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(R)-Hg-BINAP (Ar = Ph)
(R)-xyl-Hg-BINAP (Ar = 3,5-Me,CgH3)

O PAr2
|iiil||“ F’/\r2

(R)-Segphos (Ar = Ph)
(R)-tol-Segphos (Ar = 4-MeCgHy)
(R)-xyl-Segphos (Ar = 3,5-Me,CgH3)

oMo oo

HOWH—&

PAr2
PAr2

(R)-BINAP (Ar = Ph)
(R)-tol-BINAP (Ar = 4-MeCgH,)
(R)-xyl-BINAP (Ar = 3,5-Me,CqHs)

(R)-MeO-BIPHEP

(R)-DTBM-Segphos (Ar = 3,5-t-Buy-4-OMeCgH>)

Me
Me Oji:Pth
Me e} PPh,

(S,S)-DIOP

O

cod; 1,5-cyclooctadiene

Me

Me

(+)-CSA; (+)-10-camphorsulfonic acid

N
NS
N
DBU; 1,8-diazabicyclo[5.4.0]lundec-7-ene
O
THF; tetrahydrofuran

\ 7/

§
CENOZ

Ts; p-toluenesulfonyl Ns; 2-nitrobenzenesulfonyl Ms; methanesulfonyl

(S,S)-Chiraphos

A7

nbd; norbornadiene

Me,,
wPPhy Q
(T
J;
Me

(R,R)-Me-Duphos
Q0

PCypjs; tricyclopentylphosphine

o}
C|\©)k o %H

mCPBA; m-chloroperoxybenzoic acid

o)
Y0  ome
N=N
Meo/_\o—§

DMEAD; bis(2—m%thoxyethyl) azodicarboxylate

(0]

.M
Ne

|
Me
DMF; N,N-dimethylformamide

H

o O

\ 7/

.S
FsC

\\ //

e 5%

Tf; trifluoromethanesulfonyl



=2

/N
i3]

=11

Bl AINBOSIZI T D B /KRB D]

KRG RRCEIR AR 12BN T, LIFLIERE & 72 2 ORFEGEEROFIETH
Do RPREEMIIIAFPTLEGLEMPIBELFAEL, —HFOxF U FF~—Nn
ARBIEEDRH > TH, b9 —FHOTF o FA~—ITITEER 2, B D WVIEEMED R
SINDHZERDD, TDIH, —HOTF T A~ —DREEBIRNZAKT 5 AT EKD
BENRRDBNTND Ve AEABUCB O GEEB ARSI TW D RIED 1 DI, &
B & B & PO T RIS 28 8 % 2, SRS, A BN T- 08 AL &
0 it B DO AR FIEN DL BEONFTERREZAED T Z LN TE 5720, GREFRINCHH
Th b,

MINBOEIZ & o> THOARFLED AT D5 b B TIEO—21%, 77 ATkt
BN T 3 % (Scheme 0.1),

Scheme 0.1.

R? X R?

}\R1 XY Y\); R?

LML, REIRE EESTHDL T AT LK L CRBESARINT 5 2 & THEL S
TR B RBEERIL, B KBERBERISE RIS E R Z LT VS 534 U 5 (Scheme
02, LB, 207, EBABEMLIC X257 A7 o ~OMIKIEIZ &0 bR %
H o T AL EW 55120, IS & > TE CTZFOARE N B -KEBBEC > THE
L 72V (Scheme 0.2, F1B%), & 2% B -/KFEMAEDHEEIT L 72\ (Scheme 0.2, FE) X 9 72 /x
JERRRTDS B L 72 D,

Scheme 0.2.

M-R? H R2 -y My  H R
Mo K X’M]/\Fv — ¥
H
M H R?
X ARt
H

B K FEWBEA ST L 22 WS R EHC B W Tl b BEfli 22 Ty, ROSHRIERD B -k I
WKENFE LWL Y BRNSEE WD 2 TH D, Bz, 77 & LT 1,1-—



BT VT Rk OTAATIBOSZ LV, B-IRFEDE 4 kB Th DS REZEIUE,
B -/KE MBI 2 V 15721 \(Scheme 0.3),

Scheme 0.3.

) M-R®
R X

B ———
%\R1

R3 R?
[EE—— X S
M \)\R1

R3 R?

X’M\)-\R‘]

F7o, B-KEMBETSEE B-KBDV  DONAKEREE & D Z & TEITT 5 72 9 (Scheme
0.4y, BRLOKEZENEB L Y OSKEEAZ L HRNWA L T A—2 g UNEELIRDHIK
R BT EATH Z & T, B-KREBBEOIH N A[EETH 5,

Scheme 0.4

S BT, BKBMBEDOETIZITER &I ERNEN NI TH D72, Bl &> T2
BN EEZ SR 5 Z LIS k> TH B-/KEMBEOIHINFTRETH 5,

EHIL, INODOFEEHNT B-KENBEZINHIT 5 Z & T 1,6-= A 2 O LU il
BIRFBRLE A BIFE LT ARSI ZF DOFENBIZOW TR 6D Th 5,



B R2RNIBRLRISIC L DY s A Y U DAL

RN T & > TEARE S AT B RS 2R S & v o Y AInsR bR )S Tl
I3 2 RESFIRE BT U TR A ZRERIVE RS DMEEL C & D, FRIZ, 3 DO AR & 03
T2 2 L TARBERNE U DN G &[22+ 2 N8RV 5O & ™ 5 (Scheme 0.5)7,

Scheme 0.5.

N

T 2 B N RN IR L RS IE, RF T LE b OANERILAMEE 25 Y, #
R 2FDTNF L LN FDOT NG EDRFERIETIEY 7 m %t Vo B2
T& 5, LnL, 3 BFDOT XN LD R220MB RS A EITT 5 2 & THEHA
VR AR B O 8 ORIFIGS I 5 %R B D 1260, 1970 4D 5 1980 AT
DIERE 2B GEBITI, = v LD, T 0w A G & F O 72 SRR R E A e kB S
RALEREGREO 29V MR V& AW RS BSEBIHE STV 5D DA TH - 72 (Scheme
0.6),

Scheme 0.6.

LR G <©>

T v T 240221 INRAU SRS D A8 T OHAEHIE, 1972 D Chalk (2L 5 D
T % (Scheme 0.7)”, Chalk 1%, 7 ¥ b~ A REDRIGICE Ty mAFh U=
VEARKT DI EICRIILEDR, v and Y U URBLENTTRUB Y Lo b s
M=o, R LTzv 7 mad YU b= LA I RIZX % Diels-Alder SR HEST L72LEY
DWEIVET D720, IERITHRREICEE > T,

Scheme 0.7.

R % 0.6 mol %
- IféNR3 Ni(CO),(PPha),

benzene, reflux
RZ
[e]

2 equiv

2 2 2
R o R o o R o
R! R’
N-R® + N-R® * R33N RI—S-1R2N-R®
R2 R2
R1 (e} R1 (@] O R1 (e}
up to 50% yield

1976 F=OFHEGIC L H2WE T, IBEM2SE T TEEMICEMNDNELN TV N



(Scheme 0.8)*", VLR NA R LT EF LU PHARUEEY A F L EDRIGITIR NI EE
FRIER 72 BUGTd o7,

Scheme 0.8.
MeO,C—Pd_co,Me
\ /)
COZMe MeOZC COZMG M602C
|‘| 0.05 mmol mcoz'\ﬂe
E: +
benzene, 45 °C CO,Me
COyMe MeO,C
3.30 mmol 3.37 mmol 94% vyield

F7o, HBOIE 1974 12, 290 MEERE AW TS SE L2 & T, #Rr s 7
L ERWEY 7 aand bV U OB E B LIz (Scheme 0.9)Y, ATFIETIE, 2 DT
Nl 1 ODOT VT v ERREFEEE LIy 7 o Do U RNERICE LD D, £
BEDOIE TRZEST 2 LW I ENRH -T2,

Scheme 0.9.

Ph
| | Ph
//\ .Cp
CoCp(PPhs), —FN o Ph/ Co ™ Me
benzene PPhg benzene

80% yield 70-110°C

Ph
H,C=CH, Ph
_excess
PPh3 “toluene
150 °C

e
55% yield 93% yield

T AL D DOIEERAY L TRENE, TS DB T L R T IV v B T2 SR AS AR IR
JGTH -T2, THUTK L, 1980 AL, 2 DD T vF  & 1 DD T V7 &9 ROGTEME
AT % 2R ﬁﬁ Lo TBRWIEIEEEE MWD Z & TGO —, £33 TESTW
WIS & L CHEITSE S Z & C, HUOKIEZRIRICHETT S8 2 FIEN SRS STy
% o AR TIE, [RA2-R21 BRSBTS OIS IEEIC L D 6 D &4y NI,
2R E AT 3T DO RICIEEINZ L D 6 O %5 FRIEUG, R 2B ORIGEEIZ L 56D
20y TG, 3 By DROGSHEIZ L D b D& w2y TG E S Z & &3 5 (Scheme
0.10),



Scheme 0.10.
Z ey
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S
RFHRRG
— P B
Com o C‘ ‘
A N L OESFRRG A%ﬁ&r
ﬁ?ﬁﬁr ;

ZO¥SFMBOSIT XY, Grigg BT 1988 FFIZr VT AMMEIZ LD VA o Ll ED T
7 Vua=hkUEDRN(Scheme 0.11)X°, =2 A > ® —#Ab<)&H(Scheme 0.12.)% HiE L7-
92 SOT I H U NGB TERNIZ DA 3, MO REAFIRE S & D44 T R[2-+2+2)4F
INBALEOSIC & 0 "B M E G525, Z0 L&, MINBISICHT HIEN T LV F 10T
HRTEWT LV o lmRElEAWD 2 L TUA O 2 8L s 23] © & % (Scheme
0.11), F70, TIAF L ETNT U REBHTERIN - A 0%, BE Z2(bRIGIZ LY
Y ruandhx w2 b 2 % (Scheme 0.12),

Scheme 0.11.

2 mol % Me Me gz Me
0
—=Me WCN [RhCI(PPhy)s] CN Me /
G + — " . g o
— Me +-BuOH, 82 °C o
Me Me

19.6 equiv 59% vyield
Scheme 0.12.
o 2 mol % R
/S — [RhCI(PPh3)3] R X
g / 5 ﬁ/\
\ 7/ t-BuOH, 82 °C 0o
R R R R

60% yield (R = H)
89% yield (R = Me)

ZOWEDE, n Py A0 a v b =y AT =g a B 4Oy A e
> T %A IER G BEEEC, W< O ORTEAMER &K Ve oA e Ty
D FRIEER [ 24242 A INEBRAL S 3 s & 472 23(Scheme 0.13), D% < 1% ﬁug@wwf/
ERWTEY, EEAREREE LTRE SO D FA4 o hn 2w ARSI
DI T o1z,

Scheme 0.13.

Rh, Co, Ni, Ru,

DS oy (o))

N\

Z



IR D OWIGE Y NV —TREE OFTIE T DWRETIE, B TFA M 2y ADEEAAELC
LDVA 2 ET NG DRF RN IMBLSIS, S8 T V7 N EMAFTRETH %

= L A4 LTV A (Scheme 0.14)'9,
/"“\\ R1o
OJT ,,
Z --
3-10 equiv
R2
SN up to 94% yield
Me\njl\/f up to 99% ee
Me M
10-20 equiv 7N
R'=R?=Me Z Iy

Scheme 0.14.

_ 1 chiral Me
S — R Rh(1)* catalyst up to 78% yield
Z - 5 j up to 88% ee
———R o
2 equiv
R2 = CO,Me
V4
CO,Me
up to 93% yield
AcHN CO,Me up to 99% ee

T

R1
_ NHAC
1.1 equiv Cone
_— Z
RZ

up to 95% yield
up to 99% ee

WIS EICEN DR T U FABIRICHI RGO TNDN, T e LTr
=) hSE, AF VUV, VAR ERAWDAGEIZIE YA Tk L CEREIEOMFE A
PRBETH-72 'Y —F, Fe Fa7 3 BHERMb iz O T b iR
HEDSIEBHET LTS 19, 2SS REEE~OEWENREZ AT 57 I REeT A
TIVENLZ & O T T v W22 & T, T U REBSSAMILI TS X, VAo
BALS T2 < RERISDBEMICHEIT LT b D LB B D,

BB, KKIGZT 2 REMLEZ D 1,6-VZ U ZHWAHZ LT, VAV EIBIEEEOY T
VERWDLDBTIA LTIV DR INBEAC RS ST L, fW\ThHF N
Diels-Alder FISASEIT9% 2 & 23 2011 4E (2 STV B (Scheme 0.15)'%Y,



Scheme 0.15.
Bn
RS 5 mol % R! N
WO/E [Rh(cod)zIBF/ Ro_ /[ RM=0
ﬂ)\N R4 (R)-Segphos 5 7 R3
B CH,Cly, 1t
n R2
1.1 equiv up to 96% yield

up to 97% ee

PLED XS, AT T O g2 21N EROS Ty A iext LT,
WRIEDT N N DNEETH D, TV O &2 I3 2 3R E e
EEATLFENARHTHY, BT VR= VIR CTEBR ST IV v & W S
L ME SN T WD, £, FTADF AR D0 AR EZ VS Z & T, sz
¥ F A TR 22 AR 22021 MBRA L BOS S Bl es ST g

AL ETAT DRI EFRREC, =oAL D T BALISIC LAY T At D
ARh Grigg HOEAA(Scheme 0.12)' D%, W< S0 OEB A BRI L - TS h 5
ZeniEasnTws V, AREEEXVERARKEE LT, ATV TAY, aYya D)
AT h OpEKREfEE L LT, oA e B DT IF L DAy R[22+ 2 N ER
{EEOS D3 S 41TV % (Scheme 0.16),

- o %C()(C@m//)

ZDOWN, RFEMGE LTRB SN0 AT A a o0 AERRE A AV =R TH
%, 2005 4, Evans & & 52 51X F VNI, 20221 INBRLEOS I K D v 7 o~
VT DARF AR &K L 7= (Scheme 0.17)"%* Y,

7 N\

Scheme 0.17.
]
o R? chiral Rh R
/— R catalyst R
z // + | | —_— d
R® R®
2-3 equiv up to 98% yield

up to >99% ee

TUAVETNAXR U DRINMNIBWTHE YA U ET AT ORISR ERERIZ, = A D
BSOS Z M 5 72 OICHEIEO T L F BN LA TN D

BRIEDOHIGHEZHNRNWTFIEL LT 2007 X L 1 ODT L7 20 350
FaffE G F—0FHICb OV A Y E AW TS b EFIRE STV,
FUGSIE DA RN S BEFE D T L 2 B3 5 72 OIS 6130 7221 \(Scheme 0.18)), £7=, =7
VAR IR SOSE, T A e 2y AOEEAEAEEZ V=673, 2007 FIZEE ORT



BT BRFIRE S A STV D DT 5 (Scheme 0.19)*17,

(/ H o //7 Rh, Co, Pd or
) \\) G%

——R 10 mol % R

(@] [Rh(cod),]BF 4/ R
\ (S)-tol-BINAP g
CH,Cly, rt
o] H
R%/ H (0]

up to 95% yield
up to 59% ee

Scheme 0.18.

Scheme 0.19.

— 5, BEREEAL & b T2 72 W OB SR K A AR 522405 1R BOS I, JEITHRAT L7 JeBi
H 72 O T, = A, Fa LB L (B g W gy 10Da
Zfilfit & U CHW I BUGAS A S TUv D (Scheme 0.20), L5 O H T, RF AR
SNI=OEH = v UKL D FA AR 0 AR AL LTHW 5D Th S,

Scheme 0.20.
= Ni, Pd, Ti,
Z H Co, Nb, Rh ©
X

L 512002 4FI2, F T AFY YU CRNFEHNT, =y FVEEIRAREC D 7
X2 Ay LBRIRT b DRUS Z S L 72 (Scheme 0.21)7Y,

Scheme 0.21.
5 mol % Ni(acac),
; 10 mol % L1 or L2 o R1
o} R 40 mol % Me3Al R2
+ | | 100 mol % phenol
I THF, 1t X ;
X R2 R
R2
2.2 equiv
Ph Ph L1 up to 93% yield
o/>__Ph o)g_ up to 53% ee
P ~ /—Ph L2 up to 77% yield
pn”~ N N
Ph up to 62% ee
L1 L2

F 72, Scheme 0.14 (278 L7z v 27 AGEARARENC X 2 240202 NER{L S & Diels-Alder
B OGERE ST 4y FRIBOS & LT HHEIT 5 2 & AV & 41TV 5 (Scheme 0.22)'%Y,



Scheme 0.22.
R4
COR! 5 mol % [Rh(cod),]BF, R'O.C N o
5 mol % (R)-BINAP R10,C— R3
/

R2 0] J\
S
B CH,Cly, t 2

CO,R!
1.1 equiv 1.1 equiv up to 71% yield
up to >99% ee

LL, ZORSIET Ve LT LI-DB T A o ThHAZ 7 VLT I R %
LoV U EANWTEBY, —EBHBT A THLTZ VAT I REHNnD L, 7 ak

3 L B (Scheme 023,

Scheme 0.23.
(o) 5 mol %
CO,t-Bu R! R [Rh(cod),]BF 4/ CO,t-Bu O , R N’R3
N Hg-BINAP R \
R A i T N
R CH,Cly, rt ) £BUO.C
R'" CO,tBu R® uoz
COzt-BU COzt-BU
1.5 equiv 1.1 equiv up to 93% vyield
E/Z = up to >99:1
1 + A
RL_Z"Rh* O '
£BUOLCT N N-R®| T
R2

t-BuO,C

T, ISHREETHD A X T a~nTE O o n SR THINEETIE R L, B-kFE
BN HEATT D720 TH D ¥y, BEHTERZLIIT, TAFrrofiicksTELET IV
XOVBBSERF RN S B -KBREENEITT 5 &, RFERADHEE L THRT V7 R E
Cb, ZD7®, T o T 202R2MB L RIS B\ T, B -/KFEBLBEICR LT

B ICHINBEDS AR 2R RS R 2 iR D BN B % (Scheme 0.24),

Scheme 0.24.

/RZ R® R
R‘I R1 Vi
[— jf\&

H M L 1R2 R

RﬁR“

R5
XN
R5

ST, Ll 7 U o OA A (Scheme 0.7-022) Y& £ L5 L, LA
PEDOEWRISHEZH W TY 7 BaAX oo o NERINICE LN A DL, 5 EHR0E

6 A DOER @RI TEITHIBBES AR 4 AERER TH L2/ b=y 7



NEVSTEEBTHD, T OEBBITAFEN A Z BN SR A Al & L CHWz
FE= 73 ) U8R EZ V=6 00 1 FlE STV DR, =) o F 4 EiR
PEIZHRRIEICHE £ - T B (Scheme 0.21)2Y, —75, @ v F @RI SITH F A
PEo 2 A(DEEAMEZ VTR SN TS, LML, & 4 FAHOLEIC N CEICH
BN AF 72 1 2 7 DGR A FI N 72 RS T B - K BB AT Lo < 2, 2
BORFNT LY BIKEBLREA I 2 LE D D,

X I NHFA M DT AOSEERMELE Ve v 7 g O A RRORE TLL T O
2QFEMEICKBITE D, —HIISEEE LT LI-EBBRT AT ERHWD 2 L TRKkFEE
b 7= 7RI R AR U726 D Td U (Scheme 0.14, 0.22)'% 160160 ¢ 5 — 513 iz s o [ 4
DBKEEY DL T A= 3 &I L= K& T % (Scheme 0.14, 0.17, 0.19)'% '
9 =W, BKEEY DAL T A—a LRI LR, BRIk T L4 2 (Scheme
0.14)°9%°x > 1 >(Scheme 0.17)'?% 5\ \E= ¥4 > (Scheme 0.197 Y% F 5 Z & TT L
I RO BKFBIGEENIIAIE T D L D ICHERG N e SN E N HE STV D,
ZIVD DT B-KBBEDEST LRV OIZLL TOEMIZ L 5,

FOGHBEED A # F v ran~T 2 P 2BET L E, L1-ERT V7 U AWK
I FBT D R EMRIZIE B K FEDFLE L 72V (Scheme 0.25),

Scheme 0.25.

Fo, BRI ERAWEKIGTIE, PREED a-/KFEL B-KIBNRDa 7 A
—arvEEDEDIIEREBKEN DAL T x A= gk E D720 (Scheme
0.26),

Scheme 0.26.

TN ETNAF U BRBHTRWNED A (B DWEZ VA BV KSICE
FHAE T a~T Y oHER(Scheme 0.27)D 2 7 4 A —3 3 IO WTIL,
2011 4EIZ Roglans H 12 & » THE Sizm o P4 v DR INBAL BUG O I B4 5
SRR ST D 1Y,

10



Scheme 0.27.

i |-
-M
al y 7

Roglans BIEXET, U4 /F Y UEERZAIEEE LT, = P4 U OR2°2)F B b
Ji& % 4T > 7= (Scheme 0.28), KT, SUGIE D Ts Hz KFFTIZ, EEOENL % PPh; >
5 PH; I L72ET V& HWT, DFT FHEIC X 2 BSOS OHEE 23 72 S 40T 5 (Scheme
0.29), ZDFfER, a v ra~F2 R AICBNYTr Y Y AL BIKkFE L ORI
3.381-3482 A LR\, B KEWBENLETLR2NEDEEZ BN TVWD,

Scheme 0.28.
S\
TsN NHTs
\ 10 mol % [RhCI(PPhj)3]
TSHN NTs toluene, 100 °C
=/
Scheme 0.29.
I\
HN NH,
L\\j [RhCI(PH3)3] NH,
H,N NH
\%/
HN H2N
%.-Rh/ —
N NH,
H

LLED X512, BB ER N ERSRZ V2D H, BEEREEICRE L TR -KHEMN
BEZPNH9 2 FIEICL Y, 2 2O T K & 1 DDOT V7 & ORI REIZ &
DY UNFY VT DERBEEHE SN TET,

11



Ff R2RIMBERRIC LB v 7 mak OB

VANV UG EFRBES, 1 DDOT XL 2 DD T VA DR IR
FOGHHEITT DL, v r7a~ke NGO, 77 OFRIZE - T, NEER EOARFK
FLNCEBROBHEAEATEX 5720, 207 a~ft o AlE, AbF Ea MK
Jitx T & % (Scheme 0.30),

Scheme 0.30.

RZ
(3
R2 RS
H
1/ R R~ R / R4
R W M Y
N HZ M R2
\R 4 R \ wa 3
Va R

R4

L L, ¥7 aanF PPz U ARICE W T B -KFEBLEEE 549 5 SUSIE, sp” IRFE-sp’ 1k
FRIN S OERITHIMBETH D DICKI L, 7 u~Ft B TIE sp’ KF-sp’ RERMND

ORTHMBETCH 2 Z LD, BITAMBEOEITIZEL 725720, B-/KEDLEEE HH LT

EITTHIEED 2 EIRAICEIT S 2 DI L W IREETH D, £72,1 DDTLF L 2OD
TN v DR EACFRRE X AT SE 5121, 3 2OTAF UL D RIED A2 5T,
2ODTNFENDOT NI U ORISSIHIT 2 0EN DL, ZO X5 RflRI6, 12
DT NXr b 2 OOT VT ORV2V2IMBRLEINZ L 5 v 7 g~k O KEILIR
BN TNW5,

RO MBILRISIC LD 7 m~Ft v &85k L@ ofiliE, 199 4|z
Montgomery B2 o THE Shiz= v S AMHMIHC X D= ) o f v b x ) v Dsy T
MR T % (Scheme 0.31)*Y, Montgomery 137 /072 LT/ U2 HNWSZ L T=y
VBRI~ DBUTRE R 6] ST, £, —HOT ) R RIEHETT LR LN
T)AETHIETTAR O ZRALEIHIL, b5 —Hox ) U EBREAND Z
ET, = UA O EEIH LT,

Scheme 0.31.
R' ©

o o 20-25 mol % Ni(cod),
=R . ”\/\ 40-100 mol % PPh; R3

Ph RS R* THF, 25 °C "
\ Y

o R2 S0

5 equiv up to 75% yield

12



Z OWIE DR, 2010 FFIZAERD 1T, Ni(PCyps), SRk Z il L35 2 L T2 o0= /& ]
DDTIVF v & DFERS TSI ) L7~ (Scheme 0.32)*", /i & (%, Montgomery & &
R 12- "o ) 2Ny 7 a2 Tnsd, ZoLx, =/ fkz
T/ bR ATIVERWD ET NV 2087 0F 0 1 DEDOMIKIGETIERL, 7
N 1D ET KR 2 ODMINEOR E 51 &R B-KRFBBBEDOHEITIZ L > T Y = P35
BN, (B)-3-7 T F—MET ¥ RS Liinotz, bbb, FlE= v 7 VSR % filli
ELTHWE & &2, MIBISIZRT 215 & B - /KB BLEEOME O iH = / > H3FF
BB TWD Z ERHL NI TS,

Scheme 0.32.
£t . (o] Me o Me
1-10 mol % Ni(cod), Et
0 K R A~
+ | | 2-20 mol % PCyp3 R
RJ\/\M toluene, rt ¥ |
e L ' Me™ * Ht BN Et
RAO Et
R =Ph 1 equiv A: 94% (1 mol % Ni) A B
R =Et 1 equ!v A: 82% (10 mol % Ni)
R = OEt 2 equiv B: 94% (10 mol % Ni)
R=H 2 equiv 0% (10 mol % Ni)

iz b, RN TRIRP2VITMBRILISIC L D v 7 e~ rDOAsk s LT, &Rk

BAZ L DA F 2 RE B = —T VORISR ST 5 (Scheme 0.33)”), A A filifE
EHRWIZISTIE, EBBRAZ 7 A4 7V Z2RBT RIS TIER LS, 7A¥% 2 OREFH
IEMEAL 2 B U 72 A4 232N XU CU D (Scheme 0.34), ARBUGIZIE 1,1- & T V7 b
— BT VA BB ATRETH DD, 1L1- BT L R WA B - KEDNELE
B, —BEBRT LT ERAOWEEAE TS L S COMNEIIET VR UENFEEL, Bk
RNT o FOaryTxA—varibbicd, B-KRKBBEENET L2V EDEEILN
%,

Scheme 0.33.

RlN,EWG

5 mol %

1

Ry-EWG , , [LAUCIY

RL_OR AgNtf,
[ oo s AR
(CH,Cl),, 25 °C R3O0 OR3
4 equiv up to 83% yield
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Scheme 0.34.

RZ_._OR®
Rl _EWG Rl EWG  R2 _OR® EWG RZ _OR®

+ \"/ R1N — [ Au

|‘| A—u> AU+ Tl | - | —— R3HO _%&//RZ

+
Au R N s
R OR
EWG
R' _EWG

Py
w
(@]
Py
N
s
(0]
% 3
N>
c
|
>t
c
"+
P
w
()
Py
i)
o
2
[}
Y
Py
[}

PLED X o222 B EUSIC L B 2 7 anF v o BRIE, T % T L8k & fik
e UTHWERIG A RIS THE SN TWeDIZk L, RERIG~OREIZ S F4
T D MBS E 2B R2 S TGO R TH 572 Y, Yol 6 OgE S v —TF
IX 2006 ‘Flcmy —Ty — A VB AT DI A 2 (Scheme 0.35)°%, EFHNHTET LW
L 2007 Bl —A v —T U H AT DI T A 2 (Scheme 0.36)0 D 4y N AR
22 INBRAL RS & s Lz, ZABIENWT b RISEE THD 1 2OT7 LF L2 D
DT N HREHTE S Z & CROSHHIRD B IKFE L FIAMICEE L, B-KFEDBEL
P LT D,

Scheme 0.35.
— R 10 mol % R!
7 [Rh(cod),]BF 4/ R2
/ y (S)-tol-BINAP .
(CH,Cl),, 60 °C
RZ
up to 91% yield
up to >99% ee
Scheme 0.36.

f« 5 mol %
[Rh(cod),]BF 4/ Me, Me Me Me
TsN \7 (R)-Hg-BINAP - N N N
~ \T (CH.ClI),, 80 °C
\ s TsN NTs TsN NTs
F meso 99% ee

Me >99% vyield (4 : 1)

Fo, VA N KD FRNRR2D2INRICEISIX, v YT AOMIZT X T VT
= NEERARIELT X B SO IS AR, PERE 51T K o T 2007 AEIT R &4 TV 5 (Scheme 0.37)%,

14



Scheme 0.37.

/ < 5 mol % R R
z! \7 Cp*RuCl(cod) 2 N
\—\7\ 2 toluene, rt—reflux 21 72

R2 up to quant.

UEDE ST, 1 2DT AT b2 0D T N DRD22UHMBAVEISIE, = v 7129,
& aor s LT = ORRIC R D AL S D 2 E N BTV, EE D
FEITAE F T2 AN EARFF R+ 202 MBRALSOE D BT 53 F N EOSIZ R B AL T e, 731
BOGIZ X D BB O, H—0REIC L DS TH DD SHMERRmOARIZITE L
TUNRUY,

VI A IRAOAEFEHY BRI RN D ERERO 1 oTHY Y, x5
IRy 7 aasF 2 OO WA K G BIEDOHLITEBELRRE CH D, £ TE
FiX, ¥ 7 vhvrua~dwr0fkEBEL, = A LT AT O RIARSE
22 MBML S IS 5 2 & & Lz,

L AT, TG U 2 ORWTER2R2R2) IR LS IZIX R & ZRHIRN - 7o DIX 2 Z
FTICHRARZBY THLHIN, TArr eV R=fbEaEMmE W= Mns LT, hF4
Pr oy AGEAEIC X DA e N ATV & DGy AR E 222 IR S
73 2008 LRI M HFFEE D B STV S (Scheme 038, BB, ANSTIE, 7 b= 25
NOPDLVIZT AT E REfAWD L, LEERBAX I A 70D B-KERBENEITLT 1
SORF L ZE & OHEBRMEAL AW DS 545 (Scheme 0.38, T B,

Scheme 0.38.
R1
CO,R
R3 +H . = ---R3
R*=CO,R ~_O
R / R?
; R4 RS up to >99 % vyield
——R + up to 95 % ee
Z . i RAOY 7 —Rh(l)* ’
—X RY "Ry Rh* 1
R2 R2 R
R®=H R
z
Iiz Me

up to >99 % yield
up to >99 % ee

FEERIZ, =oAL TN DN %F‘ﬁTﬁ[%ZH]HﬂHEﬁﬂ:}iFE , BAAZPEERES:Z B
Tl N—ERT VWD &, BOKEBBEOEITIC LV FBRILEM G 6T,
T TERX, Ty FoEBREEZ AR Eﬁékﬁ“é ETRISHHED = 7
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A =g CEGET UL, B-KEBBEOIHIN TE DD TIHRWMN LB 2T, MatORER,
NF A om0 DAL T, iy4yk77Uw7:F@¥A%%K§pﬂa]

FENBRAC B S D3R FN 722 S CHEA T3 % 2 & % FLHY L 72(Scheme 0.39), BEIZBWNTED
SR A R R B
Scheme 0.39.
o 3-10 mol % R'" O
— o [Rh(cod),]BF 4/ 4
Z /’R HLN,R‘t (R-Hy BINAP Z(:@)LN’R
L( ¥ | R CH,Cl,, rt-40 °C . R®
R? R2
1.1-3 equiv up to >99% yield

up to >99% ee

feWTEHRIT, ﬁﬁf@ﬁ&ﬁf%éﬁ%%%%@%ﬁ TR B E B R A SRR
TR L& LT, %@ftﬁ'% BB OMEITITII T VA v E D B VR = )V B DO fFAE N E

EThHV, ZOEFIRGE iﬁifbfib\:}:%%ﬁbf:o@“fibE B ARET NI Th
577 VNVT I RIDATCEFEET VT U THhHTF I RRE= LT AT L EHAWTYH
FIREDBRALOGDNET LTz, 70, =oAL I RBIOE =LV AT VO RIGNZE

W A > OEHIEDNAE R ONLE TR 2R ET 5 2 & % FLH L7-(Scheme 0.40),
B OEICBOWTEOFMAERRD

Scheme 0.40.

Y =
up to 92% yield
— pi

,— R up to >99% ee
Z / chiral
- Rh(1)* catalyst
R? R
X _R3
M 7 0
0 Ay s

X=NR% O H

up to 60% yield
up to >99% ee

Fo, =7 I REHWEARFRL22INEREISIC L Y ¥ T 178 N-v 7tk =
TIREERTEDEVIHMABELNZTD, TOMREEN LTIV ERARLEHD
BRLE LTA v R /LB TTIRDOAREF A RICE Y #ATZ,

BRI, PRSIV SN TE v VB = AT )L, =—F )b, b
VT I RBEREEA 2 B 1,6-T A o POV 3T EEIRF A2 O 1,6-m A L&
RAWTHEGFRARF RIS Z21T 9 2 & T, FTARA » R—/VE LRI
LNDDOTIERWNEB R T,
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Eby

Bt ORER, 3ALCERTA T2 O LT A & LT, THETICAMRBIO /R N-AE
TNV F NN ANV F I REEKRL, YU ALT BT L O MAF[2+2+2]
B LRISIZ E > TT T v R A o R—/LaFE8 R %1572 (Scheme 0.41), 2 =FI(ZHB\

T, TOFMEIR~D,
Scheme 0.41.
many precedents

1

/TR
iy
R2
Z = C(CO,R),, O, NTs

this work (no precedent)

Si

R
transition metal R3
catalysts
z
4
R2 R
5 mol %

[Rh(cod),]BF,4/
DTBM-Segphos

(CH,Cl),, 80 °C
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Uy ALRFEKFR S TEALSOS

ZZETHRANTE LIS, RN LU W e 7 oo v /e
AFEUDORFERPBHRESINTE, 20L&, GHHEETHLIA X T A 70
D B RBEGEENET S5 LR LTALEMBEON L0, B-KFELZLTLRWAZ T
ATV, BIKFELEBRN Y VONEEEZ E DRV T A= arDAZTHA
INERBT D E, AZTHA T ADLETHNEENET L, BIRIEEMRELND,

WRITHIMEE & [RIERIC B KFBRBESEIH S =T A VRN ST T ARISE LT,
BALLIA DK E DB D RISHAE SN TN D, B -KEBEED RIS — A 22 BB ROG 1 o
IKEBEETH Y, o KB L 5B AR OERIISE@RE S TS YD, —F, T
XV BEEARD v (DO KENEET D & o7 v 7 a3 ERCT 5 (Scheme 0.42) 3,

Scheme 0.42.
o-/KZ*E W2y
it B R
M A H?
HhILRY
H2 Y B-k& Y
S 3 BBt 3
XM v "
H'I B HZ/ X H1
1%
y-7k%& H?
it <L-\\Y
- M
po X 1

vonoJony

LinL, v -KBEBEEDSOSBNIIRD TR S TR Y, B -KFEBLEES o -7k 5 WA
D XD 72— 2R BSOS & 13 R0,y AKBEBLBEIZ Y N T DR FIKEREGTEEL K
JEE LTHRIN TV S,

2012 4, Z D y fLRFBIKFEREATEVEILRIG S B T A e 20 ADSERIZ X > THsE
END TN, FEHEDIC L > TR SAU7-(Scheme 0.43), AHETEIT LAy
U ACALBIBRIL L TAEL D u Xy 7 aXo T RN S y MO KEDNBEET S Z L T
SEBRVNERT D, 2 OKIGDETT 2 EEIISE T RIERD B -RFVE 4 RIRFETHD b
D, DEVE 4 KB TEBINLET LU E L OT LA vy EROWZEAIZR O,
PO EIRD B -fRFEMH 3 hikHE Th DAL B IKEBBENET L TR =035 64
D
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Scheme 0.43.

Me_ Me

/—QMl\e;le Me Me R =Me MeO,C
/ R / MeO,C

B
/ Me

MeO,C. . |

ozc><_/__ - MeO,C R ~Rh()* 63% yield
Me v} ——Me \
Me R=H ~Me

MeO,C
2 N\ Me
MeO,C

Me
66% yield

VeRE B O DI, FEEORISA MR 2 & ADSEKIC L > T b = & A3
51 & o THAE STV % (Scheme 0.44)™*,

Scheme 0.44.
PhO,S
R = Me MeO,C
MeO,C
PhO,S PhO,S Vo
= R _RnQ) R “Rh() 81% yield
Rh
MeO,C Z MeO,C = T~ SO,Ph
MeO,C MeO,C R=H N
MeO,C

Me0,C

86% yield

LED X ST, B-REVEAMRF L 72D LI RT T AERN DT y MR
IKFREATEHACSOS LT LGS Z EBNE O TV, FafkikFE TEBRINEZT LY
HNLE B OT LA COBEREMEESISIZIR SN TE Y, WHMICZ LWIGETH o7,
F 7o, SEBIRIC y (L ORFAREMEZEMALT L TEXTI ARy 7T 0%
BT AREFINTE o7 ME STV ho T,

—Ji, EEI T A UMr VU AR OR EEBRMBEOFIET, v IRFEIKERE GO
EHALZRET D, vu VB AT ARG E 1L1-ZE#]®T v e b0 1,6-T
A DEALRMACSS A HEITT 5 2 & & AL L 7= (Scheme 0.45), Z DOUGIE, =) F
ARIRA 2B LBRALEOS &, (BB LY T AT LA RIRN 7 v (LIRFE-KFEREGIENE
RIS 2R L2 TH Y, v MRFEIKFRESTEMALSUSIZ KL D7 v 7 R Bk
EAFRIGE LTRBLZYO TORITH L, HUREIZBWTEOFEMEZIRRS,
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Scheme 0.45.

5-10 mol % Rh(1)*/(S)-Segphos
40 mol % BzOH
(CH,Cl),, 80 °C or
CH3CHCICH,CI, 85-95 °C

or

5-30 mol % Rh(l)*/(S)-DTBM-Segphos
40 mol % BzOH

(CH,Cl),, 80 °C

up to 96% yield
up to 95% ee
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B 1,6-mA T 7 VAT 2 RORFRP2R2 B E

il

&

i
=

JPam CR 7= L 91T, 7T v & i gy RHIRP221 MERE UG L = > &7 /L (0) 8 1
%ﬁ%%waﬁéﬂfwt#,$f®$274/MM%%%mtﬁmT%D,K%ﬁm
~OREMIINE CH L Z LR TRRINT, —F, RFR2D2SMB LSBT I T4
ER DY AR E OSBRI 2 RS 2 e b T g MY, 2 D TERIE, oA
Y ET NG DARF RTINS Ot 2, I F A oM w0 A A
WTITHo T,

FT, 1,6-= A v 1a b 1-~FrUQa)lh F A MR T T AD/(R)-Hg-BINAP S (A fi
ZEHSED L HROY 7 mAaF i daal3fGonT, e X7 a7 UhfEN»G B-
IKFEILBEAHETT L 7= Y = 3aa 235 5 472 (Scheme 1.1),

Scheme 1.1.

10 mol %
M M
——Me [Rh(cod),]BF./ € © 5
TSN/ . n-Bu (R)-Hg-BINAP % n-Bu
||/ AL o 1an o TsN TsN
— CHyCly, 1t, 16 h h-Bu
Me Me Me Me
1a 2a 3aa 4aa
5 equiv 61% yield 0% yield
A
Me n-Bu !
TsN P
—Rh(l
Rh* 0
Me

W, LI-@RT NV ThHD 2- AT N1 T 2b) e NS Z & TR-KEEZ LT
PR MR 2 B D 2422 INBRAU BOS Z2 3R T2 3, BSOS E - 7o < AT H
P, m A D BALS D B A ST L 72 (Scheme 1.2),

Scheme 1.2.

10 mol % Me Me

_ g [Rh(cod),]BF 4/ Me
. Nx—f Me . Me\ﬂ/n Pr (R)- Hg _BINAP n-Pr
s
\ /< CH2C|2 rt, 16 h
Me
1a 2b 4ab
5 equiv 0% vyield
Me Me A
n-Pr
Rh(l)* Z4
7777777777777 > TsN B e
Rh* -Rh(1)*
Me
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HBID UGS EIT L 22> Te DI, 1L,1- BT V0 & Wi 2 & RS I %7
DEIGHEPMEF Liziew &2z bbb, £2C, —BWRT V72 & VT B -/KFELEEZ I
Bl 2 FiEEBRE Lz, s Cib 72 X512, B L B KFBN T ONLREEZ &5
RN XD A RS MR AR T 5 R A 95 2 & T B KFEMBEO IR FRETH B,
Z I TERL, BT L UCENMIEERE CER SN T AT U EHNWD Z LT,
BNIMEERERE D r U0 AADBENLIZ K Y BB v XY A 7 L OSLREE A HlE3 0, =
CULERBENTORELE LD ENTET, BKERBENIE S DD TIZZ2W D
EEZT,

BB RER CTH DL N RNV ECEBR SN B DT VT 2 HWT, BT Ao knm
27 A(D/(R)-Hg-BINAP $E(EIFAE T, =2 A > 1a & DS EMRR LT, DGR, NN-2 A
FNAT 7 VLT I RQRe)EHAWIZERIZ, 7 a~Xtr dac BENENOEHT T T 43
RN LNTZ, 77 UABATFLQRDEZHND &, Fix ORIERMBEL, 7 r~Ftk
Vdad IFENRICHE E 0, ATF L= R Qe E VD L EMREEMBI SN, 7
2 ~Ft 2 dae DAERIIHER T & 722> 5 72(Scheme 1.3),

Scheme 1.3.
o 5 mol % Me O

— Rh(cod),]BF 4/
/—=—Me H [
TSN . R (R)-Hg-BINAP TeN R
L( CH.Cly, rt, 16 h g
Me Me
1a 2¢ (R = NMe,) (-)-4ac
2d (R = OMe) 85% yield, >99% ee
2e (R = Me) (-)-4ad
1.1 equiv 11% yield, 99% ee
4ae
0% vyield
Me H R
Rh(l)* 7o
TsN - +
- —Rh(l
N—Rh* 0
Me

DX, TZIUNAT I RHEERNARRISICEWEISEE R LTz, =oAL 7
JUYUNLT I RFEROKIGICOWTEEM e RFEITo 2L & LT,
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FH LI-EBRT AT R LR b oA e VTR

WEom EEZHfEL, = A 1alT7 27 VLTI Rex2ET VEEE LT, KRNI
DORFIEAT > 7= (Table 1.1), BT U — /LB E © D JER AT ¢ VENL 1% AWV TS 21T
D&, BT CHMORKICPET L= F o F AR 7 a~F k2 dac BEHILE
(entries 1-4), L2>L, BEZF & L T(R)-Segphos R°(S)-xyl-Hg-BINAP 2\ 5 &= A D
HA LRI T 23 AR & #u7= (entries 3 and 4) BB, BTV —ERE BTN R AT 4
VBN WD &, BT E o 72 < AT L 7R Ao 7o (entries 5-7),

Frim Cik <718 v | EJE%D@T%[2+2+2]HJJDWBJ§TET WEHF AT AN/ ET Y
—IVERRRAT 4 R E VD & EINETHROBRILAERDBHE LN TEY, KRSET
HREEROMER TH D Z & broT,

T mAF L dac DUEED S @V O(R)-He-BINAP 4 it ir 1 & L C il & DK A
R IrTe & Z A(entries 8 and 9), 3 mol %Dl & T HINR K =T o F A @IRMEL R 5 Z
Ll v aFtr dac 1355 AT (entry 9),

Table 1.1. Screening of ligands for rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,
6-enyne 1a, possessing the 1,1-disubstituted alkene moiety, with acrylamide 2¢.”

o 3-10 mol %
— [Rh(cod),]BF4/
[ Me .Me ligand
TsN / + N
X ‘ Me CH,Cly, rt, 16 h
Me
1a 2c
1.1 i Me
equiv 0 y Me Me
e N
N
TsN<:/(5/LL e TsN% Me
e Me le}
=z Me
Me Me
4ac 5ac
entry ligand Rh/ligand convn / 4ac / % yield°® 5ac / % yield®
[mol %] %> (% ee)
1 (R)-Hg-BINAP 10 >99 85 (>99, -) 8
2 (R)-BINAP 10 >99 82 (98,-) 14
3 (R)-Segphos 10 74 63 (>99, -) 5
4 (S)-xyl-Hg-BINAP 10 45 33 (>99, +) 3
5 (S,S)-DIOP 10 0 0 0
6¢ (S,S)-Chiraphos 10 0 0 0
7 (R,R)-Me-Duphos 10 0 0 0
(R)-Hg-BINAP 5 >99 86 (>99, -) 9
9° (R)-Hg-BINAP 3 >99 85 (>99, -) 11

“Reactions were conducted using [Rh(cod),]BF4 (0.010 mmol), ligands (0.010 mmol), 1a
(0.10-0.20 mmol), 2¢ (0.11-0.22 mmol), and CH,Cl, (1.5 mL) at room temperature for 16 h.
’Determined by 'H NMR. “Isolated yield. “[Rh(nbd),]BF4 (0.010 mmol) was used. ‘[Rh(cod),]BF,
(0.0060 mmol), ligands (0.0060 mmol), 1a (0.20 mmol) and 2¢ (0.22 mmol) were used.

RIZ, (R)-Hg-BINAP Z iz & U CHE M M &P OF 21T > 72 (Table 1.2), 727 Y

27



NT I ROEFR EOBHBILIZOWTIHRFNEZITI &, = A 1a [T NN-UAF LT 7 UL
7 RQe)ERERIC, €alY=L7 I RK2f, NN-¥ n-7F V7 I K2g, NNAF LT =V R
2hN-7 ==L 7 =V R2i UA LT T R2EHEIFICMGL, @INE, m) oIt
BRIC T 7 Bty dacaj NGO, 72750, Ea =17 I N2, ¥ n-7FL
7 X R2g &Mz & 21203, 3 mol %Dt & CIIRIGAERETE T, ZAE4 5 mol %, 10
mol YD fififii &2 LB L LT,

EBIT, = A CORGEMLORN ZAT o1z, ~ B VRV T AT VAL CRG S e =
YA ET 7 VLT 2 R 2h DUGIE 10 mol % O TrakE L BAFRINER, mx=J v
FABIRANZ S 7 v~Ft 4bh GOz, =T VR TRIES NIz v e &
727 U7 X R 2h O iE 10 mol %D il 2 F T & =R T 16 IRefi] TROS I FERE L 722>
o772, 40 CTRIGEAT T2 & TAPRREDIER, @ o FABRIRMIZS 7 naFt
¥ dch BEHNTZ,

Fo, TUA VOEBRIEIZOWTHRFZ2To7, K7 v U fid b oA 2 1d
ET VAT I R2U LORISTIET A O Bb AR 5720123 4 BT 27 VLT
I REREE LIZbOD, BERIGE, Mo FABRRIZT 7 a T 4df 2355
Nic, 7== AT E2FLUVEEZ b O A le £ 727 VLT 2 R2i &EORIGTIE, Eil
T TORIEDTEREIZIE 20 mol %Dt &EZZE L2 b DD, 40 CIZIET 52 LT 10
mol %DM E CRISATERE L, WIh b @it om=F o FARIRIZ S 7 e ~F k&
¥ el DD, T VRIS EF AN T = = (g & b om A B ARKIS
(L, PRREEDND BAFRINER, @) FARRIZ Y 7 u~F & 4fh, gh BNENE
n&Eoinz,

B, BT HFEEORE RN S ()-dac & (-)-4df DIEHEE NV E 55,7aR ThHhH Z &
D3N T2 (5 HH),
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Table 1.2. Scope of rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1, 6-enynes 1,
possessing the 1,1-disubstituted alkene moiety, with acrylamides 2.

o 3-10 mol % R'" O
— i [Rh(cod),]BF 4/ R*
S R #N.R“ (R)-Hg-BINAP 5 N’
L/( * \ R CH,Cly, t, 16 h < R3
R? R®
1 2 4
1.1 equiv
Me O Me O Me O Me O
.Me _n-Bu _Ph
TsN ’\\l TsN NQ TsN '\\l TsN ’\\l
8 Me o o n-Bu o Me
Me Me Me Me
(5S8,7aR)-(-)-4ac (—)-4af (-)-4ag (-)-4ah
85% yield, >99% ee >99% yield, >99% ee 91% vyield, >99% ee >99% yield, >99% ee
(3 mol % Rh) (5 mol % Rh) (10 mol % Rh) (3 mol % Rh)
Me O Me O Me O n-CgHqq O
N’Ph N N/OMe MeO,C N’Ph S N”Ph
S | | |
TsN !
S| | bh 2 Me MeO,C Me g Me
Me Me Me Me
(-)-4ai (-)-4aj (-)-4bh (-)-4ch
97% yield, >99% ee 92% yield, >99% ee 72% yield, >99% ee 59% vyield, 93% ee
(3 mol % Rh) (10 mol % Rh) (10 mol % Rh) (10 mol % Rh, 40 °C)
H O Ph O Me O H O
_Ph _Ph .
TsN NQ TsN ,\\j TsN ’\\l TsN '\\l i
) ) Ph 1 Me S Me
Me Me Et Ph
(5S,7aR)-(-)-4df (-)-4ei (-)-4fh (-)-4gh

79% vyield, 99% ee
(5 mol % Rh, 2f: 3 equiv)

90% vyield, 95% ee
(10 mol % Rh, 40 °C)
88% vyield, 99% ee
(20 mol % Rh, rt)

86% yield, 99% ee
(5 mol % Rh)

47% vyield, 94% ee
(10 mol % Rh)

“Reactions were conducted using [Rh(cod),]BF,; (0.0060-0.020 mmol), ligands (0.0060-0.020
mmol), 1 (0.20 mmol), 2 (0.22-0.60 mmol), and CH,Cl, (1.5 mL) at room temperature for 16 h.
The cited yields are of the isolated products.

