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AR, LLUFORGER OBISANT FRLO X 9IRS L7z,

Ac

Ar
BINAP
brsm
Bu

cat.
dba
DCC
DIAD
DMAP
DMF
DMSO
DPEphos
dppb
dppe
dppf
dppm
dppp
dpppent
dr

eq

Et

h

acetyl

aryl
2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
based on recovered starting material
butyl

catalytic amount or catalyzed
dibenzylideneacetone
dicyclohexylcarbodiimide
diisopropyl azodicarboxylate

N, N-4-dimethylaminopyridine

N, N-dimethylformamide

dimethyl sulfoxide
bis[2-(diphenylphosphino)phenyl] ether
1,4- bis(diphenylphosphino)butane
1,2- bis(diphenylphosphino)ethane
1,1'-bis(diphenylphosphino)ferrocene
1,1- bis(diphenylphosphino)methane
1,3- bis(diphenylphosphino)propane
1,5- bis(diphenylphosphino)pentane
diastereomer ratio

equivalent

ethyl

hour

v



HMBC hetero-nuclear multiple quantum coherence

HRMS high-resolution mass spectrum
i- IS0

IR Infrared

L ligand

LDA lithium diisopropylamide

M metal

Me methyl

min minute

mp melting point

MS mass spectrometry

m/z mass to charge ratio

n- normal

NMP N-methylpyrrolidinone

NMR nuclear magnetic resonance
Nu nucleophile

Pd palladium

Ph phenyl

Pr propyl

quant quantitative yield

rt room temperature

sp. sponge

TBAF tetra n-butylammonium fluoride
TBAT tetra n-butylammonium difluorotriphenylsilicate



TBS

tert-

Tf

THF

TMS

tol

Ts

tertiarybutyldimethylsilyl
tertiary
trifluoromethanesulfonyl
tetrahydrofuran
trimethylsilyl

tolyl

p-toluenesulfonyl
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Amphimedon sponge & ¥ Hiff X 417= Nakadomarin A (S-1)IZBHNIZHES 7 7 v %
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DIZOAALEY ORETE L IETEIZITIROBURDS b 7o bk 2 7e 25 A IE 23T T
W5 2, F-EHKEO Sunitinib (S-2) 1ZF v v —VIEEREZ LSRN A
FITHY, M Lo E LTHBERY 0 — L2 I LS Z ERRTFBND Y,
AAEEW DG AL TR E R © r — L O MR E R 2 AL E R IR AT 5 72
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Figure S-1
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EHINT= 7T S-4 0nELNnD Y, KESIET 70 28T Db BN
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BT T U OERBEE L&D IR B D 4D (Scheme S-1),

ZnC|2
)()W fhiad /@\
reflux (@)
0]
S-3 S-4
71%
Scheme S-1

F 72 Fischer £ & FR— L ERICBWTIE 7 ==L RKZY S5 L7 h L S61T
% UBEIER S®5 & A 2 R—1 S-7 23ERkKT % Y (Scheme S-2), Z D 715 H & #a
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W5 72T HIEBE BAR A 2D 55 O BRI IR bR IS ST
555 DO—>TH 5, HlziX Larock 513737 U0 AEEAFE T, 2-iodoaniline (S-
11) & TEHT VX2 S 12 B TERSE 52 La— R =0 DR TR
AL AGIZ X0 TR S-13 IRk L, T F L ~DFfFA, 7=V U EEF DX
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Scheme S-3
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Scheme S-4
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26 NG Ln—7" 17 v X8 T D0 LEEIR S-18 DNERE . — D DKL & X
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FANTRIST % Z & TERALIKS-28 23 ER% T % (Scheme S-6), AL DFF# & LT,
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S26 S-18 S-27
Scheme S-6
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(Scheme S-7),
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S-8),
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Scheme S-8
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L7,
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W& En T (Figure S-2),

O 0 o} O-
S-39 S-40 S-41
good nucleophile poor nucleophile

Figure S-2
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NTH5 M,

o o 0 Pd 0
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R2 _COZ R2 R2
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Scheme S-9
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SNIVFENAB=T BT ATV S48 WD & XT VT MR T T e o u LAl
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Scheme S-10
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H X TV A ) (Scheme S-11),
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_ _ = —_— —_— u
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Nu Nu
S-17 S-18 S-19 S-20
Nu
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S-49 S-50 S-51 S-52

