DO T AT L A~—L LTHELI
T2 TR L—haryhm—/MIL5bDOTHDZ LB L7 (Scheme 51),
L2, BARRNCED LD BRBERIZEAZLDONIAHTH 5,
Scheme 50

(0]
TBSO._~ O chiral Yb complex TBSO z O
o,
/\)k {omo™ (o | S ™
\ ) = "// H
CH,Cl,, 0°C,4h  6da Y OO N~

b 4
39 Ome Oa MeO O

3eq 1eq 98% o2 ;)
chiral Yb complex = Yb(OTf); + 52b + DBU (1:1.2:2.4) single diastereomer

K3 / TFA/DCE (1/50)
60°C,0.5h
TBSO X

Y
MAK L, da=ore
\
vy, N (0]
Y
O O

quant, 81% ee
(Determined by HPLC)

Scheme 51
TBSO.__~ o Yb(OTf); (25 mol%) TBSO -
iProNEt (25 mol%)
N /\)J\ CHyCly, 0°C. 21 "'/H/NW(O
59b 40 2Ll ) .
OMe 2 MeO © o (*)64a
3eq 1eq

63%, single diastereomer (exo adduct)

WAZAE R O RTBAE 2R BT~ < . BEE b & ~D L2777 (Scheme 52), £
77 U IVEEFEE IR 40b & Danishefsky ¥ > % BINAMIDE-Yb #{KI1Z &K 5 R
Diels-Alder S ZAHT & AR 64b 23R 85% ) DH—V T A7 LA~—L L THD
o SEAREFAICEI L TiE, EfR2 D 64a & [RIER, HL & H2 ORI NOE 3@l s /=2 &
FEFOHNMRICBWTCH2E H3Oh v 7 T ERN8Hz THY . THRITIL—TF
TLVOBRICHD Z LN EINZ Lo A TH D ERE L, M, =)
FARIRVPEICBE L IR O — i 28808 L C= 7 K 65b & L, HPLC 75412 L » T
20% ee LIRELT= (40b DA Diels-Alder SGIZEId 2 FEf 22 S E NI R) . .
65b & FE R OBMESRMFICH L THL 7 BT Z 6o 7 2 2006, 20% ee LV
RWDEPEIZIAETFLOZE X VI LD H DO T2, RIZ64b DT LA FH Y Y ¥

) VS TF AT AT ILE LRI T L a— L~ EiETT L, IRW TR 5 Z & Thet
FEREFND X Z LT )L a3 —)L 6855 ~ LN =, T Db O DFELE & SCEME & i35 = & ¢
Mt E 2 (S) CRE LT,
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Scheme 52

TBSO / o O chiral Yb complex TBSO —
(10 mol%) OO N~
b i I

X o >
CH2C|2, 0°C,4h 64b

59 40b N\ P N- CF3
OMe MeO O OO ),_Q

3eq Teq 85% [o]p2! +21.8
chiral Yb complex = Yb(OTf); + 52i + DBU (1:1.2:2.4) single diastereomer

\ TFA/DCE (1/50)
H 60 °C, 0.5 h
TBSO COX
OMe (o)

\
_ N\
H& | 5 JH23 =8Hz ., N (o)
/ " Y
1 o] O

| \_/‘ 65b
NOE
© 91%, 20% ee

(Determined by HPLC)

TBSO EtSH (3eq),  TBSO TBSO
\Q [\, _rBuli2eq) \Q o A Gea) .
K N > ‘¢ Et > 7 H
T Y  THF.0°,05h ‘T THF,0°C,05h -
O O 0

MeO 79% MeO 83% MeO 67
64b (20% ee) 66
[o]p?! +21.8
TFA/DCE (1/50) ~ © [alp?' -34.7  © [a]p®® +135 (98% ee)*
60°C,05h @»,,/OH (c0.44, CHCly) | OH (¢ 1.21, CHCIy)
22% 68 5 ent-68

W27 | b UEERREAR 40a 2 BT VIEE L L CRANEOM LA L7z (Table 18),
FPRBEFRARIFICAWD T I U ERFILIZE 2 A, DBU X DBN & W o 2RO E N
D% FHWTZBRIC BAF 2R3 5 5472 (entries 1-2), RO = b a VEALFHINZIB W T,
40a |ZxF LT ProNEt L 0 % U7 85K %2 W TEBRIZIE 40a O & b3 M- & 72 > 728

(32 X—, Scheme 40). Atz Tid PraNEt 2 AW 5A TH SR THRIW S S
7= (entry 3), ZiUlZ. Danishefsky VT N=Frnrr L0 HREERICKISMERE L,
2L HEITT 5 L0 i< Diels-Alder N EIT L7272 EBE X TnDH, —F, CyaNEt %D
BT X R AW BRIITR RO T2 A 57 (entries 4-5),

WAZBNL 1 EOBEWILZ R L2 (Table 19), T HEEH Y A ABRO Y 2 K 52a
EHWZEZ A, 4T TR A UK 52b &l U, SR ME & B IS RIE 2K T 23
Rohie (entry 1), KIT AN REFWLIEEZEANLZE Z A, ZORIGHEIZIES
DXFIRONTZHLDOD, WTILHIRIEFEREDO = F o F A EIRELZ R L7- (entries 2-6), &
WCBMICEIIELAZBEA LT E ZA, AFIEDOH ENR BT (up to 89% ee, entries
7-9), —JF. 2ICEHBEZEA LS EITITET B IEKOEFINELNDDHTH
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Table 18. Effect of amine. . 0
1) chiral Yb complex OO )—@—Br
10 mol% N~
8807 o 0 CH (CI 0 000)4 h OU M\ )
2Ly, ; ~-H
~ t /VJ\N)LO 2 TFA > ) N\‘(O OO N);—QBr
59b 40a \ / 65a | o
3eq 1eq
chiral Yb complex = Yb(OTf)3 + 52b + amine (1:1.2:2.4)
entry amine yield (%) ee (%)
1 DBU 98 81
2 DBN 99 80
3 iProNEt 98 79
4 Cy,NEt 92 71
5 1,2,2,6,6-PMP? quant 70

a 1,2,2,6,6-pentamethylpiperidine

Table 19. Effect of ligand.

1) chiral Yb complex %_@ X
TBSO (y mol%) o) OO N-H
=z (0] ) o
CH,Cl,, 0 °C \
o o~ A Ry
59b N O 2)TFA Y
/
o X
52

40
OMe a 65a 0 6]

1eq

chiral Yb complex = Yb(OTf)3 + 52 + DBU (1:1.2:2.4)

entry 52 y (mol%) diene (eq) time (h) yield (%) ee (%)
1 52a (X =H) 10 3 24 84 63
2 52b (X = 4-Br) 10 3 4 98 81
3 52¢ (X = 4-F) 10 3 4 89 80
4 52d (X = 4-CF3) 10 3 19 73 80
5 52f (X = 4-Cl) 10 3 8 quant 79
R 529 (X=4) - 10 . < I 4 95 ... 81 __
7 52e (X = 3-Br) 10 3 4 90 84
8 52h (X = 3-F) 10 3 4 quant 87
9 ! 52i (X =3-CF3) 10 .. 3 . 4 . Quant______ 89 __
10 52§ (X=2-Br) 10 S . 24 . 48 ... 2 __
11 52k (X = 3,5-F) 10 3 4 93 92
12 52k (X = 3,5-F) 10 2 4 quant 92
13 52l (X = 3,5-CF3) 10 2 4 quant 94
14 52k (X = 3,5-F) 5 2 5 94 94
15 521 (X = 3,5-CF3) 5 2 24 89 85

-7 (entry 10), ZhiE, 2OBEHIELOSAKEEIC LY, BINAMIDE OA v T /1w
LSDOENPESINTZTZDEEZBND, SNITEBRLZE AN LZBIC B R0 %
LTl HIT 35— ZEBMOEN FEREILIcE ZA, IAFA KR N Tt
AF VLA E A LIZBRIC 90% ee UL ED ) o FABRMETHMS NGO, £, ¥
T % TEEICER L CTHRIMMEDIKR FIXR 572 o7 (entries 11-13), S 51T 3,5—
T NA R 52k ICB L TiE, R 5 mol %o AR L 72 BRI & FA E USR5 &
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LT R 94%, AR 94% ee &) BIF R 52155 2 LA TE 72 (entry 14),

Table 20. Application of various ligands to the asymmetric Diels-Alder reaction.

1) chiral Yb complex

TBSO (y mol%) 0
Z O j)\ CH,Cl,, 0°C \
A + /\)J\N 0 2) TFA » .,,/”/NW(O
59b OMe 40a \_ / 65a o o)
2eq 1eq
chiral Yb complex = Yb(OTf); + ligand + amine (1:1.2:2.4)
entry ligand amine y (mol%) time (h) yield (%) ee (%)
52k DBU 5 5 94 94
69 DBU 10 30 58 43
70 DBU 10 48 trace

(S)-BINOL  iProNEt 10 4

a

Ol w N =

pposite enantiomer

N
N

CFs 70 F (S)-BINOL

O~ T T O
[(e]
-
A
o)
T

WRIZAKISIZ T %5 BINAMIDE (52k) OF HAMEZ R T~ BRD 2 A4 T OARFE
MAF a2 HWTRIGEZHE Lz (Table20), EF 7 F LT 2 U PSNDO DT I v 2 RFR &
T 57 2 FRIEINLF 69 <° 70 & AW BTG, B O KRR TR R b7

(entries 2-3), F7z., BINOL ZHW/-E& UKD O FZ )L Yb $Hk 25) ITiFHRREDO T
FUFARIRER R ONTZ OO, KISHEMES RN 9 %I E >7- (entry 4), [,
BLEREWNZ LI BT 7 FUF R OMRE E 2R CCTh I 59, BINAMIDE &%
WOEERENBH SN, Z0Z &, BINOL-Yb $44 L BINAMIDE-Yb #&{Ai1x%
NENEL BRLEBIREEZR TS EMREL TWD Z ERB I, 2D OfEEN
5. ARSICE T 5 BINAMIDE OF AVEDHER S iz,

AR D FE — e 2 famt L7= (Table 21), 7 7 U JVESFEEIL 40b (2B L ClEy =
YOI IVHEREBOIEE B WORIERSE DAL, TIPS X2F3 57> 59 &M,
20 CTHRINZEATA BRI B ORE R DS 511072 (entries 2-6), A TFNVEL D mEW T 1
ENAREZGT D 40c ITE L TSSO RIEZRIK TR R O, BIRTRISEITH 2 &
TEWVEIMEZ MR L B0 E SR TE S 2 L3 k72 (entries 7-8), — /7, &
SlZmmnAg Y 7 FNEEAT D 40d (TFIR TG EIT > 2B b BUSHEITR < . REFIL
REPREICEE 72, TP 590 D TBS b A Y TF L ONIRKIEICE D
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Table 21. Scope and limitation. F

1) chiral Yb complex O»_Q

Si 10 mol% OO
o o B E)HZCIZ ¥ ° e Nop
~ t /\)J\ )J\ . s, N O _N/H F

L "y |CC

/ 65
0O O
2eq 1eq 52k F
chiral Yb complex = Yb(OTf)3 + 52k + DBU (1:1.2:2.4)

entry 40 59 temp (°C)  time (h)  product (%) ee (%)
12 s0aR=Me) 59b (Si=TBS) . 0 S 65a (94) 94
2 40b (R=H) 59b (Si= TBS) o 7 4 65b (91) 45
3 40b (R =H) 59a (Si = TMS) 0 3 65b (89) 41
4  40b(R=H) 59c (Si = TIPS) 0 2 65b (91) 67
5  40b (R =H) 59¢ (Si = TIPS) -20 3 65b (93) 71
.6 _40bR=H) 59¢ (Si=TIPS) 40 . 24 65b (86) . 66___
7 40c (R = n-Pr) 59b (Si= TBS) 0 24 65c (44) >95
8  40c (R=n-Pr) 59b (Si= TBS) rt 6 65¢ (93) >90
9  40d (R =Bu) 59b (Si= TBS) rt 26 65d (43) 56
10 4d(R=Bu) . 99a(Si=TMS) 1 . S 65d (88) _____ 87__.
11 40e(R=jPr) 59a (Si=TMS) 1 ... 27 65e (29) _____ 56___
12 40f (R = CICH,) 59b (Si= TBS) 0 24 65f (79) 88
13 40g[R=Ph(CHy),]  59b (Si=TBS) rt 4 659 (96) 94
14 40h (R=BnOCH,)  59b (Si=TBS) 0 24 65h (97) 89
15  40i (R = MeO,C) 59b (Si = TBS) 0 24 65i (71)° 4
__16.___40i R=MeOC) 59a (Si=TMS) ____- 10 5! 65i(98) ______ 81__.
17 40j (R=Cl) 59b (Si = TBS) 0 tort 24 65j (0)
18 40k (R = Br) 59b (Si = TBS) 0tort 24 65k (0)
19 40l (R = OCOPh) 59b (Si= TBS) 0 tort 24 65l (0)

@ 5 mol% of the catalyst was used. b A mixture of the a,f- and S, y-enones (8:1 ratio)

HLoLEZ, LVEOKNTMS K2 FT 5= 59a & HW TR, SOSHE, SR L
bICKRERA B R S, BEYO 65d 2L 88%., RATILH 87% ee TIHD Z LN TE I
(entries 9-10), L2 L. EHiZmmW0WA Y 7o Va2 G695 40e (2L Tk, v
59a & W 2356 T H ROSHEITIR < L AFIGRE S FREEICHE £ o 72 (entries 11), KITTE %
DEREAZETHEBEICEHL TR LA, Zua AFLELrETS 40f, KERY
B35 40g. BT —F L % 5> 40h (2B LTI HAOMAS 8 5 o RN (84-94% ee)
2B (entries 12-14), £72, = ATV Z A7 5 401 (2B Lﬂ;’ry‘i‘/@vu JLEED
BIRPMO CTHETHY . TBS EEZ AT HT T 59b 2 W 2 ERIC 3{‘342 SELNDY
ENELND DRIZS7273, TMS MEEHT 5= 59b %ﬁﬁw_ T B AT RN
(81% ee) THHIMNGHNT- (entries 15-16), L»L, AT 403—k DEI7e, H
VAR =L BALICHEEANT 0 AN B L7 IR LTI EZI TR, ZhbicEL T
2L ROSPETE T REHEIC K D > 72 (entries 17-19), ZOJEKE LT, =% VoD
SUSEBAREIC RN T, BEOANT T & Vo oy nx v KOBER T L O T8
RN E L D20 EBZTNL D, FElIE A TH S (Figure 5).
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Figure 5

electronic /\,)J\
repulsion? C ! \_/ 40j-1 (X = CI, Br, OCOPh)

