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AL FEDT O RITEARNIIE THLWEEEEES] 22, EREELEHRT S
D2 DO ThHDHELEEFTEZEZTND, 2010 FFIZEA - 1R - Heck 52/ —~ALFE &%
L BBRESRMIEE W=Dy 7)) VRIS E SICABLEME BT 258 TH Y |
BTl C-H 58 DML D2 MOF(Metal Organic Framework) D £7f5 4 %I F U 72 #% & A K
VUV ZRETHBL LR o ERERBEDO LD Lo TS, RIMER D
R TH Y 1954 412 Woodward 75 29 TF2% 2 L 7= strychnine %, 2011 {23 Vanderwal
BIZ& o TN 6 TIRTORAH VMG SN, HEFHRBEMORE S K& R &%
R LT, AbBW & ERET 2B ORIRITAREFO B hE 2 REMIZED TE
EVIZERZOFNLHLRENTNS, ZDO LD RBANDHRD & RBWERORESIX,
xS EFT TODERIESUCOMR T D L E2 25,

HHEMEZORBIZHRE LS, 2R ETH Lo LEETBRBIES O & B HIZT
ELHEHICRY, RIIEER D EILHANEBEZ L o1 b 5N 2R D, £
Wz, RGO FHERITBECHSTNSLSRoTnE T AEbNLS, BNIE
RIp NHIT7 ) & W5 & B0 KRR B IS, MEERE DT L U CIIMEE T 5 139X
RTHY, Taxol R EDEIKMLE L THBERRAY S, TN FETEERICE > THB S
TWzb OB, T TIIMAED Z W IZFECR > Tib > TE TS, LinL, XEY
BT AERABOFOESOERBLTHY . TNETEZLORPEHEICL > THAEMD
NTEZAROERATH L LEFITEZ TS, RIGHABOMRIIRAMERIZEY ZD
HRMEDSFERA &, KRB ER CO T U WSISIESISFRIZE TIN5, M LA m
(722 BRIE AR oD AEFITHES L T EEFIIE LTS,

FEHIHEEBRREE TO6FEM Ty ara /ARG & bl e U5 2170,
[PPAP DX ARAF LG & ZAUCEE Lige) . Ttz Auv-mn s e~
2N AMERORDOBRZE ], TERAA XYY VBREFT D Co AR A NHC B DA R
VD 3ODIIRT —~ICR YA, FOMEIEEEE L TER L, — REGRER 2V
LR ZDRARWE KR & USRS, & DIZIRSMRG M bk U CEMBCIER, T
NOMFEIZB T D FIELCEZ L, AVOMRIZH L TRERFELEZ TNDHZ LIT
ROV, EZEPRE LA PR B D20 63 L bR POESIZHEIRT 5 2 L &2/
W, UUMICH S O A FLak 9 5,
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% 181 Polycyclic Polyprenylated Acylphlorogulcinols

Polycyclic Polyprenylated Acylphlorogulcinol (PPAP) %8 i ¥ SN AL WITBIEE T
21 5 OFEE S DERMA - FIEEPRE S THY | BENRSHRIEICEATZILEWRET
H%, ZOHFTH bicyclo[3.3.1]nonane-2,4,6-trione % HEEH & LTH L, BEIRRN DS
P& 3 bA¥ & LT, nemorosone, garsubellin A, clusianone, hyperforin 7 & DAY TE
KR I 5 AL C B (Figure 1-1), PPAP 31X, FOERICEH O T L =vE 1207 v
NEEHTLRHEOREEO LG TH L, INDIE, BUEMIZEREL THDT R
B 4 FRERFEIZHERE LTV 5 type A PPAP, a-acyl B-hydroxy enone %1% % % - type B PPAP,
WBEARLICEIR L TV D T 2 VEEDS 4 MR SR IZEERE LT 7220 type C PPAP D 3 FREHIZ 43457
ENTEY I Fn BRI AL K AR AR T D 2 &2 Cuesta-Rubio 512 k&
o THEB E TV S Y (Figure 1-2),

nemorosone garsubellin A clusianone hyperforin

Figure 1-1. Structures of nemorosone, garsubellin A, clusianone and hyperforin

@) R?
HO @) HO O HO @) @) @)
: e
R2 R2 R2

bicyclo[3.3.1]-nonane-
2,4,6-trione scaffold
A

type A type B type C \

Figure 1-2. Classification of PPAPs

Nemorosone (type A) i£1 9 9 64EIC7 VU TEBOFERMETHL I NV T a7 b
B S N ETERE DN TN O, HiE SN SR E - TE Y . %12 Cuesta-Rubio 512
Lo THEEBEDITERTONT O EWiEtE: LCiE, E A R TE2F MR THL L A



FoTEFNANRT AT 2 T BHAT)EIEELT S Z & T, 4 >O®AREEICY L TH

JEEEME(ICs) = 3.3~7.2 pM)ZRT 2 L0 ™29 8166 & + T U v 3 ERflaIZ %4 % i
HIV JEHE(ECso = 0.8 pM) b3 2 & A8 ST 5 7, Garsubellin A (type A) X1 9 9
THRIZT I RBOERECHL 7 7 XPOHBESN ™ T 2FLa ) VERBEETHD 2
Vo TEFARNT AT 25— B (hADBRIEM ZRT 2 & THT Y A = —%h R 5D
T 2 ERHME I TV S, Clusianone (type B) (51 97 62/ VT aryyxe AT
474 U T OB BEHEE R E SN ) FUBEBHEEOMIZ, A R A L RDIER
RA DB URY RS DR X7 THD gpl20 L 2 L7 X —sCD4 DO HEAEH
(gp120-sCD4 viral-receptor interaction)Z FHE 32 Z & T, 5 /)7eHl HIV [EME(ECso = 0.02
uM) V%R 2 LR LW A L ATEME(ECs = 0.02 uM, TCsp = 0.1 pM)' V% 75359~ 2 & R
N T3, Hyperforin (type A) (11 9 7 1A FFVEDEA I VA FFU VYT LV
B WL B SERERT AT L LTHA SN L L BIT, 7T ABEEIC
%td 5 PLE S 2 B s 5 ) 7 E R (Plasmodium falciparum)\ 25 B~ T U T IE
PE(ICso = 2 uM) ', CYP3A4 FiEHE 120, b A b+ VLT 2 F LB R =G 2 HiE
BEE PR ST B,

ZOEDICERORKRIL, D THUMEOSWVEEEZ B THIZHEb 53, g0
BEODLTNREWVICELY RES BRT2AYEE %R, T2 5, bicyclo[3.3.1]nonane
BN G720 TZHERAEWIEX, ERELOY — M e LTRERKRT v v V&Rl
DTNDEEZD T LR TED, PPAP O EYENE, ML OFED N L
W AR ISR R O AL A2k T U BiAEE TIZ Porco. Danishefsky, 4215, Shair,
Simpkins 512 & > THENEICERMERTOA 'Y, 2 0REBZ HEERPHBE ST
Do ZHIVETIZEME STV PPAP HO G FIEIL, £ 2N En0(LEWICLE
FH{E AL 238 A\ L, % D% bicyclo[3.3.1]nonane ‘B ZAELT A LWV L ORERTH » 77,
ZOFEORRE LT, IR TORGMBEBRNAES THLZ LRET oD, —h,
BRI CREE R EREZEAT A0, RA—0HROEKEAT H2ILEWEETH
VNG, —DOOEMHP BRI HEIO PPAP FHZ JRAEDNZ G T D Z & 23 FEERY |2 K ¥
ThHIZENFRTHDLEFZD, EEE. RIS O garsubellin A DREFLTHW G T2
BA K AT OBRESE "3, hyperforin DGR CIEA TE 2V E38E Yan<
BY ., BHEIZ L > TBRIEEETT-> T35 ™, Eiz, ZHE TITIThiL PPAP HO R A K
AR S &L BEREROT TORFEAMOEEG LTIV LizgiT<, T
SEILTHEL O PPAP HOGHAHME SN THERB, ZDIZEAERTEIRTOERK
ThsH Y, TNRIARFBRET > HEO TREOKFEREMERE S 720, T IETD
WMEPRKREEE RO TVDEHELTHDER, oo It~ —RBEESIND Z LT



RO E ZANREZELHAR > TOD EERITIEZXTND, ZOLIIZEZE < OHEH
R % PPAPHHTEN, ZOEHIEIIZ K OMERZBATZEETHY . TPPAP FHOMEER
IRARFERK] ERITER SN TR,

EHEOFET AR TIE. HFWNY 7 n 7 AEES(IMCP) & 86 & LCHW
bicyclo[3.3.1]nonane "B #4875 4 BI% L. nemorosone'™, garsubellin A" clusianone'*?,
hyperforin' D& AR & R L TW5, ZTAE TICHE SN TWEFEL TR Y A BT
& LIZFETE AH O BRI 2 & R CTHEAT 5720, Rl— 0 HED & #5D PPAP
B dIRICEGRT 5 2 ERATRETH U | KERZ, C8AL 4 BRIRFE DV A F A H I LT
V»% nemorosone, garsubellin A, clusianone (XA THOL V3T A Z L2 LTS
(Scheme 1-1), 2D K D IZHEFL TG T OEBMELENT H L0 ) ER L OIS, &
ARG TE AR B TR~ DR A B 2 5 C BN TH 5, L L7 6 4458 T1T
DIz PPAP OGS 7 E IR TOEKTH Y, = FABRN 2 G HITER S
TV,

Scheme 1-1. Divergent Total Synthesis of Nemorosone, Garsubellin A and Clusianone

O Ph
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FRERK IS E AWl P FARRE R 7 a7 a R Ub RN A Rl e U7
bicyclo[3.3.1]nonane ‘B ¥ D 4 4% T4 D %% & U nemorosone, garsubellin A, clusianone,
hyperforin DJEANRH 2GR O AT - 72,



2l VTP RHTEHFRAREFY 7 v P u R MR O RE

WHFIEE 7R - FEOIC L » TERENT PPAP HOEEG KB W T, FLEKRTHD
vy nul[3.3.1 7 FrEikit, Co->7 Y7 by 2 1ok LTI 2 =N o
r 7 a AR, @C8 AL TONEERA 2 T L F A, ORIZ L2 push-pull > 27 27
R ONLEFRIRP BB, 2179 Z & THEZE L T 5 14m)(Scheme 2-1), Z D72 PPAP
O o F AR BB EERT DT DIIRBNIEZDLTATTIE. TRV Y
a7 u s UALRIRICB T X TV E AL F Y VEN T EAWD ZETH D, o T,
EEFET, -T2 BB E LTHWE S TRNARE Y 7 a7 a AR O
MEfToT,

Scheme 2-1. Overview of Total Synthesis of PPAPs Affording Racemic Products

O\|/\\|/O R! R?
| |
MeO _OTIPS NNy OMe 07r>\7i3>
ALy, (4 mol %) MeO_ M./ ——> < N N
o [CuOTf],-PhMe 77 =0 R2 R2
OMe (2 mol %) enantioselective ?
2 3
Q. _oTps
1) Mel, BuOK, THF MeO nemorosone
3 7\ T — garsubellin A
2) 2M HCl aq 0 clusianone
58% (2 steps) 4
OTIPS
1) o~ KHMDS N\ 7
3 MeO ~ ~ p— hyperforin
2) Mel, KHMDS 7 N ’
; 2M HCl aq 0
88% (3 steps) 5

FINEALTFH VY VBN (L2~L) & W Te NS 7 a7 a A EOS . W
b 0°C 205 ZWIRAHE THOMIEIT L TED Y 7 a7 a XU Re 52 5 2 L bno
72(Table 2-1), oz 7 ua7a R iR3 Oy 7 a7 a /XU Bid, COMLA T EE CT
AT VTR = VB D push-pull NFAZ X VMR THELTCLE > 2D U v rm~
NT T 4L R BRI TE R o T, FORRDRBREE TR A LRI, R
T—h6 & UTHE L, HHN7_r Y m— | 6124 L THPLC %\ CEEBRMARER =
(e ZELI-E Z A, L2 OENLT- % FAWVZRIZ 42% ee &b BV o F AR T
YraTasN AR ETT S 2 LR b ols, L LEBRICAERGHRA~LEAERTH



HAKMEZITE S MIET, ZORST o7 7 b 2 D ORFERIIREE T B & HW
L. BEAEETLHZ LT,

Table 2-1. Attempted Enantioselective Synthesis of Bicyclo[3.3.1]nonane Scaffold

MeO _OTIPS [CuOTf],-PhMe (5 mol %) OMe BzCl (5.0 equiv) OMe
. ligand (15 mol %) o]  OTIPS KHMDS (2.0 equiv) OTIPS
CINTIN, MeO e Y MeO
0 PhMe, rt g THF, 0 °C, 30 min 7 A
OMe
2

5 0] OBz
3 6
entry ligand (R, R2) time (min) yield (%)@ ee (%)P R! R?
\
1 L1 (H, H) 180 50 - 0 o]
| T
2 L2 (Me, iPr) 10 49 42 N N
3 L3 (Bn, iPr) 10 48 21 R2 R2
4 L4 (Me, tBu) 10 27 16 L

a|solated yields of 6 (2 steps).
b Ee was determined by HPLC analysis for 6.



EI3H VTV BT FAAVKIERHTEIHGTFARETYZ vl u R LR D
%;J-

WAFFREIZB N T, -7 Y B-7 P AR L, FTVE ARG R ()
A fER S5 Z & CTHUERY 2 TN AR > 7 1 7 2 R A EOE (CAIMCP) 23 i U 3R - )
FUFABEIRENCEIT L, U 27 u[44.0.0°1F H CFEEE, MU L2 1[43.0.00 F v
FHEAREG 252 LR RHEN TS 19(Scheme 2-2), LALARBL, ZHILVETIZIT-> T
X 72 CAIMCP OREEIIEREE LRI\ 2,6-v 7 u XV UFHERIZIRONTEY
PPAP BHO RGN A FF AV T 4 EAT DB L TOMAITEN T2,
F ZTEHEIL CAIMCP By TWIZA R TA VLT 4 &b DEEIZBW LA AR
bhoH ML, REDOHGMMKT, CAIMCP Dt %1757,

Scheme 2-2. Catalytic Asymmetric Intramolecular Cyclopropanation (CAIMCP)

CAIMCP (previous stud

TBDPSO

ligand (15 mol %)
\l\/ [CuOTf]o:PhH (5 mol %)
MesO,S~ SN, PhMe, 50 °C

61%, 93% ee

Retrosynthetic analysis

PGO._ OMe
PGO._ OMe CAICE
O  C— [ IS -
Nzg/ 0
Ar0,5MeO

Ar0,S OMe
9 10

HHE DA% Scheme 2-3 127735F, HBEAMEA THAH T AT F 12" LT =
v I BALEATO NV B E LTe e A TFUALEIT, ATFAZAT V13 25 LTE, 5
BNTZAFNT ATV A3 IR LTT V= A AFVANR LR Uo7 =4 &S
MER, SIERET VALK D oafE YT LT 5T EETHD a0-v 7 B-7 b
ALK 14a OV 14b & AR LTZ,



Scheme 2-3. Synthesis of a-Diazo f-Keto Sulfones 14a and 14b

TIPSO OMe TIPSO OMe TIPSO OMe
iﬁ a) NaOCly, NaH,POy, 79% ¢)MeSOLAr nBuli Oy -
OHC MeO,C — NZ;]
% TsNg, K
MeO b) Me2SO4, KoCOs, 96% MeO B TNs, KoCOs 05,5 Me0
12 13 14a (78%, Ar = Ph, 2 steps)

14b (29%, Ar = Mes, 2 steps)
Reagents and Conditions: (a) NaClO,, NaH,PO,4, THF/H,0/tBuOH/2-Me-2-butene=1:2:2:1, rt, 12
h, 79%; (b) Me,SO4, K,COs3, acetone, rt, 12 h, 96%; (¢) ArSO,Me, nBuLi, HMPA, THF, 0 °C, 30
min; (d) TsN3, K,CO3;, MeCN, rt, 2.5 h, 78% (14a, Ar = Ph, 2 steps), 29% (14b, Ar = Mes, 2 steps).

FTERLIZ 0-TT7 Y B-7 F AR Y 14a (23 LT, F TV EAAFH U 4D fid
A& 72 CAIMCP Ot & 1T - 72(Table 2-2), 77 F A MO E LT 20 mol %D
(MeCN),CuPFg, % F /VEAL T & LC 30mol %D L2 &MV, kL i 80°C T2 4 Ky
WL 2 A, FRSIEE LTz(entry 1), L7>L 'H NMR ZEANZI 5 L. Boh
TALEMIIFTE DY 7 u 7 u /R K17 Tidde <, B3 7 1[33.1]/ F 58K 15a TH D
ZEBDNoT2(67%, entry 1), ZAVUTEFRGMED T U — /b Z/L7R =V H 7S push-pull 205
EEDIZEOLIE R EVTMMET AEE T UL ARV e A R F U
PSR FE AL Z T T2, 7 a7a VRS LIZEBL I LItk v r7a7a 08
DODHBEOZEREZSIEEILILEEZEZLND, 87 a[33.1]/ FFER 152 B
keto-enol A Z S D72 & keto/enol = 12: 1 O EMKDEAEW L L THELNTZ, L3 ZH0
e iZid, 15a DRI 2% L E RN L. BEMD E L TE Y7 1u[43.0]/ T B EA
16a Z IV 38% T H 2 A S L 72 » 7~ (entry 2), = D1L-E%1% '"HNMR, C NMR 7213 Cid
WELMET D LR TE R olclod, MRMIETFER 18 ~ L 2 U X M G i
AT Z & TEOALEEE IS K O STAREL & & P L 72 (Scheme 2-4, Figure 2-1), L3, L4
AV EAICIERSEESE T, By a[43.0]) FUFEEK 16a %< B2 AR L
72> 77 (entries 3,4),



Table 2-2. Preliminary Studies on CAIMCP for Diazosulfone 14a

Me

TIPSO OMe , TIPSO~ TIPsO—, § TIPSO OMe!
o ligand (30 mol %) -, OMe
+ O 1 O '
Nzg/ (MeCN),CuPFg (20 mol %) ' '
PhMe, 80 °C, 24 h : !
PhO,S MeO PhO,S PhO,S OMe  ipno,s’ OMe 5
14a 15a 16a ' 17(N.D)
entry ligand yield of 15a (%)a? yield of 16a (%)@ recovered 14a (%)2 R1 R?
1 L2 (Me, iPr) 67 - - 0 o)
| |
2 L3 (Bn, iPr) 62 38 - N N
3 L4 (Me, tBu) 15 52 24 R2 B2
4 L5 (Me, Ph) 17 26 26 L

4|solated yields.
bTautomeric mixture (keto/enol = 12:1).

Scheme 2-4. Preparation of Crystalline Derivative 18

TIPso—, Me Ho—, ©@
a) 2M HCl aq
O B ———
b) TBAF, 66%
PhO,S OMe (2 steps) PhO,S OMe
16a 18

Reagents and Conditions: (a) 2M HCl aq, THF, rt, 2.5 h;
(b) TBAF, THF, rt, 18 h, 66% (2 steps)

Figure 2-1. ORTEP of 18

v 7 1[43.0]/ F U FFEA 16a SERT D ROSHMEIL, CAIMCP BT LY 7 n 7o
PSRRI U B (Path A) e, BFAREHINARE A MFLF LT 4 UBKIG L, ¥ 71
TR AR R, BEEY Y 7 1[33.1] /a5 2 5PathB)D 2 Y BNEZ LD
(Scheme 2-5),

10



Scheme 2-5. Plausible Reaction Mechanisms of the Formation of 16a

Path A
TIPSO, OMe TIPSO_ OMe pso ®/OMe
e} . CAIMCP “ ring opening . rearrangement
" —> 0 —_— > e e » 16a
® Cug Oy
PhO,S MeO OMe o] 5%
PhO,S ( PhO,S
17
Path B
) e
PF
TIPSO OMe 5 @ome PFs ®oue
o. . TIPSO— // TIPSO—
3 rearrangement
@c?\\ _— - \OMe —. 4y OMe ___ ~ . 16a
U\/“
PhO,S \:3;/ o) o] 5
©) Cu so,Ph PhO,S

PFs

WTNOREEIZBNTH, C4-C5 #EENEMNTHZ & TEY 7 1u[43.0]/ F U EKBIE
WMENTWD EHEERTE, £ 7 1[43.0]/ 7 EROBEREZMEIT 57012, X
IGFRRICFEST DA F Y =T LA F % BALISE Y S BT F o~ KGR T &
NEEWEEZOND, & I TERISRTICKERNYT % 2 & T, ALK Z
SEDLIENTELOTIEARWVNEE XTIz, EE RISHETIZ1 0 YED H0 £ 2 Uk
AT o7& T A AT RTINS S 4, IR 79% T 7 1[3.3.1]/ 7 U iFE K 15a
FERT D Z EICEE) L7z (Table 2-3, entry 1), & 507247 b AR 15aid, N-7 21z A
73 UA IR, NaH DR Tafizrzafbl, a-Z72s b2 19 & LCHPLC & W
T F AR P E U2 (Scheme 2-6), FDfEH, 84% ee & RAFRiBIMEA R L,
CAIMCP #{EMHT2 Z LT, ¥y 7 1[33.1]/ 7 FHEN 15a 2 & T o F RN
FTCEDHZERbhol, ERIEFICERNZ L2, MS4A ZBiKkEIE LTI L 7=
A, BOSIT 1R CRAE L, B2 7 1[4.3.0]/ 7 FHER 16a 200K 90%, 84% ee T2
(Table 2-3, entry 2), AKOAMETHGEE D ZEALT DEM X, B F A PSR A KT
EAL U727 7 TR R EREN TN A THAL LB LTHE 7, Thbh, k%
T IRy 7 & S o TRl SOR O BIRBEPE & 72 > TR Y | MUCSUREER R E A
fbL7zt&E\EXOND,

11



Table 2-3. Effect of H,O and Molecular Sieves 4A

Bn Bn
A\

Y

TIPSO OMe _ TIPSO, PMe
O -, Pr (15 mol %) Pr
N 3/ ‘ + (0]
2
(MeCN)4CuPFg (10 mol %)
PhO,S"MeO additive PhO,S PhO,S OMe
PhMe, 80 °C
14a 15a 16a
entry additive time (h) yield of 15a (%)? yield of 16a (%)2 ee of 15a (%)? ee of 16a (%)
1 H>0 (10 eqiuv) 12 79 0 84
2 MS4A (200% wiw) 1 0 90 84

2 |solated yields.
b Ee was determined HPLC analysis for chlorinated compound 19.

oI FIEEZR 7 v ek 19 [ TR OER T 7273 Et,O/hexane & CHEf i 417
I LI R BB AAERT 2D 2 R TE T, FhUox UT X RS 2175 2 &
THESLABLE 2R E L. S LTAL B O SRR E X, RIRITFEIET 5 PPAP HHAS
HT25H0 L 3oEETHDZ EDH 5L 72 - 72 (Figure 2-2),

Scheme 2-6. Preparation of Chloroketone 19

O O
4

TIPSO — TIPSO—
B OMe @) NCS, NaH
_—

81% 0=

PhO,S Cl" 50,Ph
15a 19 (84% ee)

Reagents and Conditions: (a) NCS, NaH, THF, 0 °C, 5 min,

&81%

Figure 2-2. ORTEP of 19

12



H A CAIMCP O &U4EHEL OB

v 7 1[43.0]/ F U FHEM 16a DR AIHEI LU, IR TE Y 7 1[33.1] 7 F U FEFEE
15a 55 Z LR TELDT, SHRILINE - = U FAEFHEORm B4 B 5 U O &
W1k %17 - 72(Scheme 2-4), %= DFEF (MeCN),CuBF, & AW 723541215, (MeCN)4CuPFg %
HOToRs & BRI L W, = o FARPRPEIL IR T U7z 25 (entry 2).
(MeCN),CuNTf, %> CuSbFs % FI 72 HFIZiE, (MeCN),CuPFy % W 72 B & I EIE RO 5 5 &
72 7= (entries 3,5), F72. NaBAr" Z ¥l L7 BA 1013 T o FARPEN RIEIZIRF 95
Z DY (entry 4), ERBAEOBEMOBAN S B (MeCN),CuPFg 23 f iR T & 2
R L, BB AE WS HEIZ LK,

Table 2-4. Optimization of Copper Salt

Bn Bn

Oﬁo
N N\)
TIPSO OMe

o
_ d TIPSO—  //
O, T (15 mol %) " ~/ ome
NZQ/ Cu salt (10 mol % 0 >
PhO,S MeO u salt (10 mol %)

H>O (10 equiv) PhO,S
14a PhMe, 80 °C, 12 h 15a
entry Cu salt yield (%)2 ee (%)b
1 (MeCN),CuPFg 79 84
2 (MeCN),CuBF, 59 82
3 (MeCN),CuNTf, 76 84
4 CuCl + NaBArF 67 74
5 CuCl + AgSbFg 79 82

2 |solated yields.
b Ee was determined by HPLC analysis for chlorinated compound 19.

51 & ot W TEINLF D FiE Ak A 1T - 72 (Table 2-5), L2(Me, iPr)& L3(Bn, iPr)DELLF % HL#k
LEEBE, =P FAEREIARETH o728, L3 #HWTEEADO T RNENERTH -7
(entry 1 vs entry 2), £72/& &\ Bu 2% &> L4(Me, Bu)<°. Ph 2% % -> L6(Bn, Ph)%
TG i T o F A RPE O KIE 20K T 03Bl X 2072 (entries 3,4), ZOFEENDL, =F
VFARPMEEEICA V) VR EOEBRKICL > TRESEELZIT L ENREE
. ARV UREERSTAMMOBRENEBNEE, BERIRCERDE 525
fHMN % EHE LT, & 2 TL Y &R 2,6-di-tert-Bu-Bn H A8 A U7FL 7 &2 G L.
FMZ AW BRI T L CLE o (entry 5), £727 2 / A V& 7 — VKD RFEANL
T L8 A HWHAIZIE, BIFAe T o F AN CARI G DN T2, IR 59% &
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R |2 & P F o (entry 6), = 5125V KE 72 bite angle # 107 FERAFH VU LE
R % T2 B A IR, o o F AR KRR T3 5565 & 72 o 72 (entries
7,8). VL EDWKFHER G, L3 BHEOEANL - CTh B & fEmoiT 72,

Table 2-5. Optimization of Bisoxazoline Ligand

Bn Bn
TIPSO OMe ligand (15 mol %) TIPSO— /O %OI% 7 0 o

O, (MeCN),CuPFg (10 mol %) A ome N NN o s N ”P
Nzg/ H,O (10 equiv) o b L2 La

PhO,S"MeO PhMe, 80 °C, 12 h PhO,S o B
14a 15a 30 ﬂ>§| 0) %O ﬂ)ﬂ 0)
N N, N N-
entry ligand yield (%)2 ee (%) B4 “Bu Ph Ph
1 L2 70 84 L4 L6
2 L3 79 84 o
I\ I
3 L4 75 37 ><f /
4 L6 40 48 Hf( Q
5 L7 61 84 L7
(Ar = 2.6-di-tert-Bu-CgH,)
6 L8 59 82
7 Lo 61 51 o & o o & o
WY I !
8 L10 54 49 SN N/ SJL/ R,
1ol dvield Pr “iPr Bu Bu
solated yields. Lo Lo

b Ee was determined by HPLC analysis for chlorinated compound 19.

é%K%M?ém0®%%ﬁowfﬁﬁ%ﬁ0kﬂww}QOmO@%%@%B%%K
O U72aicid, W @PRMERIC R E B T e o7ed, 1 5 YEE THS LY
BITNREPMR T T 5 Z &R b oTo, ZHUIH F A AL A VA ATt a2 272
FRPESRAPIZ G 72 A DR AL T 4 CERLSIBEE O H0 L UET D 2 LR, IR
RE HO BRET 52 ENRRETOFFEMEE LTELLND, Lo T H0 O &
[F5~10YETHDLE L, MR — NV TOBRFNEITIBRIZIEMIZEIET 2720, 104
BARERNLE L,
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Table 2-6. Optimization of the Amount of H,O

Bn Bn

Oﬁo
TIPSO OMe -

0
. TIPSO~/
P -
O P (15 mol %) " " A ome
N, <
(MeCN),CuPFg (10mol %) ¢

Ph M i
O25Me0 pJEiSQB?%SWQh PhO2S
14a 15a
entry H,0 (equiv) yield (%)2 ee (%)°
1 5 80 84
2 10 79 84
3 15 68 84

@ |solated yields.
b Ee was determined by HPLC analysis for chlorinated compound 19.

LSt b 217\ Bl SRR 79%, 84%ee & 7x o7, UL, RAWEKIC
BT 2103 FAERREREFRNZ ERAMERTH DL, FZTLEF T
IVERPEDFEANIE TE B, AT FARANR=VEEF T HEE 14b (2% LT CAIMCP
Z 372 (Scheme 2-7), UL L7236, EHEO PHICK USIGRITEHE L L, FTEo ey
H[3.3.1] 7 FUFHEE IS IIB LN T I o7, ZHEEV E&E WA > F LA LR 14b
& F F A SR & DSETGRLAR, 7 = =L ALK 14a & TRV | SRS,
BRGSO N A AR E WO BRI TREE 14b B LT Thb EE LN
%o F72 MSAA RN L7 H A IIXBUGIE I IZHEIT L, B 7 2[4.3.0] 7 F 75 (K 16b
UL 79%. 93% ee THHTZ,

15



Scheme 2-7. CAIMCP of Mesitylsulfone 14b

Bn Bn
[ |
%/N N \) 0 OMe
TIPSO OMe o ‘:I_Pr TIPSO TIPSO
0 ! (15 mol %) OMe o
+
Nzg/ (MeCN),CuPFg (10mol %)
MesO,S MeO PhMe, 80 °C MesO,S MesO,s~  OMe
14b 15b 16b
entry additive time (h) yield of 15b (%)@  vyield of 16b (%)@ ee of 16b (%)?
1 H,O (10 eqiuv) 12 complex mixture -
2 MS 4A (200% wiw) 24 0 79 93

@ |solated yields.
b Ee was determined HPLC analysis.