Scheme S-11
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XL LT L= RXT Uy AR S-B58 IZxT D T = ) — RFRA DIy
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—IVEEHE., RIET ATV EORBEEICZIRT 2 TRALETH S,
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fRL. 7 m 2 LF T b3 —) b S-61 & BT W T SREZ A & o A BRE B %
BEt L7z, $72bb 7 a XN T L a— ikt LKEE R 2 5L &1 A KSH]
FAE T /8T D0 A2 EF SBNIT T a2 L X 8T D0 LK S-18 N ERL
L. #it< REH & OfrERIERIG B ETT 2 D TidZew i &% 2 7 (Scheme S-

14),
OH Pd* \Fg

; W Y B

S-61 cat. Pd(0) - ceeo» N NU' |----= '

+ e - Nu NuH u u Nu ~ Nu
HNu NuH  activator b
~H,0
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Scheme S-14

KEREEZTEMAL LTe T D0 At E LT, 7 U AT v a— v & BEICH
W= BB LRTH S ST D 19, B IEAR SIX7 VL7 v a— L S-62 (ZxF L
NIV MEFET N 2 F AR T U2 MR 5 L B-V T AT /L S-63 & DKL
EHSSDEIT L S-66 G652 LA R L TWd, KRS TIIVA ARETH
DR TR T UNKEBBIEICENLT 5 2 & TEHEMITIEEEL TS LB XL

% 199 (Scheme S-15),

_~_OH
~ 5.62 cat. Pd(0) Pd*
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—_— + B ————— —
_~_OH ~H,0 > =
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e % Et0,¢7 O CO,E §-66
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Scheme S-15
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L. KEEFEEOIEMALA & LTLA X
BRI DWW TR L 72,

FOFEHR. RT T A E T e oL LT L a—)L S-67 & 13-4 oS-

WZXF LR U BAER S5 & EsERILONEITL, 7 T8 Ry >

Z )2 ST1 WERT D Z AR L7 (Scheme S-16), #EAllIEAGH S

Do
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+ _—
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Scheme S-16
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F P AT IOVOHEB NN LD EER T T DEIK

EH 1 In-T 0 XN NT Dy AHRYRIS T D@k R BSOS DR & LT
BTlZ® /7 FUVHSROREET ) 77— e REME U THEH ESE 5 2 & ZtE
Llc, AEET ) 77— FaeREHIELTHWS HEE LT, im TRk o
TRV RALERLET ) T — M A ER LTe T e LA AT
VI ZEEEICHWD Z 2B R U, $2bBIEE -1 LT U0 Al %
ERSE D LMRB A —7 0 2L RT Oy Akt = ) F—F 12
ARk BRI R BRALBUS DS AT LEBRIIK 1.3 N —ZIART Db D EE R T
(Scheme I-1), LA F ARG DOBHFE 21T 9 X< MRICEF LT,

+ 3

o o J'\ cat. Pd(0) | R __-kpd R
RZMO R' _co, . l‘ N - 1
—CO, R o R R R

R3
I-1 I-2 I-3

Scheme -1

AW D IR D K IZE Lz, SCBEADOB—47 b= 27 )L |-4a,
I-4c, 1-4d \Z%F L7 2 L)L T )L —) L |-6a—I-5i & h L= IR NEGE i 4
HETFERESE, YT 572X AB-7 b= A7 L I-la-I-1i, I-1n, I-1lo =&
% L 7= 20 (Scheme 1-2), [RARD FiEE VB F = AT /L 1-4b, 1-4e, 1-4Ff LV |-
1j. 11, 1-1p, 1-1g Z#EEE L7z, £/ b 1-6a, 1-6b IZxf L4 % LDAfF{E T K

FTATAABERASELZ LT MR B I-7a, I-Tb & L7t . DCC,
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DMAP Z W7 a2 L L7 L a— L I-55f LifiE 35 2 L TT e/ X -4 b

T A7)V -1k,

I-1m Z ARk L 7= 2V (Scheme 1-3),

belz

O O
OH
OMe + :—< >
R2 toluene, reflux
R1
I-4a R'=H I-5a R2=Ph I-1a R'=
I-4c R'=Ph  I-5b R?=1-naphthyl I-1b R'=
I-4d R'=Me  I-5¢ R?= 2-naphthyl I-lc R'=
I-5d R2=4-F-Ph I-1d R'=
I-5e R?=3,4-MeO-Ph I-le R'=
I-5f R? = 3-furyl I-1f R'=
I-5g R? = 3-thienyl I-1g R'=
I-5h R? = 3-pyridyl I-1h R'=
I-5i R2= pentyl I-1i R'=
I-in R'=
I-10 R'=
O O
OH
OMe + = <
R2
1-4b I-5a R?=Ph