29



W T L VR S DT A VR VTR

BEWNT, —EBEBRT LT VN E b O A Th ZNWTT Z VAT 2 K 2e &EDJG%
FEt L 7=(Table 1.3), Rifli[A#EIZ(R)-Hg-BINAP BN 12 W TS EITH &, V7 r~dt
> 4he DWRITHREITHEE Y, P She 8 41%NKRTH LN, £72, V7 a~dt
Y 4he 21X 97% ee E V) MNWTEF U FARIRMER BB L7 —FH T, Y2 She D-F U F
A BRI X P FREE IZE & o 7= (entry 1), (R)-BINAP (i 725 &, 7 vt 4he
DOYEME T L, = She DULENEEAN L 7= (entry 2), (R)-Segphos Bl 1% A5 &, X
IEPEDME T L, 16 REE TROGNESERE L7 h> o 7= (entry 3), F 72, (S)-xyl-Hg-BINAP Ef7 %
b LTy rmaFty dhe DIWEN M ELTESOO, = F o FABRREDNMET L7
(entry 4), 728, BTV — /LB E & 1220 T JER A T 4 EIALA(S,S)-DIOP % iV TG
AT O &, RNITE o= < #IT L7220 o = (entry 5), 7235, (R)-BINAP, (R)-Segphos,
(S)-xyl-Hg-BINAP FENL 1% W2 GA IR ER O T Y  She ORFRUIKNEETH D,
T F A —BREEROREIXTE R o7,

Table 1.3. Screening of ligands for rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,

6-enyne 1h, possessing the monosubstituted alkene moiety, with acrylamide 2¢.”
5 mol %

/= Me o [Rh(cod),]BF 4/
TsN /\/ + HLN,Me ligand
|
' | Ve CH,Cly, t, 16 h
1h 2c
1.1 equiv Me O Me Me
Me N
NS -
TsNi:ﬁl)L \ + TSNW Me
Me O
A H
4hc 5hc
entry ligand convn / 4hc / % yield® 5hc / % yield?®
% (% ee) (% ee)
1 (R)-Hg-BINAP >99 51 (97, -) 41 (65, +)
2 (R)-BINAP >99 34 (98, -) <58
3 (R)-Segphos 69 20 (98, -) <26
4 (S)-xyl-Hg-BINAP >99 62 (88, +) <25
5 (S,S)-DIOP 0 0 0

“Reactions were conducted using [Rh(cod),]BF,; (0.0050 mmol), ligands (0.0050 mmol), 1h
(0.20 mmol), 2¢ (0.22 mmol), and CH,Cl, (1.5 mL) at room temperature for 16 h. “Determined by
1H NMR. “Isolated yield.

% Z T(R)-Hs-BINAP Z il i1 & LC, —@#AT L7 e b DT A DN T
S R #PE O A AT o 7o (Table 1.4), NN-V AF LT 7 VLT I RQROIIH R TEH L
DEHIEORIR LT 7 VLT I R 2h—j LA 1h DRISEHRFI LIZE 25, PREN
O BRIFRIGE, MW FARIRETY 7 mF 2 4hh-hj NGO, ZOLE, ¥
T Shh-hj DERUTHER TE R0 o7,
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KT NXEZ DA 1N ETZ7 VAT IR 2 EORIETIEY 7 a~Ft
dic DHRREDOIE, mW\T ) FAERETHONIZDIZINZ TY = Sie Kb,
VI Sic DFERPIEEITTE R 7208, K 15%DINETH D, 36% ee &) fln>F o
FATRIRIEDSFIL LT,

Tz VTR F LU E L O A 1 & NN-U T ==L T 7 U LT I RQI)DOKIEG
T Y7 Bt v dji DA, @) v FARRICE D, Y= 55 OERKITMHER
T&E ol

Table 1.4. Scope of rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,6-enynes 1,
possessing the monosubstituted alkene moiety, with acrylamides 2.1

o 5 mol %
o [Rh(cod),]BF 4/
= R N (R-HgBINAP
TsN -/ + 0 TsN
R2 CH,Cly, 1t, 16 h !
H H
1 2
1.1 equiv
—)-4hc —)-4hh —)-4hi
51% y|eld 97% ee 62% y|e|d 91% ee 7% y|eld 95% ee

)-5hc: 41% y|eld 65% ee]

H o Ph O
M
TsN v TsN -
|
1 Me SN Ph
E E

(-)-4hj (-)-dic (-)-4ii
71% yield, 97% ee 57% yield, 96% ee 88% yield, 87% ee
(2c: 3 equiv)

(5ic: ca. 15% yield, 34% ee)

“Reactions were conducted using [Rh(cod),]BF4 (0.010 mmol), ligands (0.010 mmol), 1 (0.20
mmol), 2 (0.22—-0.60 mmol), and CH,Cl, (1.5 mL) at room temperature for 16 h. The cited yields
are of the isolated products.
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SBUUET  SOSHEREICB 5 B

PLEDRERMNS, RKEUSIZIISHERT A 1 T 7 UNAT I R2N@EATEHZ &0
BHOMMWE o2, Fho, oAV 1 DT ATy FOBHBESLT 7 ULT I R20EHED
BB ORIV, 7200 B KBMBEOEITICRE S BEEL L5252 L8bhr
ST, ZHUXT 7 VT I ROEFR EOBEILOE NI L > TH AR VEOBREEN
Bl LTz eEZ, 77U A7 2 RIRAT 1-~F Qa7 7 UL ATFIL(Q2d) %
HAWT, A O@ERMEZ T 7 Vv 7 I RE s 5 Z & & L7z(Table 1.5),

HINVKR= NI E T2/ -~ rQa)d, 1L1- BB VT A b O A U la k
— BT VT UL E B O A Y Th OWTAILE DRISIZENT S B KFEMBENEST L
TYZUINPREDONE, ST o FARIETH L, 7405
1345 B L7y 7= (entries 1 and 5),

NN-PAFNT 7 UNT 2 RQe), NN-¥7 2= T 7 ULT I FQRi)b =1 1a, 1h
DI DWW TITRTHTE TR AR7Z@ Y, Wb Y= 3 1I3AEMET, B-KEBEER I
HlEN Ty 7 et 4 NEINE, SV o T 4@ T 517 (entries 2, 3, 6, and
7)o

T2, TZIUNAT I R2e AN EEITIE, DU SPRIERME L TR T4
BIRMETHEON, 727U AT I R2AixAWE E XIZIEY =2 513855407275 > 7= (entries 2,
3,6,and 7),

77 UNEEAT QD) E T A 2 1a L DG TIE3da, 4da, Sda DT X THEIETHH
n, 7 a~FirddalliTmnoe o FARIER L L2 (entry 4), 77 U VR A F )L
d) L = A > 1h & OIS TIIEHERIR MG D, A OBBEERIN TEd o7
(entry 8),

Thbb, EERu YA 70D BIKBEMBENEIT L= 313, R ERREZ
B2 1-~FrrRa)dE AV L S ICHEREDINETE LN, HWVENIEEREREE o
T UNBRAFNLQRAE WL SRR THE LN, — T, BEEREr XA 7405
FITHIBBERHETT LT > 7 maFd k4 1%, BEOENIMEEREEEZ 27 7 VLT I (2,
2i)E Ve & XZEIEETHE O, FHWENEERERE 27 7 U ILEE A FL2d) % v
2L XHMBINRTE LN, FTo, Yo 5 I AEEO/N S OB EREEE o7
7 VA FILQRA)RCNN-F AF LT 7 ULT I RQRe)E AWz & ITRINERTHE b,
SHIT, VEVIKRDV T anFo4ITmns S o FAERREREER L.~ T, Y
VS ITIHE W T A BRI S R EL LT,
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Table 1.5. Effects of substituents on the yields and ee values of dienes 3, cyclohexenes 4, dienes
5¢

. 5 mol %
/——Me ) [Rh(cod),]BF 4/
TSN/ . R (R)-Hg-BINAP
<R1 W CH,Cly, rt, 16 h
1 2
1.1 equiv
Me Me Me
= R2 = RZ
TsN + *  TsN
R2 TsN L S Me
Rr1Me R =Y
3 4 5
entry 1(R") 2 (R?) [equiv] 3/ % yield® 4/ % yield? 5/ % yield®
(% ee) (% ee) (% ee)
1 1a(Me) 2a(n-Bu) [5] 3aa/61 4aa/0 5aa/0
2 2c (CONMey) [1.1] 3ac/0 (-)-4ac / 86 (>99) 5ac /9
3 2i (CONPh,) [1.1] 3ai/0 (-)-4ai/ 97 (>99) 5ai/0
4° 2d (CO,Me) [1.1] 3ad/16 (-)-4ad / 11 (99) 5ad/ 107
5 1h(H) 2a(n-Bu) [5]1 (-)-3ha/59 (>99)4ha/0 5ha/0
6 2c (CONMe,) [1.1] 3hc /0 (-)-4hc /51 (97) (+)-5hc /41 (68)
7 2i (CONPhy) [1.1] 3hi/0 (-)-4hi /77 (95) 5hi/0
8 2d (COo,Me)  [1.1] complex mixture

“Reactions were conducted using [Rh(cod),]BF4 (0.010 mmol), ligands (0.010 mmol), 1 (0.20
mmol), 2 (0.22-1.0 mmol), and CH,Cl, (1.5 mL) at room temperature for 16 h. “Isolated yield.
“Isolated as a mixture of 3ad/(Z)-5ad or 4ad/(E)-5ad. Yields were determined by 'H NMR
spectroscopy and analytically pure compounds were isolated by GPC. El7 = 32:68.

PLEDFERNG, RO X 5 ISR 2 HEE L 7=(Scheme 1.4), @&\ F > F AR T
Bonlymr 3R rsanttr 4 &, FREO= T FARRETHEONTLY 5
IFRRDORICEBCTER LT bDEEZBND, DFED, T2 A VR FHTE YT AID
BALIERIL L, n X7 aXe T KA BEL, 7702 O FRTORmAIZLD,
RA a7 UoRER B BNET D, TRHIE B 25 BKENBENEITT S L TU
V3N, BITHIMEENEIT T A LTy a4 RNELND, DL X, =F T F
~ —IRERTHPER A 248 U 5B OB CIRE SN D,

—JF, AN DT T ELE TV v 2 DT RITOr T A~DER{LIIBRLIZ
v e F o HlKC BNED, oA VRO T AT RGN TIHATS Z
LT, mE YT a~TT oHhER D BEKT D, PEIE D D BKFEBBENETT S Z
LTV S BRELND, ZOLE, =T A~ —iRBRIRAERET DRI EA D
WEUDT AT L ORABRETH LD, P30 ra~dtr 4oz 528
LHEFUTF A —MEEERAEBE LI bDEEZOND,

B OALFEINEIZ O W THILA T D L D IZBLE LT, T A NVIEOTROELLIZ L -
gy r7aXrr UHRAILT 7 VLT 2 R2e,iMEATHEXICrY T AL N
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FANFEN CORREE RS Toa 2> 7 a7 7 R BFigure 1.1)32 7 AT L A58
RENTER L, B-/KBBEESIE X5 2 & TRITAMEES BRI HETT LTy 7 B
Fer4anGonsd,

HINREA VIR AR TENL IO T L ax o BV R =V E DT 7 LR X F /L
QEHND L7 u~Xtr 4 Loy 3 RNENTNELN, BMEERLEE L2720 1-
~FErQaEHWD L, D 3 OREPEFLITZEBIZOWTIIIRO 280 OEFED N,
WINOERBE LT 3RELNZdEBEL LN,

1D T AT DA e Xy 7 a~77 IR B X OB’ (Figure 1.1.)D Y7 AT
LA~ —NRIEL, BREORMAHIUIZ DU AL BRSNS OREEZ LD B 2, Bl
MR E e O A EBERIEDO SRR E 2B 50T A7 LA~ —BBEMR L, FRE
B 7 OITIETTHIBLEEDS, TRIAEB' 22513 B -AKBEMBEN ZNENETT 22 & T mak
B4 LT INENENEONLOEETH D,

Ho 1O, WTFROT AT E 0T A7 LA A L CHEE B B34 L, &k
WCHNAR=NRBEOBRNIZ LY v P07 L EEHEN S ORLEZ & AUTIE TR N RED
ITL Tzt aBnERL, DVRZVBENEMETICIe T L E BIKERT
DEEE & UE B -KBIBESET L TP 3 NAERTDE VWO TH 5,

TRbb, TAr OFAEBETOYT AT LAERMED 5 VITHPRIE B o= 7 4 2
—arDOEWZEY, a4 LU 3OBIRENRES NS EEZBND,
ZD 2 DOERED LB B CEIMEDIRE DI B TIERWD, WIhicE L7
v L OBHRIE OB OEWA R OBIRVE, T 72 b BIRTTRIBEE & B KSR BLEED
WD ETT 20 Z2REL TS,

NN-DCAFNT 7 UNT I RRORT 7 VIR ATFLQRA)EH N\ E XI55 5
NIZDIZHK L, NN- 7 ==V T 7 U7 I RR)yEHAWZEZIZIZTYr s 3G
ST DI, ANVR= VY OSREENRELS o722 LT, HFRITORERR{EK
JEEATH T R C OARBIHI SNzl B b D,

£, —EBRT AL UM AE b OT A L ThE WD &P 5 OIERN A E LD,
&Ly alrT oK C B & 7 a7 T R D ~ O AR AMERE S -
hEBEZzLND,
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Scheme 1.4.

Ry R R'y R
Z TN 7z \" \4
z e z 0
IN_-Rh* SN\_-Rh*
R2 R2
B B'

Figure 1.1. The structure of rhodacycloheptene intermediates B and B’.

B, WTFAE MR T LAFTAET VL ERRAT ¢ U ARE W 1,6-=2 A
v EREAFUE S O @ T o T A RIRE NS5 - [ 22+ 2] AN BR AL OIS 3 50l s S T
B, BT 1L,6-m2 A DS TFNTORILIIBRILIC K > THE L 2 FREIE A 28 L
THITTE2HDEEZ BN TS, 728, LI _7= X 5 12(-)-4ac & (—-)-4df DO IL
WINY 587aR TH Y, BERIO T VA 2 & W T AR F 2202 INBR LSS T ST
WHHEEESE L — 8T 5, LER-> Ty Zunktr 4 00T o FRIREO I,
AFNCBNTY 7 a4 RHFRIEA ZRB L TAERL TS Z L2 X5, 1,6-
TA DTN TORERIBRIL N E =T o F A EIRONZHEIT T BT T DO L H 1T
ZTCW5,

HFA NPT AD/ET U —ILERRRT 4 UEERIIENL D BT ) — LG ERAT
DOEAFICEN L T4 007 == VEERu V0 AOEICARFT R 2 HET D,

# Z 1%, [Rh{(S)-BINAP}(MeOH),|BF, #&1AR D X Hfk & MAT OfE 5403 Heller 512X -
THESNTWERY BF, & MeOH #@4 LA R D E, Vo ED4>D7 == LD
IBHLEA R TIMTEVH L2907 2= VHR, B REE =SRICEY H LTV
% (Figure 1.2),
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side view top view

Figure 1.2. The Structure of [Rh{(S)-BINAP}(MeOH),]BF,, BF; and MeOH are omitted for
clarity (ORTEP, 30% probability ellipsoids).

[FERIZ, BT Ao Ma P w A0)/(R)-Hg-BINAP S5 CIE, V> ED 4507 = =LHEDH
HZH NI TNAD2OD7 = =)VEERH AR & FHEIMERIZR Y ) LTV 5 (Figure 1.3),

L " Q/ O

1 P\ 7 P. \
/ grnt R
2 Ph > Ph
side view @ top view

Figure 1.3. The structure of a cationic rhodium(I)/(R)-Hg-BINAP.

ZOa Ty AERIZ 1,6-m A1 1 BEBEHIBRIET D56, =0 A TRFF LB
THDFREERA & T AT LA~ —A WA LTS5 (Scheme 1.5, Figure 1.4), Z DARFH
DIIFRRERIBALIZ IR 2T Vo DM EEAFT D0, 1,6-= A > 11E, £ ORUEREIED
BT VA L DA E RIS LI AEICR 2NEY 9720, R' & RABULT & OSLIRREE %55
T TEAMERIBRAL N EITT 2, £ DT, SLIRREE O R EWVIEBIREE TS1'Z 88 i3 5 ik
A' LD SRR O/ SWIERIRRE TS1 288 9 2 PRER A DA RDMESE L TR\ WAL IRER
PERFELT 5,
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Scheme 1.5.

S R ) .
R? S Ph R e R\
Ph
L A _
B TS1 |
e 1
S R Rh(1)*/
\ /\/ (R)}Hg-BINAP  — _
R? — B
* Ph Ph
1 B Ph RIS
2 R'" R P
~ R ‘.%\ _— ,’+
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N X -7 \P ********** > /)
oS 2
 Ph R% pry
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L TS1' _
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/\P/
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\_Rh.+
Rl /
N
N 2
\ez
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Figure 1.4. Side view of TS1 and TS1".
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I AR DA

RER2R2MBALEISIZ L o TR T Ly 7 a~Ftr 41d, LTI RT &9
IR FRETH o 72,

IRT DY NRBRAGIET, ZBBRT A7 UM E b oY 7 aaFdt L ddf IC—ZED
KFEEZEHESESL L L= /(»’e}iﬁ’iﬁfj 16 P CIEITSULNTERE L, @Y7 AT L AR
7 o o6df 535 HAL7-(Table 1.6), 7;:#/1/%@7/1//7 VHENLAE B OV aant
VAji IXERE DR CIEETL ST E S T2 HEIT LD o T2, =& ) “‘/Wﬁﬁ’i’ﬂﬂb\ 48
R[] £ CROGRFM ZIER T 5 2 & CUT AT mm?ﬁé’wze E T OGS T L 7= (Table 1.6),
Lo, AFNVERT V7 AN E SOV 7 m~F 2 dac 1TV \ﬁ‘ﬁ“W)?MﬁFT%) GSTH AN
MHEETT L 720> 7=(Table 1.6),

IRE, n-r 2 F RSIR DN S DFFAERIC K0 (-)-6df DL S A, X M Al S AT I
X o TE D& )Y 3aS,55,7aR T D Z & & gl L 7= (Figure 1.3),

Table 1.6. Hydrogenation of cyclohexenes 4.

R" O H R'O

Pd/C H '
NRIR4 _ Me(atm) < NROR*
TsN rt, 16 h TsN
R? R?
4 6
3aS 55‘ 7aR)-(-)-6df )-6ji 6ac
86% yleld 76% yield 0% vyield
(toluene, 16 h) (EtOH, 48 h) (no reaction)

“ Reactions were conducted using Pd/C (1.5 wt % Pd), 4 (0.10 mmol), and toluene or EtOH (2.0
mL) at room temperature for 16 h. The cited yields are of the isolated products.

Figure 1.3. ORTEP diagram of (3aS$,5S,7aR)-(—)-6df with ellipsoids at 30% probability.
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UED XS, WTFhov s a~ft Al T HENRITTIC L - TR O LA
CUDNRELEE LD aank 6 BME LN DICR L, mCPBA IZ XD TV v D
b ZilH 2 &, BN OBHILNT o FONAEEEL & 2 TRF T R 7 LAEHEA OB
N DNRBLE 72 & D RS2 R T OM 7055 5 7= (Table 1.7),

T/, FOCT AT USERMII 7 a kv 4 OT Vv EOBBREEICS T T2
Lz, BT V7 UENLE SO 7 mAF Y BB 4df 7 5 ITABEENL S & > D NEARED
BExLDHTARXY N PRBEMICEOND T, WERT VT Ui E b oY 7 a~ftk
> 4ji, dac DO ITIBEANLN T o F ORI E 2 & 5 TR F T K7 BMEERICHE b,

Table 1.7. Epoxidation of cyclohexenes 4.

1
RO mCPBA o R ?® o,
1,5 equiv) 34 2 34
NR3RY __(1,5equiv) NR3R NRSR
Tmi:[ij/m CHCl, TSN T TN
5 0°Ctort, 16 h B B
R2 R’ R
4 7
o H©® o ph 9 Me O
_Ph e}
N N _Me
TsN Q TsN | N
A 1 Ph TsN |
N N S Me
Me H Mé

df: 24% yield (+)-7ji: 52% yield  (1aS,2S,4aS,7aS)-(-)-Tac: 55% yield
df*: 71% yield (+)-7ji": 23% yield (1aR,2S,4aS,7aR)-(-)-Tac": 34% yield

()7
)7

“ Reactions were conducted using mCPBA (0.15 mmol), 4 (0.10 mmol), and CH,Cl, (2.0 mL) at
0 °C to room temperature for 16 h. The cited yields are of the isolated products.

TRF VR TBIOTORBRMELY 7 aFt 2 4125 LT mCPBA X7 A7 L A H
DELLPBHE DL DI > TRE ST, BAVR=VERED LT 51205 mCPBA
PSR FT RTH, I3 < &R F v R 70345 5 415 (Scheme 1.6),

HNVKR= NI E O 7 a~nFt L DOTRF AEIZEB VT, mCPBA OKFEE VAR =)L
L ORFHERIT L » TERBIRIESHBE S NS Z ENmoNnTEY Y, ARISIZENT
t mCPBA DKFE L > 7 u~ft i 4 DIVR=NVEEE OKERFBEDFET L TS2-1 %
L TR R TGN, KE-HEDHFE LR TIUTTS2-2 ZFH L T ARF R
TRELNDLDOEEZLND,
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Scheme 1.6.

RIBAFARLT 2= L THITTRF Y RTRTEAEEYTHY, R BARETHIUTZ R
XV RTREEBRM THSTZDEF T 7 ot 4IZBTDEEOENNCEDLI LD EE X
bd, 705, R BAFARLT ==L ThHUIT IV v 7 AR A AZEY, TU L
NDOBHILINT F 2 ¥ )UVISLDa L T 4 A= a VIRAFRIE 72D mCPBA & D KFEREE N
X TZARFY T HEENICHEONZbD LB b,

2B, VTN —T VR D DRI LD (0)-Tac OEFER S B, X S GE
TEMEATIC K 0 Z OHeHEE DY 125,285,428, 7aS T 5 Z & & W78 L 7= (Figure 1.4),

Figure 1.4. ORTEP diagram of (1aS$,2S,4aS,7aS)-(—)-7ac with ellipsoids at 30% probability.

I, NI VY LIRFBMBFET TRV R 7ji 2—XEDOKETEILT D &, =K
X ROBRBRIG LT LT L 23— LK 8ji 23 FFEE DI HE T 5 4172 (Scheme 1.7),
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Scheme 1.7.
Ph O
o P g o Pd/C HO o
N~ H, (1 atm) TeN N/
TN | Bh EtOH 1 Ph
H i, 16 h g
(+)-7ji (+)-8ji
64% yield

UEDX I, EENHB LA T 7 VAT 2 RORF R IR G
WX THROLNDF T N7e~FH e FaAf VA R—L b7 2 Rid3a4,5,7afLICEH]
HEBAN LA X2 Fad VA R—L kT I RNEBBNFRETH D, A7 X
NuaA Y R=W3 T8 A RREERER LR s L ToREMIEEZ Ho 2
ERFNHILTEY, 431NN Diels-Alder )i &, & D% OEREIEZEH L Z VT NASALIZ E#
HKEbOF 72t FaA VA2 R—=LRNEEN TV 5 (Scheme 1.8)”, Diels-Alder K& C
Lo TERIRB#Z ST B IERIETIE 3a fr=e Ta fir & o T FGHAN ~ 0D & FLEA (A
ThHoTD, KIFIC K > THIZRBEBRIE N — 2 2 b0 TV F 7 X e RaAf Y R—
VOB FREE 7o T,

Scheme 1.8.

R2 1) Diels-Alder reaction R2
2) alkene hydrogenation s 32 J4 RS
a

= .
/\) 3) carbonyl reduction
Rwy«¢f ey REN
& .
1 7a

5}
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PLED X 5 1CEF T, MO ERECTH D INNEA NVETERINTZT IV,
T IUNTIR2ERWDSZETEREAX TV A 7 EO B -KEBBES IR S, &
FA a7 ADEEEREEC X D 1,6- 2 A & T v DOy IARF 242421 NER L
FOGSARFNZR M CTHEIT L, V7 Bt 4 BNEICE, @VLE, U7 A7 LA, BIO
T UF AR TE LN D Z & & AL L 7=(Scheme 1.9),

Scheme 1.9.

O

1 [R?F1_(1 OdT?]Ig/lg / P9
——R 4 cod), & 4
Z . ﬁN’R (R)-Hg-BINAP . N’R
L( R3 CH,Cly, rt-40 °C L RS
R? R2
1 2 4

up to >99% yield
up to >99% ee

R NRSR*
Rh(l)* N
eQ)
Z \
Rh

—Rh(ly*

+

R2

£, VI OAFVUAOFEREEERICEY, 27 unxY U6, 8 BLOTRFL R, T
~NEFHFEARE TH H Z & &R T T & 3T & 7=(Scheme 1.10),

Scheme 1.10.
H R'O
H > R4
Pd/C 7 N~
H, (1 atm) TsN 1 R3
R'" © R?
R* 6
N
TsN J R3 o o
N R R
R2 \ oL - o, "
4 Nz + T N/
mCPBA TsN | RS TsN | R3
R2 R2
7 7
Pd/C
H, (1 atm)
R'" O
HO Ré
N
TsN | "23
F_{2
8
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Exprimental Section

Exprimental Section
I. General
All reactions were carried out under nitrogen or argon with magnetic stirring.

Reagents were prepared as follows.

Anhydrous CH,Cl, (No. 27,099-7) was obtained from Aldrich and used as received.
Solvents for the synthesis of substrates were dried over Molecular Sieves 4A (Wako) prior to
use.

Hg-BINAP, xyl-Hg-BINAP, and Segphos were obtained from Takasago International
Corporation.

1,6-Enynes la,l) lb,z) 1c,3) 1d,4) 1e,4) lg,S) 1h,6) 1i,6) and 1j7) were prepared according to
the literatures.

Acrylamides 2 Zg,g) 2h,'” 2i,'"” and 2j'* were prepared according to the literatures.

All other reagents were obtained from commercial sources and used as received.

Experimental properties were measured as follows.

Melting points were measured on a Mettler Toledo MP50.

'H and "*C NMR data were collected on a JEOL AL-300 (300 MHz) and a JEOL AL-500
(500 MHz) at ambient temperature.

HRMS data were obtained on a Bruker micrOTOF Focus II.

HPLC analyses were carried out on a Jasco LC-2000Plus Series system using Daicel
CHIRALPAK® columns (internal diameter 4.6 mm, column length 250 mm, particle size 3
and 5 um).

Optical rotation data were obtained with a JASCO DIP-1000 digital polarimeter at the

sodium D line (589 nm) at ambient temperature.
I1. Synthesis of 1,6-Enyne 1f

N-But-2-ynyl-4-methyl-/V-(2-methylenebutyl)benzenesulfonamide (1f)

——Me —

. TsN /T Me
HO // S| TsO // H TsN //
Et Et Et
A 1f

To a solution of KOH (269.3 mg, 4.800 mmol) in THF (10 mL) was added
2-methylenebutan-1-o1'> (83.1 mg, 0.964 mmol) at 0 °C and the mixture was stirred at 0 °C for 30
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min. To this mixture was added TsCl (274.5 mg, 1.440 mmol) at 0 °C, and the mixture was stirred
at room temperature for 14 hours. The reaction was quenched with water and extracted with EtOAc.
The organic layer was washed with brine, dried over Na,SO,4, and concentrated to give crude
tosylate A. This crude tosylate A was added to a solution of K,CO; (132.3 mg, 0.9572 mmol) and
N-2-butyn-1-yl-4-methylbenzenesulfonamide (142.5 mg, 0.6382 mmol) in acetonitrile (30 mL),
and the mixture was refluxed for 6 hours. The reaction was quenched with water and extracted with
EtOAc. The residue was washed with brine, dried over Na,SO,, and concentrated. The residue was
purified by a flash column chromatography (n-hexane/EtOAc = 5:1), to give 1f (83.9 mg, 0.288
mmol, 30 % yield from 2-methylenebutan-1-ol) as a colorless oil.

IR (neat) 2967, 2921, 2877, 1348, 1161 cm™; "H NMR (CDCls, 500 MHz) 6 7.74 (d, J = 8.2 Hz,
2H), 7.30 (d, J = 8.2 Hz, 2H), 4.98 (s, 1H), 4.96 (s, 1H), 3.96 (d, J= 2.5 Hz, 2H), 3.73 (s, 2H), 2.41
(s, 3H), 2.09 (q, J = 7.5 Hz, 2H), 1.49 (t, J = 2.5 Hz, 3H), 1.06 (t, J = 7.5 Hz, 3H); *C NMR
(CDCl;, 125 MHz) § 144.8, 143.1, 136.0, 129.1, 127.8, 113.1, 81.5, 71.3, 51.2, 35.9, 25.8, 21.4,
11.9, 3.1; HRMS (ESI) calcd for C;¢H, NO,SNa [M+Na]" 314.1185, found 314.1198.

II1. Rhodium-Catalyzed Asymmetric [2+2+2] Cycloadditions of 1,6-Enynes 1 with Alkenes

2
3 mol % Me

—=—Me 0 [Rh(cod),]BF 4/ 0 y Me '\’\(lle
TsN M (R)-Hg-BINAP e P .

L/( + ﬁr\‘r e TsN Vo * TsN I Me

: Me
Me Me Me Me
1a 2c 4ac 5ac

Representative procedure for the rhodium-catalyzed asymmetric [2+2+2] cycloadditions of
1,6-enynes 1 with alkenes 2 (1a and 2¢, Table 1.1, entry 9): (R)-Hs-BINAP (3.8 mg, 0.0060 mmol)
and [Rh(cod),|BF, (2.4 mg, 0.0060 mmol) were dissolved in CH,Cl, (1.5 mL) and the mixture was
stirred at room temperature for 30 min. H, was introduced to the resulting solution in a Schlenk
tube. After stirring at room temperature for an hour, the resulting mixture was concentrated to
dryness. To the residue was added a solution of enyne 1a (55.5 mg, 0.200 mmol) and alkene 2¢
(21.8 mg, 0.220 mmol) in CH,Cl, (1.5 mL) at room temperature. The mixture was stirred at rt for
16 hours. The resulting solution was concentrated and purified by a preparative TLC
(n-hexane/EtOAc = 1:1), which furnished (55,7aR)-(-)-4ac (64.2 mg, 0.170 mmol, 85% isolated
yield, >99% ee) as a colorless oil and Sac (8.5 mg, 0.023 mmol, 11% isolated yield) as a colorless
oil.

(58,7aR)-(—)-4,7a-Dimethyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-ca

rboxylic acid dimethylamide [(5S,7aR)-(-)-4ac, Scheme 1.3]
Me o

TsN |
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Colorless oil; [a]*’p —99.2° (¢ 2.90, CHCls, >99% ee); IR (neat) 2936, 2859, 1638, 1342, 1160
em™; "H NMR (CDCls, 500 MHz) 6 7.77-7.62 (m, 2H), 7.37-7.24 (m, 2H), 4.03 (d, J = 13.5 Hz,
1H), 3.75 (d, J = 13.5 Hz, 1H), 3.46 (d, J= 8.5 Hz, 1H), 3.21 (d, /= 7.5 Hz, 1H), 3.09 (s, 3H), 2.91
(s, 3H), 2.68 (d, J = 8.5 Hz, 1H), 2.43 (s, 3H), 1.96 (ddt, J = 14.0, 7.5, 4.0 Hz, 1H), 1.66 (dt, J =
14.0, 3.5 Hz, 1H), 1.58 (dt, J = 14.0, 3.5 Hz, 1H), 1.50 (dt, J = 14.0, 3.5 Hz, 1H) 1.43 (s, 3H), 1.06
(s, 3H); °C NMR (CDCls, 75 MHz) 6 173.8, 143.3, 136.8, 133.8, 129.6, 127.2 123.3, 61.1, 48.6,
40.5, 39.9, 37.6, 35.6, 28.8, 23.8, 22.7, 21.4, 18.2; HRMS (ESI) calcd for C,yHpsN,O;SNa
[M+Na]" 399.1713, found 399.1711; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min,
retention times: 9.1 min (major isomer) and 30.5 min (minor isomer).

(-)-4,7a-Dimethyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carboxylic
acid methyl ester [(—)-4ad, Scheme 1.3]

Colorless oil; [a]*p —103.2° (¢ 0.255, CHCLs, 99% ee); IR (neat) 2949, 2861, 1732, 1343, 1157
ecm’'; "H NMR (CDCl;, 500 MHz) § 7.75-7.69 (m, 2H), 7.36-7.29 (m, 2H), 3.99 (dq, J = 14.0, 1.5
Hz, 1H), 3.79 (d, J = 14.0 Hz, 1H), 3.64 (s, 3H), 3.44 (d, J = 8.5 Hz, 1H), 2.96-2.89 (m, 1H), 2.71
(d, J=8.5 Hz, 1H), 2.44 (s, 3H), 1.99-1.84 (m, 2H), 1.60-1.46 (m, 2H), 1.51 (s, 3H), 1.00 (d, J =
1.5 Hz, 3H); >C NMR (CDCls, 125 MHz) 6 174.6, 143.4, 137.4, 134.3, 129.7, 127.4, 122.0, 61.2,
51.8,48.6,44.2,40.7,29.2,23.9,22.7, 21.5, 18.3; HRMS (ESI) calcd for C;oH,sNO,SNa [M+Na]"
386.1397, found 386.1397; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention
times: 7.4 min (major isomer) and 10.6 min (minor isomer).

4-[4,4-Dimethyl-1-(toluene-4-sulfonyl)pyrrolidin-3-ylidene]pent-2-enoic acid
dimethylamide (5ac, Table 1.1, entry 9)

7
H Me Me
' N‘Me
TsN
MeH (0]
Me

NOESY cross peak

The stereochemistry of 4-position was determined by the NOESY experiment. The
stereochemistry of 2-position was determined with the large coupling constant between the olefinic
'H NMR peaks (15.0 Hz). Colorless oil; IR (neat) 2927, 2866, 1646, 1344, 1161 cm™; 'H NMR
(CDCl;, 300 MHz) ¢ 7.81 (d, J = 15.0 Hz, 1H), 7.7-7.66 (m, 2H), 7.39-7.30 (m, 2H), 6.23 (d, J =
15.0 Hz, 1H), 3.88 (s, 2H), 3.10 (s, 3H), 3.02 (s, 3H), 2.96 (s, 2H), 2.45 (s, 3H), 1.70 (s, 3H), 1.36
(s, 6H); °C NMR (CDCls, 125 MHz) 6 166.8, 148.7, 143.8, 139.6, 131.5, 129.7, 128.1, 124.5,
116.1, 63.0, 53.5, 42.7, 37.2, 35.7, 27.4, 21.5, 16.1; HRMS (ESI) caled for CyyHpsN,O;SNa
[M+Na]" 399.1713, found 399.1727.
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(-)-[4,7a-Dimethyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindol-5-yl| pyrrolidi

n-1-ylmethanone [(—)-4af, Table 1.2]
Me O
w7
Me

Yellow oil; [a]*’p —89.1° (¢ 4.12, CHCls, >99% ee); IR (neat) 2950, 2873, 1633, 1342, 1159
cm’'; "H NMR (CDCls, 300 MHz) 6 7.74-7.64 (m, 2H), 7.37—7.24 (m, 2H), 4.04 (dq, J=13.8, 1.5
Hz, 1H), 3.73 (d, J= 13.8 Hz, 1H), 3.60-3.31 (m, 5H), 3.03 (d, /= 7.3 Hz, 1H), 2,68 (d, /= 8.4 Hz,
1H), 2.43 (s, 3H), 2.07-1.78 (m, 5H), 1.76—1.59 (m, 2H), 1.50 (dt, J = 12.5, 3.5 Hz, 1H), 1.45 (s,
3H), 1.07 (s, 3H); °C NMR (CDCl;, 75 MHz) § 172.6, 143.3, 136.9, 133.9, 129.6, 127.3, 123.1,
61.2, 48.7, 46.8, 45.7, 42.3, 40.6, 29.0, 26.2, 24.3, 23.9, 22.7, 21.4, 18.1; HRMS (ESI) calcd for
CyH3N,03SNa [M+Na]™ 425.1869, found 425.1872; CHIRALPAK AD-H, n-hexane/i-PrOH =

80:20, 1.0 mL/min, retention times: 8.6 min (major isomer) and 44.5 min (minor isomer).

(-)-4,7a-Dimethyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carboxylic
acid dibutylamide [(—)-4ag, Table 1.2]

Colorless oil; [a]ZSD —109.5° (¢ 4.08, CHCI3, >99% ee); IR (neat) 2957, 2867, 1627, 1346, 1157
cm’'; "H NMR (CDCls, 300 MHz) 6 7.72-7.67 (m, 2H), 7.35-7.28 (m, 2H), 4.05 (d, J = 13.4 Hz,
1H), 3.72 (d, J = 13.4 Hz, 1H), 3.46 (d, J = 8.4 Hz, 1H), 3.33-3.20 (m, 4H), 3.13 (d, /= 7.7 Hz,
1H), 2.68 (d, J = 8.4 Hz, 1H), 2.43 (s, 3H), 1.99-1.87(m, 1H), 1.43(s, 3H), 1.69-1.20 (m, 11H),
1.07 (s, 3H), 0.95 (t, 7.2 Hz, 3H), 0.89 (t, 7.2 Hz, 3H); *C NMR (CDCls, 75 MHz) 6 173.6, 143.2,
136.8, 134.0, 129.6, 127.3, 123.3, 61.1, 48.6, 48.0, 46.1, 40.5, 39.6, 31.8, 29.7, 28.9, 23.8, 23 .4,
21.4, 20.1, 19.9, 17.9, 13.7; HRMS (ESI) calcd for CyeH4N,03SNa [M+Na]" 483.2652, found
483.2655; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 5.3 min
(major isomer) and 9.1 min (minor isomer).

(-)-4,7a-Dimethyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carboxylic
acid methylphenylamide [(—)-4ah, Table 1.2]

Colorless oil; [(1]251) —75.6° (¢ 3.70, CHCIl;, >99% ee); IR (neat) 2931, 2857, 1652, 1344, 1159
ecm’'; 'TH NMR (CDCls, 300 MHz) § 7.73-7.65 (m, 2H), 7.49-7.25 (m, 5H), 7.21-7.14 (m, 2H),
3.98 (d, J=13.5 Hz, 1H), 3.71 (d, J = 13.5, 1H), 3.45 (d, J = 8.4 Hz, 1H), 3.23 (s, 3H), 2.96(12.86
(m, 1H), 2.70 (d, J= 8.4 Hz, 1H), 1.78-1.65 (m, 3H), 1.55-1.45 (m, 1H) 1.42 (s, 3H), 0.96 (s, 3H) ;
C NMR (CDCls, 125 MHz) 6 174.2, 144.0, 143.3, 136.9, 133.8, 129.9, 129.6, 129.5, 127.4, 127.3,
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123.0, 61.1, 48.6, 40.5, 40.2, 37.4, 29.0, 23.7, 232, 21.5, 17.9; HRMS (ESI) calcd for
C,sH30N,03SNa [M+Na]™ 461.1869, found 461.1869; CHIRALPAK AD-H, n-hexane/i-PrOH =
80:20, 1.0 mL/min, retention times: 9.9 min (major isomer) and 23.6 min (minor isomer).

(-)-4,7a-Dimethyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carboxylic
acid diphenylamide [(-)-4ai, Table 1.2]

Colorless oil; [a]ZSD —38.8° (¢ 5.21, CHCl;, >99% ee); IR (neat) 2930, 2858, 1668, 1344, 1156
em’'; "H NMR (CDCl;, 500 MHz) § 7.73-7.66 (d, J = 8.1 Hz, 1H), 7.54-7.10 (m, 12H), 4.02 (d, J
=13.6, 1H), 3.71 (d, J=13.6 Hz, 1H), 3.45 (d, J = 8.6 Hz, 1H), 3.10-3.08 (m, 1H), 2.67 (d, /= 8.6
Hz, 1H), 2.43 (s, 3H), 1.95-1.84 (m, 1H), 1.83-1.70 (m, 2H), 1.55 (s, 3H), 1.58-1.49 (m, 1H), 1.00
(s, 3H); °C NMR (CDCls, 75 MHz) d 174.5, 143.4, 142.9, 142.4, 137.2, 133.6, 130.0, 129.7, 128.8,
128.6, 128.0, 127.3, 126.3, 122.9, 61.1, 48.7, 41.1, 40.6, 28.9, 23.8, 23.3, 21.5, 18.0; HRMS (ESI)
caled for C3;H3N,03SNa [M+Na]™ 523.2026, found 523.2027; CHIRALPAK AD-H,
n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 10.9 min (major isomer) and 13.1 min
(minor isomer).

(-)-4,7a-Dimethyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carboxylic

acid methoxymethylamide [(—)-4aj, Table 1.2]
Me O

Me
Me

Pale yellow solid; Mp 124.5-126.0 °C; [0]*’p —106.4° (c 2.44, CHCl3, >99% ee); IR (KBr) 2950,
2888, 1655, 1348, 1164 cm™; '"H NMR (CDCls, 300 MHz) 6 7.79-7.62 (m, 2H), 7.38-7.22 (m, 2H),
4.04 (d, J = 13.6 Hz, 1H), 3.76 (d, J = 13.6 Hz, 1H), 3.70 (s, 3H), 3.46 (d, J = 8.6 Hz, 1H),
3.45-3.35 (m, 1H), 3.15 (s, 3H), 2.69 (d, J = 8.6 Hz, 1H), 2.43 (s, 3H), 2.06-1.90 (m, 1H), 1.73 (dt,
J=14.1,3.3 Hz, 1H), 1.63-1.46 (m, 2H), 1.45 (s, 3H), 1.06 (s, 3H); °C NMR (CDCls, 75 MHz) §
175.1, 143.3, 137.3, 133.8, 129.6, 127.2, 122.6, 61.4, 61.1, 48.6, 40.5, 39.2, 32.1, 28.9, 23.8, 22.8,
21.4, 18.0; HRMS (ESI) calcd for C,yH,sN,O4,SNa [M+Na]+ 415.1662, found 415.1677,
CHIRALPAK AS-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 77.1 min (minor
isomer) and 95.7 min (major isomer).

(-)-3a,7-Dimethyl-6-(methylphenylcarbamoyl)-1,3,3a,4,5,6-hexahydroindene-2,2-dicarboxy

lic acid dimethyl ester [(—)-4bh, Table 1.2]
Me O

MeO,C ><:©)LN,M9
|
MeO,C~ = Ph

Me
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Pale yellow solid; Mp 117.0-118.8 °C; [a]zSD -31.5° (¢ 2.97, CHCls, >99% ee); IR (KBr) 2952,
1751, 1733, 1651 ecm™; '"H NMR (CDCls, 500 MHz) 6 7.50-7.40 (m, 2H), 7.40-7.31 (m, 1H),
7.27-7.17 (m, 2H), 3.74 (s, 3H), 3.72 (s, 3H), 3.27 (s, 3H), 3.12 (d, J = 17.5Hz, 1H), 3.02 (d, J =
17.5 Hz, 1H), 2.95-2.85 (m, 1H), 2.41 (d, J = 13.2 Hz, 1H), 2.20 (d, J = 13.2 Hz, 1H), 1.86-1.76
(m, 1H), 1.74-1.60 (m, 2H), 1.59-1.46 (m, 1H), 1.52 (s, 3H), 0.81 (s, 3H); °C NMR (CDCls, 125
MHz) 6 174.6, 173.4, 172.5, 144.4, 140.6, 129.8, 127.6, 127.5, 121.6, 57.7, 52.8, 52.7, 48.4, 40.68,
40.62, 37.4, 35.8, 32.5, 24.5, 23.6, 18.0; HRMS (ESI) calcd for Cp3sH,0NOsNa [M+Na]™ 422.1938,
found 422.1950; CHIRALPAK AD-H, n-hexane/i-PrOH = 95:5, 1.0 mL/min, retention times: 10.7

min (minor isomer) and 14.0 min (major isomer).

(-)-7a-Methyl-4-pentyl-1,3,5,6,7,7a-hexahydrosobenzofuran-5-carboxylic acid
methyphenylamide [(—)-4ch, Table 1.2]

n-CsHqq O
Me

v
2 Ph
Me

Yellow oil; [a]*p —47.3° (¢ 1.74, CHCls, 93% ee); IR (neat) 2928, 2854, 1658, 1254, 1045 cm™;
'H NMR (CDCls, 300 MHz) 6 7.53-7.32 (m, 3H), 7.26-7.16 (m, 2H), 4.43 (dd, J = 12.3, 0.9 Hz,
1H), 4.35 (dd, J = 12.3, 2.4 Hz, 1H), 3.77 (d, J = 7.6 Hz, 1H), 3.40 (d, J = 7.6 Hz, 1H), 3.27 (s, 3H),
3.11-2.99 (m, 1H), 2.03-1.61 (m, 5H), 1.57—1.45 (m, 1H), 1.36-1.06 (m, 6H), 1.00 (s, 3H), 0.84 (t,
J=17.0 Hz, 3H); "C NMR (CDCl;, 75 MHz) 6 174.7, 144.2, 140.8, 129.8, 127.8, 127.4, 125.8, 80.6,
67.6, 40.8, 382, 37.5, 32.4, 31.6, 28.3, 27.7, 23.7, 23.4, 22.5, 14.0; HRMS (ESI) calcd for
C»,H3NO,Na [M+Na]" 364.2247, found 364.2262; CHIRALPAK AD-H, n-hexane/i-PrOH = 95:5,

1.0 mL/min, retention times: 10.5 min (major isomer) and 14.0 min (minor isomer).

(5S,7aR)-(—)-[7a-Methyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindol-5-yl]-pyr
rolidin-1-ylmethanone [(5S,7aR)-(—)-4df, Table 1.2]

O
W0
Me

Colorless solid; Mp 118.5-119.3 °C; [0]*’p —134.9° (¢ 2.52, CHCls, 99% ee); IR (KBr) 2965,
2866, 1620, 1342, 1162 cm™; '"H NMR (CDCls, 300 MHz) 6 7.73-7.62 (m, 2H), 7.37-7.22 (m, 2H),
5.38-5.26 (m, 1H), 4.12 (dd, J = 13.5, 2.4 Hz, 1H), 3.65 (dt, J = 13.5, 1.8 Hz, 1H), 3.56-3.30 (m,
5H), 3.19-3.08 (m, 1H), 2.68 (d, J = 9.0 Hz, 1H), 2.43 (s, 3H), 2.02—1.52 (m, 8H), 1.07 (s, 3H) °C
NMR (CDCls, 75 MHz) 6 172.4, 143.45, 143.41 133.6, 129.6, 127.3, 116.0, 61.0, 50.1, 46.5, 45.8,
40.1, 37.7, 29.8, 26.1, 24.1, 23.2, 21.4, 21.2; HRMS (ESI) calcd for C,;H,sN,03SNa [M+Na]"
411.1713, found 411.1720; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention

times: 11.7 min (major isomer) and 20.1 min (minor isomer).

(-)-7a-Methyl-4-phenyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carbo
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xylic acid diphenylamide [(—)-4ei, Table 1.2]

Pale Yellow oil; [0]*’p =70.0° (¢ 4.13, CHCls, 95% ee); IR (neat) 3061, 2930, 2865, 1666, 1344,
1157 em™’; '"H NMR (CDCls, 300 MHz) 6 7.65-7.57 (d, J = 8.4 Hz, 2H), 7.39-7.16 (m, 10H),
7.15-7.05 (m, 1H), 6.99-6.82 (m, 4H), 6.76-6.55 (m, 2H), 3.82 (dd, /= 14.2, 2.7 Hz, 1H), 3.65 (dd,
J=14.2,2.1 Hz, 1H), 3.52 (d, /= 8.4 Hz, 1H), 3.40-3.28 (m, 1H), 2.82 (d, /= 8.4 Hz, 1H), 2.41 (s,
3H), 2.10-1.76 (m, 3H), 1.70-1.52 (m, 1H), 1.08 (s, 3H); >C NMR (CDCls;, 75 MHz) § 173.7,
143.4, 142.5, 142.4, 139.8, 139.7, 133.6, 129.6, 129.53, 129.47, 128.7, 128.5, 128.4, 128.3, 127.8,
127.4, 127.3, 126.3, 126.1, 61.3, 48.8, 41.5, 40.5, 28.7, 23.8, 23.4, 21.5; HRMS (ESI) calcd for
C;5H34N,0O3SNa [M+N.':1]+ 585.2182, found 585.2182; CHIRALPAK AD-H, n-hexane/i-PrOH =
90:10, 1.0 mL/min, retention times: 16.1 min (major isomer) and 41.3 min (minor isomer).

(-)-7a-Ethyl-4-methyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carbox
ylic acid methylphenylamide [(—)-4fh, Table 1.2]

Colorless solid; Mp 81.5-83.5 °C; [a]ZSD —63.6° (c 3.05, CHCl;, >99% ee); IR (KBr) 2953, 2865,
1651, 1337, 1163 cm™; "H NMR (CDCls, 300 MHz) 6 7.74-7.65 (m, 2H), 7.50-7.25 (m, 5H),
7.22-7.13 (m, 2H), 3.96 (d, J = 13.8 Hz, 1H), 3.69 (d, J = 13.8 Hz, 1H), 3.64 (d, J = 8.6 Hz, 1H),
3.23 (s, 3H), 2.94-2.85 (m, 1H), 2.53 (d, J = 8.6 Hz, 1H), 2.44 (s, 3H), 1.82—1.19 (m, 5H), 1.43 (s,
3H), 1.16-0.99 (m, 1H), 0.73 (t, J = 7.4 Hz, 3H); °C NMR (CDCl;, 75 MHz) 6 174.4, 144.1, 143 3,
137.8, 133.8, 129.9, 129.6, 127.9, 127.34, 127.26, 123.0, 56.8, 48.7, 43.9, 40.0, 37.3, 30.2, 26.2,
243, 22,7, 21.4, 17.9, 8.7, HRMS (ESI) caled for C,sH3,N,03SNa [MJrNa]+ 475.2026, found
475.2034; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 10.0 min

(major isomer) and 18.7 min (minor isomer).

(-)-7a-Phenyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carboxylic acid
methylphenylamide [(—)-4gh, Table 1.2]
o]

_Me
TsN N
o Ph
Ph

Colorless oil; [a]*p —96.3° (¢ 1.90, CHCls, 94% ee); IR (neat) 3023, 2941, 2864, 1655, 1342,
1161 em™; '"H NMR (CDCls, 500 MHz) § 7.47-7.30 (m, 5H), 7.21-7.06 (m, 7H), 7.04-6.97 (m,
2H), 5.69-5.55 (m, 1H), 4.08 (d, J = 9.0 Hz, 1H), 3.99 (d, J = 4.6 Hz, 1H), 3.82 (d, /= 13.2 Hz,
1H), 3.22 (s, 3H), 3.17 (d, J = 9.6 Hz, 1H), 3.12-2.99 (m, 1H), 2.36 (s, 3H), 2.05 (td, J= 7.8, 1.5
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Hz, 1H), 1.91 (dt, J = 7.8, 2.0 Hz, 1H), 1.64 (d, J = 8.1 Hz, 1H), 1.10-0.96 (m, 1H); °C NMR
(CDCl;, 125 MHz) 6 173.9, 143.8, 143.4, 143.0, 140.8, 133.7, 130.0, 129.4, 128.2, 128.0, 127.3,
127.1, 126.9, 126.3, 120.4, 61.9, 50.9, 49.8, 37.7, 36.0, 31.8, 21.6, 21.4; HRMS (ESI) calcd for
C0H30N,03SNa [M+Na]" 509.1869, found 509.1872; CHIRALPAK AD-H, n-hexane/i-PrOH =
80:20, 1.0 mL/min, retention times: 25.1 min (major isomer) and 33.0 min (minor isomer).

