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RYHFA VxR RSEIEA CIER AR S 2 —F T RIS Tl o Bk
ZOEIGIEICHK T2 3 ODOREREL 3 2 L0 HATE 2RV HF A4 VKRR
JGORE I NTE 72, Thbb, (1) MEHERMICEET 23, (2) KIcs ok
T2ME, BXY Q) BREKCCET2METH 2, UTIC, ZoilzdR~2,
(1) iz s R 1 B9 2 [RE

B AE T 2RV FA v BRI VRS O TRIRE Tl (BRI A
& 7 913 % (Figure 5), il 21X, Newman 53, 3-AFARVFL v L 2-AF L7 TV
DIRIGIC K > T, BN 5 (A+2) B MED AR5 1: 1 TH Y | fLiERMEEFD
B LTond 2 MELTWE 1T,
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Z DALEEREDORIEICKH LT, ZHEGGOBHEN TH 5 3 0@ X o TGER
TEZ G5 2 A DBIL I N T S,

Bz X, 3fICEE FBu A FE T ARV IFAL vITH LT, T2 vEfimEgi
ity AREEO/NZ W 1 ALISGERIIC AT INAHEIT 3% (Figure 6a)'%,

% 72, L RIS 1E SiMes Fi B(dan)Fe D X 5 B Tt 5 o BEHREE S E R L Tw»
256, MEIITGAA A TV BRI b b3, £ 2 (I KA IR I EST
35 & %AL 2T L7 (Figure 6b)’s —77, Hsu b lx, 7raF vl nvrvyo k)
RETRIGMEREBEEL L T 2561, 1 ALITAHN2SERICGET S 2 2 L 2 /HL T
V> % (Figure 6¢)°, Houk, Garg & (¥, T ® X ) ZmEHERNFIC X 2@ R MicBdL <, =&
fEEE Y oNAICEH L. Aryne-Distortion € 7 /L % $218 L 7z (Figure 6d)'>2', 37cb b,
MEEREZ AT 2V Vid, ZOEBEOEFIERIC LY, JMHRICRY 7 p
BUED PR SN, ZDE Y ONMICERPEL S, ZONADTNHIFREZESH
TELERDO—DTH2 LI bDTH L P2 iF EFHGIHEOERLZE T 254,
ZD2MDRBF Y ODNAPKEL 2D LHIICOT A, LV pilEtEZ2iEd HRs &
T, KA 2 SRR &5, ZORic, B KREIMEEEZE T 285613,
I MLDRFH Y ONARKE L 725 2 & T, ZDNLE DRI IC A3 FE IR I HEST
T 5,

T o, EfEBOMAERIC X o T EERESHIE S 2610 & 2, HIIL Rt
Sld., EEmw AdEBEEL XYL v o BURISICE W T, 2D Ad E3 A0
Bole 7 =L UNERNICHE LS 2 L& BH L T2 (Figure 6e)?%, 15 1%, &
BALAFHRIC L 2 2 &,  OFEFRPES I3 2 ERIIZBT 0 Ad FoRICiZ 72
LB Y FYaEIck3d0Th s Lt n s,
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tBu PhNH, g—Bu[ tBu
oTt CsF AT 3 H
—— | HoNPh e Ph
SiMe, MeCN, 50 °C ] 1 H’
66%
EDG preferred : EWG disfavored
3 2/\ B(dan) = 3] op
| ,"Nu : | “Nu
A S HN O E 1\/
disfavored g : preferred
\ H
EDG = SiRs, B(dan) HN Q : EWG = OR, halogen, etc...
d
SiMe, SiMes more p character F E more s character
§\134° L éc/ jlﬁso . ig: '
122° \ 135° \
more s character more p character
e London
dispersion

Ad Ad --eeeeee Ad Ad Ad
OTf Meli | 2N
— | — [ ]
Me' | Me Me Me Me

54% (ragio ratio = >20 : 1)

Figure 6. BHZRL D EHELDORHIRIC X 2 =R O il

INOEBIEIC X 3808 % 5 ELAMT 3 Lic X o T, EEIRTE O [ % ffk
23 eI NS P HEOIGTIIEHIEOE TR VAKEE, 5L U, &
PR COMAER R EAEANICEET 2 0 IWEETH 5, £z, ZEEGICHHEN
LAaWw4fid 20t 5 orFEEOBEBHELEOMFEII/NZI W L HHMOENT D B, 5
. BEIEERIC D . B OEACKIGHDIRESHRE L & 5,

(2) KGR O FIENC B 3 2 [EIRE
TATYvRVIVDEIIC MEBOIICHEHT 3R FA VRV FL v LD
FOGDEE . G Ofl{H b fIE & 72 % (Figure 7). 1 2 1¥, Crews b DHEIC X 5 &,
BUWICREI TRV TFA v e 7a~FF VIV EDRIBICENT, 4 DDEEY 1
~IVABoNns e Z2RAB LT3 % 2o A+2)BRLAmE, (2+2)88
fEfhnfk, = v RISHEHER S &L 02 o SR TH H .~V BRREOCH R O 4 P 234
CZBOERED C & %~V EREEIER, 20X ic, BEOMKCHHEAT 254,
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HMRIRANMEG 2 5 Z L L 7 5,

e.g. reaction with cyclohexadiene

CO,”
A, - O o O OO
Ny* CH,Cly, 50 °C
[ I
" + " 17% 5%

o ||oe [~
@ @ @ . @Ph . (ijh

1l
(4+2) (2+2) Ene 8% 6%

Figure 7. ~ VU #IRIEICEH T 2 (/&

(3) T S I B 3 % [

XYL VONTRIMIG TR RVHFAL Vv EFRVEL RS LR CRIET 2 2
LI T LIRS TIE RV, FrC, RIGERDERYH 2 »IxhREESEREEE LD &
FOGHETH 2 560, BBESIGCHAES T LT L £ 9 (Figure 8),

ZDIFlE LT, AFL v EDRIEHET b5, 1968 4D Dilling D 5 2007
D Biju b DA P LD L, RYFAVERFLYDORIGTIE, 1R 1 TRIGL 7Y
the 7zt v Ly 1idbTFrLrGond, AFL VI LT20FORVYHF A v
BRIGLT 9-7 x =¥ e Faz ey Ly N BFEEYE LCfiohs, TOK
JGTIE. T RFL YRS VG E LNV HA v e DIRTFEER@ )BT 2
T L. BRI I 2340 %, 20 & &, 205 B L2NET T, T AR o
5—1TC, BAEEELIAEZ N IZEWKGEEZELTWE D, 5125 19FD
RYFA VELVRIGEBIERIL, -7z A Fe7cF v by I RS L
EZbND,
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—H* E +H* Ene

Figure 8. ‘L & X v ¥ 4 v au@fic )63 5 [

F=M STFARBICEET Tu—F
2O L-MEEZ RS 272012, 4

HERHFEL  _RvFAL vEREIF B LT,

5, T, _RUFA VERRVE AL VR E N ITERE
RV vl DT RITOBEISIS DR DI vy,

L

CHhHhBHT-D

DTAHARIGICE 27 7o —F 2L HwHRS
(Figure 9), T 7abb, XvHF A4 VEEKE LBV A4 viRa@EfER I X - TlBrn
DTN CHIR D % KIS & 5 5ETH

O, TR T THIGLRPT

A D

Figure 9. 7 THKIGIC X 2T 7vu—F
FFNBRIGIE. HEREED b —FICEBOREE 2 METE 5 7%

CEVWTILHwL NS,
5P (A+2) BRALAT I BOG I

B, KR D LK
Bl 21X, Wege O IFFERHEMEIIC X 2RV F I v EeT7T7vD
X U . mansonone EIC& TN 5 ZBE B8 % —ZITHEEE L

Z DA% ZERK L T\ % (Figure 10)7,
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(Wege et al. in 1981)

¥ 7z, Buszek D IIRFEAELEZNL RV TP vy ra~FHF oz vontH
(4+2) B LI X - T, pseudopterosin DB ZHE L, 2D T 7)) a2 v OLHK
% 3EK L 7z (Figure 112)%, & DG T, (4+2)BLAIMEISIC A & 75 s- cis B HE % B
DT WIEBRRO Yz vy Cid e MEARREEZE T 28RRkO Y= vy 25 2 LAH
LTH5,

L. ok s BBEZ AT 2 IR Y = v 2\ 2 5172 5 72 (Figure 11b), L 2»
L. ZOETAEBRBEECRIGERITo/2E 25, END 12-Ye FrF 7 2L VR
JFonTwd ¥, ZOHHIEIRO X5 ICHEREINTZ, Thbb, cas IEDT VT Vi
ST X o TUF)BEAINBOGD3 ST 3 2 EBIIRRED s-cis BLiz & % & & BHEETH
D, FERIICQH2)BLAMAIRIEEIT L2 E X b b, ftwT, By v
v 77 yoERL, 6x EFERRKIGIC K o TEBRMICE S,

ZDHNT. DFRBICIC X > TP ARIGZIHO2IC L7z 8w ) b, TR
JGoHMMEICBE T 2 ke Rt 20 TH B,



a. Intramolecuar (4+2)cycaloaddition

LDA

—_—
ﬁ q
THE _
—78°C to RT
(4+2) OH

pseudopterosin
aglycon

b. Intramolecuar (2+2) cycaloaddition

S e S

Br LDA ©

—78 °C to RT

T LA f
MeO o MeO i MeO

MeO MeO

Figure 11. (a) ¥ 7 B ~F % T v O @R2)ER(LAT NS %Z FIFH L 72 pseudopterosin

aglygcon DAL (b) cis ¥ T ¥ D FHNQRA2)IRILATISIE % £ H L 72 ZBRIEEHEE
(Buszek et al. in 1995)

Z D Buszek & DIEFID X 51, HFARKICTIE, S FOHBE RIS &
XD, T TE B RICRIKESY Z OBBIREOIE S HIR X v, IG5 2 &
BB B, 2. ZOHIRICHE W, /RO FRIKICTIER O Nt o 7, I FHNROCE
BORIGERDBHEN T 2 2 &3H 5, LATIC, 0 FRERIGE B L 72FR1c, 70+
B OISR %R L 72 BOSHNT 2 W TR 3 5,

Wang 3, 7RERVE VYL OLREIF VTS v E N-ZFALEXY ¥V EnT
MCRIGEEZZLT . TIVOTAIAERT7 VIR L 2 RIBL
(Figure 12a)%°, ZORIGTIX, RV FA VICT I VERBIRKEMMML, LT vE=
v LAHREHR S =7 vHEEST B 2 LI X o TRIGDETT S, — /T, Jones H DR
HT, TI T AFAEEET VY4 VEIEMRICH LT, Ry P4 v 2 REIRE S
LT, BREFOREMNMICTIE R, afioRFERTF2LDe VI FEEIRET
T35 EERHL TS (Figure 12b)%, 2E U 2 HEKIIA =0 LT ) —A T =F v
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WAL CE 0, WY e SREEFIcHiie T 2 2 & T, afiSERE (LI VIR
HET7 I VOAEANOHLTWS, TORIGTIE, REEREIC X - TERFE T KEA
mEMHIL, 7Ivoe P FEEE W Fia e IstERs R X7z,

a. Wang (2012) : intermolecular reactions

N-ethylpiperidine .
Br KOH /E:,N N* N
—_— | —_—
©/ DMSO ©| — > Et
130 °C N-arylation - - ” H

b. Jones (2018) : intramolecular reactions

Q
-C- H-Nu
OTf L%» AFD —_— H EE— Nu
H-Nu/DME | hydride
SiMeg 90 °C transfer - H

Figure 12. 77 F i & 0 F N TR 2 RIGHEZ KT - B=RT 2 v & DRIG

Fe, 72/ = DRIGICBWTYH, SFERIG E T FHIRIGTERR 3 GERA%
R EBHONT WS, 2013 4£D Daugulis 5 I X 29 FRIKICOMETIZ, Z7an
RV LFEIRRVFAL VT L, 72/ T — b OBRIFEFBREMNMT 5 2
LICkoT, V722V —TA%525% 2 L EHE L T3 (Figure 132)%, —J7 T,
W 7L — 703 2008 FEIC L vy ) — VHZEDHB I LT, Ry A v EFRETED
LT, 72/ —=NDANMMLE B IE S TALDORFD KA L 72 ZBR M0 £k %
5z EHLTW2 (Figure13b)*, ZOKIGD ., 9 THNRIGE T2 2 & T, HE
JR A DK INSOG 2 INHI L. SRR HR A A DB L Tw 5,
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a. Daugulis (2013) : intermolecular reactions
Cl HO £BUOK - : KON :
+ |
C 1,4-dioxane ;
’ O-arylation
110 °C vt

b. Daugulis (2008) : intramolecular reactions B 7

0}
— | &8 | = &%
o on‘ho—'C O
Q £BUOK 05 -arylation OH
Br OH — - N
1,4-dioxane _ _ +
140 °C e} -
q\o o} OH
. . L
para-C ‘

-arylation

Figure 13. 73 il & TN TRZ S RIGHEZRIH 2 7 =2/ — L DRIG

B YIATF—ZFAL 2RV v OaFARIG

HIET D Y | R v F A v Do F RG5O FIfH S 5 S0 O ] & v o 72 8l
PIThL LUK RAERT 37 7o —F e LTCOEHATH Y Bia T ¥ —
X 20 THRIGHHRE S NTE 2, —/7 Ty XV HF AL VEERET S LB~ v 4 K
Hora BT 28RN TOABILER, B TRV, ., 2EKICE T 5 FigHEE
DX, HIYIOBIKICZ OMEREEIN5E%RE, T OUIMNIC LB D 5 i
WG R BT 5 e bELE 2 b, WAVCERMEEZ R I 7201k, BALRED
BROTHIERECHFZEATE TV —OERPEEL 5,

ZHLETHF—DHT, IKHVLNRELDD 1 DIy IATHF—2BETFLN5
(Figure 14), PHIL 3%, Stork®™ S DFFE#IZ LD E LT, TABE T2 EAL T -1,
Z OFHLEADRG ., 2o, WAL ChRENTRETH 2 L VI EHL L PL—2
L A7EfG e L CIEHZE D | AP OGN IC B W T, BAIKIGCHIATY
%%, F7e. BRESZ T TIE7 . Fleming- KM ¥ IC X 2R ERELOE A igILAH
v 7N v 7B X BIRBIRBAEOTE E v o I BEREREL~D R b WFFE h 3,

-

Si )
7N S
A B e A B —_— A — e A—B

tethering Intramolecular removal
reaction of silicon

Figure 14. traceless 72 > U V7 ¥ —ZFIH L 720 F WG

o]
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RYFA VDG TFRRICICE T, 2O )T F =% TIFRIEFET 5.
RO PIHHOHE & LT, 1976 FEDEHE O IC X 2 #5232 & 1 5 (Figure 152)%°, %5
X 3-7uu7uEXRvEYrL, T I AFAREPERL 22 ) VI EH T 2 ETETA
REEIL 72, BONAEEICH LT, PhLi #{FA &2 32 Ik oT, _"vHFL Vv E
FRELE DTN TOERFTFORBUBIC L > Cr AR FETFLERETEED 5 BIR
DWEFICHI LT-, 72, 2003 4EIC Martin & 3HESEA B L 72 F 7 2 L v B OREEE
LT, YIATF—2FHLEEER Y 7 v v HFA v 00 T R@E+2)BLA
KOG % BAFE L T % (Figure 15b)Y, $b b, b FaF vz F v U dk & figHfEE %
GhET7IvEeraR T 2 ) — AV ENIERIGIC X > CHEfE L, REEZFARL 7, fon
IR LT, £Buli Z#{EHE® 3 2 LIk o T _RVYFA VERESEHTHTD
(A+2)BALAINBIE P E R & T 2 22 2 RIL Tw3, 720 o N8
RO VT HF =531 TBAF IC ko T T 3 28 T, BHIRET 2 LT
%

a. Sato (1976)
1. Mg B
.\, ,-DN P .
Br MeZSi\/\CI Me,Si l}l Me,Si N Me,Si—\
Cl H PhLi NBn
> | -
ol 2 NaOH ol Et,0 y
BnNH, reflux
62%
b. Martin (2003)
MeoSi—™\_-OH
Me28iﬂo +BuLi Me,Si” O

Cl (o I e S cl

= —_— = i

</ THF P |

-95t0-10°C
sugar OMe sugar - OmMe
5%
OH
Cl Cl
— H OH Me,Si
cl T cl
G O
DMF, 70 C
sugar OMe sugar OMe
80% 81%

Figure 15. > V V7% —%F|H L 720 F MG
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EiRor VT HF—2FHL XY FA VO FHARIGIE. R RRETH D D D
D, TIVLT7 I VUINDOERVFA VIREFIAL 720 FRARIGIERE S Tuninny,
ZOMHRE LT RS FOERFELFZHEICZ L WFRETH L L2t %t H
e L7=FETH B eBELLND 40,

—J7. B, YR — T RS E LTz e ey YARSERL 2 v ¥4
VHTERAEZRFE L. ChERFIA L 20 FHNRIGE ®E LT 2 (Figure 16)Y, RFED
Fie L, ARLAEMIc B W CAFIICHFEEST 2 e FrF o 2L, Tra—re
Zorzuny 7 vikiEiET 3T ARG TARICOEE 2T L0 TE 2
MABETONE, D720, TN E CICHIEREGKBNEECH 2 2 L bERKI LT
B TRV FA VIR DRIEDMETT 5 L RETH B, I BT, KIBkRD T 4
FHELIBRGICRET 22 L bARETH 5,

DT HTIv 7+ —LTERAITEIEICED A RBN VA vikED
DYANMIGEBT 2 2 ERAREL D, YTy T IV, ¥u— LI bicF 7 XL Y
& DA+)BALAT IS~ L 72,

FPr,SiCl
OTs BuLi
n-puLl (o)
B /-PrZSi’o\_/ R or FPoSI” )
r imidazol )
imidazole OTs PhsMgLi I .-
Et,0, 0 °C
Br
HQ o7
N—
X o
= % O FProSI%,
i [ )
X =0, NTs
Diene Furan, Pyrrole Napthalene 5

Figure 16. AT EDEITHIF : S IV T F—%2FH L =¥ T vl e D51
(4+2)BAL AN BOE

IHIC, ZDT Ty b7 d—LTFRIERAT A LICE 5T, 2 FRFFE O KISTER
Thb, 7x /=Nt ORTHEBERN R A+2)BEAAINRICHAETL, vy NLL vk
522z RHL Tw5(Figure 17)%, FHREALARITEIC K 2MITIC X 2 & 9T
RGBT, 2 0 @+2) BYUA G I D TER D KG & e 2 LA IC AR 72 b o 72
2, B TRSICHETTIREDODDTH B & DS 2 L 7o 72 (AGH=13.3 keal/mol)
I, HTHRIGE T2 LT, FEFIHRGEREDKIC L 72 0 . 0 FHRICEE DK
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Jolg e LT, 2 OBEEICEII L 72f1CdH 5,

£Pr,SiCI OH
@Br

o] e
FPr,Si7 FPr,Si 0 FPrySi—0

OTs Br PhaMng o
e | O | A0
OH THF, 0 °C | _______ (4+2)
OH

OTs
OLi
AG* = 0.3 kecal/mol

HO
cf.) @l o- @I o
o
O-addition ortho-C-addition para-C-addition (4+2)
AGY  +8.4 kcal/mol +15.9 kcal/mol +16.7 kcal/mol +13.3 kcal/mol

Figure 17. EE 2B T 2 H3E 7V — 7 ORATHHIE : S IATHF—2FHL 7 =/
— v & DTN (4+2) BRALAT NG

FBOH AWXOBIE

FEF I, MOCHALAEEZ WV 2 0 TS ICE T 5 5 d K& ED, AR ITHEST
ARER G S K DL E R VRGO RT3 Z L ich b, E# 272, TIEN
YHA B THHSb TR ZOREPERIC R VW = — 7 D BB STED
FRZW T TR R H 5, —77. T TFHGIE, RVYFAL v ey A vike
DEEHEEHIET 2 2 L CRIKIGZIHI L, ch T chEBEI N TE RIS EZHL
WIGIER E LCHEEILCE 28T 7u—FCH 5 L EB L, AELFRICET L
7= (Figure 18),

intermolecular reactions intramolecular reactions

) =

tethering

Potential for various reactions Discovery of novel reactions

Figure 18. 7> THGIC X 25T L WIISTEA D Bdth
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Fric, FNRISOFEDO L TH, BITHECHE L2/ mar 7 v EfwiT 7
a—Fik, BREAEYICASRbh e Fe X  EEEHT LItk > T, AAE %
fEICAKARETH 5 T &b, MHENRBN VA VIROMET A TRETH 5 L& X 72,
ZZT.CDT Ty 74— F Ml aFG TRV FA Vv ERETE 2D DICHE
THILTILICHMRBBR VA VREDRIGICIET 2 Z B8 TE 37210 CTldkal,
BRI HAGDEMCR E, ZDOMGERDIERT 2 LN TE L LE LT,
LIF I A oM E %2R~ 3,

BB TR mMASFE TRV A vEREIEONEVIAT Y=L Y 7T =}
WCEH L. C ORIERARE & SO 2 Of R ol e < v 4 v ETERME & BAFE L 72
(Figure 19)%, ¥ 7-, #7-ICFL 72 2 ORiMEEZIEHT 2 2 & C, Ay Ty ED
(A+2) BRI ISR X 7 ¥ 7 Ll % 722 4 v 45 & D (2+242) BRALAHIN G~
JGH L 72,

previous work this work
OR 0]
PrySi” /-Przsi’OR PRSI _W /-Przs,i/o
OTs OTf .- S
BRI Pad .
X L — Y Qw
B ) ) SiMes ™ ) . - N
RLi CO; (4+2) Pd-catalyzed
# strong base v weak base (2+2+2)
# low temp. v room temp.

Figure 19. i —FEOME

BB BB CHBLEZT 7y P 7= TERAVEZEICXoT, RV
AvoTaVEFL—TVRIGICX 2T L v EBR~GH L 72 (Figure 20)%, Z O G,
FYERIGTIE, BRA ZRERICE Y BT 2 AHBR o Tniz23, NG
352 T ENLERWEL, WEOWH AL ERT L v T I FERPERL T
L I FERRNICAR LTz, £/, $72. BREEROFLAFOAFERLET L v
DEIEAF~EEINSL L 2L 2IC L, HEEELRLERT L) I FOAKIC
DIGH L 72,

R R'
0]
o \/ H PrSI”
£PrySi” co
oTf 5 - . °YR'
RT Propargyl-Ene H R
SiMeg Reaction

R=C,N,S,Cl

Figure 20. 2 _E O
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BEETR, EREBRTAFVERVFL VO THKIGICE L TR~ % (Figure
21), TIFEBRTAF VY THEAF I P EDODRIGTIE, MiBRA Vv F—1%2 525
EERHM LA, CORIGTIE, @ 1,3-WET7FE LRI nAmwAF I P2 1,3-
BHEF-D K5I ZJFF e & L CBRE L. B+2) BRALATIN SIS A3 HEAT 3~ 2 A FFEE &
s %, ¥, ELHREIEKTHEA VP =T L4 Y Fid, 2 oG ICHE:Y 3
DZANRVICHY T 2HE AR L, REMWICODRETFNICODIRES L 2HL I
Lizo RIC, AFIVLFRAILERERTALX VO —-FETHE N-TALrF=Lf v F—
NEDRKIETIE, 2o@+2)BUMMKEERBAL, ZBRAF /7 ) vaGohz
DGrH o Tz BRI T LT, 2 O KOG TIEHETH O M (442) BRALAT N SOG 2353647 L
TWw3Z ey AL,

',q Nucleophilic ----, Electroophilic ----;
N
R' o] (0] R (0] R
#Pr Si/o\/ FProSI” FProSi” ; i-PrySi” ;
2 : :
y | AT : :
o — N [ — O —
"""" Nwp: N* N
R (3+2) < .
ylide carbene

/'-Prgsi/o\ FPrySi” ProSi~ ProSi~
‘\\ , 2 29l FPry

~N
NTN
(4+2) O

Figure 21. i =F D%

/
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B—F VYA VORTFARKELERT D77y b7+ —LATORHE

B YIATY—ALF Y 77— MG E RS TRRIE~ DR

RYHFA VIFERISER R TH O | BiRES T 2 @Y i SRICfT 3 L T
RIGHZHCHIBRIC T E X, 22bicfiofTF e GEE2 2 Lick - THAT 3,
ZDRD, RVFA Vv EREICL0DORICHKEL . BEL IRV FA vEfthonT
ERIGE B 720 DIGEME IR, F—Db D e 72 &aRER L SN 5 (Figure 1-1),
D70, WENKIG~DIGHZ BIE+7-01Ci3, A R Vv F L vkt ET 3 C
EMTE DA REMETCORELETHLZ LPEE LW,

@i Y activator ©| > <I >
- -
X conditions the same
conditions

Figure 1-1. X ¥ ¥4 ¥ OFEA &M & G

JPamse — i Cib R Y | RV AV ORAEICIIALE R RO M2, KD
MRS O, B2 VIR ERSEIE S WO BB AL A ET 2L DA% L. F DY
PN IHEETH 572, 1976 I/ D 1Z, RERILAVMITHELZ Y IALT V=) 7
S—tob, 79MAF Vv EFERAZIERZLICEoT RYFALA VBRET LI L%
i LT 5 (Figure 1-2)', 2Lk, CoRAEFEEE, WMEEHETRVFAL v e o
CORETZILBTELLVIBAPLFEHEED, ZE THION TR Y BIR
FOGTE T Tl 7 L SR D R LA ClLBE A REEC & - 72 KEEH o G2 E% SR
AL L7225 SOG7e & TRIEWIRIG~DICHB R I Twv 3 %

oTf F \\on >
L s — O -0
SiMeg  >RT SiMe;  _FSiMe,
C -F  -TiO"
v/ stable precursor v/ mild condition v slowly generation » compatible with

various arynophiles

Figure1-2. ¥ VA7V =L+ ) 77— FRIBRIKICK 2RV 4 v o R4

R i e 7= & 5o, TR CTh s 2 uus Ty b 2R LAY Y ATH
—ICEBRYFA Y ORTHRIGE, =¥ F A VR LBy F A4 v s ir S 218
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MEARFEAEICEKT 22 ENTEL20, SHRABN VA ViKW T 57200
ENZFETH L, —T, 1b 2 OEMLZHIEKIZ, NvHFA v EREIR L0
I, KR DRI & v DR R SR L T, £ 2 TEEFIR, XV iRfl%s
FETRY A v ERETZ ZHIIMRICHRET 22 LT, I ICHRERIR VA VK
LTI TE 2 ML, Lk VATV —A b 75— FHIERICE
HL7. 37%bb, 7vus UAEEET2IALTYV =LY 7 7 —1F 1a 2#i7z1C
FAFE L. 2NE T, A B VA VR LG L, HFHIG~GHAT 3 2 &k
L 7z (Figure 1-3),

FPr,SiCl
Y
o] RN o] o
« FPE,SIT NS FPr,Si” ’\ Pr,SI”
SY = Qi _ Y activator e
1a: X = SiMegy, Y =OTf |
1b: X =Br, Y =0Ts X Teel
HQ 7 /\
N—
previous work this work
OR OR
) L . L
FPr2 Si # strong base FPry S v/ weak base
OTs OTf
# low temperature v room temperature
Brﬁ # rapid generation SiMeaﬁ v/ slow generation
from1b RLi* from 1a F~
Figure 1-3. > YV VT ¥ —% 7250 FRRICDFEATHIE & At5E

BH 7TV EF 7 —LDTF 1a DERK

75y b7 —s5F1alt, 2,6-¥ T U ET = ) —A(Qa) % I RNCE 4 BRFS A
K35 2 &HTE A (Figurel-4), 37xbb, $3. 7=/ —1rDr Vb e, n-Bulilc
X % retro-Brook BafiiZ 7 v KRy P TITS 2 &Ik Y, — D7 uEk%E SiMe; A
ol 72 3a 215723, BoNiz3a ZHWT, AKOKICEZITIZLICEY, HH—HD
TaEHA i PrSiHHEICEH L2V VT2 — N da BB LTz, finwT, 7=/
— VIR ) 7T — MICEBAL 5a BI5 RIBIC R ) 2 u a4 Y 2T XAFE(TCCA)
04 YEFHIEZCICKoTCe by AR 7o v YAEAERL /- 4, K
JGf, ~FH VY THHLER O T4 MEREZIT) 2 LICX o T TCCA HkDKkiE%
PR L., BRAEMRT S Ik > T, la 2EQEHOMRYE & LSz, 20D
X, WEE (5°C) TEMET S ik oTlEfbL, Y IRCWESRAMGEEE LTH
LNBZEPHIHL 72, 72, 2D la X EN CRRGFDIAETH > 72, WIh
DRIGD KA — NV CTEMEAIEETH D, EBRIC1EIC20g A LD 1a ZEKT 5 Z &4
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T 7z,

1) NaH (1.2 eq.)

Br NaH (1.2 eq.) Br Br FPr,SiCl (1.1 eq.)
OH Me3SiCl (1.1 eq.) OSiMe, n-BuLi (1.1 eq.) OH THF, RT,3h
—_— —_— v
THF, RT,2h —78 °C, 30 min ) 2) n-Buli (1.1 eq.)
Br Br SiMe;  _78°C, 30 min
2a 3a

95%

FPraSiH n-BuLi (1.3 eq.) £PrySiH £Pr,SICl
OH Tf,0 (1.3 eq.) OTf  TCCA (0.4 eq.) OTf
> —_— =
Et,0, -78 °C to RT CH,Clp, RT, 1h .
siMe; 20 3shc ° SiMeg 272 SiMes
4a 5a 1a 4 steps 79%
99% 85% 99% >20 g prepared

Figure 1-4. 7°7 v } 7 4 — L0 1la DEK

BEE 7Y P74 —LA0TF la BV TFRRIGD KIS REL

ALz 1a BV YA YO fHNIGD IGEFE 2T 228 e Lk, %
T, v7u~Fhr v od)RLMAMMIGEETAVIGE LT, 2D DRE
EERTELE Lz laic LT, v zu~F P vilfiid BT AT a -6 %
AIXT=NFETEHE R 2L Ty I AT —T )L Ta % 82%DINHEK TS 72 (Figure 1-

5),
e
FPr,SiCl FPr,Si”
OTf imidazole (2.0 eq. OTf
, HO ( q );
) CH,Cl,, RT, 24 h
SiMe; SiMe;
1a 6 7a

(1.2eq.) 82%

Figure 1-5. 77 v b 7 4 — L4571 1la L IR VI A VIKEH T 2 6 0l

BT, SonizTa 2T, NV ¥4 v OFELN2HE L 72 (Figure 1-6), Z C
T, Ta i, BEEOS VAT T e, RVFL VEREZEE7-0DD SiMe; FED
2005 A FBBESIAET 5.7 HAIA AV EROTRYFA v ERESEB L,
7 ALIA A VB3 SiMe; J7Z T TR KL VI AT —ICb KBS 5 LRSI T,
2T, RUFAL VOFESFICOWT, FEllIcREI T2 2L Lz,

¥3. 7a ICH LT THF B8 C CsF ZEH S 2722, SOGIZ e GETL b o 72
(entry 1)o RIC KF & 18-C-6 DfflAGbLE, H2 W0 IFZ NS ZHANRE L CHBL
[18-C-6K|[FIS A2 (EFI X €72 & 25, RV HFA v & YT v L O@2)BHLA IR AHES
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L. BRALAHINik 8a 2 P REEDINEK TH S 2 L S TE 7z (entries 2,3)°, D& &, T
—L6 BPHYBEEINE Nz, T, 7 v (WA A4 v 28 Ta D i-PrSi FRix LT HEH
L. EiEoUIMAsiE o722 itk 3D EZ2 T, 22T, 7 9tA4 F v 2w
VL LT CsCOs & 18-C-6 DMlABDRICEH LS T72bb. THF iR,
Cs:COs & 18-C-6 ZfEHE 728 25, Wil Y Si—OfE DA Z b1, &I
KT 8a o7z (entryd), AIEE MeCN ° b VT VICEHE L7228, IR H Eicik
Eoh o7 (entries5,6), % Z T, entryd ORICSIFE RS FHRISDOEHESEMEE L
776

\/@ Base
o o 5 & O\/Q
FPrSi” Base (2.0 eq.) £PrSi7 : /-PrZSi/\T
oTf Additive (2.0 eq.) HO/\© : OTf
_— +
SiM Solvent, RT, Time O"
iMeg

SiMey

7a 8a 6 Base

Entry Base Additive Solvent Time [h] 8a?[%)] 6a° [%]

1¢ CsF _ THE 24 No Reaction

2 KF 18-C-6 THF 16 65 14

3 [18-C-6K][F] — THF 24 59 23

4 Cs,CO3 18-C-6 THF 8 80 trace

5 Cs,CO3 18-C-6 MeCN 20 41 Not determined

6 Cs,CO3 18-C-6 Toluene 24 65 Not determined

cf.) Hosoya et al. (2015)
SiMe, (1:?322063 (2233 eq.) N
QU7 - m etiem Oy
oTf (5.0eq)  THF,25°C,24h N

88%

Figure 1-6. UGS mawE b
[a]: isolated yield, [b]: calculated by 'H NMR of the crude product [c]: at 50 °C

A EE R RV YA v EoB#EICOWT

RIT, A BRBBIEEE L7 7y b7+ — 00T ERFKEL. 2 FARIGICHVS Z
&L L7(Figure1-7), PV 7 VA X HONIHICEBREAF L2777y 74— L4
SFIE. 5a EFROFEICXONIGTEY T ueT7 2 ) —AbZNENEKL, T
La—iv 6 LEkET 5 & T, HIEER Tb-h 21572, 55 N2 B & Rl o RS I
fiL7z & 2 A, ZikAEIEICE T, RIFARIEECMICT 2B LNk z 52 5 2 &
Boahotz, Thbb, EBriE5HTH L A FLESBD), A+ F 3 (8c), BRI 1EHE
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ThHLFI)7rAuXFLEk (8d) a7 v (8e,8f) BEMELAZFEFICEVWTHR L
INECcHNOBRLMNIMGEE G 27, —H<T. v 7 /7% 8g) %H L7-EIZKISSEMIC
COARETH L7200, BRNEICHE ST, /o, TREX—1VEZHIT LHEBh)ICE
WC b 7 < ROGHHET L 72,

Ri =Me :81%(8b)
o\/© o — OMe : 83%(8c)
Br £PrSi” 18-C-6 (2.0 eq.) FProSi” =CF,; ' 74%(8d)
OH oTf Cs,C03 (2.0 eq.) =F  :79%(8e)

[: I — [ I > - - 81%(8

=Cl
—_—
THF, RT, 6-13 h O" - 339

R! Br R SiMe, R! =CN :33%(8

7b-h _ OK’/{\ 73%(8h)

Figure 1-7. _ V¥ A v LickkAx hBEHE 2 A L2 HEOGK. KIs—@

— /7T, BER DT A ROBRICEREEZHE L7277y F 74— L0 TFOHKIE. (&
ERMEOMELBR S IN, T4abb, M2V 7uE7 2/ —ViFEELLEKL
728556, 2 00 7 a B EMTIL R\ 72 9, retro-Brook BE{ 1T B\ THIE B R34
L3z BasInr,

Z 2T, 220y Y NEE R 5 &M TEAT 5 B % % 2 72(Figure 1-8), ¥ 7x
bbb, 2-TBESALFT T2/ =0 2°), 2-TBES-TAART ) = Q) H
FRIFERNC, 7o T SiMes FICARL 72 310 L 3 %1572, T, 2D/ —L%
a4y 7aviy 7 vicko Ty YLk, B X P F U 7 v EE
fiddL s LC, LDA I X > TCZ DAL MMiEM 7 v + L L. retro-Brook ¥&{i 23#E(T
TBEZLICLD i PrSIHEZRVE VB FICEA L, UTHEROFIEIC XY, #iEkE
DEFICA X2 (7)) B2 0IF7vHE (7)) 26T XV F A4 VEERE~NE N, *
2. ShEHACTRIERITo72 8 T A, A b F 28 (8i) TREHFARIGET, 7 v # (8))
TIEHRE OIGEE TH O BLATMEZ 5 2 72,
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cf.) expected issue: regioselectivity in Br—Li exchange

Br Br
R OSi BuLi R OH R OH
—_— +
Br Br Si

1) NaH (1.2 eq.)

Me,SiCl (1.1 eq.) NaH (1.2 eq.) H
2 3 2
R\@:OH THF, RT, 3h R\@OH £P,SIHCI (1.1 eq.) R2 OSi(Pr)H
Br  2) n-BuLi(1.1eq.) SiMeg THF, RT, 2 h
—78 °C, 30 min

R?= OMe (2i") R2= OMe 80% (3i")
F @) F  97% (3j")

FPrySiH £Pr,Si” 18-C-6 (2.0 eq.) £PrSi7
LDA (4.0 eq.) R2 OH R2 oTf Cs,CO3(2.0eq)  R2
Evr = -l
~78 °C to 60 °C SiMe, THF, RT, 13 h

1h SiMes

R2= OMe 62% (4i) R2= OMe 72% (8i)
F o 51% (4)) F o 42% (8))

Figure 1-8. V¥ A v LICA ZBEWREZH L 2HEBEOAK. KIE—®@

EAE EE—E e od VRS o (A+2) BN IR)G

e, CO7I v b7 - T latHO A Y Vil L D5 THEH2)ER
EARIC % #Et 35 2 & & L 72(Figure1-9), WIS N Y T VN s HT5T7ra—n
ZRWEES . 1a & OERE X CET L. BIEE 7k-—r 21572,

TP BRI VI AREISHESME G E BRI SN T W AIERRY v (k) W
T ML S IEHHETT 5 2 LAY, cis & 1,4- e Fud 7 XL v 8k 235
nil, £, vr—n (M) 77 (Tm,Tn) 2V Vs e LTHWEEAD, B
T R BRI 8ln 2 5 2 72, FRIC, 7Rk EBRLAEZ7F7 Y 8m) 3. A
WEEGRE L2 v sy -SRI OETHESINE 2o, I X o T
VA VEREIRDZ LB TEIAFROEAMERTIICH L, T2, T2/ —
N E DI NAE) BRI ICBI L T BET L 728, bbb, e Fux/ viliko
BB 70 1T Cs,CO;5 & 18-C-6 DR Wz 25, BHRBEEYE 5 272, ZDREA
& LT, HifkE 70 CERALATIN 80 DERGILIALD Si—O #EA VW X 4, 3 L T
52 LRI N, 2T T, C0CO; Db DI X Y 5FWIEETH 5 KoCOs 7 T,
FGE T2 25, ABINETH 2 b 00 HINOERLA A 80 2O N7, X5,
4-& FrF IRy AT N a— VHROEE 7p 1BV TIE, CCO;5 & 18-C-6 DM
T, PREEOICKCBRALAINGE 8p 22 2 AR TE R, T, AFLV(1q° 7 =
ZATEFL V()LD TAHARIEEITo 72, TORIGTIE, @)L EFT L
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et AL RS RIELZME) 2T YR 72 F Y LY 8q. BLU T = F

YEL Vv 8r BRWIEKRTHE LN,

/'-Prgsi/o X

FPr,SiCl (1.2-1.3eq) 18-C-6 (2.0 eq.) f’-PrgSi’O
OTf imidazole (2.0 eq.) OT§ Cs,C05 (2.0 eq.)
—_— —_—
CH,Cl,, RT, 24 h THF, RT, Time O‘
SiMe, SiMe,
1a Step 1 Tk-r Step 2 8k-r
Entry Diene Yield (Step 1) Time [h] Cycloadduct Yield (Step 2)
o)
LProSi”
FFIy0l H
1 HO X X 86% (7k) 5 O‘ 68% (8K)
H
o
R FPr,Si”
2 S\ R=H 80% (71) 6 R R=H 86% @8l
HO N
3 R=Br 79% (7m) 8 R =Br 80% (8m)
o)
R £PrSi”
TsN \
4 hoo s 99% (7n) 5 O@ 77% (8n)
o)
FProSi7 Y)n
5 OH -0 67%2(70) o4 O‘) n=0 32%"(80)
6 HO n=1 57%2(7p) 4 n=1 48% (8p)
" OH
n=0 4.0eq.was used o
n=1 2.0eq.was used FPrSi”
7 HO\/\Q 76% (7q) 8 O‘O 75% (8q)
o)
FPr,Si”
8 63% (7r) 8 l I 52% (8r)
Ho/© O

Figure 1-9. 73 T WN(4+2)BRALAT I BG D B —fiE -

I VIR DOWT

[a]: in DMF solvent [b]: K2COs was used instead of Cs,COs
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Fric, AF L v & ORISR T —fiofilm Lz X 9 ic, 06 CiBRE AN
DR, FHOXVHF A4 v EBEIRISELCT L XYyFLvE I TRIGLEY
ek 7t v L v EELIZERRETHL L, ATFRRIGCOERER RSN
o THIT, TNHLOHTFHRIGIK, TR CHEINLZT T Y P 74 —L45F 1b
2 b AR L 72 HTERAR 7q°, T2 icxf L€, PhsMgLi Z2ERH S ¢ TG % To72 & 2 A, H
M OBATIAEDYICRIFEZFE LE T LLEIAEIE LT T 2 = AT =F VRV IS4 VI
REMIMLZZET Y —ABHYBER LN TS Z & 53430 5 72 (Figure 1-10),

o
PrSi 7
o) Ph FrT2
/'-PrZSi/ \/\/ ) ,'_PrZSi/O\/\/Ph
OTs PhsMgli (1.2 eq) O‘ . H
Et,0. 0 °C, 30 min O
Br Ph \
q 13% (8q) major byproduct ~OR
(from 1b) Jor by FPr,Si

Ph Ph |

(0]
= +PrySi” \/
O\/ £PT2 =z
FPrySi” /'-PrZSi/O

OTs PhsMgLi (1.2 eq.) H ' S
L + Ph~
Et,0. 0 °C, 30 min
Br Ph
7r

(from 1b) 0% (8r) major byproduct

Figure 1-10. 1b 2> 5 & L 72 BIBRAA %2 W 72 0 F NG

EAE NIV YLAMEERR WY A4 YRS & D Q+2+2)BAL ARG

YIAT Y=Y 7T — PEERRIGRM GG TR YA v EETE D205
[EFAFE L 72 BiBRAA 13 BB E & i & L 72 SR ICHEHATRETH 3 L E 272 1,
TV L A D 72 Q202) BRAUATINBOGIE T v F VG 2 b R v v B T
T5FiEL LT, RAYSLHEEED T OAKOBA»OHFEHEZEDTEY, T F VK
FELTRYPFA VEROERIGD ARSI Twd 2, Flz1E, %D IX. sesamol
HEDT 74 VEIEIKRE P4 VG LT, 7 vt A F v Lo 0 Ll V7
Y FTH23 Plo-tol); ZIEFHI B2 LTk oT, XTXH 4 7 AEFRHLZQH2+2)5R
EATMBOGHET L, MiBR T 7 2 L v MG b b 2 & e L T\ 5 (Figure 1-11)13, $
os BoizF 7 2L v OBEREEIY 3% Z & T, Taiwanin C,E D &&E~ICH L T
W5,
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CsF (6.0 eq.)
Pd,(dba)sz (5 mol%)

R—=—\
o) .
o) oTt — P(o-tol)s (40 mol% O~ AN, -+ ES
ST D= BRI ey
o SiMe, ’\o MeCN, RT, 2 h o] -
Me O
\ 1]

(3.0 eq.) R= N-C

.....................................................................

: R
H OH :
: ° A
H (0]
SO Q0D S
o o 5 N
° " J
: Pd-catalyzed
‘ ‘ o (2+2+2)

o} 0 : -/
o/ o/ ©

Taiwanin C Taiwanin E 61%

Figure 1-11. X7 27 L% W72 R v 4 v & P4 VG 0 +2-+02) L RIG
(Mori et al. in 2006)

ZORIGEETIVIIGE L COBBEBME 2 o 72 )G~ DB % 85T L 72 (Figure
1-12), bbb, FEOTFEICIY, 1la ¢4 VEDEBLEZT A=A 9 b)Y

NI—FA10 AL, 9. THE BEFT10 I LT, 299 v —F 1 LK

€V LIFELE T, Pdy(dba)s & P(o-tol)ys ZFRHSH 2 L IC X o TRIGERITo72& T A,
28%DIRCHI DHEER T 7 2 L v 11 257z (entry 1), 2\ > T, MeCN A Z 5T L 72
EZANEDKT 2R LN (entry 2), Pda(dba); DR Y 1T Pdy(dba)s* CHCl; % V72
&5, PERPYEE L 7z (entry 3). & DIC, AV 2o R E 2 fHICHME 7L 25,
IV DS 46% 12 F TM) [ L 7= (entry 4)e SUSIRELICEI L C X 0 WL SRR W &F ofst
L7223, TR EDIERD A FITIZ R S 7nd> 5 7z (entries 5, 6),
UEoX i, PREOINETIIH 2 DD, AFEIEEESEZMEBLL L7653
WKHBEHTE 32 LR E T,
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£Pr,SICl
OoTf
SiMe;
1a
(0]
If W
Ph
HO

(0)
i-Pr,Si” /\
imidazole OTf

CH,Cl,, RT
.

solbe
SiM63 ]‘F

18-crown-6 (3.0 eq.) 0
Cs,C0O5 (3.0 eq.) i-PrySi”

Pd,(dba)s (x mol%)
P(o-tol)3 (y mol%) OO o)

85% solvent, RT Ph 0
10 Ph 1
entry X y solvent concentration 112 [%]
T 1 5 40 THF 0.025 M 28
2 5 40 MeCN 0.025 M 15
3 50 40 THF 0.025 M 38
4 10° 80 THF 0.025M 46
5 10° 80 THF 0.125 M 24
6 10° 80 THF 0.01 M 44

Figure 1-12. »X 7 27 LMl 2 F v 72 50 - N -2+ 2) BRAL AT I SOS
[a]: isolated yield, [b]: Pdx(dba)s* CHCl; instead of Pd»(dba)s

FLHE B

ARETE. IANTIV =AYV 77— 2 HLAERVTFA VT Ty P74 —2L050F1a
DERE . ZNZFAL 720 FHKIGICB L Tid<7-, AHEERIEL FH v 2 LIATOHi
BRICHAR, 299 vZ—TAHEET, RIER S T L2 w25 Lo 2B ICEM 75
HFCRVFA Vv ERAESRDZIENTEL D, WAV ZYRZAFL Y, 72207
tF L v e Dy TFNE+2)BLAAMRICICEAT 2 2 L BRETH o 72, Tz, WAl
SRV B TEREEMAL., EBSEMELICICDEH T2 2 L 3Tk,

TA VIR & D QA2+ 2)BALATINSIEIC b EMHFRETH o 72
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BALA O ETLF DR FRIVRGEFALE-SERT LY, 7

Wi 7LV, TLFIFEonToHR

TL VIt 2 DODRFIRFZEMEEIEL L2 12-V T VRGO L s 1=
— 7 In & % B o 1AL AT H % (Figure 2-1), 7 L vV 2T % 3 DDREFH T DA
¥ D IR FEE T 1L spP iR TH Y . FROKRF X splRIKTH 5, 20D niftiAZA
WICEITLCE Y, MO BRES TR T 2HADETL T, ZofEichkd s T
LYyoRite LT, iito X7 ) 74 SRR T 22 8B¥TFohnd, Thbb, Tht
NoRFE LOBHELFE b D ThVEE, ZOHBRLENADE LI LEHBTE T,
IFVFA~—RBEET S,

—| li
Q_Q_Q@ mﬂ_&_?
c=¢=C Cc=¢—=C
g2 I I3

allene allene (enantiomer)

Figure 2-1. 7 L ¥ D&

COWGEITAEMES 2R THA R RWICD L SR |, $7-, EEN oM
EUEE~DIER S A IR I NTE Y KA ET L vLEMOERES R T
V> 5 (Figure 2-2)%

BlZIE, TuRX 7TV B DRFE#HE T L v EGE~WE L 7z Enprostil 137 8
2TV VRERDFTY EP3 B L EFRENICHEAT I EBAONTED ., H
{EHEEERERE e LTI N Tw3 3, 51, TLVviErflaiIns:ry ~v—
X 7L v OR[N e b ALBEIT T S T LT, RIC K o TEFHDL DS /1
IR LFHERHE I TV S 4

IHIC, TOERT S nfiAICHR T 2R R RISTEIC L 0 . ARERICE T 2L
AED@mweErT 4 v 7uay 78 LCTEHINTWS S, hTdh, BEFRFEFIEIRL
T7LFINE, 202 I PEEICHRT2ETFEELRT L v LT, MEERNZ
BALA oG, REFH. KEFOMINKICE e L 32 HRARLEYRETH 2 5
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(a)

/

7

O

A82775C Enprostil - . y | -
(natural product) inhibitor of gastric HCI secretion acid sensitive polymer

(b) ~
. E
( E*, Nu jf
R
/ Addition Nu N

I twa

No
GWE R |

L r
1
EWG

. Lewis Acid
allenamide
/ N\ R =Ph |
N
WE” °R [2+2] cyclization EWG

Figure 2-2. (a) 7 L VHEZ GAZKAY. ERHYE b)) TvFIFoerrra v s T
oy 7t L CofRANE

BH Tu AL - URBICEXBETLVEROER

HFEREINT VLT LY OABEIR. ERSEAMECERAMEZ VS X 3
AEBFRTD Y | IERECHREAAIEICEN KA R EBESHFE I LTV 5
T, = H T, MEFZD R VDD, TALF VATV E LT B S0 X L — T VNG
X7V vARIE., Sifi e il z v 7o v LI IS 7 &2 B AT 5 LD
WeE W Z2BlE D DN R ERFETHE LT X D,

Bl Z1E Martin 513, TA¥ VEE2ROERELZ G L7 7 - v eighds 2 &
Xk, HFHTTe X — v G SHET L. 7?~vyﬂ%L’7vyam%
JRF %W T % 51k % B L 72 (Figure 2-3a)®, ¥ 72, Danheiser O (%, FEFEAERLIC
THGIENTZ A VIR EREF T CaTHNT v RIGZGI 2R T LickoT. 2V
TLUEES 25 2 &R BH L T3 (Figure2-3b), 513X i, KibRic=L A
IFNERBIMT 52 & T, i K @R2)BRIUATIMEISIC X B4 7 ZBR M E 8 0 — 285k
ERFE L, 2oXHic, T F A Vv RIGIET VYRR T L5 A CERARA
BMFED 1 2THE2D0D, RIGEETIE 2 7-0ICI3EEFHE*ET 2, 20 H L
LT ZV-FF—BXUVPT V-T2 7 X—-ChDTALFVIEELLINTORWEA,
I CEEEDIEF ICE R 2 e B3EZ LN S,
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a. Martin (2006)

_>
PhCI, reflux
b. Danheiser (2010)
(0]
[‘éN—Me
/_,-—}—n-Bu O (1.0eq)
o o
g

Figure 2-3. 7o V¥ — LV RIGZFIFAL 27 L v &K

—J7. 2006 fFIC Cheng B, Y IAT V=NV 77— DOREIEERVFA
VHBRIGHRHFTTAF Vv EEOPICZ VY RIGEGIZRI L. TV v 2525 2 L2l
L T\ 5 (Figure 2-4)"°, Z O IGTIE, @OCHEFHEETH 2 X v F 4 v D> LUMO

BRIGICBEEG 2 2 itk Y, X OIEMELFEEEDS/NE < 72 ) . iR TO RGO HEFT250]
RELRdLEZLND,

R2 R2 R2
KF
oTf . -\
@i " I“ — @' \~R‘ @(&OVW
SiMe, N THF, RT H H
(4.0 eq.)

R' = alkyl, Ar, Cl, Br
Figure2-4. XY FA VT A F VDTV IGICT K 5T L &K (Cheng ef al. in 2006)

ZDORVYFAVERGWEZZ VRIS X 2TV vy A&, ERT, 59EREEF L W R
MRS CRICHHETT 2 506, FEFICERATH S, —FTZORIGTIE, TLVY E
DEFFE L L Cld, RFREHED 2 W IidEHR, RREFICELOL T, 2oz i
HLCT, LT3 oof#EsZ 0B EAEHHEOILKEZY T T2 & FE bz,
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(1) fZEBREORME « B2 G324 v MG, FERFRRNE T L F v
EDRIGITHENT, RISH DR 2 EREERDOEGY & L TEOoNE 2 LML 75
%, FEFE Cheng S DOHEDHTH, AFAEEHLAERNVFA vV ETAFVYDRIGR,
RYFAVENETAFVTH B 2~F LV EDRIGICBWT, ZnFNn1 1 DHXK
CTHE BER % 5 2 T 72 (Figure 2-5),

(in Cheng's report)

H KF
oTt 18-C-6 X. Me .
+ | | —_— \I + §|
. THF, RT
Me SiMe; )a Me H Bu H Bu
(4.0 eq.) 71% (regio ratio = 1:1)
Me n-Pr
OTf
18 C 6 .%I .\ @fg.§I
SlMe THF RT H Et H H
(4.0 eq.) 60% (regio ratio = 1:1)

Figure 2-5. = ¥ X)JGIC 1T 2358 (1) @ fEERME O

(2) ARFEEIC X ZPCRDIKT : Cheng H DHETIE. KIHHTH D 7B L F A LIC
BOWT, AFNVED L VIIE PRE L R HEOA MR E N TE Y, Bk FELE
ZHBERIBREI I N TR oTz, 2T T, 7u XU FANREZNIREL 8D 3-AF L
A-TFVEDRIGEIToE A, HNOT LY IZD T 10% L2 ELNERD o7
(Figure 2-6), & D Z & 5> 6 LR DU D S G OAREEF ICHE L2 Z T3 »
T ERBI NI,

OTf 18 o 6 ©| \X( @.YMe
------- >
SlMe3 THF RT Me H Me

(40eq

Figure 2-6. T ¥ JUGIC BT 2358 (2) + VMAREEFIC X 3 IEOKT

3) EEVOBEIIG : ERVIOTLVYHEDRVYFA v ERILEFIER LFL L
BEZLND FFCETHSUETH 27 I FPERLAZTLFINEZZDOTF I FE
IHEEICHRT B KK EEIC X Y KRE SRRV IFA YV EBGICRIGT 5 2 L
BEING, BERIIRVFAL v Tu A EFLT IR EDDTFRIMIGERSI Lz 25,
BHERIBEY 52 5/RERV HINOT LF I Fikiz e A LB S 170 o 72 (Figure
2-7), ZOFKEE LT, EFEYOTLF I FBEEO 7T a ¥ T I FIChARERIG
HTHr b, EBO X517 L F I FRRVYF L v EBRBFICKIGLTWE Z LD
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I N, 22T, ZORBMEMGET 27201, FIEFHBML 727 LF I FexvHFA
VEDNFRIGEIT o728 5, RREMAIICHRE G AT, TLF I FHBERVY
A v EQR2)BREAML 72 LR I N 2 BB/ o Nz, T b, o FREIGTIE,
BCBT7VLFIFPERVIFAL v EOBRFEICH AL 725 L B3 HER I Nz,

H KF 5'@ /

oTt ll 18-C-6 X
@i + —_— @(\ \I —>»  byproducts
SiMe THF, RT H NMeTs
3 \

NMeTs
trace
(4.0 eq.)
cf.)
KF
OTf x> ey Ph
@i . %I 18-C-6 ©:(w
SiMe, H  NMeTs THF, RT NMeTs
(1.0 eq.) ca. 20%
(proposed)

Figure 2-7. TV KJGICE T 258 3) : £ (TLrF I F) 0BFE KIS

EH T ND OFENR D TFARIGIC X o TR TE 5 LEM L /- (Figure 2-8), 3720
HUEMERIC K o TR YF AL v T AF v aEIEIN S Z &I X o TRIGE DALIE A3l
ENnd, T2 PENICKICENEET 2720, VRBEEIC X 2EEL/NSS D LE
2170 IO, DFHRETERYFA v ETAF VR LN 1 CRIGT 2 8RE 2 #E5E4
2720, EFPIOT LV ERVTA VL OBBIRIGIC K ZRED ERTE 5 LE R T2,
Z 2T, fEICEEAGRSARETH D MRl ARSI TRy L vEREI R LT
RN ECHELLT Ty P 7+ — LT TRRICIC X 288 %2175 Z
L& L7,

+Pr,SiOR
R R’
O
0/ ; FPrySi” -‘rl
FPrySi” o2 <
oT e - 'YR'
RT
H R
SiMe3
R=C,N, S, Cl
v facile preparation v/ mild conditions v regio-controlled v 1:1 reaction

Figure 2-8. 70 FPISJGIC K 5 kg

BEEH Iy b7 - TFlaZHCESTFHIVRIGDICEET L VEAK
ETAREERD13a %77 v P 7 — LT 1ak 2-TF v-1-F— A (12)5 5 94%
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DINFHECTHIK L 72 (Figure 2-9), 25— ZfiO B S ICfE W, 13a 15 L T 18-C-6 17
TET. CCOs FH ¥ 2L ARV voRRELZ Vv RICPERE X CETLHW
DT LV 14a & N2%DIEE Tz, T DORIGTIE, 18-C-6 DWRIEAE < | FRE A A%
TH 25T ROHNCHEIR RSN TH 5 2 L PEBRBREZJEMEIC LTz, £ T,
X0 2 RERRIE A B L. Kim 5 1€ X 2 W oK [K(18-C-6)]F &R 1B 3 % #t
H xR ZHFIT, [Csx(18-C-6,]CO; ZFHHELL 721, T b b, 18-C-6 & Cs,COs % 2:1 DE NV
HECZBKICIRE X &, T 24 W L 2%, KR E LRI e A, &
DEGE D WD CHBBEEIE O N, % 3a KEHS 25, KRR
mHT el daklFoiz, 22T, WY RCCHELIES & 2 03 E2 w7254k
RGO EGESGME L LTz,

Z
. O\/
FPry SicCl iProsi”

.0
FPrySi
OTf imidazole OTf Base
> —_— N
. CH,Cl,, RT THF, RT N
SiMe, SiMe, H

1a 13a 14a
o Base: Cs,CO3 (2.0 eq)
94% 72%
18-C-6 (4.0 eq) °
Me

o Z [Cso(18-C-0,IC05

12 (2.0 eq) °

v/ White powder

-C- [ .
18-C-6 + 08004 H.O. RT h v Easy preparation
(2.0eq.) 20, RT, 24

then v Less hygroscopic

evap and dry
[Cs,(18-C-6),]CO3

Figure 2-9. (a) 77 v b 7 4 — L5F 1la ZHl W20 FHNIIEG (b) pre-mixed 72 SGH
[Cs(18-C-6),]CO; D i #l

S EE—-RE

ZORIGGEEE AT, AEEHHEFH RN T2 e L, 9. bRt d 7
1)L FOUAL D FRFATEFAFLIC B L CTRRET L 72 (Figure 2-10), 7 1 o¥L FALIC A FLHL
(13b) 7 =z =5 (13¢) ZHT2HEICHWTH RIFICIGETL, =@l 7 L
¥ 14b, 14c ZINERBI LB TE L, T2 VA FL(13d) v 7 B ~F 2 (13e)
DEHT 2 FHIC B W TH L K IGHET L, FUEHERT L v 14d, 14e % SR TR
LN TE, FRiC, ZOWUEMRT Vv %5 %2 5 )G1E. Figure 2-6 IC/R L 723 Y 47
TG TIEVARBEEFIC X 2 INEDIE T 25 720 2 FHRIGIC X 27 7' 1 —F53%)
BHTH B Z BRI NI,
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(0]
FPr,Si [Cs,(18-C-6),]CO4 £PrySi”
OoTf (2.0 eq) . R
THF, RT
SiMeg H R
13b-e 14b-e
0
£Pr,Si FPrySi £Pr,Si FPrySi
'YH 'YH 'YMS ®
H Me H Ph H Me H \I\:>

70% 62% 83% 80%
(14b) (14c) (14d) (14e)

Figure 2-10. BV R © RFE LS

;’ﬁb\( ~TREFERT VYOG ERET 5 2 L & L7z (Figure 2-11), £3. 7
FEIT LY THETLF I FOEREME Lz, TOE, B3R Lo&E Ky EE
EEYIOTLF I FOREMICRELSFEL TR I L ghotc, Thbb, A7
IVEETAHE IR E S A AR E LY, Bndke Boc HEHT A
HCIRNIEDHETT 2D DDEMR Y VATV ECRGICHIREND T L5 h -7z,
—J T, Bn#é TsEZET2HETIZ. RICHBRIFICETL 7L F I FBLERERK
ML <o, L2Lado, RAFEWES PhIELE LT LF I FIIARER -
Teo 7o, BREWAT LV ICB L THRBRICHET L7225, wWIFno@EifiicksnwTh,
SOGIEHETT 2 00 ERYIOBEELLT L v BN IRESE CRBD TR I NG 2 L2
AL, BRERT L v oAliiadssct e Lk,

= XR
= _C-
;p@a/o\/////\ [Cso(18-C-6)1C0; ;O

OTf (2.0 eq.) .
THF, RT N
SiMeg H XR
£PrySi FPr,Si” £Pr,Si FPrSi”
o%] -§I .%] .ﬁ
0 N 0 NBnBoc NRTs OR
ca. 48% R =Bn 60% (stable)
unstable R= Me :ca.50% (unstable
R = Ph 61% (unstable)
Bn :ca.60% (unstable

( )
( )
. MOM : ca. 35% (unstable)
complex mixture ( )

Boc :ca.20% (unstable

Figure 2-11. £33 5 X % F o BB OMET
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THIC, TLF I PR, tho~TafF23E#RL 727 L v OB #EAHF IR L <
AT L 72 (Figure 2-12), 7 I FERORKREIES A F LI R v IONFOFE Tl
RIFRINETTLF I N 14f,14g 52 7=, BRI LA v nEEHL
TeHER A v P VERPER L ZEEICHEHETH Y, KEALTLF I 14h,
4i ZB22 B TE S, /oo RVYFAL v EOBEBE Y L CEEF 288 A X -1

HCTHHY14)j 2155 2 LB TE 72, BEFRE TS OO~T o i 21ERL 727 L
VERDWEI L7 & 2 A, HHERET (14k) 2o T @) BEALAET L vIch#E
FARETH o7z, T OIKMELEDOTLF I F 14m, 14n AR T 22 L8 TE, ATk
DgIAVEHEIFHZ R 3 Z LB TE 2 4,

R1

Z XR
o\/\ o
/'-PFZSi/ [C82(1 8'0'6)2]003 I‘P|'2S|/

OTf (2.0 eq.) 1
> 3 R

THF, RT Y

i R? H XR

\

RZ S|Me3
13f-n 14f—n
FPrySi £ProSi /-Pr28| FProSi”
) N 3
H NRTs H NBnNs N H NBnNs
R = Me 74% (14f) 65% 45% 48%
Bn 60% (149) (14h) (14i) Me (14j)
i .O
FPrySi /-PrZS| /-Pr28| ,LPr28|
N
H Cl H NBnNs H NBnNs
65% 48% 40% 52%
(14k) (14l) (14m) (14n)

Figure 2-12. BB %tk + ~7 v it

BLE PORED OHHEAFT~OAFEKE
Perez, Domingo (X, XV HFA Y e T AT v DLV RIGHHHEIEZFEH L 2w
FOGTH 5 Z & &gl HALFARICR L T 5 (Figure 2-13),

-0 — o0 — ,C

H

AG = +13.6 kcal/mol
concerted C—-C,C—H formations

Figure 2-13. W Z M XvFA v T V7 v DLV G (Perez and Domingo in 2015)
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Z T EEDPRFK L2 TN T v ¥ — v K6 S RIS ENICETTS 5 7%
SiE. KIGEOHLAFED B ERYIOT L v OlliERFE~DO R FEERTHETH 0 . K
EEMEART LV OARICERTE 3 L #E 2 7-,

HAEE R RREE L CHERD(S)-3-7F v-2-F — A Z v, 4 BfSoZHuck -CTF
OV ELT I NEHT STV —(+)-S19 ZEE L 72 (Figure 2-14), ZDH D% 1a
LiEfES 2 2 & CRIEKAR(H+)-13m 2B L 72, F 7LV HPLC IZ X 29011 X D, T D(+)-
13m (3 98% ee DHAMMETH 2 Z B0z, TDHDEKICFMICFLT, TL
FINAEWL 728 2 A, FMEEER D 227, 98%ee DHFMMETTLF I T
()-14m RSN, EEPIDOT L F I F OHIARECE 12 EERAICHRE TE Ty
bDOD, TVRIGHHEMITHET LT 2L, KIORTEMEREZAEL TS 2 &R
R INT, ZORICIZHBIIAFTRS e G2 TV F v 2 GRINEE LA im e T
LYABE 28 L W7 7a—FTH 5 E L HIT, TVRIGICK > THORF D SHlTE
AEDEEREH L -0 Cofl<ch s Z L3 EINS,

1. n-BuLi; (HCHO),,

THF, -78 °C
Me 2. TBSCI, imidazole Me 1a
¥ DMF, 50 °C imidazole
=" OH > = "NBaNs ———»
//\ 3. BnNHNSs, PPh,, DIAD HO\/\ CH,Cl,, RT
(8)-3-butyn-2-ol THF, RT (+)-819
purchased from TClI 4. TBAF, THF, RT 20% (4 steps)
Me
NBnN
. _/O\/ nNs o E: 5
Py S [Cs,(18-C-6),]CO;3 iPrsi” FPr,Si”
oTf (2.0 eq)
> - — . Me
THF, RT | \\‘
SiMes e N H
H 'NBnNs NBnNs
(+)-13m bt » (=)-14m
o central-to-axia )
99% yield chirality transfer 40% yield
98% ee 98% ee

Figure 2-14. 7V % ¥V OHFLAFD L T L v OEiEARF ~ D R FIRE
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FENHET BN

ARECIIE-BECHHELET Iy P 7+ — LTV ERVFAL v ETALF VD
DTN VRIGICE 2T LY EBICD BTz, KRFFEORHE LT, TSI
BOCHELE 2 (1) MEEREOREZ [T X 2 8, 2) RKIGHED KW E R WIEE
WKEBWTHESLL IS ETT 55, 3) ERYrETHE5HoERE*ET 256
DRYFA v EOBBIKEE BB TE 3 HBBT o, ZEBRTL V2T LF I FoR
KGR E 25 2 EnMFINng, o, EEEaE#ERZHw3 2 8T, %
DHLAFDIERLET L v OIEARF~NEE I NS Z L 2L I L, AR 4 E
Y7 L) I FoAKICSHA L 72,
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FE=E ZBREBRTZILXIVERUVTALUVDHFRGER)RIEG

S Gr)BRMmRIGIT2owT

1960 £EfX @ Huisgen © DFER A IHE® & L T 1,3-BRF % o 72 G+2) B LIRS 13
SEIRERRY IR T 2 200F kL LT, HETHOEHEZED BN F
ETHD 13- MBFe L. 7Y Fe= It P T VEEY,. = br v,
TS AFUAY Vi EDH LT % (Figure 3-1)2, 72, % OICHTTH 2 H IR
THRELCETAT VR TAF Vv ETTCEBRA RVYTFAL Vv HERET 2 2 e b T
BH, RYVHBRLIZERREMER T2 28R TE S35,

—H T, I 13-BUE T LCEHEEINRCD DD, BRFETPERET. iR
TRED~TOFRTABERL-ZTAF U AZR D & L ClRET 2 GH2)BR LMK
JGHIN K DR I T 5,

R
|
(o XR
~—— U o« - 0
o R X=0,N,S o
II\]I/“’ N ._R :
N+~
N

Figure 3-1. (3+2)BAL AN S

— M 72 1,3- BB F D GH2)ERLATING & ik L <, ¢ o IGERITE 2 oEE 2K %
#2725 (Figure3-2)*, 3 72b b, 1,3-BRF 3% oHbE+25, IBAich 54 v %
WUORERRTTH O, GR)BLMMKIGIC L > TH L EL 2EMEZOERFT
DIZEFIITINE T 5 72, BN CLERRMANMEEZ 525, —T7T, ~
TuRTRERL 2T AF i, PORTFATHOREBR T CH B -0, 3H2)EILAM
WX THELZEMENAT LN TET A FiEEOFRKRE G2 %, ZD729,
COREERPREELL, TORIRICETIZRI T LN T, ZEMEFREKD
BENER LR R PR S,
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(a) (3+2) cycloaddition of 1,3-dipolars
X N-centered -X ” | X
11 11 »
Mo e
+
7 z
neutral

(b) (3+2) cycloaddition of heteroatom-substituted alkynes

C-centered - ||| /

Il B — I —_— E\\ _ —_— potential for
c': ﬁ (3+2) X+ subsequent reactions
XR 1

R \

zwitterionic

Figure 3-2. 1,3- X & ~7 v JiFEHL T L% v o G2)ERUAMRIGDE

Z DR DKIGICBE T 2 &6 BRI 8 h A 7 v, (Figure 3-3), 1960 4FIC
Boonstra, Arens S 3 REERT VXY CTHLEFAA /) — LT —TAEMET 5 2 & T,
2L FOEIR L 2 F A7 2 v 25252 L 2WEL T3 5, ZORIGTIE,
HCE s b GRS ET L. 4 Y PEZ 5 2 2%, e b vk =T
v ORIt L, EEIICESL L FEZ IS, 2021 FIC Gagosz b, 4 F I P& T
¥ v EAERIC X o TEANEE IS L C, BHT /AE P AT 528, A F I F
DBEPRFRG & U CHRE T 2 G2)BRILAT NG S HEI TS 2 Z L 2 EL T3 6 2D
FOGTIE, EL7A4 Y FHEE» SHivC, EFREIEED 1,280 T35 2 Z &1
LVEHEZAE LR -V %2525, 72, ZDF CHRIC Anderson H 13 7 ¥
VOGS T I FERINEA v T I FOEEICEWTH, S A2 7254 & F
FRIC, NEAC X 2 R C RRRDSICHET T 2 2 L 2 LT3 70 T i, 2022
fFIC Gagosz b IFFAA / —NZ—FTNETAF VvV ESGTHNTRIGIESLZLICE-T
HBLB2FA7 =T LAY P2 KREFAIERICT E 2R TEL 2 /L. %
BT A4 7 = vV O EGRIEZRFEL 72 8

INOLDORICIILERERREZHRT 2EN-FETIED 2 b OO ANLIE ik
ZREHT B - O HALREEE I E C 2 Y miRSEE e E T 5, 22T, TAF oD Y
KRV HFA v EHWS & T AR b E RO A 7 50T b S RICTEF AR % F 4 X
BB ENTE, HLPIRICHHETT 5 Z LRI NG,
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a. Boonstra, Arens (1960): thioynolether (3+2) dimerization

H H H
If m’ —>  EtS7 \g¥ —> EtS” g~ H
neat, ° (3+2) 1 _
SEt EtS SEt Et |
40%
b. Gagosz (2021): ynamide—alkyne (3+2) cycloaddition
Ts Ts Ts Ts
N N N N
BHT (0.5eq.) | [ . ...
NN ol NN =2 Y >
toluene, 130 °C (3+2) o _ o I\
PR N, Ph N N D NTONT T
Bn” "Ts Bn” "Ts Bn AT Bn
90%
c. Anderson (2021): ynediamide—alkyne (3+2) cycloaddition
condititon A:
BHT (1.0 eq.)
NT
/\ S toluene, 110 °C NTs
/ | | > dititon A: 95%
condititon B: I\ con
PH N Ph N Ts condititon B: 59%
Bn” “Ts Ph3zAuNTf, (10 mol%) én
DCE, RT
d. Gagosz (2022) thioynolether—alkyne (3+2) cycloaddition
Ts
0} (o) N
Electrophile (10 eq.)
—_—
// || toluene, 130 °C I\ _\[\E* i\
P! 5. Ph 5* ~ t Ph~Ng” ~E
n-Pr nPr

Figure 3-3. ~7 o Ji &7 V% v s Z 7 & L CHRE T 2 G+2)BRILAT NG

RUYPFA v ~TuRPRERLZTAF oGRS hETIT 3
R X 41T\ 5 (Figure 3-4), 1968 ££1C Wassermann O (FEAIVICHEE S B2 v HF [ v
FEREBRTALX VY CTHIEA ) NI —TALRBEEBRTALXF VY THLIF AL ) — 1
I—TNVERIEIEDLIL T, ENTNRY Y T TV EeRY I FFHT = v BRIEFERH
LHEZBDZEERELTHS Y, T/, 2020 FFICHEH S IE, RV ¥4 v oRilkike LT
IOINATYV =) T7T7—Fr2HVWEZLEICLEoTC Ry Y FFT7 = v EROFEEEH
HPH DL KICEEN L T % 19, 2011 4ED Pena, Guitian 5 DL TIF, v HFf v
FEUTF Ly OER)BRILAIKISIC X o TE L 2FEER» S TR TDKED
A 2 8T, BRI C-0 #EE~DIFAMIGEZEL L T W5 1,

—J7 T, DX BRBRIFFCMERTFAERLZTLF v EXVIFAL v L D(342)
BALMHINB)GIC B 2 EHIIGFET 2 0D, E@RFFBEMRL 2T A v eV Y
A v DER)BRCATMEIGICBE LT, EDInd o7z, £ T CTHEER, EREBRT L ¥
vERVIL vOGRR)BRILAMAMBIGEERL, AL B4 v F) v a4 Y Ffdfkok
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BeRICE% AT 2 2 L ©, ZofE» 5 Er N 2 A ARG E R <% 2 LHIRE
L 7z (Figure 3-4d),

a. Wassrman (1968): benzyne + (thio)ynolether

N* Me
O - — | O | — O
CO,~ CH,Cly, reflux X* X
XEt Et -l
X =0:20%
X =8S:30%
b. Yoshida (2020): benzyne + thioynolether
R
= o CsF N
R-— | + | | _ H
X SiMes MeCN, 80 °C S
SEt
24 examples
31-79%

c. Pena and Guitian (2011): benzyne + ynolether

@OTf H V) =z
+
SiMe, I MeCN RT <j[oj+ <Ioa

OEt

51%

d. This work : benzyne + Nitrogen-substituted alkynes

C— ot = o
N, Y T N (3+2) N
R

indolium ylide

Figure 3-4. XV ¥ A v e ~T a1 EIRT L ¥ v OG2)BLAIIRIG.