I-5f R? = 3-furyl

H, R?=Ph 66%
H, R?= 1-naphthyl  77%
H, R?= 2-naphthyl 71%
H, R?= 4-F-Ph 56%
H, R? = 3,4-MeO-Ph 36%

H, R? = 3-furyl 37%
H, R? = 3-thienyl 73%

H, R? = 3-pyridyl 99%
H, R? = pentyl 83%
Ph, R? = 3-furyl 44%
Me, R2= Ph 57%

2
toluene, reflux ©)‘\O R

I-1j R?=3-furyl 30%
I-1g R? = Ph 80%

Q9 OH
)J\(U\owle =
Ph Ph
1-4f I-5a
Scheme 1-2
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OH

(0] LDA; (0]
dry ice COH
—_—
toluene, rt DCC DMAP
CH20|2 rt
I-6a I-7a I-1k 21% (2 steps)
OH
O dyice 2 :
e CO,H
toluene, rt DCC, DMAP
CHQC|2 rt
I-6b I-7b I-1m 50% (2 steps)
Scheme 1-3
PLED XS L TELNTZIRE % W T/XT U Al 2 728 R b

JEDRE E2FT > 7= (Tablel-1), X UDIZ 7 a SV AL T = = VA FFORVE |-

alZxf L. 5mol %® Pdy(dba)s-CHCIs & UF 20 mol % DPPF 77{£  DMSO &t
120 CIZTHER L2 L ZA TP L 72 SONITHEIT L. I HEAG ORI L -
a7 7 2 1-8a MUK 35% CTAERL L 7= (entry 1), BR{LAA 1-8a D W 72 5 UK 4 H
FRUREE L IRE OB 2 LizE Z 5 (entries 2-9)., dioxane AT 65°CIZ T %
792 & T 1-8a DILRIT 75% F TlH) L L7z (entry 7)., FI-AKIGIZ NT V0 Lfil
BB Z 2.5mol %Ik U THRIFOISIEE R L, IR 76% TAMM = 525
LB E 7257 (entry 10),

W THE & 72l 2 W CTRET 21T - 72 (Tablel-2), # OfE S, entries 2-6 |Z
R KD IRTERRT 4 VENL T E WG EIIONTEIT L2 b 00, Wi
t, DPPF % L[] 2 & R 1345 D iv7eh» 72, % 7= DPPPent X° PPhs ZBAL1- & L TH
Wi & EIIROSEITE T, FERREIN S D DT -7 (entries 7 and 8),
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Table I-1. Initial attempts using propargyl B—ketoester I-1a.

5 mol % Pdy(dba);-CHCI,
20 mol % DPPF

o o ﬂ
A\
é)ko Ph solvent, temp., time | o Ph

I-1a I-8a
entry solvent temp. [°C] time [h] yield [%]

1 DMSO 120 5 min 35

2 DMSO 80 2 40

3 DMF 80 1.5 19

4 NMP 80 1 45

5 dioxane 80 2 63

6 THF 65 2 70

7 dioxane 65 2.5 75

8 dioxane 50 5 52

9 dioxane rt 8 64

100l dioxane 65 1 76

[a] 2.5 mol % Pdy(dba);-CHCI; and 10 mol % DPPF were used.

Table 1-2. Effect of ligand.

5 mol % Pd,(dba)s-CHCl,

20 mol % ligand

dioxane, 65 °C, time

entry ligand time [h] yield [%]
1 DPPF 2.5 75
2 DPPP 0.5 29
3 DPPB 4 24
4 DPPP 0.5 29
5 DPPE 3 9
6 BINAP 2 60
7 DPPPent 16 no reaction
8 40 mol% PPh; 25 no reaction

_16_



TV T BV st T (Table 1-1, entry 10) (2 C. AR eD—fiMt% 7.5 H
)T 7 e VUL R 2 IR E UL 28 AN LT E 1-1b-1-11 2 W RE 217 -
7= (Table 1-3), 7' XV NAANLIZ T 7 FNEE, 470407 =V 34-U A |k
XL T 2= VEOL O RT V= EE D I-1b-I-1e [Tk LIS ZAT > 7256
I-la DA & FRROFUGIFTHEIT L, A2 EHR T Z 2 1-8b—1-8e 73 BATF QIR T
HONTE (entriesl-4), £7=, 77U — &, Fo= K vV ULVEDO L H 72
BREZFFOE I-1f-1h ZHOTH RWIERTH - 72 (entries5-7), — i~ F
NWHZHAN U 1L 2 W5 L EWT T 2 1-8i 25 43% & PRRE DR T H
HHO0/HLND ERIFHZ, Y 1-9i A3 38%DIE TRIARY & L TAER LT
(entry 8),