(-)-4-Methyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carboxylic acid
dimethylamide [(—)-4hc, Table 1.3, entry 1]

Colorless solid; Mp 147.5-149.3 °C; [a]zSD =71.5° (¢ 0.225, CHCI3, 97% ee); IR (KBr) 2938,
2883, 1635, 1331, 1154 cm™; '"H NMR (CDCls, 500 MHz) 6 7.73-7.66 (m, 2H), 7.34-7.29 (m, 2H),
4.03 (d, J=13.8 Hz, 1H), 3.78 (t, /= 14.3 Hz, 1H) 3.67 (d, J = 13.8 Hz, 1H), 3.27-3.19 (m, 1H),
3.08 (s, 3H), 2.92 (s, 3H), 2.54-2.41 (m, 2H), 2.43 (s, 3H), 1.81-1.66 (m, 3H), 1.46 (s, 3H),
1.43-1.33 (m, 1H); >C NMR (CDCls, 75 MHz) § 173.9, 143.5, 133.8, 133.0, 129.7, 127.5, 123.9,
53.9, 49.7, 40.2, 39.8, 37.6, 35.6, 26.0, 21.8, 21.5, 18.2; HRMS (ESI) calcd for C;9H,sN,O3SNa
[M+Na]" 385.1556, found 385.1576; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min,

retention times: 9.8 min (major isomer) and 18.2 min (minor isomer).

(+)-4-|4-Methyl-1-(toluene-4-sulfonyl)pyrrolidin-3-ylidene]pent-2-enoic acid dimethylamide
[(H)-5he, Table 1.3, entry 1]

Me Me
N
2 =
Tst Me
Me ©
H

The stereochemistry of the 4-position was determined with the chemical shift of the olefinic 'H
NMR peak by analogy to 5ac. The stereochemistry of 2-position was determined determined with
the large coupling constant between the olefinic 'H NMR peaks (15.0 Hz). Colorless oil; [a]ZSD
+38.8° (¢ 1.27, CHCls, 65% ee); IR (neat) 2965, 2927, 2869, 1651, 1344, 1161 cm™'; '"H NMR
(CDCl;, 500 MHz) 6 7.74-7.69 (m, 2H), 7.46 (d, J=15.0 Hz, 1H), 7.37-7.32 (m, 2H), 6.25 (d, J =
15.0 Hz, 1H), 4.17 (d, J = 16.1 Hz, 1H), 3.63 (d, J = 16.1 Hz, 1H), 3.32 (d, J = 9.0 Hz, 1H),
3.25-3.16 (m, 1H), 3.09 (s, 3H), 3.05-2.99 (m, 1H), 3.00 (s, 3H), 2.43 (s, 3H), 1.70 (s, 3H), 1.15 (d,
J =7.0 Hz, 3H); °C NMR (CDCl;, 75 MHz) 6 166.8, 146.9, 143.7, 139.7, 132.0, 129.7, 127.9,
124.4, 116.4, 55.1, 51.0, 37.3, 35.8, 35.7, 21.5, 21.0, 15.2; HRMS (ESI) calcd for C;9H,N,O;SNa
[M+Na]" 385.1556, found 385.1574; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min,

retention times: 11.9 min (major isomer) and 17.0 min (minor isomer).

(-)-4-Methyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carboxylic acid
methylphenylamide [(—)-4hh, Table 1.4]
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Pale yellow solid; Mp 90.9-92.0 °C; [a]ZSD -762.2° (¢ 2.36, CHCl;, 91% ee); IR (KBr) 2926,
2859, 1645, 1339, 1158 cm™; '"H NMR (CDCls, 300 MHz) 6 7.75-7.63 (m, 2H), 7.49-7.26 (m, 5H),
7.22-7.16 (m, 2H), 3.98 (d, J = 13.8 Hz, 1H), 3.77 (dd, J = 8.4, 6.9 Hz, 1H), 3.62 (d, /= 13.8 Hz,
1H), 3.23 (s, 3H), 2.97-2.88 (m, 1H), 2,56-2.28 (m, 2H), 2.45 (s, 3H), 1.86-1.64 (m, 2H),
1.60-1.32 (m, 2H), 1.45 (s, 3H); °C NMR (CDCls, 75 MHz) J 174.4, 144.0, 143.5, 133.9, 133.0,
129.9, 129.7, 127.9, 127.5, 127.4, 123.6, 54.0, 49.6, 40.4, 39.6, 37.4, 26.4, 21.9, 21.5, 17.8; HRMS
(ESI) caled for Cy4H,sN,03SNa [M+Na]™ 447.1713, found 447.1725; CHIRALPAK AD-H,
n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 10.1 min (major isomer) and 15.1 min
(minor isomer).

(-)-4-Methyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carboxylic acid
diphenylamide [(—)-4hi, Table 1.4]

Pale yellow oil; [a]ZSD —18.1° (¢ 3.98, CHCIl;, 95% ee); IR (neat) 3033, 2938, 2854, 1670, 1341,
1161 cm™; '"H NMR (CDCls, 300 MHz) 6 7.74-7.63 (m, 2H), 7.51-7.08 (m, 12H), 4.01 (d, J=13.9
Hz, 1H), 3.77 (t, J= 7.1 Hz, 1H), 3.63 (d, J = 13.9 Hz, 1H), 3.19-3.04 (m, 1H), 2.53-2.33 (m, 2H),
2.42 (s, 3H), 2.06-1.90 (m, 1H), 1.81-1.41 (m, 3H) 1.58 (s, 3H); °C NMR (CDCl;, 75 MHz) &
174.6, 143.5, 134.1, 132.8, 129.9, 129.7, 128.85, 128.77, 128.6, 127.94, 127.90, 127.5, 126.2, 126.1,
123.5, 54.0, 49.6, 41.3, 39.5, 26.4, 21.8, 21.5, 18.0; HRMS (ESI) calcd for C,9H;3N,O3;SNa
[M+Na]" 509.1869, found 509.1874; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min,
retention times: 11.1 min (major isomer) and 14.3 min (minor isomer).

(-)-4-Methyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carboxylic acid
methoxymethylamide [(-)-4hj, Table 1.4]

Yellow oil; [0]%p —67.4° (c 2.81, CHCls, 97% ee); IR (neat) 2938, 2862, 1655, 1342, 1162 cm™;
'"H NMR (CDCls, 300 MHz) 6 7.75-7.65 (m, 2H), 7.39-7.25 (m, 2H), 4.03 (d, J = 14.1 Hz, 1H),
3.84-3.62 (m, 2H), 3.70 (s, 3H), 3.46-3.34 (m, 1H), 3.16 (s, 3H) 2.52-2.39 (m, 2H), 2.4 (s, 3H),
1.90-1.64 (m, 3H), 1.48 (s, 3H), 1.43-1.24 (m, 1H); *C NMR (CDCl;, 75 MHz) J 175.3, 143.5,
134.3, 133.0, 129.7, 127.5, 123.2, 61.4, 53.9, 49.6, 39.6, 39.5, 32.1, 26.0, 21.8, 21.5, 18.0; HRMS
(ESI) caled for CjoHgN,04SNa [M+Na]® 401.1505, found 401.1516; CHIRALPAK AD-H,
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n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 10.3 min (major isomer) and 17.7 min

(minor isomer).

(-)-2-(Toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carboxylic acid
dimethylamide [(—)-4ic, Table 1.4]

Colorless oil; [0]*p =97.2° (¢ 1.41, CHCL;, 96% ee); IR (neat) 2936, 2864, 1644, 1342, 1162
ecm; "H NMR (CDCls, 500 MHz) 6 7.71-7.65 (m, 2H), 7.35-7.29 (m, 2H), 5.46-5.39 (m, 1H),
4.09 (d, J=13.5 Hz, 1H), 3.86-3.74 (m, 1H), 3.61 (dq, J = 13.5, 2.0 Hz, 1H), 3.37-3.29 (m, 1H),
3.06 (s, 3H), 2.89 (s, 3H), 2.52-2.41 (m, 2H), 2.44 (s, 3H), 1.96 (dt, J = 14.0, 3.3 Hz, 1H),
1.89-1.76 (dq, J = 12.0, 4.0 Hz, 1H), 1.67-1.51 (ddt, J = 13.5, 11.8, 3.0 Hz, 1H), 1.48-1.38 (m,
1H); *C NMR (CDCls, 75 MHz) § 173.8, 143.6, 140.7, 132.9, 129.7, 127.5, 116.3, 53.7, 50.9, 38.9,
37.3, 35.7, 35.6, 24.4, 22.7, 21.5; HRMS (ESI) caled for C gH,N,03SNa [M+Na]" 371.1400,
found 371.1405; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times:
11.6 min (major isomer) and 14.4 min (minor isomer).

(-)-4-Phenyl-2-(toluene-4-sulfonyl)-2,3,5,6,7,7a-hexahydro-1H-isoindole-5-carboxylic acid

diphenylamide [(-)-4ji, Table 1.4]
Ph O

_Ph
TsN '\\l
4 Ph
g

Colorless oil; [a]”p —=52.3° (¢ 1.87, CHCL;, 87% ee); IR (neat) 3060, 2936, 2862, 1666, 1341,
1158 cm™; "H NMR (CDCls, 300 MHz) § 7.66-7.57 (m, 2H), 7.41-7.03 (m, 11H), 6.99-6.84 (m,
4H), 6.77-6.56 (m, 2H), 3.89-3.74 (m, 2H), 3.61 (d, J = 14.7 Hz, 1H) 3.45-3.36 (m, 1H),
2.67-2.50 (m, 2H), 2.45 (s, 3H), 2.15-2.01 (m, 1H), 1.89-1.77 (m, 2H) , 1.72-1.56 (m, 1H); °C
NMR (CDCls, 75 MHz) 6 173.9, 143.6, 142.5, 139.8, 136.8, 132.9, 129.9, 129.7, 129.5, 128.7,
128.6, 128.5, 128.2, 127.7, 127.5, 127.4, 126.2, 126.1, 54.1, 49.8, 41.6, 39.4, 26.5, 21.52, 21.47;
HRMS (ESI) caled for C34H3,N,05SNa [M+Na]* 571.2026, found 571.2026; CHIRALPAK AD-H,
n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 18.7 min (major isomer) and 54.8 min

(minor isomer).

3,3-Dimethyl-4-(3-methyleneheptan-2-ylidene)-1-tosylpyrrolidine (3aa, Table 1.5, entry 1)

Me

=
TsN
n-Bu
Me Me

Colorless oil; '"H NMR (CDCls, 500 MHz) § 7.77-7.62 (m, 2H), 7.40-7.30 (m, 2H), 4.88—4.80
(m, 1H), 4.75-4.68 (m, 1H), 3.76 (s, 2H), 2.91 (s, 2H), 2.45 (s, 3H), 2.00 (t, /= 8.1 Hz, 2H), 1.56 (s,
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3H), 1.48-1.19 (m, 4H), 1.18 (s, 6H), 0.89 (t, J = 7.2 Hz, 3H); °C NMR (CDCls, 125 MHz) 6
150.5, 143.4, 135.5, 132.6, 131.8, 129.6, 128.0, 11.1, 62.9, 52.1, 42.4, 34.9, 29.5, 22.7, 21.5, 21.0,
14.0; HRMS (ESI) caled for C»H;NO,SNa [M+Na]" 384.1968, found 384.1964.

3-[4,4-Dimethyl-1-(toluene-4-sulfonyl)-pyrrolidin-3-ylidene]-2-methylene-butyric acid
methyl ester (3ad, Table 1.5, entry 4)

Me

=
TsN
CO,Me
Me

Me

Colorless oil; IR (neat) 2950, 2927, 1718, 1340, 1159 cm'l; 'H NMR (CDCl3, 500 MHz) o
7.74-7.69 (m, 2H), 7.38-7.33 (m, 2H), 6.26 (d, J = 2.0, Hz, 1H), 5.52 (d, J = 2.0 Hz, 1H), 3.82 (s,
2H), 3.72 (s, 3H), 2.91 (s, 2H), 2.46 (s, 3H), 1.65 (s, 3H), 1.08 (s, 6H); °C NMR (CDCls, 125
MHz) 6 166.6, 143.7, 141.5, 139.7, 132.2, 129.7, 128.0, 127.6, 125.6, 62.5, 52.1, 52.0, 42.3, 26.0,
21.9, 21.6; HRMS (ESI) calcd for CoH,sNO4SNa [M+Na]" 386.1397, found 386.1397.

Methyl (2E,4E)-4-(4,4-dimethyl-1-tosylpyrrolidin-3-ylidene)pent-2-enoate [(2E,4F)-5ad,
Table 1.5, entry 4]

NOESY
cross peak

The stereochemistry of 4-position was determined by the NOESY experiment. The
stereochemistry of 2-position was determined with the large coupling constant between the olefinic
'H NMR peaks (12.0 Hz). Colorless oil; IR (neat) 2957, 2868, 1725, 1346, 1164 cm™; 'H NMR
(CDCl;, 500 MHz) 6 7.76-7.67 (m, 2H), 7.39-7.30 (m, 2H), 6.84 (d, /= 12.0, Hz, 1H), 5.76 (d, J =
12.0 Hz, 1H), 3.79 (s, 2H), 3.67 (s, 3H), 2.94 (s, 2H), 2.46 (s, 3H), 1.69 (s, 3H), 1.15 (s, 6H); °C
NMR (CDCl;, 125 MHz) J 165.9, 144.9, 143.7, 140.5, 131.9, 129.7, 128.0, 124.4, 119.7, 62.6, 52.4,
51.3, 42.2, 25.3, 21.5, 20.1; HRMS (ESI) calcd for C;oH,sNO4SNa [M+Na]+ 386.1397, found
386.1397.

Methyl (2E,47Z)-4-(4,4-dimethyl-1-tosylpyrrolidin-3-ylidene)pent-2-enoate [(2E,4F)-5ad,
Table 1.5, entry 4]

C02Me
=

=
Me
TsN

Me
Me

The stereochemistry of 2-position was determined with the large coupling constant between the
olefinic '"H NMR peaks (16.0 Hz). Colorless oil; IR (neat) 2955, 2928, 1717, 1348, 1164 cm™; 'H
NMR (CDCl3, 500 MHz) ¢ 7.80 (d, J = 16.0, Hz, 1H), 7.73-7.69 (m, 2H), 7.38-7.33 (m, 2H), ,
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5.80 (d, J= 16.0 Hz, 1H), 3.8 (s, 2H), 3.75 (s, 3H), 2.97 (s, 2H), 2.45 (s, 3H), 1.67 (s, 3H), 1.35 (s,
6H); '*C NMR (CDCls, 125 MHz) 6 167.7, 150.5, 143.9, 141.6, 133.3, 129.7, 128.1, 124.3, 116.9,
62.9, 53.6, 51.6, 42.9, 27.5, 21.6, 15.8; HRMS (ESI) calcd for CjH,sNO,SNa [M+Na]" 386.1397,
found 386.1396.

(-)-(E)-3-Methyl-4-(3-methyleneheptan-2-ylidene)-1-tosylpyrrolidine
[(-)-(E)-3ha, Table 1.5, entry 4]

Me

==
TsN
n-Bu

H Me

Colorless oil; [0]*p —0.800° (¢ 1.83, CHCls, >99% ee); 'H NMR (CDCls, 400 Hz) ¢
7.73 (d, J=8.2 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 4.84 (d, /= 1.3 Hz, 1H), 4.67 (s, 1H)
3.89 (d, J=13.8 Hz, 1H), 3.67 (d, /= 13.8 Hz, 1H), 3.13 (dd, /=9.1, 2.2 Hz, 1H), 3.09
(dd, J = 9.1, 5.9 Hz, 1H), 2.91-2.86 (m, 1H), 2.44 (s, 3H), 2.02 (s, 2H), 1.59 (s, 3H)
1.32-1.26 (m, 4H), 0.99 (d, J = 6.9 Hz, 3H), 0.86 (m, 3H); °C NMR (CDCl;_ 100 Hz) §
150.5, 143.4, 134.5, 133.2, 131.2, 129.6, 127.8, 111.2, 55.4, 49.8, 35.9, 34.7, 29.9, 22.6,
21.5,20.2, 19.2, 13.9; HRMS (ESI) caled for Cy0H20NNaO,S [M+Na]" 370.1811 found
370.1815; CHIRALPAK IC, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times:
35.9 min (major isomer) and 41.7 min (minor isomer).

IV. Hydrogenation of Cyclohexenes 4

Pd/C
<]©)L Q H2 (1 atm) @)L

(55, 7aR) (-)-4df (3aS,5S,7aR)-(-)-6df

Representative procedure for the hydrogenation of cyclohexenes 4 [(5S,7aR)-(—)-4df, Table 1.6]:
To a solution of (55,7aR)-(—)-4df (38.9 mg, 0.100 mmol, >99% ee) in toluene (0.5 mL) was added
Pd/C (11.7 mg, 5 wt% Pd) in toluene (1.5 mL). H, was introduced to the resulting solution in a
Schlenk tube. After stirring at room temperature for 16 hours, the reaction mixture was filtered,
concentrated, and purified by a preparative TLC (EtOAc), which furnished (3aS$,5S,7aR)-(-)-6df
(33.5 mg, 0.0857 mmol, 86% yield, >99% ee) as a colorless solid.

(3a8,58,7aR)-(—)-[7a-Methyl-2-(toluene-4-sulfonyl)octahydroisoindol-5-yl|pyrrolidin-1-ylme
thanone [(3aS,55,7aR)-(—)-6df, Table 1.6]

’ o)
Mo
The relative and absolute configurations were determined by X-ray crystallographic analysis. Mp

141.7-143.5 °C; [0]*p =30.7° (¢ 1.02, CHCls, >99% ee); IR (KBr) 2942, 2870, 1640, 1339, 1166
cm; "H NMR (CDCls, 300 MHz) & 7.76-7.68 (m, 2H), 7.35-7.30 (m, 2H), 3.51 (dd, J=9.3, 5.4
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Hz, 1H), 3.46-3.31 (m, 5H), 3.07 (d, J = 9.6 Hz, 1H), 2.96 (d, J = 9.6 Hz, 1H) 2.43 (s, 3H),
2.27-2.14 (m, 1H), 1.99-1.45 (m, 8H), 1.38-1.09 (m, 2H); °C NMR (CDCls;, 75 MHz) ¢ 173.3,
143.3, 134.5, 129.6, 127.1, 53.8, 53.1, 46.2, 45.7, 43.8, 41.4, 40.1, 32.4, 31.0, 27.9, 26.1, 24.7, 24.2,
21.5; HRMS (ESI) calcd for C,H30N,03;SNa [M+Na]™ 413.1869, found 413.1868; CHIRALPAK
AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 13.9 min (major isomer) and 28.0
min (minor isomer).

(-)-4-Phenyl-2-(toluene-4-sulfonyl)-octahydro-isoindole-5-carboxylic acid diphenylamide
[(-)-6ii, Table 1.6]

("
H =
z _Ph
NTs 1 '\\l
= Ph
H NOESY
cross peak

Colorless solid; Mp 92.9-93.8 °C; [a]ZSD —16.4° (c 35.6, CHCI;, 87% ee); IR (KBr) 3060, 2918,
1664, 1339, 1163 cm™;'"H NMR (CDCls, 500 MHz) 6 7.78-7.72 (m, 2H), 7.43-6.99 (m, 15H),
6.73-6.01 (m, 2H), 4.79 (dd, J=11.5, 9.0 Hz, 1H), 3.48 (dd, /= 9.0, 8.0 Hz, 1H), 3.40 (dd, /=9.5,
6.0 Hz, 1H), 3.06 (d, J = 9.5 Hz, 1H), 3.01-2.92 (m, 2H), 2.40 (s, 3H), 2.48-2.32 (m, 1H),
2.14-2.03 (m, 1H), 1.97-1.90 (m, 1H), 1.89—1.78 (m, 1H) , 1.52-1.41 (m, 1H) 1.35-1.23 (m, 1H) ;
BC NMR (CDCls, 75 MHz) 6 174.3, 142.6, 142.3, 135.0, 129.5, 129.4, 129.3, 129.2, 128.8, 128.6,
128.5, 127.6, 127.5, 127.2, 127.1, 126.6, 126.5, 53.0, 48.6, 45.9, 42.2, 40.2, 40.0, 28.2, 22.1, 21.5;
HRMS (ESI) calcd for C34H34N,03SNa [M+Na]™ 573.2182, found 573.2208; CHIRALPAK AD-H,
n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 11.2 min (major isomer) and 8.5 min

(minor isomer).
V. Epoxidation of Cyclohexenes 4

Me O mCPBA Me O Me O

M i s Me Q. Me
TsN e Qo TsN N+ e T N’
|
° : Me 8 Me - Me
Me Me Me
4dac (1aS,2S,4a8S,7aS)-(-)-Tac (-)-7ac'

Representative procedure for the epoxidation of cyclohexenes 4 [(5S5,7aR)-(—)-4ac, Table 1.7]: To
a solution of (5S,7aR)-(-)-4ac (37.7 mg, 0.100 mmol, >99% ee) in CH,Cl, (0.5 mL) was added
65% m-chloroperbenzoic acid (39.8 mg, 0.150 mmol) in CH,Cl, (1.5 mL) at 0 °C. After stirring at
room temperature for 16 hours, the reaction mixture was quenched with saturated aqueous solution
of Na,S,05 at 0 °C, and extracted with CH,Cl,. The organic layer was washed with brine, dried
over Na,SO,, and concentrated. The residue was purified by a preparative TLC (EtOAc), which
furnished (1a$,25,4aS,7aS)-(-)-7ac (21.5 mg, 0.0553 mmol, 55 % yield, >99% ee) as a colorless
solid, and (-)-7ac’ (13.5 mg, 0.0344 mmol, 34 % yield, >99% ee) as a colorless solid.
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(1a§,25,4aS,7aS)-(-)-1a,4a-Dimethyl-6-(toluene-4-sulfonyl)octahydro-1-oxa-6-azacyclopropa
[d]indene-2-carboxylic acid dimethylamide [(1aS,2S,4aS,7aS)-(—)-7ac, Table 1.7]
Me o

O
N,Me
TsN |
S - Me

Me

The relative and absolute configurations were determined by X-ray crystallographic analysis. Mp
147.1-149.0 °C; [a]*’p —44.9° (¢ 0.930, CHCls, >99% ee); IR (KBr) 2934, 2888, 1633, 1343, 1159
cm’'; 'H NMR (CDCls, 500 MHz) 6 7.73-7.67 (m, 2H), 7.35-7.29 (m, 2H), 3.86 (d, J = 12.0 Hz,
1H), 3.42 (d, J = 8.5 Hz, 1H), 3.19-3.12 (m, 2H), 3.04 (s, 3H), 2.95 (s, 3H), 2.98-2.93 (m, 1H),
2.43 (s, 3H), 1.88-1.72 (m, 2H), 1.64-1.57 (m, 1H), 1.35-1.24 (m, 1H), 1.27 (s, 3H), 1.09 (s, 3H);
C NMR (CDCls, 125 MHz) 6 173.0, 143.7, 134.1, 129.9, 127.4, 70.5, 61.0, 59.4, 49.9, 40.5, 39.7,
37.7,35.8, 26.5, 21.6, 20.8, 20.5, 18.8; HRMS (ESI) calcd for CooH,sN,0,SNa [M+Na]™ 415.1662,
found 415.1676; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 19.5

min (major isomer) and 39.3 min (minor isomer).

(-)-1a,4a-Dimethyl-6-(toluene-4-sulfonyl)octahydro-1-oxa-6-azacyclopropa|d]indene-2-carb
oxylic acid dimethylamide [(1aR,25,4aS,7aR)-(—)-7ac’, Table 1.7]

o. Me O
<:©)\N,Me
TsN |
! Me
Me

Mp 148.6-150.0 °C; [0]*’p —14.1° (¢ 0.600, CHCls, >99% ee); IR (KBr) 2959, 2921, 1642, 1344,
1163 cm™; 'H NMR (CDCls, 300 MHz) 6 7.73-7.67 (m, 2H), 7.35-7.29 (m, 2H), 3.52 (d, J = 9.0
Hz, 1H), 3.43 (d, J=11.4 Hz, 1H), 3.25 (d, J=11.4 Hz, 1H), 3.15 (dd, /= 5.4, 2.0 Hz, 1H), 3.04 (s,
3H), 2.90 (s, 3H), 2.94-2.87 (m, 1H), 2.44 (s, 3H), 1.74 (ddt, J=13.5, 5.7, 2.4 Hz, 1H), 1.50 (dt, J
=13.2, 2.7 Hz, 1H), 1.37-1.23 (m, 1H), 1.21-1.12 (m, 1H), 1.18 (s, 3H) 1.10 (s, 3H); C NMR
(CDCl;, 125 MHz) 0 172.3, 143.7, 133.7, 129.9, 127.6, 70.8, 63.6, 60.3, 48.0, 42.1, 38.1, 37.7, 35.5,
27.4, 21.7, 21.4, 19.9, 19.6; HRMS (ESI) calcd for Cy0H,sN,0,SNa [M+Na]" 415.1662, found
415.1672; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 10.5 min
(major isomer) and 16.3 min (minor isomer).

(-)-[4a-Methyl-6-(toluene-4-sulfonyl)octahydro-1-oxa-6-azacyclopropald]inden-2-yl]pyrroli
din-1-ylmethanone [(-)-7df, Table 1.7]

O
o :H
N
w70
Me

The relative configuration was assigned by analogy to ()-7ac with the observation of 'H NMR
signals of the 1-tosylpyrrolidine moieties. Colorless oil; [a]25D —166.4° (c 0.200, CHCI;, >99% ee);
IR (neat) 2959, 1640, 1343, 1162 cm™; 'H NMR (CDCls, 500 MHz) 6 7.71-7.66 (m, 2H),
7.32-7.28 (m, 2H), 3.90 (d, J = 12.5 Hz, 1H), 3.57 (d, J= 2.0 Hz, 1H), 3.59-3.42 (m, 5H), 3.10 (d,
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J = 11.0 Hz, 1H), 3.03 (ddd, J = 9.5, 4.0, 2.0 Hz, 1H), 2.91 (d, J = 9.0 Hz, 1H), 2.42 (s, 3H),
1.99-1.92 (m, 2H), 1.90-1.75 (m, 4H), 1.71-1.56 (m, 1H), 1.34-1.27 (m, 1H), 1.13 (s, 3H); °C
NMR (CDCl;, 125 MHz) ¢ 171.0, 143.6, 134.1, 129.8, 127.3, 67.7, 58.4, 54.9, 50.5, 46.6, 46.2,
39.7, 36.5, 26.8, 26.3, 24.1, 21.5, 20.7, 18.5; HRMS (ESI) calcd for Cy H,sN,0,SNa [M+Na]"
427.1662, found 427.1669; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention
times: 28.1 min (major isomer) and 44.9 min (minor isomer).

(-)-[4a-Methyl-6-(toluene-4-sulfonyl)octahydro-1-oxa-6-azacyclopropald]inden-2-yl]pyrroli
din-1-ylmethanone [(—)-7df’, Table 1.7]

(0]
o, H
T N
WY 0
Me

The relative configuration was assigned by analogy to (-)-7ac’ with the observation of '"H NMR
signals of the 1-tosylpyrrolidine moieties. Colorless solid; Mp 144.7-146.0 °C; [a]*p—6.7° (¢ 0.520,
CHCls, >99% ee); IR (KBr) 2945, 2855, 1635, 1345, 1163 cm™; '"H NMR (CDCls, 500 MHz) ¢
7.71-7.66 (m, 2H), 7.36-7.29 (m, 2H), 3.57-3.33 (m, 4H), 3.27-3.19 (m, 2H), 2.98-2.89 (m, 2H),
2.44 (s, 3H), 2.04-1.81 (m, 4H), 1.70-1.57 (m, 1H), 1.53-1.41 (m, 2H), 1.29-1.16 (m, 1H), 1.08 (s,
3H); *C NMR (CDCls, 75 MHz) & 170.9, 143.7, 133.1, 129.8, 127.6, 65.7, 60.1, 59.9, 50.1, 46.7,
457, 39.9, 37.2, 28.1, 26.1, 24.2, 21.5, 21.3, 19.2; HRMS (ESI) caled for C,;HpN,O,SNa
[M+Na]" 427.1662, found 427.1664; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min,

retention times: 15.8 min (major isomer) and 26.1 min (minor isomer).

(+)-1a-Phenyl-6-(toluene-4-sulfonyl)-octahydro-1-oxa-6-aza-cyclopropald]indene-2-carboxy

lic acid diphenylamide [(+)-7ji, Table 1.7]
T o P9 o
SNi :LJ\ ] Ph
G

The relative configuration was assigned by analogy to (-)-7ac with the observation of "H NMR
signals of the 1-tosylpyrrolidine moieties. Colorless solid; Mp 102.2-104.9 °C; [a]*’p +69.1° (c
1.67, CHCls, 87% ee); IR (KBr) 3060, 2929, 1672, 1345, 1159 cm™; "H NMR (CDCls, 300 MHz) §
7.65-7.58 (m, 2H), 7.41-7.01 (m, 14H), 6.91-6.58 (m, 3H), 3.76 (dd, J= 8.7, 7.2 Hz, 1H), 3.50 (dd,
J=28.1,5.1 Hz, 1H), 3.36 (d, J = 12.0, 1H), 2.86 (dd, J = 12.0, 8.7 Hz, 1H), 2.76 (d, J = 12.0, 1H),
243 (s, 3H), 2.33-2.23 (m, 1H) , 2.13-2.02 (m, 1H), 1.89-1.76 (m, 1H), 1.69-1.52 (m, 2H); "°C
NMR (CDCl;, 75 MHz) 6 172.6, 143.6, 142.5, 137.1, 133.5, 129.7, 128.4, 128.0, 127.3, 126.2, 70.0,
65.1, 52.2, 50.6, 40.2, 38.6, 24.2, 21.5, 19.2; HRMS (ESI) calcd for C34H3;N,0,SNa [M+Na]"
587.1975, found 587.1976; CHIRALCEL OD-H, n-hexane/i-PrOH = 80:20, 0.8 mL/min, retention

times: 29.8 min (major isomer) and 36.8 min (minor isomer).

(+)-1a-Phenyl-6-(toluene-4-sulfonyl)-octahydro-1-oxa-6-aza-cyclopropald]indene-2-carboxy
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lic acid diphenylamide [(+)-7ji’, Table 1.7]

The relative configuration was assigned by analogy to (-)-7ac’ with the observation of "H NMR
signals of the 1-tosylpyrrolidine moieties. Colorless oil; [a]ZSD +9.9° (¢ 0.985, CHCls, 87% ee); IR
(neat) 3062, 2930, 1663, 1347, 1161 cm™; '"H NMR (CDCls, 300 MHz) 6 7.66-7.57 (m, 2H),
7.46—7.10 (m, 13H), 6.99-6.89 (m, 2H), 6.63—6.43 (m, 2H), 3.87 (dd, J= 5.4, 4.8 Hz, 1H), 3.23 (dd,
J=12.7,12Hz, 1H), 3.10 (d, J= 7.2, Hz, 1H), 3.05 (d, /= 7.2, Hz, 1H), 2.86 (dd, J= 6.3, 5.4 Hz,
1H), 2.47 (s, 3H), 2.53-2.32 (m, 1H) , 2.09-1.87 (m, 1H), 1.74-1.51 (m, 1H); *C NMR (CDCl;,
125 MHz) ¢ 172.2, 143.7, 142.3, 142.0, 137.0, 132.4, 129.7, 129.0, 128.4, 128.3, 128.2, 128.14,
128.09, 127.8, 126.6, 126.4, 69.6, 65.9, 53.6, 49.4, 42.7,37.2, 22.4, 21.6, 19.2; HRMS (ES]I) calcd
for C34H3,N,0,SNa [M+Na]" 587.1975, found 587.1978; CHIRALPAK AD-H, n-hexane/i-PrOH =

80:20, 1.0 mL/min, retention times: 9.6 min (major isomer) and 23.7 min (minor isomer).

VI. Hydrogenation of an Epoxide 7ji

P
o Ph? Pd/C HO o
NP Hy (1atm) o N
> |
TsN | I‘Dh S | Ph

A A
(+)-Tji (+)-8ji

To a solution of (+)-7ji (28.2 mg, 0.050 mmol, 87% ee) in EtOH (0.5 mL) was added Pd/C (84.6
mg, 5 wt% Pd) in EtOH (1.5 mL). H, was introduced to the resulting solution in a Schlenk tube.
After stirring at room temperature for 16 hours, the reaction mixture was filtered, concentrated, and
purified by a preparative TLC (n-hexane/EtOAc = 2:1), which furnished (+)-8ji (18.1 mg, 0.0320
mmol, 64% yield, 87% ee) as a colorless oil.

(+)-3a-Hydroxy-4-phenyl-2-(toluene-4-sulfonyl)-octahydro-isoindole-5-carboxylic acid
diphenylamide [(+)-8ji, Scheme 1.6]

on ::H—D P

H
N.
TsN Ph
R (@]
H

NOESY
cross peak

Colorless oil; [a]*’p +61.0° (¢ 0.340, CHCl;, 87% ee); IR (neat) 3225, 2923, 1634, 1332, 1153
em™; 'H NMR (CDCly, 300 MHz) § 7.75-7.65 (m, 2H), 7.54-7.12 (m, 14H), 7.03-6.92 (m, 2H),
6.74-6.66 (m, 1H), 3.53 (t, J = 7.5 Hz, 1H), 3.33 (d, J = 10.2 Hz, 1H), 3.19 (t, J = 6.0 Hz, 1H),
3.15-3.04 (m, 2H), 2.69 (d, J = 6.0 Hz, 1H), 2.40 (s, 3H), 2.13-1.84 (m, 2H), 1.79-1.49 (m, 3H);
13C NMR (CDCls, 125 MHz) 6 176.7, 142.7, 142.2, 141.9, 139.7, 135.3, 129.7, 129.6, 129.3, 129.1,
128.4, 128.2, 128.0, 127.5, 127.4, 127.1, 126.5, 76.5, 59.3, 50.6, 50.5, 48.6, 42.4, 28.8, 21.5, 18.8;
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Exprimental Section

HRMS (ESI) caled for C34H34N,0,SNa [M+Na]" 589.2131, found 589.2132; CHIRALPAK AD-H,
n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 43.9 min (major isomer) and 19.2 min

(minor isomer).
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1,6- ::/4 VET 7 VAT I ROARFRL22HNBRAL

VIL. Crystal Data of (-)-6df and (-)-7ac

(3aS,5S,7aR)-(-)-|7a-Methyl-2-(toluene-4-sulfonyl)octahydroisoindol-5-yl|pyrrolidin-1-ylme
thanone [(3aS,5S,7aR)-(-)-6df, Table 1.6]

Ay

TI_.»'H“" (

\J
bas

0

f';

f\ G., P2

n/"\: ;

formula Cx Ho N2 O3S Fooo 840

formula Weight 390.53 Crystal size (mm?) 0.6x0.5x0.2

crystal color, habit colorless block Temperature (K) 193(2)

crystal system orthorhombic drange (deg) 4-68.21

space group P212121 index ranges —10<h<10

a(A) 8.41934(15) —12<k<12

b (A) 10.7965(2) —26<1<26

c(A) 22.0764(4) number of independent 3665
reflections

o (deg) 90 number of parameters 247

B (deg) 90 number of restraints 0

v (deg) 90 Flack parameter 0.003(14)

V (A% 2006.73(6) R1, WR; [I>20(1)] 0.0317, 0.0802

z 4 R1, WR, (all data) 0.0335, 0.0812

dearc (9/cm®) 1.293 S 1.035

2 (Cu Ka) (mm™) 1.622 largest difference peak 0.195,-0.191

and hole (eA™)
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(1a8,25,4a8,7aS)-(—)-1a,4a-Dimethyl-6-(toluene-4-sulfonyl)octahydro-1-oxa-6-azacyclopropa

Exprimental Section

[d]indene-2-carboxylic acid dimethylamide [(1a$,2S,4aS,7aS)-(—)-7ac, Table 1.7]

Me O

(0)
M
TsN ’\\l )
8 Me

Me
O
o
N
/ \
® N
formula CapoH2 N2, O4 S Fooo 840
formula Weight 392.50 Crystal size (mm?) 0.55x0.20x0.02
crystal color, habit colorless platelet Temperature (K) 193(2)
crystal system monoclinic drange (deg) 4.46-68.22
space group P2, index ranges —12<h<12
a(A) 10.2810(3) ~15<k<15
b (A) 12.8078(4) ~19<I<19
c(A) 16.3879(5) number of independent 7378
reflections
o (deg) 90.00 number of parameters 488
B (deg) 106.796(2) number of restraints 1
v (deg) 90.00 Flack parameter -0.04(3)
V (A% 2065.86(11) R1, WR; [I>20(1)] 0.0819, 0.1865
z 4 R1, WR, (all data) 0.1207, 0.2239
dearc (9/cm®) 1.262 S 1.094
2 (Cu Ka) (mm™) 1.617 largest difference peak 0.604, —0.361

and hole (eA™®)
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Aim =
L6t AT F I FBIUE =L 2T )L DARF 2022 NBR LK i

W 1,6-m A T I FBIOE =L X T L O RF 222 INBR AL

il

i
AT Tz v O AMEHAREEIC L5 1,6-m2 A & T 7 VAT 2 RORF[2+2+2]4F
IBACES 2 BN EE L= Y, A5 I1C X > T= v 4/ /L NHC $EEAE 2 v 7= 2 >
Dx ) & 1 DODTIVF 2 DARF 24242 IBAL RS A & A7=(Scheme 2.1)7, Fig T
BEICIR 7= X 91, 2 h 2 MOWMEN 2 I D LIRS, AEFRP22ISMNBRLISIZ XL 5
XTI N7 anFrrOERITS FHRIGIZR 5T,

Scheme 2.1.
] 0 10 mol % Ni(cod), R" O
R 10 mol % Pre-NHC R2 L
| | . | R3 10 mol % LiOt-Bu RS
R4 toluene, 30 °C R R4

R% ™0
1 equiv O up to 95% yield
up to 93% ee
BF,~
O

P Ph
Pre-NHC

5P RIARFE 2220 MBS & R T H 7218, EH L LA ITW T L E R
BTN 2B W TTREINBOSIZ R 2 S E & 5D &0 ) FikE vz, —7, AiET
WAL, I-~F B DRI RETFEET AT NG E b T A e YT A
DEEARRBEZ X D=0 A EDFIMBUSAHETL, ERERe XY A 7 0D B -KFE LAk
DT T 3 NBELNT,

ZoLE, EBBRu YA I MIBNTT Ay OB 0 D MIELT S 2 L
TRYTLE BKENT VFDary7xA—arw ik, B-KBBBENINHE ST
=R s AV EY S 1oF g N

ZITHERE, T UAT R R ERBRICHROWENMEEREEEZ LTV o ThuE, 7
N DBEFEEICEDLT, muA & TV ORI22MINERAL G AT LIRS
EEZT,

T, BNMEEREEZLOBEFEET AL THDHTF I RO =LV AT L& Hniz
ARER2R2MBRAC SO ETTIE, 7o ETHRESNTZF TR 7T L E )L
TRV aT RT3 — LG 55 (Scheme 2.2), [EHRGLOFR R ED T 7 A
TINMIBNTEELDF TN T a~FI LT IR T Ly 7ankd ) —Lbx
DFERNPE RSN TE Y (Figure 2.1)°, ZiETREMAATEER =TS I PR =L AT
v IO TIRBIRAIZ S BER 2 5T 2 SUG OB LG ML FICAE A Th 5,

65



Scheme 2.2.

R R’
N__R? * N__R?
Y SOh
7 N chiral Y.
’/ . TF=EF catalyst
NS o__R® e NORE
Y S9!

EZILITXFIL

CO,Et
T e @ i
HCI
c L, L
Cl

Et” ~O" “'NH,
NHAc
Cl
(*+)-(1S48)-tIL bS5 UEEE (-)-(1R2S5R)-A > k—JL (-)-(3RAR5ES)-A LA I EL
BiRMEO b=y

EFH. FRHE MAVINIUHE
BERYAHBEE

Figure 2.1. Example of chiral cycloalkyl amine and alcohol derivatives with pharmaceutical
activities or fragrance.

L2L, =F I REHOWIEAFR22) IR CEOGE, EE OB T 25026 1,6-
DA L DRI 2 FIERE SN TWDH DA TH Y (Scheme 2.3)Y, B =/ 25 L% iz
ARFRA2R2MBALBSIT E o 72 ESN TV e o 72,

Scheme 2.3.
5 mol % R!
_ Rh(cod),]BF4/ CO,.M
— R! H [ H,Me
7 + MeO,C._N__Me _ (RIBINAP N
—=——R? T T CHyCl, t )\
0o R2O Me
1.1 equiv up to 95% yield
up to 99% ee
Bn
4
o RS 5 mol % R N
—_— 1 Rh(cod),]BF4/ 5
,S—=—R R3 /[ [ R(-S )Z]h P! R RM™=0
z + N~ R4 (R)-Segphos 5 7 R3
= R2 | CH,Cl,, rt
B R2
1.1 equiv

up to 96% yield
up to 97% ee
T IZTEHL, 1,62 A b I RBLUOE = VT AT L OARF 221 BRI
IGEME LTz, £, BF A MmO A()/BINAP SERAIEAAAE T, 1,6-— 21 > 9a-d |
L, PAVEDHIEPHESNTND T Fa 7 2/ BHEAR 10a 2{EHSE720, =
YA D ZEBALRIGC I TS D DA TR ZERSITHETT L7205 72 (Scheme 2.4),
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Aim =
L6t AT F I FBIUE =L 2T )L DARF 2022 NBR LK i
Scheme 2.4.
10 mol %
— e H [Rh(é:lo’\clj')a\zg)BF‘t/ C02Me YMe
z / + MeO,C
L( T T CH20|2
R CO, Me
(CHZCI)Z 80 °C
9a (Z, R) = (NTs, Me) 10a 0% yleld
9b (Z, R) = [C(CO,BN),, Me] 1.1 equiv
9c (Z, R) = (NTs, H)
9d (Z, R) = [C(CO,Bn),, H]

WIZ, 1 FA w20 A(D/R)-BINAP S F(E T 1,6-= 1A  9alZ N-E' =L 7 &
A RAW)ZIERSED &y 7 m~Fxtr llab DNHPREDINR)OE ) o F 4 54RAY
245 HAV7=(Scheme 2.5), HHIDFIGHHEITT H Z EDBH LN E 7R 572D T, RRISIZOW
TREMZR MR 21T 5 2 & & Lz,

Scheme 2.5.
10 mol %
H Me H
— ‘ [Rh(cod),)IBF 4/ :
TeN p ° . NTMe (R)-BINAP NWMG
q W S CH,Cly, 1t, 16 h TN o
Me Me
9a 10b (-)>-11ab
1.1 equiv 52% yield, 97% ee
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B L1-@EBmT AU E b o= A R WL

TP, LI- BRI AT N E SO 1L,6-T A 9aBEXON-E= LT H 2 RA0b) &
TTIVHE L L CEANL - DOMaT 24T > 72 (Table 2.1), % D#ER, (R)-Hg-BINAP, (R)-BINAP,
(R)-Segphos DWW E=HWTEHHMDOIGNEIR CTEITL, 7 a~Ft2 1lab 3155
A7z (entries 1-3), £ DN, (R)-Hg-BINAP 2\ & T h o & b |, m—F v F 43
THNC HHI 3G DT, il % 5 mol %Il AR S 2 & 16 R TR TR L7h >
T2 7= (entry 4), 40 ‘CIZMMEAT 2 L INERO A AR X723, 10 mol %D filt & % F v 7=
EE XD BIRVWEE 22 o7 (entry 5), RIZ, Rim7 /¥ HfiAd b O A 2 9e ZHWT
BN 1 Z it L= & 2 5, (R)-Hg-BINAP, (R)-BINAP, (R)-Segphos O\ % FV T H =i
T, 5 mol %Dfi B CLUSNTERM L, =) FARRWIZT 7 a~Ft L lleb L
7= (entries 6-8), F£7=, (R)-Segphos Z /= L X2 A O “EfbILBIIHI S, & o
EHLBEWIR E = U F A EIRE T 7 Bt 1leb 235 5 117 (entry 8),

Table 2.1. Screening of ligands for rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,
6-enynes 9a and 9b, possessing the 1,1-disubstituted alkene moiety, with enamide 10b.”

5-10 mol %

H R H
— Rh(cod),)]BF4/ {
/TR I{] Me [ ( p )2()1] 4 N Me
TNz * |/ A el TsN T
Ny (I CH,Cl,, 16 h S 0
Me Me
9 10b 11
1.1 equiv
entry 9 (R) ligand Rh/ligand temp. convn/ 11/ % yield®
[mol %) %P (% ee)
1 9a (Me) (R)-Hg-BINAP 10 rt >99 11ab/ 92 (98, -)
2 (R)-BINAP 10 rt 85 52 (97, -)
3 (R)-Segphos 10 rt 89 71 (98, -)
4 (R)-Hg-BINAP 5 rt 77 71 (98, -)
5 (R)-Hg-BINAP 5 40 °C 98 81 (98, -)
6 9e(H) (R)Hg-BINAP 5 rt >99  11eb/51 (99, -)
7 (R)-BINAP 5 rt >99 51 (>99, -)
8 (R)-Segphos 5 >99 63 (99, -)

“Reactions were conducted using [Rh(cod);]BF4 (0.010 mmol), ligands (0.010 mmol), 9 (0.10-
0.20 mmol), 10b (0.11-0.22 mmol), and CH,Cl, (1.5 mL) at room temperature for 16 h.
"Determined by 'H NMR. “Isolated yield.

YL EOfEFR A S &1, (R)-Hg-BINAP & (R)-Segphos % FV CHYE i FFEPH MG L= & 2
7, BN OE T T o FAEIRAC S 7 m T 11 NG DT (Table 2.2), ELEAIR
IEHEDIRNT A v E VT & & ITIE(R)-Hs-BINAP 28 Bkl a2 5.2, BUSHEDE T
YA b L ARHEISOGTEDIR N T V7 v W & EiTidm o A v o " BAL LR
Btz & 72 5728, = A O BALBUG OHEIT AN \(R)-Segphos 73 RA4F 725 % 5 2 72,

A 9a T 27 I R 10b EAERIZH 387 I K 10e 7 Z /LA X R 10d & &
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Aim =
L6 Ao F I RBLUE =T 27 L ORFRH2-2 IR K i

JGL, Y7 maadtr U BNETFrFARRGICE LR, H2#kxF I F10b 2 H»
To & ZNTHATIGERITRT Le, 72, BN DR N-E =L 7 Z b I FA0d) & FH Tz
& ZUTIX(R)-Segphos &V mINFRE G272 b DD, B-/KFBWEEDSHEIT L7 = 12ad 73
BIE LTz, 72T v F L Uiz b om A o of V- L & LREERICY 7 naFt
> 1fbAfd BEH, 7 XA 2 R10d & VT2 & E Y =2 126d BMEIE THE B,

~ 0 UV T AT VHUEN E L O A 9g b, h b FI LT R RGO Ak
[FEEICTT 2 R 10b—d & DRJSICE Y 27 o~ 11gb, gd, be, hd 78 BAF/RULER, &
Tl UFAERETEHELONZ, T Ui TF L EE DT AV 9 TS IR
10b-d & N-AFIL-N-E =)L 7% I K(10e) & DHIZ L0 PR S EWICGR, @uo
T U FAEIET T 7 maFt o 1lib-e M50, L ED X DI, flixroz (T
T R E DRI BIFIZHEIT LT,

—J, = A 9a,b, e &V THERE E =/L(10f) & DFUGZiRET L7272y, ZRZAEROGILE -
T <#EIT LR T2,

7283, CHLCly VAR 2 D DO FAE IZ £ 0 (-)-11eb OB E3F H A1, X MRS ab S AT 12 &
> TZDOMaxcIHEED 55,7aR ThH 5 Z & & s L 7= (Figure 2.2),

Figure 2.2. ORTEP diagram of (55,7aR)-(-)-11eb with ellipsoids at 30% probability.
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Table 2.2. Scope of rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,6-enynes 9,
possessing the 1,1-disubstituted alkene moiety, with enamides 10."

; 5-10 mol % R R
,——R X R [Rh(cod))IBF4/ 4 4
z + ( Y (R)-ligand XTR % XTR
{ | z z
) o CH.Cl, , 1t 2 ¢} o
R 16 h R2 g2 Me
9 10 11 12
1.1 equiv
O,
Me l‘-l Me NQ Me @ Ph E y
N Me e
N T
WO I W I
Me Me Mé Me
(-)-11ab (-)-11ac (-)>-11ad (+)-11fb
92% yield, 98% ee 52% yield, 98% ee 25% yield, 98% ee 91% yield, 98% ee
(10 mol% Rh / Hg-BINAP) (10 mol% Rh / Hg-BINAP) (12ad: 28% vyield) (10 mol% Rh / Segphos, 72 h}
(-)-11ab (10 mol% Rh / Segphos)
71% yield, 98% ee 11ad: trace, 12ad: trace
(10 mol% Rh / Segphos) (10 mol% Rh / Hg-BINAP)
O,
Ph Ph H 'T' Me 'T'
N N NT Me MeO,C NT Me
sN o) TsN TsN
E SN 0o E © MeO,C” = ©
Me - Me Me
(-)-11fc (-)-11fd (5S, 7aR)-(-)-11eb (-)-11gb
65% yield, 97% ee 69% yield, 92% ee 63% yield, 99% ee 74% yield, 97% ee
(10 mol% Rh / Hg-BINAP) (12fd: 9% vyield) (5 mol% Rh / Segphos) (10 mol% Rh / Segphos)
(10 mol% Rh / Segphos) 51% yield, 99% ee
(5 mol% Rh / Hg-BINAP}
e
- (e}
MeO,C : BnO,C : BnO,C S BnO,C £
Me
(7)-11gd (-)-11bc ) -11hd (-)-11ib
43% yield, 96% ee 68% yield, 92% ee 53% yield, >99% ee 65% yield, 96% ee
(5 mol % Rh / Segphos) (10 mol% Rh / Segphos) (5 mol% Rh / Segphos) (10 mol % Rh / Hg-BINAP)
54% yield, 97% ee
(10 mol % Rh / Segphos)
Me Me R’
BnOzC><fj/ BnO,C Bn02C>Oi‘jNTMe OTMG
Z
BnO,C E \ BnO,C S o 2 o)
BnO,C : Ei R2
(—)-11|c (—)—11id (-)-11ie 11af (Z = NTs, R' = R? = Me)
88% vyield, 97% ee 88% vyield, 97% ee 42% yield, >99% ee  11bf [Z = C(COZBn)Z, R' = R? = Me]
(5 mol % Rh / Segphos) (5 mol % Rh / Segphos) (5 mol % Rh / Segphos)  11ff (Z = NTs, R" = H, R = Me)
58% yield, 96% ee 10% yield, 95% ee trace 0% vyield
(5 mol % Rh / Hg-BINAP) (5 mol % Rh/ Hg-BINAP) (5 mol % Rh / Hg-BINAP) (10 mol% Rh / Hg-BINAP)

or
(10 mol% Rh / Segphos)

“Reactions were conducted using [Rh(cod),]BF; (0.010-0.020 mmol), ligands (0.010-0.020
mmol), 9 (0.20 mmol), 10 (0.22 mmol), and CH,Cl, (1.5 mL) at room temperature for 16 h. The
cited yields are of the isolated products.
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Aim =
L6 Ao F I RBLUE =T 27 L ORFRH2-2 IR K i

WEE BT L L E b oo v VR

e T, B F A oM P A(D)/(R)-Hs-BINAP SR 2 FIVC, —@H#T L7 %
HEOT A 9c LS I R10b & DL ERAT-, EORER, 7 v ~FE2 1lcb DIL
RIFREAKTL, MEREEER 13cb PEAEFDE L TR FARRBIZE DL
(Table 2.3, entry 1), 1,1- BT LA LM &2 & O A L a WA L RSN R X <
A LTcT=, = A v 9¢ & O TH OB 21T 9 2 & & L7=(Table 2.3),

Table 2.3. Screening of ligands for rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,
6-enynes 9c¢ and 9d, possessing the monosubstituted alkene moiety, with enamides 10b and 10¢.”