PULEOBFEE Y, PPAP HOBAREEREMITIT T = = VAR 15a ZLEDOE LT
HAWAZ L U FERART I )T NAa—VAKROEAALFT VY VENFEHWDE Z & T,
PPAP HH O AARF 2 ERISE Y ) v F 4~ —Th 5 ent-15a % 5% L 72 (Scheme 2-8),

Scheme 2-8. CAIMCP for Formal Enantioselective Synthesis of PPAPs

Bn Bn
O i O
|
< N N
MeO _OTIPS

P Pr
0 "1 (15 mol %)
\ENz (MeCN),CuPFg (10 mol %)
OMe "SO,Ph H,O (10 equiv)

PhMe, 80 °C, 12 h
14a 79%, 84% ee

16



5 T UFABREEBIAN=XLDER

Figures 2-1,2-2 IZR L7z L 91227 1[33.1]/ FUiFER, v 7 1[43.0]/ F il
RENFENNZDOWT, MERSIAREEBSRE L THDHD T, FUCESE, RISERIRIEIZ
B ADF U F BRI A I = XA LZOWTHERE T2, B F A RO
TG E R L TR U AR VA U EERIL Figure 2-3 IR TS L HEE SN TEY
AR F VT 4 UBENF & DONARRREFEZBET D L O ICHEIET 5 £ & 2 5115 (model
A), EIZFUCEBIRIEIZB O THARUEERDREN sp 15 sp’ CBITT 5. T7b b
A A RNE T I ARG L ABRIC, EEWT 2 =V ANV R= VLRI iPr FE e D
SRRBEPE I 5V E ST, A RFT AL T 4 U Re WSS A Z L TEWLTF
VFARPFMER T L TOD LHEZ LT B 1% ) (Figure 2-4),

model A model B

Figure 2-3. Plausible transition states and asymmetric induction mechanism 1

—_—

Re-face attack Si-face attack

Figure 2-4. Plausible transition states and asymmetric induction mechanism 2

17



E3E PPAPHOWAFREFELZERK

FB1E  BEER LSRN

F2ETHRARTELLIIC, HTNICA MR AL T 0 VEFT LY 14a (2xF LTt
BRI FW Y 7 1 7 i R AEROS(CAIMCPY 21T 9 &L FRED Y 27 1[4.3.0.07 17 5 >~
B 2 boOY Ay 17 TR, B3 7 1u[33.1]7 F U EEE en-15a 3ERT S
ZE&WBbiroTz, Scheme 2-2 IR ULTZ KL 92, BHIOFE TIEY 7 w7/ 17 [Zx
HALEBINE T VXM < BRIZE DV 7 a7 X BORREITY TETH 7203,
rnTuRCBEPARIICHELTLE S 7o), Rl — IS S5 4600
72, = LT Bv 7 1[33.1]/ F #FHEK enr-15a /> &> nemorosone, garsubellin A | clusianone,
hyperforin @ 7€ IR TOELFEAK 4, 5 ~EEL72D0I2iE TR KIGHEO W C6 LT
iF72 < CMLANLERIRNZ T VX M T D) ZEPMETHSD (Scheme 3-1),

Scheme 3-1. Remaining Problems for Formal Enantioselective Synthesis of PPAPs

MeO _OTIPS OMe

O
OTIPS OTIPS
(KE‘\EO CAIMCP  |MeO 7 N\ -
N2 _— T8 | emmmmmeeas » MeO B
-~ OMe"SO,Ph 4 o >//R 5
SO,Ph t(Rte)
=Me
14a 17 5 (R = allyl)
spontaneous A
ring opening '
N\ _OTIPS
MeO. N ¢ 1) alkylation at C8
z <, 2) desulfonylation
s O
PhO,S
ent-15a

F I TEEILED. ent-15a 127 LT KHMDS/HMPA DS TI T =4 v 384 S 4,
C8 L COMLE TN A FNALERARTZ, UL, B-7 hALKR OV T =A%, AL
R NVEIZE Y ZEREZIT TS0, BOSER L EIT L2 7d > 72(Scheme 3-2),

18



Scheme 3-2. Attempted C8 Methylation of ent-15a

(@) O
OTIPS
N\ Mel (15 equiv) N :/OTIPS
MeO_ N KHMDS (3 equiv) ,  MeO \
7 4
X THF / HMPA X
O NR O

PhO,S R. PhO,S

ent-15a 20

F DT C6 AL A F L U EL % ATEMHAL L &I FIZ C8 AL TT NV F AL EITT 5 L5
WAL ER AT ZEMMBETHIEEZL, EFF COMLIIR V)T U EEATAHI L
27220, DATICW A AT % T,

Scheme 3-3. Retrosynthetic Analysis

(0]
\ _OTIPS
MeO. N
g 8\'R
(¢}

4 (R = Me)
5 (R = allyl)

SRR 4 BRONS . R UF 21 1okt UTAKREBBIEA A D~ A AT, b
P TN R— VR DEGNSEITY) ZETEENAZ DL L, NP U5 021 1% C6 it
& C8 MO NREFEDOENEFIH U EEINW R EREICLVETLI LD EEZ
77,
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% 2 B Nemorosone, Garsubellin A, Clusianone., Hyperforin O X R F 286 K

F1ETCR TG AT IZA Y . BRI TH LT T 21 OAREITo T
(Scheme 3-4), CAIMCP |Z & » T 57z ent-15a |1 2%F LC Al / Hg Z1/EH S &L A VR
{LEATV, P b 22 #457-% . TBSOTE, 2-picoline DA CHLEIBIRAIZS Y L ) —
Nr—F A9 5 2 & T 23 & 2 TRRIE 92% TH7z, < XU AT AT e FEomU7T
NV R— VR, VA AL LT CLTiOPr &AW RRZ R b2 L <HET L. IR 82%
TV Y T—F )V 24 &5 %2 F%IZ KHMDS Z1EA W5 2 LTy U bm—7 v O fil
TV, BRONRCY YT 55 2 EICEB L,

Scheme 3-4. Preparation of Benzylidene 21

0 o) o]
\ _OTIPS \ OTIPS \ OTIPS
MeO. W (@AI/H  pMeo. N 4 (b) TBSOTH, 2-picoline MeO. W\ 4
% - 4 7
5 92% (2 steps) 6/ OTBS

5 ~O e
PhO,S
eni-15a 22 23
o o]
_OTIPS _OTIPS
(c) PhCHO, CI3TiO/Pr MeO = (d) KHMDS MeO.__\»
RS >
s EtsN, 82% o) 76% sy 0o o
(d.r.=11:1 atC6) & 2-piciline
Ph™ ~OTBS Ph
24 21

Reagents and Conditions: (a) Al/Hg, THF, rt, 2 h; (b) TBSOTT, 2-picoline, CH,Cl,, rt, 2 h, 92% (2
steps): (¢) PhCHO, CIsTiOiPr, MS 4A, THF, —78 °C, 1 h; then Et;N, 82%; (d) KHMDS, THF, 0 °C,
2 h, 76%.

BoNT_rP VT 21 & Mel TAF UL LT, XU P U7 OBBEC DWW TG
L 72(Table 3-1), 251ZxF LT, 1M KOH K&k %Mz 80 °C TMELL /=& Z A BHIDERK
HFRIK 4 BPELNDH OO, BERNENZ LML 72 o T2 (entry 1), b OVEWR % 8
Bl ZARY—RILR>THY, KOH b LUTEEBHH L TWD L) Thotz, £
T, KO EBIEBLCAEME LT Triton B 2B & 872 & 2 A FEHIHEART 2000,
SR DERN E 52 HRER L 72 o T (entry 2), FBNIZIRGYO 'H NMR (335 (B HET
FRNTINEECd > 7273, entries 1,2 DFERNG, BEL AL 478 Triton BIZ L > TT7LF
MEENTNA EHRILTZ, 2 TEO TAFMMEBRETLIZK W TH A S nBuNOH %
YER &7z & Z A(entry 3), RO MVEIZHEIT LATE O G R HIE 4 % I3 66%., 95%L4
DEMRTED Z LICRII LTz, BoNT- 4 ODFFEALT MT —Z 3URNIC AR LTZ T
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I ROHREDFN E B —3 &5 L "™, Z Z|Z nemorosone. garsubellin A, clusianone
DGR HBERA R LT,

Table 3-1. Formal Enantioselective Synthesis of Nemorosone, Garsubellin A and Clusianone

0
_OTIPS

MeO 8 (a) Mel, BuOK  MeO
—_—
o BuOH, 69%
Ph
21 25 4

Reagents and Conditions: (a) Mel, /BuOK, /BuOH, rt, 12 h, 69%

entry base (equiv) solvent temp (°C) time (h) yield (%)2
1 1.0M KOH agq (5.0) MeCN 80 6 42% (58% of 21 recovered)
2 Tritone B (> 50) MeCN 60 3 complex mixture
3 1.5M nBu,NOH aq (>50)  MeCN 40 12 66% (> 95% conv.)

2 |solated yields.

51 & 2 T hyperforin DFE AR F R EMIZE D #Hh o7z, X2 UFr2tioxt L, i
PEEMETIMET VAV EERA S, C-7 UK 26 & O-7 U VIR 27 %2 Z N F IR 27%,
50% C437=(Scheme 3-5), O-7 UK 27 (X, 7 I A VUi &4T95 Z & T C-7 U VIR 26
~ELER 78% CEM LT, C-7 VLK 26 1Z%f LT D C-A FMALOKGFHE % Table 3-2 (2
7Y,

Scheme 3-5. C-Allylation of 21

@ !

KHMDS, HMPA

(b) DMF, 130 °C, 78%

Reagents and Conditions: (a) allyl iodide, KHMDS, HMPA, THF, rt, 15 h, 27% (26), 50% (27); (b)
DMF (0.03M), 130 °C, 1.5 h, 78%.

T U VAR 26 (2% LC Mel, LHMDS D&M C- A F AL RT3, C8 L 3k RFEN
FEFIRHAAN - TWD72D0, 50 °C £ THIE L T UnE e < B9, FE 4 EINd
HDHRTIHoTz(entry 1), &I TRIGHEA M EE®H 5720, HMPA 2RI LIS EIT> 72
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EZA, FTED C-A F VR 28 Tid7e < 0-A FILK 29 AL =R 80% T3 B L7 (entry 2), 2
OFER LD C-7 VIR 28 13, SAEMIZE RO D EERENZT TR, 0-2AF ik
DT LT WEE THD ZERRRENT, UL O-A F K29 OFZITTEM SN D
THEAED, XUV T UOEREEEREOCEERRERKT 5700, = F— RS
BIZEETHDL ZEBRERTHL EEZLND, I TRIMEEZR EEE, B O-
AF VAR 29 OEREIEIT 5720, JIHFA L OEEOEFEEZRART-, ETORE, HE
& LC NaHMDS, KHMDS % f\W7235E101%, C- A F 4K 28 PRI N LA LN 5 2
& % R U7z (entries 3,4), & 52 AU DM L& B LU, THF £ Y & EED{KV ELO, PhMe
Tl U772 DSOS I3 T 9 (entries 5,6), BLIR Tl entries 3,4 (278 L7z FIENE D BV R %
BRBEETHD,

Table 3-2. C-Methylation of 26

Q. _oTrs Q. _oTps
Mel (15 equiv) MeO AN MeO 8 =
base (2.0 eqiuv) 0 * Z > OMe
\
Ph Ph
26 28 29
entry base solvent temp (°C) time (h) yield (%)2
1 LHMDS THF Otortto 50 2,2,12 NR
2 LHMDS THF/HMPA Otort 2 80 (29)
3 NaHMDS THF Otort 12 31 (28), 44 (29)
4 KHMDS THF Otort 12 31 (28), 45 (29)
5 NaHMDS Et,O Otort 12 almost N.R.
6 NaHMDS PhMe 0tortto 50 2,12 N.R.

2 |solated yields.

AR C-AF AR 28 DA D) 7 OB DU TSRS R & Table 3-2 127”97, ¥4
F AR 25 DB A L FFRIZ 1.5M nBuyNOH KIEHK & iz & 2 A, BOEGRTHES @
iz s 5 1O RIARY S TLC TRl S 7z, Zobam ot s L IFEFITEN 2D
VOATNT O NS T T 4L LD ERBRETHY 5 EGDHZ EIXTEEREDO
L 23% & D TIR Ay o 7z (entry 1), F£72 TLC b TR AIZE L IALEM R BRI S nT=7-
B BUGSMEDIRV 20% KOH /KIS % AW T2 & Z AR E 4 < #1T L2 dy - 72 (entry 2),
Entry | THER SNTZRBIAERDIL. BEREIITE LR 0D, BFH L, KBILWA
F 278 Michael (L7 R b K THD ZEBHETE, £, C-AF K
26 (7 = R U AASOEMREN R 2o 7o fo THF Wi~ ZH L, REDORE &
IM & THD 50 °CIZHR LTz & ZA KNI ICEST LETE O AP R 5 & IR 74%
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THEAZ LRI L, BN 5 OFFEARY MF—Z I IUBNICAK LT 60
HRMED Fn & B—3 &7 L"), 2 212 hyperforin DTFR AR HF AR A E/R L712,

Table 3-3. Formal Enantioselective Synthesis of Hyperforin

o]
N -OTIPS
MeO/ ] B
~

O
21 5
entry additive (equiv) solvent temp (°C) time (h) yield (%)2
1 1.5M nBuy4NOH (50) MeCN rt 12 23
2 20% KOHaq (5.0) MeCN 50 12 0
3 1.0M nBuy,NOH (2.0) THF 50 3 74

2]solated yields.
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BAE SOMEZHVEZRILHY 7 v T a /U ALRIE OB %
1 HAER

S (DA W o R fngs & OIS &2 FH Uz C-C RS RUEUR L, TR D UGS IZ I
NS EERARENCE L . B TRZAREE TRIEBNETT 5 2R 20, &
Hele R DA I CHWHNTETNS D, 201 0412 Zhang Hidk, HEF 123
VRN T V3 —)VFFER 30 73, W F A UHEEOMIEGFETEY ) U N-AF Y REER S
WHZET, PYERRT T UHEKR3 ~EEHBREND PV & & LH L7 (Scheme 4-1),
IR oA F VBN FE 32 PEONEEF R E UTAER L TWD Z & B3R
L, TAXRUR -V T bUOEMR L 7D 2 LR LN o7z, Z O EHIC
47 Zhang, Liu. Gaosez, Hashimi &2 % - THIZERTHiL 22, BEBRA B L5
T INCE DIy R a P o Tl x Te TN DAL, BT AR U DITADZ ERA
MEnfe, TOFEZ, D7 MEEWERB LW EE GO TRER D7 Y
PTNRNREGTHLEVSTRER DS,

Scheme 4-1. Au(I)-Catalyzed Synthesis of Dihydrofuran-3-one 31

N-oxide (2.0 equiv)

Br. Br
A on M
OH PhPAUNTY, (5 mol %) o o | "
gz 7z eM)\ A
Mo i Meﬁ e "o

MsOH (1.2 equiv)
(CH.Cl)o, 1, 2.5 h, 76%

(0]C)

30 31 N-oxide «-0xo carbene

32

W2, 3ETRHBRLEILIIZ, YUMMEETIEINETIZa-VT Y B-7 ALK 2 RLE
P UTHOW RS TN R S 7 1 7 1 o8 ARRE(CAIMCP) O % B % L T35 0 (Scheme
4-2), ENEIEM L PPAP FHOBEAAREFREGMAZER LTc, TV — VALK =VEORH
(& CAIMCP O F BRI AR M LS8 fidbaBS I U B O EEE
BHUEPEZE 7 O T R EFRIEZV L 00, BEEGHRO TERENE . H %0 R
TIEAR &2 720,
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Scheme 4-2. Review of CAIMCP

R3
R3 2
L _R? [CuOTf]o-PhH (10 mol %) /7
R \ R
N, SO2Mes L1 or L2 (15 mol %) \ SO,M N
o Ne 91-98% ee 0 2vies Omo

33 34 %/N N\)

OI/,,,b [CuOTfl,-PhH (5 mol %) o@ iPr Pr
L1 (R' = Me)
N L1 or L2 (15 mol %
MesOS™ "N s6.0vm o6 ) MesOyS ’ L2 (R" = Bn)
35 36

201 14EZ Liu HiF, 1,5-m2 A &2 L ORE 37 10k LT, B F 4 e fiFEs
T8AFNF /UL N-AXFY FEERASHDLZZET, B 7 2B1.0|~FH B E LD
Tra a3 RELNDL T &R LTS ) (Scheme 4-3), = DS & TTIZEF 1.
CAIMCP L RI%DOREREH/LZENTE L, LVRTHEOFHNY 7 v 7 U BAUES
DORFEAHRE L, 02 A== A VBRI L 237 a7 a U RO
MR E1T o7,

Scheme 4-3. Au(I)-Catalyzed Oxidative Cyclopropanation

A Pr
Pr
Z (4.0 i [\
“ ,I\l@ (4.0 equiv) N\/N
00 9 [: ] e i >
©/\:\ Pr Pr

IPrAUCI/AgNTY, (5 mol %)
(CH,Cl),, 80 °C, 2 h, 53% 0 IPr
37 38
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HWOH KMTAXFUEEBLLEFY 2 0[43.0071) F U EKOELE

EE LR

SCERBESME B ChH A AT N 395 7T u L R A L, LIAIH, CmAF L EET LT
=L 40 BT, BoNnT A —1 40 D Y AF LU LE A K,CO;. MeOH S

TErZEL, TBDPSClI Tk R HAREL, K7 ¥ 41 ZH5m LT,

Scheme 4-4. Synthesis of 1,5-Enyne 41

CO,Me ) )
(a) LDA, TMSC=CCH,Br, 86% HO == 1ys (€) KoCOgs, MeOH, 88% TBDPSO =
(
40

(b) LIAIH,, 82% d) TBDPSCI, imidazole, 99%

39 41
Reagents and Conditions: (a) nBuLi, DIPA, 3-bromoprop-1-ynyltrimethylsilane, THF, —78 °C to rt,
1 h, 86%; LiAlH4, Et,0, 0 °C, 5 min, 82%; (c) K,CO3;, MeOH, rt, 12 h, 88%; (d) TBDPSCI,

imidazole, CH,Cl,, rt, 12 h, 99%.

PG HES

KT VX% HD 1,5-L 0 A 2 41 (2% LT 10 mol %® PhsPAuCl & AgNTE 777E T
FRALF D a2 4T - 72 (Table 4-1), EBSBEMEOFRILIZIAE< HNHA TS, NMO,
PhIO (IALUGRIZEBWTIET A F 2L T 52 ENTET a7 U Keissd 2
LIXTE Do Tz (entries 1,2), & Z TXEROFEIZE>T8-AFNAF /) U N-AFT Fa
TER SR L Z2A . RINIMEBRRIIZEI T L, TEOY 7 a7 a Uk 42 BPRED
R THOLNTZ(47%, entry 3), ZOFREELY | 2,6-~FH T L THEY VU F
7EF 7V N-AF VR 45a BELAIE LTHEY THD Z ERRBRINT-OT, LK
EFERELSORDRAI ) -2 T RiT o0, W REAHRT D700, EEEELCH
%(CH,Cl), 775 THF, MeNOy ~EEH L7z & Z A, HEFIZEL OEMMBE LI, fRITN
RI#E L 72 > 7= (entries 4,5), % Z CIEBEA(CH,Cl), & LCN-AF Y FAEE L2, HEps
BEEDORENS-AF LX) U U NAXY Na5a DEWFERE 525 Z L id, SUSHHEST
THIONTELLZEY VY, &7 0B F A4 MEEOMMBHCENL U, Ao &g S
HLENBELZONIZDT2LOMICERELZ L O ) VUFEARD N-F %2 FRRKIERIC
FE L TWB EEZLNT, £ 2 T26-VF VD N-AF K 45b & AV THZA, 50 °C
FCHIBLUTHINMIZ E A EETET, v a7 a/ N R 42 ERET VX AN N-A
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¥ RBRIG L, ap-FEf7 LT 43 BMENETHE LN, %< ORE 41 2[RI
AEEE L 7p o7z (entry 6), 5 < N-A ¥ K 45b RIEFIZEE N2 D T F 0 & OFEU RN
WEEL 720 . L0 SRENZZEWN T DRI COERICHEIT LTI B Z 65, Ll
BLBRIRNZ L2, 2,6- T RHEEY DO N-AFY K d5e EHWT2&EZ A, TAF Ol
B & A EHEITH T, A VBALOABEIT LT 7 a7 e Xy 44 BHEREOILE
T 57z (entry 7). HEED 72 DERALHI 2 WIS 2 1T o 72 & 2 A, FEIESHIZy
fit Liz(entry 8), TOFER LD, 2,6-V 7T 1Y DD N-FF T N 45¢ T4z LT
RSO EZ TWDLZERBZONDLR, TOFEMINATHS, EHIZLYK
BHEOBEN4-A FF Y D04V AFAT I E Y DD N-4F Y F(45d and 45¢) %
HWIZGE12i3, TEO Y 7 a7 a /R K 42 1348 < 45 570 - 72 (entries 9,10),

Table 4-1. Optimization of Oxidant

TBDPSO PhsPAUCI (10 mol %) TBDPSO\; TBDPSO TBDPSO\;
@/\\\ AgNTF, (10 mol %) @zo ij/\yc"'o @
~ oxidant (3.0 equiv) : H - BT
HH HH
41 42 43 44
entry oxidant solvent temp (°C) time (h) yield (%)2
42 43 44
1 NMO (CH2CI)2 50 48 N.R.
2 PhlO (CHLCI), rt 24 decomposition
3 45a (CHCI), 50 19 47 0 0
4 45a THF rt 48 complex mixture
5 45a MeNO, rt 36 complex mixture
6> 45b (CHLCI), 50 96 1 10 0
7 45¢ (CH,Cl)» rt 12 19 0 62
8 none (CHLCI), rt 12 complex mixture
45d (CHLCl), rt 24 trace 0 0
10 45e (CH,CI), rt 24 N.R.

2 |solated yields.
b76% of starting material 41 was recovered.

PLEDORRFHRE R LV il 2B kA% 45a & U, @O F X OEREO A 7 ) — =
7 &AT o7z (Table 4-2), —MRAIZBMELOX A AT 2 BHIZHHTE, PV 7T — b
OTHPEAR PYTAABRAZ L ANKR A I RNTR)IEE S ARG EIER L THBY . B
FAMERE OO BRROKICKH LTRETHD P, — 5.7 T 7 AR L— h(BFy),
ANEY T AR AT 2 MPFg). ~FY T AT o FE R — b (SOFe) L&t 7 F
FoMELVEDLN, ZHEOKIZH L TARLETHDL I EBALATWD, AgOTf % H
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WAL, AgNTE 2 V72824 L IFIFRBEOR R4 5 % /- (entry 2), EEARZ &I
AgBF,. AgPFs % W25 B I TR OAK 3 R 5 472 23 (entries 3,4). AgSbFs & AW\ 7245
BITITIRAS 56% % T b L7z (entry 5), %72 & ) NaBAr 201 L 72388123 o4
BT, IRITE T U, Lo Thid 7R % AgSbFe & L, BT DAY Y —=
TIZEY B oz,

FOFER, BTEBE RN T T D (4-MeO-Ph)sP <0 IPr % U 72 BRI HHHG Y R AT 72 I 3%
THTED Y7 a7y 203455605 2 Linbh- 7z (entries 7,11), —F5. BN DEE
SEAZFRBED ST A BV & S D Buchwald B2 L » TH¥E SN 0% 07258
%, PPhy 2 WA ICHARETFIEMET T 2L A EEZERRVENIFERERDY
(entries 8,9,10), BEARER Y VEMLFTHIRAT 74 b ERAWVTHILER M E Lo
To(entry 12), PAEZEH > T, 1,5-m A4 0 41 #RH & LB biy s 7 a7 a AL SO
KEbERZT L, TREDIET R 27 1[43.007) ) Frakit 45y 7army
2PHFLNDLT LR RN LT,
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Table 4-2. Optimization of Counter Anion and Ligand

TBDPSO TBDPSO.
45a (3.0 equiv) s
XX LAUCI (10 mol %), Ag salt (10 mol %) (E:
(CHLCl),, 50 °C, 19 h H H i
a1 42
entry L Ag salt yield (%)@
1 PhsP AgNTf, 47
2 PhsP AgOTf 45
3 PhsP AgPFg 34
4 PhsP AgBF, 33
5 PhyP AgSbFg 56
6 Ph;P NaBArF 29
7 (4-MeO-Ph);P AgSbFg 62
8 cHexJohnPhos AgSbFg 48
9 XPhos AgSbFg 45
10 JohnPhos AgSbFg 57
11 IPr AgSbFg 59
Bu
12 AgSbFg 53
B Of-P

2 |solated yields.
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BI3E TAFAZZXTFAZEBLLEN) U2 0[43.0.07)) FUBKROESR

F2RI T L o, KT AF o E2H D 15-m0 A 2 41 (2 L TChF A M40
UG ET . 8- AFVF ) Uy N-AFT NdaSa 2{EH SR Z Lo o 7a i AbidiE
ITL. PUS 27 m[43.007] ) F Bkt b oy 7 nrusy 42 ZhREDOINRTES Z

(R LTz, EDBRICRMHIC L » TIEVEMRY & UT ap-REaf7 L7 b K43 B4R L
TEBY, WROKTEE W, ZZCTTPAF U RBIZETRSMEZEAL, 7LD
BALCORIEMEZEZFEmD D Z & CNEDOLUENTEDEEZ TIVXFZ VT AT IV EHD1,5-
T A v 46a-d & E AL L(Scheme 4-5), FUSRET 21T - 72,

Scheme 4-5. Synthesis of Alkynyl Esters 46a-d

TBDPSO Cic O)OF%1 nBuli  TBDPSO
46a (91%, R = EY)
- . S 46b (52%, R' = /Bu)
Boc,0, nBulLi CO,R! 46¢ (61%, R1 = Pr)

(
46d (88%, R' = 1Bu)

Reagent and Conditions: ClC(O)OR , nBuLi, THF, -78 to 0 °C, 30 min, 91% (R1 = Et), 52% (R1 =
iBu), 61% (R1 = iPr); Boc,O, nBuLi, THF, —78 to 0 °C, 88% (R1 = Bu).

TF AT IIF =)L AT L 46a (2% LT, 10 mol % PhsPAuCI/AgSbFs fF7E T, 8- A F
Nx UV NAFT R 45a #AEA SR L ZARGEEIRTEITL, fTEDO MY > 71
[43.0.0°7 ) F B AT HL 7 1m0 1y 47a 35 S L7208, BAE LTV RIE SRR
Mk U722 dn - 7203(48%, Table 4-3, entry 1), L2>L, MS4A ZiRIM L7 & Z AFETORER
BB T2 (53%, entry 2), ZAVUTEE ORIGHEN R E L2729, entry 1 O TIIHRH
CHETFIEL TW KR EEEIL SN T A=A A7 0 46a G L, PEROIKT 21
WizbkEBZ D, Ko T, UBETOKIGIEMS 4A 171E FiTo72, RIGTLF 4112
®U Tl d B % 5 2 72(4-MeO-Ph)sP <° IPr (X, PPh; & ZIZRIEOINE L5 —F
(entries 3, 4), cHexJohnPhos Z#EIf7 - & U CHWZEHEIZ, D 63%F CTr_E L7z (entry 5),
FIT, L0V EENE T 2= AP T ) — VIR AT 4 VBN T B XPhos, SPhos %
7273, cHexJohnPhos % F W /235G I B~ IFUE T U 7 (entries 6,7), Z OFEHRN S HEE
BNSLIAFEZED R EWT L% =Lbm 25 0 L SMFEERS T AR U, 2o Ui g fil
BEREMEDME T LA WFREOSE & S 2 b O FRRN THH EEALND, £72 34
DB A AT GBI ORI < AT U > - 72 (entry 8),
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Table 4-3. Optimization of Reaction Conditions

45a (3.0 equiv)

TBDPSO
LAuCI (10 mol %)
TBDPSO AgSbFg (10 mol %)
= N N N
A MS 44 (200% wiw) (D: C
e COzEt CH.Cl,. rt H i lPl’
2Ll CO,Et
46a 47a AN
NG
entry L time (h) yield (%)@ @—@
10 PhsP 12 48 =
cHexJohnPhos
2 PhgP 12 53
3 (4-MeOPh)sP 24 51 N\ ¢
H
Pr..,
4 IPr 12 55 @Qipr
5 cHexJohnPhos 12 63 =P
6 XPhos 48 50 Xnes
7 SPhos 24 47 Vf/&;,
8 AuCly 24 N.R. @/
{——iPr
2 |solated yields. 09_
5 MS 4A was not used. SPhos

PLEDORFEHE S L Y | cHexJohnPhos 23 f @B CTdh A & UHE 8 FHEEIHIZ B9 2 Rt
%47 > 77(Table 4-4), 7 AF = AT 25 DT AT VB Bt (46a)7>5 iBu (46b), iPr
(46¢), Bu(46d) L EH LKIEEIToT2E ZA, WTNOEBEIZB TS KISIEMHEICET
L. FfIZ Bu = A7V 46d Z W25 B IR DS 69%F T b U7z (entries 1-4), E727
N — VAR A R R ATV R DAL LT L EWICR A HEEF L (entries
5,6). R’ =Me OEAITITILR 15% L b EWIRT F U 227 12[43.0.077] 7 F U FHEK 47g
455 Z LICEE) LTz (entry 7).
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Table 4-4. Au(I)-Catalyzed Oxidative Cyclization of Alkynyl Esters 47a-g
45a (3.0 equiv)

Rd cHexJohnPhosAUCI (10 mol %) R
AgSbFg (10 mol %) N
(j/\co RS MS 4A (200% wiw) @ZO
2 CH,Cly, 11,12 h i H Goms
46a-g 47a-g
entry R4 RS yield (%)@
1 OTBDPS Et 63 (47a) TBDPSO._
2 OTBDPS Bu 57 (47b) :
3 OTBDPS Pr 62 (47¢)
4 OTBDPS Bu 69 (47d)P
5 OMOM Bu 72 (47e)
6 OBn Bu 70 (47f)
7 H Bu 75 (479)

4 |solated yields.
b13% of 48 was formed.