WITHR % T2 r b N2 Fe D BVE 1-1—1-p ITXF LS &2 1T - 72 (Table 1-4), %
OFER, 7T BB, 8 BERD 7 N UL 2R 1-1), 1-1k 2 AW 7286 6 RO Kt
DETT L, BRABAK 1-8), 1-8k 23 Z I ZHUINH 70%, 74% T o7 (entries 1and 2),
BNTT b7 rAlERF D U ZEEICHORE 21T o728 2 A, BT 7 1-
8l MUK 70% & BAF /2GR TH - 7= (entry3), 0 FWNICA B B B2 FOE I-1m
ZROWTESE BEBRICKSITHEIT L, 62%DINR T 1-8m & 5 2. 7= (entry4), £7=/
FDBAIZ T = =, AFAVEELZEALL I-1In, 1-1o0 HW5E . BIBIK 1-
8n, 1-80 #ZNZIILE 76%, ST TVWITNHH—DOERME L THLNDZ &
N o72 (entriesband6), — 5. $HIROP-7 b= ATV 1-1p & H WS O ET
EiTo7c e 2A, BILKISITHEITT 2500 1-8p 13 21% & RINRICEH -7

(entry 7),

_17_



Table I-3. Reactions using various propargyl B—ketoesters 1-1b—I1-1i.[%

entry substrate 1-1 product I-8 yield [%]

2

lo!
O~
(o))

o]

0

Jogavelor v
J
3 é)( J\@\ m 68
(0] (0] OMe
4 ij)(() OMe Ol\/\g—GOMe 63
o
OMe

I-1e I-8e
o o |
5 N\ == 79
ij)ko B | o N0
0
I-1f I-8f
o o |
6 N\ == 73
é)\o B | o s
S
I-1g I-8g
o o |

4
8 J\W/ 4

1-9i
(1:1 mixture)

[a] The reactions were carried out using I-1 in the presence of 2.5 mol%
Pd,(dba);-CHCI3; and 10 mol% DPPF in dioxane at 65 °C for 20-60 min
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Table I-4. Reactions using various propargyl B—ketoesters 1-1j—1-1p.[

entry substrate I-1 product I-8 yield [%]

o
o

O
o

w
o
oz
o~
Z
O/
\‘
o

I-11 I-81
f
O O | N \\ N
0]
I-1m I-8m
o o |

5 o \ I 1 76
oy LG

Ph 1-8n

o

I-80

Ph
Pyt

o  ~Ph

»
O
Zo
o}
_U>—:
>0

N
p—

(1)

71b] 21

.

i)
>

I-1p 1-8p

[a] The reactions were carried out using I-1 in the presence of 2.5 mol%
Pd,(dba);-CHCI3; and 10 mol% DPPF in dioxane at 65 °C for 20-60 min
[b] The reaction was carried out at 100 °C.

RIIED TIN5 SRS % Scheme 1-4 12773, X UHIZ/8T 0 Al
IREET 7L N AT )V -1 ERJRT A2 I KD BUREEAHEIT L, -7 1/
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VRGO L) T — b 10 BERT S, APEEIEE T — 1L LT
BV NT DT N 12 D BE LT A Akt SRR H D LB 2 B, i
WTCn—7" B NRT Uy N 112 125/ T — b 1-11 OREMIN Un-7
UYNWRZ U0 LHREER I3 ~E B ESn D, 1113 KV = T — NER LD 1
WREZIKEE DTS 5 Z & CTERABIK 1-3 NERK. FDO%RESIFNCLER T T v
-8 ~E B LD EZ X BND,

S\ Pd”
Mi ] Y %S

R1
R3 0-
1-10 I-11 I-12
R3 R3
4\ L T
—_— 2 —_—
R TS (g N -
O R R* ™0 0
I-13 1-3 1-8
Scheme 1-4