. 10 mol % Me Me R'
S—=—Me L R [Rh(cod),)IBF 4/ o N, R
Z / + r T ligand z )k . 7 \ﬂ/
q \ 0 CH,Cly, 1t, 16 h TUNTOR? g o
H H R H
9 10
1.1 equiv
entry 9(2) 10 ligand convn / 13/ % yield® 11/ % yield®
%P (% ee) (% ee)
Me Me 'T'
H
N Me
I (o]
N e TS'@é 1 TsNC@’ X
W I : “N” “Me s 0
9c 10b (-)-13cb (-)-11cb
1 (NTs) (R)-Hg-BINAP >99 54 (94) 22 (87)
2 (R)-BINAP >99 48 (98) 23 (84)
3 (R)-Segphos >99 39 (97) 34 (>99)
by C@ :ij Q
s é
9c 10c (-)-13cc )11cc
4 (NTs) (R)-Hg-BINAP  >99 52 (>99) 43 (88)
5 (R)-BINAP >99 60 (99) 33 (87)
6 (R)-Segphos >99 50 (>99) 35 (89)
Me
t o), R TSI
BnOC My BnO,C
a ) e
od 10c (-)-13dc (- )11dc
7 [C(CO2BN)y (R)-BINAP >99 51 (98) 27 (63)

“Reactions were conducted using [Rh(cod),]BF, (0.010 mmol), ligands (0.010 mmol), 9¢ (0.20
mmol), 10 (0.22 mmol), and CH,Cl, (1.5 mL) at room temperature for 16 h. “Determined by 'H
NMR. “Isolated yield.

T4V 9¢ & N-E=ATEXI FAD)EHANWTEN FOAT ) —=0 T %2479 &,
(R)-BINAP, (R)-Segphos % AV 7233412 &, (R)-Hs-BINAP % W 72354 & [AIREIC 13cb 28 T4
B & L T AR AS S A7 (entries 2 and 3), N-E=/L-2-E'1 U ¥/ 2 (10c)
ZHWT, FRRICENL R 2T 9 &, WTINOBRN -2 HWTH 13ce EERM E LT
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T T AR DAL, 1ee DMERIE, BAFART T o F A8 T 5 417 (entries
4-6),

Fo, R VBT AT AEBEN A O A v 9d WA TS, 13de S AR
e L TRz FABRNICHE O, Ide MEIGE, PREREOT T ARIRETHED
U7z (entry 7),

WIZ, BT F a0 AD/BINAP ERAMEEZ T, =1 2 9¢ & FHERE E =/1(10f)
D% Wit U7z (Scheme 2.6), MatOfER, HEIOIGITHEIT Lz b 00, RIS E LT
VN4 ~OBEACRIACSE VAT B0 &, 27 usF 2 13ef OUCRITIEM RIS
Folzled, IUFEN Ex B U CARRIS DS 21T > 72 (Table 2.4),

Scheme 2.6.
10 mol % M
— Me [Rh(COd)z)]BF4/ e Me
/ O. Me BINAP

TN N ( T o) + 7

< | o CH,Cly, t, TSN | .S TsN
H 16 h H ‘0" Me
9¢c 10f 13cf 14c
1.1 equiv <5% yield 64% yield

Table 2.4. Optimization of reaction conditions for rhodium-catalyzed asymmetric [2+2+2]
cycloaddition of 1, 6-enynes 9, possessing the monosubstituted alkene moiety, with vinyl acetate

(10£).¢

5—10 mol % R
TSN/%R 0. Me [Rh(c"cc;(;)ﬁ()j]BF‘l/
L/( ' WT)T CH,Cly, 1t, 16 h TSN/\:© )OL
H 272 1o H 07" “Me
9 10f 13
3-10 equiv
entry 9 (R) ligand Rh/ligand  10f/ convn/ 13/ % yield®
[mol %]  equiv % (% ee)
1 9c(Me) (R)-BINAP 10 3 >99 13cf/ 34 (>99, +)
2 (R)-BINAP 10 10 >99 32 (99, +)
3 (R)-Hg-BINAP 10 3 >99 0
4 (R)-MeO-BIPHEP 10 3 >99 20 (98, +)
5 (R)-Segphos 10 3 >99 23 (99, +)
6 (R)-BINAP 5 3 >99 34 (>99, +)
7 9j(H) (R)-BINAP 5 3 >99 13jf / <20
8 (R)-BINAP 5 54 >99 57 (97, +)
9 (R)-BINAP 5 81 >99 43 (97, +)
10 (R)-Hg-BINAP 5 54 >99 44 (95, +)
11 (R)-Segphos 5 54 >99 55 (91, +)

“Reactions were conducted using [Rh(cod),]BF; (0.010 mmol), ligands (0.010 mmol), 9
(0.10-0.20 mmol), 10f (0.30-1.0 mmol), and CH,Cl, (1.5 mL) at room temperature for 16 h.
"Determined by 'H NMR. “Isolated yield. ‘CH,Cl, (0.5 mL) and 10f (1.0 mL) were used as solvent.
“10f (1.5 mL) were used as solvent.
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L6 Ao F I RBLUE =T 27 L ORFRH2-2 IR K i

ZOFER, Wi E =/ 100 % 3 Y EFAWS Z L TV 7 ma~Ft 13ef DR L Lz
(entry 1), ¥ &EZ 10 Y EITHO L THMUSMEIZ K E RZEIT A B /eh - 72D CTlentry 2),
E= 77— b 3 Y2 TEN A ZfRE L 72 (entries 3-5), (R)-Hg-BINAP # 5% &
FOGBEHEAE L, HIWIXE S 72> 7= (entry 3), (R)-MeO-BIPHEP, (R)-Segphos % i\ 7=
EETF V7 a3 TE T U T AR SN0, IRIE(R)-BINAP %
WA K0 HAK T L7z (entries 4 and 5), HcilifiNL 1% (R)-BINAP & L Tl & DR % 5
7o & 2 A, 5 mol %D CHINE A7 5 = & 7e < BUGSHHEST L7z (entry 6), %W T, [F]
BROKMETRIET VE VBN A DT AV 9i ZANWTRIGEIT O &, BUSHEME L >
7 a~Ft 13 OICRIZRE KT Liz(entry 7), & Z T, EEE(1.0 mL)?D 10f % U
TRISEAT D EHRREOINE, SV o FARRETS 7 naft o 13jf b6
(entry 8), SUBNEIEA CH)Cly & 10f OIRAVEEE T2 10f DAL T2 &, IEEMMET L
72 (entry 9), IRETALEZ V% S CREERLAL 7 % 5T L 7= (entries 8, 10, and 11), & D
XK, (R-BINAP MWz b &b o & bmillR, Mo U FAERETY 7 maF s
13jf 345 S A7z (entry 8), 728, T T ORUSMI I T[22 MNEBRA b SO 1AL BRI AL
HITL, Y Zu~dtr 11 OERIIHRTE o7,

Fo, WITNOKISIZEWTHIFER TOERERITY = 14 DRIETH- T, =4
YOMNH YT 14 ~OBALRMACRISE, i EO D VR BRI K > TS D 2 EN
MOENTNDZ EMD Y, RPICIREAAET 5 K5I X DEERE © =L (106)DINK 5 fiF % )
flFaZ Ty 14 OFRIEZIHITE 2D EEZ, FTOKSOBREZHE LT
TEx DE 21T o 77, LU, 7REEHEEIC X - TR L 7= Fi © =1 (106) 2 IV T b AR
W ORI, BAKAIE LTCELF 2T =0 —T ZA2HML TS EIT O &S
TFE -T2 HEIT LD o T2 F 77, BERE E =L A0HDIKSRIZ L - TH U 2 FERE % fliHe
FTEHIZOIREES ) 7 L0 b U F /LT 2 % 10 mol %S L CRETZ1T - 7228, BUSIE
F o 72 <H#ELT L7202 72(Scheme 2.7),

Scheme 2.7.
10 mol %

—=Me [Rh(cod)2)IBF 4/ Me
TN O. Me BINAP o

¥( * ||/ lr CH,Cl,, 1t, TSN L

H 16 h a “0” "Me
9c 10f 13cf
3 equiv
Distillated 10f was used. >99% convn, 33% vyield, >99% ee

MS4A was added. 0% convn
10 mol % K,CO3 was added. 0% convn
10 mol % Et3;N was added 0% convn

U EORRARSE 2, —ERT VT VN E O A e BT AT VORGSO
T, (R)-BINAP % i b1 & U CHVE i ORFT 41T 9 2 & & L7=(Table 2.5), &
WT VRV A S OV U ER(10g)R°T U — L A1 VAR E(10h, 10)D B =L AT L%
HEfg B =L (100) & [RIEDORIMMEEZ R L, XIS T 57 ' 1308 E T T v F AR
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IR, EALEBE =LA E VWD &, =0 A OBRICEMALSOS I S, o
TINVR BT AT VL i U CHBOIEN M E L, ZidEsm W E = L= A7 L%
HW=Z & T, E= AV AT VORI IH SN EEZ 6D, variyT
AT VRGN Z O A 2 9d & 10] DUSIZ L - TH, FREOIGE, szt T
FIERETY 7 m~Ft o 13dj BE S,

RE, 7 au R B - B YR S O FAERIZ LD (H)-13ch OHAERI G LN, X
TS AR EE AT I X o T DO HExHEE Y 3aR,5R ThH D Z & & HERR L 7= (Figure 2.3),

Table 2.5. Scope of rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1, 6-enynes 9,
possessing the monosubstituted alkene moiety, with vinyl carboxylates 10."

5 mol % R
— RI [Rh(cod),)IBF4/
Z/ y OW R? (R)-BINAP o
+ r —_——» 7
v 3 CH,Cly, 1t, 16 h . :,,O)LRQ
H H
9 10 13
3 equiv
Me Me Me Me
(0] O (0] (0]
W) 2 WO R w2 w01
H “07 "Me H "0 “n-Cy7Hgs H “0” “Ph H “0” “p-BrCgH,
(+)-13cf (-)-13cg (3aR,5R)-(+)-13ch (+)-13ci
34% yield, >99% ee 28% vyield, >99% ee 39% yield, >99% ee 34% yield, 98% ee
Me Me H
o BnO,C o) (0]
TsN<:© )k )k iy 2 “ )L
ST07 By BnOL N0 N By g O Me
H H
(+)-13¢j (+)-13dj (+)-13jf
45% yield, >99% ee 38% yield, 95% ee 57% yield, 96% ee

(10f: 54 equiv)?

“Reactions were conducted using [Rh(cod),]BF; (0.010 mmol), ligands (0.010 mmol), 9 (0.20
mmol), 10 (0.60 mmol), and CH,CI, (1.5 mL) at room temperature for 16 h. The cited yields are of
the isolated products. ’CH,Cl, (0.5 mL) and 10f (1.0 mL) were used as solvent.

(O]

Figure 2.3. ORTEP diagram of (3aR,5R)-(+)-13ch with ellipsoids at 30% probability.

74



Aim =
L6 Ao F I RBLUE =T 27 L ORFRH2-2 IR K i

LAV 1A E S PR

PEDX ST, REUSTT A > 9 OT )V L O BRI IG U E SR 23 21 b
THZENHLMNE 2o, MERREOENEZF DD E Table2.6 DL D285, T
A9 LTF I F10b—e DUSTIEL 7 m~Ft o 11 NRIRAICE O, —F, —EHk
T N LR O A 9, d,j & BT AT L 10— DG TIEY 7 B aFt 13
DBINICE O, Iods, —EBWRT V7 VEiiZ b D= A 9¢,d L= I R=F IR
10b, c ORIJSTIEY Z a2y N BLRI3 OWFRHELNDN, 7 a~Ftr 1308
FAERTH T,

Table 2.6.
R! R!
s 5-10 mcil % s
— R X __R hira X __R
/T — R g Rh(1)* catalyst e 0
z / + | —_— Z + Z J\
\ < O - o - 3
< <o X R
R2 R R
9 10 11 13
R? = Me, Et, H X=NR%, 0
R? X 11 13
Me, Et NR* up to 92% yield 0% vyield
,,,,,,,,,,,,,,,,,,, upto>99%ee ...
Me, Et (o} 0% yield 0% yield
" H  NR'  uptod3%yield  upto60%yield
up to >99% ee up to >99% ee
H (0] 0% yield up to 57% yield

up to >99% ee

IO LD, RGO Z RO L 5 IZHEE L TV 5 (Scheme 2.8),
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Scheme 2.8.

R' R*
N__R®
9 ZC@ T
7 3 1 4 2
r1 17 NR Ry R / R
R* N 3 11
= 10 7 R .
+ z Rh* z / —-Rh(l)
Ry : S\—Rh*--O
R? R?
,—=—R' E F \ R! R4
Z\_/( / N.__R®
z hig

R2
9 (@]
Me
R2
Rh(I)* ; 12
o R
1
/\XJ\R3 //2/\) ) R
RR* X 2_ %
10 z i RZ=H o
X = NR* _ 6%\R3 A RW%FR3-RMW RS GASS
A \‘O/ : ‘X7 RS

X=0
R2
G H 13

ToA DT ASNDIBLBRILIZE Y a7 a X7 UK E BEL, Hid 7
Nro 10 DFFAIZL Y, aZ v 7 a7 UhRIRE 84T 5, FREEF 258 ok
DEATTHZ LTI 7T 13, BKIEMEBENEITT 2L TV 208360
Bo BNLTTDIRNN-E =L 7 Z A 2 RA0d)Z WL E DAY 12 BEL DI,
FHREFRRICTEE F 2B 5 B -/KANBED e 22 MR N BLETH D
THEBEZLND,

=T ATV 10 Z WG EICE Y 7 ety N BLOYZY 12 BE 57K
BoNBRholcl &b, Xy r7aXr 7 UK E 1Tk L TE=LZ 27 L 106 O
FNIET LN b D EEZ BN D,

—F, ¥t BIERO L) REBETAERT LD EEZILND, T4 9D
TR ARLE TV 10 DAy FRTor P A~DOBBLBRIKIC Y n Xy 7oL
TR G BAEL, A VHROT VT VR FNTIHAT S Z L TrE Y T AT
T PR H MRS S, TREA H 2O et #1795 2L Ty aFd 13
PFEHiILD, YZ7ur~"FE 131377 F10b,¢c & E=/LT A7 /L 10f—j DWW T iLE Hu
AT HAER LI D, =F I R10b,e EE= L= AT LI O EL LY, T
v & DBLRIBRILIC K > THREIE G BAEKT 2 b D EEX HND,

T, EBRT T UEME O A 9, d, j BV EDORY T AT 13
BIFONT, ZDZ LM, H—ELRRICHHIAE & K G OMICITEENFEL, |
A H ~DFF AN LT Vo o DSRFEFICR E ARFEL, —BEIRT Vo o OB BFRAT
LIz, EEMDOSRERYEN = A DT N VEEOBERIEIEE L b DL EZD
b,

BB, HFoETHRRELIICL6-m A L EEFRRT VT U 2DORISTIE, - fRTo
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FRALRIEBRIL 2R L CO = s RSO NT-DIZx L, RIS TIEY 7 a2 13 53455
TS, ZOBRMEOENTIF L— MNEMOBREROENMNI LD EEZLND,
Scheme 2.9 IZ/RT Y, HIVR=VIEETEBINTZT N7 2 2 2 W T ROG TIEEF A D
TIEFHVLERF* L— M EETE D, —F, 7T RRZ AT AN EZ 2T V7 10 &
AWk, PEEHICBWCEREZR HERY L— MEETE 5, MERF L — b
BONENMFEAES 5 PR H T, ZCRNER DV R =V HIZ L > T B 5 Z L TR -K
FMBEL I SN T 7 a~Fv U 13 BERL, ¥ L — MEALBTHTOFRED 225158 -
KEBBENEIT L T s NERLIEbDEEZBND,

Scheme 2.9.
1

o R R1 1

) H T
| X N X Y X X
Z R — LT —— 2 I

o Rh*--0 | -Rh(l)* Me

X = OMe NMe, H H

\ ﬁg\) 3 3

10 Z X — Z

X = NR* % )\ }-_I Rh* /%R?’ —Rh(1)* I::I "’XJ\R3
Ko}

X=0

H 13
high ee

7%, (-)-11eb O i§IEIX 55,7aR Toh v, HHUA E Z M7 2BERI O R A [2+2+2]fH0
BSOS & RIBEDSLARRIRMES B L T 5 9, ZHIdH BTk X 9 I R & RFR
P & OSLARFEE O/ S WVBBIREE TS3 /8 H L TR LABRILSHET T3 5 2 & THIRFAR
E'L 0 L HEKRE 2MES L CTARKT 5729 Th % (Scheme 2.10), Z DEBRFIHEIIT 7 o~
¥ 11 7% Scheme 2.8 (2R L7ZBUSHEMECTAR L TWDH Z L 2R LTV D,
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Scheme 2.10.

N ’ 2 N
R? < P R e\
) "
L E ]
/ i TS3 ]

=R

Rh(1)*/
ZL( (R)-Hg-BINAP —
or
R? - i |
\(R) Segphos Ph Ph
; Ph RT \S
\\\ R2 _ R1 P ,’P
\/ - Z T Rrht
a Z<\\,.-",\ :Rh\ ,,,,,,,,,, - "'l/ N
\ y R RZ _ P
SN Ph "\
Ph
0/ e
L TS3'

—7, 7 a~Ft 13 OSAERRVEIC OV TIE(+)-13ch OHEk553E7S 3aR,5R TH Y,
WTNORKIGEEZ AN THEWT T U F B IR T AT VARRMENA BB L TN DH D
EMD, WTNORIGHEEICBWTHE Y7 BAFtr 13 O 2 SDOARFHNE 3aR,5R HE
AR & IR BRI AR L TV b DL EXHND, Z OSBRI ILT 5
FEIXLL T OFRIZHE 2 TV A (Scheme 2.11),

TUA L YDTIVR ML E TV 10 31 DT MIERERIER LT AR, (R)-BINAP O
THRYTIMTEDH L7 ==L L 10 OFE#IL X ONRREE(TS4)C LY G OARL
IEAFNE 220, TS4 IR T M E T10 2812 27 MIEAL L= F o F AR IRAY 22 i b ¢
G DBERT 5,
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Scheme 2.11.

HQ Ph
g ¥ x

1-§X Rh+/ R1§Rh+

~— | z
" / @ @ =
§

TS4

X = OCOR3, NR*(COR?)
Rh(1)*/ - —
(R)-BINAP

TS4'
X = OCOR3, NR*(COR?)

3w vy MINERIES TAEEEZ E D2 EnD, TA7 U 10ICHKT DA VR=)r
FEOX L — MEAZIZE Y, FRK G IZIX S FEEOEE NS 2 505 (Figure 2.4), LivL, 7
N 10 I HIRT % VAR = LB & (R)-BINAP O Ph JEDSTIRREEC kv, ik GP i3k
% L 72\ (Figure 2.5), £72, T2 A 2 9 OT V7 VENLICH KT D T V7 v M3 or-IN Tl
AT DB, 1oy AOERNJES~DOEN DS METH D EARET D & (R)-BINAP @ Ph JE/328
BOAZIE SN 3R Y P RIA G? 38 LY GY(Figure 2.5), % U CZEEMNIEEDY BT o AL & 73
DA G TIET A v DF L— ML TE /RN, T L7 o O AT L7232,

LB S FRIE GO NAER LIS A, Tx s & 77 o ANETHIBEET 5 WK
JRZE AT A9 LT 10 SEA L, HRME G AR LI 0BT LA v off
ADHEITTHZ LT 7undry B B3EFLNLLOEEZLNS, £, PRIEK G 2
5 WA H ~OAIZZEBAALE DR S DO HHETT D720, FHEHB LY 7 maFt
Y ITIEEWY T AT AR BT 5 (Scheme 2.12),

PreP
Ph,P H 3 H
xR )

H R 7 o || e ‘x PPh /i,',""X\\P ha . .
X . 203 % R D N s
i, O 1A=_Rh - _Rh N—R 12=~_Rh« S R
S R R! R l//\ A RA
PPh PPh R
R1%R|h\PPh2 % | 2 % l//\ S 2 cl)//\PPhZ

2 J ©
- T ¢ (”

L G1 ] L GZ _ G3 - = G4 - GS

Figure 2.4. The structures of intermediates G'~°.
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L G2

Scheme 2.12.

<‘Z Ph, Pj Ph

—J - G3
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Figure 2.5. The steric hindrance in intermediates G



Aim =
L6 Ao F I RBLUE =T 27 L ORFRH2-2 IR K i

HAE AR DA

l

ARERR2L2IMBLS)SZ L > TR LT T Ly 7 e~ N BLO13 13, 6
T L FERRICEL PSR & 9 AR A RETH o 72,

RT VT NIRBIEAFE T, @ T V7 LA SO 7 nasF 2 1eb, 13jf 12—
RIEOKFBEAERESED &, BIEFRNER, WY T AT LA RIPETT L7 UEALOIETE

DHEITL, v 7 m~%H 2 15eb, 16jf 2345 5 117=(Scheme 2.13),

Scheme 2.13.
H PdIC H H
NTMG H, (1 atm) z N.__Me
TsN CH-Cl,. rt. 16 h TSN/\:O, \ﬂ/
R o 2¥12, TS - (0]
Me Me
(5S,7aR)-(-)-11eb (3aS,5S,7aR)-(-)-15eb
80% yield
Pd/C H
(0] H, (1 atm) = le)
TsNCl@ ToN
: ',,OJLMe CH,Cl,, 1t, 16 h . "'O)J\Me
H A
(+)-13jf (+)-16jf
80% yield

F72, 7 ¥k 11ab, eb, 13jfi2%f L TmCPBA Z/EH &€ 2% &, BIFRINER TR
XU RBELONTE, ZOLX, T OEEIZE 2 BT I RRGFET A7 a~dt
11ab, eb TIIKRFRERICEY, VT AT VABIROIC =R X AR T LI, —H, ~7 1
A KFEREE DI LRV 7 a2 13jf O RE LTI, 2 FEO YT AT LA
~— 3% 54172 (Scheme 2.14),

Scheme 2.14.
R H mCPBA o. R H
erMe (1.5 equiv) X NTMe
TsN__| o CHClp, 1t,16h  TsN_ | o
Me Me
(-)-11ab (-)-17ab
(R = Me) 81% yield
(5S,7aR)-(-)-11eb (3aS,5S,7aR)-(-)-17eb
(R=H) 78% vyield
mCPBA H
TsNC@ 0 (1.5 equiv) <:© T N<:© 0
+ Ts
g "OJ\Me CHoCly, t, 16 h )L OJLMG
(+)-13jf +)-18jf ( )-18jf"
39% yield 24% vyield

a1 BLERNI3 ORI AUICBIT AT AT UABEIREOEWIILLTO
INZEBEZELTWVD,
T IV v DTEIC B HE —IKBREEDHH L 7 u~Ft L 1lab, eb TILIEHE LOKFEL
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mCPBA DEEFEIF - & OKBEREADEET D72, TS5 DEBIREAZBRA L TP T AT LA
BRI =R AP ETL, =ARXF T F 1T 03BN H D EE X 5ILDH(Scheme 2.15),

Scheme 2.15.
R H

TsN ﬁ:\[g

Me
11ab (R = Me)
11eb (R =H)

Me H
Me //\\‘/fﬁ/"\R( R H
/ —/%H TsN™ -0 H/NW/MG o !
LN N e 5 0

N
TsN H \n/ (e} — ™ TsN <j:i;rH\([3]/
o} Mé
C

11ab (R = Me) | 17ab (R = Me)
11eb (R = H) L . 17eb (R = H)

— 5, TN OB ERRIENTFE LNy 7 a bt 13 TR EAEY T AT L
EREDRRHE T, ZEYEOZRF U RIS BLO I8 NEoN-bDEEZLND,
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ivia il

FARE (O-Aevhrx ) oOEAK

RuHox v (19)0F, 1994 4517 Weyerstahl 512 L - CHE S W= R T 5 ™,
D%, RaHhvx v PR OB VA R RRMAICEEN TN Z ENRE SR
TW5, oL, Aadvx ) OG0T, Weyerstahl 5125 > TAIER 4% &0 5 {KINER
TI¥ IEOEEWM 1 HIHE SN TWDDHRTH Y (Scheme 2.16)”, F T /UKD LA MKIT
ERESN TV AR T,

%jé Hqé °%
34% yield 23% yield Me 48% yield Pr

Scheme 2.16.

0=

commercially (3 steps) (2 steps) 19]
available (%) -I-|:|4j~/:|:/ >
4% yield
(ovarall yield)

RoHPx ) 3T F Ik FaA 0T B ORBHENICE 4 R FREE b LEWw T
B D120, BIANICERILEZ b o7 R LAY EBEICER TE D L,6-m2 A v &R
FUL A D0 1R 2021 MBS X R a P ) VAR OA R FIEE vz b,

BRICEE DR LTz A 9 £ =) 3 K10 ORFR2R2 MBS SIE, N-7 U VT
RELZ B OF T Vle~nF Vb RaAf o7 UEREBET LIS THY, N-T VLT IR
T LABBEC Lo T U~ L BB TE D ERMbNTND 0, 22 CEFIE, =4
v &S I RORFR2R2ISINELSOG & 8 OG & T DR vx ) (19D AR FRE R
% 7772 (Scheme 2.17),

Scheme 2.17.
4 1 4 R!

=R R, ROy R s

Z + N\n/R catalyst N_-R® elimination =

T oty e

R2 © - ° 3
R 2
R? R
9 10 11

I

Me

i-Pr =z

Me
ROHFSIT/ > (19)

FF, BURBESSICE D A Y 7 a el o~ BB ARER G EZ D 1,6-T 2 A
H)9Ik &=, B-7 R AT I/L20 DT LX)k T U AIZ K Y A AL 72 (Scheme 2.18),
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Scheme 2.18.

Br, /
—————Me q
P B 1 equi) o (1.1 equ) o
. equiv ) o .1 equiv o/ _
Pr /g NaH (1.2 equiv) '-PrJés /~—==—Me NaH (1.2 equiv) I-Pr = Me
MeO.C THF, 0 °C THF /
2 MeO,C 0°C to 1t MeO,C
Me
20 (#)-21 (+)-9k
67% yield
(2 steps)

Bonizo A #)9k & =F 3 K 10b @K§[2+2+2]Hjm BRALBISIE, hTFA o r
r7A(I)/(R)-H8-BINAP BERFRIEIC X > CTRAFCHEITL, 7~k kb NV T AT L
BAEME L THELN, HARY 11kb (T p- NV Z)VR UEE « —/KF 2 I 2 T A
A ) =)V TR T 5 2 & T NHAc D 1 4-FiBENHEIT L o 22 WS BTz, KISER
WKk EVZFA—T NEIZ, B0 H U2 A8EICKER LY 79 A% 0%, /K/THF IE&
IR GBS 5 2 & THURBELOSDEIT L, Y= 23 BME Sz, MISRIRICY =F L
=TV EMNZ, AREEAERY H L%, DBU x5 &, CH,ClL, TEEFTT /L7 o
BMALDNEITL, #E /7 u~ b7 7 4 — X DM THMO - R YT /) [(-)-19]
MIZ A 2 (£)9k 225 4 TFET 19%IZR, 92% ee THF HAL7(Scheme 2.19),

Scheme 2.19.
O H 5 mol % Me H
i-Pr — Me . [Rh(cod),)IBF/ , O 4 e TSOHHO
y . rN\"/Me (R)-Hg-BINAP i-Pr i (3 equiv)
MeO,C I8 CH,Cl, Meo. o} MeOH
2 z
Me rt, 40 h Mé reflux, 48 h
(#)-9Kk 10b 11kb
1.1 equiv mixture of diastereomers
0 Me Me
ipr—4 LiOH Ve DBU o
(5 equiv) O>—<i© (1 equiv)
MeO,C = H,O/THF= 1:1 , I CH,Cl, N L
Me reflux, 24 h -Pr G it 1h P Me
22 23 (-)19

(-)-RaYyTT/ v
19% vyield, 92% ee
(4 steps)

WIZ, BT I BSOS & BRI SOS DNEZE 2 AV 2 CRBED S Z et Lz, R
[2-+2+ 2] INBRAL S O LA R 11kb 1K L Y 7 L& %, 7K/THF 1RGSR CE i
T 52 & THRBBEIGHEEIT LTy 7 madtr 24 WEL T, UGIRIRICK & P =F
T—7NEMZ, B H UGB p- MV ALK U - — KR E IR TR ) —
VTR LTz, R THLT S MBS & 7V o D BNV RS S 8 U CHEFT L7 7=,
SYTEAREIC X > TROSERIRDN D p- MV ZVR g2 B B & Yxmy 23 13 &
P, Aot rx ) CANDERPHGE TE o e ZEE 7 n~ h I 7 4 —Il&k - T
R 2 &, = A )9k D 3 TRT41%INER, =) F 4~ —ilfH=R 92% T-)-R
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BT ) U[(-)-19]235F 572 (Scheme 2.20),

Scheme 2.20.
(@] 5 mol % Me H
iPr—{ —=——Me H [Rh(cod),)|BF 4/ P N Me LiOH
y + rN \H/Me (R)-Hg-BINAP -Pr D (2 equiv)
MeO,C I8 CH,Cl, Meo.C o} HoO/THF= 1:1
Me rt, 40 h 2 Me reflux, 24 h
(£)-9k 10b 11kb
1.1 equiv mixture of diastereomers
Me
Me  TsOH- HZO
> 3 equw >
MeOH i-Pr =
reflux, 48 h Me
[(-)-19]

(-)-Rayz/ v
41% vyield, 92% ee
(3 steps)

PLED X D IEFL, TGO B-7 P AT 20 ZHREIFEE LIZ(-Raoxz ) v
[(5)-19]1DRHE 24k & 78, Scheme 2.18, 220 (/R L= L9125 TR, 2Ry hEWH AT
FRCRINE27%, =F v F A ~—ilRE 92% TH-rutIx ) U [(-)-191%155 Z L1k

HL7,
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UED X SITEFRL, AFAoMe oy AOSHAMENIC XD L6e-m A TV T D
5 AR 2R 221 BRI B W T, B EREE CEBE SN -BEFEE T V7 v
ThHr=FI R0 EHL, 7TEFAT IV ETEBRINIZS 7 a2l 11 BEPCE,
EWZ U F AR THE LN D Z & EB 5T Lo (Scheme 2.20, EX), 3 722bh, LE
BAXTYA IO B IKEDEEOIENIY, EE)2ENEEREEEZ b ST VT &
WD ZETEMRSN, TIVT L OEFHEELITEEBRTHL Z LM HMNT LT,

T, —EBRT VT UEME b O A 9 EFHVWDE, = I RBLUOE= L RS
N0 EDSUFIC LY, MEREARTH DY 7 a~F e U 13 NFREOIE, sz T
FEPFMETHOND Z & 2P 5732 L7z(Scheme 2.21, F3X),

Scheme 2.21.
R4
|
N_ _R®
Y o
N._ RS
10b—f
Cﬁj T
L o}
Fiz
5-10 mol % 1
——R' Rh(l;:*hlratl lyst to 92% yield
S — catalys up to o yie
z gy _— |/X\n/R3 up to >99% ee
2 | O
QR 10b-j R?
X=NR* O
- "X~ R3
H

13
up to 60% yield
up to >99% ee
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T, v/uAtErNBLONIBOEREAHIZED, 7T2F AT I BT M
ETEH SN/ 7~ ®P 15 16 BLOTRFTT K17, 18, 18 ~LHEAETH H =
& % 7= L7z (Scheme 2.22),

Scheme 2.22.

Pd/C

H
Ha (1 atm) H NTMG
R=H) TsN | o

11 mCPBA N T Me
TsN o

Pd/C

17
H, (1 atm) H o
w1 2
07 M
A e

H o ! o,
13 = 4
mCPBA TsN Q TsN )OL
+
H "'O)LMe B 0" “Me
18 18"

S HIT, 1L,6-= A (£)9k & =T I R 10b D53 [ ARF [2+2-+-2)NEBRAV SO & SR &
L, (-RuaH Pz ) ()19 DARF A & Z#RK L 7Z(Scheme 2.23),

Scheme 2.23.
W
(NTMe
| O Me H Me
o} O O :
i—PrJg w4 =—me % iPr—4 N__Me 0
— .1 equiv W
/ 5 mol % o E——
MeO,C MeO,C mol 7o MeO,C B J-Pr B
Me [Rh(cod),)]BF 4/ Me Me
2 (29K (R1-Hg-BINAP 11kb [(-)-19]
67% yield mixture of diastereomer (- KA/ Y
(2 steps, 1 pot) 41% yield, 92% ee

[3 steps, 1 pot from (+)-9k]
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Exprimental Section
I. General

All reactions were carried out under nitrogen or argon with magnetic stirring unless otherwise

noted.

Reagents were prepared as follows.

Anhydrous CH,Cl, was obtained from Aldrich (No. 27,099-7) or Wako (No. 041-32345)
and used as received. Solvents for the synthesis of substrates were dried over Molecular
Sieves 4A (Wako) prior to use.

Hs-BINAP and Segphos were obtained from Takasago International Corporation.

MeO-BIPHEP was obtained from Solvias AG.

1,6-Enynes 9a,"” 9¢,” 9d,” 9¢, of Y 9g.” and 9j7) were prepared according to the
literatures.

All other reagents were obtained from commercial sources and used as received unless

otherwise noted.

Experimental properties were measured as follows.

Melting points were measured on a Mettler Toledo MP50.

'H and >C NMR data were collected on a Bruker AVANCE III HD 400 (400 MHz) at
ambient temperature.

HRMS data were obtained on a Bruker micrOTOF Focus II.

HPLC analyses were carried out on a Jasco LC-2000Plus Series system using Daicel
CHIRALPAK® columns (internal diameter 4.6 mm, column length 250 mm, particle size 3
and 5 um).

Optical rotation data were obtained with a JASCO P-2200 digital polarimeter at the sodium

D line (589 nm) at ambient temperature.

I1. Synthesis of Substrates

Dibenzyl 2-(but-2-yn-1-yl)-2-(2-methylallyl)malonate (9b)

Br, /
——Me <
BnO,C Br

> BnOZCy%Me Me  BnO,C ——Me
—_—
BnO,C BnO,C Bn02C><—(/—

Me

A 9b
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To a suspension of 55% sodium hydride (0.655 g, 15.0 mmol) in THF (60 mL) was added a
solution of malonic acid dibenzyl ester (2.84 g, 10.0 mmol) in THF (10 mL) at 0 °C, and the
mixture was stirred at 0 °C for 30 min. To the mixture was added a solution of 1-bromo-2-butyne
(0.931 g, 7.00 mmol) in THF (10 mL) at 0 °C, and the mixture was stirred at room temperature for
6 hours. The reaction was quenched with water and extracted with diethyl ether. The organic layer
was washed with brine, dried over Na,SOy, filtered, and concentrated under reduced pressure. The
residue was purified by a silica gel column chromatography (eluent: n-hexane/EtOAc = 10:1) to
give dibenzyl 2-(but-2-yn-1-yl)malonate (A, 1.38 g, 4.09 mmol, 58% isolated yield) as a colorless
oil.

'H NMR (CDCls, 400 MHz) ¢ 7.38-7.25 (m, 10H), 5.16 (s, 4H), 3.63 (t, J = 7.7 Hz, 1H), 2.76
(dg, J = 7.7, 2.5 Hz, 2H), 1.67 (t, J = 2.5 Hz, 3H);"’C NMR (CDCl;, 100 MHz) & 167.9, 135.3,
128.5, 128.3, 128.1, 78.1, 74.5, 67.2, 51.7, 18.8, 3.4; HRMS (ESI) calcd for C,;H,O4Na [M+Na]"
359.1254, found 359.1264.

To a suspension of 55% sodium hydride (131 mg, 3.00 mmol) in THF (30 mL) was added a
solution of A (673 mg, 2.00 mmol) in THF (10 mL) at 0 °C, and the mixture was stirred at 0 °C for
30 min. To the mixture was added a solution of 3-bromo-2-methylpropene (338 mg, 2.50 mmol) in
THF (10 mL) at 0 °C, and the mixture was stirred at room temperature for 6 hours. The reaction
was quenched with water and extracted with diethyl ether. The organic layer was washed with brine,
dried over Na,SO,, filtered, and concentrated under reduced pressure. The residue was purified by
a silica gel column chromatography (eluent: n-hexane/EtOAc = 10:1) to give enyne 9b (487 g, 1.25
mmol, 62% isolated yield) as a colorless oil.

'H NMR (CDCls, 400 MHz) & 7.39-7.16 (m, 10H), 5.13 (d, J = 12.3 Hz, 2H), 5.07 (d, J = 12.3
Hz, 2H), 4.87-4.82 (m, 1H), 4.80-4.75 (m, 1H), 2.85 (s, 2H), 2.82 (q, J = 2.6 Hz, 2H), 1.69 (t, J =
2.6 Hz, 3H), 1.60 (s, 3H); °C NMR (CDCl;, 100 MHz) ¢ 170.1, 140.0, 135.3, 128.4, 128.23,
128.16, 116.1, 79.2, 73.6, 67.2, 57.0, 39.5, 23.3, 23.0, 3.4; HRMS (ESI) calcd for C,sH,s04Na
[M+Na] 413.1723, found 413.1742.

2-(2-Methylallyl)-2-(3-phenylprop-2-ynyl)malonic acid dibenzyl ester (9h)

BnO,C /—=—=—Ph TsO BnO,C — Ph <Me BnO,C /— Ph
Y _ =
BnO,C BnO,C BnO,C X
Me
B 9h

To a THF (60 mL) suspension of 55% sodium hydride (0.655 g, 15.00 mmol) was added a THF
(10 mL) solution of malonic acid dibenzyl ester (2.843 g, 10.00 mmol) at 0 °C, and the mixture was
stirred at 0 °C for 30 min. A THF (10 mL) solution of toluene-4-sulfonic acid 3-phenylprop-2-ynyl

ester’ (3.150 g, 11.00 mmol) was added to this mixture at 0 °C, and the mixture was stirred at room
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temperature for 6 h. The reaction was quenched with water and extracted with diethyl ether. The
organic layer was washed with brine, dried over Na,SO,, and concentrated. The residue was
purified by a silica gel column chromatography (hexane/EtOAc = 10:1) to give B (2.111 g, 5.297
mmol, 53% yield) as a colorless oil.

'H NMR (CDCls, 300 MHz) 6 7.40-7.14 (m, 15H), 5.17 (s, 4H), 3.69 (t, J = 7.8 Hz, 1H), 2.83 (d,
J=7.8 Hz, 2H).

To a THF (30 mL) suspension of 55% sodium hydride (0.306 g, 7.00 mmol) was added a THF
(10 mL) solution of B (2.111 g, 5.297 mmol) at 0 °C, and the mixture was stirred at 0 °C for 30 min.
A THF (10 mL) solution of 3-bromo-2-methylpropene (0.743 mg, 5.500 mmol) was added to this
mixture at 0 °C, and the mixture was stirred at room temperature for 6 hours. The reaction was
quenched with water and extracted with diethyl ether. The organic layer was washed with brine,
dried over Na,SO,, and concentrated. The residue was purified by a silica gel column
chromatography (n-hexane/EtOAc = 10:1) to give enyne 9h (2.235 g, 4.939 mmol, 93% isolated
yield) as a colorless oil.

IR (neat) 3033, 2962, 1736 cm™'; '"H NMR (CDCls, 300 MHz) 6 7.41-6.88 (m, 15H), 5.16 (d, J =
12.3 Hz, 2H), 5.09 (d, J = 12.3 Hz, 2H), 4.90 (s, 1H), 4.85 (s, 1H), 3.10 (s, 2H), 2.95 (s, 2H), 1.63
(s, 3H); >C NMR (CDCls, 75 MHz) 6 169.9, 139.8, 135.1, 131.6, 128.5, 128.3, 128.15, 128.10,
127.9, 123.1, 116.4, 84.5, 84.0, 67.3, 57.0, 39.6, 23.5, 23.3; HRMS (ESI) calcd for C3yH,304Na
[M+Na]" 475.1880, found 475.1887.

Dibenzyl 2-(but-2-yn-1-yl)-2-(2-methylenebutyl)malonate (9i)
BnO,C ——Me
. BnO,C BnO.C — Me
HO TsCl O A 2 :< —
\ 4/ —_— q BnO,C %
Et Et Et
B 9i

To a suspension of KOH (337 mg, 6.00 mmol) in THF (10 mL) was added
2-methylenebutan-1-01® (169 mg, 1.96 mmol) at 0 °C, and the mixture was stirred at 0 °C for 30

min. To the mixture was added p-toluenesulfonyl chloride (419 mg, 2.20 mmol) at 0 °C, and the
mixture was stirred at room temperature for 14 hours. The reaction was quenched with water and
extracted with EtOAc. The organic layer was washed with brine, dried over Na,SO,, filtered, and
concentrated to give crude tosylate B. To a suspension of 55% sodium hydride (48.0 mg, 1.10
mmol) in THF (30 mL) was added a solution of A (673 mg, 2.00 mmol) in THF (10 mL) at 0 °C,
and the mixture was stirred at 0 °C for 30 min. A solution of crude tosylate B in THF (10 mL) was
added to this mixture at 0 °C, and the mixture was stirred at room temperature for 5 hours. The
reaction was quenched with water and extracted with diethyl ether. The organic layer was washed

with brine, dried over Na,SOy,, filtered, and concentrated under reduced pressure. The residue was
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purified by a silica gel column chromatography (eluent: n-hexane/EtOAc = 10:1) to give enyne 9i
(512 mg, 1.27 mmol, 65% isolated yield from 2-methylenebutan-1-ol) as a colorless oil.

'H NMR (CDCls, 400 MHz) § 7.37-7.18 (m, 10H), 5.12 (d, J = 12.3 Hz, 2H), 5.07 (d, J = 12.3
Hz, 2H), 4.85 (q, J= 1.6 Hz, 1H), 4.81-4.77 (m, 1H), 2.85 (s, 2H), 2.80 (q, /= 2.6 Hz, 2H), 1.85 (q,
J=17.4Hz, 2H), 1.69 (t, J = 2.6 Hz, 3H), 0.93 (t, J = 7.4 Hz, 3H); °C NMR (CDCl;, 100 MHz) ¢
170.2, 145.7, 135.3, 128.5, 128.25, 128.22, 113.5,79.3, 73.7, 67.1, 57.2, 37.7, 29.4, 23.0, 12.4, 3 .4;
HRMS (ESI) calcd for C,6H,304SNa [M+Na]" 427.1880, found 427.1884.

Vinyl 4-bromobenzoate (10i)9’10)

OAc

p f roY@&

o}
10i

To a solution of 4-bromobenzoic acid (1.01 g, 5.00 mmol) in vinyl acetate (5.0 mL) were added
Pd(OAc), (22.5 mg, 0.100 mmol), KOH (5.6 mg, 0.10 mmol), and vinyl acetate (1.5 mL) at room
temperature. After stirring at room temperature for 40 hours, the reaction mixture was purified by a
column chromatography (eluent: CH,Cl,) to give vinyl 4-bromobenzoate (10i, 504.9 mg, 2.224
mmol, 44% isolated yield) as a colorless solid.

Mp 56.7-57.1 °C; "H NMR (400 MHz, CDCl3) ¢ 8.00~7.89 (m, 2H), 7.65-7.55 (m, 2H),7.48 (dd,
J =139, 6.2Hz, 1H), 5.07 (dd, J = 13.9, 1.8Hz, 1H), 4.72 (dd, J = 6.2, 1.8Hz, 1H); °C NMR
(CDCl;, 100 MHz) ¢ 162.9, 141.3, 131.9, 131.4, 128.8, 127.8, 98.5; HRMS (APCI) calcd for
CoHsBrO, [M+H]" 226.9702, found 226.9710. The spectral data are in accordance with those

reported in the literatures.”'”

I11. Rhodium-Catalyzed Asymmetric [2+2+2] Cycloaddition of 1,6-Enynes 9 with Alkenes
10

10 mol %

H
_ [Rh(cod),)BF/ ‘
N Me . N__Me (R)-Hg-BINAP NTMG
\ /\/ [ TOT TSN i

9 10b 11

Representative procedure for rhodium-catalyzed asymmetric [2+2+2] cycloaddition of
1,6-enynes 9 with alkenes 10 (9a and 10b, Table 2.1, entry 1): (R)-Hg-BINAP (6.3 mg, 0.010
mmol) and [Rh(cod),]BF; (4.1 mg, 0.010 mmol) were dissolved in CH,Cl, (1.5 mL) and the
mixture was stirred at room temperature for 10 min. H, was introduced to the resulting solution in a
Schlenk tube. After stirring at room temperature for an hour, the resulting mixture was concentrated
and dissolved in CH,Cl, (0.5 mL). To the residue was added a solution of enyne (9a, 27.7 mg,
0.100 mmol) and (10b, 9.4 mg, 0.11 mmol) in CH,CI, (1.0 mL) at room temperature. The mixture
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was stirred at room temperature for 16 hours. The resulting solution was concentrated under
reduced pressure and purified by a silica gel preparative TLC (thin layer chromatography) (eluent:
n-hexane/EtOAc = 1:2), which furnished (-)-11ab (33.4 mg, 0.0921 mmol, 92% isolated yield,
98% ee) as a colorless oil.

(-)-N-[(58*,7aR*)-4,7a-Dimethyl-2-tosyl-2,3,5,6,7,7a-hexahydro-1H-isoindol-5-yl|acetamide
[(-)-11ab, Scheme 2.6]

Met Me
N
TsN )
\—/ NOESY cross peak

The relative configuration was determined by the NOESY experiment. [a]*p —39.4° (¢ 0.410,
CHCls, 98% ee); 'H NMR (400 MHz, CDCls) d 7.79-7.70 (m, 2H), 7.39-7.30 (m, 2H), 5.45 (br,
1H), 4.36-4.25 (m, 1H), 3.90 (d, J = 13.5 Hz, 1H), 3.84 (d, /= 13.5 Hz, 1H), 3.42 (d, /= 9.1 Hz,
1H), 2.78 (d, J = 9.1 Hz, 1H), 2.44 (s, 3H), 1.95 (s, 3H), 1.97-1.81 (m, 1H), 1.80-1.69 (m, 1H),
1.61-1.48 (m, 1H), 1.55 (s, 3H), 1.30-1.18 (m, 1H), 0.89 (s, 3H); °C NMR (CDCl;, 100 MHz) &
169.4, 143.4, 138.5, 134.6, 129.7, 127.5, 124.7, 61.2, 48.4, 46.5, 40.9, 28.3, 26.0, 23.4, 23.3, 21.5,
16.7; HRMS (ESI) calcd for C;9H;¢N,0O3SNa [M+Na]+ 385.1556, found 385.1570; CHIRALPAK
AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 11.3 min (minor isomer) and 14.9
min (major isomer).

(-)-N-[(58,7aR)-7a-Methyl-4-phenyl-2-tosyl-2,3,5,6,7,7a-hexahydro-1H-isoindol-5-yl]aceta
mide [(55,7aR)-(-)-11eb, Table 2.1, entry §]

The relative and absolute configurations were determined by X-ray crystallographic analysis.
Colorless solid; 44.2 mg, 0.127 mmol, 63% isolated yield, 99% ee using (R)-Segphos as a ligand;
Mp 183 °C (dec.); [0]*p —84.0° (¢ 1.88, CHCl3, 99% ee); 'H NMR (400 MHz, CDCI;) 6 7.80-7.67
(m, 2H), 7.40-7.29 (m, 2H), 5.67-5.47 (m, 1H), 5.45-5.32 (m, 1H), 4.50—4.35 (m, 1H), 4.00 (dt, J
=13.4,2.4Hz, 1H), 3.76 (d, J=13.4, 1H), 3.44 (d, /= 9.3, 1H), 2.84 (d, /= 9.3, 1H), 2.44 (d, 3H),
1.93 (s, 3H), 1.92-1.79 (m, 1H), 1.79-1.68 (m, 1H), 1.65-1.53 (m, 1H), 1.31-1.17 (m, 1H), 0.88 (s,
3H); °C NMR (CDCls;, 100 MHz) 6 168.9, 144.7, 143.5, 134.4, 129.7, 127.5, 118.8, 61.2, 50.2,
42.6,40.4,28.5,25.4,23.4,22.6,21.5; HRMS (ESI) calcd for C3H24N,03;SNa [M+Na]" 371.1400,
found 371.1407; CHIRALPAK AD-H, n-hexane/i-PrOH = 95:5, 1.0 mL/min, retention times: 52.8
min (minor isomer) and 72.2 min (major isomer).

(-)-1-[(58*,7aR*)-4,7a-Dimethyl-2-tosyl-2,3,5,6,7,7a-hexahydro-1H-isoindol-5-yl|pyrrolidin
-2-one [(—)-11ac, Table 2.2]
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Me

Me
N O
TsN JH
NOESY cross peak

The relative configuration was determined by the NOESY experiment. Colorless oil; 40.3 mg,
0.104 mmol, 52% isolated yield, 98% ee using (R)-Hg-BINAP as a ligand. [a]”p —89.5° (¢ 0.73,
CHCls, 98% ee); 'H NMR (CDCls, 400 MHz) 6 7.81-7.70 (m, 2H), 7.38-7.30 (m, 2H), 4.58-4.42
(m, 1H), 4.00-3.87 (m, 2H), 3.45 (d, J=9.2 Hz, 1H), 3.20 (dt, /= 9.4, 7.6 Hz, 1H), 2.89 (ddd, J =
9.4,8.7,42 Hz, 1H), 2.78 (d, J=9.2 Hz, 1H), 2.44 (s, 3H), 2.38 (dd, /= 8.9, 0.8 Hz, 1H), 2.36 (d J
=8.9 Hz, 1H) 2.11-1.79 (m, 3H), 1.71-1.60 (m, 2H), 1.43 (s, 3H), 1.33-1.19 (m, 1H), 0.90 (s, 3H);
BC NMR (CDCls, 100 MHz) & 174.8, 143.4, 139.5, 134.4, 129.6, 127.4, 123.0, 61.6, 48.6, 46.9,
444, 40.7, 31.0, 30.2, 249, 23.3, 21.5, 18.3, 16.1; HRMS (ESI) caled for C,;HyN,O;SNa
[M+Na]" 411.1713, found 411.1729; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min,
retention times: 11.5 min (minor isomer) and 20.6 min (major isomer).