BEH A IFNERVYFAL vORTRIRIEG
EFRBEWRTLF VERVY A VORIGICEHL T, BIET 28T & L T 1968 4D Krief
LILX 24 F I v EeERVIAL VDORIEHZEET b L5 (Figure 3-5)2, # 51k, 7ux 7L
FORVEVYDPOLRELERVIAVESZFAT I JEBERLEZ-TAF Y TH D
AFIVvEDRIBICHENT, TV IRV AXRII TSRV B, 7=zF VLV C%
52232 %BELTWS, A 134 F I v ERVYF AL v o722 IG
KXo THELZLEEZLN, EHICDI | FTFORVIFA VRRIET S LT B BE
LatEzoN3, £/, C BERWARQR)BLMMMGICX > THELTnwE L E
Abid, —HT, GRBRMMKIGEDETICE>THELE A4 v F—=1 D OARICE
TEERIFIN TR,
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XL - ‘#‘ OL

NEtZ NEt2 EtQN
A 35% B 15%

......................

Me
e Me‘—‘ NEt, ®
0 @[
o f 3
NEt,
C 10% ;

(2+2) (2+2+2)

not reported

Figure 3-5. XV ¥4 v & 4 F I vounfRIKIG (Krief et al. in 1968)

I SV FA Y LERERT A% Y OB TRRIGIC B 0 TEBYLMIEA
TT2PMAEL CA BT L L, 22 TEHIZ, 73/ K EoERIEICE 7Rka1ER
REBATZILICLz, Thbb, 4 F I viZo=E/{EAHUIHBO CETEETH
B0, RLETHD o AR AY 722, BRET LIcBTRIEEET 57
FEBRTAXRVTHIAFINR, KETHYRCBEGTH D, —Ti. +0aKIG
HIE 2T WB 2 e HELALT 4 v 7 uy 2 LCiHERHRED T B{LEET
& % (Figure 3-6)"%,

||| v higher stability |||
R’N‘EWG v/ easy to handle

) v sufficient reactivity
Ynamide Ynamine

Figure3-6. f I F& A F IV

BEhcfearb, T AREE L TRV AV T A4 FIF IO 2&GHL, HESI NS
GR)BALATIEIS. Q+2BRILATINIS. = v RIG D RICH I X OTEHALREEE % DFT
FHEIC X D BENT L 72 (Figure 3-7). Z OFEHR. Gr)BILATIRIG & = v RIGIE 1
HEAT 3 2RGS0 2 0 L Qe 2)BRALATINSOS 1L ERFE I ICHEAT 3~ BRI A R o0 o 726 &
7o TN 0 DRIGDHLGEEREIC 31T 2IEHALREEE 2 i L 72 & & A, G+2)BR LA
DBiDEWI ERHL 2L Y B VL RIGEXTIED 2D D, HNIICHAHTH
5 PRI NT,
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1\\ S
@ """ N~ concerted @
Me/ COzMe (3+2) I CO2Me
TS-(3+2) PD 342
AG* = +19.2 kcal/mol _26.3 keal/mol
Me _H *
I Qi :
|+ — o Z
N
v ~Co e N concerted T
e N
00 keatimo COMe Me”  “CO,Me
.0 kcal/mo TS-Ene PD Epe
AG* = + 18.4 kcal/mol —70.1 kecal/mol
N = NMe(CO,Me)
¥
t
N N
\ |.| Me Me
X — —_— s —
- Me Me SV COM
| —J stepwise N-“O2Me
i} (2+2) Md
TS-(2+2)_1 IM-(2+2) TS-(2+2)_2 PD,»
AG* = + 15.8 kcal/mol + 9.5 kcal/mol AGF = + 11.6 kecal/mol —54.6 kcal/mol

Figure 3-7. XV ¥4 v e 4 F I Voo FHEKIGICE TS ET LR

Calculations were carried out at the B3LYP/6-311++G(d,p) level of theory in the gas phase.
Relative free energies are shown.

e T, EEBRNICA F I P EeRVIFAL VORIGZEMEES 5 2 & & L 72 (Figure 3-8), %
FTLAFIFIBEHLEIATY =LY 77 —1 14 % 2 Y& A, MeCN AL,
FEimT CsF 2fFHE e 2 A, BHAREAMZG 27201, ZOHic, 4V F—1 16
BHOTICERLTWD I LDHERTE z(entry 1), Ft\W T, MICIREZ LR X ¥ %L
16 DINFED DT 2T L5 L 7z(entries2and 3)e — /T, WINDFFICHENTH, 45
IF15Da v "=V a VR 0%IEETH o770, RVFA VEIEREKOYE SR 548
WKECHBEIELZLEIA, 1502y A=Y a VIREINZLDOD, 16 DIE DA |-
ITIZE S %05 7z (entry 4), £7-. THF 58t &, 18-C-6 & KF ZfEflE €72 L 2 5,
14 % 2 YBAWZEA, 21%E TIEDH ELZ(entry5), L2 LAaRS, 14% 545
TTHME 2 &2 DIKIZE T L ZZ(entry 6)e 72, WTFNOEMFITHWTH, FIE
V1T PHYEARL TWD e 0h oz, 17 % HEEER%, SEX <2 b 2T
L7-AER, 2 OGEREICES b o7z bDD, AR LZA v F—L 16 XL TRV
FA VB 2LYUBEBRIGLTERLEZDDTH S EHEINT,
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Me Me

orf reagent N
+ It — . 1
SiMeg solv, temp, 24 h N

N Y

Bn” “Ts Bn ( structurally

14 (X eq) 15 16 unidentified

N X ¢ | ; ¢ conversion o 1a o 1a

entry reagen solven emp. of 15 [%]° 16 [%] 17 [%]
1 2.0 CsF MeCN RT 54 7 11
2 2.0 CsF MeCN 50 °C 60 9 12
3 2.0 CsF MeCN reflux 48 11 8
4 5.0 CsF MeCN reflux 78 11 20
5 2.0 KF, 18-C-6 THF reflux 51 21 <5
6 5.0 KF, 18-C-6 THF reflux 84 13 9

Figure 3-8. XV ¥4 v & 4+ I F 15 Do FHERICORET.
[a] NMR yield (Internal standard: CHPh3)

ZTTERLEA Y =16 BRYFA v EBEFICKIE L T1T BERL TS L
WIORERZREES 5 2 & & L 7z(Figure 3-9), li&#AB L 724 v F— 16 IckfL, RV
YA VEDRIGEIT272& T A, 17T DAL T 7z, $ 72, Figure3-8 DIGETIC
MT\4%iF®ﬂyﬂﬂyaV%%mé%6k\4/%~»&6@W@iﬁ9b\ﬂ
AP 17 OUCEEHEINT 2R 25D EKL 724 v F = 16 RIGHRF TR Y ¥4 v
LEFICIGE LTV B E WS REIEZEMNITTW B

OTf CsF (15 eq.)
" = 17
SiMes MeCN, Reflux, 24 h 26902
(20%)®!

(5.0 eq.)

Figure 3-9. £ ¥ F — VAR 16 &~V ¥4 v O@EE G DMREE
[a] NMR vyield (Internal standard: CHPh3), [b] isolated yield

P EDOFHESLCEBROFRELD, £ I FEXVYF AL vy TRIGHR)ERLA K
JEIE. AT 2o G oI & A EY) OBE SGOMH A EECTH B L EZ LN,
Z T, TOGR)BRUMINKIGZER T 2720123, D FHKIGICX 27 70 —F25%)
RITH % LF Z7-(Figure 3-10), T7x2bbH. FTHNRICICL Y, AVOEEOM %
FREST 2 LT, RICRZGIEL, = v KIS 2)BRLATINRE 7 & O 8l R G23 0] &
NBZEERMFE LR, £ D TRRIETIZ, BV HFL VRIS THNOH
RYFAVERERIET S LT, I TRIGL., @RS ZIE32 < & b fEE
%4
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N N-g (3+2) N* N

X -N
EWG R EWG + R \

Figure 3-10. 737 WNGIC X 2 B

BEH O AF I FeERVIFAL VORFREIG

B, ZELFAMKICT 7y b7 =0T la BV T, RYFL v ELF I Ny
THARISZITS T & & L7 (Figure3-11), 37xbbH, lalcxf L, EHR RICHEL OETK
BIMEAER L 724 F I FE A BT 27— 18 2{EH X232 LiIckoT, &
VAT =T 19 ZINERLG72, 3. MsEEE2H L2 19aicxf L, 18-C-6 f77E I\ %
ey 7 ABEHIE LI X o TRVIFA vERESRZEC A, GH2)BRILAN
FOCHHEST L 724EER A4 v F =1 20 & 62%DIK TR 72, FIFKIC, Ts #£(19b)., COMe
(19¢). Boc #£(19d). [PO(OEt),1#(19e) %t L7z& 25, WIhDEFiIcswThH, 4
VE=L2 G0N ER TG0, ZDOHTH, Ts F(19b) & Boc F:(19d) (% EIY
TCAVIF=—NE25225Z2Lh6, UEOWMETICEWT, 45 I FoBEFRGIMREE L
T Ts #H2WiE Boc HEARERIDETIEIILE LA, b, F_ETHKLL
[Csx(18-C-6)]CO; &RV ¥ A vOFREH L L THWHEAETYH, RKICKIGHETT S
CEeERMERL TV, FLELEEZHOWEZIUAITL CTED Tz RETIHSE
tha#i—3 27291 18-C-6 & CCO; 2 ZDFEFMEZ & L LT,

EWG
o Z Negn
H
o Z b o O
FPr,SICI N o FPSIT 18-C-60  ipr 5~
oTf . | | imidazole oTf Cs,COg3 \
N CH,Cl,, RT THF, RT H
SiMe, Bn” “EWG SiMeg time N\B
n
1a 18a—e 19a—e 20
entry 18 (EWG) yield of 19 [%] time [h] yield of 20 [%]
1 18a (Ms) 96 (19a) 22 62
2 18b (Ts) 92 (19b) 18 78
3 18c (CO,Me) 96 (19c) 19 63
4 18d (Boc) 90 (19d) 18 79 (75%)C!
5 18e [PO(OEt),] 63 (19e) 19 39

Figure 3-11. 0 FHNICDHEEGK. IGH L WER E OB Ky [ RO RE

[a] Conditions: 1a (1.0 eq.), 18a—e (1.1-1.2 eq.), imidazole (2.0 eq.), CH>Cl», RT, 24 h. [b]:
Conditions: 19a—e (1.0 eq.), 18-C-6 (2.0 eq.), Cs2COs3 (2.0 eq.), THF, RT. [c]: [Cs2(18-C-6)]COs
(2.0 eq.) was used instead of 18-C-6 and Cs>COs
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EVUET  RICHSRBRENTICBE S 5 EER

Fe Ty ARG D GRS % it 2 70 1c, BE/KFEFEER% T - 72(Figure 3-12), (a):
19d ICXF L€, RISHRHICEKE S YRR L 25 CRIBETo 7 L 25, IERIT
CIETT 2D DD 2HMLDKED 68%EKFEN I N7 20 2355 7z, (b): BEEZ THF 5
O THF-ds ICEHE L 725 T3, EARROBEADBMER I N 572, (o) RIGK THIC
HRKZIRNINT 25FICBWThH, ERKEDOEADBMER I N o7, (d): (2DFEMHICE
WC, U720 b BEKERZIEINT WS 2ERT 572012, 20 IR LTHHE
OGS Lz & 2 A, BEAKEORIIIMR S Wi d -7,

UEDFERI D, £V F—=n120 D2 fiDo/KFEIR, MGRPCHEERZ v + v &
WRITLLICKYV BAINTWE ZEBHERIN, 72, (DEKFEEBRICE VT,
BEKFEDOEAD 68%ICHE > 72 L LT, BBMED @ 18-C-6 % C:CO; 2 bR & Y]
NI o T KGHIRRTH 5 LEZ T D

(a) D,O as a deuterium source (b) THF-dgas a deuterium source
18-C-6 (2.0 eq.) 10) 0
Cs,COs (2.0 eq.)  FPraSi” 18-C-6 (2.0 eq.) FPrLSI7
D,O (5.0 eq.) Cs,CO3 (2.0 eq.)
19d > N—p 19d - N H
THF, RT, 16 h N THF-dg, RT, 23 h N
Al
Bn iBn
20-D 20
54% yield 75% yield
H/D = 32/68 H/D = >95/<5
(c) Quenched with D,O (d) Deprotonation experiment
18-C-6 (2.0 eq.)
18-C6 (2.0 eq)  iPr,Si”° Cs;CO3(20eq)  zppg-O
Cs,CO; (2.0 eq.) D0 <§-/0 eq.)
19d - D—H 2 hrRT.20n »-D
THF, RT,20 h N ’ ’ N
A Al
Bn Bn
then 20
quench: D,O 76% yield No deuterium incorporation
H/D =>95/<5 98% recovery of 20

Figure 3-12. F/KF{L IR

AV E=ND2MDKFER T b LICKVEBEAINS Z EBHERINE-DT ftho
KEFH DI % M5 L 72 (Figure 3-13), T b b, KIGEMH T Ik 4 7 KEFH %3
bubf:mﬁ:f}im%ﬁi Z LT, KRETAHIBHR S, BRedfbansz4 v F— AR

FONDTEEMARFLZ, L2 LAD O WTNORETHIZHML 72&EFICBNTDH,
Zk E AR S L A IRHERECE 3, 7 u b v b E N 20 O ABRER S iz,
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" “Boc Cs,CO3 (2.0 eq.)
iprsr O 18-C-6 (2.0 eq.) #Pr s~ C Pr s~ C
2 ot Electrophile (5.0 eq.) 2 2
THF, RT, 24 h N—H N—¢
SiMeg N N
Bn Bn
19d 20 A
entry Electrophile yield of 20 [%][! yield of A [%]1@]
1 Mel 5 0
2 PhCHO 48 0
3 CF5COPh 34 0
4 B(OMe)s 16 0

Figure 3-13. K& 7Hl O it 1 B3~ 2 #aT
[a]: isolated yield

K, FHEALEROGIC X 0 o ROCHE O R/ % f#bT L 72,

19d DIEEH HFEL 2RV A v IM-1 Z EFEYHE L HUE L 7-(Figure 3-14a), &5
DAFEHR. T DGE)ERLATINER)G . PSR ClEmZEryic, Eﬁu*#f VL BRI HEAT
LTWB IR aIni, Thbb, CCREAVPIKT 2 BIEOERIRE TS-1 205
IRC MR ZfT o7 & 2 A, PG clakz 5 23, C-C #EICH VT C-N 56
DR L 72 IR IM-3 I 2 2 D Icxf L, FStECld C-CREG ML 721, G
IM-2 ICE 5 7z, IM-2 I3 C-N fE AT O BRI TS-2 4% C. BARSLE & A U ik
IM-3 ICEDLZ EHREBINTZ, FDH%, ZTHDOKFIT X B INKSEEIC X > T Boc 28
BocOH DIEThrE E v, £ 20 ICE 2 LHEL T3

T, AV VAGEEIE S © 2 FOMHETH 5<S2>7b> IGEWEZ RS L &, —H

Iﬁv7vﬁz»‘l‘éﬁ75>ﬁﬁ IND, BEHIRE L FRKD<S>ZIERL 2L 25, IM-2 &
TS-2 ICH VT, 091 & 041 DfEZR L, HORETIILETOTH o7z, 2D LD,
IM=2 ZEWY TR RELTWAE T EDRENZ, EHIT, TNHDAY VEE
RN T 2 RNy VvBORELE oL EORE FIcKEIERELLTWE
Dy, BMEINBEDY TS HNTH B Z LR S N7z (Figure 3-14b)'4,

ZDXHIT, GR)BILAIMRIGHY IV ARl L., BEICHETT 22 813
E@M3N)TTL%4%\F&7W#/@\%Wﬁmkﬁwf%ﬁﬁm%muﬁké
NnNTw3 e,
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——: closed-shell E: E:
@ +8.0 si-°

: open-shell (0.0) 2.19A
TS-1 | \
oo .~ AN Il Y- N—Boc «-N~p
. Vi oC
(0.0) 3.07A Bn 227A BH
IM-1 TS-1 TS-2
0 -10.4
Si” (0.41)
\\ -14.1 o
| (0.91) TS-2 si”
/N—Boc IM-2
Bn N\
IM-1 s;’o NtB
(from 19d) gn °°
Si = Si(i-Pr), N ans si-°
N—Boc (0.0)
Br A\
IM-2 IM-3 N
55 Bn
H,0 ~125
(0.0)
BocOH
20
(b) 0-0.083
FPrySi””
0,096 ~0.146 0.158

0532 o 0083

-0089 Bod -0.057

IM-2

Figure 3-14. FHRALAEIC X 2 RICHEEE DFENT (2) B+2)BRLAT NG D RIGHEEE . (b) IM-
2 & TS-2 ® Mulliken R ¥ v 5 Efid T

(a) Calculations were carried out at the CPCM(THF)/UB3LYP/6-311++G(d,p) level of theory.
Relative free energies (kcal/mol) are shown and <S?> values are shown in parentheses. (b) An
absolute value greater than 0.05 for each atom is shown.

T, VIV AAEOTRIRIM-2 % T 2 A AEIRENIC X o THITE T 2 ET 21T -
7=(Figure 3-15), 3 72bbH ., KIGEIFIC TEMPO % 1 MBI L 725 <. KIG%E{T-
2o LL7%2SD, WRORAD IZHEZ I N D DD, TEMPO AL 7L &913 Bl
ENhotz, TORKRE LT, IM2 DY TP HNEHTHTESIICKIGL, 4V
N R IM-3 2B 2 720, A8 5 D 7 ¥ AAIRFIA D TRITKIET 2 X0 b
B, BFATY ZVAAMMEEBEL T3 DTk & HEll X iz,
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n

22—

\/ “Boc Cs,CO3 (2.0 eq.)
O -C- . .
FPr,SI” 18-C-6 (2.0 eq.) #PrpSi O #PrpSi O
oTf TEMPO (1.0 eq.)
THF, RT, 24 h N—H AE
SiM N . N
Mes Bn B’ “Boc
19d 20

IM2
58% (isolated)

Figure 3-15. TEMPO IC X % 7 ¥ /7 M HiHe 525k

BHE 4 v F—VERY 20 0FBRIG

MEERA v B = 20 2> SRR & A0 % 5T L 72 (Figure 3-16), T 7xb b, T3,
MS4A fE7E . TBAF Z{EH & &7z 25, v VL vEDRREINAZ - FaF o AT
NA VY F=ARBRNERL BNz, — /T, TOdDIF, BifFRFELRLEICED BHIC
HOMAICHKETT L, ST 2T —TAMICEBINDE e B30ho72 5, 22T, K
Jof%. HRLPICAHNEREZ AT A IX ) —(CD)TUHEFT Z LItk >T, e brFy
BEAAIXY—NICERL, T uo~w X —XICENREEGE 2R TAEEEYE 21 1
ZHa L 72 1% [FIBRIC, MeLi Z/EfH & 7%, CDI CULEIF 2 2 Lic X V. Si—OfiEaD
AOYIMFE N, Y AVIEOBEF LA Y K= 22 ZHK L 72, %\ C. Fleming- LM
RIC X o THIGT 2 A — A ~ZE L MOKFFECUBE T 2 2 Lic ko T, ¥ T T —
b 23 21§72, IoiC, YIATHF—REFELENRO, 2 MEB{LWICERELTtE 2
Zedbbhot, Thbb, ZBRAFGHAT, M 7 2= A VX7 4 F2{ERHX
Fizl A, ANT 4 F 4 pFoni Y, £z, B4 A VEET. BALEEER
IEpZLiICXoTTRIF 2 BON S, AF Y vEBAICHSZ L THF Y
AV IFE—n20~EHgs2 Ly TERY,
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r\,i/) Cul

)
H FProSi”
1. TBAF PhSSPh
MS4A air
N N—sph
N 2. CDI DMSO N
A

Bn 87% o Bn
21 (2 steps) 84% 24
FN
. ) (0]
FPrySiMe N\/) /-PrZSi’O CuBr, FPr,Si”
1. Meli TBAB
- —_——
N 2. cpl N DCE N—pr
N
iBn 84% N‘B 54% N‘Bn
22 (2 steps) 20 Bn 25
’ (o)
. .
OAc KBr FPr,Si
Oxone H
(0]
N 2. Ac,O THF / H,0 N
Bn pyrldolne 56% Bn
23 34% 26
(2 steps)

Figure 3-16. 1 ~ F — /L 20 O Z# G

FNE HEE-mRE

(TARMEN ﬁﬁm@ﬁg Wt ER T 2 2 & & L7z (Figure 3-17), 5 =fioMato
WRI EELEOBEBTRIMERELE LT Boc HH 20 I Ts AL T3, $9,
FYZY llxﬂ‘#‘/%@/\7m ICEIREE R' 2 3 558 27a-g ICN L CRICZEfTo 72 &
ZA. Med: (28a) ¥ OMe i (28b) 7k &x—n (28¢) *HT 54 v F—AnRif
INEG N7z, ~u7 v (28d, 28e) *° CF 5t (28f), CN H: (28g) #H T 2 HE Tk
LT ORI TRR SN, —J7, HEGER QBN ICERIL 2 H 3 2 5LH 28h,28i T
X, RO TR LT,

RIC,AFIFDOT BNV FANICERILZ G 3 258 28j-0 Mg L7z L 25, Me

& (28j) ° CH.OBn %t (28k). v =%k (281) 7V —ndt (28m,28n) % H 3 55
HicksnT, Wind RIFRICKCcHW 2 5272, £72, BESFRTH L4 v F—
N BT 5EE 280 bigb T,

SEHFEFORBERIEEZMET L2 L 2 A, Me #(280)% Ph $£(28q) T3, HAUWIZICK
BLLfGonz—r, 7YV 28r) TRHFAREDOILKICE L E 57,

HAERLORFRE A | REMR LB I HY 28s DICKIT 33% & {RINKIC L &
Fozl b, HERORIVEETH LI Lo/, BITH 5 1 KER VI
2Tt ICE W BHERAY 25 2. HIOD 4 v F—v 28t DIERIZIER 1K 7o 72,
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R2 EWG
P S'/OM
FET2S! n Cs,CO; (2.0 eq.)
0T 18-C-6 (2.0 eq.)
R'— | »
SiMes THF, RT, 18-24 h
27a-t
EWG = Boc
o R'= Me (28a):71% F (28d):67% o 1
FPRSi” OMo. (28b) - 729 PRSI~ R'= OMe (28h) : 47%
e (28):72% Cl  (28e):62% R!
A\ A\ F (28i):25%
o) . E0o
R’ N \K\ (28c): 79%  CFs (280 :52% N
Bn 16) Bn 0
28a—g CN (28g): 46% 28h-i FPr,Si
CEWGTs s e e )
R2 \(Me 28j ~,.<Ph 28m N
83% 72% . \
#PrsONARC FPrSE L
28s
Br A 33%
A\ 28k
OBn o 28n
N Y\ 84% 230 N . o
Bn R Pr,Si
28j-o0 3 :
\(\ 281 ; R°= Me (28p): 76% N\
64% o,
N 280 Ph (280): 63% l\{B
o B n
Me 31% allyl (28r): 44% 28t
H trace

Figure 3-17. R —fix ik

Ric, BEBBTALFVTCHEA ) — AT —FTALE, FREBERT ALYV THLFAA
) =T =T Nl D TNRIGERES L 7 (Figure 3-18), Z OfiH., 4/ —rz—F 1
2905 1FRVYYTITIVINE, FAA ) AT —TAN2OLERVIFA TN %
ZNZENHRREDOIETE 272, kb, BEDRIGTIE, X F LT —T v 33 HEIEY)
LLTEONTZ, 2OLDIE ) 7V AREDHIKMRIC K o THL 7272/ T— b3 A
FrbINz itk ), EL72DDTH B LR L=, 22T, X VKIS EHET
LIk W F 77— 2HT5HEMEINf 2O CRIGEITo72 8 2 A, b 2kd
5 32 DIER A L 72 2,
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= “Me
=
/-PI’gSi/o\/

o)
o
Cs,COz (3.0eq)  FPreSi
@[OR 18-C-6 (3.0 eq.) N
SiMe, THF, RT, 3d d

29 30
51%

S,

PRSI O\/ e O, O\/

Cs,CO; (3.0 eq.) FProSi FPrySi
OR 18-C-6 (3.0 eq.) OMe
> A +
SiMe, THF, RT, 3d S SiMeg

OR = OTf : 31 32 33

OR = ONf : 31-Nf 45%L1 (55%)!°! 15%]al

SMe

Figure 3-18. JLE—f%tE (f/ / —r 2 —F 0, F44 /7 —rT—F0)
[a]: yield from 31, [b]: yield from 31-Nf

T/, YIATF 0ROV ICEET V- %220 FHNKIGICEA L 72 (Figure 3-
19), EEAKICEWT, 7/ =L 34 & TN a—)b 35 DHIERIGIC X B A% HH
7255, QLY IS oNLr o7, T T, 34 DD D IT SiMe; FE & OTF KD fif
BBANED 57236 W2 2 A, 23%DINEK CREE T ¥ —HE O RiERAK 37 % &K
L7zo 371Cxf LT, 18-C-6 FTE . KMt > v o ZFAIE7ZE 25, 2%DINFHETA
Y F— 38 B9/, TORIGDIER, P IATHF—DIE L~ RINEKE o7
JHRNE LT, RD220%2F 2Tz, (1): XVFA vEFREXEL 01T, LI L
T B % SiMes Fe D FAPARICE F L 05 T & T, REA AV HARELITL &Y,
RYF AL VOREDHERT T oNF-Z & Q) FimB TR L7Ey, 3 frics )
WEREB L 72XV A v EBBRFRERL 2NV AL vid, 2o ZEiEG Lo 147
2N DRFEDORICESR RIS, VAT F—ECI1d, @GR TH 274 FE1E
G oERE e L ChERE L. Gr2)BRILAmsIcic BRI w7z oicxf L, iR TV
—DOHE TR, B RGIMERELE LCBREEL., AFICw/zoTldZmwh LRI iz,
FFRIT, Figure3-14 O IM-2 D& ZTER T 5 &, T D2 DRFERE Y DA KE L
5 X9ICEATEY, EFHSEoERILL L TEwTw2 Z e R I N,
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N
OH Boc PPhy (1.5 eq.) /\/ Bn
oTf N DIAD (1.5 eq.) %
+ /\/ Bn — OTf
SiMeg HO THF, RT, 16 h
(1.5eq.) SiMe,
34 35 not obtained
I;:‘oc
N‘Bn
on 35 (1.5 eq.) o/\/ o
) PPhs (1.5 eq.) ) Cs,CO3 (2.0 eq.)
t:S'Mes DIAD (1.5 eq.) @ES'M% 18-crown-6 (2.0 eq.) N
—_— ’
oTf THF, RT, 16 h oT THF, RT, 19 h N
36 37 38 "
23% 32%
(a) steric effects on (b) substitution effect

benzyne generation

S//O 0
OR{M‘; ---- I 1370 \\ <% L i /\
@: C i ﬁ\ . (3+2) N (3+2) |
Bod 0 I

37 IM-1 in Figure 3-14 from 37

Figure 3-19. F8 %1t (BHE TV —)& 2 O MR 2 2%

EEE  G+2)BR{LAHmp R 3 2 KA R G

Z T T, DFT I X o TR L /- iR IM-3 Of§E Z T3 2 &, £ D C2-NI #
HIFIEFICRE VT L2395 5 72 (Figure3-20), 2D Z & 55 IM-3 121, 4 U FRE&E L |
ZOHBREICHYLY T2 TAF ) T VALRYOBEREE L CTHWED Tk VL
MEI Nz, BH., TRV T VALV, RETWERMEEZRT -0, 2DOHLX
VERBANC L o THRT 2 2 e R TER VL LEZ Y,

-N1: A o 5 (o} N1
Prsi”ON C2N1: 163 A Pr,Si~ L iPrSi” C2-N1:1.39 A
1\/07 ihd E \ H
-8 B : N
Bnl oc Bn ocC g Bn
ylide (IM-3) carbene (IM-3) | 20

Figure 3-20. IM-3 O F:IE 58

Z 2T, ATHIE CRIR I Nz Br fE e OTs &P EW L7277 v b 74— L4451 1b
IZ# H L 7z(Figure 3-21), Z O T ZFH L THER L ZZRiERA L, BSERIEL v
TRYPA Vv eRET 570, ZOARSETEIKIZAE LTHEEST 2 2 & 2
FEL7z, BEREOETRIMERL LT Ts i e Boc HZHT 2 39a & 39b % %2 17X 4L
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ROFHEIC L VAR LT, Ts H%EH L72HHE 39a iCXf L T, PhLi & PhMgBr 72> & i #
L7z PhsMgLi ZF¥ ¥ =2l —vavickoTEHE & A, 2f7iC Ph B ERL
724V F = 40 28 60%DICKRTHOL Nz, 2D EE, NVYHF A VICHEREPh 7 =4 VA
KEAMAMLCTAER L7 2= 41 bHYERONZ, T T, 40 ITEAINT Ph
Fix PhsMgLi icHkT 2 b eE2bNs o, HME@ED ., FREAE IM-3 1I<X LT Ph
T =AY DR MIEHPHET L2 LR L2, — T, EX LB TRIMEL LT
Boc B3 255 39b i Tid, HHHREYZ 5 2. A4 v F— 40 ORI HERR
INZD o Tz,

%WG
N\B
, , ,/o\/ n
FPrySICI EWG FPr,Si
OTs N imidazole (2.0 eq.) OTs
=~ "Bn >
* HO\/ CH,Cl,, RT, 24 h
Br Br
(1.1 eq.)
b 18b (EWG=Ts) 39a: 80%
18d (EWG=Boc) 39b: 86%
o) . «..OR : 0
PhsMgLi (2.2 eq.) PRSI~ PRSI~ L PRSI”
via steel cannula :
39a r A\ Ph + @\ E A\ H
THF, 0°C N‘ Ph 5 N‘
Bn : Bn
40 41 ; 20
60% ca.35% not obtained
PhsMglLi (2.2 eq.)
via steel cannula
39b > complex mixtures

THF,0°C

Figure 3-21. BHESEHAEZH W2V HF 4 voREEREZFAL 20 THXG

MIGEtER BT 2 it 7220 41 DEREZIHEIT 2 2 L8 TcE NI,
40 DICR D[] AW © % 2 L& 2 72 (Figure 3-22), 41 13, XV ¥ A VBSR4 L 7214,
BFW TR BN IS G EIT$ 2 HTIC, Ph 7 =4 Y SREEAINS 2 2 & CAgT
2Ez2bN5, 22T, KEHFHFDO Ph 7 =4 voREX I niz0Iic, Al
AE L7z PMgLi iz & ) v Ry 7 HwT, R0 TR I d52 &L L,
Thbb, TT0°CTY I VIRV TERH, I 1.65 48D E T PhsMgLi Z i I
L7 ZA, A1 OEEBIINzZoN, 2O, 2 PV EIFE L4 v F—
a2 b YEBLNT: (entry 1), X HICHH MEEZPIMICE THRE T &0 41 DEKITH
AbNT—TF, 2 DHEREL 2D 40 DYEDOH FICITES o7z (entry2), KK
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Mm% —20°CIC T 25 UERC 40 235547 (entry3), —FH. I HITH FEEZT
Fr-gethbe. KIGHREZ —40 °)CE T 7=2&tbcizz U Lo IR o[ EICiZES 7«
o 7= (entries 4, 5),

I|3n
PhsMgLi (3.3 eq.) P Nerq
3MgLi (3.3 eq. \/
) o} z
slow addition ,-_prZSi/O FPrySi” £PrpSi”
via syringe pump.
39a > A N\
THF, Temp. Ph 4 Ts +
N N Ph
Bn Bn
40 42 41
entry Temp. [°C] Addition rate [eq./h] 40 %] 42 [%]1@ 41 [%]@
1 0 1.65 71 <5 25
2 0 0.82 66 25 <5
3 -20 0.82 76 7 11
4 -20 0.57 67 28 <5
5 -40 0.82 32 0 <5

Figure 3-22. RJIGSFEGEAL
[a]: isolated yield

40 2ERT 2 HEE O SR % /R 3§ (Figure 3-23), XV ¥4 v BFEL, /1 F I N
Do FHNGER)ERCATMIGETT L, 4 Y FHERIM-3 %5 2 % % ClEATd & [k e
EZHbND, T, TOIM3OHIE#EE LTHEINLITAFY Ty L/
A IM-3°D AN RV IREDKEFINICIR 2 v, ZHPICHEET S Ph 7 =4 ISk
ffmaEnsciicoCce= A7 = vHffIM42BEL 2, LI, TOL=LT
= v REHE LICKKERRIGE T2 Ik o T C—NEGRER I, AL T 4 v
WAL v DEEL T ZeIck Y 40 BERT 2 LBELZ 2, EFR EoBETFRIME
Fods Ts FICR H 4, Boc HICHB W TIIEMEAGY 2 5 2 7=l LT, TsEigAL 7
4 VAL E LTS 2 2 L8 CTE 52—/, Boc FEIIMHIL L L Cld7z o270,
Thbb, BEHLOMERRO N TV L AEZ b,
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0} 0}
f'-PrZSi/O FPr,Si 12-Ts FPrySi
\ (3+2) migration
\ I - > N Ts
| /N"TS NY ) N

Bl B Ts 5n
IM-1 IM-3 42
(from 39a)
............................. °
(o) H /‘Przsi/ o)
£PrySi” E /-Pr28| FProSi”
' “Ph ‘\\ Ph
'\_Ph X
Vo NA T N—ph
N—Boc B =0 T8 N
Bri A Bri d ool Bn
from 39b § IM-3' IM-4 40

Figure 3-23. #85E SGHERE

CORERICHBEMGE ST 2 20 i AREBREC Lo TTAF ) Ty v i
FAEIEGE. FRORIGOETS 2 02 MEES % 2 & & L 7-(Figure 3-24), % Z T,
ANMLIC AT I FBERRLZY 7eEXF LV 43 13 LT, PhsMgLi Z1/Ff &
Bz ZAH, RIFO, 2060 PR EPELL 2L v F =L 4 3BT H N7z, Z ORI,
Figure 3-23 ISR 3 G+2)BLATMF A IM-3 OB EICHYS T2 T7TAF ) T v AL

RY IM-PDAHNAR VKRB RETINCIRIES 2 & T 40 BERT 5 & ) IR % I
L 77,

Me

Ph MgL| e Me
Br 3
QLY e @”P“ O | — O
I >
N BT N Te N
Bn Ts Bri ,SZO Bn
0" “pol
43 IM-3" IM-4" 44

62%

Figure 3-24. 7% U 5 71 A~ o A% FIF L 7= SIEHERE O

ORI L Td ., ZoFE WA Z #ET L 72 (Figure 3-25), X v ¥4 v L&
L U<, 7y FEET (39a) LHEHEET (39b) pEHLZEHICENTH, RIS
RIFICHEIT L7z, F 72, PhaMgLi b Vi, FERICHSEFAR L 72 (p-tol)sMgLi % v C
RIG%IT-572& 2 A, ptol EHBEAINTZA v F—)v 40¢ 35 57z, —75 T, PhsMgLi
DD Y I (n-Bu)sMgLi 2 W 72B% 1%, JREIOHE IR CTE 72D DD, n-Bu EAEA
ENA VYV E =N 40d DERIIMERTE D o7, T2, EH LORBELIL L LT,
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Phit (45) #MRETL 7L 2 5 Ph&EHA 46 28 9% L 2:5 6 3. Ts BEHUA 47 23 F 4K
Ve LT 74%DIEE TR LNz, Thbb, 2 00EMYIDOAEKILES Bn o FH &
e_Cililind % & ) BBRE GRS S B L 72,

a) N-benzyl substrate TS
N ~
Bn i
' _,o\/ PhaMgli (3.3 eq.) o
£PrySi slow addition £PrySi
OTs via syringe pump
—> S—ph
R Br THF, -20 °C R N
Bn
39a, 39¢ (R'=F), 39d (R'=CI) 40a—d
o () o)
FPrySi7 FPrSi” ;przSi/o £PrSi”
S—pnh S—ph O N O S—n8u
F N ol N N N
Bn Bn Bn Bn
40a from (39c) 40b from (39d) 40c from (39a) 40d from (39a)
54% 68% 69% 0%

b) N-phenyl substrate Ts

[
N

/ “Ph  PhzMgLi (3.3 eq.)
£PrySi - slow addition

o
£PrSi7 ,LPrZSi/O
OTs via syringe pump
> A\ N
THF, -20 °C Ph 4 Ts
Br N N
Ph Ph

45 46 47
9% 74%

Figure 3-25. B8 —fix i
[a]: slow addition via syringe pump (addition rate: 0.82 eq./h) [b]: (p-tol)sMgLi instead of
PhsMglLi [c]: (n-Bu);MgLi instead of PhsMgLi

BT NTAF=AA Y F=nEeD(3+2)8 & U@+2)BILAEG

ZZET, AFIFNERVFAL VO TFHER)ERATINKIGIC X - THE L 2ERILA
RS A Y FE LCoWEE e ALy & LTOWE %2R L., KERIC b KETFHIC
DIRFES L ZBAL DT L 72,

T AFINLACEREBRTAF VO THE N-TAEF=AA4 YV F—n%
PRV MRELTHWE L ZEMLES, $4bb, L. 205EALGH)ERL
FEMBIEHHEST ™5 D TH AL, WG T 2 BALAT AR O M- 2 SOGHEIC B L C 8k
By, ZZ TR LEZT Iy v 74— L0 T REHL, XV HFA vV E NTAF
ZNA YV F=LDFHNRICZ#R T 5 Z L & L 7z(Figure 3-26),
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Nucleophilic ----» Electroophilic ----;

o] o : o
FPr,Si” FPrySi” ; Pr,Si”
\\ R'=EWG :
I — V! e—
....... N—Rl (3+2) NtEWG N\ 5
7/ ; !
R R R EW
. NRR' = ylide carbene
... indolyl
. 3+2) A
5 (3+2) 6 o
| | : FPr,Si FPr,S
N : A\ .
: N* e CEEEEEEE . N

A-alkynylindole

Figure 3-26. EREIRT L F v &RV HF A v DI T HER2)EBRLAINIG

CORTFNRIGD 720 DFE 49 12, FIFKIC 1b & N-T L F =4 v F— VB0 % fif
ATeT 3= 48 HRET B & TOM L 72(Figure3-27a), 49 ICK L T, PhiMgLi %
fERE &, V¥4V EREZERE D, 20DAMAERLNE, TREh% Hlk
L. X ikidieiEir 217 o7z & 22, FEBIE LTRONE 50 3LERAF 7 Y v
HExzFEoboThy, BIESYE LTSNz 51 3LERAA4 V¥ /7 ) vig&EE o
ft&cd sz & HBAL 72,

ZNENDEI %G 2 B RIGHIICBIL T KD X 5 15 % L 7 (Figure 3-27b), 50
FGH)BLAINE, U AR VIRENA Y F— A D C-H A I AR IS HEST L
THERLEbDEEZ N 2, —J5T, 51 i, BN R@2)BLAmG & #i<
Za b At IR T e P A X 3 HEEBEIC L S TERL DD THE L EX D
N7z,
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—
(@) N
FPraSiCl _ ipr Si/o\/
OTs imidazole 2
N —_— OTs
@E + Ho\/ ,b CH,Cl,, RT @[
Br

(1.2 equiv)
1b 48 49

—
%
7
PRSI~ PhyMgLi (2.2 eq.)
Ts slow drop
THF, 0 °C

FProSi - Prysi
A\
| - — S| —= 50
f \\ 3+2) N* : C-H
C \\ insertion

from 49 — -

Figure 3-27. Q) N-7 V¥ =L 4 ¥ F =L b XV H 4 v D43 FHNRIG (b) HEE KSR

Z DTSN O @+2)BALAT NSO S I SR 2 f0 & | JOSHEES % GHRALE I L 72, Gt
BRI DU & [FIRRIC, BAFRSIE 1T - 7= (Figure 3-28), % OF5%E. 3+2)ER{LAHNK
JG, BL, @R2)BERAMIGE T Tldze <, BE S N5 2 Q) BRLAHINR)IG S 2T
V7Y AR & HE AR & L CRR wﬁm RE R IR T LB o T,

Thbb, T3, XVFAL VYV IM-1 225 TS-1 T, C-CHEEPERLY 7V AL
IM22ELC %, IM2DT YV = LIV ANRBE EZNT I h TR EDRIT, C-C G
B ETT 2 2 LI X o TR PD 2 % 5 2 2425880 A2 b7z,
—FH T V= NTIHNRENRA v F=VERLFEETEKT 5 2 &<, GR)ERLAME
M3 %Z252, AVF—LD2ORFLHEAT S LT, @2)ERLAMAINKIG IM-4 ~
IrIS B bR I Nz 7. GBI REE IM-3 225 % 2 V) v LEY) 50
THZ 5K E LT, AR VIREPBEZNTIE 2 L BEWICA v F—r D 2o C-

H#EG~NFAT L8300 o7, Thbb, IM-3 22 CN #GHHET 5 2L T,
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ANRUEDOREE IM-3% 5 27-Db, TS5 2T C-C AP L IM-5 Z4E L
%, ZD%, THNTOTu b+ YEBEITS-6 IC X > T, EFEY 50 IcEZRKTHB L
75>/\75>of:o —75 T, (AR2)ERALAH IR IM-4 2> & D43 7N T DK EFE) O [EEE 12 IE
Sl BIERICEEN KPS )~ TOHEIEIM-S 2 &, S 7 v+ viED
%5qu5:&ﬁﬁ@énto
THIC, ZOREMBEICKD, 50 & 51 R TAHEIZ, TS3 &£ TS4 DT AL ¥
—EIC X o T, HERVICREDTONZLDTH BT XD o7-,

f'Przsi/o rPrZSI /'-PI’QSi/O
e Rs®
N
N

IM-1 (0.0) IM-2 (-25. 7) TS-1
TS 2 TS-3 TS-4
-10.2) (—21.1) (-19.7)
/-Pr28|
/-Pr Si—~
N
PD 5,2 (-72.5) IM-3 (-54.2)

f-Pr23| /LPrZS|
TS-5
) 45 2)

IM-3' (-49.8) IM-5 (-51.2)
_ _3
FPrSi” — -t
TS-6
(-42.2)
TS-6 50 (—141.1)

Figure 3-28. FHHALZRITIEIC X 5 IUCHEHMHT
Calculations were carried out at the SMD(THF)/UwB97XD/Def2TZVP level of theory. Relative
electronic energies (kcal/mol) are shown in parentheses.
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2T, ¥VIZYANMFRIK IM2 252 NZEN0R2). (3+2)F L @) BRIL )G
DIELT 3 B OHRERE & Z DB IREEDOHGE ICHE H L 72 (Figure 3-29) . IM-2 2> 5 (2+2)5R
EATINR G EI TS 2R 1E. 2 T AN DRMBEMAL L i S ANH v 7Y
VIDBHEITT ARIETH D . X OBBIREE TS-2 Z v = 7 YV h AL D E/Z KEED &
HFICHYS T 2HETH 5 2 L B0h o Tz — 17Ty GRBALATINBIS A3 HEST 3 2 AR
RE TS-3 C(4+2)BRILAT MBS 23T 3 2 BASIKEE TS-4 13, IM-2 2> b &4 D RIG R A H.
WICEGE S 52720 TH 2 HMIICHR WERIREETH 5 2 B30 h o7z, TD 3 DDE
BIREEZ LT 2 L TS-2 X IM-2 25 D d KE RfitBE b2 H T 5720, 2D L
23, Q2B IE DIEMEALEEEE % &< 32 HRTH 5 2 A S Nz, T 5T,
TS-3 & TS-4 (MBI 22 /R L. 2O DIEEED DR TH 5 2 L b ZYTH S
E#F X7, LrL. C-N1 & C-C2 OJFEFHEEREICER L7225 IM-2 DiiE & TS-3 &
XU TS4 OfEER T 2 &, TS-3 D25 IM-2 DFEE ICHIINICIT N 2 & 239300 -
2o BIEZCO L ZAFHMIBZWHS 2 TIEAEVD DD, 2D T & HE2)ERILAINBIG
TEET 2 EBRERLBEBL TV b LRI NS,

¥ t

pre} 0}

/—PrZS| FProSi” FPr,Si”
\ .
@ """ W R

2 . q . @

IM-2 TS-2 for (2+2) TS-3 for (3+2) TS-4 for (4+2)
C-N1:2.92 A C-N1:3.13 A C-N1:2.65 A C-N1:2.63 A
C-C2:3.57 A C-C2:3.66 A C-C2:3.00 A C-C2:2.28 A

AAE = 15.5 kcal/mol AAE = 4.6 kcal/mol AAE = 6.0 kcal/mol

Figure 3-29. ¥ 7 ¥ /1)L IM-2 2 b S ERAUAT AR S ~ 0 B IRAE & fiE

T T, NIGHER O EBIIC X 2RI X o T, 2 OGH)ERLAHINAIG & (4+2)B%
%ﬁ%ﬁm@%ﬁﬁ%ﬂ@?%;k#f?&M#k%ito%CT\}f%w4VF—
NERVIA IX)=VICEHR L,

INEND N-TAFZAT V= VEN 2 BT 2HE 492, b il L | KIS%EITo 72
& A, BEEWIER MG S L7z (Figure 3-30), $7bb, 3-AF A v F—LDHE
49a TlE, AV ¥/ YV vSsaildfSond, 70V 50a0RBPELN, T, VY
AIXT—=LDHE 49b T, ¥/ Vv 501X 8% L EONT, £V %/ v 51b A
W%@W¢T£$W%kbf%%h‘MTw#:w4/F—w®ﬁ§&ﬁﬂ@ﬂﬁﬁ%
RL7e aB. TNEFNOREE ILEGHD A F1L vkELHFHE L 72 NOE I
THRIE L 7z,
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49b

Figure 3-30.3- A F L4 v F =L, RV T4 I XY= LOHHE L ORI

PhsMgLi (2.2 eq.)
slow drop

Y

THF, 0 °C

69% (50a)

(0]
FPr,Si” H ‘)
X H
PhsMgLi (2.2 eq.)
slow drop N7 SN
> +
THF, 0 °C @
8% (50b)

50% (51b)

L0, NTAFZAA L E T — LT b R TS

1179 Z & & L 7z(Figure 3-31),

AIX—NIF, 2HMDRFEL SHORED 2 DDIENHAERIGEEZHE L TWE 72D,
HUEBERYIEEF ) v 50e,50° 4V F ) v 51e,51°D 4 DB EI NG, EIE

WN-TAFZ LA IX) =)L 49¢ %

& LT 53%DIEKCF

Figure 3-31. 4/ I XV — LV OIH L O K

SFELL . KGZE{T-o72& 2 A, Sle BH—DEDY)

Fo ., MoREE S N7 B IHEZE S Nird o 72,

sole product

not detected

o)
. FProSi”
PhsMgLi (2.2 eq.)
slow drop =
THF,0°C N
) 5 \ /> 2
N
51c’
FProSi” FProSi”
X ~
° 5
N™SN NTN
5 \=/ 2 \=N
50c 50c’
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3AFNAVE=L (492) ERVUAL IX Y=L (49b) DHEH, 4 v F—r ok
B (49) LH XV vALAEME A v 2 ) ALEMDEREAZ L 2B EICBIL
T, LUFD X 5 Ic#EE L 72 (Figure 3-32), 49a 2 54E 1L 22 7 Y A A hfikic s n» T,
AFNEDVEREEICL 5T TV —ATIAALDLHA V=1 2 (i DRFE~DAIND
o, ERFEF~OMMCEGETLICK K ao 2D Tl aWwh R L 72, £ 7=,
49b Tl, 5 BBRES D 2 M OREN, 2 20LEEFFIcEEhs L, k& %H’J&
7Y, KEWRT V=T AN E BT 5 & T Z DRE~DMINAEE
NEDTRBRVWPEER L, 41 XV —VAOHEEH FREOHB T, 2 DK ??7%3‘%
KEFHERE L B Y . SADRFAPLEREFICH~ B L THIAETL 2D Tldzk
W EHEEL T b,

) steric effect : b) radical polarity match

o]
/-Pr28| /‘-PrZSi’O FPrSi7
\ .
™\

N SN
u<I> LA
Me nucleoph|l|c
: radical - electrophilic site more ele'.ctrophilic
(from 50a) : (from 50b) (from 50c)
Figure 3-32. :# RO LI § 5 F %
FBIE BEH
KRETIE, ERBRTALF Vv EZFRTRSE T2V HF A4 v & G+2)B{LAHNIG
ICBE L b7z,

FF. T IFVBBRTAFVCHEAFINLORIGERII L, ZOIGIE. TR
FOGTIE, Bie LIS 2 EICOER, EFEYIDA v F =Xy 34 v OiEfH )G D
flEIC X > CERNEECchH o7z, 22 C, BF—ETHFELEZT 7y b 7+r—20F%H
W, FARICE T2 LT, BRISRKIGZETEIE2 LB TE, T2, §HE
L Fik & BEL AN TR 2O 2T ic X 0. G+2)BR{LfmkIGic k - TEL %
AV FHEERO T =4 VIRF S KEWICIREE S E & . 2 0B E ICHY 32 1~
vELTIRESHEZIHAL 2 ICL 72,

T AT IV ERILERERTAF VO —FETHE, N-TALF LAV F=LED
RIBTIE. G+2)BLAHNEIG & . L Ay REIC L 2BRM7r C-H fE&iFAK
JBick o THBAF /) Vv e 525t RIHLZ, T 6ic, 2oRIGTIR, B4
U+2)BYLAIN G IC K o CTEL 22 E 20N B34 BAA VF /) Vv 5252k )
R L 7z HEALARFE 2 O 72 OSKEBEFITIC X o T, ZNENDEEMITY 7
A EHGERE L L7z G+2) BRI E s X WU@+2) BRefnkc &l L <, &£
L TWw3 T & RN,

69



ZE R (5 =5)

1.

N o g bk

10.
11.

12.
13.

(a) R. Huisgen, A. Eckell, Tetrahedron Lett. 1960, 1, 5-8; (b) R. Huisgen, H. Stangl, H.
J. Sturm, H. Wagenhofer, Angew. Chem. Int. Ed. Engl. 1962, 1, 50; (c) R. Huisgen, M.
Seidel, G. Wallbillich, H. Knupfer, Tetrahedron 1962, 17, 3-29; (d) R. Huisgen, R.
Grashey, E. Steingruber, Tetrahedron Lett. 1963, 4, 1441-1445.
M. Breugst, H.-U. Reissig, Angew. Chem. Int. Ed. 2020, 59, 12293-12307.
For the selected aryne reactions with 1,3-dipolars, see: (a) P. Li, C. Wu, J. Zhao, D. C.
Rogness, F. Shi, J. Org. Chem. 2012, 77, 3149-3158; (b) T. Ikawa, A. Takagi, M. Goto,
Y. Aoyama, Y. Ishikawa, Y. Itoh, S. Fujii, H. Tokiwa, S. Akai, J. Org. Chem. 2013, 78,
2965-2983; (c) A. V. Dubrovskiy, P. Jain, F. Shi, G. H. Lushington, C. Santini, P.
Porubsky, R. C. Larock, ACS Comb. Sci. 2013, 15, 193-201; (d) B. V. Subba Reddy, R.
R. Gopi Reddy, V. Reddy Thummaluru, B. Sridhar, ChemistrySelect 2017, 2, 4290—
4293; (e) B. Cheng, B. Zu, B. Bao, Y. Li, R. Wang, H. Zhai, J. Org. Chem. 2017, 82,
8228-8233; (f) A. Guin, R. N. Gaykar, S. Bhattacharjee, A. T. Biju, J. Org. Chem. 2019,
84, 12692-12699; (g) A. Kowalczyk, G. Utecht-Jarzynska, G. Mloston, M. Jasinski, J.
Fluor. Chem. 2021, 241, 109691.

D. Campeau, F. Gagosz, Cell Rep. Phy. Sci. 2023, 4, 101212.
H. J. Boonstra, J. F. Arens, Recl. Trav. Chim. Pays-Bas 1960, 79, 866—887.
D. Campeau, A. Pommainville, F. Gagosz, J. Am. Chem. Soc. 2021, 143, 9601-9611.
P. J. Smith, Y. Jiang, Z. Tong, H. D. Pickford, K. E. Christensen, J. Nugent, E. A.
Anderson, Org. Lett. 2021, 23, 6547—6552.
(@) A. Pommainville, D. Campeau, F. Gagosz, Angew. Chem., Int. Ed. 2022, 61,
€202205963; (b) D. Campeau, A. Pommainville, M. Gorodnichy, F. Gagosz, J. Am.
Chem. Soc. 2023, 145, 19018-19029.
H. H. Wasserman, J. M. Fernandez, J. Am. Chem. Soc. 1968, 90, 5322-5323.

T. Matsuzawa, T. Hosoya, S. Yoshida, Chem. Sci. 2020, 11, 9691-9696.
K. Z. Laczkowski, D. Garcia, D. Pefia, A. Cobas, D. Pérez, E. Guitian, Org. Lett. 2011,
13, 960-963.
J. Ficini, A. Krief, Tetrahedron Lett. 1968, 9, 4143-4146.
For the selected reviews, see: (a) C. A. Zificsak, J. A. Mulder, R. P. Hsung, C.
Rameshkumar, L.-L. Wei, Tetrahedron 2001, 57, 7575-7606; (b) G. Evano, A. Coste,
K. Jouvin, Angew. Chem. Int. Ed. 2010, 49, 2840-2859; (c) K. A. DeKorver, H. Li, A.
G. Lohse, R. Hayashi, Z. Lu, Y. Zhang, R. P. Hsung, Chem. Rev. 2010, 110, 5064-5106;
(d) X.-N. Wang, H.-S. Yeom, L.-C. Fang, S. He, Z.-X. Ma, B. L. Kedrowski, R. P.
Hsung, Acc. Chem. Res. 2013, 47, 560-578; (e) G. Duret, V. Le Fouler, P. Bisseret, V.

70



14.

15.

16.

17.
18.
19.
20.

21.

Bizet, N. Blanchard, Eur. J. Org. Chem. 2017, 6816-6830; (f) A. Sahoo, B. Prabagar,
N. Ghosh, Synlett 2017, 28, 2539-2555; (g) R. H. Dodd, K. Cariou, Chem. Eur. J. 2017,
24, 2297-2304; (h) C. Mahe, K. Cariou, Adv. Synth. Catal. 2020, 362, 4820-4832; (i)
Q. Li, L. Han, L. Zhao, Y. Hou, R. Sharma, Synth. Commun. 2021, 51, 2754-2781; (j)
T. Tan, Z. Wang, P. Qian, L. Ye, Small Methods 2020, 5, 2000673; (k) R. Iftikhar, A.
Mazhar, M. S. Igbal, F. Z. Khan, S. H. Askary, H. Sibtain, RSC Adv. 2023, 13, 10715-
10756.

(a) P. Maurin, M. lbrahim-OQuali, J.-L. Parrain, M. Santelli, Journal of Molecular
Structure: THEOCHEM 2003, 637, 91-100; (b) S. Yamabe, T. Minato, A. Ishiwata, O.
Irinamihira, T. Machiguchi, J. Org. Chem. 2007, 72, 2832-2841; (c) S. Yamabe, T.
Minato, T. Watanabe, T. Machiguchi, Theor. Chem. Acc. 2011, 130, 981-990; (d) T.
Yang, X. Zhao, S. Nagase, Org. Lett. 2013, 15, 5960-5963; (¢) T. Yang, S. Nagase, T.
Akasaka, J. M. Poblet, K. N. Houk, M. Ehara, X. Zhao, J. Am. Chem. Soc. 2015, 137,
6820-6828; (f) J. P. Martinez, F. Langa, F. M. Bickelhaupt, S. Osuna, M. Sola, J. Phys.
Chem. C 2016, 120, 1716-1726; (g) A. Comandini, S. Abid, N. Chaumeix, J. Phys.
Chem. A 2017, 121, 5921-5931; (h) T. Ikawa, Y. Yamamoto, A. Heguri, Y. Fukumoto,
T. Murakami, A. Takagi, Y. Masuda, K. Yahata, H. Aoyama, Y. Shigeta, H. Tokiwa, S.
Akai, J. Am. Chem. Soc. 2021, 143, 10853-10859. (i) Y. Hashimoto, D. J. Tantillo, J.
Org. Chem. 2022, 87, 12954-12962. (j) L. Monluc, A. A. Nikolayev, I. A. Medvedkov,
V. N. Azyazov, A. N. Morozov, A. M. Mebel, ChemPhysChem 2021, 23, e202100758.
(a) K. R. Grose, L. F. Bjeldanes, Chem. Res. Toxicol. 1992, 5, 188-193; (b) H. Masui,
S. Kanda, S. Fuse, Commun. Chem. 2023, 6, DOI 10.1038/s42004-023-00837-1.

(a) M. Le Borgne, P. Marchand, M. Duflos, B. Delevoye-Seiller, S. Piessard-Robert, G.
Le Baut, R. W. Hartmann, M. Palzer, Arch. Pharm. Pharm. Med. Chem. 1997, 330, 141—
145; (b) F. Giraud, C. Loge, F. Pagniez, D. Crepin, S. Barres, C. Picot, P. Le Pape, M.
Le Borgne, J. Enzyme Inhib. Med. Chem. 2009, 24, 1067-1075; (c) T. Sumiya, M.
Ishigaki, K. Oh, Int. J. Chem. Eng. Appl. 2017, 8, 233-236.

Z. Li, J. Hong, X. Zhou, Tetrahedron 2011, 67, 3690-3697.

S. Tang, J.-H. Li, Y.-X. Xie, N.-X. Wang, Synthesis 2007, 10, 1535-1541.

J. Xu, L. Liang, H. Zheng, Y. R. Chi, R. Tong, Nat. Commun. 2019, 10, 4754.

T. Ikawa, S. Masuda, T. Nishiyama, A. Takagi, S. Akai, Aust. J. Chem. 2014, 67, 475—
480.

(a) R. Knorr, Chem. Rev. 2004, 104, 3795-3850; (b) R. S. Grainger, K. R. Munro,
Tetrahedron 2015, 71, 7795-7835.

71



22. (a) T. Hatakeyama, Y. Yoshimoto, S. K. Ghorai, M. Nakamura, Org. Lett. 2010, 12,
1516-1519; (b) S. Yoshida, K. Igawa, K. Tomooka, J. Am. Chem. Soc. 2012, 134,
19358-19361; (c) J. J. Sirois, B. DeBoef, Tetrahedron Lett. 2015, 56, 5610-5612.

23. B. Reinus, S. Kerwin, Molecules 2019, 24, 422.

24. (a) R. R. Tykwinski, J. A. Whiteford, P. J. Stang, J. Chem. Soc., Chem. Commun. 1993,
1800-1801; (b) T. Shu, D.-W. Chen, M. Ochiai, Tetrahedron Lett. 1996, 37, 5539-5542;
(c) K. S. Feldman, M. M. Bruendl, K. Schildknegt, A. C. Bohnstedt, J. Org. Chem. 1996,
61, 5440-5452; (d) S. Nikas, N. Rodios, A. Varvoglis, Molecules 2000, 5, 1182-1186;
(e) A. R. Petrov, C. G. Daniliuc, P. G. Jones, M. Tamm, Chem. Eur. J. 2010, 16, 11804—
11808; (f) D. F. Taber, Eur. J. Org. Chem. 2022, €202200032.

72



SFmE &R

Rl [ Ry FA v ORFNRICEIRT 277 v b7 4 — L1 2EH L7250
FRIGICB T 298] L., @A T 2R ANV A VHTERIAZ BT L.
InEHWT, A BER VYA VIE~ORIE~NICHL 2D DTH 5,

RYFAL v DX @A, 2 W ABEE 3 2 S O R ERE % FE R I
KT X, B4 BEROMGEETI 2 2 EB8aEEE b, —/7C, DFBRIGTE
NERIBIZ, ZOETE 2 MIGHEICER L 720 22 DI X > T, i o HiY)
EHLZ LM T LB TELRL, HHTZ Z2ER VIS VKOESRLN TV,
Z D70 AKETHNIE ETARER IR LR WEEEEA G 3 MICTER D% K 8E#E & L,
RN == DO EERMCEDHK R Z T CE e FEZ LN EH I TH
FIGIC v, KIGHEZHIEIT 2 2 itk o T, 2D X5 BIGE D TWICRA = GIFE
RELTHLPIITESR LEZ, AIRICEF L, 22T, 2 FHICETTS LT,
FATMRCHFE I N VA VRIS %2 7T v b 7 4 — L L BT 3 FiER
OB VA ViR D TFHRICETT) LT EBREZT 7 —FTh b EEHL 72,

F-ETIX, SOXVIFAL VHIEAT % L D IRMAEETRETE LD DICHRT
2L T, B VIFAL VIR DRIGC X DRIGTEREIRTE 2 & F 2, Hilis
VHFAVT Ty r T A= FERRE L, 2o TFORMIIX, ROV T VS ED
A+2)BALAT OS2 T Tld e < . ERSEMER ICHEHRETH v, BHTE 5K
JIETER DILIR DS EK & L7z,

B_ETE, VA TAF VO TN VRIGICE 2T L YA ZRRFEL 72,
oG, TS THREG RS b o0, HEHTE 27 rF VIERbTw»
2o EFIR, ThEDTHRIGET ST, BARTAF VD % RKIGICSHE X &,
4EHTLYLTLF I FEROENREEE LT Lz, $72, mte it
EIFEIZ W5 Z & T 2 OHOUAFDOARFEMRLT L v OEARF~EF I N5 2 &
ZIAL T L, HEEEARZERT LS I FOSKICHIGHL 72,

BT, BERERT XV ERVIA YOS TRKIGEH2)ERILAHINAIE % B
FlLizo ~TuRTFRERLEZTAF VR ZRTFE & L THERET 5 3+
FOSICBE T 2 & IZIEF 1D L FriC, Ry ¥ [ v e EBHRBBRT LV F v O RIG I
FKERCHEAOWE D RFHTH 572, EFHIZ, 2 THARLETSILT, T
GBI AZZER L, £ U 2PRES A4 Y FE LCoME & 2 oS IciHY
TEIANANRVELTCOWEZRT I ZIEHLZ, 72, /F IV LEILERER
TAFXFVD—FETHEN-TALFZAAL Y F =N EDRIGTIE. T DGEH)BRLAINK
JG72 0 Tl 7 < BES D @ 2) BRI IRICETT 2 2 L bHL T L, 21
FrnoBemyth@hiiitke LY IV A2 RHLEZdbDTHBE %, BHE

73



LRI G 22 L, 2 OFRARZFM L 2 EEEREH T X o TE2) RN e
@2 Mo EIREZ WX 2 2 L ICH I L 7z,

LA X5, EFIARELREOMIE . REh Bl v 34 vike Do FHKIG
ERETL, O TWNICRERELZ ORIGIER E LTHL I Lz, KSR CHL N, &
FOCHALAE O SOCHEZ R ICHIEI L T L WRISTER S LCTHL 2 Ic 2 2 e 8T %
LHIEIZ, chEcicploMn ISz T 2 L TEELRDDTH S,

74



RRIE (RROE)

General experimental procedure

All non-aqueous reactions were carried out in dried glassware under an atmosphere of dry argon
unless otherwise noted. THF, Et,0, toluene, and CH,Cl, (anhydrous; Kanto Chemical Co., Inc.)
were used as receive. CH3CN was distilled prior to use according to the standard protocols. KF,
CsF, 18-crown-6, Cs>COs3, and KoCO3 were dried with heating under reduced pressure prior to
use. The other reagents were purchased and used without further purifications. Analytical TLC
was performed on pre-coated silica gel plate (Wako Silicagel 70 F254). Flash column
chromatography was performed on Wakogel® 60N. Preparative thin-layer chromatography
(PTLC) was performed using plates prepared from Wakogel® B5-F. HPLC was performed on a
YMC LC-forte/R using YMC-GPC T4000® and YMC-GPC T2000® columns. Melting points
(mp) were determined on YANACO micro melting point apparatus. 'H, *C, and '’F NMR spectra
were recorded on a JEOL JNM-LA 500 or a JEOL JNM ECZ 600R in the solvent indicated;
Chemical shifts (8) are expressed in parts per million (ppm), and coupling constants are reported
as hertz (Hz). Tetramethylsilane (8 0.00 ppm) was used as an internal standard for '"H NMR.
Chloroform-D (8 77.0 ppm) was used as an internal standard for *C NMR. Hexafluorobenzene
(8 —162.9 ppm) was used as an internal standard for '’F NMR. Multiplicities are indicated as s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and br (broad). Attenuated total
reflectance Fourier transform infrared (ATR-IR) spectra were recorded on a Shimadzu IR Affinity-
1 with an ATR attachment (MIRacle 10), and the wave numbers of maximum absorption peaks
are reported in cm™'. High-resolution mass spectra (HRMS) were recorded on a JEOL MS700
spectrometer for FAB mass spectrometry or a SHIMADZU LCMS-IT-TOF for ESI mass

spectrometry.
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The synthesis of alcohols having arynophile moiety are described in literatures.>* (except for
S36, S38 and S39)

B—F VYA VORTFARKELERT D77y b7+ —LAOTORHE
B IV P 7 —LNF 1la DA

Synthesis of phenol 3a

Br NaH (1.2 eq.) Br
OH MegSiCl (1.1 eq.)  n-Buli (1.05 eq.) OH
THF, RT,2h -78 °C, 30 min ,
Br SiMes
2a 3a

95%
To a solution of 2,6-dibromophenol (2a) (7.60 g, 30.2 mmol) in THF (90 mL) was added NaH
(60% dispersion in mineral oil, 1.45 g, 36.2 mmol) at 0 °C. After stirring for 30 min at this
temperature, MesSiCl (4.19 mL, 33.2 mmol) was added dropwise and the mixture was stirred for
2 h at room temperature. The reaction mixture was cooled to —78 °C, to which was added dropwise
a solution of n-BuLi (1.60 M) in hexane (19.8 mL, 31.7 mmol) over 5 min. After stirring for 30
min at —78 °C, the reaction was quenched by adding saturated aqueous NH4Cl, and the mixture
was extracted with EtOAc (x3). The combined organic layer was washed with brine, dried
(NazS0.), and concentrated in vacuo. The residue was purified by flash column chromatography
(silica gel, hexane) to afford phenol 3a (6.99 g, 95%) as colorless oil.

3a: R¢ 0.44 (hexane); Spectral data matched those reported in the literature.*

Synthesis of phenol 4a

Br NaH (1.2 eq.) FPry SiH
@iOH £Pr,SiCl (1.1 eq.)  nBuLi(1.1eq.) @EOH

SiMe, THF,RT,3h —78 °C, 30 min SiMe,
3a 4a
99%

To a solution of 3a (6.99 g, 28.6 mmol) in THF (85 mL) was added NaH (60% dispersion in
mineral oil, 1.37 g, 34.3 mmol) at 0 °C. After stirring for 30 min at this temperature, i-Pr,SiHCI

(5.33 mL, 31.5 mmol) was added, and the mixture was stirred for 3 h at room temperature. The
reaction mixture was cooled to —78 °C, to which was added dropwise a solution of n-BuL.i (1.60
M) in hexane (19.7 mL, 31.5 mmol) over 5 min. After stirring for 30 min at —78 °C, the reaction
was quenched by adding saturated aqueous NH4Cl, and the mixture was extracted with EtOAc
(x3). The combined organic layer was washed with brine, dried (Na;SO4), and concentrated in
vacuo. The residue was purified by flash column chromatography (silica gel, hexane) to afford
phenol 4a (8.03 g, 99%) as colorless oil.

4a: R 0.52 (hexane); *H NMR (500 MHz, CDCls): § 0.30 (s, 9H), 1.00 (d, 6H, J = 7.5 Hz), 1.10

76



(d, 6H, J = 7.5 Hz), 1.29 (qqd, 2H, J = 7.5, 7.5, 3.4 Hz), 4.13 (t, 1H, J = 3.4 Hz), 5.50 (s, 1H),
6.92 (dd, 1H, J = 7.5, 7.2 Hz), 7.31 (dd, 1H, J = 7.5, 1.7 Hz), 7.40 (dd, 1H J = 7.2, 1.7 Hz); *C
NMR (125 MHz, CDCls): 6 -1.4, 10.3, 18.1, 18.4, 116.8, 120.2, 125.0, 137.4, 137.6, 166.2; IR
(neat): 3549, 2951, 2866, 2059, 1392, 906, 840, 732 cmt; HRMS (ESI): calcd. for C15sH270Si>
[M—H]™: 279.1606; found: 279.1602.

Synthesis of triflate 5a

£PraSiH n-BuLi (1.3eq.) £Pry SiH
OH Ti,0 (1.3 eq.) OTf
Et,0,-78 °Cto RT, 3 h
SiMe, SiMe,
4a 5a

85%
To a solution of 4a (17.5 g, 62.5 mmol) in Et,O (400 mL) was added was added n-BuL.i (2.3 M)
in hexane (35.3 mL, 81.3 mmol) at —78 °C. After stirring for 30 min at this temperature, Tf,0
(13.7 mL, 81.3 mmol) was added dropwise to the mixture. The mixture was warmed to room
temperature, and the stirring was continued for 3 h. The reaction was quenched by adding
saturated aqueous NaHCOs, and the mixture was extracted with EtOAc (x3). The combined
organic layer was washed with brine, dried (Na2SQ.), and concentrated in vacuo. The residue was
purified by flash column chromatography (silica gel, hexane) to afford triflate 5a (22.0 g, 85%)
as colorless oil.

5a: Rr 0.50 (hexane); *H NMR (500 MHz, CDCls): 6 0.37 (s, 9H), 0.95 (d, 6H, J = 7.5 Hz), 1.06
(d, 6H, J = 7.5 Hz), 1.21-1.29 (m, 2H), 4.19-4.21 (m, 1H), 7.36 (dd, 1H, J = 7.2, 7.2 Hz), 7.49
(dd, 1H, J = 7.2, 1.5 Hz), 7.61 (dd, 1H J = 7.2, 1.5 Hz); ¥C NMR (125 MHz, CDCl3): § -0.2,
10.5, 18.2, 118.8 (q, Jcr = 320 Hz), 127.5, 130.4, 135.3, 138.0, 138.7, 156.3; IR (neat): 2954,
2866, 2179, 1400, 1219, 1138, 910, 875, 848, 736 cm™; HRMS (ESI): calcd. for CigH26F303sSi
[M-H]: 411.1099; found: 411.1087.