BUBRTIRN 2 &2, 46d WG G 23, BIVAERI E LT 7 PR 48 S EARM LT
WLZEPHA LT, ZOMENSIESND T 7 49 RO RIGHME % Scheme 4-6
2R, BT A SO E N-A XY NI LV AT FA ML TR DRFICR
LCALVT 4 UIBREBRET DL T2/ FAVFREREL, F0O%AE LT F A4
XL, AT NVDRBINA Y T T ORBEENREORTHZETT 7 F 48 3
T HEEZOND Y, ZORELY, BOINARUEREFLT 4 DY 7 m TR
ACBOSIEB RN A T = X LT2TF TR < O A F o HEPRIE 2 G ATEBBEN 2 A 1 = X b
THHA L TEITLTCND Z ERRE STz,

Scheme 4-6. Plausible Reaction Mechanism of the Formation of Lactone 48

TBDPSO TBDPSO x° TBDPSO._
. 0 :
N-oxide :
(j/\co By aux d/\EA“@ - °
2 AuX 7 >CO0,Bu Au
© O_ )0
X L
“
TBDPSO._ HX TBDPSO._ H
D
— HX X = SbFg

AuX
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HAE UV R[AA00TIT I B, BV rBLF T U BEEEORT

Ho, SHEITI, 1L5-mu A UEFDEEICR LT F A U EEOMIBEFE T, 8-AF v
¥/ U2 N-AFVN 45a REAESELZ LTy ru7a AR ETL, N v o
[43.0.0°71/ F o BHAE OV I n TR A BRINETHEL Z LIRS L2 Eizo
WTHk Tz, 22 CELRLAEHMATKEOIEREZBE L, R0 1,5-m 1L 1,6-=
AN OWTEE Y 7 a e ARG DO FRET R T o 7o, HEE A KA Scheme 4-6, 4-7
R,

SCERBEAUE A T D 39°V% 49 TT AF AL L, RIS E T THP % Biffi#+ 25 2 L ¢
T—L 80 AR LT, BoNT-T /L3 — 50 & Swam b L, A U7 LT R4
Ohira—Bestmann A3 TT /L% L~ & ZBHifh A F VT A7 V% LiAIH, TR T 52 & TT
a—)v 51 AR LT, E5IELNET IV a—LDOKERE % TBDPS TiR# L7-%.
nBuLi Z/EA SEHZ LICEVAELETEFY FIZH L, BocO #GEHHZET, 7

NFZNTRAF IV EER LT,

Scheme 4-6. Synthesis of 1,6-Enyne 52

CO,Me (a) 49, LDA, THF COMe op (©)(COCI;, DMSO, EtsN, 87%
-~
©/ (b) p-TsOH, quant. (2 steps) (d) Ohira-Bestmann Reagent
39 50 (e) LiAlH,4, 91% (2 steps)

HO TBDPSO
(f) TBDPSCI, quant. PN
Z | OTHP
d\/\\\ (g) Boc,0, nBuLi, 95% d\ \
CO,Bu
51 52
Reagents and Conditions: (a) 49, nBulLi, DIPA, HMPA, THF, —78 to 0 °C, 1 h; (b)
p'TsOH, MeOH, 0 °C, 1 h, quant. (2 steps); (c) (COCD2, DMSO, CH2Cls, —78 °C, 30 min;
then EtsN, 87%; (d) Ohira-Bestmann reagent, KaCO3s, MeOH, rt, 2 h; (e) LiAlH4, Et20,

0 °C, 5 min, 91% (2 steps); (f) TBDPSC], imidazole, CH2Clg, rt, 1 h, quant.; (g) nBuli,
THF, —78 °C, 1 h; then Boc20, =78 to 0 °C , 30 min, 95%.

ERBEEUE A Th D T 25 1 53"9% DIBAL-H T7 V7 b R~ & &5, Corey—Fuches
FLT 4 MEETHZETYTREA LT 4 54 BER LT, Bohizy7uetL >
42 541 Z%F L nBuli ZfEH S 72 F U F& L, Boc,O IS H5H Z & T, —E#A
L7 4R L OT VR AT AT LS5 AR LT,

72, CEREEAEA Y T 5 T a1 — L 562212 % LT Johnson—Claisen 8207 & 17\ 2 fR 35
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R LT AF Ve U, LiAlH, TEICL T Va3 — 57 #8 L-, O TELNTE
Tva—)L 57 % DMP. CBALL 7 VT & Rafgi-th, @A L 7 0 55 DGR E R
LT LI-Z@E#BA L 7 4 2 b 07 AR )L A5 )L 88 5 LT,

Scheme 4-7. Synthesis of Acyclic 1,5-Enynes 55 and 58

Br
- (a) DIBAL-H P (c) nBuLi, Boc,O
WA COEt — > N Br — > X
(b) CBry, PPhy 84% B
77% (2 steps) CO,Bu
53 54 55
Ph (d) MeC(OEt),, EtCO,H, 88%  ph (f) D.M.P., 90% Ph
)\/OH (e) LiAlH,, 91% MOH (9) CBr4,.PPh3, 88% )\/\
(h) nBuLi, Boc,0, 84% O, Bu
56 57 58

Reagents and Conditions: (a) DIBAL-H, CH,Cl,, —78 °C, 30 min; (b) CBr4, PPh;, CH,Cl,, rt, 30
min, 77% (2 steps); (c) nBuLi, THF, —78 °C, 1 h; then Boc,O, =78 to 0 °C, 1 h, 95%; (d)
MeC(OEt);, EtCO,H, 145 °C, 5 h, 88%); (e) LiAlH4, THF, 0 °C, 20 min, 91%; (f) D.M.P., CH,Cl,,
0 °C, 20 min, 90%; (g) CBr4, PPhs, CH,Cl,, rt, 30 min, 88%, (h) nBuLi, THF, —78 °C, 1 h; then
Boc,0,-78 to 0 °C, 1 h, 84%.

1,6-T A V82 %, ZVE CloiiEb SN @by 7 a7 a R AURIE O RIFIZIR L
LA LS A Y EEREHOBIERINER L, FTEO R 22 12[4.4.0.0715 7
V59 BRI TIHDERE R oTc(eq. 1), FEN 1 IRFBMK L, FIGRTHDI I N &
AT 4 UBELT DREEMET Lizlo®, £ < ORIRIESET LIEA R E KT L
EEZILND, CBHBA LT 4 E LD 1S5 V55 BEEE LTHWEESIE, B
Z[B10]~NF Y UERE LDV TR R 60 & T T R 61 BARINER TS S R
Ll oTr(eq 2), H2HIORERNEG, cis-12- fBHAL T 4 A H D 1,5-T A 2 47d I
Loy aTaRRE TS NARDOELS3: 1 ThY, ZE#lT LT 0 OF DR
F14:1 77 FUEROBIGHRMELTWD, ZOZEnb by 7 rraufhlizsnT
HF A EFRERER LTS ZERRBIND, £lo, LI-_#EH#EA L7 ¢ 58 & A&
BELUTHWESAIZIE, 77 Pl e3 idAEmEd, 7 aru/ k62 2 TiEE DL
RBCHLFERE R oT2(eq. 3),
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Scheme 4-8. Au(I)-Catalyzed Oxidative Cyclization of 1,6-Enyne 52 and Acyclic 1,5-Enynes

45a (3.0 equiv)

TBDPSO cHexJohnPhosAuCl (10 mol %) TBDPSO\_
AgSbFg (10 mo 1%) @
- eq. 1
[ MS 4A (200% wiw) - >0 ea ™
- H =
CO,Bu CHxCly, 11,6 h H ' CO,Bu
52 59 38%

45a (3.0 equiv)
cHexdJohnPhosAuCl (10 mol %)

AgSbFg (10 mol %)
= 6
M

CO,Bu

MS 4A (200% w/w)
CH,Cly, 1t,2.5h

(ea. 2)

45a (3.0 equiv)
cHexdJohnPhosAuCl (10 mol %)

Ph AgSbFg (10 mol %)

7

MS 4A (200% w/w)
CO,Bu CH,Cly, 1t, 4 h

58 62 52% 63 n.d.
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THEE ERAIXVVIUREARAZR L 75 =F NHC BiL 7 D%

F1HE PREER

FFEEC A A RH V) UEML T, 19 9 0OFICERLICE > THEESN Y, BHET
IARFABLONC BT 28 Al & UCHER - DM 28T D, £ 24F4
VU EERET DLFEIE AT A Z & THTERBREE b e A Y ) VAL
DES < B EN, BRa RBER AR FSOS PIICHWB T & 72 (Figure 5-1), %< OB A A
XY VBN T RHBRENTELEERE LT, AFFEERDLZFTI LTI ) T a—Ln
RIRCKEIZFAET D Z L. XYV U VEROMEEN S A SN TV D720 IR
BBBESTHDEZ &, MERNR T 7 A v F a0 ITRARTHDLZ LR EBETF LN
el

O\|/ O R1
L x
N N A +
% — 7%z HZNJ\/OH
R1 R?
bisoxazoline ligand Z =CN, CO,Me, COCI chiral aminoalcohol

(x = linker unit)

Ph </| r\g—Ph \?/ r\) T/C\kr \K(j\r
i : R
chiral semicorrin : Box PyBox
/ X
| / 3200
N o Lg L
T/WL> o o RN N__R'
N N N N /j’
R? R? 3 0
R1 R?
aza-Box DBFOX 64 65

Figure 5-1. Well-known chiral bisoxazoline ligands

FWARFBREZ T ERAXY ) UEALFIER, BRIEFORAL T LEF T2
WD, RFOKE ETHEERRIE LT NI 0, BT U F A RRMEES S DI
BRBKEHENELETDH I ERNEhoT, YEETIE, IV — L EXFTLE RS
FH U B 7D NNN BV —Ei - 66 (Cazbox) A& &R L. # D7 1 LAFERNRFH
BRI - 1L (NHK) SRS % U CEVEE 2R3 2 & & L LT % *P(Scheme 5-1), ¥ 7=
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Cazbox BLALF 66 73 7 12 LZxE U = JECHRENCHAL L TV D 720 BRI 5 < SOGHR E]
IWHENMMTETHLDER, ZOXIBRMWHIIERAAFH YU - L UTIIRE

CHE 2B CH Y | REICHBAIETHD EAL XYY —EEEROBITIEE A EMD
TR,

Scheme 5-1. Catalytic Asymmetric NHK Reaction utilizing Cazbox Ligand 66

Ph Ph
e oo
Cazbox (10 mol %) OH

N CHO  CrCl, (10 mol %)
(o] Ny H N//\O |\ AN X
l\< ] - Mn, DIPEA, TMSCI ||
N -~

R THF, rt, 12 h
iPr iPr

67
89%, 93% ee
66 (Cazbox)

199 142 Arduengo HIZ L » CTRHE SN N-~Ta¥ A7 U v 7 L~ (NHC)ED
T3, AR OE o fEEMEIZ L o TEBSRICH S L, B TRERRE
BT HZ s, EETEEFGEOREOENLT & UTHRAT ¢ BT & [FIARTE A
LN TN Y, BETHEIEDOBE T VF AR AT ¢ VBN TR AR TH Y |
B0 RS ARTEMEFR ST T 9 LB B 5723 NHC B 1 OB GIERIBRE TH D A I &
VU 7 K> NHCER(DEEAR R BN L E TH H 72O B LT E W FLER H
b, WMEEMLEL TH D,

UL EDBLENS, FEHIINHC Z/8y 7 R—210 % Co Wtk NCN = B+ % 7% 5F
L 7z (Figure 5-2),

— : NHC scaffold
I : (electronically tunable)

\\<N N\J ! bisoxazoline moiety

(sterically tunable)

Figure 5-2. Design of NCN chiral tridentate NHC ligand

REF L7 NHC B+ 27 Mt
O ZFEENLFTHDHTDERE EMEIIZEM L, ZRETH D,
Q@ AIFVVFUEMIOEELTALE TR LT, IARVOBFILGREEHEL B0
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&8 ORISR IS 5 ),

@ CHRHMEEZAL THDTcD, KSEBIRESRE SIVEREDO TEBES Th D,

@ RBICKBIZGETAHT I/ BEXFTIALT—LELTHWS Z L THERILERSIZ
U BOGSO@IR M 2RI 5,

Th b,

ZHVE T STV D AR F = NHC BfZf-1X. Sanchez H D71 ) U FFER & K5
JRIZ L7z NHC BMZ 7 67°9%0, Gade D F T A EAFFH Y & RFFIZ LI C &
PPl NHC BN T 687 3B R BITHh 528, Z0KIImH ThR, S612id, BAF
FH U UBREG I, D CoXHEL & DA F = NHC Bl 3B £ TICiE SN T
WV, ZOZEND L, FEFITRE LICEAL T ORI S HRIZHEKE B M AT -
77

X —
[/
|N/ /OD N\/N\[

N N ..CO,BU N~
[N>: v 7 Pr N\J
Mes Pr
67 68

Figure 5-3. Representatives of chiral tridentate NHC ligand
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%28 NHC-Ag(DEEE DA K

W NHC B FORIBMETH DA I XV Y U AEEGHRT D722,
O AIFY—NFEERE2BT LIV LT D,
@ TAFN, TV ENT VT I IR UCTIBIESRIE T, A0 B A F LV EEA

S, AIXVVTLEET D,

D2WY DFEBRHANLND,
SO TIEBHEESRGCTCOMBRULEL 725720 AF% U VBRNAHET 2BERH -7,
T THHEUETRIGPITADQ% 6NV — e LTEHT 22L& L, filROR X
A IES =T LT, (8- ) —ind 2 TIRTABRLIZASAARSF VY 69 %K
JE & D Z & C 70 #4572 (Scheme 5-2), L2 LARAS S 70 12x19 % 2 FEB O 7 V% MALIXET
FOERAAXRY ISV E2FGTEHAIXZVULE 73 2523, %3V VERPHEL
EAE RrXo 7 I R 72 MMRICR CAERT DR L e ofz, BEREKSMH T T
IREITSTHA XY U VEBEBOMRIIBSZENTET, 1 ZHOAIX YU 7 LHE
BOERIIHETH D Z ERRES T,

OMs Br

i i\ //} §:?
70 70 @ )
N N \—
(a) \J § ? (b) @ ® Br ® Br
PP 69 NN pi 71 NN NN
My -, OJ BS 5 L 10
NaH, THF o~ PhMe, reflux NH HN O SN N7
No N 5200 N v A
- HO = OH
PP Pr Pr Pr Pr
70 72 (22%) 73 (0%)

Reagents and Conditions: (a) 69, NaH, THF, rt, 2 h, 70%; (b) 71, PhMe, reflux, 24 h, 22%.

ZZTIRNERREN LG LN EAL Faxy 7 I RIE 72 o OEE R ATz, PBr; &
A2 07 0w @R CTHIT L, Y7 ek 14 2 EEBMICET, Fid. HEEL2 M
We YT aER 74 DOOFFY VY S, FEx OS(.e. DIPEA, KHMDS, DBU,
NaOH)Z R AT, FTLEDA LX) UL 13 1350 THREN N MT DERE -7,
FORTHEARME LTT0 3ER LTS Z ENHARYO 'H NMR THEGR S NT-,
ZAUSER LT 713 OA I XY — VLA XV Y VIREEFE L TWAAF LU, &
B L > TREBBEZZIT THDTOTHLIEBZL2 T, Thbb, A 14V ) UAE
T3 IREEANCX L CHERICARALETHD ZEPHEESND, ZOMEE RIS H72DI2%E
ik, XYV CVREABETHEREE UTBLEEHWD Z L2 Rnony,
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22 S A I FY VU LN DIROEER~DER L A XH U VBEROHEEE L RIRFIZ
152 RTENE, REERPEAEEZZEAE T, NHC-AgD)FER L LTHDLIZ LR TE
LOTIERVINEBZBZTINDTHD, HREEZHW AT YU VROMBEL, BEALR
5 LT AgOTE & AV 2 &4F VR m 6 T D38, BB T b B SOUS M MEITS 25 7
IR ThoTe, BRI LIL, VT EEMR T4 LT MS4A, 5 4 EOMIIEFIE T,
40 °C T1 R LI L 2 A, BAL L8 RBUG S RIRFIZHETT U, IR 86% T B A 4 %
VU VR EAT D NHC-Ag(DEE K 75 O G k2 L 72 (Scheme 5-3),

Scheme 5-3. Synthesis of C,-Symmetric NHC-Ag(I) Complex 75

R S &

N._N N_. N

[ s \> (a) PBrg I % \K (b) Ag,0, MS 4A /( TI \>\
— —_—> - =
O"MH HN O guant. 07Ny pN O 86% O™y A8 N7TO
N N \\< B\
HO N OH Br N Br N
Pr Pr Pr Pr Pr Pr
72 74 75

Reagents and Conditions: (a) PBr3, (CH,Cl),, 50 °C, 12 h, quant.; (b) Ag,O, MS 4A, (CH,Cl),,
40 °C, 24 h, 86%.

V7 1R 74 75 NHC-Ag(DESR 75 BERFAETH D Z LR b7 DT, GRkiRE
DFE RLE LA 1T -7 (Scheme 5-4), WA HIZE o CHEIN-TE D52 %BE L, EAT
SRT A=V T2 EENETERT A Z EIZRP Lz, & 5612 Scheme 5-3 (278 L7z ik
IZHEWV, NHC-Ag(DEER 75 ZTHIRD RV XA 2 X — N in BRAILER 52% CH 5 Z L IZakizh
Ue, ARBFGEIZ & o THESL X417 NHC-Ag(DESTR 75 DA RV — b ik, SRS & Fr< &
TOTRERE T T LA —VTITH ZERFARETHY . ELV U D TFNAT A0~ T T
T4l K HREHIL RETHD 76 BT HED LEDRTHLHTZD, AT—NT v
TIZHE LT D ThH D,
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Scheme 5-4. Modified Scalable Synthesis of NHC-Ag(I) Complex 75

? Pr 7N ? Pr Q o
j\ @ B L Aon = o B L A _oH ® Br

. H 76 ‘N H 76 SN N
N. NH KOH, 72% o 1,4-dioxane, 100 °C o o)
S gram scale HN 84% NH HN
filtration ‘\‘/\OH gram scale HO/\< : \OH
Pr filtration Pr Pr
77 72
7 N\ o
— Br
@N N A N N
(c) PBrg 4( Ny (d) Ag,0, MS 4A — ~
- > _— >
quant. @) NH HN (0] 86% O/\\N Alg N//\O
grfa;m scale /\< (N 500 mg scale K( Br \J
rat 'mg .
Hration Br Pr iPr Br filtration Pr iPr
74 75

Ragents and Conditions: (a) 76, KOH, MeCN, rt, 12 h, 72%; (b) 76, 1,4-dioxane, 100 °C, 12 h,
84%; (c) PBr3, (CH,Cl),, 50 °C, 12 h, quant.; (d) Ag,O, MS 4A, (CH,Cl),, 40 °C, 24 h, 86%.
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%3 NHC-CrIDSEA DAk & X Bk g Emir

EO2ETEARIZL I, EHZI ALY U UERE L ORF ZJE NHC-Ag(DEE KR 75
DRI BV — - OWESLICER T U2, NHC-Ag(DS AL, ks BB AR L hT A
AT BT, BRESRBREROARRAMETH S, #H1E TR L HIZ, Y
S TR X 72 Cazbox BOAL 7 66 1%, 7 = b & SRENCENL URERSSER AR L, £2%
DEEARIIAF NHK UG U TERWAFFEEL T, £ I T, ABSETER L7 NHC
SEARDORETEE A R N3 72, BT VRN E UTARE NHK G ERAD Z L2 Lz,

&9 NHC-Cr $5E DA I DWW CHLlR 5, RIHEHESRIAS T NHC-Ag(D#5 4 75 & CrCl,

ETHETICRAOILEWENE T, 2RMAGRERBME L, MGEREE A

Mg, >3 — b BT A THERM L NHC-Cr 8548 & IR 22% T HEE U 72 (Scheme 5-5), 1535
NIZROEREAOEEIImD TREBERE . ~F B A F L R THEREIT
L TCRGICHR PG LN, 50T BRI LT X MRS ST 2T o7 & 2
AL CxIFEE AT D M0 7 v LEER 78 Th 5 Z & 3R 47z (Figure 5-4), =Aflid
71 LEERPEL N0, BOEEERE D T A X X AL TE Uiz NHC-Cr(D)$E A 23
AgBr ZBILT AT TIIR W EBZ TS, RIGHIZAE UL BAOWEMIZ. AgBr 73
BILEINDGZEICL - TERLIEEED Ag THhDH EEbNS, $hrubiiko7Teh
MALIZRBFERY B FELTREALTWDZENDL L ZOHESRKEFEND, T72bbA
G4 U7z NHC-Cr(IDE5 1R 78 (&, Bt 5O E W NHC BENL L TWA O/ 2 ADE
FEENRES>TEBY, MOEBILHERLIEEBZ LD,

Scheme 5-5. Synthesis of NHC-Cr(III) Complex 78

. Q
CrCl, (1.0 equiv)

o/\( \,L THF, 2h, 22% //CIY \>\
RS o

Pr o iPr Pr iPr:

75 78

71 LEER 78 (X orthogonal D FEERAEEZ & - Tl VB AIFDRIEIZ /2 > TWWD T2,
Ko ZEBRIIK LT CTRERSER ThH oo, FRUALIZ =V EAdFH Y %
BET D AF VAT BHERRE WD, AF PV = n bR A I H Y —

MZE > TR END 6 BBRITEATLBIRTHD Z L3RSz, EFOHMDIRY TiX
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%7 L NHC BeAL 73BN U7z Cr S iRiZ e E Clomon T 59, RIFFRIZ L AEHN
OB THD, FOTOIRIEE CTREETH > T- REFNICDITZ A A REENRH Y | F DRH
72 5 MUETE IS E I LTV D,

Figure 5-4. ORTEP of 78 (50% probability level).

Selected bond lengths (A) and angle (deg): Cr2—C15 = 2.061(12), Cr2-N7 = 2.079(10), Cr2-N9 =
2.087(10), Cr2—-Brl =2.368(3), Cr2—Cl13 = 2.354(3), Cr2—-Cl4 = 2.350(3); N8-C15-N10 = 107.1(10),
Cr2-C15-N8 =127.4(9), Cr2—C15-N10 = 125.4(9), C15-Cr2-N7 = 86.6(4), C15-Cr2-N9 =88.7(4),
C15-Cr2-Brl = 85.8(3), C15-Cr2—CI3 = 83.6(3), C15-Cr2—-Cl4 = 179.0(3), N7-Cr2-N9 = 174.8(4),
Br1-Cr2—-Cl13 =169.40(13).

LUy ARk L7ZNHC-Cr(I#5 A 78 %4 AWV 7= A ANHK i 1d, EF OWIFIIK L, <
HEAT U 72025 72(Scheme 5-6), &% & < NHCENL 7D @ WE TGO =07 1 AOE#
EREEY, v B AL ACH(ID)~DBETRET LRV TH D EHEZR L TW5, AgBr
BAGITBITLEND Z EE, EIRERTICA T TWAD L E X 50 ANHC-CrIldE 4 1315 D
THRVIEITL N 2R 2 E BRI TE 525, Cr(I)/Cr(D) DB LR TTEM A K E W=, 12
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Cr(I)~DEITLIIHEEIZ R > TWNDHEEBEZ OND, ZORREXFFT 5T 22557120,
NHC-Cr(II$& K780 A 7 U » 7 R4 o A | U —(CV)DRIE % 1T - 7=(Figure 5-5),

Scheme 5-6. Attempted Asymmetric NHK Reaction with NHC-Cr(I1I) Complex 78

2
\— /\/BI'

OH
/(CI Y \>\ | %CHO Cr complex 76 (10 mol %) « N
SN Mn, DIPEA, TMSCI |
\\< CIB / THF, 1t, 12 h
N.R.
Pr /Pf 67
78

FORR, ZORME T CIREICHEITBIN S, A AR m b & IR AR g 1D
FTOBAE NIz, BAED L Z A, AW RBLIHEIECAV)/Cr(I)D v Ry 7 A% R L TWA &
HEER L THY ., ZOMILEITLENIZE » =+ 0.383 V vs SSCE (in CH,CL) TH %, Z D H I
Mmﬁmm%mmﬁmﬂwmmm@%MEﬁ%47»@%%%%MﬁmmLﬁﬁ%f%é
ZLERERTLLDOTHY | BET LY FEMARCVOREIE & NHC-Crét R 78D Cr(1V)/Cr(II) D
fbE e A 7 VEFIAT 5 O5 2 BEt T Th 5,

<
= 05 — 0.339 [V]
=
=
=
d
5 0.0
(@]
-0.5

0.426 [V]
1.112 [V]

| | | |
1 0 =1 -2

Potential [V vs SSCE]

Figure 5-5. Cyclic voltammogram of 1.0 mM CH,Cl, solution prepared from 78
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B AE NHC-PHIDgEE. PAADEEADER L 1,5-2 0 4 VBRILEMIERIGE~DE A

ZEERAL TR, 3OOEBORMGE HD AT, MRS EIT O LTI E oS
EFRETDIENTED, T7ROLEY 5 2 RIEEBBRELZE ST 2 & CRDERED 5
A WD ZER=ZFEEA T EAWLREO 1 2THY | Mifs&itoar v 7 FTh
B, FOTDEZERN X, < ORI E b OB TOaE & AN L < WIZEAL
G0l MR oS RIZ L TiE, 0% < ORMEE HA L TLE S oot
ERTIHETLESIZERH D,
AR B THIFE U 7o Coxt PR = R BA AL D Re M & e KERIE 22371213, v & 2
DOFFH VY CREML UTAREE CRUSHET T 2 MERH D, 0 L 5 et R X
O @wE MO RBHEEE TS
@ HFA UM L TRBIIZZE E OFNEE DL D
2HYBEZOLND,
O 3E TR LIz &k 972, =407 v L8R E VT SORR RV E LTHET LN D,
—77. QDX RAFFMMEEZROLEOGRE LTR, TAT o7 s s e EH b

ERtEfl s L COWEAREZOND, ZHULDBAEND ., TAT 0T AV F L EIEE
B3 Z ERMmEN TS, PAIDEEE & Pt K DA 5% 1T - 72(Scheme 5-7),

NHC-PA(IN#ER 79 1%, NHC-Ag()E&A 75 & (MeCN),PdCL, ¥ b A F L > th¢1 Hig#k
THIET, AR TERTE D ZERb oz, E5072 NHC-PAIDEER 79 (34 Mk
DIEFIE L L X M G AT I E Y R R OERUTIBTED & T AR LT,
LU A 5, 79 D 'TH NMR A2 R U G427/ LTV 5 Z &0, BN
1 2O%A A2 & UTIFEHE LT 5 square planer BUIE / 71 F A4 /R8T 20 LEERD &R
MDD HENBIEZF OB TH L LHHI L Tnd, —J7, NHC-PIDFER 80 X
NHC-Ag(I)#&{& 75, PtCl,, NaBF, % THF 1 C1 BT 252 & C, KILETIEH L D68
TE DI LENbolz, B5NTZHIK 80 1% PAIDFER 79 & FREICH RIENSE S | X Bk
PSSR I X AL OWE R TE o7, 'THNMR 222w Co 5 Fih 4 7% L
THY FNMR A2 L THE-150 ppm 13T 150 E— 27 2381 & 7172, % 72 ESI-mass
DFERD LRI D1 OHFEELTWD ZEPRRBENTZ 720, EEROMBETT 7 70
Fu R b — FRRA A UTTIHELE L T 5 square planer BUE / B F A 8K CH 5 &
EZHND,
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Scheme 5-7. Synthesis of NHC-Pd(II) Complex 79 and NHC-Pt(II) Complex 80

/\G) o
7: :<BF4

—\ cl
N__N N__N
MeCN),PdCl b) PtCl,, NaBF
75 (a) (MeCN),PdCl, /(Gﬂl/ )\ 75 (b) PtCl,, NaBF,4 /(\/@jl/ )\
Q7 NN O 0" N--Al-NT 0
‘\< ca H ca

CH,Cl,, 98% THF, 27%

Pr PP Pr o Pr
79 80

Reagents and Conditions: (a) (MeCN),PdCl,, CH,Cl,, 1t, 24 h, 98%; (b) PtCl,, NaBF,, THF, rt, 24
h, 23 %.

AR U7z NHC-PH(I)3E (A 80 % H T 1,5- 0 A o 81125t U CBAL RMAV RS 21T - 72
(Table 5-1), FDfER. € B FAUHEHEERE RS EIZE, KNEE<ET LR
7273 (entry 1), 10 mol % AgBF, Z ¥ LY H F A M PrIDSHA & Uiz & 2 A, 48 IFfE#
NI SERITIER U, IR 82%, 19% ee THIED Y 7 7 u /X (K2 BNEonsd Z &
FRH U, ZORERID ., &5k L7z NHC-PIDSEAK 80 1 1,5-= > 1 VB BMAL % %0 5
BNZARIEE S 2 Z E R0 E T EPER NS OO RFFEEE T~ T Z EARH SN,

Table 5-1. Attempt to Asymmetric 1,5-Enyne Cycloisomerization

80 (10 mol %) 9)

OH Ag salt
= S
A OTBDPS CHyCly, 48 h OTBDPS

81 82
entry Ag salt (mol %) yield (%)2 ee (%)°
1 - N.R. -
2 AgBF, (10) 82 19

2 |solated yields.
b Ee was determined by HPLC analysis.
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HOE R

AR ORI E U TS T 5.

O S TN 7 o a0 ABRG(CAIMCPY 2 & 5 IR B EE, By 7 1[3.3.1]/ F
VERKE Y7 2[4.3.0] ) TR E IR - mm o F ARIRICE D kA
P UTe, F iz X MRS aR S ST 24T AR LR BL B O E 2170 TR S5 UG
M- ROSEBIRE A R LT,

Bn Bn
° I I ©
N O
O] Pr (15 mol %) Pr 24| __OMe
Nzg/ (MeCN),CuPFg (10mol %)  O- >
4 6 °
PhO,S"MeO H,0 (10 equiv) PhO,S
PhMe, 80 °C, 12 h
14a 15a 79%, 84% ee

Bn Bn

x5

TIPSO OMe - TIPso—, 9Me
0 (15 mol %) o
N2§/ (MeCN),CUPF (10 mol %)
MesO,S MeO MS 4A (200% WW)  MesO.S OMe
PhMe, 80 °C, 24 h 2
14b 16b 79%, 93% ee

@ MBI LEFRCLVBLRLE Y Y 2[33.1] F Ul se v, SiFEET
Z 2 IR TOE M ERK 41T 72 nemorosone, garsubellin A, clusianone, hyperforin
DERHFREE~EFEERE L CES Z LTl L, BEARFL2ERE#ER LT,

O O
\ OTIPS A\ OTIPS
< N nemosorone
MeO . MeO ' —>  garsubellin A
7 I 7 N — clusianone

~o (o} hyperforin
PhO,S

ent-15a (84% ee) 4 (R =Me)

5 (R = allyl)

® HBFAEEOMEELE 8- AF XY v N-AFT FEROEB(LHY 7 a7 aRy
BB EFI L. SR TFIRT Y 27 2[43.0.07) ) F ok r 4T 5 FiE4
B3 LT,
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~
-~ (3.0 equiv) R2
R2 N® h
00 @o (4-MeOPh)3P (R = H)
A m1 LAUCVAGSHFG (10 mol %) e L=

DH o cHexJohnPhos (R = ester)
up to 75% yield HOR
R'=H or ester

FElZR, EXAARY Y VBRERT D CoxPRMEASE = NHC BifZ F Dk Er - G A
A ANIE D% NHC-Ag(I)%{ZIK@é\EEw~ MABEFE Lo, AR TR ST ARV —
MEIU BTN a~ w77 4=l LA E 1B LM EE LW KE
BAZIE LT 5, & HIZ, NHC-Cr(l)#E AR, NHC-PA(IDFEAR . NHC-PH(IDFEIE DA AL
ZALE) U NHC-Cr(IIDEE Iz DWW T X BB E R 2179 2 L TE Dy G % 58
SN ULz, 72 NHC-PHIDEEERDS 1,5-0 0 A VU EALEMAIZT U CE Ol
EMERTZ LR AN L, =7 U F BRGNS OO REFEEL T I & D
REN, REMELLE LTORNHY 2HHAT,

N Q% Q%a

Q 5 overall steps I N T( N Y
N NH 2 vt el O n 4 oo 0(‘“ lo o 10 of
K\ = ‘\< CIBr‘ \ CI \J K< CI
Pr Pr Pr  Pr Pr
75 78 79 80

OH 80 (10 mol %) 0o

AgBF, (10 mol %)
=
A OTBDPS CH,Cl,, rt, 48 h OTBDPS
82%, 19% ee
81 82
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General Information.

