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WA, B 7 &2 PR FHE LA MO EEMERN E T EImE - T D, JEHE
ML G a2 071E L LTIE, FnEiE, BRoAFmMEEZ VW2 7k, ¥ 07
—/WE UM R A S REN & 2, S nEEIEa A METITAEFTH 2 b DD,
— DT F A —DHPMEL R DA TG RIS L 10D, BARRUC
FAET DT X 7 o7 E ORI 2 REBICHIAT 2 F 7 07—V iEP A F i)
WD HETIE, ALFEREORFENMLE L 220 | REMBIERER, FRH T
RNTED, TARRT v U ART hATa ) I — Lo L E CTRBERN S, R
D B, %7»&&%%#% IZEWHFHE RO ND OO, BEROMA K
WRIEVE . pH < IRBERAEE, B BME & W o 2RO RITRN % < ILAMEICZ Lvyy, =
o OHIE ﬂL/%ﬁ%TﬁAm&i&iwfﬁﬁﬁ%k;@t%@$¢%#ﬁ1%
DI, EDOHVETE D, KA AR F G BIEIZRET 2RI EEIC TR L T&E T
BY ., 2001 FITITAERARFTIEIC - BILORBBIZHS LIEEEDIHZ O, KRR
##%. W. S. Knowles fiit:, K. B. Sharpless Zf# D 3 K2/ —~HLFEENRE LT
W5, fIERY AT S RO LIS OMiE T THEETH D,

LIRS, %@%ﬁ%T%AW%’%Vf%%@-%@@féﬁ#é%%@ﬁﬁ
BRI U, BIZEREICIHM L TV D L 1XE 2 7eV, BIHIERBREE 2 HERF L oo AN
L TN 720 _i\&ﬁﬁ@ﬁwéﬁM%#M%kﬁéo%ﬁ®ﬁﬂﬂ%_ﬁot
IO BRI e 2 S WM O BB R 2R LT 22 BIZEREERA 722
JhEWZDTEA D,

% 2 CAMISE Clid, Huisgen MGz #E TRICHWDS X7 L7228 LTI & Al
1,2,3- 8NV TV U MEOESFEAEIEE ML L, R E X T VI A F U PRRIRS A
BEW D TR LOSHT 2 2 HfE LT,

HARMIZIE, BREOEOGME, BIRMEZ R T L ODOEEPMEMETHHF T LAY R
B, ~U BB E, ALFEIRMEO E W Huisgen SO E & 0 fifE DR 2h =R
N HETERTEDL LB 2T, AT, 71807V — & LTIERITHID
RNFTIEEE AL TND oD, EOSHE TOHIT- 2B a2l cE s LB %
7oo ARWFFETIE, Figure 1-0 12”9 1,2,3- N U 7V U U AL A2 —oFteZ & T, £
MO PHEE 2 Wi IEM LT 2R EWIFRE L, A2 afbame~Y
fbEWETHA L, ZNHOERMITED AT,

Figure 1-0. ¥ 7 VA B KON U EKERTHIER 1,23- V7Y U UL
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BT 7 FNERKR SICHRAIETHY, BUcL-oTT7' T2 L7200, fh
kEe = TNCY (WAL S - GORANI =R g 5 A AT

DIAREEATDERE LT, Cortinsx 7R b a oA v (ke & Fv
L, DT EERTREBRAFREZHERZOT, BWAEFHEESHIFCX S,
HPEX 7 U 7 ¢ —%2H T 5 EHE BINOL <° BINAP #1X U &3 25 LML R
A ME STV D Y, ZREHART, F T2 bBWOREK G~
BT D720, RFBENLTFE LTHOLRTWS, 20 EMN 2% Figure 1-1 (2R
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B OIEEF TN A EEPBET DRERAFRECWHRIER LIFEL T
THEY D, 1999 FIZZNE TR & LTHIERBID 72 o Te A VA FY Y Y A
2EHE RO, AR E AL Y AXY VU UEANL T (Spiro Bis(isoxazoline)
Ligands; SPRIXs) DBHFIZHKIIL T\ 5 3,

SPRIXs £ AliD /T 7 b ERFICRWBFIEZ 7R L. BRAEAIZRI: THd TRIET

Do BIZIX, 7T =7 v 3 — )L ORI AR Wacker RUBR{E S~ PA(ID)-
SPRIX $&fAZ 5@ H L, Wacker RUERILIK, & &I BRBULAEMEZHE—DOTT AT L
F=—& L TiE 95% ee ([Z TS 2 E N TE S 3D (Scheme 1-1), SPRIXs 1Z
PAO/IDfdE S A 7 VA4 2% ROGTET T <, PAQU/IVAEES A 7 N E2 & D RISIZH
i AT &, PA(ID-7Pr-SPRIX filfit % = = > OBV IZE A U, PAAL/IV) ikl 1~
VAR D RO DARFFALIZH D TR LT 5 39 (Scheme 1-2),

Scheme 1-1. Pd-SPRIX % i % fil i1 R 7 Wacker UER (L

_ _ Pd(OCOCFs), (20 mol %)
(M,5,5)-Pr-SPRIX (24 mol %) OBZ
HO 0Bz i 3

p-benzoquinone (4 eq.)
1 CH,CI,, 0°C

96% 95%ee
(2:3:4=68:5:27) O

OBz

Scheme 1-2. Pd-SPRIX % i % T = > Ol IEA R B K s

R Pd(OCOCF3),[(P,R,R)-Pr-SPRIX] (10 mol %) R3
R (P,R,R)-iPr-SPRIX (5 mol %) R' =
JLRZJ/ Phi(OAG), (4.0 q.) 5 )ﬁ R
o7 0 AcOH-MeCN 0™ o
5 6
Up to 92% yield
95% ee

ZOEITHRINACLEMITAMTHL DD, ZOISHBINDIRWEE & L
THROBEHESNZET B D, B2 iE SPRIX DA, Scheme 1-3 D X H I~ g
DT NG b EETARAIBEETH D bOD, AWML 3HEEHO YT AT LA~ —ik
e, FNoOTYBTNANIT KL DTEERRETHLZ L, VT AT
T — MRV EORE SN B o 72 39,

Scheme 1-3. SPRIX ®D & ki

5 Steps S s/ S R s R
~ Hi.. N H H N wH
EtO,C~ “CO,Et = iPr- ‘ | iPr 4+ jPr ‘ | iPr 4+
Pr"5-N  N-g iPr Pr"5-N  N-g iPr

(M,S,S): (MRR): (MSR)=31:7:22



B TN BB ORN

NV NIEBEO S FERS L EE L Helicene
R ENEND AL ML THEER L2 b8
IR DILE T, R B 6 OLL e OO
L~V A3 EAROXT VT 4 —% ‘ ‘
BEIRFETDZEDRmonNTND Y, 20O OO
FRUL, mVEEE, K& 70 CD fl, Frikie
AREREAMETXL LR ENRET LN (P)-helicity
Lo NV EBUVOICHBITFERF SN TEY
Scheme 1-4 (27797, 2000 F(Z Katz 513D Tx 7 Y v ALEW & R AE~ &
JSH L7, #6103, [6] HELOL @)% il & L THWD, YT /VEighd < X7 L
T b RAOFIBISEATV, BB T % 93%I0HE, 81% ee ICTHTUD Y,

Z DIz Figure 1-2 M X 5 I Takenaka (University of Miami) 5% 9 & AR 75 A 1%
Oyl 2 U C 9, Liu 51% 10 2 OLED & L C 7, Marinetti 1% 11 % 4 @il o
FENL & LTHNWTWS 9B DD, WELEZOFITD 700,

@
OO O‘

(M)-helicity

Scheme 1-4. ~V & 8 ZENI T & T D AR O AR 1,2-(H N

0 OH

(P,P)-(+)-8 (5 mol%)
H + Et—Zn—Et > Et
toluene

7
93%, 81% ee

Figure-1-2. ~U &> 05 H A

Organocatalyst OLED Metal Ligand

R =1-adNH
9 10 1"



ANV O U FAEROEBIIEGITON T D 00, ZOHIIR TN S
Schemel-5 IZ/RT X OICHF BIE, 7 F 74 > 12 O&AEEEZ W2 BRILEOSIZ LY B
HIDBRIGIR 18 Zfei 60%., 99%ee LA ETHRTEY . ZOBROEHIZ IV A~Y L 14
T 5 9, £7- Schemel-6 12/~ d K HICList Hbid, e RZIV 157 R 16 D
3,3V~ hu bt —iifiiz, ¥ 70U V1T O TUTOERILK 18 215, T D% OE
RIZE O TNV 19 ZEIEE, S v FARRNIHE TN D 10, Z b OfER
FRWHERTHL 00, &EMEOAIEENZ N L0, B R UV REHILE LT
INT A= RRUUNVENRVATHD Z EEOMEE N D -T2,

Scheme 1-5. FHH 52X DY 2 14 OFRBERFIRF AL

O
O 7 N-R' AuCI(SMe), (60 mol%
AgOTf (90 mol%)

1) CF3CO,H
O (S)-BINAP (30 mol%) 2) P(O)Cls, PhNMe,
Q 0 (CH,Cl)y, 1t, 72 h

Up to 60%, >99% ee

Scheme 1-6. List 512 L2~V &2 19 OF D TARELIC X D5 RF A K

HO._.O
R I R O

oy

PIB 0 (5 mol% ‘ 5 eq.)
’\\l ) Amberllte CG50 R Dlphenylphosphate (1eq.)
R1: “NH, + R
- \ OO CH,Cly, -7 °C, 72 h CHClg, 50 °C, 6 h
15

16

Up to 98% 92% ee Up to 76%



% —=#i Huisgen KinZ DWW T

Huisgen i~ 3. 1963 42 R. Huisgen IZ X » TR ST ¥ R E TV > D[3+2]
BAGATINBOSIC &Y 1,2,3- RV 7Y = ARG ONL RIS TH D W, Z OIS, mlER,
EALFEIRNE, T3R8 100% TH D Z LSO H Y | B ITEAARE/REHE
WX > CTRERTFFILEYM THD 1,2,3- ) 7/ — w55 (Scheme 1- 7)., =
DISLTH I, 7= ATV RETAF % ML rf NEGERT S Z & T, 5
951,23 h) 7= ERBWETHTND, 7T OB, SEARMERIZEER
RAEFMERTVD OO ELLDHEES 1,6- EH1,2,3- M) 7Y —/120 & 1,4
TEL1,2,3- 8 )TV 21 DIREMIBELRTWD,

Scheme 1-7. Huisgen /)i

= N N
PR=N=N=N Ph—N" °N N "N—Ph
+ - =
R—=—_p toluene, reflux R H R H
20 21
R = CgHs 52% 43%
R = CH(OC;,Hs), 23% 52%

FLRCMXT, V7Y =0 LENSRPTHE LI A AT LTHEERT
VREEHSELLEZA, Tz AT P RRORTA MR T 2= VTV RO LD 70
TEERT Y REHOVEGAEIEROVIGE TG T 5 1,2,3- M) 7Y — L 22 2 5.2 7=
HLOD, NRTI=bR T 2= VTV ROEIBREBEBFARRET Y REHWTZHGEITIERIGIE
T LN & Z2#HE LTV 5 (Scheme 1-8),

Scheme 1-8. X2+ > % 7= Huisgen )i

® CeHs-pR

@NZ 'NZ ©| pR'C6H4-N3 @N\
N

©) %

CO, -CO, N

22a: R = H; 88%
22b: R = OMe; 98%
22c: R = NO,, No reaction




WU 1,2,3- NV T Y — DY v h—E Lo

Huisgen St B b FR IR D@ IR CTHIT L, 2872 1,2,3- b U 7 — )LEL
EAEETE D20, HtEn FRLZ oY I —& LTRSS HWLHR TV S,

2002 #Z Finn, Sharpless 51%1,2,3-~ U 7Y —/L&fia U o —& LTHWE,
AChE (7t Fval r=x77—8) EIEHAIOBRIEZ . # 503M% L In situ 7
Vo7 IA M) =Wy HFEEZHAWTT-7212, Insitu7 V77 IARY—¢&
1%, Figure 1-3 133 & 5 ITEEANL AT D BERMEE2 A9 5 5 o iR L % |
BERUEE AL T CHWICEY) 2B M 2 A L7RRET 1,2,3- M U 7Y — VERIEST 2
ZEITRY, ZoDEEEBMERKAIELHIETHD, 29 LTHELNIILEY
FERUEEY & R TR T 5720, FEETEZRETE U b @ OB 2 7R LT EEBRIE I
AW Tng, ZO%ED 1,23 M) 7Y —LO&EE LT, 7 FESEI13E
FEORBAE— AL M b DI LTI VEER L OKRFEHENTERTE, BEFEE LD
BERMAEEREAET 22N TED,

¥ Y
Figure 1-3. Insitu 7V v 7 7 I A U — m
Step 1: Synthesis of building blocks @

bearing connecting groups X and Y PROTEIN * »
Step 2: Lead
@' X * / w g identification by
PROTEIN | incubation with biclogical
X —_— *" target, inducing binding-
* _. PROTEIN dependent irreversible

|

PROTEIN

Z 9 LT b7z AChE FHETEMEA] 24 ° 25 1%, ¥ T L0+ ThHhH I LR 1,2,3
N U T Y VEROFE AR (1,4-BHA = ant, 1,5-EHIK=syn) OMAEDLEIZLY
4 DT ORMARNFIET D (Scheme 1-9), Lo OFEEEEE (Ka) ZRD7-FER.
ELLD5HY Syn KO LN Anti (KX D b EWHEEMAZAGE LWL 28, £
EL LD U F A —DEA LRI AChE Z#HET L Z EnbhoTe,

MeQ MeQ

Scheme 1-9. Insitu?7 V)V v 7 7 I A MY — OMe
R B AFEEE O Ak t

o v
HN’r AChE
@;O alkynes .
Sy
2 ",
(L

syn-24 syn-25
d[s‘vn (S) 33 M, (R) 36 fM -‘.";6400, 5300 x (S) 96 M, (R) 360 fM ‘-\:2100, 470 x

OMe

{ )
374
V& zO

anti (S)210 pM, (R) 190 pM -- (S) 200 pM, (R) 170 pM -~

8



U A VAR DOHEIEATE S FIC K DEMIL, UA N ARERSEOREDOEENIZE
JAENE Z AT A Z LT, EOME ZBRETE D1 DI FEEAICHE SN TN D
19, 2003 4FIZ Fokin, Sharpless, Finn &%, VA /VARED ORI L HEH%
Huisgen St 2 & - TITo 72 ¥ (Scheme 1-10), % 5 1% Cowpea mosaic virus
(CPMV) OFEE DY PRV ATA U EEEET V RRT VX TEML, ZThbeT
X RT Y REE AT2 Dye molecule (153555 1) % 1,2,3- U 7Y —LEgE2 Y Uk
— & LTHWS Z & THEG m ) ) ) o
L. UAVAREICGHES R el W @h"”ﬁ “ @%Uﬁv*
T DHE A% 7= (Table 26 27 28

Scheme 1-10. CPMV % & D& Hfi
.N

60

1-1). Entries 1 and 2 ® o oo
N
5 RS SR T g v g @ N 8 o
Dye COzH N
%6 : " ©r MNLFh}
N JN Phly
Tris(carboxyethyl)phos- "N OTNTR 31
] y y p 27 + 30— @ i HN4O 29 R:cz(:H)
phosine (TCEP) 23 A~ T 7 bye| | 30 R=CHCHNg
WRWEERIGHIEZE AL
HEITLR2NWZ &S, I Tablel' 1. YA LAT YR [ 7% 2628 % Dye-7 /L% 29 & Dye-
SO L LT —fhDs 7R 80 O[3 + 21BN ©

o ] Cuso, 31  TCEP
NEZHNS, Entries3  entry reagent (mM) (mM) (mM) Cuwire loading®  vield (%)°

and 4 7°5 . tris- 1 26+29 2.0 2.0 - <1 (<2%) 94
2 26+29 10 2.0 - <1 (<2%) 80

(triazolyl)amine 31 & A 3 26+29 1.0 + 23 (22%) 87
4  26+29 1.0 2.0 + 60 (100%) 94

N-HAIITT_XToT 5 26+29 10 20 20 - 60 (100%) 96
i ‘ 6 26+29 1.0 2.0 + 17 (29%) 95
CREN KU T — L 7  26+29 10 2.0 - 10 (17%) 94
8 26+29 1.0 2.0 2.0 + 60 (100%) 86

EEHINTWD Z L 9 26+29 10 2.0 + 22(37%) 87
. . 10 26 + 29 - 2 (3%) 100

5. 81 EMIFE LTE 11 27430 10 2.0 + 10 (17%) 9
R 12 27430 20 2.0 5.0 - 48 (80%) 80
BThHLENDND, 13 27439 20 20 50 + 43 (7T1%) 75

Entries 11-13 @ 27 & 30 “Replacing virus 26 with 28 gave identical results within experimental

error for all reactions.? Number of dye molecules attached per virion
9 N AN

DA EDREITENTH (percentage); average of three independent reactions, error range is

A A DEELE T A +£10% of the reported value (for example, 60 + 6 or 10 = 1 dyes per

_ R -~ particle).cOverall recovery of derivatized virus; error is +5%.9pH

ZE TR EZFE LS 7.0.¢26-28 at 2.0 mg/mL (360 nM in virus particles, 21.4 pM in viral

BTN D, protein and reactive groups); 29 at 2.5 mM, 117 equiv); 30 at 5.0 mM,
234 equiv; reactions in pH 8.0 potassium phosphate buffer containing
5% tert-butyl alcohol, 4 °C for 16 h.



Huisgen &% AW b5 o — DA, EFEEAICK Z2bit T\ 5, 2007
12 Chung H %, #)&® T Huisgen )&% F]H L7z Calixarene Bt > — DR %
AT ¥, #5137 M7k 2= k& Calixarene == k% Huisgen &I
&> THEAE L, Calixarene D FANCAIET 57 70 =—T7 VAL E . FANIAL
BT 572 b TR UENLD TR A A VR AT 82 A AR LTz, 82137
T h=KU/V [ 7 aoiR/L T Hg?, CuZt, Cr3*, Pb2HZ K-> THEEBAH A, K-,

Bazt, ZnZHl Lo THNERE S, BKIENZ LI

Z Po2HZ Lo THIEEHE LD G, K*%f%\_’\jmz_é
EWIENETET H, £ IA~FO PO ERINT 5 & EED
HENfER SN2 Ennn, 821380 B2 "lEE7: K&
Pb2+0)ﬂ3$“{2 =t LTHWLRD HREEDR S D, H
NMR (Z KB 0Tic k0, KNI 7 I oo —TF )VEL,
Pb2+3 K~V T/b—/l/ﬁﬂﬁiﬂ‘\o/f v MZERIIZTEUL S 4T
WAHZ ENRBE T,

10

& 2

N7
N- N~

Q
32



BHE 1,2,3- 8V 7Y — A OiEEFLE L TOI AR

1,2,3- N U7 = ML ER IS EFACAEM TH O B IZERTRERZ LN, ZTOIR
RFZERRET SN TWD DD ZORINEEF L E L TORHAFIIROATWD
Bl zI1E, 1,2,3- U 7V —is N=T X b &hiz 1,2,3- U 7V U 7 LK 34
N, EEFBHEFER L (N—Heterocyclic Carbene; NHC) mili{A L LCTE< Z &
DI ST > TERY . @RAEE ORI & L TEH < 2 & 725 2008 422 Albrecht
HIZ L > THE STV 5D 18 (Scheme 1-11), 1,2,3- ~ U 7' —/L 83 ® N— A F /UL
I — KA HZ N L > THHTWIRIEEEMIIC .

34 %1%, 34 LE ST U Ak DMSO gﬁ;;gg@;gzg””@NMﬁﬂ
CRIESES 2 LT, C—H fATEELRE _

I2 &Y PREOIHET, 1,2,8- R YT YL Nj\gwm’&l PolOAS t{%ﬂ

39-42%

R NHC B 7% 4555 — ik 85 27372, s i
@EOAIZY Y Y AEREO NHC 0 L 5 N D

(Z A AR BT O AN ~T 1 -7
HoOGAELRERY . 1,2,3- Y 7Y — A
NHC |7 7 7 —~/L NHC &M, A
I L2s~T 2 Jf - DFAE LR, DT

b, 77—~V NHC L o NHC X
DHRLETHY ., GRET &< BT

Pd1-C1_ 1.967(13) A
Pd1-11_ 2.6697(14) A
Pdi-12  2.5894(15) A

N1-C1-C2  103.0(12)°

N1-C1-Pd1-I2  74.5(12)°

%, Figure 1-4 |23 & 9 ITFHEBEITH 525 85b D X ik Bu” N® ~By
e E AT 21T o To i . RETRL TS Pd—C #5& ngl 1.990(9) A
FERN1.967TAL72>THY, FIORLIEA XY U ULl | 36

i3k NHC Bf7+ 36 DDA (1.99009)A) LHARTHEL o TWAEMNRH 5,

11



F 72 2010 12 Bertrand H 12 K- T, WL ER 1,2,3- U T — 514 VT
38 MM HLEE X, X BRAESEIERRATIC L D AENBA B L 72 o> T D 19 (Scheme 1-
12), #5132 1,2,8- 8 7Y — L B2 EEW Dipp %2675 1,2,3- NV 7V U 7 A
HE 87 I28sE I KHMDS ZEf s, REO@E7a b 2ii7a hAbd562 LT
NHC38 % 55% UL THk L7, 88 Offi&iX THNMR A7 ML ETHYTY U
L ED CH v 7T A HA LTI Z &0, XMk A IEMT 21T o Tof R BIRE S
7c. Figure 1-5 |2~ 9 X #fG i EfARIT OFE R, BERIREBICB W TRERO~T 2 R
EHLTEY, 42 OEGENHMES L ZHEHEAGOFHOMETH L Z L 1bn
D, ZNHIEELLLERETOIREAETREL TND, C5RFERTJE D OFEEMAIC
BLTH, 3712 106° , 381X 100° L722->TEKY . ZIUIATEKA 37 » C—H KA
BED AN 88 Do—IFEFAHIED SN, MuBED sHERFmE->TNDHZ &
EEET D, 38 DEEMEITE L TILEMAIREE TIX—30CITB W TIT A, IR TIX
B2 EIAFET D,

Scheme 1-12. 1,2,3- b U 7' —/L-5-A U 5> 38 DK
Me ¥ N Na/
i J Me 7\
T N= KHMDS (1.05 eq.) _N wl e A
N\ ~ph @ ')\“/ o
Dipp~ Di /N\)\Ph / \ \ \
Et,0 PP ~ 7
37 38
55% 38 N2 N3
Dipp: 2,6-diisopropylphenyl
—
N~ \/ \
2 e

Figure 1-5. 37 &£ 38 D X {@ it @iEE
EenESAlLAER]

37: N1-N2 1.3208(16), N2-N3 1.3183(16), N3—
C4 1.3559(17), C4-C5 1.3647(19), C5-N1
1.3446(17); N1-C5-C4 105.85(12).

38: N1-N2 1.3439(12), N2-N3 1.3216(13), N3—
C4 1.3682(13), C4—C5 1.4053(14), C5-N1
1.3662(13); N1-C5-C4 99.70(8).

12



1,2,3- N U T YU D LA T =4 L & D A F A TR O BHYE H AT
TWb, 2011 FEICKHBIF, 72T T2V HEOFT NV 1,23- ) TV ) vt
39 B L. & O X Mk g ST 217 > 7= (Figure 1-6) 19, ZOfER, N T
VO LREDI T B —AF L ThHEA TN N T VUL ET I FE
D7m kL DOMTREMEG LR L TND

ZEBRRE NI, DR OREICLY | Bt s q

FUSRRTHELIT =413 8912 L -T2 9/ ) e
RRBINHHES N, ZOBREV TV 0 g[8, n AT
R T (A )

IEARFRIE AR XL EZ T, ZTOH

. Figure 1-6. 39 -Cl ® ORTEP
KFEHEAHEREIT TH NMR 12 % - T b 51 &

Bn
NTkH (Figure 1-7), fkxeh v #— Bn\N'ﬁ'@‘N*fgh
7 =4 %4539 D HNMR &#HIEL 395 b b
TR, WO E—=T =F DT VAT 398 ' o
o R BINT 5 IC >N T TR h o a O
L b OBERIERS Y 7 bR S A, P P 0
Scheme 1-13 (2R3 K 9 124 513 89 % fil B M

Br+5, FxA v R—LORFET LF o B

/l/,ft}iﬁt: %%&% L/-’Cj”s D N 7 :j_"/ I:F‘ FEﬁ{ZIK 12I.D 11!5 11.|D 101,5 10!0 5.[5 9.:) 8,{1-'; B.B 7.1’;
N IS - - - o/ ppm

DTV VY LERHRT S 2 ETRT Figure 1-7. 39 BF4, 39 Br, 39 Cl, 39 -OAc »

IR A A%t 40 B L. FhungE r 7 THNMR X2 kb (CD:Cl: (0.01 M), 293 K)

X REEHSOGET D 2 & THEBM % &
5 99%IHE, 98% ee I TH 2TV 5,

Scheme 1-13.1,2,3- U 7 U 7 A 39 Al L T D4 F A v R— NV OREFET NFNALKIE
Bn

1 R ! Ph
R 39 (2 mol%) R ! /kkPh

2 ’_ | Bn—N
+
N 1.2 eq. EtOAC Br AP

Boc Boc '
_ N up to 99% ' 39
. Bn Ph up to 98% ee
N \N Ph
Bn—N @ S
I HHY
Ar N 2
3 Ar
O
R« “NBoc
40
L R2 —

13



1,2,3- 8 U7V U U AT A AR 5 ERHRE SN TEY . 2008 FT
Liebscher 5 3#] T 1,2,3- U 7 U o AR A A MK Z AR L T 5 20,
Scheme 1-14 (27T L 912, Scheme 1-14. 1,2,3- s U 7' U &7 AT A F L PERIE 44 D

~ > @A (
BT U R4l LTk a2 OB
b, N\

+2)5 nie A SN, ! R 1
53 f]“j;i'lﬁﬁr;csﬁ?) ;3\ ?_Eél/o) ) il o _ CuLDIPEA FR\NII\LN 4’R\N’E\\N—R3
Pz (G 17 ’ Y / e solvent, r.t., argon = reflmegr—\lé1 h E( X-
N—7 /L3 A t}iﬁi: oNa s /// 50-97% R? quantitative i
BT AFIC L DT, ERE 42 s

44
IZRU T T L 44 BT,

TIVENMALDOAEICE L TIE Y 7Y — LB 3L CTOIERIITHEIT L TN D Z &R
NOESY HlEIC L WL MIZ/2 > T D,

BN ORSICE L COIEMR TR IV DD, Figure. 1-8 (/-3 Gl ik
fbEWThH ol DFERBH Y, R2ELTREOT VI NAVEEZAND Z ERREEET
JF2 ETHMTHD Z ERNbhD,

Figure 1-8. 1,2,3- b U 7 V' U & A BA A MR D4

MeO

NN,
(P N—Et
N, NN, o o
@<N*Me @<N*Me Bf d
Ie © N
Bu TsO Pen O
° .
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B EELEEEA Y e e R 1,2.3- N TV Y U AHOBIR L A F M
TR, ARy ARk~ i

B ¥T702E1m 1,238 7Y —/b (spirol4.4lnonane 1K) D T ¥ I KA

spiro[4.4]nonane & 45 D& f%FHE % Scheme 2-1 27~k 7,

Scheme 2-1. R!' R? R' R? R'" R?
= N — —
N\\ N —
N~ R2
45 N3 N; LG LG OH OH
46 47 48

LG : Leaving Group

Am YT Y= 45 T BEEEAEM TH 5 48 O —BRE TR TE 2B 2T,
FTRPH, 48Dk Fux U A MBI AT 22 L TAT 257206, NaNs%FD 7T
YV MEAIZEHSE D L 46 M5 6ND5, £ L THRREIC, S FRIC 2T o7V NEEE
—HEAREFFO46 2 HE L9 5. /0N HZ 7V Huisgen U K-> T—EIZ DD b
UT Y —IVEREHETE D EERT,

48a | TREABUSZIE Y, Zfli7e~ 1 VY A F LN D BB CRSGICER TE 2 2D,
Scheme 2-2. 49a DA%

| | | | TBSCI (4.0 eq.) | | | |
Imidazole (8.0 eq.)

DMF, 0°C tort

OH OH 15h TBSO  OTBS
48a 49a
quant.

48a DTV FX U RImDERMiE b N o X VERREDO E TG A. O—T L F vk
FORIKISNTPRIND, £Z2 T, e FrxviEo TBS I X5 RkiELXITo
(Scheme 2-2), DMF #1238\ C, ¥4 —/ 48a % imidazole & TBSCI & itz ST,
49a % ERMICE, FONTZART MT—Z 3B LRI —F Lo 2

15



OH OH
48

49a DT VX U KIGD T VX UESRIL, T VF% U KE Buli TY FA L L2, 3
LT VXNV EER SE 5 Z & TITo 72 (Scheme 2-3), BHAULAW) 49 & FIE IX(SMmIE
ThO., YIVAWTNVHT LTHEET 2 ZERRETH T2, 22T, LA AL LT=
T oAb R U R TN =TGR EZ VT TBS & RELEEZ, BSohi-o4—1
48 % VTN T DXV LT, L L7235 48b~g DULEEIL 50%LL T & KUY
FTholo, THUL, AN A —/VThH D IKEEHENHERIENZ & D BT
OMHEEIZREN B - 72, B8 X OV 3 7T L L 23 L o C B KL
HEZEZ L, TAT o~ Llcleb LB 2 bivd, FEBE, ROSHE 49a ORI
K<, Ri1=Me THLOILGEZHRWTTXTITBWTEZEDFEHEIL A A BTz, Z O/
AZRRT 272012, K05 LIS WEALT L F L O <0, RO Y B2 3/
EWEt AT o T2 b DO, BEFERICRO M BIXA 6 o7z,

Scheme 2-3. 7V F VRN T VXL EINTZ VA —IL 48 DERL

BuLi (0.9~4.0 eq) Rl R R R 48b (R'= R2= Me; 50%)
HMPA (4.0 eq.) | | | | | | 48c (R" = R? = Et; 28%)
Rl (1.0~4.0 eq.) BF5 » OEt, (excess) 48d (R' = R?= nBu; 13%)
49a > 48e (R'= R?= nHex; 31%)
THF, -78 to -30°C CHCly, rt 48f (R' = nBu, R? = H; 50%)
overnight | TBSO  OTBS | 2h OH OH  48g (R'= nHex, R2= H: 18%)
49 48g* (R' = nHex, R? = H; 31%)

*1-Bromohexane was used instead of 1-lodohexane.
—J7. 49a DT IV KGO I A G E IS AT E ARG A O 72 (Scheme 2-4),
ARFOHIZBNTIE 49a OfsHREE <, TBSR#KRTH S 49h, i # BWIETH 7=
HDOD, ZFDHD TBS EOFRENRT LFVEHEOGE L RRIRIE TH - 72,

Scheme 2-4. 7V X VRN T U —AbLEZ = VA —IL 48 DAL
R' R2? R'" R?
Rl (4.0 eq.)

Il PdPPhs)s (1 mol %) [l [l
Cul (10 mol %) TBAF (3 eq.)
Etz;N, 60°C THF, rt, 26 h
TBSO OTBS 9or24h TBSO OTBS OH OH
49a

49h (R' = R? = Ph 90%) 48h (R' = R? = Ph; 54%)
49i (R"= R% = 2-CF3CgHy; 75%) 48i (R" = R2= 2-CF;CgH,; 66%)
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ZTITC HEOE ReX A Ri#ET 25 2 L @WEED v 7Y UG EITH T &I
L0 TR RGNS 2T T FNVEOEAN LA RT-E A, B 48] 25 98% I
T4 51 7-(Scheme 2-5),

Scheme 2-5. EFHE A — L DT U —/LIC & 5 48] DA

R' R?
2-Bromonaphthalene (2.5 eq.)
| | | | Pd(PPhj), (5 mol %) | | | |
Cul (10 mol %)
Et;N, 60°C, 2 h
OH OH OH OH
48a 48j (R" = R? = 2-naphthyl, 98%)
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LG LG
47
LG : Leaving Group
DPPA

U Bk S 5 e
(Diphenylphosphoryl Scheme 2-6. VA4 —/L 48a DEHE T T ¥ R ~DZ i
azide) & AV T YA —in O (Tl
HEBETT VK 46a & H Rk DBU (3.0 eq)

. 48a —H— —>
LEoERAART2, LinL DMF. rt
3 > > overnight N3 Ns O OH =2

RIS T AA F D 9 46a (PhO),0P 50a

KRELBENEZ 57 50a &
B ab&WnfGEoni, ZoZ b, ZOFKITREANIS L TRIEETH S
Z PR E Tz (Scheme 2-6)

BT —ANOTT Y ROAGRPRETHST2720, U4 —/L48a Dk R ¥
FEDOMREFE~E WL, Z D% T ¥ R~ BT 2 BEA R Z Gt L7-, Scheme
2-TITRTEOICE Furx U EoRFETE ) EEX, 1~2 YBEO =R/ L 48a
Z CHCls H, =R TR % Condition 1 X°, =—8(b YU & HE %A hrx R TER
T HEMETH S Condition 2 gt L& Z A, BHERIBAEMZ 5 ZHDHTh-o
Too BOSHERFTRAET L RMKFBPBISIEDIRK &F 2, WRLKFE M) 7 ==
IR AT 4 % H% Condition 3 Zi L7=b 0D, JFUEHANY & MR AWM % 5 2
HDHToHoT,

Condition 1;

R . PBr; (1.0 or 2.0 eq.)
Scheme 2-7. A —/D T 7 vE(k tt, 24 h in CHCls

| | | | | | | | Condition 2;
- PBr; (2.0 eq.)
Condition 1~3 No desired product. reflux, 48 h in toluene
o
— I:> (Remaining substrate or Condition 3:

decomposition of alkyne moiety.
OH OH Br  Br P y Y) | CBry(2.4 eq.), PPhs (2.4 eq.)

2,6-lutidine (2.4 eq.)
48a S1a ft, 48 h in CH,Cl,

18



Scheme 2-8 D X 912 5la & tb_TE Y BEICERATEER Y AT — |k 52a Bk L
TV MMEEIToTEZ A, BTV MUK 53a RO ETIEH L HODHEL 29, T
DFRERITA T — N OBBEREDMEN = OIZEE OHREAEN EN 7o T2 2% 2, 52a
E O HRISHEDFE WY R 7T — K bda G LT ¥ MES oL 2 A, FEREf#E, 22
R TYT VR 46a 155 Z LITEI LT,

Scheme 2-8. YA — /L6 DEFEN 72 VT ¥ R~ A

Il wscigoe || | (I I

DMAP cat. NaNj3 (5.0 eq.)
+ 52a
pyridine, 0°C to rt DMF, 70~110°C
OH OH overnight OMs OMs  15h Ns  OMs Ns N
48a 52a 53a 46a
quant. 18% Not obtained
Tf,0 (3.0 eq.) | | | |
DMAP cat. NaNj3 (5.0 eq.)
48a > 46a
CH,Cly/pyridine DMF, 80°C o
rt, 40 min. OTf OTf 30 min. 95%
54a
quant.

IBICHERNSG T VR 46 28T DRMA L LT, Y U 7T — | 54 2T
boHZENTFERENT, T T MOBEHBLZAT L4148 6T N 7T — | b4
NEEBFTH L L LT,
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Table 2-1. A —1LDY Y 75— MMk

R" R? R' R2?
| | | | Tf,0 (2.5~3.0 eq.) | | | |
DMAP cat.
CH,Cly/pyridine
OH OH rt, 20~60 min. OTf OTf
48 54
Entry  Product R? R2 Yield (%)

1 54a H H quant.
2 54b Me Me 51
3 54c Et Et a
4 54d nBu nBu a
5 54e nHex nHex quant.
6 54h Ph Ph 82
7 54i 2-CF3CgHy 2-CF3CgH, 48
8 54j 2-naphthyl 2-naphthyl  quant.