Synthesis of silyl chloride 1a

FPry SiH FPrySiCl
OTf TCCA (0.4 eq.) OTf
—>
CH,Cl,, RT, 1 h
SiMe; SiMe3
5a 1a

99%
To a solution of 5a (22.0 g, 53.3 mmol) in CH,CI, (400 mL) was added trichloroisocyanuric acid
(TCCA, 4.95 g, 21.3 mmol). After stirring for 1 h at room temperature, the reaction mixture was
filtered through a Celite ® pad (washed with hexane). The filtrate was concentrated in vacuo to
afford silyl chloride 1a (23.7 g, 99%) as colorless oil, which solidified at 5 °C to give colorless

crystals.
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la: mp: 45-51 °C; *H NMR (500 MHz, CDCls): 6 0.36 (s, 9H), 0.97 (d, 6H, J = 7.5 Hz), 1.18 (d,
6H, J=7.2 Hz), 1.64 (qq, 2H, J = 7.5, 7.2 Hz), 7.43 (dd, 1H, J = 7.5, 7.5 Hz), 7.66 (dd, 1H, J =
7.5,2.0 Hz), 7.88 (dd, 1H, J=7.5, 2.0 Hz); *C NMR (125 MHz, CDCl3): § 0.2, 15.1,17.9, 118.4
(9, Jcr = 318 Hz), 127.4, 128.9, 135.0, 139.4, 140.4, 153.9; IR (neat): 2954, 2870, 2252, 1396,
1219, 906, 729 cm*; HRMS (FAB): calcd. for CisH27CIF305SSi, [M+H]*: 447.0855; found:
447.0849.

BEMI 77 v P 74— L50TF la BV RS FRRIGO RIGEAREL
Synthesis of silyl ether 7a: Typical procedure A

- O\Q
FPr2SiCl FPrSi”
OTf HO/\@ imidazole (2.0 eq.)‘ OTf
+ -
CH,Cl,, RT, 24 h

SiMes SiMe,
1a 6 7a
(1.2 eq.) 82%

To a solution of 1a (1.88 g, 4.20 mmol) in CH,Cl, (42 mL) were added imidazole (572 mg, 8.40

mmol) and alcohol 6 (555 mg, 5.04 mmol) at 0 °C. After stirring for 24 h at room temperature,
the reaction was quenched by adding saturated aqueous NaHCOs3, and the mixture was extracted
with CHCIs (x3). The combined organic layer was washed with brine, dried (Na,SQOs), and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
EtOAc/hexane = 1/50) to afford silyl ether 7a (1.80 g, 82%) as colorless oil.

7a: R; 0.48 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 0.36 (s, 9H), 1.01 (d, 6H, J
= 7.6 Hz), 1.15 (d, 6H, J = 6.9 Hz), 1.40 (qq, 2H, J = 7.6, 6.9 Hz), 2.09 (brt, 2H, J = 9.7 Hz),
2.18-2.23 (m, 2H), 4.14 (s, 2H), 5.71-5.75 (m, 1H), 5.93-5.97 (m, 2H), 7.38 (dd, 1H, J = 6.9, 6.8
Hz), 7.61 (dd, 1H, J=6.8, 2.1 Hz), 7.65 (dd, 1H, J = 6.9, 2.1 Hz); 3C NMR (150 MHz, CDCls):
6 -0.2, 13.4, 175, 18.0, 22.3, 22.9, 66.4, 118.0, 118.6 (q, Jcr = 319 Hz), 124.6, 125.2, 127.4,
130.4, 135.1, 138.2, 139.0, 139.3, 155.7; IR (neat): 2951, 2866, 2252, 1396, 1215, 1141, 1095,
910, 721 cmt; HRMS (ESI): calcd. for C2sHssFsNaO4SSi, [M+Na]*: 543.1639; found: 543.1641.

Synthesis of cycloadduct 8a: Typical procedure B

O\/Q 18-crown-6 (2.0 eq.) 0
FPrSi” FPrySi”

Cs,CO3 (2.0 eq.)

OTf >
THF, RT, 8 h O"

SiMe;
7a 8a
80%

A flame-dried two-necked flask charged with 18-crown-6 (89.1 mg, 0.337 mmol) was evacuated
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(1 mmHg) at room temperature for 1 h, to which were added 7a (87.8 mg, 0.168 mmol) and THF
(3 mL). To the mixture was added Cs>COs (110 mg, 0.337 mmol) and stirred for 8 h at room
temperature. The reaction was quenched by adding saturated aqueous NH4ClI and the mixture was
extracted with EtOAc (x3). The combined organic layers were washed with brine, dried (Na>SOs),
and concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
EtOAc/hexane = 1/100) to afford cycloadduct 8a (40.0 mg, 80%) as colorless oil.

8a: Rr 0.43 (EtOAc/hexane = 1/10); Spectral data matched those reported in the literature.®

WU BB RV F AL v EoB#EIcowT
Synthesis of phenol 3b

Br NaH (1.2 eq.) Br
/@EOH MesSiCl (1.1eq.)  nBuLi (1.1 eq.) /@io"'
Me Br THF, RT, 4 h ~78 °C, 30 min Me SiMe,

2b 3b

75%

To a solution of 2,6-dibromo-4-methylphenol (2b) (726 mg, 2.73 mmol) in THF (15 mL) was
added NaH (60% dispersion in mineral oil, 131 mg, 3.28 mmol) at 0 °C. After stirring for 30 min
at this temperature, MesSiCl (379 L, 3.00 mmol) was added and the mixture was stirred for 4 h
at room temperature. The reaction mixture was cooled to —78 °C, to which was added dropwise a
solution of n-BuLi (1.6 M) in hexane (1.88 mL, 3.00 mmol) over 5 min. After stirring for 30 min
at —78 °C, the reaction was quenched by adding saturated aqueous NH4ClI, and the mixture was
extracted with EtOAc (x3). The combined organic layer was washed with brine, dried (Na2SOs),
and concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
EtOAc/hexane = 1/100) to afford phenol 3b (531 mg, 75%) as colorless oil.

3b: Rf0.71 (EtOAc/hexane = 1/10); *H NMR (500 MHz, CDCls): § 0.29 (s, 9H), 2.66 (dd, 3H, J
= 0.9, 0.9 Hz), 5.53 (s, 1H), 7.07 (dg, 1H, J = 2.0, 0.9 Hz), 7.28 (dg, 1H, J = 2.0, 0.9 Hz); *C
NMR (125 MHz, CDCls): 6 -1.1, 20.2, 110.1, 126.6, 130.9, 133.1, 135.0, 153.9; IR (neat): 3522,
2954, 1450, 1392, 1246, 1176, 906, 837, 744 cm™; HRMS (ESI): calcd. for C1o0H1.BrOSi [M—
H]: 257.0003; found: 257.0003.

Synthesis of phenol 4b
Br FPr, SiH

NaH (1.2 eq.)
/@EOH FProSiCl (1.1eq)  nBuli(1.1eq.) /@OH
Me SiMeg THF, RT, 4 h —78 °C, 30 min Me SiMe,
3b 4b
79%

To a solution of 3b (444 mg, 1.71 mmol) in THF (10 mL) was added NaH (60% dispersion in
mineral oil, 82.0 mg, 2.05 mmol) at 0 °C. After stirring for 30 min at this temperature, i-Pr.SiHCI
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(318 L, 1.88 mmol) was added and the mixture was stirred for 4 h at room temperature. The
reaction mixture was cooled to —78 °C, to which was added dropwise a solution of n-BuL.i (1.6
M) in hexane (1.17 mL, 31.5 mmol) over 5 min. After stirring for 30 min at —78 °C, the reaction
was quenched by adding saturated aqueous NH4CI, and the mixture was extracted with EtOAc
(x3). The combined organic layer was washed with brine, dried (Na2SO4), and concentrated in
vacuo. The residue was purified by flash column chromatography (silica gel, hexane) to afford
phenol 4b (395 mg, 79%) as colorless oil.

4b: R¢ 0.45 (hexane); *H NMR (600 MHz, CDCls): 8 0.30 (s, 9H), 1.00 (d, 6H, J = 6.8 Hz), 1.09
(d, 6H, J = 6.9 Hz), 1.28 (qqd, 2H, J = 6.9, 6.8, 3.5 Hz), 2.27 (s, 3H), 4.09 (t, 1H, J = 3.5 Hz),
5.33 (s, 1H), 7.08 (d, 1H, J = 2.1 Hz), 7.18 (d, 1H, J = 2.1 Hz); 3C NMR (150 MHz, CDCls): &
-1.4, 10.3, 18.2, 18.4, 20.3, 116.7, 124.7, 128.8, 137.9, 164.2 (several signals overlapped); IR
(neat): 3549, 2947, 2862, 2059, 1573, 1246, 1176, 906, 837, 729 cmt; HRMS (ESI): calcd. For
Ci6H290si> [M—H]: 293.1762; found: 293.1760.

Synthesis of triflate 5b
FPry SiH nBuLi (1.5 eq.) FPry SiH
OH Tf0 (1.5 eq.) OTf
Et,0,-78 °Cto RT,4 h_
Me SiMe; Me SiMe;
4ab 5b

74%
To a solution of 4b (191 mg, 0.649 mmol) in Et,O (6.5 mL) was added was added n-BuLi (1.6
M) in hexane (610 pL, 0.974 mmol) at —78 °C. After stirring for 30 min at this temperature, Tf,O
(165 pL, 0.974 mmol) was added dropwise to the mixture. The mixture was warmed to room
temperature, and the stirring was continued for 4 h. The reaction was quenched by adding
saturated aqueous NaHCOs, and the mixture was extracted with EtOAc (x3). The combined
organic layer was washed with brine, dried (Na2SQ.), and concentrated in vacuo. The residue was
purified by flash column chromatography (silica gel, hexane) to afford triflate 5b (206 mg, 74%)
as colorless oil.

5b: R 0.34 (hexane); *H NMR (500 MHz, CDCls): 8 0.36 (s, 9H), 0.95 (d, 6H, J = 7.2 Hz), 1.06
(d, 6H,J =7.5Hz), 1.19-1.29 (m, 2H), 2.37 (s, 3H), 4.14-4.18 (m, 1H), 7.25 (d, 1H, J = 2.3 Hz),
7.36 (d, 1H, J=2.3 Hz); ®°C NMR (125 MHz, CDCls): § 0.2, 10.9, 18.5, 18.6, 20.9, 118.5 (q, Jcr
= 318 Hz), 129.6, 134.4, 136.6, 138.2, 138.9, 153.8; IR (neat): 2947, 2866, 2175, 1396, 1249,
1138, 1053, 910, 844 cm™; HRMS (FAB): calcd. for C17H30Fs03SSi, [M+H]*: 427.1401; found:
427.1403.
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Synthesis of silyl ether 7b: Typical procedure A’ (2 steps)

1) TCCA (0.4 eq.) o\/©
FPraSiH FPrySi”

CH,Cl,, RT, 1 h

oTf > OTf
2) imidazole (2.0 eq.)

Me” t :SiMeg HOA@ (1.2 eq) Me/@SiMes
5 7

6
CH,Clp, RT, 24 h 58% (2 steps)

1) To a solution of 5b (145 mg, 0.339 mmol) in CH.ClI; (3.5 mL) was added trichloroisocyanuric
acid (TCCA, 31.5 mg, 0.136 mmol). After stirring for 1 h at room temperature, the reaction
mixture was filtered through a Celite® pad (washed with hexane), and the filtrate was concentrated
in vacuo to afford the corresponding silyl chloride as colorless oil. This material was employed
in the next reaction without further purification.

2) To a solution of the crude material (vide supra) in CH2Cl, (3.5 mL) were added imidazole (46.4
mg, 0.678 mmol) and alcohol 6 (44.8 mg, 0.407 mmol) at 0 °C. After stirring for 24 h at room
temperature, the reaction was quenched by adding saturated aqueous NaHCOs3, and the mixture
was extracted with CHCls (x3). The combined organic layer was washed with brine, dried
(Na2S0y), and concentrated in vacuo. The residue was purified by flash column chromatography
(silica gel, hexane) to afford silyl ether 7b (104 mg, 58% in 2 steps) as colorless oil.

7b: R¢ 0.52; (EtOAc/hexane = 1/20); *H NMR (600 MHz, CDCls): § 0.35 (s, 9H), 1.01 (d, 6H, J
= 7.6 Hz), 1.15 (d, 6H, J = 7.6 Hz), 1.39 (qq, 2H, J = 7.6, 7.6 Hz), 2.09 (brt, 2H, J = 8.9 Hz),
2.18—2.23 (m, 2H), 2.34 (s, 3H), 4.13 (s, 2H), 5.72-5.76 (m, 1H), 5.93-5.98 (m, 2H), 7.37 (d,
1H, J=2.3 Hz), 7.43 (d, 1H, J = 2.3 Hz); *C NMR (150 MHz, CDCls): § 0.2, 13.5, 17.6, 18.1,
20.5, 22.3, 22.9, 66.4, 118.1, 118.6 (q, Jcr = 321 Hz), 124.6, 125.2, 129.9, 134.6, 136.9, 138.3,
139.6, 139.9, 153.7; IR (neat): 2947, 2866, 2360, 1396, 1249, 1211, 1138, 1045, 914, 810 cm™;
HRMS (ESI): calcd. for Ca4Hs7F3sNaO4SSi, [M+Na]*: 557.1795; found: 557.1798.

Synthesis of cycloadduct 8b

O\/@ 18-crown-6 (2.0 eq.) 1)
£PrRSi” £PrSi”

Cs,CO3 (2.0 eq.)
OTf

/@i THF, RT, 9 h O"
Me SiMe,

7b 8b
81%

Y

According to the typical procedure B, 8b was prepared from the reaction of 18-crown-6 (96.2 mg,
0.364 mmol), 7b (97.3 mg, 0.182 mmol) in THF (3 mL) and Cs,CO3 (119 mg, 0.364 mmol) at
room temperature for 9 h. Purification by flash column chromatography (silica gel, EtOAc/hexane
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= 1/100) afforded cycloadduct 8b (46.2 mg, 81%) as colorless oil.

8b: R 0.48 (EtOAc/hexane = 1/20); 'H NMR (600 MHz, CDCl;): § 0.96 (d, 3H, J=7.6 Hz), 1.00
(d, 3H, J=7.6 Hz), 1.10 (d, 3H, J = 7.6 Hz), 1.13 (d, 3H, J = 7.6 Hz), 1.15-1.20 (m, 1H), 1.29
(90, 1H,J=17.6, 7.6 Hz), 1.36(ddd, 1H, J=10.3, 10.3, 4.9 Hz), 1.43-1.50 (m, 1H), 1.62-1.72 (m,
2H), 2.31 (s, 3H), 3.83-3.86 (m, 1H), 4.28 (d, 1H, J = 11.7 Hz), 4.57 (d, 1H, J = 11.7 Hz), 6.05
(d, 1H,J=7.6 Hz), 6.55 (dd, 1H, J=7.6, 7.6 Hz), 7.00 (s, 1H), 7.02 (s, 1H); *C NMR (150 MHz,
CDCl3):612.2,12.9,16.9,17.0,17.2,17.6,21.0,27.2,29.9, 40.7, 44.6, 68.2, 124.9, 126.4, 130.2,
133.6, 136.1, 136.2, 144.4, 148.5; IR (neat): 2947, 2866, 2337, 1462, 1207, 906, 779, 733 cm™*;
HRMS (ESI): calcd. for Ca0H290Si [M+H]*: 313.1982; found: 313.1963.

Synthesis of phenol 3¢’

Br imidazole (2.0 eq.) FPraSiH
/@EOH £PrySiHCI (1.2 eq.) n-BuLi (1.1 eq.) OH
CH,Cl, RT, 4 h THF, -78 °C
MeO Br 30 min MeO Br
2c 3c'

45%
To a solution of 2,6-dibromo-4-methoxyphenol (2c) (2.53 g, 8.98 mmol) in CH,Cl; (30 ml) were
added imidazole (1.22 g, 18.0 mmol) and i-Pr,SiHCI (1.83 mL, 10.8 mmol). After stirring for 3 h
at room temperature, the reaction was quenched by adding phenol (169 mg, 1.80 mmol) and
hexane (20 mL) was added. CH,Cl, was removed by concentration (ca. 300 mbar, 30 °C). The
resulting suspension was filtered through a Celite® pad (wash with hexane), and the filtrate was
concentrated in vacuo. The crude material was dissolved in THF (30 mL), to which was added n-
BuLi (1.6 M in hexane, 8.42 mL, 13.5 mmol) dropwise at —78 °C, and the stirring was continued
for 30 min at this temperature. The reaction was quenched by adding saturated aqueous NH4CI,
and the reaction mixture was extracted with EtOAc (x3). The combined organic layer was washed
with brine, dried (Na,SQ.), and concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, hexane/EtOAc = 1/30) to afford phenol 3¢’ (1.28 g, 45%) as red oil.
3¢’: Rr0.53 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls): 8 0.98 (d, 6H, J = 7.2 Hz), 1.07
(d, 6H, J = 7.2 Hz), 1.33 (qqd, 2H, J = 7.2, 7.2, 3.8 Hz), 3.76 (s, 3H), 3.89 (t, 1H, J = 3.8 Hz),
5.33 (s, 1H), 6.93 (d, 1H, J = 3.2 Hz), 7.02 (d, 1H, J = 3.2 Hz); 3C NMR (125 MHz, CDCls): &
10.9, 18.9, 55.9, 109.7, 117.9, 122.5, 123.0, 150.0, 153.1; IR (neat): 3529, 2043, 2098, 1562,
1458, 1400, 1284, 1068, 1045, 1002, 906, 790 cm; HRMS (ESI): calcd. for C1sH20BrO.Si [M—
H]: 315.0421; found: 315.0410.
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Synthesis of phenol 4c

FPrySiH FPrySiH
OH NaH (1.2 eq.) OH
Me3SiCl (1.2 eq.) n-Buli (1.2 eq.)
MeO Br THF, RT, 4 h —78 °C, 30 min MeO SiMeg

3c' 4c
85%

To a solution of 3¢’ (1.26 g, 3.96 mmol) in THF (12 mL) was added NaH (60% dispersion in
mineral oil, 190 mg, 4.75 mmol) at 0 °C. After stirring for 30 min at this temperature, MesSiCl
(600 pL, 4.75 mmol) was added and the mixture was stirred for 4 h at room temperature. The
reaction mixture was cooled to —78 °C, to which was added dropwise a solution of n-BuL.i (1.6
M) in hexane (2.97 mL, 4.75 mmol) over 5 min. After stirring for 30 min at —78 °C, the reaction
was quenched by adding saturated aqueous NH4ClI, and the mixture was extracted with EtOAc
(x3). The combined organic layer was washed with brine, dried (Na2SO4), and concentrated in
vacuo. The residue was purified by flash column chromatography (silica gel, EtOAc/hexane =
1/30) to afford phenol 4c (1.04 g, 85%) as colorless oil.

4c¢: R 0.50 (EtOAc/hexane = 1/10); *H NMR (500 MHz, CDCls): § 0.30 (s, 9H), 1.01 (d, 6H, J
=7.5Hz),1.10 (d, 6H, J=7.2 Hz), 1.28 (qqd, 2H, J =7.5, 7.2, 3.5 Hz), 3.77 (s, 3H), 4.08 (t, 1H,
J=3.5Hz),5.13 (s, 1H), 6.83 (d, 1H, J = 3.2 Hz), 6.94 (d, 1H, J = 3.2 Hz); **C NMR (125 MHz,
CDCls): 6 -1.0, 10.7, 18.5, 18.7, 55.7, 118.0, 121.6, 122.2, 126.2, 152.7, 159.7; IR (neat): 3521,
2947, 2063, 2098, 1577, 1396, 1246, 1207, 1049, 1006, 906, 837, 791 cm™; HRMS (ESI): calcd.
For C13H290,Si; [M—H]: 309.1712; found: 309.1715.

Synthesis of triflate 5¢

FPrySiH n-Buli (1.2 eq.) FPraSiH
OH Ti,0 (1.2 eq.) OTf
Et,0,-78 °Cto RT, 4 h
MeO SiMe; MeO SiMe;

4c 5c
86%

To a solution of phenol 4c (780 mg, 2.51 mmol) in Et;O (25 mL) was added was added n-BuLi
(1.6 M) in hexane (1.89 mL, 3.01 mmol) at —78 °C. After stirring for 30 min at this temperature,
T,0 (507 pL, 3.01 mmol) was added dropwise to the mixture. The mixture was warmed to room
temperature, and the stirring was continued for 4 h. The reaction was quenched by adding
saturated aqueous NaHCOs, and the mixture was extracted with EtOAc (x3). The combined
organic layer was washed with brine, dried (Na.SO.), and concentrated in vacuo. The residue was
purified by flash column chromatography (silica gel, EtOAc/hexane = 1/50) to afford triflate 5c
(955 mg, 86%) as colorless oil.

5¢: R 0.64 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls): § 0.37 (s, 9H), 0.96 (d, 6H, J =
7.5 Hz), 1.07 (d, 6H, J = 7.2 Hz), 1.21-1.28 (m, 2H), 3.83 (s, 3H), 4.17 (brs, 1H), 6.95 (d, 1H, J
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= 3.2 Hz), 7.04 (d, 1H, J = 3.2 Hz); 3C NMR (125 MHz, CDCls): § 0.2, 10.9, 18.5, 18.6, 55.5,
118.5 (g, Jer = 320 Hz), 122.2, 122.5. 131.5, 136.3, 148.7 157.5; IR (neat) 2951, 1570, 1396,
1246, 1215, 1145, 1037, 910, 844, 732 cm!; HRMS (FAB): calcd. For C17H30F304Ssi, [M+H]":
443.1350; found 443.1351.

Synthesis of silyl ether 7¢

1) TCCA (0.4 eq.) O\/@
FPr2SiH FPr,Si”

CH,Cl,, RT, 30 min

OTf > OTf
2) imidazole (2.0 eq.)

MeO” i :SiMes HO/\© (13eq) Me0/©iSiMe3
5c 7c

6 0,
CH,Cly, RT, 24 h 81% (2 steps)

According to the typical procedure A’, silyl ether 7¢ was prepared from the reaction of triflate 5S¢
(164 mg, 0.371 mmol) and TCCA (34.5 mg, 0.148 mmol) in CH2Cl, (4 mL) at room temperature
for 30 min and the reaction of corresponding silyl chloride, imidazole (50.5 mg, 0.742 mmol) and
alcohol 6 (53.1 mg, 0.482 mmol) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/100) afforded silyl ether 7¢ (143 mg, 81% in 2
steps) as colorless oil.

7¢: R 0.67 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 0.35 (s, 9H), 1.03 (d, 6H, J
= 6.8 Hz), 1.17 (d, 6H, J = 6.9 Hz), 1.40 (qq, 2H, J = 6.9, 6.8 Hz), 2.07 (brt, 2H, J = 9.7 Hz),
2.16-2.23 (m, 2H), 3.77 (s, 3H), 4.15 (s, 2H), 5.71-5.74 (m, 1H), 5.93-5.96 (m, 1H), 5.99-6.01
(m, 1H), 7.07 (d, 1H, J = 2.8 Hz), 7.12 (d, 1H, J = 2.8 Hz); *C NMR (150 MHz, CDCls): § -0.3,
13.5,17.6,18.2,22.2,22.9,55.4, 66.3, 117.9, 118.6 (q, Jcr = 319 Hz), 122.3, 124.5, 124.6, 125.2,
131.8, 136.6, 138.2, 148.4, 158.2 ; IR (neat) 2947, 1566, 1396, 1246, 1215, 1145, 906, 844, 732
cm; HRMS (ESI): calcd. for CasHs7FsNaOsSSi; [M+Na]*: 573.1745; found: 573.1753.

Synthesis of cycloadduct 8c

O\Q 18-crown-6 (2.0 eq.) o
FProSi7 FPrySi”

Cs,CO;3 (2.0 eq.)

oTf
THF, RT, 6 h O"
MeO

MeO SiMey

7c 8c
83%

According to the typical procedure B, 8c was prepared from the reaction of 18-crown-6 (131 mg,
0.495 mmol), 7c (136 mg, 0.247 mmol) in THF (4 mL) and Cs.COs (161 mg, 0.495 mmol) at
room temperature for 6 h. Purification by flash column chromatography (EtOAc/hexane = 1/50)
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afforded cycloadduct 8c (67.4 mg, 83%) as colorless oil.
8c: Rr 0.52 (EtOAc/hexane = 1/10); Spectral data matched those reported in the literature.®

Synthesis of phenol 3d

Br NaH (1.2 eq.) Br
aH (1.2 eq.
/@OH MesSiCl (1.1 eq.)  nBuLi (1.1 eq.) /@:OH
FsC Br THF, RT, 3 h —78 °C, 30 min FsC SiMeg
2d ad

91%
To a solution of 2,6-dibromo-4-trifluoromethylphenol (2d) (2.05 g, 6.41 mmol) in THF (30 mL)
was added NaH (60% dispersion in mineral oil, 308 mg, 7.70 mmol) at 0 °C. After stirring for 30
min at this temperature, MesSiCl (891 pL, 7.06 mmol) was added and the mixture was stirred for
3 h at room temperature. The reaction mixture was cooled to —78 °C, to which was added dropwise
a solution of n-BuLi (1.6 M) in hexane (4.41 mL, 7.06 mmol) over 5 min. After stirring for 30
min at —78 °C, the reaction was quenched by adding saturated aqueous NH4Cl, and the mixture
was extracted with EtOAc (x3). The combined organic layer was washed with brine, dried
(NazS0.), and concentrated in vacuo. The residue was purified by flash column chromatography
(silica gel, EtOAc/hexane = 1/20) to afford phenol 3d (1.82 g, 91%) as colorless oil.

3d: R 0.57 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls): § 0.33 (s, 9H), 6.03 (s, 1H), 7.51
(d, 1H,J=2.1Hz), 7.73 (d, 1H, J = 2.1 Hz); 3C NMR (125 MHz, CDCls): 6 -1.5, 110.1, 123.6
(9, Jer = 271 Hz), 123.9 (q, Jcr = 32 Hz), 128.0, 130.2 (g, Jcr = 3.6 Hz), 131.5 (q, Jcr = 3.6 Hz),
158.7; IR (neat): 3514, 2958, 1597, 1311, 1246, 1122, 906, 840, 732 cm™*; HRMS (ESI): calcd.
for C1oH11BrF;0Si [M—H]™: 310.9720; found: 310.9726.

Synthesis of phenol 4d
Br FPrySiH

NaH (1.3 eq.)
/@EOH iPr,SICl(1.2eq.)  nBuli(1.2eq.) /@OH
FiC SiMe,  THF.RT,2h ~78°C,30min  F,C SiMes
3d 4d
77%

To a solution of 3d (578 mg, 1.84 mmol) in THF (10 mL) was added NaH (60% dispersion in
mineral oil, 96 mg, 2.40 mmol) at 0 °C. After stirring for 30 min at this temperature, i-Pr,SiHCI

(375 pL, 2.21 mmol) was added and the mixture was stirred for 2 h at room temperature. The
reaction mixture was cooled to —78 °C, to which was added dropwise a solution of n-BuL.i (1.60
M) in hexane (1.38 mL, 2.21 mmol) over 5 min. After stirring for 30 min at —78 °C, the reaction
was quenched by adding saturated aqueous NH4ClI, and the mixture was extracted with EtOAc
(x3). The combined organic layer was washed with brine, dried (Na;SO4), and concentrated in
vacuo. The residue was purified by flash column chromatography (silica gel, EtOAc/hexane =
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1/100) to afford phenol 4d (496 mg, 77%) as colorless oil.

4d: R 0.64 (EtOAc/hexane = 1/20); *H NMR (500 MHz, CDCls): § 0.33 (s, 9H), 1.00 (d, 6H, J
=7.5Hz),1.10 (d, 6H, J=7.5Hz), 1.32 (qqd, 2H, J = 7.5, 7.5, 3.4 Hz), 4.15 (t, 1H, J = 3.4 Hz),
5.86 (s, 1H), 7.52 (d, 1H, J = 2.3 Hz), 7.60 (d, 1H J = 2.3 Hz); ®*C NMR (125 MHz, CDCls): &
-1.7,10.1, 18.0, 18.2, 117.4, 122.5 (q, Jcr = 31 Hz), 125.1 (q, Jcr = 272 Hz), 125.9, 134.34 (q,
Jer = 2.4 Hz), 134.43 (q, Jer = 3.6 Hz), 168.6; IR (neat): 3529, 2954, 2866, 2013, 1577, 1315,
1149, 1122, 940, 844, 736 cm™t; HRMS (ESI): calcd. for C16H2sFs0Si> [M—H]: 347.1480; found:
347.1488.

Synthesis of triflate 5d
FPrySiH n-BulLi (1.3 eq.) FPrySiH
OH Tf,0 (1.3 eq.) OTf
Et,0, -78 °Cto RT, 4 h
FaC SiMe, FsC SiMe;
4d 5d

88%
To a solution of 4d (446 mg, 1.28 mmol) in Et,O (13 mL) was added was added n-BuL.i (1.6 M)
in hexane (1.04 mL, 1.66 mmol) at —78 °C. After stirring for 30 min at this temperature, Tf,0
(280 pL, 1.66 mmol) was added dropwise to the mixture. The mixture was warmed to room
temperature, and the stirring was continued for 4 h. The reaction was quenched by adding
saturated aqueous NaHCOs, and the mixture was extracted with EtOAc (x3). The combined
organic layer was washed with brine, dried (Na2SQ.), and concentrated in vacuo. The residue was
purified by flash column chromatography (silica gel, hexane) to afford triflate 5d (540 mg, 88%)
as colorless oil.

5d: Rf 0.48 (hexane); *H NMR (500 MHz, CDCls): 8 0.41 (s, 9H), 0.95 (d, 6H, J = 7.2 Hz), 1.07
(d, 6H,J=7.4 Hz), 1.24-1.34 (m, 2H), 4.21-4.24 (m, 1H), 7.70 (d, 1H, J = 2.0 Hz), 7.82 (d, 1H,
J = 2.0 Hz); BC NMR (125 MHz, CDCl3): 6 0.1, 10.7, 18.4, 118.5 (q, Jcr = 318 Hz), 123.7 (q,
Jer=272 Hz), 129.4 (9, Jcr= 32 Hz), 131.9, 134.3 (q, Jer = 3.6 Hz), 135.1 (q, Jcr = 3.6 Hz), 136.6,
157.6; IR (neat): 2951, 2866, 2183, 1400, 1319, 1215, 1161, 1134, 1099, 1060, 883, 833, 725
cm™; HRMS (FAB): calcd. for C17H27Fs03SSi, [M+H]*: 481.1118; found: 481.1121.

Synthesis of silyl ether 7d

, 1) TCCA (0.4 eq.) O\/@
FPrySiH CH,Cly, RT, 1.5 h PRSI~

OoTf > OTf
2) imidazole (2.0 eq.)

F30/©isi|v|ea HO/\© (1.2 eq.) F3C/©[SiMes
5d 7d

6
CH,Cl,, RT, 24 h 68% (2 steps)
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According to the typical procedure A’, silyl ether 7d was prepared from the reaction of triflate 5d
(282 mg, 0.586 mmol) and TCCA (54.4 mg, 0.234 mmol) in CH,Cl, (6 mL) at room temperature
for 1.5 h and the reaction of corresponding silyl chloride, imidazole (79.8 mg, 1.17 mmol) and
alcohol 6 (77.5 mg, 0.703 mmol) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, hexane) afforded silyl ether 7d (236 mg, 68% in 2 steps) as colorless
oil.

7d: Rr 0.45 (EtOAc/hexane = 1/20); *H NMR (600 MHz, CDCls): § 0.40 (s, 9H), 1.01 (d, 6H, J
= 7.6 Hz), 1.16 (d, 6H, J = 7.6 Hz), 1.42 (qq, 2H, J = 7.6, 7.6 Hz), 2.09 (brt, 2H, J = 8.9 Hz),
2.18-2.24 (m, 2H), 4.15 (s, 2H), 5.73-5.76 (m, 1H), 5.92-5.97 (m, 2H), 7.82 (d, 1H, J = 2.1 Hz),
7.91 (d, 1H, J = 2.1 Hz); *C NMR (150 MHz, CDCls): 5 0.4, 13.3, 17.4, 17.9, 22.2, 22.8, 66.7,
118.57, 118.60 (q, Jcr = 321 Hz), 124.1 (q, Jcr = 273 Hz), 124.4, 125.5, 129.7 (q, Jcr = 32 Hz),
132.3,135.7 (9, Jcr = 2.9 Hz), 136.3 (q, Jcr = 2.9 Hz), 136.7, 137.5, 157.6; IR (neat) 2951, 2870,
1404, 1319, 1215, 1134, 1099, 883, 833, 729 cm™*; HRMS (ESI): calcd. for C24H3:FsNaO4SSi,
[M+Na]*: 611.1513; found: 611.1524.

Synthesis of cycloadduct 8d

O\/Q 18-crown-6 (2.0 eq.) o
FProSi” FProSi”

Cs,CO3 (2.0 eq.)

oTf >
/@: THF, RT, 8 h O"
FsC SiMeg FsC

7d 8d
74%

According to the typical procedure B, 8d was prepared from the reaction of 18-crown-6 (129 mg,
0.489 mmol), 7d (144 mg, 0.244 mmol) in THF (4 mL) and Cs,CO3 (159 mg, 0.489 mmol) at
room temperature for 8 h. Purification by flash column chromatography (silica gel, EtOAc/hexane
= 1/50) afforded cycloadduct 8d (66.1 mg, 74%) as colorless oil.

8d: R;0.47 (EtOAc/hexane = 1/20); '"H NMR (600 MHz, CDCls): § 0.95 (d, 3H, J = 6.9 Hz), 1.01
(d, 3H,J=7.6 Hz), 1.10 (d, 3H, J = 7.6 Hz), 1.14 (d, 3H, J = 7.6 Hz), 1.20 (qq, 1H, J= 7.6, 6.9
Hz), 1.32 (qq, 1H, J = 7.6, 7.6 Hz), 1.42 (ddd, 1H, J = 10.3, 10.3, 4.1 Hz), 1.46-1.52 (m, 1H),
1.66-1.73 (m, 2H), 3.97-4.01 (m, 1H), 4.32 (d, 1H, J = 11.6 Hz), 4.60 (d, 1H, J = 11.6 Hz), 6.06
(d, 1H,J=6.9 Hz), 6.59 (dd, 1H, J=6.9, 6.2 Hz), 7.42 (s, 1H), 7.43 (s, 1H); *C NMR (150 MHz,
CDCl3): 6 12.1,12.8, 16.8, 16.9, 17.1, 17.5, 26.8, 29.4, 40.7, 45.1, 67.9, 120.3 (q, Jcr = 4.3 Hz),
125.0 (q, Jcr =273 Hz), 126.5 (q, Jcr = 2.9 Hz), 126.6 (q, Jcr = 32 Hz), 127.7,135.5, 136.1, 144.8,
155.3; IR (neat): 2947, 2866, 2360, 1334, 1311, 1122, 1053, 906, 729 cm'; HRMS (ESI): calcd.
for CooHa6F30Si [M+H]": 367.1700; found: 367.1713.
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Synthesis of phenol 3¢’

Br NaH (1.2 6q) #Pra SiH
a .2 eq.
COH OH
/@E iPr,SiCl (1.1 eq)  n-BuLi(1.1eq.) /@:
F Br THF, RT, 3 h -78 °C, 30 min F Br
2e 3e'

60%
To a solution of 2,6-dibromo-4-fluorophenol (2e) (1.56 g, 5.78 mmol) in THF (20 mL) was added
NaH (60% dispersion in mineral oil, 277 mg, 6.93 mmol) at 0 °C. After stirring for 30 min at this
temperature, i-Pr,SiHCI (1.08 mL, 6.35 mmol) was added and the mixture was stirred for 3 h at
room temperature. The reaction mixture was cooled to —78 °C, to which was added dropwise a
solution of n-BuL.i (1.6 M) in hexane (3.97 mL, 6.35 mmol) over 5 min. After stirring for 30 min
at —78 °C, the reaction was quenched by adding saturated aqueous NH4Cl, and the mixture was
extracted with EtOAc (x3). The combined organic layer was washed with brine, dried (Na;SO.,),
and concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
hexane) to afford phenol 3e’ (1.06 g, 60%) as colorless oil.

3e’: Rf 0.63 (EtOAc/hexane = 1/10); *H NMR (500 MHz, CDCls): 8 0.98 (d, 6H, J = 7.4 Hz),
1.07 (d, 6H, J = 7.5 Hz), 1.33 (qqd, 2H, J = 7.5, 7.4, 3.7 Hz), 3.89 (t, 1H, J = 3.7 Hz), 5.52 (s,
1H), 7.08 (dd, 1H, Jur = 7.7, J = 3.2 Hz), 7.22 (dd, 1H, Jur = 7.5, J = 3.2 Hz); C NMR (125
MHz, CDCls): 6 10.8, 18.8, 109.3 (d, Jcr = 8.4 Hz), 119.8 (d, Jcr = 26 Hz), 123.1 (d, Jcr = 20 Hz),
152.2, 155.8 (d, Jcr = 244 Hz) (several signals overlapped); IR (neat): 3525, 2943, 2862, 2102,
1446, 1400, 1195, 906 cm™*; HRMS (ESI): calcd. for C12H17BrFOSi [M—H]~: 303.0222; found
303.0219.

Synthesis of phenol 4e

+Pr2SiH NaH (1.2 eq.) #Pr2SiH
OH MesSiCl (1.2 eq.)  nBuLi (1.2 eq.) OH
F Br THF, RT, 2h =78 °C, 30 min F SiMe;,
3e' 4e

67%
To a solution of 3e’ (665 mg, 2.18 mmol) in THF (8 mL) was added NaH (60% dispersion in
mineral oil, 105 mg, 2.61 mmol) at 0 °C. After stirring for 30 min at this temperature, MesSiCl
(330 pL, 2.61 mmol) was added and the mixture was stirred for 2 h at room temperature. The
reaction mixture was cooled to —78 °C, to which was added dropwise a solution of n-BuL.i (1.60
M) in hexane (1.63 mL, 2.61 mmol) over 5 min. After stirring for 30 min at —78 °C, the reaction
was quenched by adding saturated aqueous NH4CI, and the mixture was extracted with EtOAc
(x3). The combined organic layer was washed with brine, dried (Na;SO4), and concentrated in
vacuo. The residue was purified by flash column chromatography (silica gel, hexane) to afford
phenol 4e (435 mg, 67%) as colorless oil.
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4e: Rt 0.39 (hexane); *H NMR (500 MHz, CDCls): § 0.30 (s, 9H), 1.00 (d, 6H, J = 7.5 Hz), 1.10
(d, 6H, J = 7.2 Hz), 1.28 (qqd, 2H, J = 7.5, 7.2, 3.2 Hz), 4.08 (t, 1H, J = 3.2 Hz), 5.32 (s, 1H),
6.94 (dd, 1H, Jur = 8.0, J = 2.9 Hz), 7.04 (dd, 1H, Jur = 8.3, J = 2.9 Hz); ®*C NMR (125 MHz,
CDCls): 6 1.1, 10.5, 18.4, 18.6, 118.7 (d, Jcr = 2.4 Hz), 122.2 (d, Jcr = 20 Hz), 122.8 (d, Jcr =
20 Hz), 127.3(d, Jcr = 3.6 Hz), 156.9 (d, Jcr = 240 Hz), 161.3; IR (neat): 3552, 2951, 2866, 2067,
1396, 1195, 906, 840 cm™*; HRMS (ESI): calcd. for CisHzFOSi, [M-H]™: 297.1512; found:
297.1509.

Synthesis of triflate 5e

FPrySiH n-BuLi (1.2 eq.) FPrySiH
OH TH0 (1.2 eq.) OTf
Et,0, —78 °C to RT, 4 h.
F SiMe, F SiMeg
4e 5e

84%
To a solution of 4e (552 mg, 1.85 mmol) in Et,O (20 mL) was added was added n-BuL.i (1.6 M)
in hexane (1.38 mL, 2.22 mmol) at —78 °C. After stirring for 30 min at this temperature, Tf,0
(373 pL, 2.22 mmol) was added dropwise to the mixture. The mixture was warmed to room
temperature, and the stirring was continued for 4 h. The reaction was quenched by adding
saturated aqueous NaHCOs, and the mixture was extracted with EtOAc (x3). The combined
organic layer was washed with brine, dried (Na,SQ.), and concentrated in vacuo. The residue was
purified by flash column chromatography (silica gel, hexane) to afford triflate 5e (671 mg, 84%)
as colorless oil.

5e: Rr 0.47 (hexane); *H NMR (500 MHz, CDCls): 3 0.38 (s, 9H), 0.96 (d, 6H, J = 7.5 Hz), 1.07
(d, 6H,J=7.2 Hz), 1.20-1.28 (m, 2H), 4.17 (brs, 1H), 7.13 (dd, 1H, Jue = 7.5, J = 3.2 Hz), 7.24
(dd, 1H, Jur = 8.1, J = 3.2 Hz); *C NMR (125 MHz, CDCls): 6 0.1, 10.8, 18.5, 118.5 (q, Jcr =
317 Hz), 123.5 (d, Jcr = 22 Hz), 124.2 (d, Jcr = 22 Hz), 133.4 (d, Jcr = 4.8 Hz), 138.3 (d, Jcr =
3.6 Hz), 150.5, 160.9 (d, Jcr = 251 Hz); IR (neat): 2954, 2183, 1400, 1219, 1141, 906, 848 cm;
HRMS (FAB): calcd. for C1sH2sFsNaOsSi> [M+Na]*: 453.0970; found: 453.0969.

Synthesis of silyl ether 7e

. 1) TCCA (0.4 eq.) O\Q
FPraSiH FPrySi”

CH,Cl,, RT, 1 h
OTf > OTf
2) imidazole (2.0 eq.)

F/@SN% HO/\© (12.00) F/@SiM%
5e 7e

6
o,
CH,Cl,, RT, 24 h 71% (2 steps)

According to the typical procedure A’, silyl ether 7e was prepared from the reaction of triflate Se
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(420 mg, 0.975 mmol) and TCCA (90.7 mg, 0.390 mmol) in CH2Cl; (10 mL) at room temperature
for 1 h and the reaction of corresponding silyl chloride, imidazole (133 mg, 1.95 mmol) and
alcohol 6 (129 mg, 1.17 mmol) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, hexane) afforded silyl ether 7e (372 mg, 71% in 2 steps) as colorless
oil.

7e: R 0.30 (hexane); *H NMR (600 MHz, CDCls): § 0.36 (s, 9H), 1.02 (d, 6H, J = 7.6 Hz), 1.15
(d, 6H, J=7.6 Hz), 1.39 (qq, 2H, J = 7.6, 7.6 Hz), 2.11 (brt, 2H, J = 8.9 Hz), 2.19-2.24 (m, 2H),
4.18 (s, 2H), 5.73-5.77 (m, 1H), 5.93-5.97 (m, 2H), 7.25 (dd, 1H, Jur = 7.6, J = 2.8 Hz), 7.33 (dd,
1H, Jur =7.6,J = 2.8 Hz); **C NMR (150 MHz, CDCl3): § -0.4, 13.3, 17.5, 17.9, 22.3, 22.9, 66.7,
118.4, 118.6 (q, Jcr = 319 Hz), 124.5, 124.8 (d, Jcr = 22 Hz), 125.2 (d, Jcr = 22 Hz), 125.4, 134.1
(d, Jcr = 2.9 Hz), 137.8, 138.5 (d, Jcr = 2.9 Hz), 150.3, 161.6 (d, Jcr = 253 Hz); IR (neat): 2951,
2870, 1566, 1400, 1365, 1215, 1141, 1053, 906, 840, 732 cm*; HRMS (ESI): calcd. for
Ca3H34FsNaO.SSi, [M+Na]*: 561.1545; found: 561.1552.

Synthesis of cycloadduct 8e

O\Q 18-crown-6 (2.0 eq.) o)
/"Pr2si/ f-PI’ZSI/

Cs,CO3 (2.0 eq.)
OTf

/@i THF, RT, 7 h O"
F SiMes F

7e 8e
79%

\

According to the typical procedure B, 8e was prepared from the reaction of 18-crown-6 (235 mg,
0.889 mmol), 7e (240 mg, 0.445 mmol) in THF (7.5 mL) and Cs,COs3 (290 mg, 0.889 mmol) at
room temperature for 7 h. Purification by flash column chromatography (EtOAc/hexane = 1/50)
afforded cycloadduct 8e (111 mg, 79%) as colorless oil.

8e: Rr 0.60 (EtOAc/hexane = 1/20); Spectral data matched those reported in the literature.®

Synthesis of phenol 3f

Br NaH (1.2 eq.) Br
/@EOH Me,SiCl (1.1 eq.)  n-Buli (1.05 eq.) /@[OH
Cl Br THF,RT,1.5h  -78°C,30min SiMes

of 3f

78%
To a solution of 2,6-dibromo-4-chlorophenol (2f) (2.99 g, 10.4 mmol) in THF (30 mL) was added
NaH (60% dispersion in mineral oil, 501 mg, 12.5 mmol) at 0 °C. After stirring for 30 min at this
temperature, MesSiCl (1.45 mL, 11.49 mmol) was added dropwise and the mixture was stirred
for 1.5 h at room temperature. The reaction mixture was cooled to —78 °C, to which was added
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dropwise a solution of n-BuL.i (2.30 M) in hexane (4.77 mL, 11.0 mmol) over 5 min. After stirring
for 30 min at —78 °C, the reaction was quenched by adding saturated aqueous NH4Cl, and the
mixture was extracted with EtOAc (x3). The combined organic layer was washed with brine,
dried (NazSO4), and concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, hexane) to afford phenol 3f (2.29 g, 78%) as a white solid.

3f: R 0.50 (hexane); Spectral data matched those reported in the literature.®

Synthesis of triflate 5f
Br NaH (1.2 eq.) FPrySiH
/@iOH £Pr,SIHCI (1.2 eq.)  nBuLi (1.2 eq.) THO (2.0 eq.) OH
ol sive, THFRT.2h  —78°C,30min RT,3h ol SiMe,
3f 5f

78%
To a solution of 3f (537 mg, 1.92 mmol) in Et,O (20 mL) was added NaH (60% dispersion in
mineral oil, 115 mg, 2.88 mmol) at 0 °C. After stirring for 30 min at this temperature, i-Pr,SiHCI
(488 pL, 2.88 mmol) was added and the mixture was stirred for 1.5 h at room temperature. The
reaction mixture was cooled to —78 °C, to which was added dropwise a solution of n-BuL.i (1.60
M) in hexane (1.80 mL, 2.88 mmol) over 5 min. After stirring for 30 min at —78 °C, Tf,0O (647
ul, 3.84 mmol) was added and the the mixture was warmed to room temperature and stirred for 3
h. The reaction was quenched by adding saturated aqueous NaHCOs, and the mixture was
extracted with EtOAc (x3). The combined organic layer was washed with brine, dried (Na;SO.,),
and concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
hexane) to afford triflate 5f (672 mg, 78%) as colorless oil.

5f: Rt 0.50 (hexane); *H NMR (500 MHz, CDCls): § 0.38 (s, 9H), 0.96 (d, 6H, J = 7.5 Hz), 1.07
(d, 6H,J=7.2 Hz), 1.21-1.29 (m, 2H), 4.15-4.18 (m, 1H), 7.40 (d, 1H, J = 2.9 Hz), 7.51 (d, 1H,
J=2.9Hz); ¥C NMR (125 MHz, CDCl3): 5 0.1, 10.8, 18.4, 118.5 (q, Jcr = 318 Hz), 130.0, 133.9,
136.8, 137.69, 137.73, 153.6; IR (neat): 2951, 2866, 2183, 1400, 1365, 1211, 1138, 1060, 879,
732 cm™t; HRMS (FAB): calcd. for C16H27CIFs03SSi; [M+H]*: 447.0855; found: 447.0865.

Synthesis of silyl ether 7f

1) TCCA (0.4 eq.) O\/@
FPraSiH £PrSi”

CH,Cl,, RT, 1 h

oTf — > OTf
2) imidazole (2.0 eq.)

Cl i SiMeg HO/\© (1.2eq) C'/@Si'\ﬂes
5f 6 7f

CH,Cly, RT, 24 h 73% (2 steps)

According to the typical procedure A’, silyl ether 7f was prepared from the reaction of triflate S5f
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(127 mg, 0.284 mmol) and TCCA (26.4 mg, 0.113 mmol) in CH,Cl, (3 mL) at room temperature
for 1 h and the reaction of corresponding silyl chloride, imidazole (38.7 mg, 0.568 mmol) and
alcohol 6 (37.5 mg, 0.341 mmol) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, hexane) afforded silyl ether 7f (114 mg, 73% in 2 steps) as colorless
oil.

7f: R¢ 0.27 (EtOAc/hexane = 1/100); *H NMR (600 MHz, CDCls): 3 0.37 (s, 9H), 1.01 (d, 6H, J
= 7.6 Hz), 1.15 (d, 6H, J = 7.6 Hz), 1.39 (qq, 2H, J = 7.6, 7.6 Hz), 2.11 (brt, 2H, J = 9.6 Hz),
2.20-2.24 (m, 2H), 4.16 (s, 2H), 5.73-5.77 (m, 1H), 5.92-5.97 (m, 2H), 7.51 (d, 1H, J = 2.8 Hz),
7.59 (d, 1H, J = 2.8 Hz); *C NMR (150 MHz, CDCls): 5 0.4, 13.4, 17.4, 18.0, 22.3, 22.9, 66.7,
118.58, 118.59 (q, Jcr = 319 Hz), 124.5, 125.4, 133.4, 134.3, 137.7, 137.9, 138.3, 138.6, 153.6;
IR (neat) 2951, 2870, 1400, 1211, 1138, 1049, 875, 840, 732 cm™!; HRMS (ESI): calcd. for
C23H34CIF3sKO4Ssi; [M+K]*: 593.0989; found: 593.0987.

Synthesis of cycloadduct 8f

O\/© 18-crown-6 (2.0 eq.) 1)
l"'Przsi/ ;"Pr2s|/

Cs,CO3 (2.0 eq.)

OTf >
THF, RT, 8 h O‘,
cl SiMes cl

7f 8f
81%

According to the typical procedure B, 8f was prepared from the reaction of 18-crown-6 (86.3 mg,
0.326 mmol), 7f (90.6 mg, 0.163 mmol) in THF (3 mL) and Cs,COs; (106.2 mg, 0.326 mmol) at
room temperature for 8 h. Purification by flash column chromatography (silica gel, EtOAc/hexane
= 1/50) to afford cycloadduct 8f (44.1 mg, 81%) as colorless oil.

8f: Rr 0.59 (EtOAc/hexane = 1/10); "TH NMR (600 MHz, CDCl5): § 0.95 (d, 3H, J=7.6 Hz), 1.01
(d, 3H,J=7.6 Hz), 1.10 (d, 3H, J = 7.6 Hz), 1.13 (d, 3H, J =6.8 Hz), 1.17 (qq, 1H, J=7.6, 7.6
Hz), 1.29 (qq, 1H, J = 7.6, 6.8 Hz), 1.37 (ddd, 1H, J = 10.3, 10.3, 5.5 Hz), 1.44-1.50 (m, 1H),
1.64-1.70 (m, 2H), 3.87-3.90 (m, 1H), 4.28 (d, 1H, J = 11.7 Hz), 4.56 (d, 1H, J = 11.7 Hz), 6.04
(d, 1H, J = 6.9 Hz), 6.55 (dd, 1H, J = 6.9, 6.2 Hz), 7.14 (d, 1H, J = 2.0 Hz), 7.17 (d, 1H, J = 2.0
Hz); 3C NMR (150 MHz, CDCls): & 12.1, 12.8, 16.8, 16.9, 17.1, 17.5, 26.9, 29.6, 40.5, 44.7,
68.0,124.1,128.97,129.01, 130.7, 135.8, 136.0, 146.5, 149.6; IR (neat): 2943, 2866, 1462, 1196,
1138, 1056, 991, 883, 779 cm™'; HRMS (ESI): calcd. for C19H,6C10Si [M+H]": 333.1436; found:
333.1450.
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Synthesis of phenol 3g

Br Br
/@[OH HMDS (20eq)  BuLi(1.1 eq) /@f’”
NG Br THF, reflux, 9 h —78 °C, 30 min NC SiMe,

29 39

65%
1) To a solution of 2,6-dibromo-4-cyanophenol (2g) (1.48 g, 5.45 mmol) in THF (6 mL) was
added 1,1,1,3,3,3-hexamethyldisilazane (HMDS, 2.28 mL, 10.9 mmol) at room temperature and
the mixture was refluxed for 9 h. After cooling to room temperature, the solvent and HMDS were
removed under reduced pressure to afford the corresponding silyl ether as colorless oil. This
material was employed in the next reaction without further purification.

2) To a stirred solution of the crude material (vide supra) in THF (27 mL) was added dropwise n-
BuLi (1.60 M in hexanes, 3.74 mL, 5.99 mmol) at —78 °C. After stirring for 30 min at —78 °C, the
reaction was gquenched by adding saturated aqueous NH.ClI, and the mixture was extracted with
EtOAc (x3). The combined organic layer was washed with brine, dried (Na:SO.), and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
EtOAc/hexane = 1/10) to afford phenol 3g (1.01 g, 65%) as a white solid.

3g: mp: 113-120 °C; R¢ 0.38 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls): 8 0.32 (s, 9H),
6.20 (s, 1H), 7.57 (d, 1H, J = 1.6 Hz), 7.78 (d, 1H, J = 1.6 Hz); **C NMR (125 MHz, CDCls): §
-1.5,105.4, 110.4, 118.0, 128.9, 136.4, 138.7, 159.6; IR (neat): 3402, 2958, 2225, 1577, 1442,
1242, 1138, 1080, 902, 840, 729 cmt; HRMS (ESI): calcd. for C10H1:BrNOSi [M—H]: 267.9799;
found: 267.9795.

Synthesis of phenol 4g

Br NaH (1.3 eq.) FPrySiH
/@[OH £ProSiCl (1.2 eq.)  nBuLi (1.2 eq.) /@[OH
NC SiMe; 1M RT.3h ~78 °C, 30 min NC SiMes

39 49

71%

To a solution of 3g (502 mg, 1.86 mmol) in THF (10 mL) was added NaH (60% dispersion in
mineral oil, 97 mg, 2.42 mmol) at 0 °C. After stirring for 30 min at this temperature, i-Pr,SiHCI
(390 pL, 2.23 mmol) was added and the mixture was stirred for 3 h at room temperature. The
reaction mixture was cooled to —78 °C, to which was added dropwise a solution of n-BuL.i (1.60
M) in hexane (1.39 mL, 2.23 mmol) over 5 min. After stirring for 30 min at —78 °C, the reaction
was quenched by adding saturated aqueous NH4ClI, and the mixture was extracted with EtOAc
(x3). The combined organic layer was washed with brine, dried (Na>SO4), and concentrated in
vacuo. The residue was purified by flash column chromatography (silica gel, EtOAc/hexane =
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1/50) to afford phenol 4g (402 mg, 71%) as colorless oil.

4g: Rt 0.58 (EtOAc/hexane = 1/20); *H NMR (500 MHz, CDCls): § 0.32 (s, 9H), 0.99 (d, 6H, J
=7.5Hz),1.10(d, 6H, J=7.4 Hz), 1.31 (qqd, 2H, J = 7.5, 7.4, 3.5 Hz), 4.14 (t, 1H, J = 3.5 Hz),
6.04 (s, 1H), 7.58 (d, 1H, J = 2.1 Hz), 7.65 (d, 1H J = 2.1 Hz); *C NMR (125 MHz, CDCls): 6 -
1.8,9.9,17.8,18.1,104.2, 118.6, 120.1, 127.1, 141.3, 141.5, 169.0; IR (neat): 3525, 2951, 2866,
2222, 2067, 1562, 1404, 1246, 1006, 906, 840, 729 cm™*; HRMS (ESI): calcd. for C16H2sNOSi,
[M—H]: 304.1558; found: 304.1567.

Synthesis of triflate 5g
FPT,SiH nBuLi (1.5 eq.) FPrSiH
OH T,0 (1.5 eq.) OTf
Et,0,-78 °C to RT, 4 h
NC SiMes NC SiMes
49 5g

37%
To a solution of 4g (222 mg, 0.725 mmol) in Et,O (8 mL) was added was added n-BuL.i (1.6 M)
in hexane (473 pL, 1.09 mmol) at —78 °C. After stirring for 30 min at this temperature, Tf,O (183
pL, 1.09 mmol) was added dropwise to the mixture. The mixture was warmed to room
temperature, and the stirring was continued for 4 h. The reaction was quenched by adding
saturated aqueous NaHCOs, and the mixture was extracted with EtOAc (x3). The combined
organic layer was washed with brine, dried (Na2SQ.), and concentrated in vacuo. The residue was
purified by flash column chromatography (silica gel, EtOAc/hexane = 1/30) and gel-permeation
chromatography [YMC-GPC T4000® (2.0 cm ¢x60 cm) + T2000® (2.0 cm ¢ x 60 cm), CHCls,
flow rate 8.0 mL/min] to afford triflate 5g (117 mg, 37%) as colorless oil.

5g: Rf 0.19 (EtOAc/hexane = 1/20); *H NMR (600 MHz, CDCls): § 0.40 (s, 9H), 0.95 (d, 6H, J
= 7.6 Hz), 1.07 (d, 6H, J = 7.6 Hz), 1.24-1.30 (m, 2H), 4.19-4.22 (m, 1H), 7.74 (d, 1H, J = 2.8
Hz), 7.87 (d, 1H, J = 2.8 Hz); *C NMR (150 MHz, CDCls): 0.5, 10.2, 17.9, 18.0, 112.5, 118.2,
118.6 (g, Jcr = 319 Hz), 133.1, 137.9, 141.1, 142.2, 158.2; IR (neat): 2954, 2866, 2233, 1400,
1219, 1138, 1064, 906, 844, 732 cm™; HRMS (FAB): calcd. for C17H27FsNO3SSi, [M+H] *:
438.1202; found: 438.1211.

Synthesis of silyl ether 7g

1) TCCA (0.4 eq.) o\/©
FPraSiH FPrSi”

CH,Cly, RT, 1 h

OTf > OTf
2) imidazole (2.0 eq.)

NG t :SiMe3 HO/\© (12 eq) NC/@SiMeg
5¢ 79

6
CH,Cl,, RT, 24 h 37% (2 steps)
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According to the typical procedure A’, silyl ether 7g was prepared from the reaction of triflate Sg
(79.5mg, 0.182 mmol) and TCCA (16.9 mg, 0.0727 mmol) in CH,Cl; (2 mL) at room temperature
for 1 h and the reaction of corresponding silyl chloride, imidazole (24.8 mg, 0.364 mmol) and
alcohol 6 (24.1 mg, 0.218 mmol) at room temperature for 24 h. Purification by PTLC
(hexane/EtOAcC = 1/50 x2) afforded silyl ether 7g (37.0 mg, 37% in 2 steps) as colorless oil.

79: R¢ 0.63 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls):  0.39 (s, 9H), 1.00 (d, 6H, J =
7.6 Hz), 1.15 (d, 6H, J = 7.6 Hz), 1.40 (qq, 2H, J = 7.6, 7.6 Hz), 2.12 (brt, 2H, J = 8.9 Hz), 2.21-
2.25 (m, 2H), 4.18 (s, 2H), 5.74-5.78 (m, 1H), 5.90-5.97 (m, 2H), 7.87 (d, 1H, J = 2.7 Hz), 7.93
(d, 1H,J=2.7 Hz); 3C NMR (150 MHz, CDCls): 5 -0.4, 13.2,17.3,17.8, 22.2, 22.9, 66.9, 112.4,
118.2, 118.6 (q, Jcr = 319 Hz), 118.9, 124.4, 125.7, 133.3, 137.3, 137.6, 142.4, 142.6, 157.9; IR
(neat) 2951, 2870, 2233, 1404, 1369, 1215, 1138, 1053, 906, 841, 733 cm™*; HRMS (ESI): calcd.
for C24H3sF3sKNO,SSi, [M+K]*: 584.1331; found 584.1357.

Synthesis of cycloadduct 8g

O\Q 18-crown-6 (2.0 eq.) o)
FPr,Si” FPrSi”

Cs,CO03 (2.0 eq.)

oTf >
/@: THF, RT, 13 h O‘,
NC SiMes NC

79 8¢
33%

According to the typical procedure B, 8g was prepared from the reaction of 18-crown-6 ether
(34.9 mg, 0.132 mmol), 7g (36.0 mg, 0.0660 mmol) in THF (1.1 mL) and Cs,COs3 (43.0 mg, 0.132
mmol) at room temperature for 13 h. Purification by PTLC (EtOAc/hexane = 1/30 x3) afforded
cycloadduct 8g (7.0 mg, 33%) as colorless oil.

89: Rr 0.50 (EtOAc/hexane = 1/5); '"H NMR (600 MHz, CDCls): 6 0.94 (d, 3H, J = 7.6 Hz), 1.01
(d, 3H,J=7.6 Hz), 1.09 (d, 3H, J = 7.6 Hz), 1.13 (d, 3H, J = 7.6 Hz), 1.20 (qq, 1H, J=7.6, 7.6
Hz), 1.31 (qq, 1H, J = 7.6, 7.6 Hz), 1.40-1.50 (m, 2H), 1.64-1.73 (m, 2H), 3.96-3.99 (m, 1H),
4.30 (d, 1H, J = 12.4 Hz), 4.57 (d, 1H, J = 12.4 Hz), 6.05 (d, 1H, J = 6.9 Hz), 6.58 (dd, 1H, J =
6.9, 6.2 Hz), 7.44 (d, 1H, J = 1.4 Hz), 7.50 (d, 1H, J = 1.4 Hz); *C NMR (150 MHz, CDCl5): §
12.0, 12.7, 16.7, 16.9, 17.0, 17.4, 26.6, 29.2, 40.4, 45.2, 67.7, 108.2, 120.1, 126.5, 128.7,134.2,
135.4, 136.0, 145.1, 156.5; IR (neat): 2943, 2866, 2225, 1462, 1384, 1118, 1057, 991, 964, 883,
783 cm™'; HRMS (ESI): caled. for Co0H2sNNaO;Si [M+Na]*: 346.1598; found: 346.1601.
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Synthesis of phenol 3h’

Br FPr>SiH
o NaH (1.2 eq.) 2y on
FPrySiCl (1.1 eq.) n-Buli (1.1 eq.)
<i Br THF, RT, 3 h ~78 °C, 30 min {i Br
O 2p O s

85%

To a solution of 2h (1.51 g, 4.67 mmol) in THF (12 mL) was added NaH (60% dispersion in
mineral oil, 244 mg, 5.60 mmol) at 0 °C. After stirring for 30 min at this temperature, i-Pr,SiHCI
(1.08 mL, 6.35 mmol) was added and the mixture was stirred for 3 h at room temperature. The
reaction mixture was cooled to —78 °C, to which was added dropwise a solution of n-BuL.i (1.6
M) in hexane (3.19 mL, 5.11 mmol) over 5 min. After stirring for 30 min at —78 °C, the reaction
was quenched by adding saturated aqueous NH4Cl, and the mixture was extracted with EtOAc
(x3). The combined organic layer was washed with brine, dried (Na2SO4), and concentrated in
vacuo. The residue was purified by flash column chromatography (silica gel, EtOAc/hexane =
1/10) to afford phenol 3h’ (1.45 g, 85%) as a white solid.

3h’: mp: 61-63 °C; R 0.35 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls): 5 0.97 (d, 6H,
J=7.5Hz),1.07 (d, 6H, J=7.5Hz), 1.33 (qqd, 2H,J =7.5,7.5, 3.7 Hz), 3.92 (t, 1H, J = 3.7 HZ),
4.01-4.04 (m, 2H), 4.12-4.15 (m, 2H), 5.71 (s, 1H), 5.79 (s, 1H), 7.43 (d, 1H, J = 2.0 Hz), 7.63
(d, 1H, J = 2.0 Hz); *C NMR (125 MHz, CDCl3): 5 10.8, 18.9, 65.2, 102.9, 110.3, 121.8, 131.2,
131.6, 135.9, 156.6; IR (neat): 3514, 2943, 2862, 2012, 1361, 1238, 1087, 906, 790 cm*; HRMS
(ESI): calcd. for C15H22BrOsSi [M—H]™: 357.0522; found: 357.0520.

Synthesis of phenol 4h

/'-PFZSiH NaH (1 2eq ) f'-Pr’ZSiH
OH A . OH
Me3SiCl (1.2 eq.) n-Buli (1.2 eq.)
{ Br THF, RT,3h ~78 °C, 30 min <0/ SiMe,
O 3h' o 4h

92%
To a solution of 3h’ (1.41 g, 3.93 mmol) in THF (12 mL) was added NaH (60% dispersion in
mineral oil, 105 mg, 2.61 mmol) at 0 °C. After stirring for 30 min at this temperature, MesSiCl
(596 pL, 4.71 mmol) was added and the mixture was stirred for 3 h at room temperature. The
reaction mixture was cooled to —78 °C, to which was added dropwise a solution of n-BuLi (1.6
M) in hexane (2.95 mL, 4.71 mmol) over 5 min. After stirring for 30 min at —78 °C, the reaction
was quenched by adding saturated aqueous NH4CI, and the mixture was extracted with EtOAc
(x3). The combined organic layer was washed with brine, dried (Na;SO4), and concentrated in
vacuo. The residue was purified by flash column chromatography (silica gel, EtOAc/hexane =
1/20) to afford phenol 4h (1.28 g, 92%) as colorless oil.
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4h: R 0.44 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls): & 0.30 (s, 9H), 0.99 (d, 6H, J =
7.5 Hz), 1.09 (d, 6H, J =7.2 Hz), 1.25-1.32 (m, 2H), 4.01-4.03 (m, 2H), 4.11-4.16 (m, 3H), 5.60
(s, 1H), 5.72 (s, 1H), 7.38 (d, 1H, J = 2.3 Hz), 7.50 (d, 1H, J = 2.3 Hz); 3C NMR (125 MHz,
CDCls): 6-1.0, 10.6, 18.5, 18.7, 65.2, 104.1, 116.4, 124.9, 128.6, 135.3, 135.8, 166.6; IR (neat):
3537, 2951, 2866, 2059, 1577, 1411, 1365, 1246, 1087, 906, 837, 790 cm; HRMS (ESI): calcd.
for C1gH3103Si> [M—H]—: 351.1812; found: 351.1809.

Synthesis of triflate 5h

FPraSiH NaH (1.6 eq.) FPraSiH
OH PhNTY, (1.2 eq.) oTf

{: SiMe, <O/ SiMes
O  4n O h

DMF, RT, 10 h
51%

To a solution of 4h (652 mg, 1.85 mmol) in DMF (12 ml) was added NaH (60% dispersion in
mineral oil, 118 mg, 2.96 mmol) at 0 °C and the mixture was then stirred for 30 min. PANTf, (793
mg, 2.22 mmol) was added and the mixture was warmed to room temperature. After stirring for

10 h, the reaction was quenched by adding water, and the reaction mixture was extracted with
EtOAc/Hexane = 1/4 (x3). The combined organic layer was washed with water (x3), brine, dried
(NazS04), and concentrated in vacuo. The residue was purified by flash column chromatography
(silica gel, hexane/EtOAc = 1/50) to afford triflate 5h (454 mg, 51%) as colorless oil.

5h: Rr 0.44 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDClz): 8 0.38 (s, 9H), 0.95 (d, 6H, J =
7.5 Hz), 1.06 (d, 6H, J = 7.2 Hz), 1.23-1.29 (m, 2H), 4.04-4.14 (m, 4H), 4.20 (brs, 1H), 5.84 (s,
1H), 7.57 (d, 1H, J=2.0 Hz), 7.69 (d, 1H, J = 2.0 Hz); **C NMR (125 MHz, CDCl3): § 0.2, 10.9,
18.5, 18.6, 63.1, 102.8, 118.5 (q, Jcr = 318 Hz), 130.2, 135.0, 135.7, 136.4, 136.5, 156.1; IR
(neat): 2954, 2886, 1396, 1215, 1138, 906, 844 cm™t; HRMS (FAB): calcd. for C19Hs2F305SSi,
[M+H]*: 485.1456; found: 485.1467.

Synthesis of silyl ether 7h

, 1) TCCA (0.4 eq.) o\/©
FPraSiH FP,SI”

CH,Cl,, RT., 1 h

OTf > OTf
2) imidazole (2.0 eq.)

0 .
&\/@SM% HO/\© (1.2eq.) <O’ SiMes
O &n 6 O 7n

CH.Cl,, RT, 24 h 64% (2 steps)

According to the typical procedure A’, silyl ether 7h was prepared from the reaction of triflate Sh
(246 mg, 0.508 mmol) and TCCA (47.2 mg, 0.203 mmol) in CH2Cl> (5 mL) at room temperature

for 1 h and the reaction of corresponding silyl chloride, imidazole (67.2 mg, 1.02 mmol) and
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alcohol 6 (69.2 mg, 0.610 mmol) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 7h (192 mg, 64% in 2
steps) as colorless oil.

7h: Rr 0.38 (EtOAc/hexane = 1/10); 'H NMR (600 MHz, CDCls): § 0.36 (s, 9H), 1.01 (d, 6H, J
= 7.6 Hz), 1.16 (d, 6H, J = 7.6 Hz), 1.40 (qq, 2H, J = 7.6, 7.6 Hz), 2.08 (brt, 2H, J = 10.3 Hz),
2.18-2.23 (m, 2H), 4.00-4.07 (m, 2H), 4.10-4.14 (m, 4H), 5.72-5.75 (m, 1H), 5.80 (s, 1H), 5.94—
6.00 (m, 2H), 7.69 (d, 1H, J = 2.8 Hz), 7.76 (d, 1H, J = 2.8 Hz); **C NMR (150 MHz, CDCls): §
-0.3,13.5,17.6, 18.1, 22.3, 22.9, 65.4, 66.4, 103.2, 118.0, 118.6 (q, Jcr = 321 Hz), 124.6, 125.1,
130.6, 135.3, 136.9, 137.2, 137.8, 138.2, 156.2; IR (neat) 2951, 2870, 1573, 1400, 1357, 1249,
1215, 1138, 1091, 906, 840, 732 cm*; HRMS (ESI): calcd. for CsHaoFsKOsSSi, [M+K]":
631.1590; found: 631.1604.

Synthesis of cycloadduct 8h

O\Q 18-crown-6 (2.0 eq.) o)
FPrSi” £ProSi”

Cs,CO;3 (2.0 eq.)
OTf >

THF, RT, 6 h O"
ey~ ¢
o) 0

7h 8h
73%

According to the typical procedure B, 8h was prepared from the reaction of 18-crown-6 (41.2 mg,
0.156 mmol), 7h (46.2 mg, 0.0779 mmol) in THF (1.5 mL) and Cs,CO; (50.8 mg, 0.156 mmol)
at room temperature for 6 h. Purification by column chromatography (EtOAc/hexane = 1/20)
afforded cycloadduct 8h (20.9 mg, 73%) as colorless oil.