'H and *C NMR spectra were recorded on a JNM-ECS400 (400 MHz) spectrometer. 'H and "C
chemical shifts are reported in parts per million (ppm) downfield from tetramethylsilane (TMS, 6
scale), using residual protonated solvent as internal standard (CDCl; at 'H: 7.26 ppm, BC: 772
ppm). The following abbreviations were used to explain the multiplicities: s, singlet; d, doublet; t,
triplet; q, quartet; m, multiplet; band, several overlapping signals; br, broad. IR spectra were
recorded on a Thermo Fisher Scientific Inc. Nicolet 6700 FT/IR using an attenuated total
reflectance (ATR) attachment. Optical rotations were measured using a 2 mL cell with a 1 dm path
length on a JASCO DIP-1000. X-ray crystallographic analysis were performed with a Rigaku
R-AXIS RAPID II and RAPID-F. Mass spectra were recorded on a Thermo Fisher Scientific Inc.
Exactive Plus Orbitrap Mass Spectrometer (ESI or DART). All reactions were carried out under an
argon atmosphere with dry, freshly distilled solvents under anhydrous conditions, unless otherwise
noted. All reactions were monitored by thin-layer chromatography carried out on 0.25 mm E.
Merck silica gel plates (60F-254) using UV light as visualizing agent and phosphomolybdic acid
and heat as developing agents. E. Merck silica gel (60, particle size 0.040-0.063 mm) was used for
flash chromatography. Preparative thin-layer chromatography (PTLC) separations were carried out

on self-made 0.3 mm E. Merck silica gel plates (60F-254).

Materials.

Et,0 and THF were distilled from sodium/benzophenone ketyl. DMF was distilled prior to use.
PhMe and 1,4-dioaxane were distilled from sodium. MeOH was distilled with a small amount of
magnesium and I,. CH,Cl,, MeCN benzene and DMSO were distilled from CaH,, and all other
reagents were purchased from Aldrich, Wako Pure Chemical Industries, Ltd., Tokyo Chemical

Industry Co., Ltd., or Kanto Chemical Co. Ltd.
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Fo2E LU u[33.1]/ F B0 R F A RIRIE R RO B

8-benzoyloxy-2,6-dimethoxy-1-[(triisopropylsilyloxy)methyl]-tricyclo [4.3.0.05’7] nona-2,8-diene
(6)

MeO
TIPSO

MeO™ :

OBz

To the stirred solution of [CuOTf], - PhMe (4.8 mg, 0.00928 mmol) in PhMe (0.2 mL)
was added L2 (7.4 mg, 0.0278 mmol) in PhMe (0.8 mL) via cannula and at room temperature for 1
h. The resulting solution (0.14 mL, 10 mol % of Box-Cu complex) was added to the stirred solution
of diazoketone 2 (10.5mg, 0.0257 mmol, 1 equiv) in PhMe (0.3 mL) via syringe at 0 °C and stirred
at room temperature. After the starting material was consumed, the reaction mixture was quenched
with 30% aqueous NH4OH solution (1 mL), and the aqueous phase was extracted with Et,0 (2 mL
x 3). The combined organic phase was wased with brine (5 mL), dried over Na,SO4 and evaporated.
To the crude cyclopropane in THF (0.3 mL) was added KHMDS (0.5 M in PhMe, 1 mL, 0.05
mmol, 2.0 equiv) at 0 °C and stirred for 30 min. To the reaction mixture was added BzCl (0.015
mL, 0.13 mmol, 5.0 equiv) and stirred at 0 °C for 30 min. The reaction mixture was quenched with
30% aqueous NH4OH solution (1 mL), and the aqueous phase was extracted with Et,0 (1 mL x 3).
The combined organic phase was washed with brine (2 mL), dried over Na,SO4 and evaporated.
The residue was purified by preparative TLC (hexane/ethyl acetate = 10/1) to afford 6 as a clear oil:
R;= 0.26 (hexane/EtOAc = 10:1); 'H NMR (400 MHz, CDCl3): § 8.10-8.03 (m, 2H), 7.60-7.55 (m,
1H), 7.49-7.42 (m, 2H), 4.99 (d, J = 1.8 Hz, 1H), 4.70 (dd, /= 7.3, 1.8 Hz, 1H), 4.23 (d, /= 9.6 Hz,
1H), 4.14 (d, J = 9.6 Hz, 1H), 3.48 (s, 3H), 3.31 (s, 3H), 2.67 (ddd, /= 16.9, 9.2, 7.3 Hz, 1H), 2.43
(dd, J=8.2,1.8 Hz, 1H), 1.90 (ddd, J = 16.9, 2.3, 1.8 Hz, 1H), 1.79 (ddd, J=9.2, 8.2, 2.3 Hz, 1H),
1.14-1.03 (m, 21H); >C NMR (100 MHz, CDCl3): § 164.0 (Cq), 159.1 (Cq), 148.4 (Cq), 133.5
(CH), 130.2 (CH), 129.7 (Cq), 128.7 (CH), 110.6 (CH), 95.0 (CH), 61.9 (CH,), 57.3 (CH3), 55.0
(CHa), 53.2 (Cq), 35.4 (CH), 27.3 (CH), 19.6 (CH,), 18.3 (CH3), 18.2 (CH3), 12.3 (CH); IR (ATR):
Vimax 2940, 2865, 1741, 1642, 1451, 1263, 1110, 1065, 706 cm™ ; HRMS (ESI): [M+Na]" calcd for
CogH4005SiNa: 507.2537, found: 507.2534; [(I]Dzl +6.0 (c 0.050, CHCl; (42% ee)); ee was
determined by HPLC analysis (230 nm): Daicel Chiralpak IA-3 0.46 cm¢ x 25 cm (hexane/iPrOH =

100/1, flow rate = 0.5 mL/min), R : 11.3 min (minor enantiomer), 12.6 min (major enantiomer).
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2-[2,6-dimethoxy-1-((triisopropylsilyloxy)methyl)cyclohexa-2,5-dienyl]acetic acid (13-1)

MeO
TIPSOJEQ

: OMe
SCOo.H

To the stirred solution of NaClO; (2.97 g, 32.8 mmol, 1.5 equiv.) and NaH,PO4 (5.25 g,
43.7 mmol, 2.0 equiv.) in H,O (145 mL), THF (70 mL) and 2-methyl-2-butene (70 mL) was added
‘BuOH (145 mL) and 12 (8.06 g, 21.87 mmol, 1.0 equiv.) at room temperature, and stirred for 12 h.
The reaction mixture was diluted with Et,O (200 mL) and quenched with saturated aqueous NH4Cl
solution (100 mL), and the aqueous phase was extracted with Et;0O (100 mL x 3). The combined
organic phase was wased with brine (200 mL), dried over Na,SO4 and evaporated. The residue was
purified by flash column chromatography (hexane/ethyl acetate = 2/1 to 1/1) to afford 13-1 (6.64 g,
79%) as a white solid:
R¢=0.10 (hexane/EtOAc = 4:1); mp: 109.3 °C; 'H NMR (400 MHz, CDCl): 6 4.82 (t,J= 3.7 Hz,
2H), 3.77 (s, 2H), 3.51 (s, 6H), 2.77 (t, J = 3.7 Hz, 2H), 2.56 (s, 2H), 0.99 (brs, 21H); °C NMR
(100 MHz, CDCls): 6 175.9 (Cq), 152.4 (Cq), 94.4 (CH), 65.2 (CH,), 54.5 (CH3), 48.4 (Cq), 36.7
(CH»), 24.2 (CHy), 17.9 (CHj), 12.2(CH); IR (ATR): vmax 2940, 2864, 1698, 1462, 1203, 1158,
1125, 780, 680 cm'l; HRMS (ESI): [M+Na]+ calcd for Cy0H3605SiNa: 407.2224, found: 407.2226.

2-[2,6-dimethoxy-1-((triisopropylsilyloxy)methyl)cyclohexa-2,5-dienyl]acetic acid methyl ester
13)

MeO
TIPSOJ:Q

: OMe
~co,Me

To the stirred solution of 13-1 (5.75 g, 14.95 mmol, 1 equiv.) and K,CO3 (4.13 g, 29.9
mmol, 2.0 equiv.) in acetone (50 mL) was added Me,SO4 (2.13 mL, 22.4 mmol, 1.5 equiv.) at 0 °C,
and the resulting reaction mixture was stirred at room temperature for 12 h. The reaction mixture
was quenched with saturated aqueous NH4Cl solution (30 mL), and the aqueous phase was
extracted with EtOAc (40 mL x 3). The combined organic phase was washed with brine (50 mL),
dried over Na,SO4 and evaporated. The residue was purified by flash column chromatography
(hexane/ethyl acetate = 50/1) to afford xx (5.73 g, 96%) as a colorless oil:

R; = 0.55 (hexane/EtOAc = 4:1); '"H NMR (400 MHz, CDCLs): & 4.80 (t, J = 3.7 Hz, 2H), 3.77 (s,
2H), 3.56 (s, 3H), 3.50 (s, 6H), 2.77 (t, J = 3.7 Hz, 2H), 2.52 (s, 2H), 0.99 (brs, 21H); °C NMR
(100 MHz, CDCl3): 6 171.8 (Cq), 152.6 (Cq), 94.0 (CH), 65.1 (CHy), 54.5 (CHs3), 51.3 (CH3), 48.5
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(Cq), 36.6 (CH,), 24.2 (CH,), 18.0 (CHs), 12.2 (CH); IR (ATR): Vimax 2943, 2865, 1741, 1699, 1464,
1200, 1153, 1126, 883 cm’'; HRMS (ESI): [M+Na]" caled for C,;H;gOsSiNa: 421.2381, found:
421.2378.

1-[2,6-dimethoxy-1-((triisopropylsilyloxy)methyl)cyclohexa-2,5-dienyl]-3-(phenylsulfonyl)pro
pan-2-one (14a-1)

MeO
TIPSO 2

I OMe

-\ﬂ/ SO,Ph
o}

To the stirred solution of methylphenylsuofone (631.0 mg, 4.02 mmol, 1.3 equiv.) in
THF (20 mL) was added "BuLi (4.93 mL, 1.63 M in hexane, 2.6 equiv.) at 0 °C. After stirring for
30 min, the solution of 13 (1.23 g, 3.09 mmol, 1.0 equiv.) and HMPA (2,6 mL, 15.5mmol, 5.0
equiv.) in THF (5§ mL) was added to the resulting yellow suspension at 0 °C, and stirred for another
30 min at 0 °C. The reaction mixture was quenched with saturated aqueous NH4ClI solution (20
mL), and the aqueous phase was extracted with EtOAc (15 mL x 3). The combined organic phase
was washed with brine (30 mL), dried over Na,SO4 and evaporated. The residue was used without
further purification:
R¢ = 0.27 (hexane/EtOAc = 4:1); mp: 113.3 °C; '"H NMR (400 MHz, CDCL3): & 7.87-7.83 (m, 2H),
7.67-7.61 (m, 1H), 7.56-7.50 (m, 2H), 4.78 (t, /= 3.7 Hz, 2H), 4.11 (s, 2H), 3.71 (s, 2H), 3.48 (s,
6H), 2.77 (s, 2H), 2.61 (dt, J = 21.5, 3.7 Hz, 1H), 2.44 (dt, J = 21.5, 3.7 Hz, 1H), 0.96 (brs, 21H);
*C NMR (100 MHz, CDCl3): 8 196.8 (Cq), 151.9 (Cq), 139.0 (Cq), 134.1 (CH), 129.2 (CH), 128.6
(CH), 94.8 (CH), 67.1 (CHy), 65.1 (CHy), 54.5 (CH3), 48.8 (Cq), 45.1 (CHy), 24.1 (CHy), 17.9
(CH3), 12.1 (CH); IR (ATR): Vimax 2940, 2864, 1709, 1697, 1309, 1164, 1130, 780 cm™; HRMS
(ESI): [M+Na]" calcd for C7H4,04SiSNa: 545.2364, found: 545.2364.

3-diazo-1-[2,6-dimethoxy-1-((triisopropylsilyloxy)methyl)cyclohexa-2,5-dienyl]-3-(phenylsulfo
nyl)propan-2-one (14a)

MeO
TIPSO}
OMe
\[(])/,f\lzsogph

To the stirred solution of crude 14a-1 and TsN3 (792.2 mg, 4.02 mmol, 1.3 equiv.) in
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MeCN (20 mL) was added K,CO;5 (1.11 g, 8.04 mmol, 2.6 equiv), and stirred for 2.5 h at room
temperature. The reaction mixture was washed with aqueous 2N KOH solution (two times), and the
aqueous phase was extracted with Et,O (20 mL x 3). The combined organic phase was washed with
brine (30 mL), dried over Na,SO4 and evaporated. The residue was purified by flash column
chromatography (hexane/ethyl acetate = 15/1 to 6/1) to afford 14a (1.44 g, 87%, 2 steps) as a pale
yellow solid:

R¢ = 0.44 (hexane/EtOAc = 4:1); mp: 112.8 °C; '"H NMR (400 MHz, CDCL3): & 8.03-7.99 (m, 2H),
7.65-7.59 (m, 1H), 7.55-7.49 (m, 2H), 4.65 (t, /= 3.7 Hz, 2H), 3.69 (s, 2H), 3.42 (s, 6H), 2.64 (s,
2H), 2.61 (dt, J=21.1, 3.7 Hz, 1H), 2.44 (dt, J = 21.1, 3.7 Hz, 1H), 0.96 (brs, 21H); *C NMR (100
MHz, CDCls): & 185.2 (Cq), 151.5 (Cq), 142.1 (Cq), 133.9 (CH), 129.1 (CH), 128.1 (CH), 94.7
(CH), 65.1 (CHy), 54.3 (CHs), 49.4 (Cq), 40.3 (CHy), 24.0 (CHy), 17.9 (CHs), 12.1 (CH); IR
(ATR): Vi 2941, 2864, 2129, 2118, 1697, 1662, 1332, 1146, 725 cm™; HRMS (ESI): [M+Na]"
caled for Cy7H49O6N,SiSNa: 571.2269, found: 571.2268.

3-diazo-1-[2,6-dimethoxy-1-((triisopropylsilyloxy)methyl)cyclohexa-2,5-dienyl]-3-(mesitylsulf
onyl)propan-2-one (14b)

MeO
TIPSO,
! OMe
T s0,Mes
N
0 2

Compound 14b was prepared from compound 13 in 29% yield (2 steps) according to
the preparation method for compound 14a:
R¢=0.69 (hexane/EtOAc = 4:1); '"H NMR (400 MHz, CDCls): § 6.94 (s, 2H), 4.73 (t, J = 3.7 Hz,
2H), 3.66 (s, 2H), 3.43 (s, 6H), 2.69-2.57 (m, 4H), 2.63 (s, 6H), 2.59 (s, 3H), 2.29 (s, 3H),
1.01-0.90 (m, 21H); C NMR (100 MHz, CDCly): & 186.0 (Cq), 151.6 (Cq), 143.7 (Cq), 140.7
(Cq), 135.1 (Cq), 132.2 (CH), 94.8 (CH), 65.1 (CH,), 54.4 (CH3), 49.2 (Cq), 40.6 (CHy), 24.0
(CHp), 22.8 (CH3), 21.2 (CH3), 17.9 (CH3), 12.1 (CH); IR (ATR): vimax 2941, 2122, 1655, 1328,
1130, 805, 674 cm'l; HRMS (ESI): [M+Na]+ caled for C;30H46OsN>SiSNa: 613.2738, found:
613.2737.
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(1S,5R,6R)-2-methoxy-7-(phenylsulfonyl)-1-((triisopropropylsilyloxy)methyl)-bicyclo[3.3.1]no
n-2-ene-7,9-dione (15a)

MeO
Jj; Bn Bn
TIPSO _A_ o T)/ o
| f\)
N N

-

:0¢ /
N soph “Pr
O

L3

L3 (24.4 mg, 0.0584 mmol, 15 mol %) and (MeCN)4CuPF4 (14.5 mg,
0.0389 mmol, 10 mol%) in toluene (7.6 mL) was stirred at room temperature for 1 h. To the
resulting blue suspension, H,O (0.075 mL, 10 equiv) and 14a (199.8 mg, 0.374 mmol, 1.0 equiv)
was added and stirred at 80 °C for 12 h. After reaction was completed, The reaction mixture was
quenched with saturated aqueous NaHCO; (5 mL) and the aqueous phase was extracted with
EtOAc (5 mL x 3). The combined organic phase was washed with brine (10 mL), dried over
Na,SO,4 and evaporated. The residue was purified by flash column chromatography (hexane/ethyl
acetate = 10/1 to 6/1) to afford 15a (149.5 mg, 79%) as a pale yellow foam:
R; = 0.24 (hexane/EtOAc = 3:1); 'H NMR (400 MHz, CDCls): & 7.86-7.80 (m, 2H), 7.73-7.67 (m,
1H), 7.61-7.51 (m, 2H), 4.61 (dd, J=5.5, 1.8 Hz, 1H), 4.06 (d, /= 9.2 Hz, 1H), 3.89 (d, /= 9.2 Hz,
1H), 3.87 (brd, J = 1.8 Hz, 1H), 3.47 (s, 3H), 3.45 (m, 1H), 3.25 (d, /= 15.1 Hz, 1H), 2.79 (dd, J =
15.1, 2.3 Hz, 1H), 2.73 (ddd, J = 16.9, 5.7, 1.8 Hz, 1H), 2.27 (ddd, J = 16.9, 5.5, 1.4 Hz, 1H),
1.12-0.97 (m, 21H); C NMR (100 MHz, CDCly): & 202.4 (Cq), 196.9 (Cq), 155.3 (Cq), 136.7
(Cq), 134.9 (CH), 129.6 (CH), 129.2 (CH), 91.7 (CH), 81.1 (CH), 60.8 (CH,), 55.6 (Cq), 55.5
(CHj3), 47.1 (CHy), 45.0 (CH), 30.9 (CHy), 18.1 (CH3), 12.2 (CH); IR (ATR): vmax 2941, 2865,
1741, 1721, 1661, 1448, 1149, 1122, 686 cm™'; HRMS (ESI): [M+Na]" calcd for C,6H3306SiSNa:
529.2051, found: 529.2051; [a]p'’ —55 (¢ 0.51, CHCly).

(1S,5R,7S)-7-chloro-2-methoxy-7-(phenylsulfonyl)-1-((triisopropropylsilyloxy)methyl)-bicyclo
[3.3.1]non-2-ene-7,9-dione (19)

MeO
TIPSOJ:f’;:

§O§C|

\[Ksogph
o]

To the stirred solution of 15a (39.0 mg, 0.077 mmol, 1.0 equiv.) in THF (1 mL) was
added NaH (60% in oil, 3.7 mg, 0.0924 mmol, 1.2 equiv) at 0 °C. After stirring for 5 min,

N-chlorosuccinimide (13.3 mg, 0.10 mmol, 1.3 equiv) was added to the reaction mixture, and
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stirred at 0 °C for 5 min. The reaction mixture was quenched with saturated aqueous NH,4CI
solution (1 mL), and the aqueous phase was extracted with Et;O (1 mL x 3). The combined organic
phase was washed with brine (3 mL), dried over Na,SO4 and evaporated. The residue was purified
by preparative TLC (hexane/ethyl acetate = 3/1) to afford 19 (33.6 mg, 81%, 84% ee) as a white
solid:

R¢ = 0.56 (hexane/EtOAc = 3:1); mp: 139.2 °C; '"H NMR (400 MHz, CDCL3): & 8.20-8.14 (m, 2H),
7.70-7.64 (m, 1H), 7.58-7.51 (m, 2H), 4.81 (dd, J=5.7, 1.8 Hz, 1H), 4.00 (d, J = 9.6 Hz, 1H), 3.93
(d, J=9.6 Hz, 1H), 3.67-3.59 (m, 2H), 3.55 (s, 3H), 3.40 (d, /= 15.1 Hz, 1H), 2.71 (d,J = 15.1 Hz,
1H), 2.64 (ddd, J = 17.9, 6.0, 1.8 Hz, 1H), 1.11-0.99 (m, 21H); *C NMR (100 MHz, CDCls): &
200.3 (Cq), 193.6 (Cq), 154.0 (Cq), 135.9 (Cq), 134.9 (CH), 132.5 (CH), 128.6 (CH), 92.5 (CH),
83.5 (Cq), 60.3 (CHy), 56.2 (Cq), 55.6 (CH), 55.4 (CH), 43.6 (CH,), 26.2 (CH), 18.1 (CH3), 18.0
(CH3), 12.1 (CH); IR (ATR): Vinax IR (ATR): Vinax 2941, 2864, 2142, 2040, 1962, 1745, 1153 cm™;
HRMS (ESI): [M+Na]" caled for C,6H3706SiSCINa: 563.1661, found: 563.1662; [o]p"’ —16 (¢ 0.77,
CHCly); ee was determined by HPLC analysis (230 nm): Daicel Chiralpak IA-3 0.46 cm¢ x 25 cm
(hexane/iPrOH =29/1, flow rate = 0.5 mL/min), ‘R : 14.4 min (19), 16.6 min (ent-19).

(1S,65)-1,7-dimethoxy-3-(phenylsulfonyl)-6-((triisopropropylsilyloxy)methyl)-bicyclo[4.3.0|no
n-2,6-diene-4-one (16a)

OMe
MeO

TIPSO SO,Ph
O

L2 (3.1 mg, 0.00766 mmol, 15 mol%) and (MeCN)4CuPFg (1.9 mg, 0.00511 mmol, 10
mol%) in toluene (1.0 mL) was stirred at room temperature for 1 h. To the resulting blue
suspension, activated MS 4A (54 mg, 200% w/w) and 14a (27.3 mg, 0.0511 mmol, 1.0 equiv) was
added and stirred at 80 °C for 1 h. After the reaction was completed, the reaction mixture was
filtrated through celite pad and quenched with saturated aqueous NaHCO; (1 mL). The aqueous
phase was extracted with EtOAc (1 mL x 3) and the combined organic phase was washed with
brine (3 mL), dried over Na,SO4 and evaporated. The residue was purified by flash column
chromatography (hexane/ethyl acetate = 10/1) to afford 16a (25.6 mg, 90%, 84% ee) as a white
solid:

R; = 0.38 (hexane/EtOAc = 3:1); mp: 97.0 °C; 'H NMR (400 MHz, CDCLy): & 7.98-7.94 (m, 2H),
7.89 (s, 1H), 7.62-7.56 (m, 1H), 7.53-7.47 (m, 2H), 4.35 (dd, /= 3.2, 1.8 Hz, 1H), 3.75 (d, /= 10.1
Hz, 1H), 3.72 (d, J = 10.1 Hz, 1H), 3.47 (s, 3H), 3.41 (s, 3H), 2.93 (dd, J = 15.1, 1.8 Hz, 1H), 2.60
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(d, J=16.5 Hz, 1H), 2.46 (d,J = 16.5 Hz, 1H), 2.42 (dd, J = 15.1, 3.2 Hz, 1H), 1.02 (brs, 21H); °C
NMR (100 MHz, CDCl;): 6 190.9 (Cq), 158.0 (Cq), 155.0 (CH), 140.7 (Cq), 139.9 (Cq), 133.8
(CH), 129.0 (CH), 128.9 (CH), 90.7 (CH), 81.8 (Cq), 64.1 (CH,), 56.4 (CHs), 54.0 (Cq), 53.7
(CHs), 39.8 (CHy), 38.6 (CHy), 18.1 (CHj3), 18.0 (CH3), 12.1 (CH); IR (ATR): Vmax 2940, 2865,
1699, 1655, 1447, 1321, 1153, 1121, 1070, 686 cm™'; HRMS (ESI): [M+Na]" caled for
Cy7H4006SiSNa: 543.2207, found: 543.2208; [oz]D20 +75 (¢ 0.36, CHCl;); ee was determined by
HPLC analysis (230 nm): Daicel Chiralpak IA-3 0.46 cm¢ x 25 cm (hexane/iPrOH = 34/1, flow
rate = 0.5 mL/min), ‘R : 33.6 min (16a), 38.1 min (ent-16a).

(1S,65)-1,7-dimethoxy-3-(mesitylsulfonyl)-6-((triisopropropylsilyloxy)methyl)-bicyclo[4.3.0]no
n-2,6-diene-4-one (16b)

OMe
MeO

TIPSO SO,Mes
O

L2 (4.0 mg, 0.00966 mmol, 15 mol%) and (MeCN)4CuPF; (2.4 mg, 0.00645 mmol, 10

mol%) in toluene (1.2 mL) was stirred at room temperature for 1 h. To the resulting blue
suspension, activated MS 4A (80 mg, 200% wt) and 14b (40.2 mg, 0.0680 mmol, 1.0 equiv) was
added and stirred at 80 °C for 24 h. After the reaction was completed, the reaction mixture was
filtrated through celite pad and quenched with saturated aqueous NaHCO; (1 mL). The aqueous
phase was extracted with EtOAc (1 mL x 3) and the combined organic phase was washed with
brine (3 mL), dried over Na,SO4 and evaporated. The residue was purified by PTLC (benzene/ethyl
acetate = 10/1) to afford 16b (30.2 mg, 79%, 93% ee) as a white solid:
R¢=0.55 (hexane/EtOAc = 3:1); '"H NMR (400 MHz, CDCls): & 7.80 (s, 1H), 6.91 (s, 2H), 4.37 (m,
1H), 3.77 (d, J = 9.6 Hz, 1H), 3.71 (d, J= 9.6 Hz, 1H), 3.49 (s, 3H), 3.42 (s, 3H), 2.95 (dd, J = 14.9,
1.8 Hz, 1H), 2.59 (s, 6H), 2.59 (d, J = 16.5 Hz, 1H), 2.49 (d, J = 16.5 Hz, 1H), 2.43 (dd, J = 14.9,
3.2 Hz, 1H), 2.27 (s, 3H), 1.11 (m, 21H); C NMR (100 MHz, CDCl;): § 191.8, 157.9, 153.3,
143.5, 141.8, 140.4, 133.3, 132.3, 90.8, 81.6, 64.1, 56.4, 53.8, 53.7, 39.3, 38.8, 22.4, 21.2, 18.1,
18.1, 12.1; IR (ATR): Vimax 2941, 2865, 1690, 1309, 1147, 1124, 670 cm™'; HRMS (ESI): [M+Na]"
caled for C;30H4sOsSiSNa: 585.2677, found: 585.2677; [oz]D19 +69 (¢ 0.21, CHCl3); ee was
determined by HPLC analysis (230 nm): Daicel Chiralpak IA-3 0.46 cm¢ x 25 cm (hexane/iPrOH =
49/1, flow rate = 0.5 mL/min), ‘R : 24.3 min (16b), 27.4 min (ent-16b).
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(1S,6R)-1,7-dimethoxy-3-(phenylsulfonyl)-6-((triisopropropylsilyloxy)methyl)-bicyclo[4.3.0]no
n-2,6-diene-4-one (18)

OMe
(0]

HO SO,Ph

To the stirred solution of 16a (95.8 mg, 0.184 mmol, 1.0 equiv) in THF (4 mL) was

added 2M aqueous HCI solution (1 mL) at 0 °C and stirred at room temperature for 2.5 h. The
reaction mixture was quenched with saturated aqueous NaHCO3 solution until gas evolution had
stopped, and the aqueous phase was extracted with Et;O (3 mL x 3). The combined organic phase
was washed with brine (5 mL), dried over Na,SO,4 and evaporated. The residue was dissolved with
THF (4 mL) and TBAF (1.0 M in THF, 0.36 mL, 2.0 equiv) was added at 0 °C. The reaction
mixture was warmed up to room temperature and stirred 18 h. The reaction mixture was quenched
with saturated aqueous NH4Cl solution (1 mL), and the aqueous phase was extracted with EtOAc (3
mL x 3). The combined organic phase was washed with brine (5 mL), dried over Na,SO4 and
evaporated. The residue was purified by flash column chromatography (hexane/ethyl acetate = 3/2
to 2/3) to afford 18 (42.3 mg, 66%) as a white solid:
R¢ = 0.11 (hexane/EtOAc = 1:1); mp: 164.8 °C; 'H NMR (400 MHz, CDCl3): & 8.11 (s, 1H),
7.99-7.94 (m, 2H), 7.65-7.58 (m, 1H), 7.55-7.49 (m, 2H), 3.83 (d, J = 11.5 Hz, 1H), 3.66 (d, J =
11.5 Hz, 1H), 3.54 (s, 3H), 2.69 (ddd, J=13.1, 8.7, 5.5 Hz, 1H), 2.63 (d, /= 17.0 Hz, 1H), 2.57 (d,
J = 17.0 Hz, 1H), 2.56-2.46 (m, 1H), 2.41-2.21 (m, 2H), 2.17 (brs, 1H); >*C NMR (100 MHz,
CDCls): 6 213.8 (Cq), 188.0 (Cq), 151.4 (CH), 141.1 (Cq), 139.1 (Cq), 134.2 (CH), 129.2 (CH),
129.0 (CH), 81.9 (Cq), 63.2 (CH), 59.7 (Cq), 51.9 (CH3), 40.3 (CH,), 35.1 (CH,), 29.0 (CH,); IR
(ATR): Vmax 3517, 2949, 1742, 1698, 1308, 1152, 724 cm’'; HRMS (ESI): [M+Na]" calcd for
C17H,504SNa: 373.0716, found: 373.0714; [o]p"' +88 (¢ 0.12, CHCL).
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(1R,5S)-2-methoxy-1-((triisopropropylsilyloxy)methyl)-bicyclo[3.3.1]non-2-ene-7,9-dione (22)

OMe
;;L/OTIPS
20

(0]

To the stirred 2% aqueous HgCl, solution (10 mL), aluminium powder (1033 mg, 27

equiv) was added at room temperature and stirred for 2 min. The resulting suspension was cooled
to 0 °C, and the aqueous phase was decanted and washed with deionized water. The freshly
prepared Al/Hg was suspended with THF/H,O = 10/1 (15 mL), and then, ent-15a (718.6 mg, 1.42
mmol, 1.0 equiv) in THF (2 mL) was added to this suspension at 0 °C and stirred at room
temperature for 2 h. (Caution! This reaction is highly exothermic, so we had to maintain the
reaction temperature below 35 °C with water bath.) After the reaction was completed, the reaction
mixture was filtrated through celite pad and evaporated. The residue was used without further
purification:
R¢=0.19 (hexane/EtOAc = 4:1); mp: 46.1 °C; 'H NMR (400 MHz, CDCl3): 6 4.74 (dd, J=6.0, 1.8
Hz, 1H), 4.02 (d, J = 9.2 Hz, 1H), 3.85 (d, J = 9.2 Hz, 1H), 3.51 (s, 3H), 2.94-2.83 (m, 2H),
2.69-2.60 (m, 3H), 2.53 (dd, J = 15.3, 2.8 Hz, 1H), 2.31 (brd, J = 16.6, 6.0 Hz), 1.11-1.00 (m,
21H); C NMR (100 MHz, CDCl;): § 208.1 (Cq), 205.5 (Cq), 154.3 (Cq), 92.4 (CH), 60.8 (CH,),
55.3 (CHs3), 55.0 (Cq), 48.7 (CH,), 47.5 (CH,), 44.8 (CH), 31.0 (CH,), 18.1 (CH3), 12.2 (CH); IR
(ATR): Viax 2942, 2865, 1722, 1663, 1463, 1244, 1153, 1107, 883 cm™; HRMS (ESI): [M+Na]"
calcd for Cy0H3404SiNa: 389.2119, found: 389.2119; [oz]D24 +22 (¢ 0.58, CHCl,).