I

A ti
SO > OMe exo addition

#—Hi BINAMIDE-Yb S8R DOHEEIZEE T 5 &%

BINAMIDE-Yb $5{AO MBI LT, BITEE TICH AARKERITR S/ LT, (1
H1% BINAMIDE-Yb SO 2 f#l3~ < | SERORESL 2 4 G L7722y, X #iisdh
RT3 5 B S D BB I3 - T B, 75D TN D £ 25 & 5 7
BRFEHT =5 bBERTOARY, —F, BERMRLE LT, BWEHS Y A A0
BINAMIDE5S2a & Yb(OTDs % 2:1 O TRA LIBIc i/ bik 2 BT 5 = & 23
FINTEY, ZHIEINMR L O~ AR ML LY KIS Tn5, 57

4% 13 BINAMIDE-Yb ${k % 1\ % BRSO W% %38 U, W 12 5Tl 5 4%, Sk
WSS 2B WA S, BT, 2 OmMRIZOWTRRIRY 5,

BINAMIDE-Yb $&{&13/ Mk 5 @ BINOL-Yb ${A 26 2532 LT, Yb(OTHs, AEBAL
FROT I LML TOD, IMRSIET I v o&E L LT, 7=/ —/UMoKEREL &K
FRECEIER L, TOKEMHE%ZE LT BINOL OEIRENT 2 o~ LB S, £ Ok
RAFOT I VNI ) 7 4 NVO—FOMHENFRCER T 5 2 & TEWBRERE O
D EHER LTS (Scheme 53), Z OfGELIE, FEERICKIGOBIENRT I O mm S ITK
SEBINDI LIV IRFENTWD, £, 51X YOTHDs 7 I v OHNLFHEL
T DIEMEDY . YD(OTHs, BINOL K OV7 2R Vbl L7260 L0 HIEWZ &b b,
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Table 22. Effect of base. F

1) chiral Yb complex o
TBSO._~ 6 © g:" ZTIO/Z))"C 0 i OO N%EQF
\g ' /\)J\NJ\O 2)TF: - > Ijj]/"‘\‘(o OO n-H F
5 e 40 \_/ n h—Q

|
65

3eq 1eq 52k F
chiral Yb complex = Yb(OTf)3 + 52k + base (1:1.2:2.4)

base time (h) yield (%) ee (%)

DBU 4 93 92
LHMDS 24 72 78
AN FT
i F
Table 23. Nonlinear effect. 1 chiral Yb complex o
TBSO._ 6 o (10 mol%) O C / OO N%;QF
CH,Cl,, 0°C, 4 h \
\g + /\)I\NJ\O 2 TEA - .,//]/N\‘(O —N”H F
| LI
59 OMe 40 v/ 65 o o 3
2eq 1eq 52k F
chiral Yb complex = Yb(OTf); + 52k (various enanthiomeric purities)+ DBU (1:1.2:2.4)
100
entry ee [ligand (%)] yield ee [product (%)] w /E
1 20 31 45
80
2 40 23 61 [.] /
3 60 70 78 /
4 80 96 93 60 @ v
5 >99 uant 92
d 3
40
1]
20 1]
@: ee of the product (%)
: yield (%)
0

20 40 60 80 100
ee of the ligand (%)

RIZEARDZEIRIBIZEAT 2 B2 155~ <\ BRx 205 OB+ 2 W TROG &
TV, FERIER O R RN D500 E D st L7z (Table 23), T OfER, L NRIEDOAR
IEXEEMBIN S v, ETCSOGTEICEE LT O D BLALF OOLFERMEE 3 T 23 122410 T
DD LA L, ZOMRELD | BEERIWETTAY FRA Y v 7 G & )T
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HENDZEnbbEEEINS,

BAED L Z A, flEVEREOREE O FH2 0 1354 L 72 < BRRIRIED T b K 72 ki
ThHHN, ZRNETICHLNERERET S L. BINAMIDE-Yb 851X L F D &L 9 124
LbEBEz26N5, £7 . BINAMIDE & Yb(OTH)s #IREGT 5 &, 2B 211 OEET
PEREERT D, 22T I EMAD L CBEMERENERT D, = OfiEE RO
HEIZH SN TRV, IR L TWD &) ARKEREEZ M LA 71, L IX
T IVBBINAMIDE D7 X R7a b &5 <k 2 ETHELDLT 27— MEKT2 1 EE
Ed, ZOHERIIAY TRAY v I iR LT < WIRTISITEEOSHA IR L
TWa EHERI SN S,

W, 7 &A%t BINAMIDE & Yb(OTD)s 2% 2:1 OEEZHERF L TV D L IFE %
12V, SRR Z LG 2 BRI VTV D BINAMIDE & Yb(OTHs D EERIE 1.2:1 TH Y |
HLINDDEK 211 OEEHERFLTVDETDHE, 0.4 1ITHYT D Yb(OTHDs 2343 -> T
LEWN, 2OV H Y R7 V=D YbOTHDs T ¥ I v 7 e BUG 2Rt LTt v T AUk
DI TFEHLITTTH D, LovL, FEEEITIE 90% ee DL EDRIRVENBHISH TR, =
LY T R7 U —@ Yb(OTDs 23 ARE A & BEA NS S 2R L T D L1358 2
ERTHD,

BURER TR, SEMAMEEICEI L TIdsh RO A 72 W EERETH V| A% EREO~ A
AR MVRIESRED S SR 52170, X0 E#ENRERES LI LEND D,

/N

L E. 2413 BINAMIDE-Yb 85475, Danishefsky = % H\ %~ Diels-Alder /X
JSICAERITHD Z 2R L, AMHREMRTHETH 20 EEER Y 7 na Tt ) %
T F ARG D Z & ISakEh LT, A RIT Danishefsky V= L EFRET L
7 AT D AT Diels-Alder UGS DD TH 5, & 52, BINAMIDE-Yb £ 73
BINOL-Yb $5AN W OEEIMEZ R L2 Z &, F7 I VoRENCETL2ELRI0., Zh
5 ODENE R oMiEe AT o NS S Z L2 R LT,
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Experimental Section

General Methods: All reactions involving air- or moisture-sensitive reagents or intermediates were
performed under an inert atmosphere of argon in glassware. Unless otherwise noted, solvents and
reagents were reagent grade and used without further purification. iPraNEt and DBU were distilled
from CaH2. CH2Cl: was used as received from Kanto, Chemical CO., INC. Analytical and
preparative TLC was carried on E. Merck 0.25 mm silica gel 60 GFzs4 plates. Silica gel column
chromatography was performed using Fuji Silysia Chemical Ltd. silica gel PSQ 60B. Celite® was
used with Celite® 545. The phrase “usual workup” refers to the following procedure: The combined
organic layers were washed with brine, dried over MgSO4 or Na2SO4, and concentrated under
reduced pressure. Melting points are uncorrected. Optical rotations were measured on a JASCO
P-1000 polarimeter at 589 nm. Data are reported as follows: [al] ;temp, concentration (¢ g/100 mL),
and solvent. 1H NMR and 13C NMR spectra were taken on 400 MHz and 100 MHz instruments
(JEOL LNM-GSX 4000, JEOL JMN-ECP 400) in the indicated solvent at rt. Chemical shifts are
reported in parts per million (ppm) downfield from (CHs)4Si (TMS). Coupling constants are reported
in hertz (Hz). Spectral splitting patterns are designated as follows: s, singlet; d, doublet; t, triplet; q,
quartet; m, multiplet. Infrared (IR) spectra were recorded either neat on sodium chloride plates or
on a KBr pellet, on JASCO FT/IR-230 spectrometer. MS spectrometry was carried out at the
Chemical Analysis Center of Chiba University. High performance liquid chromatography (HPLC)
analyses were performed on a Shimadzu LC-2010C (Shimadzu Ind., Ltd.), with detection at 254 nm,
and on a Daicel chiral column (Chiralcel OJ-H or Chiralpak AD-H, Daicel Chemical Ind., Ltd.).

Chapter 1.

3,4-Dimethoxyacetophenone (10a).

To a mixture of NbCls (5.4 mg, 0.02 mmol) and AgClO4 (12.4 mg, 0.06 mmol), MeNO: (2.0 mL) was
added and then the mixture was stirred for 10 min at room temperature. Then 9 (0.24 mL, 2.0
mmol) and Ac20 (0.28 mL, 3.0 mmol) were added at room temperature, and the mixture was stirred
for 1.5 h at 80 °C The reaction was quenched with aqueous saturated NaHCOs (1.0 mL) and the
mixture was extracted with CH2Cls. Usual work up gave a residue which was purified by column
chromatography (SiOs2, hexane/AcOEt: 2/1) to give 10a (327 mg, 91%) as a colorless oil.

Colorless oil; IR (neat) 1673, 1587, 1514, 1416, 1269, 1224, 1174, 1150, 1022 cm'}; *H NMR (CDCls) 5
2.57 (3H, s), 3.94 (3H, s), 3.95 (2H, s), 6.89 (1H, d, J= 8.4 Hz), 7.53 (1H, d, J/= 2.0 Hz), 7.58 (1H, dd,
J=2.0, 8.4 Hz); 13C NMR (CDCls) 26.1, 55.9, 56.0, 109.9, 110.0, 123.2, 130.4, 148.9, 153.2, 196.7.

3,4-Dimethoxybenzophenone (10b).

To a mixture of NbCls (2.7 mg, 0.01 mmol) and AgClO4 (6.2 mg, 0.03 mmol), MeNO: (1.0 mL) was
added and then the mixture was stirred for 10 min at room temperature. Then 9 (0.13 mL, 1.0
mmol) and Bz20 (339 mg, 1.5 mmol) were added at room temperature, and the mixture was stirred

for 7 h at 80 °C The reaction was quenched with aqueous saturated NaHCOs (1.0 mL) and the

51



mixture was extracted with CH2Cls. Usual work up gave a residue which was purified by column
chromatography (SiO2, hexane/AcOEt: 3/1) to give 10b (241 mg, quant) as a white solid.

White solid; IR (KBr) 1651, 1593, 1510, 1416, 1271, 1232, 1129, 1023 cm'; 1TH NMR (CDCls) & 3.95
(3H, s), 3.96 (3H, s), 6.90 (1H, d, J = 8.4 Hz), 7.38 (1H, dd, J = 2.0, 8.4 Hz), 7.46-7.51 (3H, m),
7.55-7.57 (1H, m), 7.75-7.78 (2H, m); 13C NMR (CDCls) 56.00, 56.05, 109.7, 112.0, 125.5, 128.1, 129.7,
130.2, 131.8, 138.2, 148.9, 153.0, 195.5.

3,4-Dimethoxyacetophenone (12a). Following the procedure described for the synthesis of 10a:
Colorless oil; TH NMR (CDCls) § 2.57 (3H, s), 3.85 (3H, s), 3.89 (3H, s), 6.46 (1H, d, /= 2.0 Hz), 6.52
(1H, dd, J= 2.0, 8.8 Hz), 7.83 (1H, d, J= 8.8 Hz); 13C NMR (CDCls) 31.8, 55.37, 55.45, 98.2, 105.0,
121.1, 132.6, 161.0, 164.5, 197.7.

4-Methoxyacetophenone (14). Following the procedure described for the synthesis of 10a: Colorless
oil; IR (neat) 1671, 1598, 1577, 1417, 1356, 1255, 1170, 1024, 832 cm'; TH NMR (CDCls) & 2.56 (3H,
$)3.87 (3H, s), 6.93 (2H, d, J= 8.4 Hz), 7.94 (2H, d, J= 8.4 Hz); 13C NMR (CDCls) 26.3, 55.4, 113.6,
130.3, 130.5, 163.4, 196.7.

4-Methoxy-1-acetonaphthone (16). Following the procedure described for the synthesis of 10a:
White solid; IR (KBr) 1671, 1598, 1575, 1508, 1459, 1418, 1236, 1090, 979, 819 cm'’; 'TH NMR
(CDCl3) § 2.70 (3H, s), 4.05 (3H, s), 6.77 (1H, d, J= 8.4 Hz), 7.51 (1H, dd, J= 8.0, 8.0 Hz), 7.63 (1H,
dd, J= 8.0, 8.0 Hz), 8.01 (1H, d, J= 8.0 Hz), 8.31 (1H, d, J= 8.0 Hz), 9.02 (1H, d, J = 8.4 Hz); 13C
NMR (CDCls) 29.3, 55.8, 102.0, 122.0, 125.72, 125.75, 126.2, 127.3, 128.7, 131.89, 131.94, 159.2,
199.9.

2,4,6-Trimethylacetophenone (18). Following the procedure described for the synthesis of 10a:
Colorless oil; IR (neat) 1697, 1611, 1352, 1251, 1163, 1060, 850 cm'!; 1H NMR (CDCls) § 2.22 (6H, s),
2.27 (3H, s), 2.45 (3H, s), 6.83 (2H, s); 13C NMR (CDCls) 19.1, 21.0, 32.2, 128.5, 132.3, 138.3, 139.8,
208.6.

2-Benzoylthiophene (20).

To a mixture of NbCls (2.7 mg, 0.01 mmol) and AgClO4 (6.2 mg, 0.03 mmol), MeNO: (1.0 mL) was
added and then the mixture was stirred for 10 min at room temperature. Then 19 (0.16 mL, 2.0
mmol) and Bz20 (226 mg, 1.0 mmol) were added at room temperature, and the mixture was stirred
for 2 h at 80 °C The reaction was quenched with aqueous saturated NaHCOs (1.0 mL) and the
mixture was extracted with CH2Cl2. Usual work up gave a residue which was purified by column
chromatography (SiOz, hexane/AcOEt: 8/1) to give 20 (162 mg, 86%) as a colorless oil.