8Used without purification to next step

KRV 7T— Mestha, 7% o RKIEM T A —/ 48 12 b M L 72(Table 2-1),
fERE LTE, 7AF RGBT AR TV =L EELL TEMISATHNTS AR
MERBBLRARWIEETHES Z L3 TX7-, Entries 3, 4 and 7 DLEITITIENZE L
SIETFLTWD, ZHUHDOEEITIISUSDRAIEEIZ, BRAHFNZIER D> 72 RE fHD
IWEIERD A TLC ETR O, BAEIZHW T INHClagFEFTY hY 75—
MRIIRZETCHD EEZHILD, F£7- Entries 3and 4 ORI L CTiE, REfED
ITWEIERD E Y MY 7T — MEOIREWM O EERDOEUG~E Wz,
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Table 2-2. ¥ sV 77—+ YT ¥ Nk

R1 R2 R1 R2

| | | | NaN; (5.0 or 10.0 eq.) | | | |

DMF, 80°C
OTf OTf 30~60 min. N3 Ns
54 46
Entry  Product R! R? Yield (%)
1 46a H H 95
2 46b Me Me 77
3 46¢ Et Et a
4 46d nBu nBu a
5 46e nHex nHex 73
6 46h Ph Ph 95
7 46i 2-CF3CeH;s 2-CF3CgH; 92
8 46j 2-naphthyl  2-naphthyl a

8Used to next step without purification

YU T7T— b b4 BIHEIZHNTT ¥ MERISEIT o Tef R &7~ 3 (Table 2-2), 7
VR RGO EBIENT VX NVIEOBE ST ) —VEROSHETH RWIERTHIST 5
VTV RA46 5270, T, T U VETERINATEEOGEITER), 0lEE
EBMINCISHHEIT LTz, E72, IBAEWMEEEIZH V2 Entries 3 and 4 IZBH LTI,
FERLD KT > 7o 7o O B TR O BRIV 2,
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V7Y K 46 D43 NZ 7 /L Huisgen G IT

Table 2-3. 7Y FOAEYBER 1,23V 7TV — /L ~DZEH

R' R?
1
Il R
N e
toluene \\N/N R?
N3 Ns microwave 45
150~170°C, 2.5~10 h
46
Entry  Product R’ R2 Yield (%)
1 45a H H 94
2 45b Me Me 53
3 45¢ Et Et 752
4 45d nBu nBu 562
5 45e nHex nHex quant.
6 45h Ph Ph quant.
7 45i 2-CF3CSH4 2-CF3CGH4 quant.
8 45j 2-naphthyl  2-naphthyl quant.”

8for 3 steps from diol 48
bfor 2 steps from triflate 54

L5, A

e bR 1,23 )7 Y—L

(spirol4.4lnonane &) 45 D& %17 > 7= (Table 2-3), 7 /L% L RKigDEHILN T L

FLEOGE

ZT7. TIVF L RIEIC

b7 U=V EOSGE
BN D D56

Zix. ﬁ%@@

STEbDOD, BWNETH 72, Entries 3, 4 and 8 D

l/\

FU 7T — b 5476 B

AL 48 D Z AT T5% & 56% T 45 15 (Entrles 3 and 4).
ECERMIC 45 157 (Entry 8),
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B ¥TF 02 1,2,8- U 7Y —/L(spirol4.4]nonane 1K) DR F AR

FINAEE 1,2,3- N U TV — VA BT DB A = T AEIRAIC T S
5 ET, KA LEMDORF G FIRETIT RV INEE R T,

Huisgen itnZ K D HIDOAFE AL, 2005 4EiZ Fokin, Finn 512X > TS &
TV 2, #i5id, =T NPT VK B6 DX TV A2 ot =2 27V BOG
(2 K DIl &t < HEERR P ENC K0 . BROF* T 1,2,3- 8V 7Y —)L 56 % ik
5 59% ee THTWD,

Scheme 2-9. Fokin, Finn 512 X 5 Huisgen [T £ 5 0D RFE A

Y@\r
0 NZ O
| |
N \)

N

~ -

NH HN N.y
N (20 mol%) N )

N
Cul (10 mol%), iPr,NEt (1 drop) 1
R Ny 2 > N
Z Fh CH,CI R ’
55 2M12 56

2.5 mmol Up to 59% ee

1.0 mmol

— R, AESITRIET A O Fx T VEIfEC X A IERFME & < R E R ENC
X, TV K8)T Y=L BT ZE 99% ee (T THTUW D 26,

Scheme 2-10. K, £ 512X D Huisgen M K 2D @A EAH

I N
O~ NN O
Q/N N
R’ :
O bTBS TBSO (20 mol%)
CUOTf(CSHG)OS (10 mOI%)
// \\ + Bn/NB
QT e
R? R? 57

Up to 99% ee
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ZI T, FTNVAERBEREEET LR FRNE TNV 2 A7 VORI B #EHTE
HEBZ, MREITo T, SEORNI & LT, XYY VR0, RAT 4
VBT, EBED toluene, dioxane, MeCN, BuOH. DCE %5t L. BUSIREEIZ
BALTIE—2B®D N 7Y — VERIEE DB CHRALARM D = F o F A 1B R F
B4, 2 FE TEEBRMKIETC) TITV., ZOBFRT 52 & TA Y g OEEE
AToTle, TORER., fm CEBMRIGETRISITEIT L. O, ol ibay
TN TNL 7 EBEIRThole, o, B FZ2BRWTEEH CTRISEZITo TS A IZB W
TH 30%ICRTHMMAG LI, I VBN FD EH 6 bERE LG A IZITER
IZRICRCROS AT LTe, ZHH OFERN G AR OUEHRAR T IR R XA B O
ERFE WG, YU BTNV ERWED T A~ NS T T 4 —IC X DRI T A
NTHRmIEL7ZATHD B BND, I UEZ HWRWNESRIZIIN 7 LR
HTholeled, MHIZ L2 v ARREEBNIERI PG ONZEEZ NS, &
s E DRt E WA TH T IR E LTORGELNTHE L LT, 4EO
RITHESNTODREFERD 1,5- @R 1,2,3- N 7Y — AR ELND KIS TH
DI, HfRE 2 256 O SOSIER RIZ R b iginoTe, £DTd, =i TS
BOWTKENESETETRIRLEZZEICXKD, Ny 7T 00 REIEPEIT L2
DThHDHEEZEZTND,

Figure 2-1. %3 FW & 7/ Huisgen BT 5 R E AMFS

| | | | Ligand (0.2 eq.)

Cul (0.1 eq.)
iProNEt (1 drop) S ,1]—N
—> N\. i} N Only Racemates
N- N Solvent N-% o were obtained
% 70°C,9h 45a

46a  then 100°C, 48 h
Solvent: toluene, dioxane, MeCN, tBuOH, DCE

Ligand
\T/ﬂjij\T, | O"T>x<}'o Without Ligand
z 30%
o) N/ O 7 N 1 O, | ]
‘ m) N M)
/\

O,

N N N :
‘ /’r Without Ligand and Cul
Ph

Ph quant
(S,S)-Ph-pybox (S,S)-iPr-pybox (S,S)-tBu-box
55% 60% 48%
N O
D CCL, O, ¢
O N PPh, OMe 0 PPh,
&,N N\{ PPhy PPhy 0 PPh,
{ A OO
OTBS TBSO
. (S)-BINAP (R)-MeO-MOP (R)-SEGPHOS
30% 31% quant. 81%
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W IR B r 1,2,3 B U T — L OAKK

ZOD RN T Y =N EWVIZHIOB & (FIRIXR R EEOTEE L, b o —J
FHEEORENE) 2352 8T, IVAHRMENEGRTE 5D TIIRVWNES
Z. IR A T 1,2,3- 8 7Y — L OARE K L2 (Scheme 2-11),

R A L T 1,23 R U 7Y — L 45 3, $BEA TR 1,23 8 U T — L bk
[CV— R CHEKAETHDL LERT, ThbDb, AR 1,23- M7V — /1451307
Y R 46 O43FNHF 70 Huisgen L CTHKTEHEEZ, 461XV N 77— | b4
DODYT YR, B4V A— N 48 DY N 7T — METELND EE X T,

Scheme 2-11. FEXRFHA 2 v’ 1 1,2,3- b U 7 V' — /L 45 OARLEFHE

R1
N N
N N
N
45 N,

OTf OTf OH OH

48a % FEICHWIZEEARISIZ L > T, £/ 7 U — Wbk 48m OE R Z AT
(Scheme 2-12), BEATLHT7 U —NHEE LT, 2— A MU 7 == VHERIN LT, #
HIZAE R U7 — VERBEEZICA FXVEROBRATF T2 TT7 =) —
FHERLIRD T ) =N MKBEIL A LT E & OKRBRESIC L AMAERICLD
BRI 720 595 B2 1270 THDH, TVF U RKImDE /T U —/ LK 48m %
BEILELELOD, TV —IALIKRDIENCY T U — bk 48m’ b RIFFIZ %
L. ThoZnii+ 22 ERREETH T,

Scheme 2-12. €/ 7 UV —/ ALY 4 —/L 48m @Aﬁkﬁﬁﬁ

R'Br (1.1 eq)
Il Il PdPPhs)s (10 mol %)
Cul (10 mol %)
NEt,

OH OH 60°C, 12 h OH OH OH OH
48a

48m and 48m’ couldn't be separated.
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AW BT U — O \&RLONRE, IREFEORHEZIToTb0D0YT U —/k
1K A8’ DAL HEFR S 7-728 ., Scheme 2-13 (27”77 X 9 IZBEHY) 58a DT /L%
KIGDT V=T B8 G L., ETOREEMRO 7 v/ L LEHOEA KFELY F
AT NI =T KK DT AT VRN ORIL AR TE /) T U — ik 48 Gk d /v

— b &R L7227,
Scheme 2-13. &/ 7V — /ALY A — /v 48 DA kG
R1
[l R
: & // ref 27
— ~ MeO,C~ “CO,Me
MeO,C~ "CO,;Me MeO,C~ "CO,;Me
OH OH 58 58a
48

X A — L 48 DA Z 7~ T (Scheme 2-14), S 58a [ 8 it DU IT
ML 2 ORICGROJRKNIFABEAAAE T TP AT A Da—T U — /WALES 3 AT
THZLEDPHMESNTNDE D, FRROBIBISHET LA THL LEXOND, D
B"OT LT NVEOBENTIBAF RN TET L < KFERY FULT LI =T AIC
KHAPFTHNR=ZAIEDOERITCIZEN TS, RONEE R =EEEE2HER ) 2 e <R
QIR T A8 G5 Z LN TET,

Scheme 2-14. &/ 7 U — /U LT A —/L 48 DAL

R (1.3~1.5eq.)
Cul (10 mol %)
Pd(PPh3)4 (10 mol %)
or //

= Pd(PPh;),Cly (5~10 mol %)
~ MeO,C” CO,Me

MeO,C~ "CO,Me CH,Cl, / Et3N, rt~60°C )
58a 1~22 h 58k (R' = Ph; 49%)

581 (R" = 3-MeCgHy4; 58%)
58m (R" = 4-MeCgH,; 44%)
58n (R' = 2-MeOCgHy4; 21%)
580 (R = 2-naphthyl; 24%)

R1

1 1
Zz OBr R "
(1.2eq.) || || || ||
NaH (1.5-2.0 eq.) LiAIH4 (1.5~2.0 eq.)
58j~m -
THF, rt MeO,C" COMe  THF o°Ctort OH OH
2~24 h 59k (R" = Ph: 91%) 1 h~overnight 48k (R' = Ph: quant)
591 (R1 = 3-MeCeH4; 69%) 48l (R1 = 3-MeCeH4; 98%)
59m (R' = 4-MeCeHy; 70%) 48m (R" = 4-MeCgH,; quant.)
59n (R" = 2-MeOCgH,; quant.) 48n (R' = 2-MeOCqH,; 75%)
590 (R1 = 2—naphthyl; 65%) 480 (R1 = 2-naphthyl; 80%)
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A= 48 DY NV 7T — Mb, K T VR 46 OERKITIFMA 46a~) ARk & [F]
BEIZAT 272 (Scheme 2-15), A —/1 48 DY~V 77— b 54 ~DOEHIT, BBk
BWHETETLZLOD, XUB VR EIZATFAENRS S 54k X° 541 DAL
TNRELRT Lz, 48k X° 481 %ﬁ%’?’*}: L THWESE ., KIS ORBAFRZ LB FTIC
X722 o 7= B9 54k <° 541 & REEOITWVEIARRY 2 TLC E TR &Iz, %ZLet
MW7 INHClag H/EF T, YRV 77— MERARLZETHDL EBZEZBILD,

PRV T7T—1B4DOT Y RIZOWTIE, EOREEEHAWZEE THLES)NOR
72N TRIGHEIT L, RIEEEMIZTT VK 46 215517,

Scheme 2-15. &/ 7 U —/L{L YT ¥ K 46 DAL

R! R’ R'
Il TRo@oea) ||| [t
DMAP cat. NaN; (5.0 or 10.0 eq.)
CH,Cly/pyridine DMF, 80°C
48 54 46

54k (R' = Ph; 68%) 46k (R' = Ph; 99%)
541 (R = 3-MeCgHy4; 28%) 461 (R" = 3-MeCgH,; quant.)
54m (R = 4-MeCgHy4; 64%) 46m (R' = 4-MeCgHq4; quant.)
54n (R' = 2-MeOCgH,; 73%) 46n (R = 2-MeOCgH,; quant.)
540 (R = 2-naphthyl; quant.) 460 (R" = 2-naphthyl; 93%)

T YR 46 D4y f-NHF 7V Huisgen SRIZ L D, IEXRMHAE R E R 1,23- 8T
—/L 45 D& %E1T-> 72 (Scheme 2-16), R O FHER LICEBIEN H 5546 TH LN
MORBWICRTRINMIEIT L, A 1,23- ) 7Y —L 45 2155 Z L N T
7
Scheme 2-16. £/ 7V —/L LA R X 1,2,3- U 7Y —/L 45 DEK

R1

toluene N\\ _N
N; N microwave N 45
150~170°C, 2.5~10 h
45k (R = Ph; 64%)
45| (R" = 3-MeCgH,; 68%)
45m (R = 4-MeCg¢Hy,; quant.)
45n (R = 2-MeOCgH,; 94%)
450 (R" = 2-naphthyl; 96%)
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EUET FEEAE T 1,2,3- 8 U 7Y —/L (spirol5.5]lundecane 1K) DA%

spiro[5.5]undecane & 60 DA k%t % Scheme 2-17 (2737,

Scheme 2-17.
$N\ /N\\
1{in>J IZ>\\}<F/ \T>%// \\}<(/
60 N3 OTf OTf OH OH
61 62 63

2w T Y=L 601X, 68 DO =B TAKTEEERT, T7hbbH, 63D
ERedvEa b 77— MET 528 T 62 2157205, NaNs FD7T ¥ FMuAlZ
HAEEDE 616N D, KEBIZ, NI 2TOT VY NEE ZEEEE2FD> 61 %
AWz, 37+ Z 7V Huisgen MSIZ K > T—EIZ —>D MY 7Y — LVEREHBHE T
HEEZ, 22T, £T1E63 DA EIT-7- (Scheme 2-18),

Scheme 2-18. ¥4 —/L 63 D&k

%\/\
Br
(25eq) x =
NaH (2.5 eq.)

MeO,C~ “CO,Me — 7+
DMSO, rt MeO,C~ ~CO,Me
overnight

64

3-Butyn-1-ol (2.5 eq.) [ = [ =
PhsP (3.3 eq.) .
FsC._O O._CF;  ADDP (35eq.) LiAlH4 (2.0 eq.)
v FiC._O O._CF;
(0] (o] toluene, 50°C, 24 h THF, rt, 1.5 h
o ° 66 ° 013 "
83% quant.

spiro[4.4lnonane KD ERL & FFEIZ, A F b~ x— h &2 EEITHWZIEEA T L
YERLD T IV F AV LD TJI/ﬂ‘r/I/ié\ODJ:J\%aitﬁf:%@@\ 64 I XfG DN o
77o BALT L3 L DM PSR L0NRETCH L EEbhD, 22T, Hilcie
T xR L LT%@&FE%J&ER Lf:o FU T FrF~wnr—h 65 &
HIE DA 9%EHH L2 2 A, HIO YT LXK 66 7% 83%INHE TH LI
720 66 DIEILITKFILY T U LT VI =T AZHWTITY, A —)L 63 % iE mAICTT
7
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VA= 63 HHEEICHNWZY R 7T —F62DHFE, AR R TV —L 60 D
Az ~T (Scheme 2-19), ¥ kYU 7 F— b 62 DG AUITFEFN/2 51BN THLH
OFEINETHEIT LIz, U7V R 61 D& T DMF 1T 62 & NaNs # S S 726 0
O, B TH D 611356 T . BRILIED 60 73 9.5% IR TH LT,

Scheme 2-19. A1 b U 7V —/L 60 DEhL

X = R = X =
S Z T£,0 (3.0 eq.) S Z S Z
DMAP cat. _N N
NaNj3 (5.0 eq.) N7y N
CH.Cl, / pyridine = 6/1 w
N

OH OH 30 min. OTf OTf gg"g 30 m Ny N
63 62 y min. 61 60
92 % not obtained 9.5%

FROFERERNS, PRV T7T7— 1 62 PEIRFHICENTALETHDH I E PR S
NI O R EER L, T72bb, Y hY 77— 62 % 25°C T NaNs & i
S, RPTYT VR 6LICEBIIEH SN2 Z & % TLC THER L7z, 100°C (Z5-
BLTERILEESZL T, A¥a MU 7Y —/L (spirol5.5]undecane &) 60 % 81% T
%72 (Scheme 2-20),

Scheme 2-20. A1 kU 7 V' —/L 60 ORYRAE AL

NaN; (5.0 eq.) _N N _
62
DMF, 25°C, 1h

100°C, 1h
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BAE 70 AEE 1,23 N T Y — L ORFE
Figure 2-2. At b 7V —/L 45

XTNAETE 1,28 kY7 — O HPLCIE RO
IVOREEBITEEETH o 27z o7
W, EONFENIF By
Be7 7 Lz& Az HPLC 2 L v 1T
-7z, Figure 2-2 |Z/~"7 45e D
HPLC F+v— RO X 512, o> LExtsomer:fup”=-107
spiro[4.4]nonane & [FERIZ, &
G EINARETH o T2, & [(+)-1somer: [a]o” = +10.9

O OIFEIRME 2R, L\

9.2048

20.00 30.00 40.00[min]

Using DAICEL CHIRALPAK IC column

A =227 (nm), 1: 1 = dichloromethane : 2-propanol
5.0 mL/min, t, = 55 min, 117 min

45a First peak in HPLC [0t]p?” = -0.68 (¢ 0.50, CH,Cl);
second peak in HPLC [a]p?’ = +0.56 (¢ 0.36, CH,Cl)

Using DAICEL CHIRALPAK IC column

A =235 (nm), 4 : 1 = dichloromethane : 2-propanol,
5.0 mL/min, t, = 24 min, 44 min

First peak in HPLC [ot]p'7 =-10.71 (¢ 1.43, CHCIs);
second peak in HPLC [a]p'” = +10.93 (¢ 1.38, CHCl3)

Using DAICEL CHIRALPAK IB column

A =247 (nm), 20 : 1 = dichloromethane : 2-propanol,
0.8 mL/min, t, = 4.9 min, 5.4 min

First peak in HPLC [o]p®® = -343 (c 0.17, THF);
second peak in HPLC [01]p2% = +365 (¢ 0.18, THF)

2-naphthyl 45j

DAICEL CHIRALPAK IC column

A =239 (nm), 9:1 = dichloromethane : 2-propanol

5.0 mL/min, t, = 80 min, 92 min

First peak in HPLC [ot]p?? = -9.67 (c 0.82, CHCls);
second peak in HPLC [01]p?? = +9.54 (c 0.76, CHCl3)

DAICEL CHIRALPAK IC column
A =247 (nm), 9:1 = dichloromethane : 2-propanol

5.0 mL/min, t, = 70 min, 84 min

First peak in HPLC [ot]p?’ = -12.00 (c 0.26, CHClI3);
second peak in HPLC [0]p?” = +11.91 (¢ 0.22, CHCl3)

DAICEL CHIRALPAK IC column

A = 247(nm ),4:1 = dichloromethane : 2-propanol
5.0 mL/min, t, = 46min, 57min

First peak in HPLC [0t]p%° = +5.90 (c 1.02, CHCl3);
second peak in HPLC [01]p?° =-5.72 (¢ 1.01, CHCl3)

DAICEL CHIRALPAK IC column

A =247 (nm), 9:1 = dichloromethane : 2-propanol

5.0 mL/min, t, =79 min, 94 min

First peak in HPLC [0t]p?* = -7.26 (¢ 0.18, CHCIl3/MeOH = 95/5);
second peak in HPLC [0]p%° = +7.71 (c 0.19, CHCIy/MeOH = 95/5)
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M2 60 215572012, 7' K60 D HPLC (2 X 5 5t5%4%] (DAICEL
IC, IB, SUMICHIRAL 0A-4500) ZRAT-H DD, HENINEECTH 7=,
Scheme 2-21. A1 kU 7Y —)L 60 DARF A AL H

/

N/’N‘ ’N\\N

N N N-N" XN — N-N" ™_o
w : NW ’ NW 7°
Enantiopure 60 Enantiopure 67 68 O

Diastereomeric Pair
would be Separated.

HFRNTHIRE R 60 215272 0IT, AEMBMEL LTH T 7y —ANR U=y b

ZEANLTZ68 B L, TOVT AT VAY—%2 VU TNVI T LATHETHZET
WL 68 2 457-DH ., 6T ~FHE L 60 2 Ak T 5 TE% %5 2 7= (Scheme 2-
21),
VA —/L 63 D TBS (Ri#EZITV, £/ TBS (Ri#(K 69 % T4%NFETHL-OHE Fr¥
VEDO MY 7T — MEEITV., 70 & 89%IHE THH7- (Scheme 2-22), TBS fRi#(K 70
Db FaX KA RELLEET Y MEEITWEEDOHEKEZ TLC THRERALZOL, %
D FF Onepot TO LU TV —/VEBRIFAIZED T1 26 L, TBS EORREIZL D 72
o Y

Scheme 2-22. + U7 V' —/L 72 D&%

N — NV — NV —
X 7 IBSCl(12eq) N 7 10 (@0eq) O ~
Imidazole (5.0 eq.) DMAP cat
DMF CH,Cly/pyridine
69 70

OH OH rt, overnight OH OTBS rt, 1h OTf OTBS
63
74% 89%
NaN; (5.0 eq.) TBAF (1.5 eq.)
N-N N-N
DMF  DMF, 110°C ' OTBS  1HE OH
40°C, 3 h overnight = overnight Z
7 72
71% 87%
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T2 12— 7 7 —ANR B EZIEI S, 68 2T 7 AT LA~ —IRAEW
L LTAR L7 (Scheme 2-23), U BT NI T AL > THWDY T AT LA ~—
DR RRT= S DD, K& IR FICH W THBERREETH 7272, 72 » HPLC
2 kB EN T o 7= (Figure 2-3),
Scheme 2-23. 1> 7 7 —A)VKR U ET AT )L 68 DAL,
/ / (+)-Camphorsulfonyl

chloride (1.5 eq.)
Et;N (2.0 eq.)

N __ CH,Cl,, rt
overnight

Diastereomers couldn't be
Separated by Silica Gel Column.

Figure 2-3. b U 7Y —/L 72 D250 E|

// DAICEL CHIRALPAK IC column
A =231 (nm), 9:1=CH,Cl,: 2-propanol
,'/\I\N OH 5.0 mL/min, t, = 30 min., 41 min.

N First peak in HPLC [ct]p2? = +10.36 (¢ 0.91, CHCl,);

79 second peak in HPLC [o]p?% =-10.13 (c 0.88, CHCl5)

H-120t FaxED M) 77— MUIZE>TH-T8 2F7-0 b, 7 MUk
< Huisgen XJ&SIZ & - T(-)-60 #1572 (Scheme 2-24),

Scheme 2-24. 21 b U 7V —/L 60 DARFERL

)l

Tf,0 (2.0 eq.) _ -
DMAP cat NaNs (2.5 eq.) N /N‘N N’N\ N
CH,Cly/pyridine N__ DMF DMF, 100°C
rt,1h (+)-73 rt, 1h overnight (-)-60
0,
76% 75%
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FEAED EFIEMEAE T 1,2,3- MY 7V — L (spirol4.4lnonane {4) Dk E O E

CD A7 bV WMt @ O P E I, FERRBRANIAL S DR E 2 I T
XLENT-HIETHY, CRETICIETIERMEEMHFIAENTETNDE 30, ZDJ
EX IS 2 [EOEM 7R3 AP AT D I HEEATRL G O Bl i DR E IS
BN FETHY  FRlZ, A bEHO X 5 ZeRlE 70 BRI 5D < MERTBLE X @ Ok
ETHRITE5, 2T, HFHNIC DD 22FT7FNLEEET LA M) 7V —)b
45] DT ) v F A~ — & S E VAR 7 2% V- HPLC CTHEEL , =0 CD A
R MNVERE L, TORER, T TRLTWD Ist TF 2 FA~—FADFE —a >~
NoBhBRAER LD MIETHY 4L DETRLTVWS 2nd = F v F A ~—IFIE
DF—ay bR ER LD PIKTH L HERDNoT,

Figure 2-4. A1 b U 7 ' — /L 45 OHaxfdE R E

200

Positive
150 Cotton Effect »
100

50

0O =

200 225 250
-50

W
<

-100

-150 Negative -
Cotton Effect
-200

——First Peak in HPLC Second Peak in HPLC
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HEHE EHEMEAY T 1,2,3- U TV 7 AL F U VERIED AR

Figure 2-5 IR T L DIZA FUMKIKIZ, BFF L T =AU PHAEDI ST2f
Rt ©, HEkE, IRWAREE, mVMbE:, BEZEMNR EORMNH 0 . BUNE T %
(RIS ATRE 7R BR LM Figure 2-5. 1 A Mhifafk

e = Liebscher (2008)
TR D SRS TR E & LT
R R R RS o) fo)
HESNTnWbd 3, Hng R1'N\R4 R1'P\R4 R2NN-R! RZNSGN-R!
. . X" X- X= X~
ANFAELTET U E Ammonium Phosphonium Imidazolium 1,2,3-Triazolium

=L, RAKR=T A
3, A IXYY 7L,
% LT 2008 4|2 1,2,3- * Nonflammability
KUY U 51055 F Low Volatility

F R A A * Chemical and Thermal Stability

[=] (W

RN < TS * Recyclable and Greener Reaction Media
= o

Anions: X = BF,, PFg, SbFg, CH3CO,, HSO,, NO3, CF3SO5, NTY,

*

T=AdrE LTE, AEMEIEREASED LIV AT A —T =F A AAEH
ZHTDHI LTI T, AFMRIEDOBA LR TIELZENTE LD, Zh
SOEBRGMEBEBREEZF LZHLONL AL TN D,

Figure 2-6 IZ7RT L D12, F TV Figure 2:6. % 5 1A 4 Pl
A j_/’@(&ﬂ(@é\ﬁk%ﬁﬁﬁfbﬂf Ammonium Phosphonium Imidazolium
B IEZEDOFHKOICEDHNDEHE S How i I nBu\?liL;]Bu ,_(
NTVB, LinLASE, 123 K17 6| iy DN\@%b
VLB ERT DX T NIRA A NTF, X = amino acids “NTE,
PRI IAIL, 2009 4FIC Liebscher © 7434 Wasé%rgg)heid Ohno (2006) Saigo (2002)
ODTERERELZHOD, ZNET
(ZRRW > HFHE LB, s S , 5
NTWdote, 22T, APEXT asonmy . NEN-me
VT4 — AT DX T A AA A Heturer Gompound g I\S -

KD G R Z AT, Liebscher C?LO
(2009) NCbz

1,2,3-Triazolium
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B B TTAR LA 1,283 U T Y —1 45 L 60 DT L FUAKIZ Lo
T, Arm123-hM) 7Y U oatEEAER Lz, £, @EHEAYe 1,23- U7V
U LG T4 & 75 OB E T (Table 2-4),

Table 2-4. Z{E¥AAE R 1,23- 8 7V U T L T4 & 75 DAL

2X
R3X (5 or 10 eq.)

N /N\
— N7y /\%N@N’R3
= N
NS N n MeCN R N\N/N n

N 60°C~reflux, 24~48 h
45a (n=1) or 74 (n=1)
or MW or
60 (n=2) 110~150°C, 3~10h 75 (n=2)

Entry  Product R3 X n Yield (%) Entry  Product R3 X n Yield (%)
1 74a Me | 1 quant. 8 74h 2-MeOCgH4CH,  Br 1 quant.
2 74b Et | 1 80 9 74i 2-NHTsCgH4CH,  Br 1 quant.
3 T4c nPr | 1 quant. 10 74j 2-NHBocCgH4CH,  Br 1 decomp.
4 74d iPr I 1 64 1 74k Ph,CH Br 1 76
5 T4e nBu | 1 quant. 12 75a Me | 2 quant.
6 74f nHex | 1 quant. 13 75b Et | 2 quant.
7 749 Bn Br 1 71 14 75¢ nBu I 2 86

15 75d nHex | 2 quant.

spiro[4.4lnonane & (n=1) ZILEICHW=HAIE, BT A EE BT LFL
B, RUUNEE T Y = BT BWINERTHAT 5 Z LN TEL,
Entry 4 A YV 7' u U)VEZBAT L5300 E S | il - RFFF O
(140°C, 8 h) IZB W TCHLHIME T ) TAFNMUEDIREM & e o7, =T VF L
NFA RTHD Bul Z HWTEGEIZIT5E ERICHEITE T, = H RIS L2 RICHEE
DIRDPHER ST, N DNVEEZENT D502 @R TS S AT
L., NUTYV U DL 74gk 2 527200, AV MIIZ Boc {Ri#7T X /R H D
Entry 10 O%A1213 Boe J5DO M X 2 BAA#EN I X 745 R, BBk % 5 2
7eo Entry 11 OV 7 = =V A FNIERELENT DIGEITERW N RLEERT2D0, —H
SIPRDIERS S AT,

spiro[5.5]undecane & (n=2) % FEIZHV 7= Entries 12-15 D& L. BAEF7RIUHR
TT VT HELT L7,
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Table 2-5. ={&#i, @A = 1,2,3- N U 7Y U 7 Ll 74 DA

%;:Ti::><::§:iiN R3X (5 or 10 eq.) ﬁ;\~Yi:£;Z:j}Zi§N’R3
NmzN 2 MeCN, MW WNg;h 2
45 140~150°C, 2.5~5 h 74
Entry  Substrate Product R’ R2 R3 X Yield (%)

1 45b 741 Me Me Et I 97
2 45¢ 74m Et Et Et I 82
3 45d 74n nBu nBu Et | quant.

4 45e 740 nHex nHex nBu | 94
5 45h 74p Ph Ph Me I 95
6 45i 74q 2-CF3CeH; 2-CF3CgH; Me I decomp.

7 45i 74r 2-CF3CgHs  2-CF3CgH4 Et | decomp.

8 45i 74s 2-CF3CgH4  2-CF3CgH4  Bn Br  decomp.

9 45k 74t Ph H Me | 70
10 45k 74u Ph H nHex | decomp.

11 45| 74v 3-MeCgHy H Me | quant.

12 45m 74w 4-MeCgH, H Me | decomp.

13 45n 74x  2-MeOCgH,4 H Bn Br  decomp.

SEM UEBEAE R 1,2,3- Y 7V U U A 74 D& ERT (Table 2-5), Entries
1-4 DT NVFVERR ) T = VIEOEEE, BAFRIGERT 1T A VA28 AT
HZENTET, Entries 58 D7V —/LEH# Y 7Y — L IEHIZEBWTIL, Entry 5
(R1=R2=Ph) OHAIL BWINETAFNELZEANTE-H DD, Entries 6~8
(R'= R2= 2-CFsCe¢Hy) DEIIT I T{ET AV F 0, Bl orningflni-Gae
THEBR T DR E o1, B OB E I <Ted, K0 mnT L F U EHITH
HRIAFNALAEXY = LT F T 70F R L — hEHWVWTHIBRTKIGETo72HD
O, JREIR T DR E R0 BMESRDS Z LIXTE ol

SEHEATR 1,23- N7V VU LAEORE, R1ELTT7 == VIEEHA 725 46k O
AT IACITERLINZHEST L, KIS T 2 74t & TO%IR CTHK TE 12 H DD, 45k D/ )V
< IAF UL, AF UL E R U 130°C TIBE T8 FiR LiziE B, FE o) &
BN EMRIREEWME 52 5DHRTHoT-, RRELT m— FNUNVEEFT S 461 O
AFIAURIZEEMICER TEX 20D, p— NI NLVEEETDH 45m X° 0o— 7 =2 L5
ZHT5H 45n OT VFIALIRIIG LT, WEOSRY & B DI D BHEIRRE WS
Hivlz, Entries 6-8 OfER LT, FNU TV U T LB EIZE A RRE2 5 R E Lk
WITHIRN S B Z & NbonoTe,
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Table 2-6. At 1,23-hUT Y VT AEDH T Z—T =F LML D 76, 77d DAL

) ) 2[CF3(CF2)mSO,]N’
R 21" or 2Br N R N
>\@@@},@ LiN[CF3(CF2),SO,], (2.2~5.0 eq.) >\@@@},,@
NEh B!
R N° n R2 H,O or MeOH R “N° n R2
74 (n=1) ~50°C, 24 h 76 (n=1)
or or
75d (n=2) 77d (n=2)
Entry  Substrate Product R? R2 R3 n m Yield (%)

1 74a 76a H H Me 1 0 quant.

2 74b 76b H H Et 1 0 84

3 T4e 76e H H nBu 1 0 quant.

4 749 769 H H Bn 1 0 quant.

5 749 76g' H H Bn 1 2 79

6 74n 76n nBu nBu Et 1 0 73

7 740 760 nHex  nHex nBu 1 0 quant.