(1R,5S)-7-(tert-butyldimethylsiloxy)-2-methoxy-1-((triisopropropylsilyloxy)methyl)-bicyclo[3.
3.1]nona-2,6-diene-9-one (23)

OMe
E("iEK/OTIPS

:\ =
oTBS

To the stirred solution of crude 22 and 2-picoline (0.21 mL, 2.13 mmol, 1.5 equiv) in
CH,CI, (7 mL) was added TBSOTf (0.39 mL, 1.70 mmol, 1.2 equiv) at 0 °C and stirred at room

temperature for 2 h. The reaction mixture was quenched with saturated aqueous NaHCO; solution
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(5 mL), and the aqueous phase was extracted with CH,Cl, (5§ mL x 3). The combined organic phase
was washed with brine (10 mL), dried over Na,SO4 and evaporated. The residue was purified by
flash column chromatography (hexane/ethyl acetate = 100/1 to 70/1) to afford 23 (625.2 mg, 92%,
2 steps) as a clear oil:

R¢ = 0.69 (hexane/EtOAc = 4:1); '"H NMR (400 MHz, CDCls): & 4.84 (m, 1H), 4.68 (d, J= 5.2 Hz,
1H), 4.05 (d, J= 8.9 Hz, 1H), 3.54 (s, 3H), 2.83 (dd, J= 5.2, 5.2 Hz, 1H), 2.51 (dd, J=16.3, 5.0 Hz,
1H), 2.43 (d, J = 16.9 Hz, 1H), 2.29-2.19 (m, 2H), 1.04 (brs, 21H), 0.89 (s, 9H), 0.11 (s, 3H), 0.09
(s, 3H); °C NMR (100 MHz, CDCl3): § 208.9 (Cq), 155.5 (Cq), 150.8 (Cq), 107.6 (CH), 92.2 (CH),
61.2 (CH,), 54.8 (CHs), 54.6 (Cq), 44.0 (CH), 39.2 (CH,), 30.6 (CH,), 25.8 (CH3), 18.2 (Cq), 18.1
(CHs), 12.2 (CH), — 4.3 (CH3), —4.4 (CHs;); IR (ATR): vinax 2930, 2864, 1741, 1661, 1463, 1210,
1106, 859, 840, 778 cm'l; HRMS (ESI): [M+Na]+ calcd for C,6H4304Si,Na: 503.2983, found:
503.2983; [o]p> 5.2 (¢ 0.61, CHCI3).

(1R,5S,6R)-6-[(tert-butyldimethylsiloxy)(phenyl)methyl]-2-methoxy-1-((triisopropropylsilylox
y)methyl)-bicyclo[3.3.1]non-2-ene-7,9-dione (24)

To the two-necked round bottom flask containing activated MS 4A (3.20 g, 200% wt)
and CH,Cl, (30 mL) was successively added Ti(OiPr)4 (0.31 mL, 1.04 mmol, 0.3 equiv) and TiCly
(1.0 M in CH,Cly, 3.1 mL, 3.1 mmol, 0.9 equiv) at 0 °C, and stirred at room temperature for 15 min.
To the reaction mixture was added PhCHO (0.52 mL, 5.18 mmol, 1.5 equiv) at — 78 °C, and then
23 (1656.9 mg, 3.45 mmol, 1.0 equiv) in CH,Cl, (5 mL) was slowly added via cannula. The
reaction mixture was stirred at — 78 °C for 1 h. After reaction was completed, Et;N (0.96 mL, 6.90
mmol, 2.0 equiv) was added to the reaction mixture and stirred another 5 min. The reaction mixture
was quenched with saturated aqueous NaHCOj solution (20 mL) at — 78 °C and warmed to room
temperature. The aqueous phase was extracted with CH,Cl, (15 mL x 3). The combined organic
phase was washed with brine (30 mL), dried over Na,SO4 and evaporated. The residue was purified
by flash column chromatography (hexane/ethyl acetate = 60/1 to 50/1) to afford 24 (major
diastereomer: 1526.8 mg, 75%; minor diastereomer: 143.5 mg, 7%) as a clear oil:

For major diastereomer: Ry= 0.50 (hexane/EtOAc = 4:1); 'H NMR (400 MHz, CDCl3): 6 7.37-7.21
(m, 5H), 5.02 (d, J=3.2 Hz, 1H), 4.64 (d, /= 5.7, 1.8 Hz, 1H), 4.05 (d, J = 9.2 Hz, 1H), 3.80 (d, J
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=9.2 Hz, 1H), 3.48 (s, 3H), 2.98 (d, /= 4.6 Hz, 1H), 2.78 (dd, J = 15.6, 2.3 Hz, 1H), 2.63 (d, J =
15.6, 1H), 2.61 (m, 1H), 2.44 (ddd, J=16.5, 5.5, 1.8 Hz, 1H), 1.86 (ddd, J=16.5, 5.7, 1.8 Hz, 1H),
1.09-1.01 (s, 21H), 0.89 (s, 9H), — 0.07 (s, 3H), — 0.33 (s, 3H); °C NMR (100 MHz, CDCL): 3
208.2 (Cq), 206.7 (Cq), 155.4 (Cq), 141.8 (Cq), 128.4 (CH), 127.8 (CH), 126.6 (CH), 92.4 (CH),
77.2 (CH), 68.0 (CH), 61.1 (CH,), 55.2 (CH3), 54.8 (Cq), 48.1 (CH»), 43.7 (CH), 31.7 (CH»), 26.0
(CH3), 18.2 (Cq), 18.1 (CHs), 12.2 (CH), —4.6 (CHs), —5.2 (CH3); IR (ATR): Vinax 2928, 2864, 1739,
1712, 1463, 1248, 1104, 1057, 835, 777 cm’; HRMS (ESI): [M+Na]" caled for C33Hs4OsSi:Na:
609.3402, found: 609.3400; [a]p>® +57 (¢ 2.4, CHCL;).

For minor diastereomer: R¢= 0.44 (hexane/EtOAc =4:1); 'H NMR (400 MHz, CDCl): 6 7.35-7.27
(m, 5H), 4.70 (d, J=9.2 Hz, 1H), 4.63 (dd, J= 5.5, 2.3 Hz, 1H), 3.94 (s, 2H), 3.47 (s, 3H), 2.89 (d,
J=14.2 Hz, 1H), 2.74 (brd, J = 9.2 Hz, 1H), 2.62 (dd, J = 14.2, 2.3, 1H), 2.55 (brd, J = 6.4 Hz, 1H),
2.49 (ddd, J=16.5, 6.4, 2.3 Hz, 1H), 2.15 (dd, J = 16.5, 5.5 Hz, 1H), 1.14 (m, 21H), 0.79 (s, 9H), —
0.04 (s, 3H), — 0.39 (s, 3H); °C NMR (100 MHz, CDCls): § 207.2 (Cq), 206.0 (Cq), 154.3 (Cq),
141.5 (Cq), 128.6 (CH), 128.5 (CH), 127.5 (CH), 92.8 (CH), 76.3 (CH), 68.0 (CH), 61.0 (CHa),
56.0 (Cq), 55.3 (CH3), 47.3 (CH), 45.4 (CH,), 30.8 (CHy), 25.8 (CH3), 18.1 (CH3), 18.1 (CH3), 12.2
(CH), — 4.3 (CH3), — 5.3 (CH3); IR (ATR): vimax 2928, 2863, 1729, 1254, 1091, 1068, 838, 776
cm'l; HRMS (ESI): [M+Na]+ calcd for C33Hs405Si,Na: 609.3402, found: 609.3400; [Ot]D21 +19 (¢
0.43, CHCl,).

(1R,5S)-6-benzylidene-2-methoxy-1-((triisopropropylsilyloxy)methyl)-bicyclo[3.3.1]non-2-ene
-7,9-dione (21)

OMe

_OTIPS

To the solution of 24 (1305.0 mg, 2.22 mmol, 1.0 equiv) in THF (10 mL) was added
KHMDS (0.5 M in toluene, 5.7 mL, 2.89 mmol, 1.3 equiv) at 0 °C and stirred at the same
temperature for 2 h. The reaction mixture was quenched with saturated aqueous NH4Cl solution (15
mL), and the aqueous phase was extracted with Et,O (5 mL x 3). The combined organic phase was
washed with brine (20 mL), dried over Na,SO4 and evaporated. The residue was purified by flash
column chromatography (hexane/ethyl acetate = 100/1 to 70/1) to afford 21 (767.9 mg, 76%) as a
clear oil:

R¢ = 0.44 (hexane/EtOAc = 4:1); 'H NMR (400 MHz, CDCls): & 7.51 (s, 1H), 7.44-7.33 (m, 5H),
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4.79 (d,J=5.2 Hz, 1H), 4.08 (d, J= 9.2 Hz, 1H), 4.05 (d, J= 4.1 Hz, 1H), 3.89 (d, /= 9.2 Hz, 1H),
3.55 (s, 3H), 2.98 (d, J = 16.9 Hz, 1H), 2.80 (dd, J = 16.0, 5.2 Hz, 1H), 2.59 (d, J = 16.9 Hz, 1H),
2.62-2.55 (m, 1H), 1.11-1.01 (m, 21H); >C NMR (100 MHz, CDCls): & 206.0 (Cq), 196.5 (Cq),
155.0 (Cq), 139.4 (Cq), 138.7 (CH), 134.4 (Cq), 130.2 (CH), 129.6 (CH), 129.0 (CH), 92.7 (CH),
60.8 (CHa), 55.3 (CHs), 55.0 (Cq), 48.6 (CH), 46.2 (CH,), 32.2 (CH,), 18.1 (CHs), 12.2 (CH); IR
(ATR): vinax 2942, 2865, 1738, 1690, 1665, 1245, 1153, 1130, 818, 690 cm™; HRMS (ESI):
[M+Na]" caled for Co7H504SiNa: 477.2431, found: 477.2432; [a]p>® —28 (c 0.46, CHCly).

(1R,5S)-6-benzylidene-2-methoxy-8,8-dimethyl-1-((triisopropropylsilyloxy)methyl)-bicyclo[3.
3.1]non-2-ene-7,9-dione (25)

OMe
;;L/OTIPS

To the solution of 24 (278.0 mg, 0.61 mmol, 1.0 equiv) in fBuOH (6 mL) was added
BuOK (342.2 mg, 3.05 mmol, 5.0 equiv) at room temperature and stirred 30 min. To the reaction
mixture was added Mel (0.23 mL, 3.66 mmol, 6.0 equiv) and stirred for 12 h. The reaction mixture
was diluted with Et,O (15 mL) and quenched with saturated aqueous NH4Cl solution (20 mL). The
aqueous phase was extracted with Et,O (10 mL x 3). The combined organic phase was washed with
brine (30 mL), dried over Na,SO4 and evaporated. The residue was purified by flash column
chromatography (hexane/ethyl acetate = 70/1) to afford 25 (202.2 mg, 69%) as a clear oil:
R¢ = 0.54 (hexane/EtOAc = 4:1); 'H NMR (400 MHz, CDCls): § 7.41-7.31 (m, 6H), 4.81 (dd, J =
5.0, 1.8 Hz, 1H), 4.30 (d J = 8.2 Hz, 1H), 4.05 (brd, J = 4.5 Hz, 1H), 4.03 (d, /= 8.2 Hz, 1H), 3.52
(s, 3H), 2.76 (ddd, J = 15.7, 5.0, 2.3 Hz, 1H), 2.54 (ddd, J = 15.7, 5.5, 1.8 Hz, 1H), 1.35 (s, 3H),
1.09-0.99 (m, 21H), 0.95 (s, 3H); °C NMR (100 MHz, CDCls): § 205.3 (Cq), 202.5 (Cq), 155.6
(Cq), 139.2 (Cq), 137.5 (CH), 134.7 (Cq), 129.9 (CH), 129.3 (CH), 128.9 (CH), 93.9 (CH), 61.2
(Cq), 58.0 (CHy), 54.9 (CHj3), 52.6 (Cq), 49.3 (CH), 32.1 (CH,), 24.1 (CHs;), 20.0 (CHs), 18.1
(CHs), 12.3 (CH); IR (ATR): vimax 2942, 2865, 1736, 1692, 1658, 1463, 1243, 1154, 1095, 998, 685
cm'l; HRMS (ESI): [M+Na]+ calcd for C,9H4,04SiNa: 505.2745, found: 505.2745; [OL]D26 42 (c
1.4, CHCl;).
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(1R,5S)-2-methoxy-8,8-dimethyl-1-((triisopropropylsilyloxy)methyl)-bicyclo[3.3.1]non-2-ene-7
,9-dione (4)

OMe
;;LOTIPS
20

(0]

To the solution of 25 (20.2 mg, 0.0418 mmol, 1.0 equiv) in MeCN (1.0 mL) was added
40% aqueous nBuysNOH solution (> 50 equiv) and stirred at 50 °C for 12 h. The reaction mixture
was diluted with Et,;0 (3 mL) and quenched with saturated aqueous NH4Cl solution (3 mL). The
aqueous phase was extracted with Et;0 (3 mL x 3). The combined organic phase was washed with
brine (10 mL), dried over Na,SO4 and evaporated. The residue was purified by flash column
chromatography (hexane/ethyl acetate = 50/1 to 30/1) to afford 4 (10.9 mg, 66%) as a white solid:
R;= 0.38 (hexane/EtOAc = 4:1); mp: 55.7 °C; 'H NMR (400 MHz, CDCls): & 4.74 (dd, J=5.5, 1.5
Hz, 1H), 4.25 (d, J= 8.5 Hz, 1H), 3.95 (d, J = 8.5 Hz, 1H), 3.46 (s, 3H), 3.02 (dd, /= 16.5, 7.5 Hz,
1H), 2.94-2.85 (brs, 1H), 2.56 (ddd, J = 16.5, 5.5, 2.0 Hz, 1H), 2.42 (d, J=16.5 Hz, 1H), 2.27 (ddd,
J=16.5,5.5,1.5 Hz, 1H), 1.19 (s, 3H), 1.04 (brs, 21H), 1.00 (s, 3H); *C NMR (100 MHz, CDCls):
6 209.9 (Cq), 207.6 (Cq), 154.8 (Cq), 93.6 (CH), 61.1 (Cq), 57.7 (CHy), 54.7 (CH3), 53.9 (Cq), 45.3
(CH,), 44.9 (CH), 30.9 (CH»), 23.6 (CH3), 19.6 (CHj3), 18.1 (CH3), 12.2 (CH); IR (ATR): Vinax 2940,
2864, 1708, 1656, 1458, 1122, 1105, 793, 679 cm’; HRMS (ESI): [M+Na]® caled for
Cy,H330,SiNa: 417.2432, found: 417.2431; [a]p” +3.3 (¢ 0.060, CHCL).

(1R,5S,8R)-8-allyl-6-benzylidene-2-methoxy-1-((triisopropropylsilyloxy)methyl)-bicyclo[3.3.1]
non-2-ene-7,9-dione (26)
(1R,5S)-7-allyloxy-6-benzylidene-2-methoxy-1-((triisopropropylsilyloxy)methyl)-bicyclo[3.3.1]
non-2,7-diene-9-one (27)

OMe OMe
E(’;L/OTIPS OTIPS
io: : 0

\/\n/\/\

Ph. A F N Phﬁ'l

0]
To the solution of 21 (329.3 mg, 0.724 mmol, 1.0 equiv) in THF (6 mL) and HMPA
(0.6 mL) was added rBuOK (113.8 mg, 1.01 mmol, 1.4 equiv) at —20 °C and stirred for 30 min. To
the reaction mixture was added allyl iodide (0.086 mL, 0.941 mmol, 1.3 equiv) and stirred at the

same temperature for 1.5 h. The reaction mixture was quenched with saturated aqueous NH4Cl
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solution (6 mL). The aqueous phase was extracted with Et;0O (5 mL x 3). The combined organic
phase was washed with brine (15 mL), dried over Na,SO4 and evaporated. The residue was purified
by flash column chromatography (hexane/ethyl acetate = 70/1) to afford C-allylated product 26
(99.6 mg, 27%) as a clear oil and O-allylated 27 (177.9 mg, 50%) as a clear oil.

The solution of 27 (103.6 mg, 0.209 mmol, 1.0 equiv) in DMF (7 mL) was stirred at
130 °C for 1.5 h. The reaction mixture was partitioned with Et,O (10 mL) and water (10 mL) and
the aqueous phase was extracted with Et;O (5 mL x 3). The combined organic phase was washed
with water (15 mL), brine (15 mL), dried over Na,SO,4 and evaporated. The residue was purified by
flash column chromatography (hexane/ethyl acetate = 60/1) to afford 26 (80.8 mg, 78%) as a clear
oil:
For C-allylated product 26: Ry = 0.26 (hexane/EtOAc = 10:1); 'H NMR (400 MHz, CDCl3): &
7.42-7.28 (m, 6H), 5.63 (ddt, J=16.9, 10.1, 6.0 Hz, 1H), 4.99 (brd, J = 10.1 Hz, 1H), 4.94 (dd, J =
16.9, 1.4 Hz, 1H), 4.80 (dd, J= 6.2, 1.8 Hz, 1H), 4.33 (d, J = 9.2 Hz, 1H), 4.03 (dd J=4.6, 1.8 Hz,
1H), 3.81 (d, /= 9.2 Hz, 1H), 3.55 (s, 3H), 3.15 (dd, J=11.0, 5.0 Hz, 1H), 2.78 (ddd, J = 16.0, 4.6,
1.8 Hz, 1H), 2.57 (ddd, J=16.0, 6.2, 1.8 Hz, 1H), 2.21 (m, 1H), 1.85 (m, 1H), 1.10-1.00 (m, 21H);
*C NMR (100 MHz, CDCls): & 205.4 (Cq), 198.5 (Cq), 156.2 (Cq), 139.4 (Cq), 138.3 (CH), 134.6
(CH), 130.0 (CH), 129.4 (CH), 128.9 (CH), 117.4 (CH»), 92.6 (CH), 59.8 (CH,), 58.6 (Cq), 55.9
(CH), 55.3 (CHs), 49.4 (CH), 32.5 (CH,), 32.0 (CHy), 18.1 (CHs), 12.2 (CH); IR (ATR): Vimax 2940,
2864, 1736, 1691, 1661, 1235, 1147, 1114, 882, 683 cm™; HRMS (ESI): [M+Na]" caled for
C30H4,04SiNa: 517.2745, found: 517.2746; [a]p>> —33 (¢ 0.66, CHCI3).
For O-allylated product 27: Ry = 0.46 (hexane/EtOAc = 10:1); 'H NMR (400 MHz, CDClL): &
7.57-7.41(m, 6H), 6.23 (ddt, /=172, 10.5, 5.0 Hz, 1H), 5.58 (dd, J=17.2, 1.4 Hz, 1H), 5.45 (dd, J
=10.5, 1.4 Hz, 1H), 5.38 (s, 1H), 4.72 (dd, J = 5.0, 2.3 Hz, 1H), 4.59 (ddd, J = 12.6, 5.0, 1.4 Hz,
1H), 4.48 (ddd, J = 12.6, 5.0, 1.4 Hz), 4.30 (d, J =9.2 Hz, 1H), 4.24 (d, /= 9.2 Hz, 1H), 4.12 (brd,
J=6.4 Hz, 1H), 3.69 (s, 3H), 2.89 (ddd, J=16.2, 6.4, 2.8 Hz, 1H), 2.69 (ddd. J=16.2, 5.0, 1.4 Hz,
1H), 1.30-1.21 (m, 21H); °*C NMR (100 MHz, CDCls): § 204.6 (Cq), 159.4 (Cq), 154.3 (Cq),
136.5 (Cq), 136.4 (Cq), 133.2 (CH), 129.1 (CH), 128.7 (CH), 127.4 (CH), 125.8 (CH), 117.6 (CHy),
105.9 (CH), 90.7 (CH), 68.8 (CH,), 61.1 (CH,), 55.1 (CH3), 53.7 (Cq), 46.0 (CH), 31.0 (CH,), 18.1
(CH3), 12.3 (CH); IR (ATR): Ve 2940, 2863, 1738, 1463, 1150, 1116, 1068, 882, 761, 688 cm™;
HRMS (ESI): [M+Na]" caled for C30Hs,04SiNa: 517.2745, found: 517.2747; [a]p™> +42 (¢ 1.3,
CHCl,).
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(1R,5S,8S5)-8-allyl-6-benzylidene-2-methoxy-8-methyl-1-((triisopropropylsilyloxy)methyl)-bicy
clo[3.3.1]non-2-ene-7,9-dione (28)
(1R,5S)-8-allyl-6-benzylidene-2,7-dimethoxy-1-((triisopropropylsilyloxy)methyl)-bicyclo[3.3.1
|non-2,7-diene-9-one (29)

OTIPS
OTIPS

5 Ph__~ /
° W W
To the solution of 26 (52.3 mg, 0.106 mmol, 1.0 equiv) in THF (2.0 mL) was added
NaHMDS (1.09 M in THF, 0.2 mL, 0.21 mmol, 2.0 equiv) at 0 °C and stirred for 20 min. To the
reaction mixture was added Mel (0.1 mL, 1.59 mmol, 15 equiv) and stirred at room temperature for
15 h. The reaction mixture was quenched with saturated aqueous NH4Cl solution (2 mL). The
aqueous phase was extracted with Et;0 (3 mL x 3). The combined organic phase was washed with
brine (10 mL), dried over Na,SO4 and evaporated. The residue was purified by flash column
chromatography (hexane/ethyl acetate = 150/1 to 100/1) to afford C-methylated product 28 (16.7
mg, 31%) as a white solid and O-methylated product 29 (23.5 mg, 44%) as a clear oil:
For C-methylated product 28: Ry = 0.36 (hexane/EtOAc = 10:1); mp: 98.0 °C; 'H NMR (400 MHz,
CDCls): ¢ 7.41-7.29 (m, 6H), 6.02 (dddd, J = 16.9, 9.6, 9.6, 5.5 Hz, 1H), 5.11-5.03 (m, 2H), 4.83
(dd, J=5.7, 1.8 Hz, 1H), 4.22 (d, J = 8.7 Hz, 1H), 4.18 (d, J = 8.7 Hz, 1H), 4.05 (m, 1H), 3.54 (s,
3H), 2.96 (dd, J = 14.2, 5.5 Hz, 1H), 2.75 (ddd, J = 15.8, 5.0, 1.8 Hz, 1H), 2.54 (ddd, J = 15.8, 5.7,
1.8 Hz, 1H), 2.42 (dd, J = 14.2, 9.6 Hz, 1H), 1.09-1.01 (m, 21H), 0.96 (s, 3H); °C NMR (100 MHz,
CDCl;): 6 204.8 (Cq), 202.7 (Cq), 155.4 (Cq), 139.4 (Cq), 137.2 (CH), 136.7 (CH), 134.7 (Cq),
129.9 (CH), 129.2 (CH), 128.9 (CH), 117.5 (CH,), 94.2 (CH), 62.1 (Cq), 58.0 (CH>), 54.9 (CHz),
54.8 (Cq), 49.4 (CH), 37.9 (CH,), 32.1 (CH»), 20.4 (CH3), 18.1 (CH3), 12.2 (CH); IR (ATR): Vpax
2941, 2864, 1736, 1691, 1658, 1463, 1231, 1161, 1113, 1007, 999, 883, 689 cm™; HRMS (ESI):
[M+Na]" caled for C3;Hy404SiNa: 531.2901, found: 531.2903; [a]p>> —57 (¢ 0.21, CHCl3).
O-methylated product 29: R¢ = 0.46 (hexane/EtOAc = 10:1); 'H NMR (400 MHz, CDCl;): 6
7.38-7.21 (m, 5H), 6.74 (s, 1H), 5.83 (dddd, J=16.8, 10.5, 6.4, 6.4 Hz, 1H), 5.05 (dd, J=16.8, 1.8
Hz, 1H), 5.01 (dd, J = 10.5, 1.8 Hz, 1H), 4.52 (dd, J = 5.3, 2.8 Hz, 1H), 4.29 (d, J = 9.2 Hz, 1H),
4.23 (d,J=9.2 Hz, 1H), 3.96 (m, 1H), 3.58 (s, 3H), 3.46 (s, 3H), 3.20-3.05 (m, 2H), 2.64 (ddd, J =
16.1, 6.2, 2.8 Hz, 1H), 2.45 (ddd J = 16.1, 5.3, 1.4 Hz, 1H), 1.10-0.99 (m, 21H); *C NMR (100
MHz, CDCl3): & 204.7 (Cq), 158.2 (Cq), 154.4 (Cq), 136.5 (Cq), 136.5 (CH), 135.3 (Cq), 131.6
(Cq), 129.0 (CH), 128.7 (CH), 127.3 (CH), 124.9 (CH), 115.5 (CH,), 91.2 (CH), 60.5 (CH3), 59.2
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(CHa), 57.4 (Cq), 54.9 (CHs), 45.7 (CH), 32.2 (CH,), 30.1 (CH,), 18.1 (CHs), 18.1 (CHs), 12.3
(CH); IR (ATR): vinex 2939, 2864, 1739, 1463, 1215, 1116, 1088, 1008, 883, 688 cm™'; HRMS
(ESI): [M+Na]" caled for CsHy404SiNa: 531.2901, found: 531.2902; [a]p> +25 (c 0.38, CHCl,).

(1R,5S,8S)-8-allyl-6-benzylidene-2-methoxy-8-methyl-1-((triisopropropylsilyloxy)methyl)-bicy
clo[3.3.1]non-2-ene-7,9-dione (5)

OMe
;;L,,OTIPS

°

aqueous nBusNOH solution (1.0 M, 0.015 mL, 2.0 equiv) and stirred at 50 °C for 3 h. The reaction

To the solution of 28 (3.7 mg, 0.00727 mmol, 1.0 equiv) in THF (1.0 mL) was added

mixture was diluted with Et,0 (1 mL) and quenched with saturated aqueous NH4Cl solution (1 mL).
The aqueous phase was extracted with Et;0 (1 mL x 3). The combined organic phase was washed
with brine (3 mL), dried over Na,SO4 and evaporated. The residue was purified by flash column
chromatography (hexane/ethyl acetate = 50/1 to 30/1) to afford 5 (2.3 mg, 74%) as a clear oil:

R;= 0.25 (hexane/EtOAc = 10:1); 'H NMR (400 MHz, CDCl): § 5.88 (dddd, J=17.0, 9.9, 9.6, 5.1
Hz, 1H), 5.05-4.97 (m, 2H), 4.77 (dd, J = 5.6, 2.3 Hz, 1H), 4.20 (d, J = 8.5 Hz, 1H), 4.08 (dd, J =
8.5 Hz, 1H), 3.49 (s, 3H), 3.02 (dd, J = 15.3, 6.8 Hz, 1H), 2.90 (t, J = 6.8 Hz, 1H), 2.86-2.80 (m,
1H), 2.61 (ddd, /= 16.7, 5.1, 2.3 Hz, 1H), 2.38 (dd, /= 15.3, 1.1 Hz, 1H), 2.30 (ddd, J=16.7, 5.1,
1.1 Hz, 1H), 2.12 (dd, J = 14.7, 9.6 Hz, 1H), 1.10-0.99 (m, 21H), 1.00 (s, 3H); °C NMR (100 MHz,
CDCl;5): 6 209.2 (Cq), 207.0 (Cq), 154.5 (Cq), 136.3 (CH), 117.5 (CHy), 94.0 (CH), 62.1 (Cq), 57.8
(CH,), 55.8 (CH3), 54.7 (Cq), 45.3 (CH), 45.1 (CH,), 37.6 (CH,), 30.7 (CH,), 19.9 (CHj3), 18.1
(CH3), 12.2 (CH); IR (ATR): Vimax 2941, 2865, 1715, 1659, 1463, 1109, 883 681 cm™'; HRMS
(ESI): [M+Na]" calcd for C,4H4004SiNa: 443 2588, found: 443.2589; [o]p> +20 (¢ 0.15, CHCLs).
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methyl 1-(3-trimethylsilylprop-2-ynyl)cyclohexa-2,5-dienecarboxylate (40-1)

MeOZTiT:TMS

To a stirred solution of diisopropylamine (2.03 mL, 14.4 mmol, 1.3 equiv) in THF (40
mL) was added "BuLi (1.59 M in hexane, 8.07 mL, 12.8 mmol, 1.2 equiv) dropwise at 0 °C, and
the reaction mixture was stirred for 15 min at the same temperature. To the solution was added 39
(1.53 g, 11.1 mmol, 1.0 equiv) in THF (5 mL) dropwise at =78 °C, and the resultant solution was
stirred for 30 min. To the reaction mixture was added 3-bromoprop-1-ynyltrimethylsilane (2.55 g,
13.3 mmol, 1.2 equiv) in THF (5 mL) at the same temperature, and stirring was continued at room
temperature for 1 h. The reaction mixture was quenched with saturated aqueous NH4Cl solution (30
mL), and the aqueous layer was extracted with Et;O (20 mL x 3). The combined organic layer was
washed with brine (20 mL), dried over Na,SO,4, and evaporated. The residue was purified by flash
column chromatography (hexane/ethyl acetate = 100/1 to 20/1) to afford 40-1 as a colorless oil
(2.37 g, 86%):
R¢=0.62 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl5): 6 5.94 (ddd, J=10.5, 3.7, 3.7
Hz, 2H), 5.83 (ddd, J = 10.5, 1.8, 1.8 Hz, 2H), 3.71 (s, 3H), 2.67 (m, 2H), 2.58 (s, 2H), 0.13 (s,
9H); "*C NMR (100 MHz, CDCLy): 6 173.9, 126.6, 126.3, 102.7, 87.5, 52.5, 47.9, 31.9, 26.5, 0.19;
IR (ATR): Vmax 3034, 2956, 2179, 1732, 1249, 1233, 842 cm™'; HRMS (ESI): [M+Na]" calcd for
Ci4H500,SiNa: 271.1130, found: 271.1120.