Colorless oil; IR (neat) 1633, 1598, 1514, 1446, 1413, 1352, 1287, 1231, 1052, 842 cm'’; 'H NMR
(CDCl3) 6 7.16 (1H, dd, J= 4.0, 4.4 Hz), 7.50 (2H, dd, J= 8.0, 8.0 Hz), 7.57-7.61 (1H, m), 7.65 (1H, dd,
J=10.4, 4.0 Hz), 7.72 (1H, dd, J = 0.4, 4.4 Hz), 7.85-7.87 (2H, m); 13C NMR (CDCls) 127.9, 128.4,
129.1, 132.2, 134.2, 134.8, 138.1, 143.6, 188.2.
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2-Benzoylfuran (22).

To a mixture of NbCls (2.7 mg, 0.01 mmol) and AgClO4 (6.2 mg, 0.03 mmol), MeNO: (1.0 mL) was
added and then the mixture was stirred for 10 min at room temperature. Then 21 (0.15 mL, 2.0
mmol) and Bz20 (226 mg, 1.0 mmol) were added at room temperature, and the mixture was stirred
for 30 h at the same temperature. The reaction was quenched with aqueous saturated NaHCOs (1.0
mL) and the mixture was extracted with CH2Clo. Usual work up gave a residue which was purified
by column chromatography (SiO2, hexane/AcOEt: 12/1 to 8/1) to give 22 (88.7 mg, 52%) as a
colorless oil.

Colorless oil; IR (neat) 1651, 1598, 1562, 1463, 1389, 1318, 1300, 1178, 1022, 956 cm'; 'H NMR
(CDCl3) & 6.60 (1H, dd, J= 2.0, 3.6 Hz), 7.24 (1H, dd, J= 0.8, 3.6 Hz), 7.48-7.52 (2H, m), 7.57-7.62
(1H, m), 7.71 (1H, dd, J= 0.4, 1.6 Hz), 7.96-7.99 (2H, m); 13C NMR (CDCls) 112.2, 120.5, 128.4, 129.2,
132.5,137.2, 147.1, 152.2, 182.5.

N-(p-'Toluenesulfonyl)-3-acetylindole (24). Following the procedure described for the synthesis of
10a: White solid; IR (neat) 1655, 1538, 1372, 1166, 1139, 1109, 1087, 974, 929 cm'!; TH NMR (CDCls)
5 2.36 (3H, s), 2.57 (3H, s), 7.28 (2H, d, J= 8.4 Hz), 7.31-7.39 (2H, m), 7.83 (2H, d, J= 8.4 Hz), 7.92
(1H, dd, J= 1.6, 7.6 Hz), 8.21 (1H, s), 8.32 (1H, dd, J = 1.6, 7.6 Hz); 13C NMR (CDCls) 21.6, 27.8,
113.0, 121.6, 123.1, 124.8, 125.7, 127.1, 127.5, 130.2, 132.2, 134.5, 134.9, 145.9, 193.4.

3,4-Dimethoxypropiophenone (25).

To a mixture of NbCls (1.4 mg, 0.005 mmol) and AgClO4 (3.1 mg, 0.01 mmol), MeNO: (1.0 mL) was
added and then the mixture was stirred for 10 min at room temperature. Then 9 (64 pL, 0.50 mmol),
(4-NO2PhCO0)20 (237 mg, 0.75 mmol) and propionic acid (56 pL, 0.75 mmol) were added at room
temperature, and the mixture was stirred for 10 h at 80 °C The reaction was quenched with
aqueous saturated NaHCOs (1.0 mL) and the mixture was extracted with CH2Cls. Usual work up
gave a residue which was purified by column chromatography (SiO2, hexane/AcOEt: 6/1 to 3/1) to
give 25 (60.9 mg, 63%) as a colorless oil.

Colorless oil; 1TH NMR (CDCls) 8 1.22 (3H, t, J= 7.4 Hz), 2.97 2H, q, J= 7.4 Hz), 3.94 (3H, s), 3.95
(3H, s), 6.89 (1H, d, J= 8.0 Hz), 7.54-7.61 (2H, m).

1-(8,4-Dimethoxyphenyl)-2-methylpropan-1-one (26). Following the procedure described for the
synthesis of 25: Colorless oil; tH NMR (CDCls) & 1.22 (6H, d, J = 6.8 Hz), 3.55 (1H, septet, J = 6.8
Hz), 3.94 (3H, s), 3.95 (3H, s), 6.90 (1H, d, J/= 7.6 Hz), 7.55 (1H, d, J= 2.0 Hz), 7.60 (1H, dd, J= 2.0,
7.6 Hz).

1-(8,4-Dimethoxyphenyl)-2,2-dimethylpropan-1-one (27). Following the procedure described for the

synthesis of 25: Colorless oil; 1TH NMR (CDCls) § 1.39 (9H, s), 3.92 (3H, s), 3.93 (3H, s), 6.85 (1H, d, J
=7.6 Hz), 7.42 (1H, d, J= 2.0 Hz), 7.54 (1H, dd, J= 2.0, 7.6 Hz).
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a-Tetralone (29).

To a mixture of NbCls (1.4 mg, 0.005 mmol) and AgClO4 (3.1 mg, 0.01 mmol), MeNO: (1.0 mL) was
added and then the mixture was stirred for 10 min at room temperature. Then 28 (82 mg, 0.50
mmol) and (4-NOzPhCO)20 (237 mg, 0.75 mmol) were added at room temperature, and the mixture
was stirred for 3 h at 80 °C The reaction was quenched with aqueous saturated NaHCOs (1.0 mL)
and the mixture was extracted with CH2Cls. Usual work up gave a residue which was purified by
column chromatography (SiO2, hexane/AcOEt: 9/1) to give 29 (62.2 mg, 85%) as a colorless oil.
Colorless oil; TH NMR (CDCls) § 2.11-2.17 (2H, m), 2.66 (2H, t, J= 6.0 Hz), 2.97 (2H, t, J= 6.0 Hz),
7.25 (1H, d, J= 8.0 Hz), 7.30 (1H, dd, J= 8.0, 8.0 Hz), 7.46 (1H, dd, J= 8.0, 8.0 Hz), 8.03 (1H, d, J=
8.0 Hz).

1-Methoxy-1-phenyl-3-butene (33a).

To a mixture of NbCls (1.4 mg, 0.005 mmol) and AgClO4 (1.0 mg, 0.01 mmol), CH2Cl2 (1.0 mL) was
added and then the mixture was stirred for 10 min at room temperature. Then 32a (0.15 mL, 1.0
mmol) and allyltrimethylsilane (0.19 mL, 1.2 mmol) were added at 0 °C, and the mixture was
stirred for 10 min at the same temperature The reaction was quenched with aqueous saturated
NaHCOs; (1.0 mL) and the mixture was extracted with CH2Cls. Usual work up gave a residue which
was purified by column chromatography (SiOs, hexane/Et20: 10/1) to give 33a (141 mg, 87%) as a
colorless oil.

Colorless oil; 'H NMR (CDCls) § 2.38-2.44 (1H, m), 2.53-2.60 (1H, m), 3.22 (3H, s), 4.16 (1H, t, J =
6.8 Hz), 5.00-5.07 (2H, m), 5.72-5.82 (1H, m), 7.25-7.37 (5H, m).

1-(p-Chlorophenyl)-1-methoxy-3-butene (33b). Following the procedure described for the synthesis
of 33a: Colorless oil; TH NMR (CDCls) § 2.34-2.41 (1H, m), 2.50-2.58 (1H, m), 3.21 (3H, s), 4.14 (1H, t,
J=6.8 Hz), 5.01-5.06 (2H, m), 5.68-5.78 (1H, m), 7.22 (2H, d, J= 8.8 Hz), 7.32 (2H, d, J= 8.8 Hz);
13C NMR (CDCls) 5 42.3, 56.7, 82.9, 117.2, 128.1, 128.5, 133.2, 134.3, 140.2.

1-(p-Methoxyphenyl)-1-Methoxy-3-butene (33c). Following the procedure described for the
synthesis of 83a: Colorless oil; tH NMR (CDCls) § 2.35-2.42 (1H, m), 2.53-2.60 (1H, m), 3.19 (3H, s),
3.81 (3H, s), 4.11 (1H, t, J = 6.8 Hz), 4.99-5.07 (2H, m), 5.70-5.80 (1H, m), 6.81 (2H, d, J= 8.4 Hz),
7.21 (2H, d, J= 8.4 Hz); 13C NMR (CDCls) § 42.3, 56.7, 82.9, 117.2, 128.1, 128.5, 133.2, 134.3, 140.2.

3-Methoxy-1-phenyl-5-hexene (33d).

To a mixture of NbCls (1.4 mg, 0.005 mmol) and AgClO4 (1.0 mg, 0.01 mmol), CH2Cl2 (0.5 mL) was
added and then the mixture was stirred for 10 min at room temperature. Then 32d (180 mg, 1.0
mmol) in CH2Cl2 (0.6 mL) and allyltrimethylsilane (0.19 mL, 1.2 mmol) were added at 0 °C, and the
mixture was stirred for 2 h at 0 °C to room temperature. The reaction was quenched with aqueous
saturated NaHCOs (1.0 mL) and the mixture was extracted with CHz2Clo. Usual work up gave a
residue which was purified by column chromatography (SiO2, hexane/Et20: 15/1) to give 33d (161

mg, 84%) as a colorless oil.
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Colorless oil; TH NMR (CDCls) § 1.76-1.84 (2H, m), 2.26-2.36 (2H, m), 2.59-2.78 (2H, m), 3.21-3.27
(1H, m), 5.04-5.11 (2H, m), 5.75-5.86 (1H, m), 7.15-7.29 (5H, m); 13C NMR (CDCls) & 31.5, 35.3, 37.6,
56.5, 79.5, 117.0, 125.7, 128.3, 128.4, 134.6, 142.3.
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Chapter 2.

Nitrones.

Nitrones 39a-d¢! were prepared according to the reported procedures.

3-Acryloyl-1,3-oxazolidine-2-one (40b).

To a solution of 2-oxazolidone (2.61 g, 30 mmol) in CH2Cl2 (100 mL) was added NaH [1.80 g (60% in
mineral oil), 45 mmol] at 0 °C. The mixture was stirred for 0.5 h at 0 °C and then for 1 h at room
temperature. To this mixture was added acryloyl chloride (3.7 mL, 45 mmol) at 0 °C and the mixture
was stirred for 14 h at room temperature. The reaction was quenched by H20 (20 mL) and extracted
with CH2Cls. Usual work up gave a residue which was purified by column chromatography (SiOs,
hexane/AcOEt: 5/3) to give 40b (2.60 g, 61%) as a colorless solid.

Colorless solid; H NMR (CDCls) 6 4.09 (2H, t, J = 8.0 Hz), 4.45 (2H, t, J= 8.0 Hz), 5.91 (1H, d, J=
10.4 Hz), 6.56 (1H, d, J=16.8 Hz), 7.50 (1H, dd, /= 10.4, 16.8 Hz).

3-Crotonyl-1,3-oxazolidine-2-one (40a).

To a solution of 2-oxazolidone (2.61 g, 30 mmol) in CH2Cl2 (100 mL) was added NaH [1.44 g (60% in
mineral oil), 36 mmol] at 0 °C. The mixture was stirred for 0.5 h at 0 °C and then for 1 h at room
temperature. To this mixture was added crotonyl chloride (3.5 mL, 36 mmol) at 0 °C and the
mixture was stirred for 14 h at room temperature. The reaction was quenched by H20 (20 mL) and
extracted with CH2Clz. Usual work up gave a residue which was purified by column
chromatography (SiOz, hexane/AcOEt: 5/3) to give 40a (3.39 g, 73%) as a colorless solid.

Colorless solid; mp 40-41 °C; tH NMR (CDCls) § 1.97 (3H, d, J = 6.4 Hz), 4.07 (2H, t, J= 8.0 Hz), 4.43
(2H, t, J= 8.0 Hz), 7.13-7.28 (2H, m).

(-)-(9-1,1-(2,2’-Bisbenzoylamino)binaphthalene (52a).

To a solution of (9)-1,1-binaphtyl-2,2’-diamine (227 mg, 0.8 mmol) and PraNEt (0.42 mL, 2.4 mmol)
in CH2Clz (8 mL) was added benzoylchloride (0.23 mL, 2.0 mmol) at 0 °C. After stirring for 2 h at
room temperature, the reaction was quenched with 1IN HCI (3 mL). This mixture was extracted
with CH2Cls. Usual work up gave a residue which was purified by column chromatography (SiOs,
hexane/AcOEt: 4/1 to 2/1) to give 52a (399 mg, quant) as a colorless amorphous solid.

Colorless solid; mp 188-189 °C; [a]p23 —81.9 (¢ 1.00, CHCls); IR (KBr) 1677, 1594, 1500, 1427, 1282,
1072, 867 cm'; TH NMR (CDCls) § 7.23-7.29 (10H, m), 7.35-7.39 (4H, m), 7.51 (2H, dd, J= 6.9, 7.0
Hz), 7.75 (2H, brs), 7.99 (2H, d, J = 8.0 Hz), 8.13 (2H, d, J= 9.1 Hz), 8.75 (2H, d, J= 9.1 Hz); 13C
NMR (CDCls) § 120.6, 121.4, 125.0, 125.7, 126.7, 127.6, 128.5, 128.6, 130.2, 131.3, 131.8, 132.2,
134.2, 135.3, 165.7; LRMS (FAB) m/z 493 (M+H)*; HRMS (FAB) Calcd for CsaH25N202 493.1873,
found 493.1873.