8 75d 77d H H nHex 2 0 87

AFRRII D D B —T =4 L LT, KV ABEERELLSE LT =4 %
BIRTHZ LT, MANKT T2 E08MONTNS 3, A¥r 1,23- N7V U T A
W74, 15d DI Y B —T =F WS AT o To kR &2~ T (Table 2-6), BN
Uy B =T =FrRna v, RRECERR < RO TS ITET L7, Entry 8
@ spiro[5.5]lundecane & (n=2) 75d #HEEICHW=HETH, ZOKENELS o7
HOD, BRI TRISHHEIT LT,
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Table 2-7. At'w1 1,2,3- bV 7> U o7 LR O

R 2X N,
p
R3—N%@m\<#
Entry Compound R! R2 R3 n X Mp (°C)
1 T4a H H Me 1 I 250
2 74b H H Et 1 I 177
3 74d H H iPr 1 I 249
4 T4e H H nBu 1 I 240
5 T74f H H nHex 1 I >200
6 749 H H Bn 1 Br 220
7 74h H H 2-MeOCgH4CH, 1 Br 127
8 75a H H Me 2 I 87
9 75b H H Et 2 I 48
10 75¢ H H nBu 2 I -11
11 75d H H nHex 2 I -11 (10)2
12 741 Me Me Et 1 I 44
13 74m Et Et Et 1 I 25
14 74n nBu nBu Et 1 I 10
15 740 nHex nHex nBu 1 I 26 (17)*
16 76a H H Me 1 N(CF3SO,), 126
17 76b H H Et 1 N(CF3SO,), 114
18 76e H H nBu 1 N(CF3SO,), 20
19 769 H H Bn 1 N(CF3SO,), 123
20 769" H H Bn 1 N(CF3(CF,)»,S0,), 124
21 76n nBu nBu Et 1 N(CF3S0,), 25
22 760 nHex nHex nBu 1 N(CF3S0O;), 7 (-18)2
23 77d H H nHex 2 N(CF3SO,), -32 (-16)2

8(-)-isomer was used

AR LA ® 1,2,8- 8V 7V U UL T4~77 OftEERIE LIfE SR %4 7~7 (Table
2-7), spirol4.4]nonane & (n=1) IZBIL T. Entries 1~7 ® " @E#H A’z 1,2,3— ~V
7YV U AEOYE, SR E Do 7 (127~250°C), & Z A7, Entries 12~15
OWNEHEA R 1,2,3-F V7Y U U LAEOLEAEIT, BEERMAOIKTRAAL, I
nBu 2°, nHex 20 X 5 72 R8T VX VLA EA L7Z T4n X° Tdo DKL & 72572
(10~44°C), ZOEHR & LTClE, “EBREOHEIFBEEORm T2 R B R TV
VLR BT ET D7 BT e b e b 9 —0FO M) TV U U ARERFAHIC
DFRKFRGZTER L TEBY | ZORRE, fidb/ Ny X IPRRESTLDTHDL LE
2O D, REHTAFNEOEBENZ IV EEAMET LR R E LTE, Z0F T AR
TR NVEBRER Ny T EFOTNDHHELEEZBND,

A E—=T=F e LT KVAEMEFREMSELEA N Irdn A 2R
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WA= A 2 RT =4 N 27 Entries 16-22 OILAWOHEIT S DITHUAAME T
L., BRE7 VX VEBIE EHAGDETZ 760 ORAIX T °CETIK N L, Z0HH L
LT WO Z =T =4 OHEMPIFRENRT DI LT, WTF A & OFFEIMHALE
HAMET L2 THD B2 bbb, MFRIINCHIB R EOGAIZITRAE O S 57 51K
WA BV (Entries 15and 22) Z & 025, 20D OBEICE L TIXAES 7 LHE EAE
HOBBP~Tax I AEEFERALIY L3N AETHL EEXLND.,
— 77 . spirol5.5]lundecane & (n=2) (Zf9 L TiL. Entries 8~11 ®» _E#i 2 ' x 1,2,3-
R 7Y U AETHERES THY (11~87°C), WU U ¥ —T =AU ZZHHED T7d O
AlIE-832°C TH o7z, ZOHEHMBE LT, AV BKREBETIEN/KREL o722
T K DRI GEITER T 2 FMAEEROIRTIEEZE X bND, S R DERD
R 2R LOBFERISHEE: 77d 28R L7 b 00, ZO/EIZT & IR KD &m0
REieot,
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HINET EFEMEA Y E 1,2,3- N U T Y T AEOA F o MERIE~DISH

X T A T MR T RF OS98I, BERF 7 /LAY & B, HF]
HFAEETH Y | HEEESME T CRIGDMTZ D72 HFER STV 5H, L Len
5. O T U FAERA IS~ O RBAFIIIR S Tz,

2006 4(Z Leitner 5% L-(—)-malic acid 7»H B G AR ATRER AR L — FMil% F L
A FPERR T8 YL E LTHWV, TV I ERAFLE=AS b b D Aza-
Morita-Baylis-Hillman FUGIZ W72 /GRS 79 235 84% ee THREHILD Z &
s L7239, —J5, Luo, Cheng 513 2006 iz 7 ¥t/ D= ra AT L
VHERA~O~ A TAAINOEE, b Y VA a RS 15 mol%d 7 1 Y kT T
WA T NI 80 fFAE T TIT o 72 & 2 A, R B iE 99% ee TRHILD Z & &k
B L7z 80,

Scheme 2-25. Leitner 52 & 20D T LA 4 L MEHEIRZ U 25 B AR 75 E A

; [MtOA] H
NTs o 78(cal0eq) TS\\Ho | o"
PR3
’ | %9 o
x x \ A\
79 O

Up to 84% ee § 78

Leitner, Angew. Chem. Int. Ed. 2006, 45, 3689. MtOA; methyltrioctylammonium

Scheme 2-26. Luo, Cheng 52 X %A A U MEHEIK 80 & V2 A&~ A &7 VAN
80 (15 mol %) O Ar

iﬁ + A/\M%__:T;_’[if\/ {:r«ﬁ}

Up to 99% ee
Luo, Cheng, Angew. Chem. Int. Ed. 2006, 45, 3093.
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Hex 2X

_N
nBu’N@N
N

Hex

740 (X =)
760 (X = N(CF3S0,),)

2vn 1,2,3- N7V U U A EX T VA A UMEIRIR RS L U CHW RGO
fi %~ 9 (Scheme 2-27, 28, 30 and 31), HKFAICHIFE72()-(M)-T40 & (-)-(AD-T60
X, 77 LA =)V TORMITAE Uiz, T THRIEN AR | e LT
A HE72(-)-(M)-760 % Morita-Baylis-Hillman i (MBH i) TiEgEE LTV,

Scheme 2-27. A A &K 760 % V5 MBH it

DABCO (30 mol %) N
HJ\OMe “CgHy7
(-)-(M)-760 (3.0 eq.) _OTf

1.0 eq. 3.0eq 30°C, 4 days , Usmg 82 instead of 760

57%
60%
0% ee 44% ee

Thanh X XT VT ROT 7 Vg AF /L& O MBH K% 82 i+ 17
Sl ZA IimT44% ee T8I MHHND Z L EZMEL T2 ¥, £ THEIEG
% L 72()-(M)-760 AL CRIBIG 21T > 72 (Scheme 2-27), filifi#:> DABCO f77E
TT30°C, 4 ARHHHEICHIN 81 2132 b DD, ZOARFIHRIL 0% THh -7,
Scheme 2-28. 1 A L HIEK 760 & V% Aza-MBH i

NTs 0]
DABCO (30 mol %) Sub
H » Substrate and
+ ﬁj\ OMe it's hydrolyzed compound.
OH (-)-(M)-760 (3.0 eq.)

30°C, 4 days

1.0eq. 3.0 eq.

FITWRIZ, A A MRIKE RSB AEEHT2FTED BV ee DEFIINEHIND
ZEEMIFFL, e FeXx U EER oYU TFAT AT E KO N— A I U2 HE
Wz fat L= (Scheme 2-28), 30 °C T4 A EE-H 0D HAD aza-MBH
BTG ONT, RELE ZOIKGIRIETH LU FAT AT e ROBYL DI &7

S77,
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Scheme 2-29. Gaertner 52 L %A A4 A 83 % W 545 Diels-Alder it

O - o A - Abm gg

0°C, 90 m|n CO.H
3.0 eq. 1.0eq. endo

endo + exo; 98%
endo/exo=7.3/1

Scheme 2-30. A ¥ 1A F KK 760 %ﬂ%b‘é Diels-Alder }if

;b Lb 2(CF3S0,),N-

+ N —nB

@ Hk ()(M)760(10eq) CozH, ; WN e
© nBu—

° CO,H
3.0 eq. 1.0 eq. 50°C, 3 days endo 2 exo

endo + exo; trace
neat condition; 14%

2007 #1Z Gaertner HiXv 7 a XX ox L7 7 U LVEEE O Diels-Alder it %
A A MERIK 83 TITIT O & AN EINER, oY T AT LA BRI OND
ZEEHE LTS 3 (Scheme 2-29), £ 2T, 77 &7 7 ULEEE @ Diels-Alder
itz ., = T4, U7 AT LA ERERELE R L(—)-(M)-760 F TiTo 72 b D
DO, HFoNHEIMIEII S ADETH Y BISONIENFIL A S 72 5o 72(Scheme 2-
30),

Scheme 2-31. A &'\ A F MK 760 2 D~ A 7 VATINEE

0 (—)-(IW)-760 (50 eq) EtOZC COzEt
Ph Ph EtO,C~ "COEt - Ph Ph
Chalcone 1.3 eq. 30°C.27h
Quant.
3% ee

YR UVBUZTFAOIIN T ~OYA T NAINREE . RS T 5 Y ED
(—)-(MD-760 &RV U LHFHETF TITolc & 2 A, EEMIZEMNE G, (—)-
(M)-760 Z IR L72WEHE &R T—EOMEDRITR SN L DD, ZD ee ld 3%
TLT,

At MORISIZE T DS ARERUEFBLZ T 2 TETH D,
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EIE EFEMEA TR 1,2,3- N U T U U AEOARES FhiE~ S

Figure 2-7T \ORT X HIC, ZRNETICF TV IV UL, 1,24-F U7V U T AtE, A
XY U v LEE NHC iR & L CHWEFIRNHRE S TWD, F—E Tk &
T, 1,2,3- N U TV U U AR AL TS 5 2 & CNHC 2EKT 5 2 & n3|iE &
NTWDEEDD, DAY T L L ToORMBITEL Rvotz, &2 T4HM,
1,2,3- 8 U 7V U 7 At NHC RiBEAE & L TR 2 HH5 1Al SOs 2 BR% L7z,

Figure 2-7. NHC HiilR {44
Ph
~\ Clos 0)‘\\\\ . °
Me\N@S m‘\\Ph : N NN
Me)_K—\ o, 0 ®@> | F
7 N F

OH Me~ Me

Me F
H. Stetter (1977) D. Enders (1996) M. Benaglia (2003) T. Rovis (2004)
R A UHEE S DAFALIE 1966 4512 Sheehan H 12 K-> T F)6D THAS
SNTEY, HHIERXCXT AT R LEFHERT T Y U UL ¥ 84 %
NHC gk e LTHWA Z & T, XUV A U % 2% ee 235 Bk EIEPER L
LTHRTWD 0, Bt o F AR A Ui R D) & LT, 2002
(2 Enders 5%, 85 % NHC mififk & L THWS &, BILE s 83%UV
F, 90%ee THOLNDZ ExHE LTS 4,
Scheme 2-32. &% 7/ NHC # WA RFR Y A UHgE SO
. ~ Ph
Azolium salt (10 mol %) E cl N—N*
0 “Base (10 mol %) 0 O OO A MY
* \ S (@) N BF4-
o LT o R
OH E Bu
: 84 85
' 50%, 2% ee 83%, 90% ee
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Table 2-8. At’'w1 1,2.3- bV 7Y U o Atk 74, 75 Z V50 A A E R

2
0 74 or 75 (5 mol %) 0 O N@N—R3
H KOtBu (10 mol %)
O RENGAN n
THF OH N
70°C, 1~1.5h 74(n=1)or75 (n=2)

Entry NHC precursor R® X Yield" (%) Entry NHC precursor R® X Yield' (%)

1 74a Me | 15 5 74d iPr | 13

2 T4e nBu | 50 6 (-)-(M)-749 Bn Br 503

3 74f nHex | 57 (46?) 7 75¢ nBu | trace

4 74y nOct | 11 8 75d nHex | no reaction

NMR yield using benzyl phenyl ether as a internal standard
210 mol % of triazolium salt was used
3Reaction at 40 °C, 30 min., but product was racemate.

AEER LAY R 1,2,3- 8 7Y U U AEARKISIZHEH L2 R 273 (Table
2-8), At 1,2,3- b VU 7 U 7 At 74 (spiro[4.4]nonane & (n=1)) % NHC RijEA
WA Ry A ARG DHETT L T4f 2 V2358 R 5T%IR T H Y %
5.2 7= (Entry 3), Entries 1~6 ® X 5 IZEHR LOEMRILE 2 T2 55 ITPERITRE <
A L7, —J. Entries7and 8 DAt 1,23-~U 7V U 7 A 75
(spiro[5.5]undecane & (n=2)) =M /=HE. KINFFEEEIT Leh -7, JRIKIX 75
O THF (2T DR NS Th 5 & bivsd, Entry 3 TIFHWAS MU T Y U
LD &% 10 mol %IZHR L7 b DD, IRITK T L7z, Entry 6 OJLFAYITHIFER
(=)-(M)-14g = N6, DERITFRE CTH-T2b 0D, o ARmIET7 &
Kchoi-,

T IEPEONTRERIISUSERN TH o A U BEKT 2 DD, Eil T
KOBu NFEET BB ST TR P ALOR T v b ALSE Z BE 5%, Ak
DOZ7EMEPEZ -7, B LIFAE R MY 7Y U U AEHERO NHC BIERORE
ERENMENWA TH S & Bbhi,

Scheme 2-33. WEIFIVEELZ VB X0 A ARG BOG DR

o 74f (5 mol %) 9 O 2
©)LH K,CO3 or DBU (10 mol %l O E /\O@\@N,Hex
THF OH 5 HeX’N@N

50°C, 30 min. trace 74f

F I T, s WERERTH DR Y v AL DBU W C R EITo T2, L
L. 1F&AERISITHEIT LD > 7= (Scheme 2-33),
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Scheme 2-34. T4f D51 7 > X — T =4 A&

2r N AgOAc (4.0 eq) 2AcO”
Hex’N@N MeOH HeX’N@N
N MW N
74f 100°C, 5 h 74t
quant.

FIWIEILTH NHC AT DH L5, BEREEH ST 4 Oh v 2 —T =4
Z5H L7~ (Scheme 2-34) 42,

Scheme 2-35. 74f’% A=V A UHEE B

o 74F (5 mol %) Q O
H KOtBu (10 mol %) O
THF OH
70°C,1.5h 25%

(At rt, no reaction.)

0 74f (5 mol %) 0 O
©)LH K>,CO3 or DBU (10 mol %) O
THF OH

70°C,6h

trace

T4 % X2 A UHEA SO NHC gk & LAV 2 (Scheme 2-35), KO#Bu
ERWTSA . MR LT & 9O Z2SIBAHL TOSIEETE T, ERARIE TR
DT LI b 00, PERITIKT L7z, ke LTmEEL U v A DBU 2 VWi
AT, BEHTHLEBSFMIZBWNTHIZEA ERINTET Lo T2, ZLH DO
BEnh, NHC HIBRADO S 7o —T7 =4 %, NHC ORE LT ICHEVE
BRI DRI S LTz,

A¥m 1,2,3- MU 7V U U A E NHC BB V2 _y Y o UHEEIz B0y
T BN T2 IRE L TORE LN, RN Y A AEE RIS
LTWRWDMN, ZiLE bARBEDORFENNRPN BN 2O E PO DT

B, NHC iz X A OSBRSS b AT 5 2 & & L,
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Scheme 2-36. Bode HIZ L 2WIDL 2 F AT AT ROKRED v 7V v T RIGH

86 (15 mol %)

A)?\ DBU (9.9 mol %) o i o
PR Ny ~ pn ! N
tBuOH == b Mes~ NN "Mes
40°C, 15 h 87  pn | 86
60% :

cis:trans=3:1

Scheme 2-37. Scheidt HIC X BHID LV F LT AT v RORFRED v 7V > 7RG

Ti(OiPr), (20 mol %)
(R, R)-TADDOL (20 mol %)

86 (20 mol %) E Ph. N
iPrOH (15 mol %) ! o OH
o) DBU (15 mol %) i Me OH
/\)J\ 87 | ><o
Ph H CH,Cl,, -20°C py{ Ph

60%, 60% ee
cis:trans>20:1 (R,R)-TADDOL

Scheme 2-38. Xie 512k D T AT VT v ROFMS FMIERIRFTRE D v 7V o 7 Kk

88 (5 mol%)
0 KOtBu (10 mol%) !
- 87 ! ®, 0 :

Ph/\)J\H : N PN
THF, 11, 18 h Up to 64%, 22% ee | [)
cis:trans >5.3 : 1 l}l X@
R

88

2004 412 Bode 513 86 # NHC milifk L LCTHWA &, v F AT AT E ROK
BT TSR EIT L, BRILIK 8T MG HN 5 2 L &#HE L TV D 49 (Scheme
2-36), AL DARFALIL 2010 4E0 Scheidt 5 & 2013 4ED Xie H DA 2 FlDOIT
H Y . Scheme 2-37 IZ/~9 & 912 Scheidt &1 7 VBT & V2 Ti Rl K AR
F T B W) % e 60% ee TR TH Y 449 Scheme 2-38 12787 K 91T Xie HiEF
FNAIZY Y T AR NHC HiBE L LTHWTWA DD, ZDOSEAERIR MK
= 22% ee (T & EF o TUNTz 44b)

FOGAER) 8T 13 2 DOARFIRFBENZNIZT B b EZHLTWHHDOD, EDE
PEEE RN D RIS R TO T ¥ IALAMET b, BEIEFEET Th > THRISDR
FENARETH D L&, ARG LT,
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Scheme 2-39. T4 Z /2> > F AT VT8 ROKRED v 71 TR

0 !
o 74 (30 mol %) ' 2X- N
KOtBu (52 mol %) 0 : 7 \N-R?
Ph/\)J\H o 5 @Q@N@/
THF, t, time — - RN
g7 Ph 5 74f; R®= Hex, X = |
using 74f; 52% in1.5h ! 74d; R®=jPr, X = |
using 74d; 50% in0.5h | 74k; R® = Ph,CH, X = Br

using 74k; 21% in 4 h

74f % 30 mol %, KOBu % 52 mol %AW THIE CAMIGEIToT2E 2 A, BHY
87 73 52%ILHE T H ALz (Scheme 2-39), R 1~ EOEHILNREZR 57290,
R3S T VX LVIEETH D NHC FibEA 74d (R3= Pr) & 74k (R3=Ph:CH) % HW
TRINEITo 72, T4d DEGETT, R T VXNV TH D956 & I TRGHE D
M ERHLENTZ DD, TERIIEIRFRE CTh o7z, T4k OHEIISHEDE < 72
ofz, L LTE, B HGMEY T 2o AFVEOFRETRNI 7YY U LR EO

Table 2-9. JE22H9IZ 4K T4 % BV 7'a N OERMEENME T L, NHC
VUFTATITE ROKRED TV v TR e en .l s
BRNIELS ol 2 L& 2
o 74 (30 mol %) O AR 12 Bron
KOt-Bu (52 mol %) Do
H MS 4A o)
| Ph 2X N
Ph THF S N 3
i, 1~15h 87 N@”’R
Ph R3'N@N
N/
74
Entry 74 RS X Yield (%) Ee (%)
HERT e A 1,2,3- U

1 (h)-74a Me ' 47 4 YV YAK T4 EANT, KiRE
2 (+)-74b Et | 21 2 . B
3 (-)-74c nPr | 0 nd* ATo7zfE R %A R”4 (Table 2-9), X
4 ()T4e nBu ' 28 4 JEIEERIR, 1~1.5 h Tl HElT
5 (-)-74f nHex | 66 6 U
6  (+)-74g Bn Br 18 8 L. mElEE 66%, 8% ee THBIW)

87 w527~ WCRNHFEELLT &
Figure 2-8. SIS IR T b 7 B % 2 2o TVBIRRR, RISHRHT
2r NHC WEIE L7244 THDH EBbi

N/N\(\M
N@Q@@N' v . %, 74a (R3= Me) DA TIHH A
Me™ AN . 7 FIALI = 57 R U T — 28

\N-M
mo T \
Me™ NN B THY ., NHC 2B 2 F i

-
l NHC derived from 74a REHIELTRERTH S &b
% (Figure 2-8), Ee (3#H 8% ee
THYVEWVETESH L bDOD, K

o SO aNg o
e A Me,@@@@g IR CERIAERIT T T ¥ 3
,_

N (L7 T & SRR S i,

*not determined

Kl

Demethylated 74a



Scheme 2-40. JEFEANIHEEZR R Y TV O MEEAW Y T AT AT e ROKRED 7Y > TG

, 28 N
’ FQQN@”’““
: Me’N@N

' N

0 74a (X = 52)
O (4)-74 or (+)-89 (30 mol %) ; 47%, 4% ee
KOtBu (X mol % 0 ' B}
- ( . : Ph 28 N

: N~ SN-Me

Ph THF, 1t, 1 h ~ | @NOO@/
- ~N

87 Ph | Me \N/

: 74t (X = 26)

22%, 4% ee
-

/N\ NHBz
nBu_N\/‘:>(
nB

u
89 (X = 52)
30%, 36% ee

XA ® 1,2,3- MU 7V U U A (H)-T4t %2 NHC gilf{EICHNT, T A7
T b RONAREIRFRE S » 7Y v T RIG%4T - 72 (Scheme 2-40), 1% 572454
87T Deeldd%ee THVY, [EHYK T4a ZHW\TZH AL EDOL RN o1,

INETAER NI TV U ULAREOERRSRER T LOBBELZHREFT L TE2D
DO, LM & BSLIRERIRINCIGS Z N TE o T, T2 T, FAICT 2 K%
BT HHFHNAE MY TV 7 LA 89 AL, v AT LT B ROSKER
IRED v 7V 7 ROSICABERTERAR & U TRV, TOMER, IRICITLFEO RN
HHHDD, 89 & MW IT LRI ML= T 36% ee £ Tl L7z,

MIE 22 2 BB Tlde< . K0 7 Lo 7 AR Bk 28> NHC BiE % v 55
T YT ATIVTE ROKRED v 7V THERYOSLASEIRE RS 7] B35 FRbho

o Otk PR EOT-HIZIZI NHC OLZEMZ @D HMEDBMELZ L BND,
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A OEFEMEA YR 1,2,8- N TV U U A O T = L ERERERAL ~D s

2002 FEIZPEIL DT, WARBFEZETIHIFTINAIZS VI LD 2 —T =F
ELTH- I 77 —ZAx— b ZHWIHNMR ZHET S L. 2FHOY T AT
LA~—ICHET D7 I ABNER SN2 LERELTWD 9, 2 TARIA/MKL
TeAeaXI7 V7 40— AT H5REICE, FEROBEN H D D E D »7= (Figure
2-:9), 7EIEKD T4g IZOEDE Y ¥ —RIED VU A EERHSE I o2 —T =
F B E AT o72% ., THNMR ZHIE Lz, ZORER, h v Z—T =4 23 Haix
2AROFT Ly NE—=I DGO DD, REHIZ_FEO YT A7 LA~ —I|ZH
KTDARODET Ly hE—IBRBGONT, ZOZLIE, RAER NI T YU UL
DX TNIRT =AU ZBABBTHDLZ L ERBL TS,

Figure 2-9. 74d 7 =4 L FBFRERAL~D i
Ha Hb
Hb Ha
* = \
Bn—N( N—Bn
AN Ha Hb 2Br~ (Rac)-74g
5I2 - I5I1 S 5i.0 49
Ha ,—Hi (P, S,S) Hb Ha
Ph, OMe N
| | 2 K B g;h \ N—Bn
M | / /\ F;C CO,~ =
JLU ‘I\ L L Ha Hb
A J_,_,J. UL_ (M,S,S) Hp_Ha
IRy T - 2 Ph, OMe * I}I:’S\
52 51 50 49 F3C/<C02_ Bn_N@\l "//I\/N_Bn

Ha Hb
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S — S Y2\
oy BT D5 i

SEERLIZAERER 1,2,8- U 7V U 0 AITF T LA A iRk L LTk
THZEE, NHCHBRAE LTI T AT AT E ROKRED 7Y v 7 G2 TS
EONDZENDPoT, LLARRL, REKIGCO ZEZ WSS D&MD
TS U FAIEPRIEITE D o7 (510% ee) s ZOREKIE, 25D MU 7V U 7 AELAH
HWZIEVLEIZS 5720, @< Z N TEF, ZORREARFEADRIME
{TpoleéBZEZBN5,

Scheme 2-41. At'1@ 1,2,.3-~ U 7' —/L 90 DA A

3
MeOZC COzMe
?? B X > MeO,C.__COMe

90
Et0,C._CO,Et
T 2.0eq.
NaH (2.0 eq.) EtO,C CO,Et
cl HMPA (2.0 60) )j/m +-BuLi (3.0 eq.) Etozc>£2Et
CI\/\Cl o ! . %
THF, 0 °C to reflux, 24 h Cl THF, -78 °C, 90 min. 94

93
74% Compl§ mixture
ZIZ T, BVWO MY T — VLT ERICALE T D 90 DAL Z R A 72 (Scheme 2-
41), 901X 7 ¥ K91 O4r N 7 )L Huisgen MR XV AR A[RETH D B %,
9L IFVA v 2 LVFBEAETHDL LB X T, T 2 ERDOET NV E LT, 2- 2
F~n PEY = F U a BN, TG A F L LD = F = )b 2 JREBOS 40 %
BE|ATHoE ZA, FHE 98 IISELNT-H DD, +Buli TOLIREIZITEHMERIE
EME G2 DR THoTz, ZOREIEL, 2 OO F = VEOEAEZNLEL TS 92 D
BRBANEETHL Z L ERELTVND,
2oOD )TV T AL AT SIT - A bAEMOBERNNETH 72720, Kk
A~V ALEMITIER LT,
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HHOCFREEA~Y BB 2 1,23- MU 7YY U A ORISR

i FTNANT DT LM AN T AN 2 CFHERO G L

Scheme 3-1. {EH:HIC XL B AF V91~V B DERL

R1
OO 97-99 (10 mol % / V)
HO
O 1) oxidative couplingl]

2) Lewis acid-mediated
95 cyclization

R'
% B R2= (R, S.9)-97
Up to 94% ee R? = Br (Ra,S,S)-98

FOITHES: 6 1%, Scheme 3-1 12774 2—F 7 b—L#F#EIK 95 DB v 7V v VRt % ¥
TINNF VT QT AT BERFAR T TIT o2 A By TV TG E A
ABEAEAEIC X B BKBRLSUG AT L, A X0~V B 96 N—RIZB bR b 2 &

WG L TWD 47,
Scheme 3-2. /X F U7 AEZ X B AP~V & 100 O A AT

7z
z

Vanadium
Catalysis ‘
1) Enantioselective

Oxidative Coupling
2) Cyclization

oH 102

100
Oxa-Helicene

ZIZ T, ZORIGINAE R 1,2,3- 8 7=~ 2 OERIZHIGHTE 20T
IRWNINEFZ X W EIT o7 (Scheme 3-2), FU 7Y U w7 ALK 100 135895 R U T
Y=L 101 O N=T7 XU ThHondbos L, 101 1% 2—F 7 h— /L8R 102
D, FTNARF VT NN BRERS T~ 7Y 2 T ROG & #9E < BAKERALEOSIZ £ 0 15

bbb EB XTI,
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Scheme 3-3. F& 102 D&,

TMS—= (3.0 eq.) TMS
Pd(OAc), (10 mol%)
dppp (10 mol%) I

HO on %% Meo y CO,M
€ 2Vie Cul (10 mol%)
— MeO CO,Me
THF/EtsN OO

103
Stara and Stary et al. Eur. J. Org. Chem. 2007, 4244, ;10;
||:|) 0
™S PhO” 1 ~OPh
N3
LA, (15 q.) DPPA (1.2 eq.)
IAIF4 (1.5 €q. DBU (1.2 eq.
- . MeO (1.2eq)
OO toluene
105
Quant.

HBr / AcOH

102
73%

7 7V TGO IE 102 D&% 7~ 9 (Scheme 3-3), 2,7-Vk Ra¥ o7 L
> A HFEIFEHT V. 4 BRSO 2D D HEEMY) 108 21572 49, 108 D Y A F /LY
NTEF LU EOREED v 7Y I RINCEY 104 275, KFELV TF U LT LI =

AL DBILODOHIZT V=2 —)L 1056 1572, 105 |Z DPPA & DBU #{EH® 5 Z
LT, B ReX Eo7 Y NMe, $i< 407N Huisgen IGDEIT L7ERER, R T Y
—/L 106 73 T5%INR TR Oz, wEIT, 106 Ol A F b & RALKFERE & B L -
TATV, 102 % T3%IL R THH7=,

Scheme 3-4. ¥ 7 /N F V0 A X 54 F A~V &2 101 @/\mﬁd

N (Ra,S,S)-97
N (10 mol%)

‘ NN ——
O, or air

HO
O\”/O
OH 102 o
Solvent Temp E Bu(R,S,S)-97

toluene, acetone, CgHsCl, CH,Cl, ~100°C

102 OFEALHI S ~ 7" ) /&Jiméﬁmw_(scheme 3-4), fibtlit L U C(R,,S,9-9749%
HAWT, fix O, =|iRN5 100CE CIREAZ(LIETRISEITST2b DD, Kk

2T Lo Te, ZTOBHELT, 1,2,3- M 7Y — VEALITEREEICKT LT
B 7 & LTE 2 ERHBE SN TEY 9 ARISICBWTHREALA /ST U7 A
DM U CHINL L 72 72 OARIEAS S0 L7z 2 &R0, 102 OB IR kb3 2 TR ME MR
ENEBEZLND,
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A OLREMERIE G S U R W R T AU & UEBERD T IIRERL

FEIR A S 7 FERIE A W ki > 7Y VR, 1996 AFIZE DT L0 R
SN0, 615, ETEEREEHEIAY 107 12 BF:-OEt /77 T, R 1lia v
FHIE PIFA ZEHSE L2 LI XV NI v 7Y U ROSDBEITL, BOEY
U —ALE Y 108 Z e 99%EE THROND Z 2 HEL TS, £, oMl y
TV RIS HEARETH D Z &b 1999 FFICHE L TWD, £ZT, ZhbD
UG ZEFHx D~V B GRA~EICHTHZ &L,

Scheme 3-5. AL HIC L AHOBIETAM I v FEREEZHNLET YV — Dy 7 Y VT RIG

R1
2
rR¢ R R® PIFA R FACOCOL, OCOCF;
BF ;- OEt,
R3 ) CH,Cl,, 40°C R® [:E:
n
X
107 108 PIFA
R'-R® = H, OMe or -OCH,0-, Up to 99%
X=CH,, NCOCF3,n=1,2 Intramolecular: Kita et al. Chem. Commun. 1996, 1481.

Intermolecular: Kita et al. Chem. Commun. 1999, 469.

AN EHRIER N T Y — L OAERKEE LT Scheme3-6 DL HIZEzxT, T7hbb,
HI L T2 FRNIC 2 5D 1,23- MV 7Y U U LAEMiE AT 54 FH~Y &2 100 1%
MIETH R T Y= 101 O N=TAFbick-THEonsb0E L, MY TV —
V101 (Y7 U — e —7 )1 107 O il =2 vEREE vz, o 7FReE T ) —L
By TV TRORZ LGP AIRETH D LB R T,

Scheme 3-6. AW~V &2 100 DA AT

Intramolecular
Oxidative
Biaryl Coupling NN N.y

N—/ \ N
O

pionar LTI
107

Oxa-Helicene

H w7V T RIGHE 107 OB KRGS R %~ 9 (Scheme 3-7), BRI TH 5 RAL
7Y=L 109X 2,7-Vt RuXxi ;72 L unk 2 BRETEMR LT 3, 109 12 2 b4
A FE T C 7T-A ¥ 277 = ZEHSESZ LT U —L—7 /L 110 7
TA%ILEETHE, 110 O =EALR U RIZ L AW A T AALIZ LD 95%IE TU A —/L 111 %
372, 111 @ NBS % W7o i@ @R R FE S il o> A Y Fa vy I A7
FETTITV, 112 & 92%ULRIT TR,
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Scheme 3-7. ~ U 7 V' —/L 117 D& Rz

PhsP (1.2 eq.) Mel (5 eq.)
HOOH Brp (1.2eq)  Solvent removed BFOH K2CO; (3 eq.) Br\“/e OMe
MeCN 250 °C, 45 min. acetone
70 °C, 30 min. 108 t, 24 h 109
Crude 51% for 2 steps

HO OMe

CuBr (2.5 mol%)
CsyCO3 (1.1 €q.) Meo\“/COOOMe BBr; (3 eq.) HOOOH
NMP, 160 °C, 24h DCM,0°Ctort, 4 h
110 11

74% 95%

CO balloon
Pd(OAC), (12 mol%)

12 mol?
NBS (2.2 eq.) dppp (12 mol%)

Br Br
Br Br EtsN (4 eq.)
PraNH (10 mol%) HOOOH TH,0 (3 eq.) Tfo\“/o\“/on MeOH (20 eq.)
DCM, rt, 20 min. 12 DCM / pyridine OO OO DMSO
92% 0 °C to rt, overnight 113 50°C,6h
: 88%
TMS——== (6 eq)
Pd(OAc), (10 mol%) ‘ ‘ ‘ ‘ )
dppp (10 mol%) LiAH, (3 eq.)
MeO,C CO,Me Cul (10 mol%) MeO,C CO,Me _—
- THF
OO OO THF /BN OO OO 0°C to rt, 45 min.
114 reflux, 38 h 15
96% Crude
™S \N“N
H H DPPA (2.6 eq.) N
_ DBU@Ieq) o
OO e O TCO
16 . 50°C.1h . 17
33% for 2 steps then 100°C, 16 Not obtained

Complex mixture

VA=V 1120 X iE M) 7T — MET 5 Z & TL118 & 88% IR TR,
118 [T —LIKFEFZHK[I T TR T VT LMl e 2 2 ) —VEFHSE L2 & TAF L
T ATV 114 ZHB70b, VU AFAIATEF LU EDOBHED v 7V v 7 KGRI
Lo TV 115 %572, 115XV VXV ERHWE D T a7 ua~ v T 74—k b
AN TH 72720, A FXR IR AVIEDOKENY) F I LT LI =T ML D
BILODHIZ, 3% L WEDORMPHH OO, VA —/L 116 Z157-, i, ZD
FOGDENVERNEE /) A MAbEWTh o7, ¥4 —/V 116 DT ¥ R{t% DPPA & DBU
ZHWTITWD, 5=y T7 Y R 118 2% D £ % One-pot T80 CIZHIRT 5 Z & Thi
<A FINHZ 7V Huisgen K& 7oA, BIETH R 7Y — L 11T 13561
T BHRIRAEME G52 DDHTh -T2,
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Scheme 3-8. kU 7' —/L 107 D& kRFT

T™S T™S

It It DPPA (2.6 eq.) \ \ \ \
DBU (2.1 eq.)
o N .
OH N;
toluene toluene
16 50°C,1h 18 80°C, 1.5h
13%
TBAF (3 eq.)
_
THF
0°Ctort, 2h

17

Quant. Not obtained

Complex mixture

117 1 3&ER, EEMESEETICB W TALE TH D Z EDBRBINT-ToD, 11T DIGE
M EZBELTETIET Y MeE% 50°C, 1 REE ORI TRT LR Z il L 7o
R, HEH 116 13- TELT ., RCHHETHL VT ¥ R 118 2% 13%INHE THLAES
HfEFR L 72 5 7-(Scheme 3-8), XA TILTE /7 ¥ Kb EARKRLTWD Z £ THNMR
’Cﬁﬁp \CEIebDD, TLC =41 7 (BRAEE : ~F Vo /ozFro—7r=1

1) TIERESIZIRW UV IRINZ T 2 ARy bRER SN2 L, AE 116 7 118
ii’ﬁﬁé MR T CHfRL CLE-TrEMNH D, 5047 118 % hrx 1 80°C,
1.5 BFHRESE D 2 TER R 7Y —L 117 RERMICE LN, 0% 117 ©
TBAF (12 X% TMS £EDOREEZRATZLOD, B E T2 107 13500 T EHERIREY
HHZDHDDHRTHST,

ZIZ T EARMY 7Y=L 11T Z HWEBIFE Tl 3 7 FREC LD o FARREr e
V=V 7 ) T i % Bt L7z (Scheme 3-9), 117 (2% L T 1.4 248 PhI(OAc):
& 6.0 HED BF::OEt: Y7 nnxx b W) 7utnx ) — WRARES, —
78 CH 6 — 40 CIZFE —RFHH: LS OET 2 Ml Lc b O 0 SO ida < 1T
Lo le, £ 2T, EHI26.0 HED BF;-OEte %‘:Dnzt%@@ﬁm T EITET
FEZ BN DA THY 119 1T 6N0R1roT, U7 U —nx—7 VIEDONRR
MEEIDL ISR THHT 72 VB IR ERES Z ERREEC /> 724 TH
HEBZOLND,

Scheme 3-9. R 1li 2 U HFRIEZ A2 11T O THNET U —vd v 7Y v 7 KGR

N,/N ™S ™S — NN PhI(OAG), (140 mol%)

\ l\’l BF3-OEt, (6.0 eq.) BF3-OEt, (6.0 eq.)
n.r nr .

o}
DCM/TFE = 30/1 (0.02M) 1h
-78t0—40°C,1h
117

119
Not obtained

FIT, Ay T RIS L B~ ' 100 DA E %% L 72 (Scheme 3-
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10), AF ¥~V = 100 136 ad 5 7 U —/L 120 D4y 1-NEAER & T15. 120 1% 106
DX FZ VBRI T vRREEA NS THET V=T 7V TRISTELND
EEZI,

Scheme 3-10. 3 FMET V=B v 7V o FRIGEFAND A X3~V &2 100 O ENT

Intermolecular
Oxidative
Biaryl Coupling

N Arl(OAc), ‘ N~y
> N

100
Oxa-Helicene

WIZ 106 OF1 > 7V o T RISIZENT, ETITERE 73 v EZREOMmF 21772
(Table 3-1), PIFA (Entry 1) =° PIDA (Entry2) %MW 7235E8 123 EEE ORI H
LD DD MARINERLRN S FOSEIT L, B E T 5 120 2 H—OALERMEAR LS LT
1372, —J7. [PhIOln (Entry3) <° PhICl: (Entry4) # MW /=35A10i3siE4< #
T Lo T, Bt LRl 2 v H#Z RO Thie b OS2 ETT L7z PIDA % i
T, EPTIEIRCEEEORE 21T > 7 (Table 3-2), TFE, HFIP, DCM % W\ =412 %
JEDEIT L, TFE 2 W= HE12 39% IR THERRM MG b ivlz, HFIP & W86
IR PME T LRI, FOSTEEICBOWTEREAEL LA THDEEZOND
(HFIP OfhRix—4°C), F7o. AKISIZH WS BFs-OEts O &4 i Lo fb R,
8.0 Y EMWIZIGEITHA T 52% WL TH v 7'V v k% 437-, BFs-OEt: % 3.0 4 &
FAWEHEITIHIEE A ERIENEIT Lo 2Bl E LT A D v 7 RS 1T
oA AMEHNED 1,2,3- MU T Y —VELE A LTV D72, £ O BFs-OEt: & OfFHINE
Thd 1,23 )TV VT LEOAERRD, BRI ¥ RZRIEOTEMHEI IV HEEL T
X722 ThD EHERISIND,

Table 3_1. %ﬁ%ﬁﬂi g ]7 %%ﬁt;%@*ﬁ?ﬂ‘ Table 3-2. BFS OEtZ D \é,l % k (ﬁﬁi*ﬁ?ﬁ

PIDA (110 mol%)
BF3+ OEt, (X eq)

‘ N-N Hypervalent iodine (110 mol%) 106 120
O \ Kl BF;- OEt; (3.0 eq.) Solvent
—40°C,2h
CH2C|2
OMe 06 —40°C,2h Entry Solvent X Yield (%)
1 44 39
2 HFIP 4.4 18
Entry  Hypervalent iodine Yield (%) 3 DCM 4.4 35
4 MeCN 4.4 n.r
1 PIFA 2.4 5 toluene 4.4 n.r
2 PIDA 76 6 TFE 3.0 trace
3 [PhIO], trace 7 TFE 5.0 41
4 PhICI, n.r 8 TFE 52
9 TFE 10 42
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Table 3-3. PIDA Y& & iR

PIDA (X mol%)
BF3+ OFEt, (8.0 eq.)