8h: R;0.35 (EtOAc/hexane = 1/10); '"H NMR (600 MHz, CDCls): § 0.95 (d, 3H, J = 6.9 Hz), 1.00
(d, 3H,J=7.6 Hz), 1.09 (d, 3H, J = 7.6 Hz), 1.13 (d, 3H, J = 7.6 Hz), 1.18 (qq, 1H, J= 7.6, 6.9
Hz), 1.30 (qq, 1H, J = 7.6, 7.6 Hz), 1.37 (ddd, 1H, J = 12.1, 12.1, 6.9 Hz), 1.46-1.52 (m, 1H),
1.62-1.69 (m, 2H), 3.91-3.94 (m, 1H), 4.01-4.06 (m, 2H), 4.12-4.17 (m, 2H), 4.29 (d, 1H, J =
11.7 Hz), 458 (d, 1H, J = 11.7 Hz), 5.78 (s, 1H), 6.04 (d, 1H, J = 7.6 Hz), 6.56 (dd, 1H, J = 7.6,
6.2 Hz), 7.27 (d, 1H, J = 2.0 Hz), 7.34 (d, 1H, J = 2.0 Hz); *C NMR (150 MHz, CDCl;): § 12.2,
12.8,16.8,17.0, 17.2, 17.6, 26.9, 29.7, 40.8, 44.9, 65.2, 68.2, 104.4, 121.6, 126.5, 128.3, 133.5,
135.7,136.2, 144.6, 152.8; IR (neat): 2947, 2866, 1462, 1369, 1087, 906, 725 cm™'; HRMS (ESI):
caled. for C2,H3,05S1 [M+H]": 371.2037; found: 371.2038.
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Synthesis of phenol 3i°
NaH (1.2 eq.)
Meo\@OH MesSiCl (1.1 eq)  nBuli(1.1eq.) Meo\@OH
Br THF,RT,3h  —-78°C,30min SiMeg
2i 3i'
80%

To a solution of 2-bromo-5-methoxyphenol (2i) (1.53 g, 7.53 mmol) in THF (23 mL) was added
NaH (60% dispersion in mineral oil, 391 mg, 9.78 mmol) at 0 °C. After stirring for 30 min at this

temperature, MesSiCl (1.14 mL, 9.03 mmol) was added and the mixture was stirred for 3 h at
room temperature. The reaction mixture was cooled to —78 °C, to which was added dropwise a
solution of n-BuLi (1.60 M) in hexane (5.64 mL, 9.03 mmol) over 5 min. After stirring for 30
min at —78 °C, the reaction was quenched by adding saturated agueous NH4Cl, and the mixture
was extracted with EtOAc (x3). The combined organic layer was washed with brine, dried
(NazS0.), and concentrated in vacuo. The residue was purified by flash column chromatography
(silica gel, EtOAc/hexane = 1/4) to afford phenol 3i’ (1.18 g, 80%) as a white solid.

3i’: mp: 81-85 °C; Ry 0.45 (EtOAc/hexane = 1/3); 'H NMR (600 MHz, CDCls): § 0.28 (s, 9H),
3.78 (s, 3H), 4.86 (s, 1H), 6.27 (d, 1H, J = 2.0 Hz), 6.50 (dd, 1H, J = 8.3, 2.0 Hz), 7.25 (d, 1H J
= 8.3 Hz); ¥C NMR (150 MHz, CDCls): 6 -1.3, 55.0, 101.3, 106.0, 116.9, 136.5, 162.1, 162.5;
IR (neat): 3375, 2954, 1600, 1504, 1404, 1269, 1199, 1161, 1080, 906, 840, 732 cm; HRMS
(FAB): calcd. for C10H1702Si [M+H]*: 197.0992; found: 197.0994.

Synthesis of phenol 4i
NaH (1.3 eq.) FPr2SiH
Meo\©:o"' FProSiHCI (1.2 eq.)  LDA (4.0 eq.) Meo\éj[o"'
SiMe,  THF.RT.3h ~7810 60 °C, 1 h SiMe,
3i 4i
62%

To a solution of 3i’ (496 mg, 2.53 mmol) in THF (13 mL) was added NaH (60% dispersion in
mineral oil, 131 mg, 3.28 mmol) at 0 °C. After stirring for 30 min at this temperature, i-Pr,SiHCI
(513 pL, 3.03 mmol) was added and the mixture was stirred for 3 h at room temperature. The
reaction mixture was cooled to —78 °C, to which was added dropwise a solution of LDA (1.00 M)
in THF (10.1 mL, 10.1 mmol) over 5 min. The mixture was warmed to 60 °C and stirred for 1 h.
The reaction was quenched by adding saturated aqueous NH.Cl, and the mixture was extracted
with EtOAc (x3). The combined organic layer was washed with brine, dried (Na;SOs), and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
EtOAc/hexane = 1/100) to afford phenol 4i (487 mg, 62%) as colorless oil.

4i: R¢ 0.72 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 0.26 (s, 9H), 0.95 (d, 6H, J =
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7.6 Hz), 1.08 (d, 6H, J = 7.6 Hz), 1.35 (qqd, 2H, J = 7.6, 7.6, 3.4 Hz), 3.75 (s, 3H), 4.04 (t, 1H, J
= 3.4 Hz), 6.17 (s, 1H), 6.39 (d, 1H, J = 8.2 Hz), 7.34 (d, 1H, J = 8.2 Hz); *C NMR (150 MHz,
CDCls): 6 -1.3, 10.6, 18.7, 19.0, 54.7,101.4, 104.8, 117.4, 138.6, 166.6, 167.8; IR (neat): 3518,
2943, 2862, 2040, 1562, 1462, 1373, 1273, 1203, 1118, 1080, 1010, 906, 837, 794, 732 cm;
HRMS (ESI): calcd. for C16H2902Si, [M—H]™: 309.1712; found: 309.1706.

Synthesis of triflate 5i
#Pr2SiH NaH (2.0 eq.) #PrzSiH
MeO OH PhNTf, (1.5 eq.) MeO oTt
DMF,RT,1h
SiMeg SiMeg
4 5i

61%
To a solution of 4i (487 mg, 1.57 mmol) in DMF (16 ml) was added NaH (60% dispersion in
mineral oil, 125 mg, 3.13 mmol) at 0 °C and the mixture was then stirred for 30 min. PhANTf, (840
mg, 2.35 mmol) was added and the mixture was warmed to room temperature. After stirring for
1 h. The reaction was quenched by adding water, and the reaction mixture was extracted with
EtOAc/Hexane = 1/4 (x3). The combined organic layer was washed with water (x3), brine, dried
(NazS0.), and concentrated in vacuo. The residue was purified by flash column chromatography
(silica gel, hexane/EtOAc = 1/30) to afford triflate 5i (419 mg, 61%) as a white solid.

5i: mp: 34-37 °C; Ry 0.45 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 0.33 (s, 9H),
0.89 (d, 6H, J=7.6 Hz), 1.08 (d, 6H, J = 7.6 Hz), 1.25-1.32 (m, 2H), 3.82 (s, 3H), 4.02-4.04 (m,
1H), 6.86 (d, 1H, J = 8.2), 7.54 (d, 1H, J = 8.2 Hz); *C NMR (150 MHz, CDCls): 5 -0.1, 11.1,
18.97, 19.05, 55.2, 109.4, 118.8 (q, Jcr = 319 Hz), 120.1, 126.2, 139.9, 156.6, 166.3; IR (neat):
2947, 2164, 1581, 1458, 1396, 1350, 1249, 1211, 1138, 1045, 916, 844, 736 cm™*; HRMS (FAB):
calcd. for Ci7H30F304SSi, [M+H] *: 443.1350; found: 443.1354.

Synthesis of silyl ether 7i

1) TCCA (0.4 eq.) O\/O
FPrySiH FPrySi”

CH,Cl,, RT, 15 min
MeO OTf >  MeO OTf

2) imidazole (2.0 eq.)

SiMes HO/\© (1.2 eq.) SiMe;
5i 6 7i

CH,Cl,, RT, 24 h 62% (2 steps)

According to the typical procedure A’, silyl ether 7i was prepared from the reaction of triflate 5i
(173 mg, 0.392 mmol) and TCCA (36.4 mg, 0.157 mmol) in CHCl, (4 mL) at room temperature
for 15 min and the reaction of corresponding silyl chloride, imidazole (53.3 mg, 0.784 mmol) and

alcohol 6 (52.0 mg, 0.470 mmol) at room temperature for 24 h. Purification by flash column
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chromatography (silica gel, EtOAc/hexane = 1/30) afforded silyl ether 7i (134 mg, 62% in 2 steps)
as colorless oil.

7i: R 0.52 (EtOAc/hexane = 1/20); *H NMR (600 MHz, CDCls): 6 0.33 (s, 9H), 0.98 (d, 6H, J =
7.6 Hz), 1.06 (d, 6H, J =7.6 Hz), 1.42 (qq, 2H, J = 7.6, 7.6 HZz), 2.11 (brt, 2H, J = 9.0 Hz), 2.17—
2.22 (m, 2H), 3.79 (s, 3H), 4.22 (s, 2H), 5.69-5.72 (m, 1H), 5.89-5.94 (m, 2H), 6.85 (d, 1H, J =
8.3 Hz), 7.53 (d, 1H, J = 8.3 Hz); *.C NMR (150 MHz, CDCls): 5 0.0, 14.0, 17.6, 18.2, 22.3, 22.8,
55.0, 66.3, 109.1, 117.9, 118.7 (q, Jcr = 321 Hz), 119.5, 124.7, 124.8, 126.2, 138.4, 139.7, 157 4,
166.3; IR (neat) 2947, 2866, 1577, 1396, 1203, 1138, 1091, 1045, 906, 837, 810, 779 cm™;
HRMS (ESI): calcd. for Ca4H37F3sNaOsSSi, [M+Na]*: 573.1745; found: 573.1731.

Synthesis of cycloadduct 8i

o\);) 18-crown-6 (2.0 eq.) o
FProSi” FProSi”

Cs,CO3 (2.0 eq.)
MeO OTf >

MeO
THF, RT, 15 h O‘,
SiMe3

7i 8i
72%

According to the typical procedure B, 8i was prepared from the reaction of 18-crown-6 ether (89.5
mg, 0.339 mmol), 7i (93.3 mg, 0.169 mmol) in THF (3 mL) and Cs,CO3 (111 mg, 0.339 mmol)
at room temperature for 15 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/50) to afford cycloadduct 8i (39.8 mg, 72%) as colorless oil.

8i: Rr 0.62 (EtOAc/hexane = 1/10); '"H NMR (600 MHz, CDCls):  0.90 (d, 3H, J=7.6 Hz), 1.02
(d, 3H,J=7.6 Hz), 1.06 (d, 3H, J = 7.6 Hz), 1.12 (d, 3H, J = 7.6 Hz), 1.23 (qq, 1H, J=7.6, 7.6
Hz), 1.30 (qq, 1H, J = 7.6, 7.6 Hz), 1.35 (ddd, 1H, J = 11.0, 11.0, 4.1 Hz), 1.44-1.50 (m, 1H),
1.60-1.70 (m, 2H), 3.73 (s, 3H), 3.84-3.87 (m, 1H), 4.24 (d, 1H, J = 11.7 Hz), 451 (d, 1H, J =
11.7 Hz), 6.03 (d, 1H, J = 7.6 Hz), 6.50 (d, 1H, J = 8.2 Hz), 6.57 (dd, 1H, J =7.6, 6.2 Hz), 7.11
(d, 1H, J=8.2 Hz); C NMR (150 MHz, CDCl5): § 12.2,13.2,17.0, 17.2, 17.6, 18.2,27.4, 29.6,
39.9, 44.6, 54.7, 68.1, 104.8, 116.4, 124.5, 135.7, 136.8, 137.0, 152.9, 161.5; IR (neat): 2943,
2862, 1573, 1454, 1238, 1056, 991, 883, 771 cm™'; HRMS (ESI): Calcd. for C20H200,Si [M+H]":
329.1931; found: 329.1922.

Synthesis of phenol 3j’
E OH NaH (1.3 eq.) . E OH
\@ MesSiCl (1.2 eq.)  nBuLi (1.2 eq.) \@
Br THF, RT,2.5h —78 °C, 30 min SiMeg
2j 3j'
97%
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To a solution of 2-bromo-5-fluorophenol (2j) (2.0 ml, 18.0 mmol) in THF (54 mL) was added
NaH (60% dispersion in mineral oil, 935 mg, 23.4 mmol) at 0 °C. After stirring for 30 min at this
temperature, Me;sSiCl (2.73 mL, 21.6 mmol) was added and the mixture was stirred for 2.5 h at
room temperature. The reaction mixture was cooled to —78 °C, to which was added dropwise a
solution of n-BuLi (1.60 M) in hexane (13.5 mL, 21.6 mmol) over 5 min. After stirring for 30
min at —78 °C, the reaction was quenched by adding saturated agueous NH4Cl, and the mixture
was extracted with EtOAc (x3). The combined organic layer was washed with brine, dried
(NazS0s), and concentrated in vacuo. The residue was purified by flash column chromatography
(silica gel, EtOAc/hexane = 1/10) to afford phenol 3j’ (3.20 g, 97%) as colorless oil.

3j’: Rr 0.43 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): 3 0.29 (s, 9H), 5.07 (s, 1H),
6.41 (dd, 1H, Jur = 10.3, J = 2.0 Hz), 6.63 (ddd, 1H, J4+ =8.2,J=8.2, 2.0 Hz), 6.41 (dd, 1H, J =
8.2, Jur = 7.6 Hz); *C NMR (150 MHz, CDCls): § 1.5, 102.4 (d, Jcr = 23 Hz), 107.6 (d, Jcr =
19 Hz), 121.3, 136.8 (d, Jcr = 8.7 Hz), 162.1 (d, Jcr = 10 Hz), 165.1 (d, Jcr = 247 Hz); IR (neat):
3595, 2954, 1593, 1500, 1400, 1284, 1246, 1184, 1068, 972, 833, 759 cm*; HRMS (FAB): calcd.
for CoH14FOSi [M+H]*: 185.0792; found: 185.0801.

Synthesis of phenol 4j

NaH (1.3 eq.) #Pr2SiH
F\@m" #ProSiHCI (1.2 eq.)  LDA (4.0 eq.) F\@@"
SiMe, THF, RT, 2h -781t060°C,1h SiMeg
3j' 4j

51%
To a solution of 3j° (783 mg, 4.25 mmol) in THF (20 mL) was added NaH (60% dispersion in
mineral oil, 221 mg, 5.52 mmol) at 0 °C. After stirring for 30 min at this temperature, i-Pr,SiHCI
(899 L, 5.31 mmol) was added and the mixture was stirred for 2 h at room temperature. The
reaction mixture was cooled to —78 °C, to which was added dropwise a solution of LDA (1.00 M)
in THF (17.0 mL, 17.0 mmol) over 5 min. The mixture was warmed to 60 °C and stirred for 1 h.
The reaction was quenched by adding saturated aqueous NH.Cl, and the mixture was extracted
with EtOAc (x3). The combined organic layer was washed with brine, dried (Na,SOs), and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
EtOAc/hexane = 1/100) to afford phenol 4j (647 mg, 51%) as colorless oil.

4j: R 0.57 (EtOAc/hexane = 1/100); *H NMR (600 MHz, CDCls): 6 0.28 (s, 9H), 1.00 (d, 6H, J
= 7.6 Hz), 1.10 (d, 6H, J = 6.8 Hz), 1.35-1.43 (m, 2H), 4.10 (dt, 1H, Jur = 3.4, J = 3.4 Hz), 6.00
(s, 1H), 6.58 (dd, Jur = 7.6, J = 7.6 Hz), 7.35 (dd, Jue = 7.6, J = 7.6 Hz); *C NMR (150 MHz,
CDCls): 6 —1.5, 10.4, 18.2, 18.6, 104.0 (d, Jcr = 35 Hz), 106.5 (d, Jcr = 25 Hz), 120.9, 138.9 (d,
Jcr =10 Hz), 167.3 (d, Jcr = 13 Hz), 169.1 (d, Jcr = 241 Hz); IR (neat): 3529, 2947, 2866, 2506,
1593, 1558, 1462, 1365, 1246, 1188, 991, 837, 736 cm™*; HRMS (ESI): calcd. for C1sH26FOSis
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[M-H]™: 297.1512; found: 297.1507.

Synthesis of triflate 5j
FPrySiH n-BuLi (1.3 eq.) FPrySiH
F OH Tf,0 (1.3 eq.) _ F OTf
Et,0,-78 °Cto RT,2h
SiMe, SiMe,
4 5]

79%
To a solution of 4j (554 mg, 1.86 mmol) in Et;O (20 mL) was added was added n-BuL.i (1.6 M)
in hexane (1.51 mL, 2.41 mmol) at —78 °C. After stirring for 30 min at this temperature, Tf,0
(406 pL, 2.41 mmol) was added dropwise to the mixture. The mixture was warmed to room
temperature, and the stirring was continued for 2 h. The reaction was quenched by adding
saturated aqueous NaHCOs, and the mixture was extracted with EtOAc (x3). The combined
organic layer was washed with brine, dried (Na2SQ.), and concentrated in vacuo. The residue was
purified by flash column chromatography (silica gel, hexane) to afford triflate 5j (632 mg, 79%)
as colorless oil.

5j: Rt 0.50 (hexane); *H NMR (600 MHz, CDCls): § 0.36 (s, 9H), 0.95 (d, 6H, J = 6.8 Hz), 1.09
(d, 6H, J = 6.8 Hz), 1.31-1.37 (m, 2H), 4.10-4.13 (m, 1H), 7.08 (dd, 1H, Jue = 7.6, J = 7.6 Hz),
7.60 (dd, 1H, Jur = 7.6, J = 7.6 Hz); °C NMR (150 MHz, CDCls): 6 -0.2, 10.8, 18.6, 115.0 (d,
Jer=25Hz), 118.7 (9, Jer = 321 Hz), 118.9 (d, Jcr= 36 Hz), 131.2, 140.0 (d, Jcr = 8.7 Hz), 155.6
(d, Jer= 14 Hz), 168.1 (d, Jcr = 244 Hz); IR (neat): 2954, 1400, 1219, 1138, 945, 910, 844, 732
cm; HRMS (FAB): calcd. for C16H27F403SSi, [M+H]*: 431.1150; found: 431.1164.

Synthesis of silyl ether 7j

, 1) TCCA (0.4 eq.) o\/©
FPraSiH FPrSi”

CH,Cly, RT, 1 h

F OoTf > F OTf
2) imidazole (2.0 eq.)

SiMe; Hom (1.2 6q) \@SiMes
5 6 7

CH,Cl,, RT, 24 h 64% (2 steps)

According to the typical procedure A’, silyl ether 7j was prepared from the reaction of triflate 5j
(135 mg, 0.314 mmol) and TCCA (29.2 mg, 0.126 mmol) in CHCl, (3 mL) at room temperature
for 1 h and the reaction of corresponding silyl chloride, imidazole (42.8 mg, 0.628 mmol) and
alcohol 6 (41.5 mg, 0.377 mmol) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, hexane) afforded silyl ether 7j (109 mg, 64% in 2 steps) as colorless
oil.

7j: R 0.26 (EtOAc/hexane = 1/100); *H NMR (600 MHz, CDCls): 3 0.36 (s, 9H), 1.03 (d, 6H, J
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= 7.6 Hz), 1.09 (d, 6H, J = 7.6 Hz), 1.45 (qqd, 2H, J = 7.6, 7.6, Jur = 2.1 HZ), 2.12 (brt, 2H, J =
10.3 Hz), 2.18-2.22 (m, 2H), 4.24 (s, 2H), 5.70-5.73 (m, 1H), 5.88-5.94 (m, 2H), 7.07 (dd, 1H,
Jue=7.6,J=7.6 Hz), 7.59 (dd, 1H, Jur = 7.6, J = 7.6 Hz); 3C NMR (150 MHz, CDCls): 6 -0.1,
13.8,17.1,17.8, 22.3, 22.8, 66.6, 115.0 (d, Jcr = 26 Hz), 118.4, 118.68 (q, Jcr = 321 Hz), 118.72
(d, Jer = 35 Hz), 124.6, 125.1, 131.1 (d, Jcr = 4.3 Hz), 137.8, 139.9 (d, Jcr = 8.9 Hz), 156.2 (d,
Jer = 14 Hz), 168.0 (d, Jcr = 246 Hz); IR (neat) 2951, 2870, 1518, 1400, 1270, 1134, 1099, 937,
840, 733 cm™t; HRMS (ESI): calcd. for C23HssFsNaO4SSi> [M+Na]*: 561.1545; found: 561.1539.

Synthesis of cycloadduct 8j

O\/Q 18-crown-6 (2.0 eq.) 1)
FProSi” £PrySi7

Cs,CO3 (2.0 eq.)

F. OTf - F.
\@ THF, RT, 13 h O"

SiMe,
7j 8j
42%

According to the typical procedure B, 8] was prepared from the reaction of 18-crown-6 (104 mg,
0.395 mmol), 7j (106 mg, 0.197 mmol) in THF (3.5 mL) and Cs,CO3 (129 mg, 0.395 mmol) at
room temperature for 13 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/50) afford cycloadduct 8j (26.2 mg, 42%) as colorless oil.

8j: R¢ 0.47 (EtOAc/hexane = 1/10); "TH NMR (600 MHz, CDCl5): § 0.93 (d, 3H, J=7.6 Hz), 1.05
(d, 3H,J=7.6 Hz), 1.09 (d, 3H, J = 7.6 Hz), 1.14 (d, 3H, J = 7.6 Hz), 1.26 (qq, 1H, J=7.6, 7.6
Hz), 1.31-1.39 (m, 2H) 1.44-1.49 (m, 1H), 1.61-1.69 (m, 2H), 3.90-3.93 (m, 1H), 4.27 (d, 1H,
J=11.7 Hz), 4.55 (d, 1H, J = 11.7 Hz), 6.04 (d, 1H, J = 8.2 Hz), 6.58 (dd, 1H, J = 8.2, 6.8 Hz),
6.71 (dd, 1H, Jur = 8.2, J = 8.2 Hz), 7.13 (dd, 1H, J = 8.2, Jur = 6.2 HZ) ; 3C NMR (150 MHz,
CDCl): 6 12.1, 13.0, 16.8, 16.9, 17.1, 17.6, 27.1, 29.5, 40.1, 44.8, 67.9, 110.2 (d, Jcr = 26 Hz),
114.3 (d, Jer = 38 Hz), 125.3 (d, Jer = 8.7 Hz), 135.6, 136.6, 140.3, 152.8 (d, Jcr = 13 Hz), 164.4
(d, Jor = 236 Hz); IR (neat): 2951, 2866, 1782, 1570, 1442, 1276, 1060, 964, 883, 736 cm!;
HRMS (ESI): calcd. for C19HxFOSi [M+H]": 317.1731; found: 317.1728.

EHE EEMc EcA oY vy L o4+ 2]BUA KRS
Synthesis of silyl ether 7k

PR, SIC iPr,si” 0NN
OTf HO/\M imidazole (2.0 eq.) OT§
* CH,Cly, RT, 24 h
SiMes SiMe;
1a S1 7k
(1.2eq.) 86%
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According to the typical procedure A, silyl ether 7k was prepared from the reaction of silyl
chloride 1a (270 mg, 0.604 mmol), imidazole (82.2 mg, 1.21 mmol) and alcohol S1 (71.2 mg,
0.726 mmol) in CH>Cl, (6 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/100) afforded silyl ether 7k (264 mg, 86%) as
colorless oil.

7k: Rr 0.64 (EtOAc/hexane = 1/20); 'H NMR (500 MHz, CDCls): § 0.36 (s, 9H), 1.01 (d, 6H, J
=75Hz),1.12 (d, 6H, J=7.5Hz), 1.39 (qq, 2H, J =7.5, 7.5 Hz), 1.76 (d, 3H, J = 6.6 Hz), 4.24
(d, 2H, J = 4.9 Hz), 5.62-5.72 (m, 2H), 6.05-6.11 (m, 1H), 6.24 (dd, 1H, J = 15.2, 10.6 Hz), 7.37
(dd, 1H, J = 7.5, 7.2 Hz), 7.60-7.63 (m, 2H); *C NMR (125 MHz, CDCls): § 0.3, 13.7, 17.8,
18.1, 18.3, 64.2, 118.5 (q, Jcr = 318 Hz), 127.0, 129.0, 129.4, 130.1, 131.0, 134.8, 138.6, 138.7,
155.5 (several signals overlapped); IR (neat) 2951, 2870, 1400, 1215, 1138, 991, 871, 844, 736
cm; HRMS (ESI): calcd. for C2;HssFsNaO4SSi; [M+Na]*: 531.1639; found: 531.1642.

Synthesis of cycloadduct 8k

0
D i
PrLsicON XX~ 18-crown-6 (2.0 eq.) FProSi H
2 oTf Cs2C0;3 (2.0 eq.) O ‘
THF, RT, 5 h
SiMe, H
7k -

68%
According to the typical procedure B, 8k was prepared from the reaction of 18-crown-6 (121 mg,
0.458 mmol), 7k (117 mg, 0.229 mmol) in THF (4 mL) and Cs,COs3 (149 mg, 0.458 mmol) at
room temperature for 5 h. Purification by column chromatography (EtOAc/hexane = 1/50)
afforded cycloadduct 8k (44.6 mg, 68%) as colorless oil.

8k: Rf 0.31 (EtOAc/hexane = 1/20); Spectral data matched those reported in the literature.®

Synthesis of silyl ether 71

2

FPrySiCl /'-PrZSi/O X

OTf HO 0 imidazole (2.0 eq.) OTf

—>
* /\L) CH,Cly, RT, 24 h
SiMey SiMe;
1a S2 71
(1.2eq.) 80%

According to the typical procedure A, silyl ether 71 was prepared from the reaction of silyl
chloride 1a (226 mg, 0.505 mmol), imidazole (68.8 mg, 1.01 mmol) and alcohol S2 (52.5 uL,
0.606 mmol) in CH>Cl> (5 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/50) afforded silyl ether 71 (205 mg, 80%) as
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colorless oil.

71: R 0.50 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): 6 0.36 (s, 9H), 1.02 (d, 6H, J =
6.9 Hz), 1.11 (d, 6H, J = 7.6 Hz), 1.42 (qq, 2H, J = 7.6, 6.9 HZz), 4.68 (s, 2H), 6.26 (d, 1H, J=3.3
Hz), 6.33 (dd, 1H, J = 3.3, 2.0 Hz), 7.36-7.39 (m, 2H), 7.62 (dd, 1H, J = 7.6, 2.1 Hz), 7.66 (dd,
1H, J = 6.8, 2.1 Hz); **C NMR (150 MHz, CDCls): 6 -0.2, 13.2, 17.3, 17.8, 58.6, 107.4, 110.3,
118.2 (q, Jer = 319 Hz), 127.4, 130.1, 135.2, 139.1, 139.2, 142.4, 154.4, 155.9; IR (neat) 2951,
2870, 1396, 1215, 910, 844, 733 cmt; HRMS (ESI): calcd. for Ca1H31FsNaOsSSi, [M+Na]*:
531.1275; found: 531.1284.

Synthesis of cycloadduct 81

PS
fo) ~ 18-crown-6 (2.0 eq.) 0
£PrSi” FPr,Si”

Cs,CO;3 (2.0 eq.)

oTf >
@ THF, RT, 6 h OG’
SiMeS

71 8l
86%

According to the typical procedure B, 8l was prepared from the reaction of 18-crown-6 (210 mg,
0.795 mmol), 71 (202 mg, 0.397 mmol) in THF (7 mL) and Cs,CO3 (259 mg, 0.795 mmol) at
room temperature for 6 h. Purification by flash column chromatography (EtOAc/hexane = 1/30)

afforded cycloadduct 81 (97.7 mg, 86%) as colorless oil.
8l: Rr: 0.33 (EtOAc/hexane = 1/10); Spectral data matched those reported in the literature.®

Synthesis of silyl ether 7m

) i >
x
£PraSiCl £PrpSi”
OTf HO 0 imidazole (2.0 eq.) o OTi Br
* /1/7 CH,Cl,, RT, 24 h
SiMe; Br SiMe,
1a S3 7m
(1.3eq.) 79%

According to the typical procedure A, silyl ether 7m was prepared from the reaction of silyl
chloride 1a (232 mg, 0.518 mmol), imidazole (70.5 mg, 1.04 mmol) and alcohol S3 (119 mg,
0.673 mmol) in CH>Cl> (5 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/30) afforded silyl ether 7m (241 mg, 79%) as
colorless oil.

7m: Ry 0.48 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): 3 0.36 (s, 9H), 1.03 (d, 6H, J
=7.6 Hz), 1.12 (d, 6H, J = 6.9 Hz), 1.43 (qq, 2H, J = 7.6, 6.9 Hz), 4.69 (s, 2H), 6.40 (d, 1H, J =
2.0 Hz), 7.37 (d, 1H, J = 2.0 Hz), 7.39 (dd, 1H, J = 7.6, 7.6 Hz), 7.62 (dd, 1H, J = 7.6, 2.1 Hz),

106



7.68 (dd, 1H, J = 7.6, 2.1 Hz); 3C NMR (150 MHz, CDCls): § 0.2, 13.2, 17.3, 17.8, 56.2, 98.4,
114.0, 118.7 (g, Jcr = 321 Hz), 127.5, 129.9, 135.2, 139.1, 139.2, 142.9, 150.9, 155.8; IR (neat)
2951, 2870, 1396, 1215, 1138, 867, 844, 733 cm™; HRMS (ESI): calcd. for Ca1H30BrFsKOsSSis*
[M+K]*: 625.0120; found: 625.0124.

Synthesis of cycloadduct 8m

2
. O = . O
FProSi7 18-crown-6 (2.0 eq.) FPrSi”
oTf Br Cs,CO;5 (2.0 eq.) Br
THF, RT,8h ‘w

SiMe;

7m 8m
80%

According to the typical procedure B, 8m was prepared from the reaction of 18-crown-6 (167 mg,
0.632 mmol), 7m (186 mg, 0.316 mmol) in THF (5 mL) and Cs,CO3 (206 mg, 0.632 mmol) at
room temperature for 8 h. Purification by flash column chromatography (EtOAc/hexane = 1/30)

afforded cycloadduct 8m (92.0 mg, 80%) as colorless oil.

8m: R; 0.30 (EtOAc/hexane = 1/10); '"H NMR (600 MHz, CDCl;): & 1.03-1.12 (m, 12H), 1.19—
1.26 (m, 2H), 4.35 (d, 1H, J = 10.3 Hz), 4.70 (d, 1H, J = 10.3 Hz), 5.67 (d, 1H, J = 2.1 Hz), 7.01
(brs, 1H), 7.03 (dd, 1H, J =7.6, 6.8 Hz), 7.11 (d, 1H, J = 7.6 Hz), 7.29 (d, 1H, J = 6.8 Hz); *C
NMR (150 MHz, CDCls): 6 16.88,16.98,17.02,17.4,62.9, 83.3,88.1,121.4,125.3, 126.4, 128.8,
138.7, 141.0, 146.5, 155.4; IR (neat): 2943, 2862, 1570, 1462, 1083, 1006, 968, 883, 756 cm™;
HRMS (ESI): calcd. for C17H2,BrO,Si [M+H]": 365.0567; found: 365.0583.

Synthesis of silyl ether 7n

. 0} S
FPraSiCl Ts £ProSi”
OTf HO N imidazole (2.0 eq.) o OTf
+ /\L) CH,Cl,, RT, 24 h

SiMe; SiMe;

1a S4 7n
(1.2eq.) 99%

According to the typical procedure A, silyl ether 7m was prepared from the reaction of silyl
chloride 1a (234 mg, 0.524 mmol), imidazole (71.3 mg, 1.05 mmol) and alcohol S4 (158 mg,
0.629 mmol) in CH>Cl, (5 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 7n (343 mg, 99%) as
colorless oil.

7n: R¢ 0.31 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 0.38 (s, 9H), 0.98 (d, 6H, J
=7.6Hz),1.08(d,6H,J=7.6 Hz), 1.39 (qq, 2H, J = 7.6, 7.6 Hz), 2.39 (s, 3H), 4.82 (s, 2H), 6.27
(dd, 1H, J = 3.4, 3.4 Hz), 6.37 (brs, 1H), 7.20-7.23 (m, 3H), 7.30 (dd, 1H, J=7.6, 7.6 Hz), 7.56—
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7.64 (m, 4H); C NMR (150 MHz, CDCls) § -0.2, 13.3, 17.4, 17.9, 21.2, 59.4, 112.1, 112.8,
118.6 (q, Jer = 321 Hz), 122.7, 126.9, 127.5, 129.9, 130.2, 134.7, 135.3, 136.4, 139.1, 139.2,
145.2, 155.5; IR (neat) 2951, 2870, 1396, 1361, 1215, 1138, 1076, 867, 840, 729 cm*; HRMS
(ESI): calcd. for C2sHasFsNNaOsS,Siz [M+Na]*: 684.1523; found: 684.1526.

Synthesis of cycloadduct 8n

o ~ 18-crown-6 (2.0 eq.) 1)
FPrSi” FPrpSi”

Cs,CO3 (2.0 eq.)

oTf >
@i THF, RT, 5 h O@

SiMe,
7n 8n
77%

According to the typical procedure B, 8n was prepared from the reaction of 18-crown-6 (272 mg,
1.030 mmol), 7n (341 mg, 0.515 mmol) in THF (9 mL) and Cs,CO; (336 mg, 1.030 mmol) at
room temperature for 5 h. Purification by flash column chromatography (EtOAc/hexane = 1/5)
afforded cycloadduct 8n (174 mg, 77%) as a white solid.

8n: R 0.50 (EtOAc/hexane = 1/3); Spectral data matched those reported in the literature.®

Synthesis of silyl ether 70

OH <:>
: o} OH
FPrySiCl FProSi”

OTf imidazole (2.0 eq.) oTf
* DMF, RT, 20 h
SiMe, OH SiMe,
1a S5 70
(4.0 eq.) 67%

According to the typical procedure A, silyl ether 70 was prepared from the reaction of silyl
chloride 1a (643 mg, 1.46 mmol), imidazole (199 mg, 2.92 mmol) and hydroquinone (S5) (643
mg, 5.84 mmol) in DMF (15 mL) at room temperature for 20 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/5) afforded silyl ether 70 (507 mg, 67%) as pale
yellow oil.

70: Rt 0.34 (EtOAc/hexane = 1/5); '"H NMR (500 MHz, CDCls): 8 0.37 (s, 9H), 1.02 (d, 6H, J =
7.8 Hz), 1.09 (d, 6H, J = 7.5 Hz), 1.49 (qq, 2H, J = 7.8, 7.5Hz), 4.36 (s, 1H, OH), 6.62-6.69 (m,
4H), 7.40 (dd, 1H, J=7.5, 7.2 Hz), 7.65-7.70 (m, 2H); *C NMR (125 MHz, CDCl;): § 0.3, 13.9,
17.6, 18.1, 115.7, 118.4 (q, Jcr = 318 Hz), 120.6, 127.1, 130.0, 135.2, 138.6, 138.9, 149.2, 149.7,
155.0; IR (neat): 3387, 2951, 1508, 1215, 1138, 906, 729 c¢cm™'; HRMS (ESI): calcd. for
C2:H3:F3NaOsSSi; [M+Na]': 543.1275; found: 543.1271.
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Synthesis of cycloadduct 8o
) ) OO—OH 18-crown-6 (2.0 eq.) ) )
/-PFZSI/ K2003 (2.0 eq.) _ ,‘-PI’2SI_O
oTf >
@[ THF, RT, 24 h O‘l

SiMe3

OH
70 8o
32%

According to the typical procedure B, 8o was prepared from the reaction of 18-crown-6 (102 mg,
0.387 mmol), 70 (101 mg, 0.193 mmol) in THF (3.5 mL) and K>COs (53.5 mg, 0.387 mmol) at
room temperature for 24 h. Purification by column chromatography (EtOAc/hexane = 1/5)
afforded cycloadduct 8o (18.4 mg, 32%) as colorless oil along with starting material 70 (15.9 mg,
16%).

80: R¢ 0.26 (EtOAc/hexane = 1/3); Spectral data matched those reported in the literature.’

Synthesis of silyl ether 7p

OH
HO
. . : -/O\/©/
FPr, SiCl FPr,Si

OT# imidazole (2.0 eq.) OTf
* DMF, RT, 16 h
i SiMe
SIMe3 OH 3
1a S6 7p
(2.0 eq.) 57%

According to the typical procedure A, silyl ether 7p was prepared from the reaction of silyl
chloride 1a (246 mg, 0.550 mmol), imidazole (75.5 mg, 1.10 mmol) and p-hydroxy benzylalcohol
(S6) (133 mg, 1.10 mmol) in DMF (5.5 mL) at room temperature for 16 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/10) afforded silyl ether 7p (166 mg, 57%)
as pale yellow oil.

7p: R¢ 0.25 (EtOAc/hexane = 1/5); "H NMR (500 MHz, CDCls):  0.37 (s, 9H), 1.03 (d, 6H, J =
7.5Hz),1.13(d, 6H, J =75 Hz), 1.43 (qq, 2H, J = 7.5, 7.5 Hz), 3.75 (s, 1H), 4.71 (s, 2H), 6.82
(d, 2H, J =8.6 Hz), 7.23 (d, 2H, J = 8.6 Hz), 7.35 (dd, 1H, J = 7.5, 7.2 Hz), 7.61-7.63 (m, 2H);
BC NMR (150 MHz, CDCl5): 0.2, 13.3,17.5, 18.0, 65.0, 115.2, 118.6 (q, Jcr = 319 Hz), 127.4,
127.7, 130.3, 133.6, 135.2, 139.0, 139.2, 155.0, 155.8; IR (neat): 3394, 2951, 2870, 1512, 1396,
1215, 1138, 910, 871, 844, 736 cm™'; HRMS (ESI): calcd. for C3H33F3NaOsSSi, [M+Na]':
557.1432; found: 557.1433.

Synthesis of cycloadduct 8p
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OH
O\/©/ 18-crown-6 (2.0 eq.) 10
FPrySi” FPrSi”

Cs,CO3 (2.0 eq.)

oTi >
@[ THF, RT, 4 h O‘)
SiMe;

OH
7p 8p

48%

According to the typical procedure B, 8p was prepared from the reaction of 18-crown-6 (106 mg,
0.401 mmol), 7p (107 mg, 0.200 mmol) in THF (3.5 mL) and Cs,COs (131 mg, 0.401 mmol) at
room temperature for 4 h. Purification by column chromatography (EtOAc/hexane = 1/5) afforded
cycloadduct 8p (30.2 mg, 48%) as colorless oil.

8p: Rf 0.31 (EtOAc/hexane = 1/3); Spectral data matched those reported in the literature.’

Synthesis of silyl ether 7q

o Ph
P, SICl £PrySi” 0NN
OT§ imidazole (2.0 eq.) OTf
AN -
* HO™ ™ UPh G40l RT, 241
SiMeg SiMeg
1a S7 7q
(1.2 eq.) 76%

According to the typical procedure A, silyl ether 7q was prepared from the reaction of silyl
chloride 1a (432 mg, 0.966 mmol), imidazole (132 mg, 1.93 mmol) and cinnamyl alcohol (S7)
(156 mg, 1.16 mmol) in CH>Cl, (10 mL) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/50) afforded silyl ether 7q (402 mg, 76%)
as colorless oil.

79: R 0.59 (EtOAc/hexane = 1/10); '"H NMR (500 MHz, CDCls): § 0.37 (s, 9H), 1.04 (d, 6H, J
=7.8Hz),1.16 (d, 6H, J=7.5 Hz), 1.43 (qq, 2H, J = 7.8, 7.5 Hz), 4.40 (dd, 2H, J = 4.9, 1.7 Hz),
6.31 (dt, 1H, J=15.8, 4.9 Hz), 6.66 (dt, 1H, J = 15.8, 1.7 Hz), 7.23 (it, 1H, J = 7.5, 2.0 Hz), 7.30-
7.34 (m, 2H), 7.37-7.40 (m, 3H), 7.63 (dd, 1H, J = 7.2, 2.0 Hz), 7.65 (dd, 1H, J = 7.2, 2.0Hz);
BC NMR (125 MHz, CDCl5): 8 0.3, 13.7, 17.9, 18.3, 64.4, 118.5 (q, Jcr = 318 Hz), 126.4, 127.1,
127.3, 128.5, 128.7, 129.4, 130.0, 134.9, 137.1, 138.66, 138.67, 155.5; IR (neat): 2951, 1396,
1215, 1138, 964, 906, 871, 841, 779 cm™'; HRMS (ESI): calcd. for CosH3sF3sNaO4SSi> [M+Na]*:
567.1639; found: 567.1657.
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Synthesis of cycloadduct 8q

O
OW@ 18-crown-6 (20 eq) FPr S|/
/"Przsi/ A 2

Cs,CO3 (2.0 eq.)

OTf >
@i THF,RT, 8 h O‘
SiMes O

7q 8q
75%

According to the typical procedure B, 8q was prepared from the reaction of 18-crown-6 (93.5 mg,
0.354 mmol), 7q (96.4 mg, 0.177 mmol) in THF (3 mL) and Cs,CQO;3 (115 mg, 0.354 mmol) at
room temperature for 8 h. Purification by column chromatography (EtOAc/hexane = 1/50)
afforded cycloadduct 8q (43.0 mg, 75%) as a white solid.

8g: mp: 80-83 °C; Rr 0.43 (EtOAc/hexane = 1/20); '"H NMR (500 MHz, CDCI;): & 0.89 (d, 3H,
J=7.5Hz),0.92 (d, 3H,J =7.0 Hz), 1.11 (qq, 1H, J=7.5,7.0 Hz), 1.16 (d, 3H, J =7.5 Hz), 1.20
(d,3H,J=7.5Hz),1.34(qq, 1H,J=7.5, 7.5 Hz), 2.48 (dd, 1H, J = 14.9, 14.6 Hz), 2.65 (dd, 1H,
J=14.6,4.9 Hz), 3.18 (dddd, 1H, J = 14.9, 10.9, 4.9, 4.6 Hz), 3.93 (dd, 1H, J = 10.9, 10.9 Hz),
4.24 (dd, 1H, J = 10.9, 4.6 Hz), 7.21-7.25 (m, 2H), 7.31-7.40 (m, 3H), 7.72 (d, 1H, J = 7.8 Hz),
7.83 (dd, 1H,J=7.8, 1.4 Hz); ®*C NMR (125 MHz, CDCl;): 6 12.8,13.3, 16.8,17.1, 18.1, 31.2,
37.4,68.5,123.9,125.0,126.3, 127.1, 127.4, 127.8, 130.3, 132.8, 133.4, 134.4, 135.5, 146.2; IR
(neat): 2943, 2862, 1462, 1099, 1080, 995, 910, 883, 736 cm™'; HRMS (ESI): calcd. for
C21H,7,081 [M+H]": 323.1826; found: 323.1831.

Synthesis of silyl ether 7r
Ph

S
. O\/
FPr3SiCl FPr,Si”

oTf HO/\ imidazole (2.0 eq.) OT#
* Npn CH,Cly, AT, 24 h

SiMes SiMe;
1a S8 7r
(1.2 eq.) 63%

According to the typical procedure A, silyl ether 7r was prepared from the reaction of silyl
chloride 1a (240 mg, 0.537 mmol), imidazole (73.1 mg, 1.07 mmol) and 3-phenyl-2-propyn-1-ol
(S8) (80.3 uL, 0.644 mmol) in CH,Cl, (5 mL) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/50) afforded silyl ether 7r (184 mg, 63%)
as colorless oil.

7r: Ry 0.57 (EtOAc/hexane = 1/10); '"H NMR (500 MHz, CDCls): 8 0.35 (s, 9H), 1.07 (d, 6H, J
=7.5Hz), 1.17 (d, 6H, J = 7.5 Hz), 1.46 (qq, 2H, J = 7.5, 7.5 Hz), 4.60 (s, 2H), 7.28-7.32 (m,
3H), 7.35-7.41 (m, 3H), 7.62 (dd, 1H, J = 7.2, 1.8 Hz), 7.69 (dd, 1H, J = 7.5, 1.8 Hz); C NMR
(125 MHz, CDCl;): 6 0.3, 13.6, 17.7, 18.1, 52.9, 85.1, 87.5, 118.5 (q, Jcr = 318 Hz), 122.9, 127.1,
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128.2, 129.7, 131.5, 134.9, 138.6, 138.7, 155.6 (several signals overlapped); IR (neat): 2951,
2870, 1396, 1219, 1138, 906, 732 cm™'; HRMS (ESI): caled. for C,sH3sF3NaO4SSi> [M+Na]*:
565.1482; found: 565.1493.

Synthesis of cycloadduct 8r

/ . ./O
=z 18-crown-6 (2.0 eq. Pr,Si
I;Prgsi/oﬂ ( q.) FFETo

Cs,CO3 (2.0 eq.)

OTf >
THF, RT, 8 h
SiMes O

7r 8r
52%

According to the typical procedure B, 8r was prepared from the reaction of 18-crown-6 (91.5 mg,
0.346 mmol), 7r (93.8 mg, 0.173 mmol) in THF (3 mL) and Cs,COs; (113 mg, 0.346 mmol) at
room temperature for 8 h. Purification by column chromatography (EtOAc/hexane = 1/10)
afforded cycloadduct 8r (28.8 mg, 52%) as a white solid.

8r: mp: 48-51 °C; Rr 0.53 (EtOAc/hexane = 1/10); 'TH NMR (500 MHz, CDCls): § 1.06 (d, 6H,
J=7.4Hz), 108 (d, 6H, J=7.5Hz), 1.34 (qq, 2H, J = 7.5, 7.4 Hz), 5.32 (s, 2H), 7.53 (s, 1H),
7.59 (ddd, 1HJ=7.8,7.8, 1.5 Hz), 7.64 (ddd, 1H, J=7.8, 7.2, 1.5 Hz), 7.69 (dd, 1H J = 8.6, 8.0
Hz), 7.74 (dd, 1H, J=7.2, 1.5 Hz), 7.84 (dd, 1H, J= 7.8, 1.5 Hz), 8.68 (brd, 1H, J = 8.0 Hz), 8.80
(dd, 1H J = 8.6, 1.5 Hz); BC NMR (125 MHz, CDCl3): § 13.3, 17.2, 17.7, 67.6, 122.5, 123.3,
124.4, 125.7, 126.4, 126.8, 128.3, 129.97, 130.00, 130.4, 131.2, 132.1, 133.9, 135.5; IR (neat):
2943, 2866, 1462, 1408, 1103, 1045, 906, 732 cm™'; HRMS (ESI): calcd. for C»1H,s0Si [M+H]":
321.1669; found: 321.1670.

FENET NIV LR Y4 v G & 0 Q+2+2) LA INRIG
Synthesis of silyl ether 10

0._0
o}
FPr3SicCl /\
OTf | | | | imidazole (2.0 eq.)‘ OT# o o
* Ph CH,Cl,, RT, 24 h
SiMeg, HO SiMe, Il
1a 9 10
(1.1 eq.) 85% Ph

According to the typical procedure A, silyl ether 10 was prepared from the reaction of silyl
chloride 1a (401 mg, 0.899 mmol), imidazole (122 mg, 1.80 mmol) and alcohol 9 (8212 mg, 0.989
mmol) in CH,Cl; (9 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/100) afforded silyl ether 10 (478 mg,853%) as

colorless oil.
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10: R 0.48 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls): 6 0.36 (s, 9H), 1.04 (d, 6H, J =
7.5Hz),1.14 (d, 6H, J=7.5 Hz), 1.43 (qq, 2H, J = 7.5, 7.5 Hz), 4.12 (t, 2H, J = 1.7 Hz), 4.85 (,
2H, J = 1.7 Hz), 7.37-7.43 (m, 3H), 7.47 (tt, 1H, J = 7.5, 1.5 Hz), 7.58-7.66 (m, 4H); *°C NMR
(125 MHz, CDCls): 6 -0.2,13.1,17.3,17.7,52.2, 53.4, 78.1, 79.9, 86.0, 87.4, 118.7 (q, Jcr = 320
Hz), 119.6, 127.5, 128.9, 129.7, 131.2, 133.4, 135.3, 138.9, 139.2, 153.6, 155.9; IR (neat) 2966,
1716, 1396, 1219, 1138, 910, 871, 844, 733 cm™t; HRMS (ESI): calcd. for CagH3sFsNaOsSSis
[M+Na]*: 647.1543; found: 647.1545.

Synthesis of cycloadduct 11

18-crown-6 (3.0 eq.)

Cs,CO3 (3.0 eq.) o
. O X 2~~3 . .
FPI,Si” /\ Pd,(dba)g*CHCl5 (10 mol%) FPraSi”
OTf P(o-tol)3 (80 mol%)
@E o - QO
SiMes THF, RT, 14 h
Il L0
10 Ph 11

46%

Pd,(dba);-CHCI3 (19.5 mg, 0.0188 mmol) and P(o-tol); (45.8 mg, 0.150 mmol) were dissolved in
THF (1.5 mL), and the mixture was stirred at room temperature for 15 min. The catalyst solution
was added through a cannula to a solution of 18-crown-6 (149 mg, 0.563 mmol), Cs2CO3 (183
mg, 0.563 mmol), and 10 (117 mg, 0.188 mmol) in THF (4 mL) at room temperature. More THF
(1.5 mL) was used to wash the catalyst through. After stirring for 14 h at room temperature, the
reaction was gquenched by adding saturated aqueous NH4Cl, and the mixture was extracted with
EtOAc (x3). The combined organic layer was washed with brine, dried (Na:SO.), and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
EtOAc/hexane = 1/5) to afford naphthalene 11 (35.0 mg, 46%) as pale yellow oil.

11: R 0.38 (EtOAc/hexane = 1/3); 'TH NMR (600 MHz, CDCl;): § 1.07 (d, 6H, J = 7.6 Hz), 1.11
(d, 6H,J=6.8 Hz), 1.36 (qq, 2H, J = 7.6, 6.8 Hz), 5.36 (s, 2H), 5.37 (s, 2H), 7.36-7.40 (m, 2H),
7.49-7.56 (m, 4H), 7,76 (dd, 1H, J = 6.2, 1.4 Hz), 7,89 (dd, 1H, J = 8.2, 1.4 Hz); *C NMR (150
MHz, CDCl3): 6 12.8, 16.7, 17.2, 63.1, 67.1, 119.2, 125.9, 128.3, 128.5, 129.1, 129.4, 130.41,
130.43, 133.0, 134.3, 134.8, 135.7, 138.2, 141.7, 170.2; IR (neat): 2966, 1716, 1396, 1219, 1138,
910, 871, 844, 733 cm™'; HRMS (ESI): caled. for CysH»703Si [M+H]": 403.1724; found:
403.1733.

113



DAL OETFILX VDS FARAIVRIGEFIALE-Z2B®T7LY. 7

FTEE Iy b7 r—spTFlaZHCESTHIVRIBICE BT L VA
Synthesis of silyl ether 13a
Me

/
O\/
FPrySiCl FPr,Si”

imidazole (2.0 eq.)

OTf Me - oTf
+ = =
HO\/ CH,Cl,, RT, 17 h .
SiMe; SiMe,
1a 12 13a
(1.2eq) 94%

According to the typical procedure A, silyl ether 13a was prepared from the reaction of silyl
chloride 1a (313 mg, 0.700 mmol), imidazole (95.3 mg, 1.40 mmol) and 2-butyn-1-ol (12) (58.9
mg, 0.840 mmol) in CH,Cl, (7 mL) at room temperature for 17 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 13a (315 mg, 94%) as
colorless oil.

13a: Rr 0.48 (EtOAc/hexane = 1/10); "TH NMR (CDCl;, 600 MHz): & = 0.36 (s, 9H), 1.03 (d, J =
7.6 Hz, 6H), 1.14 (d, J= 7.6 Hz, 6H), 1.41 (qq, /= 7.6, 7.6 Hz, 2H), 1.81 (t,J= 2.4 Hz, 3H), 4.30
(q,J=2.4 Hz, 2H), 7.39 (dd, J= 7.2, 6.9 Hz, 1H), 7.61 (dd, J= 7.2, 2.1 Hz, 1H),7.65 (dd, /= 6.9,
2.1 Hz, 1H); ¥C NMR (CDCls, 150 MHz): 6 =-0.2, 3.1, 13.2,17.3,17.7,52.5,77.4, 81.1, 118.7
(q, Jcr = 321 Hz), 127.3, 130.1, 135.2, 139.0, 139.1, 155.9; IR (neat): 2951, 2870, 1578, 1466,
1400, 1362, 1250, 1215, 1142, 1088, 872, 845, 779, 737 cm'; HRMS (ESI): m/z calcd for
C21H33F3NaO4SSi," ([M + Na]*): m/z 517.1482; found: m/z 517.1487.

Preparation of [Cs,(18-C-6),]COs

18-crown-6 (15.1 g, 57.1 mmol) and Cs>CO3 (9.30 g, 28.5 mmol) are dissolved in deionized water
(45 mL). After stirring for 24 h at room temperature, the solvent was removed by evaporation
(65 °C), which was dried in vacuum for 5 h at room temperature. The residual solids were grinded
in amortar and dried again in vacuum for 24 h at 35 °C to afford [Cs2(18-C-6)2]COs (23.0 g, 94%)
as a white powder.

[Cs2(18-C-6)2]CO3: mp: 80-83 °C; 'H NMR (D20, 500 MHz): § = 3.60 (s, 48 H); *C NMR
(D20, 125 MHz): 6 = 70.9, 165.9 [internal standard: acetone, ¢ = 30.9 (CH3)].
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Synthesis of allene 14a: Typical procedure B’

Me
. .,O\/ o)
FProSi [Cs,(18-C-6),]CO;4 £Pr,Si
OTf (2.0 eq.)
- ’%
SiMe; THF, RT,5h H
13a 14a

75%

To a solution of silyl ether 13a (96.1 mg, 0.200 mmol) in THF (3 mL) was added [Cs2(18-C-
6)2]CO3 (342 mg, 0.400 mmol). After stirring for 5 h at room temperature, the reaction was
quenched by adding saturated aqueous NH4Cl, and the mixture was extracted with EtOAc (x3).
The combined organic layer was washed with brine, dried (Na,SOs), and concentrated in vacuo.
The residue was purified by PTLC (EtOAc/hexane = 1/30) to afford allene 4a (38.6 mg, 75%) as
colorless oil.

14a: R¢ 0.33 (EtOAc/hexane = 1/20); "TH NMR (CDCls, 600 MHz): 6 = 1.02 (d, J = 7.6 Hz, 6H),
1.04 (d, J= 7.6 Hz, 6H), 1.20 (qq, J = 7.6, 7.6 Hz, 2H), 4.65 (s, 2H), 5.11 (s, 2H), 7.23 (dd, J =
7.6,7.2 Hz, 1H), 7.35 (dd, J=7.9, 7.6 Hz, 1H), 7.40 (d, /J="7.2 Hz, 1H), 7.46 (d, /= 7.9 Hz, 1H);
3C NMR (CDCl;, 150 MHz): § = 12.6, 16.6, 17.0, 65.9, 77.9, 102.8, 126.6, 127.4, 129.8, 130.4,
133.6, 142.3, 207.9; IR (neat): 2943, 2862, 1944, 1466, 1431, 1366, 1261, 1060, 883, 853, 768,
705 cm™!; HRMS (ESI): m/z caled for Ci6Ha30Si" ([M + H]Y): m/z 259.1513; found: m/z 259.1518.

FUaE EE B
Synthesis of silyl ether 13b

= Me
) O\/
P, SICI FPrSi”

imidazole (2.0 eq.)

oTi - OoTf
+ = Me -
HO\/ CH,Cl,, RT, 17 h
SiM93 SiMea
1a S9 13b
(1.2 eq.) 84%

According to the typical procedure A, silyl ether 13b was prepared from the reaction of silyl
chloride 1a (313 mg, 0.700 mmol), imidazole (95.3 mg, 1.40 mmol) and 2-pentyn-1-ol (S9) (70.7
mg, 0.840 mmol) in CH>Cl, (7 mL) at room temperature for 17 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 13b (290 mg, 84%) as
colorless oil.

13b: R 0.52 (EtOAc/hexane = 1/10); '"H NMR (CDCls, 600 MHz): & = 0.36 (s, 9H), 1.03 (d, J =
7.6 Hz, 6H), 1.11 (t,J= 7.6 Hz, 3H), 1.14 (d, /= 7.6 Hz, 6H), 1.41 (qq, J= 7.6, 7.6 Hz, 2H), 2.19
(qt,J=17.6,2.0 Hz, 2H), 4.33 (t, /= 2.0 Hz, 2H), 7.38 (dd, /= 7.6, 7.6 Hz, 1H), 7.61 (dd, J = 7.6,
2.0 Hz, 1H), 7.66 (dd, J = 7.6, 2.0 Hz, 1H); 3C NMR (CDCl;, 150 MHz): § = -0.2, 13.2, 13.3,
17.3,17.7,52.5,77.7, 87.0, 118.7 (q, Jcr = 321 Hz), 127.3, 130.2, 135.2, 139.0, 139.1, 155.9; IR
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(neat): 2947, 2870, 1578, 1462, 1400, 1362, 1250, 1215, 1142, 1088, 872, 845, 779, 737 cm!;
HRMS (ESI): m/z calcd for Co;H33F3NaO4SSi;" ([M + Nal*): m/z 517.1482; found: m/z 517.1487.

Synthesis of allene 14b

= Me
| O\/\ o
PrSi” [Cs(18-C-6),]CO; FProSi”

oTf (2.0eq.)
- ‘.
SiMe, THF, RT, 5 h H  Me
13b 14b

70%

According to the typical procedure B’, allene 14b was prepared from the reaction of silyl ether
13b (98.9 mg, 0.200 mmol) and [Cs»(18-C-6),]CO3 (342 mg, 0.400 mmol) in THF (3 mL) at room
temperature for 5 h. Purification by PTLC (EtOAc/hexane = 1/30) afforded allene 14b (38.2 mg,
70%) as colorless oil.

14b: R 0.33 (EtOAc/hexane = 1/20); '"H NMR (CDCls, 600 MHz): § = 1.02 (d, J = 7.6 Hz, 6H),
1.04 (d, J= 7.6 Hz, 6H), 1.20 (qq, J = 7.6, 7.6 Hz, 2H), 1.77 (d, J = 6.9 Hz, 3H), 4.59-4.63 (m,
2H), 5.49 (qdd, /=6.9,2.0,2.0 Hz, 1H), 7.21 (dd, /= 7.6, 7.6 Hz, 1H), 7.34 (dd, J= 8.3, 7.6 Hz,
1H), 7.39 (d, J= 7.6 Hz, 1H), 7.42 (d, J = 8.3 Hz, 1H); '3C NMR (CDCls, 150 MHz): § = 12.6,
12.7, 13.9, 16.6, 17.0, 17.1, 66.4, 88.7, 103.0, 126.4, 127.3, 129.7, 130.5, 133.5, 143.5, 204.1
(several signals overlapped); IR (neat): 2943, 2862, 1948, 1462, 1254, 1130, 1060, 980, 883, 779,
760, 706 cm™'; HRMS (ESI): m/z caled for C17H2s0Si* ([M + H]"): m/z 273.1669; found: m/z
273.1657.

Synthesis of silyl ether 13c

O\/\
FPr,SiCl FPr,Si”

imidazole (2.0 eq.)

oTi o oTi
+ = Ph -
HO\/\ CH,Cly, RT, 24 h _
SiMes SiMey
1a S10 13c
(1.2 eq.) 82%

According to the typical procedure A, silyl ether 13¢ was prepared from the reaction of silyl
chloride 1a (279 mg, 0.618 mmol), imidazole (84.2 mg, 1.24 mmol) and 4-phenyl-2-butyn-1-ol
(S10) (108 mg, 0.742 mmol) in CH>Cl» (6 mL) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/30) afforded silyl ether 13¢ (283 mg, 82%)
as colorless oil.

13c: R 0.45 (EtOAc/hexane = 1/10); "TH NMR (CDCls, 600 MHz): & = 0.36 (s, 9H), 1.03 (d, J =
7.6 Hz, 6H), 1.13 (d,J=7.6 Hz, 6H), 1.41 (qq, /= 7.6, 7.6 Hz, 2H), 3.61 (brs, 2H), 4.40 (t, J=2.0
Hz, 2H), 7.21-7.24 (m, 1H), 7.28-7.36 (m, 5H), 7.60 (dd, J= 7.6, 2.1 Hz, 1H), 7.66 (dd, J= 7.6,
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2.1 Hz, 1H); BC NMR (CDCls, 150 MHz): 6=-0.2,13.2,17.3,17.7, 24.8, 52.6, 80.6, 83.0, 118.7
(q, Jer = 321 Hz), 126.9, 127.3, 128.2, 128.7, 130.0, 135.2, 137.0, 139.1, 155.9 (several signals
overlapped); IR (neat): 2951, 2879, 1577, 1396, 1361, 1249, 1211, 1138, 1083, 906, 867, 840,
729 cm™!; HRMS (ESI): m/z calcd for CosHssF3sNaO4SSix" ([M + Na]"): m/z 579.1639; found: m/z
579.1650.

Synthesis of allene 14c

o\/\ P o
FPr,Si” [Cs,(18-C-6),]CO; FPr,Si”

oTf (2.0eq)

g 3
SiMe, THF, RT, 8 h H p

13c 14c
62%

h

According to the typical procedure B’, allene 14¢ was prepared from the reaction of silyl ether
13c¢ (118 mg, 0.212 mmol) and [Cs2(18-C-6),]CO; (362 mg, 0.424 mmol) in THF (4 mL) at room
temperature for 8 h. Purification by flash column chromatography (silica gel, EtOAc/hexane =
1/20) afforded allene 14¢ (44.2 mg, 62%) as colorless oil.

14c: Rf0.50 (EtOAc/hexane = 1/10); '"H NMR (CDCls, 600 MHz): 6 = 1.02-1.12 (m, 12H), 1.21—
1.29 (m, 2H), 4.73 (brd, J=11.7 Hz, 1H), 4.77 (brd, J = 11.7 Hz, 1H), 6.55 (brs, 1H), 7.20-7.35
(m, 7H), 7.43 (d, J = 7.6 Hz, 1H), 7.47 (d, J = 7.6 Hz, 1H); *C NMR (CDCl;, 150 MHz): § =
12.7,16.57,16.64,17.0,17.1,65.9,97.5,107.6,127.0, 127.3,127.58, 127.62, 129.0, 129.9, 130.6,
133.7, 134.2, 142.1, 205.7 (several signals overlapped); IR (neat): 2943, 2862, 1940, 1462, 1253,
1056, 991,910, 879, 825 cm™'; HRMS (ESI): m/z calcd for C2.H»,OSi" (IM + H]Y): m/z 335.1826;
found: m/z 335.1821.

Synthesis of silyl ether 13d

Me

M
. ) . .,O\/\ e
FPr;SiCl Me o FPr,Si
OTi \/\ imidazole (2.0 eq.)‘ oTf
+ / Me [
HO_Z CH,Cl,, RT, 22 h

SiMes SiMeg
1a S11 13d
(1.2eq) 86%

According to the typical procedure A, silyl ether 13d was prepared from the reaction of silyl
chloride 1a (313 mg, 0.700 mmol), imidazole (95.3 mg, 1.40 mmol) and 4-methyl-2-pentyn-1-ol
(S11) (82.4 mg, 0.840 mmol) in CH2Cl, (7 mL) at room temperature for 22 h. Purification by
flash column chromatography (silica gel, EtOAc/hexane = 1/50) afforded silyl ether 13d (305 mg,

86%) as colorless oil.
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13d: Rf 0.23 (EtOAc/hexane = 1/50); 'TH NMR (CDCls, 600 MHz): 6 = 0.36 (s, 9H), 1.03 (d, J =
7.6 Hz, 6H), 1.12-1.14 (m, 12H), 1.42 (qq, J = 7.6, 7.6 Hz, 2H), 2.55 (septet, t, /= 6.9, 1.7 Hz,
1H), 4.34 (d, /= 1.7 Hz, 2H), 7.38 (dd, /= 7.6, 7.6 Hz, 1H), 7.61 (dd, J= 7.6, 2.1 Hz, 1H), 7.66
(dd, J = 7.6, 2.1 Hz, 1H); BC NMR (CDCls, 150 MHz): 6 =-0.1, 13.1, 17.3, 17.7, 20.1, 22.5,
52.5,77.6,91.2,118.7 (q, Jer =321 Hz), 127.3,130.2, 131.5, 139.0, 139.1, 156.0; IR (neat): 2967,
2870, 1578, 1466, 1400, 1362, 1250, 1215, 1138, 1092, 1038, 872, 845, 779, 737 cm™'; HRMS
(ESI): m/z caled for Co,HssF3NaO4SSix" ([M + Na]*): m/z 531.1639; found: m/z 531.1635.

Synthesis of allene 14d

Me

= Me
b _,o\/\ o)
FPI1oSi [Cs,(18-C-6),]CO; FPrySi

oTf (2.0 eq.) M
'Y e
SiMe, THF, RT,5h H Me
13d 14d

83%

According to the typical procedure B’, allene 14d was prepared from the reaction of silyl ether
13d (102 mg, 0.200 mmol) and [Cs»(18-C-6),]CO; (342 mg, 0.400 mmol) in THF (3 mL) at room
temperature for 5 h. Purification by PTLC (EtOAc/hexane = 1/30) afforded allene 14d (47.8 mg,
83%) as colorless oil.

14d: Rf 0.32 (EtOAc/hexane = 1/20); '"H NMR (CDCls, 600 MHz): § = 1.02 (d, J = 7.6 Hz, 6H),
1.04 (d, J=7.6 Hz, 6H), 1.20 (qq, J = 7.6, 7.6 Hz, 2H), 1.80 (s, 6H), 4.57 (s, 2H), 7.20 (ddd, J =
7.6,7.6, 1.4 Hz, 1H), 7.33 (ddd, J= 7.6, 7.6, 1.4 Hz, 1H), 7.35-7.38 (m, 2H); *C NMR (CDCls,
150 MHz): 6 = 12.6, 16.6, 17.0, 20.1, 66.7, 98.1, 101.6, 126.1, 127.4, 129.6, 130.5, 133.4, 144.6,
201.3; IR (neat): 2943, 2866, 1960, 1462, 1246, 1130, 1084, 1034, 991, 910, 880, 779, 764, 706
cm'; HRMS (ESI): m/z caled for CisHx;O0Si" (M + H]Y): m/z 287.1826; found: m/z 287.1831.

/
o\/ij
FPraSiCl N FPr,SI7
OTf imidazole (2.0 eq.)‘ oTf
+ = -
HO_Z CH,Cly, RT, 24 h

Synthesis of silyl ether 13e

SiMe; SiMey
1a S12 13e
(1.2 eq.) 99%

According to the typical procedure A, silyl ether 13e was prepared from the reaction of silyl
chloride 1a (287 mg, 0.634 mmol), imidazole (86.3 mg, 1.27 mmol) and 3-cyclohexyl-2-propyn-
1-0l (S12) (105 mg, 0.761 mmol) in CH»Cl, (6 mL) at room temperature for 24 h. Purification by
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flash column chromatography (silica gel, EtOAc/hexane = 1/30) afforded silyl ether 13e (349 mg,
99%) as colorless oil.

13e: R 0.62 (EtOAc/hexane = 1/10); '"H NMR (CDCl3, 600 MHz): 8 = 0.36 (s, 9H), 1.03 (d, J =
7.6 Hz, 6H), 1.14 (d, J= 7.6 Hz, 6H), 1.25-1.45 (m, 8H), 1.67-1.77 (m, 4H), 2.31-2.39 (m, 1H),
4.35(d, J=2.0 Hz, 2H), 7.38 (dd, /= 7.6, 6.9 Hz, 1H), 7.61 (dd, J= 7.6, 2.0 Hz, 1H), 7.67 (dd, J
=6.9,2.0 Hz, 1H); ®*C NMR (CDCls, 150 MHz): 6=-0.1, 13.2,17.4, 17.6, 24.5,25.5,28.8,32.2,
52.6,78.2,89.9,118.7(q,Jcr =319 Hz), 127.3,130.2, 135.1, 139.0, 139.1, 156.0; IR (neat): 2931,
2866, 1577, 1396, 1361, 1249, 1211, 1138, 1087, 840, 779, 732 cm™'; HRMS (ESI): m/z calcd
for CosH30F3NaO4SSi>" ([M + Na]"): m/z 571.1952; found: m/z 571.1949.

Synthesis of allene 14e

/
. O\/O (0]
FProSi” [Cs,(18-C-6),]CO3 FPr,Si7

@EOTf (2.0 eq.)
SiMe, THF, RT, 8 h H \l\:)
13e 14e

80%

According to the typical procedure B’, allene 14e was prepared from the reaction of silyl ether
13e (202 mg, 0.369 mmol) and [Cs2(18-C-6)2]CO3 (630 mg, 0.737 mmol) in THF (6 mL) at room
temperature for 8 h. Purification by flash column chromatography (silica gel, EtOAc/hexane =
1/20) afforded allene 14e (96.0 mg, 80%) as colorless oil.

14e: R¢ 0.48 (EtOAc/hexane = 1/10); '"H NMR (CDCls, 600 MHz): & = 1.02 (d, J = 7.6 Hz, 6H),
1.04 (d, J=7.6 Hz, 6H), 1.20 (qq, J = 7.6, 7.6 Hz, 2H), 1.56—1.70 (m, 6 H), 2.16-2.26 (m, 4 H),
4.58 (s, 2H), 7.19 (ddd, J=17.6, 7.6, 1.4 Hz, 1H), 7.33 (ddd, J=17.6, 7.6, 1.4 Hz, 1H), 7.36-7.41
(m, 2H); *C NMR (CDCl;, 150 MHz): = 12.7, 16.6, 17.0, 25.8, 27.4, 31.1, 66.9, 101.4, 105.5,
126.0, 127.2, 129.6, 130.3, 133.4, 144.7, 197.9; IR (neat): 2927, 2862, 1955, 1465, 1435, 1242,
1130, 1056, 991, 879, 759, 705 cm™'; HRMS (ESI): m/z caled for C2H3,08i" ([M + H]"): m/z
327.2139; found: m/z 327.2135.

Synthesis of silyl ether 13f

. o \/\NMeTs
FPr;,SicCl £Pr,Si

OTf imidazole (2.0 eq.)‘ OTf
+ Z NMeTs -
HO\/\ CH,Cl,, RT, 21 h _
SiMes SiMe;
1a S13 13f
(1.2 eq.) 89%

According to the typical procedure A, silyl ether 13f was prepared from the reaction of silyl
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chloride 1a (314 mg, 0.702 mmol), imidazole (95.5 mg, 1.40 mmol) and alcohol S13 (213 mg,
0.842 mmol) in CH>Cl, (7 mL) at room temperature for 21 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/10) afforded silyl ether 13f (415 mg, 89%) as
colorless oil.

13f: Rf 0.43 (EtOAc/hexane = 1/5); '"H NMR (CDCls, 600 MHz): 8 = 0.36 (s, 9H), 0.97 (d, J =
7.6 Hz, 6H), 1.07 (d, J = 6.9 Hz, 6H), 1.37 (qq, J = 7.6, 6.9 Hz, 2H), 2.38 (s, 3H), 2.78 (s, 3H),
4.02 (brs, 2H), 4.14 (t, J=2.0 Hz, 2H), 7.27 (d, J = 7.9 Hz, 2H), 7.37 (dd, /= 6.9, 6.9 Hz, 1H),
7.55 (dd, J=6.9, 2.0 Hz, 1H), 7.62 (dd, J= 6.9, 2.0 Hz, 1H), 7.68 (d, J = 7.9 Hz, 2H); *C NMR
(CDCls, 150 MHz): 6 =-0.2, 13.0, 17.2, 17.6, 21.1, 34.1, 39.9, 51.9, 77.4, 84.1, 118.6 (q, Jcr =
319 Hz), 127.4, 128.2, 129.6, 129.7, 134.4, 135.3, 138.7, 139.2, 143.9, 156.0; IR (neat): 2951,
2870, 1578, 1462, 1396, 1350, 1250, 1211, 1165, 1138, 1088, 872, 845, 779, 741 cm™'; HRMS
(ESI): m/z caled for CasHaoF3NNaQOgS,Six" ([M + Na]"): m/z 686.1680; found: m/z 686.1694.

Synthesis of allene 14f

o \/\NMeTs o
FPrpSi” [Csy(18-C-6)5]CO5 FPr,Si7

OTf (2.0 eq.)

. x

SiMe, THF, RT, 4 h H

13f 14f
74%

NMeTs

According to the typical procedure B’, allene 14f was prepared from the reaction of silyl ether
13f (133 mg, 0.200 mmol) and [Cs(18-C-6),]CO;3 (342 mg, 0.400 mmol) in THF (3 mL) at room
temperature for 4 h. Purification by flash column chromatography (EtOAc/hexane = 1/10 with
1% NEts3) afforded allene 4g (65.1 mg, 74%) as colorless oil.