(#)-(9-1,1-(2,2-Bis-4-bromobenzoylamino)binaphthalene (52b). Following the procedure described
for the synthesis of 52a: White amorphous; [a]p24 +7.3 (¢ 1.00, CHCls); IR (KBr) 1654, 1590, 1504,
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1481, 1427, 1280, 1108, 1072, 1010, 906, 840 cm'’; 'H NMR (CDCls) § 7.23-7.29 (10H, m), 7.04-7.06
(4H, m), 7.25 (2H, d, J= 7.9 Hz), 7.33-7.36 (6H, m,), 7.49 (2H, dt, J= 1.3, 7.0 Hz), 7.73 (2H, brs), 7.99
(2H, d, J=8.2 Hz), 8.11 (2H, d, J= 8.8 Hz), 8.59 (2H, d, /= 8.8 Hz); 13C NMR (CDCls) § 121.5, 121.7,
124.9, 125.9, 126.7, 127.8, 128.3, 128.6, 130.2, 131.4, 131.8, 132.1, 132.9, 134.9, 164.9; LRMS (FAB)
m/z 651 (M+H)+; HRMS (FAB) Calcd for Cs4H23BraN202 651.0105, found 651.0081.

(-)-(9-1,1-(2,2’-Bis-4-fluorobenzoylamino)binaphthalene (52c). Following the procedure described
for the synthesis of 52a: White solid; mp 100-102 °C; [alp22 —73.8 (¢ 1.00, CHCls); IR (KBr) 1655,
1603, 1493, 1373, 1282, 1236, 1159, 1045, 849 cm':; 'TH NMR (CDCls) § 6.78 (6H, d, J/ = 8.5 Hz),
7.21-7.26 (6H, m), 7.33 (2H, dt, J= 1.2, 7.6 Hz), 7.48 (2H, dt, J= 1.2, 7.5 Hz), 7.80 (2H, brs), 7.98 (2H,
d, J=8.3 Hz), 8.10 (2H, d, J= 9.1 Hz), 8.57 (2H, d, J= 8.1 Hz); 13C NMR (CDCls) § 115.6 (d, J = 22.4
Hz), 121.7, 121.9, 125.0, 125.8, 127.6, 128.5, 129.1, 130.1, 130.2, 131.4, 132.1, 135.0, 164.8 (d, J =
253.1 Hz), 164.9; LRMS (FAB) m/z 529 (M+H)*; HRMS (FAB) Calcd for C3«H23F2N202 529.1727,
found 529.1704.

(-)-(9-1,1-(2,2-Bis-4-trifluoromethylbenzoylamino)binaphthalene (52d). Following the procedure
described for the synthesis of 52a: Colorless solid; mp 126-127 °C; [a]p25 —84.8 (¢ 1.01, CHCls); IR
(KBr) 1654, 1600, 1526, 1499, 1427, 1326, 1291, 1171, 1127, 1066, 1016, 856 cm'’; 1H NMR (CDCls)
§7.27(2H, d, J=8.3 Hz), 7.32 (4H, d, J= 8.0 Hz), 7.37 (2H, ddd, J= 1.4, 7.0, 8.4 Hz), 7.47 (4H, d, J=
8.3 Hz), 7.52 (2H, ddd, J= 1.2, 6.9, 8.2 Hz), 7.86 (2H, brs), 8.01 (2H, d, J= 8.1 Hz), 8.13 (2H, d, J=
9.0 Hz), 8.53 (2H, d, J= 8.8 Hz); 13C NMR (CDCls) § 122.1, 122.6, 124.8, 125.0, 125.6, 125.7, 126.2,
127.2, 127.8, 128.6, 130.3, 131.6, 132.1, 133.4 (q, /= 33.1 Hz), 134.6, 137.3, 164.8; LRMS (FAB) m/z
629 (M+H)*; HRMS (FAB) Calcd for C3sHa3FsN202 629.1664, found 629.1628.

(-)-(9-1,1-(2,2-Bis-3-bromobenzoylamino)binaphthalene (52¢). Following the procedure described
for the synthesis of 52a: White solid; mp 215-217 °C; [alp22 —68.4 (¢ 0.99, CHCls); IR (KBr) 1654,
1489, 1260, 813 cm’; 'TH NMR (CDCls) § 7.05-7.09 (4H, m), 7.29-7.31 (4H, m), 7.38 (2H, dd, J/ = 8.8,
8.8 Hz), 7.46-7.54 (4H, m), 7.70 (2H, brs), 8.02 (2H, d, J= 8.0 Hz), 8.14 (2H, d, J= 8.8 Hz), 8.61 (2H,
d, J=8.8 Hz); 13C NMR (CDCls) 5 121.6, 121.7, 122.8, 124.9, 125.1, 126.0, 127.8, 128.7, 130.1, 130.3,
131.5, 132.0, 134.7, 134.8, 136.1, 164.4; LRMS (EI) m/z 650 (M*, 87), 451 (78), 185 (100); HRMS
(FAB) Calcd for Cs4H23BraN20z 651.0109, found 651.0038.

(-)-(3R,4.9-3-Phenyl-4-(2-0x0-1,3-0xazolidine-3-carbonyl)-2-phenylisoxazolidine (41e).

A mixture of Yb(OTf); (18.6 mg, 0.030 mmol) and BINAMIDE 52b (23.4 mg, 0.036 mmol) was dried
at 90 °C under reduced pressure (<0.1 mmHg) for 0.5 h. After the mixture was allowed to cool to
room temperature, CHzClz (1.0 ml) and PreNEt (13 pL, 0.072 mmol) were successively added and
the mixture was stirred for 2 h. Dipolarophile 40b (64 mg, 0.45 mmol) in CH2Cl2 (0.5 mL) and
nitrone 39a (59 mg, 0.30 mmol) in CH2Cls (0.5 mL) were successively added, and the mixture was
stirred for 24 h at room temperature. H2O (1 mL) was then added to quench the reaction, and the

insoluble materials were filtered. After a usual workup, the crude product was purified by column
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chromatography (SiO2, hexane/AcOEt: 2/1) to give 4le (100.9 mg, 99%, endo:exo. = 97:3) as a
colorless oil. The diastereomeric ratio was determined by 'H NMR analysis, and the enantiomeric
excess of the endo adduct was determined to be 97% ee by HPLC analysis (Daicel Chiralpak AD-H).
The absolute configuration was determined by comparison of the optical rotation with that of the
literature.44b

Colorless oil; [alp23 —24.1 (¢ 1.00, CHCls, 97% ee); 1H NMR (CDCls) 5 4.00 (2H, t, /= 8.0 Hz), 4.12
(1H, ddd, J= 2.8, 6.8, 8.4 Hz), 4.35-4.45 (2H, m), 4.52 (1H, ddd, J=5.6, 8.4, 8.4 Hz), 4.69 (1H, dd, J=
8.4, 8.4 Hz), 5.25 (1H, d, J= 5.6 Hz), 6.93-7.00 (3H, m), 7.19-7.39 (5H, m), 7.51 (2H, d, J= 7.2 Hz);
13C NMR (CDCls) & 42.7, 59.0, 62.3, 69.6, 70.6, 115.8, 122.4, 127.0, 127.9, 128.7, 128.9, 140.8, 150.2,
153.2, 170.3; LRMS (ED m/z 338 (M+, 76), 221 (30), 180 (100); HPLC: Daicel Chiralpak AD-H, 254
nm, flow rate: 1.0 mL/min, n-Hexane:7/PrOH=85:15, retention time: 29.8 min (3£,4.5 and 36.5 min
(354R).

()-(38R,4.9-3- p-Methoxyphenyl-4-(2-oxo-1,3-oxazolidine-3-carbonyl)-2-phenylisoxazolidine(41f).
Following the procedure described for the synthesis of 41e: Colorless oil; [alp2¢ —10.5 (¢ 1.00, CHCls,
97% ee); TH NMR (CDCls) § 3.80 (3H, s), 3.97 (2H, t, J = 8.0 Hz), 4.11 (1H, dd, J = 5.2, 8.4 Hz),
4.32-4.43 (2H, m), 4.49 (1H, ddd, J= 5.2, 8.4, 8.4 Hz), 4.67 (1H, dd, J= 8.4, 8.4 Hz), 5.15 (1H, d, J=
5.2 Hz), 6.84-7.03 (5H, m), 7.18-7.22 (2H, m), 7.42 (2H, d, J= 8.8 Hz); 13C NMR (CDCls) § 42.7, 55.3,
58.8, 62.3, 69.5, 70.4, 114.2, 116.0, 122.4, 128.3, 128.6, 132.6, 150.2, 153.2, 159.2, 170.3; HPLC:
Daicel Chiralpak AD-H, 254 nm, flow rate: 1.0 mL/min, n-Hexane:/PrOH=75:25, retention time:
34.3 min (3R,49 and 39.4 min (3S54R).

(-)-trans-3- p Bromophenyl-4-(2-oxo-1,3-oxazolidine-3-carbonyl)-2-phenylisoxazolidine(41g).
Following the procedure described for the synthesis of 41e: Colorless oil; [a]p2¢ —2.9 (¢ 1.01, CHCls,
97% ee); IR (neat) 1779, 1702, 1596, 1488, 1392, 1039 cm'}; 'H NMR (CDCls) § 3.96-4.01 (2H, m),
4.11 (1H, dd, J= 5.6, 8.8 Hz), 4.37-4.49 (3H, m), 4.66 (1H, dd, J= 8.8, 8.8 Hz), 5.21 (1H, d, J= 5.6
Hz), 6.95-6.98 (3H, m), 7.21 (2H, dd, J = 8.0, 8.0 Hz), 7.40 (2H, d, J= 8.8 Hz), 7.49 (2H, d, J = 8.8
Hz); 13C NMR (CDCls) & 42.7, 58.9, 62.3, 69.6, 70.0, 115.8, 121.8, 122.6, 128.8, 132.0, 139.9, 149.9,
153.1, 170.0; LRMS (ED m/z 416 (M*, 5), 259 (54), 77 (100); HRMS (FAB) Calcd for C19H17BrN204
416.0372, found 416.0338; HPLC: Daicel Chiralpak AD-H, 254 nm, flow rate: 1.0 mL/min,
n-Hexane:/PrOH=85:15, retention time: 38.3 min (3£,45 and 49.2 min (3S4R).

(-)-(8R,4.9-3-(2-Naphthyl)-4-(2-ox0-1,3-oxazolidine-3-carbonyl)-2-phenylisoxazolidine (44).
Following the procedure described for the synthesis of 41e: Colorless oil; [alp25 —17.7 (¢ 0.67, CHCls,
96% ee); 'TH NMR (CDCls) 6 3.96 (2H, t, J= 8.0 Hz), 4.15 (1H, dd, J= 5.6, 8.4 Hz), 4.28-4.40 (2H, m),
4.59 (1H, ddd, J= 5.6, 8.4, 8.4 Hz), 4.74 (1H, dd, J= 8.4, 8.4 Hz), 5.40 (1H, d, J= 5.6 Hz), 6.94 (1H,
dd, J=17.6, 7.6 Hz), 7.02 (2H, d, /= 7.6 Hz), 7.20 (2H, dd, J = 7.6, 7.6 Hz), 7.44-7.50 (2H, m), 7.65
(1H, dd, /= 1.6, 8.4 Hz), 7.81 (1H, d, J= 9.2 Hz), 7.83 (1H, d, J= 9.2 Hz), 7.87 (1H, d, J = 8.4 Hz),
7.96 (1H, s); 13C NMR (CDCls) § 42.7, 59.0, 62.3, 69.7, 70.9, 115.8, 122.4, 124.7, 126.0, 126.1, 126.3,
127.7,127.9, 128.7, 129.0, 133.0, 133.3, 138.2, 150.3, 153.1, 170.2; LRMS (EI) m/z 388 (M*, 22), 230
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(100); HPLC: Daicel Chiralpak AD-H, 254 nm, flow rate: 1.0 mL/min, n-Hexane:/PrOH=85:15,
retention time: 48.1 min (3£,4.5 and 51.8 min (3.S4R).

(+)-(8R,45,5R)-5-Methyl-3-phenyl-4-(2-oxo-1,3-oxazolidine-3-carbonyl)-2-phenylisoxazolidine (41a).
A mixture of Yb(OTf); (38.8 mg, 0.063 mmol) and BINAMIDE 52b (48.8 mg, 0.075 mmol) was dried
at 90 °C under reduced pressure (<0.1 mmHg) for 0.5 h. After the mixture was allowed to cool to
room temperature, CH2Cl2 (1.0 ml) and DBU (22 uL, 0.15 mmol) were successively added and the
mixture was stirred for 2 h. Dipolarophile 40a (58 mg, 0.38 mmol) in CH2Clz (0.5 mL) and nitrone
39a (49 mg, 0.25 mmol) in CH2Clz (0.5 mL) were successively added, and the mixture was stirred for
33 h at room temperature. H2O (1 mL) was then added to quench the reaction, and the insoluble
materials were filtered. After a usual workup, the crude product was purified by column
chromatography (SiO2, hexane/AcOEt: 2/1) to give 4la (87.5 mg, 99%, endoexo. = 99:1) as a
colorless oil. The diastereomeric ratio was determined by 'H NMR analysis, and the enantiomeric
excess of the endo adduct was determined to be 98% ee by HPLC analysis (Daicel Chiralpak AD-H).
The absolute configuration was determined by comparison of the optical rotation with that of the
literature.44b

Colorless oil; [alp2t +21.6 (¢ 1.31, CHCls, 98% ee); 'H NMR (CDCls) § 1.54 (3H, d, J = 6.0 Hz),
3.95-4.01 (2H, m), 4.30-4.48 (3H, m), 4.80 (1H, dd, J= 7.2, 7.2 Hz), 5.18 (1H, d, J= 7.2 Hz), 6.93 (1H,
dd, J=17.2, 7.2 Hz), 6.97 (2H, d, J= 7.6 Hz), 7.21-7.30 (3H, m), 7.36 (2H, d, J= 7.6 Hz), 7.47 (2H, d, J
= 7.6 Hz); 13C NMR (CDCls) § 17.7, 42.9, 61.8, 62.5, 74.4, 79.5, 114.6, 121.7, 126.6, 127.8, 128.8,
129.0, 140.8, 151.4, 152.7, 170.7; LRMS (EI) n/z 352 (M*, 78), 221 (22), 180 (73), 91 (100); HPLC:
Daicel Chiralpak AD-H, 254 nm, flow rate: 1.0 mL/min, n-Hexane:/PrOH=90:10, retention time:
25.5 min (35,4R,5.9 and 41.2 min (3R,4S5,5R).