120
106 TFE (Conc.)

—-40 °C, 30 min.

Entry Conc. (M) X (mol%)  Yield ? (%) Comment

1 0.04 110 52

2 0.04 110 16 TMS-OTf (3 eq.) was used instead of BF3- OEt,

3 0.02 110 53

4 0.01 110 48

5 0.02 110 30 BF3;- OEt, was added for 30 min. using syringe pump
6 0.02 60 67 ~15 % of 106 remained

7 0.02 70 89 Yield of isolated product

a) NMR yield using 1,3,5-trimethoxybenzene as internal standard

I PIDA O & & ISR ORE 217> 72 (Table 3-3), 1235\ T BF3-OEt2 DfX
HVIZTMS-OTf Z# HW TG E T2 2 A, IERIMMET L7z (Entry 2), WRIZE
RIEORF ZIToTofER. 0.02 M ICBWCETOREEOR BN R i, BTl
UERREDOYBOMFZIToT2MER, 0.7 YEAWTHE ’HR% X 89%FETH LT

(Entry 7), Z®OPEH & LT, PIDA % 1.1 ¥&HA W= 8HA I IRE I SIS E R & H 5
N5 ARy A TLC ETHEI SN T2, ég%:/&m“_ & TR SIS 3l &
Nzl tEx2 65,

Scheme 3-11. ¥AMBE & SOG TR EE BT 0.0
|

N—N H;C CH;
N b ONER
PIDA

‘ N~y PIDA (70 mol%) O

O \_l|  BFyOEt;(80eq) O
CH,Cl,/CF3CH,OH = 30/1

—78t0-40°C,1h  MeO

2.94

0.9
—
N
(=]
—
L

w) 4.5 ppm
A JL_J_

8382818.079787.77675747.3727.17.06.9 6.86.76.66.56.46.36.26.16.0595.85.75.65.5545.3525.15.04.94.84.74.645444.3424.14.03.93.83.73.635343.33.2

FOSTRESE OEt 21T > 7245 %, Scheme 3-11 (2773 K 912 PIDA % 0.7 4 &,
BFs-OEt: # 8.0 Y &M, Yrmuxx b N 7taxy ) — WRGEEH,
78°C C BF3-OEte /N2 —40° CIZHIBZ — T 562 & T, BETDHET Y —
V120 73 95%INR T, H—DAERMERE LTEONL Z LR L,
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5 E OEEEMERIE T 2 U R 2 VTR T LAY & R D =T T Ak
NGRS

Q= F U F BRI ET V— B v 7V v T RSO RET

106 DT VU —v v U T RIGE, 7 /VEAR T vEREE )
FABIRNAT O Z M TEIL, ANV B OZF o F RN EENARETH S &
Zz 5615 (Scheme 3-12),

Scheme 3-12. #JFEfli 5 7 FAIEEL N2 FHET V= v 7V o ZROS 2 V%
100 D& RLfFAT

Intermolecular
Enantioselective
Biaryl Coupling

Ar*I(OAC), ‘ Ny
> \ 1

100
Oxa-Helicene

X 7V RA 2 7 FERAIE A REFALSOSIZ W D BFFEI. T AT DIl TV D
(Figure 3-1), dEHIZFA O EKREZAT 5 X T /LB 7 = Wﬁuﬁﬁé@ﬁﬁ%%ﬁo T
%52, Fio, E. A S ITIERE RO = 2 T VB E Al = U FRESS, 2o 02 %
?WMK/—VF@@E%%E%TTO T3 9, ZO%k, AFEL L C2/FeT I I, REEORK

CHOMER T U T 0 — 8N LTOBE A S U RAIEMAROBFE 21T > TV 5 59,

Figure 311, %7 RIRES 7K Fujita and Sugimura et al.
I or I(OA

Kita et al. |(OAc), orl(OAc),

\‘)LOF# RSOJI\/O j)I\ORS

/ R4
R" = Me, iPr R*= Me iPr

R? = Me, tBu RS = Me, (-)-Menthyl

R3 = H, Me, Ph

Ishihara et al.
o I or I(OAc), o
A0 o\‘)LY
R® R®
R® = Me, iPr
Y = NHjp, NHPh, NH[(3,5-(CF3),CgHs,
NH[(3,5-tBu,CgH3], NHMes

X' = H, Et, Cl, CHMeOAc, CHMeOPiv,

CHMeOMe, CHMeOBn Q '
X2=H, Br, Cl MeS)LN/\rO\@o\/\ N
H H
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Figure 3-2. % J /W7l 2 v FRAFEOMGT 1

Hypervalent
lodine Reagent (140 mol%)
BF5-OEt, (8.0 eq.)

CH,Cl,/CF3sCH,OH = 30/1 (0.02M)
—78t0 —40°C, 1 h Me

IOAc), ¢ 0AG), O I(OAC), AcO 1 OAc
MeoJl\:/O\(j/o\‘)L Me MeO™ \‘)LOMe O O
(70 mol%) 1212 ‘—...:'
95%
61%, 20% ee 121¢ 122
48%, Rac. Trace
0 I(OAc), O 0 I(OAc), O CFs CFs
A o 0o Moo~ O O A oMe 0 I(OAc), O
MeO™ OMe H JJ\,O o
121b Cl B
25%, Rac. 121d 123

14%, 12% ee 48%, 24% ee

All yields are NMR yield using 1,3,5-trimethoxybenzene as an internal standard.

X T VBTl 3 7 #EREEE 106 O~ 7V v FROSIEH LT iR A2 <7 (Figure
3-2), AU A FFX T ANR=NVIEEGT LRl 2 7 HFR3E 121a # O TG E
IToTofbR, BE 106 DEUSHK THRICZ S BINE N/, M&EE 0.7 YE&ND 1.4 Y
BICHCdT 22T, BT U =1 120 28 61%, 20% ee (2T DALz, AR DILHESCST
REPRMEZ M ESE DX AT R LEOEBIE L L TAFAETITRA Y e ek
ZHWZ 121b DA, IR, ee E HIIKTF L, I UVERBETFBFBEAELTNWDEIRU B
BREOBE#HLLE LTI VHRRFO pMICAFVE, 7o a8 AL 121c, 121d %
Bt L7=b 0D, ARBD ee 13 E LA ->7-, b5 DOBI%E L- A B o AR E i =
7 FEEK 122, AEOIC L VBRI NT 3,5-E A | U TFa AFILT = =)L T L NE

ANFEEGT HEIFE NS U ERIK 128 ZHWEHE 1E & A ERISBHEIT L7200 D,
HEITLTH 121a DA LV IEENME T T HH5R & foeof:o
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Figure 3-3. ¥ 7 /VER7ili 2 v FAFEOMET 2

Hypervalent
~N lodine Reagent (140 mol%)
I

N
O \_N BF;-OFEt, (8.0 eq.) ‘
CH,Clp/CF5CHZ0H = 30/1 (0.02M)

Ome 106 —78t0-40°C, 1h
0 I(OAc), O 0 I(OAc), O 0 I(OAc), O
MeoJH/O\@/o\‘)LOMe iPrOJl\{O\©/O\‘)LOIPr tBuOJ\:/O\©/O])LOtBu
121a 121e 121f
61%, 20% ee 65%, 56% ee 36%, 68% ee
0 I(OAc), O /@L I(OAc), O CF,4 I(OAc), O
@\oj\;’o\@ofj\o FsC OJ\’O\©/ ])LOJ\CF PhOJ\/O@ \‘)j\oph
121g 121h 121i
50%, 48% ee 83%, 33% ee 42%, 6% ee

All yields are NMR yield using 1,3,5-trimethoxybenzene as an internal standard.

Figure3-2 OMFHERN D, BH., RS Z VB 7l =3 v HZREN BRI e iE R 4
IRTZEDURIBREINTZ T2 RIRO = XTIV DR S\ CE LR L 7= (Figure 3-3),
ARKRTANR= N2/ LT VBRI E 7 FERAE 121a 2 W56 61%.
20% ee THHOTZHLDD, A VT aRFL IR )VEEZET LRI 121e # - &
Z A, 5%, 56% ee (IZTET U —/UbEMNRELNTZ, T ax I R = i
DSLARHI D E 8 D ERP DO SRBRIRVEIZ BV BN B D & X tert 7 X T LR
=N EAET AR T vRRIE 121f AW EZ A, ZNETTHRED 68% ee
I CERDDEONT, LVNSEW1-THX~ X )X DNVR=NVEERTSH 121g
R, BIAER 1,1,1,3,3,3-~F T vt YT aRx U VR =R AT 5 121h
ERIGICHAWEZE Z A, BIERTh vy 7Y TRBELNZ L OO, T ) T 45
RMIMET L, £72. 72 VARV EAHET AR 73 wERK 1211 %
AN & ZAERMO ee 1% 6%&7e0, 7TV — VT AT VIREY THD Z
&R I T,
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UL EDx 7 VIRl 3 0 SZaSERR G F 0 & L ARG D SLARSERPE TS Bl 4 52
L72(Scheme 3-13), £, AE 106 73 7 /LHJFE 7l 2 7 &3 121 12 K-> Tk =
N5 LT FTNa— K=y MMERRIK 122 23550, AFICH LTS 5 —43 10

WHENREBHSZR 2T 2T, E7 U — AR 120 2 ARIRICE NS
LB, A—RTL—uMGoNnb, ZOHERKGHEMEICENT, 7 V-3
UERRIEDO T AT VIR ETEE THY | DONIEWIEE VAR = NVBRIF 11 E
TR I — R AW F A EAACKH L TR LT K 2 ZOfRE LTIV %)
RO ARFREAEEL TVWHIDOTIIRVWNEEZOND, £1-. ¥ T LI —F=U A
WHEAWEAFTERICE L TUIBEE LN, v & ) Do TV —ILRSIZBW T, B
TFIVERERTHX TN — R LHEZHAND 2 LT, BHET 57 Y — bk %
im 53% ee THRHMN D Z & WA LT\ 5 ),

Scheme 3-13. KT U —/Lh v 7V > 7 KIGOHEE K H%

Chiral lodonium Salt
Intermediate

MeO I I

\ MeO I I
106 0\ Q J
0 I(OAc), O N BFy >—< 106,
. 5 ; N

OR
ROJ\./O o} oR BF3 OEt,

121

BEEDIZX DS

COzMe
:: I(OAc), ' aSn BFg'OEL :/\wh ___kou OQMe +
Up to 71%

Up to 53% ee

L2rL7223 5, Scheme 3-14 (2R &K 912, A3 = U FRAIELZH e 7
V=T o7 ) T RIGORISHEEE LT T A7 VR EZIRE L TR, 2
OFEEIZE L TISISIRE D UV AT L ESR A7 MWL HER SN TV D
59, SUSHERENE LW E 3572 51F, = v F AR EERE O R 3 CRR 1
I UHBRREBEKDOXF T NENNE TN TN, ERMIZ T EIRE L TORED
NHETTHD, LLENDL, RESIZBW T FARRKICH v 7Y 7R
DFHLITWATED LD DB L T D RSN & T JET 2 OO D 7=
BOSH AR D BB 2 AT b DO LR i LTz & b 28R G %%516
DHToholz, EDH, Bl R CIREENGHLI WS DD, A=) o F 43k
RGO NTZE NI FENL  BELLI AT AL T VAN TIE R 3— R=y aifgHh
MAZRE L CREPEITL TS EEZX TS, LLAERL, ARWD ee 3
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JEIZE EFESTND IR0, ARG E BB TITo e HEIIE T B IR E L TERDN S
%MTwé:kﬂ%xﬁm%%kLfﬁ—%ﬁ%ﬁ/7yww¢%m%ﬁéﬁ%ﬂai
NTWDAREMED B 5,

Scheme 3-14. AL L DB L TWBET U —Lh v 7V o 7 Rt OHETE SO EAE

Cation Radical Intermediate

R B
1 1
R5 RZ R R
R4 5 2 5 2
Q PIFA | Rt R R R R R
_>
R3
X R )n  andlor R )n
107 X X

Kﬁﬁ%ﬁa?ﬁﬁ%%mmkz%y%ﬁ@w%ETU~wﬁyfuyﬁﬁm@—
rEE R 7-0ls, moREE AW fER% Scheme 3-15 (277, T 7% LB EIC
%b%vﬁ@&%ﬁﬁf>m3%ﬁwt AP, 227 8E6-A RFTF T XL (125)
WS AEITIE, PRED O ERMZRICE CRISDNEIT L2 0D, AL &
fZIK“C%oto —ji 1-78E-27-VA R FT7H LY (128 % HE L L THW-5
BITIE 6T%IE, 1T% ee TH v 7 U U THEBMBSE DN, ZOZ &b, EEHO
FTEUVUBR TS LIE 8 MICEBILEZ /T 255 AR N =) v F A RIS
SFoNDZ ERbiroT,

Scheme 3-15. ¥ 7 /LR M3 vHERIEE W=7 U —nl v 7Y > RGO G HRE

1219 (0.7 eq.) OO I(OAC),
OMe  BF3-OEt; (3.0 eq.) OMe AdO,C._O O._CO,Ad
> OMe : T
DCM/TFE = 30/1 (0.02M) =
123 -78t0-40°C, 1h OO 121g Ad = 1-adamantyl

124
40%, rac.

Br
OMe As above OO OMe
%
OM
Br” s €
125

Br
126

Quant. rac. OO
Br MeO
MeOOMe Br (1.1 eq MeO OMe As above Br
T~ aon OO v
127 rt, 20 min. 128 MeO Oe OMe
Quant.

F. Bell et al. J. Chem. Soc. 1956, 2335. 129
67%, 17% ee

Due to the
formation of regioisomers.

OMe
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@O~V DERK

AR LTZET U — 120 O~V & v ~OE #7772 (Scheme 3-16), 120 O il A F
A% RALK SRR & FEE A VD38 T CfTV ) BINOL #5384 180 % & /5,
D5 FABKRBICEISZ A2 DR TIToTeb OO, AFxH~U k2 101 13560
oln, F£2, 12000 Rafxv o U 77— Mbad PhNTR & REEH VU ¥ L% H
WTATWV, BB 181 % 67T%IR T2, 181 T =V » L D/3T 7 MMl
TeH TV TROG NI TN UFFEAR 182 215K 5 L Licb oo, FEEMN
WIS T T LTI BN A2 EMRIBEME 52 5DHTHY  ~V B 3EL
IR o T,

R A~ N PN =S

Scheme 3-16. ~V &> 101, 132 O & pRE Condition 1: Condition 2;
TsOH - H,0 (3.1 eq.) NaOAc (10.0 eq.)
toluene THF/H,O
reflux reflux
Condition 3;
NalO4 (5.0 eq.), dioxane/H,0, 80 °C

101
No Reaction

Pd,(dba);-CHCI3 (5 mol%)
Xantphos (10 mol%)
K3PO4 (2.8 eq.)
aniline (1.2 eq.)

PhNTf, (2.5 eq.)
K2003 (60 eq)
130

THF

xylene, 80 °C, 30 min.
MW, 120 °C, 6 min.

then 100 °C,18 h

Complex Mixture was Obtained
Due to the Decomposition of 131

NV UDOERDPRETH -T2 N~V B U BSFDERETT - 72 (Scheme 3-17),
XTNETTTFNVEREAETHUA—/L 18012 1.0 Y&EDY tert 7 F L7 7
YEBOYED N ZTFAT IUVFHEFTIEHEELZ2 LT, 2200 e i
LCEBRIL L7~V Bk 1 188 2% 24%IETH LTz, RICEORRIL, RISHET
BT 130 BEL E N2 o722 £ TLC ETHUSICHRW UV IR ZH 25 ARy

Helicene-Like FE O Gy RS HEAT
Molecule L7-= &% 130 i

{Bu,SiCl, (1.0 eq.)

SRR LT
Et;N (5.0 eq.)

SWHTEEEZL
N5,

DMF
60°C,10h
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Sie

a1
K[

- Bfi7n Y ATV~ v x— N EIEEICHV TR 4 B, 89% I T, AR AY rE
2 1,2,3- 8V 7 —/L 45, 60 135 FFiEEBR%E LT,

BN TACEMDO N=T X /MUIC L > TAERE R 1,2,3- N 7V U v L 7477
AR L. A F MR E L THRET A Z L2 RH LTz,

* Short Step Chiral lonic Liquid
* High Yield R’ RELN , R 2X N
[ " o/ N
- =N 2. m
MeO,C™ "COMe ~— N n R1 (Counteranion exchange R N@N * ™M R1
dimethyl malonate 450r 60 using LiN(CF3S0,),) 74-77
n=1 n=2R'=H, Lowest Mp: 77f (R" = nHex, R2 = nBu

up to 72% yield 57% yield
in 5 steps in 4 steps

AR EZ 1,23 M7 YU UL T4 75 2 NHC RifiA L LT Y A Ui
JMZHWS 2 & T AMEH kD NHC 23 A S il & U CTHEET 5 2 & 2410 TRH
L7,

* First Example for NHC Catalyst Derived from 1,2, 3-Triazolium Salt

O (#)or (-)-74 (5 mol %)
0,
yH KOtBu 10 mol %) g3 N@N
THF

70°C,1~15h Up to 57%, Rac. : yor75 (n=2)

X =NTfy, n=2, T,=-32 °C)

cAYBER1,23- )TV U DA 7475 %2 NHC RiliA L LT, v F LT LT
t ROFRED v 7Y T RONMZHG, AEFEANRARERTHDL I LEE2HD TR LT,

* First Enantioselective NHC Reaction Derived from 1,2,3-Triazolium Salt

o 1,2,3-triazolium salt (30 mol %)
KOt-Bu (52 mol %) N®N—R3
H MS 4A ‘
| : R N

Ph THF
rt, 1~1.5h -)-74 (n=1)or75(n=2)

Up to 66%, 6% ee
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<2,V RarXx 72 LU RESICTHEARER 1,2,3- ) 7Y —/L 106 D, ¥ 7
SV AT 2 U BRI 2 W SRR T U — vl 7Y TS % #18D TRRS
L. HREOSEBERERNZ O bR A2 AT 82 M) 7Y —/1 120 AR L7,
cARPOSZRETRRE T oV B ARG FOERMEIT), WRIZWEDORM-DEH D H DD,
H¥ 188 DA RUIZEY) LTz,

*First Example

o) I(OAc), O
N-N Ro)K/O\@/O%OR
(N :
Q 106 . .
oM Hypervalent lodine Mediated
© Enantioselective Oxidative Biaryl Coupling
120
Up to 68% ee Heliicene-Like Molecule
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Experimental section

General information:

'H-, 13C-, and 'F-NMR spectra were recorded with JEOL JMN LA-400 FT NMR ('"H-NMR 400 MHz,
3C-NMR 100 MHz, '’F-NMR 376 MHz). 'H-NMR spectra are reported as follows: chemical shift in
ppm () relative to the chemical shift of CHCI3 at 7.26 ppm, integration, multiplicities (s = singlet, d
= doublet, q = quartet, t = triplet, m = multiplet), and coupling constants (Hz). '*C-NMR spectra
reported in ppm (0) relative to the central line of triplet for CDCIl3 at 77 ppm. Trifluoroacetic acid used
as external standard for 'F-NMR. FTMS spectra were obtained with LTQ Orbitrap XL (Thermo Fisher
Scientific). ESI mass spectra were obtained with JMS-T100LC (JEOL). Optical rotations were
measured with JASCO P-1030 polarimeter. HPLC analyses were performed on a JASCO HPLC
system (JASCO PU 980 pump and UV-975 UV/Vis detector) using a mixture of CH,Cl, and iPrOH
as eluents. FT-IR spectra were recorded on a JASCO FT-IR system (FT/IR4100). Mp and 7 were
measured with SHIMADZU DSC-60. Reactions using microwave were carried out with Biotage
Initiator 2.5. Column chromatography on SiO, was performed with Kanto Silica Gel 60 (40-100 pm).
Commercially available organic and inorganic compounds were used without further purification

except for the solvent, which was distilled from sodium/benzophenone or CaHo.

Preparation of compounds:
Caution! Azide compound is potentially explosive. All organic and inorganic azides should be handled

carefully and transferred by plastic spoon and contact with metal should be avoided.

R1
=

MeOgC COgMe

58k (R! = Ph), 581 (R! = 3-Me-C¢Hs), 58m (R! = 4-MeC¢Hs), 58n (R!' = 2-MeOC¢Hs), 580 (R! = 2-
naphthyl)

58k (R! = Ph): To a solution of 58a (500 mg, 2.9 mmol, 1.0 eq) in CH>CH> (20 ml) and EtsN (10 mL)
was added Pd(PPh3).Cl, (105 mg, 0.15 mmol, 5 mol %), Cul (57.1 mg, 0.30 mmol, 10 mol %) and
PhI (769 mg, 3.8 mmol, 1.3 eq) at rt. After stirring for 20 h at rt, solvent was removed and the residue
was purified by column chromatography (SiO-, hexane/EtOAc = 9/1) to afford 58k (353 mg, 1.4 mmol,
49%) as a orange oil, which was identical in all respects with reported in the literature. (Pour et al. J.
Org. Chem. 2004, 69, 6761)

581 (R! = 3-MeCgHa4): To a solution of 58a (500 mg, 2.9 mmol, 1.0 eq) in CH.CH; (6 ml) and EtzN
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(1.6 mL) was added Pd(PPh3),Cl, (102 mg, 0.15 mmol, 5 mol %), Cul (28.6 mg, 0.15 mmol, 5 mol %)
and 3-MeCsHal (704 mg, 3.2 mmol, 1.1 eq) at rt. After stirring for 4.5 h at rt, solvent was removed
and the residue was purified by column chromatography (SiO-, hexane/EtOAc = 93/7) to afford 58I
(442 mg, 1.7 mmol, 58%) as a yellow oil. '"H-NMR (CDCls, 400 MHz): & = 7.15-7.20 (m, 4H), 3.79
(s, 6H), 3.69 (t, 1H, J= 7.8 Hz), 3.01 (d, 2H, J = 7.8 Hz), 2.30 (s, 3H); '*C-NMR (CDCl3, 100 MHz):
6 =168.39, 137.81, 132.17, 128.87, 128.64, 128.04, 122.82, 84.70, 82.63, 52.76, 51.14, 21.12, 19.45
58m (R! = 4-MeCsH4) was synthesized in the same method of 58k except for the used aryl halide and
purification. Purified by column chromatography (SiO», hexane/EtOAc = 95/5) to afford 58m (355
mg, 1.4 mmol, 44%) as a yellow oil. 'H-NMR (CDCls, 400 MHz): & = 7.26(d, 2H, J = 8.2Hz), 7.08(d,
2H, J = 8.2 Hz), 3.78(s, 6H), 3.69(t, 1H, J = 7.8 Hz), 3.00(d, 2H, J = 7.8 Hz), 2.32(s, 3H); *C-NMR
(CDCls, 100 MHz): = 168.43, 138.03, 131.46, 128.90, 119.95, 84.33, 82.57, 52.75, 51.18, 21.37,
19.48

58n (R' = 2-MeOCg¢H,): To a solution of 58a (1.0 g, 5.8 mol, 1.0 eq) in EtsN (30 mL) was added
Pd(PPh3)4 (679 mg, 0.58 mmol, 10 mol %), Cul (110 mg, 0.58 mmol, 10 mol %) and 2-MeOCsHal
(2.0 g, 8.7mmol, 1.5 eq) at rt. After stirring for overnight at 60°C, solvent was removed and the residue
was filtrated by short column chromatography (SiO., EtOAc only) to afford crude 58n. The crude
product was purified by column chromatography (SiO, hexane/EtOAc = 4/1) to afford 58n (328 mg,
1.2 mmol, 21%) as a yellow oil, which was identical in all respects with reported in the literature.
(Echavarren et al. J. Am. Chem. Soc. 2008, 130, 269)

580 (R! = 2-naphthyl) was synthesized in the same method of 58k except for use of 2-Bromo
naphthalene instead of Phl. 580 (203.1 mg, 0.69 mmol, 24%), 'H-NMR (CDCl3, 400 MHz): § = 7.90
(s, IH), 7.81-7.72 (m, 3H), 7.50-7.40 (m, 3H), 3.81(s, 6H), 3.75 (t, 1H, J= 7.8 Hz), 3.09 (d, 2H, J =
7.8 Hz); *C-NMR (CDCls, 100 MHz): & = 168.35, 132.79, 132.55, 131.28, 128.41, 127.76, 127.60,
127.53, 126.44, 126.37, 120.28, 85.47, 82.80, 52.76, 51.08, 19.51

MeO,C~ "CO,Me

59
59k (R! = Ph), 591 (R! = 3-MeC¢Ha), 59m (R! = 4-MeCeHs), 59n (R! = 2-MeOC¢Hs), 590 (R! = 2-
naphthyl)

59k (R' = Ph): 58k (353 mg, 1.4 mmol, 1.0 eq) was added to a mixture of NaH (60% in mineral oil,

84 mg, 2.1 mmol, 1.5 eq) in dry THF (30 mL) at 0°C. Then the reaction mixture was stirred for 0.5 h
at rt. After the addition of propargyl bromide (217 mg, 1.8 mmol, 1.3 eq) at 0°C, the mixture was
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stirred for 24 h at rt, quenched by saturated aqueous ammonium chloride, extracted with EtOAc, and
dried over MgSO,. After the removal of solvent, the residue was purified by column chromatography
(SiO, hexane/EtOAc = 9/1) to afford 59k (360 mg, 1.3 mmol, 91% yield) as an orange oil. 'H-NMR
(CDCls, 400 MHz): & = 7.38-7.34 (m, 2H), 7.27-7.30 (m, 3H), 3.79 (s, 6H), 3.21 (s, 2H), 3.06 (d, 2H,
J=2.7Hz),2.06 (t, IH, J=2.7 Hz)

591 (R! = 3-MeC¢Ha), 59m (R! = 4-MeC¢Hs), 59n (R! = 2-MeOCg¢H,), 590 (R! = 2-naphthyl) were
synthesized in the same method of 59k except for purification.

591 (R' = 3-MeCgHa): Purified by column chromatography (SiO2, CH,Cl, only) to afford 591 (348 mg,
1.17 mmol, 69 %) as a brown oil. 'H-NMR (CDCls, 400 MHz):8 = 7.15-7.20 (m, 4H), 3.79 (s, 6H),
3.20 (s, 2H), 3.06 (d, 2H, J = 2.7 Hz), 2.31 (s, 3H), 2.05 (t, 1H, J= 2.7 Hz); 3C-NMR (CDCls, 100
MHz):6 =169.22, 137.87, 132.22, 128.96, 128.73, 128.08, 122.73, 83.15, 78.46, 71.75, 71.69, 56.83,
53.12,23.60,22.82,21.15

59m (R' = 4-MeCgH,): Purified by column chromatography (SiO», hexane / EtOAc = 1/4) to afford
59m (270 mg, 0.91 mmol, 70 %) as a yellow solid. '"H-NMR (CDCls, 400 MHz): 6 = 7.25 (d, 2H, J =
8.2Hz), 7.08 (d, 2H, J = 8.2 Hz), 3.78 (s, 6H), 3.20 (s, 2H), 3.05 (d, 2H, J = 2.7 Hz), 2.33 (s, 3H),
2.05(t, 1H, J = 2.7 Hz); *C-NMR (CDCl3, 100 MHz): § = 169.26, 138.16, 131.56, 128.94, 119.91,
83.89, 82.83, 78.56, 71.65, 56.92, 53.09, 23.66, 22.86, 21.40

59n (R! = 2-MeOCsH4): Without purification to afford 59n (323 mg, 1.0 mmol, quant.) as a brown oil.
'"H NMR (CDCl3, 400 MHz): & = 7.32 (dd, 1H, J= 1.4, 7.3 Hz), 7.25 (dt, IH, J= 1.4, 8.2 Hz), 6.87
(dd, 1H, J=1.4,7.3 Hz), 6.83 (d, 1H, J=7.3 Hz), 3.85 (s, 3H), 3.78 (s, 6H), 3.26 (s, 2H), 3.09 (d, 2H,
J=2.7Hz),2.04 (t, IH, J=2.7 Hz); *C-NMR (CDCls, 100 MHz): § = 169.23, 160.17, 133.54, 129.43,
120.29, 112.19, 110.56, 87.79, 80.02, 78.67, 71.58, 56.97, 55.68, 53.07, 23.93, 22.79; HRMS (ESI)
calcd for C;sHsOsNa (M+Na)™; 337.1046, found 337.1025.

590 (R! = 2-naphthyl): Purified by column chromatography (SiO-, hexane / EtOAc = 93/7) to afford
590 (151 mg, 0.45 mmol, 65%) as orange oil. 'H-NMR (CDCls, 400 MHz): & = 7.90 (s, 1H), 7.81-
7.71 (m, 3H), 7.49-7.40 (m, 3H), 3.81 (s, 6H), 3.30 (s, 2H), 3.13 (d, 2H, J= 2.7 Hz), 2.11 (t, 1H, J =
2.7 Hz); BC-NMR (CDCl3, 100 MHz):8 = 169.13, 132.78, 132.59, 131.33, 128.42, 127.78, 127.61,
127.53, 126.48, 126.40, 120.13, 84.10, 83.87, 78.41, 71.79, 56.78, 53.08, 23.65, 22.84

TBSO OTBS
49a

49a: To a solution of 48a (2.0 g, 0.013 mol, 1.0 eq) in DMF (100 mL) was added imidazole (7.2 g,
0.10 mol, 8.0 eq) and TBSCI (7.9 g, 0.052 mol, 4.0 eq) at 0°C. After stirring for 5 h at rt, the reaction
mixture was quenched by water, extracted with EtOAc/hexane, and dried over MgSQOs. After the
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removal of solvent, 49a (5.2 g, 0.013 mol, quant) was obtained as a yellow oil, which was identical in

all respects with reported in the literature. (Widenhoefer et al., Org. Lett. 2001, 3, 385)

R' R?

TBSO OTBS
49

49h (R! = R? = Ph), 49i (R! = R? = 2-CF;CHy)

49h: To a solution of 49a (30.0 mg, 0.078 mol, 1.0 eq) in EtsN (5 mL) was added Pd(PPh3)s (0.9 mg,
0.78 umol, 1 mol %), Cul (1.5 mg, 7.8 umol, 10 mol %) and Phl (63.7 mg, 0.31 mmol, 4.0 eq) at rt.
After stirring for 16 h at 60°C, solvent was removed and the residue was filtrated by short column
chromatography (SiO., hexane/EtOAc = 20/1) to afford pure 49h (37.2 mg, 0.070 mmol, 90%) asa
yellow oil. "H-NMR (CDCls, 400 MHz): & = 7.41-7.35 (m, 4H), 7.31-7.27 (m, 6H), 3.66 (s, 4H), 2.56
(s,4H), 0.92 (s, 18H), 0.09 (s, 12H); '*C-NMR (CDCl3, 100 MHz): § =131.57, 128.18, 127.51, 124.06,
87.16, 82.39, 63.66, 44.46, 25.90, 22.12, 18.31, -5.51

49i (R' = R? = 2-CF3C¢H4) was synthesized in the same method of 49h except for the used aryl iodide
and purification. Purified by column chromatography (SiO-, hexane only) to afford 49i (756 mg, 1.13
mmol, 75 %) as a yellow oil. '"H-NMR (CDCls, 400 MHz): & = 7.62 (d, 2H, J = 7.8 Hz), 7.54 (d, 2H,
J=17.8 Hz), 7.45 (t, 2H, J= 7.8 Hz), 7.35 (t, 2H, J= 7.8 Hz), 3.67 (s, 4H), 2.62 (s, 4H), 0.91 (s, 18H),
0.06 (s, 12H); 3C-NMR (CDCl3, 100 MHz): § = 134.13, 131.22 (q, J = 16.3 Hz), 127.14, 125.59 (q,
J =428 Hz), 123.62 (q, J = 273 Hz), 122.37, 93.62, 78.38, 63.39, 44.79, 25.05, 22.24, 18.25, -5.67;
YF-NMR (CDCls, 376 MHz): & (ppm) = -62.19

R' R?