(-)-(5'S*,7'aR *)-4',7'a-Dimethyl-2'-tosyl-2',3',5',6',7',7'a-hexahydro-1'H-|2,5'-biisoindole]-1,
3-dione [(-)-11ad, Table 2.2]

O

Me
N
TsN "'H ) ©
ve  J
\/ NOESY cross peak

The relative configuration was determined by the NOESY experiment. Pale yellow solid; 22.6
mg, 0.0502 mmol, 25% isolated yield, 98% ee using (R)-Segphos as a ligand. Mp 113 °C (dec.);
[a]”p —224° (¢ 0.110, CHCls, 98% ee); 'H NMR (CDCls, 400 MHz) & 7.85-7.67 (m, 6H),
7.39-7.29 (m, 2H), 4.65 (d, J= 7.4 Hz, 1H), 4.10-4.00 (m, 1H), 3.87-3.75 (m, 1H), 3.52 (d, /= 8.8
Hz, 1H), 2.91 (d, J = 8.8 Hz, 1H), 2.45 (s, 3H), 2.31-2.15 (m, 1H), 1.93-1.74 (m, 2H), 1.67-1.51
(m, 1H), 1.41 (s, 3H), 1.04 (s, 3H); >C NMR (CDCls, 100 MHz) & 168.3, 143.3, 139.2, 134.4,
134.0, 131.7, 129.7, 127.4, 123.1, 121.0, 61.1, 48.9, 47.1, 41.0, 29.1, 26.4, 23.3, 21.5, 16.0; HRMS
(ESI) caled for C,sHxN,0,SNa [M+Na]™ 473.1505, found 473.1513; CHIRALPAK AS-H,
n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 43.4 min (major isomer) and 97.9 min
(minor isomer).

(E)-2-]3-(4,4-Dimethyl-1-tosylpyrrolidin-3-ylidene)but-1-en-2-yl]isoindoline-1,3-dione (12ad,
Table 2.2)
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Tst °
Me — NOESY cross peak

The stereochemistry was determined by the NOESY experiment. Colorless solid; 25.2 mg,
0.0559 mmol, 28% isolated yield, using (R)-Segphos as a ligand. Mp 117.8-119.2 °C; 'H NMR
(CDCl;, 400 MHz) ¢ 7.87-7.81 (m, 2H), 7.78-7.68 (m, 4H), 7.37-7.31 (m, 2H), 5.50 (s, 1H), 5.28
(s, 1H), 3.84 (q, J = 1.3 Hz, 2H), 3.00 (s, 2H), 2.46 (s, 3H), 1.58, (t, J= 1.3 Hz, 3H), 1.26 (s, 6H);
C NMR (CDCls, 100 MHz) 6 166.7, 143.6, 141.8, 136.3, 134.5, 132.7, 131.5, 129.7, 127.9, 124.5,
123.6, 113.9, 63.0, 52.5, 42.8, 26.2, 21.5, 19.8; HRMS (ESI) calcd for C,sHysN,04SNa [M+Na]”
473.1505, found 473.1496.

(+)-N-[(58*,7aR*)-Ta-Methyl-4-phenyl-2-tosyl-2,3,5,6,7,7a-hexahydro-1H-isoindol-5-yl|acet
amide [(+)-11fb, Table 2.2]
Ph H

Me

The relative configuration was assigned by analogy to (—)-11ab with the observation of '"H NMR
signals of the 5-H and 7a-methyl moieties. Yellow solid; 77.4 mg, 0.182 mmol, 91% isolated yield,
98% ee using (R)-Segphos as a ligand; Mp 177 °C (dec.); [a]*p +0.752° (¢ 2.94, CHCl, 98% ee);
'H NMR (CDCls, 400 MHz) 6 7.74-7.65 (m, 2H), 7.37-7.29 (m, 2H), 7.24-7.17 (m, 3H),
7.06-6.98 (m, 2H), 6.04 (d, J = 8.5 Hz, 1H), 4.65-4.52 (m, 1H), 3.86 (dd, J = 13.8, 0.8 Hz, 1H),
3.79 (dd, J = 13.8, 2.3 Hz, 1H), 3.45 (d, J = 9.4 Hz, 1H), 3.06 (d, J = 9.4 Hz, 1H), 2.44 (s, 3H),
2.00-1.82 (m, 2H), 1.80 (s, 3H), 1.69-1.42 (m, 2H), 0.84 (s, 3H); °C NMR (CDCls, 100 MHz) ¢
169.1, 143.5, 140.7, 138.9, 134.2, 130.9, 129.7, 128.4, 127.7, 127.3, 127.2, 61.0, 48.7, 46.8, 40.9,
27.7, 26.2, 23.3, 23.0, 21.4; HRMS (ESI) caled for C,4H,sN,05SNa [M+Na]" 447.1713, found
447.19; CHIRALPAK AD-H, n-hexane/i-PrOH = 95:5, 1.0 mL/min, retention times: 54.1 min

(minor isomer) and 85.2 min (major isomer).

(-)-1-[(58*,7aR*)-Ta-Methyl-4-phenyl-2-tosyl-2,3,5,6,7,7a-hexahydro-1H-isoindol-5-yl| pyrr
olidin-2-one [(—)-11fc, Table 2.2]
N

/..., O
TsN H

Me JNOESY cross peak

The relative configuration was determined by the NOESY experiment. Colorless solid; 58.9 mg,

0.131 mmol, 65% isolated yield, 97% ee using (R)-Hg-BINAP as a ligand; Mp 133 °C (dec.); [a]*p
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—98.8° (¢ 2.67, CHCls, 97% ee); 'H NMR (CDCls, 400 MHz) 6 7.75-7.61 (m, 2H), 7.39-7.16 (m,
S5H), 7.00-6.87 (m, 2H), 4.93 (d, J= 6.6 Hz, 1H), 4.00 (dd J = 14.3, 0.8 Hz, 1H), 3.79 (dd, J = 14 4,
2.6 Hz, 1H), 3.53 (d, J = 9.3 Hz, 1H), 3.22 (dd, J = 16.6, 7.7 Hz, 1H), 3.05 (td, J = 22.9, 9.3 Hz,
1H), 2.96 (d, J = 9.3 Hz, 1H), 2.44 (s, 3H), 2.25-2.08 (m, 2H), 2.03-1.67 (m, 4H), 1.66—1.49 (m,
1H), 1.47-1.34 (m, 1H), 0.97 (s, 3H); °C NMR (CDCls;, 100 MHz) ¢ 174.0, 143.5, 141.9, 138.0,
134.0, 129.6, 129.4, 128.4, 127.44, 127.42, 61.6, 48.9, 46.7, 44.5, 40.8, 30.6, 29.8, 25.0, 23.2, 21.5,
18.1; HRMS (ESI) calcd for C,6H30N,03SNa [M+Na]" 473.1869, found 473.1885; CHIRALPAK
AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 13.6 min (minor isomer) and 28.5
min (major isomer).

(-)-(5'S*,7'aR*)-7'a-Methyl-4'-phenyl-2'-tosyl-2',3",5',6',7',7'a-hexahydro-1'H-|2,5'-biisoind
ole]-1,3-dione [(—)-11fd, Table 2.2]

O
Ph

N
TsN "'H ) ©
Mo J
\/ NOESY cross peak

The relative configuration was determined by the NOESY experiment. Colorless solid; 70.3 mg,
0.137 mmol, 69% isolated yield, 92% ee using (R)-Segphos as a ligand; Mp 135 °C (dec.); [0]*p
~169° (¢ 3.16, CHCls, 92% ee); 'H NMR (CDCls, 400 MHz) 6 7.70 (d, J = 8.2 Hz, 2H), 7.71-7.51
(m, 4H), 7.35 (d, J = 8.0 Hz, 2H), 7.16-7.04 (m, 3H), 6.92-6.81 (m, 2H), 5.08-5.00 (m, 1H), 3.85
(dd, J=14.5, 2.3 Hz, 1H), 3.79 (dd, J = 14.5, 3.2 Hz, 1H), 3.60 (d, /=9.0 Hz, 1H), 3.12 (d, J=9.0
Hz, 1H), 2.47 (s, 3H), 2.43-1.26 (m, 1H), 2.11-1.98 (m, 1H), 1.98-1.86 (m, 1H), 1.75-1.61 (m,
1H), 1.11 (s, 3H); >C NMR (CDCls, 100 MHz) 6 168.2 (br), 167.8 (br), 143.3, 141.6, 137.9, 134.1,
133.8, 131.7 (br), 131.1 (br), 129.7, 128.4, 127.7, 127.6, 127.5, 127.3, 123.1 (br), 122.7 (br), 61.3,
49.0,46.7, 41.0, 28.8, 26.5, 23.2, 21.5; HRMS (ESI) caled for C30H,sN,0,SNa [M+Na]" 535.1662,
found 535.1662; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times:
37.2 min (minor isomer) and 65.7 min (major isomer).

(E)-2-[3-(4,4-Dimethyl-1-tosylpyrrolidin-3-ylidene)-3-phenylprop-1-en-2-yl]isoindoline-1,3-
dione (12fd, Table 2.2)

Me H
Me~ NOESY cross peak

The stereochemistry was determined by the NOESY experiment. Colorless solid; 9.3 mg, 0.018
mmol, 9% isolated yield, using (R)-Segphos as a ligand; Mp 189 °C (dec.); 'H NMR (CDCls, 400
MHz) ¢ 7.72-7.57 (m, 6H), 7.38-7.30 (m, 2H), 7.19-7.06 (m, 3H), 7.00-6.92 (m, 2H), 5.59 (s, 1H),
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5.53 (s, 1H), 3.73 (s, 2H), 3.12 (s, 2H), 2.48 (s, 3H), 1.45 (s, 6H); >C NMR (CDCls, 100 MHz) &

166.5, 144.8, 143.6, 138.5, 134.5, 134.2, 132.5, 131.5, 131.1, 129.7, 128.5, 128.1, 127.8, 127.7,

123.3,116.4, 63.3, 52.9, 43.1, 26.7, 21.6; C30H2sN,0,SNa [M+Na]" 535.1662, found 535.1666.
(-)-Dimethyl

(3aS$*,65*)-6-acetamido-3a,7-dimethyl-1,3,3a,4,5,6-hexahydro-2 H-indene-2,2-dicarboxylate
[(-)-11gb, Table 2.2]

H
Me', Me
N—(
MeOZC inH O
MGOZC =z "'H )
Me
\—/ NOESY cross peak

The relative configuration was determined by the NOESY experiment. Colorless solid; 47.6 mg,
0.147 mmol, 74% isolated yield, 97% ee using (R)-Hg-BINAP as a ligand; Mp 102.5-104.0 °C;
[a]”p —64.4° (¢ 1.83, CHCL;, 97% ee); '"H NMR (CDCls, 400 MHz) 6 5.64-5.36 (m, 1H),
4.38-4.21 (m, 1H), 3.77 (s, 3H), 3.71 (s, 3H), 3.13 (d, J=16.7 Hz, 1H), 2.93 (d, J=16.7 Hz, 1H),
242 (d,J=13.4 Hz, 1H), 2.04 (d, /= 13.4 Hz, 1H), 1.98 (s, 3H), 1.94-1.80 (m, 1H), 1.78-1.69 (m,
1H), 1.68-1.55 (m, 1H), 1.61 (s, 3H), 1.37-1.23 (m, 1H) 0.95 (s, 3H); °C NMR (CDCl;, 100 MHz)
0173.3,173.0, 169.4, 142.5, 123.2, 57.4, 52.91, 52.89, 48.6, 47.1, 41.2, 36.0, 31.7, 26.3, 24.6, 23 .4,
16.7; HRMS (ESI) caled for C;7H,sNOsNa [M+Na]" 346.1625, found 346.1645; CHIRALPAK
AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 31.3 min (major isomer) and 41.3
min (minor isomer).

(-)-Dimethyl

(3aS*,65%)-6-(1,3-dioxoisoindolin-2-yl)-3a,7-dimethyl-1,3,3a,4,5,6-hexahydro-2 H-indene-2,2-d
icarboxylate [(—)-11gd, Table 2.2]

(0]
Me
M602C>Cﬁ)/N

Me0,C~ \— 0
Me

The relative configuration was assigned by analogy to (—)-11ie with the observation of "H NMR
signals of the 3a-methyl and 6-H moieties. Colorless solid; 35.3 mg, 0.0857 mmol, 43% isolated
yield, 96% ee using (R)-Segphos as a ligand; Mp 103.1-104.3 °C; [a]”p —160° (¢ 1.64, CHCl;,
96% ee); '"H NMR (CDCls, 400 MHz) 6 7.87-7.77 (m, 2H), 7.74-7.66 (m, 2H), 4.70-4.61 (m, 1H),
3.78 (s, 3H), 3.77 (s, 3H), 3.18 (dq, J = 16.7, 1.4 Hz, 1H), 3.10 (d, J = 16.7 Hz, 1H), 2.50 (d, J =
13.4 Hz, 1H), 2.36 (d, /= 13.4 Hz, 1H), 2.28-2.13 (m, 1H), 1.93 (td, J = 14.0, 3.8 Hz, 1H), 1.78 (dt,
12.2, 2.7 Hz, 1H), 1.64 (dt, 12.2, 3.6 Hz, 1H), 1.51 (s, 3H), 0.99 (s, 3H); °C NMR (CDCls, 100
MHz) 6 173.3, 172.6, 168.4 (br), 143.1, 133.8, 131.9 (br), 123.0, 119.5, 57.8, 52.9, 52.8, 48.2, 47.8,
41.1,36.4, 32.3, 26.7, 24.4, 16.2; HRMS (ESI) calcd for C,3H,sNOgNa [M+Na]™ 434.1574, found
434.1584; CHIRALPAK AD-H, n-hexane/i-PrOH = 95:5, 1.0 mL/min, retention times: 11.6 min
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(minor isomer) and 13.4 min (major isomer).

(-)-Dibenzyl
(3a8*,65*)-3a,7-dimethyl-6-(2-oxopyrrolidin-1-yl)-1,3,3a,4,5,6-hexahydro-2 H-indene-2,2-dica

rboxylate [(—)-11bc, Table 2.2]
BnO,C Q
BnO,C

The relative configuration was assigned by analogy to (-)-11ac with the observation of '"H NMR
signal of signal of the bolded proton. Pale yellow solid; 68.4 mg, 0.136 mmol, 68% isolated yield,
92% ee using (R)-Segphos as a ligand; Mp 133 °C (dec.); [a]ZSD —49.9° (¢ 1.06, CHCl;, 92% ee);
'H NMR (CDCls, 400 MHz) 6 7.42-7.15 (m, 10H), 5.17 (d, J = 12.3 Hz, 1H), 5.13 (d, J= 12.3 Hz,
1H), 5.09 (d, J=12.4 Hz, 1H), 5.06 (d, J = 12.4 Hz, 1H), 4.46 (d, /= 5.8 Hz, 1H), 3.21 (dt, J=9.7,
7.6 Hz, 1H), 3.14 (dq, J = 16.4, 1.0 Hz, 1H), 3.00 (d, J = 16.4 Hz, 1H), 2.98-2.89 (m, 1H),
2.46-2.31 (m, 3H), 2.14 (d, J = 13.6 Hz, 1H), 2.10-1.73 (m, 3H), 1.71-1.55 (m, 2H), 1.42 (s, 3H),
1.40-1.28 (m, 1H), 0.93 (s, 3H); °C NMR (CDCl;, 100 MHz) § 174.8, 172.2, 172.1, 143.6, 135.5,
135.4, 128.51, 128.50, 128.31, 128.30, 128.2, 128.0, 121.4, 67.4, 67.2, 57.9, 48.5, 47.5, 44.6, 40.7,
36.4, 33.4, 31.3, 25.4, 25.1, 18.5, 16.2; HRMS (ESI) calcd for C3H3;sNOsNa [M+Na]" 524.2407,
found 524.2419; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times:
22.4 min (major isomer) and 25.4 min (minor isomer).

(-)-Dibenzyl

(3aS5%#,65%)-6-(1,3-dioxoisoindolin-2-yl)-3a-methyl-7-phenyl-1,3,3a,4,5,6-hexahydro-2 H-indene
-2,2-dicarboxylate [(—)-11hd, Table 2.2]

0.
Ph

N
Bn02C JITI)
BnO,C™ Ny )
Me
\/ NOESY cross peak

The relative configuration was determined by the NOESY experiment. Colorless oil; 66.0 mg,
0.105 mmol, 53% isolated yield, >99% ee using (R)-Segphos as a ligand; [a]*p —70.7° (¢ 0.37,
CHCls, >99% ee); '"H NMR (CDCls, 400 MHz) 6 7.81-7.51 (m, 4H), 7.35-7.19 (m, 10H),
7.14-6.97 (m, 5H), 5.19 (s, 2H), 5.13 (d, J=12.3 Hz, 1H), 5.08 (d, J = 12.3 Hz, 1H), 5.13-5.04 (m,
1H), 3.18 (d, /= 17.0 Hz, 1H), 2.94 (dd, J=17.0, 3.7 Hz, 1H), 2.64 (d, /= 13.5 Hz, 1H), 2.50 (d, J
=13.5 Hz, 1H), 2.41-2.24 (m, 1H), 2.20-2.06 (m, 1H), 1.95-1.84 (m, 1H), 1.79-1.66 (m, 1H), 1.08
(s, 3H); C NMR (CDCls, 100 MHz) § 172.4, 171.9, 168.1 (br), 145.8, 139.1, 135.6, 135.5, 133.6
(br), 128.5, 128.3, 128.23, 128.17, 128.2, 128.1, 126.7, 126.5, 122.8 (br), 67.3, 57.7, 48.3, 47.3,
413, 36.7, 31.9, 26.8, 24.5; HRMS (ESI) calcd for C4H3sNOgNa [M+Na]™ 648.2357, found
648.2345; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 17.4 min
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(minor isomer) and 24.9 min (major isomer).

(-)-Dibenzyl
(3a8*,65*)-6-acetamido-3a-ethyl-7-methyl-1,3,3a,4,5,6-hexahydro-2 H-indene-2,2-dicarboxyla
te [(—)-11ib, Table 2.2]
MeH  Me
“éo
BnO,C Me/i;H j
The relative configuration was determined by the NOESY experiment. Colorless oil; 63.6 mg,
0.130 mmol, 65% isolated yield, 96% ee using (R)-Hg-BINAP as a ligand; [a]25D -38.3° (¢ 0.315,
CHCls, 96% ee); 'H NMR (CDCls, 400 MHz) 6 7.36-7.21 (m, 10H), 5.39-5.27 (m, 1H), 5.15 (d, J
= 12.2 Hz, 1H), 5.11 (d, J = 12.2 Hz, 1H), 5.10 (d, J = 12.3 Hz, 1H), 5.06 (d, J= 12.3 Hz, 1H),
4.31-4.19 (m, 1H), 3.15-3.04 (m, 1H), 2.92 (d, J=16.6 Hz, 1H), 2.58 (d, J=13.9 Hz, 1H), 1.96 (s,
3H), 1.89-1.71 (m, 3H), 1.66-1.55 (m, 1H), 1.53 (s, 3H), 1.36-1.22 (m, 1H), 1.20-1.08 (m, 1H),
1.08-0.97 (m, 1H), 0.71 (t, J = 7.4 Hz, 3H); °C NMR (CDCls, 100 MHz) 6 172.5, 172.0, 169.3,
143.4,135.5,135.4, 128.6, 128.5, 128.4, 128.3, 127.9, 123.2, 67.5, 67.3, 57.9, 47.1, 44.6, 43.5, 36.1,
27.0, 26.7, 25.9, 23.5, 16.7, 8.3; HRMS (ESI) calcd for C30H3sNOsNa [M+Na]™ 512.2407, found
512.2417; CHIRALCEL OD-H, n-hexane/i-PrOH = 95:5, 1.0 mL/min, retention times: 18.5 min

NOESY cross peak

(minor isomer) and 25.8 min (major isomer).

(-)-Dibenzyl
(3aS*,65*)-3a-ethyl-7-methyl-6-(2-oxopyrrolidin-1-yl)-1,3,3a,4,5,6-hexahydro-2 H-indene-2,2-

dicarboxylate [(—)-11ic, Table 2.2]
Me
BnO,C NQ
BnO,C~ \— o
Et L

The relative configuration was assigned by analogy to (-)-3ab with the observation of "H NMR
signal of the bolded proton. Colorless oil; 90.5 mg, 0.176 mmol, 88% isolated yield, 97% ee using
(R)-Segphos as a ligand [0]p —64.6° (¢ 2.34, CHCls, 97% ee); 'H NMR (CDCls, 400 MHz) ¢
7.38-7.19 (m, 10H), 5.21-5.00 (m, 4H), 3.26-3.15 (m, 1H), 3.14-3.04 (m, 1H), 3.00 (d, J = 16.2
Hz, 1H), 2.98-2.87 (m, 1H), 2.54 (d, /= 14.0 Hz, 1H), 2.43-2.27 (m, 2H), 2.02—1.73 (m, 5SH), 1.52
(d, J=14.0 Hz, 1H), 1.42 (s, 3H), 1.36-1.04 (m, 4H), 0.71 (t, J = 7.4 Hz, 3H); °*C NMR (CDCl;,
100 MHz) 6 174.7, 172.3, 172.0, 144.4, 135.5, 135.4, 128.52, 128.51, 128.34, 128.30, 128.2, 128.0,
121.6, 67.4, 67.2, 58.1, 47.2, 44.3, 44.1, 43.8, 36.6, 31.3, 28.4, 27.8, 24.8, 18.5, 16.2, 8.3; HRMS
(ESI) caled for C;H3;NOsNa [M+Na]™ 538.2564, found 538.2561; CHIRALCEL OD-H,
n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 19.0 min (minor isomer) and 33.6 min

(major isomer).
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(-)-Dibenzyl
(3aS*#,65%)-6-(1,3-dioxoisoindolin-2-yl)-3a-ethyl-7-methyl-1,3,3a,4,5,6-hexahydro-2 H-indene-2
,2-dicarboxylate [(—)-11id, Table 2.2]

O

Me
N
Bn02C "'H . O
BnOQC H "'H)
M ~—\H
© H J NOESY cross peak

The relative configuration was determined by the NOESY experiment. Colorless oil; 97.2 mg,
0.168 mmol, 84% isolated yield, 96% ee using (R)-Segphos as a ligand; [a]”p —91.2° (¢ 1.03,
CHCls, 96% ee); '"H NMR (CDCls, 400 MHz) & 7.88-7.77 (m, 2H), 7.75-7.64 (m, 2H), 7.37-7.17
(m, 10H), 5.22-5.07 (m, 4H), 4.35 (d, J= 7.6 Hz, 1H), 3.13 (s, 2H), 2.64 (d, /= 13.7 Hz, 1H), 2.20
(d, J=13.7 Hz, 1H), 2.17-1.99 (m, 1H), 1.88-1.66 (m, 3H), 1.83 (s, 3H), 1.37-1.12 (m, 2H), 0.74
(t, J = 7.4 Hz, 3H); "C NMR (CDCls, 100 MHz) 6 172.5, 171.8, 168.3 (br), 143.8, 135.7, 135.5,
133.8, 131.9 (br), 128.5, 128.4, 128.3, 128.2, 128.1, 123.1, 120.0, 67.4, 67.3, 58.3, 47.5, 44.6, 43.5,
36.7, 27.4, 27.2, 26.1, 16.1, 8.3; HRMS (ESI) caled for C3sH3sNOgNa [M+Na]™ 600.2357, found
600.2357; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 13.6 min
(minor isomer) and 16.8 min (major isomer).

(-)-Dibenzyl

(3a8*,65*)-3a-ethyl-7-methyl-6-(/V-methylacetamido)-1,3,3a,4,5,6-hexahydro-2 H-indene-2,2-d
icarboxylate [(—)-11ie, Table 2.2]

Me
Me '\¢ Me
N*
BnO,C WH O
BI’IOzC z "'H>

Me/%H
H J NOESY cross peak

The relative configuration was determined by the NOESY experiment. Colorless oil; 42.1 mg,
0.0836 mmol, 42% isolated yield, >99% ee using (R)-Segphos as a ligand; [a]*p —33.7° (¢ 0.885,
CHCls, >99% ee); '"H NMR (CDCls, 400 MHz) 6 7.41-7.17 (m, 10H), 5.21-5.01 (m, 4H),
5.00-4.86 (m, 0.65H), 4.05-3.96 (m, 0.35H), 3.10 (d, /= 16.8 Hz, 1H), 3.04 (d, /= 16.4 Hz, 1H),
2.71-2.45 (m, 4H), 2.19-1.75 (m, 6H), 1.65-1.35 (m, 4H), 1.35-1.02 (m, 3H), 0.77-0.64 (m, 3H);
PC NMR (CDCls, 100 MHz) 6 172.4, 172.0, 170.7, 170.5, 145.1, 144.7, 135.5, 135.4, 128.53,
128.51, 128.4, 128.33, 128.31, 128.28, 128.2, 128.1, 128.0, 122.3, 121.6, 67.42, 67.38, 67.3, 67.2,
58.11, 58.07, 54.1,48.9,44.2, 44.1, 43.8, 43.6, 36.7, 31.5, 28.6, 27.9, 27.82, 27.79, 27.5, 25.9, 25.1,
22.3, 21.9, 16.3, 162, 8.3; HRMS (ESI) calcd for C3H3;;NOsNa [M+Na]™ 526.2564, found
526.2577;, CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 15.9 min

(major isomer) and 20.5 min (minor isomer).

(-)-N-[(3aR*,5R*)-7-Methyl-2-tosyl-2,3,3a,4,5,6-hexahydro-1H-isoindol-5-yl]acetamide

100



A A —

A ﬂ%#ﬁ
6= A xF I FBLOE =L X5 L DORFRH2H2)INBC S

[(-)-13cb, Table 2.3]

Me

reol:
: "'N)LMe

H I
H
NOESY cross peak

The relative configuration was determined by the NOESY experiment. Colorless solid; 33.4 mg,
0.0959 mmol, 48% isolated yield, 98% ee using (R)-BINAP as a ligand; Mp 119.8 °C (dec.); [a]*p
—22.3° (¢ 2.04, CHCls, 98% ee); 'H NMR (CDCls, 400 MHz) 6 7.77-7.64 (m, 2H), 7.40-7.31 (m,
2H), 6.12-5.90 (m, 1H), 4.39—4.26 (m, 1H), 4.01 (d, J = 13.5 Hz, 1H), 3.82-3.70 (m, 1H), 3.64 (d,
J = 13.5 Hz, 1H), 2.75-2.56 (m, 1H), 2.53-2.35 (m, 1H), 2.44 (s, 3H), 2.33-2.19 (m, 1H),
2.16-2.05 (m, 1H), 1.95 (s, 3H), 1.93-1.82 (m, 1H), 1.54 (s, 3H), 1.14-0.96 (m, 1H); "C NMR
(CDCl;, 100 MHz) J 169.6, 143.6, 132.9, 129.7, 129.3, 127.6, 123.9, 53.9, 49.5, 43.0, 35.9, 34.4,
28.9, 23.2, 21.5, 19.0; HRMS (ESI) calcd for C,5H,4N,03SNa [M+Na]" 371.1400, found 371.1414;
CHIRALCEL OlJ-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 53.4 min (major
isomer) and 97.5 min (minor isomer).

(—)-N-[(58*,7aR*)-4-Methyl-2-tosyl-2,3,5,6,7,7a-hexahydro-1 H-isoindol-5-yl|acetamide
[(-)-11cb, Table 2.3]

Meoﬁ/ Me

H H H
~ NOESY cross peak

The relative configuration was determined by the NOESY experiment. Colorless oil; 16.1 mg,
0.0462 mmol, 23% isolated yield, 84% ee using (R)-BINAP as a ligand; [0]”p —54.7° (¢ 0.350,
CHCls, 84% ee); 'H NMR (CDCls, 400 MHz) 6§ 7.78-7.68 (m, 2H), 7.38-7.30 (m, 2H), 5.56-5.38
(m, 1H), 4.39—4.27 (m, 1H), 3.96-3.86 (m, 1H), 3.81-3.71 (m, 2H), 2.59 (dd, /= 10.9, 9.2 Hz, 1H),
2.45 (s, 3H), 2.51-2.26 (m, 1H), 1.95 (s, 3H), 1.91-1.71 (m, 2H), 1.67-1.52 (m, 1H), 1.57 (s, 3H),
1.06-0.90 (m, 1H), C NMR (CDCls;, 100 MHz) § 169.3, 143.5, 135.5, 134.0, 129.7, 127.6, 125.3,
53.8, 49.5, 46.6, 39.6, 29.0, 23.3, 21.5, 21.4, 16.6; CsH,yN,03SNa [M+Na]" 371.1400, found
371.1410; CHIRALCEL OlJ-H, n-hexane/2-PrOH = 90:10, 1.0 mL/min, retention times: 48.6 min

(major isomer) and 70.8 min (minor isomer).

(-)-1-[(3aR*,5R*)-7-methyl-2-tosyl-2,3,3a,4,5,6-hexahydro-1H-isoindol-5-yl]pyrrolidin-2-on

e [(-)-13cc, Table 2.3]
Me
TsN<:©I 2
>

The relative configuration was assigned by analogy to (—)-13cb and (+)-13ch with the
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observation of "H NMR signals of the 4-methylene protons. Colorless oil; 45.2 mg, 0.121 mmol,
60% isolated yield, 99% ee using (R)-BINAP as a ligand; [a]*p —11.1° (¢ 0.605, CHCls, 99% ee);
'H NMR (CDCls, 400 MHz) & 7.76-7.68 (m, 2H), 7.38-7.30 (m, 2H), 4.39-4.29 (m, 1H), 4.01 (d, J
= 13.8 Hz, 1H), 3.81-3.73 (m, 1H), 3.70 (d, J = 14.2 Hz, 1H), 3.33-3.23 (m, 1H), 3.22-3.13 (m,
1H), 2.44 (s, 3H), 2.49-2.39 (m, 2H), 3.38-2.29 (m, 2H), 2.28-2.09 (m, 2H), 2.02-1.86 (m, 3H),
1.57 (s, 3H), 1.20-1.06 (m, 1H); *C NMR (CDCls, 100 MHz) § 175.0, 143.5, 133.4, 130.3, 129.7,
127.7, 124.9, 54.1, 49.5, 45.6, 45.3, 35.6, 32.6, 31.2, 29.6, 21.5, 19.0, 18.6; HRMS (ESI) calcd for
C10H26N,03SNa [M+Na]™ 397.1556, found 397.1562; CHIRALPAK AD-H, n-hexane/i-PrOH =

90:10, 1.0 mL/min, retention times: 47.1 min (minor isomer) and 90.2 min (major isomer).

(-)-1-[(58*,7aR*)-4-Methyl-2-tosyl-2,3,5,6,7,7a-hexahydro-1 H-isoind ol-5-yl| pyrrolidin-2-on

e [(-)-11cc, Table 2.3]
Me
TsN | 0
H H

The relative configuration was assigned by analogy to (-)-11cb and (—)-1lac with the
observation of 'H NMR signals of the bolded proton. Colorless oil; 24.6 mg, 0.0657 mmol, 33%
isolated yield, 87% ee using (R)-BINAP as a ligand; [a]”p —59.6° (¢ 0.450, CHCls, 87% ee); 'H
NMR (CDCls, 400 MHz) 6 7.77-7.69 (m, 2H), 7.39-7.30 (m, 2H), 4.53 (s, 1H), 3.95 (d, J = 14.2
Hz, 1H), 3.87 (d, J = 14.2 Hz, 1H), 3.83-3.74 (m, 1H), 3.34-3.13 (m, 1H), 3.02-2.91 (m, 1H),
2.67-2.57 (m, 1H), 2.44 (s, 3H), 2.42-2.31 (m, 3H), 2.04-1.72 (m, 5H), 1.46 (s, 3H), 1.01-0.93 (m,
1H); °C NMR (CDCls, 100 MHz) 6 174.8, 143.5, 136.5, 134.1, 129.7, 127.6, 123.8, 54.0, 49.7,
47.3, 44.7, 39.3, 31.1, 28.1, 23.3, 21.5, 18.4, 16.1; HRMS (ESI) caled for C,yH,sN,O;SNa
[M+Na]" 397.1556, found 397.1558; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min,
retention times: 50.8 min (minor isomer) and 64.3 min (major isomer).

(-)-Dibenzyl

(3aR*,5R*)-7-Methyl-5-(2-oxopyrrolidin-1-yl)-1,3,3a,4,5,6-hexahydro-2 H-indene-2,2-dicarbox

ylate [(-)-13dc, Table 2.3]
Me

Bnozc><:<tI o
BnO,C : N\ij>

The relative configuration was assigned by analogy to (-)-13cb and (+)-13ch with the
observation of "H NMR signals of the 4-methylene protons. Colorless oil; 49.7 mg, 0.102 mmol,
51% isolated yield, 98% ee using (R)-BINAP as a ligand; [a]*p —0.724° (¢ 0.870, CHCl;, 98% ee);
'H NMR (CDCls, 400 MHz) 6 7.38-7.19 (m, 10H), 5.14 (d, J = 12.4 Hz, 1H), 5.11 (s, 2H), 5.10 (d,
J=12.4 Hz, 1H), 4.43-4.31 (m, 1H), 3.27 (dt, J=19.6, 7.0 Hz, 1H), 3.22-3.14 (m, 1H), 3.00 (d, J
= 16.9 Hz, 1H), 2.92 (d, J = 17.2 Hz, 1H), 2.55 (dd, J = 12.5, 6.6 Hz, 1H), 2.38-2.11 (m, 5H),
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1.97-1.81 (m, 3H), 1.61 (s, 3H), 0.96-0.79 (m, 2H); *C NMR (CDCl;, 100 MHz) & 174.9, 172.0,
171.6, 135.4, 133.5, 128.49, 128.48, 128.2, 128.00, 127.93, 127.9, 123.5, 67.21, 67.18, 58.2, 45.9,
458, 41.1, 36.7, 35.7, 33.0, 32.6, 31.3, 18.9, 18.7; HRMS (ESI) calcd for C3yH3;3NOsNa [M+Na]"
510.2251, found 510.2250; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention
times: 24.0 min (minor isomer) and 27.0 min (major isomer).

(-)-Dibenzyl
(3a8*,65*)-7-methyl-6-(2-oxopyrrolidin-1-yl)-1,3,3a,4,5,6-hexahydro-2 H-indene-2,2-dicarbox

ylate [(—)-11dc, Table 2.3]
Me
BnO,C N:\>
BnO,C~ \—= %
-

The relative configuration was assigned by analogy to (—)-1lcc and (-)-1lac with the
observation of '"H NMR signal of the bolded proton. Colorless oil; 26.2 mg, 0.0537 mmol, 27%
isolated yield, 63% ee using (R)-BINAP as a ligand; [a]”p —3.94° (¢ 0.160, CHCl;, 63% ce); 'H
NMR (CDCl;, 400 MHz) ¢ 7.44-7.14 (m, 10H), 5.20-5.03 (m, 4H), 4.52 (s, 1H), 3.38-3.22 (m,
1H), 3.14-2.99 (m, 2H), 2.95 (d, J = 17.6 Hz, 1H), 2.62 (dd, J = 12.4, 7.0 Hz, 1H), 2.47-2.19 (m,
3H), 2.07-1.61 (m, 6H), 1.48 (s, 3H), 1.16-0.99 (m, 1H); °C NMR (CDCl;, 100 MHz) § 174.7,
171.7, 140.0, 135.42, 135.38, 128.5, 128.29, 128.28, 128.02, 127.9, 122.6, 67.3, 67.2, 58.4, 47.9,
45.0, 40.9, 39.8, 37.2, 31.3, 28.8, 25.9, 18.5, 16.0; HRMS (ESI) calcd for C3,H33NOsNa [M+Na]"
510.2251, found 510.2264; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention

times: 26.6 min (minor isomer) and 29.8 min (major isomer).

(+)-(3aR*,5R*)-7-Methyl-2-tosyl-2,3,3a,4,5,6-hexahydro-1H-isoindol-5-yl acetate [(+)-13cf,
Table 2.4, entry 6]
Me

o}

The relative configuration was assigned by analogy to (+)-13ch with the observation of '"H NMR
signals of the 4-methylene protons. Colorless solid; 23.8 mg, 0.0681 mmol, 34% isolated yield,
>99% ee using (R)-BINAP as a ligand and 3 equiv 10f; Mp 102 °C (dec.); [a]*p +1.23° (¢ 0.920,
CHCls, >99% ee); 'H NMR (CDCls, 400 MHz) 6 7.81-7.63 (m, 2H), 7.41-7.29 (m, 2H), 5.26-5.13
(m, 1H), 4.07-3.95 (m, 1H), 3.78 (dd, J= 8.8, 7.6 Hz, 1H), 3.73 (d, /= 14.3 Hz, 1H), 3.78 (dd, J =
14.3 Hz, 1H), 2.78-2.58 (m, 1H), 2.50 (dd, /= 11.0, 8.8 Hz, 1H), 2.44 (s, 3H), 2.29-2.05 (m, 2H),
2.07 (s, 3H), 1.54 (s, 3H), 1.14-1.04 (m, 1H); °C NMR (CDCls, 100 MHz) 6 170.6, 143.4, 133.6,
129.7, 129.6, 127.7, 122.9, 67.9, 54.0, 49.5, 35.5, 34.1, 29.4, 21.5, 21.3, 18.9; HRMS (ESI) calcd
for C,sH,3NO,SNa [M+Na]" 372.1240, found 372.1253; CHIRALPAK AD-H, n-hexane/i-PrOH =

90:10, 1.0 mL/min, retention times: 16.2 min (minor isomer) and 23.4 min (major isomer).
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(+)-(3aR*,55%)-2-Tosyl-2,3,3a,4,5,6-hexahydro-1H-isoindol-5-yl acetate [(+)-13jf, Table 2.4,

entry 8]
(0]
’/,O)J\Me

The relative configuration was assigned by analogy to (+)-13ch with the observation of "H NMR

"

T

signals of the 4-methylene protons. Colorless solid; 38.0 mg, 0.113 mmol, 57% isolated yield, 96%
ee using (R)-BINAP as a ligand and a mixture of vinyl acetate (10f, 1.0 mL) and CH,ClI, (0.5 mL)
as a solvent; Mp 139.8 °C (dec.); [a]ZSD +34.8° (¢ 1.02, CHCl;, 96% ee); 'H NMR (CDCls;, 400
MHz) 6 7.77-7.65 (m, 2H), 7.38-7.29 (m, 2H), 5.42 (s, 1H), 5.19 (s, 1H), 4.11-4.00 (m, 1H),
3.84-3.75 (m, 1H), 3.73-3.63 (m, 1H), 2.77-2.61 (m, 1H), 2.59 (dd, J = 10.7, 8.7 Hz, 1H), 2.43 (s,
3H), 2.37-2.23 (m, 1H), 2.22-2.08 (m, 2H), 2.00 (s, 3H), 1.20-1.06 (m, 1H); °C NMR (CDCl,,
100 MHz) 0 170.5, 143.5, 136.7, 133.8, 129.7, 127.6, 116.0, 67.1, 53.8, 51.0, 35.6, 30.2, 29.3, 21.5,
21.3; HRMS (ESI) caled for C;;H,NOgSNa [M+Na]~ 347.1465, found 374.1483; CHIRALCEL
OJ-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 45.9 min (major isomer) and 74.9

min (minor isomer).

(-)-(3aR*,5R*)-7-Methyl-2-tosyl-2,3,3a,4,5,6-hexahydro-1H-isoindol-5-yl stearate [(—)-4hg,

Table 2.5]
w1 3
[

3 n-Cy7Has

The relative configuration was assigned by analogy to (+)-13ch with the observation of "H NMR
signals of the 4-methylene protons. Colorless solid; 31.7 mg, 0.0552 mmol, 28% isolated yield,
>99% ee using (R)-BINAP as a ligand and 3 equiv 10g; Mp 92.8-94.2 °C; [0]*p —1.55° (¢ 1.38,
CHCls, >99% ee); 'H NMR (CDCls, 400 MHz) 6 7.77-7.66 (m, 2H), 7.38-7.28 (m, 2H), 5.25-5.15
(m, 1H), 4.01 (d, J = 13.7 Hz, 1H), 3.72 (d, J = 13.7 Hz, 1H), 3.82-3.74 (m, 1H), 2.77-2.59 (m,
1H), 2.49 (dd, J=10.9, 8.8 Hz, 1H), 2.43 (s, 3H), 2.29-1.96 (m, 5H), 1.67-1.47 (m, 2H), 1.53 (s,
3H), 1.38-1.16 (m, 28H), 1.14-1.03 (m, 1H), 0.88 (t, J = 7.0 Hz, 3H); °C NMR (CDCl;, 100
MHz) ¢ 173.4, 143.4, 133.6, 129.7, 129.6, 127.7, 123.0, 67.6, 54.0, 49.5, 35.5, 34.6, 34.1, 31.9,
29.69, 29.65, 29.6, 29.51, 29.49, 29.4, 29.3, 29.1, 25.0, 22.7, 21.5, 18.9, 14.1; HRMS (ESI) calcd
for C3,HssNO4SNa [M+Na]™ 596.3744, found 596.3746; CHIRALPAK IA, n-hexane/i-PrOH =

98:2, 0.7 mL/min, retention times: 20.0 min (minor isomer) and 31.5 min (major isomer).

(3aR,5R)-(+)-7-Methyl-2-tosyl-2,3,3a,4,5,6-hexahydro-1H-isoindol-5-yl benzoate
[(3aR,5R)-(+)-13ch, Table 2.5]
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The relative and absolute configurations were determined by X-ray crystallographic analysis.
Colorless solid; 32.1 mg, 0.0780 mmol, 39% isolated yield, >99% ee using (R)-BINAP as a ligand
and 3 equiv 10h; Mp 131 °C (dec.); [a]zSD +44.5° (¢ 0.655, CHCl;, >99% ee); 'H NMR (CDCl;,
400 MHz) 6 8.00-7.93 (m, 2H), 7.78-7.69 (m, 2H), 7.59-7.51 (m, 1H), 7.47-7.38 (m, 2H),
7.37-7.29 (m, 2H), 5.51-5.40 (m, 1H), 4.12-4.00 (m, 1H), 3.82 (dd, J = 8.8, 7.6 Hz, 1H),
3.79-3.69 (m, 1H), 2.94-2.75 (m, 1H), 2.53 (dd, J = 11.0, 9.0 Hz, 1H), 2.42 (s, 3H), 2.36-2.14 (m,
3H), 1.56 (s, 3H), 1.25-1.16 (m, 1H); *C NMR (CDCls, 100 MHz) § 165.9, 143.4, 133.5, 133.0,
130.4, 129.7, 129.6, 129.5, 128.3, 127.7, 123.0, 68.5, 54.0, 49.6, 35.5, 34.3, 29.7, 21.5, 18.9;
HRMS (ESI) caled for C3H,sNO,SNa [M+Na]” 434.1397, found 434.1399; CHIRALCEL OJ-H,
n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 63.7 min (major isomer) and 109.3 min
(minor isomer).

(+)-(3aR* ,5R*)-7-Methyl-2-tosyl-2,3,3a,4,5,6-hexahydro-1H-isoindol-5-yl 4-bromobenzoate
[(+)-3ci, Table 2.5]

The relative configuration was assigned by analogy to (+)-13ch with the observation of 'H NMR
signals of the 4-methylene protons. Colorless solid; 33.0 mg, 0.0673 mmol, 34% isolated yield,
98% ee using (R)-BINAP as a ligand and 3 equiv 10i; Mp 163.6 °C (dec.); [(x]25D +71.6° (¢ 1.58,
CHCls, 98% ee); '"H NMR (CDCls, 400 MHz) 6 7.86-7.78 (m, 2H), 7.76-7.69 (m, 2H), 7.61-7.51
(m, 2H), 7.40-7.29 (m, 2H), 5.48-5.39 (m, 1H), 4.66 (d, /= 13.7 Hz, 1H), 3.82 (dd, /= 8.8, 7.6 Hz,
1H), 3.74 (d, J = 13.4 Hz, 1H), 2.89-2.72 (m, 1H), 2.52 (dd, J = 11.0, 8.9 Hz, 1H), 2.43 (s, 3H),
2.31-2.12 (m, 3H), 1.56 (s, 3H), 1.25-1.16 (m, 1H);">’C NMR (CDCl;, 100 MHz) § 165.2, 143.5,
135.5,131.7, 131.1, 129.7, 129.6, 129.3, 128.1, 127.7, 123.0, 68.9, 54.0, 49.6, 35.5, 34.3, 29.6, 21.5,
18.9; HRMS (ESI) calcd for C,3H,,BrNO,SNa [M+Na]" 512.0502, found 512.0505; CHIRALPAK
AS-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 70.8 min (major isomer) and 96.5
min (minor isomer).

(+)-(3aR* ,5R*)-7-Methyl-2-tosyl-2,3,3a,4,5,6-hexahydro-1H-isoindol-5-yl pivalate [(+)-13cj,
Table 2.5]

The relative configuration was assigned by analogy to (+)-13ch with the observation of 'H NMR
signals of the 4-methylene protons. Colorless solid; 35.4 mg, 0.0904 mmol, 45% isolated yield,
>99% ee using (R)-BINAP as a ligand and 3 equiv 10j; Mp 164 °C (dec.); [a]*p +14.5° (¢ 0.880,
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CHCls, >99% ee); 'H NMR (CDCls, 400 MHz) 6 7.80-7.69 (m, 2H), 7.40-7.30 (m, 2H), 5.20-5.10
(m, 1H), 4.09-3.98 (m, 1H), 3.80 (dd, J = 8.6, 7.4 Hz, 1H), 3.77-3.68 (m, 1H), 2.49 (dd, J=11.0,
8.8 Hz, 1H), 2.70-2.54 (m, 1H), 2.43 (s, 3H), 2.24-2.12 (m, 1H), 2.13-2.03 (m, 1H), 2.05-1.93 (m,
1H), 1.53 (s, 3H), 1.13 (s, 9H), 1.14-1.01 (m, 1H); C NMR (CDCls, 100 MHz) ¢ 177.9, 143.4,
133.6, 129.7, 129.5, 127.7, 122.9, 67.4, 54.1, 49.6, 38.7, 35.4, 34.0, 29.4, 27.0, 21.5, 18.9; HRMS
(ESI) caled for C,H,NO,SNa [M+Na]" 414.1710, found 414.1717; CHIRALPAK AS-H,
n-hexane/i-PrOH = 95:5, 1.0 mL/min, retention times: 43.7 min (major isomer) and 50.9 min

(minor isomer).

(+)-Dibenzyl
(3aR*,5R*)-7-methyl-5-(pivaloyloxy)-1,3,3a,4,5,6-hexahydro-2 H-indene-2,2-dicarboxylate
[(+)-13dj, Table 2.5]
Me

Bnozcm o
BnO,C : "'Okt-Bu

The relative configuration was assigned by analogy to (+)-13ch with the observation of "H NMR
signals of the 4-methylene protons. Colorless solid; 38.6 mg, 0.0765 mmol, 38% isolated yield,
95% ee using (R)-BINAP as a ligand and 3 equiv 10j; Mp 143 °C (dec.); [a]*p +31.4° (¢ 0.880,
CHCls, 95% ee); 'H NMR (CDCls, 400 MHz) 6 7.42—7.18 (m, 10H), 5.24-5.03 (m, 5H), 3.13-2.97
(m, 1H), 3.02-2.87 (m, 1H), 2.59 (dd, /= 12.0, 7.0 Hz, 1H), 2.61-2.41 (m, 1H), 2.31-2.15 (m, 1H),
2.19-2.09 (m, 1H), 1.98 (d, /= 12.0 Hz, 1H), 1.71 (t, J= 12.0 Hz, 1H), 1.57 (s, 3H), 1.23-1.10 (m,
1H), 1.14 (s, 9H); C NMR (CDCl;, 100 MHz) & 178.1, 171.85, 171.82, 135.5, 132.8, 128.5,
128.21, 128.20, 127.94, 127.93, 121.7, 68.4, 67.2, 67.1, 58.5, 40.8, 38.7, 36.8, 35.7, 34.1, 32.3, 27.1,
18.8; HRMS (ESI) caled for C3HiOqNa [M+Na]™ 527.2404, found 527.2402; CHIRALPAK
AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 20.6 min (minor isomer) and 27.3

min (major isomer).

IV. Hydrogenation of Cyclohexenes 11 and 13

m " Pd/C H H

e H, (1 atm) B N Me
TsN T

Me Me
(5S,7aR)-(-)-11eb (3aS,58,7aR)-(-)-15eb

Representative procedure for hydrogenation of 11 and 13 [(—)-11eb, Scheme 2.12]: To a solution
of (—)-11eb (34.8 mg, 0.100 mmol, 99% ee) in CH,Cl, (1.0 mL) was added Pd/C (10.4 mg, 5 wt%
Pd) in CH,Cl, (0.5 mL). H, was introduced to the resulting solution in a Schlenk tube. After stirring
at room temperature for 16 hours, the reaction mixture was filtered, concentrated, and by a silica
gel preparative TLC (eluent: EtOAc), which furnished (—)-15eb (28.1 mg, 0.0802 mmol, 80%

isolated yield) as a colorless solid.