(+)-(3R,4.5,5 R)-5-Methyl-3- p-methoxyphenyl-4-(2-oxo-1,3-oxazolidine-3-carbonyl)-2-phenylisoxazoli
dine (41b). Following the procedure described for the synthesis of 41a: Colorless oil; [a]p23 +20.1 (¢
1.00, CHCls, 91% ee); tH NMR (CDCl3) § 1.54 (3H, d, /= 6.0 Hz), 3.80 (3H, ), 3.98 (2H, t, J= 7.6 Hz),
4.31-4.37 (2H, m), 4.45 (1H, dq, J= 6.0, 7.6 Hz), 4.79 (1H, dd, J= 7.6, 7.6 Hz), 5.10 (1H, d, J= 7.6
Hz), 6.87-6.98 (5H, m), 7.19-7.24 (2H, m), 7.39 (2H, d, J = 8.4 Hz); 13C NMR (CDCls) & 17.8, 42.9,
55.2,61.8,62.4, 74.2, 79.4, 114.3, 114.8, 121.7, 127.9, 128.7, 132.6, 151.5, 152.8, 159.2, 170.8; HPLC:
Daicel Chiralpak AD-H, 254 nm, flow rate: 1.0 mL/min, n-Hexane:/PrOH=80:20, retention time:
21.8 min (35,4R,5.9 and 45.0 min (3R,4S5,5R).

(+)-(3R,4.8,5R)-5-Methyl-3- p-bromophenyl-4-(2-oxo-1,3-oxazolidine-3-carbonyl)-2-phenylisoxazolidi

ne (41c). Following the procedure described for the synthesis of 41a: Colorless oil; [a]p2¢ +17.8 (¢
1.00, CHCls, 89% ee); tH NMR (CDCls) § 1.53 (3H, d, J= 6.0 Hz), 3.98-4.02 (2H, m), 4.35-4.48 (3H,
m), 4.75 (1H, dd, J= 6.8, 6.8 Hz), 5.15 (1H, d, J= 6.8 Hz), 6.93-6.96 (3H, m), 7.24 (2H, dd, J= 8.0, 8.0
Hz), 7.36 (2H, d, J= 8.4 Hz), 7.49 (2H, d, J= 8.4 Hz); 13C NMR (CDCls) 5 17.7, 42.9, 61.9, 62.4, 73.7,
79.6, 114.6, 121.7, 121.9, 128.3, 128.8, 132.0, 139.9, 151.1, 152.8, 170.4; HPLC: Daicel Chiralpak
AD-H, 254 nm, flow rate: 1.0 mL/min, n-Hexane:7PrOH=90:10, retention time: 37.5 min (3.5,4%,5.5
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and 62.3 min (3R,4S,5R).

(-)-(38R,4.5,5R)-5-Methyl-3-(2-naphthyl)-4-(2-oxo-1,3-oxazolidine-3-carbonyl)-2-phenylisoxazolidine
(41d). Following the procedure described for the synthesis of 41a: Colorless oil; [a]p2¢ —1.3 (¢ 1.00,
CHCls, 93% ee); tH NMR (CDCly) & 1.58 (3H, d, J= 6.0 Hz), 3.97-4.05 (2H, m), 4.28-4.39 (2H, m),
4.49 (1H, dg, J=6.0, 7.6 Hz), 4.90 (1H, dd, J= 7.6, 7.6 Hz), 5.35 (1H, d, J= 7.6 Hz), 6.93 (1H, dd, J=
7.2,7.2 Hz), 7.01 (2H, d, J= 8.4 Hz), 7.20-7.25 (2H, m), 7.45-7.50 (2H, m), 7.62 (1H, dd, J= 2.4, 8.4
Hz), 7.81-7.91 (4H, m); 13C NMR (CDCly) & 17.7, 42.9, 61.8, 62.4, 74.7, 79.6, 114.6, 121.4, 121.8,
124.5,125.4,126.1, 127.7, 127.9, 128.8, 129.1, 133.1, 133.3, 138.2, 151.6, 152.7, 170.6; HPLC: Daicel
Chiralpak AD-H, 254 nm, flow rate: 1.0 mL/min, n-Hexane:/PrOH=90:10, retention time: 32.9 min
(354R,59 and 84.9 min (3R,4S5R).

(-)-5-Methyl-1,7-bis-(2-0x0-1,3-0xazolidine-3-yl)-hept-2-ene-1,7-dione (53).

A mixture of Yb(OTf)s (77.5 mg, 0.125 mmol) and BINAMIDE 52b (97.6 mg, 0.15 mmol) was dried at
90 °C under reduced pressure (<0.1 mmHg) for 0.5 h. After the mixture was allowed to cool to room
temperature, CH2Cl2 (4 ml) and 7PrsNEt (52 uL, 0.30 mmol) were successively added and the
mixture was stirred for 2 h. Crotonyl-1,3-oxazolidine-2-one 40a (78 mg, 0.50 mmol) in CH2Cls (1
mL) was added, and the mixture was stirred for 4 h at room temperature. H2O (1 mL) was then
added to quench the reaction, and the insoluble materials were filtered. After a usual workup, the
crude product was purified by column chromatography (SiO2, hexane/AcOEt: 1/2 to 1/4) to give 53
(50.0 mg, 64%) as a colorless oil. Colorless oil; [a]p23 —5.1 (¢ 2.41, CHCls, Ee and the absolute
configuration were not determined.); IR (neat) 1764, 1680, 1631, 1477, 1384, 1359, 1201, 1106, 1036
cm; 1tH NMR (CDCls) § 1.03 (3H, d, J= 6.4 Hz), 2.23-2.42 (3H, m), 2.82 (1H, dd, J= 6.4, 16.8 Hz),
2.95 (1H, dd, J = 6.4, 16.8 Hz), 4.01-4.09 (4H, m), 4.40-4.44 (4H, m), 7.08-7.27 (2H, m); 13C NMR
(CDCls) 6 19.7, 29.0, 39.1, 41.1, 42.4, 42.6, 61.95, 61.99, 121.7, 148.7, 153.40, 153.44, 164.8, 172.1;
LRMS (FAB) m/z 311 (M+H)*; HRMS (FAB) Calcd for C14H19N206 311.1243, found 311.1247.
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Chapter 3.

Dienophiles.
Dienophiles 40c622, 40d62b, 40e62c, 40162d 40j62¢, 40k27, and 40162f were prepared according to the

reported procedures.

3-[(£)-4-Chloro-2-Butenoyll-1,3-oxazolidin-2-one (40f).

To a mixture of (£)-4-chloro-2-butenoic acid (1.50g, 12.4 mmol) in CH2Clz (5 mL) were added DMF (5
drops) and oxalyl chloride (1.2 mL, 13.7 mmol) at room temperature. Then the mixture was stirred
for 3 h at the same temperature. To another flask containing 1,3-oxazolidin-2-one (1.30g, 14.9
mmol) in THF (60 mL) was added NaH [0.66 g (60% in mineral oil), 16.4 mmol] at 0 °C. The mixture
was stirred for 0.5 h at 0 °C and then for 1 h at room temperature. To this suspension was added a
solution of (%)-4-chloro-2-butenoyl chloride at 0 °C, and the mixture was stirred for 5 h at room
temperature. The reaction was quenched with H20 (20 mL) and the mixture was extracted with
AcOEt. After a usual workup, the crude product was purified by column chromatography (SiO2,
hexane/AcOEt: 2/1) to give 40f (1.26 g, 53%) as a colorless solid.

Colorless solid; mp 91.5-92 °C; IR (KBr) 1778, 1671, 1388, 1367, 1220, 1112, 1045, 971 cm'’; 'H NMR
(CDCls) 5 4.09 (2H, t, J= 8.0 Hz), 4.22-4.24 (2H, m), 4.45 (2H, t, J= 8.0 Hz), 7.09-7.16 (1H, m), 7.50
(1H, ddd, J= 1.2, 2.8, 15.2 Hz); 13C NMR (CDCls) § 42.6, 42.7, 62.1, 122.5, 143.3, 153.3, 164.2; LRMS
(FAB) m/z 190 (M+H)* HRMS (FAB) Calcd for C7H9CINO3 190.0271, found 190.0275.

3-[(E)-5-Phenyl-2-pentenoyl]-1,3-oxazolidin-2-one (40g). Following the procedure described for the
synthesis of 40f: White solid; mp 77-78.5 °C; IR (KBr) 1768, 1675, 1627, 1365, 1280, 1205, 1116,
1045 cm'’; 1TH NMR (CDCls) § 2.59-2.64 (2H, m), 2.81 (2H, t, J= 7.6 Hz), 4.06 (2H, t, J= 8.0 Hz), 4.41
(2H, t, J= 8.0 Hz), 7.17-7.31 (TH, m); 13C NMR (CDCls) & 34.27, 34.29, 42.7, 62.0, 120.4, 126.1, 128.3,
128.5, 140.7, 150.3, 153.5, 165.1; LRMS (EI) m/z 245 (M+, 13), 158 (32), 91 (100); HRMS (FAB) Calcd
for C14H16NOs3 246.1130, found 246.1139.

3-[(B)-4-Benzyloxy-2-Butenoyll-1,3-oxazolidin-2-one (40h). Following the procedure described for
the synthesis of 40f: White solid; mp 57-58 °C; IR (KBr) 1762, 1683, 1369, 1336, 1209, 1116, 1041
ecm'l; 1TH NMR (CDCls) § 4.08 (2H, t, J= 8.0 Hz), 4.23-4.25 (2H, m), 4.43 (2H, t, J= 8.0 Hz), 4.58 (2H,
s), 7.16 (1H, dt, J = 4.4, 15.2 Hz), 7.28-7.37 (5H, m), 7.52 (1H, ddd, J= 1.6, 2.8, 15.2 Hz); 13C NMR
(CDCls) & 42.6, 62.1, 68.9, 72.8, 120.1, 127.7, 127.8, 128.5, 137.7, 146.2, 153.3, 164.9; LRMS (EI) m/z
261 (M+, 1), 155 (57), 91 (100); HRMS (FAB) Calcd for C14H16NO4 262.1079, found 262.1082.

Dienes.

Diens 59a-¢50.63 were prepared according to the reported procedures.

(-)-(9-1,1-(2,2-Bis-4-chlorobenzoylamino)binaphthalene (52f). Following the procedure described
for the synthesis of 52a: White amorphous; [a]p25 —36.7 (¢ 1.00, CHCls); IR (KBr) 1650, 1591, 1503,
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1480, 1425, 1274, 1091, 1013, 841, 809 cm'’; 1TH NMR (CDCls) & 7.13 (4H, d, J= 8.0 Hz), 7.18 (4H, d
J=8.0Hz), 7.25 (2H, d, J= 8.0 Hz), 7.35 (2H, dd, J= 8.0 Hz), 7.72 (2H, brs), 8.00 (2H, d, J= 8.0 Hz),
8.12 (2H, d, J= 8.8 Hz), 8.60 (2H, d, J= 8.8 Hz); 13C NMR (CDCls) 6 121.7, 121.8, 125.0, 127.7, 128.1,
128.5, 128.8, 130.2, 131.4, 132.1, 134.9, 138.1, 164.9; LRMS (ED) m/z561 (M+, 15), 405 (62), 267 (20),
139 (100); HRMS (FAB) Calcd for C34H23C12N202 561.1137, found 561.1109.

(#)-(9-1,1-(2,2-Bis-4-iodobenzoylamino)binaphthalene (52g). Following the procedure described for
the synthesis of 52a: White amorphous; [alp2¢ +30.3 (¢ 1.00, CHCls); IR (KBr) 1652, 1585, 1498,
1477, 1423, 1273, 1004, 812 cm'’; 'H NMR (CDCls) § 6.91 (4H, d, J= 8.0 Hz), 7.24 (2H, d, /= 8.4 Hz),
7.36 (2H, dd, J= 8.4, 8.4 Hz), 7.50 (2H, dd, J= 8.4, 8.4 Hz), 7.57 (4H, d, /= 8.0 Hz), 7.68 (2H, brs),
8.00 (2H, d, /= 8.4 Hz), 8.12 (2H, d, J= 8.8 Hz), 8.63 (2H, d, J= 8.8 Hz); 13C NMR (CDCls) & 99.1,
121.6, 121.8, 124.9, 125.9, 127.7, 128.2, 128.5, 130.2, 131.4, 132.0, 133.4, 134.8, 137.7, 165.1; LRMS
(ED m/z 744 (M*, 70), 497 (56), 231 (85), 210 (100); HRMS (FAB) Calcd for C34H23I2N202 744.9849,
found 744.9878.

(-)-(9-1,1-(2,2’-Bis-3-fluorobenzoylamino)binaphthalene (52h). Following the procedure described
for the synthesis of 52a: White amorphous; [a]p23 -104 (¢ 1.00, CHCls); IR (KBr) 1670, 1589, 1488,
1425, 1288 em'’; TH NMR (CDCls) § 6.85 (2H, d, J = 8.0 Hz), 6.99-7.08 (4H, m), 7.13-7.19 (2H, m),
7.27 (2H, d, J= 8.8 Hz), 7.37 (2H, dd, /= 8.0, 8.0 Hz), 7.51 (2H, dd, J= 6.8, 8.0 Hz), 7.73 (2H, brs),
8.01 (2H, d, /= 8.8 Hz), 8.13 (2H, d, /= 8.8 Hz), 8.58-8.63 (2H, m); 13C NMR (CDCls) &; 114.3 (d, J=
23.1 Hz), 118.9 (d, J=20.6 Hz), 121.7 (d, J= 4.2 Hz), 121.9 (d, J= 2.5 Hz), 124.9, 126.0, 127.8, 128.6,
130.2, 130.3, 131.5, 132.0, 134.8, 136.4 (d, J= 6.6 Hz), 162.6 (d, J = 246.8 Hz), 164.6; LRMS (FAB)
m/z 529 (M+H)+; HRMS (FAB) Calcd for CssH2sF2N202 529.1728, found 529.1684.