OH OH
48b (R' = R2 = Me), 48c (R' = R2 = Et), 48d (R' = R = nBu), 48e (R! = R? = riHex), 48h (R' = R> =
Ph), 48i (R' = R2 = 2-CF3CsHy), 48j (R! = R? = 2-naphthyl), 48k (R! = Ph, R?= H), 481 (R! = 3-
MeCeH, R2 = H), 48m (R' = 4-MeCqHs, R2 = H), 48n (R = 2-MeOCsHs, R2 = H), 480 (R! = 2-
naphthyl, R? = H)
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48b (R! = R? = Me): To a solution of 49a (700 mg, 1.80 mmol, 1.0 eq) in THF (40 mL) was slowly
added nBuLi (1.65 M in hexane, 4.4 mL, 7.2 mmol, 4.0 eq) at -78°C. After stirring for 1 h at -50°C,
Mel (1.02 g, 7.2 mmol, 4.0 eq) was added. The mixture was stirred for 1 h at -50°C and subsequently
for 1 h at rt. The reaction was quenched by H,O, concentrated in vacuo, extracted with CH»Cl, and
dried over MgSO4. Removal of solvent afforded pure TBS protected 48b (769 mg, 1.88 mmol, quant)
Consequently to a solution of TBS protected 48b in THF (20 mL) was added TBAF (1.0 M in THF,
7.52 mL, 7.52 mmol, 4.0 eq) at rt. After stirring for 2.5 h, the mixture was concentrated in vacuo. Then
CH.ClI; and 1N HCI aq. were added to the obtained residue. The mixture was extracted with CH>Cl,
and dried over Na;SOs. After the removal of solvent, the residue was purified by column
chromatography (SiO-, hexane/EtOAc = 1/1) to afford 48b (R = Me) (171 mg, 0.95 mmol, 50% yield)
as a yellow oil. 'H-NMR (CDCls): 8 3.68 (s, 4H), 2.24 (q, 4H, J= 2.7 Hz), 1.86 (brs, 2H), 1.77 (t, 6H,
J=2.7Hz); BC-NMR (CDCl): & 78.4, 75.0, 67.1, 42.3, 22.3, 3.5; HRMS (APCI) calcd for C11H170:
(M+H)"; 181.1223, found 181.1221.

48¢ (R! = R? = Et): To a solution of 49a (570 mg, 1.50 mmol, 1.0 eq) in THF (15 mL) was slowly
added nBuLi (1.62 M in hexane, 2.7 mL, 4.5 mmol, 3.0 eq) at -78°C. After stirring for 1 h at -30°C,
HMPA (1.1 g, 6.1 mmol, 4.0 eq) was added to the reaction mixture. Then after stirring for 0.5 h, EtI
(702 mg, 4.5 mmol, 3.0 eq) was added. The reaction mixture was stirred overnight at -30°C, quenched
by H>O and 1 N HCI aq., extracted with diethyl ether, and dried over MgSO4. Removal of solvent
gave pure TBS protected 48c. Then BF3 » OEt; (3 mL) was added to the solution of TBS protected 48¢
in CH,Cl, (10 mL). After stirring for 2 h at rt, the reaction was quenched with 1 N HCI agq., extracted
with EtOAc, washed with saturated NaHCOs agq., brine and dried over Na;SOj4. After the removal of
solvent, the residue was purified by column chromatography (SiO», hexane/EtOAc = 3/1) to afford
48¢ (R = Et) (88.1 mg, 0.42 mmol, 28% yield) as a yellow oil. "H-NMR (CDCl3): & 3.65 (s, 4H), 2.97
(s, 2H), 2.22 (d, 4H, J = 2.3 Hz), 2.12 (tq, 4H, J = 2.3, 7.3 Hz), 1.08 (t, 6H, J = 7.3 Hz); 3C-NMR
(CDCl): 6 84.4, 75.1, 66.6, 42.1, 22.1, 14.1, 12.3; HRMS (ESI) calcd for Ci3H200:Na (M+Na)*;
231.1356, found 231.1345.

48d-e were synthesized in the same method of 48¢ except for the used alkyl halides.

48d (R! = R? = nBu): 13% yield as a yellow oil; "TH-NMR (CDCls): § 3.67 (s, 4H), 2.68 (s, 2H), 2.25
(t, 4H, J = 2.7 Hz), 2.13 (tq, 4H, J = 2.7, 7.3 Hz), 1.31-1.50 (m, 8H), 0.88 (t, 6H, J = 7.3 Hz); 13C-
NMR (CDCl3): & 83.1, 75.8, 66.9, 42.3, 31.0, 22.0, 21.9, 18.4, 13.5; HRMS (ESI) calcd for
Ci7H280,Na (M+Na)*; 287.1982, found 287.1974.

48e (R' = R? = nHex): 31% yield as a yellow oil; "TH-NMR (CDCl3): & 3.64 (s, 4H), 3.17 (s, 2H), 2.22
(t, 4H, J = 2.3 Hz), 2.10 (tt, 4H, J = 7.4, 2.3 Hz), 1.50-1.19 (m, 16H), 0.85 (t, 6H, J = 6.9 Hz); 13C-
NMR (CDCl): 8 83.0, 75.7, 66.6,42.2,31.2, 28.9, 28.5,22.5, 22.1, 18.7, 13.9; HRMS (ESI) calcd for
C21H360,Na (M+Na)*; 343.2608, found 343.2595.

48f (R' = nBu, R?= H): To a solution of 49a (100 mg, 0.26 mmol, 1.0 eq) in THF (3 mL) was slowly
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added nBuLi (1.65 M in hexane, 0.32 mL, 0.53 mmol, 2.0 eq) at -78°C. After stirring for 0.5 h at -
78°C, HMPA (0.2 ml, 1.1 mmol, 4.0 eq) and nBul (47.8 mg, 0.26 mmol, 1.0 eq) were added to the
reaction mixture. The reaction mixture was stirred 2.5 h at -30°C, quenched by H>O and 1 N HCl agq.,
extracted with diethyl ether, and dried over MgSO4. Removal of solvent gave pure TBS protected 48f.
Then BF; « OEt; (0.5 mL) was added to the solution of TBS protected 48f in CH>Cl> (10 mL). After
stirring for 2 h at rt, the reaction was quenched with 1 N HCI aq., extracted with EtOAc, and dried
over Na SOj. After the removal of solvent, the residue was purified by column chromatography (SiO,,
hexane/EtOAc = 9/1) to afford 48f (27.8 mg, 0.13 mmol, 50% yield) as a yellow oil. 'H-NMR
(CDCl3): 3.72 (s, 4H), 2.35 (d, 2H, J=2.1 Hz), 2.29 (t, 2H, J= 2.1 Hz), 2.24 (s, 2H), 2.15 (tt, 2H, J =
2.1,6.9 Hz), 2.03 (t, |H, J=2.7 Hz), 1.49-1.44 (m, 2H), 1.42-1.37 (m, 2H), 0.90 (t, 3H, /= 7.6 Hz) ;
BC-NMR (CDCls): 83.44, 80.58, 75.43, 70.95, 66.79, 42.18, 31.04, 22.28, 21.96, 21.81, 18.39, 13.58
48g (R!= nHex, R?= H) was synthesized in the same method of 48f except for the used alkyl halides.
Obtained (54 mg, 0.23 mmol, 18%) as a yellow oil. 'H-NMR (CDCls): 3.68 (s, 4H), 2.96 (s, 2H), 2.32
(d, 2H, J= 2.8 Hz). 2.26 (t, 2H, J = 2.3 Hz), 2.12 (tt, 2H, J = 7.3, 2.3 Hz), 2.01 (t, 1H, J = 2.8 Hz),
1.47-1.23 (m, 8H), 0.87 (t, 3H, J = 6.9 Hz); 3C-NMR (CDCls): 83.37, 80.54, 75.40, 70.86, 66.41,
42.10, 31.23, 28.89, 28.51, 22.47, 22.08, 21.62, 18.66, 13.96

48h (R' =R?=Ph) and 48i (R' = R? = 2-CF3CsH4): Removal of TBS group was performed in the same
method of 48f.

48h (R' = R? = Ph): Obtained (11.6 mg, 0.038 mmol, 54%). 'H-NMR (CDCls, 400 MHz): § = 7.45-
7.38 (m, 4H), 7.33-7.28 (m, 6H), 3.89 (s, 4H), 2.66 (s, 4H); 3C-NMR (CDCls, 100 MHz): & = 131.60,
128.26, 127.92, 123.32, 85.77, 83.37, 67.10, 43.03, 23.02

48i (R' = R? = 2-CF3C¢H4): Obtained (330 mg, 0.75 mmol, 66%). 'H-NMR (CDCl3;, 400 MHz): § =
7.58 (d, 2H, J=7.8 Hz), 7.54 (d, 2H, J= 7.8 Hz), 7.41 (t, 2H, J= 7.8 Hz), 7.32 (t, 2H, J = 7.8 Hz),
3.87 (s, 4H), 2.69 (s, 4H); *C-NMR(CDCl3, 100 MHz): § = 134.07, 131.26, 131.05 (q, J=30.7 Hz),
127.41, 125.49 (q, J = 4.8 Hz), 123.53 (q, J = 273 Hz), 121.69 (q, J = 1.9 Hz), 92.10, 78.99, 65.92,
43.34,22.47; F-NMR (CDCls, 376 MHz): § = -62.23

48j (R' = R? = 2-naphthyl): Obtained (789.3 mg, 1.95 mmol, 98%). '"H NMR (DMSO-ds, 400 MHz):
0 8.01 (s, 2H), 7.91-7.85 (m, 6H), 7.53—7.49 (m, 4H), 7.48 (dd, 2H, J=8.9, 1.4 Hz), 4.78 (t, 2H,
J=5.5Hz), 3.57 (d, 4H, J= 5.5 Hz), 2.59 (s, 4H); 3C NMR (DMSO-ds, 100 MHz): § 132.7, 132.1,
130.7,128.4, 128.1, 127.6, 127.5, 126.7, 126.6, 120.6, 88.2, 82.6, 62.3, 43.6, 22.2; HRMS (ESI) calcd
for CooH24NaO, (M+Na)*; 427.1669, found 427.1668.

48k (R! = Ph, R?>= H): To a mixture of lithium aluminium hydride (70 mg, 1.8 mmol, 1.5 eq) in THF
(20 mL) was added 59k (360 mg, 1.3 mmol, 1.0 eq) in THF (5 ml) at 0°C. After being stirred at rt for
overnight, the reaction was quenched by saturated aqueous solution of Rochelle salt. After being
stirred for 30 minutes at rt, extracted with EtOAc, dried over Na;SOs. The organic layer was

concentrated in vacuo to afford 48k (305 mg, 1.3 mol, quantitative yield) as a brown oil. 'H-NMR
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(CDCls, 400 MHz): 6 = 7.42-7.38 (m, 2H), 7.31-7.28 (m, 3H), 3.82 (d, 4H, J = 3.7 Hz), 2.58 (s, 2H),
2.44 (d,2H, J=2.7 Hz), 2.11 (t, 2H, J = 3.7 Hz), 2.07 (t, 1H, J= 2.7 Hz)

481 (R! = 3-MeC¢H4, R?=H), 48m (R! = 4-MeC¢Hy), 48n (R! = 2-MeOC¢Hs), 480 (R! = 2-naphthyl)
were synthesized in the same method of 48k except for purification.

481 (R' = 3-MeCsHa, R?>=H): Without purification to afford 481 (260 mg, 1.07 mmol, quant) as brown
oil. 'H-NMR (CDCls, 400 MHz): 6 = 7.07-7.24 (m, 4H), 3.79 (s, 4H), 2.76 (brs, 2H), 2.55 (s, 2H),
2.42 (d, 2H, J = 2.7 Hz), 2.31 (s, 3H), 2.06 (t, 1H, J = 2.7 Hz); *C-NMR (CDCl3, 100 MHz): § =
137.90, 132.16, 128.78, 128.59, 128.12, 123.06, 85.15, 83.41, 80.41, 71.14, 66.55, 42.48, 22.65, 21.79,
21.14

48m (R! = 4-MeC¢Ha4, R?= H): Without purification to afford 48m (221 mg, 0.91 mmol, quant) as
yellow solid. "TH-NMR (CDCl3, 400 MHz): § = 7.28 (d, 2H, J= 8.2 Hz), 7.08 (d, 2H, J= 8.2 Hz), 3.78
(s, 4H), 2.76 (brs, 2H), 2.54 (s, 2H), 2.41 (d, 2H, J = 2.7 Hz), 2.33 (s, 3H), 2.05 (t, 1H, J = 2.7 Hz);
BC-NMR (CDCl3, 100 MHz): = 137.93, 131.42, 128.96, 120.20, 84.76, 83.34, 80.46, 71.10, 66.54,
42.48,22.70,21.82, 21.36

48n (R' = 2-MeOCsHs, R>= H) Purified by column chromatography (SiO», hexane / EtOAc = 1/1) to
afford 48n (194 mg, 0.75 mmol, 75%) as yellow oil. 'H NMR (CDCls, 400 MHz): § = 7.34 (dd, 1H, J
=14, 7.3 Hz), 7.25 (dt, 1H, J= 1.4, 8.2 Hz), 6.89 (dd, 1H, J= 1.4, 7.3 Hz), 6.84 (d, |H, J= 7.3 Hz),
3.85 (s, 3H), 3.82 (d, 1H, J=11.0 Hz), 3.75 (d, 1H, J = 11.0 Hz), 2.94 (s, 2H), 2.59 (s, 2H), 2.49 (d,
2H, J= 2.7 Hz), 2.04 (t, 1H, J = 2.7 Hz); 3C-NMR (CDCls, 100 MHz): § = 159.96, 132.94, 129.26,
120.42, 112.36, 110.38, 90.46, 80.53, 79.27, 70.98, 66.42, 55.61, 42.69, 23.42, 22.17; HRMS (ESI)
calcd for Ci6H13s03Na (M+Na)*; 281.1148, found 281.1127.

480 (R' = 2-naphthyl, R?= H) Purified by recrystallization (CH>Cl»/ hexane) to afford 480 (120 mg,
0.43 mmol, 80%). 'H-NMR (CDCls, 400 MHz): & = 7.91 (s, 1H), 7.81-7.72 (m, 3H), 7.51-7.42 (m,
3H), 3.85 (s, 4H), 2.63 (s, 2H), 2.51 (s, 2H), 2.09 (t, 1H, J = 2.7 Hz); 3C-NMR(CDCls, 100 MHz): &
=132.91, 132.57, 131.25, 128.49, 127.89, 127.69, 127.56, 126.56, 120.54, 85.92, 83.6680.39, 71.24,
66.76,42.55,22.83,21.92

R' R?

OTf OTf

54a (R' = R2 = H), 54b (R! = R? = Me), 54¢ (R! = R? = Et), 54d (R' = R = nBu), 54e (R! = R2 =
nHex), 54h (R = R = Ph), 54i (R! = R = 2-CF;CsHy), 54j (R! = R? = 2-naphthyl), 54k (R! = Ph, R
= H), 541 (R! = 3-MeCHs, R2= H), 54m (R! = 4-MeCsHs, R2= H), 54n (R! = 2-MeOCgHs, R2= H),
540 (R' = 2-naphthyl, R?= H)
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54a (R!' = R? =H): To a solution of 48a (650 mg, 4.2 mmol, 1.0 eq) in CH,Cl, (10 mL) with pyridine
(2 mL) was added catalytic amount of DMAP. Subsequently Tf,0 (3.60 g, 12.8 mmol, 3.0 eq) was
added at 0°C. After stirring for 40 minutes at rt, the reaction was quenched with 1 N HCl agq., extracted
with CH2Cl,, washed with brine, and dried over MgSO4. Removal of solvent in vacuo afforded 54a
(1.74 g, 4.2 mmol, quant) as a red solid. "H-NMR (CDCl5): 6 4.56 (s, 4H), 2.52 (d, 4H, J = 2.7 Hz),
2.21 (t, 2H, J=2.7 Hz); 3C-NMR (CDCls): 8 123.3, 120.1, 116.9, 113.8, 75.9, 74.8, 73.7, 41.4, 21.3;
IR (KBr) 3457, 3305, 3105, 2936, 1645, 1418, 1209, 1143, 939, 842, 630 cm’'; HRMS (ESI) calcd for
Ci1H10F6O6S2Na (M+Na)*; 438.9715, found 438.9713.

54b, e were synthesized in the same method of 54a (R = H).

54b (R' =R? = Me): 51% yield as a yellow oil; '"H-NMR (CDCls): & 4.50 (s, 4H), 2.38 (q, 4H, J=2.7
Hz), 1.79 (t, 6H, J = 2.7 Hz); *C-NMR (CDCls): § 123.3, 120.2, 117.0, 113.8, 81.0, 75.6, 70.9, 41.8,
21.7, 3.4, HRMS (ESI) calcd for Ci3H14FsO6S2Na (M+Na)*; 467.0028, found 467.0024.

54e (R! = R? = nHex): quantitative yield as a yellow oil; "H-NMR (CDCls): § 4.52 (s, 4H), 2.42 (t, 2H,
J =23 Hz), 2.16 (tt, 4H, J = 7.3, 2.3 Hz), 1.56-1.22 (m, 16H), 0.88 (t, 6H, J = 6.9 Hz); *C-NMR
(CDCl): 6 118.6 (q, J = 320.1 Hz), 85.7, 75.7, 71.7, 41.8, 31.3, 28.6, 28.5, 22.5, 21.7, 18.5, 13.9;
HRMS (ESI) calcd for C23H34Fs06S2Na (M+Na)*; 607.1593, found 607.1593.

54c¢ (R! = R? = Et): To a solution of 48¢ (R' = R? = Et) (88 mg, 0.42 mmol, 1.0 eq) in CH>Cl, (10 mL)
and pyridine (3 mL) was added catalytic amount of DMAP. To the solution was added Tf,0 (357 mg,
1.26 mmol, 3.0 eq) at 0°C. After be stirred for 20 min at rt, the reaction was quenched with 1 N HCI
aq., extracted with CH2Cl,, and dried over MgSO4. Removal of solvent afforded crude 54¢ (R = Et),
which was used for next transformation without further purification.

54d (R! = R? = nBu): To a solution of 48¢ (R' = R? = nBu) (54 mg, 0.20 mmol, 1.0 eq) and pyridine
(3 mL) in CH2Cl, (10 mL) was added catalytic amount of DMAP. To the solution was added Tf,0
(169 mg, 0.60 mmol, 3.0 eq) at 0°C. After stirring for 20 min at rt, the reaction was quenched with 1
N HCI agq., extracted with CH>Cl,, and dried over MgSQOs. After the removal of solvent in vacuo, the
residue was filtrated by short column chromatography (SiO», hexane/EtOAc = 4/1) to afford crude
54d (R' = R? = nBu) (105 mg), which was used for next transformation without further purification.
54h (R! = R? = Ph), 54i (R! = R? = 2-CF3C¢Hs), 54j (R! = R? = 2-naphthyl), 54k (R! = Ph, R? = H),
541 (R! = 3-MeCgHa, R? = H), 54m (R! = 4-MeCoHs, R?>= H), 54n (R! = 2-MeOCsHs, R?= H), 540
(R! = 2-naphthyl, R?= H) were synthesized in the same method of 54a except for purification.

54h (R! = R? = Ph): Purified by short column chromatography (SiO», hexane/EtOAc = 4/1) to afford
54h (125.2 mg, 0.22 mmol, 82%). 'H-NMR (CDCls): 4 7.49-7.45 (m, 4H), 7.39-7.33 (m, 6H), 4.71 (s,
4H), 2.81 (s, 4H); 3*C-NMR (CDCls, 100 MHz): 6 = 131.73, 128.65, 128.39, 122.20, 118.60 (q, J =
319.2 Hz), 85.49, 81.06, 75.32,42.37, 22.46

54i (R! = R? = 2-CF3C¢Ha): Purified by column chromatography (SiO, hexane/EtOAc = 20/1) to
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afford titled compound 54i (2.52 g, 3.6 mmol, 48% yield). "H-NMR (CDCls, 400 MHz): & = 7.67 (d,
2H, J = 7.8 Hz), 7.59 (d, 2H, J = 7.8 Hz), 7.51 (t, 2H, J = 7.8 Hz), 7.44 (t, 2H, J = 7.8 Hz), 4.70 (s,
4H), 2.87 (s, 4H); *C-NMR (CDCls, 100 MHz): 6 = 134.23, 131.61, 131.45 (q, J = 29.7 Hz), 128.42,
125.84 (q, J = 4.8 Hz), 123.61 (q, J = 272.2 Hz), 120.52 (q, J = 1.9 Hz), 118.63 (q, J = 319.2 Hz),
87.28, 81.28, 75.08, 42.72, 22.44; F-NMR (CDCls, 376 MHz): = -62.23, -73.94

54j (R' = R? = 2-naphthyl): Purified by short column chromatography (SiO., hexane/EtOAc = 4/1) to
afford 54j (100% as yellow solid). '"H NMR (CDCls): 6 8.02 (s, 2H), 7.87-7.80 (m, 6H), 7.56-7.50
(m, 6H), 4.79 (s, 4H), 2.90 (s, 4H); '*C NMR (CDCl): 6 132.9, 132.8, 131.7, 128.2, 128.1, 127.71,
127.68, 126.8, 126.6, 119.4, 118.6 (q, J = 320.8 Hz), 85.8, 81.4, 75.4, 42.4, 22.6; 'F NMR (CDCl;,
376 MHz): 6 —73.7; HRMS (ESI) calcd for C31H2:FsNaO¢S, (M+Na)*; 691.0654, found 691.0660.
54k (R!=Ph, R? = H): Purified by short column chromatography (SiO>, hexane/EtOAc = 4/1) to afford
54k (433 mg, 0.88 mmol, 68%). 'H-NMR (CDCl3): § 7.44-7.40 (m, 2H), 7.35-7.32 (m, 3H), 4.62 (s,
4H), 2.74 (s, 2H), 2.57 (d, 2H, J = 2.7 Hz), 2.23 (t, 1H, J = 2.7 Hz); 3C-NMR (CDCl;): § 131.73,
128.71, 128.41, 122.11, 118.59 (q, J = 320.10 Hz), 85.51, 80.81, 76.09, 75.04, 73.74, 41.92, 22.28,
21.47

541 (R! = 3-MeCgHa, R? = H): Purified by column chromatography (SiO., hexane/EtOAc = 97/3) to
afford titled compound 541 (145 mg, 0.29 mmol, 28% yield) as brown oil. 'H-NMR (CDCls, 400
MHz): 6 = 7.12-7.28 (m, 4H), 4.62 (s, 4H), 2.74 (s, 2H), 2.57 (d, 2H, J = 2.7 Hz), 2.34 (s, 3H), 2.23
(t, 1H, J= 2.7 Hz); 3C-NMR (CDCls, 100 MHz): 6 = 138.16, 132.28, 129.58, 128.80, 128.31, 118.60
(g, J=322.13 Hz), 121.92, 85.69, 80.39, 76.12, 75.06, 73.70, 41.92,22.27,21.45, 21.16

54m (R' = 4-MeC¢Ha, R? = H): Purified by column chromatography (SiO., hexane/EtOAc = 4/1) to
afford titled compound 54m (285 mg, 0.56 mmol, 64% yield) as a yellow oil. "H-NMR (CDCl;s, 400
MHz): 6 =7.31(d, 2H, J= 8.2 Hz), 7.13 (d, 2H, J = 8.2 Hz), 4.61(s, 4H), 2.73 (s, 2H), 2.56 (d, 2H, J
= 2.7 Hz), 2.35 (s, 3H), 2.22 (t, 1H, J = 2.7 Hz); *C-NMR (CDCl3, 100 MHz): & = 138.89, 131.62,
129.16, 119.08,118.58 (q, J=322.13 Hz), 85.64, 80.09, 76.18, 75.10, 73.67,41.92,22.34,21.50,21.42
54n (R! = 2-MeOC¢H4, R? = H): Purified by column chromatography (SiO., CH,Cl, only) to afford
titled compound 54n (281 mg, 0.54 mmol, 73% yield) as a white solid. "H-NMR (CDCls, 400 MHz):
6=7.39(dd, 1H, J= 1.4, 7.3 Hz), 7.32 (dt, 1H, J= 1.4, 8.2 Hz), 6.93 (dd, 1H, J= 1.4, 7.3 Hz),6.89
(d, 1H, J="7.3 Hz), 4.71 (s, 2H), 3.88 (s, 3H), 2.78 (s, 2H), 2.63 (d, 2H, J= 2.7 Hz), 2.24 (t, 1H, J =
2.7 Hz); BC-NMR (CDCl3, 100 MHz): 6 = 160.48, 132.89, 129.94, 123.32, 120.31, 120.15, 116.96,
113.78, 111.38, 110.42, 85.28, 81.76, 76.29, 75.33, 73.44, 55.39, 41.98, 22.42, 21.27; HRMS (ESI)
calcd for CisH6FsO7S:Na (M+Na)*; 545.0134, found 545.0120.

540 (R!' = 2-naphthyl, R? = H): Purified by column chromatography (SiO,, hexane/EtOAc = 4/1) to
afford titled compound 540 (113 mg, 0.21 mmol, quant) as a brown oil. '"H-NMR (CDCl3, 400 MHz):
8="17.95 (s, 1H), 7.85-7.76 (m, 3H), 7.54-7.42 (m, 3H), 4.69-4.62 (m, 4H), 2.80 (s, 2H), 2.61(d, 2H, J
=2.7Hz), 2.25 (t, 1H, J = 2.7 Hz); *C-NMR(CDCls, 100 MHz): 6 = 132.92, 132.84, 131.79, 128.23,
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128.14, 127.76, 127.73, 12691, 126.69, 119.35, 118.63 (q, /= 321.09 Hz), 85.87, 81.11, 76.12, 75.06,
73.79, 41.98, 22.40, 21.52

R' R?

N N
46a (R! = R2 = H), 46b (R' = R? = Me), 46¢ (R! = R? = Et), 46d (R' = R? = nBu), 46e (R! = R? =
nHex), 46h (R = R? = Ph), 46 (R = R? = 2-CF;C¢Hs), 46h (R' = R? = Ph), 46i (R! = R2 = 2-CF3C4Hy),
46j (R! = R?=2-naphthyl), 46k (R! = Ph, R2 = H), 461 (R = 3-MeCsH,, R = H), 46m (R' = 4-MeC4Hs,
R2 = H), 46n (R' = 2-MeOC4Hs, R? = H), 460 (R' = 2-naphthyl, R? = H)

46a (R! = R? = H): To a solution of 54a (2.5 g, 6.0 mmol, 1.0 eq) in DMF (50 mL) was added NaNj3
(1.95 g,30.0 mol, 5.0 eq). After stirring for 0.5 h at 80°C, the reaction was quenched with 1N HCl aq.,
extracted with EtOAc/hexane, and dried over MgSOj4. After the removal of solvent in vacuo, the
residue was purified by column chromatography (SiO,, hexane/EtOAc = 5/1) to afford 46a (1.16 g,
5.70 mmol, 95% yield) as a clear oil. 'TH-NMR (CDCls): 8 3.45 (s, 4H), 2.34 (d, 4H, J = 2.8 Hz), 2.09
(t, 2H, J = 2.8 Hz); 3C-NMR (CDCls): & 78.9, 72.0, 54.1, 41.7, 23.0; IR (KBr) 3297, 2928, 2867,
2532,2372,2104, 1732, 1445, 1291, 650 cm™'; HRMS (ESI) caled for CoHioNgNa (M+Na)*; 225.0859,
found 225.0857.

46b (R' = R? = Me): To a solution of 54b (R = Me) (194 mg, 0.43 mmol, 1.0 eq) in DMF (5 mL) was
added NaNs (312 mg, 4.8 mmol, 10 eq). After stirring for 1 h at 80°C, the reaction was quenched with
IN HCI aq., extracted with diethyl ether, washed with 1N HCI agq., and dried over MgSOs. After the
removal of solvent, the residue was purified by column chromatography (SiO», hexane/EtOAc = 9/1)
to afford titled compound 46b (75.9 mg, 0.33 mmol, 77% yield) as a yellow oil. '"H-NMR (CDCls): &
3.37 (s, 4H), 2.21 (q, 4H, J = 2.7 Hz), 1.78(t, 6H, J = 2.7 Hz); 3C-NMR (CDCl5): § 79.1, 73.7, 54.5,
42.1,23.4,3.53; HRMS (APCI) caled for C11H1sNe (M+H)™; 231.1353, found 231.1347.

46¢ (R' = R? = Et), 46d (R = nBu) and 46j (R = 2-naphthyl) were synthesized in same method of 46a,
which were used for next transformation without further purification.

46e (R! = R? = nHex) was synthesized in same method of 46a: 73% yield as a yellow oil; 'H-NMR
(CDCl): & 3.44 (s, 4H), 2.26 (t, 2H, J = 2.3 Hz), 2.16 (tt, 4H, J = 7.3, 2.3 Hz), 1.53-1.22 (m, 16H),
0.89 (t, 6H, J= 6.9 Hz); 3C-NMR (CDCls):  84.0, 74.5, 54.6,42.2,31.3, 28.9, 28.6, 23.4,22.6, 18.7,
14.0; HRMS (ESI) calcd for C21H3sNg (M+H)*; 371.2918, found 371.2909.

46h (R! = R? = Ph), 46i (R' = R? = 2-CF3CsH4) were synthesized in same method of 46b except for

purification.
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46h (R! = R? = Ph): Purified by column chromatography (SiO>, hexane/EtOAc = 20/1) to afford 46h
(71 mg, 0.20 mmol, 95% yield) as a clear oil. 'H-NMR (CDCls): & 7.48-7.43 (m, 4H), 7.35-7.31 (m,
6H), 3.57 (s, 4H), 2.64 (s, 4H); BC-NMR (CDCls, 100 MHz):8 = 131.65, 128.27, 128.12, 123.02,
84.36, 84.05, 54.66, 42.63, 24.22

46i (R! = R? = 2-CF3C¢Ha): Purified by column chromatography (SiO, hexane/EtOAc = 15/1) to
afford 46i (42.3 mg, 0.086 mmol, 92% yield) as a clear oil. 'H-NMR (CDCls, 400 MHz): 6 = 7.65 (d,
2H, J = 7.8 Hz), 7.58 (d, 2H, J = 7.8 Hz), 7.49 (t, 2H, J = 7.8 Hz), 7.40 (t, 2H, J = 7.8 Hz), 3.57 (s,
4H), 2.67 (s, 4H); P*C-NMR(CDCls, 100 MHz): 8= 134.19, 131.44, 131.18, 127.84, 125.74 (q, J =
5.8 Hz), 123.64 (q, J = 274.1 Hz), 121.39 (q, J = 1.9 Hz), 90.67, 79.89, 54.15, 42.91, 24.16; 'F-
NMR(CDCIs, 376 MHz): 8 (ppm) = -62.07

46k (R! = Ph, R? = H), 461 (R! = 3-MeC¢Hs, R? = H), 46m (R! = 4-MeCqH., R = H), 46n (R! = 2-
MeOC¢H4, R? = H), 460 (R' = 2-naphthyl, R? = H) were synthesized in same method of 46a except
for purification.

46k (R' = Ph, R? = H): Without purification to afford 46k (227 mg, 0.82 mmol, 99%). 'H-NMR
(CDCly): 7.43-7.40 (m, 2H), 7.33-7.28 (m, 3H), 3.51 (s, 4H), 2.56 (s, 2H), 2.39 (d, 2H, J = 2.7 Hz),
2.11 (t, 1H, J = 2.7 Hz); 3C-NMR (CDCls): 6 131.61, 128.26, 128.12, 122.92, 84.14, 83.98, 78.96,
71.98, 54.29, 42.09, 23.95, 23.12

461 (R' = 3-MeCgHs, R? = H): Purified by column chromatography (SiO», hexane/EtOAc = 4/1) to
afford titled compound 461 (85.0 mg, 0.29 mmol, quant) as a yellow oil. 'H-NMR (CDCls, 400 MHz):
§=7.10-7.26 (m, 4H), 3.51 (s, 4H), 2.56 (s, 2H), 2.40 (d, 2H, J= 2.7 Hz), 2.33 (s, 3H), 2.1 (t, 1H, J
= 2.7 Hz); 3C-NMR (CDCls, 100 MHz): § = 137.99, 132.23, 129.04, 128.71, 128.19, 122.76, 84.18,
83.74,71.97,71.92, 54.34,42.14, 23.99, 23.16, 21.17

46m (R' = 4-MeC¢Hs4, R? = H): Purified by column chromatography (SiO., hexane/EtOAc = 5/1) to
afford titled compound 46m (163 mg, 0.55 mmol, quant) as a yellow oil. '"H-NMR (CDCls, 400 MHz):
§=7.31(d, 2H, J= 8.2 Hz), 7.11 (d, 2H, J = 8.2 Hz), 3.50 (s, 4H), 2.55 (s, 2H), 2.39 (d, 2H, J = 2.7
Hz), 2.35 (s, 3H), 2.11 (t, 1H, J = 2.7 Hz); *C-NMR (CDCls, 100 MHz): & = 138.24, 131.52, 129.03,
119.88, 84.10, 83.36, 79.06, 71.95, 54.37, 42.15, 24.02, 23.17, 21.41

46n (R' = 2-MeOCgHs, R? = H): Purified by column chromatography (SiO», hexane/EtOAc = 7/3) to
afford titled compound 46n (165.3 mg, 0.53 mmol, quant) as a yellow oil. 'TH-NMR (CDCls, 400
MHz): 6=7.38 (dd, 1H, J=1.4, 7.3 Hz), 7.28 (dt, 1H, J=1.4, 8.2 Hz), 6.91 (dd, 1H, J=1.4, 7.3 Hz),
6.86 (d, 1H, J=7.3 Hz), 3.86 (s, 3H), 3.54 (s, 2H), 2.59 (s, 2H), 2.43 (d, 2H, J = 2.7 Hz), 2.12 (¢, 1H,
J=2.7Hz); BC-NMR (CDCls, 100 MHz): 6 = 160.18, 133.01, 129.36, 120.23, 112.13, 110.37, 88.46,
80.20, 79.12, 71.79, 55.49, 54.17, 42.15, 24.19, 22.93; HRMS (APCI) calcd for C1cH17NcO (M+H)";
309.1458, found 309.1439.

460 (R! = 2-naphthyl, R? = H): Without purification to afford 460 (63.8 mg, 0.19 mmol, 93%). 'H-
NMR (CDCly): §7.93 (s, 1H), 7.81-7.77 (m, 3H), 7.51-7.43 (m, 3H), 3.54 (s, 4H), 2.62 (s, 2H)
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2.43(d, 2H, J=2.7 Hz), 2.13 (t, 1H, J=2.7 Hz); 3C-NMR (CDCls): 5132.89, 132.68, 131.43, 128.46,
127.97,127.72, 127.61, 126.61, 126.55, 120.22, 84.50, 84.38, 79.02, 72.05, 54.37, 42.20, 24.10, 23.23

45a (R' = R2 = H), 45b (R! = R? = Me), 45¢ (R! = R? = Et), 45d (R' = R2 = nBu), 45¢ (R! = R2 =
nHex), 45h (R! = R2 = Ph), 45i (R! = R2 = 2-CF;CsHy), 45j (R! = R? = 2-naphthyl), 45k (R! = Ph, R
= H), 451 (R! = 3-MeCgHy, R = H), 45m (R! = 4-MeCgHs, R? = H), 45n (R! = 2-MeOCsHs, R = H),
450 (R' = 2-naphthyl, R? = H)

45a (R' = R? = H): A solution of 46a (20.0 mg, 0.098 mmol, 1.0 eq) in toluene (3 mL) was heated in
a microwave oven at 170°C for 2.5 h. The removal of solvent afforded 45a (R = H) (18.8 mg, 0.093
mmol, 94% yield) as a white solid. 'H-NMR (DMSO-ds): & 7.52 (s, 2H), 4.60 (d, 2H, J = 11.4 Hz),
4.51(d,2H,J=11.4Hz),3.22 (d, 2H, J=15.6 Hz), 3.12 (d, 2H, J = 15.6 Hz); *C-NMR (DMSO-ds):
6 140.3, 127.0, 60.3, 56.2, 33.4; IR (KBr) 3120, 2988, 1550, 1446, 1328, 1273, 1210, 1101, 992, 858,
620 cm!'; HRMS (ESI) caled for CoHjoNeNa (M+Na)™; 225.0859, found 225.0857.