14f: R 0.43 (EtOAc/hexane = 1/5); '"H NMR (CDCls, 600 MHz): & = 0.93-0.96 (m, 6H), 1.01 (d,
J=17.6 Hz, 3H), 1.04 (d, /= 6.9 Hz, 3H), 1.12-1.23 (m, 2H), 2.47 (s, 3H), 2.68 (s, 3H), 4.49 (d,
J=11.7Hz, 1H), 4.57 (dd, J=11.7, 1.7 Hz, 1H), 7.16-7.19 (m, 2H), 7.24-7.27 (m, 2H), 7.34 (d,
J=8.3 Hz, 2H), 7.37-7.39 (m, 1H), 7.71 (d, J = 8.3 Hz, 2H); *C NMR (CDCls, 150 MHz): § =
12.4,12.5,16.4,16.5,16.8,17.0,21.3,33.2,66.9, 104.0, 114.8, 127.5, 127.6, 127.8, 129.8, 130.0,
130.9, 133.5, 141.9, 144.3, 194.6 (several signals overlapped); IR (neat): 2943, 2862, 1948, 1597,
1466, 1400, 1350, 1242, 1169, 1069, 976, 922, 880, 814, 764 cm™'; HRMS (ESI): m/z calcd for
C24H3,NOsSSi* ([M + H]Y): m/z 442.1867; found: m/z 442.1878.
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Synthesis of silyl ether 13g

= NBnTs
O\/\
FPrySiCl FPr,Si”

oTf imidazole (2.0 eq.)‘ OTf
+ Z NBnTs >
HO\/\ CH,Cl, RT, 24 h _
SiMe3 SiMey
1a S14 13g
(1.2 eq.) 95%

According to the typical procedure A, silyl ether 13g was prepared from the reaction of silyl
chloride 1a (219 mg, 0.483 mmol), imidazole (65.8 mg, 0.996 mmol) and alcohol S14 (191 mg,
0.580 mmol) in CH>Cl, (5 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/10) afforded silyl ether 13g (345 mg, 95%) as
colorless oil.

139: Rf 0.53 (EtOAc/hexane = 1/5); '"H NMR (CDCls, 600 MHz): 6 = 0.36 (s, 9H), 0.98 (d, J =
7.6 Hz, 6H), 1.07 (d, J="7.6 Hz, 6H), 1.37 (qq, /= 7.6, 7.6, 2H), 2.38 (s, 3H), 3.97 (brs, 2H), 4.07
(t,J=1.3 Hz, 2H), 4.22 (s, 2H), 7.27-7.38 (m, 8H), 7.55 (dd, J= 6.8, 2.1 Hz, 1H), 7.62 (dd, J =
6.9, 2.1 Hz, 1H), 7.78 (d, J = 8.2 Hz, 2H); *C NMR (CDCls, 150 MHz): & = -0.2, 13.0, 17.3,
17.6,21.1,35.6,49.6,51.9,84.2,118.7 (q, Jcr =321 Hz), 127.4,128.2, 128.4, 128.9, 129.1, 129.6,
129.7, 135.3, 135.4, 136.4, 138.6, 139.2, 143.8, 156.0 (several signals overlapped); IR (neat):
2951, 2866, 1396, 1350, 1211, 1138, 1087, 906, 867, 844 cm™'; HRMS (ESI): m/z caled for
C34H44F3sNNaOgS,Six" ([M + Na]?): m/z 762.1993; found: m/z 762.1995.

Synthesis of allene 149

o \/\NMeTs o
FProSi7 [Cs5(18-C-6),]CO5 FPr,Si7

oT (2.0eq.)
Y .ﬁ
SiMe THF, RT, 5h H  NBnTs
13g 149

60%

According to the typical procedure B’, allene 14g was prepared from the reaction of silyl ether
13g (293 mg, 0.396 mmol) and [Cs»(18-C-6),]CO3 (676 mg, 0.792 mmol) in THF (7 mL) at room
temperature for 5 h. Purification by flash column chromatography (silica gel, EtOAc/hexane =
1/10 with 2% NEt3) afforded allene 14g (122 mg, 60%) as colorless oil.

149: Rf 0.41 (EtOAc/hexane = 1/5); "TH NMR (CDCls, 600 MHz): § = 0.94-1.01 (m, 12H), 1.10—
1.18 (m, 2H), 2.49 (s, 3H), 4.12 (dd, J=12.4, 2.0 Hz, 1H), 4.16 (d, J = 14.5 Hz, 1H), 4.20 (dd, J
=12.4,2.0 Hz, 1H), 4.38 (d, J = 14.5 Hz, 1H), 6.70 (d, J = 7.6 Hz, 1H), 7.06 (ddd, J = 7.6, 7.6,
1.4 Hz, 1H), 7.09 (brs, 1H), 7.15-7.22 (m, 6H), 7.32 (d, /= 7.6 Hz, 1H), 7.37 (d, /= 8.2 Hz, 2H),
7.78 (d, J=8.2 Hz, 2H); *C NMR (CDCl;, 150 MHz): § = 12.5, 12.6, 16.5, 16.6, 17.0, 17.1, 21.3,
50.2, 66.1, 101.8, 114.5, 127.3, 127.57, 127.64, 128.0, 128.5, 129.5, 130.1, 130.8, 133.3, 135.2,
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135.7,141.1, 144.3, 195.1; IR (neat): 3036, 2943, 2862, 1944, 1465, 1350, 1168, 1030, 922, 883,
767 cm'; HRMS (ESI): m/z calcd for C30H3sKNOsSSi™ ([M + K]"): m/z 556.1738; found: m/z
556.1745.

Synthesis of silyl ether 13h

= NBnNs
O\/\
£PrySicl FPrySi”

imidazole (2.0 eq.)

oTf o oTf
+ =" NBnNs >
HO\/\ CH,Cl,, RT, 24 h _
SiMey SiMe3
1a s15 13h
(1.2 eq.) 95%

According to the typical procedure A, silyl ether 13h was prepared from the reaction of silyl
chloride 1a (299 mg, 0.668 mmol), imidazole (91.0 mg, 1.34 mmol) and alcohol S15 (289 mg,
0.802 mmol) in CH>Cl, (7 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/4) afforded silyl ether 13h (492 mg, 95%) as
colorless oil.

13h: Rf 0.53 (EtOAc/hexane = 1/2); "TH NMR (CDCls, 600 MHz): & = 0.36 (s, 9H), 0.99 (d, J =
7.6 Hz, 6H), 1.08 (d, J = 7.6 Hz, 6H), 1.38 (qq, J = 7.6, 7.6, 2H), 4.06 (brs, 2H), 4.22 (brs, 2H),
4.59 (s, 2H), 7.28-7.35 (m, 5H), 7.37 (dd, J = 7.6, 6.9 Hz, 1H), 7.56 (dd, J = 7.6, 1.4 Hz, 1H),
7.61-7.70 (m, 4H), 8.06-8.09 (m, 1H); IR (neat): 2951, 2870, 1541, 1361, 1211, 1134, 1087, 867,
844, 775 cm™!; HRMS (ESI): m/z calcd for C33H41F3N2NaOsS,Si;" ([M + Na]"): m/z 793.1687,
found: m/z 793.1705.

Synthesis of allene 14h

o \/NBnNs o
FPr,Si7 [Cs,(18-C-6),]CO4 FPr,Si”

OTf (2.0 eq.)

g Y
THF, RT,4 h H N

SiMe;

13h 14h
65%

BnNs

According to the typical procedure B’, allene 14h was prepared from the reaction of silyl ether 3i
(135 mg, 0.175 mmol) and [Cs2(18-C-6),]COs (299 mg, 0.350 mmol) in THF (3 mL) at room
temperature for 4 h. Purification by flash column chromatography (silica gel, EtOAc/hexane =
1/4 with 2% NEts3) afforded allene 14h (61.9 mg, 65%) as yellow oil.

14h: R; 0.47 (EtOAc/hexane = 1/2); '"H NMR (CDCls, 600 MHz): = 0.95-1.03 (m, 12H), 1.14—
1.22 (m, 2H), 4.24 (dd, J=12.4, 1.4 Hz, 1H), 4.38 (dd, J = 12.4, 2.0 Hz, 1H), 4.54 (d, J=15.8
Hz, 1H), 4.61 (d, /= 15.8 Hz, 1H), 6.97 (d, /= 7.6 Hz, 1H), 7.08 (brs, 1H), 7.13-7.22 (m, 7H),
7.35 (dd, J = 7.6, 1.4 Hz, 1H), 7.65-7.75 (m, 3H), 8.01 (dd, J = 7.6, 1.4 Hz, 1H); C NMR
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(CDCl3, 150 MHz): 6 =12.5,12.7,16.56, 16.60, 17.0, 17.1, 50.7, 66.2, 101.3, 115.5, 124.7, 127.5,
127.8,127.9, 128.0, 128.7,129.7, 130.98, 131.03, 132.1, 132.5, 133.4, 134.3, 135.3, 141.0, 148.5,
194.1; IR (neat): 2943, 2862, 1543, 1465, 1365, 1172, 1060, 925, 883, 771 cm™!; HRMS (ESI):
m/z caled for C2oH3:NoNaOsSSi™ ([M + Na]*): m/z 571.1693; found: m/z 571.1697.

Synthesis of silyl ether 13i

= N
O\/\
#Pr,SiCl FPr,SI” =

imidazole (2.0 eq.)

OTf | OTf Me
+ Z N -
HO\/\ - CH,Cl,, RT, 24 h _
SiMeg SiMej
1a S16 Me 13i
(1.5eq) 93%

According to the typical procedure A, silyl ether 13i was prepared from the reaction of silyl
chloride 1a (296 mg, 0.663 mmol), imidazole (91.2 mg, 1.34 mmol) and alcohol S16 (200 mg,
1.00 mmol) in CH2CL, (7 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 13i (375 mg, 93%) as
colorless oil.

13i: R 0.41 (EtOAc/hexane = 1/10); 'TH NMR (CDCls, 600 MHz): & = 0.35 (s, 9H), 0.98 (d, J =
7.6 Hz, 6H), 1.07 (d, J = 7.6 Hz, 6H), 1.37 (qq, J = 7.6, 7.6, 2H), 2.32 (s, 3H), 4.34 (t, /=2.1 Hz,
2H), 4.84 (t, J = 2.1 Hz, 2H), 6.95 (s, 1H), 7.12 (dd, /= 7.6, 7.6 Hz, 1H), 7.21 (dd, /= 7.6, 7.6
Hz, 1H), 7.27 (d, J=7.6 Hz, 1H), 7.33 (d, J= 7.6 Hz, 1H), 7.55-7.60 (m, 3H); 3*C NMR (CDCl;,
150 MHz): 6=-0.2,9.2, 13.1, 17.3, 17.6, 35.5,52.5,79.4, 83.1, 109.4, 111.3, 118.7 (q, Jcr = 321
Hz), 119.27, 119.32, 122.0, 125.2, 127.4, 129.4, 129.6, 135.3, 136.4, 138.9, 139.1, 155.9; IR
(neat): 2947, 2866, 1577, 1465, 1396, 1361, 1249, 1207, 1134, 1083, 840, 779, 736 cm™'; HRMS
(ESI): m/z calcd for CooH3sFsNNaO4SSi>" ([M + Na]*): m/z 632.1904; found: m/z 632.1900.

Synthesis of allene 14i

/'-Przsi/o
o\/\ N
FProSi” [Cs,(18-C-6),]CO3

N
@EOTf Me (2.0eq.) > H N
SiMes THF, RT,6 h §_®
. . Me
13i 14i

45%

According to the typical procedure B’, allene 14i was prepared from the reaction of silyl ether 13i
(126 mg, 0.207 mmol) and [Cs2(18-C-6);]COs (353 mg, 0.413 mmol) in THF (4 mL) at room

temperature for 6 h. Purification by flash column chromatography (silica gel, EtOAc/hexane =
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1/20 with 2% NEt3) afforded allene 14i (36.2 mg, 45%) as yellow oil.

14i: R 0.25 (EtOAc/hexane = 1/20); '"H NMR (CDCl;, 600 MHz): 8 =1.13-1.05 (m, 12H), 1.32—
1.23 (m, 2H), 2.31 (s, 3H), 4.78 (brd, J= 12.4 Hz, 1H), 4.81 (brd, /= 12.4 Hz, 1H), 6.97 (s, 1H),
7.15(dd, J=17.6, 6.9 Hz, 1H), 7.20 (dd, J=17.6, 6.9 Hz, 1H), 7.30 (dd, /= 7.6, 6.9 Hz, 1H), 7.35
(dd, J=18.3, 6.9 Hz, 1H), 7.46 (d, J= 7.6 Hz, 1H), 7.48 (brs, 1H), 7.51 (d, J = 8.3 Hz, 1H), 7.55
(d, J=17.6 Hz, 1H), 7.57 (d, J = 7.6 Hz, 1H); *C NMR (CDCls, 150 MHz): 6 = 9.2, 12.6, 12.7,
16.59,16.64,17.0, 17.1, 66.9, 99.6, 110.5, 113.9, 114.5, 119.4, 120.3, 122.8, 123.6, 127.6, 128.1,
130.0, 131.3, 133.7, 135.8, 142.2, 196.3; IR (neat): 3051, 2943, 2862, 1948, 1612, 1462, 1342,
1230, 1199, 1068, 883, 767, 736 cm™'; HRMS (ESI): m/z calcd for C2sH3oNOSi* (M + H]"): m/z
388.2091; found: m/z 388.2092.

Synthesis of silyl ether 13j

=" "NBnNs
/
/'-PrZSi/O\/\

#Pr2SiH 1) TCCA (0.4 eq.)
OTf CH,Cl,, RT, 1.5h OTf
2) imidazole (2.0 eq. -
cl SiMeg ) (2.0eq) lof SiMeg
5f HO\/\NBnNS 13
S15 (1.1eq.) 86% (2 steps)

CH,Cl,, RT, 24 h
According to the typical procedure A’, silyl ether 13j was prepared from the reaction of triflate Sf
(222 mg, 0.497 mmol) and TCCA (46.2 mg, 0.199 mmol) in CH2Cl, (5 mL) at room temperature
for 1.5 h and the reaction of corresponding silyl chloride, imidazole (67.7 mg, 0.994 mmol) and
alcohol S15 (197 mg, 0.547 mmol) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/4) afforded silyl ether 13j (134 mg, 86% in 2 steps)
as colorless oil.
13j: Rf 0.62 (EtOAc/hexane = 1/2); 'TH NMR (CDCls, 600 MHz): & = 0.36 (s, 9H), 0.99 (d, J =
7.6 Hz, 6H), 1.08 (d, J = 7.6 Hz, 6H), 1.37 (qq, J = 7.6, 7.6 Hz, 2H), 4.08 (brs, 2H), 4.24 (brs,
2H), 4.60 (s, 2H), 7.28-7.33 (m, 5H), 7.50 (d, J = 2.8 Hz, 1H), 7.52 (d, J = 2.8 Hz, 1H), 7.64—
7.71 (m, 3H), 8.07 (brd, J = 7.6 Hz, 1H); *C NMR (CDCls, 150 MHz): 6 =-0.3, 12.9, 17.2, 17.6,
35.9,50.2,52.1,77.9, 83.9, 118.6 (q, Jcr = 319 Hz), 124.5, 128.5, 129.02, 129.05, 131.3, 131.9,
132.5,133.4,133.9, 134.2,134.9, 137.9, 138.1, 138.5, 148.7, 153.9; IR (neat): 2951, 2870, 1543,
1361, 1211, 1134, 1064, 906, 879, 844, 817, 775, 729 c¢cm™'; HRMS (ESI): m/z calcd for
C33H40CIF3N;NaOsS,Si>" ([M + Nal"): m/z 827.1297; found: m/z 827.1310.
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Synthesis of allene 14j

o /\NMeTs o
FPr,Si7 [Cs,(18-C-6),]CO4 FPr,Si”

OTf (2.0eq.)

N
)b

\

cl SiMeg THF, RT,3h cl

13j 14
48%

MeTs

According to the typical procedure B’, allene 14j was prepared from the reaction of silyl ether
13j (340 mg, 0.422 mmol) and [Cs»(18-C-6)>]CO3 (722 mg, 0.845 mmol) in THF (7 mL) at room
temperature for 3 h. Purification by flash column chromatography (silica gel, EtOAc/hexane =
1/3 with 2% NEt;) afforded allene 14j (117 mg, 48%) as yellow oil.

14j: R; 0.41 (EtOAc/hexane = 1/2); "H NMR (CDCls, 600 MHz): 6 = 0.97-1.02 (m, 12H), 1.12—
1.20 (m, 2H), 4.23 (dd, J = 12.4, 1.4 Hz, 1H), 4.38 (dd, J = 12.4, 2.1 Hz, 1H), 4.54 (d, J=15.1
Hz, 1H), 4.58 (d, /= 15.1 Hz, 1H), 6.84 (d, J= 8.9 Hz, 1H), 7.07 (dd, /= 8.9, 2.0 Hz, 1H), 7.10
(brs, 1H), 7.15-7.20 (m, 5SH), 7.27 (d, J=2.0 Hz, 1H), 7.68-7.77 (m, 3H), 8.03 (d, J = 7.6, 1H);
3C NMR (CDCls, 150 MHz): 6 = 12.4, 12.7, 16.47, 16.51, 16.9, 17.0, 50.7, 66.0, 101.7, 114.5,
124.7,127.8, 127.9, 128.7, 129.6, 129.8, 131.1, 132.2, 132.4, 132.6, 133.3, 133.8, 134.5, 135.2,
139.2, 148.5, 194.0; IR (neat): 2943, 2866, 1948, 1543, 1462, 1365, 1172, 1065, 925, 883, 825,
779, 729 cm'; HRMS (ESI): m/z caled for C2oH3CIN,NaOsSSi* ([M + Na]"): m/z 605.1304;
found: m/z 605.1297.

Synthesis of silyl ether 13k

= (o]
O\/\
FPr,SiCl FProSi”

OTi imidazole (2.0 eq.)‘ OTf
+ = Cl -
HO\/\ CH,Cl,, RT, 24 h _
SiMe3 SiMe3
1a S17 13k
(1.5 eq.) 89%

According to the typical procedure A, silyl ether 13k was prepared from the reaction of silyl
chloride 1a (300 mg, 0.666 mmol), imidazole (90.7 mg, 1.33 mmol) and 4-chloro-2-butyn-1-ol
(S17) (104 mg, 1.00 mmol) in CH,Cl, (7 mL) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/30) afforded silyl ether 13k (307 mg, 89%)
as colorless oil.

13k: R 0.52 (EtOAc/hexane = 1/10); '"H NMR (CDCls, 600 MHz): & = 0.36 (s, 9H), 1.03 (d, J =
7.6 Hz, 6H), 1.13 (d,J=7.6 Hz, 6H), 1.42 (qq, /= 7.6, 7.6 Hz, 2H), 4.15 (t, J= 2.1 Hz, 2H), 4.40
(t, J=2.1 Hz, 2H), 7.40 (dd, J = 7.6, 6.9 Hz, 1H), 7.61-7.64 (m, 2H); *C NMR (CDCls, 150
MHz): 6 =-0.2, 13.1, 17.3, 17.7, 30.2, 52.2, 79.7, 84.8, 118.7 (q, Jcr = 321 Hz), 127.4, 129.7,
135.3,138.9,139.2, 155.9; IR (neat): 2951, 2870, 1577, 1396, 1361, 1249, 1211, 1138, 1087, 840,
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779, 736 cm™'; HRMS (ESI): m/z calcd for CaoH3oCIF3NaO4SSix™ ([M + Na]*): m/z 537.0936;
found: m/z 537.0933.

Synthesis of allene 14k

. O\/\ .
FPrySi” [Cs,(18-C-6),]CO4 FPrySi”

oTi (2.0eq)
SiMe, THF, RT,5h Hoo
13k 14k

66%

According to the typical procedure B’, allene 14k was prepared from the reaction of silyl ether
13k (146 mg, 0.284 mmol) and [Csz(18-C-6),]CO; (485 mg, 0.567 mmol) in THF (5 mL) at room
temperature for 5 h. Purification by flash column chromatography (silica gel, EtOAc/hexane =
1/50) afforded allene 14k (54.7 mg, 66%) as yellow oil.

14k: R¢ 0.68 (EtOAc/hexane = 1/10); "TH NMR (CDCls, 600 MHz): § = 0.99-1.04 (m, 9H), 1.07
(d, J=7.6 Hz, 3H), 1.18-1.26 (m, 2H), 4.68 (dd, J=12.4, 1.4 Hz, 1H), 4.74 (dd, J=12.4, 1.4
Hz, 1H), 6.40 (brs, 1H), 7.31 (dd, J=7.6, 7.6 Hz, 1H), 7.40 (ddd, /= 7.6, 7.6, 1.3 Hz, 1H), 7.43
(d, J=7.6 Hz, 1H), 7.47 (d, J= 7.6 Hz, 1H); *C NMR (CDCls, 150 MHz): § = 12.5, 12.7, 16.5,
16.6,16.9,17.1, 65.3,90.5, 113.0, 128.1, 128.5, 130.0, 131.6, 133.7, 140.5, 201.0; IR (neat): 3051,
2943, 2866, 1944, 1465, 1242, 1130, 1076, 879, 771 ¢cm™'; HRMS (ESI): m/z calcd for
C16H22C10Si ([M + H]): m/z 293.1123; found: m/z 293.1126.

Synthesis of silyl ether 13|

Me
o e /\ SBn
FPr;SiCl Me o FPr,Si
OT \/\ imidazole (2.0 eq.)‘ oTf
+ = SBn -
HO_Z CH,Cl,, RT, 24 h

SiMes SiMea

1a S18 13|
(1.2eq) 87%

According to the typical procedure A, silyl ether 131 was prepared from the reaction of silyl
chloride 1a (279 mg, 0.622 mmol), imidazole (84.8 mg, 1.25 mmol) and alcohol S18 (154 mg,
0.747 mmol) in CH,Cl; (6 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 131 (336 mg, 87%) as
colorless oil.

13I: R¢ 0.55 (EtOAc/hexane = 1/10); '"H NMR (CDCls, 600 MHz): & = 0.35 (s, 9H), 1.05 (d, J =
7.6 Hz, 6H), 1.15 (d, J= 7.6 Hz, 6H), 1.41 (d, J = 6.9 Hz, 3H), 1.44 (qq, J = 7.6, 7.6 Hz, 2H),
3.45(qt,J=6.9, 1.3 Hz, 1H), 3.81 (d, /J=13.0 Hz, 1H), 3.94 (d, /=13.0 Hz, 1H),4.34 (d,J=1.3
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Hz, 2H), 7.23 (t, J = 7.6 Hz, 1H), 7.29 (dd, J = 7.6, 6.9 Hz, 2H), 7.34 (d, J = 7.6 Hz, 2H), 7.39
(dd, J=17.6, 7.6 Hz, 1H), 7.62(dd, J = 7.6, 2.1 Hz, 1H), 7.67 (dd, J = 7.6, 2.1 Hz, 1H); *C NMR
(CDCls, 150 MHz): 8 =-0.2, 13.1, 17.4, 17.7, 20.5, 28.3, 35.5, 52.5, 81.5, 85.5, 118.7 (q, Jer =
321 Hz), 127.3, 127.4, 128.8, 129.2, 129.9, 135.3, 138.5, 138.9, 139.1, 156.0; IR (neat): 2951,
2866, 1396, 1211, 1138, 1076, 867, 840, 779, 729 cm™'; HRMS (ESI): m/z caled for
CasH30FsNa04S,Si" ([M + Nal*): m/z 639.1673; found: m/z 639.1687.

Synthesis of allene 14l

Me
Z SBn
) O\/\ o
FPrSI” [Cs5(18-C-6),]CO; FPr,SI7

oTf (2.0 eq.)

- .YMe
SiMes THF, RT,6 h

13l 14l
48%

According to the typical procedure B’, allene 141 was prepared from the reaction of silyl ether 131
(237 mg, 0.385 mmol) and [Cs2(18-C-6),]CO3 (658 mg, 0.770 mmol) in THF (6 mL) at room
temperature for 6 h. Purification by flash column chromatography (silica gel, EtOAc/hexane =
1/20 with 2% NEt3) afforded allene 141 (73.0 mg, 48%) as colorless oil; Rr= 0.33 (EtOAc/hexane
=1/10).

141: R 0.33 (EtOAc/hexane = 1/10); '"H NMR (CDCls, 600 MHz): § = 0.98-1.04 (m, 12H), 1.15~
1.23 (m, 2H), 2.04 (s, 3H), 3.77 (d, /= 13.7 Hz, 1H), 3.83 (d, /= 13.7 Hz, 1H), 4.50 (d, /=124
Hz, 1H), 4.53 (d, /= 12.4 Hz, 1H), 7.17-7.28 (m, 6H), 7.30-7.33 (m, 2H), 7.39 (d, J = 7.6 Hz,
1H); *C NMR (CDCls, 150 MHz): § = 12.5,12.7, 16.6, 17.0, 17.1, 19.4, 36.9, 66.1, 101.4, 108 .4,
126.9, 127.3, 127.8, 128.7, 129.1, 129.8, 130.8, 133.5, 137.5, 143.1, 197.2 (several signals
overlapped); IR (neat): 2947, 2862, 1465, 1072, 995, 883, 705 cm™'; HRMS (ESI): m/z calcd for
C24H3,0SSi" ([M + H]"): m/z 395.1859; found: m/z 395.1872

Synthesis of silyl ether 13m

Me

. '/O\/\NBnNs
FPr2SiCl Me » FPr,Si
OT \/\ imidazole (2.0 eq.)‘ OT#
+ = NBnNs -
HO 7 CH,Cl,, RT, 24 h

SiMeg SiMe,
1a S19 13m
(1.2 eq.) 93%

According to the typical procedure A, silyl ether 13m was prepared from the reaction of silyl
chloride 1a (249 mg, 0.556 mmol), imidazole (75.7 mg, 1.11 mmol) and alcohol S19 (250 mg,
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0.668 mmol) in CH>Cl> (6 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/5) afforded silyl ether 13m (391 mg, 93%) as
colorless oil.

13m: R¢ 0.52 (EtOAc/hexane = 1/2); "TH NMR (CDCls, 600 MHz): & = 0.35 (s, 9H), 1.00 (d, J =
7.6 Hz, 6H), 1.09 (d, J= 7.6 Hz, 6H), 1.29 (d, J = 6.9 Hz, 3H), 1.39 (qq, J = 7.6, 7.6 Hz, 2H),
4.32(d,J=2.1Hz,2H),4.46 (d,J=15.2 Hz, 1H), 4.82 (d, J=15.2 Hz, 1H), 5.05 (brq, /= 6.9 Hz,
1H), 7.17-7.21 (m, 3H), 7.33-7.38 (m, 3H), 7.44-7.48 (m, 1H), 7.56-7.63 (m, 4H), 7.71-7.73
(m, 1H); *C NMR (CDCls, 150 MHz): 6 =-0.2, 13.0, 17.3, 17.7, 22.4, 47.3, 48.6, 52.1, 82.3,
84.1,118.7(q,Jcr=321Hz), 124.4,127.4,127.9, 128.6, 128.7, 129.5, 131.0, 131.8, 133.5, 134.0,
135.4, 137.4, 138.6, 139.2, 148.4, 156.1; IR (neat): 2947, 2866, 1543, 1361, 1211, 1134, 1091,
871, 844, 775 cm'; HRMS (ESI): m/z calcd for CssHaF3NaNaOsS,Si™ (M + Nalb): m/z
807.1844; found: m/z 807.1845.

Synthesis of allene 14m

Me
O\/kNBnNs o
FProSi” [Cs(18-C-6),]CO; FProSi”
oTf (2.0eq.) > g Ve
SiMes THF, RT,6h H  NBnNs
13m 14m

40%

According to the typical procedure B’, allene 14m was prepared from the reaction of silyl ether
13m (346 mg, 0.441 mmol) and [Cs2(18-C-6),]COs (753 mg, 0.882 mmol) in THF (8 mL) at room
temperature for 6 h. Purification by flash column chromatography (silica gel, EtOAc/hexane =
1/4 with 2% NEt;) afforded allene 14m (99.0 mg, 40%) as pale yellow oil.

14m: R 0.53 (EtOAc/hexane = 1/2); "TH NMR (CDCls, 600 MHz): § = 0.84 (d, J= 7.6 Hz, 3H),
0.88 (d, J=17.6 Hz, 3H), 0.98 (d, /= 7.6 Hz, 3H), 1.02 (d, J = 7.6 Hz, 3H), 1.05-1.11 (m, 1H),
1.15-1.20 (m, 1H), 1.94 (s, 3H), 4.22 (d, /J=12.4 Hz, 1H), 436 (d, /J=12.4 Hz, 1H),4.53 (d, /=
14.5 Hz, 1H), 4.69 (d, J = 14.5 Hz, 1H), 6.88 (d, /= 6.9 Hz, 1H), 7.20-7.24 (m, 2H), 7.30-7.35
(m, 7H), 7.54-7.59 (m, 2H), 7.96 (d, J = 8.3 Hz, 1H); *C NMR (CDCls, 150 MHz): & = 12.3,
12.6,16.4,16.5,16.6,17.0,20.3, 54.1, 65.5,107.7, 109.5, 124.1, 127.5, 128.2, 128.3, 128.7, 128.8,
129.7,131.1,131.5,131.6, 131.8, 133.5, 133.9, 136.3, 141.2, 148.7, 202.7; IR (neat): 2939, 2862,
1546, 1465, 1361, 1165, 1068, 771 cm™'; HRMS (ESI): m/z caled for C30H34N>NaOsSSi* ([M +
Na]"): m/z 585.1850; found: m/z 585.1852.

128



Synthesis of silyl ether 13n

n-Bu

) _ ) ,/O\/\NBnNS
FPr2Sicl nBu . £Pr,Si
OT \/\ imidazole (2.0 eq.)‘ OTf
+ = NBnNs -
HO_Z CH,Cl,, RT, 24 h

SiMe, SiMes

1a S20 13n
(1.2 eq.) 98%

According to the typical procedure A, silyl ether 13n was prepared from the reaction of silyl
chloride 1a (243 mg, 0.544 mmol), imidazole (73.1 mg, 1.07 mmol) and alcohol S20 (268 mg,
0.644 mmol) in CH>Cl, (5 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/4) afforded silyl ether 13n (442 mg, 98%) as
colorless oil.

13n: Rf 0.55 (EtOAc/hexane = 1/2); '"H NMR (CDCls, 600 MHz): 8 = 0.35 (s, 9H), 0.77 (t, J =
7.6 Hz, 3H), 0.99 (d, J= 7.6 Hz, 6H), 1.08 (d, J = 6.9 Hz, 6H), 1.13 (qq, J = 7.6, 6.9 Hz, 2H),
1.25-1.54 (m, 6H), 4.31 (brs, 2H), 4.42 (d, J =15.1 Hz, 1H), 4.80—4.85 (m, 2H), 7.18-7.23 (m,
3H), 7.34-7.40 (m, 3H), 7.45-7.50 (m, 1H), 7.56-7.63 (m, 4H), 7.75 (brd, J = 7.6 Hz, 1H); *C
NMR (CDCls, 150 MHz): 6 =-0.2, 12.9, 13.3, 17.2, 17.6, 21.5, 27.8, 35.4, 48.8, 52.05, 52.10,
81.4, 84.8, 118.6 (q, Jcr =321 Hz), 124.4, 127.4, 127.9, 128.5, 128.9, 129.4, 130.8, 131.7, 133.6,
133.7, 135.3, 137.2, 138.5, 139.2, 148.5, 156.1; IR (neat): 2954, 2866, 1543, 1396, 1361, 1211,
1134, 1087, 867, 844, 729 cm™'; HRMS (ESI): m/z caled for C37HaoF3N>NaOsS>Si>" (M + Na]*):
m/z 849.2313; found: m/z 849.2337.

Synthesis of allene 14n

n-Bu
O\/\NBnNs o
FProSi” [Cs,(18-C-6),]CO4 FPr,Si”
OTf (2.0 eq.)
- e, n-Bu
SiMe THF, RT, 4h H  NBnNs
13n 14n

52%

According to the typical procedure B’, allene 14n was prepared from the reaction of silyl ether
13n (325 mg, 0.393 mmol) and [Cs»(18-C-6),]CO; (672 mg, 0.786 mmol) in THF (7 mL) at room
temperature for 4 h. Purification by flash column chromatography (silica gel, EtOAc/hexane =
1/5 with 2% NEts3) afforded allene 14n (123 mg, 52%) as yellow oil.

14n: R¢ 0.56 (EtOAc/hexane = 1/2);

'"H NMR (CDCls, 600 MHz): & = 0.72 (t, J = 6.8 Hz, 3H), 0.85 (d, J = 7.6 Hz, 3H), 0.89 (d, J =
7.6 Hz, 3H), 1.01 (d, /= 7.6 Hz, 3H), 1.05-1.20 (m, 6H), 2.10-2.17 (m, 1H), 2.31-2.37 (m, 1H),
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4.28 (d,J=12.4 Hz, 1H), 4.40 (d, J=12.4 Hz, 1H), 4.50 (d, /= 14.4 Hz, 1H), 4.73 (d, J= 14.4
Hz, 1H), 6.92 (d, /= 8.2 Hz, 1H), 7.32-7.37 (m, 9H), 7.53-7.58 (m, 2H), 7.93 (d, J=7.6 Hz, 1H);
3C NMR (CDCl;, 150 MHz): 6 = 12.4, 12.6, 13.4, 16.4, 16.5, 16.7, 17.0, 21.6, 28.4, 32.9, 54.3,
65.7, 111.4, 112.8, 124.1, 127.6, 128.1, 128.2, 128.8, 129.0, 129.7, 131.0, 131.5, 131.6, 132.0,
133.6, 133.8, 136.3, 141.3, 148.8, 202.5; IR (neat): 2939, 2862, 1543, 1462, 1369, 1165, 1060,
910, 879, 852, 767, 729 cm™!; HRMS (ESI): m/z calcd for C33H4N>NaOsSSi* ([M + Na]*): m/z
627.2319; found: m/z 627.2328.

BRHE HORED» OMHEARFT~OFFEE
Synthesis of silyl ether (+)-13m
Me

. e
FPr2Sicl Me FPr,Si
oOT# P BN imidazole (2.0 eq.L OT§
nNs >
T HO _#F CH,Cly, RT, 24 h

SiMes SiMe
1a (+)-S19 (+)-13m
(1.2 eq.) 99%, 98% ee

(+)-2k (333 mg, 1.73 mmol) was converted to silyl ether (+)-3k (570 mg, 99%) according to the
typical procedure A.

enantiomeric excess was estimated by chiral HPLC analysis (column: Daicel CHIRALPAK IA,
eluent: hexane/i-PrOH = 99/1, flow rate: 1.0 mL/min. detection: UV 254 nm); tminor = 21.1 min,
tmajor = 24.8 min, 98% ee.

[a]p? =+17.5 (¢ = 1.27, CHCI5).

Synthesis of allene (—)-14m

Me
NBnNs
, ,,o\/\ 0
FProSi [Cs,(18-C-6),]CO4 FProSi
OTf 2.0 eq.
(2.0 eq.) g .\\“\Me
SiMes THF, RT, 4 h NBnNs
(+)-13m (=)-14m
98% ee 40%, 98% ee

(+)-3k (289 mg, 0.368 mmol) was converted to allenamide (—)-4k (84.0 mg, 40%) according to
the typical procedure B.

enantiomeric excess was estimated by chiral HPLC analysis (column: Daicel CHIRALPAK OD-
H, eluent: hexane/i-PrOH = 99/1, flow rate: 1.0 mL/min. detection: UV 254 nm); tminer = 27.7 min,
tmajor = 32.4 min, 98% ee.

[a]p® =-141 (c = 1.14, CHCl;)
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Racemic sample of 13m
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1743814 100.000
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Racemic sample of (—)-14m

HIAvTrISLY
mal

PDA Multi 1 254nm 4nm|

200
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Enantio enriched sample of (—)-14m

HAavrgSL>

mAU

= PDA Multi 1 254nm,4nm|

KE—ILHR—k>

PDA Ch1 254nm

[l f7

EREEH

E-7#ET

i

ki

25.845

31.996

33.205

480043

0.934

33.205

34.738

39.904

50922476

99.066

51402519

100.000

132




Co-injection of racemic sample and enantio-enriched sample of 14m
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FSE ZEFREBRTFILXVERVTASLSUDHFARE
BH AF3IFERVFEAL vORTFRRIG

Me
oTf CsF (15 eq.)
N + [::]: 17
N SiMe; ~ MeCN, Reflux, 24 h
Bn 20%
16 14 (5.0 eq.) (isolated)

17: colorless oil

Rt 0.48 (EtOAc/hexane = 1/20)

'H NMR (500 MHz, CDCls): 6 2.42 (s, 3H), 4.78 (d, 1H, J = 15.8 Hz), 5.08 (d, 1H, J = 15.8 Hz),
6.65-6.73 (m, 3H), 7.12-7.25 (m, 5H), 7.32 (d, 2H, J = 6.6 Hz), 7.45-7.50 (m, 1H), 7.60-7.70
(m, 3 H),7.79 (d, 1H, J = 7.5 Hz), 8.07 (d, 1H, J = 8.0 Hz), 8.72-8.77 (m, 2H); **C NMR (150
MHz, CDCls): 6 14.8,56.4,112.7,117.2,123.1,123.2, 125.4,125.7, 126 .4, 126.9, 127.1, 127.28,
127.31, 128.6, 128.7, 129.5, 130.1, 130.5, 131.7, 132.9, 133.1, 139.0, 139.1, 149.4; IR (neat):
3062, 3028, 2924, 1597, 1496, 1450, 1342, 1292, 1238, 910 cm™; HRMS (ESI): m/z calcd. for
CarH24N*: 374.1903 [M+H]*; found: 374.1900.

WM 453 FeRVEFSL VOSTFHRRIG
Synthesis of silyl ether 19a

l\llls
N‘Bn
. o
FPraSiCl Ms o £PrySi
OTf ’{L imidazole (2.0 eq.)‘ OT#
+ Z Bn o
HO\/ CH,Cl,, RT, 24 h _
SiMe; SiMes
1a 18a 19a
(1.2eq.) 96%

According to the typical procedure A, silyl ether 19a was prepared from the reaction of silyl
chloride 1a (467 mg, 1.05 mmol), imidazole (143 mg, 2.10 mmol) and alcohol 18a (301 mg, 1.26
mmol) in CH,Cl, (10 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/5) afforded silyl ether 19a (650 mg, 96%) as
colorless oil.

19a: R 0.58 (EtOAc/hexane = 1/3); *H NMR (600 MHz, CDCls): § 0.36 (s, 9H), 1.00 (d, 6H, J
=6.2 Hz), 1.08 (d, 6H, J = 7.6 Hz), 1.39 (qq, 2H, J = 7.6, 6.2 Hz), 2.86 (s, 3H), 4.48 (s, 2H), 4.61
(s, 2H), 7.34-7.39 (m, 4H), 7.43 (brd, 2H, J = 7.6 Hz), 7.57-7.63 (m, 2H); *C NMR (150 MHz,
CDCls): 6-0.2,13.0,17.3,17.6, 38.6,52.3,55.4, 70.5, 78.1, 118.7 (9, Jcr = 321 Hz), 127.4, 128.9,
129.1, 129.2, 129.6, 134.9, 135.3, 138.7, 139.1, 156.1; IR (neat) 2951, 2866, 2245, 1396, 1211,
1165, 1080, 956, 867, 840, 775 cm™; HRMS (ESI): m/z calcd. for Cz;HasFsNNaOeS,Siz*
(IM+Na]*): m/z 672.1523, found m/z 672.1531.
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Synthesis of silyl ether 19b

Ts
N‘Bn
. : -/o\/
FPraSiCl Ts o £Pr,Si
oTf l{l\ imidazole (2.0 eq.)‘ oTf
+ Z Bn =
HO\/ CH,Cl,, RT, 24 h
SiMeg SiMeg
1a 18b 19b
(1.1eq) 92%

According to the typical procedure A, silyl ether 19b was prepared from the reaction of silyl
chloride 1a (189 mg, 0.423 mmol), imidazole (57.5 mg, 0.845 mmol) and alcohol 18b (143 mg,
0.452 mmol) in CH>Cl, (4 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/5) afforded silyl ether 19b (284 mg, 92%) as
colorless oil.

19b: R 0.38 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls): § 0.35 (s, 9H), 0.95 (d, 6H, J
=7.8Hz),1.02 (d, 6H, J=7.5Hz), 1.33(qq, 2H, J =7.8, 7.5 Hz), 2.43 (s, 3H), 4.38 (s, 2H), 4.49
(s, 2H), 7.27-7.34 (m, 8H), 7.55 (dd, 1H, J =7.2, 2.0 Hz), 7.60 (dd, 1H, J = 7.5, 2.0 Hz), 7.75 (d,
2H, J=8.3 Hz); 3C NMR (125 MHz, CDCls): 5 0.3, 13.4, 17.6, 18.0, 21.6, 52.5, 55.4, 70.1, 78.5,
118.4 (q, Jcr = 318 Hz), 127.1, 127.6, 128.2, 128.5, 128.6, 129.5, 129.7, 134.6, 134.9, 138.5,
138.7, 144.5, 155.6 (several signals overlapped); IR (neat) 2951, 2866, 2252, 1396, 1215, 1141,
1095, 910, 721 cm™; HRMS (ESI): m/z calcd. for CssHa2FsNNaOgS,Si>*: [M+Na]*: m/z 748.1836,
found m/z 748.1834.

Synthesis of silyl ether 19¢

CO,Me
N\B
. N
FPraSiCl CO,Me . . FPrySi
OTf '{k imidazole (2.0 eq.)‘ OTf
+ == Bn -
HO\/ CH,Cl,, RT, 24 h ,
SiMe; SiMe;
1a 18c 19¢
(1.1eq) 96%

According to the typical procedure A, silyl ether 19¢ was prepared from the reaction of silyl
chloride 1a (360 mg, 0.805 mmol), imidazole (110 mg, 1.61 mmol) and alcohol 18¢ (194 mg,
0.886 mmol) in CH>Cl (8 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/10) afforded silyl ether 19b (485 mg, 96%) as
colorless oil.

19c¢: Rr 0.33 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): 6 0.35 (s, 9H), 0.99 (d, 6H, J
=7.6 Hz), 1.09 (d, 6H, J = 7.6 Hz), 1.38 (qq, 2H, J = 7.6, 7.6 Hz), 3.80 (s, 3H), 4.45 (s, 2H), 4.60
(s, 2H), 7.27-7.35 (m, 6H), 7.57-7.63 (m, 2H); 3C NMR (150 MHz, CDCls): § -0.2, 13.1, 17.2,
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17.6,52.4,53.5,53.9,69.5,78.8, 118.7 (9, Jcr = 319 Hz), 127.3, 128.3, 128.5, 128.8, 129.9, 135.2,
136.3, 138.95, 139.00, 156.0, 156.4; IR (neat) 2951, 2866, 2252, 1732, 1396, 1361, 1211, 1138,
1072, 867, 779 cm™t; HRMS (ESI): m/z calcd. for CsHasFsNNaOgSSi>* [M+Na]*: 652.1803;
found: 652.1810.

Synthesis of silyl ether 19d

IIBOC
N\B
. , _,o\/ :
FPraSiCl Boc o £PrySi
OTf I{L imidazole (2.0 eq.)‘ OT#
+ Z Bn o
HO\/ CH,Cl,, RT, 24 h _
SiMe; SiMes
1a 18d 19d
(1.2eq.) 90%

According to the typical procedure A, silyl ether 19d was prepared from the reaction of silyl
chloride 1a (2.75 g, 6.14 mmol), imidazole (836 mg, 12.3 mmol) and alcohol 18d (1.76 g, 7.37
mmol) in CH>Cl, (60 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/10) afforded silyl ether 19d (3.70 g, 90%) as
colorless oil.

19d: R 0.33 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): § 0.35 (s, 9H), 0.99 (d, 6H, J
= 7.6 Hz), 1.09 (d, 6H, J = 6.9 Hz), 1.38 (qq, 2H, J = 7.6, 6.9 Hz), 1.48 (brs, 9H) 4.46 (s, 2H),
4.55 (s, 2H), 7.26-7.34 (m, 6H), 7.57-7.63 (m, 2H); *C NMR (150 MHz, CDCls): 5 -0.2, 13.1,
17.2,17.6, 27.7,52.4,52.8, 69.0, 79.7, 82.6, 118.7 (q, Jcr = 321 Hz), 127.3, 128.0, 128.3, 128.7,
130.0, 135.1, 136.9, 139.0, 154.6, 156.0 (several signals overlapped); IR (neat) 2951, 2866, 2252,
1720, 1396, 1367, 1292, 1211, 1138, 1072, 844, 779, 736 cm™; HRMS (ESI): m/z calcd. for
Cs1Ha4FsNNaOsSSi>" [M+Na]*: 694.2272; found: 694.2274.

Synthesis of silyl ether 19e

ITO(OEt)g
N‘B
. N
FPrySiCl PO(OEt), . | £PrySi
OTf l{l\ imidazole (2.0 eq.)‘ OTf
+ = Bn '
HO\/ CH,Cl,, RT, 24 h
SiMeg SiMes
1a 18e 19e
(1.1eq) 63%

According to the typical procedure A, silyl ether 19e was prepared from the reaction of silyl
chloride 1a (175 mg, 0.391 mmol), imidazole (53.2 mg, 0.782 mmol) and alcohol 18e (128 mg,
0.430 mmol) in CH>Cl; (4 mL) at room temperature for 24 h. Purification by flash column
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chromatography (silica gel, EtOAc/hexane = 1/4 afforded silyl ether 19e (176 mg, 63%) as
colorless oil.

19e: Ry 0.45 (EtOAc/hexane = 1/2); *H NMR (600 MHz, CDCls, mixture of rotamers) § 0.35 (s,
9H), 0.88 (d, 2H, J = 7.6 Hz), 0.97 (d, 6H, J = 7.5 Hz), 1.07 (d, 4H, J = 6.9 Hz), 1.20-1.40 (m,
8H), 3.89 (brs, 0.5H), 4.004.15 (m, 4H), 4.33 (brs, 0.5H), 4.38-4.45 (m, 3H), 7.20—-7.35 (m, 5H),
7.39-7.44 (m, 1.5H), 7.57-7.62 (m, 1.5H); ¥C NMR (150 MHz, CDCls, major rotamer was
described.) 6 0.2, 13.0, 15.6 (d, Jcp = 11.6 Hz), 17.3, 17.6, 52.5, 54.8 (d, Jcp = 5.8 Hz), 63.2
(d, Jcp = 5.8 Hz), 63.6 (d, Jcp = 5.8 Hz), 81.3 (d, Jcp = 5.8 Hz), 118.7 (q, Jcr = 319 Hz), 127.3,
128.3, 128.7, 128.9, 129.6, 131.3, 135.1, 137.2, 138.9, 139.0, 156.1; IR (neat) 2947, 2870, 2245,
1396, 1361, 1249, 1211, 1138, 1026, 976, 844, 779 cm™*; HRMS (ESI): m/z calcd. for
CaoHasFsNNaO7PSSi,*: 730.2037 [M+Na]*; found: 730.2045.

Synthesis of indole 20

IIBOC

N.

= Bn
o\/ -crown- o
FP1,SI” 18-crown-6 (2.0 eq.) FPr,SI”
OTf Cs,CO3 (2.0 eq.)
> N
THF, RT, 18 h
SiMe, N
Bn
19d 20

79%
According to the typical procedure B, 20 was prepared from the reaction of 18-crown-6 (105 mg,
0.398 mmol), 19d (134 mg, 0.199 mmol) in THF (3.5 mL) and Cs,CO3 (130 mg, 0.398 mmol) at
room temperature for 18 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/50) afforded indole 20 (55.0 mg, 79%) as yellow oil.

20: R¢ 0.45 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): 6 1.07 (d, 6H, J = 7.6 Hz), 1.08
(d, 6H,J=7.6 Hz), 1.26 (qq, 2H, J = 7.6, 7.6 Hz), 5.28 (s, 2H), 5.31 (s, 2H), 6.85 (s, 1H), 7.16—
7.24 (m, 4H), 7.27-7.33 (m, 4H); C NMR (150 MHz, CDCls): 6 13.0, 16.9, 17.1, 49.8, 61.5,
110.3,114.2,121.2,122.1,123.6,124.6, 127.4, 127.9, 129.0, 133.2, 134.3, 137.9; IR (neat): 2943,
2862, 1427, 1072, 906, 732 cm™; HRMS (FAB): m/z calcd. for C22HzsNOSi*: 350.1935 [M+H]*;
found: 350.1935.
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B RICEERERITICBE S 5 =R
(a) D0 as a deuterium source

I|300

O\/N‘Bn 18-crown-6 (2.0 eq.)
FPr,Si” Cs,CO3 (2.0 eq.)

0
FPr,Si”
OTf D,0 (5.0 eq.) _
THF, RT, 16 h
SiMe, N

Al

Bn
19d 20-D

54% yield
20/20-D = 32/68

A flame-dried two-necked flask charged with 18-crown-6 (125 mg, 0.474 mmol) was evacuated
(2 mmHg) at room temperature for 1 h, to which was added 19d (159 mg, 0.237 mmol) in THF
(4 mL). To the mixture were added Cs,COj3 (154 mg, 0.474 mmol) and D,O (23.7 uL, 1.19 mmol)
and stirred for 16 h at room temperature. The reaction was quenched by adding saturated aqueous
NH4Cl and the mixture was extracted with EtOAc (x3). The combined organic layers were washed
with brine, dried (Na,SOs), and concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, EtOAc/hexane = 1/50) to afford indole 20-D (44.5 mg, 54%, H/D =
32/68) as yellow oil.

20-D: 'H NMR (500 MHz, CDCls): & 1.07 (d, 6H, J = 7.6 Hz), 1.08 (d, 6H, J = 7.6 Hz), 1.26 (qg,
2H,J=7.6, 7.6 Hz), 5.25 (s, 2H), 5.31 (s, 2H), 6.83 (s, 0.32H), 7.16-7.24 (m, 4H), 7.27-7.33 (m,
4H)

BHE 4 v F—VEEY 20 OBHK)G

Synthesis of 21
_N
1) TBAF (10 eq.) =
0
£Pr,Si” MS4A (500 wt%) N\/)
THF, reflux, 2 h
A\ > A\
2) CDI (5.0 eq.)
N THF, 50 °C, 1 h N
Bn Bn
20 21

87% (2 steps)

1) To a suspension of 20 (54.7 mg, 0.156 mmol) and MS4A (274 mg) in THF (5 mL) was added
tetrabutylammonium fluoride (TBAF, 1.0 M in THF, 1.57 mL, 1.57 mmol) and the reaction
mixture was refluxed for 2 h. After cooling to room temperature, the reaction was quenched by
adding saturated aqueous NH4CI. The resulting suspension was filtered through a Celite® pad
(washed with EtOACc) and extracted with EtOAc (x3). The combined organic layer was washed
with brine, dried (Na.S0Q.), and concentrated in vacuo to afford the corresponding crude alcohol.
This material was employed in the next reaction without further purification.
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2) To asolution of the crude alcohol (vide supra) in THF (5 mL) was added carbonyldiimidazole
(CDI, 127 mg, 0.780 mmol). After stirring for 1 h at 50 °C, the reaction was quenched by adding
water, and the mixture was extracted with EtOAc (x5). The combined organic layer was washed
with brine, dried (Na,SQ.), and concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, MeOH/CHCI; = 1/10) to afford 21 (39.1 mg, 87% in 2 steps) as a
brown solid.

21: mp: 55-62 °C; Rt 0.28 (MeOH/CHCI; = 1/10); *H NMR (600 MHz, CDCls): § 5.28 (s, 2H),
5.30 (s, 2H), 6.95 (s, 1H), 7.08-7.13 (m, 4H), 7.21 (dd, 1H, J = 8.2, 7.6 Hz), 7.27-7.33 (m, 4H),
7.44 (d, 1H, J = 7.6 Hz), 7.57 (s, 1H); **C NMR (150 MHz, CDCls): § 42.2, 49.8, 110.1, 110.2,
118.8, 119.3, 120.3, 122.8, 127.0, 127.1, 127.7, 128.1, 129.1, 129.5, 137.1, 137.2, 137.3; IR
(neat): 3059, 3032, 2942, 2860, 1554, 1454, 1354, 1330, 1222, 1207, 1168, 1072, 906, 813, 723
cm; HRMS (ESI): m/z calcd. for C1oH17NsNa*: 310.1315 [M+Na]*; found: 310.1312.

Synthesis of 22
FN
iPr,si° 1) MelLi (2.0 eq.) £Pr,SiMe N\/)
THF, RT, 40 min
A\ > A\
" 2) CDI (3.0 eq.) N
y THF,50°C, 1 h s
Bn Bn
20 22

84% (2 steps)

1) To a solution of 20 (54.7 mg, 0.156 mmol) in THF (1 mL) was added methyllithium (MeLi,
3.1 M in diethoxymethane, 65 pL, 0.20 mmol) at 0 °C. After stirring for 40 min at room
temperature, the reaction was quenched by adding saturated agueous NH4CI and the mixture was
extracted with EtOAc (x3). The combined organic layer was washed with brine, dried (Na;SO.,),
and concentrated in vacuo to afford the corresponding crude alcohol. This material was employed
in the next reaction without further purification.

2) To a solution of the crude alcohol (vide supra) in THF (0.5 mL) was added carbonyldiimidazole
(CDl, 48.6 mg, 0.300 mmol). After stirring for 1 h at 50 °C, the reaction was quenched by adding
water, and the mixture was extracted with EtOAc (x5). The combined organic layer was washed
with brine, dried (Na.SO.), and concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, MeOH/CHCI; = 1/30) to afford 22 (34.8 mg, 84% in 2 steps) as
yellow oil.

22: R 0.27 (MeOH/CHCI; = 1/30); *H NMR (600 MHz, CDCl3):  0.35 (s, 3H), 0.87 (d, 6H, J =
6.9 Hz), 1.11 (d, 6H, J = 6.9 Hz), 1.29 (qq, 2H, J = 6.9, 6.9 Hz), 5.23 (s, 2H), 5.44 (s, 2H), 6.73
(s, 1H), 6.95 (brs, 1H), 7.06 (brd, 2H, J = 7.6 Hz), 7.10 (brs, 1H), 7.17(dd, 1H, J = 7.6, 7.6 Hz),
7.23-7.30 (m, 3H), 7.32-7.36 (m, 2H), 7.53 (brs, 1H); *C NMR (150 MHz, CDCl3): § -9.9, 13.5,
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18.5,44.7,50.0,111.6,112.3,119.7,121.5,127.0,128.0, 128.6, 129.1, 129.2, 129.8, 130.3, 136.7,
137.2, 137.8 (several signals overlapped); IR (neat): 2943, 2862, 1551, 1504, 1454, 1420, 1396,
1250, 1223, 1107, 1072, 980, 864, 775, 733 cm™; HRMS (ESI): m/z calcd. for CzsHzsNsNaSi*:
438.2336 [M+Na]*; found: 433.2337.

Synthesis of 23
1) NaH (10 eq.)
TBHP (20 eq.)
0 TBAF (2.0 eq.)
FP,SI” MS4A (500 wt%) oAac ~OAc
DMF, 50 °C, 30 min
A\ > A\
N 2) Ac,0O (10 eq.) N
Sn DMAP (10 mol%) B

20 pyridine, 0 °C, 30 min 03
34% (2 steps)

1) To a suspension of MS4A (255 mg) in DMF (2.5 mL) were added tert-butyl hydroperoxide
(TBHP, 5.5 M in decane, 530 pL, 2.92 mmol), NaH (60% dispersion in mineral oil, 58.3 mg, 1.46
mmol), and tetrabutylammonium fluoride (TBAF, 1.0 M) in THF (292 pL, 0.292 mmol). The
reaction mixture was stirred for 30 min at 50 °C, to which was added 20 (51.0 mg, 0.146 mmol)
in DMF (2.5 mL). After stirring for 30 min at 50 °C, the reaction was quenched by adding
saturated aqueous NH4Cl and saturated aqueous Na,S;0s. The resulting suspension was filtered
through a Celite® pad (washed with EtOAc) and extracted with EtOAc/hexane = 1/2 (x5). The
combined organic layer was washed with water (x3), brine, dried (Na2SO4), and concentrated in
vacuo to afford the corresponding crude diol. This material was employed in the next reaction
without further purification.
2) To a solution of the crude diol (vide supra) in pyridine (2 mL) were added 4-
dimethylaminopyridine (DMAP, 1.8 mg, 0.015 mmol) and Ac.0O (138 uL, 1.46 mmol) at 0 °C.
After stirring for 30 min at 0 °C, the reaction was quenched by adding saturated aqueous NaHCO3,
and the mixture was extracted with EtOAc and hexane (v/v = 1/2, x3). The combined organic
layer was washed with aqueous CuSO. (x2), water (x2), and brine, which was dried (Na>SO4) and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
EtOAc/hexane = 1/3) to afford 23 (16.5 mg, 34% in 2 steps) as a pale yellow solid.
23: mp: 139-143 °C; R; 0.44 (EtOAc/hexane = 1/1); *H NMR (600 MHz, CDCls): 5 2.03 (s, 3H),
2.36 (s, 3H), 5.25 (s, 2H), 5.28 (s, 2H), 6.87 (dd, 1H, J = 6.9, 2.1 Hz), 7.12-7.17 (m, 5H), 7.27—
7.33 (m, 3H); *C NMR (150 MHz, CDCls): § 20.7, 20.8, 50.2, 59.0, 108.2, 108.7, 113.4, 120.4,
122.8,127.3,128.2,129.2,130.2, 136.9, 139.3, 144.3, 170.3, 171.7; IR (neat): 2935, 1762, 1732,
1554, 1496, 1369, 1199, 1091, 1011, 945, 736 cm; HRMS (ESI): m/z calcd. for C2oH19NNaO4*:
360.1206 [M+Na]*; found: 360.1203.
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Synthesis of 24

0o Cul (10 mol%) e
FPrRSI” PhSSPh (0.55 eq.) FProSi”
air
> N—sph
DMSO, 110 °C, 20 h
N N
Bn Bn
20 24

84%
To asolution of 20 (32.0 mg, 0.0915 mmol) in DMSO (2 mL) were added Cul (1.8 mg, 9.2 umol)
and diphenyl disulfide (11.0 mg, 0.0503 mmol). The reaction mixture was vigorously stirred
under air atmosphere at 110 °C for 20 h. After cooling to room temperature, the reaction was
guenched by adding water, and the mixture was extracted with EtOAc and hexane (v/v = 1/2, x3).
The combined organic layer was washed with water (x3) and brine, dried (Na;SO4), and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
EtOAc/hexane = 1/5) to afford 24 (35.0 mg, 84%) as yellow oil.

24: R; 0.52 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): 6 1.07 (d, 6H, J = 7.6 Hz), 1.08
(d, 6H, J = 7.6 Hz), 1.27 (qq, 2H, J =7.6, 7.6 Hz), 5.32 (s, 2H), 5.36 (s, 2H), 6.94 (brd, 2H, J =
8.2 Hz), 7.03 (brd, 2H, J = 6.2 Hz), 7.08 (dd, 1H, J = 7.6, 7.6 Hz), 7.13-7.21 (m, 5H), 7.23-7.26
(m, 3H); BC NMR (150 MHz, CDCls): § 13.0, 16.9, 17.1,46.7,61.9, 111.2, 119.8, 123.0, 123.7,
124.2,125.1,126.0,126.5,127.0, 127.5, 128.8, 129.4, 132.0, 136.0, 136.6, 138.1; IR (neat): 2943,
2862, 1462, 1419, 1342, 1091, 906, 887, 737 cm™; HRMS (ESI): m/z calcd. for C,sH3 KNOSSi*:
496.1533 [M+K]*; found: 496.1545.

Synthesis of 25
o o
FPrySi” CuBr; (2.0 eq.) FPrSi”
TBAB (10 mol%)
DOERRO. AT 11 Db
N S N
Bn Bn
20 25

54%
To a solution of 20 (27.4 mg, 0.0784 mmol) in 1,2-dichloroethane (DCE, 1 mL) and H,O (40 pL)
were added tetrabutylammonium bromide (TBAB, 2.5 mg, 7.84 umol) and CuBr; (35.0 mg, 0.157
mmol). After stirring for 1 h at room temperature, the reaction was quenched by adding water,
and the mixture was extracted with CHCIs (x3). The combined organic layer was washed with
brine, dried (Na.SO.), and concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, EtOAc/hexane = 1/50) to afford 25 (18.2 mg, 54%) as yellow oil.

25: Rt 0.59 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): § 1.06 (d, 12H, J = 7.6 Hz), 1.25
(septet, 2H, J = 7.6 Hz), 5.20 (s, 2H), 5.37 (s, 2H), 7.11-7.17 (m, 3H), 7.20-7.25 (m, 3H), 7.28—
7.31 (m, 2H); *C NMR (150 MHz, CDCls): 6 13.0, 16.8, 17.0, 47.7, 61.7, 107.0, 110.5, 113.9,
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122.4,123.4,124.3,126.9, 127.8, 129.0, 132.6, 134.6, 137.5; IR (neat): 2943, 2862, 1419, 1338,
1095, 906, 883, 733 cmt; HRMS (ESI): m/z calcd. for C,,H2;BrNOSi*: 428.1045 [M+H]*; found:
428.1028.

Synthesis of 26
o o
FPr,SI” KBr (10 mol%) £PraSi”
Oxone (1.2 eq.) H
> o
N THF/H,0, RT, 1.5 h N
Bn Bn
20 26

56%
To a solution of 20 (34.8 mg, 0.100 mmol) in THF (1 mL) and H,O (50 pL) were added KBr (1.2
mg, 10 pmol) and Oxone® (36.7 mg, 0.119 mmol). After stirring for 1.5 h at room temperature,
the reaction was quenched by adding agueous Na.S,03, and the mixture was extracted with EtOAc
(x3). The combined organic layer was washed with brine, dried (Na2SO4), and concentrated in
vacuo. The residue was purified by flash column chromatography (silica gel, EtOAc/hexane =
1/10) to afford 26 (20.4 mg, 56%) as a white solid.

26: mp: 99-101 °C; Rf 0.44 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): 5 0.94 (d, 3H,
J=7.6 Hz), 1.03-1.06 (m, 9H), 1.13-1.23 (m, 2H), 3.76-3.81 (m, 2H), 4.61-4.64 (m, 1H), 4.68
(d, 1H, J =15.2 Hz), 5.07 (d, 1H, J = 15.2 Hz), 6.74 (d, 1H, J=8.2 Hz), 7.11 (d, 1H, J = 7.6 Hz),
7.19 (dd, 1H, J = 8.2, 7.6 Hz), 7.26-7.35 (m, 5H); *C NMR (150 MHz, CDCl5): § 12.2, 12.9,
16.3, 16.5, 16.6, 17.0, 43.5, 46.0, 63.4, 109.6, 127.1, 127.8, 128.0, 128.1, 128.8, 129.1, 135.9,
136.2, 141.7, 175.2; IR (neat): 2943, 2862, 1712, 1446, 1334, 1157, 1083, 729 cm; HRMS
(ESI): m/z calcd. for C22H27NNaO,Si*: 388.1703 [M+Na]*; found: 388.1706.

ENET EE
Synthesis of silyl ether 27a
?oc
. N‘Bn
o 1) TCCA (0.4 eq.) o\/
FPraSiH CH,Cl,, RT, 1h FPr,Si7
OTf ’ OTf
2) imidazole (2.0 eq.)
. Boc
Me SiMeg A Me SiMe,
5b HO \/ Bn 27a
18d (1.1 eq.) 78% (2 steps)

CH,Cly, RT, 24 h

According to the typical procedure A’, silyl ether 27a was prepared from the reaction of triflate
5b (141 mg, 0.331 mmol) and TCCA (30.8 mg, 0.132 mmol) in CH,Cl, (3.5 mL) at room

temperature for 1 h and the reaction of corresponding silyl chloride, imidazole (45.1 mg, 0.662
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mmol) and alcohol 18d (95.1 mg, 0.364 mmol) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/50) afforded silyl ether 27a (177 mg, 78%
in 2 steps) as colorless oil.

27a: R; 0.47 (EtOAc/hexane = 1/10); 'H NMR (600 MHz, CDCls): § 0.34 (s, 9H), 0.99 (d, 6H, J
=7.6 Hz), 1.08 (d, 6H, J = 7.6 Hz), 1.37 (qq, 2H, J = 7.6, 7.6 Hz), 1.48 (brs, 9H), 2.33 (s, 3H),
4.46 (s, 2H), 4.54 (s, 2H), 7.27-7.32 (m, 5H), 7.34-7.40 (m, 2H); 3C NMR (150 MHz, CDCls):
6-0.1,13.1, 17.4, 17.7, 20.5, 27.7, 52.4, 52.9, 69.0, 79.7, 82.6, 118.7 (q, Jcr = 321 Hz), 128.0,
128.3,128.7, 129.6, 134.6, 136.8, 136.9, 139.4, 139.5, 154.1, 154.6; IR (neat): 2947, 2866, 2252,
1720, 1396, 1365, 1211, 1138, 1072, 914, 840, 763, 736 cmt; HRMS (ESI): m/z calcd. for
Ca2Ha6FsNNaOsSSi,*: 708.2429 [M+Na]*; found: 708.2425.

Synthesis of indole 28a

IIBOC

N.

= Bn
/-Przsi/o\/ 18-crown-6 (2.0 eq.)

o
FPrSi”
OTf Cs,CO3 (2.0 eq.) _
- N
THF, RT, 23 h
Me SiMe, Me N

1

Bn

27a 28a
71%

According to the typical procedure B, 28a was prepared from the reaction of 18-crown-6 (56.4
mg, 0.213 mmol), 27a (73.2 mg, 0.107 mmol) in THF (2 mL), and Cs,COs (69.4 mg, 0.213 mmol)
at room temperature for 23 h. Purification by PTLC (EtOAc/hexane = 1/30 x3) afforded indole
28a (27.5 mg, 71%) as yellow oil.

28a: Rf 0.38 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 1.07 (d, 6H, J = 7.6 Hz),
1.08 (d, 6H, J = 7.6 Hz), 1.24 (qq, 2H, J = 7.6, 7.6 Hz), 2.47 (s, 3H), 5.23 (s, 2H), 5.28 (s, 2H),
6.76 (s, 1H), 7.04 (s, 1H), 7.07 (s, 1H), 7.14 (d, 2H, J = 6.9 Hz), 7.26-7.33 (m, 3H); *C NMR
(150 MHz, CDCls): 6 13.0, 16.9, 17.1, 21.9, 49.6, 61.5, 110.4, 114.2, 120.5, 124.2, 125.3, 127.3,
127.8, 129.0, 131.2, 131.8, 134.8, 138.1; IR (neat): 2939, 2862, 1446, 1423, 1338, 1172, 1076,
871, 837, 729 cm™; HRMS (FAB): m/z calcd. for C,sHzNOSi*: 364.2091 [M+H]*; found:
364.2092.

Synthesis of silyl ether 27b

143



IIBOC

N.
) ) 1) TCCA (0.4 eq.) o\/ Bn
FPr2 SiH CH,Cly, RT, 20 min PRSI~
OTf > OTf
2) imidazole (2.0 eq.)
. Boc
MeO SiMe, I{l MeO SiMe3
5c HO\/ Bn 27b
18d (1.1eq.) 79% (2 steps)

CH,Cly, RT, 24 h

According to the typical procedure A’, silyl ether 27b was prepared from the reaction of triflate
5¢ (347 mg, 0.784 mmol) and TCCA (72.9 mg, 0.314 mmol) in CH,Cl, (8 mL) at room
temperature for 20 min and the reaction of corresponding silyl chloride, imidazole (106 mg, 1.06
mmol) and alcohol 18d (224 mg, 0.856 mmol) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/30) afforded silyl ether 27b (432 mg, 79%
in 2 steps) as colorless oil.

11b: R¢ 0.56 (EtOAc/hexane = 1/10); *H NMR (500 MHz, CDCls): § 0.34 (s, 9H), 1.00 (d, 6H, J
=7.5Hz), 1.10 (d, 6H, J = 7.2 Hz), 1.37 (qq, 2H, J = 7.5, 7.2 Hz), 1.47 (brs, 9H), 3.77 (s, 3H),
4.47 (s, 2H), 4.55 (s, 2H), 7.05 (d, 1H, J = 3.2 Hz), 7.11 (brs, 1H), 7.27-7.34 (m, 5H); *°C NMR
(150 MHz, CDCl3): 6 -0.2, 13.1, 17.4, 17.8, 27.7,52.5, 52.9, 55.3, 69.0, 79.7, 82.6, 118.7 (q, Jcr
=321 Hz), 123.0, 123.5, 128.0, 128.3, 128.7,131.5, 136.6, 136.9, 148.7, 154.6, 158.0; IR (neat):
2951, 2252, 1716, 1566, 1396, 1369, 1246, 1219, 1145, 1076, 902, 848 cm!; HRMS (ESI): m/z
calcd. for CsoHasF3sNNaO;SSiz*: 724.2378 [M+Na]*; found: 724.2379.

Synthesis of indole 28b

?oc

NJ
= Bn
O\/ - - o
FP,SI” 18-crown-6 (2.0 eq.) Pr,Si”

oTf Cs,CO3 (2.0 eq.) _
- A\
THF, RT, 15 h
MeO SiMe, MeO N
Bn
27b 28b

72%
According to the typical procedure, 28b was prepared from the reaction of 18-crown-6 (94.5 mg,
0.358 mmol), 27b (125.5 mg, 0.179 mmol) in THF (3 mL), and Cs,COs (117 mg, 0.358 mmol)
at room temperature for 15 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/20) afforded indole 28b (48.7 mg, 72%) as yellow oil.

28b: R¢ 0.48 (EtOAc/hexane = 1/5); 'H NMR (500 MHz, CDClz): & 1.05-1.09 (m, 12H), 1.20—
1.27 (m, 2H), 3.82 (s, 3H), 5.22 (s, 2H), 5.27 (s, 2H), 6.73 (s, 1H), 6.74 (d, 1H, J = 2.0 Hz), 6.88
(d, 1H, J = 2.0 Hz), 7.15 (d, 2H, J = 7.2 Hz), 7.26-7.34 (m, 3H); 3C NMR (125 MHz, CDCl5):
013.4,17.2,17.5,50.0, 55.6, 61.6,93.9, 112.8, 114.1, 119.6, 125.5, 127.0, 127.4, 127.6, 128.7,
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134.9, 137.5, 156.4; IR (neat): 2943, 2866, 1604, 1462, 1427, 1238, 1161, 1072, 1049, 906, 729
cm; HRMS (FAB): m/z calcd. For Ca3H3oNO,Si*: 380.2040 [M+H]*; found: 380.2042.

Synthesis of silyl ether 27¢

IIBOC
= N‘Bn
o 1) TCCA (0.4 eq.) o\/
FPrySiH CH,Cl,, RT, 30 min FPpSi”
OTf » OTf
2) imidazole (2.0 eq.)
O ) Boc
</ SiMes d <i SiMe,
O 5h HO\/ Bn 0 27¢
18d (1.1 eq.) 71% (2 steps)

CH,Cly, RT, 24 h

According to the typical procedure A’, silyl ether 27¢ was prepared from the reaction of triflate
5h (170 mg, 0.351 mmol) and TCCA (32.6 mg, 0.140 mmol) in CH:Cl; (4 mL) at room
temperature for 30 min and the reaction of corresponding silyl chloride, imidazole (47.8 mg, 0.702
mmol) and alcohol 18d (101 mg, 0.386 mmol) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/30) afforded silyl ether 27¢ (186 mg, 71%
in 2 steps) as colorless oil.