[1-(3-trimethylsilylprop-2-ynyl)cyclohexa-2,5-dienyl|methanol (40)

HO = TMs
||

To a stirred suspension of LiAlH4 (1.16 g, 30.6 mmol, 1.5 equiv) in Et;0O (70 mL) was
added the solution of 40-1 (5.07 g, 20.4 mmol, 1.0 equiv) in Et,O (5§ mL) at 0 °C, and the mixture
was stirred for 5 min. The reaction mixture was quenched with H,O (1.2 mL), NaOH aq (15%, 1.2
mL), and H,O (3.6 mL). The mixture was stirred for 30 min, filtered through a pad of Celite, and
evaporated. The residue was purified by flash column chromatography (hexane/ethyl acetate = 35/1
to 15/1) to afford 40 as a colorless oil (3.66 g, 82%):

R¢=0.31 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3): 6 5.97 (ddd, J=10.4, 3.2, 3.2
Hz, 2H), 5.59 (ddd, /=10.4, 2.3, 2.3 Hz, 2H), 3.53 (d, J = 5.9 Hz, 2H), 2.68 (m, 2H), 2.29 (s, 2H),
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1.51 (brt, J=5.9 Hz, 1H), 0.14 (s, 9H); BC NMR (100 MHz, CDCl3): & 128.8, 127.7, 103.2, 87.6,
69.2, 41.8, 29.5, 27.0, 0.23; IR (ATR): vmax 3375, 3020, 2958, 2173, 1248, 834, 708 cm’; HRMS
(ESI): [M+Na]+ calcd for C;3H,¢OSiNa: 243.1181, found: 243.1170.

[1-(prop-2-ynyl)cyclohexa-2,5-dienyl|methanol (41-1)

HOEE—:

To a stirred solution of 40 (3.36 g, 15.3 mmol, 1.0 equiv) in MeOH (60 mL) was added
K,COs3 (3.17 g, 22.9 mmol, 1.5 equiv), and the mixture was stirred at room temperature overnight.
After the reaction was completed, the solvent was removed in vacuo. The residue was dissolved in
CH,Cl, (40 mL), washed with H,O (20 mL x 2), brine (20 mL), dried over Na,SOy4, and evaporated.
The residue was purified by flash column chromatography (hexane/ethyl acetate = 10/1) to afford
41-1 as a colorless oil (1.99 g, 88%):
R¢=0.22 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3): 6 5.99 (ddd, J=10.4, 3.2, 3.2
Hz, 2H), 5.60 (ddd, J = 10.4, 2.3, 2.3 Hz, 2H), 3.52 (d, J = 5.4 Hz, 2H), 2.69 (m, 2H), 2.28 (d, J =
2.7 Hz, 2H), 2.01 (t, J = 2.7 Hz, 1H), 1.53 (br, 1H); °C NMR (100 MHz, CDCl3): & 128.6, 127.8,
80.7, 70.8, 69.1, 41.7, 28.0, 26.9; IR (ATR): vmax 3381, 3293, 2019, 2868, 2359, 1422, 1028, 708,
633 cm™; HRMS (ESI): [M+Na]" caled for C;oH;;ONa: 171.0786, found: 171.0780.

tert-butyldiphenyl[(1-prop-2-ynylcyclohexa-2,5-dienyl)methoxy]silane (41)

TBDPSOEE—_

To a stirred solution of 41-1 (188.2 mg, 1.26 mmol, 1.0 equiv) and imidazole (102.8 mg,
1.51 mmol, 1.2 equiv) in CH,Cl, (5§ mL) was added TBDPSCI (0.36 mL, 1.38 mmol, 1.1 equiv) at
0 °C, and the mixture was stirred for 6 h. The reaction mixture was quenched with saturated
aqueous NH4Cl solution (5 mL), and the aqueous layer was extracted with CH,Cl, (5 mL x 3). The
combined organic layer was washed with brine (5 mL), dried over Na,SO,, and evaporated. The
residue was purified by flash column chromatography (hexane/ethyl acetate = 100/1) to afford 41
as a colorless oil (474.9 mg, 99%):
R = 0.55 (hexane/ethyl acetate = 20/1); 'H NMR (400 MHz, CDCl3): 6 7.70-7.66 (m, 4H),
7.46-7.34 (m, 6H), 5.86 (ddd, J=10.4, 3.2, 3.2 Hz, 2H), 5.70 (dt, J = 10.4, 1.8, 1.8 Hz, 2H), 3.56 (s,
2H), 2.73-2.58 (m, 2H), 2.46 (d, J = 2.7 Hz, 2H), 1.96 (t, J = 2.7 Hz, 1H), 1.07 (s, 9H); *C NMR
(100 MHz, CDCl3): 6 135.9, 133.7, 129.7, 129.2, 127.8, 126.0, 81.9, 70.1, 69.6, 41.5, 27.7, 27.2,
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27.0, 19.6; IR (ATR): Vinax 3306, 3028, 2930, 2857, 1105, 700 cm™; HRMS (ESI): [M+Na]" caled
for C,¢H30OSiNa: 409.1964, found: 409.1967.

ethyl 4-[1-(tert-butyldiphenylsiloxymethyl)cyclohexa-2,5-dienyl]but-2-ynoate (46a)

TBDPSO Eﬁ%COQEt

To a stirred solution of 41 (496.0 mg, 1.29 mmol, 1.0 equiv) in THF (10 mL) was added
"BuLi (1.59 M in hexane, 0.94 mL, 1.49 mmol, 1.2 equiv) dropwise at —78 °C, and the mixture was
stirred for 30 min. To the reaction mixture was added ethyl chloroformate (0.16 mL, 1.67 mmol,
1.3 equiv) at the same temperature, and the mixture was stirred at 0 °C for 30 min. The reaction
mixture was quenched with saturated aqueous NH4Cl solution (5 mL), and the aqueous layer was
extracted with Et;O (10 mL x 3). The combined organic layer was washed with brine (10 mL),
dried over Na,SO., and evaporated. The residue was purified by flash column chromatography
(hexane/ethyl acetate = 100/1) to afford 46a as a pale yellow oil (553.0 mg, 91%):
R¢=0.56 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCLy): & 7.73-7.61 (m, 4H), 7.47-7.31
(m, 6H), 5.88 (ddd, J=10.4, 3.2, 3.2 Hz, 2H), 5.68 (ddd, J=10.4, 1.8, 1.8 Hz, 2H), 4.22 (q,J=7.3
Hz, 2H), 3.55 (s, 2H), 2.77-2.55 (m, 2H), 2.61 (s, 2H), 1.31 (t, J = 7.3 Hz, 3H), 1.07 (s, 9H); °C
NMR (100 MHz, CDCly): 6 153.9, 135.8, 133.5, 129.8, 128.4, 127.8, 126.6, 87.0, 74.9, 69.7, 61.9,
41.7,28.1, 27.1, 27.0, 19.6, 14.3; IR (ATR): vmax 3028, 2930, 2857, 2232, 1708, 1245, 1111, 1066,
700 cm™; HRMS (ESI): [M+Na]" caled for C20H3,0;SiNa: 481.2175, found: 481.2167.

isobutyl 4-[1-(zert-butyldiphenylsiloxymethyl)cyclohexa-2,5-dienyl]|but-2-ynoate (46b)

TBDPSO =C0,Bu
|

Compound 46b was prepared from compound 41 in 52% yield according to the
preparation method for compound 46a:
R¢=0.57 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCLy): & 7.74-7.63 (m, 4H), 7.50-7.32
(m, 6H), 5.88 (ddd, J=10.2, 3.4, 3.4 Hz 2H), 5.67 (ddd, /= 10.2, 1.7, 1.7 Hz, 2H), 3.94 (d, J = 6.8,
2H), 3.55 (s, 2H), 2.74-2.58 (m, 2H), 2.60 (s, 2H), 1.98 (ts, J = 6.8, 6.2 Hz, 1H), 1.07 (s, 9H), 0.95
(d, J = 6.2 Hz, 6H); >*C NMR (100 MHz, CDCls): & 154.1, 135.8, 133.5, 129.8, 128.4, 127.9, 126.7,
87.1,74.9, 71.9, 69.7, 41.8, 28.1, 27.8, 27.1, 27.0, 19.6, 19.2; IR (ATR): vmax 3029, 2960, 2931,
2858, 2365, 2236, 1711, 1245, 1113, 1069, 702 cm’'; HRMS (ESI): [M+Na]" caled for
C51H3305SiNa: 509.2488, found: 509.2476.
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isopropyl 4-[1-(fert-butyldiphenylsiloxymethyl)cyclohexa-2,5-dienyl]but-2-ynoate (46¢)

TBDPSOEﬁ%COZ’Pr

Compound 46¢ was prepared from compound 41 in 61% yield according to the
preparation method for compound 46a:
R¢=0.55 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCly): § 7.72-7.62 (m, 4H), 7.48-7.34
(m, 6H), 5.88 (ddd, J = 10.1, 3.2, 3.2 Hz, 2H), 5.69 (ddd, /= 10.1, 1.8, 1.8 Hz, 2H), 5.09 (septet, J
= 6.0 Hz 1H), 3.56 (s, 2H), 2.77-2.55 (m, 2H), 2.61 (s, 2H), 1.30 (d, J = 6.0 Hz, 6H), 1.07 (s, 9H);
C NMR (100 MHz, CDCly): 6 153.5, 135.8, 133.5, 129.8, 128.4, 127.8, 126.6, 86.6, 75.3, 69.7,
41.7,28.1, 27.1, 27.0, 21.9, 19.6; IR (ATR): vmax 3029, 2931, 2857, 2235, 1705, 1255, 1105, 1066,
701 cm™; HRMS (ESI): [M+Na]" caled for C30H3403SiNa: 495.2331, found: 495.2315.

tert-butyl 4-[1-(tert-butyldiphenylsiloxymethyl)cyclohexa-2,5-dienyl]but-2-ynoate (46d)

TBDPSOEi%COZtBU

To a stirred solution of 41 (255.2 mg, 0.661 mmol, 1.0 equiv) in THF (7 mL) was added
"BuLi (1.59 M in hexane, 0.62 mL, 0.986 mmol, 1.5 equiv) dropwise at —78 °C, and the mixture
was stirred for 30 min. To the reaction mixture was added Boc,O (230.9 mg, 1.06 mmol, 1.6 equiv)
in THF (1 mL) at the same temperature, and the stirring was continued at 0 °C for 30 min. The
reaction mixture was quenched with saturated aqueous NH4Cl solution (5 mL), and the aqueous
layer was extracted with Et;O (10 mL x 3). The combined organic layer was washed with brine (10
mL), dried over Na,SOy,, and evaporated. The residue was dissolved in CH,Cl; (4 mL), and to the
solution were added DMAP (0.0661 mmol, 8.1 mg, 0.1 eqiuv) and trifluoroethanol (0.048 mL,
0.661 mmol, 1.0 equiv), and the mixture was stirred at room temperature to destroy excess Boc,0.
After 30 min, the volatiles were evaporated, and the residue was purified by flash column
chromatography (hexane/ethyl acetate = 200/1) to afford 46d as a white solid (281.4 mg, 88%):
R¢ = 0.60 (hexane/ethyl acetate = 4/1); mp: 69.8 °C; 'H NMR (400 MHz, CDCl3): 6 7.70-7.62 (m,
4H), 7.46-7.34 (m, 6H), 5.87 (ddd, J=10.1, 3.2, 3.2 Hz, 2H), 5.68 (ddd, J=10.1, 1.8, 1.8 Hz, 2H),
3.55 (s, 2H), 2.74-2.52 (m, 2H), 2.57 (s, 2H), 1.50 (s, 9H), 1.07 (s, 9H); >C NMR (100 MHz,
CDCl3): 6 153.0, 135.8, 133.5, 129.8, 128.5, 127.8, 126.6, 84.5, 82.9, 76.3, 69.7, 41.7, 28.2, 28.0,
27.1,27.0, 19.6; IR (ATR): Vimay 3029, 2931, 2858, 2238, 1705, 1273, 1113, 1070, 702 cm™'; HRMS
(ESI): [M+Na]" calcd for C3;H3303SiNa: 509.2488, found: 509.2471.
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3-methoxymethoxymethyl-3-(prop-2-ynyl)cyclohexa-1,4-diene (46e-1)
MOMO =

To a stirred solution of 41-1 (317.3 mg, 2.14 mmol, 1.0 equiv) in THF (8 mL) were

added DIPEA (0.45 mL, 2.57 mmol, 1.2 equiv), TBAI (79.0 mg, 0.214 mmol, 0.1 equiv), and
MOMCI (0.2 mL, 2.57 mmol, 1.2 equiv), and the mixture was stirred overnight. The reaction
mixture was quenched with saturated aqueous NH4Cl solution (5 mL), and the aqueous layer was
extracted with Et;O (10 mL x 3). The combined organic layer was washed with brine (10 mL),
dried over Na,SO., and evaporated. The residue was purified by flash column chromatography
(hexane/ethyl acetate = 50/1) to afford 46e-1 as a colorless oil (367.7 mg, 89%):
R¢=0.33 (hexane/ethyl acetate = 10/1); 'H NMR (400 MHz, CDCl3): 6 5.88 (ddd, /=10.4, 3.2, 3.2
Hz, 2H), 5.66 (ddd, J=10.4, 2.3, 2.3 Hz, 2H), 4.62 (s, 2H), 3.64 (s, 2H), 3.35 (s, 3H), 2.71-2.63 (m,
2H), 2.34 (d, J = 2.7 Hz, 2H), 1.98 (t, 2.7 Hz, 1H); >*C NMR (100 MHz, CDCl3): 6 129.2, 126.2,
96.8, 81.2, 73.6, 70.3, 55.4, 39.9, 28.2, 26.9; IR (ATR): vmax 3296, 3022, 2884, 2821, 1152, 1109,
1040, 714 cm'l; HRMS (ESI): [M+Na]+ calcd for C,H 60,Na: 215.1048, found: 215.1056.

tert-butyl 4-[1-((methoxymethoxy)methyl)cyclohexa-2,5-dienyl]but-2-ynoate (46¢)

MOMOET:COZtBU

To a solution of 46e-1 (200.2 mg, 1.04 mmol, 1.0 equiv) in THF (5 ml) was added
"BuLi (1.59 M in hexane, 0.72 ml, 1.12 mmol, 1.1 equiv) dropwise at -78 °C and stirred for 30 min.
To the reaction mixture was added Boc,O (272.4 mg, 1.25 mmol, 1.2 equiv) in THF (1 ml) at the
same temperature, and stirred 30 min at 0 °C. The reaction mixture was quenched with saturated
aqueous NH4C1 (5 ml), and the aqueous phase was extracted with Et;O (5 ml x 3). The combined
organic phase was washed with brine (10 ml), dried over Na,SOy, and evaporated. The residue was
dissolved with CH,Cl, (4 ml). To the solution were added DMAP (0.104 mmol, 12.7 mg, 0.1
equiv) and TFE (0.072 ml, 1.04 mmol, 1.0 equiv) and stirred at room temperature to destroy excess
Boc,0. After 30 min, the volatiles were evaporated, and the residue was purified by flash column
chromatography (hexane/EtOAc = 50/1 to 10/1) to afford 46e as a colorless oil (268.3 mg, 88%):
R¢ = 0.19 (hexane/EtOAc = 10/1); '"H NMR (400 MHz, CDCls): d 5.90 (brd, J = 10.2, 2H), 5.65
(brd, J=10.2, 2H), 4.62 (s, 2H), 3.45 (s, 2H), 3.36 (s, 3H), 2.73-2.63 (m, 2H), 2.46 (s, 2H), 1.48 (s,
9H); "*C NMR (100 MHz, CDCls): d 153.0, 128.6, 126.7, 96.8, 83.9, 83.1, 76.4, 73.6, 55.4, 40.2,
28.4, 28.2, 26.9; IR (ATR): Vinay 3344, 2982, 2237, 1708, 1278, 1259, 1157, 1039 cm™'; HRMS
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(ESI): [M+Na]" caled for Ci7H2404Na: 315.1572, found: 315.1564.

tert-butyl 4-[1-(benzyloxymethyl)cyclohexa-2,5-dienyl]but-2-ynoate (46f)

BHOETCOZBU

To a stirred solution of 41-1 (232.6 mg, 1.57 mmol) in THF/DMF = 3/2 (5§ mL) was
added NaH (60% in mineral oil, 75.2 mg, 1.88 mmol, 1.2 equiv) at 0 °C, and the mixture was
stirred at room temperature for 15 min, and then cooled to 0 °C. To the reaction mixture were
added TBAI (58 mg, 0.157 mmol, 0.1 equiv) and benzyl bromide (0.22 mL, 1.88 mmol, 1.2 equiv),
and the mixture was stirred for 10 h at room temperature. After the reaction was completed, Et;N
(0.11 mL, 0.785mmol, 0.5 equiv) and H,O (5 mL) were added, and the stirring was continued for
15 min. The aqueous layer was extracted with Et;O (5 mL x 3), and the combined organic layer
was washed with brine (10 mL), dried over Na,SO,4, and evaporated. The residue was purified by
flash column chromatography (hexane/ethyl acetate = 100/1) to afford the crude alkyne, which was
used for next step without further purification.

To the solution of the crude alkyne in THF (10 mL) was added “BuLi (1.59 M in hexane,

1.09 mL, 1.73 mmol, 1.1 equiv) dropwise at —78 °C, and mixture was stirred for 30 min. To the
reaction mixture was added Boc,O (410.3 mg, 1.88 mmol, 1.2 equiv) in THF (1 mL) at the same
temperature, and the mixture was stirred at 0 °C for 30 min. The reaction mixture was quenched
with saturated aqueous NH4Cl solution (10 mL), and the aqueous layer was extracted with Et,0 (10
mL x 3). The combined organic layer was washed with brine (20 mL), dried over Na,SO,, and
evaporated. The residue was dissolved in CH,Cl, (4 mL), and to the solution were added DMAP
(0.157 mmol, 19.2 mg, 0.1 eqiuv) and TFE (0.113 mL, 1.57 mmol, 1.0 equiv), and the mixture was
stirred at room temperature to destroy excess Boc,O. After 30 min, the volatiles were evaporated,
and the residue was purified by flash column chromatography (hexane/ethyl acetate = 100/1) to
afford 46f as a colorless oil (308.2 mg, 58%):
R¢ = 0.34 (hexane/ethyl acetate = 10/1); 'H NMR (400 MHz, CDCl3): & 7.38-7.24 (m, 5H), 5.89
(ddd, J =10.2, 3.4, 3.4 Hz, 2H), 5.67 (ddd, J=10.2, 1.7, 1.7 Hz, 2H), 4.55 (s, 2H), 3.38 (s, 2H),
2.74-2.61 (m, 2H), 2.49 (s, 2H), 1.49 (s, 9H); *C NMR (100 MHz, CDCls):  153.0, 138.6, 128.7,
128.5, 127.7,127.6, 126.5, 84.2, 83.0, 76.2, 73.6, 40.6, 28.5, 28.2, 27.0; IR (ATR): iy 3028, 2979,
2859, 2238, 1704, 1369, 1275, 1257, 1160, 1073, 754 cm™'; HRMS (ESI): [M+Na]" caled for
CyH,603Na: 361.1780, found: 361.1764.
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3-(3,3-dibromoallyl)-3-methylcyclohexa-1,4-diene (46g-1)
Br
/ Br

To a stirred solution of CBry (2.54 g, 7.65 mmol, 2.0 equiv) in CH,Cl; (20 mL) was

added triphenylphosphine (3.99 g, 15.2 mmol, 4.0 equiv) at 0 °C, and the mixture was stirred at the
same temperature for 15 min. To the resulting yellow suspension was added
2-(1-methylcyclohexa-2,5-dienyl)acetaldehyde (520 mg, 3.80 mmol, 1.0 equiv) in CH,Cl, (2 mL),
and the mixture was stirred for 30 min at room temperature. The reaction mixture was quenched
with H,O (10 mL), and the aqueous layer was extracted with CH,Cl, (10 mL x 3). The combined
organic layer was washed with 3% aqueous H,O; solution (10 mL x 2), H,O (10 mL), brine (10
mL), dried over Na,SO4, and evaporated. The residue was purified by flash column
chromatography (hexane) to afford alkyne 46g-1 as a colorless oil (1.06 g, 95%):
R; = 0.64 (hexane); 'H NMR (400 MHz, CDCls): & 6.30 (t, J = 6.8, 1H), 5.75 (ddd, J = 10.4, 3.2,
3.2 Hz, 2H), 5.44 (ddd, J=10.4, 1.8, 1.8 Hz, 2H), 2.65-2.57 (m, 2H), 2.11 (d, J = 6.8 Hz, 2H), 1.09
(s, 3H); C NMR (100 MHz, CDCl): & 136.6, 132.9, 124.3, 89.0, 46.2, 36.5, 29.4, 26.4; IR
(ATR): Vimax 3415, 3014, 2958, 2923, 2877, 1736, 783, 728 cm™', HRMS (DART): [M+H]" calcd
for C1oH;3Br: 290.9379, found: 290.9369.

tert-butyl 4-(1-methylcyclohexa-2,5-dienyl)but-2-ynoate (46g)

iﬁ%COZfBu

To a stirred solution of 46g-1 (336.6 mg, 1.15 mmol, 1.0 equiv) in THF (6 mL) was
added "BuLi (1.59 M in hexane, 1.74 mL, 2.76mmol, 2.4 equiv) dropwise at —78 °C, and the
mixture was stirred for 1 h. To the reaction mixture was added Boc,O (376.5 mg, 1.73 mmol, 1.5
equiv) in THF (1 mL), and the mixture was stirred at 0 °C for 1 h. The reaction was quenched with
saturated aqueous NH4Cl solution (6 ml), and the aqueous layer was extracted with Et,O (6 mL x
3). The combined organic layer was washed with brine (10 mL), dried over Na,SO,4, and
evaporated. The residue was dissolved in CH,Cl, (6 mL) and to the solution were added DMAP
(0.115 mmol, 14.0 mg, 0.1 equiv) and trifluoroethanol (0.083 mL, 1.15 mmol, 1.0 equiv), and the
mixture was stirred at room temperature to destroy excess Boc,O. After 30 min, the volatiles were
evaporated, and the residue was purified by flash column chromatography (hexane/ethyl acetate =

200/1) to afford 46g as a colorless oil (209.8 mg, 79%):
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R = 0.64 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3): 6 5.76 (ddd, J=10.5, 3.2, 3.2
Hz, 2H), 5.58 (ddd, 10.5, 1.8, 1.8 Hz, 2H), 2.70-2.54 (m, 2H), 2,29 (s, 2H), 1.48 (s, 9H), 1.16 (s,
3H); °C NMR (100 MHz, CDCls): 6 153.0, 132.3, 124.3, 84.4, 83.0, 76.3, 35.9, 33.3, 28.3, 28.2,
26.5; IR (ATR): Vimax 3016, 2972, 2871, 2235, 1702, 1272, 1254, 1157, 1070, 711 cm™'; HRMS
(ESI): [M+Na]" calcd for C;5H,00,Na: 255.1361, found: 255.1370.

3-(tetrahydro-2H-pyran-2-yloxy)propane-1-ol (49-1)
HO™ ™>""OTHP

To a stirred solution of 1,3-propanediol (14.09 g, 185.2 mmol, 3.0 equiv) and
dihydropyran (5.19 g, 61.72 mmol, 1.0 equiv) in CH,Cl, (120 mL) was added p-TsOH (117.4 mg,
0.617 mmol, 0.01 equiv) at 0 °C, and the mixture was stirred at room temperature for 2 h. The
reaction mixture was quenched with triethylamine (0.13 mL, 0.926mmol, 0.015 equiv), and all the
volatiles were evaporated to dryness. The residue was by purified by flash column chromatography
(hexane/ethyl acetate = 3/1 to 1/1) to afford 49-1 as colorless oil (7.69 g, 78%):
R¢ = 0.17 (hexane/ethyl acetate = 2/1); '"H NMR (400 MHz, CDCls): 6 4.57 (dd, J = 3.2, 2.8 Hz,
1H), 3.95-3.74 (m, 4H), 3.61-3.48 (m, 2H), 2.36 (brs, 1H), 1.91-1.67 (m, 4H), 1.62-1.48 (m, 4H);
C NMR (100 MHz, CDCl3): & 99.3, 66.5, 62.7, 61.7, 32.2, 30.8, 25.5, 19.8; IR (ATR): Vay 3393,
2940, 2870, 1119, 1062, 1020, 970 cm™'; HRMS (ESI): [M+Na]" caled for CgH;c03Na: 183.0992,
found: 183.0992.

2-(3-iodopropoxy)tetrahydro-2H-pyran (49)
17" 0THP

To a stirred solution of 49-1 (4.62 g, 28.85 mmol, 1.0 equiv), PPh; (1.35 g, 43.28 mmol,
1.5 equiv), and imidazole (3.93 g, 57.70 mmol, 2.0 equiv) in THF (100 mL) was added I, (8.89 g,
34.62 mmol, 1.2 equiv) at 0 °C, and the mixture was stirred at the same temperature for 30 min.
The reaction mixture was quenched with saturated aqueous Na,S;0; solution (50 mL), and the
aqueous layer was extracted with Et;0 (30 mL x 3). The combined organic layer was washed with
brine (50 mL), dried over Na,SOy, and evaporated. To the residue was added Et,O and precipitated
triphenylphosphine oxide was filtered off. The filtrate was concentrated and the residue was
purified by flash column chromatography (hexane/ethyl acetate = 100/1 to 50/1) to afford 49 as a
pale yellow oil (7.11 g, 91%):
R¢=0.70 (hexane/ethyl acetate = 2/1); 'H NMR (400 MHz, CDCl3): 6 4.60 (m, 1H), 3.89-3.83 (m,
1H), 3.80 (ddd, J=10.1, 6.0, 6.0 Hz, 1H), 3.54-3.49 (m, 1H), 3.44 (ddd, J=10.1, 6.0, 6.0 Hz, 1H),
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3.29 (dt, J =6.9, 0.9 Hz, 2H), 2.09 (quint, J =6.0 Hz, 2H), 1.84-1.50 (m, 6H); °C NMR (100 MHz,
CDCls): d 99.1, 67.0, 62.5, 33.7, 30.8, 25.6, 19.7, 3.6; IR (ATR): Vimax 2939, 2869, 1132, 1028, 980
em’™'; HRMS (ESI): [M+Na]" caled for CsH;s0,INa: 293.0009, found: 293.0008.

methyl 1-(3-hydroxypropyl)cyclohexa-2,5-diene-1-carboxylate (50)

MeO,C OH

To a stirred solution of diisopropylamine (2.86 mL, 20.33 mmol, 1.3 equiv.) in THF (50
mL) was added "BuLi (1.55 M in hexane, 11.1 mL, 17.20 mmol, 1.1 equiv) at 0 °C, and the mixture
was stirred at the same temperature for 15 min. To the solution was added 39 (2.16 g, 15.64 mmol,
1.0 equiv) in THF (5 mL) dropwise at —78 °C, and the mixture was stirred for 30 min. To the
reaction mixture was added 49 (5.07 g, 18.77 mmol, 1.2 equiv) and HMPA (13.6 mL, 78.20 mmol,
5.0 equiv) in THF (10 mL) at the same temperature, and the mixture was stirred at 0 °C for 1 h. The
reaction mixture was quenched with saturated aqueous NH4CI solution (30 mL), and the aqueous
layer was extracted with ethyl acetate (30 mL x 3). The combined organic layer was washed with
brine (50 mL), dried over Na,SO4, and evaporated. The residue was purified by flash column
chromatography (hexane/ethyl acetate = 50/1 to 30/1) to afford an alkylated product, which was
used for next step without further purification.