45b (R' = R? = Me): A solution of 46b (R = Me) (10.5 mg, 0.045 mmol, 1.0 eq) in toluene (5 mL) was
heated in a microwave oven at 150°C for 5 h. After the removal of solvent, the residue was
recrystallized from CH>Clo/EtOAc to afford 45b (R = Me) (5.6 mg, 0.024 mmol, 53% yield) as a white
solid. 'TH-NMR (CDCls): 6 4.47 (d, 2H, J=11.9 Hz), 4.42 (d, 2H, J= 11.9 Hz), 3.12 (d, 2H, /= 15.6
Hz), 3.05 (d, 2H, J = 15.6 Hz), 2.28 (s, 6H); 3C-NMR (CDCls): § 136.9, 135.9, 61.0, 57.1, 33.9, 10.6;
HRMS (ESI) calcd for Ci1H14NgNa (M+Na)*; 253.1172, found 253.1162.

45¢ (R' = R? = Et): A solution of 46¢ (R = Et) (108 mg as a crude) in toluene (5 mL) was heated in a
microwave oven at 170°C for 2.5 h. After the removal of solvent, the residue was purified by column
chromatography (SiO2, CH2Clo,/MeOH = 9/1) to afford 45¢ (R = Et) (81.0 mg, 0.31 mmol, 75% yield
from 48c¢) as a yellow oil. 'H-NMR (CDCls): 6 4.47 (d, 2H, J = 11.9 Hz), 4.42 (d, 2H, J = 11.9 Hz),
3.16 (d, 2H, J=15.6 Hz), 3.09 (d, 2H, J= 15.6 Hz), 2.74 (q, 4H, J=7.3 Hz), 1.27 (t, 6H, J= 7.3 Hz);
BC-NMR (CDCl): & 142.4, 135.3, 60.6, 56.6, 34.1, 18.6, 12.9; HRMS (ESI) calcd for Ci3HisN¢Na
(M-+Na)*; 281.1485, found 281.1476.

45d (R' = R? = nBu): A solution of 46d (R = nBu) (90.1 mg as a crude) in toluene (5 mL) was heated
in a microwave oven at 170°C for 2.5 h. After the removal of solvent, the residue was purified by
column chromatography (Si0,, CH2Cl,/MeOH = 9/1) to afford 45d (R = nBu) (35.2 mg, 0.11 mmol,
56% yield from 48d) as a yellow oil. '"H-NMR (CDCls): & 4.45 (d, 2H, J=11.9 Hz), 4.39 (d, 2H, J =
11.9Hz), 3.12 (d, 2H, J=15.6 Hz), 3.04 (d, 2H, J=15.6 Hz), 2.64 (t, 4H, J= 7.3 Hz), 1.59 (quin, 4H,
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J=17.3Hz), 0.89 (t, 6H, J = 7.3 Hz); *C-NMR (CDCl): 4 141.5, 135.5, 60.7, 56.7, 34.3, 30.9, 25.1,
22.2,13.7; HRMS (ESI) calcd for C17H26Ne¢Na (M+Na)™; 337.2111, found 337.2101.

45e (R' = R? = nHex): A solution of 46e (R = nHex) (30.0 mg 0.081 mmol, 1.0 eq) in toluene (5 mL)
was heated in a microwave oven at 150°C for 10 h. After the removal of solvent, the residue was
purified by column chromatography (SiO,, CH>Clo,/MeOH = 9/1) to afford 45e (R = nHex) (34.0 mg,
0.091 mmol, quant) as a yellow oil. 'H-NMR (CD3;OD): 6 4.59 (d, 2H, J = 11.9 Hz), 4.51 (d, 2H, J =
11.9 Hz), 3.24 (d, 2H, J = 15.6 Hz), 3.15 (d, 2H, J= 15.6 Hz), 2.67 (t, 4H, J = 7.8 Hz), 1.72-1.59 (m,
4H),1.42-1.25 (m, 12H), 0.95 (t, 6H, J = 6.9 Hz); 3C-NMR (CDsOD): § 142.2, 138.4,61.9,57.8, 34.8,
32.7,29.97, 29.95, 26.1, 23.7, 14.4; HRMS (ESI) calcd for C21H34Ne¢Na (M+Na)*; 393.2737, found
393.2728.

45h (R' = R? = Ph): A solution of 46h (20.0 mg, 0.056 mmol, 1.0 eq) in toluene (3 mL) was heated in
a microwave oven at 150°C for 12 h. After the removal of solvent, residue was recrystallized from
CH,Cly/hexane to afford 45h (21 mg, 0.059 mmol, quant.) as a white solid. '"H-NMR (DMSO-ds): &
7.75 (d, 4H, J= 7.3 Hz), 7.43 (t, 4H, J=7.3 Hz), 7.31 (t, 2H, J= 7.3 Hz), 4.71 (d, 2H, J = 11.9 Hz),
4.66 (d, 2H, J=11.9 Hz), 3.54 (d, 2H, J=16.5 Hz), 3.49 (d, 2H, J = 16.5 Hz); *C-NMR (DMSO-ds):
6 138.92,137.15, 131.00, 128.90, 127.46, 124.94, 60.61, 56.40, 34.70

45i (R! = R? = 2-CF3CgHy): A solution of 46i (17.0 mg, 0.035 mmol, 1.0 eq) in toluene (5 mL) was
heated in a microwave oven at 150°C for 10 h. After the removal of solvent, residue was purified by
column chromatography (SiO2, CH2Cl/EtOAc = 1/1) to afford 45i (18.0 mg, 0.036 mmol, quant.) as
a white solid. 'TH-NMR (CDCls): § 7.75 (d, 2H, J = 8.2 Hz), 7.65-7.58 (m, 4H), 7.56-7.50 (m, 2H),
4.64 (d, 2H, J=12.4 Hz), 4.55 (d, 2H, J= 12.4 Hz), 3.25 (d, 2H, J= 16.0 Hz), 3.17 (d, 2H, J= 16.0
Hz); BC-NMR (CDCls): 6 138.81, 137.63, 132.76, 132.03, 129.34, 128.96, 128.13 (q, J = 31.6 Hz),
126.23 (q, J= 5.8 Hz), 124.86 (q, J=273.2 Hz), 60.80, 57.00, 34.71

45j (R' = R? = 2-naphthyl): A solution of crude diazide 46j (0.53 mmol) in DMF (10 mL) was heated
in a microwave oven at 160 °C for 10 h. After removal of the solvent, the residue was purified by short
column chromatography (Si0O., acetone only). The mixture obtained was purified by recrystallization
(CHxCly/ether) to afford 45j (235 mg, 0.52 mmol, 98% yield from 54j) as a white solid. "H NMR
(DMF-d7): 6 8.37 (s, 2H), 8.09 (dd, 2H, J= 8.9, 1.4 Hz), 8.07-8.03 (m, 4H), 7.96 (d, 2H, J= 7.6 Hz),
7.57-7.50 (m, 4H), 4.96 (d, 2H, J=11.7 Hz), 4.93 (d, 2H, J=11.7 Hz), 3.85 (d, 2H, J=16.5 Hz),
3.82 (d, 2H, J=16.5 Hz); '*C NMR (DMF-d;): 6 140.1, 138.3, 134.4, 133.4, 129.8, 129.2, 128.7,
128.4, 127.2, 126.7, 124.2, 124.1, 61.9, 57.2, 36.0; HRMS (ESI) calcd for C9H2:NsNa (M+Na)*;
477.1798, found 477.1801. The resolution of 45j was readily achieved by HPLC. Conditions: Daicel
Chiralpak IC, CH,Cl,/iPrOH = 9/1, flow rate = 8 mL/min; first peak (¢-= 55 min) in HPLC, (—)-(M)-
45j: [a]p*>* = -343.9 (c 0.17, THF); second peak (¢ = 59 min) in HPLC, (+)-(P)- 45j: [a]p?} = +365.3
(c 0.18, THF). The absolute configuration of 45j was determined by exciton CD Cotton effects in
MeCN.
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45k (R! = Ph, R? = H): A solution of 46k (100.0 mg, 0.36 mmol, 1.0 eq) in toluene (15 mL) was heated
in a microwave oven at 160°C for 6 h. After the removal of solvent, residue was purified by column
chromatography (Si02, CH2CI/EtOAc = 1/1 ~ CH2Cl/MeOH = 4/1) to afford 45k (64.4 mg, 0.23
mmol, 64% yield) as a white solid. 'H-NMR (CDCls): 8 7.72-7.66 (m, 2H), 7.49 (s, 1H), 7.40 (t, 2H,
J=17.8Hz), 7.34-7.28 (m, 1H), 4.53 (d, IH, J=11.9 Hz), 4.50 (d, 1H, J=11.9 Hz), 449 (d, 1H, J=
11.9 Hz), 4.44 (d, 1H, J=11.9 Hz), 3.35 (d, 1H, J=16.0 Hz), 3.27 (d, 1H, J= 16.0 Hz), 3.23 (d, 1H,
J=16.0Hz), 3.17 (d, 1H, J=16.0 Hz); 3*C-NMR (CDCls):  140.45, 139.02, 135.37, 130.28, 128.94,
128.04, 127.81, 125.20, 60.87, 56.87, 56.63, 35.30, 34.41

451 (R! = 3-MeCg¢H4, R? = H): A solution of 46l (70.0 mg, 0.24 mmol, 1.0 eq) in toluene (5 mL) was
heated in a microwave oven at 170°C for 3 h. After the removal of solvent, residue was recrystallized
from CH>Cly/hexane to afford 451 (47.9 mg, 0.16 mmol, 68%) as a white solid. 'H-NMR (CDCls): &
7.58 (s, IH), 7.53 (s, 1H), 7.49 (d, 1H, J= 7.3 Hz), 7.31 (t, 1H, J= 7.3 Hz), 7.15 (d, I|H, J= 7.3 Hz),
4.57 (d, 1H, J=12.4 Hz), 4.55 (d, 1H, J=11.9 Hz), 4.53 (d, 1H, J= 12.4 Hz), 4.50 (d, IH, J=11.9
Hz), 3.40 (d, 1H, J=16.0 Hz), 3.32 (d, IH, J=16.0 Hz), 3.26 (d, 1H, J=16.0 Hz), 3.20 (d, I1H, J =
16.0 Hz), 2.39 (s, 3H); *C-NMR (CDCls): 4 140.80, 138.97, 138.76, 135.17, 130.19, 128.91, 128.87,
127.96, 125.94, 122.41, 61.00, 56.96, 56.68, 35.48, 34.46, 21.46

45m (R' = 4-MeCgHa, R? = H): A solution of 45n (20.0 mg, 0.068 mmol, 1.0 eq) in toluene (3 mL)
was heated in a microwave oven at 170°C for 3 h. After the removal of solvent, residue was
recrystallized from CH,Cly/hexane to afford 45m (21.0 mg, 0.071 mmol, quant.) as a white solid.
'H-NMR (CDCl;): 8 7.61 (d, 2H, J= 7.8 Hz), 7.52 (s, 1H), 7.23 (d, 2H, J= 7.8 Hz), 4.56 (d, 1H, J =
12.4 Hz), 4.54 (d, 1H, J=11.9 Hz), 4.52 (d, |H, J=12.4 Hz), 4.48 (d, IH, J=11.9 Hz), 3.37 (d, 1H,
J=16.0 Hz), 3.30 (d, 1H, J=16.0 Hz), 3.26 (d, 1H, J=16.0 Hz), 3.20 (d, 1H, J= 16.0 Hz), 2.37 (s,
3H); BC-NMR (CDCls): & 140.78, 138.98, 138.04, 134.85, 129.65, 127.92, 127.50, 125.23, 60.99,
56.96, 56.69, 35.40, 34.48, 21.26

45n (R!' = 2-MeOCsHa, R? = H): A solution of 46n (163.0 mg, 0.52 mmol, 1.0 eq) in toluene (20 mL)
was heated in a microwave oven at 150°C for 10 h. After the removal of solvent, 45n (153.0 mg, 0.50
mmol, 94% yield) was afforded as a white solid. "H-NMR (CDCls): 8 8.14 (dd, 1H, J= 1.4, 7.3 Hz),
7.34 (s, 1H), 7.09 (dt, 1H, J= 0.9, 7.8 Hz), 6.94 (d, 1H, J = 7.8 Hz), 4.58 (d, 1H, J = 11.9 Hz), 4.56
(d, 1H, J=11.9 Hz), 4.53 (d, 1H, J=11.9 Hz), 4.52 (d, 1H, J= 11.9 Hz), 3.40 (d, IH, J= 16.5 Hz),
3.33(d, 1H, J=16.5 Hz), 3.24 (d, 1H, J=16.5 Hz), 3.18 (d, 1H, J = 16.5 Hz); *C-NMR (CDCl;): &
155.21, 139.22, 137.44, 137.01, 129.21, 128.09, 127.48, 120.84, 119.23, 110.50, 59.50, 56.60, 56.59,
54.91,37.13, 34.01; HRMS (APCI) calcd for CisHi7NsO (M+H)"; 309.1458, found 309.1438.

450 (R! = 2-naphthyl, R?> = H): A solution of 460 (62.0 mg, 0.19 mmol, 1.0 eq) in toluene (6 mL) was
heated in a microwave oven at 160°C for 6 h. After the removal of solvent, the residue was
recrystallized from CH,Cly/hexane to afford 450 (59.6 mg, 0.18 mmol, 96%) as a white solid.
"H-NMR (DMSO-d6, 400 MHz): § = 8.24 (s, 1H), 8.00-7.88 (m, 4H), 7.58 (s, 1H), 7.55-7.45 (m. 2H),
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470 (d, 1H, J= 11.4 Hz), 4.67 (d, 1H, J= 11.4 Hz), 4.64 (d, 1H, J= 11.4 Hz), 4.61 (d, 1H, J= 11.4
Hz), 3.59 (d, 1H, J = 16.5 Hz), 3.49 (d, 1H, J = 16.5 Hz), 3.31 (d, 1H, J = 16.5 Hz), 3.25 (d, 1H, J =
16.5 Hz), 3C-NMR (DMSO-d6, 100 MHz): § = 140.35, 138.94, 137.58, 133.23, 132.27, 128.55,
128.52, 127.97, 127.70, 127.16, 126.59, 126.08, 123.33, 123.28, 60.52, 56.56, 56.17, 34.88, 33.66

R1 2X /N\
HOCE-
R3/N@N )
N R

74a (R' =R2=H, R3=Me, X=1), 74b (R' =R?>=H, R* = Et, X = I), 74c (R! = R2=H, R = nPr, X
=1),74d R' =R>=H, R*=iPr, X =1), 74e (R' =R>=H, R*=nBu, X = 1), 74f R' =R>=H, R} =
nHex, X =1), 74g (R' =R2>=H, R? = Bn, X = Br), 74h (R' = R? = H, R3 = 2-MeOCsH,CH,, X = Br),
74i (R! = R? = H, R?= 2-NHTsCeH+CH,, X = Br), 74k (R! = R2 = H, R} = Ph,CH,, X = Br), 76a (R!
=R2=H, R® = Me, X = N(SO,CF3),), 76b (R! = R? = H, R® = Et, X = N(SO,CFs),), 76e (R! = R? =
H, R? = nBu, X = N(SO,CFs),), 76g (R' = R? = H, R? = Bn, X = N(SO,CFs),), 76g’ (R' = R?> = H, R®
=Bn, X = N(SOx(CF2),CFs),), (+)-74t (R' = Ph, R2 = H, R*= Me, X =), 74v (R' = 3-MeCeHs, R? =
H,R’=Me, X=1), 741 (R' =R2=Me, R*=Et, X =), 74m (R' =R2=R*=Et, X =I), 74n (R' =

= nBu, R? = Et, X = 1), 740 (R! = R? = nHex, R = nBu, X=I), 74p (R' =R2=Ph, R3>=Me, X =),
76n (R! = R? = nBu, R3 = Et, X = N(SO,CF3),), 760 (R! = R? = nHex, R3 = nBu, X = N(SO,CF5),).

74a (R! =R?=H, R3 = Me, X = I): To a solution of 44a (30 mg, 0.15 mmol, 1.0 eq) in MeCN (5 mL)
was added Mel (50 mg, 0.03 mmol, 10 eq). The mixture was refluxed for 24 h. After the removal of
solvent in vacuo, the residue was washed with hexane/ether, affording 72aa (85 mg, 0.17 mmol, quant)
as a yellow solid. "TH-NMR (CD3;0D, 400 MHz): & 8.57 (s, 2H), 5.17 (d, 2H, J= 13.3 Hz), 5.09 (d, 2H,
J=13.3 Hz), 441 (s, 3H), 3.80 (d, 2H, J = 16.9 Hz), 3.71 (d, 2H, J = 16.9 Hz); 3C-NMR (CD;0D,
100 MHz): 6 146.5, 128.0, 61.3, 58.6, 41.4,36.7; IR (KBr) 3490, 3126, 3069, 2938, 1589, 1428, 1349,
1289, 1156, 1067 cm'; HRMS (ESI) caled for C11H6INe (M-I)*; 359.0476, found 359.0465.
(+)-74a was synthesized in same method of 74a in quantitative yield; [a]p'® = +0.51 (¢ 1.23, CH30H)
74b (R' = R2=H, R3 = Et, X = I): Titled compound was synthesized in same method to 74a (R! =

= H, R3 = Me, X = 1) except for use of Etl instead of Mel. 80% yield as a yellow solid; 'H-NMR
(CD30OD): 6 8.66 (s, 2H), 5.22 (d, 2H, J= 13.3 Hz), 5.13 (d, 2H, J= 13.3 Hz), 4.75 (q, 4H, J= 7.3
Hz), 3.85 (d, 2H, J=16.9 Hz), 3.75 (d, 2H, J=16.9 Hz), 1.71 (t, 6H, J= 7.3 Hz); *C-NMR (CD30D):
0 146.3,126.7,61.5,58.5,51.3, 36.9, 15.0; IR (KBr) 3519, 3460, 3065, 2980, 2374, 1589, 1429, 1342,
1161, 1072 cm™"> ; HRMS (ESI) caled for Ci3H20INg (M-I))*; 387.0789, found 387.0780.

(+)-74b was synthesized in same method of 74b in quantitative yield; [a]p!” = +0.73 (¢ 1.25, CH3;0H)
74¢ (R' = R?=H, R? = nPr, X = I): To a solution of (+)-45a (5.0 mg, 0.024 mmol, 1.0 eq) in MeCN
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(3 mL) was added »Prl (20.3 mg, 0.12 mmol, 5.0 eq). The mixture was heated in a microwave oven
at 140°C for 3.5 h. After the removal of solvent in vacuo, the residue was washed with EtOAc to afford
(-)-74¢ (R' =R?=H, R? = nPr, X = 1) (12.8 mg, 0.024 mmol, quant.) as an white solid.

'"H-NMR (CDsOD, 400 MHz): & = 8.64 (s, 2H), 5.18 (d, 2H, J=13.3 Hz), 5.10 (d, 2H, J = 13.3 Hz)
4.66 (t, 4H, J= 7.3 Hz), 3.82 (d, 2H, J= 17.4 Hz), 3.73 (d, 2H, J= 17.4 Hz), 2.10 (sex, 4H, J= 7.3
Hz), 1.07 (t, 6H, J=7.3 Hz), 3C-NMR (CD3;OD, 100MHz): § = 146.43, 127.00, 61.49, 58.48, 57.29,
36.90, 24.13, 11.09; [a]p*2 = -0.44 (¢ 0.64, CH30H)

74d (R! = R? = H, R? = iPr, X = I): To a solution of 45a (100 mg, 0.49 mmol, 1.0 eq) in MeCN (10
mL) was added iPrl (420 mg, 2.5 mmol, 5.0 eq). The mixture was heated in a microwave oven at
140°C for 8 h. After the removal of solvent in vacuo, the residue was recrystallized with MeOH/EtOAc
to afford 74d (R' = R?=H, R? = iPr, X = I) (169 mg, 0.31 mmol, 64%) as an orange solid.; 'H-NMR
(DMF-d7): 6 9.04 (s, 2H), 5.41 (d, 2H, J = 12.8 Hz), 5.29 (d, 2H, J = 12.8 Hz), 5.26 (quin, 2H, J =
6.9Hz), 3.98 (d, 2H, J = 16.9 Hz), 3.85 (d, 2H, J = 16.9 Hz), 1.67 (d, 12H, J = 6.9 Hz); 3C-NMR
(DMF-d7): 6 146.19, 124.99, 60.97, 59.01, 58.16, 36.16, 22.36; HRMS (ESI) calcd for CisH24INg (M-
I)"; 415.1102, found 415.1104.

74e (R' = R? =H, R? = nBu, X = I): Titled compound was synthesized in same method to 74a except
for use of nBul instead of Mel. Quantitative yield as a yellow solid; "H-NMR (DMF-d7): § 9.02 (s,
2H), 5.45 (d, 2H, J = 13.7 Hz), 5.33 (d, 2H, J = 13.7 Hz), 4.81 (t, 4H, J= 6.9 Hz), 3.99 (d, 2H, J =
17.9 Hz), 3.87 (d, 2H, J = 17.9 Hz), 1.96 (m, 4H), 1.52-1.39 (m, 4H), 1.01 (t, 6H, J = 7.8 Hz); 1*C-
NMR (DMF-d7): 6 162.9, 146.3, 125.5, 122.3, 119.1, 115.9, 60.9, 58.0, 54.4, 36.2, 32.1, 19.6, 13.5;
IR (KBr) 3053, 2950, 2870, 2374, 1581, 1433, 1368, 1180, 1153, 1066 cm™'; HRMS (ESI) caled for
Ci17H28INg (M-I)*; 443.1415, found 443.1404.

(-)-74e was synthesized in same method of 74e in quantitative yield; [a]p?? = -0.35 (¢ 0.69, CH;0H)
74f (R' = R? = H, R? = nHex, X = I): A solution of 45a (50 mg, 0.24 mmol, 1.0 eq) and nHexI (245
mg, 1.2 mmol, 5.0 eq) in MeCN (5 mL) was heated in a microwave oven at 140°C for 4 h. After the
removal of solvent in vacuo, the residue was washed with hexane/EtOAc to afford 74f (R! = R? = H,
R3 = nHex, X =1) (176 mg, 0.28 mmol, quant) as a yellow solid. "H-NMR (CDsOD): 8 5.26 (d, 2H, J
12.4Hz), 5.16 (d, 2H, J = 12.4Hz), 4.71 (q, 4H, J= 7.3Hz), 3.88 (d, 2H, J= 16.9Hz), 3.77 (d, 2H, J
16.9Hz), 2.08 (quin, 4H, J = 7.3Hz), 1.31-1.54 (m, 12H), 0.94 (t, 6H, J = 7.3Hz); 3C-NMR
(CD30OD): 6 146.2,127.0, 126.8, 126.5, 61.7, 58.4, 55.8,37.1, 32.2, 30.5, 26.9, 23.4, 14.4 (the protons
on triazolium ring were deuterized.); IR (KBr) 3046, 2933, 2861, 2373, 1581, 1456, 1431, 1352, 1191,
1153 cm’'; HRMS (ESI) caled for Co1H36INg (M-I7)"; 499.2041, found 499.2028.

(-)-74f was synthesized in same method of 74f in 81% yield; [a]p'? = -2.56 (c 0.25, CH30H)

74g (R' =R?=H, R? = Bn, X = Br): A solution of 45a (30 mg, 0.15 mmol, 1.0 eq) and BnBr (253 mg,
1.5 mmol, 10 eq) in MeCN (5 mL) was heated in a microwave oven at 110°C for 10 h. After the

removal of solvent in vacuo, the residue was washed with hexane/EtOAc to afford 74g (R' =R?=H,
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R?=Bn, X = Br) (67 mg, 0.11 mmol, 71% yield) as a brown oil. "H-NMR (CD3OD): § 8.65 (s, 2H),
7.59-7.57 (m, 4H), 7.47-7.44 (m, 6H), 5.91 (s, 4H), 5.16 (d, 2H, J= 12.8Hz), 5.07 (d, 2H, J= 12.8Hz),
3.76 (d, 2H, J = 17.4Hz), 3.66 (d, 2H, J = 17.4Hz); *C-NMR (CDsOD): 6 146.7, 133.7, 130.8, 130.4,
130.4, 126.8, 61.4, 58.9, 58.4, 36.7; IR (KBr) 3403, 3050, 2995, 2948, 1628, 1587, 1448, 1345, 1154,
1037, 718 cm™'; HRMS (ESI) calcd for C23H24BrNg (M-Br)*; 463.1240, found 463.1223; (+)-74g was
synthesized in same method of 74g in 88% yield; [a]p'? = +3.12 (¢ 0.84, CH;0H)

74h (R' = R? = H, R3 = 2-MeOCsH4CH>, X = Br): To a solution of 45a (18 mg, 0.089 mmol, 1.0 eq)
in MeCN (5 mL) was added 1-(bromomethyl)-2-methoxybenzene (71 mg, 0.035 mmol, 4.0 eq). The
mixture was refluxed for 24 h. After the removal of solvent in vacuo, the residue was recrystallized
from CH,Cl/EtOAc, affording 74h (R' = R? = H, R? = 2-MeOCsH4CH>, X = Br) (64 mg, 0.9 mmol,
quant) as a white solid. '"H-NMR (CDCl;): 8 8.51 (s, 2H), 7.44 (d, 2H, J= 6.9 Hz), 7.34 (t, 2H, J= 7.8
Hz), 6.91 (t, 2H, J= 6.9 Hz), 6.87 (d, 4H, J= 7.8 Hz), 5.69 (s, 4H), 5.48 (d, 2H, J= 13.7 Hz), 5.29 (d,
2H,J=13.7 Hz), 3.99 (d, 2H, J=16.0 Hz), 3.85 (d, 2H, J= 16.0 Hz), 3.82 (s, 6H); "*C-NMR (CDCls):
8 157.53, 144.73, 131.88, 131.66, 126.05, 120.97, 119.19, 111.03, 59.91, 57.72, 55.84, 53.81, 36.03
74i (R' = R? =H, R3= 2-NHTsCsH4CH>, X = Br): To a solution of 45a (15 mg, 0.09 mmol, 1.0 eq) in
MeCN (5 mL) was added N-(2-(bromomethyl)phenyl)-4-methylbenzenesulfonamide (95 mg, 0.28
mmol, 4.0 eq). The mixture was refluxed for 24 h. After the removal of solvent in vacuo, the residue
was recrystallized from CH>Cl/EtOAc, affording 74i (R! = R? = H, R?®= 2-NHTsC¢H4+CH,, X = Br)
(69.9 mg, 0.07 mmol, quant) as a white solid. "H-NMR (CDsOD, 400 MHz): & (ppm) = 8.56 (s, 2H),
7.60-7.56 (m, 6H), 7.37-7.33 (m, 6H), 7.24-7.20 (m, 2H), 6.56 (dd, 2H, J= 7.8, 0.9 Hz), 6.09 (s, 4H),
5.19 (d, 2H, J=12.8 Hz), 5.09 (d, 2H, J= 12.8 Hz), 3.79 (d, 2H, J = 16.9 Hz), 3.69 (d, 2H, J=16.9
Hz), 2.43 (s, 6H) ; *C-NMR (CD;0D, 100 MHz): § (ppm) = 146.53, 145.63, 137.53, 136.64, 132.72,
132.46, 131.52, 130.82, 129.70, 129.66, 128.66, 127.39, 61.24, 58.71, 55.64, 36.57, 21.55

74k (R' = R? = H, R?® = Ph,CH, X = Br): To a solution of 45a (20 mg, 0.099 mmol, 1.0 eq) in MeCN
(2 mL) was added Diphenylbromomethane (98.8 mg, 0.40 mmol, 4.0 eq). The mixture was heated at
60°C for 6 h. After the removal of solvent in vacuo, the residue was recrystallized from MeOH//EtOAc,
affording 74k (R' = R> = H, R? = Ph,CH, X = Br) (52.4 mg, 0.075 mmol, 76%) as a white solid. 'H-
NMR (CD;OD, 400 MHz):5 (ppm) = 8.56 (s, 2H), 7.52 (s, 2H), 7.49-7.43 (m, 12H), 7.40-7.36 (m,
8H), 5.14 (d, 2H, J = 13.3 Hz), 5.06 (d, 2H, J = 13.3 Hz), 3.75 (d, 2H, J= 16.9 Hz), 3.66 (d, 2H, J=
16.9 Hz) ; 3C-NMR (CD;0D, 100 MHz): § (ppm) = 146.78, 137.12, 130.55, 130.30, 129.71, 127.11,
73.38, 61.89, 58.16, 37.07

76a (R' = R? = H, R?® = Me, X = N(SO,CF3)2): To a solution of 74a (15 mg, 0.031 mmol, 1.0 eq) in
H>0 (3 mL) was added LiN(CF3S03), (20.5 mg, 0.015 mmol, 2.3 eq). The reaction mixture was stirred
for 21 h at rt. After the removal of solvent, the residue was washed with H,O and dried in vacuo,
affording 76a (R' = R? = H, R3 = Me, X = N(SO2CF3)2) (25.1 mg, 0. 031 mmol, quant) as a white
solid. '"H-NMR (CD;0D): & 8.50 (s, 2H), 5.10 (d, 2H, J = 13.3 Hz), 5.02 (d, 2H, J= 13.3 Hz), 4.38 (s,
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3H), 3.74 (d, 2H, J= 16.9 Hz), 3.66 (d, 2H, J = 16.9 Hz); *C-NMR (CDsOD):  146.4, 127.8, 126.0,
122.7, 119.6, 115.8, 61.1, 58.5, 41.3, 36.5; F-NMR (CDsOD): § -80.6; IR (KBr) 3397, 3136, 3039,
1591, 1400, 1354, 1204, 1143, 1057, 618, 514 cm’!; HRMS (ESI) caled for Ci3Hi6FsN704S2 (M-
T{N")*; 512.0604, found 512.0586.

76b (R! =R?=H, R3 = Et, X = N(SO2CF3)2), 76e (R' = R? = H, R3 = nBu, X = N(SO,CFs),), 76g (R!
=R2 = H, R® = Bn, X = N(SO.CF3),), 76g’ (R' = R? = H, R* = Bn, X = N(SO(CF,),CF3),) were
synthesized in same method to 76a.

76b (R' = R? = H, R? = Et, X = N(SO,CF3),): 84% yield as a clear oil; 'H-NMR (CD;0D): § 8.55 (s,
2H), 5.06 (d, 2H, J=13.3 Hz), 4.98 (d, 2H, J = 13.3 Hz), 4.70 (q, 4H, /= 7.3 Hz), 3.71 (d, 2H, J =
16.9 Hz), 3.62 (d, 2H, J = 16.9 Hz), 1.67 (t, 6H, J = 7.3 Hz); 3C-NMR (CD;0D): § 146.2, 126.3,
124.3,122.2,120.1, 118.0, 61.0, 58.5, 51.2, 36.3, 14.7; IR (KBr) 3430, 3132, 3027, 1589, 1450, 1353,
1197, 1143, 1057, 620 cm™'; HRMS (ESI) caled for CisH2oF¢N704S, (M-TIN")*; 540.0917, found
540.0895.

76e (R' =R?=H, R3 = nBu, X = N(SO,CF3),): quantitative yield as a yellow solid; "H-NMR (DMF-
d7): 6 8.93 (s, 2H), 5.38 (d, 2H, J= 12.8 Hz), 5.26 (d, 2H, J = 12.8 Hz), 4.79 (q, 4H, J= 7.3 Hz), 3.95
(d, 2H, J=16.9 Hz), 3.82 (d, 2H, J = 16.9 Hz), 1.97 (quin, 4H, J = 7.3 Hz), 1.37 (sext, 4H), 0.92 (t,
6H,.J=7.3 Hz); *C-NMR (DMF-d7): § 162.9, 146.3,125.5,122.3,119.1, 115.9, 60.9, 58.0, 54.4, 36.2,
32.1, 19.6, 13.5; IR (KBr) 3446, 3021, 2402, 1644, 1525, 1338, 1214, 1138, 1056, 672 cm™'; HRMS
(ESI) caled for C1oH2sFsN704S; (M-TN")™; 596.1543, found 596.1525.

76g (R' = R>=H, R? = Bn, X = N(SO,CF3),): quantitative yield as a brown oil; "TH-NMR (CDs;OD):
6 8.53 (s, 2H), 7.53-7.50 (m, 4H), 7.47-7.43 (m, 6H), 5.84 (s, 4H), 5.04 (d, 2H, J= 13.3 Hz), 4.96 (d,
2H, J=13.3 Hz), 3.66 (d, 2H, J = 17.4 Hz), 3.58 (d, 2H, J = 17.4 Hz); *C-NMR (CDs0OD): § 146.7,
133.5, 130.8, 130.4, 130.3, 126.6, 125.9, 122.7, 119.5, 116.4, 61.2, 59.0, 58.3, 36.4; IR (KBr) 3489,
3024, 2927, 2858, 2375, 2113, 1645, 1456, 1212, 764 cm™'; HRMS (ESI) calcd for CosH24FgN704S»
(M-T{N")*; 664.1230, found 664.12009.

76g’ (R' =R?=H, R? = Bn, X = N(SO2(CF2)2CF3),): 79% yield as a brown solid; "H-NMR (CD;OD):
6 8.54 (s, 2H), 7.53-7.50 (m, 4H), 7.45-7.44 (m, 6H), 5.84 (s, 4H), 5.05 (d, 2H, J= 13.3 Hz), 4.96 (d,
2H, J=13.3 Hz), 3.67 (d, 2H, J=16.9 Hz), 3.57 (d, 2H, J = 16.9 Hz); ’F-NMR (CDsOD): & -82.3, -
114.8, -125.5; IR (KBr) 3456, 3188, 3068, 3008, 2544, 2375, 1590, 1453, 1353, 1221, 1069, 867 cm
I, HRMS (ESI) caled for CooH24F14N704S2 {M-(CF3(CF2)2S02)2N"}; 864.1102, found 864.1079.
(+)-74t (R' = Ph, R? = H, R3= Me, X = I): To a solution of (-)-45k (6.4 mg, 0.23 mmol, 1.0 eq) in
MeCN (3 mL) was added Mel (16.3 mg, 0.11 mmol, 5.0 eq). The mixture was heated in a microwave
oven at 130°C for 3 h. After the removal of solvent in vacuo, the residue was recrystallized with
MeOH/ether to afford (+)-74t (R' = Ph, R? = H, R*= Me, X = 1) (8.9 mg, 0.016 mmol, 70%) as a
brown solid. '"H-NMR (CDsOD): & 8.57 (s, 1H), 7.80-7.77 (m, 2H), 7.70-7.67 (m, 3H), 5.22 (d, IH, J
=13.1 Hz), 5.18 (d, 1H, J=13.1 Hz), 5.14 (d, 1H, J= 13.1 Hz), 5.13 (d, 1H, J = 13.1 Hz), 4.40 (s,

83



3H), 4.36 (s, 3H), 3.88-3.74 (m, 4H); 3*C-NMR (CD30D):  146.36, 144.12, 139.20, 132.93, 130.85,
130.65, 129.63, 123.75, 61.52, 61.47, 58.58, 41.33, 40.15, 36.82, 36.76; [a]p'® = +1.35 (¢ 0.45,
CH30H)

74v (R! = 3-MeCeH4, R? = H, R?* = Me, X = I): To a solution of 451 (10.0 mg, 0.034 mmol, 1.0 eq) in
MeCN (3 mL) was added Mel (24.0 mg, 0.17 mmol, 5.0 eq). The mixture was heated in a microwave
oven at 130°C for 6 h. After the removal of solvent in vacuo, the residue was recrystallized with
CH,CL/EtOAc to afford 74v (R! = 3-MeC¢H4, R? = H, R* = Me, X =1) (21.1 mg, 0.036 mmol, quant)
as a brown solid. 'H-NMR (CD;OD): 8.57 (s, 1H), 7.64-7.46 (m, 4H), 5.24 (d, 1H, J= 13.6 Hz), 5.22
(d, 1H, J=12.8 Hz), 5.17 (d, 1H, J = 12.8 Hz), 5.16 (d, 1H, J= 13.6 Hz), 4.40 (s, 3H), 4.34 (s, 3H),
3.89 (d, 1H, J=16.9 Hz), 3.86 (d, 1H, J=17.4 Hz), 3.80 (d, IH, J=16.9 Hz), 3.79 (d, 1H, /=174
Hz), 2.47 (s, 3H); *C-NMR (CD;OD): 8146.46, 144.04, 141.23, 139.35, 133.62, 130.99, 130.70,
128.01, 127.73, 123.62, 61.58, 61.56, 58.55, 41.47, 40.22, 36.95,36.92, 21.37

741 (R! = R? = Me, R3 = Et, X = I): A solution of 45b (13.7 mg, 0.059 mmol, 1.0 eq) and EtI (46 mg,
0.3 mmol, 5.0 eq) in MeCN (3 mL) was heated in a microwave oven at 130°C for 3 h. After the
removal of solvent in vacuo, the residue was washed with hexane/EtOAc to afford 741 (R! = R? = Me,
R*=Et, X =1) (31 mg, 0.057 mmol, 97% yield) as a brown oil. 'H-NMR (CD;OD): 8 5.10 (d, 2H, J
=12.8 Hz), 5.04 (d, 2H, J=12.8 Hz), 4.62 (q, 4H, J= 7.8 Hz), 3.72 (d, 2H, J= 16.0 Hz), 3.66 (d, 2H,
J=16.0 Hz), 2.57 (s, 6H), 1.65 (t, 6H, J = 7.8 Hz); *C-NMR (CD30D): 6 144.0, 136.4, 61.3, 58.6,
48.4, 36.3, 14.3, 9.3; IR (KBr) 3449, 3110, 2938, 2437, 1621, 1441, 1348, 1227, 1090, 755 cm;
HRMS (ESI) calcd for CisH24INg (M-I)"; 415.1102, found 415.1085.