27c: R 0.47 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls):  0.36 (s, 9H), 0.99 (d, 6H, J=7.5
Hz), 1.08 (d, 6H, J = 7.5 Hz), 1.38 (qq, 2H, J = 7.5, 7.5 Hz), 1.48 (brs, 9H), 4.00-4.12 (m, 4H), 4.47
(s, 2H), 4.55 (s, 2H), 5.82 (s, 1H), 7.27-7.33 (m, 5H), 7.68 (brs, 1H), 7.70 (d, 1H, J = 2.3 Hz); °C
NMR (150 MHz, CDClz): 6-0.3,13.0,17.3,17.7,27.7,52.4, 52.9, 65.2, 69.0, 79.7, 82.6, 103.0, 118.7
(g, Jee = 319 Hz), 128.0, 128.3, 128.7, 130.2, 135.3, 136.7, 137.0, 154.6, 156.6 (several signals
overlapped); IR (neat): 2951, 2870, 2252, 2233, 1720, 1400, 1365, 1215, 1157, 1134, 1072, 906, 840,
732 cm™; HRMS (ESI): m/z calcd. for CsaHasFsNNaOgSSi,*: 766.2483 [M+Na]*; found: 766.2490.

Synthesis of indole 28c

IIBOC
= N‘Bn
O\/ - - o
£Pr,Si” 18-crown-6 (2.0 eq.) £Pr,SI”
OTf Cs,CO3 (2.0 eq.)
THF, RT, 24 h g >
Groee T
[e) o) Bn
27¢c 28c

79%
According to the typical procedure, 28¢ was prepared from the reaction of 18-crown-6 (116 mg,
0.437 mmol), 27¢ (163 mg, 0.219 mmol) in THF (4 mL), and Cs>COs3 (142 mg, 0.437 mmol) at
room temperature for 24 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/10) afforded indole 28¢ (73.2 mg, 79%) as yellow oil.
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28¢: Ry 0.32 (EtOAc/hexane = 1/5); "TH NMR (500 MHz, CDCl;): 8 1.06 (d, 12H, J = 7.5 Hz),
1.25 (septet, 2H, J = 7.5 Hz), 4.04-4.07 (m, 2H), 4.15-4.19 (m, 2H), 5.27-5.29 (m, 4H), 5.94 (s,
1H), 6.84 (s, 1H), 7.15 (brd, 2H, J = 6.6 Hz), 7.27-7.33 (m, 4H), 7.48 (s, 1H); *C NMR (125
MHz, CDCl3): 6 13.4,17.2,17.5,49.8,61.5,65.2,104.9,108.1, 114.2, 121.8, 122.0, 124.4, 127.1,
127.6, 128.7, 131.2, 133.8, 133.9, 137.4; IR (neat): 2943, 2866, 2252, 1427, 1311, 1234, 1172,
1083, 906 cm™'; HRMS (FAB): m/z calcd. for CosH3NO;Si*: 422.2146 [M+H]"; found: 422.2155.

Synthesis of silyl ether 27d

IIBOC

N.

) ) 1) TCCA (0.4 eq.) O\/ Bn
FPry SiH CH,Cly, RT, 1 h FProSi”
OTf OTf

|

2) imidazole (2.0 eq.)
. Boc
F SiMe; \ F SiMe;

N.
5e HO \/ Bn 27d
18d (1.1 eq.) 94% (2 steps)

CH,Cl,, RT, 24 h

According to the typical procedure A’, silyl ether 27d was prepared from the reaction of triflate
5e (216 mg, 0.502 mmol) and TCCA (46.7 mg, 0.201 mmol) in CH.CIl; (5 mL) at room
temperature for 1 h and the reaction of corresponding silyl chloride, imidazole (67.4 mg, 0.990
mmol) and alcohol 18d (142 mg, 0.554 mmol) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/50) afforded silyl ether 27d (325 mg, 94%
in 2 steps) as colorless oil.

27d: R; 0.22 (EtOAc/hexane = 1/20); *H NMR (500 MHz, CDCls): § 0.36 (s, 9H), 0.99 (d, 6H, J
=7.5Hz), 1.09 (d, 6H, J = 7.5 Hz), 1.36 (qq, 2H, J = 7.5, 7.5 Hz), 1.48 (brs, 9H), 4.49 (s, 2H),
4.56 (s, 2H), 7.23-7.36 (m, 1H), 7.27-7.34 (m, 6H); *C NMR (150 MHz, CDCls): § -0.3, 13.0,
17.3, 17.6, 27.7, 52.6, 52.8, 68.8, 80.0, 82.7, 118.6 (q, Jcr = 319 Hz), 124.8 (d, Jcr = 21.7 Hz),
125.0, 128.0, 128.3, 128.8, 133.7 (d, Jcr = 4.3 Hz), 136.9, 138.5 (d, Jcr = 2.9 Hz), 150.7, 154.6,
161.4 (d, Jcr = 253 Hz); IR (neat): 2951, 2870, 2252, 1716, 1396, 1365, 1219, 1141, 1072, 906,
844 cm™; HRMS (ESI): m/z calcd. For CsiHasFsNNnaOeSsi,™: 712.2178 [M+Na]*; found:
712.2182.
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Synthesis of indole 28d

I?oc
= N‘Bn
O\/ - - o
FP,SI” 18-crown-6 (2.0 eq.) FPRLSI”
OT+ Cs,CO3 (2.0 eq.) _
- N
THF, RT, 24 h
F SiMe, F N
Bn
27d 28d

67%
According to the typical procedure B, 28d was prepared from the reaction of 18-crown-6 (88.0
mg, 0.330 mmol), 28¢ (114 mg, 0.165 mmol) in THF (3 mL), and Cs,CO3 (108 mg, 0.330 mmol)
at room temperature for 24 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/20) afforded indole 28d (40.0 mg, 67%) as yellow oil.

28d: R¢ 0.39 (EtOAc/hexane = 1/10); *H NMR (500 MHz, CDCls): § 1.06-1.08 (m, 12H), 1.20—
1.29 (m, 2H), 5.21 (s, 2H), 5.28 (s, 2H), 6.83 (s, 1H), 6.93 (dd, 1H, Jur = 10.3, J = 2.3 Hz), 6.96
(dd, 1H, J4¢ =9.2,J=2.3 Hz), 7.16 (d, 2H, J = 7.4 Hz), 7.28-7.35 (m, 3H); **C NMR (125 MHz,
CDCls): § 13.3, 17.1, 17.4, 50.2, 61.2, 96.8 (d, Jcr = 27.4 Hz), 113.3 (d, Jcr = 22.7 Hz), 114.2,
121.2 (d, Jcr = 3.6 Hz), 126.2 (d, Jcr = 6.0 Hz), 127.0, 127.8, 128.8, 129.4, 134.2 (d, Jcr = 11.9
Hz), 137.0, 160.1 (d, Jcr = 238 Hz); IR (neat): 2943, 2862, 1604, 1427, 1315, 1153, 1107, 1076,
906, 883 cmt; HRMS (FAB): m/z calcd. for CH7FNOSi*: 368.1840 [M+H]*; found: 368.1853.

Synthesis of silyl ether 27e

IIBOC
> N“Bn
o 1) TCCA (0.4 eq.) o\/
FPraSiH CH,Cl,, RT, 1.5 h ProSi”
OTf > OT#
2) imidazole (2.0 eq.)
. Boc
Cl SiMe A cl SiMey
5f HO / Bn 27e
18d (1.1 eq.) 87% (2 steps)

CH,Cly, RT, 24 h

According to the typical procedure A’, silyl ether 27e was prepared from the reaction of triflate
5f (160 mg, 0.359 mmol) and TCCA (33.4 mg, 0.143 mmol) in CH.Cl; (3.5 mL) at room
temperature for 1.5 h and the reaction of corresponding silyl chloride, imidazole (48.9 mg, 0.718
mmol) and alcohol 18d (103 mg, 0.395 mmol) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/50) afforded silyl ether 27e (221 mg, 87%
in 2 steps) as colorless oil.

27e: Rt 0.42 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 0.36 (s, 9H), 0.99 (d, 6H, J
=7.6 Hz), 1.07 (d, 6H, J = 7.6 Hz), 1.36 (qq, 2H, J = 7.6, 7.6 Hz), 1.48 (brs, 9H), 4.49 (s, 2H),
4.55 (s, 2H), 7.27-7.33 (m, 5H), 7.50 (d, 1H, J = 3.2 Hz), 7.55 (brs, 1H); *°C NMR (150 MHz,
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CDCls): 6-0.3,13.0,17.3,17.6, 27.7, 52.6, 52.9, 68.8, 80.1, 82.7, 118.7 (q, Jcr = 321 Hz), 128.0,
128.3, 128.8, 133.1, 134.1, 136.9, 137.9, 138.20, 138.25, 154.0, 154.6; IR (neat): 2951, 2252,
1720, 1400, 1361, 1215, 1138, 1072, 906, 879, 844, 732 cm™; HRMS (ESI): m/z calcd. for
C31Ha3CIFsNNaOgSSi,*: 728.1882 [M+Na]*; found: 728.1879.

Synthesis of indole 28e

I?oc
/ N‘Bn
O\/ - - o
FP,SI” 18-crown-6 (2.0 eq.) FPLSI”
oTf Cs,CO;3 (2.0 eq.) _
- A\
THF, RT, 22 h
o SiMe, o N
Bn
27e 28e

62%
According to the typical procedure B, 28e was prepared from the reaction of 18-crown-6 (126 mg,
0.478 mmol), 27e (169 mg, 0.239 mmol) in THF (4 mL), and Cs,COs3 (156 mg, 0.478 mmol) at
room temperature for 22 h. Purification by PTLC (EtOAc/hexane = 1/20 x3) afforded indole 28e
(56.5 mg, 62%) as yellow oil.

28e: R 0.25 (EtOAc/hexane = 1/10); 'H NMR (600 MHz, CDCls): § 1.06 (d, 6H, J = 7.6 Hz),
1.07 (d, 6H, J = 7.6 Hz), 1.24 (qq, 2H, J = 7.6, 7.6 Hz), 5.22 (s, 2H), 5.26 (s, 2H), 6.83 (s, 1H),
7.12-7.17 (m, 3H), 7.26-7.34 (m, 4H); 3C NMR (150 MHz, CDCls): § 12.9, 16.8, 17.0, 49.9,
61.3,110.3,114.4,121.8,123.6, 126.6, 127.3, 128.1, 128.7, 129.2, 131.6, 134.8, 137.3; IR (neat):
2943, 2862, 1597, 1427, 1303, 1203, 1083, 1041, 883, 829, 725 cm; HRMS (FAB): m/z calcd.
for C22H27CINOSI*: 384.1545 [M+H]*; found: 384.1553.

Synthesis of silyl ether 27f

?oc
= N‘Bn
o 1) TCCA (0.4 eq.) o\/
FPr2 SiH CH,Cly, RT, 1.5 h FPrSi”
OTf > OTf
2) imidazole (2.0 eq.)
. Boc
FsC SiMe3 I{l F3C SiMeg
5d HO / Bn 27f
18d (1.1 eq.) 82% (2 steps)

CH,Cly, RT, 24 h

According to the typical procedure A’, silyl ether 27f was prepared from the reaction of triflate
5d (156 mg, 0.324 mmol) and TCCA (30.1 mg, 0.129 mmol) in CH,Cl, (3.5 mL) at room
temperature for 1.5 h and the reaction of corresponding silyl chloride, imidazole (44.1 mg, 0.648
mmol) and alcohol 18d (93.1 mg, 0.356 mmol) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/30) afforded silyl ether 27f (197 mg, 82%
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in 2 steps) as colorless oil.

27f: Rt 0.62 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): 5 0.39 (s, 9H), 0.98 (d, 6H, J =
7.6 Hz), 1.07 (d, 6H, J= 7.6 Hz), 1.39 (qq, 2H, J = 7.6, 7.6 Hz), 1.47 (brs, 9H), 4.50 (s, 2H), 4.53
(s, 2H), 7.27-7.34 (m, 5H), 7.80-7.82 (m, 1H), 7.84 (brs, 1H); *C NMR (150 MHz, CDCls): & -
0.3,12.9,17.2,17.5, 27.6, 52.6, 52.8, 68.7, 80.1, 82.7, 118.7 (q, Jcr = 319 Hz), 124.1 (q, Jcr =
273 Hz), 128.0, 128.3, 128.7, 129.5 (q, Jcr = 33 Hz), 132.0, 135.6, 136.7, 136.9, 154.6, 158.1
(several signals overlapped); IR (neat): 2951, 2252, 1720, 1400, 1369, 1319, 1219, 1161, 1134,
1099, 906, 883, 833, 729 cm*; HRMS (ESI): m/z calcd. for CssHasFsNNaOgSSi,*: 762.2146
[M+Na]*; found: 762.2153.

Synthesis of indole 28f

EISOC

N.

== Bn
/-Prgsi/o\/ 18-crown-6 (2.0 eq.) i

o]
Pr,Si”
oTf Cs,CO3 (2.0 eq.) _
> A\
THF, RT, 17 h
FsC SiMe, FsC N

1y

Bn

27f 28f
52%

According to the typical procedure B, 28f was prepared from the reaction of 18-crown-6 (116 mg,
0.440 mmol), 27f (161 mg, 0.220 mmol) in THF (4 mL), and Cs,CO; (143 mg, 0.440 mmol) at
room temperature for 17 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/20) afforded indole 28f (47.9 mg, 52%) as yellow oil.

28f: Rr 0.39 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): 8 1.06 (d, 6H, J = 7.6 Hz),
1.07 (d, 6H, J = 7.6 Hz), 1.27 (qq, 2H, J = 7.6, 7.6 Hz), 5.29 (s, 2H), 5.31 (s, 2H), 6.98 (s, 1H),
7.16 (d, 2H, J = 7.6 Hz), 7.27-7.36 (m, 3H), 7.41 (s, 1H), 7.56 (s, 1H); **C NMR (150 MHz,
CDCly): § 12.8, 16.8, 17.0, 50.0, 61.2, 107.7 (q, Jcr = 4.3 Hz), 114.7, 119.7 (q, Jcr = 2.9 H2),
123.9,124.1 (9, Jcr = 31.8 HZz), 125.8 (9, Jcr = 272 Hz), 125.9, 127.4,128.3, 129.2, 133.2, 135.4,
137.1; IR (neat): 2943, 2866, 1431, 1369, 1288, 1153, 1114, 1076, 830, 732 cm™*; HRMS (FAB):
m/z calcd. for C2sH27FsNOSI*: 418.1809 [M+H]*; found: 418.1815.
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Synthesis of silyl ether 27g

I?oc
= N‘Bn
o 1) TCCA (0.4 eq.) o\/
FPr2 SiH CH,Cly, RT, 1h PRSI~
OTf : OTf
2) imidazole (2.0 eq.)
) Boc
NC SiMes lll NC SiMe;
5e HO/ Bn 27g
18d (1.1 eq.) 70% (2 steps)

CH,Cl,, RT, 24 h

According to the typical procedure A’, silyl ether 27g was prepared from the reaction of triflate
5e (117 mg, 0.267 mmol) and TCCA (24.8 mg, 0.107 mmol) in CH,Cl; (3.5 mL) at room
temperature for 1 h and the reaction of corresponding silyl chloride, imidazole (36.3 mg, 0.534
mmol) and alcohol 18d (76.7 mg, 0.294 mmol) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 27g (131 mg, 70%
in 2 steps) as colorless oil.

279: R¢ 0.52 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDClz): § 0.38 (s, 9H), 0.97 (d, 6H, J
= 7.6 Hz), 1.06 (d, 6H, J = 7.6 Hz), 1.37 (qq, 2H, J = 7.6, 7.6 Hz), 1.48 (brs, 9H), 4.52 (s, 2H),
4.56 (s, 2H), 7.27-7.33 (m, 5H), 7.85-7.90 (m, 2H); *C NMR (150 MHz, CDCls): § -0.3, 12.9,
17.1,17.4,27.7,52.6, 52.8, 68.5, 80.3, 82.8, 112.2, 118.3, 118.6 (q, Jcr = 321 Hz), 128.0, 128.3,
128.8, 132.9, 136.8, 137.5, 142.1, 142.4, 154.5, 158.3; IR (neat): 2951, 2870, 2252, 2233, 1720,
1400, 1365, 1215, 1157, 1134, 1072, 906, 840, 732 cm™!; HRMS (ESI): m/z calcd. for
Cs2Ha3F3N2NaOsSSiz*: 719.2225 [M+Na]*; found: 719.2237.

Synthesis of indole 28g

I?oc

N

= Bn
/-Pr2Si’o\/ 18-crown-6 (2.0 eq.)

o]
FProSi”
OTf Cs,CO5 (2.0 eq.) _
> A\
THF, RT, 20 h
NC SiMe, NC N

1

Bn
279 28g

46%

According to the typical procedure B, 28g was prepared from the reaction of 18-crown-6 (91.1
mg, 0.345 mmol), 27g (120 mg, 0.172 mmol) in THF (3 mL), and Cs,CO3 (112 mg, 0.345 mmol)
at room temperature for 20 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/5) afforded indole 28g (29.6 mg, 46%) as a white solid.

28g: mp: 128-132 °C; Ry 0.33 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): § 1.05 (d,
12H, J = 7.6 Hz), 1.26 (septet, 2H, J = 7.6 Hz), 5.29 (s, 2H), 5.30 (s, 2H), 7.06 (s, 1H), 7.16 (brd,
2H, J = 6.8 Hz), 7.30-7.36 (m, 3H), 7.41 (s, 1H), 7.58 (s, 1H); *C NMR (150 MHz, CDCls): &
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12.7,16.7, 16.9, 50.3, 61.1, 104.6, 115.1, 121.4, 125.3, 126.1, 126.6, 127.3, 128.5, 129.3, 132.8,
135.9, 136.6 (several signals overlapped); IR (neat): 2943, 2862, 2218, 1431, 1080, 910, 864, 729
cm; HRMS (FAB): m/z calcd. for Ca3H27N20OSi*: 375.1887 [M+H]*; found: 375.1898.

Synthesis of silyl ether 27h

I?oc
= N‘Bn
o 1) TCCA (0.4 eq.) o\/
£PrySiH CH,Cly, RT, 1 h FProSi”
MeO OTf > MeO OTf
2) imidazole (2.0 eq.)
. Boc
SiMe; l{l SiMe;
5i HO/ Bn 27h
18d (1.1 eq.) 66% (2 steps)

CH,Cly, RT, 24 h

According to the typical procedure A’, silyl ether 27h was prepared from the reaction of triflate
5i (187 mg, 0.422 mmol) and TCCA (39.2 mg, 0.169 mmol) in CH.Cl; (5 mL) at room
temperature for 1 h and the reaction of corresponding silyl chloride, imidazole (57.4 mg, 0.844
mmol) and alcohol 18d (121 mg, 0.464 mmol) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/50) afforded silyl ether 27h (194 mg, 66%
in 2 steps) as colorless oil.

27h: R; 0.33 (EtOAc/hexane = 1/10); *H NMR (500 MHz, CDCls): § 0.32 (s, 9H), 0.94 (d, 6H, J
=7.5Hz), 1.03 (d, 6H, J = 7.5 Hz), 1.39 (qq, 2H, J = 7.5, 7.5 Hz), 1.48 (brs, 9H), 3.78 (s, 3H),
4.51 (s, 2H), 4.55 (s, 2H), 6.84 (d, 1H, J = 8.3 Hz), 7.27-7.35 (m, 5H), 7.53 (d, 1H, J = 8.3 Hz);
BC NMR (150 MHz, CDCls): § 0.0, 13.8, 17.5, 17.9, 27.7, 52.1, 52.9, 55.0, 69.4, 79.2, 82.5,
109.1, 118.8 (q, Jcr = 321 Hz), 119.2, 126.2, 127.9, 128.4, 128.7, 137.0, 139.8, 154.8, 157.5,
166.1; IR (neat): 2948, 2866, 2252, 1716, 1577, 1396, 1365, 1249, 1203, 1138, 1045, 906, 840,
732 cm™; HRMS (ESI): m/z calcd. for CsHisFsNNaO-SSip™: 724.2378 [M+Na]*; found:
724.2386.

Synthesis of indole 28h

I|300
P N‘Bn
O\/ - - 0
FPr,Si” 1Eé:crc(33vgn 62(2.0 eq.) FPr,SI”
MeO oTf 52003 (20€q) i \
THF, RT, 21 h
SiMes N‘
Bn
27h 28h

48%
According to the typical procedure B, 28h was prepared from the reaction of 18-crown-6 (103
mg, 0.391 mmol), 27h (137 mg, 0.195 mmol) in THF (3 mL), and Cs,CO3 (127 mg, 0.391 mmol)
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at room temperature for 21 h. Purification by PTLC (EtOAc/hexane = 1/20 x3) and gel-
permeation chromatography [YMC-GPC T4000® (2.0 cm ¢ x 60 cm) + T2000® (2.0 cm ¢ x 60
cm), CHCIs, flow rate: 8.0 mL/min] afforded indole 28h (35.2 mg, 47%) as colorless oil.

28h: R¢0.48 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): § 1.03 (d, 6H, J = 7.6 Hz), 1.08
(d, 6H, J =7.6 Hz), 1.29 (qq, 2H, J = 7.6, 7.6 Hz), 3.81 (s, 3H), 5.22 (s, 2H), 5.24 (s, 2H), 6.82
(s, 1H), 6.83 (d, 1H, J = 8.9 Hz), 7.15 (brd, 2H, J = 6.9 Hz), 7.18 (d, 1H, J = 8.9 Hz), 7.26-7.33
(m, 3H); BC NMR (150 MHz, CDCls): 6 13.1, 16.9, 17.3, 50.1, 56.0, 61.2, 107.1, 110.4, 111.1,
113.3,122.5, 127.3, 127.9, 129.0, 130.7, 133.9, 138.1, 156.8; IR (neat): 2939, 2862, 1724, 1573,
1462, 1423, 1234, 1080, 883, 744 cm™*; HRMS (FAB): m/z calcd. for C23H3oNO,Si*: 380.2040
[M+H]*; found: 380.2042.

Synthesis of silyl ether 27i

?oc
) TCCA (0.4 eq.) = "en
1) TCCA (0.4 eq. \/
FPra SiH CH,Cls, RT,? h f'-PrZSi/O Z
F OTf > E OTf
2) imidazole (2.0 eq.)
. Boc
SiMeg N SiMe,
5] HO \/ “Bn 27i
18d (1.1 eq.) 90% (2 steps)

CH,Cly, RT, 24 h

According to the typical procedure A’, silyl ether 27i was prepared from the reaction of triflate 5j
(234 mg, 0.544 mmol) and TCCA (50.6 mg, 0.218 mmol) in CH2Cl; (5.5 mL) at room temperature
for 1 h and the reaction of corresponding silyl chloride, imidazole (74.1 mg, 1.09 mmol) and
alcohol 18d (156 mg, 0.598 mmol) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/30) afforded silyl ether 27i (336 mg, 90% in 2
steps) as colorless oil.

27i: Rf 0.53 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): & 0.35 (s, 9H), 0.99 (d, 6H, J
=7.6 Hz), 1.05 (d, 6H, J = 7.6 Hz), 1.38-1.45 (m, 2H), 1.48 (brs, 9H), 4.54 (s, 2H), 4.55 (s, 2H),
7.05 (dd, 1H, J = 7.6, Jue = 7.6 Hz), 7.27-7.33 (m, 5H), 7.57 (dd, 1H, J = 7.6, Jue = 7.6 Hz); °C
NMR (150 MHz, CDCls): 6 0.1, 13.6, 17.1, 17.5, 27.6, 52.4, 52.9, 69.0, 79.7, 82.5, 114.9 (d, Jcr
= 26.0 Hz), 118.3 (d, Jcr = 34.7 Hz), 118.8 (q, Jer = 321 Hz), 128.0, 128.3, 128.7, 131.1, 136.9,
139.9 (d, Jcr = 10.1 Hz), 154.6, 156.5 (d, Jcr = 14.4 Hz), 167.7 (d, Jcr = 244 Hz); IR (neat): 2951,
2870, 2256, 1720, 1581, 1396, 1207, 1134, 1099, 937, 840, 775, 736 cm™*; HRMS (ESI): m/z
calcd. for Cs1Ha3FsNNaOsSSi,": 712.2178 [M+Na]*; found: 712.2174.
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Synthesis of indole 28i

I?oc

N.

s Bn

O\/ - - 0
FP,SI” 18-crown-6 (2.0 eq.) FP,SI”
E oT+ Cs,CO3 (2.0 eq.)

_F
- N
THF, RT, 21 h
SiMe, N

)

Bn
27i 28i

25%

According to the typical procedure B, 28i was prepared from the reaction of 18-crown-6 (230 mg,
0.870 mmol), 27i (297 mg, 0.436 mmol) in THF (7 mL), and Cs,CO; (284 mg, 0.870 mmol) at
room temperature for 21 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/10) and PTLC (EtOAc/hexane = 1/20 x2) afforded indole 28i (39.7 mg, 25%)
as yellow oil.

28i: R 0.39 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDClz): § 1.06 (d, 6H, J = 6.8 Hz),
1.08 (d, 6H, J = 7.6 Hz), 1.30 (qq, 2H, J = 7.6, 6.8 Hz), 5.24-5.26 (m, 4H), 6.86-6.90 (m, 2H),
7.14 (brd, 2H, J = 6.9 Hz), 7.18 (dd, 1H, J = 8.9, Jue = 4.1 Hz), 7.26-7.33 (m, 3H); *C NMR
(150 MHz, CDCly): & 13.0, 16.7, 16.9, 50.3, 61.2, 108.1 (d, Jcr = 39.0 Hz), 110.3 (d, Jcr = 31.8
Hz), 111.9 (d, Jcr = 10.1 Hz), 113.8, 122.9, 127.3, 128.1, 129.1, 131.4, 132.9 (d, Jcr = 15.9 H2),
137.6, 159.8 (d, Jcr = 233 Hz) ; IR (neat): 2943, 2866, 1427, 1060, 910, 786, 732 cm™; HRMS
(FAB): m/z calcd. for C22H27FNOSI*: 368.1840 [M+H]*; found: 368.1852.

Synthesis of silyl ether 27j

Ts
Me _~Z N\Bn
o =z
FPraSiCl Ts o FPrySi”
oTf P N‘Bn imidazole (2.0 eq.)‘ oTf
+  HO 4 o
/ CH,Cl,, RT, 19 h
SiMe; Me SiMe;
1a S21 27j
(1.2eq) 89%

According to the typical procedure A, silyl ether 27j was prepared from the reaction of silyl
chloride 1a (201 mg, 0.450 mmol), imidazole (61.2 mg, 0.900 mmol) and alcohol S21 (178 mg,
0.540 mmol) in CH2Cl; (4.5 mL) at room temperature for 19 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/10) afforded silyl ether 27j (296 mg, 89%) as
colorless oil.

27j: R; 0.34 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): 5 0.34 (s, 9H), 0.94 (d, 6H, J
=7.6 Hz), 1.00 (d, 3H, J = 7.6 Hz), 1.01 (d, 3H, J = 7.6 Hz), 1.30-1.36 (m, 2H), 1.38 (d, 3H, J =
6.9 Hz), 2.43 (s, 3H), 4.41 (d, 1H, J =13.7 Hz), 4.45 (d, 1H, J = 13.7 Hz), 459 (g, 1H, J = 6.9
Hz), 7.22-7.29 (m, 8H), 7.57 (dd, 1H, J = 6.9, 2.6 Hz), 7.65 (dd, 1H, J = 7.6, 2.6 Hz), 7.73 (d,
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2H, J = 8.3 Hz); ®C NMR (150 MHz, CDCls): 6 -0.1, 13.1, 13.2, 17.3, 17.4, 17.55, 17.63, 21.3,
25.0, 55.2, 59.8, 73.5, 77.3, 118.6 (q, Jcr = 321 Hz), 127.3, 128.0, 128.5, 128.7, 129.0, 130.0,
130.2,134.86, 134.90, 135.1, 139.0, 139.7, 144.9, 155.6; IR (neat): 2951, 2866, 2245, 1396, 1361,
1211, 1168, 1138, 1087, 1041, 840, 732 cm™; HRMS (ESI): m/z calcd. for CssHasFsNKOgS,Si*:
778.1732 [M+K]*; found: 778.1738.

Synthesis of indole 28j

1|'s
Me _~ N‘B
e n
/'-Prgsi’o Z 18-crown-6 (2.0 eq.) FPrZSi/O Me

OT$ Cs,CO3 (2.0 eq.) .

- N

THF, RT, 24 h
SiMe, N
Bn
27] 28]

83%
According to the typical procedure B, 28j was prepared from the reaction of 18-crown-6 (109 mg,
0.412 mmol), 27j (152 mg, 0.206 mmol) in THF (3.5 mL), and Cs,CO3 (134 mg, 0.206 mmol) at
room temperature for 24 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/20) afforded indole 28j (62.3 mg, 83%) as yellow oil.

28j: Rr 0.53 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCl3): 6 1.03-1.09 (m, 12H), 1.17—
1.28 (m, 2H), 1.58 (d, 3H, J = 6.3 Hz), 5.25 (d, 1H, J = 16.1 Hz), 5.30 (d, 1H, J = 16.1 Hz), 5.48
(qd, 1H, J = 6.3, 1.2 Hz), 6.82 (d, 1H, J = 1.2 Hz), 7.15-7.23 (m, 4H), 7.27-7.34 (m, 4H); *C
NMR (125 MHz, CDCls) 6 13.0, 14.0, 17.25, 17.34, 17.5, 25.5, 50.0, 67.3, 110.0, 119.9, 121.5,
121.6, 123.3, 124.5, 127.0, 127.6, 128.7, 132.5, 133.9, 137.6 (several signals overlapped); IR
(neat) 2943, 2862, 1458, 1427, 1300, 1095, 1010, 906, 729 cm!; HRMS (FAB): m/z calcd. for
C23H3oNOSI*: 364.2091 [M+K]*; found: 364.2092.

Synthesis of silyl ether 27k

Ts
OBn ’{L

= Bn
oL Z
FPraSicCl Ts £ProSi”

! imidazole (2.0 eq.)

OoTf N. OTf
Z Bn *
+ HO z
@i CH,Cl,, RT, 19 h @[ _
SiMey SiMe3

1a BnO™ oo 27k
(1.2eq) 40%

According to the typical procedure A, silyl ether 27k was prepared from the reaction of silyl
chloride 1a (200 mg, 0.448 mmol), imidazole (61.0 mg, 0.896 mmol) and alcohol S22 (234 mg,
0.538 mmol) in CH>Cl> (5 mL) at room temperature for 19 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/10) afforded silyl ether 27k (296 mg, 89%) as
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colorless oil.

27k: R¢ 0.17 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): 5 0.33 (s, 9H), 0.935 (d, 3H,
J =6.9 Hz), 0.943 (d, 3H, J = 7.6 Hz), 0.98 (d, 3H, J = 7.6 Hz), 1.01 (d, 3H, J = 6.8 Hz), 1.30-
1.36 (m, 2H), 2.39 (s, 3H), 3.51 (dd, 1H, J = 9.6, 5.5 Hz), 3.60 (dd, 1H, J = 9.6, 6.2 Hz), 4.39 (d,
1H, J = 13.8 Hz), 4.45 (d, 1H, J = 13.8 Hz), 4.52 (s, 2H), 4.67 (dd, 1H, J = 6.2, 5.5 Hz), 7.15-
7.24 (m, 8H), 7.27-7.33 (m, 5H), 7.55 (dd, 1H, J = 6.9, 2.0 Hz), 7.70 (d, 2H, J = 8.3 Hz), 7.75
(dd, 1H, J = 6.9, 2.0 Hz); ¥C NMR (150 MHz, CDCls): 6 0.1, 13.17, 13.22, 17.3, 17.5, 17.6,
21.2,55.2,63.5,70.6, 73.3, 74.7,78.8, 118.6 (q, Jcr = 321 Hz), 127.3, 127.8, 127.9, 128.0, 128.5,
128.6, 128.7,128.9, 129.9, 130.0, 134.8, 135.1, 138.5, 139.0, 140.1, 144.9, 155.4 (several signals
overlapped); IR (neat): 2951, 2866, 2249, 1578, 1400, 1366, 1250, 1215, 1138, 1092, 868, 845,
737 cm™; HRMS (ESI): m/z calcd. for CaiHsoFsNNaO7S;Si,*: 868.2412 [M+Na]*; found:
868.2436.

Synthesis of indole 28k

Ts
OBn l{l\

ZZ Bn
O\V crown- 0
FPE,SI” 18-crown-6 (2.0 eq.) FP,SI”

oTf Cs,C0; (20 eq) OBn
- N
THF, RT, 18 h
SiMe; N

Al

Bn
27k 28k

84%

According to the typical procedure B, 28k was prepared from the reaction of 18-crown-6 (79.3
mg, 0.300 mmol), 27k (127 mg, 0150 mmol) in THF (3 mL), and Cs,CO3 (97.7 mg, 0.300 mmol)
at room temperature for 18 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/20) afforded indole 28k (59.5 mg, 84%) as yellow oil.

28k: Rr 0.34 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDClz): § 1.01 (d, 3H, J = 7.6 Hz),
1.05-1.08 (m, 9H), 1.18-1.30 (m, 2H), 3.69 (dd, 1H, J = 9.6, 5.5 Hz), 3.76 (dd, 1H, J = 9.6, 6.9
Hz), 4.64 (d, 1H, J = 12.4 Hz), 4.70 (d, 1H, J = 12.4 Hz), 5.24 (d, 1H, J = 15.8 Hz), 5.27 (d, 1H,
J =15.8 Hz), 5.57 (ddd, 1H, J = 6.9, 5.5, 1.4 Hz), 6.95 (d, 1H, J = 1.4 Hz), 7.13-7.23 (m, 4H),
7.26-7.36 (m, 9H); *C NMR (150 MHz, CDCls) § 12.7, 13.6, 16.88, 16.93, 17.00, 17.03, 49.9,
70.6,73.4,76.5,110.3,115.3,121.9, 122.6,123.7,124.2,127.3,127.8, 127.9, 128.0, 128.6, 129.0,
133.0, 134.0, 137.8, 138.9; IR (neat) 3032, 2940, 2862, 1454, 1427, 1362, 1207, 1099, 991, 910,
733 cmt; HRMS (ESI): m/z calcd. for C3oHssNNaO,Si*: 492.2329 [M+Na]*; found: 492.2335.
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Synthesis of silyl ether 27I

Ts
N
/ ~
. _/O\% Bn
FPr2SiCl Ts o FPr,Si
OTf P N‘Bn imidazole (2.0 eq.)‘ OTf
+  HO = -
CH,Cly, RT, 21 h ,
SiMeg P SiMe;
1a S23 271
(1.2eq.) 71%

According to the typical procedure A, silyl ether 271 was prepared from the reaction of silyl
chloride 1a (200 mg, 0.448 mmol), imidazole (61.0 mg, 0.896 mmol) and alcohol S23 (234 mg,
0.538 mmol) in CH>Cl, (5 mL) at room temperature for 21 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/10) and gel-permeation chromatography [YMC-
GPC T4000® (2.0 cm ¢ x 60 cm) + T2000® (2.0 cm ¢ x 60 cm), CHCls, flow rate: 8.0 mL/min]
afforded silyl ether 271 (296 mg, 89%) as colorless oil.

271: R¢ 0.30 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): & 0.34 (s, 9H), 0.946 (d, 3H,
J=7.6 Hz), 0.949 (d, 3H, J = 7.6 Hz), 1.01 (d, 3H, J = 7.6 Hz), 1.04 (d, 3H, J = 7.6 Hz), 1.30—
1.38 (m, 2H), 2.43 (s, 3H), 4.42 (d, 1H, J = 14.1 Hz), 4.47 (d, 1H, J = 14.1 Hz), 4.92 (ddd, 1H, J
=5.5, 1.4, 1.4 Hz), 5.10 (ddd, 1H, J = 10.3, 1.4, 1.4 Hz), 5.26 (ddd, 1H, J = 16.5, 1.4, 1.4 Hz),
5.83 (ddd, 1H, J = 16.5, 10.3, 5.5 Hz), 7.22-7.28 (m, 8H), 7.58 (dd, 1H, J = 7.6, 2.1 Hz), 7.66
(dd, 1H, J =7.6, 2.1 Hz), 7.72 (d, 2H, J = 8.2 Hz); **C NMR (150 MHz, CDCls): 6 -0.2, 13.3,
17.4,17.6,17.7, 21.3,55.2, 64.4, 70.8, 79.5, 115.2, 118.6 (q, Jcr = 321 Hz), 127.3, 128.0, 128.5,
128.8, 128.9, 129.9, 130.0, 134.8, 135.03, 135.05, 137.8, 139.1, 139.9, 145.0, 155.4 (several
signals overlapped); IR (neat): 2951, 2870, 2245, 1578, 1458, 1396, 1366, 1250, 1215, 1169,
1138, 1088, 1042, 868, 845, 737 cm™t; HRMS (ESI): m/z calcd. for CssHasFsNNaOgS,Siz*:
774.1993 [M+Na]*; found: 774.2012.

Synthesis of indole 28I

Ts
N
“ 2~ “Bn
O\V crown- o
Pr,SI” 18-crown-6 (2.0 eq.) Pr,SI” N
oTf Cs,CO3 (2.0 eq.) _
- N
THF, RT, 20 h
SiMe, N
Bn
271 28|

64%
According to the typical procedure B, 281 was prepared from the reaction of 18-crown-6 (107 mg,
0.405 mmol), 271 (152 mg, 0.202 mmol) in THF (3 mL), and Cs,CO;z (132 mg, 0.405 mmol) at
room temperature for 20 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/20) afforded indole 28l (48.2 mg, 64%) as red oil.
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28l: Rt 0.54 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 1.05-1.09 (m, 12H), 1.21—
1.32 (m, 2H), 5.16 (d, 1H, J =9.7 Hz), 5.24 (d, 1H, J = 15.8 Hz), 5.29 (d, 1H, J = 15.8 Hz), 5.38
(d, 1H,J=17.2 Hz), 5.76 (d, 1H, J = 6.9 Hz), 6.11 (ddd, 1H, J =17.2, 9.7, 6.9 Hz), 6.78 (d, 1H,
J=2.9Hz),7.15-7.32 (m, 8H); °C NMR (150 MHz, CDCl3) 6 12.6, 13.7, 16.9, 17.0, 17.1, 49.9,
72.7,110.3, 114.2, 116.9, 122.0, 123.0, 123.7, 124.4, 127.3, 127.9, 129.1, 132.7, 134.4, 137.9,
141.1 (several signals overlapped); IR (neat) 3032, 2943, 2862, 1458, 1427, 1273, 1119, 1072,
1053, 988, 918, 883, 868, 760, 729 cmt; HRMS (ESI): m/z calcd. for C24H2sKNOSI*: 414.1650
[M+K]*; found: 414.1670.

Synthesis of silyl ether 27m

Ts
1

N\
Ph_~ Bn
0 =z
£Pr2SiCl Ts o £PrpSi”
OTf P N‘Bn imidazole (2.0 eq.)‘ oTf
+ HO z o
/ CH,Cly, RT, 24 h
SiMeg Ph SiMeg
1a S24 27m
(1.1 eq.) 77%

According to the typical procedure A, silyl ether 27m was prepared from the reaction of silyl
chloride 1a (318 mg, 0.712 mmol), imidazole (96.9 mg, 1.42 mmol) and alcohol S24 (300 mg,
0.766 mmol) in CH>Cl, (7 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 27m (438 mg, 77%) as
colorless oil.

27m: R 0.45 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls): § 0.35 (s, 9H), 0.91 (d, 3H, J
=7.7Hz),0.97 (d, 3H,J=7.7 Hz), 1.00 (d, 3H, J = 7.5 Hz), 1.04 (d, 3H, J = 7.5 Hz), 1.33-1.40
(m, 2H), 2.41 (s, 3H), 4.38 (s, 2H), 5.38 (s, 1H), 7.10-7.24 (m, 8H), 7.29-7.35 (m, 5H), 7.54—
7.63 (m, 4H); °C NMR (125 MHz, CDCls): 5 0.3, 13.9, 14.0, 17.8, 17.9, 18.2, 21.6, 55.3, 65.7,
72.8, 79.9, 118.3 (q, Jer = 318 Hz), 126.1, 127.1, 127.6, 128.16, 128.22, 128.4, 128.7, 129.58,
129.64, 134.3, 134.5, 134.5, 138.8, 140.0, 142.0, 144.4, 154.7 (several signals overlapped); IR
(neat): 2951, 2251, 1361, 1219, 1168, 1138, 1060, 902, 844 cm; HRMS (ESI): m/z calcd. for
CagHasFsNNaOgS,Si>™: 824.2149 [M+Na]*; found: 824.21509.
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Synthesis of indole 28m

'Irs
Ph 2~ NNBn
o F — o
FPrgSi/ 1ﬁé:cr%vgn 62(2.0 eq.) /'-PrZSi/ Ph

OTf s,C03 (2.0 eq.) _

- A\

THF, RT, 24 h
SiMey N‘
Bn
27m 28m

64%
According to the typical procedure B, 28m was prepared from the reaction of 18-crown-6 (84.5
mg, 0.321 mmol), 27m (129 mg, 0.160 mmol) in THF (3 mL), and Cs,CO3 (105 mg, 0.321 mmol)
at room temperature for 24 h Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/20) afforded indole 12p (49.0 mg, 72%) as a yellow solid.

28m: mp: 87-90 °C; R¢ 0.52 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): § 1.08-1.10
(m, 6H), 1.11-1.14 (m, 6H), 1.25-1.38 (m, 2H), 5.13 (d, 1H, J = 15.8 Hz), 5.25 (d, 1H, J = 15.8
Hz), 6.35 (s, 1H), 6.47 (s, 1H), 7.09 (d, 2H, J = 6.8 Hz), 7.20-7.25 (m, 2H) 7.27-7.32 (m, 5H),
7.37 (dd, 2H, J=6.8, 6.8 Hz), 7.49 (d, 2H, J = 6.8 Hz); *C NMR (150 MHz, CDCls) 5 12.5, 13.9,
17.01, 17.09, 17.11, 17.3, 49.9, 73.5, 110.4, 119.0, 122.0, 123.87, 123.91, 124.5, 126.9, 127.1,
127.7, 127.8, 128.6, 129.0, 133.1, 134.3, 137.9, 145.4; IR (neat) 2947, 2862, 1454, 1427, 910,
736 cm™; HRMS (FAB): m/z calcd. for C2sH3NOSi*: 426.2248 [M+H]*; found: 426.2250.

Synthesis of silyl ether 27n
Br

Ts
o m
“Bn
N, o //
FPr,SiCl o, # B0 o FProSi”
OTf imidazole (2.0 eq.)‘ OTf
+ >
CH,Cl,, RT, 18 h _
SiMe, SiMe;
1a S25 27n
Br (1.2eq) 53%

According to the typical procedure A, silyl ether 27n was prepared from the reaction of silyl
chloride 1a (202 mg, 0.451 mmol), imidazole (61.4 mg, 0.901 mmol) and alcohol S25 (254 mg,
0.541 mmol) in CH>Cl, (5 mL) at room temperature for 18 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/10) and gel-permeation chromatography [YMC-
GPC T4000® (2.0 cm ¢ x 60 cm) + T2000® (2.0 cm ¢ x 60 cm), CHCls, flow rate: 8.0 mL/min]
afforded silyl ether 27n (210 mg, 53%) as colorless oil.

27n: Rt 0.29 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 0.35 (s, 9H), 0.91 (d, 3H, J
=7.6 Hz),0.97 (d, 3H, J=7.6 Hz), 1.01 (d, 3H, J=6.9 Hz), 1.03 (d, 3H, J = 7.6 Hz), 1.32-1.42
(m, 2H), 2.43 (s, 3H), 4.36 (d, 1H, J = 13.7 Hz), 4.40 (d, 1H, J = 13.7 Hz), 5.32 (s, 1H), 7.11-
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7.16 (m, 4H), 7.18-7.23 (m, 5H), 7.26-7.28 (m, 1H), 7.42 (dt, 2H, J=8.9, 1.4 Hz), 7.55-7.59 (m,
4H); 3C NMR (150 MHz, CDCls): § 0.2, 13.4, 13.5, 17.4, 17.5, 17.76, 17.81, 21.3, 55.1, 65.0,
72.4,80.2,118.5(q, Jer = 321 Hz), 121.7, 127.5, 127.9, 128.0, 128.6, 128.8, 129.0, 129.7, 130.0,
131.7,134.5, 134.8, 135.2, 139.3, 140.1, 141.6, 145.0, 155.2; IR (neat): 2951, 2870, 2249, 1721,
1574, 1458, 1396, 1366, 1250, 1211, 1169, 1138, 1069, 1045, 914, 845, 736 cm*; HRMS (ESI):
m/z calcd. for CsgHsBrFsNNaOgS2Si,*™: 902.1255 [M+Na]*; found: 902.1257.

Synthesis of indole 28n
Br

Ts
1

' N‘B Br
n
0 z - y o}
FPr,SI” 18-crown-6 (2.0 eq.) FP,SI”
OTf Cs,CO3 (2.0 eq.)
) THF, RT, 23 h
SIM63 \
Bn
27n 28n

73%

According to the typical procedure B, 28n was prepared from the reaction of 18-crown-6 (107
mg, 0.407 mmol), 27n (179 mg, 0.204 mmol) in THF (3 mL), and Cs,CO3 (133 mg, 0.407 mmol)
at room temperature for 23 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/30) afforded indole 28n (75.3 mg, 73%) as yellow oil.

28n: Rf 0.51 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 1.07 (d, 3H, J = 6.9 Hz),
1.08 (d, 3H, J = 7.6 Hz), 1.11 (d, 3H, J = 6.9 Hz), 1.12 (d, 3H, J = 7.6 Hz), 1.24-1.36 (m, 2H),
5.13 (d, 1H, J =15.8 Hz), 5.25 (d, 1H, J = 15.8 Hz), 6.29 (d, 1H, J= 1.3 Hz), 6.44 (d, 1H,J =14
Hz), 7.09 (d, 2H, J = 7.6 Hz), 7.20-7.29 (m, 6H), 7.35 (d, 2H, J = 8.3 Hz), 7.48 (d, 2H, J = 8.3
Hz); 3C NMR (150 MHz, CDCl3) § 12.4, 13.9, 16.98,17.04, 17.1,17.2,49.9, 73.0, 110.5, 118.5,
121.5,122.2,123.8, 124.0, 124.3, 127.1, 127.9, 128.7, 129.0, 131.7, 132.9, 134.3, 137.8, 144.5;
IR (neat) 3036, 2943, 2862, 1597, 1543, 1485, 1458, 1427, 1261, 1115, 1069, 1011, 910, 883,
799, 760, 733 cm™*; HRMS (ESI): m/z calcd. for CpsHzBrNOSi*: 504.1353 [M+H]*; found:
504.1339.
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Synthesis of silyl ether 270

1 N
N. Me™ = “Bn
Bn o) =
FPr,SiCl Ho # FPr,SI”
OTf imidazole (2.0 eq.) OTf
+ Mespn/\ >
CH,Cl,, RT, 22 h
SiMe3 SiMes
1a S26 270
(1.2 eq.) 44%

According to the typical procedure A, silyl ether 270 was prepared from the reaction of silyl
chloride 1a (210 mg, 0.469 mmol), imidazole (63.9 mg, 0.939 mmol) and alcohol S26 (250 mg,
0.563 mmol) in CH>Cl, (5 mL) at room temperature for 22 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/10) and gel-permeation chromatography [YMC-
GPC T4000® (2.0 cm ¢ x 60 cm) + T2000® (2.0 cm ¢ % 60 cm), CHCls, flow rate: 8.0 mL/min]
afforded silyl ether 270 (176 mg, 44%) as a white solid.

270: mp: 43-49 °C; R¢ 0.24 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): 5 0.36 (s, 9H),
0.89 (d, 3H, J = 7.6 Hz), 0.97 (d, 3H, J = 7.6 Hz), 1.00 (d, 3H, J = 7.6 Hz), 1.07 (d, 3H,J=7.6
Hz), 1.33(qq, 1H, J=7.6, 7.6 Hz), 1.38 (qq, 1H, J = 7.6, 7.6 Hz), 2.30 (s, 3H), 3.77 (s, 3H), 4.36
(d, 1H, J = 13.8 Hz), 4.44 (d, 1H, J = 13.8 Hz), 5.52 (s, 1H), 6.16 (s, 1H), 6.89 (d, 2H, J = 8.2
Hz), 7.12-7.33 (m, 9H), 7.43 (d, 2H, J = 8.2 Hz), 7.57-7.60 (m, 3H); C NMR (150 MHz,
CDCls): 6-0.3,13.5,13.7,17.49, 17.52, 17.8, 17.9, 21.2, 30.4, 55.0, 60.3, 70.8, 80.4, 100.2, 109.5,
118.6 (g, Jer = 321 Hz), 119.7, 121.1, 122.1, 127.2, 127.6, 127.7, 128.6, 128.85, 128.89, 129.5,
129.9, 134.5, 134.6, 135.1, 138.6, 138.7, 139.4, 140.6, 145.0, 155.1; IR (neat): 2951, 2870, 2253,
1721, 1582, 1396, 1366, 1211, 1161, 1134, 1099, 941, 845, 737 cm~t; HRMS (ESI): m/z calcd.
for Ca2HaoF3N2NaOeS,Siy*: 877.2415 [M+Na]*; found: 877.2402.

Synthesis of indole 280

Ts
Me~NZ N.
N A o
FPr,Si” 18-crown-6 (2.0 eq.) FPE,SI”
OTf Cs,C0O3 (2.0 eq.) _
THF, RT, 16 h
SiM63 1
Bn
270 280

31%

According to the typical procedure B, 280 was prepared from the reaction of 18-crown-6 (104
mg, 0.395 mmol), 270 (169 mg, 0197 mmol) in THF (3 mL), and Cs,COs (129 mg, 0.395 mmol)
at room temperature for 16 h. Purification by flash column chromatography (silica gel,
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EtOAc/hexane = 1/20) and gel-permeation chromatography [YMC-GPC T4000® (2.0 cm ¢ x 60
cm) + T2000® (2.0 cm ¢ x 60 cm), CHCls, flow rate: 8.0 mL/min] afforded indole 280 (29.3 mg,
31%) as red oil.

280: Rf 0.44 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 1.01 (d, 3H, J = 6.9 Hz),
1.02 (d, 3H,J =7.6 Hz), 1.12 (d, 3H, J=7.6 Hz), 1.13 (d, 3H, | = 7.6 Hz), 1.21 (qq, 1H, J = 7.6,
6.9 Hz), 1.33 (qq, 1H, J = 7.6, 7.6 Hz), 3.68 (s, 3H), 5.22 (d, 1H, J = 15.8 Hz), 5.26 (d, 1H, J =
15.8 Hz), 6.47 (s, 1H), 6.64 (s, 1H), 6.67 (d, 1H, J = 1.4 Hz), 7.07-7.10 (m, 3H), 7.19-7.33 (m,
8H), 7.57 (d, 1H, J = 7.6 Hz); 3C NMR (150 MHz, CDCl3) § 12.5,13.8,16.9, 17.07, 17.13, 17.4,
30.6,49.9,67.5,101.5,109.2,110.6, 115.7, 119.5, 121.0, 121.8, 122.2, 123.8, 124.0, 124.6, 127.1,
127.3, 127.9, 129.0, 133.1, 134.5, 137.8, 138.8, 141.6; IR (neat) 3048, 2943, 2862, 1597, 1543,
1466, 1427, 1339, 1277, 1115, 1042, 1018, 910, 883, 733 cm™; HRMS (ESI): m/z calcd. for
Cs1H3:N2NaOSi*: 501.2333 [M+Na]*; found: 501.2327.

Synthesis of silyl ether 27p

Ts
1

N

= "Me
O\/
FPraSicCl Ts FProSi”

oTf P N‘Me imidazole (2.0 eq.)‘ OTf
+ HO\/ >
CH,Cl,, RT, 24 h
SiMe; SiMey
1a S27 27p
(1.1 eq.) 87%

According to the typical procedure A, silyl ether 27p was prepared from the reaction of silyl
chloride 1a (179 mg, 0.393 mmol), imidazole (53.5 mg, 0.786 mmol) and alcohol S27 (103 mg,
0.432 mmol) in CH>Cl, (4 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/10) afforded silyl ether 27p (225 mg, 87%) as
colorless oil.

27p: Rr 0.48 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls):  0.36 (s, 9H), 1.00 (d, 6H, J
=7.6 Hz), 1.09 (d, 6H, J = 7.6 Hz), 1.39 (qq, 2H, J = 7.6, 7.6 Hz), 2.44 (s, 3H), 3.04 (s, 3H), 4.45
(s, 2H), 7.34 (d, 2H, J = 7.6 Hz), 7.39 (dd, 1H, J = 7.6, 7.6 Hz), 7.61-7.65 (m, 2H), 7.79 (d, 2H,
J = 7.6 Hz); *C NMR (150 MHz, CDCls): § -0.2, 13.1, 17.3, 17.7, 21.3, 38.8, 52.3, 67.8, 79.9,
118.7 (q, Jcr = 321 Hz), 127.4, 128.0, 129.8, 130.1, 133.7, 135.3, 139.0, 139.1, 145.1, 156.0; IR
(neat): 2951, 2870, 1396, 1361, 1215, 1172, 1138, 1087, 906, 844, 725 cm™; HRMS (ESI): m/z
calcd. for Co7H3sFsNNaOeS,Si>": 672.1523 [M+Na]*; found: 672.1526.
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Synthesis of indole 28p

'Irs
= N‘Me
/-PrZSi’O\/ 18-crown-6 (2.0 eq.) /-PrZSi/O

OTf Cs,CO3 (2.0 eq.) _

- N
THF, RT, 19 h
SiMe, N
Me
27p 28p

76%
According to the typical procedure B, 28p was prepared from the reaction of 18-crown-6 (59.2
mg, 0.224 mmol), 27p (72.8 mg, 0.112 mmol) in THF (2 mL), and Cs,CO;3 (73.0 mg, 0.224 mmol)
at room temperature for 19 h. Purification by PTLC (EtOAc/hexane = 1/5) afforded indole 28p
(23.3 mg, 76%) as yellow oil.

28p: R 0.42 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): § 1.06 (d, 6H, J = 7.6 Hz), 1.07
(d, 6H, J = 7.6 Hz), 1.25 (qq, 2H, J = 7.6, 7.6 Hz), 3.77 (s, 3H), 5.31 (s, 2H), 6.80 (s, 1H), 7.23
(dd, 1H,J=8.2,7.6 Hz), 7.26 (d, 1H, J = 7.6 Hz), 7.31 (d, 1H, J = 8.2 Hz); ®*C NMR (150 MHz,
CDCl3): 6 13.0, 16.9, 17.1, 32.4, 61.5, 109.9, 113.6, 121.9, 123.3, 124.4, 133.0, 134.5 (several
signals overlapped); IR (neat): 2943, 2862, 1446, 1302, 1195, 1076, 906, 884 cm™*; HRMS
(FAB): m/z calcd. for C16H24NOSI*: 274.1622 [M+H]*; found: 274.1628.

Synthesis of silyl ether 27q

Ts
Z N‘Ph
O\/
£Pr2SiCl Ts o FPrySi”
oTf P N‘Ph imidazole (2.0 eq.)‘ oTf
* HO\/ >
CH,Cl,, RT, 24 h
SiMe3 SiMe;
1a S28 27¢
(1.1 eq.) 91%

According to the typical procedure A, silyl ether 27q was prepared from the reaction of silyl
chloride 1a (388 mg, 0.849 mmol), imidazole (116 mg, 1.70 mmol) and alcohol S28 (281 mg,
0.934 mmol) in CH>Cl, (10 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 27q (564 mg, 91%) as
colorless oil.

27q: Rr 0.36 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls):  0.36 (s, 9H), 1.00 (d, 6H, J
=7.5Hz),1.09 (d,6H,J=7.5Hz),1.40 (qq, 2H,J = 7.5, 7.5 Hz), 2.42 (s, 3H), 4.49 (s, 2H), 7.22—
7.25 (m, 4H), 7.29-7.33 (m, 3H), 7.36 (dd, 1H, J = 7.4, 7.4 Hz), 7.56-7.67 (m, 4H); *C NMR
(125 MHz, CDCls): 6 0.3, 13.5,17.7, 18.0, 21.6, 52.6, 69.2, 78.9, 118.4 (q, Jcr = 318 Hz), 126.3,
127.2, 128.1, 128.2, 129.0, 129.5, 133.2, 134.9, 138.6, 138.8, 144.8, 155.5 (several signals

162



overlapped); IR (neat): 2951, 2252, 1396, 1219, 1176, 1087, 906, 844 cm™t; HRMS (ESI): m/z
calcd. for CsaHaoF3sNNaOeS2Si,": 734.1680 [M+Na]*; found: 734.1689.

Synthesis of indole 28q

Ts
1

N.

= Ph
/-PrZSi’O\/ 18-crown-6 (2.0 eq.)

o
EProSi”
OTf Cs,CO3 (2.0 eq.) _
- N
THF, RT, 20 h
SiMe, N

1

Ph

27q 28q
64%

According to the typical procedure B, 28q was prepared from the reaction of 18-crown-6 (103
mg, 0.391 mmol), 27g (139 mg, 0.195 mmol) in THF (3.5 mL), and Cs,CQO3 (127 mg, 0.391
mmol) at room temperature for 20 h. Purification by flash column chromatography (silica gel,
EtOAc/hexane = 1/20) afforded indole 289 (41.1 mg, 63%) as a white solid.

280: mp: 66-70 °C; R¢ 0.53 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls): § 1.09 (d, 12H,
J = 7.5 Hz), 1.29 (septet, 2H, J = 7.5 Hz), 5.38 (s, 2H), 7.13 (s, 1H), 7.23-7.35 (m, 4H), 7.49-
7.53 (m, 3H), 7.59 (brd, 1H, J = 8.0 Hz); **C NMR (125 MHz, CDCls): 6 13.8, 17.3, 17.5, 61.4,
111.1,115.8,120.7,122.6,123.7,124.3,124.7, 126.0, 129.6, 133.3, 133.7, 139.9; IR (neat): 2943,
2866, 1701, 1597, 1500, 1423, 1269, 1215, 1145, 1072, 844 756 cm™; HRMS (FAB): m/z calcd.
for C21H26NOSI*: 336.1778 [M+H]*; found: 336.1787.

Synthesis of silyl ether 27r

Ts
1

N

/
/
FPr,SiCl /-PrZSi’O\/ )

Ts
1 ..
OT P N imidazole (2.0 eq.)‘ oTf
+ HO\/ >
) CH,Cl,, RT, 24 h
SiMe; SiMe,

1a S28 27r
(1.2eq) 85%

According to the typical procedure A, silyl ether 27r was prepared from the reaction of silyl
chloride 1a (123 mg, 0.385 mmol), imidazole (52.4 mg, 0.770 mmol) and alcohol S28 (123 mg,
0.462 mmol) in CH>Cl, (4 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 27r (221 mg, 85%) as
colorless oil.

27r: R; 0.24 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): 6 0.36 (s, 9H), 0.99 (d, 6H, J
=7.6 Hz), 1.08 (d, 6H, J = 7.6 Hz), 1.39 (qq, 2H, J = 7.6, 7.6 Hz), 2.44 (s, 3H), 3.95 (d, 2H, J =
6.2 Hz), 4.46 (s, 2H), 5.16-5.24 (m, 2H), 5.65-5.74 (m, 1H), 7.31 (d, 2H, J = 8.3 Hz), 7.37 (dd,
1H,J=17.6, 7.6 Hz), 7.61 (d, 2H, J = 7.6 Hz), 7.79 (d, 2H, J = 8.3 Hz); *C NMR (150 MHz,
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CDCl;): 6-0.2,13.1,17.3,17.7,21.3,52.4,54.0,69.7, 78.2, 118.7 (q, Jcr = 321 Hz), 120.1, 127 .4,
128.0, 129.8, 130.0, 131.2, 135.16, 135.20, 138.9, 139.1, 145.0, 156.0; IR (neat): 2947, 2866,
2245, 1396, 1361, 1211, 1168, 1138, 1087, 867, 840, 779, 732 cm™; HRMS (ESI): m/z calcd. for
Ca9Ha0F3sNNaOgS,Si,*: 698.1680 [M+Na]*; found: 698.1667.

Synthesis of indole 28r

Ts
_ N
=z
/-PrZSi’O\/ ) 18-crown-6 (2.0 eq.) /-PrZSi/O
oTf Cs,CO3 (2.0 eq.)

> A\
THF, RT, 19 h
SiMe, N

7

27r 28r
44%

According to the typical procedure B, 28r was prepared from the reaction of 18-crown-6 (119 mg,
0.451 mmol), 27r (152 mg, 0.226 mmol) in THF (4 mL), and Cs,COs (147 mg, 0.451 mmol) at
room temperature for 19 h. Purification by PTLC (EtOAc/hexane = 1/20 x2) afforded indole 28r
(29.9 mg, 44%) as yellow oil.

28r: Rs0.50 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): 8 1.06 (d, 6H, J = 7.6 Hz), 1.07
(d, 6H, J=7.6 Hz), 1.25 (qq, 2H, J = 7.6, 7.6 Hz), 4.69 (d, 2H, J = 5.5 Hz), 5.14 (dd, 1H, J =
17.2,1.4 Hz), 5.21 (dd, 1H, J =10.3, 1.4 Hz), 5.30 (s, 2H), 6.00 (ddd, 1H, J = 17.2, 10.3, 5.5 Hz),
6.84 (s, 1H), 7.20-7.23 (m, 2H), 7.29-7.32 (m, 1H); *C NMR (150 MHz, CDCls): § 13.0, 16.9,
17.1, 48.6, 61.5, 110.2, 114.0, 117.7, 120.8, 121.9, 123.5, 124.6, 133.2, 134.0 (several signals
overlapped); IR (neat): 2943, 2862, 1427, 1334, 1083, 991, 910, 883, 752 cm™*; HRMS (FAB):
m/z calcd. for C1sH26NOSi*: 300.1778 [M+H]*; found: 300.1788.

Synthesis of silyl ether 27s

. . . O
#PreSicCl . FPr,Si \/\ Boc
OTf HO\/\ imidazole (2.0 eq.)‘ OT N7
+ X, .Boc > Bn

N CH,Cl,, RT, 24 h _
SiMes Bn SiMes

1a 35 27s
(1.1eq.) 74%

According to the typical procedure A, silyl ether 27s was prepared from the reaction of silyl
chloride 1a (316 mg, 0.707 mmol), imidazole (96.2 mg, 1.41 mmol) and alcohol 35 (214 mg,
0.777 mmol) in CH>Cl> (7 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 27s (359 mg, 74%) as

colorless oil.
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27s: R; 0.25 (EtOAc/hexane = 1/10); *H NMR (500 MHz, CDCls): 8 0.36 (s, 9H), 0.98 (d, 6H, J
=7.5Hz), 1.09 (d, 6H, J =7.4 Hz), 1.37 (qq, 2H, J = 7.5, 7.4 Hz), 1.46 (brs, 9H), 2.55 (brs, 2H),
3.72(t,2H,J=7.2 Hz), 4.52 (s, 2H), 7.27-7.37 (m, 6H), 7.59-7.63 (m, 2H); **C NMR (150 MHz,
CDCls): 6 -0.2,13.1,17.4,17.8, 22.2, 27.7,52.7, 54.5, 62.8, 66.5, 82.2, 118.7 (q, Jcr = 321 Hz),
127.3,127.9,128.4,128.7, 130.3, 135.0, 137.0, 138.9, 139.1, 154.9, 156.0; IR (neat): 2951, 2870,
2260, 1716, 1396, 1211, 1138, 844, 733 cmt; HRMS (ESI): m/z calcd. for Cs2HasFsNNaOgSSi,*:
708.2429 [M+Na]*; found: 708.2434.

Synthesis of indole 28s

; .0 18-crown-6 (2.0 eq.) ./O
FProSi” \/\ 0 €q. FPr,Si
oTf N ,}I,Boc Cs,C0; (2.0 eq.) N
- A\
Bn THF, RT, 18 h
SiMe; N
27s 085 Bn

33%
According to the typical procedure B, 28s was prepared from the reaction of 18-crown-6 (101 mg,
0.383 mmol), 27s (131 mg, 0192 mmol) in THF (3.5 mL), and Cs2COs (125 mg, 0.383 mmol) at
room temperature for 18 h. Purification by PTLC (EtOAc/hexane = 1/20 x3) afforded indole 28s
(23.0 mg, 33%) as yellow oil.

28s: R¢ 0.53 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): 5 1.02 (d, 6H, J = 7.6 Hz), 1.06
(d, 6H, J = 7.6 Hz), 1.24 (qq, 2H, J = 7.6, 7.6 Hz), 3.09-3.11 (m, 2H), 4.24-4.26 (m, 2H), 5.25
(s, 2H), 6.91 (s, 1H), 7.14-7.18 (m, 4H), 7.26-7.33 (m, 4H); 3C NMR (150 MHz, CDCls) 5 13.2,
16.9,17.2, 31.7, 49.5, 65.8, 110.7, 116.7, 121.1, 125.4, 126.3, 127.4, 127.9, 128.4, 129.0, 133.1,
136.3, 137.9; IR (neat) 2943, 2866, 1597, 1462, 1420, 1315, 1250, 1119, 1053, 991, 907, 883,
752, 737 cm™t; HRMS (ESI): m/z calcd. for Ca3H20KNOSi*: 402.1650 [M+K]*; found: 402.1664.

Synthesis of silyl ether 27t

I|30c
= N“Bn
FPraSiCl Boc o FPrySi”
OTf P N~B imidazole (2.0 eq.)‘ OTf
+ n -
HO\/\/ CH,Cly, RT, 24 h _
SiMej SiMey
1a S29 27t
(1.2eq.) 95%

According to the typical procedure A, silyl ether 27t was prepared from the reaction of silyl
chloride 1a (378 mg, 0.846 mmol), imidazole (115 mg, 1.69 mmol) and alcohol S29 (294 mg,
1.02 mmol) in CH2CL, (9 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/30) afforded silyl ether 27t (560 mg, 95%) as
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colorless oil.

27t: Rt 0.25 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): 5 0.35 (s, 9H), 0.98 (d, 6H, J
=7.6 Hz), 1.09 (d, 6H, J = 6.9 Hz), 1.37 (qq, 2H, J = 7.6, 6.9 HZz), 1.46 (brs, 9H), 1.73 (brs, 2H),
2.39 (brs, 2H), 3.70 (t, 2H, J = 6.2 Hz), 4.53 (s, 2H), 7.26-7.36 (m, 6H), 7.58-7.62 (m, 2H); *C
NMR (150 MHz, CDCl»): 6 -0.2, 13.2, 14.5, 17.4, 17.9, 27.7, 31.6, 52.8, 54.4, 62.2, 69.2, 82.0,
118.7 (q, Jer = 321 Hz), 127.3, 127.9, 128.4, 128.7, 130.5, 134.9, 137.1, 138.9, 139.1, 155.1,
155.9; IR (neat): 2947, 2870, 2260, 1716, 1396, 1365, 1211, 1138, 1103, 840, 732 cm!; HRMS
(ESI): m/z calcd. for Cs3sHasFsNNaOgSSi,*: 722.2585 [M+Na]*; found: 722.2575.

Synthesis of silyl ether 29

_ OMe
o\/
FPr3SiCl o FProSi”

oTf P OMe imidazole (2.0 eq.)‘ oTf

+ HO\/ >
CH,Cl,, RT, 24 h ]
SiMe; SiMe3
1a S30 29
(1.3 eq.) 65%

According to the typical procedure A, silyl ether 29 was prepared from the reaction of silyl
chloride 1a (708 mg, 1.53 mmol), imidazole (208 mg, 3.05 mmol) and alcohol S30 (177 mg, 2.06
mmol) in CH,Cl, (15 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 29 (489 mg, 65%) as
colorless oil.

29: R¢ 0.67 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): § 0.36 (s, 9H), 1.03 (d, 6H, J =
7.6 Hz), 1.14 (d, 6H, J = 7.6 Hz), 1.41 (qq, 2H, J = 7.6, 7.6 Hz), 3.83 (s, 3H), 4.36 (s, 2H), 7.38
(dd, 1H,J =7.6, 6.9 Hz), 7.61 (dd, 1H, J = 7.6, 1.4 Hz), 7.65 (dd, 1H, J = 6.9, 1.4 Hz); *C NMR
(150 MHz, CDCls): 6-0.1,13.1,17.4,17.7,35.7,52.0, 65.4, 95.3, 118.7 (q, Jcr = 321 Hz), 127.3,
130.2, 135.2, 138.98, 139.04, 156.0; IR (neat): 2947, 2870, 2272, 1396, 1215, 1138, 1072, 906,
871, 844 cm™; HRMS (ESI): m/z calcd. for CaoHs1FsNaOsSSiz*: 519.1275 [M+Na]*; found:
519.1285.

Synthesis of benzofuran 30

OMe

=
/-PrZSi/O\/ 18-crown-6 (3.0 eq.) /LPrZSi/O
OTf Cs,CO3 (3.0 eq.) .
- A\
THF, RT, 3d
SiMe; o)
29 30

51%
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According to the typical procedure B, 30 was prepared from the reaction of 18-crown-6 (471 mg,
1.78 mmol), 29 (295 mg, 0.594 mmol) in THF (10 mL), and Cs,COs (580 mg, 1.78 mmol) at
room temperature for 3 d. Purification by flash column chromatography (silica gel, EtOAc/hexane
= 1/30) afforded benzofuran 30 (78.8 mg, 51%) as colorless oil.

30: Rf 0.60 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): § 1.05 (d, 12H, J = 7.6 Hz), 1.25
(septet, 2H, J = 7.6 Hz), 5.26 (s, 2H), 7.31 (dd, 1H, J =8.2, 6.9 Hz), 7.35 (d, 1H, J = 6.9 Hz), 7.40
(s, 1H), 7.47 (d, 1H, J = 8.2 Hz); 3C NMR (150 MHz, CDCls) 8 12.8, 16.8, 16.9, 59.5, 112.0,
118.8, 124.6, 125.8, 126.8, 133.4, 137.5, 153.0; IR (neat) 2943, 2862, 1415, 1188, 1087, 1053,
879, 821, 748 cm*; HRMS (FAB): m/z calcd. for CisH»10,Si*: 261.1305 [M+H]*; found:
261.1306.

Synthesis of nonaflate S31

; . 18-crown-6 (1.0 eq.) ;
Pr. Pr
FPrzSiH NaH (1.5 eq.) +rr2SiH
OH NfF (1.5 eq.) ONf
SiMes THF, 60 "C, 30 min SiMe,
4a Nf = SO,C,F, S31

56%

To a solution of S32* (341 mg, 1.21 mmol) in THF (10 mL) were added 18-cworn-6 (321 mg,
1.21 mmol). To the mixture, NaH (60% dispersion in mineral oil, 73.0 mg, 1.82 mmol) was added
at 0 °C. After stirring for 30 min at 0 °C, nonafluoro-1-butanesulfonyl fluoride (NfF, 320 pL, 1.82
mmol) was added, and stirring was continued for 30 min at 60 °C. The reaction was quenched by
adding water, and the mixture was extracted with hexane (x3). The combined organic layer was
washed with brine, dried (Na.SO.), and concentrated in vacuo. The residue was purified by flash
column chromatography (silica gel, hexane) to afford nonaflate S33 (385 mg, 56%) as colorless
oil.