(-)-(9-1,1-(2,2’-Bis-3-trifluoromethylbenzoylamino)binaphthalene (52i).

To a solution of (9)-1,1-binaphtyl-2,2’-diamine (142 mg, 0.5 mmol) and PraNEt (0.26 mL, 1.5 mmol)
in CH2Clz (5 mL) was added 3-trifluoromethylbenzoylchloride (0.23 mL, 2.0 mmol) at 0 °C. After
stirring for 2 h at the same temperature, the reaction was quenched with 1IN HCI (2 mL). This
mixture was extracted with CH2Clz. Usual workup gave a residue which was purified by column
chromatography (SiOs, hexane/AcOEt: 3/1) to give 52i (315 mg, quant) as a white amorphous solid.
White solid; mp 186-186.5 °C; [alp22 -107 (¢ 1.00, CHCls); IR (KBr) 1660, 1504, 1430, 1332, 1274,
1128 em's; tH NMR (CDCl3) § 7.31-7.42 (10H, m), 7.52 (2H, ddd, J= 1.2, 6.8, 8.0 Hz), 7.61 (2H, d, J=
7.6 Hz), 7.79 (2H, brs), 8.02 (2H, d, J= 8.4 Hz), 8.15 (2H, d, J= 8.8 Hz), 8.60 (2H, d, J= 8.8 Hz); 13C
NMR (CDCls) 6 121.7, 121.8 (q, /= 6.6 Hz), 123.7 (q, /= 4.1 Hz), 124.7, 124.8, 126.1, 127.9, 128.3 (q,
J = 3.3 Hz), 128.7, 129.3, 130.0, 130.4, 131.1, (q, J = 32.9 Hz), 131.6, 131.9, 134.7, 135.0, 164.4;
LRMS (ED m/z 628 (M*, 89), 439 (89), 267 (27), 173 (100); HRMS (FAB) Calcd for C3sHz3FsN202
629.1664, found 629.1639.

(-)-(9-1,1-(2,2-Bis-2-bromobenzoylamino)binaphthalene (52j). Following the procedure described
for the synthesis of 52a: White solid; mp 111-112 °C; [a]p22 —52.6 (¢ 1.02, CHCls); IR (KBr) 1654,
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1590, 1490, 1425, 1280, 1025, 811 cm'’; 'H NMR (CDCls) § 7.11-7.20 (6H, m), 7.27-7.33 (4H, m), 7.36
(2H, dd, J=1.2, 8.0 Hz), 7.47 (2H, ddd, J= 1.2, 8.0, 8.0 Hz), 7.68 (2H, brs), 7.96 (2H, d, J= 8.0 Hz),
8.10 (2H, d, J= 9.2 Hz), 8.66 (2H, d, /= 9.2 Hz); 13C NMR (CDCls) & ; LRMS (EI) m/z 650 (M*, 34),
451 (75), 183 (100); HRMS (FAB) Calcd for CssH22BraN20O2 650.0028, found 649.9974.

(-)-(9-1,1-(2,2’-Bis-3,5-difluorobenzoylamino)binaphthalene (52k).

To a solution of (S)-1,1-binaphtyl-2,2’-diamine (314 mg, 1.1 mmol) in CH2Cl: (11 mL) was added
aqueous 10% NaOH (7 mL). To this mixture was added 3,5-difluorobenzoylchloride (0.42 mL, 3.3
mmol) at 0 °C. After stirring for 0.5 h at the same temperature, the aqueous layer was extracted
with CH2Cls. Usual workup gave a residue which was purified by column chromatography (SiOs,
hexane/AcOEt: 4/1) to give 52k (593 mg, 95%) as a white amorphous solid.

White amorphous; [a]p'® =117 (¢ 0.99, CHCls); IR (KBr) 1654, 1596, 1506, 1322, 1126 cm'}; 'H NMR
(CDCl3) § 6.68-6.70 (4H, m), 6.78-6.83 (2H, m), 7.29 (2H, d, J= 8.0 Hz), 7.39 (2H, ddd, J= 1.2, 8.0,
8.0 Hz), 7.53 (2H, ddd, J= 1.2, 8.0, 8.0 Hz), 7.73 (2H, brs), 8.02 (2H, d, J= 8.0 Hz), 8.13 2H, d, J =
8.8 Hz), 8.46 (2H, d, J= 8.8 Hz); 13C NMR (CDCls) § 107.2 (t, J = 25.6 Hz), 110.1 (dd, J= 7.4, 18.9
Hz), 122.3, 123.1, 124.9, 126.2, 127.8, 128.6, 130.3, 131.7, 132.0, 134.3, 137.3 (t, J = 8.3 Hz), 162.7
(dd, J=11.5, 250.1 Hz), 163.6; LRMS (FAB) m/z 565 (M+H)+; HRMS (FAB) Calcd for C34Hz21FsN202
565.1539, found 565.1495.

(-)-(9-1,1-(2,2’-Bis-3,5-bistrifluoromethylbenzoylamino)binaphthalene (52I).

To a solution of (9)-1,1-binaphtyl-2,2’-diamine (142 mg, 0.50 mmol) and EtsN (0.17 mL, 1.25 mmol)
in CH2Clz (5 mL) was added 3,5-bistrifluoromethylbenzoylchloride (0.20 mL, 1.10 mmol) at 0 °C.
After stirring for 2 h at the same temperature, the reaction was quenched with 1N HCI (2 mL). This
mixture was extracted with CH2Clz. Usual workup gave a residue which was purified by column
chromatography (SiO2, hexane/AcOEt: 8/1 to 5/1) to give 521 (350 mg, 92%) as a white amorphous
solid.

White solid; mp 216-217 °C; [a]p20 —104 (¢ 1.00, CHCLs); IR (KBr) 1662, 1621, 1506, 1373, 1276, 1135
cm'l; 1H NMR (CDCls) 8 7.36 (2H, d, J= 8.4 Hz), 7.43 (2H, dd, J= 8.0, 8.0 Hz), 7.563-7.57 (6H, m),
7.82-7.88 (4H, m), 8.04 (2H, d, J= 8.4 Hz), 8.16 (2H, d, J= 8.8 Hz), 8.47 (2H, dd, J= 2.4, 8.8 Hz); 13C
NMR (CDCls) & 121.2, 122.1, 123.0, 123.9, 124.7, 125.2 (septet, J= 3.3 Hz), 126.5, 127.1 (g, J=2.5
Hz), 128.1, 128.9, 130.6, 131.8 (q, J = 33.8 Hz), 134.2, 136.2, 163.1; LRMS (FAB) m/z 765 (M+H)*;
HRMS (FAB) Calcd for CssH21F12N202 765.1411, found 765.1461.

(-)-(1529 -1,2-Bis-(3,5-bistrifluoromethylbenzoylamino)-1,2-diphenylethane (69).

To a solution of (15,29)-1,2-diamino-1,2-diphenylethane (127 mg, 0.60 mmol) and EtsN (0.21 mL,
1.50 mmol) in CHzCl2 (6 mL) was added 3,5-bistrifluoromethylbenzoylchloride (0.24 mL, 1.32 mmol)
at 0 °C. After stirring for 12 h at the same temperature, the reaction was quenched with 1N HC1 (2
mL). This mixture was extracted with AcOEt. Usual workup gave a residue which was purified by
column chromatography (SiO2, hexane/acetone: 3/1) to give 69 (380 mg, 92%) as a white solid.
Colorless needle; mp 258-261 °C; [alp22 —7.4 (¢ 0.50, acetone); IR (KBr) 1643, 1535, 1278, 1130 cm™%;
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TH NMR (CDCls) § 5.57 (2H, s), 7.14-7.28 (10, m), 8.29 (2H, s), 8.38 (4H, s), 9.67 (2H, brs); 13C NMR
(CDCls) 8 58.5, 121.6, 124.3, 124.8, 127.1, 127.3, 128.1 (d, J=16.5 Hz), 130.5 (q, J= 32.9 Hz), 136.6,
139.5, 163.6; LRMS (ED m/z 692 (M*, 1), 673 (3), 346 (100), 241 (95); HRMS (FAB) Calcd for
Cs2H21F12N202 693.1411, found 693.1375.

#)-(1.529 -1,2-Bis-(3,5-difluorobenzoylamino)cyclohexane (70).
To a solution of (1.5,2.9-1,2-diaminocyclohexane (91 mg, 0.80 mmol) and EtsN (0.28 mL, 2.00 mmol)
in CH2Clz (8 mL) was added 3,5-difluorobenzoylchloride (0.22 mL, 1.76 mmol) at 0 °C. After stirring
for 2 h at the same temperature, the reaction was quenched with 1N HCI (2 mL). This mixture was
extracted with AcOEt/acetone. Usual workup gave a residue which was purified by recrystallization
from EtOH to give 70 (219 mg, 70%) as a colorless needle.
Colorless needle; mp 263-265 °C; [alp22 +140 (¢ 0.51, acetone); IR (KBr) 1637, 1592, 1542, 1336, 1122,
981 cml; TH NMR (DMSO-db) § 1.27-1.35 (2H, m), 1.49-1.57 (2H, m), 1.76 (2H, d, /= 8.0 Hz), 1.87
(2H, d, J = 8.0 Hz), 3.89-3.99 (2H, m), 7.37-7.42 (6H, m), 8.50 (2H, d, J = 8.0 Hz); 13C NMR
(DMSO-db) & 24.6, 31.2, 53.0, 106.3 (t, J = 25.0 Hz), 110.4 (dd, J= 7.4, 18.9 Hz), 138.4 (t, J= 8.3 Hz),
162.0 (dd, J = 13.1, 246.0 Hz), 163.7; LRMS (ED) m/z 394 (M*, 21), 237 (100), 210 (40), 141 (100);
HRMS (FAB) Calcd for C20H19F4N202 395.1383, found 395.1368.

(+)-trans, trans-3-[4-(tert- Butyldimethylsilanyloxy)-2-methoxy-6-methylcyclohex-3-ene-carbonyl]-

oxazolidin-2-one (64a).

A mixture of Yb(OTf); (18.6 mg, 0.030 mmol) and BINAMIDE 52b (23.4 mg, 0.036 mmol) was dried
at 90 °C under reduced pressure (<0.1 mmHg) for 0.5 h. After the mixture was allowed to cool to
room temperature, CH2Clz (1.0 ml) and DBU (11 pL, 0.072 mmol) were successively added and the
mixture was stirred for 2 h. Dienophile 40a (47 mg, 0.30 mmol) in CH2Cl: (0.5 mL) and diene 59b
(0.22 mL, 0.90 mmol) were successively added at 0 °C, and the mixture was stirred for 4 h at the
same temperature. H2O (1 mL) was then added to quench the reaction, and the insoluble materials
were filtered. After a usual workup, the crude product was purified by column chromatography
(SiO2, hexane/acetone: 5/1) to give 64a (108.2 mg, 98%) as a colorless oil. The enantiomeric excess of
the product was determined to be 81% ee by HPLC analysis (Daicel Chiralcel OJ-H) after
conversion to the cyclohexenone 65a (vide infra).

Colorless oil; [alp2* +30.8 (¢ 0.50, CHCls, 81% ee); IR (neat) 2929, 2858, 1775, 1693, 1664, 1462, 1384,
1321, 1197, 1088, 830 cm'l; *H NMR (CDCly) § 0.17 (6H, s), 0.93 (9H, s), 0.96 (3H, d, J = 6.4 Hz),
1.99-2.11 (3H, m), 3.24 (3H, s), 4.02-4.15 (3H, m), 4.40 (2H, t, J= 8.0 Hz), 4.47 (1H, d, J= 8.8 H2),
4.94 (brs, 1H); 13C NMR (CDCls) & -4.5, -4.4, 17.9, 18.4, 25.6, 31.8, 38.1, 42.8, 48.6, 54.2, 61.6, 79.0,
103.4, 152.4, 153.3, 176.1; LRMS (FAB) m/z 408 (M+K)*; HRMS (FAB) Calcd for Ci1sH31NOsSiK
408.1609, found 408.1648.

(+)-(18,2R) -3-[4-(tert-Butyldimethylsilanyloxy)-2-methoxycyclohex-3-ene-carbonyl]-
oxazolidin-2-one (64b).

A mixture of Yb(OTf)s (37.2 mg, 0.060 mmol) and BINAMIDE 521 (55.0 mg, 0.072 mmol) was dried
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at 90 °C under reduced pressure (<0.1 mmHg) for 0.5 h. After the mixture was allowed to cool to
room temperature, CH2Clz (2.0 ml) and DBU (22 uL, 0.072 mmol) were successively added and the
mixture was stirred for 2 h. Dienophile 40b (85 mg, 0.60 mmol) in CH2Cl: (1.0 mL) and diene 59b
(0.30 mL, 1.20 mmol) were successively added at 0 °C, and the mixture was stirred for 4 h at the
same temperature. H2O (1 mL) was then added to quench the reaction, and the insoluble materials
were filtered. After a usual workup, the crude product was purified by column chromatography
(SiO2, hexane/Et20: 1/2) to give 64b (181.8 mg, 85%) as a colorless oil. The enantiomeric excess of
the product was determined to be 20% ee by HPLC analysis (Daicel Chiralcel OJ-H) after
conversion to the cyclohexenone 65b (vide infra).

Colorless oil; [a]p?! +21.8 (¢0.84, CHCls, 20% ee); IR (neat) 2930, 2857, 1771, 1698, 1652, 1472, 1458,
1395 em'; 'H NMR (CDCls) § 0.17 (6H, s), 0.92 (9H, s), 1.63-1.74 (1H, m), 1.98-2.05 (2H, m),
2.26-2.36 (1H, m), 3.31 (3H, s), 3.80 (1H, ddd, J= 2.8, 8.4, 8.4 Hz), 3.98-4.13 (2H, m), 4.37-4.47 (3H,
m), 4.99 (1H, dd, J=2.0, 2.0 Hz); 13C NMR (CDCls) & -4.5, -4.4, 17.9, 24.5, 25.6, 29.2, 42.8, 43.7, 55.4,
61.9, 76.3, 103.3, 153.0, 153.1, 174.6; LRMS (FAB) m/z 394 (M+K)*; HRMS (FAB) Calcd for
C17H20NO5SiK 394.1452, found 394.1457.