To a solution of the above product in MeOH (40 mL) was added p-TsOH (30.1 mg,
0.156 mmol, 0.01 equiv) at 0 °C, and the mixture was stirred at the same temperature for 1 h. The
reaction mixture was quenched with Et;N (0.04 mL, 0.234mmol, 0.015 equiv), and all the volatiles
were evaporated to dryness. The residue was purified by flash column chromatography
(hexane/ethyl acetate = 3/1 to 1/1) to afford 50 as a colorless oil (3.01 g, quant.):
R¢=0.21 (hexane/ethyl acetate = 2/1); 'H NMR (400 MHz, CDCl3): 6 5.90 (ddd, J=10.5, 3.2, 3.2
Hz, 2H), 5.72 (ddd, J = 10.5, 1.8, 1.8 Hz, 2H), 3.68 (s, 3H), 3.61 (t, J = 6.4 Hz, 2H), 2.71-2.57 (m,
2H), 1.75-1.71 (m, 2H), 1.52-1.45 (m, 2H), 1.49 (s, 1H); >*C NMR (100 MHz, CDCl3):  175.5,
127.1, 126.2, 63.1, 52.4, 47.7, 35.8, 27.8, 26.3; IR (ATR): vinax 3366, 2949, 2868, 1725, 1434, 1224,
1201, 1055, 1015, 702 cm'l; HRMS (ESI): [M+Na]+ caled for C{1H;s0OsNa: 219.0992, found:
219.0992
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methyl 1-(3-oxopropyl)cyclohexa-2,5-diene-1-carboxylate (51-1)

MeO,C =0

To a stirred solution of DMSO (3.82 mL, 53.84 mmol, 8.0 equiv) in CH,Cl, (60 mL)

was added (COCI); (2.98 mL, 33.65 mmol, 5.0 equiv) at —78 °C, and the mixture was stirred at the
same temperature for 20 min. To the reaction mixture was added a solution of 50 (1.32 g, 6.73
mmol, 1.0 equiv) in CH,Cl, (15 mL), and the mixture was stirred for 30 min at —78 °C. To the
reaction mixture was added triethylamine (11.4 mL, 80.76 mmol, 12 equiv), and the mixture was
stirred at room temperature for 1 h. The reaction mixture was quenched with saturated aqueous
NH4CI solution (20 mL), and the aqueous layer was extracted with CH,Cl, (20 mL x 3). The
combined organic layer was washed with brine (50 mL), dried over Na,SO4, and evaporated. The
residue was purified by flash column chromatography (hexane/ethyl acetate = 20/1 to 15/1) to
afford 51-1 (1.13 g, 87%) as a colorless oil:
R¢ = 0.26 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3): 6 9.73 (t, J= 1.4 Hz, 1H), 5.72
(ddd, J =10.5, 3.2, 3.2 Hz, 2H), 5.66 (ddd, J = 10.5, 1.8, 1.8 Hz, 2H), 3.70 (s, 3H), 2.72-2.57 (m,
2H), 2.38 (dt, J = 7.8, 1.4 Hz 2H), 2.04 (t, J = 7.8 Hz, 2H); °C NMR (100 MHz, CDCl3): & 202.3,
175.2, 127.5, 126.7, 52.9, 47.7, 39.8, 31.5, 26.6; IR (ATR): vmax 2952, 1720, 1228, 1203, 1087,
1021, 797 cm'l; HRMS (ESI): [M+Na]+ calcd for C;;H1405Na: 217.0835, found: 217.0836.

methyl 1-(but-3-yn-1-yl)cyclohexa-2,5-diene-1-carboxylate (51-2)

7
MeO,C

To a stirred solution of 51-1 (305.7 mg, 1.56 mmol, 1.0 equiv) and Ohira-Bestmann
reagent (542.5 mg, 2.80 mmol, 1.8 equiv) in MeOH (16 mL) was added K,CO; (434.1 mg, 3.14
mmol, 2.0 equiv) at 0 °C, and the mixture was stirred at the same temperature for 2 h. After the
reaction was completed, Et,0 (32 mL) was added to the reaction mixture, and the mixture was
filtered through a Celite pad. The filtrate was evaporated and the residue was purified by flash
column chromatography (hexane/ethyl acetate = 20/1) to afford 51-2, which was used for next step
immediately:
R¢ = 0.32 (hexane/ethyl acetate = 10/1); 'H NMR (400 MHz, CDCl3): 85.93 (dt, J = 10.5, 3.2 Hz,
2H), 5.70 (dt, J = 10.5, 1.8 Hz, 2H), 3.70 (s, 3H), 2.12-2.07 (m, 2H), 1.98-1.92 (m, 3H); °C NMR
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(100 MHz, CDCLy): d 174.8, 126.9, 126.3, 84.2, 68.6, 52.5, 47.7, 38.0, 26.3, 14.0 cm'; IR (ATR):
Vmax 3293, 2952, 1727, 1434, 1229, 1203, 1074, 628 cm’'; HRMS (ESI): [M+Na]" caled for
C1,H,40,Na: 213.0886, found: 213.0887.

[1-(but-3-yn-1-yl)cyclohexa-2,5-diene-1-yljmethanol (51)

Z
HO

To a suspension of LiAlH4 (71.1 mg, 1.87 mmol, 1.2 equiv) in Et,0 (10 mL) was added
51-2 obtained as above at 0 °C, and the mixture was stirred for 5 min. The reaction mixture was
quenched with H,O (0.075 mL), 15 % aqueous NaOH solution (0.075 mL), H,O (0.23 mL), and the
mixture was stirred for 1 h. The resulting mixture was filtered through a Celite pad, and the filtrate
was evaporated. The residue was purified by flash column chromatography (hexane/ethyl acetate =
3/1 to 2/1) to afford 51 (23.1 mg, 91%, 2 steps) as a colorless oil:
R¢= 0.47 (hexane/ethyl acetate = 2/1); 'H NMR (400 MHz, CDCl3): 6 5.99 (ddd, J=10.5, 3.2, 3.2
Hz, 2H), 5.70 (dd, J = 10.5, 1.8, 1.8 Hz, 2H), 3.34 (s, 2H), 2.70-2.56 (m, 2H), 2.09-2.04 (m, 2H),
1.91 (t, J = 2.8 Hz, 1H), 1.58 (brs, 1H), 1.56-1.51 (m, 2H); *C NMR (100 MHz, CDCls):  128.8,
128.6, 85.0, 70.4, 68.3, 43.4, 36.1, 26.7, 14.2; IR (ATR): vimax 3301, 2918, 2861, 1692, 1656, 1421,
1036, 713, 630 cm'l; HRMS (DART): [M+Na]+ caled for C;;H140: 163.1117, found: 163.1113.

[(1-(but-3-yn-1-yl)cyclohexa-2,5-diene-1-yl)methanol] zert-butyldiphenylsilane (52-1)

V4
TBDPSO

To a stirred solution of 51 (558.3 mg, 3.44 mmol, 1.0 equiv) and imidazole (706.7 mg,
10.32 mmol, 3.0 equiv) in CH,Cl, (35 mL) was added TBDPSCI (1.34 mL, 5.16 mmol, 1.5 equiv)
at 0 °C, and the mixture was stirred at room temperature for 1 h. The reaction mixture was
quenched with saturated aqueous NH4Cl solution (15 mL), and the aqueous layer was extracted
with CH,Cl, (10 mL x 3). The combined organic layer was washed with brine (30 mL), dried over
Na,S0., and evaporated. The residue was purified by flash column chromatography (hexane/ethyl
acetate = 100/1) to afford 52-1 (1.45 g, quant.) as a colorless oil:
Rs = 0.61 (hexane/ethyl acetate = 10/1); 'H NMR (400 MHz, CDCly): 6 7.27-7.65 (m, 4H),
7.44-7.36 (m, 6H), 5.85 (ddd, /= 10.5, 3.2, 3.2 Hz, 2H), 5.45 (ddd, /= 10.5, 1.8, 1.8 Hz, 2H), 3.44

76



(s, 2H), 2.69-2.52 (m, 2H), 2.09-2.04 (m, 2H), 1.93 (t, /= 2.8 Hz, 1H), 1.75-1.71 (m, 2H), 1.06 (s,
9H); C NMR (100 MHz, CDCLy):  135.9, 133.9, 129.7, 129.5, 127.8, 126.5, 85.7, 71.6, 68.0,
427, 36.4, 27.0, 19.6, 14.5; IR (ATR): Vi 3307, 2930, 2855, 1427, 1105, 1065, 670, 614 cm’';
HRMS (ESI): [M+Na]" calcd for C,7H3,0NaSi: 423.2115, found: 423.2114.

tert-butyl 5-[1-(tert-butyldiphenylsiloxymethyl)cyclohexa-2,5-dien-1-yl]pent-2-ynoate (52)

CO,Bu

Vi
TBDPSO

Compound 52 was prepared from compound 52-1 in 95% yield according to the
preparation method for compound 46g:
R = 0.45 (hexane/ethyl acetate = 10/1); 'H NMR (400 MHz, CDCl3): 6 7.66-7.61 (m, 4H),
7.45-7.33 (m, 6H), 5.85 (dd, J = 10.5, 3.2, 3.2 Hz, 2H), 5.42 (ddd, J = 10.5, 1.8, 1.8 Hz, 2H), 3.42
(s, 2H), 2.70-2.51 (m, 2H), 2.19-2.14 (m, 2H), 1.76-1.72 (m, 2H), 1.49 (s, 9H), 1.05 (s, 9H); °C
NMR (100 MHz, CDCls): 6 153.2, 135.9, 133.7, 129.8, 129.1, 127.8, 126.9, 88.1, 83.0, 74.4, 71.6,
42.6,35.2,28.2,27.0, 19.6, 14.8; IR (ATR): vimax 1931, 2856, 2232, 1704, 1277, 1256, 1161, 1108,
1074, 702 cm™'; HRMS (ESI): [M+Na] " calcd for C3,Hy003NaSi: 523.2639, found: 523.2640.

1,1-dibromo-6-methylhepta-1,5-diene (54)
Br

W %\Br

To a stirred solution of 53 (2.65 g, 16.97 mmol, 1.0 equiv) in CH,Cl, (60 mL) was
added DIBAL-H (1.01 M in toluene, 21.8 mL, 22.06 mmol, 1.3 equiv) dropwise at —78 °C, and the
mixture was stirred for 30 min. The reaction was quenched with saturated aqueous potassium
sodium tartrate solution (60 mL) at —78 °C, and the mixture was warmed to room temperature and
stirred for 2 h. The aqueous layer was extracted with CH,Cl, (20 mL x 3). The combined organic
layer was washed with brine (60 mL), dried over Na,SOy, and carefully evaporated (200 mmHg).
The resulting crude aldehyde was used without further purification.

To a stirred solution of CBr4 (11.26 g, 33.94 mmol, 2.0 equiv) in CH,Cl, (80 mL) was
added triphenylphosphine (17.80 g, 67.88 mmol, 4.0 equiv) at 0 °C, and the mixture was stirred at
the same temperature for 15 min. To the resulting yellow suspension was added the crude aldehyde

obtained as above, and the mixture was stirred at room temperature for 30 min. This reaction
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mixture was quenched with H,O (40 mL), and the aqueous layer was extracted with CH,Cl, (40
mL x 3). The combined organic layer was washed with 3% aqueous H,O; solution (10 mL x 2),
H,O (10 mL), and brine (10 mL), dried over Na,SOy, and evaporated. To the residue was added
Et,0 and precipitated triphenylphosphine oxide was filtrated off. The filtrate was evaporated and
the residue was purified by flash column chromatography (hexane) to afford 54 as a colorless oil
(3.50 g, 77%):

R¢ = 0.64 (hexane); 'H NMR (400 MHz, CDCl3): 6 6.39 (t, J = 6.9 Hz, 1H), 5.14-5.05 (m, 1H),
2.16-2.05 (m, 4H), 1.70 (s, 3H), 1.61 (s, 3H); °C NMR (100 MHz, CDCLy): 6 138.6, 133.3, 122.8,
88.9, 88.9, 33.4, 26.5, 25.9, 17.9; IR (ATR): Vimay 2928, 1724, 1375, 1108, 834, 800, 780 cm';
HRMS (DART): [M+NH,]" caled for CsH NBr,: 285.9629, found: 286.0464.

tert-butyl 7-methyloct-6-en-ynoate (55)

= [
AN
\’/\ \COZtBu

Compound 55 was prepared from compound 54 in 84% yield according to the
preparation method for compound 46g:
R¢ = 0.60 (hexane/ethyl acetate = 10/1); 'H NMR (400 MHz, CDCls): d 6.39 (t, J = 6.9 Hz, 1H),
5.14-5.05 (m, 1H), 2.16-2.05 (m, 4H), 1.70 (s, 3H), 1.61 (s, 3H); °C NMR (100 MHz, CDCl3): &
138.6, 133.3, 122.8, 88.9, 88.9, 33.4, 26.5, 25.9, 17.9; IR (ATR): vmax 2979, 2238, 1706, 1275,
1259, 1161, 1072 cm'l; HRMS (ESI): [M+Na]+ calcd for CoH,O3Na: 191.0679, found: 191.0679.

ethyl 4-phenylpent-4-enoate (57-1)
Ph

NCOZEt

To a stirred mixture of 56 (3.34 g, 24.89 mmol, 1.0 equiv) and triethyl orthoformate
(37.5 mL) was added propionic acid (0.13 mL, 1.74 mmol, 0.07 equiv) at room temperature, and
the mixture was stirred at 145 °C for 5 h. After cooling the mixture, ethyl acetate (40 mL) was
added to the reaction mixture at room temperature. The organic layer was washed with aqueous 2N
HCI solution (20 mL x 2), saturated aqueous NaHCOj solution (20 mL), and brine (20 mL), dried
over Na,SO4, and evaporated. The residue was purified by flash column chromatography
(hexane/ethyl acetate = 30/1) to afford 57-1 (4.46 g, 88%) as a colorless oil:
R¢ = 0.48 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCl3): & 7.43-7.24 (m, 5H), 5.30 (s,
1H), 5.09 (d, /= 1.4 Hz, 1H), 4.12 (q, J = 7.3 Hz, 2H), 2.84 (t, J = 7.8 Hz, 2H), 2.47 (t, /= 7.8 Hz,
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2H), 1.24 (t, J = 7.3 Hz, 3H); BC NMR (100 MHz, CDCl3): 6 173.3, 147.1, 140.8, 128.5, 127.8,
126.3, 113.0, 60.6, 33.5, 30.7, 14.4; IR (ATR): viax 3082, 3057, 2981, 1732, 1372, 1253, 1155, 778,
703 cm'l; HRMS (ESI): [M+Na]+ calcd for C3Hs0,Na: 227.1043, found: 227.1042.

4-phenylpent-4-en-1-ol (57)
}Pi/VOH

To a stirred suspension of LiAlH4 (497.3 mg, 13.10 mmol, 0.6 equiv) in THF (60 mL)
was added 57-1 (4.46 g, 21.84 mmol, 1.0 equiv) at 0 °C, and the mixture was stirred for 20 min.
The reaction mixture was quenched with H,O (0.5 mL), 15 % aqueous NaOH solution (0.5 mL),
H,0 (1.5 mL), and the resulting mixture was stirred for 1 h. The resulting mixture was filtered
through a Celite pad, and the filtrate was evaporated. The residue was purified by flash column
chromatography (hexane/ethyl acetate = 3/1 to 2/1) to afford 57 (3.22 g, 91%) as a colorless oil:
R¢=0.16 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3): 8 7.45-7.21 (m, 5H), 5.29 (d, J
=1.4 Hz 1H), 5.09 (dd, J=2.8, 1.4 Hz, 1H), 3.65 (t, J= 6.4 Hz, 2H), 2.60 (dt, J = 7.1, 1.4 Hz, 2H),
1.75-1.68 (m, 2H), 1.46 (brs, 1H); °C NMR (100 MHz, CDCls): & 148.1, 141.1, 128.5, 127.6,
126.3, 112.7, 62.6, 31.7, 31.2; IR (ATR): vmax 3331, 2941, 1626, 1491, 1443, 1056, 897, 778, 704
cm'l; HRMS (DART): [M+H]+ caled for C11H;50: 163.1117, found: 163.1109.

4-phenylpent-4-enal (58-1)
;i/vo

To a stirred solution of 57 (248.3 mg, 1.53 mmol, 1.0 equiv) in CH,Cl, (10 mL) was
added Dess—Martin periodinane (1.30 g, 3.06 mmol, 2.0 equiv) at 0 °C, and the mixture was stirred
for 20 min. The reaction mixture was quenched with a mixture of saturated aqueous NaHCO;
solution (10 mL) and saturated aqueous Na,S,03 solution (10 mL), and the aqueous layer was
extracted with CH,Cl, (15 mL x 3). The combined organic layer was washed with brine (20 mL),
dried over Na,SO., and evaporated. The residue was purified by flash column chromatography
(hexane/ethyl acetate = 70/1) to afford 58-1 (222.5 mg, 90%) as a colorless oil:
R¢=0.39 (hexane/ethyl acetate = 5/1); 'H NMR (400 MHz, CDCl3): 6 9.79 (brs, 1H), 7.43-7.26 (m,
5H), 5.33 (s, 1H), 5.10 (d, J = 1.4 Hz, 1H), 2.85 (t,J = 7.8 Hz, 2H), 2.61 (dt, J = 7.8, 1.4 Hz, 2H);
C NMR (100 MHz, CDCly): d 202.0, 146.8, 140.6, 128.6, 127.9, 126.3, 113.3, 42.6, 27.9; IR
(ATR): Vinax 3082, 2824, 1720, 1495, 899, 779, 704 cm™'; HRMS (ESI): [M+H]" caled for C;,H,50:
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161.0961, found: 163.0961.

(6,6-dibromohexa-1,5-dien-2-yl)benzene (58-2)

Compound 58-2 was prepared from compound 58-1 in 88% yield according to the
preparation method for compound 46g-1:
R¢ = 0.66 (hexane); 'H NMR (400 MHz, CDCls): & 7.44-7.24 (m, 5H), 6.41 (t, J = 7.3 Hz, 1H),
5.33 (brs, 1H), 5.09 (brs, 1H), 2.63 (t, J = 7.3 Hz, 2H), 2.26 (dt, J = 7.3, 7.3 Hz, 2H); °C NMR
(100 MHz, CDCls): 8 147.1, 140.7, 138.0, 128.6, 127.8, 126.3, 113.5, 89.4, 33.4, 31.9; IR (ATR):
Vmax 3057, 2926, 1626, 1494, 1447, 900, 777, 699 cm’'; HRMS (DART): [M+H]" calcd for
C1oH3Bry: 314.9379, found: 314.93366.

tert-butyl 6-phenylhept-6-en-2-ynoate (58)

Ph

N

CO,Bu

Compound 58 was prepared from compound 58-1 in 84% yield according to the
preparation method for compound 46g:
R¢ = 0.36 (hexane/ethyl acetate = 10/1); '"H NMR (400 MHz, CDCls): & 7.41-7.27 (m, 5H), 5.35
(brs, 1H), 5.13 (brs, 1H), 2.79 (t, J = 7.3 Hz, 2H), 2.44 (t, J = 7.3 Hz, 1H), 1.49 (s, 9H); °C NMR
(100 MHz, CDCls): 6 153.0, 146.3, 140.2, 128.6, 127.9, 126.3, 113.8, 86.1, 83.2, 75.1, 33.7, 28.2,
18.2; IR (ATR): Viay 2980, 2238, 1702, 1369, 1274, 1257, 1158, 1073, 704 cm’'; HRMS (ESI):
[M+Na]" calcd for C17H,00,Na: 279.1356, found: 279.1355.

General procedure of Au(I)-catalyzed oxidative ene-yne cyclization

To the stirred suspension of AgSbFs (10 mol %) in CH,Cl, was added a solution of
“Hex-JohnPhosAuCl (10 mol %) in CH,Cl,, and the mixture was stirred at room temperature for 1
h, then stood to use clear layer.

To the stirred solution of ynoate (1.0 equiv.), N-oxide (3.0 equiv), and activated MS 4A
(100 mg for 50 mg of substrate) in CH,Cl, or (CH,Cl); (0.05 M) was added a solution of the
cationic gold species prepared as above, and the mixture was stirred at appropriate temperature for

12 h. After the reaction was completed, the reaction mixture was passed through a silica gel pad,
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washed with EtOAc and evaporated. The residue was purified by flash column chromatography to

afford products.

1-tert-butyldiphenysiloxymethyl-s-oxo-tricyclo[4.3.0.05’7]non-2-ene 42)
O

TBDPSO™ ™,

Purification was performed by flash column chromatography (hexane/EtOAc = 20/1 to
15/1) to afford 42 as a clear oil (47%):
Ry = 0.15 (hexane/ethyl acetate = 10/1); 'H NMR (400 MHz, CDCls): 6 7.74-7.64 (m, 4H),
7.48-7.36 (m, 6H), 5.91 (dd, J =9.6, 2.8 Hz, 1H), 5.86 (ddd, J=9.6, 6.2, 1.7 Hz, 1H), 3.79 (s, 2H),
2.66 (d, J = 18.7 Hz, 1H), 2.63 (m, 1H), 2.17 (dd, J = 8.5, 5.1 Hz, 1H), 2.04 (dd, J = 9.9, 5.1 Hz,
1H), 1.98 (m, 1H), 1.83 (d, J = 18.7 Hz, 1H), 1.87-1.77 (m, 1H), 1.08 (s, 9H); *C NMR (100 MHz,
CDCl;): & 214.9, 135.9, 135.8, 134.2, 133.5, 133.5, 130.0, 130.0, 128.0, 127.8, 69.9, 51.2, 40.6,
34.9, 31.0, 27.1, 21.7, 21.7, 19.6; IR (ATR): vmax 3034, 2930, 2857, 1722, 1428, 1112, 824, 702
cm'l; HRMS (ESI): calcd for [M+Na]+ C,6H300,SiNa: 425.1907, found: 425.1906.

(E)-3-[1-(tert-butyldiphenylsiloxymethyl)cyclohexa-2,5-dienyl]acrylaldehyde (43)

O
\
N H

TBDPSO

Purification was performed by flash column chromatography (hexane/EtOAc = 50/1) to
afford 43 as a clear oil (10%):
R¢ = 0.25 (hexane/ethyl acetate = 10/1); '"H NMR (400 MHz, CDCl3): 6 9.50 (d, J = 7.8 Hz, 1H),
7.65-7.60 (m, 4H), 7.46-7.34 (m, 6H), 6.88 (d, J = 15.8 Hz, 1H), 6.08 (dd, J = 15.8, 7.8 Hz, 1H),
5.91 (ddd, J=10.5, 3.2, 3.2 Hz, 2H), 5.67 (ddd, J = 10.5, 1.8, 1.8 Hz, 2H), 3.62 (s, 2H), 2.68 (brs,
2H), 1.06 (s, 9H); *C NMR (100 MHz, CDCls): & 194.3, 161.6, 135.9, 133.4, 132.1, 130.0, 127.9,
126.6, 126.5, 70.6, 45.9, 27.0, 26.8, 19.6; IR (ATR): Vinax 2931, 2855, 1992, 1112, 823, 702 cm’;
HRMS (ESI): caled for [M+Na]" CpsH300,SiNa: 425.1907, found: 425.1906.
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1-tert-butyldiphenysiloxymethyl-tricyclo[4.3.0.05’7]nona-2,8-diene (44)

TBDPSO™ (9

Purification was performed by flash column chromatography (hexane) to afford 44 as a
clear oil (62%):
Rf = 0.70 (hexane/ethyl acetate = 10/1); 'H NMR (400 MHz, CDCly): 6 7.73-7.67 (m, 4H),
7.45-7.35 (m, 6H), 5.97-5.90 (m, 2H), 5.74 (dd, J=5.7, 2.3 Hz, 1H), 4.94 (d, /= 5.7 Hz, 1H), 3.83
(d, J=9.6 Hz, 1H), 3.78 (d, /= 9.6 Hz, 1H), 2.54 (dd, J = 8.8, 6.2 Hz, 1H), 2.51 (ddd, J = 8.8, 5.1,
1.1 Hz, 1H), 1.85 (m, 1H), 1.57 (m, 1H), 1.43 (m, 1H), 1.24 (ddd, J=16.0, 8.8, 2.3 Hz, 1H), 1.08 (s,
9H); "*C NMR (100 MHz, CDCLy): & 135.9, 134.1, 131.1, 130.7, 130.3, 129.7, 127.8, 127.8, 69.5,
53.1, 27.4, 27.1, 26.1, 20.7, 20.6, 19.7; IR (ATR): vmax 3045, 2930, 2856, 1427, 1112, 1076, 824,
701 cm™; HRMS (ESI): caled for [M+Na]" Cy6H300SiNa: 409.1958, found: 409.1959.

ethyl 1-tert—butyldiphenysiloxymethyl-s-oxo-tricyclo[4.3.0.05’7]non-2-ene-7-cab0xylate (47a)

TBDPSO™ ",

Purification was performed by flash column chromatography (hexane/ethyl acetate =
15/1 to 10/1) to afford 47a as pale yellow oil (63%):
R¢=0.35 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3): 8 7.72-7.59 (m, 4H), 7.52-7.33
(m, 6H), 5.85-5.75 (m, 1H), 5.68 (dd, J = 10.0, 2.7 Hz, 1H), 4.20 (dq, J = 7.3, 1.8 Hz, 2H), 3.77 (d,
J=14,2H),3.02 (d, J=17.2, 1H), 2.73-2.56 (m, 3H), 2.17-2.03 (m, 1H), 1.99 (d, J=17.2, 1H),
1.28 (t,J= 7.3, 3H), 1.06 (s, 9H); °C NMR (100 MHz, CDCl5): 8 207.5, 169.2, 135.9, 135.8, 133.3,
133.1, 132.1, 130.1, 130.1, 128.0, 128.0, 127.0, 68.8, 61.6, 54.0, 44.4, 39.9, 38.7, 30.8, 27.0, 21 .4,
19.6, 14.4; IR (ATR): Vimax 3029, 2931, 2857, 1735, 1720, 1236, 1112, 703 cm™'; HRMS (ESI):
caled for [M+Na]" CaoH3,04SiNa: 497.2124, found: 497.2099.

isobutyl l-tert-butyldiphenysiloxymethyl-s-oxo-tricyclo[4.3.0.05’7] non-2-ene-7-caboxylate
(47b)

TBDPSO™ . CO,Bu

Purification was performed by flash column chromatography (hexane/ethyl acetate =
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15/1 to 10/1) to afford 47b as pale yellow oil (57%):

R¢= 0.46 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCL3): & 7.71-7.58 (m, 4H), 7.50-7.35
(m, 6H), 5.85-5.75 (m, 1H), 5.68 (dd, J=9.6, 2.8 Hz, 1H), 3.93 (dd, J = 10.5, 6.4 Hz, 1H), 3.88 (dd,
J=10.5, 6.4 Hz, 1H), 3.76 (s, 2H), 3.00 (d, J = 16.9 Hz, 1H), 2.72-2.57 (m, 3H), 2.15-2.06 (m, 1H),
1.99 (d, J = 16.9 Hz, 1H), 2.00-1.90 (m,1H), 1.06 (s, 9H), 0.93 (d, J = 6.9 Hz, 6H); °C NMR (100
MHz, CDCl5): § 207.3, 169.2, 135.9, 135.8, 133.2, 133.1, 132.1, 130.1, 130.1, 128.0, 128.0, 126.9,
71.5, 68.8, 54.0, 44.4, 39.7, 38.7, 30.7, 27.9, 27.0, 21.4, 19.5, 19.3; IR (ATR): vmax 3032, 2959,
2857, 1737, 1716, 1265, 1234, 1112, 702 cm™'; HRMS (ESI): [M+Na]" caled for Cs3;H330,4SiNa:
525.2437, found: 525.2412.

isopropyl l-tert-butyldiphenysiloxymethyl-s-oxo-tricyclo[4.3.0.05’7] non-2-ene-7-caboxylate
@7c¢)

TBDPSO™ ™, CO,Pr

Purification was performed by flash column chromatography (hexane/ethyl acetate =
15/1 to 10/1) to afford 47¢ as pale yellow oil (62%):
R¢ = 0.36 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCL3): & 7.69-7.59 (m, 4H), 7.49-7.35
(m, 6H), 5.84-5.74 (m, 1H), 5.68 (dd, J=10.1, 2.8 Hz, 1H), 5.04 (qq, J = 6.4, 6.4 Hz, 1H), 3.77 (d,
J=10.1 Hz, 1H), 3.74 (d, /= 10.1 Hz, 1H), 3.04 (d, /= 16.9 Hz, 1H), 2.71-2.55 (m, 3H), 2.17-2.05
(m, 1H), 1.97 (d, J = 16.9 Hz, 1H), 1.27 (d, J = 6.4, 3H), 1.23 (d, J = 6.4, 3H), 1.07 (s, 9H); °C
NMR (100 MHz, CDCL): 6 207.4, 168.7, 135.9, 135.8, 133.2, 133.2, 132.0, 130.1, 130.1, 128.0,
126.9, 69.1, 68.8, 54.0, 44.5, 39.5, 38.6, 30.5, 27.1, 22.0, 21.9, 21.9, 21.5, 19.6; IR (ATR): Viax
3028, 2931, 2857, 1736, 1713, 1266, 1238, 1107, 702 cm’'; HRMS (ESI): [M+Na]" calcd for
C;30H3604SiNa: 511.2281, found: 511.2279.
tert-butyl 1-tert—butyldiphenysiloxymethyl-s-oxo-tricyclo[4.3.0.05’7]non-2-ene-7-cab0xylate
“47d)

TBDPSO ™ . CO,Bu

Purification was performed by flash column chromatography (hexane/ethyl acetate =
15/1 to 10/1) to afford 47d as white solid (69%):
R¢=0.40 (hexane/ethyl acetate = 4/1); mp: 119.4 °C; 'H NMR (400 MHz, CDCls): & 7.72-7.60 (m,
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4H), 7.51-7.35 (m, 6H), 5.78 (ddd, J =9.6, 5,7, 2.3 Hz, 1H), 5.62 (dd, J= 9.6, 2.8 Hz, 1H), 3.78 (d,
J=9.6 Hz, 1H), 3.72 (d, J = 9.6 Hz, 1H), 3.06 (d, J = 17.0 Hz, 1H), 2.70-2.48 (m, 3H), 2.17-2.05
(m, 1H), 1.95 (d, J = 17.0 Hz, 1H), 1.46 (s, 9H), 1.08 (s, 9H); *C NMR (100 MHz, CDCl;): &
207.6, 168.2, 135.9, 135.8, 133.2, 133.2, 132.0, 130.1, 130.1, 128.0, 127.0, 81.8, 68.7, 54.0, 45.2,
39.2,38.5,30.1, 28.2, 27.1, 21.5, 19.6; IR (ATR): vmax 3070, 2930, 2857, 1735, 1711, 1367, 1270,
1160, 1105, 701 cm'l; HRMS (ESI): [M+Na]+ calcd for C3;H3304SiNa: 525.2437, found: 525.2426.

4a-tert—butyldiphenylsiloxymethyl-Za,2al,4,4a,7,7a-hexahydroindeno[7,1-bc] furan-2,3-dione
(48)

TBDPSO™ ™.