S33: Ry: 0.47 (hexane); *H NMR (500 MHz, CDCls) 6 0.37 (s, 9H), 0.95 (d, 6H, J = 7.5 Hz), 1.06
(d, 6H,J=7.2 Hz), 1.26 (qqd, 2H, J=7.5, 7.2, 3.2 Hz), 4.21 (t, 1H, J = 3.2 Hz), 7.37 (dd, 1H, J
=7.5,7.2Hz),7.49 (dd, 1H,J=7.2,2.0 Hz), 7.61 (dd, 1H, J = 7.5, 2.0 Hz); *C NMR (125 MHz,
CDCl3) 6 0.3, 10.9, 18.45, 18.54, 127.2, 130.4, 135.1, 137.7, 138.4, 155.9 (signals derived from
a Nf group were concealed.); *F NMR (470 MHz, CDCl3) § -126.9, -122.0, -109.1, -81.7; IR
(neat) 2954, 2866, 1396, 1242, 1203, 906, 723 cm?; HRMS (ESI): m/z calcd. for
C19H26F903SSiz: 561.1003 [M—H] ; found: 561.0991.
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Synthesis of silyl ether 31-Nf

_ SMe
; : O\/
£PrySiH 1) TCCA (0.4 eq.) FPrySi”

ONf CH,Cl,, RT, 1 h ONf

SiMeg 2) imidazole (2.0 eq.) SiMe,

SMe

831 Ho\/ 31-Nf

S32 (1.7 eq.) 71% (2 steps)
CH,Cl,, RT, 24 h

According to the typical procedure A’, silyl ether 31-Nf was prepared from the reaction of triflate
S31 (242 mg, 0.429 mmol) and TCCA (40.0 mg, 0.172 mmol) in CH2Cl; (4 mL) at room
temperature for 1 h and the reaction of corresponding silyl chloride, imidazole (57.2 mg, 0.840
mmol) and alcohol S32 (70.7 mg, 0.692 mmol) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/50) afforded silyl ether 31-Nf (201 mg,
71% in 2 steps) as colorless oil.

31-Nf: Rt: 0.36 (EtOAc/hexane = 1/20); *H NMR (500 MHz, CDCls) 6 0.36 (s, 9H), 1.04 (d, 6H,
J=74Hz), 114 (d, 6H, J = 7.5 Hz), 1.43 (qq, 2H, J = 7.5, 7.4 Hz), 2.30 (s, 3H), 4.44 (s, 2H),
7.40 (dd, 1H, J =7.5,6.9 Hz), 7.63 (d, 1H, J = 7.5 Hz), 7.66 (d, 1H, J = 6.9 Hz); **C NMR (150
MHz, CDCls) 6 0.1, 13.2, 17.4, 17.8, 18.6, 53.0, 91.5, 127.3, 130.1, 135.3, 139.1, 139.2, 156.1
(signals derived from a Nf group were concealed.); *°F NMR (470 MHz, CDCls) & -126.9, —
122.0, -109.3, -81.8; IR (neat) 2951, 2870, 1577, 1400, 1354, 1242, 1203, 1145, 1095, 1033,
910, 848 cm™; HRMS (ESI): m/z calcd. for CasHaiFoNaO4S,Siz*: 685.0951 [M+Na]*; found:
685.0948.

Synthesis of benzothiophene 32

SMe

/
/
/'-PrZSi’O\/

o
18-crown-6 (3.0 eq.) #PrySi”

ONf Cs,CO3 (3.0 eq.)
- N
SiMeg THF, RT, 3d IS
31-Nf 32

55%

According to the typical procedure B, 32 was prepared from the reaction of 18-crown-6 (79.3 mg,
0.300 mmol), 31-Nf (66.3 mg, 0.100 mmol) in THF (2.5 mL), and Cs,COs (97.7 mg, 0.300 mmol)
at room temperature for 3 d. Purification by PTLC (toluene/hexane = 1/3 x2) afforded
benzothiophene 32 (15.5 mg, 55%) as colorless oil.

32: R¢ 0.38 (toluene/hexane = 1/3); *H NMR (600 MHz, CDCls): § 1.06 (d, 6H, J = 6.9 Hz), 1.07
(d, 6H, J = 7.6 Hz), 1.28 (qq, 2H, J = 7.6, 6.9 Hz), 5.26 (s, 2H), 7.09 (s, 1H), 7.36 (dd, 1H, J =
8.3, 6.8 Hz), 7.48 (d, 1H, J = 6.8 Hz), 7.90 (d, 1H, J = 8.3 Hz); *C NMR (150 MHz, CDCls) &
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12.7, 16.8, 17.1, 63.6, 118.6, 123.9, 124.2, 128.6, 128.7, 134.5, 139.4, 143.4; IR (neat) 2943,
2862, 1462, 1404, 1118, 1072, 879, 818, 760 cm™; HRMS (FAB): m/z calcd. for C1sH1OSSi*:
277.1077 [M+H]*; found: 277.1085.

Synthesis of ether 37

N,
= Bn
OH PPhs (1.5 eq.) o/\/

Boc
SiMe [
3 . N DIAD (1.5 eq.) - SiMes
/\/ Bn -
OTf HO THF, RT, 16 h

OTf
36 35 37
(1 5 eq) 23%

To a solution of phenol 36 (423 mg, 1.35 mmol), alcohol 35 (556 mg, 2.02 mmol) and PPh; (529
mg, 2.02 mmol) in THF (10 mL) was added diisopropyl azodicarboxylate (DIAD, 1.9 M in
toluene, 1.06 mL, 2.02 mmol) at 0 °C. After stirring for 16 h at room temperature, the reaction
was quenched by adding saturated aqueous NH4ClI, and the mixture was extracted with EtOAc
(x3). The combined organic layer was washed with brine, dried (Na2SO4), and concentrated in
vacuo. The residue was purified by flash column chromatography (silica gel, EtOAc/hexane =
1/5) and gel-permeation chromatography [YMC-GPC T4000® (2.0 cm ¢ x 60 cm) + T2000® (2.0
cm ¢ x 60 cm), CHCls, flow rate: 8.0 mL/min] to afford ether 37 (176 mg, 23%) as colorless oil.
37: R¢ 0.39 (EtOAc/hexane = 1/3); *H NMR (600 MHz, CDCls): & 0.36 (s, 9H), 1.47 (brs, 2H),
2.77 (brs, 2H), 4.00 (brs, 2H), 4.54 (s, 2H), 6.76 (d, 1H, J = 10.0 Hz), 6.94 (d, 1H, J = 10.0 Hz),
7.26-7.36 (m, 6H); *C NMR (150 MHz, CDCls): § 1.0, 19.5, 28.0, 52.7, 65.8, 67.0, 82.4, 109.8,
112.8, 118.5 (q, Jcr = 319 Hz), 120.6, 127.7, 128.1, 128.4, 131.5, 136.6, 154.3, 154.6, 164.2; IR
(neat): 2978, 2264, 1720, 1597, 1419, 1253, 1215, 1045, 910, 848, 736 cm; HRMS (ESI): m/z
calcd. for CasHs2F3sNNaOeSSi*: 594.1564 [M+Na]*; found: 594.1566.

Synthesis of indole 38

Ii%oc
N.
/\/ o
) Cs,C0; (2.0 eq.) o)
SiMe, 18-crown-6 (2.0 eq.)
@: - A\
OTf THF, RT, 19 h N
Bn
37 38

32%

According to the typical procedure B, 38 was prepared from the reaction of 18-crown-6 (63.7 mg,
0.241 mmol), 37 (68.8 mg, 0.120 mmol) in THF (2 mL), and (78.5 mg, 0.241 mmol) at room
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temperature for 19 h. Purification by flash column chromatography (silica gel, EtOAc/hexane =
1/15) afforded indole 38 (9.5 mg, 32%) as pale yellow oil.

38: Rr 0.53 (EtOAc/hexane = 1/3); *H NMR (600 MHz, CDCls): § 3.08 (t, 2H, J = 5.5 Hz), 4.42
(t, 2H, J =5.5 Hz), 5.26 (s, 2H), 6.50 (d, 1H, J = 7.6 Hz), 6.69 (s, 1H), 6.81 (d, 1H, J = 8.3 Hz),
7.05 (dd, 1H,J=8.3, 7.6 Hz), 7.16 (d, 2H, J = 6.9 Hz), 7.25-7.33 (m, 3H); *C NMR (150 MHz,
CDCls) 6 23.0, 50.2, 68.2, 102.0, 102.5, 107.6, 118.7, 120.2, 123.9, 127.2, 127.9, 129.0, 136.4,
138.2, 151.6; IR (neat) 2978, 2900, 1716, 1604, 1496, 1454, 1311, 1242, 1149, 1049, 910, 732
cm; HRMS (FAB): m/z calcd. for C17H1sNO*: 250.1226 [M+H]*; found: 250.1230.

FLHE GRS 3 KNG
Synthesis of silyl ether 39a

Ts
1

N

=~ "Bn
O\/
FPraSiCl Ts FPrySi”

[ imidazole (2.0 eq.)

OTs N‘B o OTs
+ Z n -
HO\/ CH,Cly, RT, 24 h
Br Br
1b 18b 39a
(1.1eq) 80%

According to the typical procedure A, silyl ether 39a was prepared from the reaction of silyl
chloride 1b (3.15 g, 6.63 mmol), imidazole (903 mg, 13.3 mmol) and alcohol 18b (2.31 g, 7.30
mmol) in CHxCl, (66 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/10) afforded silyl ether 39a (3.98 g, 80%) as a
white solid.

39a: mp: 112-119 °C; Ry 0.48 (EtOAc/hexane = 1/3); *H NMR (600 MHz, CDCls): & 0.99 (d,
6H,J=7.6 Hz), 1.08 (d, 6H, J = 7.6 Hz), 1.54 (qq, 2H, J = 7.6, 7.6 Hz), 2.42 (s, 3H), 2.46 (s, 3H),
4.43 (s, 2H), 4.49 (s, 2H), 7.09 (dd, 1H, J =7.6, 7.6 Hz), 7.26-7.30 (m, 7H), 7.33 (d, 2H,J = 7.6
Hz), 7.51-7.56 (m, 2H), 7.74 (d, 2H, J = 8.2 Hz), 7.82 (d, 2H, J = 8.2 Hz); 3C NMR (150 MHz,
CDCls): 6 13.2,17.4, 17.9, 21.3, 21.4, 52.6, 55.3, 70.2, 78.5, 117.7, 127.9, 128.0, 128.5, 128.8,
128.86, 128.90, 129.8, 130.0, 133.9, 134.7, 134.9, 135.1, 135.8, 136.8, 144.9, 145.6, 150.7; IR
(neat): 2951, 2252, 1396, 1168, 1080, 902, 725 cm?*; HRMS (ESI): m/z calcd. for
CasHa0BrNNaOgS,Si*: 776.1142 [M+Na]*; found: 776.1151.
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Synthesis of silyl ether 39b

IIBOC

N

. . ./0\/ Bn
FPraSiCl Boc £Pr,Si
i

imidazole (2.0 eq.)

OTs N‘B ‘ OTs
+ = n -
HO\/ CH,Cl,, RT, 24 h
Br Br
1b 18d 39b
(1.1eq.) 80%

According to the typical procedure A, silyl ether 39b was prepared from the reaction of silyl
chloride 1b (381 mg, 0.803 mmol), imidazole (109 mg, 1.61 mmol) and alcohol 18d (231 mg,
0.883 mmol) in CH>Cl, (8 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/20) afforded silyl ether 39b (483 mg, 86%) as
colorless oil.

39h: R 0.38 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): § 1.04 (d, 6H, J = 7.6 Hz), 1.15
(d, 6H, J =7.6 Hz), 1.48 (brs, 9H), 1.58 (qq, 2H, J = 7.6, 7.6 Hz), 2.46 (s, 3H), 4.52 (s, 2H), 4.55
(s, 2H), 7.09 (dd, 1H,J =7.6, 7.6 Hz), 7.27-7.34 (m, 7H), 7.51-7.55 (m, 1H), 7.58-7.63 (m, 1H),
7.83 (d, 2H, J = 8.3 Hz); *C NMR (150 MHz, CDCls): 6 13.2,17.5,17.9, 21.4,27.7, 52.7, 82.6,
117.6, 127.9, 128.0, 128.3, 128.8, 128.9, 129.8, 134.2, 134.8, 135.8, 136.9, 145.6, 150.8, 154.6
(several signals overlapped); IR (neat): 2943, 2866, 2252, 1716, 1369, 1296, 1168, 1076, 910,
856, 732 cm™*; HRMS (ESI): m/z calcd. for C34H2BrkKNOeSSi*: 738.1317 [M+Na]*; found:
738.1323.

Reaction from 39a

'I's
= N‘Bn
O\/ 0 -0
FProSi” ] £PrSi” £PrSi”
OTs PhsMgLi (3.3 eq.)
> A\ * N
THF, -20 °C Ph Ts
Br N‘ N‘
Bn Bn
39a 40 42
76% 7%

To a solution of PhLi (2.0 M in n-Bu20, 608 pL, 1.22 mmol) in THF (15 mL) was added PhMgBr
(3.0 M in Et,0, 220 pL, 0.662 mmol) at 0 °C, and the mixture was stirred for 30 min at this
temperature. The resulting solution of PhsMgLi was used in the following experiment.

To a solution of bromoary! tosylate 39a (139 mg, 0.184 mmol) in THF (10 mL) was slowly added
PhsMgL.i (vide supra) using syringe pump (YSP-101, YMC Co., Ltd.) over 4 h at —20 °C. After
the addition was completed, the reaction was quenched by adding saturated aqueous NH4ClI, and
the mixture was extracted with EtOAc (x3). The combined organic layer was washed with brine,
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dried (NazSO4), and concentrated in vacuo. The residue was purified by flash column
chromatography (EtOAc/hexane = 1/50 to 1/5) and PTLC (CHCls/hexane = 3/1) to afford 2-
phenylindole 40 (55.0 mg, 76%) as colorless oil along with 2-tosylindole 42 (6.3 mg, 7%).

40: R¢0.51 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): § 1.10 (d, 6H, J = 7.6 Hz), 1.11
(d, 6H,J=7.6 Hz), 1.29 (qq, 2H, J = 7.6, 7.6 Hz), 5.28 (s, 2H), 5.30 (s, 2H), 7.03 (brd, 2H, J =
7.6 Hz), 7.16-7.30 (m, 8H), 7.33-7.40 (m, 3H); 3C NMR (150 MHz, CDCl3) 5 13.0, 17.0, 17.2,
474, 61.8, 111.1, 112.7, 122.2, 124.2, 124.4, 126.4, 127.4, 128.3, 128.9, 129.0, 129.9, 131.8,
133.0, 134.2, 135.3, 138.7; IR (neat) 2943, 2862, 1604, 1435, 1396, 1087, 1002, 906, 867, 732
cm; HRMS (ESI): m/z calcd. for C2sH32NOSi*: 426.2248 [M+H]*; found: 426.2253.

42:R¢ 0.39 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCls): 6 1.07 (d, 6H, J = 7.5 Hz), 1.08
(d, 6H, J =7.5 Hz), 1.28 (qq, 2H, J = 7.5, 7.5 Hz), 2.29 (s, 3H), 5.64 (s, 2H), 5.74 (s, 2H), 6.74
(brd, 2H, J = 6.9 Hz), 7.05 (brd, 2H, J = 8.6 Hz), 7.09-7.16 (m, 4H), 7.27-7.31 (m, 2H), 7.54
(brd, 2H, J = 8.6 Hz); 3C NMR (125 MHz, CDCls) 5 12.9, 16.8, 17.0, 21.1, 47.3, 62.4, 111.7,
123.8, 125.3, 126.2, 126.4, 127.17, 127.23, 127.9, 128.7, 129.9, 130.3, 137.05, 137.14, 138.1,
144.6 (several signals overlapped); IR (neat) 3020, 1415, 1215, 1141, 1083, 906, 883 cm™;
HRMS (ESI): m/z calcd. for C9H3sNO3SSi*: 504.2023 [M+H]*; found: 504.2029.

Synthesis of dibromostyrene 43

o 1) HoNNH,-H,0 (10 eq.)

AcOH (1.0 eq.)
d.\ﬂe EtOH, reflux, 14 h Xy B
.B B
N n N r

\ 2) CBrs (3.0€eq.)

Y

Ts CuCl (30 mol%) Ts" Bn
533 aq. NHz/ DMSO, RT, 12 h 43
96% 10% (2 steps)

1) To a solution of the S33 (677 mg, 1.79 mmol) in EtOH (20 mL) were added AcOH (102 pL,
1.79 mmol) and 80% H>NNH.-H,0 (1.08 mL, 17.9 mmol) and the reaction mixture was refluxed
for 14 h. After cooling to room temperature, the solvent was removed under reduced pressure to
afford the corresponding hydrazone. This material was employed in the next reaction without
further purification.

2) To a solution of the crude hydrazone (vide supra) in DMSO (10 mL) and 28% aqueous NH3
(2.5 mL) were added CBr4 (1.78 g, 5.36 mmol) and CuCl (53.0 mg, 0.537 mmol). After stirring
for 12 h at room temperature, the reaction was quenched by adding water, and the mixture was
extracted with CHClI3 (x3). The combined organic layer was washed with water (x3), brine, dried
(NazS0s), and concentrated in vacuo. The residue was purified by flash column chromatography
(silica gel, EtOAc/hexane = 1/5) to afford dibromostyrene 43 (98.0 mg, 10% in 2 steps) as yellow
oil.
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43: R¢ 0.27 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): & 2.30 (brs, 3H), 2.44 (s, 3H),
4.60 (d, 1H, J = 15.1 Hz), 4.80 (d, 1H, J = 15.1 Hz), 6.78 (brd, 1H, J =7.6 Hz), 7.08 (brd, 2H, J
=6.9 Hz), 7.16-7.25 (m, 7H), 7.31 (dd, 1H, J =7.6, 7.6 Hz), 7.59 (brd, 2H, J = 8.2 Hz); *C NMR
(150 MHz, CDCls): 6 21.2,24.9,55.5,90.2, 128.1, 128.5, 128.6, 128.7, 128.8, 129.7, 129.8, 129.9,
131.2,135.9,137.4, 137.6, 142.86, 142.95, 144.1; IR (neat): 3062, 3032, 2924, 1597, 1485, 1442,
1346, 1157,1091, 1053, 910, 856, 825, 736 cm™; HRMS (ESI): m/z calcd. for
Ca3H21Br,NNaO,S*: 555.9552 [M+Na]*; found: 555.95609.

Reaction from 43

Me Me
B PhsMgLi (3.3 eq.) A
B _ Ph
N THF, 0°C N
Ts” 'Bn Bn
43 44

62%
To a solution of PhLi (1.76 M in n-Buz0O, 42.1 uL, 0.519 mmol) in THF (5 mL) was added
PhMgBr (2.93 M in Et,0, 97 pL, 0.28 mmol) at 0 °C, and the mixture was stirred for 30 min at
this temperature. The resulting solution of PhsMgLi was used in the following experiment.

To a solution of dibromostyrene 43 (42.1 mg, 78.6 mmol) in THF (5 mL) was added dropwise
PhsMgL.i (vide supra) at 0 °C. After stirring for 30 min at this temperature, the reaction was
guenched by adding saturated aqueous NH4ClI, and the mixture was extracted with EtOAc (x3).
The combined organic layer was washed with brine, dried (Na;SQ,), and concentrated in vacuo.
The residue was purified by flash column chromatography (EtOAc/hexane = 1/20) and gel-
permeation chromatography [YMC-GPC T4000® (2.0 cm ¢ x 60 cm) + T2000® (2.0 cm ¢ x 60
cm), CHCIs, flow rate: 8.0 mL/min] to afford indole 44 (14.4 mg, 62%) as colorless oil.

44: Ry 0.38 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 2.31 (s, 3H), 5.23 (s, 2H),
6.94 (brd, 2H, J = 7.6 Hz), 7.13-7.23 (m, 6H), 7.31-7.41 (m, 5H), 7.61-7.64 (m, 1H); *C NMR
(150 MHz, CDCls): 6 9.0, 47.4, 109.3, 110.4, 119.1, 119.6, 122.2, 126.3, 127.3, 128.2, 128.6,
128.9, 129.1, 130.8, 132.3, 137.1, 138.1, 138.9; IR (neat): 3051, 2916, 1604, 1462, 1354, 1334,
1184, 1076, 1029, 910, 740 cm; HRMS (ESI): m/z calcd. for C22HisNNa*: 320.1410 [M+Na]*;
found: 320.1413.

These spectral data matched those reported in the literature.®

173



Synthesis of silyl ether 39¢c

Ts
= N‘Bn
o 1) TCCA (0.4 eq.) o\/
£PrySiH CH,Cl,, RT, 2 h FPrySi”
OTs > OTs
2) imidazole (2.0 eq.)
Ts
F Br I{l F Br
S34 HO\/ Bn 39c
18b (1.2 eq.) 76% (2 steps)

CH,Cl,, RT, 24 h

According to the typical procedure A’, silyl ether 39¢ was prepared from the reaction of triflate
S34 (227 mg, 0.496 mmol) and TCCA (46.0 mg, 0.198 mmol) in CH2Cl; (5 mL) at room
temperature for 2 h and the reaction of corresponding silyl chloride, imidazole (67.5 mg, 0.992
mmol) and alcohol 18b (188 mg, 0.595 mmol) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/5) afforded silyl ether 39¢ (292 mg, 76%
in 2 steps) as colorless oil.

39c: Rr0.38 (EtOAc/hexane = 1/3); *H NMR (600 MHz, CDCls): § 0.98 (d, 6H, J = 7.6 Hz), 1.07
(d, 6H, J = 6.8 Hz), 1.53 (qq, 2H, J = 7.6, 6.8 Hz), 2.42 (s, 3H), 2.47 (s, 3H), 4.48 (s, 2H), 4.51
(s, 2H), 7.24-7.30 (m, 9H), 7.34 (d, 2H, J = 8.2 Hz), 7.74 (d, 2H, J = 8.3 Hz), 7.82 (d, 2H, J = 8.3
Hz); 3C NMR (150 MHz, CDCls): § 13.0, 17.3,17.7,21.2,21.4,52.7,55.3, 69.9, 78.8, 117.9 (d,
Jer =8.7Hz),122.5 (d, Jer = 26.0 Hz), 122.6 (d, Jcr = 20.2 Hz), 127.9, 128.5, 128.7, 128.8, 129.9,
130.0, 134.5, 134.8, 135.0, 136.1 (d, Jcr = 4.3 Hz), 144.9, 145.8, 146.9, 160.2 (d, Jcr = 254 Hz)
(several signals overlapped); IR (neat): 2943, 2866, 2245, 1566, 1454, 1361, 1165, 1060, 906,
829, 810, 729 cm; HRMS (ESI): m/z calcd. for C3sH3oBrFNNaOgS,Si*: 794.1048 [M+Na]*;
found: 794.1035.

Synthesis of indole 40a

'Irs
Z N‘Bn
. ./O\/ ' ,/O
£PrySi PhsMgLi (3.3 eq.) £PrySi
oTs sVgHSS 09
> N
THF, —20 °C Ph
F Br F N
Bn
39c¢c 40a

54%
To a solution of PhLi (1.63 M in Bu,O, 822 pL, 1.34 mmol) in THF (15 mL) was added PhMgBr
(3.17 M in Et,0, 231 pL, 0.731 mmol) at 0 °C, and the mixture was stirred for 30 min at this
temperature. The resulting solution of PhsMgLi was used in the following experiment.
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To a solution of bromoaryl tosylate 39¢ (157 mg, 0.203 mmol) in THF (10 mL) was slowly added
PhsMgL.i (vide supra) using syringe pump (YSP-101, YMC Co., Ltd.) over 4 h at —20 °C. After
the addition was completed, the reaction was quenched by adding saturated agueous NH4CI, and
the mixture was extracted with EtOAc (x3). The combined organic layer was washed with brine,
dried (NazSO4), and concentrated in vacuo. The residue was purified by flash column
chromatography (EtOAc/hexane = 1/50) to afford indole 40a (48.4 mg, 54%) as an off-white solid.
40a: mp: 87-90 °C; R¢ 0.50 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): § 1.09 (d, 12H,
J=7.2 Hz), 1.27 (septet, 2H, J = 7.6 Hz), 5.22 (s, 2H), 5.26 (s, 2H), 6.83 (dd, 1H, Jur =10.3,J =
2.1 Hz), 6.97-7.02 (m, 3H), 7.22-7.30 (m, 5H), 7.33-7.40 (m, 3H); *C NMR (150 MHz, CDCls)
5129, 169, 17.1,47.6, 61.7, 97.8 (d, Jcr = 27.5 Hz), 111.9 (d, Jcr = 21.7 Hz), 112.7, 126.3 (d,
Jcr = 5.8 Hz), 126.4, 127.6, 128.4, 128.9, 129.0, 129.5, 129.8, 131.5, 134.5 (d, Jcr = 2.9 Hz),
135.7 (d, Jcr = 11.6 Hz), 138.1, 160.5 (d, Jcr = 241 Hz); IR (neat): 2939, 2862, 1600, 1442, 1342,
1148, 1076, 945, 887, 756 cmt; HRMS (ESI): m/z calcd. for CsH3:FNOSI*: 444.2153 [M+H]*;
found: 444.2142.

Synthesis of silyl ether 39d

Ts
= N‘Bn
o 1) TCCA (0.4 eq.) o\/
£Pry SiH CH,Cly, RT, 2 h FProSi”
OTs > OTs
2) imidazole (2.0 eq.)
Ts
Cl Br lll Cl Br
S35 HO\/ Bn 39d
18b (1.2 eq.) 63% (2 steps)

CH,Cly, RT, 24 h

According to the typical procedure A’, silyl ether 39d was prepared from the reaction of triflate
S35 (239 mg, 0.502 mmol) and TCCA (46.6 mg, 0.201 mmol) in CH.CIl, (5 mL) at room
temperature for 2 h and the reaction of corresponding silyl chloride, imidazole (68.4 mg, 1.00
mmol) and alcohol 18b (190 mg, 0.602 mmol) at room temperature for 24 h. Purification by flash
column chromatography (silica gel, EtOAc/hexane = 1/5) afforded silyl ether 39d (250 mg, 63%
in 2 steps) as colorless oil.

39d: R¢0.33 (EtOAc/hexane = 1/3); *H NMR (600 MHz, CDCls): 5 0.98 (d, 6H, J = 7.6 Hz), 1.07
(d, 6H,J =6.9 Hz), 1.52 (qq, 2H, J = 7.6, 6.9 Hz), 2.42 (s, 3H), 2.47 (s, 3H), 4.49 (s, 2H), 4.51
(s, 2H), 7.27-7.30 (m, 7H), 7.34 (d, 2H, J = 8.3 Hz), 7.49 (d, 1H, J = 2.0 Hz), 7.52 (d, 1H, J = 2.0
Hz), 7.74 (d, 2H, J = 8.3 Hz), 7.81 (d, 2H, J = 8.3 Hz); *C NMR (150 MHz, CDCls): § 13.0,
17.3,17.7,21.3,21.4,52.7,55.3,69.9, 78.8, 118.2, 127.9, 128.5, 129.9, 130.0, 133.1, 134.5, 134.8,
135.0, 136.1, 144.9, 145.9, 149.5 (several signals overlapped); IR (neat): 2943, 2866, 2241, 1597,
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1454, 1361, 1165, 1064, 910, 771, 732 cm?*; HRMS (ESI): m/z calcd. for
C3sH39BrCINNaOsS,Si*: 810.0752 [M+Na]*; found: 810.0737.

Synthesis of indole 40b

Ts
1

N

Z Bn
/
f'-Pr2Si’o\/

o
. FProSi”
PhsMgLi (3.3 eq.
OTs sMglLi ( q.) N \
THF, 20 °C Ph
cl Br cl N

1

Bn
39d 40b

68%
To a solution of PhLi (1.63 M in Bu,O, 847 pL, 1.38 mmol) in THF (15 mL) was added PhMgBr
(3.17 M in Etz0, 237 pL, 0.752 mmol) at 0 °C, and the mixture was stirred for 30 min at this
temperature. The resulting solution of PhsMgLi was used in the following experiment.

To asolution of bromoaryl tosylate 39d (165 mg, 0.209 mmol) in THF (10 mL) was slowly added
PhsMgL.i (vide supra) using syringe pump (YSP-101, YMC Co., Ltd.) over 4 h at —20 °C. After
the addition was completed, the reaction was quenched by adding saturated agueous NH4CI, and
the mixture was extracted with EtOAc (x3). The combined organic layer was washed with brine,
dried (Na;SO4), and concentrated in vacuo. The residue was purified by flash column
chromatography (EtOAc/hexane = 1/50) to afford indole 40b (65.2 mg, 68%) as a yellow solid.
40b: mp: 138-142 °C; Ry 0.44 (EtOAc/hexane = 1/10); *H NMR (600 MHz, CDCls): & 1.09 (d,
12H, J = 6.9 Hz), 1.27 (septet, 2H, J = 6.9 Hz), 5.23 (s, 2H), 5.25 (s, 2H), 6.99 (brd, 2H, J = 6.9
Hz), 7.16 (d, 1H, J = 1.4 Hz), 7.19 (d, 1H, J = 1.4 Hz), 7.22-7.30 (m, 5H), 7.33-7.40 (m, 3H);
13C NMR (150 MHz, CDCls) § 12.9, 16.9, 17.1, 47.4, 61.6, 110.0, 112.8, 124.1, 126.3, 126.4,
127.6,128.5, 128.6, 129.0, 129.1, 129.8, 131.3, 131.4, 134.8, 135.8, 138.0; IR (neat) 2943, 2862,
1442, 1338, 1307, 1076, 910, 841, 733 cm™*; HRMS (FAB): m/z calcd. for CsHzCINOSI*:
460.1858 [M+H]*; found: 460.1864.

Synthesis of tolylindole 40c

Ts
1

N\

= Bn
O\/ o
FPr,Si” FPrSi”

OTs (p-ol)sMgLi (3.3 eq.)

e OO
N

Bn
39a 40c
69%

Br
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Magnesium turnings (220 mg, 9.07 mmol) were added to a three-necked flask. The reaction
apparatus was flame-dried under vacuum and cooled under Ar. To the flask THF (5 mL) and one
drop of 1,2-dibromoethane were added. 4-bromotoluene (1.0 mL, 8.24 mmol) in THF (10 mL)
was added dropwise over 15 min at room temperature. The reaction mixture was refluxed for an
additional hour and then titrated with 2,2’-bipyridine and 2-butanol (0.47 M). The resulting
solution of Grignard reagent was used in the following experiment.

To a solution of 4-bromotoluene (166 pL, 1.37 mmol) in THF (15 mL) was added n-BuLi (1.60
M in hexane, 854 uL, 1.37 mmol) at—78 °C, and the mixture was stirred for 1 h at this temperature.
To this mixture, p-tolylmagnesium bromide [0.47 M in THF (vide supra), 1.58 mL, 0.745 mmol]
was added and stirring was continued for 30 min at 0 °C. The resulting solution of (p-tol)sMgL.i
was used in the following experiment.

To a solution of bromoaryl tosylate 39a (156 mg, 0.207 mmol) in THF (10 mL) was slowly added
(p-tol)sMgL.i (vide supra) using syringe pump (YSP-101, YMC Co., Ltd.) over 4 h at 0 °C. After
the addition was completed, the reaction was quenched by adding saturated agueous NH4CI, and
the mixture was extracted with EtOAc (x3). The combined organic layer was washed with brine,
dried (NazSO4), and concentrated in vacuo. The residue was purified by flash column
chromatography (EtOAc/hexane = 1/20) to afford indole 40c (62.8 mg, 69%) as pale yellow oil.
40c: R 0.53 (EtOAc/hexane = 1/5); 'H NMR (500 MHz, CDCls):  1.10 (d, 6H, J = 7.2 Hz), 1.11
(d, 6H, J = 7.5 Hz), 1.24-1.32 (m, 2H), 2.38 (s, 3H), 5.27 (s, 2H), 5.29 (s, 2H), 7.03 (brd, 2H, J
= 6.9 Hz), 7.16-7.29 (m, 10H); **C NMR (150 MHz, CDCls) 6 13.1, 17.0, 17.2, 20.9, 47.3, 61.9,
111.1,112.3, 122.0, 124.1, 124.3, 126.4, 127.4, 128.8, 128.9, 129.6, 129.8, 133.1, 134.3, 135.2,
138.2, 138.7; IR (neat) 3028, 2939, 2862, 1435, 1350, 1184, 1083, 883, 852, 752, 732 cm™;
HRMS (ESI): m/z calcd. for C9H3:NOSi*: 440.2403 [M+H]*; found: 440.2413.

Synthesis of silyl ether 45

Ts
1

N\

O\/ Ph
FPr3SiCl Ts FProSi”

1 imidazole (2.0 eq.)

OTs N. . OTs
+ Z Ph >
HO\/ CH,Cly, RT, 24 h
Br Br
1b S28 45
(1.2eq) 88%

According to the typical procedure A, silyl ether 45 was prepared from the reaction of silyl
chloride 1b (267 mg, 0.562 mmol), imidazole (76.5 mg, 1.12 mmol) and alcohol S28 (203 mg,
0.674 mmol) in CH>Cl, (6 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/5) afforded silyl ether 45 (366 mg, 88%) as

colorless oil.
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45: R¢ 0.30 (EtOAc/hexane = 1/3); *H NMR (600 MHz, CDCls): 6 1.04 (d, 6H, J = 7.6 Hz), 1.14
(d, 6H, J = 7.6 Hz), 1.60 (qq, 2H, J = 7.6, 7.6 Hz), 2.41 (s, 3H), 2.46 (s, 3H), 4.55 (s, 2H), 7.12
(dd, 1H, J=7.6, 7.6 Hz), 7.21-7.25 (m, 4H), 7.28-7.36 (m, 5H), 7.54 (dd, 1H, J = 7.6, 1.4 Hz),
7.57 (d, 2H, J =8.2 Hz), 7.65 (dd, 1H, J = 7.6, 1.4 Hz), 7.83 (d, 2H, J = 8.2 Hz); °C NMR (150
MHz, CDCls): 6 13.2, 17.5, 17.9, 21.4, 52.7, 69.4, 78.9, 117.8, 126.6, 128.1, 128.45, 128.50,
128.9, 129.3, 129.80, 129.84, 133.4, 133.9, 134.7, 135.9, 136.8, 139.1, 145.3, 145.6, 150.7; IR
(neat): 2947, 2866, 2249, 1597, 1492, 1462, 1369, 1172, 1072, 856, 813, 759, 717 cmt; HRMS
(ESI): m/z calcd. for CssH3sBrNNaOsS,Si*: 762.0985 [M+Na]*; found: 762.0998.

Reaction from 45

Ts
1

N.
" “Ph
O\/ o) O
£ProSi” ) FProSi” FPrSi”
oTe PhgMgLi (3.3 eq) . \
THF, —20 °C H—ph Ts
Br N N
Ph Ph
45 46 47
9% 74%

Toasolution of PhLi (1.63 M in n-Bu,0, 923 uL, 1.51 mmol) in THF (15 mL) was added PhMgBr
(3.17 M in Et;0, 259 pL, 0.821 mmol) at 0 °C, and the mixture was stirred for 30 min at this
temperature. The resulting solution of PhsMgLi was used in the following experiment.

To a solution of bromoaryl tosylate 45 (169 mg, 0.228 mmol) in THF (10 mL) was slowly added
PhsMgL.i (vide supra) using syringe pump (YSP-101, YMC Co., Ltd.) over 4 h at —20 °C. After
the addition was completed, the reaction was quenched by adding saturated aqueous NH4ClI, and
the mixture was extracted with EtOAc (x3). The combined organic layer was washed with brine,
dried (Na;SO4), and concentrated in vacuo. The residue was purified by flash column
chromatography (EtOAc/hexane = 1/20 to 1/10) to afford 2-phenylindole 46 (8.5 mg, 9%) as a
white solid along with 2-tosylindole 47 (82.3 mg, 74%) as pale yellow oil

46: mp: 149-152 °C; R¢ 0.52 (EtOAc/hexane = 1/5); *H NMR (500 MHz, CDCl3): § 1.11 (d, 6H,
J=7.2Hz),1.12 (d, 6H,J=7.5Hz), 1.31 (qq, 2H, J= 7.5, 7.2 Hz), 5.41 (s, 2H), 7.09-7.13 (m,
2H), 7.19-7.25 (m, 5H), 7.27-7.31 (m, 3H), 7.34-7.39 (m, 3H); *C NMR (150 MHz, CDCls) §
13.0,17.0,17.2,61.8,111.3,114.3,122.7, 124.6, 124.8, 127.0, 127.4, 127.9, 128.4, 129.4, 129.9,
132.0, 133.1, 133.2, 136.0, 138.8; IR (neat) 2943, 2862, 1597, 1500, 1462, 1431, 1384, 1307,
1072, 887, 756, 705 cm™*; HRMS (ESI): m/z calcd. for C27HzoNOSi*: 412.2091 [M+H]*; found:
412.2080.

47: R 0.30 (EtOAc/hexane = 1/5); *H NMR (600 MHz, CDCls): § 1.10 (d, 6H, J = 7.6 Hz), 1.11
(d, 6H, J = 7.6 Hz), 1.30 (qq, 2H, J = 7.6, 7.6 Hz), 2.35 (s, 3H), 5.80 (s, 2H), 6.88 (brd, 1H, J =
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8.2 Hz), 7.06-7.10 (m, 4H), 7.23-7.31 (m, 4H), 7.36 (dd, 2H, J = 7.6, 7.6 Hz), 7.45 (dd, 1H, J =
7.6, 7.6 Hz); ¥C NMR (150 MHz, CDCl3) 8 12.9, 16.8, 17.0, 21.2, 62.3, 112.0, 124.1, 125.5,
126.3,127.6,127.8,128.6,129.0, 129.2, 129.6, 129.8, 130.1, 136.1, 138.5, 138.8, 144.5; IR (neat)
2943, 2862, 1597, 1496, 1462, 1415, 1323, 1145, 1107, 1068, 902, 729 cm*; HRMS (ESI): m/z
calcd. for CzsH31NNaO3SSi*: 512.1686 [M+Na]*; found: 512.1702.

B/ N-TAF=AAL Y F—nEo(E+2)F & CA+2)BLARS
Synthesis of silyl ether 49

=
= N

. =

£Pr,SiCl /'-Pr2Si/O\/

OTs N imidazole (2.0 eq.) OTs
* hoZ >

Br CH,Cly, RT, 24 h Br

1b 48 49
(1.2eq.) 87%

According to the typical procedure A, silyl ether 49 was prepared from the reaction of silyl
chloride 48 (1.63 g, 3.43 mmol), imidazole (509 mg, 7.48 mmol) and alcohol 48 (796 mg, 4.65
mmol) in CH>Cl, (30 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/10) afforded silyl ether 49 (1.69 g, 87%) as a white
solid.

49: mp: 114-117 °C; Rt 0.38 (EtOAc/hexane = 1/20); *H NMR (500 MHz, CDCl3): § 1.13 (d,
6H, J =7.5Hz), 1.23 (d, 6H, J = 7.5 Hz), 1.67 (septet, 2H, J = 7.5 Hz), 2.46 (s, 1H), 4.76 (s, 1H),
6.55 (d, 1H, J=3.2 Hz), 7.15 (t, 1H, J = 7.5 Hz), 7.16 (d, 1H, J = 3.2 Hz), 7.20 (t, 1H, J = 7.2
Hz), 7.28-7.35 (m, 3H), 7.52 (d, 1H, J = 8.1 Hz), 7.54 (dd, 1H, J = 7.7, 1.7 Hz), 7.59 (d, 1H, J =
7.8 Hz), 7.71 (dd, 1H, J = 7.5, 1.5 Hz), 7.86 (d, 1H, J = 8.3 Hz); 3C NMR (150 MHz, CDCls): §
13.7, 17.9, 18.3, 21.7, 52.8, 69.3, 76.8, 105.3, 111.2, 117.6, 121.1, 121.9, 1235, 127.6, 127.7,
128.6, 129.0, 129.5, 133.7, 134.4, 135.6, 136.4, 138.1, 145.2, 150.4; IR (neat): 2943, 2866, 2256,
1597, 1523, 1462, 1369, 1195, 1168, 1068, 856, 759, 740, 713 cm™ ; HRMS (ESI): m/z calcd.
for CsoH3.BrNNaO,SSi*: 632.0897 [M+Na]*; found: 632.0880.
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Reaction from 49

N

as)
0

£PrSi” \/

OTs PhsMgLi (2.2 eq.)

THF, 0 °C, 30 min

Br

49

To a solution of silyl ether 49 (123 mg, 0.202 mmol) in THF (16 mL) was added PhsMgL.i (0.11
M in Et,0, 4.0 mL, 0.44 mmol) dropwise at 0 °C. After stirring for 30 min, the reaction was
guenched by adding saturated aqueous NH4ClI, and the mixture was extracted with EtOAc (x3).
The combined organic layer was washed with brine, dried (Na,SQ,), and concentrated in vacuo.
The residue was purified by flash column chromatography (silica gel, toluene/hexane = 1/2) to
afford quinoline 50 (49.9 mg, 69%) as a yellow solid, and isoquinoline 51 (7.7 mg, 11%) as a
yellow solid.

50: mp: 116118 °C; R¢0.35 (toluene/hexane = 1/3); *H NMR (500 MHz, CDCls): § 1.06 (d, 6H,
J=7.5Hz),1.09 (d, 6H,J=7.5Hz), 1.32 (qq, 2H, J = 7.5, 7.5 Hz), 5.09 (d, 2H, J = 1.2 Hz), 6.75
(s, 1H), 7.15 (s, 1H), 7.35-7.44 (m, 3H), 7.63 (dd, 1H, J=8.3, 7.2 Hz), 7.84 (dd, 1H,J=7.2, 1.8
Hz), 8.44 (d, 1H, J = 8.3 Hz), 8.64 (d, 1H, J = 8.3 Hz); *C NMR (151 MHz, CDCls): & 13.4,
17.3,17.9,67.2,97.6, 115.0, 116.5, 117.5, 122.0, 122.5, 122.7, 128.5, 128.5, 129.2, 131.3, 131.6,
132.2,134.0,136.3, 137.5; IR (neat): 2943, 286, 1543, 1446, 1369, 1334, 1265, 1157, 1083, 1033,
991, 879, 786, 740 cm™ ; HRMS (ESI): m/z calcd. for C2sH2sNOSi*: 360.1778 [M+H]*; found:
360.1778.

51: mp: 160-162 °C; R 0.25 (toluene/hexane = 1/3); *H NMR (500 MHz, CDCls): 5 1.06 (d, 6H,
J=75Hz), 1.09 (d, 6H, J = 7.5 Hz), 1.30 (qq, 2H, J = 7.5, 7.5 Hz), 5.06 (s, 2H), 7.18 (s, 1H),
7.29-7.36 (m, 2H), 7.51 (dd, 1H, J = 8.0, 6.9 Hz), 7.57 (dd, 1H, J = 6.9, 1.4 Hz), 7.75-7.82 (m,
2H), 7.92 (s, 1H), 8.22 (dd, 1H, J = 8.0, 1.4 Hz); **C NMR (126 MHz, CDCls): § 13.2,17.1, 17.7,
64.8, 93.2, 109.5, 116.5, 118.2, 120.6, 120.8, 122.1, 124.9, 125.7, 126.6, 128.7, 129.5, 131.3,
132.6, 133.9, 134.7; IR (neat): 3371, 2943, 2862, 1632, 1539, 1462, 1369, 1246, 1207, 1153,
1103, 1061, 995, 880, 841, 779 cm™ ; HRMS (ESI): m/z calcd. for CxsHosNOSi*: 360.1778
[M+H]*; found: 360.1776.
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Synthesis of silyl ether S36

Me 1) NaH(2.0eq.) Me
trichloroethylene (1.2 eq.)
@ DMF, RT, 1.5 h _ =
N 2) nBuli(2.0eq.) Ho\/N
H (HCHO), (2.1 eq.)
THF, RT,1.5h 536

24% (2 steps)
1) To a solution of 3-methyl-1H-indole (3.93 g, 30.0 mmol) in DMF (30 mL) was added NaH
(60% dispersion in mineral oil, 2.40 g, 60.0 mmol) at 0 °C. After stirring for 30 min at this
temperature, trichloroethylene (3.20 mL, 35.6 mmol) was added dropwise. The reaction mixture
was then warmed to room temperature, and the stirring was continued for 1.5 h. The reaction was
quenched by adding saturated aqueous NH4Cl, and the mixture was extracted with EtOAc/hexane
= 1/4 (x3). The combined organic layer was washed with brine, dried (Na,SO4), and concentrated
in vacuo. The residue was purified by flash column chromatography (silica gel, hexane) to afford
the corresponding dichloroenamine [2.88 g, 43%, Ry = 0.35 (hexane)] as colorless oil.
2) To a solution of dichloroenamine (2.68 g, 11.9 mmol, vide supra) in THF (100 mL) at —78 °C
was added n-BuLi (2.3 M in cyclohexane, 10.0 mL, 23.0 mmol) at —78 °C over 5 min. After
stirring for 30 min at this temperature, paraformaldehyde (737 mg, 24.5 mmol) was added to the
mixture. The reaction mixture was then warmed to 0 °C. After stirring for 30 min at 0 °C, the
reaction mixture was warmed to room temperature and stirred for 1.5 h. The reaction was then
quenched by adding saturated aqueous NH4Cl, and the mixture was extracted with EtOAc (x3).
The combined organic layer was washed with brine, dried (Na>SOs), and concentrated in vacuo.
The residue was purified by flash column chromatography (silica gel, EtOAc/hexane = 1/6 to 1/4)
to afford alcohol S36 (1.21 g, 55%) as a orange solid.
S36: mp: 96-97 °C; R; 0.17 (EtOAc/hexane = 1/6); '"H NMR (500 MHz, CDCls): 8 1.68 (t, 1H,
J=6.1Hz),2.29 (d, 3H, /= 1.2 Hz), 4.59 (d, 2H, J= 6.1 Hz), 6.94 (q, |H, J= 1.2 Hz), 7.22 (dd,
1H, J=8.3,7.8 Hz), 7.32 (dd, 1H, J=8.3, 7.8 Hz), 7.52 (d, 1H, J= 8.3 Hz), 7.53 (d, 1H, J=8.3
Hz); *C NMR (126 MHz, CDCl5): §9.5,51.4,68.8,78.0, 111.1, 114.9,119.2, 121.5, 123.5, 125.8,
128.6, 138.4; IR (neat): 3391, 2249, 1574, 1470, 1443, 1393, 1327, 1227, 1115, 1007, 745 cm™" ;
HRMS (ESI): m/z calcd. for Ci,Hi2NO™: 186.0913 [M+H]"; found: 186.0909.
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Synthesis of silyl ether 49a

Me
_ N
Me \/
£PrySicl _ i—PrZSi/o Z
OTs N imidazole (2.0 eq.) OTs
+ HO\/ -

Br CH,Cl,, RT, 19 h Br
1b S36 49a
(1.2eq) 87%

According to the typical procedure A, silyl ether S36 was prepared from the reaction of silyl
chloride 1b (493 mg, 1.04 mmol), imidazole (143 mg, 2.10 mmol) and alcohol S36 (223 mg,
0.674 mmol) in CH>Cl, (10 mL) at room temperature for 19 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/5) afforded silyl ether 49a (560 mg, 87%) as a
white solid.

49a: mp: 115-118 °C; R;0.45 (EtOAc/hexane = 1/20); '"H NMR (500 MHz, CDCls):  1.12 (d,
6H,J=7.5Hz),1.22 (d, 6H, J=7.5 Hz), 1.66 (qq, 2H, J=7.5, 7.5 Hz), 2.29 (s, 3H), 2.46 (s, 3H),
4.75 (s, 2H), 6.91 (s, 1H), 7.14 (dd, 1H, J=7.8, 7.8 Hz), 7.21 (dd, 1H, J=7.8, 7.8 Hz), 7.30 (dd,
1H, J=28.1, 7.5 Hz), 7.33 (d, 2H, J = 8.3 Hz), 7.47 (d, 1H, J = 8.1 Hz), 7.51-7.55 (m, 2H), 7.71
(dd, 1H, J = 7.5, 1.5 Hz), 7.86 (d, 2H, J = 8.3 Hz); “C NMR (150 MHz, CDCl5): § 9.5, 13.7,
17.9, 18.4, 21.7, 52.9, 69.1, 77.2, 111.2, 114.6, 117.6, 119.1, 121.4, 123.4, 125.9, 127.6, 128.5,
128.6, 129.5, 133.7, 134.5, 135.6, 136.5, 138.5, 145.2, 150.4; IR (neat): 2947, 2261, 1601, 1520,
1435, 1369, 1169, 1069, 856, 714 cm™' ; HRMS (ESI): m/z caled. for C31H3BrNNaO4SSi*:
646.1053 [M+Na]"; found: 646.1056.

Reaction from 49a

OTs PhsMgLi (2.2 eq.)

-

THF, 0 °C, 30 min

50a
69%

49a

To a solution of silyl ether 49a (126 mg, 0.202 mmol) in THF (16 mL) was added Phs:MgLi (0.11
M in Et,0O, 4.0 mL, 0.44 mmol) at 0 °C. After stirring for 30 min, the reaction was quenched by
adding saturated aqueous NH4Cl, and the mixture was extracted with EtOAc (x3). The combined
organic layer was washed with brine, dried (Na>SOs), and concentrated in vacuo. The residue was
purified by PTLC (toluene/hexane = 1/4) to afford 50a (52.2 mg, 0.139 mmol, 69%) as a yellow
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solid.

50a: mp: 85-87 °C; R 0.25 (toluene/hexane = 1/4); 'TH NMR (500 MHz, acetone): & 1.06 (d, 6H,
J=17.5Hz),1.09 (d, 6H, J= 7.5 Hz), 1.33 (qq, 2H, J= 7.5 Hz), 2.53 (s, 3H), 5.12 (s, 2H), 7.36—
7.45 (m, 3H), 7.50 (dd, 1H, J=7.2, 1.1 Hz), 7.72 (dd, 1H, J = 8.6, 7.2 Hz), 7.82-7.85 (m, 1H),
8.55 (dd, 1H, J = 8.0, 1.1 Hz), 8.74 (dd, 1H, J = 8.6, 1.1 Hz) ; 3C NMR (126 MHz, CDCl5): §
8.1,13.2,17.1, 17.7, 66.9, 104.2, 113.9, 114.0, 116.3, 119.1, 121.3, 121.7, 127.2, 127.5, 128.4,
129.4, 130.6, 131.1, 132.0, 132.4, 136.8; IR (neat): 2943, 1701, 1573, 1447, 1366, 1080, 995,
883, 779, 733 cm™' ; HRMS (ESI): m/z caled. for Cr4HosNOSi™: 374.1935 [M+H]*; found:
374.1929.

Synthesis of alcohol S38

0 (0]
1) Cul (10 mol%) é)k
Cs,CO3 (2.0 eq.)
MS4A
1,4-Dioxane (20 mol%) ~N
Br </N:© 50 °C to reflux, 22 + 5 h N ,(\@
TBSO\/ * N 2) TBAF (1.5 eq.) HO\/
H THF,0°C,1h
S37 S38
(2.0 eq.) 26% (2 steps)

1) To a solution of alkynylbromide S37 (2.27 g, 9.10 mmol) in 1,4-Dioxane (10 mL) were added
benzimidazole (537 mg, 4.55 mmol), Cul (43.3 mg, 0.227 mmol), 2-acetylcyclohexanone (125
uL, 0.910 mmol), MS4A (455 mg) and Cs,COs (2.96 g, 9.10 mmol). After stirring for 22 h at
50 °C, the reaction mixture was refluxed for 5 h. After cooling to room temperature, the reaction
was quenched by adding saturated aqueous NH4Cl. The resulting suspension was filtered through
a Celite® pad (washed with EtOAc) and extracted with EtOAc (x3). The combined organic layer
was washed with brine, dried (Na2SOs), and concentrated in vacuo. The residue was purified by
flash column chromatography (silica gel, EtOAc/hexane = 1/4) to afford the corresponding N-
alkynylbenzimidazole [521 mg, 40%, R:= 0.31 (EtOAc/hexane = 1/5)] as a white solid.

2) To a solution of the N-alkynylbenzimidazole (521 mg, 1.82 mmol, vide supra) in THF (18 mL)
was added tetrabutylammonium fluoride (TBAF, 1.0 M in THF, 2.72 mL, 2.72 mmol) at 0 °C.
After stirring for 1 h at 0 °C, the reaction was quenched by adding saturated aqueous NH4Cl, and
the mixture was extracted with EtOAc (x3). The combined organic layer was washed with brine,
dried (Na;SO4), and concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, EtOAc) to afford alcohol S38 (205 mg, 26% in 2 steps) as a white
solid.

S38: mp: 118-121 °C; R;0.41 (EtOAc); "TH NMR (600 MHz, CDCl3): § 1.95-2.15 (m, 1H), 4.62
(d, 2H, J=3.5 Hz), 7.36 (dd, 1H, J= 8.3, 8.3 Hz), 7.40 (dd, 1H, J= 8.3, 8.3 Hz), 7.57 (d, 1H, J
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= 8.3 Hz), 7.81 (d, 1H, J=8.3 Hz), 8.05 (s, |H); *C NMR (150 MHz, CDCls): & 50.6, 72.6, 72.7,
110.9, 120.5, 124.1, 124.9, 134.2, 141.4, 143.7; IR (neat): 3174, 3089, 2846, 2260, 1612, 1500,
1458, 1284, 1226, 1130, 1099, 1029, 887, 740 cm'; HRMS (ESI): m/z caled. for C1oHoN,O':
173.0709 [M+H]"; found: 173.0708.

Synthesis of silyl ether 49b
N

N
Z
O\/ \Q
FPr,SiCl FN FPr,Si”
OTs P N imidazole (2.0 eq.L OTs
* HO\/ CH,Cly, RT, 24 h

Br Br
1b S38 49b
(1.1 eq.) 94%

According to the typical procedure A, silyl ether 49b was prepared from the reaction of silyl
chloride 1b (660 mg, 1.39 mmol), imidazole (76.5 mg, 1.12 mmol) and alcohol S38 (263 mg,
1.53 mmol) in CH»ClL, (14 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/2) afforded silyl ether 49b (796 mg, 94%) as a
white solid.

49b: mp: 138-142 °C; R;0.39 (EtOAc/hexane = 1/2); "TH NMR (600 MHz, CDCl;): 8 1.13 (d,
6H, J=7.6 Hz), 1.22 (d, 6H, J= 6.8 Hz), 1.67 (qq, 2H, J=7.6, 6.8 Hz), 2.46 (s, 3H), 4.78 (s, 2H),
7.15(dd, 1H, J=17.6, 7.6 Hz), 7.33 (d, 2H, J= 8.3 Hz), 7.36 (dd, 1H, J= 8.3, 8.3 Hz), 7.39 (dd,
1H, J= 8.3, 8.3 Hz), 7.52-7.56 (m, 2H), 7.65 (dd, 1H, J= 7.6, 1.4 Hz), 7.80 (d, 1H, J= 8.3 Hz),
7.84 (d, 2H, J= 8.3 Hz), 8.02 (s, 1H); *C NMR (150 MHz, CDCl3):  13.2,17.5,17.9,21.4,52.5,
72.5, 72.6, 111.1, 117.9, 121.0, 124.2, 125.0, 127.9, 128.9, 129.9, 133.8, 134.7, 134.8, 136.0,
136.5, 142.2, 144.2, 145.7, 150.9; IR (neat): 2947, 2866, 2264, 1496, 1458, 1365, 1168, 1072,
910, 856, 759, 717 cm™'; HRMS (ESI): m/z calcd. for C2oH3;BrN,NaO4SSi*: 633.0849 [M+Na]*;
found: 633.0849.

Reaction from 49b

=N o)
= Pr,Si”
N /'-PrZSi/O
Z x
o\/
FProSi” A
OTs PhgMglLi (2.2 eq.) NN N
- +
495 50b 51b
8% 50%

To a solution of bromoaryl tosylate 49b (317 mg, 0.518 mmol) in THF (38 mL) was added
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dropwise Phz:MgLi (0.11 M in Et;O, 10.4 mL, 1.14 mmol) at 0 °C. After stirring for 30 min at this
temperature, the reaction was quenched by adding saturated aqueous NH4Cl, and the mixture was
extracted with EtOAc (x3). The combined organic layer was washed with brine, dried (Na,SOs),
and concentrated in vacuo. The residue was purified by flash column chromatography
(EtOAc/hexane = 1/2 to 1/1) and PTLC (EtOAc/hexane = 1/2 x2) to afford isoquinoline 50b (93.7
mg, 50%) as a yellow solid along with quinoline 51b (15.1 mg, 8%) as a yellow amorphous.
50b: mp: 108-112 °C; Rs 0.38 (EtOAc/hexane = 1/2); "TH NMR (600 MHz, CDCls): & 1.07 (d,
6H, J=7.6 Hz), 1.10 (d, 6H, J= 7.6 Hz), 1.34 (qq, 2H, J= 7.6, 7.6 Hz), 5.18 (d, 2H, J = 1.4 Hz),
7.40 (dd, 1H, J=8.3, 6.8 Hz), 7.50 (dd, 1H, J=8.3, 6.8 Hz), 7.72 (dd, 1H, J=7.6, 6.8 Hz), 7.79—
7.84 (m, 2H), 8.00 (d, 1H, J = 8.3 Hz), 8.03 (s, 1H), 8.91 (dd, 1H, J = 8.3, 1.4 Hz); ®C NMR
(150 MHz, CDCl3): 6 12.7,16.7,17.3,64.3,109.9,117.4, 119.8, 120.1, 122.2, 123.5, 125.0, 126.8,
127.7,130.37, 130.39, 135.5, 136.4, 144.1, 147.8; IR (neat): 2943, 2862, 1643, 1516, 1462, 1369,
1246, 1103, 1072, 999, 883, 790, 767, 733 cm™'; HRMS (ESI): m/z caled. for C2HasN,OSi™:
361.1731 [M+H]"; found: 361.1743.

51b: mp: 121-127 °C; Ry 0.28 (EtOAc/hexane = 1/2); 'TH NMR (600 MHz, CDCls): & 1.07 (d,
6H, J=17.6 Hz), 1.10 (d, 6H, J = 6.8 Hz), 1.35 (qq, 2H, J= 7.6, 6.8 Hz), 5.25 (s, 2H), 7.41 (brs,
1H), 7.47 (dd, 1H, J= 8.3, 6.9 Hz), 7.52 (dd, 1H, J= 8.3, 6.9 Hz), 7.59 (d, 1H, J=6.9 Hz), 7.79
(dd, 1H, J=8.3, 8.3 Hz), 8.01 (d, 1H, J=6.9 Hz), 8.38 (d, 1H, J= 8.3 Hz), 8.68 (d, 1H, J=8.3
Hz); ¥C NMR (150 MHz, CDCl5): § 12.7, 16.7, 17.2, 66.5, 113.8, 114.2, 116.9, 120.7, 122.8,
124.8,127.5,129.0, 129.3,131.3, 133.0, 135.9, 139.4, 145.3, 148.0; IR (neat): 2943, 2862, 1639,
1527, 1454, 1384, 1265, 1157, 1087, 1049, 883, 736 cm'; HRMS (ESI): m/z caled. for
C2H2sN>OSi™: 361.1731 [M+H]"; found: 361.1735.

Synthesis of alcohol S39
O O

1) Cul (10 mol%)
Cs,CO;3 (2.0 eq.)
MS4A
1,4-Dioxane (20 mol%) _N
Br A 50 °C to reflux, 15 + 4 h ,\r\/)
/ + HNTSN > =
TBSO\/ \—/ 2) TBAF (1.5 eq.) HO\/
THF,0°C, 1 h
S37 S39
(2.0eq.) 13% (2 steps)

1) To a solution of alkynylbromide S37 (1.87 g, 7.51 mmol) in 1,4-Dioxane (7.5 mL) were added
imidazole (256 mg, 3.76 mmol), Cul (35.8 mg, 0.188 mmol), 2-acetylcyclohexanone (103 pL,
0.751 mmol), MS4A (375 mg) and Cs,COs (2.45 g, 7.51 mmol). After stirring for 15 h at 50 °C,
the reaction mixture was refluxed for 4 h. After cooling to room temperature, the reaction was

quenched by adding saturated aqueous NH4CI. The resulting suspension was filtered through a
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Celite® pad (washed with EtOAc) and extracted with EtOAc (x3). The combined organic layer
was washed with brine, dried (Na>SOs), and concentrated in vacuo. The residue was purified by
flash column chromatography (silica gel, EtOAc/hexane = 1/2) to afford the corresponding N-
alkynylimidazole [179 mg, 20%, Ry = 0.27 (EtOAc/hexane = 1/2)] as a white solid.

2) To a solution of the N-alkynylimidazole (179 mg, 0.757 mmol, vide supra) in THF (10 mL)
was added tetrabutylammonium fluoride (TBAF, 1.0 M in THF, 1.14 mL, 1.14 mmol) at 0 °C.
After stirring for 1 h at 0 °C, the reaction was quenched by adding saturated aqueous NH4Cl, and
the mixture was extracted with EtOAc (x3). The combined organic layer was washed with brine,
dried (Na;SOs4), and concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, EtOAc) to afford alcohol S39 (57.7 mg, 62%) as a white solid.

S39: mp: 80-85 °C; Ry 0.24 (EtOAc); '"H NMR (500 MHz, CDCls): 8 1.95-2.25 (m, 1H), 4.51
(d, 2H, J = 5.5 Hz), 7.04-7.05 (m, 1H), 7.11-7.12 (m, 1H), 7.74 (s, IH); *C NMR (150 MHz,
CDClL): 6 49.8, 69.8, 73.5, 121.8, 128.5, 139.9; IR (neat): 3128, 2854, 2272, 1492, 1300, 1083,
906, 817, 721 cm™!; HRMS (ESI): m/z calced. for CéH/N>O": 123.0553 [M+H]"; found: 123.0554.

Synthesis of silyl ether 49c

FPra SiCl I‘N
oTs N \/) imidazole (2.0 eq.) OTs
* HO\/ CH,Cly, RT, 24 h
Br Br
1b S38 49¢
(1.1 eq.) 94%

According to the typical procedure A, silyl ether 49¢ was prepared from the reaction of silyl
chloride 1b (184 mg, 0.387 mmol), imidazole (52.7 mg, 0.774 mmol) and alcohol S38 (52.0 mg,
0.426 mmol) in CH>Cl, (4 mL) at room temperature for 24 h. Purification by flash column
chromatography (silica gel, EtOAc/hexane = 1/5) afforded silyl ether 49¢ (205 mg, 94%) as a
yellow solid.

49c: mp: 68-71 °C; Ry 0.38 (EtOAc/hexane = 1/1); '"H NMR (500 MHz, CDCl;5): & 1.10 (d, 6H,
J=17.5Hz), 1.20 (d, 6H, J= 7.5 Hz), 1.65 (qq, 2H, J= 7.5, 7.5 Hz), 2.47 (s, 3H), 4.66 (s, 2H),
7.03-7.04 (m, 1H), 7.07-7.09 (m, 1H), 7.17 (dd, 1H, J= 7.8, 7.5 Hz), 7.34 (d, 2H, J = 8.3 Hz),
7.56 (dd, 1H, J=17.8, 1.7 Hz), 7.62 (dd, 1H, J = 7.5, 1.7 Hz), 7.69 (s, 1H), 7.84 (d, 2H, J = 8.3
Hz); BC NMR (150 MHz, CDCls): 8 13.6, 17.8, 18.3,21.7, 52.3, 69.3, 74.1, 117.6, 121.7, 127.6,
128.6, 129.0, 129.5, 133.3, 134.3, 135.6, 136.0, 140.1, 145.3, 150.4; IR (neat): 2947, 2866, 2272,
1489, 1365, 1300, 1168, 1068, 1029, 852, 759 cm™'; HRMS (ESI): m/z calcd. for
C2sH20BrN,NaO4SSi': 583.0693 [M+Na]*; found: 583.0694.
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Reaction from 49c

/
/
i-PrZSi/O\/ £Pr,si~°

PhsMgLi (2.2 eq.)
> A

THF, 0 °C, 30 min N
W
N
49c 51c

53%

To a solution of bromoaryl tosylate 49¢ (156 mg, 0.278 mmol) in THF (20 mL) was added
dropwise PhsMgLi (0.11 M in Etz0O, 5.57 mL, 0.612 mmol) at 0 °C. After stirring for 30 min at
this temperature, the reaction was quenched by adding saturated aqueous NH,Cl, and the mixture
was extracted with EtOAc (x3). The combined organic layer was washed with brine, dried
(NazS0.), and concentrated in vacuo. The residue was purified by flash column chromatography
(EtOAc/hexane = 2/1 to 4/1) and PTLC (EtOAc/hexane = 2/1) to afford isoquinoline 51c (45.5
mg, 53%) as green oil.

51c: Rf 0.39 (EtOAc/hexane = 2/1); 'H NMR (600 MHz, CDCls): 6 1.05 (d, 6H, J = 7.6 Hz), 1.08
(d, 6H,J=7.9 Hz), 1.32 (qq, 2H, J = 7.6, 6.9 Hz), 5.11 (s, 2H), 7.52 (d, 1H, J = 1.3 Hz), 7.57 (d,
1H, J=1.3 Hz), 7.66 (dd, 1H, J = 7.6, 6.8 Hz), 7.70 (dd, 1H, J = 6.8, 1.3 Hz), 7.78 (s, 1H), 8.71
(dd, 1H, J = 7.6, 1.3 Hz); 3C NMR (150 MHz, CDCls): § 12.7, 16.7, 17.2, 64.2, 114.3, 119.1,
121.6,123.8, 125.0, 127.6, 129.9, 131.7, 133.6, 133.9, 143.6; IR (neat): 3390, 2943, 2862, 1639,
1516, 1462, 1392, 1327, 1087, 1053, 995, 883, 790, 771 cm; HRMS (ESI): m/z calcd. for
CisH23N20Si*: 311.1574 [M+H]*; found: 311.1578.
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Calculations of Section-2 and -4 in Chapter-3 were carried with the Gaussian 16 program.’ The
molecular structures optimizations were conducted at the B3LYP level in the gas phase using 6-
311++G** basis set for all the atoms for the intermolecular reaction (Section-2), and at the
(U)B3LYP level using 6-311++G** basis set for all the atoms for the intramolecular reaction
(Section-4). Broken-symmetry approach was used to form open-shell singlet diradicals by mixing
HOMO and LUMO (“guess=mix” option in Gaussian). Solvation of THF was evaluated by the
self-consistent reaction field (SCRF) method using the CPCM model (Section-4). The vibrational
frequencies were computed at the same level in order to check whether each optimized structure
is an energy minimum (no imaginary frequency) or a transition state (one imaginary frequency).
The intrinsic reaction coordinate (IRC) method was used to track minimum energy paths from
transition structures to the corresponding local minima.'° In this study, the Gibbs free energy was
adopted as the basis for discussion, and open-shell singlet diradical character was estimated by

Mulliken spin population and spin expectation value (S?).

Calculations of Section-8 in Chapter-3 were carried with GRRM program'' combined with the
Gaussian 16 program. The reaction pathways were explored using the single component artificial
force induced reaction (SC-AFIR) method with the wB97XD functional and the Def2SVPP basis
set. After the SC-AFIR search, the force-induced reaction pathways were relaxed using the locally
updated planes (LUP) method'? with the wB97XD functional and the Def2TZVP basis set using
the Grid=FineGrid option to find transition states. Solvation of THF was evaluated by the self-
consistent reaction field (SCRF) method using the SMD model. Stable=opt option was used to
check the stabilities of wave functions to form open-shell singlet diradicals.

In this study, the electronic energy was adopted as the basis for discussion, and open-shell singlet

diradical character was estimated by spin expectation value (S?).
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WO A FeE_v¥AL voLTRIRIG
concerted (3+2) cycloaddition

Benzyne

Gibbs Free Energy: -230.92525 A.U.

C -0.7023130 1.0567940 0.0000200 H -1.2276470 2.0065610 0.0000610
C -1.4590570 -0.1337380 -0.0000220 H -2.5411950 -0.1357840  0.0000360
C -0.6224940  -1.2343070 -0.0000390 H 2.5412330 -0.1366940  -0.0000810
C 0.6218550 -1.2343000  0.0000540 H 1.2285040 2.0060430 -0.0000530
C 1.4591150 -0.1343100  0.0000030
C 0.7027440 1.0565070 -0.0000100

Ynamide

if"‘

Gibbs Free Energy: -439.22415 A.U.
C 2.5334200  -0.1528420 0.0030580 H -1.0704370  2.2967510  -0.5376570
C 1.3767920  0.1768450  -0.0248580 C -0.9245030 -0.3360360 -0.0246750
C 3.9220480  -0.5945070 0.0369270 o -0.7610700  -1.5319390 -0.0373910
N 0.0931260  0.6069060  -0.0609260 o -2.1334670  0.2735740  0.0226030
H 3.9669060  -1.6860140 0.0944300 C -3.2623830 -0.6174230  0.0388190
H 4.4667770  -0.2869420 -0.8608130 H -3.2216150  -1.2697580 0.9117300
H 4.4508760  -0.1952260 0.9076510 H -4.1368030 0.0284110  0.0836610
C -0.1607050  2.0575750  0.0071370 H -3.2815300 -1.2270790 -0.8653170
H 0.6849550  2.5673830  -0.4514740
H -0.2627220  2.3893850  1.0441310
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TS-(3+2)

\

Gibbs Free Energy: -670.11887 A.U.
Imaginary frequency: -260.56 cm™!

C -2.9969900 -2.2206480 0.0309080 H -2.3914200 3.2149420  0.2129560
C -1.6111370  -2.2412030 0.2500120 H -1.0421960 4.0632840  -0.5627620
C -0.9585680 -1.0050040 0.2222450 H -1.9868880 2.8712840  -1.4713230
C -1.6357620  0.0621820  -0.0012990 C 1.6449150  0.5026210  2.0730300
C -2.9912710  0.2090990  -0.2270340 H 0.8321690  0.9510690  2.6388110
C -3.6757110  -1.0178410 -0.2034090 H 2.5959820  0.9531030  2.3644570
H -3.5567440 -3.1513140 0.0428140 H 1.6705030  -0.5676480 2.2578830
H -1.1028790  -3.1844010 0.4298030 C 2.1269870  0.1088760  -0.3770140
H -3.5157500 1.1386080  -0.4105240 (0] 2.0266160  0.3523590  -1.5489840
H -4.7477490  -1.0263440 -0.3717290 (0] 2.9870040  -0.7631420 0.1747530
C -0.6487710  2.0391630  -0.0640710 C 3.7789700  -1.5150480 -0.7653720
C 0.4587360 1.6234420  0.2769590 H 43764750  -0.8429380 -1.3817430
C -1.5627390 3.1057830  -0.4915830 H 44176910  -2.1511510 -0.1570160
N 1.3768790  0.7465650  0.6380020 H 3.1317430  -2.1167180 -1.4040380

PD 3+

Gibbs Free Energy: -670.191299 A.U.
C  -2.2936490 -2.2308890 -0.0522640 C  -1.5266100 0.4610670  -0.0663170
C  -0.9751400 -1.8964850 0.2770710 C  -2.8408610 0.1151270  -0.3929910
C -0.6343660 -0.5587270  0.2627850 C -3.2107570  -1.2312120 -0.3822330

190



H -2.5995490 -3.2702150 -0.0542460 C 1.0328100  -0.1392350 2.0359180
H -0.2534040 -2.6670460  0.5228620 H 0.1718750  0.1747010  2.6222700
H -3.5625070  0.8797320  -0.6559940 H 1.8792130  0.5037410  2.2521980
H -4.2280130  -1.5071490 -0.6371980 H 1.2727940  -1.1835540 2.2428860
C -0.8563330 1.7606080  0.0069350 C 1.7116200  -0.2779610 -0.3736790
C 0.4489130  1.7466540  0.3681220 o 1.4798080  -0.5912810 -1.5046670
C -1.5660750  3.0528560  -0.2906990 o 2.9098250  -0.1381020 0.1817780
N 0.6620740  0.0308390  0.5987250 C 4.0287130  -0.2472220 -0.7259430
H -2.4214040  3.2035090  0.3776550 H 3.9665440  0.5366720  -1.4804330
H  -0.8837040 3.8948570  -0.1670550 H 49115360 -0.1164330 -0.1055180
H  -1.9453720 3.0682140  -1.3187000 H 40308170 -12253240 -1.2069110

Stepwise (2+2) cycloadditions

TS-(2+2) 1

D

Gibbs Free Energy: -670.124267 A.U.