74m (R' = R? = R3 = Et, X = I): A solution of 45¢ (14 mg, 0.054 mmol, 1.0 eq) and EtI (42 mg, 0.27
mmol, 5.0 eq) in MeCN (3 mL) was heated in a microwave oven at 140°C for 4 h. After the removal
of solvent in vacuo, the residue was washed with CH,CL/EtOAc to afford 74m (R' =R?=R3 = Et, X
=1) (25.1 mg, 0.044 mmol, 82% yield) as a yellow oil. '"H-NMR (CD;OD): & 5.08 (d, 2H, J = 13.3
Hz), 5.04 (d, 2H, J = 13.3 Hz), 4.60 (q, 4H, J = 7.3 Hz), 3.81 (d, 2H, J=17.4 Hz), 3.76 (d, 2H, J =
17.4 Hz), 2.97 (q, 4H, J = 7.3 Hz), 1.65 (t, 6H, J = 7.3 Hz), 1.42 (t, 6H, J = 7.3 Hz); 3C-NMR
(CD30OD): § 143.5, 141.0, 61.0, 58.6, 48.4,37.2, 18.2, 14.4, 11.2; IR (KBr) 3509, 2978, 1615, 1452,
1362, 1304, 1266, 1087, 993, 611, 498 cm’!; HRMS (ESI) calcd for Ci17H25INg (M-I)"; 443.1415,
found 443.1397.

74n (R! = R? = nBu, R? = Et, X = I): To a solution of 45d (7.0 mg, 0.022 mmol, 1.0 eq) and EtI (17
mg, 0.1 mmol, 5.0 eq) in MeCN (3 mL) was heated in a microwave oven at 150°C for 2.5 h. After the
removal of solvent in vacuo, the residue was washed with CH,ClyEtOAc to afford 74n (R! = R? =
nBu, R? = Et, X = 1) (14.2 mg, 0.022 mmol, quant) as a yellow oil. "H-NMR (CDs0D): 8 5.08 (d, 2H,
J=13.3 Hz), 5.04 (d, 2H, J= 13.3 Hz), 4.61 (q, 4H, J= 7.3 Hz), 3.78 (d, 2H, J = 16.9 Hz), 3.73 (d,
2H, J=16.9 Hz), 2.94 (t,4H, J= 7.3 Hz), 1.79 (quin, 4H, J= 7.3 Hz), 1.65 (t, 6H, J= 7.3 Hz), 1.50
(sext, 4H, J = 7.3 Hz), 1.02 (t, 6H, J = 7.3 Hz); *C-NMR (CDsOD): § 143.5, 140.1, 61.0, 58.5, 48.3,

84



37.2,29.6,24.2,23.5,14.5, 14.0; IR (KBr) 3021, 2942, 2403, 1603, 1520, 1429, 1357, 1215, 928, 672
cm’'; HRMS (ESI) caled for Co1Hz6INg (M-I)"; 499.2041, found 499.2024.

740 (R! = R? = nHex, R3 = nBu, X = I): To a solution of 45e (6.3 mg, 0.017 mmol, 1.0 eq) and nBul
(16 mg, 0.085 mmol, 5.0 eq) in MeCN (3 mL) was heated in a microwave oven at 140°C for 5 h.
After the removal of solvent in vacuo, the residue was washed with hexane/EtOAc to afford 740 (R!
=R?=nHex, R*=nBu, X =1) (11.5 mg, 0. 16 mmol, 94% yield) as a yellow oil. '"H-NMR
(CD30OD): 6 5.05 (d, 2H, J=13.7 Hz), 5.04 (d, 2H, J= 13.7 Hz), 4.56 (t, 4H, J = 7.3 Hz), 2.94 (d,
2H, J=6.9 Hz),2.92 (d, 2H, J= 6.9 Hz), 2.00 (m, 4H), 1.80 (m, 4H), 1.54-1.37 (m, 16H), 1.02 (t,
6H, J=7.8 Hz), 0.93 (t, 6H, J = 6.9 Hz) ; *C-NMR (CDsOD): & 143.55, 140.27, 61.10, 58.50,
52.62,37.40, 32.49, 32.01, 30.03, 27.60, 24.54, 23.58, 20.62, 14.41, 13.82; IR (KBr) 3021, 2957,
2938, 2868, 2403, 1601, 1517, 1429, 1215, 672 cm™; HRMS (ESI) calcd for C29Hs2INs (M-I')";
611.3293, found 611.3270. (-)-740 was synthesized in same method of 740 in 94% yield; [a]p?? = -
0.30 (c 1.78, CHCl).

74p (R' = R? =Ph, R? = Me, X = I): To a solution of 45h (20.0 mg, 0.056 mmol, 1.0 eq) in MeCN (3
mL) was added Mel (80.1 mg, 0.56 mmol, 10.0 eq). The mixture was heated in a microwave oven at
130°C for 3 h. After the removal of solvent in vacuo, the residue was recrystallized from
MeOH/CH,Cl/hexane, affording 74p (R! = R? =Ph, R3 = Me, X =1) (33.6 mg, 0.053 mmol, 95%) as
a white solid. '"H-NMR (DMSO-d): 8 7.83-7.78 (m, 4H), 7.70-7.65 (m, 6H), 5.21 (d, 2H, J = 12.8
Hz), 5.14 (d, 2H, J= 12.8 Hz), 4.38 (s, 6H), 3.84 (d, 2H, J = 16.9 Hz), 3.75 (d, 2H, J = 16.9 Hz) ; 13C-
NMR (DMSO-de): 6 142.86, 136.61, 131.51, 129.54, 129.10, 122.55, 59.61, 57.03, 34.90, 26.19
HRMS (ESI) calcd for C23H24INg (M-IN)%; 511.1102, found 511.1097.

76n (R' = R? = nBu, R?® = Et, X = N(SO2CF3),): To a solution of 74n (8.0 mg, 0.012 mmol, 1.0 eq) in
MeOH (1 mL) was added LiN(CF3SO2), (7.5 mg, 0.026 mmol, 2.2 eq). After stirring for 24 h at rt,
the crude mixture was extracted with EtOAc. Removal of solvent in vacuo afforded 76n (R' = R? =
nBu, R*=Et, X = N(SO,CF3),) (8.2 mg, 0. 0088 mmol, 73% yield) as a yellow oil. 'H-NMR (CD3CN):
64.81(d, 2H, J=13.3 Hz), 4.75 (d, 2H, J= 13.3 Hz), 4.47 (q, 4H, J= 7.3 Hz), 3.51 (d, 2H, J= 16.0
Hz), 3.43 (d, 2H, J = 16.0 Hz), 2.80 (t, 4H, J = 7.8 Hz), 1.65 (quin, 4H, J= 7.3 Hz), 1.53 (t, 6H, J =
7.8 Hz), 1.40 (sext, 4H, J = 7.8 Hz), 0.93 (t, 6H, J = 7.3 Hz); *C-NMR (CDsCN): & 142.8, 139.6,
125.6,122.4,119.2,116.1, 60.2, 58.1, 48.1, 36.1, 29.1, 23.4, 22.8, 14.6, 13.7; ’F-NMR (CD3CN): & -
80.1; IR (KBr) 3432, 3022, 2931, 2863, 2402, 1636, 1520, 1330, 1213, 1143, 1057, 673 cm’'; HRMS
(ESI) caled for Ca3H36FsN704S; (M-TN")™; 652.2169, found 652.2143.

760 (R! = R? = nHex, R = nBu, X = N(SO,CF5),): To a solution of 740 (7.3 mg, 0.0098 mmol, 1.0
eq) in MeOH (1 mL) was added LiN(CF3SO3), (6.2 mg, 0.021 mmol, 2.2 eq). The mixture was
stirred for 20 h at rt. After the removal of solvent in vacuo, the residue was purified by column
chromatography (SiO>, CH>Cl,/EtOAc = 1/1) to afford 760 (R! = R? = nHex, R3 = nBu, X =
N(SO2CF3),) (10.5 mg, 0. 010 mmol, quant) as a yellow oil. 'H-NMR (CDCl;): 8 5.00 (d, 2H, J =
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13.7 Hz), 491 (d, 2H, J = 13.7 Hz), 4.37 (t, 4H, J= 7.8 Hz), 2.76 (m, 4H), 1.96 (m, 4H), 1.69 (m,
4H), 1.50-1.24 (m, 16H), 1.00 (t, 6H, J= 7.3 Hz), 0.88 (t, 6H, J = 6.9 Hz); 3C-NMR (CDCls): §
141.8, 138.9, 121.1, 117.9, 59.6, 56.9, 51.6, 36.3, 30.9, 30.6, 28.8, 26.1, 23.4,22.3, 19.5, 13.8, 13.2;
F-NMR (CDCls): § -78.9; IR (KBr) 3440, 3022, 2965, 2869, 2402, 1612, 1344, 1213, 1138, 1055,
673 cm’'; HRMS (ESI) caled for C31Hs2FsN704S, (M-TN")*; 764.3421, found 764.3392. (-)-760
was synthesized in same method of 760 in quantitative yield; [a]p!” = -8.16 (¢ 0.49, CHCl;).

66

66: To a mixture of bis(2,2,2-trifluoroethyl) malonate (1.5 g, 5.4 mmol, 1.0 eq.) in toluene (50 ml) was
added 3-Butyn-1-o0l (946 mg, 13.5 mmol, 2.5 eq.) and PhsP (4.3 g, 16.0 mmol, 3.3 eq.). To this solution
was added ADDP (5.0 g, 19.0 mmol, 3.5 eq.) in toluene (50 ml). After increaseing temperature for
50°C, toluene (50 ml) was added to the reaction. After being stirred for 16 h at 50°C, reaction was
cool to rt and filtrated by short column chromatography (SiO2, CH2Cl,) to afford crude 66. Which was
purified by column chromatography (SiO., hexane/EtOAc = 93/7) to afford 66 (1.67 g, 4.5 mmol, 83%
yield) as a clear oil. "TH-NMR (CDCls, 400 MHz): 6 = 4.51 (q, 4H, J = 8.2 Hz), 2.32-2.18 (m, 8H),
1.97 (t, 2H, J = 2.7 Hz); 3C-NMR (CDCls, 100 MHz): § = 168.32, 122.56 (q, J = 277.0 Hz), 82.03,
69.41, 61.14 (q, J = 37.4 Hz), 56.45, 31.37, 13.73; HRMS (ESI) calcd for CisH14Fs04Na (M+Na)*;
395.0688, found 395.0691.

A\

A

OH OH
63
63: To a mixture of lithium aluminium hydride (118 mg, 3.1 mmol, 2.0 eq) in THF (50 mL) was added
66 (573 mg, 1.5 mmol, 1.0 eq) in THF (10 ml) at 0°C. After being stirred at rt for overnight, the
reaction was quenched by saturated aqueous solution of Rochelle salt. After being stirred for 30
minutes at rt, extracted with EtOAc, dried over Na,SO4. The organic layer was concentrated in vacuo.
The residue was purified by short column chromatography (SiO., EtOAc only) to afford 63 (279 mg,
1.5 mol, quantitative yield) as a white solid. 'H-NMR (CDCls, 400 MHz): § = 3.55 (s, 4H), 2.20 (dt,
4H,J=8.2,2.7 Hz), 1.98 (t, 2H, J = 2.7 Hz), 1.59 (t, 4H, J = 8.2 Hz); *C-NMR (CDCl;, 100 MHz):
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8 =284.63, 68.52, 66.88, 41.46, 29.64, 12.73; HRMS (ESI) calcd for Ci;H160:Na (M+Na)*; 203.1043,
found 203.1045.

A

A\

OTf OTf
62

62: To a solution of 63 (680 mg, 3.7 mmol, 1.0 eq) in CH>Cl, (30 mL) with pyridine (5 mL) was added
catalytic amount of DMAP. Subsequently Tf,0 (3.20 g, 11.3 mmol, 3.0 eq) was added at 0°C. After
stirring for 30 minutes at rt, the reaction was quenched with 1 N HCI aq., extracted with CH>Cl,
washed with brine, and dried over MgSOs4. Removal of solvent in vacuo afforded 62 (1.51 g, 3.4 mmol,
92%) as a yellow oil. 'H-NMR (CDCls, 400 MHz): § = 4.47 (s, 4H), 2.29 (dt, 4H, J = 7.8, 2.7 Hz),
2.05 (t, 2H, J = 2.7 Hz), 1.76 (t, 4H, J = 7.8 Hz); 3C-NMR (CDCl3, 100 MHz): & = 118.51 (q, J =
321.1 Hz), 81.80, 75.47,70.30,41.62,28.17, 12.48; HRMS (ESI) calcd for C13H14FsO¢S2Na (M+Na)*;
467.0028, found 467.0025.

N, Ns
60

60: To a solution of 62 (30.0 mg, 0.067 mmol, 1.0 eq) in DMF (3 mL) was added NaN3 (22.0 mg, 0.34
mmol, 5.0 eq). After stirring for 1 h at rt, the reaction was heated at 100°C for 1 h. The reaction was
quenched with H,O, extracted with CH,Cl,, washed with H>O, and dried over Na,SO4. Removal of
solvent in vacuo afforded 60 (12.4 mg, 0.054 mmol, 81%) as a yellow solid. '"H-NMR (CDCls, 400
MHz): 6 =7.53 (s, 2H), 4.32 (d, 2H, J=13.7 Hz), 4.26 (d, 2H, J = 13.7 Hz), 2.98 (t, 4H, J = 6.9 Hz),
1.99 (t,4H, J= 6.9 Hz); '*C-NMR (CDCl3, 100 MHz): § = 131.54, 130.82, 51.97, 34.50, 34.50, 28.52,
16.28; HRMS (ESI) calcd for C11H1sNe¢Na (M+Na)™; 253.1172, found 253.1174.

A

A\

OH OTBS
69
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69: To a solution of 63 (50.0 mg, 0.27 mol, 1.0 eq) in DMF (15 mL) was added imidazole (94.4 mg,
1.39 mmol, 5.0 eq) and TBSCI (50.6 mg, 0.33 mol, 1.2 eq) at 0°C, and the reaction stirred at 0°C for
10 minutes. After stirring for overnight at rt, the solvent was evaporated, and which was purified by
column chromatography (SiO., hexane/EtOAc = 3/1) to afford 69 (58.5 mg, 0.20 mmol, 74% yield)
as a clear oil. 'H-NMR (CDCl;s, 400 MHz): = 3.51 (d, 2H, J= 6.0 Hz), 3.50 (s, 2H), 2.48 (t, 1H, J=
6.0 Hz), 2.23-2.15 (m, 4H), 1.96 (t, 2H, J= 2.3 Hz), 1.68-1.49 (m, 4H), 0.90 (s, 9H), 0.07 (s, 6H); 1*C-
NMR (CDCls, 100 MHz): 6 = 84.62, 68.31, 68.06, 66.98, 41.49, 30.07, 25.80, 18.10, 12.85, -5.71;
HRMS (APCI) calcd for C17H310,Si (M+H)*; 295.2088, found 295.2086.

R

A\

OTf OTBS
70

70: To a solution of 69 (55.0 mg, 0.18 mmol, 1.0 eq.) in CH>Cl> (20 mL) with pyridine (2 mL) was
added catalytic amount of DMAP. Subsequently Tf,0 (105.4 mg, 0.37 mmol, 2.0 eq) was added at
0°C. After stirring for 1 h at rt, the reaction was quenched with saturated aqueous solution of NH4Cl,
extracted with CH,Cl,, washed with brine, and dried over Na>SOj4. The organic layer was concentrated
in vacuo. The residue was purified by short column chromatography (SiO», hexane/EtOAc=4/1) to
afford 70 (66.6 mg, 0.16 mmol, 89%) as a clear oil. '"H-NMR (CDCls, 400 MHz): & = 4.42 (s, 2H),
3.43 (s, 2H), 2.22 (dt, 4H, J = 7.3, 2.3 Hz), 1.98 (t, 2H, J = 2.7 Hz), 1.68-1.56 (m, 4H), 0.89 (s, 9H),
0.06 (s, 6H); *C-NMR (CDCl;, 100 MHz): & = 118.56 (q, J = 321.1 Hz), 83.20, 77.49, 69.09, 63.32,
42.08, 28.93, 25.68, 18.07, 12.60, -5.85

)l

N~N OTBS

71
71: To a solution of 70 (32.0 mg, 0.070 mmol, 1.0 eq) in DMF (10 mL) was added NaN3 (24.4 mg,
0.38 mmol, 5.0 eq). After stirring for 4 h at 40°C, the reaction was heated at 110°C for overnight.
Solvent was evaporated and the residue was purified by column chromatography (SiO-, hexane/EtOAc
= 1/1) to afford 71 (15.0 mg, 0.05 mmol, 71% yield) as a clear oil. 'H-NMR (CDCls, 400 MHz): § =
7.46 (s, 1H), 4.19 (s, 2H), 3.53 (d, 1H, J= 10.5 Hz), 3.43 (d, 1H, J = 10.5 Hz), 2.84 (dt, 2H, J= 6.9,
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3.7 Hz), 2.25 (dt, 2H, J= 7.8, 2.7 Hz), 1.96 (t, 1H, J = 2.7 Hz), 1.93-1.61 (m, 4H), 0.88 (s, 9H), 0.02
(s, 6H) ; 3C-NMR (CDCls, 100 MHz): 5 = 132.10, 130.63, 83.68, 68.94, 65.18, 51.56, 38.63, 32.19,
26.39,25.71, 16.47, 13.01, -5.74; HRMS (ESI) calcd for C17H,9N30SiNa (M+Na)*; 320.2153, found
320.2149.

72

72: To a solution of 71 (96.0 mg, 0.30 mmol, 1.0 eq) in THF (20 mL) was added TBAF (1.0 M in THF,
0.45 ml, 0.45 mmol, 1.5 eq). After stirring for overnight at rt, solvent was evaporated and the residue
was purified by column chromatography (SiO», CH»Cly/acetone = 1/1) to afford 72 (53.3 mg, 0.26
mmol, 87% yield) as a yellow oil. 'H-NMR (CDCls, 400 MHz): 6 = 7.41 (s, 1H), 4.26 (d, 1H,J=13.3
Hz), 4.07 (d, 1H, J = 13.3 Hz), 3.58 (s, 2H), 2.84 (t, 2H, J = 6.4 Hz), 2.30 (dt, 2H, J = 7.8, 2.7 Hz),
1.98 (t, 1H, J=2.7 Hz), 1.97-1.41 (m, 4H); 3C-NMR (CDCl3, 100 MHz): § = 132.32, 130.30, 83.98,
68.97, 63.66, 51.63, 38.46, 32.32, 26.43, 16.43, 12.92; HRMS (ESI) calcd for C;1HisN3OiNa
(M+Na)*; 228.1107, found 228.1108.

I

N,',“\/N OTf
(+H)-73

(+)-73: To a solution of (+)-72 (15.0 mg, 0.073 mmol, 1.0 eq.) in CH>Cl, (10 mL) with pyridine (1
mL) was added catalytic amount of DMAP. Subsequently Tf,0 (41.0 mg, 0.14 mmol, 2.0 eq) was
added at 0°C. After stirring for 30 minutes at rt, the reaction was quenched with H»O, extracted with
CH.Cl,, and dried over Na>SOj. The organic layer was concentrated in vacuo. The residue was purified
by short column chromatography (SiO», EtOAc only) to afford (+)-73 (18.7 mg, 0.055 mmol, 76%) as
a yellow oil. 'H-NMR (CDCl3, 400 MHz): 6 = 7.51 (s, 1H), 4.52 (s, 2H), 4.37 (d, 1H, J= 13.7 Hz),
4.30 (d, 1H, J=13.7 Hz), 2.95 (td, 2H, J = 6.4, 4.1 Hz), 2.33 (td, 2H, J= 7.3, 2.7 Hz), 2.06 (t, 1H, J
=2.7Hz), 2.04-1.91 (m, 2H), 1.84 (td, 2H, J= 7.3, 1.4 Hz); *C-NMR (CDCls, 131.19, 130.98, 118.48
(g, J/=319.2 Hz), 82.14, 70.41, 50.95, 38.13, 31.09, 26.16, 16.10, 12.89, 12.86; HRMS (ESI) calcd
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for C12H14F3N303SNa (M+Na)*; 360.0600, found 360.0594; [a]p!® = +3.83 (c 0.94, CHC).

(-)-60
(-)-60: To a solution of (+)-73 (16.0 mg, 0.047 mmol, 1.0 eq) in DMF (3 mL) was added NaNj3 (7.8
mg, 0.12 mmol, 2.5 eq). After stirring for 1 h at rt, the reaction was heated at 100°C for overnight. The
reaction was quenched with H,O, extracted with CH,Cl,, washed with H,O, and dried over Na;SOs.
Removal of solvent in vacuo afforded (-)-60 (8.1 mg, 0.035 mmol, 75%) as a white solid; [a]p'” = -

3.36 (¢ 0.41, CHCL);

3 N 21 N.. R3

75a (R? = Me), 75b (R? = Et), 75¢ (R? = nBu), 75d (R* = nHex),

75a (R? = Me): A solution of 60 (5.0 mg, 0.021 mmol, 1.0 eq) and Mel (15.0 mg, 0.11 mmol, 5.0 eq)
in MeCN (2 mL) was heated in a microwave oven at 130°C for 3 h. After the removal of solvent in
vacuo, the residue was recrystallized by MeOH/CH,Cly/hexane to afford 75a (12.4 mg, 0.024 mmol,
quant) as a brown solid. '"H-NMR (CDsOD, 400 MHz): § = 8.54 (s, 2H), 4.80 (d, 2H, J = 14.2 Hz),
4.66 (d, 2H, J= 14.2 Hz), 4.35 (s, 6H), 3.35-3.12 (m, 4H), 2.23 (t, 4H, J= 6.9 Hz); 3C-NMR (CDsOD,
100 MHz): 8 = 140.78, 130.01, 54.78, 40.77, 34.83, 27.38, 17.56; HRMS (ESI) calcd for Ci3H20IN¢
(M-I*; 387.0789, found 387.0791.

75b (R3 = Et): A solution of 60 (5.0 mg, 0.021 mmol, 1.0 eq) and EtI (17.0 mg, 0.11 mmol, 5.0 eq) in
MeCN (2 mL) was heated in a microwave oven at 130°C for 6 h. After the removal of solvent in vacuo,
the residue was washed with CH>Clo/hexane to afford 75b (11.5 mg, 0.021 mmol, quant) as a brown
solid. "H-NMR (CDsOD, 400 MHz): = 8.61 (s, 2H), 4.82 (d, 2H, J = 14.2 Hz), 4.68 (q, 4H, J = 7.8
Hz), 4.66 (d, 2H, J = 14.2 Hz), 4.35 (s, 6H), 3.35-3.12 (m, 4H), 2.23 (t, 4H, J = 6.9 Hz); 3C-NMR
(CDs0OD, 100 MHz): & =140.71, 128.65, 54.82, 50.62, 34.84,27.57, 17.62, 14.63; HRMS (ESI) calcd
for CisH24INg (M-I)"; 415.1102, found 415.1104.

75¢ (R? = nBu) and 75d (R3 = nHex) were synthesized in same method to 75b except for use of alkyl
iodide.

75¢ (R? = nBu): (10.5 mg, 0.018 mmol, 86%), 'H-NMR (CDsOD, 400 MHz): & = 8.61 (s, 2H), 4.84
(d, 2H, J = 14.2 Hz), 4.66 (d, 2H, J = 14.2 Hz), 4.64 (t, 4H, J = 7.8 Hz), 3.35-3.01 (m, 4H), 2.23 (t,
4H, J= 6.9 Hz), 2.02 (quin, 4H, J= 7.3 Hz), 1.46 (sex, 4H, J= 7.3 Hz), 1.01 (t, 6H, J = 7.3 Hz); 13C-
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NMR (CD;0D, 100MHz): 6 =140.77, 129.00, 54.96, 54.84, 34.83,32.27,27.57,20.48, 17.63, 13.69;
HRMS (ESI) calcd for Ci19H3:INg (M-I)*; 471.1728, found 471.1724.

75d (R? = nHex): (14.9 mg, 0.022 mmol, quant), 'H-NMR (CD;0D, 400 MHz): 5 = 8.62 (s, 2H), 4.84
(d, 2H, J = 14.2 Hz), 4.67 (d, 2H, J = 14.2 Hz), 4.63 (t, 4H, J = 7.3 Hz), 3.36-3.01 (m, 4H), 2.24 (4,
4H, J=7.3 Hz), 2.04 (quin, 4H, J = 7.3 Hz), 1.50-1.29 (m, 12H), 0.93 (t, 6H, J = 7.3 Hz); 3C-NMR
(CDs0OD, 100MHz): 6 =140.74,129.02, 55.25, 54.85, 34.83,32.25,30.31, 27.60, 26.97, 23.46, 17.67,
14.31; HRMS (ESI) calcd for Co3H4oINg (M-I)"; 527.2354, found 527.2356.

(-)-75d was synthesized in same method to 75d in quantitative yield; [o]p!® = -31.29 (c 0.20, CH,Cl,)

2Tf,N-
nHex\N ,N\Nanex

77d

77d: To a solution of 75d (5.5 mg, 8.4 pmol, 1.0 eq) in MeOH (3 mL) was added LiN(CF3S0,) (12.1
mg, 42 umol, 5.0 eq). After stirring for 24 h at 50°C, the crude mixture was added CH>Cl, and washed
with H>O. Removal of solvent in vacuo afforded 77d (7.0 mg, 7.3 pmol, 87%) as a yellow oil. 'H-
NMR (CDs0D, 400 MHz): 6 =8.57 (s, 2H), 4.75 (d, 2H, J=13.7 Hz), 4.62 (d, 2H, J=13.7 Hz), 4.61
(t, 4H, J="7.3 Hz), 3.29-3.10 (m, 4H), 2.19 (t, 4H, J= 7.3 Hz), 2.02 (quin, 4H, J= 7.3 Hz), 1.47-1.32
(m, 12H), 0.92 (t, 6H, J= 7.3 Hz); *C-NMR (CDsOD, 100 MHz): § = 140.05, 128.86, 121.16 (q, J =
321.1 Hz), 55.17, 54.58, 34.75, 32.22, 30.26, 27.41, 26.89, 23.43, 17.33, 14.27; ’F-NMR (CD;0D):
8 -80.58; HRMS (ESI) calcd for CosH4oFsN704S2 (M-(T:N)")*; 680.2482, found 680.2482.

(-)-77d was synthesized in same method to 77d in 72% yield. [a]p*? = -11.30 (¢ 0.97, CH,Cl,)

R
MeOQC COzl\/le
S1a (R = Me), S1b (R = Et), Slc (R = nBu)

Sla (R =Me): 58a (1.0 g, 5.9 mmol, 1.0 eq) was added to a mixture of NaH (60% in mineral oil, 356
mg, 8.9 mmol, 1.5 eq) in dry THF (30 mL) at 0°C. Then the reaction mixture was stirred for 20 minutes
at rt. After the addition of Mel (1.7 g, 11.8 mmol, 2.0 eq) at 0°C, the mixture was stirred for overnight
at rt, quenched by saturated aqueous ammonium chloride, extracted with EtOAc, and dried over
MgSO,. After the removal of solvent, the residue was purified by column chromatography (SiO.,
hexane/EtOAc = 9/1) to afford 58a (737 mg, 4.0 mmol, 68% yield) as a clear oil, which was identical

91



in all respects with reported in the literature. (Jones and Harvey et al. Angew. Chem. Int. Ed. 2011, 50,
9602.)

S1b (R = Et) and S1c¢ (R = nBu) were synthesized in same method to S1a except for use of alkyl iodide
and the amount of NaH (2.0 eq.). These spectral data were identical in all respects with
reported in the literature. (Renaud et al Org. Lett. 2004, 6, 2563)

S1b (R = Et): 73% yield as a yellow oil.

S1c (R =nBu): 42% yield as a yellow oil.

R

OH OH
S2a (R = Me), S2b (R = Et), S2¢ (R = nBu)

S2a (R = Me): To a mixture of lithium aluminium hydride (304 mg, 8.0 mmol, 2.0 eq) in THF (30
mL) was added S1a (730 mg, 4.0 mmol, 1.0 eq) in THF (10 ml) at 0°C. After being stirred at rt for 2
h, the reaction was quenched by saturated aqueous solution of Rochelle salt. After being stirred for 30
minutes at rt, extracted with EtOAc, dried over Na;SO4. The organic layer was concentrated in vacuo
to afford S2a (544 mg, 4.2 mmol, quantitative yield) as a white solid, which was identical in all
respects with reported in the literature. (Gade et al. J. Chem. Soc., Dalton Trans. 2002, 3952)

S2b (R = Et), S2¢ (R = nBu) were synthesized in same method to S2a except for longer the reaction
time to overnight.

S2b (R = Et): (547 mg, 3.8 mmol, 92%); 'H-NMR (CDCls, 400 MHz): 8 = 3.66 (d, 2H, J=10.9 Hz),
3.61(d, 2H, J=10.9 Hz), 2.64 (br, 2H), 2.26 (d, 2H, J=2.7 Hz), 1.99 (t, 1H, J= 2.7 Hz), 1.40 (q, 2H,
J=1.3Hz), 0.86 (t, 3H, J = 7.3 Hz); 3*C-NMR (CDCl3, 100 MHz): § = 81.09, 70.47, 67.54, 41.54,
23.87,20.80, 7.39

S2¢ (R = nBu): (414 mg, 2.4 mmol, quant); '"H-NMR (CDCls, 400 MHz): & = 3.65 (d, 2H, J = 10.9
Hz), 3.61 (d, 2H, J=10.9 Hz), 2.67 (br, 2H), 2.27 (d, 2H, J=2.7 Hz), 1.99 (t, 1H, J= 2.7 Hz), 1.36-
1.16 (m, 6H), 0.90 (t, 3H, J= 7.8 Hz); *C-NMR (CDCl3, 100 MHz): 6 = 81.13, 70.49, 67.89, 41.44,
31.26, 25.06, 23.44, 21.27, 13.98

R

OTf OTf
S3a (R = Me), S3b (R = Et), S3¢ (R = nBu)

92



S3a (R = Me): To a solution of S2a (30.0 mg, 0.23 mmol, 1.0 eq) in CH>Cl> (10 mL) with pyridine (3
mL) was added catalytic amount of DMAP. Subsequently Tf,0 (194.7 mg, 0.69 mmol, 3.0 eq) was
added at 0°C. After stirring for 6 h at rt, the reaction was quenched with 1 N HCI agq., extracted with
CH.Cl,, washed with 1 N HCI agq., and dried over MgSQO4. Removal of solvent in vacuo, and the
residue was purified by short column chromatography (Si0, hexane/EtOAc = 1/1) afforded S3a (88.5
mg, 0.22 mmol, 98%) as a yellow oil. 'H-NMR (CDCls, 400 MHz): & = 4.46 (d, 2H, J = 10.1 Hz),
4.41 (d, 2H, J=10.1 Hz), 2.37 (d, 2H, J = 2.7 Hz), 2.18 (t, 1H, J = 2.7 Hz), 1.22 (s, 3H); *C-NMR
(CDCls, 100 MHz): 6 = 118.57 (q, J = 320.13 Hz), 76.53, 73.29, 72.40, 38.83, 23.78, 17.86; HRMS
(ESI) caled for CoH9FsO6S:Na (M+Na)™; 414.9715, found 414.9714.

S3b (R = Et), S3¢ (R = nBu) were synthesized in the same method of S3a except for purification.
S3b (R = Et): Purified by column chromatography (SiO», hexane/EtOAc = 9/1) to afford S3b (1.18 g,
2.9 mmol, 76% yield) as a white solid. 'H-NMR (CDCls, 400 MHz): § = 4.46 (d, 2H, J = 10.1 Hz),
4.43 (d, 2H, J=10.1 Hz), 2.34 (d, 2H, J= 2.7 Hz), 2.15 (t, 1H, J= 2.7 Hz), 1.62 (q, 2H, J = 7.3 Hz),
0.79 (t, 3H, J = 7.3 Hz); *C-NMR (CDCls, 100 MHz):5 = 118.58 (q, J = 319.17 Hz), 76.28, 75.36,
73.08, 41.45,22.75,20.45, 6.67

S3c¢ (R = nBu) Purified by column chromatography (SiO», hexane/EtOAc = 3/1) to afford S3c (879
mg, 2.0 mmol, 84% yield) as a yellow oil. "H-NMR (CDCls, 400 MHz): 6 = 4.46 (d, 2H, J=10.1 Hz),
4.43 (d, 2H, J=10.1 Hz), 2.34 (d, 2H, J = 2.7 Hz), 2.15 (t, 1H, J = 2.7 Hz), 1.57-1.50 (m, 2H), 1.43-
1.21 (m, 4H), 0.94 (t, 3H, J = 7.3 Hz); 3C-NMR (CDCl3, 100 MHz): & = 118.56 (q, /= 319.17 Hz),
76.36, 75.63, 73.10, 41.27, 29.59, 24.30, 22.85, 20.95, 13.66

S4a (R = Me), S4b (R = Et), S4¢ (R = nBu)

S4a (R = Me): To a solution of S3a (902 mg, 2.3 mmol, 1.0 eq) in DMF (20 mL) was added NaNj3
(748 mg, 11.5 mmol, 5.0 eq). After stirring for 0.5 h at 70°C, the reaction was heated at 140°C for
overnight. Solvent was evaporated and the residue was purified by short column chromatography
(SiO,, CH2Cl/MeOH = 4/1) to afford S4a (217 mg, 1.2 mmol, 53% yield) as a yellow oil. "H-NMR
(CDCls, 400 MHz): 6="7.42 (s, 1H), 4.29 (d, 1H, J=11.9 Hz), 4.04 (d, 1H, J=11.9 Hz), 3.47(s, 2H),
291 (d, 1H, J=16.0 Hz), 2.68 (d, 1H, J = 16.0 Hz), 1.37 (s, 3H); 3*C-NMR (CDCl3, 100 MHz): § =
139.81, 127.59, 58.90, 55.24, 49.90, 32.15, 24.30; HRMS (ESI) calcd for C;H;1N3ONa (M+Na)*;
201.0859, found 201.0863.