106



A A —

A ﬂ%#ﬁ
6= A xF I FBLOE =L X5 L DORFRH2H2)INBC S

(-)-NV-[(3aS8,5S,7aR)-7a-Methyl-2-tosyloctahydro-1H-isoindol-5-yl]acetamide
[(3aS,5S,7aR)-(—)-15eb, Scheme 2.11]

)

H N.__Me
TsN(j:ij’ joT
Me

The absolute configuration was determined by X-ray crystallographic analysis of (—)-11eb. The
relative configuration was determined by analogy to a (3aS,5S,7aR)-(-)-6df with the observation of
'"H NMR signals of the 3-methylene protons. Mp 159.1-161.0 °C; [a]ZSD —95.9° (¢ 0.965, CHCI;,
99% ee); 'H NMR (CDCls, 400 MHz) 6 7.79-7.66 (m, 2H), 7.39-7.30 (m, 2H), 5.64-5.42 (m, 1H),
3.74-3.56, (m, 1H), 3.39 (d, J = 9.9 Hz, 1H), 3.36 (dd, J = 9.5, 5.0 Hz, 1H), 3.14 (d, J = 9.5 Hz,
1H), 2.85 (d, J = 9.9 Hz, 1H), 2.44 (s, 3H), 1.93 (s, 3H), 1.83-1.71 (m, 3H), 1.67-1.58 (m, 1H),
1.49-1.34 (m, 1H), 1.29-1.11 (m, 1H), 1.02-0.85 (m, 1H), 0.62 (s, 3H); °C NMR (CDCl;, 100
MHz) 6 169.3, 143.3, 134.2, 129.6, 127.2, 53.9, 53.2, 47.0, 43.6, 39.7, 34.6, 31.9, 28.5, 27.4, 23 .4,

21.5; HRMS (ESI) calcd for C;gH6N,O3SNa [M+Na]+ 373.1556, found 373.1569.

(+)-(3aR*,55%,7a5*)-2-Tosyloctahydro-1H-isoindol-5-yl acetate [(+)-16jf, Scheme 2.11]

H

T O
w1 ) 2

: 07 M

A e

NOESY cross peak
The relative configuration was determined by the NOESY experiment. Colorless solid; 26.9 mg,
0.0797 mmol, 80% isolated yield; Mp 85.2-86.8 °C; [a]*’p +16.7° (¢ 0.910, CHCl;, 96% ee); 'H
NMR (CDCls, 400 MHz) 6 7.77-7.67 (m, 2H), 7.37-7.28 (m, 2H), 4.86-4.75 (m, 1H), 3.35 (t, J =
7.2 Hz, 1H), 3.33 (t, J = 7.2 Hz, 1H), 3.20-3.07 (m, 2H), 2.44 (s, 3H), 2.39-2.25 (m, 1H),
2.17-2.06 (m, 1H), 2.01 (s, 3H), 1.77-1.36 (m, 5H), 1.32—-1.12 (m, 1H); >C NMR (CDCl;, 100
MHz) § 170.4, 143.3, 134.4, 129.7, 127.3, 68.8, 51.2, 21.0, 36.6, 35.7, 29.6, 27.3, 22.1, 21.5, 21.2;
HRMS (ESI) calcd for C{7;H»;3NO4SNa [M+Na]+ 360.1240, found 360.1253.

IV. Epoxidation of Cyclohexenes 11 and 13

Me K mCPBA o. MeH
NTMG (1.5 equiv) 2 NTMe
TsN
N o TN | g
Me Me
(-)-11ab (-)-17ab

Representative procedure for epoxidation of 11 and 13 [(-)-11ab, Scheme 2.13]: To a solution of
(-)-11ab (36.2 mg, 0.100 mmol, 98% ee) in CH,Cl, (0.5 mL) was added 65% m-chloroperbenzoic
acid (39.8 mg, 0.150 mmol) in CH,Cl, (1.5 mL) at 0 °C. After stirring at room temperature for 16
hours, the reaction mixture was quenched with saturated aqueous solution of Na,S,0; at 0 °C, and

extracted with CH,Cl,. The organic layer was washed with brine, dried over Na,SOy, filtered, and
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concentrated under reduced pressure. The residue was purified by a silica gel preparative TLC
(eluent: EtOAc), which furnished (-)-17ab (30.5 mg, 0.0805 mmol, 81 % isolated yield) as a
colorless oil.

(-)-N-[(1aS*,25*,4aS5*,7a8*)-1a,4a-Dimethyl-6-tosyloctahydrooxireno[2,3-d]isoindol-2-yl]ac
etamide [(—)-17ab, Scheme 2.12]

NOESY cross peak

The relative configuration was determined by the NOESY experiment. [0]*p —36.7° (¢ 1.48,
CHCls, 98% ee); 'H NMR (CDCls, 400 MHz) 6§ 7.77-7.67 (m, 2H), 7.39-7.30 (m, 2H), 5.94 (d, J =
9.0 Hz, 1H), 4.36-4.22 (m, 1H), 3.78 (d, J = 11.2 Hz, 1H), 3.41 (d, J = 8.8 Hz, 1H), 3.19 (d, J =
11.2 Hz, 1H), 3.01 (d, /= 8.8 Hz, 1H), 2.44 (s, 3H), 1.98 (s, 3H), 1.94-1.80 (m, 1H), 1.54 (td, J =
13.2, 4.6 Hz, 1H), 1.40-1.31 (m, 1H), 1.30 (s, 3H), 1.23-1.15 (m, 1H), 0.97 (s, 3H); °C NMR
(CDCl;, 100 MHz) 6 169.5, 143.5, 134.6, 129.8, 127.2, 75.6, 63.9, 58.4, 49.9, 45.8, 39.7, 25.5, 25.0,
23.3,21.5,20.7, 18.2; HRMS (ESI) calcd for C;oH,¢N,04,SNa [M+Na]" 401.1505, found 401.1514.

(-)-N-[(1aS,28,4aS8,7a85)-4a-Methyl-6-tosyloctahydrooxireno|2,3-d]isoindol-2-yl]acetamide
[(1a§,25,4aS,7aS)-(—)-17eb, Scheme 2.12]

NOESY cross peak

The absolute configuration was determined by X-ray crystallographic analysis of (—)-11eb. The
relative configuration was determined by the NOESY experiment. Colorless oil; 28.5 mg, 0.0782
mmol, 78% isolated yield; [a]”p —64.5° (¢ 0.335, CHCls, 99% ee); '"H NMR (CDCls, 400 MHz) &
7.80-7.67 (m, 2H), 7.41-7.29 (m, 2H), 5.87 (d, J = 8.4 Hz, 1H), 4.44 (tt, /= 8.6, 2.6 Hz, 1H), 3.82
(d, J=11.4 Hz, 1H), 3.52 (d, J= 2.8 Hz, 1H), 3.42 (d, J= 8.8 Hz, 1H), 3.12 (d, J= 11.4 Hz, 1H),
2.99 (d, J = 8.8 Hz, 1H), 2.44 (s, 3H), 1.96 (s, 3H), 1.97-1.83 (m, 1H), 1.59 (td, /= 12.9, 5.2 Hz,
1H), 1.39-1.29 (m, 1H), 1.27-1.18 (m, 1H), 0.98 (s, 3H); °C NMR (CDCl;, 100 MHz) *C NMR
(CDCl;, 100 MHz) 6 169.2, 143.6, 134.5, 129.8, 127.3, 70.9, 58.2, 57.4, 50.4, 42.0, 39.2, 25.6, 24.6,
23.3,21.6, 20.5; C,3sH,4N,0,SNa [M+Na]" 387.1349, found 387.1360.

(H)-(1aS*,3R*,4a5*,7a5*)-6-Tosyloctahydrooxireno[2,3-d]isoindol-3-yl acetate [(+)-18jf,
Scheme 2.12]
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NG H\oﬁ NOESY cross peak

The relative configuration was determined by the NOESY experiment. Colorless solid; 13.6 mg,
0.0387 mmol, 39% isolated yield; Mp 128.4-129.2 °C; [a]*’p +33.6° (¢ 0.490, CHCls, 96% ee); 'H
NMR (CDCl;, 400 MHz) 6 7.76-7.66 (m, 2H), 7.38-7.29 (m, 2H), 4.99—4.90 (m, 1H), 3.88 (d, J =
11.6 Hz, 1H), 3.78-3.72 (m, 1H), 3.45 (d, J= 3.4 Hz, 1H), 3.17 (d, /= 11.6 Hz, 1H), 2.85 (dd, J =
11.8, 8.8 Hz, 1H), 2.58-2.44 (m, 1H), 2.43 (s, 3H), 2.22 (dd, J, 17.0, 6.1 Hz, 1H), 2.01 (s, 3H),
1.98-1.89 (m, 1H), 1.78-1.67 (m, 1H), 1.55-1.44 (m, 1H); >C NMR (CDCls, 100 MHz) § 170.0,
143.6, 134.3, 129.8, 127.4, 66.4, 65.9, 53.2, 51.6, 50.8, 33.5, 29.6, 25.1, 21.6, 21.2; HRMS (ESI)
calcd for C;7H,;N;OsSNa [MJrNa]+ 374.1033, found 374.1045.

(H)-(1aR* 3R*4a5*,7aR*)-6-Tosyloctahydrooxireno|2,3-d]isoindol-3-yl acetate [(+)-18jf,
Scheme 5]

TsN )
Ho o
O:< NOESY cross peak
Me

The relative configuration was determined by the NOESY experiment. Colorless solid; 8.6 mg,
0.024 mmol, 24% isolated yield; Mp 131.7-132.6 °C; [a]*’p +36.2° (¢ 0.265, CHCls, 96% ee); 'H
NMR (CDCl;, 400 MHz) 6 7.77-7.39 (m, 2H), 7.40-7.31 (m, 2H), 5.02—4.84 (m, 1H), 3.62 (dd, J=
9.9, 8.9 Hz, 1H), 3.31 (s, 2H), 3.16 (d, /= 3.1 Hz, 1H), 2.93 (dd, /= 9.9, 8.0 Hz, 1H), 2.59-2.37 (m
1H), 2.46 (s, 3H), 2.26-2.13 (m, 1H), 2.06-1.88 (m, 2H), 1.98 (s, 3H), 1.28-1.17 (m, 1H); "*C
NMR (CDCl3, 100 MHz) ¢ 170.5, 144.1, 132.1, 129.8, 128.0, 65.9, 63.2, 55.6, 52.6, 51.2, 33.0,
29.3,29.0, 21.6, 21.2; C;7H,N;0sSNa [M+Na]" 374.1033, found 374.1026.

9

VI. Total Synthesis of (—)-Porosadienone [(—)-19]

Methyl 2-isobutyryl-2-(2-methylallyl)hex-4-ynoate [(+)-9k, Scheme 2.15]

o o Br / o
) =—Me L(
i-Pr—4 Br/— /_prJ{: — = Me Me i-Pr—4 ——Me
B —
MeO,C MeO,C MeO,C {
Me
20 (#)-21 (£)-9k

To a THF (50 mL) suspension of 55% sodium hydride (28.8 mg, 1.20 mmol) was added a THF
(5 mL) solution of methyl 4-methyl-3-oxopentanoate (20, 144 mg, 1.00 mmol) at 0 °C, and the
mixture was stirred at 0 °C for 30 min. A THF (5 mL) solution of 1-bromo-2-butyne (133.0 mg,
1.00 mmol) was added to this mixture at 0 °C, and the mixture was stirred at 0 °C for 20 hours. The

reaction was quenched with water and extracted with diethyl ether. The organic layer was washed
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with brine, dried over Na,SOy, filtered, and concentrated to give crude (£)-21.

'H NMR (CDCls, 400 MHz) 6 3.86 (t, J = 7.6 Hz, 1H), 3.73 (s, 3H), 2.86 (sept, J = 6.9 Hz, 1H),
2.73-2.58 (m, 2H), 1.73 (t, J = 2.5 Hz, 3H), 1.14 (d, J = 6.9 Hz, 3H), 1.13 (d, J = 6.9 Hz, 3H); °C
NMR (CDCl;, 100 MHz) 6 207.7, 168.9, 77.6, 75.2, 55.8, 52.4, 41.0, 18.2, 17.9, 17.7, 3.3; HRMS
(ESI) calcd for C;1H;,0;Na [M+Na]" 219.0992, found 219.0976.

To a THF (20 mL) suspension of 55% sodium hydride (28.8 mg, 1.20 mmol) was added a THF
(5 mL) solution of crude ()-21 at 0 °C, and the mixture was stirred at 0 °C for 30 min. A THF (10
mL) solution of 3-bromo-2-methyl-1-propene (149 mg, 1.10 mmol) was added to this mixture at
0 °C, and the mixture was stirred at room temperature for 6 hours. The reaction was quenched with
water and extracted with diethyl ether. The organic layer was washed with brine, dried over
Na,S0,, filtered, and concentrated. The residue was purified by a silica gel preparative TLC
(eluent: n-hexane/EtOAc = 10:1) to give (£)-9k (168 mg, 0.672 mmol, 67% isolated yield from 20)
as a colorless solid.

Mp 37.2-37.9 °C; 'H NMR (CDCls, 400 MHz) 6 4.90-4.84 (m, 1H), 4.81-4.74 (m, 1H), 3.71 (s,
3H), 2.93-2.69 (m, 5H), 1.73 (t, J= 2.6 Hz, 3H) 1.65 (s, 3H), 1.11 (d, /= 6.7 Hz, 3H), 1.05 (d, /=
6.7 Hz, 3H); °C NMR (CDCl;, 100 MHz) 6 209.7, 171.9, 140.6, 115.5, 79.5, 73.9, 62.7, 52.2, 38.6,
36.7, 23.5, 21.9, 20.4, 20.2, 3.7; HRMS (ESI) caled for C;sH»03Na [M+Na]" 273.1461, found
273.1480.

(-)-Porosadienone,
(-)-1-(4,7a-dimethyl-5,6,7,7a-tetrahydro-1H-inden-2-yl)-2-methylpropan-1-one [(-)-19,
Scheme 2.18]

H
N Me
Ny ﬁ hig o Me H
i-Pr =——Me 0] _ N_. _Me )
/ 10b i-Pr T _ LiOH _
MeO,C 5 mol % MeO,C S o
Me [Rh(cod),]BF 4/ Me
(£)-9k (R)-Hg-BINAP 11kb
mixture of diastereomers
Me 'T' Me
0 NT Me  T50H-H,0 Q
- < o i-PY :
i-Pr Vo Me
24 (-)-19

(R)-Hs-BINAP (6.3 mg, 0.010 mmol) and [Rh(cod);]BF, (4.1 mg, 0.010 mmol) were dissolved
in CH,Cl, (1.5 mL) and the mixture was stirred at room temperature for 10 min. H, was introduced
to the resulting solution in a Schlenk tube. After stirring at room temperature for 1 hour, the
resulting mixture was concentrated, and dissolved in CH,Cl, (0.5 mL). To the residue was added a
CH,Cl, (1.0 mL) solution of (+)-9k (50.1 mg, 0.200 mmol) and 10b (17.0 mg, 0.220 mmol) at
room temperature. The mixture was stirred at room temperature for 40 hours. The resulting solution

was concentrated to give crude 11kb (d.r. = 1:0.7).
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Major diastereomer. 'H NMR (CDCls, 400 MHz) 6 5.43 (d, J = 7.7, 8.3 Hz, 1H), 4.35-4.20 (m,
1H), 3.77 (s, 3H), 3.02 (d, J=16.8 Hz, 1H), 2.93 (d, J= 16.8 Hz, 1H), 2.84 (sept, J = 6.7 Hz, 1H),
2.33(d, J=6.7 Hz, 1H), 1.98 (s, 3H), 1.95 (d, J = 13.3 Hz, 1H), 1.92-1.79 (m, 1H), 1.76—1.68 (m,
1H), 1.68-1.59 (m, 1H), 1.60 (s, 3H), 1.39-1.19 (m, 1H), 1.07 (d, J = 6.7 Hz, 6H), 0.96 (s, 3H); °C
NMR (CDCl3, 100 MHz) ¢ 209.7, 173.9, 169.4, 142.4, 123.1, 64.7, 52.6, 47.1, 46.7, 41.3, 37.2,
33.7,31.7,26.3,24.8, 23.5, 20.6, 20.5, 16.7.

Minor diastereomer. 'H NMR (CDCls, 400 MHz) 6 5.41 (d, J = 8.6 Hz, 1H), 4.35-4.21 (m, 1H),
3.71 (s, 3H), 3.19-3.09 (m, 1H), 2.83 (sept, J = 6.7 Hz, 1H), 2.82 (d, /= 17.3 Hz, 1H), 2.33 (d, J =
13.5 Hz, 1H), 2.05 (d, J = 13.5 Hz, 1H), 1.98 (s, 3H), 1.92-1.80 (m, 1H), 1.78-1.68 (m, 1H),
1.68-1.56 (m, 4H), 1.38-1.26 (m, 1H), 1.12 (d, J = 6.7 Hz, 3H), 1.11 (d, J = 6.7 Hz, 3H), 0.86 (s,
3H); *C NMR (CDCls, 100 MHz) 8 210.1, 173.8, 169.4, 142.5, 123.1, 64.4, 52.6, 47.2, 46.4, 41.1,
37.8,33.8,31.9,26.3,24.8, 23.5, 20.8, 20.6, 16.8.

To a distilled water (1 mL) solution of lithium hydroxide (9.6 mg, 0.40 mmol) was added a THF
(1 mL) solution of crude 11kb at room temperature under air, and the mixture was refluxed for 24
hours. The resulting solution was extracted with diethyl ether. The organic layer was washed with
brine, dried over Na,SO,, filtered, and concentrated to give crude 24.

'H NMR (CDCls, 400 MHz) 6 5.46 (d, J = 8.4 Hz, 1H), 4.35-4.19 (m, 1H), 3.45-3.11 (m, 1H),
2.72 (sept, J= 6.9 Hz, 1H), 2.60-2.40 (m, 2H), 1.98 (s, 3H), 1.95-1.83 (m, 2H), 1.81-1.71 (m, 1H),
1.67-1.59 (m, 1H), 1.57 (s, 3H), 1.40 (t, J= 11.5 Hz, 1H), 1.33-1.22 (m, 1H), 1.12 (d, /= 6.9 Hz,
3H), 1.11 (d, J = 6.9 Hz, 3H), 1.00 (s, 3H); °C NMR (CDCls, 100 MHz) d 217.0, 169.4, 144.0,
122.7,47.5,45.4,45.1,42.3, 40.5, 31.6, 30.4, 26.4, 23.8, 23.5, 18.5, 18.3, 16.8.

To a MeOH (0.5 mL) solution of p-toluenesulfonic acid monohydrate (190 mg, 1.00 mmol)
under argon was added a MeOH (1.0 mL) solution of crude 24, and the mixture was refluxed for 48
h. The mixture was poured into water and extracted with diethyl ether. The organic layer was
washed with brine, dried over Na,SQO,, filtered, and concentrated. The residue was purified by a
silica gel preparative TLC (eluent: n-hexane/EtOAc = 10:1) to give (—)-porosadienone [(—)-19, 17.8
mg, 0.0815 mmol, 41% isolated yield from (+)-9k, 92% ee] as a colorless oil.

[a]”p —235° (¢ 0.355, CHCl3, 92% ee); 'H NMR (CDCls, 400 MHz) ¢ 7.15 (d, J = 1.9 Hz, 1H),
3.24 (sept, J= 6.8 Hz, 1H), 2.50 (d, /= 15.9 Hz, 1H), 2.34 (d, /= 15.9 Hz, 1H), 2.21-1.91 (m, 2H),
1.89-1.65 (m, 6H), 1.50-1.37 (m, 1H), 1.14 (d, J = 6.8 Hz, 3H), 1.12 (d, J = 6.8 Hz, 3H), 1.03 (s,
3H); *C NMR (CDCls, 100 MHz) & 203.8, 144.8, 141.7, 137.4, 132.5, 45.7, 40.8, 36.0, 34.3, 30.5,
26.8, 19.8, 19.7, 19.3, 18.8; HRMS (ESI) caled for C;sH»ONa [M+Na]" 241.1563, found
241.1570; CHIRALPAK IA, n-hexane, 1.0 mL/min, retention times: 19.4 min (minor isomer) and

61.6 min (major isomer). The spectral data are in accordance with those reported in the literature.'”
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VII. Crystal Data of (55,7aR)-(-)-11eb and (3aR,5R)-(+)-13ch

(-)-N-[(58,7aR)-7a-Methyl-4-phenyl-2-tosyl-2,3,5,6,7,7a-hexahydro-1H-isoindol-5-yl]aceta
mide [(5S,7aR)-(—)-11eb, Table 2.1, entry §]

H

N Me
TsN<]©’ If

Me

formula C1gH24N,05S Fooo 2232

formula Weight 348.45 Crystal size (mm”) 0.148x0.128x%0.111

crystal color, habit colorless block Temperature (K) 173(2)

crystal system monoclinic Hrange (deg) 3.702-68.246

space group P21 index ranges —14<h<14

a(A) 11.9417(4) —26<k<22

b(A) 23.0129(8) —23<1<24

c(A) 20.0735(8) number of independent 18147
reflections

o (deg) 90 number of parameters 1315

B (deg) 90.549(2) number of restraints 25

v (deg) 90 Flack parameter 0.031(4)

V(A% 5516.2(3) Ri, wRy [I>2071)] 0.0954, 0.2379

VA 12 Ry, wR, (all data) 0.1193, 0.2836

deaie (g/cm’) 1.259 S 1.089

2 (CuKa) (mm™) 1.710 largest difference peak  1.755,-0.628

and hole (eA™)
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(3aR,5R)-(+)-7-Methyl-2-tosyl-2,3,3a,4,5,6-hexahydro-1H-isoindol-5-yl benzoate
[(3aR,5R)-(+)-13ch, Table 2.5]

formula Cys Hy)s NO4 S Fooo 872

formula Weight 411.50 Crystal size (mm”) 0.107x0.097x0.059

crystal color, habit colorless block Temperature (K) 155(2)

crystal system orthorhombic Hrange (deg) 4.085-68.281

space group P212121 index ranges —11=<h<11

a(A) 9.40097(17) -12<k<12

b(A) 10.51941(19) —26<1<26

c(A) 21.6433(4) number of independent 3900
reflections

o (deg) 90 number of parameters 264

B (deg) 90 number of restraints 0

v (deg) 90 Flack parameter 0.012(7)

V(A% 2140.37(7) Ry, wRy [[>2071)] 0.0372, 0.0923

VA 4 Ry, wR, (all data) 0.0411, 0.0948

deate (g/cm’) 1.277 S 1.056

2 (CuKa) (mm™) 1.578 largest difference peak  0.253,-0.187

and hole (eA™)
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IEOHTTHY Y, M2+ 2+ 2 fHIMBALSUE R 7 242420 IBLEE 2 VT
S RPBA v R VBT E AR LBl YIRS SA TV o7, Vollhardt & 134K
JEEHWTA N F=—XD 7% I &A% EMR L TEHY (Scheme 3.3y 9, 7LF =)L
73X R & MO T AR AR T 2422 MBR AL SUS (Scheme 3.4)DBHFEIEA o~ R— T v dim
£ RORFEHAOIHDIRE T & 5 BEARRFIERETH 5.
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Scheme 3.3.

CoCp

——H %
// _ > NHAC CpCo CoH,)
THF, 0 °C
HOzc NHAc
39% 46% vyield O 2% yield
(6 steps) (9 steps)
AbYFZ—x
0.4% yield
(total yield, 16 steps)
Scheme 3.4.
1
I 3 . R
an——nl R chlzal R3
Z / + ! ‘ catalyst
‘N4 ! - = 7
, N 4
X R? 4 " 52 R
R x R

ST A R=AT AL ROPIZ I NANRT DTN A REMEIND R D,
INRGIoT A, RIZT 2o AT 520 b Fas U nOAESREND I ATV
EHREIFEEE Li=T v haA ROBRKBTHY, e B FTROEMIZL > TEASREND
O, JANGIUT AT uA RIZBIGIT T 5 BRI 5TV 5 72 B AL B
BOWTHEEMEAWEETH D =D Figure 3.1)), /AT T AIuA ReiEile L
BRI RN SR E ST D Y,

Jyayy HSvasY AEFY
fErER aY U IRTS—ERERER  HuRiatkER
(7 ILYINA I —IRRRE)

Figure 3.1. Example of norbelladine alkaloids.

BE, INRTZ T AT aA RE4A-0-ATF N NRT D DRI T > 7 v 7 ik
B L TAEBKIND T2OBRILTEROE NI Lo TS S, 4-0-AF L) AT D 2
OOk RaXVIDONRINENTNThHy TV T LRIV =T v had
|} & 53 (Scheme 3.5)",
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Scheme 3.5.

OH
NH2 oH
E—
HOzC

7o |~7:777;th|~ H/N\/\©\
OH
\/\©\ IR TY
CO,H OH

\.H
ju]
\"
\
III
-

- 4-0-AFIL/NWRFDY
o=

(-7 U =V [(-)-25]1R°F DEBRENEIR)-E X F (D255 MDD L LTSk 7 ) =
RIT7AH A ROFERRESLTEY P, TROLOEABKRTHD 2 U = DAKEIX
BEANTHFFES TS 7120 LavL, 1967 4EIC Lambert 512 & > T (£)-25 O RA KA EK
ENTLURE, FEIEDOAENELERESNTHLIDICK L * 19 X5 KO RK R E
1% Overman 12 & 5 W24y E 2 W TZ(0)-27 U =2 [()-25]04 Ve THSICE 5%
FGNT =ik DN (H)-E X F L [(H)2]|DBED I TH Y, =F o F IR 72 B

IZFan 512 & > TRILE-Y% &\ ) IRILE T(H)- B F L [(H)-25] DA AR STV B0
HThHB D,

Figure 3.2. Example of norbelladine alkaloids.

(-7 V= [()-2518 R DEED 1 DI, & OMFF OB E & (Figure 3.2) AT 52 & T
HD, AR E(Scheme 3.5) LM U< A, B,DEEEZ LD -THF AL R[S6]RT YT ) v
HNDT I U ORBIET C BAREE L 7-6(Scheme 3.6)' "% [T, $_XTOHET
Pictet-Spengler i & - THEIC B BRAMET 5 FIETHR SN TV 5 (Scheme 3.7)”
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11-13)
o

Scheme 3.6.

Scheme 3.7.

Pictet-Spengler
Reaction

(-7 V=V[(28)ERD Y 5 —DDHL 2500, b Ra ¥k UL CHEM SN RFR
FONEBEEOHIE CTH D, (H)-E X F[(+)25] =) FARRAIZER L TV 5
— DB TIEHI VR =NV DB I ISIC L > TT IV a— UEZ BT WAD, TE~—0D K
iEE HOT L a— L RMBRIICELND T2, (H)-EX T U[(+)-25] OIRFRE KT
L TV 5 (Scheme 3.8)',
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Scheme 3.8.
N
0\ o
Y | Q |
. Q 20 mol % Q
= R
NC Me }O NC »o
o) 07 "Me©
2 equiv 94% vyield, 85% ee
9 recrystallization ° y. ?
78% yield, 99% ee

(+)-25
E57>  Leselectride
92% yield
(2 steps)

0™\
(0]

/
Boc

28% yield
(12 steps)

“'OH

+H-TE-E2F> 58% yield
88% yield
(2 steps)

— 05, EHIIE ETRARZEY, 1L,6-m A 9 L FEEE E =L A0 D4 TR T
RA2R2SINBRLIISIT L > TT &' FF L TES SN ZRULEY 13 DERAEER L
TV 5 (Scheme 3.9), T Z T, AKJGICBNT 1,6-m A & LTTAF=/LxF I KRG
HAFRETHIIET & bV TEBR I A R VBT KRN EARR I ERRTX 5
D TIERV D & B 2 72 (Scheme 3.10),

Scheme 3.9.
5 mol % R
— [Rh(cod),)]BF 4/
/— R (R)-BINAP
TsN / + ”\ — > TsN
L( OAc  CHoClp 1t, 16 h o
H H
10f

9¢ (R = Me) (3 equiv) 13cf: 34% yield, >99% ee
9j (R = H) (54 equiv) 13jf: 57% yield, 96% ee
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Scheme 3.10.
— ‘ chiral Rh(l)* n
X ___.catalyst X
ZIN<(H ’ LOAc N OAc

AR RP22INER LS Z RO & 5 (-)-7 U =2 [(-)-25] DA AR XL T
DY Tdh H(Scheme 3.11), AF LUV AF LR TEBRIN-EFEEREHRIT
Friedel-Crafts I B T D@ WKINERFFCE 2720, 7/ha— v 1 O +HN
Friedel-Crafts SUSIZ X > T B BBAMEL, 5| &k T FALEONREIZ L - T-)-25 &
525, T/a—L I iFA > F—ELR I OILICE > TEKRT D, 7T T ETE
sl A v R—/ VTR I OFiBiR & LT, Rk 4 2Bl 0 2 FEO 7 V¥ = Lo
T RULIVAZZ O,

Scheme 3.11.

HO
o, - 80
= o N OAc o N OAc
( H ( H
o 0

° oﬂ or [° (Nj
1 \"
T\ L DT ()-7 U = U [()-25]1 8RO L 72 5 DI, MRS ZMET DB L,
E R UETEBINTEARAFREDOLRERRELFHETEMTHD, W
Friedel-Crafts ST K - T B BRAME T 5 FiE°, R2R21MBRESZ W TE R ¥
VI TEE SN A FIRSE 2 NRGET 5 FEEH W TO-7 U =2 [(-)25]0H)-E 4 F
VI(H)-25] AR LIZENTE T < HE SN TE LT, REKOERIIHTHE AR D2
RLRDEONHREEZ AT DR TH D,

728, Scheme 3.12 IZ/RTHY, N-XU P-3-Y'r ) ¥ ) — LOfBEEMTIZE R o Ak
b TERMET 2 D5y Friedel-Crafts FUSASMEEICHE S TEY Y, 7ra—L 1o
53 FW Friedel-Crafts SIS IZ &2 B BROMEIIEBIMED @V & B 2 5415 (Scheme 3.13),
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Scheme 3.12.
OH
F
N A \ Ph
ph—’ N
67% yield
MeO MeQ
phosphoric
acid l\ll/
R B
OH
14-16% yield (R = H)
65-70% yield (R = CH,-cyclobutyl )
Scheme 3.13.

HO 1) Friedel-Crafts

Reaction
2) deprotection
O N OAC """ttt -

221 MBACSURIE L - TA > R—Ligsefk I 26T 256, BEEORIBRE & 7
5 1,6-= A NEN-RET 2V FL-N-ERXr =L} I ThohH, L, =FIIZ
TIRFE — KB EHEE DT I UIE L IRFE—ER EHEE DA I EEO AT
B2, AMBISIZANWD & A I ~OMPBETT 2R H 5, £, 4 I VIIRS
WK% 2 CHNR = ALE L 72 5728, B FaW SR EECTH 5 (Scheme 3.14),

Scheme 3.14.

o] () ow o] { Me o] - Me
r C N = [ N N-H  + 0=
o} ut O -H o}
Tz

ASZVLAFFY

ZITERE, TAF =S I RERAWE G TRIAF 2226 MBRLSUE & 5l & i
SANREZVDBITLICE ST 7 u~Fv 212559 5T, 20L&, 2EHICH
NWIR= VA D N-E_XB = )L-N-E=/L-3-7F U7 I RAI) & RISEIC I VR = Vi
HO NRET B2V FL-N-E =L EXa =)LEET I RAV)OWT b b, [2+2+2]FH0
BRAGEIS &, BIERS ANR=VEDOBRITIZE > TA > F—=AETE I 55605
(Scheme 3.11), ZD7=8, T/F=)L=F I R BILWNIV O FOEKA BT 52 &
L L,
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Sofs — A

B T ¥ = LTI ROARK

9, TFUEET I KU OARIIZEN OGRS, T VERTF L E R A Y T a e
TEFLLOH TV IRIENCEY 42 UL B-TFUBTATAVESK L, Bl &
S IR RIZ &> T 4-32 0 V-3-7F Bk VI %2457~ (Scheme 3.13),

Scheme 3.13.
1 mol % .
o:sz s =-TPs S < — TPS o :(%TiPS
MeCN, rt THFH,0  ©
40 h
1.1 equiv v vi
86% yield 83% yield

FWTERL F1IH/TIVETERNTALTE RORAMEIZLZ > TELNDS I
EHNRUEE VI IZTEDT I MERISIZE Y, exXa= V2 d & U TEFR LITkka 72
BHIEE D 572 4-2 Y L3-TF U I R VIR TE D &5 2 7-(Scheme 3.14), L
ML, EFAEEL LTRUDAT I VEAAWTT 2 Mus a5 &, Ao 4-3
U L3-7F ) I K VIa (R =Bl o T, EHERREGMIE N, 3-7F Uik
VLIH VR ND afiN T a7 OV NANLE I BHi&EE b D, DIVR =D afLDKFEITER
HEERENLDEZZ OND, TOTDBEMI DD B IKFZREEHC L 7 o nEL D
Z L TCRIBISHET LI LB Z b D,

Scheme 3.14.

——TiPS 1) SOCl, ( =—TiPs deprotection :< —
———————————— » O Rt shathatgy o]

OH MeCHO < <
base
Vi Vil 1
(R = benzo[d][1,3]dioxol-5-ylmethyl)
TFUBERT IR I OFRBARETH L Z DD ->T-DT, it TE_a = LR 7T
R IV OE R G LTz,
%9, Scheme 3.15 (2R T N-"RE 7 27OV F)L-N-Q2-E R F v =F )’ n =)L
7 RXa)z ALz, RES R 2O T L a— LR BIHE LT A X v AR = )L
b & 2-7 ) =% ) —VORBEKRET Y 7 — /L TINEL T 2-(RETm /S LF Ly
)X = (VD& 5T, Z OHARMIZ, X = LBRAX)) bR L - Xe =1
ettt e NV ZF LTIV ZMA5Z & TT 2 K Xa %157,
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Scheme 3.15.
H OH
\NI
MsClI (1.1 equiv) - H S
pyridine (1.2 equiv) < - 2 equiv i Bl OH
OH CH,Cl, OMs EtOH n—
rt,2h reflux, 10 h H
2 Vil
rO rO ({
o) o —0C _ cl (O NIOH
%Hzc;h Et;N (2 equiv) o
o) reflux, ol CH,Cly Y
IX 0°Ctort,12h Xa
42% yield
(from 27)

HEV T Xa Db R kA BREILIC A L (Scheme 3.16), HJ5IC &5 B /KSR IBUREZ 74
%7z (Table 3.1, entries 1-10), L72L, WFNOEKMETH ARIOTF I RIVIZEL N2>
2o E£12, 73—V Xa OBKISIT L2 IV OEMAERATZD, HEOSIGTHEIT L
7> 7z (Table 3.1, entries 11-13),

Scheme 3.16.

0 (ﬁ OH MsCl or TF,0 (1.5 equiv) o (T OR
g N Et;N (2 equiv) r —/
CH,Cl, o
0°Ctort, 2h o

Xa Xb (R = Ms)
34% yield

Xe (R'= Tf)
10% yield
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Table 3.1. Screening of reaction condistions for -elimination of 42.

O(o <N _/—OR O(o <N /
>: o) >: o]
X

0%

entry 42 (R) reagent solvent temp. result
1 Xb (R=Ms) DBU THF 60 °C No Reaction
2 DBU 1,4-dioxane 100 °C No Reaction
3 DBU, Nal DME 80 °C No Reaction
4 KOt-Bu THF 60 °C  complex mixture
5 LiIHMDS THF 60 °C  complex mixture
6 NaH THF rt No Reaction
7 60 °C  complex mixture
8 NaOH (n-BuyNHSO4 cat.) (CH,CI),/H,O rt No Reaction
9 80 °C  complex mixture
10 Xc (R=Tf) DBU THF 60 °C No Reaction
11 Xa(R=H) H,S0O,4 DMF 100 °C No Reaction
12 H3POy4 DMF 100 °C  complex mixture
13 TsOH-H,O DMF 100 °C No Reaction

BHERIR BN S, B O BB RIS T E 20y o 12 DA O IR 7o i & 13 E
MTIEZWHE DD, TX=)L=F I REIBRIK Xb % 50 FEVESM FIoA L 7= BRIZ(Table
3.1, entries 4, 5, 7, and 9), HAYD B -KEMBETIZ2 T AT NT Lo ~E BB LTz &
Bbind v —7 SHARH O 'H NMR F v — Mol SNz, 2L, E<a = §g7
KX IZBWTBKFELY LT tz/\/vﬂwvu@ﬂ@%@jwbmb\ﬁﬁr@“zﬁ:ﬁot , B
BEL D LT AT OBRMAEMBE L TEITLEZbDEEZ NS, 2 ‘f%%‘i S
ST IR X IR T 2= haR_e B ZR=LT I R 28 28L& 95 LRRT-
(Figure 3.3),

H —
— < Br
o < a
N /
o) )
NO,
X 28

Figure 3.3. The structures of alkynylenamides X and 28.

AR =)V T 2 R 281%, ANVKR= VERICHET A5 WETRG NS, BXo :/I/E?ET
SR X LD BB T TB-MEENHEIT L, AVER=/bmF I R 29 ~DZ AN A HE
RAHALEZI-T2DTHD,
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ANKR= NS I R29 A RRBA L0 =L7 2 R OFHL— MIKRDO LS 72H0
T & % (Scheme 3.17),

Scheme 3.17.

1} 29

/=

2-= ha XU B U RNV VT VI E R, 2 VT R RIS R A
— I L BIMRENHEITT 5 2 DB TNWE ' Z20izw, /7 2 K XIbifk#
&, BEXm =30 EF AWETTHT I RIC K BEXm =T IR I OB AT RE
ThHoHEEZT, VAT 2 FXLEIN-ARET 0 2OLF L ) bt F 2 R 29 LFERE =)L
(26) D ARF R 22 MBS K > TERLT Do

b X 9 EamatHEIciES3& NRE 7 r L)L ) bt 2 R 29 O/ E R L
Foo £F, /A7 2 RE)EAWTIIERIS, 7 A%, B-BiEE Y Ry FTfT-7-
(Scheme 3.18), ZDOfER, HEYW 29 AT T B/ ULF /LT L a—1L Q15 18%INHE T
bivic,

Scheme 3.18
NsNH, (31, 1.5 equiv)
. DMEAD (1.2 equiv) ___ KyCOj3 (1.2 equiv)
\/ - PPh3 (1.2 equiv) —  Br-(CH,),-Br (2 equiv)
THF _ MeCN
OH N—H
rt, 1h NS reflux, 7 h
27 32
\/ — 5 DBU @ equi) \/ —
NI THF NJ/
Ns/ reflux, 1 h Ns/
28 29
18% yield

(3 steps from 27)

N-TvF =)L /) b F I K 29 OPERDMPUNG A TE 72 R RN EAESOG AMEI R 2
F o722 LT X D(Table 3.2, entry 4), & Z CHIESE D S 44T > 7= (Table 3.2), L7
L, WFNDOKISEMETYH B 32 OILRITEL, BHRFERIIGNR0 -T2,
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Table 3.2. Screening of reaction condistions for Mitsunobu reaction of alcohol 27 and
2-nitrobenzenesulfonamide 31.°
— DMEAD (1.2 equiv) —

— . H PPh; (1.2 equiv) { .
( N-H h N-H N

/
OH Ns N N
27 31 32 33
0.8-5 equiv
entry 31/ solvent temp. 32/ 33/
equiv % yield® % yield®
1 0.8 toluene rt 20 trace
2 0.8 toluene reflux 6 29
3 0.8 THF rt 27 5
4 1.5 THF rt 35 16
5 5 THF rt 35 trace
6 1.5 THF 0°C trace 0

“Reactions were conducted using alcohol (27, 0.20 mmol), 2-nitrobenzenesulfonamide (31,
0.16-1.0 mmol), DMEAD (0.11 mmol), PPh; (0.11 mmol), and solvent (6 mL). "Determined by 'H
NMR. “Isolated yield.

FRZ /7 2R3N 2ERE T VXL LTV A 33 BN ERT 5 Z 0
RNOWREEK TS, 2T, F1#k/ 2T I F31TiEARL, $E2#k/ 2T 2 K34
ERWERIERSZ1TH 2 & T, B 29 BNORNICELN D DTV EE 2T
(Scheme 3.19),

Scheme 3.19.
— H g DMEAD _ —
{ N VA S e : T
OH NS NI THF, reflux NJ
NS NS
27 34 28 29

FIGEBCHDE 28/ ST 2 R341%,2-7 0= F LT 2 v BAL/KERRIEQGS) D /o
AT & > TH 5 3172 (Scheme 3.20),

Scheme 3.20.
NsCI (1.1 equiv)
) H Br

Br EtsN (2.5 equiv) \

BrH N+f — NI
3 CH,Cly, rt, 2 h N

35 34
85% yield

F2Mk 2T 2R 34 2 WTOCIEROG 2 it L7 2R, Table 3.3 D X 91272 o7z, X
JSIREE 40 CTIRIEZ a2 L, Ml 2RV R b EIERTHY 28 3551
7z (entries 1-3), HiV N C, FUSREZS|IRICT 2 &, L0 ®INEETHRY 28 235 b7 (entry
4),
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Table 3.3. Screening of reaction condistions for Mitsunobu reaction of alcohol 27 and
2-nitrobenzenesulfonamide 34.°

Y 5 — DMEAD (1.1 equiv) —
\ r T PPh; (1.1 i
/NI . < 3 (1.1 equiv) { IBr

OH r,3h N
Ns N
34 27 28
3 equiv
entry solvent temp. convn / 28/
%P % yield®

1 CH,Cl, 40°C >99 0

2 THF 40 °C >99 26

3 toluene 40 °C >99 47 (48)

4 toluene rt >99 54 (52)

“Reactions were conducted using 2-nitrobenzenesulfonamide (34, 0.10 mmol), alcohol (27, 0.30
mmol), DMEAD (0.11 mmol), PPh; (0.11 mmol), and solvent (10 mL) at room temperature for 3 h.
"Determined by 'H NMR. “NMR yield (isolated yield in parentheses).

Scheme 3.21 127”3 & 9 IZEAL# 28 D1 7 ALK FERIRIT LV, 56%ILRTT L% =
N R229 B LNTE, LEORIZERO N-7 L% =)L) I K29 O2IHEIL 25 %
(Schemes 3.20 and 3.21, Table 3.3. entry 4) T U, 18% T& > 7= Scheme 3.18 DA AR EE > D
DFNEEN R O,

Scheme 3.21.

< jBr DBU (2 equiv) < j

N THF N
Ns reflux, 16 h Ns
28 29
56% yield
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B (-2 V) = OREHR

WIZ, BRRLIET VX =L F I R 29 LRFEE =120 T, T Aoy A
(DEEARMBET K D [2+2+ 21 HIMBRAL IS & ##5 L 72 (Table 3.4),
Table 3.4. Screening of reaction condistions for rhodium-catalyzed asymmetric [2+2+2]
cycloaddition of alkynylenamide 29, with vinylacetate (26).
5 mol %
(—: [Rh(cod),]|BF4/
| Ligand (j@\ (\/'@/\‘
N /NJ/ ' I\OAC CH,Cly, t, 16 N onc] TN NNs
S

Ns/ NS “/

29 26 XI 36
10 equiv
entry ligand conc. / convn / X/ 36/
M %P % yield % yield?
1 BINAP 0.1 >99 0 >50
2 Segphos 0.1 >99 0 >50
3 Hg-BINAP 0.1 >99 0 >50
4 DTBM-Segphos 0.01 >99 0 >50

“Reactions were conducted using [Rh(cod),]BF; (0.0050 mmol), ligands (0.0050 mmol), 46
(0.10 mmol), 28 (1.0 mmol), and CH,Cl, (1.0-10 mL) at room temperature for 16 h. “Determined

by '"H NMR.

ZORER, WTHOKGSEETH B XL IXG b7, LvL, TAd =Lz
I R29D HAR36 N LT, HERE =/ (26) T T A 2 HNS Z LTIV
XTSI RN 29 ETNAFUDOREKIEPETT 2O TIERWNEEZEZ, (-7 V=20
BT 725 AR A B 42 L 72(Scheme 3.22),
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i H=w
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Scheme 3.22.

= =—-Si Si Si
(ﬁ o, _¢{ @ CSNH),
. -

Ns Ns
29 38 39
(O (0]
OD//(H
HQ i RSH HQ i
{ __base (m - .
NS0 N"INon
ng H HH
40 Xl

/ Friedel-Crafts
. reaction
N oOH ~TTTTTTTTTTTC >

X

TIX=)TF I R29 LY AT EF LU 3T ORI2RMINBRILEISICE > TT Tt
FrA v R—/L 38 AL, —BHERESE L O4RTINEBL I L > TULEF2 K 39
EED, SIA XY REHET AL TUA 40 AL, /Y IVEEEBiR#EST D Z L
TT7 IV XN %255, 8XmF—130 Z HWZETH T X fbick>TeRe=17 3
XII #1%%, &L THFW Friedel-Crafts s & > U AEDOBREIZ L > TH)-27 V=
[(-)-251%%5 5,

B, KIEOMIZY = DT RF Ak L, Friedel-Crafts il & 5 =R F v ROBIBRIC

ko Tk o fEoE A4 2% FE(Scheme 3.23)13 B 2 N5 M, VT 38 DTRF AL
DEIZHAIO TR Y KXV OMIZT T AT LA~ —XV'RUTRF v K XVI AR LT

BOSIEHHET 5 Z LR TRIS LD,

Scheme 3.23.
N si
!
(ﬁ/ ,,,,,, . (ﬁo e
e N
N
N Ne H
38 XV
Si O Si
o S
,N‘Kj v
Ns H ng H
XV' XV
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— YTt —HERRFE & OARIMERLEOSIE, Bk = % U Cln@ R I iR R
DFNRISL ZET,TS6 ZRH L TYT AT UABRIRIZLV AT K39 /W HE5ND 2
EMTR S, KREEROfEDE X iiEb ) OSEERMEOHIE A /e L 75
AM72FETH D &5 % 7-(Scheme 3.24),

Scheme 3.24.

I/OQ(I) y (‘3— Si
O
ST N
N Ns
Si
(@/ 56 39
N
Ns H
% RN @I@/ Si Si
oA [ - 6o,
) N
Ns
TS6' 39

LLE & REHEIC EE S % TNAF=)LTF I R29 LU AT BT L 3T DOR22)44
BALKOL &, 51 & i< BREAZEHLZ 5] L 72 (Scheme 3.25),

Scheme 3.25.

homopropargyl alcohol (27)
NsCI DMEAD

H Br —
L EtsN \NI PPh, e
BrH;N > / N
Ns /
Ns
35 34 28
85% yield 52% yield
‘Sf DBU
HO si 1) 0, Si 37a (Si = SiMe) =
(jé[ 2) thiourea (\/'@/ 37b (Si = Sit-BuMey) € J/
N~ OH /N : [Rh(cod),]BF, N
N H Ne H (R)-DTBM-Segphos Ns
. . catalyst
(-)-40a’ (Si = SiMe3) 38 29
35% yield, 96% ee 56% yield

(-)-40b' (Si = t-BuMe,)
26% yield, 95% ee
(3 steps, from 29)

%@%% H FF M P77 I (R)-DTBM-Segphos S {AfRIEE 2 N5 Z & THBYD i
DRIICHEITL, T h Tk RuA v F— 38 NMES T, b, AW 38 Dredra BN
TERholelz®, = o FA~—BEEROWEILTX en-oT,

FWTLBRORMME ST b7k RuA v R—L 38120 — A HOVIETEAE T, B8
FRAK T CHHEERN L TULA T K39 2455 9 Lldz, TORE, HO L
X URIEFIELNT, DT AT LAY3IR G LN, T b h, fHE L B2V Scheme
324K LTIZYT AT LA EOBERIZEB O T TS DEBIRIED T ATS6 LV L HHITH D
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ZERbhol,

LA XY R 39O TF AIRFBEMZ, A X — VIR RE CRE+Ts L
TUA =L 4057,

UEOFEZLY, P AF AV AVETEBRIN VA —IL 402", 7TLF¥F =)L)

I R2975 3 THE, 35%INE, = v F A4~ —ilf=EHE 96% THbLic, £/, 7T/ A
FNL U NV TEBLINTZUA—/L 40073, T/LF=)LF I R 2905 3 TR, 26%INRK,
T T A~ IR 95% THLIL,

39'35 LN 40" DFE K STARBLE 13(—)-40b' D HLfS i X S EREHT OFERIC K - TIRE L 7=,
B, REENTIZEIT 5 Flack 73T A —H# —3-04 TH VY, HHEEITE T 2o Tz,

¥ >

Figure 3.4. ORTEP diagram of (-)-(3aS*,65*,7aR*)-40b' with ellipsoids at 40% probability.

FEL TV =L 40 135N T, DT AT LA~—400 G060 7-H 00, 40 H
B THDH)-7 V= [()25|DYT AT LA~ —epi-Z7 U =2 25O HIRE 2D
D & & 2 5% (Scheme 3.26),

Scheme 3.26.
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Scheme 3.28.
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Scheme 3.30.
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Exprimental Section
I. General

All reactions were carried out under nitrogen or argon with magnetic stirring unless otherwise

noted.

Reagents were prepared as follows.

Anhydrous CH,Cl, was obtained from Wako (No. 041-32345) and used as received.
Solvents for the synthesis of substrates were dried over Molecular Sieves 4A (Wako) prior to
use.

Hs-BINAP, Segphos, and DTBM-Segphos were obtained from Takasago International
Corporation.

All other reagents were obtained from commercial sources and used as received unless

otherwise noted.

Experimental properties were measured as follows.

Melting points were measured on a Mettler Toledo MP50.

'H and C NMR data were collected on a Bruker AVANCE III HD 400 (400 MHz) at
ambient temperature.

HRMS data were obtained on a Bruker micrOTOF Focus II.

HPLC analyses were carried out on a Jasco LC-2000Plus Series system using Daicel
CHIRALPAK® columns (internal diameter 4.6 mm, column length 250 mm, particle size 3
and 5 um).

Optical rotation data were obtained with a JASCO P-2200 digital polarimeter at the sodium

D line (589 nm) at ambient temperature.

I1. Preparation of Substrates

N-homopropargyl-2-nitro-/N-vinylbenzenesulfonamide (29, Scheme 3.18)

- Ns — — —
(T 31 { BrI NIBr DBU <NJ/
NS’

OH NS Ng

27 32 28 29
To a THF (30 mL) suspension of homopropargyl alcohol (27, 700.9 mg, 10.00 mmol) and
2-nitrobenzenesulfonamide (31, 3.033 g, 15 mmol) and triphenylphosphine (3.148 g, 12.00 mmol)
was added bis(2-methoxyethyl)azodicarboxylate (2.811 g, 12.00 mmol) at room temperature and
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the mixture was stirred at room temperature for an hour. The resulted mixture was concentrated to
give crude N-homopropargyl-2-nitrobenzenesulfonamide (32).

'H NMR (400 MHz, CDCI3) 6 8.20-8.11 (m, 1H), 7.93-7.87 (m, 2H), 7.80-7.72 (m, 2H), 5.72
(br, 1H), 3.29 (q, J = 6.5 Hz, 2H), 2.44 (td, J = 6.5, 2.6 Hz, 2H), 2.00 (t, J = 2.6 Hz, 1H); °C NMR
(CDCl;, 100 MHz) ¢ 148.0, 133.8, 133.7, 132.9, 130.8, 125.5, 79.8, 71.1, 42.3, 19.8; HRMS (ESI)
caled for C1oH;oN,O4SNa [M+Na]" 277.0253, found 277.0271.