(+)-(182R) -4-(tert-Butyldimethylsilanyloxy)-2-methoxycyclohex-3-ene-carbothioic  acid  S-ethyl
ester (66).

To a solution of EtSH (115 pL, 1.55 mmol) in THF (5 mL), »-Buli [0.65 mL (1.6 M solution of
hexane), 1.04 mmol] was added dropwise at —78 °C. After stirring 0 °C for 0.5 h, 64b (184 mg, 0.52
mmol) in THF (2 mL) was added at the same temperature. Then the mixture was stirred at the
same temperature for 0.5 h before adding aqueous saturated NH4Cl (1 mL) to quench the reaction.
The mixture was extracted with Et20. After a usual workup, the crude product was purified by
column chromatography (SiO2, hexane/AcOEt: 20/1) to give 66 (135.6 mg, 79%) as a colorless oil.
Colorless oil; [a]p2! +20.1 (¢ 1.04, CHCls, 20% ee); IR (neat) 2931, 2858, 1681, 1667, 1465, 1363, 12509,
1209, 1093 ecm'%; *H NMR (CDCls) § 0.15 (6H, s), 0.91 (9H, s), 1.26 (3H, t, J= 7.2 Hz), 1.80-1.90 (1H,
m), 1.93-2.08 (2H, m), 2.11-2.20 (1H, m), 2.74 (1H, ddd, J= 3.6, 7.2, 11.2 Hz), 2.84-2.97 (2H, m), 3.32
(3H, s), 4.28-4.32 (1H, m), 4.96-4.97 (1H, m); 13C NMR (CDCls) § -4.5, -4.4, 14.6, 18.0, 23.2, 24.5, 25.6,
28.7, 53.6, 55.8, 76.5, 103.5, 153.4, 201.3; LRMS (FAB) m/z 369 (M+K)*; HRMS (FAB) Calcd for
C16H3003SS1K 369.1322, found 369.1343.

(#)-(182R) - [4-(tert-Butyldimethylsilanyloxy)-2-methoxycyclohex-3-enyl]-methanol (67).

To a suspension of LiAlH4 (75 mg, 1.98 mmol) in THF (3 mL), 66 (131 mg, 0.40 mmol) in THF (2 mL)
was added at 0 °C and the mixture was stirred at the same temperature for 0.5 h. H2O (5 drops),
10% aqueous NaOH (5 drops) and H20 (15 drops) were added carefully. The mixture was filtered
through a pad of celite, and the residue was washed with CH2Clz. The filtrate was concentrated to
give a residue, which was purified by column chromatography (SiO2, hexane/AcOEt: 2/1) to give 67
(89.9 mg, 83%) as a colorless oil.

Colorless oil; [alp?2 +5.7 (¢ 1.00, CHCls, 20% ee); IR (neat) 3388, 2930, 2858, 1662, 1472, 1362, 1254,
1207 cm'’; TH NMR (CDCls) § 0.16 (6H, s), 0.92 (9H, s), 1.35-1.45 (1H, m), 1.71-1.88 (2H, m), 1.97
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(1H, dt, J= 4.0, 8.8 Hz), 2.12-2.21 (1H, m), 2.66 (1H, dd, J= 2.8, 7.2 Hz), 3.34 (3H, s), 3.58-3.71 (2H,
m), 3.91-3.93 (1H, m), 4.98 (1H, dd, J/ = 2.0, 2.0 Hz); 13C NMR (CDCls) § -4.5, -4.4, 18.0, 22.8, 25.6,
29.0, 40.2, 54.5, 66.8, 80.0, 103.1, 154.2; LRMS (FAB) 311 (M+K)*; HRMS (FAB)m/z Calcd for
C14H2sNO3sSiK 311.1445, found 311.1446.

(-)-(4.9-4-(Hydroxymethyl)-cyclohex-2-en-1-one (68).

To a solution of 67 (85 mg, 0.31 mmol) in DCE (3 mL), TFA (60 pL) was added and the mixture was
stirred at 60 °C for 0.5 h. The reaction was quenched with aqueous saturated NaHCOs (1 mL) and
the mixture was extracted with CH2Clz. Usual workup gave a residue which was purified by column
chromatography (SiOz, hexane/AcOEt: 1/2 to 1/3) to give 685 (8.8 mg, 22%) as a colorless oil.
Colorless oil; [alp22 —34.7 (¢ 0.44, CHCls, 20% ee); 'H NMR (CDCls) § 1.67 (1H, brs), 1.77-1.87 (1H,
m), 2.11-2.18 (1H, m), 2.41 (1H, ddd, J = 4.8, 12.4, 16.8 Hz), 2.56 (1H, ddd, J = 4.8, 4.8, 16.8 Hz),
2.61-2.69 (1H, m), 3.66-3.76 (2H, m), 6.08 (1H, dd, /= 2.4, 10.0 Hz), 6.97 (1H, ddd, J= 1.2, 2.4, 10.0
Hz).

General procedure for the synthesis of racemic 2-cyclohexenone derivatives catalyzed by
Yb(OTf)s-iPr2NEt.

Yb(OT)s (46.5 mg, 0.075 mmol) was dried at 90 °C under reduced pressure (<0.1 mmHg) for 0.5 h.
After the mixture was allowed to cool to room temperature, CH2Clz (1.0 ml) and iProNEt (13 ul,
0.075 mmol) were successively added. Dienophile 40c (55 mg, 0.30 mmol) in CH2Cl2 (0.5 mL) and
diene 3a (0.22 mL, 0.90 mmol) were successively added at 0 °C, and the mixture was stirred for 1.5
h at the same temperature. H2O (1 mL) was then added to quench the reaction, and the insoluble
materials were filtered. After a usual work up, to the crude product was added DCE (3 mL) and TFA
(60 pL). The resulting mixture was stirred at 60 °C for 0.5 h. The reaction was quenched with
aqueous saturated NaHCOs (1 mL) and the mixture was extracted with CH2Cls. Usual workup gave
a residue which was purified by column chromatography (SiO2, hexane/AcOEt: 5/4) to give (£)-65¢
(68.2 mg, 90%) as a colorless oil.

(-)- trans-5-Methyl-4-(2-oxo-1,3-oxazolidine-3-carbonyl)-cyclohex-2-en-1-one (65a).

A mixture of Yb(OTf); (18.6 mg, 0.030 mmol) and BINAMIDE 52k (20.3 mg, 0.036 mmol) was dried
at 90 °C under reduced pressure (<0.1 mmHg) for 0.5 h. After the mixture was allowed to cool to
room temperature, CH2Clz (2.0 ml) and DBU (11 pl, 0.072 mmol) were successively added and the
mixture was stirred for 2 h. Dienophile 40a (93 mg, 0.60 mmol) in CH2Cl: (1.0 mL) and diene 59b
(0.30 mL, 1.20 mmol) were successively added at 0 °C, and the mixture was stirred for 5 h at the
same temperature. H2O (1 mL) was then added to quench the reaction, and the insoluble materials
were filtered. After a usual workup, to the crude product was added DCE (6 mL) and TFA (0.12 mL).
The resulting mixture was stirred at 60 °C for 0.5 h. The reaction was quenched with aqueous
saturated NaHCOs (2 mL) and the mixture was extracted with CH2Cls. Usual workup gave a
residue which was purified by column chromatography (SiOz, hexane/AcOEt: 1/1) to give 65a (125.6

mg, 94%) as a colorless solid. The enantiomeric excess of the product was determined to be 94% ee
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by HPLC analysis (DaicelChiralcel OJ-H).

Colorless solid; mp 108-109 °C; [a]p23 —188 (¢ 0.99, CHCls, >99% ee); IR (KBr) 1781, 1695, 1678,
1393, 1373, 1225, 1119 cm'’; 'H NMR (CDCls) § 1.11 (3H, d, /= 6.8 Hz), 2.27 (1H, dd, J=11.6, 17.2
Hz), 2.61-2.71 (2H, m), 4.06-4.16 (2H, m), 4.50 (2H, t, J= 8.0 Hz), 4.56 (1H, dt, J= 2.8, 8.0 Hz), 6.12
(1H, dd, J= 2.8, 10.4 Hz), 6.75 (1H, dd, J= 2.8, 10.4 Hz); 13C NMR (CDCls) & 19.7, 32.6, 42.8, 44.1,
47.6,62.1, 130.4, 144.9, 153.3, 171.9, 198.3; LRMS (EI) m/z223 (M*, 34), 208 (24), 181 (19), 153 (12),
136 (100); HRMS (FAB) Calcd for C11H14NO4 224.0923, found 224.0919; HPLC: Daicel Chiralcel
0OJ-H, 254 nm, flow rate: 1.0 mL/min, n-Hexane:/PrOH=65:35, retention time: 23.9 min (major) and

29.8 min (minor).

(-)-(49-4-(2-Ox0-1,3-oxazolidine-3-carbonyl)-cyclohex-2-en-1-one (65b).

A mixture of Yb(OTf); (18.6 mg, 0.030 mmol) and BINAMIDE 52k (20.3 mg, 0.036 mmol) was dried
at 90 °C under reduced pressure (<0.1 mmHg) for 0.5 h. After the mixture was allowed to cool to
room temperature, CH2Clz (1.0 ml) and DBU (11 pl, 0.072 mmol) were successively added and the
mixture was stirred for 2 h. Dienophile 40b (42 mg, 0.30 mmol) in CH2Cl2 (0.5 mL) and diene 59c
(0.17 mL, 0.60 mmol) were successively added at -20 °C, and the mixture was stirred for 3 h at the
same temperature. H2O (1 mL) was then added to quench the reaction, and the insoluble materials
were filtered. After a usual workup, to the crude product was added DCE (3 mL) and TFA (60 pL).
The resulting mixture was stirred at 60 °C for 0.5 h. The reaction was quenched with aqueous
saturated NaHCOs (1 mL) and the mixture was extracted with CH2Cls. Usual workup gave a
residue which was purified by column chromatography (SiOz, hexane/AcOEt: 3/5) to give 65b (58.5
mg, 93%) as a colorless solid. The enantiomeric excess of the product was determined to be 71% ee
by HPLC analysis (Daicel Chiralcel OJ-H).

White solid; mp 95-96 °C; [alp22 —45.8 (¢ 1.01, CHCls, 54% ee); IR (KBr) 1772, 1671, 1386, 1368,
1224, 1114, 1041 cm™; 'H NMR (CDCls) § 2.15-2.24 (1H, m), 2.36-2.43 (1H, m), 2.50 (1H, ddd, J=5.2,
11.6, 16.4 Hz), 2.67 (1H, ddd, J= 4.4, 6.0, 16.4 Hz), 4.09 (2H, t, J= 8.0 Hz), 4.49 (2H, t, J= 8.0 H2),
4.65 (1H, ddd, J=2.8, 5.2, 7.6 Hz), 6.13 (1H, dd, J= 2.4, 10.4 Hz), 6.96 (1H, dd, /= 2.8, 10.4 Hz); 13C
NMR (CDCls) § 26.3, 36.2, 40.9, 42.7, 62.2, 130.7, 145.8, 153.2, 172.2, 198.1; LRMS (E) m/z 209
(M+, 29), 181 (31), 163 (19), 122 (100); HRMS mv/z Caled for C10H12NO4 210.0766, found 210.0750;
HPLC: Daicel Chiralcel OJ-H, 254 nm, flow rate: 0.75 mL/min, n-Hexane:/PrOH=60:40, retention
time: 37.4 min (4.9 and 39.0 min (4£).

(-)- trans-5-(1-Propyl)-4-(2-oxo0-1,3-oxazolidine-3-carbonyl)-cyclohex-2-en-1-one (65c).

A mixture of Yb(OTf); (18.6 mg, 0.030 mmol) and BINAMIDE 52k (20.3 mg, 0.036 mmol) was dried
at 90 °C under reduced pressure (<0.1 mmHg) for 0.5 h. After the mixture was allowed to cool to
room temperature, CH2Clz (1.0 ml) and DBU (11 pL, 0.072 mmol) were successively added and the
mixture was stirred for 2 h. Dienophile 40c¢ (55 mg, 0.30 mmol) in CH2Clz (0.5 mL) and diene 59b
(0.15 mL, 0.60 mmol) were successively added at room temperature, and the mixture was stirred for
6 h at the same temperature. H2O (1 mL) was then added to quench the reaction, and the insoluble

materials were filtered. After a usual workup, to the crude product was added DCE (3 mL) and TFA
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(60 pL). The resulting mixture was stirred at 60 °C for 0.5 h. The reaction was quenched with
aqueous saturated NaHCOs (1 mL) and the mixture was extracted with CH2Cls. Usual workup gave
a residue which was purified by column chromatography (SiO2, hexane/AcOEt: 5/4) to give 65¢ (70.1
mg, 93%) as a colorless oil. The enantiomeric excess of the product was determined to be >90% ee by
HPLC analysis (Daicel Chiralcel OJ-H).

Colorless oil; [alp24 —174 (¢ 1.57, CHCls, >90% ee); IR (neat) 1778, 1694, 1384, 1224, 1115, 1041 cm'%;
'H NMR (CDCl») § 0.89 (3H, t, J = 6.8 Hz), 1.22-1.47 (4H, m), 2.25 (1H, dd, J = 10.0, 16.4 Hz),
2.53-2.62 (1H, m), 2.77 (1H, dd, J= 4.4, 16.4 Hz), 4.05-4.16 (2H, m), 4.50 (2H, t, J= 8.0 Hz), 4.62 (1H,
dt, J=3.2, 7.6 Hz), 6.12 (1H, dd, J= 2.4, 10.0 Hz), 6.73 (1H, dd, /= 3.2, 10.0 Hz); 13C NMR (CDCls) &
13.9, 19.6, 36.0, 36.8, 41.1, 42.8, 46.5, 62.1, 130.6, 144.7, 153.2, 171.9, 198.4; LRMS (FAB) m/z 252
(M+H)* HRMS (FAB) Calcd for C13H1sNO4 252.1236, found 252.1237; HPLC: Daicel Chiralcel OJ-H,
254 nm, flow rate: 0.75 mL/min, n-Hexane:/PrOH=75:25, retention time: 31.0 min (major) and 33.6

min (minor).