S4b (R = Et): To a solution of S3b (20.0 mg, 0.049 mmol, 1.0 eq) in DMF (2 mL) was added NaNj3
(16.0 mg, 0.25 mmol, 5.0 eq). After stirring for overnight at 70°C, the reaction was heated at 100°C
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for 10 h. Solvent was evaporated and the residue was dissolved in CH»Cl,, and washed with H»O,
dried over Na,SOs to afford S4b (7.8 mg, 0.041 mmol, 84% yield) as a yellow oil. 'H-NMR (CDCls,
400 MHz): 6=17.34 (s, 1H), 4.19 (d, 1H, J=12.4 Hz), 4.03 (d, 1H, J=12.4 Hz), 3.48 (d, 1H,J=12.4
Hz), 3.44 (d, 1H, J=12.4 Hz), 2.78 (d, IH. J=16.5 Hz), 2.69 (d, 1H, J = 16.5 Hz), 1.69 (q, 2H, J =
7.8 Hz), 0.88 (t, 3H, J = 7.8 Hz); *C-NMR (CDCls, 100 MHz): § = 139.92, 127.14, 56.61, 53.41,
53.20,29.80, 29.34, 8.21

S4¢ (R = nBu) was synthesized in the same method of S4b. 'H-NMR (CDCls, 400 MHz): & = 7.37 (s,
1H), 4.22 (d, 1H, J=12.4 Hz), 4.06 (d, 1H, J=12.4 Hz), 3.49 (d, 1H, J=12.4 Hz), 3.46 (d, 1H. J =
12.4 Hz), 2.81 (d, 1H, J=16.0 Hz), 2.72 (d, 1H, J= 16.0 Hz), 1.68-1.62 (m, 2H), 1.38-1.16 (m, 4H),
0.89 (t, 3H, J= 7.3 Hz); *C-NMR (CDCls, 100 MHz): = 139.94, 127.28, 57.04, 53.86, 53.02, 36.60,
30.38, 26.10,22.93, 13.79

N-N NH,
S5a (R = Me), S5b (R = Ef), S5¢ (R = nBu)

S5a (R = Me): To a solution of S4a (100 mg, 0.56 mmol, 1.0 eq) and PPh3 (221 mg, 0.84 mmol, 1.5
eq) in 1,4-dioxane (10 mL) was added H>O (2 ml). After stirring for overnight at 50°C, solvent was
evaporated and the residue (156.3 mg) was used for next step without further purification.

S5b (R = Et) and SSc¢ (R = nBu) were synthesized in the same method of S5a except for purification.
S5b (R = Et): Purified by column chromatography (SiO>, CH2Cly/acetone = 1/1) to afford S5b (43.2
mg, 0.26 mmol, 72%); 'H-NMR (CDCls, 400 MHz): & = 7.39 (s, 1H), 4.29 (d, 1H, J= 11.9 Hz), 4.05
(d, 1H, J=11.9 Hz), 2.83 (d, 1H, J=12.8 Hz), 2.80 (d, 1H, J = 16.0 Hz), 2.77 (d, IH. /= 12.8 Hz),
2.67 (d, IH, J=16.0 Hz), 1.69 (q, 2H, J= 7.8 Hz), 0.92 (t, 3H, J= 7.8 Hz)

S5¢ (R = nBu): Purified by column chromatography (SiO,, CH>Cly/acetone = 1/1) to afford SSe
(35.7 mg, 0.18 mmol, 57%).; '"H-NMR (CDCls, 400 MHz): 6 = 7.39 (s, 1H), 4.29 (d, 1H, J=11.9 Hz),
4.06 (d, 1H, J=11.9 Hz), 2.81 (d, 1H, J=12.8 Hz), 2.80 (d, 1H, J=16.0 Hz), 2.77 (d, 1H. J=12.8
Hz), 2.68 (d, 1H, J=16.0 Hz), 1.67-1.59 (m, 2H), 1.38-1.18 (m, 4H), 0.92 (t, 3H, J= 7.8 Hz)

N- NHBz
// N
N
R
S6a (R = Me), S6b (R = Et), S6¢ (R = nBu)

Séa: To a solution of crude S5a (156.3 mg) in THF (20 mL) and pyridine (2 ml) was added BzCl
(102.3 mg, 0.73 mmol, 1.3 eq). After stirring for 2 h at rt, solvent was evaporated and the residue was
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purified by column chromatography (SiO,, CH2Cly/acetone = 85/15) to afford Séa (47.6 mg, 0.19
mmol, 34% yield for two steps) as a clear oil. '"H-NMR (CDCls, 400 MHz): § = 7.69-7.64 (m, 2H),
7.53-7.48 (m, 1H), 7.49-7.39 (m, 3H), 6.56 (t, 1H, J= 6.9 Hz), 4.37 (d, |H, J=11.9 Hz), 4.06 (d, 1H,
J=119 Hz), 3.69 (dd, 1H, J = 6.9, 14.2 Hz), 3.64 (dd, 1H, J= 6.9, 14.2 Hz), 3.03 (d, 1H, J=16.0
Hz), 2.73 (d, 1H,J=16.0 Hz), 1.40 (s, 3H); *C-NMR (CDCls, 100 MHz): = 168.46, 140.60, 134.04,
131.72, 128.56, 127.36, 126.99, 55.73, 50.88, 47.48, 32.50, 24.51 ; HRMS (ESI) calcd for
Ci4sH16N4ONa (M+Na)*; 279.1216, found 279.1214.

Séb (R =Et) and Sé6c (R = nBu) were synthesized in same method to Séa except for longer the reaction
time to overnight.

S6b (R = Et): (45.7 mg, 0.17 mmol, 65%); 'H-NMR (CDCls, 400 MHz): § = 7.65 (d, 2H, J= 6.9 Hz),
7.44 (t, 1H, J= 6.9 Hz), 7.34 (t, 3H, J= 6.9 Hz), 7.15 (s, 1H), 4.43 (d, 1H, J=11.9 Hz), 4.08 (d, 1H,
J=11.9 Hz), 3.64 (s, 2H), 3.01 (d, 1H, J=16.0 Hz), 2.75 (d, 1H, J = 16.0 Hz), 1.73 (q, 2H, J=7.3
Hz), 0.97 (t, 3H, J=7.3 Hz); 3C-NMR (CDCl3, 100 MHz): = 168.73, 141.30, 134.11, 131.79, 128.63,
127.17, 126.85, 54.34, 54.27, 45.89, 30.32, 30.27, 8.75

S6¢ (R = nBu): (34.7 mg, 0.12 mmol, 67%); '"H-NMR (CDCls, 400 MHz): & = 7.61-7.59 (m, 2H),
7.51-7.45 (m, 1H), 7.41-7.36 (m, 2H), 7.34 (s, 1H), 6.52 (t, 1H, J= 6.4 Hz), 4.35 (d, 1H, J=11.9 Hz),
4.13 (d, 1H,J=11.9 Hz), 3.70 (dd, 1H, J= 6.4, 14.6 Hz), 3.64 (dd, 1H, J= 6.4, 14.6 Hz), 2.97 (d, 1H,
J=16.0Hz),2.77 (d, 1H, J=16.0 Hz), 1.72-1.65 (m, 2H), 1.40-1.27 (m, 4H), 0.92 (t, 3H, J= 7.3 Hz);
BC-NMR (CDCl3, 100 MHz): & = 168.42, 140.63, 134.01, 131.78, 128.64, 127.15, 126.85, 54.29,
53.79,46.30, 37.49, 30.63, 26.35, 13.91

Ny NHBz
e g
R
S7a (R = Me), S7b (R = Et), S7c (R = nBu)

S7a (R = Me): A solution of (+)-S6a (5.0 mg, 0.020 mmol, 1.0 eq) and #»Bul (11.0 mg, 0.06 mmol, 3.0
eq) in MeCN (3 mL) was heated in a microwave oven at 140°C for 4 h. After the removal of solvent
in vacuo, the residue was recrystallized by EtOAc/hexane to afford (-)-S7a (10.8 mg, 0.020 mmol,
quant) as a yellow solid; [a]p"® = -22.30 (¢ 0.61, CHCl3); 'H-NMR (CDCls, 400 MHz): & = 8.48 (s,
1H), 7.97-7.92 (m, 2H), 7.81 (t, 1H, J=7.3 Hz), 7.48 (t, |H, J="7.3 Hz), 7.40 (t,2H, J= 7.3 Hz), 5.20
(d, 1H, J=12.8 Hz), 4.45 (t, 2H, J= 7.3 Hz), 4.33 (d, 1H, J= 12.8 Hz), 4.02 (d, I1H, J = 17.4 Hz),
3.96 (dd, 1H, J= 7.3, 14.2 Hz), 3.58 (dd, 1H, J= 7.3, 14.2 Hz), 3.11 (d, 1H, J= 17.4 Hz), 1.80 (d-
quin, 2H, J=3.7, 7.3 Hz), 1.53 (s, 3H), 1.29 (sex, 2H, J= 7.3 Hz), 0.88 (t, 3H, /= 7.3 Hz); 3C-NMR
(CDCls, 100 MHz): & = 68.88, 146.80, 132.55, 132.05, 128.58, 127.78, 125.73, 60.10, 54.64, 50.96,
47.60, 35.42,31.31,24.15, 19.41, 13.31 ; HRMS (ESI) calcd for CisHasN4O (M-I)"; 313.2023, found
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313.2020.

S7b (R = Et): A solution of (-)-S6b (19.0 mg, 0.070 mmol, 1.0 eq) and #»Bul (65.0 mg, 0.35 mmol, 5.0
eq) in MeCN (5 mL) was heated in a microwave oven at 140°C for 4 h. After the removal of solvent
in vacuo, the residue was recrystallized by CH>Cly/hexane to afford (+)-S7b (31.1 mg, 0.068 mmol,
98% yield) as a yellow oil; [a]p'® = +75.50 (¢ 0.31, CHCl3); "TH-NMR (CDCls, 400 MHz): & = 8.41 (s,
1H), 7.98-7.93 (m, 2H), 7.69 (t, 1H, J=7.3 Hz), 7.48 (t, |H, J="7.3 Hz), 7.42 (t,2H, J= 7.3 Hz), 5.26
(d, 1H, J=12.8 Hz), 4.35 (t, 2H, J= 7.3 Hz), 4.32 (d, 1H, J= 12.8 Hz), 4.15 (d, I1H, J = 17.4 Hz),
4.10 (dd, 1H,J=17.3, 142 Hz), 3.55 (dd, 1H,J=17.3, 14.2 Hz), 3.09 (d, 1H, J=17.4 Hz), 1.91 (q, 2H,
J=17.3Hz), 1.79-1.68 (m, 2H), 1.25 (q, 2H, J= 7.3 Hz), 1.19 (t, 3H, J= 7.3 Hz), 0.87 (t, 3H, ] = 7.3
Hz); *C-NMR (CDCls, 100 MHz): 6= 168.89, 146.90, 132.74, 132.09, 128.64, 127.88, 125.51, 58.61,
54.72, 54.66, 46.08, 33.45, 31.42, 30.24, 19.49, 13.46, 9.38

S7¢ (R = nBu): A solution of (+)-S6c (9.8 mg, 0.032 mmol, 1.0 eq) and #Bul (30.0 mg, 0.16 mmol,
5.0 eq) in MeCN (5 mL) was heated in a microwave oven at 140°C for 3 h. After the removal of
solvent in vacuo, the residue was recrystallized by CH>Cly/hexane to afford (+)-S7¢ (14.5 mg, 0.030
mmol, 94% yield) as a yellow oil; [a]p"> = +161.84 (¢ 0.14, CHCl3); 'H-NMR (CDCls, 400 MHz): &
= 8.40 (s, 1H), 7.90-7.84 (m, 2H), 7.81 (t, 1H, J= 6.0 Hz), 7.48 (t, 1H, J= 7.3 Hz), 7.41 (t, 2H, J =
7.3 Hz), 5.20 (d, 1H, J=12.8 Hz), 4.42 (t, 2H, J= 7.3 Hz), 4.39 (d, 1H, J= 12.8 Hz), 4.05 (dd, 1H, J
=173,142Hz),3.94 (d, 1H,J=17.4 Hz), 3.55 (dd, 1H, J= 7.3, 14.2 Hz), 3.19 (d, 1H, J = 17.4 Hz),
1.90-1.67 (m, 4H), 1.49-1.34 (m, 4H), 1.25 (sex, 2H, J=7.3 Hz), 0.95 (t, 3H, J= 7.3 Hz), 0.86 (t, 3H,
J=17.3 Hz); *C-NMR (CDCl3, 100 MHz):6=168.91, 147.01, 132.63, 132.20, 128.77, 127.77, 125.88,
59.00, 54.85, 54.42, 46.83, 37.42, 34.16, 31.41, 26.98, 23.25, 19.53, 14.06, 13.46

General procedure for NHC-catalyzed Benzoin condensation reaction

NHC precursor (8 pmol, 5 mol %) and base (8 orl6 umol, 5 or 10 mol %) were added dry THF (0.6
ml) and stirred for 5 minutes at rt. Benzaldehyde (17.0 mg, 0.16 mmol, 1.0 eq) was added to the
mixture and stirred for 1 or 1.5 h at reflux condition. The reaction was quenched by saturated NH4Cl
aq. and filtered by short column chromatography (SiO», EtOAc only) to afford crude product. Product
yield was determined by NMR analysis (benzyl phenyl ether was used as an internal standerd).
Analytically pure compound was obtained by silica gel PTLC (hexane/EtOAc = 4/1). Enantiomeric
excess was determined by HPLC analysis using chiral stationary phase column (DAICEL
CHIRALPAK AD-H, hexane/iPrOH = 9/1, flow rate = 0.8 ml/min, A = 243 nm; 26.9 min and 38.2

min).
General procedure for NHC-catalyzed homocoupling reaction of Cinnamaldehyde.

NHC precursor (14 pmol, 30 mol %), base (12 or 24 pmol, 26 or 52 mol %) and MS 4A (same weight
to NHC precursor) were added dry THF (0.3 ml) and stirred for 5 minutes at rt. trans-Cinnamaldehyde
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(6.2 mg, 47 umol, 1.0 eq) was added to the mixture and stirred for appropriate time at rt. The reaction
was quenched by H,O, extracted with EtOAc, dried over NaxSOj4 to afford crude product. Crude
product was purified by silica gel PTLC (hexane/EtOAc = 4/1). Enantiomeric excess was determined
by HPLC analysis using chiral stationary phase column (DAICEL CHIRALPAK AD-H,
hexane/iPrOH = 95/5, flow rate = 1.0 ml/min, A = 251 nm; 15.5 min and 18.0 min).

™S

MeO OO CO,Me

104

104; To a solution of 103 (6.3 g, 21.4 mmol, 1.0 eq.), Pd(OAc), (471 mg, 2.1 mmol, 10 mol%), dppp
(866 mg, 2.1 mmol, 10 mol%) and Cul (419 mg, 2.1 mmol, 10 mol%) in THF (50 mL) and Et;N (50
ml) was added trimethylsilylacetylene (6.3 g, 64.2 mmol, 3.0 eq.). After stirring for 6 h at refluxing
condition, the reaction mixture was passed through short column (SiO,, CH,Cl, only) to afford crude
product. Removal of solvent in vacuo, and the residue was purified by column chromatography (SiO»,
hexane/CH,Cl, = 4/1) afforded 104 (6.0 g, 19.2 mmol, 91%) as a yellow oil.'H-NMR (CDCls, 400
MHz): 6 =7.87 (d, 1H, J= 2.7 Hz), 7.81-7.72 (m, 3H), 7.25 (dd, 1H, J = 8.3, 2.7 Hz), 3.98 (s, 3H),
3.97 (s, 3H), 0.36 (s, 9H); *C-NMR (CDCl3, 100 MHz): & = 167.52, 159.05, 135.33, 131.39, 129.92,
129.61, 128.14, 123.48, 121.04, 120.20, 106.39, 105.62, 101.24, 55.20, 52.10, 0.08; HRMS (ESI)
caled for CisH20NaO;Sit (M+Na)*; 335.1074, found: 335.1076

T™MS

MeO
ROOA

105

105; To a solution of LiAlH4 (474 mg, 12.5 mmol, 1.5 eq.) in THF (100 mL) was added 104 (2.6 g,
8.3 mmol, 1.0 eq.) in THF (50 ml) at 0°C. After stirring for 1 h at 0°C, the reaction was quenched by
saturated aqueous solution of Rochelle salt. After being stirred for 30 minutes at rt, extracted with
EtOAc, dried over NaSOj4. The organic layer was concentrated in vacuo. The residue was purified by
short column chromatography (SiO», EtOAc only) to afford 105 (1.8 g, 8.5 mmol, quantitative yield)
as a white solid. "H-NMR (CDCl3, 400 MHz): § = 7.73-7.64 (m, 2H), 7.63 (d, 1H, J = 2.7 Hz), 7.40
(d, 1H, J=8.3 Hz), 7.14 (dd, 1H, J= 8.3, 2.7 Hz), 5.01 (d, 2H, J= 6.0 Hz), 3.95 (s, 3H), 2.60 (t, 1H,
J=6.0 Hz), 0.37 (s, 9H); *C-NMR (CDCl3, 100 MHz): & = 158.65, 142.27, 134.92, 129.61, 128.69,
127.81, 122.59, 118.92, 116.64, 105.08, 104.26, 100.91, 64.29, 55.04, -0.06; HRMS (ESI) calcd for
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C17H20NaO,Si™ (M+Na)™; 307.1125, found: 307.1125

106; To a solution of 105 (1.8 g, 8.5 mmol, 1.0 eq.) in toluene (300 mL) was added DPPA (2.8 g, 10.0
mmol, 1.2 eq.) and followed by DBU (1.5 g, 10.0 mmol, 1.2 eq.). After stirring for 0.5 h at 50°C, the
reaction temperature was increased to 70°C and stirred for 12 h. After that the reaction was diluted by
EtOAc and washed by 1N HCI agq., and followed by NaHCOj3 ag. to obtain crude product. The crude
mixture was purified by column chromatography (SiO,, CH>Cly/acetone = 95/5) to afford 106 (1.5 g,
6.2 mmol, 75% yield) as a pale purple solid. 'H-NMR (CDCls, 400 MHz): & = 7.92 (s, 1H), 7.80 (d,
1H,J=8.3Hz),7.78 (d, 1H, /= 8.3 Hz), 7.39 (d, 1H, J=8.3 Hz), 7.22 (dd, 1H, J=8.3,2.7 Hz), 7.12
(d, 1H, J = 2.7 Hz), 5.33 (s, 2H), 3.97 (s, 3H); 3C-NMR (CDCl;, 100 MHz): & = 158.88, 142.66,
139.67, 130.29, 128.86, 128.58, 127.78, 124.29, 123.36, 119.42, 118.62, 102.27, 55.36, 51.65; HRMS
(ESI) caled for C14H11N3NaO™ (M+Na)*; 260.0794, found: 260.0796

On 102

102; A solution of 106 (106.8 mg, 0.45 mmol, 1.0 eq.) in 48% HBr ag. (5 ml) and AcOH (10 mL) was
refluxed for 4 h. After the removel of solvents, the residue was washed by NaHCO3; ag. and EtOAc to
give the titled compound (103.6 mg, 0.46 mmol, quantitative yield) as black solid. 'H NMR (DMSO-
d6, 400 MHz): d =8.15 (s, 1H), 7.93 (d, 1H, J="7.2 Hz), 7.91 (d, 1H, /=72 Hz), 7.53 (d, |H, J=7.2
Hz), 7.40 (d, 1H, J= 2.4 Hz), 7.21 (dd, 1H, J= 7.2, 2.4 Hz), 5.63 (s, 2H); '3C NMR (DMSO-d6, 100
MHz): & = 156.8, 142.1, 140.8, 130.4, 128.6, 127.6, 127.2, 123.6, 121.8, 119.2, 118.5, 105.3, 51.7,
HRMS (ESI) calcd for Ci3HoN3NaO™ (M+Na)*; 246.0638, found: 246.0639

110

110; A solution of 109 (5.70 g, 23.9 mmol, 1.0 eq.), CuBr (85.7 mg, 0.60 mmol, 2.5 mol %), 7-
methoxynaphthalen-2-ol (5.0 g, 28.7 mmol, 1.2 eq.), Cs2CO;3 (8.50 g, 26.3 mmol, 1.1 eq.) in NMP (56
mL) was heated at 160°C for 24 h. After cool to rt, the residue was purified by short column

chromatography (SiO2, EtOAc only) to afford crude 110, which was purified by column
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chromatography (SiO., CH>Cly/hexane = 3/7) to afford 110 (5.80 g, 17.6 mmol, 74% yield) as a white
solid. 'H-NMR (CDCls, 400 MHz):  =7.78 (d, 2H, J= 8.3 Hz), 7.73 (d, 2H, J= 8.3 Hz), 7.28 (d, 2H,
J=2.7Hz),7.17 (dd, 2H, J = 8.3, 2.7 Hz), 7.08 (dd, 2H, J = 8.3, 2.7 Hz), 7.01 (d, 2H, J = 2.7 Hz),
3.88 (s, 6H); 1*C-NMR (CDCl;, 100 MHz): 8 = 158.22, 155.72, 135.69, 129.60, 125.63, 177.61,
177.54, 113.62, 105.22, 55.26

111

111; A solution of 110 (4.50 g, 13.6 mmol, 1.0 eq.) in DCM (200 mL) was added BBr3 (1.0 M in DCM,
40.9 ml, 3.0 eq.) at 0°C, which was stirred for 4 h at room temperature. This reaction was quenched
by the addition of MeOH, and solvent was evaporated. The residue was treated with 1IN NaOH ag.,
and washed by DCM. The water layer was acidified by 1N HCI agq., which was extracted by EtOAc
and dried over Na;SO4 The organic layer was concentrated in vacuo to afford 111 (3.9 g, 12.9 mmol,
95% yield) as a white solid. '"H-NMR (Acetone-d6, 400 MHz): & = 8.72 (s, 2H), 7.83 (d, 2H, J = 8.3
Hz), 7.78 (d, 2H, J = 8.3 Hz), 7.23 (d, 2H, J= 2.7 Hz), 7.12 (d, 2H, J = 2.7 Hz), 7.13-7.05 (m, 4H);
BC-NMR (Acetone-d6, 100 MHz): § = 156.99, 156.52, 137.17, 130.67, 130.30, 126.20, 118.09,
117.66, 113.64, 109.36

Br Br
112

112; A solution of 111 (3.80 g, 12.5 mmol, 1.0 eq.) in DCM (200 mL) was added iPro,NH (126 mg,
1.25 mmol, 10 mol %), and followed by NBS (4.9 g, 27.7 mmol, 2.2 eq.) in DCM (200 ml). The
mixture was stirred for 20 min. at room temperature, and washed with 1N HCI aq. to afford crude
product. The residue was purified by column chromatography (SiO2, EtOAc/hexane = 3/7) to afford
112 (5.30 g, 11.5 mmol, 92% yield) as a white solid. "H-NMR (Acetone-d6, 400 MHz): 5 = 9.16 (s,
2H), 7.94 (d, 2H, J= 8.3 Hz), 7.84 (d, 2H, J= 8.3 Hz), 7.73 (d, 2H, J = 2.7 Hz), 7.26 (d, 2H, J= 8.3
Hz), 7.22 (dd, 2H, J = 8.3, 2.7 Hz); 3C-NMR (Acetone-d6, 100 MHz): & = 157.57, 153.93, 135.47,
131.71, 129.91, 127.08, 118.21, 117.90, 113.39, 104.95

Br Br
113

113; A solution of 112 (5.30 g, 11.5 mmol, 1.0 eq.) in DCM (150 mL) and pyridine (30 ml) was added
T£,0 (9.70 g, 34.5 mmol, 3.0 eq.). The mixture was stirred for overnight at room temperature, and
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washed with IN HCI agq. to afford 112 (7.30 g, 10.1 mmol, 88% yield) as a white solid. 'H-NMR
(CDCls, 400 MHz): 6 = 7.98-7.93 (m, 4H), 7.91 (d, 2H, J = 8.3 Hz), 7.43 (dd, 2H, J = 8.3, 2.7 Hz),
7.42 (d, 2H, J= 8.3 Hz)

Br Br
MeOZCOCOZMe
114

114; A solution of 113 (4.1 g, 5.7 mmol, 1.0 eq.), Pd(OAc) (152.7 mg, 0.68 mmol, 12 mol%), dppp
(280.5 mg, 0.68 mmol, 12 mol%) in DMSO (150 mL) was added Et;N (3.0 g, 22.6 mmol, 4.0 eq.) and
MeOH (3.6 g, 113.2 mmol, 20 eq.) under CO atmosphere. The mixture was stirred for 6 h at 50°C,
and EtOAc was added. The mixture was washed with H,O for three times, and solvent was evaporated.
The residue was purified by column chromatography (SiO,, DCM/hexane = 3/7 to DCM only) to
afford 114 (2.96 g, 5.4 mmol, 96% yield) as a white solid. "H-NMR (CDCls, 400 MHz): 6 = 8.08 (d,
2H, J=2.7 Hz), 7.89 (d, 2H, J= 8.3 Hz), 7.84 (d, 2H, J= 8.3 Hz), 7.63 (d, 2H, J = 8.3 Hz), 7.41 (dd,
2H, J=8.3,2.7 Hz), 4.00 (s, 6H); *C-NMR (CDCl3, 100 MHz): 6 = 167.77, 156.32, 133.64, 132.06,
131.95, 131.60, 127.62, 124.86, 121.89, 121.39, 115.66, 52.73

TMS TMS

f f
O
116

116; A solution of 114 (760.0 mg, 1.40 mmol, 1.0 eq.), Pd(OAc), (31.4 mg, 0.14 mmol, 10 mol %),
dppp (57.7 mg, 0.14 mmol, 10 mol %), Cul (26.7 mg, 0.14 mmol, 10 mol %) in THF (5 mL) was
sirred for 10 min. at room temperature. EtsN (5 ml) and Trimethylsilylacetylene (825.0 mg, 8.4 mmol,
6.0 eq.) was added to the reaction mixture, and it was refluxed for 30 h. After cool to rt, the residue
was purified by short column chromatography (SiO2, EtOAc only) to afford crude 115, which was
purified by column chromatography (SiO, ether/hexane = 2/3) to afford crude 115 (598.4 mg), whtch
was used for next step without further purification.

Crude 115 in THF (30 ml) was added LiAIH4(96.7 mg, 2.50 mmol, 2.5 eq.) at 0°C, which was stirred
for 1 h at room temperature. The reaction was quenched by saturated aqueous solution of Rochelle
salt, and after being stirred for 30 minutes at room temperature, extracted with EtOAc, dried over
NayS0Os4. The organic layer was concentrated in vacuo. The residue was purified by short column
chromatography (SiO,, EtOAc/hexane = 3/7) to afford 116 (240.0 mg, 0.46 mmol, 33% yield for 2
steps) as a white solid. 'H-NMR (CDCls, 400 MHz): 6 = 7.90 (d, 2H, J = 2.7 Hz), 7.86 (d, 2H, J= 8.3
Hz), 7.82 (d, 2H, J = 8.3 Hz), 7.52 (d, 2H, J = 8.3 Hz), 7.37 (dd, 2H, J = 8.3, 2.7 Hz), 5.00 (s, 4H),
0.10 (s, 18H); '*C-NMR (CDCls, 100 MHz): & = 155.99, 142.62, 134.76, 130.29, 129.34, 128.75,
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124.04, 120.44, 117.52, 113.10, 105.70, 100.05, 64.38, -0.27; HRMS (ESI) calcd for C3:H34NaOs3Six"
(M+Na)*; 545.7802, found 545.1933.

NS TMs TS —( N

N—4 Y
O CC
17

117; A solution of 118 (10.0 mg, 0.017 mmol, 1.0 eq.) was heated in toluene (1 ml) at 80°C for 1.5 h,
and solvent was evaporated to afford pure 117 (10.6 mg, 0.018 mmol, quantitative yield) as white solid.
'"H-NMR (CDCl3, 400 MHz): & = 8.17 (d, 2H, J = 2.7 Hz), 7.99 (d, 2H, J = 8.3 Hz), 7.94 (d, 2H, J =
8.3 Hz), 7.59 (d, 2H, J= 8.3 Hz), 7.35 (dd, 2H, J = 8.3, 2.7 Hz), 5.47 (s, 4H), 0.41 (s, 18H); *C-NMR
(CDCls, 100 MHz): 6 = 156.03, 147.94, 140.72, 137.63, 131.30, 130.39, 129.14, 128.03, 125.89,
120.33, 119.86, 113.32, 50.74, 0.51

T™S ™S
| |
OO AGOA
118

118; A solution of 116 (90.0 mg, 0.17 mmol, 1.0 eq.) in toluene (1 mL) was added DPPA (112.3 mg,
0.41 mmol, 2.4 eq.) and followed by DBU (56.9 mg, 0.37 mmol, 2.2 eq.). After stirring for 1 h at 50°C,
the reaction was diluted by EtOAc and washed by 1N HCl agq., and followed by NaHCOj3 aq. to obtain
crude product. The crude mixture was purified by column chromatography (SiO», hexane/ether = 7/3)
to afford 118 (12.8 mg, 0.022 mmol, 13% yield) as a pale yellow oil. '"H-NMR (CDCls, 400 MHz): &
=7.93(d, 2H,J=2.7 Hz), 7.88 (d, 2H, J= 8.3 Hz), 7.83 (d, 2H, J= 8.3 Hz), 7.42 (d, 2H, J= 8.3 Hz),
7.40 (dd, 2H, J = 8.3, 2.7 Hz), 4.72 (s, 4H), 0.11 (s, 18H); *C-NMR (CDCls, 100 MHz): § = 156.13,
137.06, 134.77, 130.34, 129.54, 128.81, 124.66, 120.85, 119.45, 113.53, 106.17, 99.76, 53.57, -0.34;
HRMS (ESI) calcd for C3:H3:Ne¢NaOSi," (M+Na)™; 595.2068, found 595.2065.

General procedure for preparation of 120.
A solution of 106 (13.7 mg, 0.057 mmol, 1.0 eq.), Ar*I(OAc), (0.080 mmol, 140 mol %) in
DCM/CF;CH20H = 30/1 (0.02 M) was cooled to -78°C. BF3*OEt; (43 pul, 8.0 eq.) was added to the
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reaction mixurre and the temperature was increased to -40°C, and stirred for 1 h. The reaction was
quenched by the addition of saturated NaHCOj3 agq., extracted by DCM, evaporateion of solvent gave
the crude product. Crude mixture was purified by column chromatography (SiO,, DCM/acetone = 3/1)
to afford 120 as white solid.

"H-NMR (CDCl3, 400 MHz): & = 8.23 (d, 2H, J=9.2 Hz), 8.08 (d, 2H, J=9.2 Hz), 7.51 (d, 2H, J =
9.2 Hz), 7.47 (d, 2H, J=9.2 Hz), 5.33 (d, 2H, J = 18.3 Hz), 5.20 (d, 2H, J = 18.3 Hz), 4.51 (s, 2H),
3.53 (s, 6H); *C-NMR (CDCls, 100 MHz): & = 157.44, 143.38, 141.98, 132.30, 131.18, 129.84,
129.45, 126.62, 123.52, 119.15, 118.49, 114.05, 56.50, 50.43; HRMS (ESI) calcd for
C2sH20N6sNaO2z* (M+Na)+; 495.1540, found: 495.1535. Enantiomeric excess was determined by
HPLC analysis using chiral stationary phase column (DAICEL CHIRALPAK IF, DCM/2-propanol =
97/3, flow rate = 1 ml/min, A = 310 nm; 5.7 min and 13.8 min).

130; A solution of 120 (58.0 mg, 0.12 mmol, 1.0 eq.) in 48% HBr aq. (5 ml) and AcOH (5 mL) was
refluxed for 8 h. After the removel of solvents, the residue was washed by NaHCO3; ag. and EtOAc to

give the titled compound (53.5 mg, 0.12 mmol, quantitative yield) as black solid. 'H NMR (DMSO-
d6, 600 MHz): 6 = 9.56 (brs, 2H), 8.18 (d, 2H, J= 8.8 Hz), 8.16 (d, 2H, J = 8.8 Hz), 7.60 (d, 2H, J =
8.8 Hz), 7.33 (d, 2H, J = 8.8 Hz), 5.54 (d, 2H, J = 18.8 Hz), 5.44 (d, 2H, J = 18.8 Hz), 4.46 (s, 2H);
BC-NMR (DMSO-d6, 100 MHz): 6= 155.68, 143.12, 142.59, 131.11, 130.54, 129.98, 128.39, 125.27,
122.25, 118.63, 118.49, 115.44, 50.19; HRMS (ESI) calcd for Co¢HisNsNaO,* (M+Na)™; 467.1227,
found: 467.1227

131; A solution of 130 (11.6 mg, 0.026 mmol, 1.0 eq.), K2CO3 (21.5 mg, 0.156 mmol, 6.0 eq.), PANTS;
(23.2 mg, 0.065 mmol, 2.5 eq.) in THF (3 ml) was heated in a microwave oven at 120°C for 6 min.
The reaction was filtered and solvent was removed to afford crude product, which was purified by

column chromatography (SiO2, DCM/acetone = 4/1 to 7/3) to afford 131 (12.3 mg, 0.017 mmol, 67%

102



yield) as a white solid. "H-NMR (CDCls, 400 MHz): 6 = 8.41 (d, 2H, J=9.2 Hz), 8.25 (d, 2H, J=9.2
Hz), 7.86 (d, 2H, J=9.2 Hz), 7.69 (d, 2H, J=9.2 Hz), 5.49 (d, 2H, J=19.2 Hz), 5.36 (d, 2H, J=19.2
Hz), 4.68 (s, 2H); *C-NMR (CDCl3, 100 MHz): & = 148.09, 143.82, 141.91, 134.55, 132.85, 131.08,
128.27,126.33, 124.83, 123.32, 122.16, 119.95, 118.88, 116.74, 114.62, 50.66; "F-NMR (CDCls, 376
MHz): & -74.61; HRMS (ESI) calcd for CosH14FsN¢NaOsS>™ (M+Na)™; 731.0213, found: 731.0213

133
133; A solution of 130 (20.0 mg, 0.045 mmol, 1.0 eq.), EtzN (23.3 mg, 0.23 mmol, 5.0 eq.) in DMF
(5 ml) was added BuSiCl, (9.6 mg, 0.045 mmol, 1.0 eq.), and it was heated at 60°C for 12 h. The

reaction was diluted by EtOAc and washed by NaHCOs3 agq. to obtain crude product,which was purified
by column chromatography (SiO>, DCM/MeOH = 9/1) to afford 133 (6.2 mg, 0.011 mmol, 24% yield)
as a white solid. "H-NMR (CDCls, 400 MHz): & = 8.17 (d, 2H, J= 8.9 Hz), 7.85 (d, 2H, J = 8.9 Hz),
7.70 (d, 2H, J = 8.9 Hz), 7.28 (d, 2H, J = 8.9 Hz), 5.05 (d, 2H, J = 18.6 Hz), 4.975 (s, 2H), 4.94 (d,
2H, J = 18.6 Hz), 1.07 (s, 18H); *C-NMR (CDCl3, 100 MHz): § = 155.19, 142.99, 141.70, 132.65,
131.73, 130.80, 129.81, 124.94, 123.49, 122.54, 119.99, 119.92, 50.08, 27.74, 21.51; HRMS (ESI)
caled for C34H3:NgNaO,Si* (M+Na)*; 607.2248, found: 607.2248
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