To a acetonitrile (20 mL) suspension of crude 32 and K,CO; (1.659 g, 12.00 mmol) was added
1,2-dibromoethane (3.757 g, 20 mmol) at room temperature and the mixture was stirred at reflux
for 7 hours. The reaction was quenched with saturated NH,4Cl aqueous solution and extracted with
diethyl ether. The organic layer was washed with brine, dried over Na,SO,, and concentrated to
give crude N-(2-bromoethyl)-N-homopropargyl-2-nitrobenzenesulfonamide (28).

'H NMR (400 MHz, CDCI3) ¢ 8.11-8.03 (m, 1H), 7.80-7.60 (m, 3H), 3.80-3.72 (m, 2H), 3.56 (t,
J =17.0 Hz, 2H), 3.54-3.27 (m, 2H), 2.51 (td, J = 7.0, 2.7 Hz, 2H), 2.01 (t, J = 2.7 Hz, 1H); “C
NMR (CDCl;, 100 MHz) 6 148.1, 134.0, 132.8, 131.9, 130.9, 124.4, 80.2, 70.9, 49.8, 47.4, 25.5,
19.4; HRMS (ESI) calcd for C;,H13BrN,O,SNa [MJrNa]+ 384.9672, found 382.9667.

To a THF (10 mL) solution of crude 28 was added 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU,
4.567 g, 30.00 mmol) at room temperature and stirred at reflux for an hour. The resulted mixture
was concentrated and purified by a silica gel column chromatography (eluent: n-hexane/EtOAc =
3:1) to give alkynylenamide 29 (512.9 mg, 1.83 mmol, 18% isolated yield from 27) as a yellow oil.

'H NMR (400 MHz, CDCI3) 6 8.03-7.93 (m, 1H), 7.81-7.60 (m, 3H), 6.78 (dd, J = 15.8, 9.3 Hz,
1H), 4.51 (dd, J=9.3, 1.8 Hz, 1H), 4.47 (dd, J=15.8, 1.8 Hz, 1H), 3.66 (t, /= 7.9 Hz, 1H) 2.55 (td,
J=1.9, 2.7 Hz, 2H), 2.01 (t, J = 2.7 Hz, 1H); C NMR (CDCls, 100 MHz) & 147.9, 134.2, 132.3,
132.0, 130.8, 130.5, 124.6, 94.0, 79.9, 70.6, 43.8, 17.2; HRMS (ESI) calcd for C,H;,N,0,SNa
[M+Na]" 303.0410, found 303.0410.

N-homopropargyl-2-nitrobenzenesulfonamide and
N,N-dihomopropargyl-2-nitrobenzenesulfonamide (32 and 33, Table 3.2, entry 4)

_ DMEAD — =
( + NH e Nn t o
OH Ns / /
Ns Ns
27 31 32 33

To a THF (4 mL) suspension of homopropargyl alcohol (27, 14.0 mg, 0.200 mmol) and
2-nitrobenzenesulfonamide (31, 60.7 mg, 0.300 mmol) and triphenylphosphine (63.0 mg, 0.24
mmol) was added a THF (2 mL) solution of bis(2-methoxyethyl)azodicarboxylate (56.2 mg, 0.24
mmol) at room temperature and the mixture was stirred at room temperature for an hour. The
resulted mixture was concentrated under reduced pressure and purified by a silica gel preparative

TLC (thin layer chromatography) (eluent: n-hexane/EtOAc = 3:1), which furnished 32 (17.9 mg,
0.0704 mmol, 35% isolated yield) as a colorless oil and 33 (9.6 mg, 0.0313 mmol, 16% isolated
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yield) as a colorless oil.

Experimental properties of 32 were described above.

Experimental properties of 33. 'H NMR (400 MHz, CDCI3) ¢ 8.10-8.01 (m, 1H), 7.75-7.62 (m,
3H), 3.57 (t, J= 7.2 Hz, 4H), 2.52 (td, J = 7.2, 2.6 Hz, 4H), 1.99 (t, J = 2.6 Hz, 2H); HRMS (ESI)
caled for C4H;4,N,0,SNa [M+Na]" 329.0566, found 329.0592.

N-(2-bromoethyl)-2-nitrobenzenesulfonamide (34, Scheme 3.20)

NsCl H IBr
Br Et3N ‘
—_—
Br’H3N+f N
NS
35 34

To a CH,Cl, (30 mL) solution of 2-Bromoethylamine Hydrobromide (35, 4.098 g, 20.00 mmol)
and triethylamine (7 mL, ca. 50 mmol) was added a CH,Cl, (20 mL) solution of
2-nitrobenzenesulfonyl chloride (4.875 g, 22.00 mmol) at 0 °C and stirred at room temperature for
2 hours. The resulting mixture was concentrated under reduced pressure and the residue was diluted
with EtOAc, filtered through a silica gel pad, washed with EtOAc, and concentrated to give crude
34. A recrystallization from a CH,Cl, (10 mL) and n-Hexane (300 mL) solution of crude 34
furnished pure 34 (5.246 g, 17.0 mmol, 85% isolated yield) as a colorless solid.

Mp 82.7-83.8 °C; 'H NMR (400 MHz, CDCls) 6 8.18-8.12 (m, 1H), 7.95-7.89 (m, 1H),
7.81-7.73 (m, 2H), 5.90-5.78 (m, 1H), 3.59-3.51 (m, 2H), 3.49-3.43 (m, 2H); °C NMR (CDCl;,
100 MHz) ¢ 147.8, 133.9, 133.6, 133.1, 130.6, 125.5, 45.1, 31.0; HRMS (ESI) caled for
CgHoBrN,0,SNa [M+Na]" 330.9359, found 330.9361.

N-(2-bromoethyl)-N-(but-3-yn-1-yl)-2-nitrobenzenesulfonamide (28, Table 3.3, entry 4)

H Br — DMEAD (T
T _PPhy K B
NI OH N
Ns
34 27 28

To a toluene (8 mL) suspension of N-(2-bromoethyl)-2-nitrobenzenesulfonamide (34, 30.9 mg,
0.100 mmol) homopropargyl alcohol (27, 21.0 mg, 0.30 mmol) and 2-nitrobenzenesulfonamide (31,
60.7 mg, 0.300 mmol) and triphenylphosphine (28.9 mg, 0.11 mmol) was added a toluene (2 mL)
solution of bis(2-methoxyethyl)azodicarboxylate (25.8 mg, 0.11 mmol) at room temperature and
the mixture was stirred at room temperature for 3 hours. The resulted mixture was concentrated
under reduced pressure and purified by a silica gel preparative TLC (thin layer chromatography)
(eluent: n-hexane/EtOAc = 3:1), which furnished 28 (18.7 mg, 0.0518 mmol, 52% isolated yield) as
a colorless oil.

Experimental properties of 28 were described above.

N-homopropargyl-2-nitro-N-vinylbenzenesulfonamide (29, Scheme 3.21)
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To a THF (10 mL) solution of 28 (309 mg, 1.00 mmol) was added
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, 457 g, 3.00 mmol) at room temperature and stirred at
reflux for 16 hours. The reaction mixture was filtered through a silica gel pad, washed with EtOAc,
concentrated, and purified by a silica gel preparative TLC (thin layer chromatography) (eluent:
n-hexane/EtOAc = 3:1) to give alkynylenamide 29 (156 mg, 0.557 mmol, 56% isolated yield) as a
colorless oil.

Experimental properties of 29 were described above.

(-)-(3aS*,65*,7aR*)-1-[(2-nitrophenyl)sulfonyl]-5-(trimethylsilyl)-1,2,3,6,7,7a-hexahydro-3a
H-indole-3a,6-diol [(—)-40a', Scheme 3.25]

SiMe;
_ I SiMe;
\/ 7 37a 0,
NJ [Rh(cod),]BF 4/ N H rose bengal
N (R)-DTBM-Segphos Ns catalyst
catalyst hv
29 38a
i HO
SiMes SiMe,
thiourea (i‘@:
N7 o
/A N~= OH
Ns Ng H
(-)-39a (-)-40a

(R)-DTBM-Segphos (5.9 mg, 0.0050 mmol) and [Rh(cod),]BF4 (2.0 mg, 0.0050 mmol) were
dissolved in CH,Cl, (1.5 mL) and the mixture was stirred at room temperature for an hour. H, was
introduced to the resulting solution in a Schlenk tube. After stirring at room temperature for an hour,
the resulting mixture was concentrated to dryness. To the residue was added a solution of
alkynylenamide 29 (28.0 mg, 0.100 mmol) and trimethylsilyl acetylene (37a, 49.1 mg, 0.500
mmol) in (CH,Cl), (10 mL) at room temperature. The mixture was stirred at 80 °C for 16 hours.
The resulting solution was concentrated and purified by a silica gel preparative TLC (thin layer
chromatography) (eluent: n-hexane/EtOAc = 3:1), which furnished tetrahydroindole 38a (32.5 mg,
ca. 70% yield included ca. 10% impurity) as a brown oil.

'H NMR (400 MHz, CDCI3) ¢ 8.08-7.98 (m, 1H), 7.73-7.65 (m, 2H), 7.64-7.58 (m, 1H),
6.06-5.98 (m, 1H), 5.91-5.84 (m, 1H), 4.28-4.13 (m, 1H), 3.82-3.72 (m, 1H), 3.68-3.58 (m, 1H),
2.78-2.66 (m, 1H), 2.63-2.50 (m, 2H), 2.18-2.03 (m, 1H), 0.07 (s, 9H); °C NMR (CDCl;, 100
MHz) ¢ 148.5, 137.6, 137.3, 133.5, 132.3, 131.7, 131.5, 130.8, 124.0, 119.6, 59.3, 49.9, 30.7, 29.4,
-2.0.

An ethanol (30 mL) solution of tetrahydroindole 38a (32.5 mg, ca. 0.07 mmol included ca. 10%
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impurity) and rose bengal (5.1 mg, 0.0050 mmol) was irradiated with a 200 W incandescent lamp
under O, for 3 hours. The reaction mixture was filtered through a silica gel pad, and washed with
EtOAC to give crude peroxide 39a’'.

Crude 39a' was purified by a silica gel preparative TLC (thin layer chromatography) (eluent:
n-hexane/EtOAc = 2:1), which furnished pure peroxide (-)-39a' (17.7 mg, 0.0431 mmol, 43 %
isolated yield from 29) as a collorless oil.

[a]”p —26.9° (c 0.245, CHCls, 96% ee); 'H NMR (400 MHz, CDCIs) 6 8.14-8.05 (m, 1H),
7.78-7.64 (m, 3H), 6.73 (s, 1H), 4.73 (s, 1H), 3.88-3.51 (m, 4H), 2.43-2.33 (m, 1H), 2.23-2.14 (m,
1H), 2.04-1.93 (m, 1H), 0.16 (s, 9H); HRMS (ESI) calcd for C,7H,,N,04SSiNa [M+Na]" 433.0860,
found 433.0899.

To a methanol (10 mL) solution of crude peroxide 39a' was added thiourea (7.6 mg, 0.1 mmol)
at room temperature and stirred at room temperature for 16 hours. The resulted mixture was filtered
through a silica gel pad, and washed with EtOAc, concentrated, and purified by a silica gel
preparative TLC (thin layer chromatography) (eluent: n-Hexane/EtOAc = 3:2) to give diol (—)-40a'
(14.5 mg, 0.0351 mmol, 35% isolated yield from 29) as a colorless oil.

[a]”p —66.3° (c 0.210, CHCls, 96% ee); 'H NMR (400 MHz, CDCIs) 6 8.16-8.06 (m, 1H),
7.75-7.62 (m, 3H), 6.27 (d, J = 1.7 Hz, 1H), 4.52-4.40 (m, 1H), 3.79-3.63 (m, 2H), 3.31 (dd, J =
12.9, 3.3 Hz, 1H), 2.77-2.64 (m, 1H), 2.21-2.02 (m, 2H), 1.90-1.67 (m, 3H), 0.13 (s, 9H); "°C
NMR (CDCl3, 100 MHz) ¢ 148.8, 136.3, 133.6, 133.2, 131.8, 130.7, 124.3, 74.1, 70.5, 63.7, 47.5,
34.1,32.8, -1.2; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 18.6
min (minor isomer) and 31.3 min (major isomer); HRMS (ESI) calcd for C;;H,4N,O4SSiNa
[M+Na]" 435.1017, found 435.1004.

(—)-(3a5*,65*,7aR*)-5-(tert-butyldimethylsilyl)-1-[ (2-nitrophenyl)sulfonyl]-1,2,3,6,7,7a-hexa
hydro-3aH-indole-3a,6-diol [(—)-40b', Scheme 3.26]

Sit-BuMe,
o
\/ - 37b (@)
NJ/ (Nj:@/ -
/
S

[Rh(cod),]BF 4/ I B rose bengal
N (R)-DTBM-Segphos Ns catalyst
catalyst hv
29 38b
it-| H
Sit-BuMe, . 0] Sit-BuMe,
thiourea
M N™= OH

H puy

Ne ng H
39b' (-)-40b'

(R)-DTBM-Segphos (5.9 mg, 0.0050 mmol) and [Rh(cod),|BF, (2.0 mg, 0.0050 mmol) were
dissolved in CH,Cl; (1.5 mL) and the mixture was stirred at room temperature for an hour. H, was

introduced to the resulting solution in a Schlenk tube. After stirring at room temperature for an hour,
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the resulting mixture was concentrated to dryness. To the residue was added a solution of
alkynylenamide 29 (28.0 mg, 0.100 mmol) and (tert-butyldimethylsilyl)acetylene (37b, 63.6 mg,
0.500 mmol) in (CH,Cl); (10 mL) at room temperature. The mixture was stirred at 80 °C for 16
hours. The resulting solution was concentrated and purifiedby a silica gel preparative TLC (thin
layer chromatography) (eluent: n-hexane/EtOAc = 4:1) which furnished tetrahydroindole 38b
(28.7mg, ca. 60% yield included ca. 10% impurity) as a brown oil.

'H NMR (400 MHz, CDCI3) ¢ 8.09-8.00 (m, 1H), 7.77-7.65 (m, 2H), 7.64-7.55 (m, 1H),
6.05-5.96 (m, 1H), 5.91-5.84 (m, 1H), 4.304.16 (m, 1H), 3.77 (ddd, J = 10.4, 7.6, 4.5 Hz, 1H),
3.63 (ddd, J = 10.4, 8.8, 7.4 Hz, 1H), 2.71 (ddd, J = 13.9, 7.4, 6.6 Hz, 1H), 2.64-2.48 (m, 2H),
2.17-2.05 (m, 1H), 0.84 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3H).

An ethanol (30 mL) solution of tetrahydroindole 38b' (28.7 mg, ca. 0.06 mmol included ca. 10%
impurity) and rose bengal (5.1 mg, 0.0050 mmol) was irradiated with a 200 W incandescent lamp
under O, for 8 hours. The reaction mixture was filtered through a silica gel pad, and washed with
EtOAC to give crude peroxide 39b'.

To a methanol (10 mL) solution of crude peroxide 39b' was added thiourea (7.6 mg, 0.1 mmol)
at room temperature and stirred at room temperature for 16 hours. The resulted mixture was filtered
through a silica gel pad, and washed with EtOAc, concentrated, and purifiedby a silica gel
preparative TLC (thin layer chromatography) (eluent: n-Hexane/EtOAc = 3:2) to give diol (—)-40b'
(11.6 mg, 0.0255 mmol, 26% isolated yield from 29) as a colorless solid.

Mp 146.5-148.2 °C; [0]”p —65.8° (¢ 0.580, CHCls, 95% ee); 'H NMR (400 MHz, CDCl5) &
8.17-8.07 (m, 1H), 7.76-7.63 (m, 3H), 6.39 (d, J= 1.0 Hz, 1H), 4.54-4.43 (m, 1H), 3.79-3.66 (mm,
2H), 3.35 (dd, J = 12.4, 4.5 Hz, 1H), 2.29-2.23 (m, 1H), 2.14-2.07 (m, 1H), 2.16-2.06 (m, 1H),
1.90-1.70 (m,3H), 0.89 (s, 9H), 0.12 (s, 3H), 0.11 (s, 3H); HRMS (ESI) calcd for
C,0H30N,04SSiNa [M+Na]" 477.1486, found 477.1492; CHIRALPAK AD-H, n-hexane/i-PrOH =

90:10, 1.0 mL/min, retention times: 44.5 min (minor isomer) and 101.1 min (major isomer).
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III. Crystal Data of (-)-(3a8*,65*,7aR*)-40b’

(-)-(3aS*,65*,7aR*)-5-(tert-butyldimethylsilyl)-1-[(2-nitrophenyl)sulfonyl]-1,2,3,6,7,7a-hexa
hydro-3aH-indole-3a,6-diol [(—)-40b’', Scheme 3.26]

formula Cy0 H30 N, O S Si Fooo 484

formula Weight 454.61 Crystal size (mm”) 0.15%0.07x0.02

crystal color, habit colorless plate Temperature (K) 193(2)

crystal system monoclinic Hrange (deg) 2.773-30.647

space group P21 index ranges -9<h=<9

a(A) 6.942(2) -10=k<10

b (A) 7.559(2) -31<1<28

c(A) 22.091(6) number of independent 6047
reflections

o (deg) 90 number of parameters 278

B (deg) 94.15(3) number of restraints 1

v (deg) 90 Flack parameter -0.4(4)

V(A% 1156.3(6) Ry, wRy [[>2071)] 0.1258, 0.2739

VA 2 Ry, wR, (all data) 0.2837,0.3618

deale (g/cm’) 1.306 S 0.963

1 (CuKa) (mm™) 0.229 largest difference peak  0.593, —0.464

and hole (eA™)
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ZISA/\ fm—
vu)—+ 7k$%é.\¥£/f${tﬁm%ﬁmﬁ'é 1,6- 2 A v DARFBALRMEALSOS

WIHE oy (R HIRE QTRIELIUS & T 5 1,650 1 » O R AT (LIS
Wi S

e DOFTET DR TIE 2013 RIS, —BHBRT AT UENLE B O A 41 (R* = H)
DAFFAr Ty AOSEA L iéy‘z‘/ 42 ~DOBRACENEAV BSOS 2 il D 22 B A
BRI L - TIRES LD Z & A8 L7 (Scheme 4.1, EBY)Y, Zhidm s sy 7o
A I DNERIC L AR AT TR T AT A AR I 7252 LT, a-fRFE-B-
IRFBBI DRI B HIZ/R 0 B-KBBBENMEESND 2D EBEZ HND,

FFam TR 7= K 91T, 2012 FFICHEEDS OWFE 7 V—T L 1A b DO V—T 12 X -
TINLIT, B-IRENE 4 MRBETHATAF N1 D7 AFRUKD v (D RFEIKEREETE
@Mﬁmﬂﬁﬁﬁé_&ﬂﬁ%énk%

ZHHDHEBRNG, 11- BB A LR SO A 2 41 (RP = Me)lC A F A M
U U ADSERE O EEBAM A ER ST 52 LT, B-REVFAMRELIRDT L*
Ny AR PSR IR, v MO RFARBEREEIEMACSIE A EIT L, A {bE
W) 43 PG HND DTV ) & & 2 72 (Scheme 4.1, TE),

Scheme 4.1.
]
BzOH R R R R
2 _
(R2=H) yZ . y y -
z Rh* —Rh(I)* z Z z
N —BzOH =
N OBz z X Me Me
J 42
R! R
;S Rh(l)* _
/ N
\ ( Z Rh
R? R2
41 |
, R R1
E Y
R > Z Rh* | T > Z
BzOH . —Rh(1)* Z
(R? = Me) OBz| _BzOH
H
J 43

UL, FEEICT oA > HlallhF A oo 27 A1)/(S)-Segphos Sk I8 L OV B 5 BEfik
BAEHSE S &, A {bEW43a TlE/e<, B 7 2[3.1.0]~F 1 dda 23 RAF7R IR
& T F U F RIRPE TS 5 AL72(Scheme 4.2), 44a 35 HLTZ DI T Lm0 AREHE

\ZAFET 2 2 FEED y (LIRFBIKFREE D O b, SAKFEED/NI WA F VIO IRFE-IKFE
ﬁé\f‘ 372 <, MERBEEFEORZ VAT L UVHORFEARFM/EDBIWIZE U7 AIZE -
THEMHbEnzotEZ N5,

Z I TERL, ZOHRAKRICEMALRGE O RS, B, 2 L ChrE
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RVEFEBR OB 2 fRIH 4 <,

AR 21T O 2L L LT,

Scheme 4.2.
5 mol % [Rh(cod),]BF, Me
BnO.C = Me 5 mol % (S)-BINAP _ BnO.C
Y /; 40 mol % BzOH BnO,C 2
BnO,C (CH,Cl),, 80 °C, 16 h BnO,C Me | BnO,C
Me H
41a (+)-44a 43a
90% vield 0% yield
Rh(|)+ 88% ee
A
Me ‘
Me
Y
BnO,C _ BzoH | BnOLC
Rht | — T
BnO,C BnO,C “Rh(l)*
Me H Rh* -BzOH
| 0Bz
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7, IWERBIORF o F A RIRMED M % B L C Bronsted BEOFEE & Y E A2 M L
7-(Table 4.1),

Table 4.1. Screening of Brensted acids for asymmetric cycloisomerization of 1,6-enyne 41a.”
5 mol % [Rh(cod),]BF,

BnO,C ——Me 5 mol % (S)-Segphos
><_(/_ 0-50 mol % acid
BnO,C (CH,Cl);, 80°C, 16 h

Me
41a Me Me
BnO,C - Z
BnO,C = nOz
+ +
BnO,C Me BnO,C BnO,C Me
H Me Me
O O
44a 45 46
entry acid convn [%]? 44a/ % yield® 45/ 46 / % yield®
(mol %) (% ee) % yield® (% ee)
1 BzOH (40)  >99 90 (88, +) 0 0
2 tBuCO,H (40) 86 50 (88, +) <15 0
3 TsOH-H,O (40)  >95 0 0 47 (0)
4 (+)-CSA (40) 0 0 0 0
5 - ()  >99 0 <20 0
6 BzOH  (10) 55 46 (88, +) 0 0

“Reactions were conducted using [Rh(cod),]BF; (0.0050 mmol), ligands (0.0050 mmol),
brensted acids (0.0-0.050 mmol), 41a (0.10 mmol), and (CH,Cl), (1.5 mL) at 80 °C for 16 h.
"Determined by 'H NMR. “Isolated yield.

LEFBRICHNZTE VR EZ WD & TV o OREFITEMAL 2 83 2 B b 2
LB YHEAT LT 45 A5 ST 725, 44a DIERIZAK F L7 (entry 2), p- b ALk
VR KT E WD L, RUDUIVE AT IO T IV DRI DHT 7 Ak
FORSHIEETT L 46 D I35 5 707~ (entry 3), (+)-CSA Z AW 5 &, RUGIEE » 72 < #FTH R
BEASEIY X417 (entry 4), Bronsted i % 1 2 72\ VR CIEBEMERIR S W3S D Fu(entry 5), &
BAEWO Y 5% 10 mol %l AKX T 5 & SIS 58ME LMo 7o (entry 6), LA EDRERNND, 40
mol % D22 LA % fiii 75 Bronsted F8 & L C, Bl FARFT 21T 5 2 & & L7 (Table 4.2),
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Table 4.2. Screening of rhodium catalysts for asymmetric cycloisomerization of 1,6-enyne 41b.”

5-30 mol % [Rh(cod);IBF, eh
BHOZCG P domal% Bzon B0 Y
BnO,C / (CH,Cl),, 80 °C BnO,C Me
Me H
41b 44b
entry ligand Rh/ligand Time / convn / yield [%]°
[mol %] h %P (% ee)

1 (S)-Segphos 10 16 >99 6 (81, +)
2 (S)-BINAP 10 16 >99 89 (81, +)
3 (S)-Hg-BINAP 10 16 83 77 (78, +)
4 y (S,S)-DIOP 10 16 83 68 (3, +)
5 y (S,S)-Chiraphos 10 16 43 28 (36, +)
6 (R,R)-Me-Duphos 10 16 0

7 (S)-tol-BINAP 10 16 77 65 (83, +)
8 (S)-xyl-BINAP 10 16 60 45 (82, +)
9 (S)-tol-Segphos 10 16 64 45 (83, +)
10 (S)-xyl-Segphos 10 16 >99 88 (81, +)
11 (S)-DTBM-Segphos 10 16 29 25 (95, +)
12fe (S)-Segphos 5 16 >99 93 (81, +)
13 (S)-DTBM-Segphos 30 72 95 66 (96, +)

“Reactions were conducted using [Rh(cod),]BF; (0.010 mmol), ligands (0.010 mmol), benzoic
acid (0.040 mmol), 41b (0.10 mmol), and (CH,CI), (1.5 mL) at 80 °C for 16 h. "Determined by
recovery of 41b. “Isolated yield. “[Rh(nbd),]BF, (0.010 mmol) was used instead of [Rh(cod),]BF,.
°41b (0.20 mmol) was used. /Reactions were conducted using [Rh(cod),]BF, (0.030 mmol), ligands
(0.030 mmol), benzoic acid (0.040 mmol), 41b (0.10 mmol), and (CH,Cl), (1.5 mL) at 80 °C for 72
h.

Fix DEARAT 4 VEMNL 2 HWZA T U —= 2 7 Off He(entries 1-6), 7 U —/LE
W% BTN E AR AT ¢ VBN & W84 & Hele L C(entries 4-6), ©7 U — LERL
EHOEARAT 4 VB2 HWEHEIT, L0 EWIERBL SO v F AU T H
I D315 B LT (entries 1-3), B 7 U — /LI 2 DO E AR A7 ¢ VEULT- DN, (S)-Segphos
X2(S)-BINAP 23 EiEMEA 7R L7 Centries 1 and 2), = > FAZEOM LA HIEEL, U
v RICE @O ESIL A S ORI 7 2 R ET L7z (entries 7-11), ZDFER, U v B2 b U VRS
XU NEE OB TR U FARIRMERN DT E L2 b 00, fliiEE DMK
T L7=(entries 7-10), F 7=, (S)-DTBM-Segphos % H\ 5 Z & CEi=F o F A HRIC 44b
DG BN, BEEMEIIRE <IKE T L7 (entry 11), (S)-Segphos % F U C il & DK %
R D L, 5 mol %Dl EZ W= HETHIEE, = F AR er RE<{HRHI 2 &
72 < BOURSHIETT L 7= (entry 12), £ 72, 30 mol %0 (S)-DTBM-Segphos 14 2 AV, e %
72 BRI IER 5 Z & THREDINER, o) o F AR T 44b 735 5 117 (entry 13),
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|

Voram

o EmMs

|

o

T

e T, fdfb &A= S (Table 4.2, entry 12) % F U TG 00 FLET 56 F &6 PH 2 Wt L 7=
(Table 3.3),

Table 4.3. Scope of asymmetric [2+2+2] cycloisomerization of 1,6-enynes 41.”

5 mol % [Rh(cod),]BF ,/ R

E ——R' 5 mol % (S)-Segphos E Pz
y 40 mol % BzOH
E (CH,Cl), or 80 °C E R?
R? or H
CH3CHCICH,CI, 85-95 °C
M 16-72 h 44
Me
BnO,C = R
BnOQC Me
H BnO,C =
(+)-44a BnO,C Me
90% yield, 88% ee H
(80 °C, 16 h)
5 (+)-44b (R = H) 93% yield, 81% ee (80 °C, 16 h)
H-Bu (+)-44d (R = p-Me) 63% yield, 80% ee (80 °C, 72 h)
BnO,C Z (1S,5R)-(+)-44e (R = p-Br) 72% yield, 81% ee (80 °C, 40 h)
+)- = p- 3 © ylelq, b ee ,
Bn0,C Me (+)-44f (R = p-CF3) 88% vield, 82% ee (80 °C, 16 h)
H (+)-44g (R = m-Br) 74% yield, 78% ee (80 °C, 40 h)
+)-44c +)- =m-CF3 o yield, o ee ,
+) (+)-44h (R = m-CF3) 92% yield, 76% ee (95 °C, 16 h)
70% yield, 91% ee (+)-44i (R = 0-Br) 86% yield, 76% ee (80 °C, 40 h)
(85 °C, 72'h, 20 mol % Rh)® 44 (R = 0-CF,) 0% yield (80 °C, 95 °C, 130 °C®)
Ph Ph Ph
MeO,C = Bz = BnO,C =
MeO,C Me Bz Me BnO,C Et
H H H
(+)-44k (+)-441 (+)-44m
72% yield, 73% ee 58% yield, 54% ee 85% yield, 74% ee
(95 °C, 16 h) (95 °C, 16 h) (95°C, 72 h)

“Reactions were conducted using [Rh(cod),;]BF4 (0.010 mmol), (S)-Segphos (0.010 mmol),
BzOH (0.080 mmol), 41 (0.20 mmol), and (CH,Cl), or CH;CHCICH,CI (1.5 mL) at 80-95 °C for
16-72 h. The cited yields are of the isolated products. “[Rh(cod),]BF; (0.040 mmol), (S)-Segphos
(0.040 mmol), BzOH (0.080 mmol), 41 (0.20 mmol), and CH;CHCICH,CI (1.5 mL) were used.
“(CHCl,), was used.

TNFxy B n-TFNEE LT A 2 Ale B AWTEEAR, KGIEE 80 CTIEs
NESTLSEIT LR 2T b DD, 85 CIZHIR L, pUSK M Z T2 £ TER 52 & T
HHYDY 7 a7y 4de PSRAFRIGEE, = o FAERMETHE N, 7=2=AT®F
L ED 0, m, p fLICEWILAZEA LT A o 41d—g, i 1380 CTHIG L, TFEEDD
B2, Blif7p) o F AR PRVE T H Y 44d—g, | 035 DLz, m-ALlZ CR % o
A 411E, 80 CTIHE o 7oK SURHEIT L722 o773, 95 CIZHIRT 22 &L THW
DEOED BAFICHETT LTz, 7238, ofLIC CR i EZ b o= A U aljidy s enrnx= X 80 C,
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1;97uufuﬂy¢95t 1L122-7 h 77X o f 130 CONTROEMETYH,
FORIEE o 72 < HEATHES, =4 > 41 BEIN ST,

@ﬁm»vﬂ/@mﬂgmﬁﬁm;iwﬁmnmﬁﬁﬁﬁﬁanxﬁﬁﬁﬁﬁﬁﬁm
&> TEDOMaxHEIEN 1S, 5R Th D Z & & fEsd L 7= (Figure 4.1),

Figure 4.1. ORTEP diagram of (1S5,5R)-(+)-44e with ellipsoids at 30% probability.

BRGSO~ VU R U NN R VRV AT LK 1,3-U 7 @)D b,
FOSPEAME T LT 80 ‘CTIIMILMNTERE Lo 7272, 95 CIZHE L Ty rras v
44k, 1 2157, TNAT AN TF AR TERI N4 2 4lm 2 AW T25513 80 C
TE ST RISWHEEIT LA o723, 95 CIZFHIRT 2 2 & TEIEE, BRif/roF v F 4%
RPETHOY 44m BE BT,

PLED X DWCARIST LI-Z@HR 7 Ly ihiia b b, 1,3-U LR =V TGS
@ﬁ@z/4/fL L7el, BBGEHIC VR = a bizs o A v EANWD E BB
DRINEE o 1= HATHET, > 7 uaFaXy 47 BEIET A7 CEMERIRENE ST
(Scheme 4.3),

Scheme 4.3.
20 mol % [Rh(cod),]BF4/ Ph
,— Ph 20 mol % (S)-Segphos —\ _Ph
z 40 mol % BzOH 7 . z
e CH3CHCICH,CI A
Me 95°C,72h H Me
41n [Z = C(CH,0Bn),] 44n /0% yield  47n/0% yield
410 (Z=0) 440/0% yield 470/ 0% yield
41p (Z = NTs) 44p /0% yield  47p/29% yield, <5% ee
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a7 asly 47 AT DRSS, Scheme 4.4 IZRT X 21T V¥ DOREFH)
EM L ERB L TWA EEZ 5D Y,

Scheme 4.4.

/——Ph
TsN p Rh(1)* TsN /\ Ph ToN Ph TsNi Ph
\—<M d ~Rh(1)*
e

Me Me Me
41p 47p
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SBUUET  SOSHEREICB 5 B

H—Ei TR L 91T, AKEISIZT A 41D a7 A~DOERVIBRA L & FRIZ K 5 BB
FOGIZE > THEL D, B-REVDHEARRFETHHLT VI AR YT LN — MRS
ERABTHHOLEZ BN D (Scheme 4.2), Z D& & FRMA INZIE 2 FEEED v (L IRFE-KFHE
FEABDFELTEY, TAry BICATFAVEEZ DT A v 4la-l W & EITER
FEED/NS WA F VIO RFIRFERHBEG TIERL, MEREORE N AT L UHDORFE-K
FRANB SN TWD, £/, TWrr biceFrikesboz oA v 4m #fHViZ L &
21 2 FEEORZ —KEHEEDOTNE AF L UHDORE —KER-E & RD0, LRGN
D IRFIKFAREE DI DRICGIE TV D,

ZONERFPEDRBL L, 13-V ANV A=V TGS N A v DB TRICHEITT
HEHIZOWT, EHIILL T D X 9 12%%2 L 7=(Scheme 4.5),

RGO b = 1 OB L & BRI K D BB ITET LIS 508, XY
T— PRI OT VT v EOKRFELEG RS Z TR A 7 a7 UK T A3
AT B, FRE T 2O FRE I ~OISZAIHKIETH D EE 2 bD, T I
BOTEBHIC VAR VIR LTZGE, IAR= VR e T AZEM L CEER
FL—hEERT S, FL— ML TRV T AR Y =— "3y (RFEKRFEFEEGITITED
T ET, yDOKFEOR Y =— ML D5 EHENET L T A a7 ¥ Rk
K 23EL, 5l &< EIThliEE T 44 2AERRT 5, CEBRF L — FMEE LW gacidp
IR 32D R T~ & R D SISO B DBHEIT LT, v MOKENB & 2072 44 1%
AR L 720,
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Scheme 4.5.
Me
Me P
BnO,C
BnO,C . 2
+ BnOzC
BnO,C —Rh(1)
Rh*
43a L
A
! -BzO-H
Me

Me BnO,C ZH
BnO,C = Me  Rn()" |Bno,C _ BzO-H BnO—" 7 "H
/ — S i (H/('

BnOzCH > ~— | BnO,C "W/ O._ 0
u Me H 7, Me -BzO—-H SNl
H H Rh\o Ph
4a [ J
J -BzO-H
Me Me
7
BnO,C,_ /~7 BnO-C
-~ Me
B
BnO,C Me  _Rh()* 0L,
H Rh*
44a K

728, ARBULOHEITIZIES0 COMBMNMETHY, BIETF T oA v 4lallhF A M
oYy ADEERE L OZEEBRAEE A2 EH S TH o SR EITET, =4
41a 23[A]Y S #172(Scheme 4.6),

Scheme 4.6.
5 mol % [Rh(cod),]BF, Me
BnO,C =——Me 5 mol % (S)-Segphos _
Y% /; 40 mol % BzOH BnO.C
BnO,C (CHoCl)y, 1t, 16 h BnO,C Me
Me H
41a (+)-44a
0% vyield
+
Rh(l) ‘ \
Me
Me
y
BnO,C _— BzoH | BnOLC
+ | —— Ho|To
BnO,C BnOC “Rh(ly*
Me H Rh* -BzOH
~0Bz

—J7, —BERT N N A b DT A v 55q IZEIR T, BT A e Uy ADEEAR
L O EFBMBEAZER SE 25 &, Y2 56 735 572 (Scheme 4.7),
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Scheme 4.7.

Rh(I)*t

Me

BnO,C = BzOH
Rh* >
BnO,C
H

I DOFEFRN D, Scheme 4.5 (2R LIZSHEEON, =2 A DO a0 A~ORR{LHY
Bk, ZEEFRIZL D0 XY A 7 VORRIZZEIR T CHEITT 528, vy ALOKREZ —KERKE
DOYIWHITMBAR M TH D Z ENRBEIND, D=8, KK OBEER TR TE — K

FiaOUETH D LHEHISND,

F£72, (S)-Segphos A% AUV TARK L 72 (+)-44e OFHE1E7N 1S,5R TH Y, F—HE L5
B TR AT (R)-BLNL T A T[22+ 2B RS AR B 4 S0 11 & 3 O STARTERR M 23 A=
CTWb, 3725, Scheme 4.8 IR T K 918, =2 A L ORBLAIERILIC L > TRAZFE
TR DO RG & [AERIC RY & RFAFBCNLF D SARREE A58 1) % X 5 72 B RBE(TST) 2 %

5 mol % [Rh(cod),]BF, Me

40 mol % BzOH

5 mol % (S)-Segphos Bn020><:|f
BnO,C A

(CH,Cl),, 1t, 16 h

42q
47% yield
Me
BnO,C 7
H
BnO,C —Rh(l)*
Rh* -BzOH

~
OB
J Z

LCHEERINEL L TER LTI D EEZLILD,
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Scheme 4.8.
Ph Ph Ph
2 R P'
RZ _Z_pPh
\\',/\ +/ —_ >
ZT\\\,..-\ == h\P
L 2
Ph R ppeP,
TS7
L | _
/%R1
zZ Rh(1)*/
\—( (S)-Segphos
R2
41 Ph Ph Ph
PI
— Phy
SN CC >
. ; REY )| -
=P En
R2 Ph Ph'
TST' L r _

LirL, B—8, H_E TR0, PREE T 2#m 3 5o S Tldkliea
95% ee LA L&V H IEFICE VT v F A~ —REREMBH S TW Aok LY, v m
TR 44 D% LT T0% ee 105 0% ee LN T F A —@ERTELNLTEY, F
MR T OARRIFICHIG SV D @OV T U FABPEDRF STV, ZAUEH IR I
DFZTVT 4 LENLFOFT VT ¢ OMEAERIZLY, PHEIAE J0DDORFEIKEREGD
GIlr L0 b, BEBEMERDD DRFBIRERHG O NERITH D Z Linh, £ 58 12
BB L To = U F AR TP R 13 TO AR I DA T 2B CAE L= T A
BIRENSIE T Lz EEZbND,

Flo, AU CTIXRTICEREFBRBGET D720 BEy WU ¥ —T=F4 v tiebnu
DU LBERDOIR TR OBz WO T A —T =4 b2 buly AMERNFETLHO L
EZ N, IR TF A AR T AN/ ET V=L EARAT ¢ VEERICLD 1,6-m
A DRSTHERT 2 PRUA TS TER O o F RIS IEH LTV D TREME S &
bbb,

T, ZORIGEEEZIEAT 5720, TUNMIOAF L UHICEKEEZ L T A v
4k-d, Z WG ERET Lz, FEEY, EAREN 1 St L7-> 7 a7 a8 44kd
D35 5 4172 (Scheme 4.9),

Scheme 4.9.

20 mol % [Rh(cod),]BF, Ph
20 mol % (S)-Segphos
=——Ph
MeO,C p 40 mol % BzOH MeO.C, /~
MeO,C (CH,ClI),, 80 °C MeO,C Me
Db Me D
41k-d, 44k-d

35% yield, 73% ee
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AREOSHEE LT DT 7e <, B2 IEHREE 305 o KBHEESHEIT L, 5l &k
SIRFB—IKRFAREG~DINRAFANEL WO EETHEIT L TWDLO7Z LTI, 44kd TIE
72 < 44k-d, 33 H AV 5 (Scheme 4.10, ), LU, FEEICIFEEBRY 7 nra v
44k-d B ONTT20, v ALRFB-IRFEREEIEEALOG 2 8 L7 CHEEfT LT 2 &

D3RR X 4172 (Scheme 4.10, F=)

Scheme 4.10.
Ph Ph
MeO,C Z MeO,C 7
I Me
MeO,C Me  —Rh(l)* Meow\‘D —,
D 0 D Rh*
D
44k-d, M
A
' -BzO-H

Ph MeO,C 7
MeO,C_/~—— PN Rh()*  |MeO,C _ BzO-H MeO—y" ~Me
/ — Rh | —— o= ™,
MeO,C -~ |MeO,C / - O. D/
D™ 2 4 N _ .
BzO-H \Rh+

D Me D bMe
OBz
41k-d, I J
J—BZOD
o Ph
MeO,C = MeO,C 4
- Me
MeO,C Me —Rh()* | MeOL
D Rh*
K

44k-d
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G AU
vu}——ﬁ IKFERECTEMACSOG 2 BT 5 1,6-— 2 o v ORFER(LEMALIG

HAE AR DA

ST, RRISIZET D Bronsted FEDO A 7 ) — =2 T DRRIZ, p- MV ALK Vg - —IK
FFEAE T, 80 CITMENT 52 L T A 4la DT 7 b ACRIEDNEITT 5 2 & & R
L 7=(Table 4.1, entry 3), & Z CEHIE, = A 41 L[RRRIZ 4T A v 7B UL
Wi Ebo 7 a R 4412 p- MV AVIR VR - — KT EER S8 5 2 L Tl

BT 7 NS 55 O TRV E B 2 72 (Scheme 4.11),

Scheme 4.11.

R
Bnozgi/'\"i TsOH-H,0 BnO,C Me
BnO,C (CHCl),, 80 °C AT
41a 46
BnO.G TsOH-H,0
”””””””” > BnO,C
BnO,C X (CH,Cl),, 80 °C ne2 )
1 R
R o7 o

44

LML, Y7 a7as/X44b 21 ¥ED p- ML U ALK R — KR &2 2T 80 C
WIEAT B & 4T ) A > TR DV TR <, 7 a7 a EVERRR L O
NETDZ 7 N ABSISEIT LT 48b 73453 HAL7=(Scheme 4.12), 7235, BUSFHH THRM
DIFRP R SN2, K EHREMETORIEERATZN, EIRL 60 COMIGIRE
TIET 7 M ACBUGIEE o 72 < HEFTHET, 60 °C THEUEH 44b D3RS O M HEFT L=,

Scheme 4.12.
Ph Ph
=
BnO,C TsOH-H,0 (1 equiv)
BHOZC Me BnOzC Me
H o) H
o)
44b 48b

CH,Cly, 1, 1 h 0% convn, 0% yield

(CH,CI),, 60 °C, 1 h <10 convn, 0% yield
(CH,ClI),, 80 °C, 4 h >99 convn, <50% yield
(CH,CI),, 80 °C, 2 h >99 convn, <65% yield

BT, BFFMEr Ty ADEEERE L O BEEBAEIC X SRR L p- b
AR —KFIIZ & DT 7 b oAb E D Ry b TIT 9 UG & i L 72 (Table 4.4),
Table 4.3.DFMFTTZ U A 41b DEALEMACSIE AT > T2, FEIRICHE LI FOSEIR &
p- MV ZOVIR VR« KR DOY 7 va = 2 U SRIBIRIC N A T 80 CITME L7z, =
DU Ry MO T TlE, BEELZ 44b (2 p- hLm 2 ZLR U EE « — KA N 2
TROGFHRE D BT T 7 b ACRIEDHETT Uiz, SUSRE 2 R OB ¢ 7 n7'm
44 ziﬁé’wo%%ﬁéhf?& N 48b AL TERY, WMISIZE DT 7 i 48b D4y
FRITIZ L A ST L T o e, USR] 24 BRI T 7 v 7 m /sy 44b 1352 2ITIHE
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L, FREDINETT 7 b 48b BMEbilc, FERORIS T A v 4lf-h 267 7 b
48f—h NHRRE DI TH LN, 2, 77 b 48f-h (21X 7 v 7 m 3 44f-h L [A)%
DTF o FARPMERREELL TV, BIEEM LIS TELTEARFTEZRFEFLIEEET 7 b
AEHBEITT D Z E b T,

Table 4.4. Scope of one-pot asymmetric cycloisomerization and lactonization of 1,6-enynes 55.”

1) 5 mol % [Rh(cod),]BF4
5 mol % (S)-Segphos
40 mol % BzOH
(CH,CI), or 80 °C or Ar.
CH3CHCICH,CI, 85-95 °C

BnO,C = Ar 16-40 h
BnO,C / 2) 100 mol % TsOH"H,0 BnO,C Me

Me (CH,CI),, 80 °C, 24 h o H
e}
a4 48
Bnozc
H BnOzC Me BnOzC ‘ Me Bn02C ‘ Me
(-)-48b —)-48f 489 48h
62% yield, 80% ee  65%% y|eld 78% ee 61% yleld 80% ee 69% yleld 74% ee

“Reactions were conducted using [Rh(cod),;]BF4 (0.010 mmol), (S)-Segphos (0.010 mmol),
BzOH (0.080 mmol), 41 (0.20 mmol), and (CH,Cl), (1.5 mL) at 80 °C for 16 h then TsOH-H,O
(0.20 mmol) and (CH,Cl), (0.5 mL). The cited yields are of the isolated products. “Isomerization
reaction was carried out for 40 h. “CH;CHCICH,CI was used as solvent of cycloisomerization.

a7 EVERT ATV, BRIERMET Ty -T2 b~ BB EhD Z LMD
N T Y (Scheme 4.13)7, ARG G [FEE O TH AT H O & F % TU 5 (Scheme 4.14),

Scheme 4.13.

m S, N/
e~ +HQTs  — o QJ
Me

/\Me -MeOTs
Me

Scheme 4.14.

Ar Ar
o) Me * HQTs o
B _A -BnOTs
o\ o Me
a4 48
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Aty U EE
y IR FRIKFREATEMALSUE 2R T D 1,6-7 2 4 > O RFEAL RIS

BAHET £l

LLED X DI ERIL, MEEIRE R v (LR FE — KB ETEM RS 2/ L7z 1,6-—
AV 55 ODFRAFTERALEMALSS IR L, 7 a7 a3 44 %45 L7=(Scheme 4.15),
AT 1,6-m A e LT LI-BRT VA iR b oA L EAWD Z L T RAL
28 4 #IRFZ L OOCTHEE I 2R ET 25 2 &, @R e oz A v
ZHAWSD Z ETRIGHFEE I TR L— ML FET D Z ENEETH D,

Scheme 4.15.

5-10 mol % Rh(I)*/(S)-Segphos
40 mol % BzOH R’

E —R!' (CH,CI),, 80 °C or E =

y CH3CHCICH,CI, 85-95 °C
E > or E R?
H H R? 5-30 mol % Rh(1)*/(S)-DTBM-Segphos H
M 40 mol % BzOH 44
E = CO,Bn, CO,Me, Bz (CHLCI),, 80 °C up to 96% yield
R? = Me, Et

up to 95% ee

Rh()* | R
BzOH Rj‘\ H=Z ~,

o (H —Rh(1)*
S I
"

Fio, o Tan 4 DT7 7 FALRISICEVRER LT 7 48 &, A v 41
N6 2 TR 1 ARy hTREFRINERE = o F A UETH T 5 2 L1128k L 7= (Scheme
4.16),

Scheme 4.16.

1) 5 mol % [Rh(cod),]BF,
5 mol % (S)-Segphos
40 mol % BzOH
(CH,CI), or 80 °C or Ar.
CH3CHCICH,CI, 85-95 °C

BnOC_/ — A 16-40 h
BnO,C / 2) 100 mol % TsOH " H,0 BnO,C Me

Me (CH.CI),, 80 °C, 24 h o) H
(e}
41 48
up to 69% yield
up to 80% ee
R! (2 steps, 1 pot)
E = T
E R?
H
44
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Exprimental Section

I. General

All reactions were carried out under nitrogen or argon with magnetic stirring unless otherwise

noted.

Reagents were prepared as follows.

Anhydrous CH,Cl, (No. 27,099-7) was obtained from Aldrich and used as received.
Solvents for the synthesis of substrates were dried over Molecular Sieves 4A (Wako) prior to
use.

Hs-BINAP, Segphos, tol-Segphos, xyl-Segphos, tol-BINAP, and xyl-BINAP were obtained
from Takasago International Corporation.

The synthesis method of 1,6-Enynes 41a and 41b was already described as the synthesis
method of 9b and 9h.

1,6-Enynes 41k," 410,% 41p,” and 41q” were prepared according to the literatures.

All other reagents were obtained from commercial sources and used as received.

Experimental properties were measured as follows.

Melting points were measured on a Mettler Toledo MP50.

'H and ">C NMR data were collected on a JEOL AL-300 (300 MHz) and a JEOL AL-500
(500 MHz) at ambient temperature.

HRMS data were obtained on a Bruker micrOTOF Focus II.

HPLC analyses were carried out on a Jasco LC-2000Plus Series system using Daicel
CHIRALPAK® columns (internal diameter 4.6 mm, column length 250 mm, particle size 3
and 5 um).

Optical rotation data were obtained with a JASCO DIP-1000 digital polarimeter at the

sodium D line (589 nm) at ambient temperature.
I1. Synthesis of 1,6-Enynes

2-Hept-2-ynyl-2-(2-methylallyl)malonic acid dibenzyl ester (41c)

— Me _ /
Bnozo>\—( BnO,C
BnOQC Me Me

Br%
——n-Bu — _
BnO,C BnO,C B / BnO,C ——n-Bu
Me r
> /
A 41c
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To a THF (30 mL) suspension of 55% sodium hydride (0.306 g, 7.00 mmol) was added a THF
(10 mL) solution of malonic acid dibenzyl ester (2.843 g, 10.00 mmol) at 0 °C, and the mixture was
stirred at 0 °C for 30 min. A THF (10 mL) solution of 3-bromo-2-methylpropene (675 mg, 5.00
mmol) was added to this mixture at 0 °C, and the mixture was stirred at room temperature for 6
hours. The reaction was quenched with water and extracted with diethyl ether. The organic layer
was washed with brine, dried over Na,SO,, and concentrated. The residue was purified by a silica
gel column chromatography (hexane/EtOAc = 10:1) to give 2-(2-methylallyl)malonic acid dibenzyl
ester (A, 961 mg, 2.84 mmol, 57% yield) as a colorless oil.

'H NMR (CDCls, 300 MHz) 6 7.41-7.20 (m, 10H), 5.13 (s, 4H), 4.75 (s, 1H), 4.69 (s, 1H), 3.70
(t, J=8.1 Hz, 1H), 2.66 (d, J = 8.1 Hz, 1H), 1.72 (s, 3H).

To a THF (30 mL) suspension of 55% sodium hydride (131 g, 3.00 mmol) was added a THF (5
mL) solution of 2-(2-methylallyl)malonic acid dibenzyl ester (A, 961 mg, 2.84 mmol) at 0 °C, and
the mixture was stirred at 0 °C for 30 min. A THF (10 mL) solution of 1-bromohept-2-yne” (525
mg, 3.00 mmol) was added to this mixture at 0 °C, and the mixture was stirred at room temperature
for 6 hours. The reaction was quenched with water and extracted with diethyl ether. The organic
layer was washed with brine, dried over Na,SO,, and concentrated. The residue was purified by a
silica gel column chromatography (hexane/EtOAc = 10:1) to give enyne 41¢ (1.007 g, 2.33 mmol,
82% yield) as a colorless oil.