Purification was performed by flash column chromatography (hexane/ethyl acetate =
4/1) to afford 48 as pale yellow oil (17%):
R¢=0.61 (hexane/ethyl acetate = 1/1); '"H NMR (400 MHz, CDCL3): 8 7.63-7.60 (m, 4H), 7.49-7.35
(m, 6H), 5.81 (ddd, J = 10.1, 6.2, 3.2 Hz, 1H), 5.59 (dd, J = 10.1, 2.3 Hz, 1H), 4.80 (ddd, J = 7.8,
3.7, 3.7 Hz, 1H), 3.58 (d, J = 10.5 Hz, 1H), 3.51 (d, J = 10.1 Hz, 1H), 3.40 (d, J = 10.1 Hz, 1H),
3.38 (dd, J = 10.5, 7.8 Hz, 1H), 2.83 (d, J = 18.3 Hz, 1H), 2.47 (ddd, J = 17.2, 6.2, 3.7 Hz, 1H),
2.30 (d, J = 18.3 Hz, 1H), 2.14 (m, 1H), 1.06 (s, 9H); °C NMR (100 MHz, CDCl5): 6 205.5, 169.9,
135.8, 132.9, 132.7, 132.1, 130.3, 128.1, 126.6, 76.7, 56.2, 48.8, 43.5, 41.7, 27.1, 26.7, 19.5; IR
(ATR): Vmax 2931, 2857, 1786, 1736, 1185, 1112, 704 cm™'; HRMS (ESI): [M+Na]" calcd for
C,7H3004SiNa: 469.1806, found: 469.1806.

tert-butyl 1-methoxymethoxymethyl-s-oxo-tricyclo[4.3.0.05’7]non-2-ene-7-cab0xylate 47e)

O

CO,Bu

Purification was performed by flash column chromatography (hexane/ethyl acetate =
10/1 to 4/1) to afford 47e as pale yellow oil (72%):
R¢=0.16 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCls): 0 5.86-5.74 (m, 2H), 4.71 (s,
2H), 3.72 (d, J = 9.2 Hz, 1H), 3.69 (d, J = 9.2 Hz, 1H), 3.40 (s, 3H), 2.72 (d, J = 16.9 Hz, 1H),
2.70-2.49 (m, 3H), 2.15-2.02 (m, 1H), 2.01 (d, J = 16.9 Hz, 1H), 1.45 (s, 9H); *C NMR (100 MHz,
CDCl3): 6 206.7, 168.0, 132.7, 127.0, 96.9, 81.9, 73.7, 55.7, 54.6, 44.7, 38.9, 36.7, 30.5, 28.2, 21.2;
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IR (ATR): Vimay 2977, 2931, 1736, 1712, 1159, 1043 cm™'; HRMS (ESI): [M+Na]" caled for
Ci7H2405Na: 331.1521, found: 331.1514.

tert-butyl 1-benzyloxymethyl—8-0x0-tricyclo[4.3.0.05’7]non-2-ene-7-cab0xylate 47f)

O

BnO "~ CO,Bu

Purification was performed by flash column chromatography (hexane/ethyl acetate =
10/1) to afford 47f as pale yellow oil (70%):
R¢=0.20 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3): 6 7.40-7.27 (m, 5H), 5.84-5.78
(m, 2H), 4.65 (d, J = 12.4, 1H), 4.61 (d, J = 12.4, 1H), 3.60 (s, 2H), 2.75 (d, J = 17.4 Hz, 1H),
2.68-2.58 (m, 2H), 2.56-2.47 (m, 1H), 2.12-2.02 (m, 1H), 1.98 (d, J = 17.4 Hz, 1H), 1.45 (s, 9H);
C NMR (100 MHz, CDCls): 6 207.0, 168.1, 138.2, 132.8, 127.9, 127.8, 126.8, 81.8, 75.8, 73.6,
54.6,44.8, 39.2, 37.0, 30.4, 28.2, 21.2; IR (ATR); vmax 3031, 2977, 2928, 2853, 1735, 1711, 1367,
1161, 1096. 739 cm'l; HRMS (ESI): [M+Na]+ calcd for Cy,H»604Na: 377.1729, found: 377.1733.

tert-butyl 1-methyl—8-0x0-tricyclo[4.3.0.05’7]non-2-ene-7-cab0xylate “47g)

O

CO,Bu

Purification was performed by flash column chromatography (hexane/ethyl acetate =
15/1 to 10/1) to afford 47g as pale yellow oil (75%):
R¢=0.39 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3): 6 5.73 (m, 2H), 2.63-2.47 (m,
2H), 2.54 (d, /= 16.9 Hz, 1H), 2.41 (d, J = 8.2 Hz, 1H), 2.12 (dd, J=16.9, 0.9 Hz, 1H), 2.04 (m,
1H), 1.47 (s, 3H), 1.45 (s, 9H); °C NMR (100 MHz, CDCly): & 207.4, 168.3, 136.6, 125.4, 81.8,
59.6, 45.5, 42.1, 31.8, 30.9, 28.4, 28.2, 20.9; IR (ATR): vmax 2975, 2930, 1736, 1709, 1368, 1270,
1156 cm'l; HRMS (ESI): [M+Na]+ calcd for C;sH,oO3Na: 271.1310, found: 271.1309.
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tert-butyl 1-tert—butyldiphenysiloxymethyl-s-oxo-tricyclo[4.4.0.05’7] dec-2-ene-7-carboxylate
(39

TBDPSO
N

> H =
H ' Co,Bu

Purification was performed by flash column chromatography (hexane/ethyl acetate =
15/1 to 10/1) to afford 59 as pale yellow oil (38%):
R¢=0.39 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3): 8 7.69-7.63 (4H, m), 7.47-7.35
(6H, m), 5.65 (dt, J=10.5, 3.7 Hz, 1H), 5.21 (d, J = 10.5 Hz, 1H), 3.66 (s, 2H), 2.50-2.02 (m, 7H),
1.65 (m, 1H), 1.43 (s, 9H), 1.07 (s, 9H); >C NMR (100 MHz, CDCL): 6 205.8, 169.9, 135.9, 135.8,
133.6, 133.5, 129.9, 128.2, 127.9, 127.4, 81.8, 70.9, 35.8, 35.5, 34.0, 32.1, 30.1, 28.2, 27.1, 22.7,
20.7, 19.6; IR (ATR): Vinax 2930, 2856, 1706, 1255, 1158, 1110, 700 cm™'; HRMS (ESI): [M+Na]"
caled for Cs,H49O4NaSi: 539.2588, found: 539.2589.

tert-butyl 6,6-dimethyl-2-oxobicyclo[3.1.0]hexane-1-carboxylate (60)

OE? CO,Bu

H
Purification was performed by flash column chromatography (hexane/ethyl acetate =
15/1 to 10/1) to afford 60 as clear oil (24%):
R¢=0.29 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCls): & 2.50-2.39 (m, 1H), 2.32 (d, J
= 6.9 Hz, 1H), 2.28-2.08 (m, 2H), 1.80 (m, 1H), 1.47 (s, 9H), 1.23 (s, 3H), 1.16 (s, 3H); °C NMR
(100 MHz, CDCl;): & 208.4, 166.4, 81.7, 50.4, 39.4, 39.2, 33.0, 28.3, 23.2, 17.8, 17.2; IR (ATR):
Vamax 2976, 1712, 1311, 1163, 1106, 845 cm™'; HRMS (ESI): [M+Na]" caled for Cj3H,0O;3Na:
247.1305, found: 247.1305.

3,3-dimethyltetrahydro-1H-cyclopenta|c|furan-1,6(3H)-dione (61)

Oy o

Purification was performed by flash column chromatography (hexane/ethyl acetate =

2/1) to afford 61 as white solid (17%):
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R¢ = 0.20 (hexane/ethyl acetate = 1/1); mp: 88 °C, 'H NMR (400 MHz, CDCl3): 8 3.50 (d, J= 7.8
Hz, 1H), 2.94 (ddd, /= 10.1, 7.8, 7.8 Hz, 1H), 2.46 (dd, J = 18.8, 1.8 Hz, 1H), 2.26-2.38 (m, 1H),
2.20 (m, 1H), 1.85 (dddd, J = 12.8, 12.8, 10.1, 7.8 Hz, 1H), 1.48 (s, 3H), 1.45 (s, 3H); °C NMR
(100 MHz, CDCls): & 206.8, 168.9, 85.0, 55.9, 48.2, 39.3, 29.4, 23.3, 22.7; IR (ATR): Vimax 2928,
1777, 1732, 1270, 1230, 947 cm™'; HRMS (ESI): [M+Na]" caled for CoH;,05Na: 191.0679, found:
191.0679.

tert-butyl 2-o0xo0-5-phenylbicyclo[3.1.0]hexane-1-carboxylate (62)

?f CO,Bu

Ph

Purification was performed by flash column chromatography (hexane/ethyl acetate =
15/1 to 10/1) to afford 62 as pale yellow oil (58%):
R¢=0.50 (hexane/ethyl acetate = 10/1); 'H NMR (400 MHz, CDCls): 6 7.39-7.26 (m, 5H), 2.51 (d,
J=5.5Hz, 1H), 2.48-2.25 (m, 2H), 2.43 (d, /= 11.9 Hz, 1H), 2.32 (d, J=11.9 Hz, 1H), 1.64 (d, J
= 5.1 Hz, 1H), 1.11 (s, 9H); °C NMR (100 MHz, CDCls): & 207.6, 165.1, 138.7, 129.3, 128.6,
128.1, 81.5, 47.9, 46.3, 34.7, 30.5, 27.8, 23.3; IR (ATR): vmax 2977, 2935, 1733, 1720, 1351, 1152,
700 cm'l; HRMS (ESI): [M+Na]+ calcd for C;7H,003Na: 295.1305, found: 295.1304.
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(S)-(4-Isopropyl-4,5-dihydrooxazol-2-yl)methyl methanesulfonate (69)

OH
OMs L
R
0 -
\J Pr
Pr 69-1

To the stirred solution of 69-1 (6.05 g, 42.24 mmol, 1.0 equiv) and Et;N (8.88 mL,
63.36 mmol, 1.5 equiv) in CH,ClI, (200 mL) was added MsCl (3.92 mL, 50.69 mmol, 1.2 equiv) at
0 °C and stirred for 30 min at the same temperature. The reaction mixture was quenched with
saturated aqueous NaHCOj3 solution (100 mL), and the aqueous phase was extracted with EtOAc
(50 mL x 3). The combined organic phase was washed with H,O (50 mL) and brine (50 mL), dried
over Na,SO4 and evaporated. The residue was purified by flash column chromatography (alumina,
hexane/ethyl acetate = 10/1) to afford 69 (6.72 g, 71%) as a clear oil:
R¢=0.23 (hexane/EtOAc = 1:1); 'H NMR (400 MHz, CDCl;): & 4.85 (d, J= 1.4 Hz, 1H), 4.85 (d, J
= 1.4 Hz, 1H), 4.35 (dd, J = 9.6, 8.2 Hz, 1H), 4.06 (dd, J = 8.2, 8.2 Hz, 1H), 4.00-3.93 (m, 1H),
3.17 (s, 3H), 1.77 (qqd, /= 6.9, 6.9, 6.4 Hz, 1H), 0.97 (d, /= 6.4 Hz, 3H), 0.89 (d, J = 6.9 Hz, 3H);
C NMR (100 MHz, CDCLy): & 160.6, 72.6, 71.3, 62.8, 38.9, 32.7, 18.9, 18.4; IR (ATR): Vpyay 2962,
1676, 1358, 1175, 1036, 971, 809 cm™'; HRMS (ESI): [M+Na]" calcd for CgH,sO,NSNa: 244.0614,
found: 244.0615; [a]p>> —32 (c 0.52, CHCL3).

(S)-2-Bromomethyl-4-isopropyl-4,5-dihydrooxazole (71)
Br

(

N7 O
-,

Pr
(Method A) To the stirred solution of 69 (6.72 g, 30.37 mmol, 1.0 equiv) in DMF (100

mL) was added NaBr (12.50 g, 121.46 mmol, 4.0 equiv) and stirred at room temperature for 2 h.
The reaction mixture was diluted with Et,0 (100 mL) and H,O (100 mL), and the aqueous phase
was extracted with E;O (50 mL x 3). The combined organic phase was washed with brine (100
mL), dried over Na,SO4 and evaporated. The residue was fractionally distilled (0.8 kPa, 82 °C) to
afford 71 (4.21 g, 63%) as a pale yellow oil:

(Method B) To the stirred solution of 69-1 (6.26 g, 28.09 mmol, 1.0 equiv) in THF (200

mL) was added Burgess reagent (7.36 g, 30.90 mmol, 1.1 equiv) and stirred at room temperature
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for 12 h. The reaction mixture was quenched with saturated aqueous NH4Cl solution (100 mL), and
the aqueous phase was extracted with EtOAc (50 mL x 3). The combined organic phase was
washed with brine (100 mL), dried over Na,SO4 and evaporated. The residue was fractionally
distilled (0.8 kPa, 82 °C) to afford 71 (2.31 g, 40%) as a pale yellow oil:

R¢ = 0.11 (hexane/EtOAc = 5:1); '"H NMR (400 MHz, CDCl3): 6 4.33 (dd, J = 9.6, 8.2 Hz, 1H),
4.05 (dd, J = 8.2, 8.2 Hz, 1H), 3.99-3.87 (m, 3H), 1.77 (qqd, J = 6.9, 6.9, 6.4 Hz, 1H), 0.96 (d, J =
6.4 Hz, 3H), 0.88 (d, J = 6.9 Hz, 3H); °C NMR (100 MHz, CDCL3): § 162.7, 72.7, 71.3, 32.6, 21.3,
18.8, 18.2; IR (ATR): vinax 2960, 2874, 1662, 1468, 1358, 1249, 982 cm™; HRMS (ESI): [M+H]"
calcd for C;H30NBr: 206.0175, found: 206.0176; [(I]Dzl —44 (¢ 1.4, CHCl;).

(8)-2-((1H-Benzo|d]imidazole-1-yl)methyl)-4-isopropyl-4,5-dihydrooxazole (70)

7 N\

To the stirred solution of benzimidazole (709.4 mg, 6.01 mmol, 1.0 equiv) in THF (20
mL) was added NaH (60% in oil, 265.3 mg, 6.61 mmol, 1.1 equiv) at 0 °C stirred for 15 min. The
solution of 69 (1.60 g, 7.21 mmol, 1.2 equiv) in THF (20 mL) was added to the reaction mixture
and stirred at room temperature for 2 h. The reaction mixture was quenched with saturated aqueous
NH4CI solution (30 mL), and the aqueous phase was extracted with EtOAc (20 mL x 3). The
combined organic phase was washed with brine (50 mL), dried over Na,SO,4 and evaporated. The
residue was purified by flash column chromatography (CH,Cl,/MeOH = 50/1 to 30/1) to afford 70
(1.02 g, 70%) as a pale yellow oil:
R¢=0.23 (hexane/EtOAc = 1:1); '"H NMR (400 MHz, CDCL): & 7.96 (s, 1H), 7.84-7.77 (m, 1H),
7.50-7.45 (m, 1H), 7.34-7.25 (m, 2H), 4.94 (s, 2H), 4.27-4.19 (m, 1H), 3.98-3.89 (m, 2H), 1.72
(qqd, J = 6.9, 6.9, 6.4 Hz, 1H), 0.92 (d, J = 6.9 Hz, 3H), 0.84 (d, J = 6.9 Hz, 3H); °C NMR (100
MHz, CDCl3): 6 161.3, 143.6, 143.3, 133.9, 123.3, 122.5, 120.4, 109.9, 72.4, 71.1, 42.1, 32.5, 18.7,
18.2; IR (ATR): Vimay 2960, 1672, 1496, 1460, 1173, 973, 743 cm™'; HRMS (ESI): [M+H] " calcd for
C14HsON3: 244.1444, found: 244.1445; [a]p>' —29 (¢ 3.5, CHCl).
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1,3-bis(2-(((S)-1-hydroxy-3-methylbutan-2-yl)amino)-2-oxoethyl)-1H-benzo|[d]imidazole-3-iu

m bromo salt (72)

O
Br

®
L
0o NH HN 0o

A/Pr /Pr\\\\

HO OH

To the stirred solution of 70 (8.6 mg, 0.0354 mmol, 1.0 equiv) and 71 (7.3 mg, 0.0354
mmol, 1.0 equiv) in PhMe (1 mL) was refluxed for 24 h. The resulting precipitate was filtered,
washed with Et;O (1 mL x 3) and dried under high vacuum. White solid (3.8 mg, 22%):
mp: 230.3 °C; '"H NMR (400 MHz, DMSO-ds): & 9.79 (s, 1H), 8.37 (d, J = 9.2 Hz, 2H), 7.90 (dd, J
= 6.4, 3.2 Hz, 2H), 7.70 (dd, J = 6.4, 3.2 Hz, 2H), 5.44 (d, J = 16.0 Hz, 2H), 5.35 (d, J = 16.0 Hz,
2H), 4.71 (t, J= 5.5 Hz, 2H), 3.59 (m, 2H), 3.44 (t, /= 5.5 Hz, 4H), 1.85 (qqd, /= 6.9, 6.9, 6.9 Hz,
2H), 0.87 (d, J = 6.9 Hz, 12H); >*C NMR (100 MHz, DMSO-dy): & 164.3, 144.3, 131.2, 126. 7,
113.6, 61.1, 56.6, 48.7, 28.3, 19.6, 18.2; IR (ATR): vmax 3269, 2958, 1666, 1558, 1246, 1058, 754
cm'l; HRMS (ESI): [M—Br]+ calcd for C,1H3304N4: 405.2496, found: 405.2498; [oz]D23 -7.9 (¢ 0.19,
MeOH).

1,3-bis(2-(((S)-1-bromo-3-methylbutan-2-yl)amino)-2-oxoethyl)-1H-benzo[d]imidazole-3-ium
bromo salt (74)

C]
Br

®
L
0o NH HN 0o

ProPr

Br Br

To the stirred solution of 72 (3.31 g, 6.12 mmol, 1.0 equiv) in (CH,Cl), (30 mL) was
added PBr; (1.45 mL, 15.3 mmol, 2.5 equiv) at 0 °C and stirred at 50 °C for 12 h. The reaction
mixture was cooled to 0°C and was added distilled Et,0O (30 mL). The resulting precipitate was
filtered, washed with distilled Et;0 (30 mL) and dried under high vacuum. White solid (3.70 g,
quant.):
mp: 184.1 °C; "H NMR (400 MHz, DMSO-dj): & 9.81 (s, 1H), 8.69 (d, J = 9.1 Hz, 2H), 7.88 (dd, J
= 6.6, 3.2 Hz, 2H), 7.71 (dd, J = 6.6, 3.2 Hz, 2H), 5.49 (d, J = 16.3 Hz, 2H), 5.40 (d, J = 16.3 Hz,
2H), 3.86-3.78 (m, 2H), 3.68 (dd, J = 10.4, 4.1 Hz, 2H), 3.57 (dd, J = 10.4, 7.3 Hz, 2H), 1.89 (qqd,
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J =628, 6.8, 6.8 Hz, 2H), 0.92 (d, J = 6.8 Hz, 6H), 0.90 (d, J = 6.8 Hz, 6H); *C NMR (100 MHz,
DMSO-dy): 8 164.6, 144.4, 131.2, 126.8, 113.6, 55.6, 48.5, 36.5, 30.4, 19.2, 18.0; IR (ATR): Vinax
3302, 3230, 2963, 1667, 1540, 1231, 755 cm™; HRMS (ESI): [M—Br]" caled for CiHs O,N,Br:
529.0808, found: 529.0811; [a]p> —29 (c 0.14, CHCLs).

(1,3-bis(((S)-4-isopropyl-4,5-dihydrooxazol-2-yl)methyl-1,3-dihydro-2 H-benzo|d]imid azole-2-
ylidene)silver(I) bromide (75)

LE
?\\<N Ag’r N O
Pr Pr

The suspensions of 74 (309.1 mg, 0.506 mmol, 1.0 equiv), Ag,O (586.0 mg, 2.53 mmol,
5.0 equiv) and activated MS 4A (200% w/w) in (CH,C1), (10 mL) were stirred at 40 °C for 24 h in
the dark. The reaction mixture was passed through Celite pad and the filtrate was evaporated. The
residue was dried under high vacuum to afford 75 (225.0 mg, 86%) as a pale brown foam:
mp: 126.8 °C; 'H NMR (400 MHz, CDCL3): & 7.55 (dd, J = 6.0, 3.2 Hz, 2H), 7.43 (dd, J = 6.0, 3.2
Hz, 2H), 5.29 (d, J = 16.0 Hz, 2H), 5.21 (d, J = 16.0 Hz, 2H), 4.28 (dd, J = 9.2, 8.2 Hz, 2H), 4.01
(dd, J = 8.2, 8.2 Hz, 2H), 3.96 (m, 2H), 1.74 (qqd, J = 6.8, 6.8, 6.4 Hz, 2H), 0.90 (d, J = 6.4 Hz,
6H), 0.83 (d, J = 6.8 Hz, 6H); °C NMR (100 MHz, CDCL): & 160.9, 133.9, 124.8, 112.0, 72.4,
71.2,46.9, 32.5, 18.9, 18.2; IR (ATR): Vinay 2958, 1670, 1393, 1196, 971, 745 cm™'; HRMS (ESI):
[M—Br]" caled for Cy Has0,N4Ag: 475.1258, found: 475.1254; [a]p> 2.2 (¢ 0.23, CHCI;).

(S)-2-bromo-N-(1-hydroxy-3-methylbutan-2yl)acetamide (76)

O Pr
Br._JL L _ o

To the stirred solution of L-valinol (4.12 g, 39.97 mmol, 1.0 equiv) and
DIPEA (7.31 mL, 41.97 mmol, 1.05 equiv) in CH,Cl, (133 mL) was added bromoacetyl bromide
(3.47 mL, 39.97 mmol, 1.0 eqiuv) at =78 °C and stirred for 1 h at the same temperature. The
reaction mixture was quenched with saturated aqueous NH4CI solution (50 mL), and the aqueous
phase was extracted with EtOAc (50 mL x 3). The combined organic phase was washed with brine
(100 mL), dried over Na,SO4 and evaporated. The residue was purified by flash column

chromatography (hexane/ethyl acetate = 1/1 to 0/1) to afford 76 (6.81 g, 76%) as a pale brown
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solid:

R; = 0.43 (EtOAc); mp: 50.4 °C; 'H NMR (400 MHz, CDCLy): & 6.66 (brs, 1H), 3.95 (d, J = 13.7
Hz, 1H), 3.91 (d, J = 13.7 Hz, 1H), 3.78-3.66 (m, 3H), 2.35 (brs, 1H), 1.94 (qqd, J = 6.9, 6.9, 6.9
Hz, 1H), 0.98 (d, J = 6.9 Hz, 1H), 0.96 (d, J = 6.9 Hz, 1H); °C NMR (100 MHz, CDCl3): & 166.4,
63.6, 57.9, 29.6, 19.7, 18.8; IR (ATR): vinax 3292, 2966, 1641, 1552, 1020, 655, 571 cm™; HRMS
(ESI): [M+Na]" caled for C;H,;40,NBrNa: 246.0100, found: 246.0101; [oz]D22 -23 (¢ 0.49, CHCl3).

(8)-2-(1H-benzo[d]imidazol-1-yl)-V-(1-hydroxy-3-methylbutan-2yl)acetamide (77)

=

RS
(0]

HN

Pr \\\

OH

To the solution of benzimidazole (1.20 g, 10.13 mmol, 1.0 equiv) and 76 (2.27 g, 10.13

mmol, 1.0 equiv) in MeCN (50 mL) was added powdered KOH (852.6 mg, 1.5 equiv) at room
temperature and stirred for 12 h. To the resulting reaction mixture were added EtOAc (25 mL) and
hexane (25 mL), and the resulting precipitate was filtered. The filtrate was washed with EtOAc (20
mL), H,O (50 mL) and Et,0 (50 mL). The remaining solid was dried under high vacuum. White
solid (2.10 g, 72%)):
R¢=0.10 (CH,Cly/MeOH = 10:1); mp: 217.2 °C; "H NMR (400 MHz, DMSO-d): 6 8.16 (s, 1H),
8.08 (d, /= 9.2 Hz, 1H), 7.65 (brd, J =7.3 Hz, 1H), 7.45 (brd, J =7.3 Hz, 1H), 7.24 (ddd, J = 7.3,
7.3, 1.4 Hz, 1H), 7.20 (ddd, J = 7.3, 7.3, 1.4 Hz, 1H), 4.99 (d, J = 16.0 Hz, 1H), 4.92 (d, J = 16.0
Hz, 1H), 4.65 (brt, J = 5.0 Hz, 1H), 3.58 (m, 1H), 3.42 (brt, / = 4.6 Hz, 2H), 1.84 (qqd, /= 6.9, 6.9,
6.9 Hz, 1H), 0.85 (d, J = 6.9 Hz, 3H), 0.84 (d, J = 6.9 Hz, 3H); °C NMR (100 MHz, DMSO-dj): 5
166.4, 144.9,143.2, 134.2,122.2, 121.4, 119.3, 110.1, 61.2, 56.1, 46.9, 28.2, 19.6, 18.1; IR (ATR):
Vimax 3286, 2971, 1655, 1555, 1500, 1242, 748 cm™; HRMS (ESI): [M+H]" calcd for Ci4H290,N3:
262.1550, found: 262.1550; [o]p>> 10 (c 0.33, MeOH).
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1,3-bis(2-(((S)-1-hydroxy-3-methylbutan-2-yl)amino)-2-oxoethyl)-1H-benzo|[d]imidazole-3-iu

m bromo salt (72)

Vs
//< Pr P r:\\\

HO OH

To the stirred solution of 77 (2.10 g, 7.25 mmol, 1.0 equiv) and 76 (1.83 g, 7.25 mmol,
1.0 equiv) in 1,4-dioxane (75 mL) was stirred at 100 °C for 12 h. The reaction mixture was diluted
with EtOAc (50 mL) and the resulting precipitate was filtered. The filtrate was washed with EtOAc
(30 mL) and dried under high vacuum. White solid (3.31 g, 84%):
mp: 230.3 °C; '"H NMR (400 MHz, DMSO-ds): & 9.79 (s, 1H), 8.37 (d, J = 9.2 Hz, 2H), 7.90 (dd, J
= 6.4, 3.2 Hz, 2H), 7.70 (dd, J = 6.4, 3.2 Hz, 2H), 5.44 (d, J = 16.0 Hz, 2H), 5.35 (d, J = 16.0 Hz,
2H), 4.71 (t, J= 5.5 Hz, 2H), 3.59 (m, 2H), 3.44 (t, /= 5.5 Hz, 4H), 1.85 (qqd, /= 6.9, 6.9, 6.9 Hz,
2H), 0.87 (d, J = 6.9 Hz, 12H); >*C NMR (100 MHz, DMSO-dy): & 164.3, 144.3, 131.2, 126. 7,
113.6, 61.1, 56.6, 48.7, 28.3, 19.6, 18.2; IR (ATR): vmax 3269, 2958, 1666, 1558, 1246, 1058, 754
cm'l; HRMS (ESI): [M—Br]+ calcd for C,1H3304N4: 405.2496, found: 405.2498; [oz]D23 -7.9 (c 0.19,
MeOH).

NHC-Cr complex (78)

To the suspension of CrCl, (39.0 mg, 0.317 mmol, 1.0 equiv) in THF (5 mL) was added
the solution of 75 (176.5 mg, 0.317 mmol, 1.0 equiv) in THF (1 mL) via cannula at room
temperature. Black suspension was immediately formed and the reaction mixture was stirred for 2 h.
The reaction mixture was passed through celite pad, washed with CH,Cl, and evaporated. The
residue eluted with EtOAc was rapidly passed through short silica gel pad and evaporated. Blue
solid (40.2 mg, 22%). X-ray quality crystals were grown by slow diffusion of hexane into a
solution of 78 in CH,Cl,:
mp: >300 °C; IR (ATR): Vinax 2965, 1662, 1452, 1196, 746 cm™'; HRMS (ESI): [M-Br]" calcd for
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C,1H,30,N4CIL,Cr: 490.0989, found: 490.0985; [OL]D23 —16 (¢ 0.11, CHCl3).
Cyclic voltammetry measurement of 78 was made with a BAS Inc. ALS 720A electrochemical
analyzer in CH,Cl, solution using a sweep rate 100 mV / s, a glassy-carbon working electrode, 0.1

M [BusN][PF¢] supporting electrolyte, and a SSCE reference electrode.

NHC-Pd(II) complex (79)

@

; ; Cl
N_ N

()/\/\/??;clj/~ _’\?\(/)

N~
\\<CI\/

Pr Pr

The suspension of (CH3CN),PdCl; (35.1 mg, 0.135 mmol, 1.0 equiv) and 75 (75.3 mg,
0.135 mmol, 1.0 equiv) in CH,Cl, (1 mL) was stirred for 12 h. The reaction mixture was passed
through celite pad, washed with CH,Cl, and evaporated. The residue was precipitated by addition
of Et;0 and filtered. The filtrate was washed with Et,O and dried under high vacuum. Yellow solid
(72.2 mg, 98%).
'H NMR (400 MHz, CDCls): & 7.86 (dd, J = 6.4, 3.2 Hz, 2H), 7.55 (dd, J = 6.4, 3.2 Hz, 2H), 5.86
(d, J=18.8 Hz, 2H), 5.62 (d, J = 18.8 Hz, 2H), 5.06 (m, 2H), 4.70-4.60 (m, 4H), 2.51 (qqd, J = 7.3,
6.9,4.2 Hz, 2H), 0.98 (d, /= 7.3 Hz, 6H), 0.76 (d, J = 6.9 Hz, 6H).

NHC-Pt complex (80)

o
Cl
\\</Pr P r‘:

The suspension of PtCl, (27.4 mg, 0.103 mmol, 1.0 equiv), NaBF, (12.4 mg, 0.113
mmol, 1.1 eqiuv) and 75 (57.2 mg, 0.103 mmol, 1.0 equiv) in THF (1 mL) was stirred for 24 h in
the dark. The reaction mixture was passed through celite pad, washed with CH,Cl, and evaporated.
The residue was purified by PTLC (CH,Cl,/MeOH = 10:1) to afford 80 as a pale yellow solid (19.1
mg, 27%).

'H NMR (400 MHz, CDCls): & 7.73 (dd, J = 6.4, 3.2 Hz, 2H), 7.47 (dd, J = 6.4, 3.2 Hz, 2H), 5.61
(d, J=18.8 Hz, 2H), 5.31 (d, J = 18.8 Hz, 2H), 5.21-5.14 (m, 2H), 4.73-4.63 (m, 4H), 2.55-2.45 (m,
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2H), 0.96 (d, J = 6.9 Hz, 6H), 0.73 (d, /= 6.9 Hz, 6H).

1-((tert-butyldiphenylsilyloxy)methyl)bicycle[3.3.1]hexan-3-one (82)

O

@VOTBDPS

To the stirred solution of 80 (4.1 mg, 0.00598 mmol, 10 mol %) in CH,Cl, (0.3 mL)

was added the solution of AgBF, in PhMe (0.1 M; 0.06 mL, 0.00598 mmol, 10 mol %) and
stirred 20 min. To the reaction mixture was added the solution of 81 (21.1 mg, 0.0579 mmol,
1.0 equiv) in CH,Cl, (0.3 mL) via cannula and stirred at room temperature for 48 h in the dark.
After the reaction was completed, the reaction mixture was passed through celite pad and
evaporated. The residue was purified by PTLC (hexane/EtOAc = 6:1) to afford 82 (17.2 mg,
82%, 19% ee) as a colorless oil.
'H NMR (400 MHz, CDCly): & 7.68-7.62 (m, 4H), 7.47-7.35 (m, 6H), 3.88 (d, J = 10.5 Hz, 1H),
3.57 (d, J=10.5 Hz, 1H), 2.80-2.73 (m, 1H), 2.66-2.55 (m, 1H), 2.24 (d, J = 19.2 Hz, 1H), 2.19 (d,
J=19.2 Hz, 1H), 1.33 (ddd, /= 8.1, 6.0, 4.1 Hz, 1H), 1.06 (s, 9H), 0.84-0.79 (m, 1H), 0.15 (dd, J =
5.5, 4.1 Hz, 1H); "C NMR (100 MHz, CDCly):  218.2, 135.8, 135.0, 133.8, 133.7, 129.9, 127.9,
67.3,43.0,42.4,27.0, 26.8,19.5, 17.5, 17.1.
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