Imaginary frequency: -237.32 cm™!
C -3.6403980  -1.7839000 0.2178390 N 1.5216520  0.6922540  0.5377530
C -3.8400920 -0.5804310 0.9111900 H -1.7545460  2.5269320  -2.0245260
C -2.8618390  0.4090420  0.7404990 H -2.2956590  2.9633340  -0.4051030
C -1.8809600 0.1611320  -0.0433650 H -0.8808390 3.7862180  -1.1226320
C -1.5640250  -0.9632820 -0.7787170 C 1.7262630  0.7853650  2.0015290
C -2.5257040 -1.9737200 -0.6135350 H 0.9484110 1.4321120  2.3993640
H -4.3611740  -2.5895940  0.3253970 H 2.7084460 1.2047120  2.2195220
H -4.7112370  -0.4562250 1.5481540 H 1.6453380  -0.2027970  2.4537320
H -0.7022840  -1.0746600 -1.4259780 C 2.3571940  -0.0913080 -0.2717450
H -2.4030390 -2.9117820 -1.1451400 0] 2.2175400  -0.2368340 -1.4592650
C -0.5513030 1.7963800  -0.4493400 0] 3.3258390  -0.6485450 0.4771180
C 0.5061990  1.3426010  -0.0281100 C 4.2476760  -1.4936190 -0.2404760
C -1.4100570 2.8348670  -1.0336230 H 47644210  -0.9211430 -1.0110280
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H  4.9493080
H  3.7165330
IM-(2+2)

-1.8516740
-2.3269350

0.5091340
-0.7008850

Gibbs Free Energy: -670.134247 A.U.
C -3.7193670  -1.5797350  -0.2811330 H -1.8125530  3.1724110  -0.6066570
C -3.2202280  -1.2215590 0.9745160 H -2.0212630  2.8807300 1.1214000
C -2.1734210  -0.2895690 1.0786420 H -0.4983250  3.5927340  0.5214030
C -1.7831120 0.3166780  -0.0743570 C 1.2475890  -0.5588780 1.8071570
C -2.2612870  0.0191500  -1.3591130 H 0.2567230  -0.3462410 2.2099650
C -3.2443310  -0.9613510 -1.4472940 H 2.0438640  -0.2759510 2.4952700
H -4.4770460  -2.3552560 -0.3625750 H 1.3167330  -1.6205190 1.5785540
H -3.6248680  -1.7137420 1.8565460 C 2.5216540  0.0621720  -0.3081730
H -1.9110460 0.5430500  -2.2441800 0] 2.6727660  0.6552440  -1.3393710
H -3.6522300 -1.2362450 -2.4140560 0] 3.3612140  -0.8255490 0.2307700
C -0.7702600 1.4772870  0.1584710 C 4.5612680  -1.0843670 -0.5316250
C 0.4470630 1.0532000  0.1799370 H 5.1371280  -0.1662190 -0.6473630
C -1.2909770  2.8752100  0.3085650 H 5.1141270  -1.8181010 0.0491600
N 1.3810430  0.2196660  0.5415370 H 43020630  -1.4812940 -1.5129710

TS-(2+2) 2

AN

Gibbs Free Energy: -670.130981 A.U.

Imaginary frequency: -189.40 cm™
C -3.8542460 -1.5163880 -0.4450660 C -2.7862460  -1.8483260  0.3848790
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C -1.6899600 -0.9848910 0.6299110 H -0.2677020  3.3017100  1.0079650
C -1.8383990 0.2732240  0.0176390 C 1.4409680  -0.7430370 1.7736500
C -2.9000510 0.6569770  -0.8319200 H 0.3870150  -0.9016870 2.0169460
C -3.9139410 -0.2565740  -1.0644440 H 2.0152470  -0.2439320 2.5556740
H -4.6501150 -2.2346580 -0.6289260 H 1.8969020  -1.6965430 1.5235360
H -2.7927360  -2.8392210  0.8385920 C 2.5558600  0.1137850  -0.3876290
H -2.9412370  1.6411010  -1.2915560 o 2.5850810  0.7855300  -1.3757590
H -4.7473730 0.0016190  -1.7088240 o 3.4939670  -0.7207750  0.0438320
C -0.7944090  1.2929340  0.3673330 C 4.6643780  -0.8316840 -0.8014320
C 0.4354890  0.8643050  0.2665460 H 5.1502050  0.1393950  -0.8934590
C -1.1444490 2.7058070  0.7522270 H 5.3108440  -1.5445700 -0.2969510
N 1.4398030  0.1190700  0.5455830 H 43760710  -1.1961510 -1.7869230
H -1.6695660 3.1924740  -0.0736060
H -1.8285320 2.6721420  1.6036980

PD;+

‘-\',

Gibbs Free Energy: -670.2364769 A.U.
C -3.6653050 -1.3830740 -0.3233130 H -0.4630920  3.3485090  -0.4000600
C -2.2582600 -1.6391120 -0.1902550 H -0.5317460  3.1501430 1.3466680
C -1.4739670  -0.5446690 0.0078380 H 0.9708160  2.7715520  0.4648950
C -1.9945730  0.7741590  0.0590690 C 1.2014420  -1.9752680 0.7023960
C -3.3238440 1.0367740  -0.0802380 H 0.1957760  -2.2803470 0.9792880
C -4.1720980  -0.1050540 -0.2696140 H 1.8480220  -2.0649600 1.5762240
H -4.3385480 -2.2204180  -0.4678000 H 1.5803460  -2.6303030 -0.0831720
H -1.8803510 -2.6532540 -0.2517430 C 2.3042650  0.0735700  -0.1403170
H -3.7415640  2.0367830  -0.0592100 0] 2.3724650 1.2106900  -0.5502750
H -5.2404610 0.0478310  -0.3758200 0] 3.3743900  -0.7475560 -0.0054010
C -0.5929710 1.3271530  0.2538820 C 4.6349760  -0.1784860 -0.3996640
C -0.0889810  0.0586500  0.1988560 H 4.8644450  0.6994470  0.2053140
C -0.1145590 2.7192400  0.4276810 H 5.3691110  -0.9631100 -0.2293020
N 1.1487840  -0.5765220  0.2449450 H 4.6141620  0.1054280  -1.4524120
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concerted Ene reaction

TS Ene

Gibbs Free Energy: -670.120061 A.U.
Imaginary frequency: -301.36 cm™!

C

Z OO0 O @D @oDn @om @m0 60000

PD Ene

3.6352650
3.8511890
2.7076650
1.5615430
1.2390350
2.3588490
4.4732690
4.8410550
0.2498360
2.2274500
0.2975480

-0.3214110
1.4600690
-1.3431180

-1.7234810
-0.3452650
0.4393580
-0.0646140
-1.3970160
-2.2381890
-2.4075770
0.0438800
-1.7914260
-3.3096940
2.3048160
1.2725810
3.0454570
0.4612050

-0.1723950
-0.3328190
-0.2012550
0.0493280
0.2191160
0.0964220
-0.2629450
-0.5455290
0.4182140
0.2082740
0.0077580
0.2614830
-0.3419080
0.6276170

194

o m 0O O O O @m @m @m O @m @ o

1.7453050

2.2936070

1.3981220

-1.5356560
-0.5548330
-2.0342710
-2.1351730
-2.2296470
-2.1235720
-3.2239500
-4.1934380
-3.7145220
-4.9113390

3.7924300
2.2441400
3.5026970
0.1986440
0.1698610
-0.7573030
0.9895910
0.0272310
0.2669390
-0.7048890
-1.2143850
-1.8733250
-1.7648800

0.4018960
-0.3749000
-1.3318020
2.0661820
2.5387340
2.2008820
2.5250770
-0.3541570
-1.5308480
0.1970160
-0.7378090
-1.4627210
-0.1337450



Gibbs Free Energy: -670.261039 A.U.
3.6352650  -1.7234810 -0.1723950
3.8511890  -0.3452650 -0.3328190
2.7076650  0.4393580  -0.2012550
1.5615430  -0.0646140 0.0493280
1.2390350  -1.3970160 0.2191160
2.3588490  -2.2381890 0.0964220
4.4732690  -2.4075770  -0.2629450
4.8410550  0.0438800  -0.5455290
0.2498360  -1.7914260 0.4182140
2.2274500  -3.3096940 0.2082740
0.2975480  2.3048160  0.0077580
-0.3214110  1.2725810  0.2614830
1.4600690  3.0454570  -0.3419080
-1.3431180 0.4612050  0.6276170

1.7453050  3.7924300  0.4018960
2.2936070  2.2441400  -0.3749000
1.3981220  3.5026970  -1.3318020
-1.5356560  0.1986440  2.0661820
-0.5548330 0.1698610  2.5387340
-2.0342710  -0.7573030  2.2008820
-2.1351730  0.9895910  2.5250770
-2.2296470  0.0272310  -0.3541570
-2.1235720  0.2669390  -1.5308480
-3.2239500 -0.7048890  0.1970160
-4.1934380  -1.2143850 -0.7378090
-3.7145220  -1.8733250 -1.4627210
-4.9113390 -1.7648800 -0.1337450

Z O O o @&nm @z T @D Q0O aoa a0
T m 0O O O O @m @m @m O @m o @mom

B RIS ICBE T 5 SEBR
IM-1

e

A
o

J

Gibbs Free Energy: -1619.678079 A.U.
(8%)=0

C -2.8039460 -2.8016620 -2.5404170 C -1.4234030 1.8419810  1.2557290
-1.4016490 -2.8466880 -2.6693290 C -0.2265540 1.1698340  0.7592410
-0.7415240  -1.8993350 -1.8762500 C 0.8020670  0.6414260 0.4141410
-1.4297900 -1.1383650 -1.1597190 N 1.9385330  0.0887480  -0.0440790
-2.7583590  -0.9277950  -0.8939110 C -5.1406720  0.9829880  -0.5953310
-3.4535110  -1.8869850 -1.6954470 C -4.7938760  1.6298820  -1.9527190
Si -3.5884390 0.3233820  0.2755010 C -5.9699170  1.9575730  0.2641350
C

O -2.5877400 1.6607950  0.4460570 -3.8381620  -0.5445550  1.9530460

O O 0 o 0
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-4.3051610
-4.7489770
2.6168900

3.5691230

2.4274880

1.8544090

-3.4079810
-0.9160080
-4.5384140
-1.2464640
-1.6119430
-5.7667070
-5.7086430
-4.2528680
-4.1753100
-6.8319690
-6.3537930
-5.3793040
-2.8315640
-4.2464690
-3.7013070
-5.3443700
-4.7911940
-4.3919440
-5.7747780
3.3215180

0.3759060
-1.7847450
0.7541630
-1.4610350
-1.0529570
-1.5611710
-3.4955520
-3.5572270
-1.9071840
2.9202920
1.5086790
0.1023930
1.9384010
0.9472520
2.5215710
2.3230380
1.4893430
2.8299410
-0.9048740
-0.1542080
1.2825570
0.6867920
-2.3076320
-2.4992850
-1.5080440
2.0371530

3.0987990
1.8485850
-1.1933070
0.0487320
0.6060450
1.5469960
-3.1166200
-3.3284680
-1.6544740
1.2983270
2.2826380
-0.7958350
-2.4706200
-2.6126860
-1.8153290
-0.3048650
1.1727930
0.5596830
2.2102020
4.0557270
3.1880750
2.9651750
2.8102300
1.1025840
1.5843830
-0.8071160
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3.3155940
1.8488170
4.2931520
3.4052530
4.7437330
5.4924840
6.1166740
5.1640750
6.0985580
5.3837160
3.8953390
5.3247000
2.5458470
3.0532200
3.9914760
2.7851000
3.4290540
4.6184320
5.1629380
4.5194410
1.8601230
3.0012810
5.1209370
6.0912030
4.9492570

0.0324590
0.9534490
-2.6758430
-3.9076150
-2.4706240
-2.7279490
-3.5893810
-2.8250030
-1.8241470
-3.3061350
-2.4267120
-1.5497770
-3.8805890
-3.9815260
-4.8025630
3.2755880
4.4621680
4.4203130
3.1875660
2.0049570
3.3132040
5.4153530
5.3404930
3.1487980
1.0502470

-1.6069840
-1.9413500
0.5270190
0.3517060
1.9731720
-0.4176920
-0.1706270
-1.4547930
-0.3247540
2.2678560
2.6543400
2.0661610
1.0197950
-0.6801090
0.5750970
-1.1703830
-0.8156330
-0.0906860
0.2752830
-0.0818410
-1.7362570
-1.1055470
0.1853960
0.8343790
0.2010150



Gibbs Free Energy: -1619.665419 A.U.
Imaginary frequency: -262.23 cm™!

(8%=0
C -2.1334890 -2.7695890  -2.3450460 H -5.4024860 2.8175730  0.2382320
C -0.7477470  -2.6921500 -2.1412290 H -3.7783380 -1.4087440 2.0161210
C -0.2799240  -1.7298540 -1.2313520 H -5.4804320 -0.5441640 3.5695850
C -1.1720570  -1.0011640 -0.6466660 H -4.3627150  0.7582470  3.1493590
C -2.5568700 -0.9501110 -0.7330470 H -5.9692470  0.7036720  2.4248030
C -3.0123120  -1.9223590 -1.6604960 H -6.0711770  -2.3560840 1.8925560
Si -3.7301860  0.1969470  0.2056990 H -5.2842260 -2.4363050 0.3171360
O -2.7580420 1.3976220  0.8821490 H -6.5101430 -1.2023620 0.6328340
C -1.5732950 1.1126740  1.6122340 C 3.1222150  2.1267670  -0.6800190
C -0.4967490  0.5260220  0.7779050 H 3.1043220  0.1907560  -1.6436840
C 0.7128010  0.4576790  0.5430680 H 1.5876190  1.0832870  -1.7771940
N 1.8564350  0.0766440  0.0269320 C 4.5205760  -2.4642200 0.3665530
C -4.8926320 1.0833780  -1.0027220 C 3.7343590  -3.7725270 0.3100510
C -4.1080560 1.8356220  -2.0964440 C 5.1113940  -2.1819420 1.7465730
C -5.9065370  2.0222360  -0.3192730 C 5.5967620  -2.4224510 -0.7151750
C -4.5838370  -0.7878220  1.5992540 H 6.3212980  -3.2200410 -0.5378180
C -5.1257400  0.0870100  2.7469850 H 5.1576650  -2.5682240 -1.7043080
C -5.6700630 -1.7480310 1.0741760 H 6.1258880  -1.4673180 -0.7020460
C 2.4265030  0.8582110  -1.1204760 H 5.8574610  -2.9474560 1.9737260
O 3.6263660  -1.3266690 -0.0346580 H 4.3478000  -2.2032570 2.5227320
C 2.5294280  -1.0278610 0.6426860 H 5.6088710  -1.2093350 1.7599860
O 2.1102290  -1.5448780 1.6490650 H 29607570  -3.8112260 1.0754040
H -2.5368570  -3.4930730 -3.0477580 H 3.2730140  -3.9010280 -0.6717670
H -0.0859340 -3.3617420 -2.6851210 H 4.4243500  -4.6041860 0.4725010
H -4.0770820 -2.0091850 -1.8554330 C 2.4371440  3.3462340  -0.6946290
H -1.2256840 2.0531560  2.0448340 C 3.0667220  4.5192810  -0.2784440
H -1.7767680  0.4246070  2.4428960 C 4.3911820  4.4843970  0.1558660
H -5.4617730  0.2816240  -1.4940370 C 5.0843260  3.2732370  0.1679250
H -4.7970020 2.2705670  -2.8289440 C 4.4538120  2.1023500  -0.2487580
H -3.4199500 1.1793430  -2.6353460 H 1.4086900  3.3803110  -1.0382840
H -3.5221190 2.6541680  -1.6680400 H 2.5247280  5.4580340  -0.2976610
H -6.5441690  2.5025570  -1.0698400 H 4.8827390  5.3956830  0.4772440
H -6.5623930  1.4913330  0.3744890 H 6.1169180  3.2415570  0.4969820

197



H

IM-2

4.9980170

1.1647880

-0.2418950

Gibbs Free Energy: -1619.700613 A.U.

(83)=0.9122
C -1.8812430 -2.7706690 -2.2352340 (0] 2.2995430 -1.5778490 1.7321360
C -0.5211180 -2.6397710 -1.9141240 H -2.1966900 -3.4865560 -2.9870550
C -0.2014510 -1.7084330 -0.9598780 H 0.2296110 -3.2502940 -2.4048490
C -1.0754090 -0.8936290 -0.2686560 H -3.8609080 -2.0703740 -1.8668990
C -2.4560570 -1.0239910 -0.6099500 H -1.1633460 1.4567400 2.3146600
C -2.8172470 -1.9661750 -1.5874610 H -1.9207040 -0.1338780 2.4475700
Si -3.7361380 0.1261240 0.1862030 H -5.1793480 0.4289730 -1.7456970
(0] -2.7777270  1.1825840 1.0846570 H -4.1679330 2.4124290 -2.8565970
C -1.6215030 0.6520480 1.7397790 H -2.9289140 1.1941800 -2.5334230
C -0.6106110 0.0817200 0.7685260 H -3.0493700 2.6267890 -1.5065990
C 0.6706610 0.4030710 0.8723220 H -6.1340340 2.7151970 -1.3581050
N 1.7602020 0.0026850 0.1546150 H -6.4416470 1.6510700 0.0139190
C -4.6272000 1.1568710 -1.1345510 H -5.1721960 2.8761810 0.1124890
C -3.6320080 1.8843880 -2.0600710 H -4.2127460 -1.5932250 1.8231760
C -5.6520670 2.1509480 -0.5518860 H -6.0305340 -0.6475520 3.1905800
C -4.8818870 -0.8601660 1.3517370 H -4.7243200 0.5348080 3.0428040
C -5.4901810 -0.0080610 2.4834420 H -6.2035860 0.7273300 2.1009730
C -5.9743760 -1.6529650 0.6067890 H -6.5518280 -2.2623450 1.3108640
C 2.1761900 0.8457350 -1.0059410 H -5.5587470 -2.3319680 -0.1430750
(0] 3.6524020  -1.2127980 -0.0650050 H -6.6795870  -0.9875710 0.0989290
C 2.5797790  -1.0044160 0.7006920 C 2.8756960  2.1282510  -0.6034420
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H 2.8151140  0.2318510  -1.6342530 H 34512520  -3.8010470 -0.7177010
H 1.2634750  1.0691860  -1.5581830 H 4.7329420  -4.4220590 0.3314120
C 4.6517570  -2.2771660 0.2505010 C 2.1408730  3.3045860  -0.4187570
C 3.9705900  -3.6454790 0.2310210 C 2.7750260  4.4870140  -0.0386280
C 5.3269000  -1.9702040 1.5870880 C 4.1556840  4.5074510  0.1580010
C 5.6416090  -2.1457580 -0.9056170 C 4.8980250  3.3416010  -0.0316200
H 6.4334150  -2.8898760 -0.7954460 C 4.2614880  2.1604190  -0.4108210
H 5.1428690  -2.3108740 -1.8631060 H 1.0675670  3.2969180  -0.5760260
H 6.1002080  -1.1546600 -0.9150430 H 2.1924290  5.3910060  0.0991850
H 6.1465920  -2.6766360 1.7408540 H 4.6504790  5.4266340  0.4508530
H 4.6295940  -2.0618260 2.4183080 H 5.9727930  3.3525160  0.1116110
H 5.7455780  -0.9609610 1.5817380 H 4.8426660  1.2578070  -0.5593080
H 3.2591070  -3.7512360 1.0484280

Gibbs Free Energy: -1619.694616 A.U.

Imaginary frequency: -218.12 cm™!

(S?) = 0.4051
C -1.5186210 2.3369240  2.2672290 C -0.7457710  -0.6346880 -0.7629090
C -0.2025790  1.9990900  1.9050270 C 0.5509160  -0.9000050 -0.8984720
C -0.0638400 1.0370780  0.9366340 N 1.4730870  -0.2411360 -0.1298710
C -1.0832200 0.3884390  0.2825300 C -4.9156180 -1.0722590 1.2235610
C -2.4158820 0.7146740  0.6589940 C -4.0720230  -1.8894710 2.2222190
C -2.5925350  1.6954670  1.6510700 C -6.0668140 -1.9291170  0.6592890
Si -3.8371820 -0.2681310 -0.1151610 C -4.7786240  0.8141840  -1.3729510

-3.0288160 -1.5158090 -0.9118390 C -5.5186550  0.0137410  -2.4624110

C -1.8279790 -1.2208790 -1.6337430 C -5.7154650  1.8356070  -0.6977220
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2.1434350

3.1588130

2.1669370

1.8323580

-1.6934060
0.6454890

-3.5965440
-1.4740110
-2.0523570
-5.3649400
-4.7049340
-3.2813840
-3.5992870
-6.6495920
-6.7557650
-5.6884190
-3.9842100
-5.9242880
-4.8585230
-6.3591490
-6.1616400
-5.1899210
-6.5378070
3.3484650

2.4308970

-1.0196030
1.2712190
0.8725520
1.3186120
3.0850780
2.4804500
1.9595200
-2.1469800
-0.5198390
-0.2338880
-2.2794650
-1.2904570
-2.7448880
-2.3676500
-1.3465460
-2.7547230
1.3848680
0.6912410
-0.6958230
-0.5525940
2.5005730
2.4667360
1.3406870
-1.8315650
-0.3151540

0.9600370
0.0371510
-0.7418380
-1.8102860
3.0336570
2.3808370
1.9685670
-2.0877660
-2.4503970
1.7745970
3.0271560
2.6812390
1.7305900
1.4771250
0.0434220
0.0487080
-1.8738970
-3.2224140
-2.9677790
-2.0516590
-1.4456220
0.0248770
-0.1713700
0.5215400
1.7351040
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1.3641390
4.0413900
3.1997150
4.7950600
4.9919280
5.6997790
4.4406710
5.5546080
5.5277600
4.1233380
5.3321360
2.5129710
2.6296040
3.8677860
3.2848550
4.3964880
5.5853150
5.6560430
4.5449370
2.3647510
4.3327700
6.4485390
6.5752860
4.6085970

-1.6690420
2.4274260
3.6973550
2.0975710
2.5003360
3.3186130
2.6839070
1.5705950
2.8854650
2.0365490
1.1517790
3.6526770
3.8628090
4.5504030
-2.7421230
-3.5110630
-3.3866760
-2.4860780
-1.7114740
-2.8417350
-4.2104710
-3.9868110
-2.3808820
-1.0080360

1.3602780
-0.3324050
-0.4442020
-1.6196770
0.8597330
0.7113240
1.7844360
0.9639540
-1.8110350
-2.4747430
-1.5180750
-1.2881660
0.4728120
-0.5865180
-0.5397290
-0.8797770
-0.1595430
0.9019510
1.2355980
-1.1042030
-1.7058940
-0.4243760
1.4672590
2.0589230



Gibbs Free Energy: -1619.729901 A.U.
(8)=0

C -0.9714320 -1.9787280 -2.2179250 H -3.8280320 -1.4757960 1.8291290
C 0.2328530  -1.4630860 -1.7149790 H -5.8832950 -1.0453440 3.1168640
C 0.1339840  -0.5447640 -0.6885450 H -4.9926300 0.4664600  2.9026400
C -1.0814600 -0.1326530 -0.1541940 H -6.4337210 0.1437670  1.9377240
C -2.2959200 -0.6197850 -0.6647750 H -5.8269790 -2.8590970 1.3182860
C -2.2028600 -1.5586140 -1.7068760 H -4.8228060 -2.6796320 -0.1201110
Si -3.8345760 0.1917050  0.0815460 H -6.3107420 -1.7400950 0.0435840
0] -3.1843740  1.5140590  0.9035520 C 3.2420420 1.7516870  -0.4863410
C -1.9807160 1.4178600  1.6874890 H 2.1923040  0.4795540  -1.8431610
C -0.8290430 0.8536840  0.8938590 H 1.2246810 1.8426110  -1.2631100
C 0.4767620 1.1487660  1.1003660 C 3.9474700  -2.3679740 0.2548960
N 1.2135020  0.2078900  0.0195790 C 3.1690140  -3.6225910 0.6406950
C -4.9641920 0.8870920  -1.2755720 C 4.8465140  -1.8492080 1.3732760
C -4.1951320 1.8144750  -2.2375900 C 47252080  -2.5721470 -1.0405440
C -6.2271350  1.5906310  -0.7401390 H 5.4694570  -3.3574850 -0.8926780
C -4.6725320 -1.0064950 1.3050130 H 4.0595340  -2.8771290 -1.8505030
C -5.5421950 -0.3160730 2.3731650 H 5.2428930  -1.6571100 -1.3328510
C -5.4479150 -2.1318190 0.5916210 H 5.6303060  -2.5869870 1.5611380
C 1.9687880  1.0986320  -0.9781170 H 4.2927440  -1.6949380 2.2985070
0] 2.9672890  -1.2773020 -0.1316150 H 5.3243110  -0.9122600 1.0798010
C 2.0843910  -0.8111990 0.7189140 H 2.6009040  -3.4814460 1.5590800
0] 1.8868000  -1.1143150 1.8576470 H 2.4889430  -3.9179730 -0.1613160
H -0.9408720 -2.7027080 -3.0237940 H 3.8799760  -4.4371740 0.7986020
H 1.1848790  -1.7797520 -2.1212930 C 3.2706320  2.6557030  0.5833880
H -3.1058650 -1.9664810 -2.1503030 C 44616690  3.2852160  0.9417990
H -1.7446620 2.4184370  2.0538680 C 5.6360540  3.0342830  0.2316610
H -2.1769580  0.7852760  2.5642290 C 5.6144720  2.1453260  -0.8418980
H -5.2914500 0.0086590  -1.8503010 C 44258390  1.5073440  -1.1933030
H -4.8453210 2.1376200  -3.0582710 H 23577210  2.8370810  1.1354630
H -3.3239760  1.3222280  -2.6776920 H 4.4700450  3.9787470  1.7753900
H -3.8443190 2.7127080  -1.7209950 H 6.5593090  3.5295810  0.5109790
H -6.8331260 1.9682380  -1.5714610 H 6.5198750  1.9454940  -1.4038900
H -6.8596180  0.9203090  -0.1535770 H 4.4174830  0.8162660  -2.0290970
H -5.9701360 2.4463680  -0.1083000
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H,O

\

Gibbs Free Energy: -76.462550 A.U.
o 0.0000000  0.1178310  0.0000000 H -0.7624430 -0.4713240  0.0000000
H 0.7624430  -0.4713220  0.0000000

20

Gibbs Free Energy: -1274.045777 A.U.
C 0.4368640  0.4207690  2.7214690 C 4.3362300 -0.4123610 -0.1860990
C 1.4834130  -0.1743010 2.0216560 C 5.5566770  -0.4100170 0.4966680
C 1.2016760  -0.6640120 0.7423900 C 6.4508370  0.6504380  0.3528840
C -0.0997410 -0.5491940 0.1899200 C 6.1305520 1.7276540  -0.4731270
C -1.1528710 0.0774600  0.8879360 C 4.9123440 1.7350780  -1.1526660
C -0.8548490 0.5494300  2.1678980 C 4.0218120  0.6710470  -1.0112440
0] -2.2925090 -0.3169930 -1.6541180 C 3.4078380  -1.6108550 -0.0509730
C -1.2986640 -1.3024220 -1.9671080 H 0.6236360  0.8065030  3.7178580
N 1.9916910  -1.3071920 -0.1907950 H 24723120  -0.2471810 2.4587810
C 1.2114820  -1.5905240 -1.3066710 H -1.6188600 1.0374140  2.7644780
C -0.0725160  -1.1514400 -1.1115230 H -1.0584370 -1.1934370 -3.0281900
C -4.1109820 -0.8820590 0.6338170 H -1.7373290  -2.3004420 -1.8365840
C -3.6301560 -2.3271750  0.8742090 H 1.6511660  -2.1026250 -2.1495740
C -5.4267230 -0.8785680 -0.1682760 H -4.3166230 -0.4357760 1.6179620
C -3.2577350  2.0335020  -0.3544610 H -4.3982460 -2.9060950 1.3996380
C -3.9403090 2.6344780  0.8899750 H -3.4295230 -2.8415950 -0.0713730
C -4.0903400 2.2947100  -1.6245910 H -2.7172080  -2.3640130 1.4742790
Si -2.7463350  0.2159110  -0.1150460 H -5.8620670  0.1203030  -0.2487800
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H -6.1718270  -1.5222280 0.3134510 H -4.2325770  3.3717830  -1.7704040
H -5.2757030 -1.2583830 -1.1838700 H 5.8092880  -1.2407680 1.1482750
H -2.2970920 2.5505500  -0.4857510 H 7.3919890  0.6380640  0.8912580
H -4.1228620 3.7055630  0.7478480 H 6.8213820  2.5559770  -0.5823090
H -4.9089580 2.1633080  1.0845620 H 4.6532530  2.5706300  -1.7934260
H -3.3317700  2.5261920  1.7924870 H 3.0753060  0.6886160  -1.5398090
H -5.0844980 1.8431450  -1.5596510 H 3.6524530  -2.3541720 -0.8144800
H -3.6016970  1.8960440  -2.5163900 H 3.5723870  -2.0936640 0.9163790

BocOH

Gibbs Free Energy: -422.279925 A.U.
0] -2.5232730  0.7837610  -0.0000030 H 1.0052200  -0.1808530 -2.1568960

-0.3248610 0.6760390  -0.0000020 H 2.2234640  -1.1594630 -1.3278390

C 1.0267750  0.0313820  0.0000000 H 0.5241330  -1.6537890 -1.2858210
C 1.1945490  -0.7954440 -1.2734820 H 1.0052190  -0.1808400 2.1568980
C 1.1945480  -0.7954360 1.2734880 H 2.2234630  -1.1594550 1.3278470
C 1.9594690 1.2399550  -0.0000030 H 0.5241320  -1.6537810  1.2858320
C -1.4523540 -0.0356210  0.0000000 H 2.9975970  0.9008910  -0.0000020
0] -1.5779610  -1.2342960  0.0000030 H 1.7965210 1.8547010  -0.8878400
H -2.2254220 1.7048270  -0.0000060 H 1.7965210 1.8547060  0.8878290
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BRI NTAF=AA VY F—nEeD(3+2)B L U0 @+2) B NRIG

IM-1

Electronic Energy: -1310.89746710844 A.U.

(S?=0
C 1.0052000 -2.2626000 -1.6484000 H 2.6850000 -2.9250000 1.2394000
C -0.0672000 -2.5757000 -2.1939000 H 2.7280000 -0.2768000 2.7741000
C -1.1198000 -1.6609000 -2.1114000 H 1.2909000  -1.0302000 2.0742000
C -0.7927000 -0.4969000 -1.4062000 H 2.1530000 -1.8238000 3.3914000
C 0.4722000 -0.2868000 -0.8451000 H 44214000 -2.8608000 3.0170000
C 15323000 -1.2256000 -0.9377000 H 5.1605000 -2.9013000 1.4191000
0 4.3931000 -1.6050000 -1.1841000 H 5.1058000 -1.3926000 2.3281000
C 4.8024000  -2.9259000 -1.4546000 H 2.7130000 1.2161000  0.5576000
C 3.7399000  -3.9248000 -1.3867000 H 3.7667000  2.5694000  -1.2298000
C 2.8482000 -4.7258000 -1.3146000 H 4.5083000 1.1249000 -1.9203000
C 3.1767000  -1.9749000 1.4787000 H 2.7549000  1.3134000  -1.9484000
C 2.2852000 -1.2325000 2.4807000 H 57182000 0.6513000  0.4160000
C 45436000 -2.2972000 2.0869000 H 4.7330000 0.7603000 1.8781000
C 3.5760000 0.8037000  0.0207000 H 5.0018000 2.1916000  0.8870000
C 3.6509000  1.4880000  -1.3485000 N 1.8421000 -5.6071000 -1.2541000
C 4.8264000 1.1122000  0.8492000 C 1.3468000  -6.1995000 -0.0952000
Si 3.2371000  -1.0338000 -0.1498000 C -0.7663000 -7.5430000 -2.7243000
H -2.1036000 -1.8056000 -2.5405000 C 0.1266000  -6.9448000 -1.8326000
H -1.5450000 0.2749000  -1.2888000 C 1.0927000 -6.0601000 -2.3347000
H 0.6520000 0.6427000 -0.3161000 C 1.2049000 -5.7471000 -3.6814000
H 5.2279000  -2.9410000 -2.4612000 C 0.3100000  -6.3532000 -4.5419000
H 5.6028000 -3.2143000 -0.7664000 C -0.6648000 -7.2424000 -4.0683000
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C 0.3132000  -7.0123000 -0.4070000 H -1.3511000 -7.6969000 -4.7721000
H -1.5234000 -8.2301000 -2.3664000 H -0.2607000 -7.5992000 0.2920000
H 1.9543000  -5.0513000 -4.0366000 H 1.8040000  -5.9690000 0.8534000
H  0.3620000 -6.1359000 -5.6015000
TS-1
Electronic Energy: -1310.88596418898 A.U.
(8=0
C 1.0988000  -3.0070000 -0.1762000 H  4.6924000 -4.7773000 -0.7258000
C -0.1376000 -3.3239000 -0.3453000 H 3.9674000  -4.4693000 0.8541000
C -1.0588000 -2.3199000 -0.0224000 H 3.4057000  -2.5887000 2.6659000
C -0.5663000 -1.0931000 0.4199000 H  4.0420000 0.3994000  2.8035000
C 0.8021000  -0.8793000 0.5647000 H 2.4355000  -0.3194000 2.9578000
C 1.7500000  -1.8763000 0.2646000 H 3.6661000  -0.6415000 4.1761000
O  4.3521000 -2.8173000 -0.3427000 H 5.6057000  -2.2214000 3.6857000
C 3.9658000  -4.1580000 -0.1974000 H 5.8273000  -2.8922000 2.0678000
C 2.6213000  -4.4237000 -0.7602000 H 6.1045000  -1.1758000 2.3590000
C 1.8855000  -5.1052000 -1.4624000 H 3.5337000  0.7966000  0.1993000
C 3.9900000  -1.7273000 2.3223000 H 3.8270000  1.0110000  -2.2563000
C 3.5025000  -0.5038000 3.1028000 H 41309000 -0.7216000 -2.3936000
C 5.4628000  -2.0220000 2.6185000 H 2.5396000  -0.1422000 -1.9000000
C 4.0753000 0.0110000  -0.3426000 H 6.1681000  -0.4789000 -0.7090000
C 3.6125000  0.0385000  -1.8032000 H 5.9029000  0.4052000  0.7980000
C 5.5734000  0.3100000  -0.2392000 H 5.8132000  1.2491000  -0.7492000
Si 3.5895000 -1.5968000 0.4863000 N 0.8249000  -5.5762000 -2.0613000
-2.1309000 -2.4635000 -0.1176000 C -0.0737000 -6.5236000 -1.5353000
-1.2547000 -0.2882000 0.6538000 C -1.5070000 -5.6690000 -4.7628000
1.1509000  0.0883000  0.9104000 C -0.8188000 -5.8999000 -3.5736000
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C 03614000 -5.1910000 -3.3300000 H  1.8192000 -3.7483000 -3.9992000
C 09009000 -4.2779000 -4.2196000 H 05843000 -3.3607000 -6.1198000
C 02033000 -4.0699000 -5.3957000 H  -15113000 -4.5596000 -6.5884000
C  -0.9874000 -4.7542000 -5.6620000 H  -1.8901000 -7.4175000 -2.2832000
C  -1.0588000 -6.7438000 -2.4252000 H 01138000 -6.9385000 -0.5628000
H  -2.4325000 -6.1888000 -4.9734000

Electronic Energy: -1310.93844980023 A.U.

(S =9914
C 13771000 -3.3727000 -0.0204000 H  -20111000 -2.8876000 -0.0910000
C 00260000 -3.5673000 -0.1706000 H  -1.2972000 -0.6279000 0.6970000
C  -0.9629000 -2.6550000 0.0548000 H  1.0900000 -0.1375000 0.9876000
C  -0.5576000 -1.3929000 0.4929000 H 43651000 -5.1444000 0.1143000
C 07932000 -1.1269000 0.6567000 H 35336000 -4.4666000 15189000
C 17770000 -2.0841000 0.3983000 H  3.3334000 -0.1262000 2.3198000
O 43684000 -3.1113000 0.1991000 H 56202000 0.3857000  1.4779000
C  3.7087000  -4.3388000 0.4432000 H 56671000 0.0292000  3.2052000
C  2.3869000 -4.4374000 -0.2769000 H  6.1980000 -1.1838000 2.0414000
C 21189000 -5.4524000 -1.0750000 H 27868000 -2.3906000 3.2578000
C 40329000 -0.9575000 2.1639000 H 44986000 -2.8225000 3.1854000
C 54572000 -0.3990000  2.2203000 H  3.9602000 -1.5342000 4.2602000
C  3.8014000 -1.9848000 3.2759000 H 51935000 -0.4227000 -0.8403000
C 41012000 -0.5026000 -0.9090000 H 24211000 0.8795000  -0.8209000
C 35104000 0.8980000  -0.7272000 H 37550000 1.3301000  0.2461000
C 37503000 -1.0718000 -2.2852000 H  3.8888000 1.5802000  -1.4943000
Si  3.6051000 -1.6648000 0.4778000 H 41980000 -2.0551000 -2.4435000
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H 41072000  -0.4108000 -3.0809000 C -0.3501000 -3.9931000 -5.3443000
H 2.6676000  -1.1719000 -2.4057000 C -0.7186000 -6.7602000 -2.7683000
N 1.0550000 -5.7055000 -1.8752000 H -1.7952000 -5.5796000 -5.2479000
C 0.1669000  -6.7707000 -1.7471000 H 21778000  -3.4167000 -3.1252000
C -0.9316000 -5.1165000 -4.7863000 H 1.1985000 -2.5052000 -5.2129000
C -0.3874000 -5.6416000 -3.6141000 H -0.7627000 -3.5726000 -6.2530000
C 0.7257000  -5.0096000 -3.0406000 H -1.5239000 -7.4629000 -2.9111000
C 1.3201000  -3.8845000 -3.5904000 H 0.2650000  -7.4415000 -0.9090000
C 0.7646000  -3.3845000 -4.7534000

TS-2

\-‘/\

Electronic Energy: -1310.91368730858 A.U.

(8%)=0
C 1.2414000  -3.3341000 0.1661000 C 3.5237000  0.9060000  -0.7269000
C -0.1170000 -3.6895000 0.0514000 C 3.7123000 -1.0756000 -2.2752000
C -0.9815000 -2.6002000 0.2383000 Si 3.5639000 -1.6540000 0.4907000
C -0.5546000 -1.3150000 0.5569000 H -2.0539000 -2.7536000 0.1246000
C 0.8003000  -1.0475000 0.6890000 H -1.2760000 -0.5165000 0.6978000
C 1.7418000  -2.0512000 0.4641000 H 1.1263000 -0.0460000 0.9488000
0 43255000  -3.1117000 0.1920000 H 43016000 -5.1315000 -0.0098000
C 3.6881000  -4.3367000 0.4140000 H 3.5680000  -4.5351000 1.4859000
C 2.2943000  -4.3658000 -0.1783000 H 3.3698000  -0.1152000 2.3320000
C 1.8363000 -5.2117000 -1.0316000 H 5.6601000  0.3396000  1.4615000
C 40483000  -0.9625000 2.1679000 H 5.7147000  -0.0118000 3.1894000
C 5.4852000  -0.4385000 2.2082000 H 6.2052000  -1.2416000 2.0252000
C 3.8030000  -1.9828000 3.2833000 H 2.7767000  -2.3583000 3.2791000
C 40823000  -0.5085000 -0.9032000 H 44746000  -2.8407000 3.1843000
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H 3.9880000 -1.5367000 4.2651000 C 0.8331000  -5.0728000 -3.1772000
H 5.1764000  -0.4520000 -0.8404000 C 1.3760000  -3.9169000 -3.6822000
H 2.4345000  0.9124000  -0.8206000 C 0.7720000  -3.4023000 -4.8216000
H 3.7771000  1.3354000  0.2456000 C -0.3315000 -4.0308000 -5.3943000
H 3.9185000  1.5770000  -1.4957000 C -0.6099000 -6.8302000 -2.8322000
H  4.1539000 -2.0614000 -2.4372000 H -1.7470000 -5.6513000 -5.2821000
H  4.0650000 -0.4180000 -3.0759000 H 2.2119000  -3.4226000 -3.2051000
H 2.6276000  -1.1696000 -2.3834000 H 1.1573000  -2.4903000 -5.2584000
N 1.1491000  -5.7407000 -1.9485000 H -0.7898000 -3.5950000 -6.2729000
C 0.2278000  -6.8254000 -1.7947000 H -1.4265000 -7.5218000 -2.9670000
C -0.8690000 -5.1893000 -4.8495000 H 0.2928000  -7.4314000 -0.9075000
C -0.2735000 -5.7197000 -3.7149000

PD 2+

Electronic Energy: -1311.01305545398 A.U.

(8)=0
C 1.2565000  -2.3256000 -0.1336000 C 5.9419000  -1.1780000 2.0175000
C -0.0474000 -2.7986000 -0.3428000 C 4.1083000 -2.7061000 2.8467000
C -1.0774000 -2.2618000 0.3476000 C 3.9829000  0.3825000  -0.3657000
C -0.7120000 -1.2207000 1.2766000 C 3.6523000  1.6063000  0.4930000
C 0.5778000  -0.7894000 1.4557000 C 3.3113000  0.4760000  -1.7377000
C 1.6695000  -1.3595000 0.7116000 Si  3.5240000  -1.2054000 0.5263000
O  3.9584000 -2.5262000 -0.4041000 H -2.1128000 -2.5601000 0.2434000
C 3.2871000  -3.2514000 -1.4190000 H -1.5023000 -0.7643000 1.8604000
C 1.8233000  -3.2549000 -1.1284000 H 0.7674000  -0.0052000 2.1801000
C 0.5801000  -3.7473000 -1.3701000 H 3.4823000  -2.7902000 -2.3952000
C 4.4307000 -1.3780000 2.1584000 H 3.7068000  -4.2600000 -1.4419000
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H 40377000  -0.5681000 2.7870000 C -1.3426000 -5.0724000 -2.0286000
H 6.1887000  -0.1980000 1.6025000 C -0.1483000 -7.1690000 -4.7311000
H 6.4371000  -1.2589000 2.9900000 C -0.4507000 -6.2995000 -3.6821000
H 6.3815000  -1.9357000 1.3629000 C 0.5455000  -5.4313000 -3.1974000
H 3.0338000  -2.8406000 2.9931000 C 1.8220000  -5.3943000 -3.7451000
H 44699000 -3.5516000 2.2557000 C 2.0951000  -6.2634000 -4.7840000
H 45869000 -2.7618000 3.8291000 C 1.1228000 -7.1463000 -5.2700000
H 5.0680000  0.3518000  -0.5192000 C -1.6416000 -6.0454000 -2.9181000
H 2.5783000 1.6700000  0.6941000 H -0.9006000 -7.8478000 -5.1144000
H 4.1704000  1.5872000  1.4552000 H 2.5785000  -4.7089000 -3.3925000
H 3.9404000  2.5304000  -0.0173000 H 3.0807000  -6.2578000 -5.2325000
H 3.5836000  -0.3623000 -2.3837000 H 1.3741000 -7.8161000 -6.0830000
H 3.6037000  1.3960000  -2.2533000 H -2.5979000 -6.5305000 -3.0288000
H 2.2214000  0.4853000  -1.6449000 H -1.9558000 -4.6024000 -1.2767000
N -0.0168000 -4.6839000 -2.1711000
Electronic Energy: -1310.93102104404 A.U.
(S?) =0.9649

C 1.6234000 -3.2280000 -0.4007000 C 4.0558000  -4.0192000 0.0447000
C 0.3200000  -3.4625000 -0.7651000 C 2.6669000  -4.2924000 -0.4811000
C -0.7257000 -2.5924000 -0.7278000 C 2.3372000  -5.4813000 -0.9509000
C -0.4487000 -1.3206000 -0.2273000 C 41396000  -1.2435000 2.1183000
C 0.8465000  -1.0100000 0.1606000 C 3.1352000  -0.4707000 2.9733000
C 1.9024000 -1.9211000 0.0583000 C 5.5634000  -0.7099000 2.2953000
0 45256000 -2.7344000 -0.3011000 C 41395000  0.0226000  -0.8049000
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3.4118000  1.3199000  -0.4378000 H  4.4768000 -1.2076000 -2.5828000
3.9079000  -0.3273000 -2.2784000 H 42028000 0.5051000  -2.9248000

Si  3.6949000 -1.4257000 0.3012000 H 2.8504000  -0.5327000 -2.4716000
H -1.7173000 -2.8697000 -1.0657000 N 1.1405000  -5.8964000 -1.4235000
H -1.2368000 -0.5808000 -0.1569000 C 0.1091000  -6.4590000 -0.6852000
H 1.0391000  -0.0155000 0.5441000 C -1.2999000 -6.1007000 -4.0173000
H 47468000 -4.7568000 -0.3639000 C -0.6167000 -6.1987000 -2.8051000
H  4.0539000 -4.1462000 1.1361000 C 0.7053000  -5.7446000 -2.7390000
H 41286000 -2.2840000 2.4709000 C 1.3775000  -5.2060000 -3.8244000
H 3.3940000  -0.5520000 4.0335000 C 0.6962000  -5.1289000 -5.0123000
H 3.1234000  0.5927000  2.7209000 C -0.6320000 -5.5681000 -5.1069000
H 2.1195000 -0.8547000 2.8548000 C -0.9721000 -6.6483000 -1.4840000
H 5.8859000  -0.7991000 3.3367000 H -2.3289000 -6.4307000 -4.0998000
H 6.2840000  -1.2560000 1.6814000 H 2.4045000 -4.8561000 -3.7328000
H 5.6256000  0.3468000  2.0210000 H 1.1796000  -4.7078000 -5.8837000
H 5.2139000  0.1838000  -0.6537000 H -1.1606000 -5.4663000 -6.0592000
H 3.5088000  1.5708000  0.6212000 H -1.9295000 -7.0386000 -1.1687000
H 3.8092000  2.1591000  -1.0154000 H 0.2354000  -6.6286000 0.3695000
H 2.3466000  1.2514000  -0.6700000

IM-3

Electronic Energy: -1310.98382344958 A.U.

(8=0
C 1.7510000  -3.1103000 -0.5042000 C 0.8191000  -1.0396000 0.1704000
C 0.5178000  -3.4778000 -0.9984000 C 1.9472000 -1.8611000 0.0790000
C -0.5950000 -2.6788000 -0.9240000 O 45656000 -2.7662000 -0.1584000
C -0.4244000 -1.4373000 -0.3114000 C 4.0894000  -4.1039000 -0.1987000
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C 2.6946000  -4.1977000 -0.7470000 H 2.6845000  1.3860000  -0.0367000
C 2.1744000  -5.2489000 -1.4099000 H 3.9777000  1.4567000  1.1635000
C 40058000  -1.2839000 2.3225000 H 41952000  2.2036000  -0.4187000
C 5.4352000  -0.8513000 2.6601000 H 45017000  -0.9896000 -2.3910000
C 3.6206000  -2.5509000 3.0912000 H 44976000 0.7732000  -2.5055000
C 43427000  0.0354000  -0.4667000 H 2.9968000  -0.0925000 -2.1748000
C 3.7691000  1.3382000  0.0976000 N 0.6578000  -4.8098000 -1.6014000
C 40712000  -0.0796000 -1.9683000 C -0.1909000 -5.8191000 -0.9650000
Si 3.7400000 -1.4727000 0.4723000 C -1.2181000 -6.0870000 -4.4344000
H -1.5530000 -2.9877000 -1.3228000 C -0.6998000 -5.8489000 -3.1709000
H -1.2710000 -0.7679000 -0.2261000 C 0.2721000  -4.8739000 -3.0082000
H 0.9060000  -0.0557000 0.6177000 C 0.7627000  -4.1070000 -4.0360000
H 47791000  -4.6884000 -0.8098000 C 0.2327000  -4.3487000 -5.2982000
H 4.1114000  -4.5270000 0.8127000 C -0.7413000 -5.3246000 -5.4923000
H 3.3229000  -0.4814000 2.6313000 C -0.9655000 -6.4249000 -1.8565000
H 5.7001000  0.0959000  2.1846000 H -1.9753000 -6.8447000 -4.5904000
H 5.5600000  -0.7243000 3.7398000 H 1.5236000 -3.3552000 -3.8719000
H 6.1620000  -1.6005000 2.3336000 H 0.5870000  -3.7708000 -6.1419000
H 2.6002000  -2.8737000 2.8695000 H -1.1344000 -5.4901000 -6.4875000
H 42928000  -3.3778000 2.8463000 H -1.6674000 -7.2156000 -1.6413000
H 3.6894000  -2.3864000 4.1709000 H -0.0765000 -5.9509000 0.0981000
H 5.4296000 0.0519000  -0.3181000

IM-3’

Electronic Energy: -1310.97679771244 A.U.

(8)=0
C 1.4965000  -3.0954000 -0.5429000 C -0.8231000 -2.4885000 -0.2536000
C 0.1390000  -3.3309000 -0.7877000 C -0.4442000 -1.4018000 0.5166000
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0.9007000
1.8881000
4.4995000
3.8324000
2.5201000
2.7083000
4.1061000
5.5443000
3.8115000
4.2187000
3.6406000
3.8537000
3.7125000
-1.8678000
-1.1988000
1.1836000
4.4996000
3.5287000
3.4280000
5.7441000
5.7428000
6.2672000
2.7799000
4.4716000

o O O O o0 o0 o0 o o o0 o0 o O
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TS-5

-1.1463000
-1.9764000
-2.9349000
-4.1578000
-4.0331000
-4.8618000
-1.2590000
-0.7731000
-2.4916000
-0.1501000
1.1827000

-0.4126000
-1.5723000
-2.6904000
-0.7462000
-0.2827000
-4.9114000
-4.5085000
-0.4558000
0.1524000

-0.5830000
-1.5209000
-2.8346000
-3.3221000

Electronic Energy: -1310.96951558837 A.U.

0.7319000
0.2056000
-0.1456000
-0.1981000
-1.0179000
-1.9907000
2.2192000
2.4199000
3.0784000
-0.6939000
-0.2091000
-2.1565000
0.4137000
-0.4538000
0.9323000
1.3236000
-0.6219000
0.7945000
2.5343000
1.8752000
3.4788000
2.0818000
2.9655000
2.8124000
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3.9743000
5.3117000
2.5491000
3.9083000
4.0095000
4.2873000
4.2128000
2.7693000
-0.2629000
-0.9611000
-0.4057000
-0.5386000
0.0036000
0.6446000
0.7584000
0.2428000
-1.1483000
-0.8106000
1.0401000
1.2575000
0.3549000
-1.6535000
-1.2530000

-2.2745000
-0.0957000
1.1889000

1.3986000

2.0083000

-1.3441000
0.3985000

-0.4751000
-4.4369000
-5.5332000
-6.2690000
-5.8570000
-4.6129000
-3.7644000
-4.1997000
-5.4416000
-6.4210000
-7.2208000
-2.8058000
-3.5711000
-5.7500000
-7.3702000
-5.5880000

4.1381000

-0.6167000
-0.2812000
0.8281000

-0.8243000
-2.5259000
-2.7968000
-2.2864000
-1.5699000
-1.1160000
-4.6252000
-3.2953000
-2.9111000
-3.8133000
-5.1174000
-5.5188000
-2.1288000
-4.9480000
-3.5023000
-5.8443000
-6.5510000
-2.0517000
-0.0790000



($)=0

C

O O 0O 0O O O O O O O O O O OO0

<
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1.5690000
0.2555000
-0.7468000
-0.4498000
0.8394000
1.8663000
4.4125000
4.0732000
2.6201000
2.6141000
3.6893000
5.1100000
3.0658000
4.3648000
5.8872000
3.9362000
3.6237000
-1.7536000
-1.2298000
1.0449000
4.1837000
4.7525000
3.0782000
5.1177000
5.7925000
5.5196000

-3.0668000
-3.3247000
-2.3871000
-1.1796000
-0.9288000
-1.8556000
-2.9494000
-3.5840000
-4.0652000
-5.3549000
-1.2150000
-0.9180000
-2.3761000
-0.1361000
-0.2339000
1.2517000

-1.5175000
-2.6122000
-0.4427000
0.0118000

-2.9000000
-4.4217000
-0.3205000
-0.7729000
-1.7420000
-0.0141000

-0.7251000
-1.1342000
-0.9573000
-0.3451000
0.0969000
-0.0834000
0.1892000
-1.0201000
-0.9970000
-1.2436000
2.3483000
2.8399000
3.1281000
-0.5438000
-0.6752000
-0.0575000
0.5012000
-1.2854000
-0.1998000
0.5958000
-1.8717000
-1.1824000
2.5239000
3.9244000
2.6153000
2.3850000
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3.0721000
2.0301000
3.6239000
3.9368000
6.2014000
6.2607000
6.3865000
2.8499000
4.3052000
4.3398000
-0.0137000
0.4483000
-0.6721000
-0.3055000
-0.4489000
-0.9374000
-1.2955000
-1.1643000
0.2450000
-0.5566000
-1.0388000
-1.6874000
-1.4519000
0.4828000
0.6278000

-2.1651000
-2.5595000
-3.3027000
-0.2837000
-1.2068000
0.5310000

-0.0827000
1.3571000

2.0279000

1.4638000

-4.5724000
-5.7646000
-6.7061000
-6.1946000
-4.8094000
-3.9277000
-4.4642000
-5.8414000
-6.7791000
-7.7623000
-2.8688000
-3.8113000
-6.2159000
-7.8168000
-5.8327000

4.2017000

2.8325000

2.9723000

-1.5431000
-1.0590000
-1.3631000
0.2848000

-0.0043000
-0.7344000
0.9361000

-1.7353000
-1.1964000
-4.5220000
-3.2663000
-3.0118000
-3.9804000
-5.1952000
-5.4677000
-2.1003000
-4.7339000
-3.7834000
-5.9650000
-6.4422000
-1.9389000
-0.1363000



IM-5

Electronic Energy: -1310.97910321793 A.U.

(S?) = 1.008

C 16922000 -3.0130000 -0.8069000 H  4.9013000 -0.7366000 4.0223000
C 03870000 -3.2933000 -1.2520000 H 56787000 -1.7473000 2.8047000
C  -0.6107000 -2.3362000 -1.1218000 H 54840000 -0.0161000 25225000
C  -0.3177000 -1.1081000 -0.5509000 H 27933000 -2.0732000 4.1022000
C 009623000 -0.8371000 -0.0932000 H  1.9020000 -2.4673000 2.6303000
C 19817000 -1.7823000 -0.2046000 H  3.4544000 -3.2390000 2.9541000
O 44826000 -2.9352000 0.2277000 H  4.2343000 -0.2612000 -1.5468000
C 41822000 -3.6631000 -0.9486000 H 64276000 -1.2185000 -0.8515000
C 27283000  -4.0580000 -1.0018000 H 65428000 0.5185000  -1.1469000
C 23156000 -5.2903000 -1.2081000 H 65040000 -0.0959000 0.5039000
C 36319000 -1.1643000 2.3134000 H  3.0391000 1.4113000 -0.1520000
C 50020000 -0.9000000  2.9449000 H 45917000 2.0484000  -0.6847000
C 29020000 -2.2995000 3.0373000 H 43998000 1.4735000  0.9709000
C 45675000 -0.1187000 -0.5115000 N 01297000 -4.5520000 -1.8068000
C 60940000 -0.2406000 -0.4986000 C 08833000 -5.7191000 -1.3377000
C 41201000 1.2775000  -0.0678000 C  -0.8991000 -6.7673000 -4.4534000
Si  3.7116000 -1.4836000 0.4670000 C  -0.3070000 -6.2217000 -3.2956000
H  -1.6203000 -2.5638000 -1.4365000 C  -0.5134000 -4.8391000 -2.9917000
H  -1.1022000 -0.3692000 -0.4437000 C  -1.2352000 -4.0197000 -3.8413000
H 11602000 0.1221000  0.3719000 C  -1.7990000 -4.5890000 -4.9812000
H 44242000 -3.0667000 -1.8387000 C  -1.6398000 -5.9478000 -5.2778000
H  4.8087000 -4.5550000 -0.9678000 C 05333000 -6.7681000 -2.3395000
H  3.0303000 -0.2525000 2.4215000 H  -0.7573000 -7.8154000 -4.6867000
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H -1.3678000 -2.9665000 -3.6380000 H 0.8974000  -7.7819000 -2.2844000
H -2.3773000 -3.9625000 -5.6487000 H 0.5384000  -6.0041000 -0.3323000
H -2.0987000 -6.3546000 -6.1704000
\
/\ \
Electronic Energy: -1310.96478457022 A.U.
(S?=0
C 1.8475000  -3.0308000 -0.9343000 H 1.2376000  0.0570000  0.3715000
0.5920000  -3.2216000 -1.5541000 H 47387000  -3.2159000 -1.5201000
C -0.4162000 -2.2670000 -1.4258000 H 48354000  -4.6932000 -0.5585000
C -0.1755000 -1.0987000 -0.7390000 H 2.9733000  -0.1012000 2.3817000
C 1.0712000 -0.8708000 -0.1646000 H 4.7300000  -0.5335000 4.1293000
C 2.0782000  -1.8175000 -0.2397000 H 5.5312000  -1.6580000 3.0346000
0 4.4587000  -3.0071000 0.5202000 H 5.4224000  0.0536000  2.6180000
C 42904000  -3.7555000 -0.6708000 H 2.5597000  -1.7633000 4.1847000
C 2.8519000  -4.0831000 -1.0050000 H 1.7443000 -2.2538000 2.6974000
C 2.6230000  -5.3635000 -1.4491000 H 3.2441000  -3.0445000 3.1846000
C 3.5393000  -1.0411000 2.3846000 H 44129000 -0.4638000 -1.4803000
C 4.8828000  -0.7786000 3.0739000 H 6.5330000  -1.4320000 -0.6069000
C 2.7232000  -2.0847000 3.1520000 H 6.7225000  0.2749000  -1.0168000
C 46975000 -0.2570000 -0.4412000 H 6.5807000  -0.2189000 0.6693000
C 6.2163000  -0.4214000 -0.3408000 H 3.1931000  1.3255000  -0.2467000
C 42692000 1.1789000  -0.1229000 H 47729000  1.8896000  -0.7850000
Si 3.7396000 -1.5191000 0.5827000 H 45253000  1.4505000  0.9050000
-1.3984000 -2.4545000 -1.8292000 N 0.3871000  -4.4032000 -2.2608000
-0.9674000 -0.3677000 -0.6354000 C 1.2278000  -5.5129000 -2.0231000
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C -1.2605000 -6.8189000 -4.3313000 H -1.1442000 -7.8791000 -4.5198000
C -0.4038000 -6.1674000 -3.4201000 H -1.6477000 -2.9686000 -3.7327000
C -0.5718000 -4.7790000 -3.1641000 H -3.0948000 -4.1406000 -5.2959000
C -1.5446000 -4.0353000 -3.8548000 H -2.8929000 -6.5679000 -5.6817000
C -2.3468000 -4.6996000 -4.7452000 H 1.1427000  -7.5999000 -2.6895000
C -2.2238000 -6.0876000 -4.9745000 H 1.4668000  -5.7794000 -0.8614000
C 0.7005000  -6.6163000 -2.6938000

50

Electronic Energy: -1311.12229506886 A.U.

(8)=0
C 1.8824000  -2.9451000 -1.0588000 C 45793000 1.0794000  -0.2394000
C 0.6221000  -3.1357000 -1.6718000 Si  3.7665000 -1.5205000 0.5412000
C -0.3411000 -2.1326000 -1.5795000 H -1.3331000 -2.2866000 -1.9657000
C -0.0545000 -0.9395000 -0.9489000 H -0.8205000 -0.1765000 -0.8875000
C 1.1906000  -0.7323000 -0.3736000 H 1.3868000  0.2041000  0.1369000
C 2.1568000  -1.7268000 -0.4022000 H 48273000 -3.3131000 -1.3915000
O  4.3618000 -3.0685000 0.6071000 H 47424000 -4.7824000 -0.4242000
C 4.2665000  -3.8147000 -0.5891000 H 2.9140000  0.0240000  2.1795000
C 2.8527000  -4.0334000 -1.0637000 H  4.4355000 -0.4035000 4.1322000
C 2.4958000  -5.2342000 -1.5478000 H 5.2822000  -1.6330000 3.1957000
C 3.4188000  -0.9442000 2.2909000 H 5.3274000  0.0557000  2.6830000
C 4.6897000  -0.7175000 3.1151000 H 2.2078000  -1.5077000 4.0034000
C 2.4603000  -1.8963000 3.0122000 H 1.5263000 -2.0356000 2.4630000
C 4.9355000  -0.3989000 -0.4219000 H 2.9143000  -2.8808000  3.1499000
C 6.4133000 -0.6616000 -0.1202000 H 47636000 -0.6509000 -1.4756000
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H 6.6830000  -1.7047000 -0.2980000 C -1.8115000 -4.0899000 -3.6331000
H 7.0516000  -0.0390000 -0.7549000 C -2.7160000 -4.8036000 -4.3941000
H 6.6620000  -0.4315000 0.9185000 C -2.5568000 -6.1754000 -4.6307000
H 3.5348000  1.2849000  -0.4888000 C 0.7056000  -6.5408000 -2.7781000
H 51997000  1.7104000  -0.8828000 H -1.3199000 -7.9012000 -4.3288000
H 4.7449000  1.4025000  0.7921000 H -1.9598000 -3.0290000 -3.5167000
N 0.3640000  -4.3497000 -2.3180000 H -3.5618000 -4.2830000 -4.8257000
C 1.2320000  -5.4340000 -2.1762000 H -3.2894000 -6.7027000 -5.2293000
C -1.4664000 -6.8468000 -4.1279000 H 1.1765000 -7.5090000 -2.8329000
C -0.5283000 -6.1469000 -3.3598000 H 3.1794000  -6.0741000 -1.5224000
C -0.7199000 -4.7711000 -3.0862000

TS-4

Electronic Energy: -1310.92885256199 A.U.

(S*) =0.9076
C 1.5316000 -3.3338000 0.0828000 C 3.2159000  1.1260000  1.8996000
C 0.2422000  -3.7745000 -0.0803000 C 3.8916000  -0.3797000 -1.1510000
C -0.8771000 -2.9960000 0.0197000 C 3.5860000  -1.2292000 -2.3875000
C -0.6814000 -1.6403000 0.2856000 C 5.3427000  0.1113000 -1.1621000
C 0.6047000  -1.1447000 0.4458000 Si 3.4900000 -1.3116000 0.4284000
C 1.7308000 -1.9660000 0.3564000 H -1.8723000 -3.4017000 -0.1213000
0 44448000 -2.6680000 0.4652000 H -1.5323000 -0.9716000 0.3485000
C 3.9571000  -3.9775000 0.6660000 H 0.7309000  -0.0831000 0.6264000
C 2.6946000  -4.2544000 -0.0972000 H 47316000 -4.6788000 0.3541000
C 2.5467000  -5.2488000 -0.9562000 H 3.7659000  -4.1414000 1.7337000
C 3.8232000  -0.2782000 1.9606000 H 49152000  -0.1688000 1.9828000
C 3.3972000  -1.0119000 3.2343000 H 2.3136000  -1.1588000 3.2619000
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H 3.8673000  -1.9950000 3.3160000 C -0.9649000 -5.7175000 -4.2161000
H 3.6731000  -0.4399000 4.1256000 C -0.3467000 -5.8200000 -2.9629000
H 3.5306000  1.7193000  2.7635000 C 1.0159000 -5.5014000 -2.8520000
H 3.5163000 1.6688000  1.0004000 C 1.7827000  -5.0693000 -3.9350000
H 2.1236000  1.0903000  1.9179000 C 1.1461000  -4.9660000 -5.1553000
H 3.2327000  0.4976000  -1.1678000 C -0.2262000 -5.2840000 -5.2851000
H 3.8099000  -0.6764000 -3.3050000 C -0.8183000 -6.1498000 -1.6547000
H 41901000  -2.1409000 -2.3986000 H -2.0100000 -5.9606000 -4.3345000
H 2.5361000  -1.5285000 -2.4291000 H 2.8306000  -4.8211000 -3.8177000
H 6.0439000  -0.7266000 -1.1118000 H 1.6998000 -4.6253000 -6.0191000
H 5.5601000 0.7766000  -0.3227000 H -0.6867000 -5.1905000 -6.2613000
H 5.5589000  0.6610000  -2.0833000 H -1.8042000 -6.4933000 -1.3845000
N 1.3877000  -5.6402000 -1.5289000 H 0.3314000  -6.2969000 0.2331000
C 0.2220000  -5.9472000 -0.7825000
Electronic Energy: -1310.99514751295 A.U.
(S?)=0.8135

C 1.5855000 -3.0767000 -0.2501000 C 25176000  -5.0241000 -1.3525000
C 0.2810000  -3.5303000 -0.4897000 C 3.9253000  -0.5247000 2.1364000
C -0.7975000 -2.6931000 -0.2764000 C 3.6533000  -1.5825000 3.2084000
C -0.5905000 -1.3916000 0.1632000 C 3.2058000  0.7862000  2.4649000
C 0.6971000  -0.9373000  0.3944000 C 3.9434000 0.1528000  -0.8896000
C 1.8042000 -1.7639000 0.1950000 C 3.7503000  -0.3934000 -2.3063000
0 45054000  -2.4889000 0.0872000 C 5.3331000  0.7715000  -0.7168000
C 3.9933000  -3.8032000 0.2534000 Si 35692000 -1.1571000 0.4020000
C 2.7036000  -4.0193000 -0.4780000 H -1.8041000 -3.0494000 -0.4586000
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H -1.4364000 -0.7320000 0.3129000 H 55111000 1.5425000  -1.4730000
H 0.8391000  0.0867000  0.7217000 N 1.2745000  -5.3311000 -1.7492000
H 47433000  -4.5040000 -0.1140000 C 0.1004000  -4.9760000 -0.9300000
H 3.8428000  -4.0048000 1.3224000 C -1.2005000 -6.2081000 -4.2149000
H 5.0043000  -0.3231000 2.1315000 C -0.5622000 -5.7711000 -3.0272000
H 2.5958000  -1.8628000 3.2300000 C 0.8638000  -5.7727000 -2.9814000
H 42355000  -2.4917000 3.0434000 C 1.6421000 -6.1826000 -4.0570000
H 3.9107000  -1.2034000 4.2024000 C 0.9848000  -6.5917000 -5.2003000
H 3.5586000  1.1913000  3.4184000 C -0.4260000 -6.6004000 -5.2753000
H 3.3672000  1.5528000  1.7029000 C -1.0495000 -5.3182000 -1.8159000
H 2.1278000  0.6323000  2.5612000 H -2.2814000 -6.2220000 -4.2764000
H 3.1976000  0.9416000  -0.7261000 H 2.7219000  -6.1885000 -3.9879000
H 3.8874000  0.3967000  -3.0509000 H 1.5600000 -6.9224000 -6.0557000
H 4.4747000  -1.1821000 -2.5242000 H -0.8988000 -6.9342000 -6.1905000
H 2.7522000  -0.8147000 -2.4499000 H -2.0798000 -5.2934000 -1.4976000
H 6.1186000  0.0187000  -0.8283000 H 0.0826000  -5.6015000 -0.0273000
H 54566000 1.2372000  0.2638000

TS-7

Electronic Energy: -1310.92491053192 A.U.

(8)=0
C 1.4097000 -3.0975000 -0.3178000 0 4.3336000 -2.9483000 -0.0237000
C 0.0796000  -3.3018000 -0.6881000 C 3.6759000  -4.1987000 -0.2125000
C -0.9454000 -2.5520000 -0.1366000 C 2.3676000  -4.0333000 -0.9396000
C -0.6201000 -1.5689000 0.7848000 C 2.2998000  -4.3858000 -2.2998000
C 0.7104000  -1.3188000 1.1076000 C 40976000 -1.6471000 2.5764000
C 1.7548000 -2.0661000 0.5636000 C 3.7001000  -0.3358000 3.2620000
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5.5841000
3.9622000
3.4966000
5.4283000
3.5844000
-1.9769000
-1.4058000
0.9286000
4.3426000
3.5115000
3.5274000
4.2358000
2.6311000
3.9411000
5.8103000
5.8802000
6.2183000
3.3577000
3.6548000
4.0534000

O O o 0

I r r r r r TrTIrT T T r T T I I @O

9]
[~

Electronic Energy: -1311.12784253911 A.U.

(89 =0

-1.9465000
-0.0964000
-0.1706000
0.3363000

-1.6952000
-2.7279000
-0.9785000
-0.5096000
-4.8394000
-4.6723000
-2.4575000
0.5146000

-0.1288000
-0.3681000
-2.0139000
-2.8888000
-1.1607000
0.6672000

0.7879000

-0.9309000

2.7910000
-0.1551000
-1.6123000
-0.0740000
0.7635000
-0.4191000
1.2396000
1.7950000
-0.7905000
0.7635000
3.0478000
2.8315000
3.1774000
4.3289000
3.8597000
2.3266000
2.3737000
0.3525000
-2.1165000
-2.1662000

I T T T T T O O O O O O O O 2 T T T T

2.4350000
6.0936000
5.7462000
5.5863000
0.9614000
-0.0065000
-1.7128000
-0.9124000
0.4386000
1.0421000
0.2355000
-1.1362000
-1.1604000
-2.7605000
2.0863000
0.6620000
-1.7239000
-2.0914000
1.0621000

-0.4147000
-0.4181000
0.5148000

1.2654000

-4.2672000
-4.3703000
-5.7017000
-5.1895000
-4.8303000
-5.0810000
-5.5948000
-5.8780000
-4.9428000
-5.9398000
-4.8635000
-5.7751000
-6.2518000
-5.1079000
-5.0636000

-1.6938000
-0.5027000
0.9548000

-0.6309000
-2.7432000
-1.6996000
-4.6586000
-3.6155000
-3.8644000
-5.0984000
-6.0867000
-5.8842000
-2.2646000
-4.4840000
-5.2649000
-7.0653000
-6.7171000
-1.7424000
-1.0572000
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1.4416000
0.0902000
-0.8851000
-0.5339000
0.8055000
1.8037000
4.3830000
3.8617000
2.4396000
2.0729000
4.0722000
3.5917000
5.5552000
4.0194000
3.6465000
5.4723000
3.6218000
-1.9225000
-1.2955000
1.0652000
4.5008000
3.9116000
3.5069000
4.1240000
2.5223000
3.7672000
5.7358000
5.8985000
6.1856000
3.3739000
3.8076000
4.2587000
2.5990000
6.1728000
5.7144000
5.6576000

-2.7196000
-2.8761000
-2.0582000
-1.0950000
-0.9179000
-1.7080000
-2.3004000
-3.6030000
-3.6058000
-4.4981000
-1.9890000
-1.0178000
-2.3279000
0.4219000

0.8260000

0.7889000

-1.3829000
-2.1837000
-0.4647000
-0.1312000
-4.1268000
-4.1612000
-2.9217000
-0.0643000
-0.8073000
-1.4312000
-2.7751000
-3.0377000
-1.4388000
0.9837000

1.8975000

0.2929000

0.6123000

0.2015000

0.6264000

1.8447000

-0.7174000
-1.0864000
-0.5096000
0.4095000
0.7503000
0.2005000
-0.6217000
-0.8095000
-1.3058000
-2.2372000
2.2620000
3.3445000
2.4313000
0.2177000
-1.2118000
0.5336000
0.5358000
-0.7936000
0.8516000
1.4506000
-1.5224000
0.1363000
2.3812000
3.2865000
3.2625000
4.3422000
3.4138000
1.6756000
2.3581000
0.9052000
-1.3638000
-1.9434000
-1.4371000
-0.0662000
1.5854000
0.3135000
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0.7598000
-0.2659000
-1.9609000
-1.1719000
0.2224000
0.8453000
0.0422000
-1.3496000
-1.4597000
-3.0346000
1.9173000
0.4918000
-1.9495000
-2.4295000
2.7746000

-4.6291000
-3.8761000
-6.0758000
-5.2969000
-5.5071000
-6.4588000
-7.2107000
-7.0194000
-4.2636000
-5.9351000
-6.6086000
-7.9598000
-7.6283000
-3.8547000
-5.1717000

-2.6256000
-2.0687000
-4.4172000
-3.5591000
-3.5444000
-4.3470000
-5.1793000
-5.2132000
-2.6203000
-4.4518000
-4.3250000
-5.8189000
-5.8786000
-2.3888000
-2.7093000
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