(-)- trans-5-Isobutyl-4-(2-ox0-1,3-oxazolidine-3-carbonyl)-cyclohex-2-en-1-one (65d).

A mixture of Yb(OTf); (18.6 mg, 0.030 mmol) and BINAMIDE 52k (20.3 mg, 0.036 mmol) was dried
at 90 °C under reduced pressure (<0.1 mmHg) for 0.5 h. After the mixture was allowed to cool to
room temperature, CH2Clz (1.0 ml) and DBU (11 pL, 0.072 mmol) were successively added and the
mixture was stirred for 2 h. Dienophile 40d (59 mg, 0.30 mmol) in CH2Cl: (0.5 mL) and diene 59a
(0.12 mL, 0.60 mmol) were successively added at room temperature, and the mixture was stirred for
5 h at the same temperature. H2O (1 mL) was then added to quench the reaction, and the insoluble
materials were filtered. After a usual workup, to the crude product was added DCE (3 mL) and TFA
(60 pL). The resulting mixture was stirred at 60 °C for 0.5 h. The reaction was quenched with
aqueous saturated NaHCOs (1 mL) and the mixture was extracted with CH2Cls. Usual workup gave
a residue which was purified by column chromatography (SiO2, hexane/AcOEt: 5/4) to give 65d (70.0
mg, 88%) as a colorless oil. The enantiomeric excess of the product was determined to be 87% ee by
HPLC analysis (Daicel Chiralpak AD-H).

Colorless oil; [alp20 —176 (¢ 1.01, CHCls, 87% ee); IR (KBr) 1789, 1681, 1470, 1378, 1241, 1109, 1042
cm'l; TH NMR (CDCly) § 0.87 (3H, d, J= 6.4 Hz), 0.89 (3H, d, J= 6.4 Hz), 1.12 (1H, ddd, J= 4.4, 9.6,
14.0 Hz), 1.35 (1H, ddd, J = 4.4, 9.6, 14.0 Hz), 1.61-1.71 (1H, m), 2.22 (1H, dd, J = 10.0, 16.4 Hz),
2.60-2.69 (1H, m), 2.78 (1H, dd, J= 4.4, 16.4 Hz), 4.05-4.16 (2H, m), 4.50 (2H, t, J= 8.0 Hz), 4.58 (1H,
dt, J=2.8, 7.2 Hz), 6.12 (1H, dd, J= 2.8, 10.0 Hz), 6.74 (1H, dd, J= 2.8, 10.0 Hz); 13C NMR (CDCls) &
21.2, 23.6, 24.6, 34.8, 41.1, 42.8, 43.1, 46.8, 62.1, 130.6, 144.7, 153.2, 171.8, 198.4; LRMS (EI) m/z
265 (M+, 26), 208 (48), 178 (61), 121 (100); HRMS (FAB) Calcd for C1aH20NO4 266.1392, found
266.1400; HPLC: Daicel Chiralpak AD-H, 254 nm, flow rate: 1.0 mL/min, n-Hexane:/PrOH=90:10,

retention time: 22.3 min (minor) and 23.4 min (major).
(-)- trans-5-Isopropyl-4-(2-oxo-1,3-oxazolidine-3-carbonyl)-cyclohex-2-en-1-one (65e). Following the
procedure described for the synthesis of 65d: White solid; mp 93-94 °C; [a]p23 -111 (¢ 0.82, CHCls,

56% ee); IR (KBr) 1778, 1694, 1391, 1223, 1113, 1040 cm':; 1H NMR (CDCls) 8 0.89 (3H, d, J= 6.8
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Hz), 0.96 (3H, d, /= 6.8 Hz), 1.68-1.76 (1H, m), 2.31 (1H, dd, J= 10.8, 15.2 Hz), 2.54-2.63 (2H, m),
4.10 (2H, t, J= 8.0 Hz), 4.50 (2H, t, /= 8.0 Hz), 4.86 (1H, dt, J= 2.8, 8.0 Hz), 6.11 (1H, dd, J= 2.4,
10.0 Hz), 6.71 (1H, dd, J = 2.8, 10.0 Hz); 13C NMR (CDCls) § 17.6, 20.7, 29.6, 37.0, 42.5, 42.9, 45.0,
62.1, 130.5, 145.1, 153.2, 172.1, 198.9; LRMS (EI) m/z 251 (M+, 9), 208 (38), 164 (24), 121 (100);
HRMS (FAB) Calcd for C1sH1sNO4 252.1236, found 252.1237; HPLC: Daicel Chiralcel OJ-H, 254 nm,
flow rate: 1.0 mL/min, n-Hexane:;PrOH=75:25, retention time: 21.4 min (major) and 31.5 min

(minor).

(-)- trans-5-Chloromethyl-4-(2-oxo-1,3-oxazolidine-3-carbonyl)-cyclohex-2-en-1-one (65f).

A mixture of Yb(OTf); (18.6 mg, 0.030 mmol) and BINAMIDE 52k (20.3 mg, 0.036 mmol) was dried
at 90 °C under reduced pressure (<0.1 mmHg) for 0.5 h. After the mixture was allowed to cool to
room temperature, CH2Clz (1.0 ml) and DBU (11 pl, 0.072 mmol) were successively added and the
mixture was stirred for 2 h. Dienophile 40f (57 mg, 0.30 mmol) in CH2Cl2 (0.5 mL) and diene 59b
(0.15 mL, 0.60 mmol) were successively added at 0 °C, and the mixture was stirred for 24 h at the
same temperature. H2O (1 mL) was then added to quench the reaction, and the insoluble materials
were filtered. After a usual workup, to the crude product was added DCE (3 mL) and TFA (60 pL).
The resulting mixture was stirred at 60 °C for 0.5 h. The reaction was quenched with aqueous
saturated NaHCOs (1 mL) and the mixture was extracted with CH2Cls. Usual workup gave a
residue which was purified by column chromatography (SiO2, hexane/AcOEt: 1/1) to give 65f (61.2
mg, 79%) as a colorless oil. The enantiomeric excess of the product was determined to be 88% ee by
HPLC analysis (Daicel Chiralcel OJ-H).

Colorless oil; [a]p?* 156 (¢ 2.67, CHCls, 88% ee); IR (KBr) 1777, 1681, 1379, 1236, 1114, 1035 cm™%;
'H NMR (CDCls) 6 2.60 (1H, dd, J= 3.2, 16.4 Hz), 2.70 (1H, dd, J/= 4.4, 16.4 Hz), 2.99-3.08 (1H, m),
3.58 (1H, dd, /= 4.8, 11.2 Hz), 3.64 (1H, dd, J= 5.2, 11.2 Hz), 4.04-4.16 (2H, m), 4.49-4.53 (2H, m),
4.87 (1H, dt, J= 2.8, 8.4 Hz), 6.11 (1H, dd, /= 2.8, 10.4 Hz), 6.76 (1H, dd, /= 2.8, 10.4 Hz); 13C NMR
(CDCls) § 38.3, 39.7, 42.8, 43.8, 46.9, 62.3, 130.2, 144.3, 153.1, 170.7, 196.8; LRMS (EI) m/z 257 (M*,
12), 221 (5), 121 (100); HRMS (FAB) Caled for C1:H13CINO4 258.0533, found 258.0532; HPLC:
Daicel Chiralcel OJ-H, 254 nm, flow rate: 1.0 mL/min, n-Hexane:1PrOH=60:40, retention time: 32.1

min (major) and 37.8 min (minor).

(-)- trans-5-(2-Phenylethyl)-4-(2-oxo-1,3-oxazolidine-3-carbonyl)-cyclohex-2-en-1-one (65g).
Following the procedure described for the synthesis of 65¢: White solid; mp 106-108 °C; [a]p23 —157
(c1.01, CHCls, 94% ee); IR (KBr) 1765, 1680, 1476, 1454, 1382, 1235, 1112 cm'’; 1H NMR (CDCls) &
1.67-1.86 (2H, m), 2.34 (1H, dd, = 10.0, 16.4 Hz), 2.56 (1H, ddd, J = 6.4, 10.4, 13.6 Hz), 2.61-2.68
(1H, m), 2.74 (1H, ddd, J = 5.6, 10.4, 13.6 Hz), 2.84 (1H, dd, J = 4.4, 16.4 Hz), 4.04-4.08 (2H, m),
4.44-4.48 (2H, m), 4.65 (1H, dt, J= 2.8, 7.2 Hz), 6.13 (1H, dd, J= 2.8, 10.4 Hz), 6.73 (1H, dd, J= 2.8,
10.4 Hz), 7.15-7.20 (3H, m), 7.26-7.30 (2H, m); 13C NMR (CDClIs) & 32.6, 35.4, 36.6, 41.0, 42.8, 46.4,
62.1, 126.0, 128.3, 128.4, 130.7, 141.2, 144.6, 153.2, 171.5, 198.0; LRMS (EI) m/z 313 (M, 18), 226
(45), 208 (52), 91 (100); HRMS (FAB) Calcd for C1sH20NO4 314.1392, found 314.1393; HPLC: Daicel
Chiralpak AD-H, 254 nm, flow rate: 1.0 mL/min, n-Hexane:/PrOH=85:15, retention time: 27.4 min
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(major) and 29.4 min (minor).

(-)- trans-5-Benzyloxymethyl-4-(2-oxo-1,3-oxazolidine-3-carbonyl)-cyclohex-2-en-1-one (65h).
Following the procedure described for the synthesis of 65a: White solid; mp 78-79 °C; [a]p22 —78.9 (¢
1.01, CHCls, 84% ee); IR (KBr) 1778, 1695, 1388, 1224, 1112, 1043 cm'%; tH NMR (CDCls) § 2.36 (1H,
dd, J=12.8, 16.4 Hz), 2.57 (1H, dd, J= 4.0, 16.4 Hz), 2.93-3.03 (1H, m), 3.40 (1H, ddd, /= 6.8, 8.8,
10.0 Hz), 3.54-3.57 (2H, m), 3.78-3.90 (2H, m), 4.21 (1H, dd, /= 8.8, 16.4 Hz), 4.37 (1H, d, J= 11.2
Hz), 4.46 (1H, d, J=11.2 Hz), 4.96 (1H, dt, J= 2.4, 9.2 Hz), 6.12 (1H, dd, J= 2.8, 10.0 Hz), 6.69 (1H,
dd, J= 2.4, 10.0 Hz), 7.28-7.37 (5H, m); 13C NMR (CDCls) § 38.7, 39.0, 42.5, 43.9, 61.7, 73.0, 73.2,
127.7,127.9, 128.3, 130.1, 137.9, 145.9, 153.5, 172.6, 197.4; LRMS (EI) m/z 329 (M+, 1), 221 (17), 208
(19), 121 (31), 91 (100); HRMS (FAB) Calcd for C1sH20NOs 330.1341, found 330.1342; HPLC: Daicel
Chiralcel OJ-H, 254 nm, flow rate: 1.0 mL/min, n-Hexane:/PrOH=55:45, retention time: 30.3 min

(major) and 41.8 min (minor).

(-)-trans- 5-Methoxycarbonyl-4-(2-oxo-1,3-oxazolidine-3-carbonyl)-cyclohex-2-en-1-one (65i).

A mixture of Yb(OTf); (18.6 mg, 0.030 mmol) and BINAMIDE 52k (20.3 mg, 0.036 mmol) was dried
at 90 °C under reduced pressure (<0.1 mmHg) for 0.5 h. After the mixture was allowed to cool to
room temperature, CH2Clz (1.0 ml) and DBU (11 pl, 0.072 mmol) were successively added and the
mixture was stirred for 2 h. Dienophile 40i (60 mg, 0.30 mmol) in CH2Cls (0.5 mL) and diene 59a
(0.12 mL, 0.60 mmol) were successively added at -10 °C, and the mixture was stirred for 5 h at the
same temperature. H2O (1 mL) was then added to quench the reaction, and the insoluble materials
were filtered. After a usual workup, to the crude product was added DCE (3 mL) and TFA (60 pL).
The resulting mixture was stirred at 60 °C for 2 h. The reaction was quenched with aqueous
saturated NaHCOs (1 mL) and the mixture was extracted with CH2Cls. Usual workup gave a
residue which was purified by column chromatography (SiO2, hexane/AcOEt: 2/3) to give 651 (78.5
mg, 98%) as a colorless oil. The enantiomeric excess of the product was determined to be 81% ee by
HPLC analysis (Daicel Chiralpak AD-H).

Colorless oil; [alp2! —102 (¢ 1.01, CHCls, 81% ee); IR (KBr) 1778, 1697, 1680, 1384, 1310, 1226, 1115,
1037 em'l; tH NMR (CDCly) § 2.59 (1H, dd, J= 13.2, 16.4 Hz), 2.97 (1H, dd, J= 4.4, 16.4 Hz), 3.63
(1H, ddd, J= 4.4, 9.2, 13.2 Hz), 3.73 (3H, s), 4.02-4.17 (2H, m), 4.48-4.54 (2H, m), 5.04 (1H, dt, J=
2.8,9.2 Hz), 6.13 (1H, dd, J= 2.8, 10.4 Hz), 6.81 (1H, dd, J= 2.8, 10.4 Hz); 13C NMR (CDCls) § 38.4,
41.7, 42.8, 43.5, 52.5, 62.4, 130.2, 144.1, 153.2, 170.8, 172.5, 195.5; LRMS (ED) m/z 267 (M*, 3), 236
(9), 208 (9), 180 (100); HRMS (FAB) Calcd for C12H14NOs 268.0821, found 268.0826; HPLC: Daicel
Chiralpak AD-H, 254 nm, flow rate: 1.0 mL/min, n-Hexane:/PrOH=85:15, retention time: 34.9 min

(major) and 47.2 min (minor).
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