Colorless oil; IR (neat) 2958, 2933, 1736 cm™; 'H NMR (CDCls, 500 MHz) 6 7.33-7.25 (m,
10H), 5.12 (d, J = 12.0 Hz, 2H), 5.06 (d, J = 12.0 Hz, 2H), 4.86 (s, 1H), 4.78 (s, 1H), 2.85 (s, 2H),
2.83 (t,J=2.5 Hz, 2H), 2.07 (tt, J= 7.0, 2.5 Hz, 2H), 1.60 (s, 3H), 1.44-1.30 (m, 4H), 0.870 (t, J =
7.0 Hz, 3H); °C NMR (CDCls, 126 MHz) 6 170.2, 140.1, 135.4, 128.6, 128.4, 1282, 116.2, 84.2,
74.5, 67.3, 57.2, 39.5, 31.0, 23.4, 23.1, 21.9, 18.4, 13.7; HRMS (ESI) calcd for C,3H;,04Na
[M+Na]" 455.2193, found 455.2201.

2-(2-Methylallyl)-2-(3-p-tolylprop-2-ynyl)malonic acid dibenzyl ester (41d)

Br,
BnO,C >/—: éMe BnO,C —== ! < > Me  Bho,c —= Me
—_—
BnO,C BnOZCQ BnO,C %
Me Me
B 41d

2-(2-Methylallyl)-2-prop-2-ynylmalonic acid dibenzyl ester (B) was obtained in 88% yield from
2-prop-2-ynylmalonic acid dibenzyl ester® with 3-bromo-2-methylpropene as a colorless oil by the
procedure for enyne 51ec.

'H NMR (CDCl;, 300 MHz) § 7.31-7.05 (m, 10H), 5.11 (d, J = 12.3 Hz, 2H), 5.07 (d, J = 12.3
Hz, 2H), 4.87 (s, 1H), 4.82 (s, 1H), 2.89 (s, 2H), 2.88 (d, /= 2.7 Hz, 2H), 1.99 (t, J = 2.7 Hz, 1H),
1.59 (s, 3H).

To a triethylamine (3 mL) solution of B (376.5 mg, 1.000 mmol) and 1-iodo-4-methylbenzene
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(218.1 mg, 1.000 mmol) was added a triethylamine (5 mL) solution of Pd(PPh;),Cl, (14.0 mg,
0.020 mmol) and Cul (3.8 mg, 0.020 mmol). The mixture was stirred at room temperature for 16 h.
Then, the resulting mixture was filtered and concentrated. The residue was purified by a silica gel
column chromatography (n-hexane/EtOAc = 10:1) to give enyne 41d (423.3 mg, 0.907 mmol, 91%
yield) as a colorless oil.

IR (neat) 3032, 2962, 1735 cm™'; '"H NMR (CDCls, 300 MHz) 6 7.32-7.23 (m, 10H), 7.20 (d, J =
8.1 Hz, 2H), 7.07 (d, J = 8.1 Hz, 2H), 5.16 (d, J = 8.1 Hz, 2H), 5.09 (d, J = 8.1 Hz, 2H), 4.89 (s,
1H), 4.85 (s, 1H), 3.08 (s, 2H), 2.93 (s, 2H), 2.33 (s, 3H), 1.63 (s, 3H); °C NMR (CDCls, 75 MHz)
0 170.0, 139.9, 138.0, 135.2, 131.5, 128.9, 128.5, 128.3, 128.2, 120.1, 116.4, 84.0, 83.7, 67.3, 57.0,
39.6, 23.6, 23.3, 21.4; HRMS (ESI) caled for C3;H300,Na [M+Na]" 489.2036, found 489.2044.

2-[3-(4-Bromophenyl)prop-2-ynyl]-2-(2-methylallyl)malonic acid dibenzyl ester (41e)

BnOZC><—(_QB"
BnO,C 7
Me

The title compound 41e was obtained in 78% yield from B as a colorless oil by the procedure for
enyne 41d. IR (neat) 3033, 2962, 1736 cm™; 'H NMR (CDCls, 300 MHz) 6 7.37 (d, J = 7.8 Hz,
2H), 7.32-7.21 (m, 10H), 7.12 (d, J = 7.8 Hz, 2H), 5.16 (d, J = 12.0 Hz, 2H), 5.10 (d, J= 12.0 Hz,
2H), 4.90 (s, 1H), 4.83 (s, 1H), 3.07 (s, 2H), 2.91 (s, 2H), 1.62 (s, 3H); °C NMR (CDCls, 75 MHz)
§169.8, 139.7, 135.0, 133.0, 131.3, 128.4, 128.3, 128.2, 122.1, 122.0, 116.4, 85.8, 82.9, 67.3, 56.8,
39.6, 23.5, 23.2; HRMS (ESI) calcd for C30H,7BrO4Na [M+Na]" 553.0985, found 553.0978.

2-(2-Methylallyl)-2-[3-(4-trifluoromethylphenyl)prop-2-ynyljmalonic acid dibenzyl ester

(41f)
BnO,C = CF3
BnO,C 7

Me

The title compound 41f was obtained in 85% yield from B as a colorless oil by the procedure for
enyne 41d. IR (neat) 3034, 2961, 1737 cm™'; "H NMR (CDCls;, 300 MHz) § 7.49 (d, J = 8.1 Hz,
2H), 7.34 (d, J= 8.1 Hz, 2H), 7.45-7.15 (m, 10H), 5.17 (d, J= 12.3 Hz, 2H), 5.10 (d, J = 12.3 Hz,
2H), 4.91 (s, 1H), 4.85 (s, 1H), 3.12 (s, 2H), 2.95 (s, 2H), 1.63 (s, 3H); °C NMR (CDCls, 75 MHz)
0169.7, 139.7, 135.0, 131.8, 128.4, 128.3, 128.2, 126.9, 125.7, 125.0 (q), 122.1, 116.5, 87.4, 82.7,
67.3, 56.8, 39.7, 23.5, 23.1; HRMS (ESI) calcd for C3Hy,F30,Na [M+Na]" 543.1754, found
543.1762.

2-[3-(3-Bromophenyl)prop-2-ynyl]-2-(2-methylallyl)malonic acid dibenzyl ester (419)
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BnO,C
BnO,C

\3
o

Me

The title compound 41g was obtained in 82% yield from B as a colorless oil by the procedure for
enyne 41d. IR (neat) 3033, 2960, 1736 cm™; '"H NMR (CDCls, 300 MHz) & 7.43-7.06 (m, 14H),
5.16 (d, J=12.3 Hz, 2H), 5.09 (d, J = 12.3 Hz, 2H), 4.90 (s, 1H), 4.85 (s, 1H), 3.08 (s, 2H), 2.93 (s,
2H), 1.63 (s, 3H); °C NMR (CDCls, 75 MHz) & 169.8, 139.7, 135.0, 134.2, 131.1, 130.2, 129.5,
128.5, 128.3, 128.2, 125.0, 121.9, 116.5, 86.1, 82.4, 67.3, 56.8, 39.7, 23.5, 23.2; HRMS (ESI) calcd
for C30H,7BrO,Na [M+Na]" 553.0985, found 553.0993.

2-(2-Methylallyl)-2-[3-(3-trifluoromethylphenyl)prop-2-ynyljmalonic acid dibenzyl ester
(41h)

BnO,C

i}

BnO,C Fs

Me
The title compound 41h was obtained in 86% yield from B as a colorless oil by the procedure for
enyne 41d. IR (neat) 3033, 2962, 1736 cm'lg "H NMR (CDCl;, 300 MHz) 6 7.57-7.23 (m, 14H),
5.18 (d, J=12.3 Hz, 2H), 5.09 (d, J = 12.3 Hz, 2H), 4.91 (s, 1H), 4.84 (s, 1H), 3.10 (s, 2H), 2.92 (s,
2H), 1.63 (s, 3H); °C NMR (CDCls, 75 MHz) & 169.8, 139.7, 135.1, 134.9, 130.9, 130.5, 128.6,
128.5, 128.4, 128.2, 125.5, 124.5 (q), 124.0, 116.5, 86.4, 82.5, 67.4, 56.8, 39.7, 23.5, 23.2; HRMS
(ESI) caled for C3H,7F30,Na [M+Na]" 543.1754, found 543.1771.

2-[3-(2-Bromophenyl)prop-2-ynyl]-2-(2-methylallyl)malonic acid dibenzyl ester (41i)
BnO,C =
BnO,C 74 BY
Me
The title compound 41i was obtained in 75% yield from B as a colorless oil by the procedure for
enyne 41d. IR (neat) 3034, 2962, 1736 cm™; "H NMR (CDCls, 300 MHz) & 7.53 (dd, J = 8.1, 0.9
Hz, 1H), 7.38-7.07 (m, 13H), 5.20 (d, J = 12.0 Hz, 2H), 5.10 (d, J = 12.0 Hz, 2H), 4.91 (s, 2H),
3.17 (s, 2H), 3.00 (s, 2H), 1.64 (s, 3H); °C NMR (CDCl;, 75 MHz) & 169.8, 139.8, 135.1. 133.6,

132.2,129.1, 128.5, 128.3, 128.2, 126.8, 125.4, 125.3, 116.6, §9.5, 82.4, 67.4, 56.9, 39.6, 23.7,23.3
HRMS (ESI) calcd for C3,HyBrO4Na [M+Na]" 553.0985, found 553.1002.

Dibenzyl 2-(2-methylallyl)-2-(3-(2-(trifluoromethyl)phenyl)prop-2-yn-1-yl)malonate (41j)

BnO,C =S
BnO,C / F4C

Me
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The title compound 41j was obtained in 83% yield from B as a colorless oil by the procedure for
enyne 41d. '"H NMR (CDCls, 300 MHz) §7.61 (d, J = 7.5 Hz, 1H), 7.42-7.23 (m, 13H), 5.15 (d, J
=12.3 Hz, 2H), 5.09 (d, J = 12.3 Hz, 2H), 4.91 (s, 1H), 4.85 (s, 1H), 3.16 (s, 2H), 2.94 (s, 2H), 1.63
(s, 3H).

2-(2-Methylallyl)-1,3-diphenyl-2-(3-phenylprop-2-ynyl)propane-1,3-dione (411)
Br, /
< Bz — Bz — Bz ——Ph
Bz Me BY I—Ph X
Bz> Bz>\—/( Bz><—(7 Bz %
Me
C D 411

3-Bromo-2-methylpropene (1.485 g, 11.00 mmol) was added to a solution of K,CO; (1.659 g,
12.00 mmol) and 1,3-diphenylpropane-1,3-dione (2.243 g, 10.00 mmol) in acetonitrile (50 mL),
and the mixture was refluxed for 30 min. The reaction was quenched with water and extracted with
diethyl ether. The residue was washed with brine, dried over Na,SQO,, and concentrated. The residue
was purified by a silica gel column chromatography (r-hexane/EtOAc = 7:1), to give C (1.862 g,
6.691 mmol, 67% yield) as a yellow solid.

'H NMR (CDCls, 500 MHz) 6 8.03—7.92 (m, 4H), 7.56 (tt, J = 7.5, 1.5 Hz, 2H), 7.48-7.42 (m,
4H), 5.43 (t,J= 6.5 Hz, 1H), 4.78 (s, 1H), 4.69 (s, 1H), 2.85 (d, J = 6.5 Hz, 2H), 1.78 (s, 3H).

3-Bromopropyne (0.9279 mg, 7.800 mmol) was added to a solution of K,CO; (1.175 g, 8.500
mmol) and E (1.862 g, 6.691 mmol,) in acetonitrile (30 mL), and the mixture was refluxed for 30
min. The reaction was quenched with water and extracted with diethyl ether. The residue was
washed with brine, dried over Na,SO,, and concentrated. The residue was purified by a silica gel
column chromatography (n-hexane/EtOAc = 7:1), to give D (1.453 g, 4.594 mmol, 69% yield) as a
colorless solid.

'H NMR (CDCls, 300 MHz) & 7.89-7.80 (m, 4H), 7.46 (tt, J = 6.6, 2.1 Hz, 2H), 7.38-7.27 (m,
4H), 4.88 (q, J = 0.9 Hz, 1H), 4.73 (q, J= 0.9 Hz, 1H), 3.22 (s, 2H), 3.16 (d, J = 2.7 Hz, 2H), 2.03
(t, J=2.7Hz 3H), 1.51 (t,J=0.9 Hz, 3H).

To a triethylamine (3 mL) solution of F (1.453 g, 4.594 mmol) and iodobenzene (0.938 g, 4.600
mmol) was added a triethylamine (5 mL) solution of Pd(PPh;),Cl, (63.0 mg, 0.090 mmol) and Cul
(17.1 mg, 0.090 mmol). The mixture was stirred at room temperature for 16 h. The resulted mixture
was filtered and concentrated. The residue was purified by a silica gel column chromatography
(n-hexane/EtOAc/CH,Cl, = 7:1:1) to give enyne 411 (1.339 g, 3.410 mmol, 74% yield) as a
colorless oil.

IR (neat) 2976, 2863, 1775, 1740 cm™; '"H NMR (CDCls, 300 MHz) § 7.95-7.85 (m, 4H),
7.51-7.49 (m, 2H), 7.48-7.18 (m, 9H), 4.91 (s, 1H), 4.76 (s, 1H), 3.35 (s, 2H), 3.28 (s, 2H), 1.55 (s,
3H); >C NMR (CDCl;, 75 MHz) 6 198.0, 140.2, 136.5, 133.1, 131.6, 128.9, 128.7, 128.2, 127.9,
123.3, 117.0, 85.1, 84.9, 66.8, 41.8, 25.6, 24.1 ; HRMS (ESI) calcd for CpsH,4O,Na [M+Na]+
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415.1669, found 415.1680.

2-(2-Methylenebutyl)-2-(3-phenylprop-2-ynyl)malonic acid dibenzyl ester (41m)
BnO,C_ —==—Ph

BnO,C ,—==—Ph
HO Tscl _ TSQ /\/ BnO,C y
— B /:<
t nO,C

Et Et

E 41m

To a solution of KOH (269.3 mg, 4.800 mmol) in THF (10 mL) was added
2-methylenebutan-1-0l” (83.1 mg, 0.964 mmol) at 0 °C, and the mixture was stirred at 0 °C for 30
min. To this mixture was added TsCl (274.5 mg, 1.440 mmol) at 0 °C, and the mixture was stirred
at room temperature for 14 h. The reaction was quenched with water and extracted with EtOAc.
The organic layer was washed with brine, dried over Na,SO,4, and concentrated to give crude
tosylate E. To a THF (30 mL) suspension of 55% sodium hydride (48.0 mg, 1.10 mmol) was added
a THF (10 mL) solution of E (318.8 mg, 0.800 mmol) at 0 °C, and the mixture was stirred at 0 °C
for 30 min. A THF (10 mL) solution of crude tosylate E was added to this mixture at 0 °C, and the
mixture was stirred at room temperature for 5 h. The reaction was quenched with water and
extracted with diethyl ether. The organic layer was washed with brine, dried over Na,SO,4, and
concentrated. The residue was purified by a silica gel column chromatography (n-hexane/EtOAc =
10:1) to give enyne 41m (341.5 mg, 0.732 mmol, 76% yield from 2-methylenebutan-1-ol) as a
colorless oil.

Colorless oil; IR (neat) 3033, 2965, 1736 cm'lg 'H NMR (CDCl;, 500 MHz) ¢ 7.33-7.23 (m,
15H), 5.16 (d, J = 12.0 Hz, 2H), 5.10 (d, J = 12.0 Hz, 2H), 4.90 (s, 1H), 4.86 (s, 1H), 3.08 (s, 2H),
2.94 (s, 2H), 1.88 (q, J = 7.0 Hz, 2H), 0.95 (t, J = 7.0 Hz, 3H); C NMR (CDCls, 75 MHz) § 169.9,
145.5 135.1, 131.6, 128.5, 128.3, 128.2, 128.1, 127.9, 123.1, 113.8, 84.6, 84.0, 67.3, 57.1, 37.8,
29.3,23.5, 12.4; HRMS (ESI) calcd for C3;H300,SNa [M+Na]" 489.2036, found 489.2036.

(4,4-Bis(benzyloxymethyl)-6-methylhept-6-en-1-ynyl)benzene (41n)

= Ph . _ —
BnoC y LiAHs  _ Ho = Ph_ BrBr _ BnO — Ph
—_—
BnO,C HO / BnO /
Me Me Me
41b F 41n

To a solution of LiAIH4(0.759 g, 20.00 mmol) in diethyl ether (10 mL) was added a solution of
41b (2.263 g, 5.00 mmol) in diethyl ether (3 mL) at 0 °C. The resulting mixture was stirred at 0 °C
for 15 h. The reaction was quenched with saturated aqueous solution of potassium sodium tartrate
and extracted with diethyl ether. The organic layer was washed with brine, dried over Na,SO,, and
concentrated to give crude diol F. To a THF (20 mL) suspension of 55% sodium hydride (0.324 mg,
7.50 mmol) was added a THF (5 mL) solution of crude F at 0 °C. The resulting mixture was stirred
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at 0 °C for 30 min. To the mixture was slowly added benzylbromide (0.857 mg, 5.00 mmol). The
mixture was warmed to room temperature and stirred for 6 h. The resulting mixture was quenched
with water and extracted with diethyl ether. The organic layer was washed with brine, dried over
Na,SO4, and concentrated. The residue was purified by a silica gel column chromatography
(n-hexane/EtOAc = 10:1) to give enyne 41n (0.998 g, 2.35 mmol, 47% yield from 41b) as a
colorless oil.

IR (neat) 3031, 2860, 1272, 1095 cm™; 'H NMR (CDCls, 300 MHz) 6 7.41-7.01 (m, 15H), 4.84
(s, 1H), 4.76 (s, 1H), 4.44 (s, 4H), 3.41 (d, J = 9.0 Hz, 2H), 3.37 (d, J = 9.0 Hz, 2H), 2.45 (s, 2H),
2.20 (s, 2H), 1.74 (s, 3H); C NMR (CDCls, 75 MHz) § 142.0, 138.7, 131.5, 128.5, 128.2, 128.1,
127.5, 127.4, 127.3, 115.1, 87.4, 82.8, 73.2, 72.0, 43.1, 38.6, 25.2, 23.5; HRMS (ESI) calcd for
C,3H,40,Na [M+Na]" 415.1669, found 415.1676.

2-(1,1-Dideuterated-2-methylallyl)-2-(3-phenylprop-2-ynyl)malonic acid dimethyl ester
(41k-d>)

TsO /
MeO,C_—=—Ph D7} :Me MeOyC /—=Ph
/
MeO,C MeOC e
41k-d,

The title compound 41k-d, was obtained in 65% yield from 2-(3-phenylprop-2-ynyl)malonic
acid dimethyl ester” with p-toluenesulfonic acid 1,1-dideuterated-2-methylallyl ester® as a
colorless oil by the procedure for enyne 41c.

IR (neat) 2952, 1737, 1435 cm™'; "H NMR (CDCls, 500 MHz) & 7.41-7.23 (m, 5H), 4.94 (s, 1H),
4.88 (s, 1H), 3.75 (s, 6H), 3.06 (s, 2H), 1.69 (s, 3H); °C NMR (CDCls, 126 MHz) 6 170.8, 139.9,
131.7, 128.3, 128.1, 123.3, 116.5, 84.7, 83.9, 56.8, 52.9, 39.2 (quintet), 23.6, 23.3; HRMS (ESI)
calcd for CgH3sD,O4Na [M+Na]+ 325.1379, found 325.1383.

I11. Enantioselective Cycloiosomerization of 1,6-Enynes 41

10 mol % [Rh(cod),]BF, Fh
BnO,C ——ph 10 mol % (S)-Segphos BnO,C =
N2 y 40 mol % BzOH 2
BnO,C BnO,C Me
Me H
41b 44b

Representative procedure for enantioselective cycloisomerization of 1,6-enynes 41 (41b, Table
4.2, entry 12): [Rh(cod),]BF4 (4.1 mg, 0.010 mmol) and (S)-Segphos (6.1 mg, 0.010 mmol) were
dissolved in CH,Cl, (2.0 mL) and the mixture was stirred for 30 min. H, was introduced to the
resulting solution in a Schlenk tube. After stirring at room temperature for 30 min, the resulting
mixture was concentrated to dryness. To a (CH,Cl), (0.5 mL) solution of the residue was added a

CH,Cl, (1.0 mL) solution of enyne 41b (90.5 mg, 0.200 mmol) and benzoic acid (9.8 mg, 0.080
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mmol). The mixture was stirred at 80 °C for 16 h. The resulting mixture was concentrated and
purified on a silica gel preparative TLC (hexane/diethyl ether = 8:1) to give (+)-44b (86.9 mg,
0.192 mmol, 96% yield, 81% ee) as a colorless oil.

(+)-4-Ethylidene-5-methylbicyclo[3.1.0]hexane-2,2-dicarboxylic acid dibenzyl ester [(+)-44a,
Table 4.1]

Me

BnO,C 7
BnO,C Me
H

Colorless oil; [(1]251) +54.6° (¢ 0.155, CHCl;, 88% ee); IR (neat) 3034, 2956, 1734 cm’l; "H NMR
(CDCl;, 300 MHz) 6 7.43-7.06 (m, 10H), 5.30—4.86 (m, 5H), 2.86 (d, J=17.1 Hz, 1H), 2.56 (d, J
=17.1 Hz, 1H), 1.97 (dd, J=7.8, 4.2 Hz, 1H), 1.55 (d, J= 6.9 Hz, 3H), 1.25 (s, 3H), 0.75-0.62 (m,
2H); °C NMR (CDCl;, 75 MHz) ¢ 171.5, 170.7, 142.4, 135.65, 135.57, 128.56, 128.45, 128.13,
128.11, 127.81, 127.76, 114.1, 66.9, 59.3, 32.8, 31.7, 28.6, 17.6, 15.5, 14.4; HRMS (ES]I) calcd for
CisH,004Na [M+Na]" 413.1723, found 413.1742; CHIRALCEL OD-H and CHIRALCEL OD-H,
n-hexane/i-PrOH = 98:2, 0.7 mL/min, retention times: 27.0 min (major isomer) and 30.4 min

(minor isomer).

(+)-4-Benzylidene-5-methylbicyclo[3.1.0]hexane-2,2-dicarboxylic  acid dibenzyl ester

[(+)-44b, Table 4.2]
Ph

BnO,C 7
BnO2C Me
H

[a]*p +59.8° (¢ 1.77, CHCl3, 81% ee); IR (neat) 3031, 2956, 1733 cm™; "H NMR (CDCls, 300
MHz) 6 7.39-6.98 (m, 15H), 6.28 (s, 1H), 5.20 (d, /= 12.3 Hz, 1H), 5.14 (d, /= 12.3 Hz, 1H), 5.03
(s, 2H), 3.08 (d, J=17.4 Hz, 1H), 2.99 (d, J= 17.4 Hz, 1H), 2.06 (dd, J= 7.8, 4.2 Hz, 1H), 1.40 (s,
3H), 0.88-0.77 (m, 2H); °C NMR (CDCls, 75 MHz) & 171.1, 170.5, 144.8, 137.6, 135.6, 135.4,
128.54, 128.47, 128.4, 128.1, 128.0, 127.8, 127.6, 126.1, 122.7, 120.5, 67.1, 67.0, 59.9, 34.4, 31.0,
30.2, 17.7, 16.3; HRMS (ESI) caled for C;oH,304Na [M+Na]+ 475.1880, found 475.1897;
CHIRALPAK AD-H, n-hexane/i-PrOH = 98:2, 1.0 mL/min, retention times: 24.5 min (major

isomer) and 37.7 min (minor isomer).

(+)-5-Methyl-4-pentylidenebicyclo[3.1.0]hexane-2,2-dicarboxylic  acid  dibenzyl ester
[(+)-44c, Table 4.3]
n-Bu
BnO,C 7

BnO,C Me
H

Colorless oil; [a]st +24.1° (¢ 0.734, CHCl;, 91% ee); IR (neat) 2971, 2955, 1734 cem’; '"H NMR
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(CDCl;, 300 MHz) ¢ 7.43-7.06 (m, 10H), 5.30—4.86 (m, SH), 2.84 (d, J=17.1 Hz, 1H), 2.57 (d, J
= 17.1 Hz, 1H), 2.05-1.71 (m, 3H), 1.35-1.11 (m, 4H), 1.24 (s, 3H), 0.86 (t, J = 7.2 Hz, 3H),
0.75-0.62 (m, 2H); C NMR (CDCls, 75 MHz) 6 171.4, 170.7, 141.5, 135.7, 135.5, 128.43, 128.40,
128.12, 128.08, 127.8, 127.7, 120.2, 66.9, 59.3, 32.9, 32.0, 31.7, 28.8, 28.5, 22.2, 17.7, 15.5, 13.9;
HRMS (ESI) caled for CogH304Na [M+Na]™ 455.2193, found 455.2205; CHIRALCEL OD-H,
n-hexane/i-PrOH = 99:1, 0.6 mL/min, retention times: 15.8 min (major isomer) and 19.1 min

(minor isomer).

(+)-5-Methyl-4-(4-methylbenzylidene)bicyclo[3.1.0]hexane-2,2-dicarboxylic acid dibenzyl
ester [(+)-44d, Table 4.3]

BnO,C 7

BnO,C Me
H

Colorless solid; Mp 75.1-76.0 °C; [a]ZSD +89.2° (¢ 2.80, CHCls, 80% ee); IR (KBr) 3032, 2956,
1733 cm™; '"H NMR (CDCls, 300 MHz) 6 7.54-6.91 (m, 14H), 6.27 (s, 1H), 5.20 (d, J = 12.3 Hz,
1H), 5.14 (d, J = 12.3 Hz, 1H), 5.06 (d, J = 12.9 Hz, 1H), 5.01 (d, J = 12.9 Hz, 1H), 3.03 (d, J =
17.4 Hz, 1H), 3.01 (d, J = 17.4 Hz, 1H), 2.35 (s, 3H), 2.04 (dd, J = 7.5, 4.2 Hz, 1H), 1.39 (s, 3H),
0.86-0.77 (m, 2H); >C NMR (CDCls, 75 MHz) § 171.1, 170.6, 143.9, 135.7, 135.6, 135.4, 134.8,
128.8, 128.5, 128.3, 128.1, 128.0, 127.8, 127.6, 120.3, 67.1, 66.9, 59.9, 34.4, 30.9, 30.1, 21.7, 17.7,
16.2; HRMS (ESI) calcd for C5;H3004Na [MJrNa]+ 489.2036, found 489.2044; CHIRALPAK AS-H,
n-hexane/i-PrOH = 99:1, 0.6 mL/min, retention times: 18.1 min (minor isomer) and 21.4 min

(major isomer).

(1S, 5R)-(+)-4-(4-Bromobenzylidene)-5-methylbicyclo[3.1.0]hexane-2,2-dicarboxylic acid
dibenzyl ester [(1S, 5R)-(+)-44e, Table 4.3]

Br

BnO,C 7

BnO,C Me
H

The relative and absolute configurations were determined by an X-ray crystallographic analysis.
Colorless solid; Mp 65.8-67.0 °C; [0]*p +74.5° (¢ 3.32, CHCls, 81% ee); IR (KBr) 3033, 2956,
1736 cm™; '"H NMR (CDCls, 300 MHz) 6 7.48-6.94 (m, 14H), 6.19 (s, 1H), 5.20 (d, J = 12.6 Hz,
1H), 5.14 (d, J = 12.6 Hz, 1H), 5.06 (d, J = 12.6 Hz, 1H), 5.01 (d, J = 12.6 Hz, 1H), 2.98 (d, J =
16.8 Hz, 1H), 2.92 (d, /= 16.8 Hz, 1H), 2.06 (dd, J= 7.5, 4.8 Hz, 1H), 1.39 (s, 3H), 0.88-0.75 (m,
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2H); >C NMR (CDCl;, 75 MHz) 6 171.0, 170.4, 145.8, 136.4, 135.4, 135.2, 131.2, 130.1, 128.5,
128.4, 128.2, 128.1, 127.8, 127.7, 119.9, 1194, 67.2, 67.0, 59.8, 34.3, 30.8, 30.2, 17.6, 16.3;
HRMS (ESI) caled for C30H,;BrO,Na [M+Na]" 553.0985, found 553.0983; CHIRALPAK AD-H,
n-hexane/i-PrOH = 98:2, 1.0 mL/min, retention times: 27.8 min (major isomer) and 32.5 min

(minor isomer).

(+)-5-Methyl-4-(4-trifluoromethylbenzylidene)bicyclo[3.1.0]hexane-2,2-dicarboxylic  acid
dibenzyl ester [(+)-44f, Table 4.3]

BnO,C 7

BnOzC Me
H

Colorless solid; Mp 80.6-81.2 °C; [a]zSD +86.5° (¢ 4.33, CHCIl;, 82% ee); IR (KBr) 3031, 2955,
1733 cm™'; "H NMR (CDCls, 300 MHz) § 7.54 (d, J = 8.1 Hz, 2H), 7.34-7.00 (m, 12H), 6.28 (s,
1H), 5.20 (d, J = 12.6 Hz, 1H), 5.15 (d, J = 12.6 Hz, 1H), 5.11 (d, J = 11.1 Hz, 1H), 4.99 (d, J =
11.1 Hz, 1H), 3.02-2.92 (m, 2H), 2.10 (dd, J = 7.5, 4.5 Hz, 1H), 1.41 (s, 3H), 0.91-0.80 (m, 2H);
PC NMR (CDCls, 75 MHz) § 170.9, 170.3, 147.6, 141.0, 135.4, 135.1, 128.6, 128.5, 128.4, 128.35,
128.27, 128.23, 128.17, 127.8, 127.7, 125.0 (q), 119.3, 67.2, 67.1, 59.8, 34.3, 31.0, 30.4, 17.6, 16.5;
HRMS (ESI) calcd for C;H,,F;04Na [M+Na]+ 543.1754, found 543.1773; CHIRALCEL OD-H,
n-hexane/i-PrOH = 99:1, 0.6 mL/min, retention times: 29.0 min (major isomer) and 33.8 min

(minor isomer).

(+)-4-(3-Bromobenzylidene)-5-methylbicyclo[3.1.0]hexane-2,2-dicarboxylic acid dibenzyl

ester [(+)-44q, Table 4.3]
Br

BnO,C Z

BnO,C Me
H

Colorless oil; [a]*’p +77.1° (¢ 1.92, CHCls, 78% ee); IR (neat) 3033, 2956, 1732 cm™; '"H NMR
(CDCls, 300 MHz) & 7.38-7.05 (m, 14H), 6.18 (s, 1H), 5.20 (d, J = 12.3 Hz, 1H), 5.15 (d, J = 12.3
Hz, 1H), 5.05 (s, 2H), 3.01 (d, J= 17.1 Hz, 1H), 2.94 (d, J = 17.1 Hz, 1H), 2.07 (dd, J=7.5, 4.2 Hz,
1H), 1.38 (s, 3H), 0.88-0.78 (m, 2H); *C NMR (CDCls, 75 MHz) § 171.0, 170.4, 146.6, 143.4,
139.7, 135.3, 131.3, 129.6, 129.0, 128.5, 128.4, 128.2, 128.1, 127.8, 127.7, 127.0, 122.3, 119.2,
67.2, 67.1, 59.8, 343, 31.0, 30.2, 17.6, 16.4; HRMS (ESI) calcd for C3,H,;BrO,Na [M+Na]
553.0985, found 553.1001; CHIRALPAK AD-H, n-hexane/i-PrOH = 98:2, 1.0 mL/min, retention

times: 22.4 min (minor isomer) and 28.6 min (major isomer).
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(+)-5-Methyl-4-(3-trifluoromethylbenzylidene)bicyclo[3.1.0]hexane-2,2-dicarboxylic  acid

dibenzyl ester [(+)-44h, Table 4.3]
CF3

BnO,C Z

BnO,C Me
H

Colorless oil; [a]”p +61.8° (¢ 5.27, CHCls, 76% ee); IR (neat) 3033, 2956, 1734 cm™; "H NMR
(CDCl;, 300 MHz) 6 7.47-6.99 (m, 14H), 6.32 (s, 1H), 5.20 (d, /= 12.6 Hz, 1H), 5.16 (d, /= 12.6
Hz, 1H), 5.06 (d, J=12.6 Hz, 1H), 5.02 (d, J = 12.6 Hz, 1H), 3.07 (d, J=17.7 Hz, 1H), 3.00 (d, J =
17.7 Hz, 1H), 2.08 (dd, J = 7.5, 4.2 Hz, 1H), 1.45 (s, 3H), 0.99-0.75 (m, 2H); °C NMR (CDCl;, 75
MHz) ¢ 170.9, 170.3, 147.0, 141.4, 138.2, 135.4, 135.2, 131.4, 128.6, 128.5, 128.3, 128.2, 128.1,
127.8, 127.7, 125.2 (q), 122.7, 122.6, 119.2, 67.2, 67.0, 59.8, 34.2, 31.0, 30.3, 17.6, 16.4; HRMS
(ESI) caled for Cj3;Hy;F;04Na [M+Na]+ 543.1754, found 543.1758. CHIRALPAK AD-H,
n-hexane/i-PrOH = 98:2, 1.0 mL/min, retention times: 13.8 min (minor isomer) and 17.3 min

(major isomer).

(+)-4-(2-Bromobenzylidene)-5-methylbicyclo[3.1.0]hexane-2,2-dicarboxylic acid dibenzyl
ester [(+)-44i, Table 4.3]

Br
BnO,C F

BnO,C Me
H

Colorless oil; [a]ZSD +77.7° (¢ 2.50, CHCls, 77% ee); IR (neat) 3033, 2888, 2955, 1733 cm'l; 'H
NMR (CDCls, 300 MHz) 6 7.55 (d, J = 6.9 Hz, 1H), 7.37-7.02 (m, 13H), 6.38 (s, 1H), 5.19 (d, J =
12.6 Hz, 1H), 5.14 (d, /= 12.6 Hz, 1H), 5.08 (d, /= 9.9 Hz, 1H), 5.02 (d, /=9.9 Hz, 1H) 2.92 (d, J
=17.1 Hz, 1H), 2.83 (d, J=17.1 Hz, 1H), 2.09 (dd, J = 7.8, 4.2 Hz, 1H), 1.43 (s, 3H), 0.95-0.79
(m, 2H); *C NMR (CDCls, 75 MHz) § 170.9, 170.5, 146.5, 137.5, 135.6, 135.3, 132.5, 130.3,
128.5, 128.4, 128.2, 128.1, 127.80, 127.78, 127.0, 124.1, 120.2, 59.7, 34.0, 31.4, 30.0, 17.6, 16.2;
HRMS (ESI) caled for C30H,7BrO,Na [M+Na]” 553.0985, found 553.0979; CHIRALPAK AD-H,
n-hexane/i-PrOH = 98:2, 1.0 mL/min, retention times: 25.0 min (major isomer) and 27.4 min

(minor isomer).

(+)-4-Benzylidene-5-methylbicyclo[3.1.0]hexane-2,2-dicarboxylic  acid dimethyl ester

[(+)-44k, Table 4.3]
Ph

MeO,C Z
MeO,C Me
H
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Colorless oil; [a]”p +153.5° (¢ 2.49, CHCls, 73% ee); IR (neat) 2952, 1734 cm™; '"H NMR
(CDCls, 300 MHz) 6 7.35-7.14 (m, 5H), 6.27 (s, 1H), 3.77 (s, 3H), 3.64 (s, 3H), 3.04 (d, J = 17.7
Hz, 1H), 2.99 (d, J = 17.7 Hz, 1H), 2.03 (t, J = 6.0 Hz, 1H), 1.42 (s, 3H), 0.82 (d, J = 6.0 Hz, 2H);
PC NMR (CDCls, 75 MHz) 6 171.9, 171.3, 144.9, 137.6, 128.5, 128.1, 126.0, 120.2, 59.6, 52.7,
34.6, 31.0, 30.3, 17.7, 16.3; HRMS (ESI) calcd for C;sH,004Na [M+Na]" 323.1254, found
323.1266; CHIRALPAK AD-H, n-hexane/i-PrOH = 98:2, 1.0 mL/min, retention times: 8.8 min

(major isomer) and 10.6 min (minor isomer).

(+)-(2-Benzoyl-4-benzylidene-5-methylbicyclo[3.1.0]hex-2-yl)phenylmethanone [(+)-44l,
Table 4.3]

Colorless oil; [a]”p +217.4° (¢ 0.442, CHCls, 54% ee); IR (KBr) 2956, 2928, 1661 cm™; 'H
NMR (CDCls, 300 MHz) 6 7.94-7.87 (m, 2H), 7.84-7.75 (m, 2H), 7.49-7.01 (m, 11H), 6.32 (s,
1H), 3.84 (d, /= 20.1 Hz, 1H), 3.00 (d, J = 20.1 Hz, 1H), 2.26 (dd, J = 7.5, 4.2 Hz, 1H), 1.53 (s,
3H), 0.89-0.76 (m, 2H); °C NMR (CDCls, 75 MHz) 6 198.2, 196.3, 145.5, 137.7, 136.3, 135.0,
133.1, 133.0, 129.2, 129.1, 128.60, 128.56, 128.5, 128.1, 125.9, 120.7, 69.6, 34.8, 33.7, 31.6, 18.2,
16.7; HRMS (ESI) caled for CyH,40,Na [M+Na]+ 415.1669, found 415.1688; CHIRALPAK
AD-H, n-hexane/i-PrOH = 98:2, 1.0 mL/min, retention times: 20.0 min (minor isomer) and 22.9

min (major isomer).

(+)-4-Benzylidene-5-ethylbicyclo[3.1.0]hexane-2,2-dicarboxylic acid dibenzyl ester [(+)-44m,
Table 4.3]
Ph

BnO,C 7
BnO,C Et
H

Colorless oil; [a]*’p +70.4° (¢ 1.51, CHCls, 74% ee); IR (KBr) 3032, 2965, 1734 cm™; '"H NMR
(CDCls, 300 MHz) 8 7.49-6.77 (m, 15H), 6.28 (s, 1H), 5.19 (d, J = 12.6 Hz, 1H), 5.13 (d, J= 12.6
Hz, 1H), 5.07 (d, J = 12.3 Hz, 1H) , 5.01 (d, J= 12.3 Hz, 1H), 3.11 (d, J = 17.4 Hz, 1H), 3.00 (d, J
=17.4 Hz, 1H), 2.10 (dd, J = 7.8, 4.8 Hz, 1H), 2.04 (dq, J = 14.7, 7.2 Hz, 1H), 1.51 (dq, J = 14.7,
7.2 Hz, 1H), 0.95 (t, J = 7.2 Hz, 3H), 0.90-0.75 (m, 2H); °*C NMR (CDCl;, 75 MHz) 6 171.0,
170.6, 143.3, 137.7, 135.6, 135.3, 131.6, 128.49, 128.45, 128.3, 128.1, 128.0, 127.8, 127.7, 126.0,
120.6, 67.1, 67.0, 59.7, 35.6, 34.9, 29.4, 23.9, 15.7, 10.6; HRMS (ESI) calcd for C3;H3,O4Na
[M+Na]" 489.2036, found 489.2045; CHIRALPAK AD-H, n-hexane/i-PrOH = 98:2, 0.5 mL/min,

retention times: 45.2 min (major isomer) and 62.7 min (minor isomer).

(+)-4-Benzylidene-1-deuterated-5-methylbicyclo[3.1.0]hexane-2,2-dicarboxylic acid
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dimethyl ester [(+)-44k-d, Sheme 3.6]
Ph

MeO,C Z
MeO,C Me
D

Colorless oil; [0]”p +134.5° (¢ 1.04, CHCls, 73% ee); IR (neat) 2950, 1734 cm™; '"H NMR
(CDCl;, 500 MHz) 6 7.35-7.14 (m, 5H), 6.27 (s, 1H), 3.77 (s, 3H), 3.65 (s, 3H), 3.02 (d, J=17.5
Hz, 1H), 3.01 (d, J = 17.5 Hz, 1H), 1.42 (s, 3H), 0.82 (s, 2H); °C NMR (CDCl;, 126 MHz) ¢ 172.0,
171.5, 145.1, 137.8, 128.7, 128.3, 126.2, 120.4, 59.6, 52.9, 52.8, 34.7, 30.3, 29.8 (), 17.8, 16.4;
HRMS (ESI) caled for CgH;oD;0,Na [M+Na]" 324.1317, found 324.1314; CHIRALPAK AD-H,
n-hexane/i-PrOH = 98:2, 1.0 mL/min, retention times: 8.9 min (major isomer) and 10.6 min (minor

isomer).

IV. One-Pot Enantioselective Cycloisomerization and Lactonization of 1,6-Enynes

5 mol % [Rh(cod),]BF Ph Ph
BnO,C =———Ph 5 mol % (S)-Segphos 100 mol %
y 40 mol % BzOH BnO,C 7 TsOH"H,0
BnO,C ~  BnO,C Me
Me BnOZCH Me o H
o]
41b 44b 48b

Representative procedure for one-pot enantioselective cycloisomerization and lactonization of
1,6-enynes 41 (41b, Table 4.4): [Rh(cod),|BF, (4.1 mg, 0.010 mmol) and (S)-Segphos (6.1 mg,
0.010 mmol) were dissolved in CH,Cl, (2.0 mL) and the mixture was stirred for 30 min. H, was
introduced to the resulting solution in a Schlenk tube. After stirring at room temperature for 30 min,
the resulting mixture was concentrated to dryness. To a (CH,Cl), (0.5 mL) solution of the residue
was added a CH,Cl, (1.0 mL) solution of 41b (90.5 mg, 0.200 mmol) and benzoic acid (9.8 mg,
0.080 mmol). The mixture was stirred at 80 °C for 16 h. The resulting solution was added to a
(CH,CI), (0.5 mL) solution of p-toluenesulfonic acid monohydrate (38.0 mg, 0.200 mmol) under
air. After stirring at 80 °C for 24 h, the resulting solution was diluted with hexane and passed
through a short column of a silica gel eluting with EtOAc. The filtrate was concentrated and
purified on a silica gel preparative TLC (hexane/EtOAc = 6:1) to give (—)-48b (45.0 mg, 0.124

mmol, 62% yield, 80% ee) as a colorless solid.

(-)-5-Benzyl-6-methyl-3-ox0-4,6a-dihydro-1H-cyclopenta[c]furan-3a-carboxylic acid benzyl
ester [(—)-48b, Table 4.4]
Ph
BnO,C Me
o H

O

Mp 83.0-84.9 °C; [a]”p —74.7° (¢ 1.25, CHCls, 80% ee); IR (KBr) 2997, 2974, 1775, 1735 cm™;
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'H NMR (CDCls, 300 MHz) 6 7.47-6.90 (m, 10H), 5.23 (d, J = 12.3 Hz, 1H), 5.12 (d, J= 12.3 Hz,
1H), 4.46 (dd, J = 9.0, 6.3 Hz, 1H), 4.38 (d, J = 9.0 Hz, 1H), 3.62 (d, J = 6.3 Hz, 1H), 3.44 (d, J =
14.1 Hz, 1H), 3.35 (d, J = 14.1 Hz, 1H), 3.03 (d, J = 16.5 Hz, 1H), 2.83 (d, J = 16.5 Hz, 1H), 1.76
(s, 3H); °C NMR (CDCl, 75 MHz) 5 176.4, 168.7, 138.3, 136.1, 135.1, 128.8, 128.7, 128.6, 128.5,
128.3, 127.9, 126.3, 69.3, 67.6, 57.9, 56.1, 42.0, 34.6, 11.6; HRMS (ESI) calcd for C,3H,,04Na
[M+Na]* 385.1410, found 385.1416; CHIRALPAK AD-H, n-hexane/i-PrOH = 98:2, 1.0 mL/min,

retention times: 27.8 min (minor isomer) and 30.6 min (major isomer).

(-)-6-Methyl-3-oxo0-5-(4-trifluoromethylbenzyl)-4,6a-dihydro-1H-cyclopenta[c]furan-3a-car
boxylic acid benzyl ester [(—)-48f, Table 4.4]

F3C

BnO,C ‘ Me
o H
o)

Colorless oil; [a]”p —75.0° (¢ 1.37, CHCls, 78% ee); IR (neat) 3035, 2976, 1775, 1740 cm™; 'H
NMR (CDCls, 300 MHz) 6 7.53 (d, J = 8.1 Hz, 2H), 7.38-7.22 (m, 5H), 7.19 (d, J = 8.1 Hz, 2H),
5.24 (d, J=12.3 Hz, 1H), 5.13 (d, J = 12.3 Hz, 1H), 4.48 (dd, J= 9.0, 6.3 Hz, 1H), 4.39 (d, J= 9.0
Hz, 1H), 3.65 (d, J = 6.3 Hz, 1H), 3.50 (d, J = 15.3 Hz, 1H), 3.40 (d, J= 15.3 Hz, 1H), 3.03 (d, J =
16.5 Hz, 1H), 2.79 (d, J = 16.5 Hz, 1H), 1.77 (s, 3H); °C NMR (CDCls, 75 MHz) 6 176.2, 168.5,
142.4, 135.1, 135.0, 130.0, 129.9, 128.7, 128.6, 128.5, 128.0, 125.6 (q), 122.4, 69.2, 67.7, 57.9,
56.1, 41.9, 34.4, 11.7; HRMS (ESI) calcd for Cp4H, F;04Na [M+Na]™ 453.1284, found 453.1303;
CHIRALPAK AD-H, n-hexane/i-PrOH = 98:2, 1.0 mL/min, retention times: 27.0 min (minor

isomer) and 29.3 min (major isomer).

(-)-5-(3-Bromobenzyl)-6-methyl-3-0x0-4,6a-dihydro-1H-cyclopenta[c]furan-3a-carboxylic

acid benzyl ester [(—)-48g, Table 4.4]
Br

BnO,C ‘ Me
o H
0

Colorless oil; [0]*°p ~74.1° (¢ 1.36, CHCls, 80% ee); IR (neat) 2976, 2863, 1775, 1740 cm™; 'H
NMR (CDCls, 300 MHz) § 7.45-7.24 (m, 7H), 7.14 (t, J = 7.8 Hz, 1H), 6.9 (d, J = 7.5 Hz, 1H),
5.24 (d, J=12.6 Hz, 1H), 5.12 (d, J = 12.6 Hz, 1H), 4.47 (dd, J= 9.0, 6.6 Hz, 1H), 4.38 (d, J=9.0
Hz, 1H), 3.65 (d, J = 6.6 Hz, 1H), 3.43 (d, J= 14.7 Hz, 1H), 3.30 (d, J = 14.7 Hz, 1H), 3.02 (d, J =
16.5 Hz, 1H), 2.79 (d, J = 16.5 Hz, 1H), 1.76 (s, 3H); '*C NMR (CDCls, 126 MHz) 6 176.4, 168.7,
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140.8, 135.4, 135.1, 131.5, 130.3, 129.7, 128.8, 128.6, 128.1, 127.1, 122.8, 69.3, 67.8, 58.1, 56.2,
42.0, 34.4, 11.8; HRMS (ESI) calcd for C,3H, BrO,Na [M+Na]" 463.0515, found 463.0530;
CHIRALPAK AS-H, n-hexane/i-PrOH = 98:2, 1.0 mL/min, retention times: 62.9 min (minor

isomer) and 92.9 min (major isomer).

(-)-6-Methyl-3-oxo0-5-(3-trifluoromethylbenzyl)-4,6a-dihydro-1H-cyclopenta[c]furan-3a-car
boxylic acid benzyl ester [(-)-48h, Table 4.4]

[
C)O
H
NOESY

cross peak

Colorless oil; [a]*p —52.6° (¢ 2.15, CHCls, 74% ee); IR (neat) 3033, 2915, 1775, 1738 cm™; 'H
NMR (CDCls, 300 MHz) § 7.59-7.00 (m, 9H), 5.23 (d, J = 12.6 Hz, 1H), 5.13 (d, J = 12.6 Hz, 1H),
4.48 (dd, J=9.0, 6.3 Hz, 1H), 4.39 (d, J = 9.0 Hz, 1H), 3.65 (d, J = 6.3 Hz, 1H), 3.51 (d, J = 15.0
Hz, 1H), 3.40 (d, J = 15.0 Hz, 1H), 3.03 (d, J = 16.5 Hz, 1H), 2.79 (d, J = 16.5 Hz, 1H), 1.77 (s,
3H); *C NMR (CDCls, 75 MHz) 6 176.2, 168.5, 139.3, 135.1, 135.0, 131.6, 129.9, 129.1, 128.7,
128.5, 128.0, 125.1 (q), 123.4, 123.3, 69.2, 67.7, 57.9, 56.1, 41.8, 34.4, 11.7; HRMS (ESI) calcd for
Cp4H, F304Na [M+Na]" 453.1284, found 453.1298; CHIRALPAK AS-H, n-hexane/i-PrOH = 98:2,

1.0 mL/min, retention times: 40.0 min (minor isomer) and 56.1 min (major isomer).
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V. Crystal Data of (1S, SR)-(+)-44e

peak and hole (eA )

(1S,5R)-(+)-4-(4-Bromobenzylidene)-5-methylbicyclo[3.1.0]hexane-2,2-dicarboxylic acid
dibenzyl ester [(1S,5R)-(+)-44e, Table 4.3]
Br
Y
Me
formula C30 Hy; Br Oy Fooo 548
formula Weight 531.43 Crystal size (mmS) 0.50x0.50%0.40
crystal color, habit colorless block Temperature (K) 193(2)
crystal system monoclinic drange (deg) 3.90-68.22
space group P2, index ranges —8<h<8
a(A) 7.27530(10) —9<k=9
b(A) 7.74730(10) —27<1<27
c(A) 22.6981(4) number of 4460
independent reflections
o (deg) 90.00 number of parameters 318
B (deg) 94.0370(10) number of restraints 1
Y (deg) 90.00 Flack parameter —0.04(1)
V(A% 1276.18(3) R1, WR; [1>20(1)] 0.0297, 0.0750
VA 2 Ry, wR; (all data) 0.0309, 0.0772
deate (g/cm’) 1.383 S 1.042
2 (Cu Ka) (mm ™) 2.468 largest difference 0.182,-0.419
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Scheme 5.2.
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Scheme 5.3.
H
NT Me
ﬁ o Me H Me
O O O
X N/ — 10b o4 \
/—PrA% i-Pr =—Me 1.1 equiv i-Pr NTMG 0
/ 5 mol % (e} _—
MeO,C MeO,C mot 7% MeO,C B i-Pr B
Me [Rh(cod),)]BF/ Me Me
20 (4)-9k (R)-Hg-BINAP 11kb [(-)-19]
67% yield mixture of diastereomer (- RayoT/ >
(2 steps, 1 pot from 20) 41% yield, 92% ee

[3 steps, 1 pot from (+)-9Kk]
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