F727 P U DOBALICERIEE OB 1-lo O E—O AR 1-80 NMERKR LTEZ
EMD ARBRISICBWT= /) 7 — MR 1-11o0 2AALEZERAICA CTRISICB
HLTHY ., 1-110 DALEEMER 1-11013EFN THER L TOZRN D & ARIE S
7= (Scheme I-5),

+ O_
Pd(O j’i
PN e | D—pn
0
I-110 1-80 I-110’
not formed
Scheme I-5
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Table I-3 2B\ T a2 ULF LI TV F/VEEDNE A S 7= 35 1-10 2 A7z
x99 BEIAELZEBE LTI, ST -7 U LRT DT A 1131 B
R T 2 T LRV EIC L W R T P T ADB-t N U FEEEA RIFRFZHEST LT 72
HDTHDHE DL (Scheme 1-6),

|| Pd*
O O Pd(0) A .
- _
I-1i - I-13i I-13i'
_HPd é)}\/\m/ é)\/\ﬁ/
exo-1-9i endo-1-9i
Scheme 1-6

F 7= Table 1-4 [ZB W TER O 1-1p & AW TZBRICAERK T 2 BB 1-8p 2MK
IWERTHSFRKE LT, n=7 VR TZ Py AR E ol b & “ oD% i
PER(E)- K N Z)-1-13p A U, (E)-1-13p 13BN EIT LiE#L 7 7 2 1-8p & 5-
25 b DD(Z)-1-13p 2> HITBRALEIE R EIT L e o Telob B 2 Hivd (Scheme

I-7),

_21_



Ph . Ph
Pd .
J_g ﬂph
I O PH O
)OJ\(?J\ Pd(0) (E)-I;13p L8p
Ph
Ph 7 Ph +
B Pd
I-1p 0 74 — > decomp.
PH
L (2)-1-13p _
Scheme |-7

BN THIR D SEHIEDINT D720 7 v A4 —N—FEBREIT o7z, Thbb4%
BEOT R VF ARG hZ ATV 1-1f BEO 1-1q FE FIZTNT U0 Al %
TER&ET-E A, 4FOER T 7 1-8a, 1-8f, 1-8j, 1-8q231:12:1:1.1 D4
R T S 7z (Schemel-8),, Z D Z & > B ARUGNIMLREE N HEI T, -7 1%
VRGO MR L = ) T — N3 ESE R U T R I AT S
HFHEBOETH D Z &< FFL TV (Scheme 1-9),

2.5 mol % Pd,(dba)s-CHCI,

J\ 10 mol% DPPF
é/m ©)‘\ dioxane, 65 °C, 1 h

I-1f (0.5 eq) I-1q (0.5 eq)

ISa 18f ISJ

I-8a : I-8f: 1-8j : I-8q =1:1.2:1:1.1
61% total yield

Scheme 1-8

-22_



Scheme 1-9

WIZT BNV FENB-T N AT VA HWTZARSDBEINEE MDD H X, K
B CH D7 b Fa L)L 2T VERN Ay EE LT T+ BOSEAT
STz, ThbbXT7 U0 AMlliEf74E T cyclohexanone (1-6¢) (ZxF L xEE~ 1 /L%
VT ATV AR S 5 2 & TRBROERERIERAL BSOS T 2 2 a2 1T
-7= (Scheme 1-10), iR, BHRIBAW NS LN D DHTH D BAVIK 1-8a 1T AL
L7godz, £lev U m ) —x—7 )1 1-15 ZREEH & LTHOWELS U AEA]
& LT CsF? & 5\ NE TBAT ) F7E PR 24T - 7223, RGBT b Ei
BRALSUR I TEITE T EMERIBAMDPIRTOND DRI ST, LLEORERITT b A
LT a XL AT IVERNERE LT e oL L AT IV TOR T T AR

TORISHEITL S 52 2R LT D,

o 5 mol %
Pd2(db3)3CHC|3
OCOzMe 20 mol % DPPF
+ :—< complex mixture
Ph dioxane, 65 °C
I-6¢ I-14
| D—pn
(0]
OTMS 5 mol % I-8a

Pd,(dba)s CHCl, not observed
OCOyMe 20 mol % DPPF
+ = > complex mixture
Ph CsF or TBAT
dioxane, 65 °C

I-15 I-14

Scheme 1-10
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UbzE L EAREIERIT T VU LMz W7 v ¥ in-r b= X
T L OsE G AT INERA LSS DORRR 21T — B E O R R O S D B 2R 217 -
Too REUNTEWR T 7 L OB 72 55 FETH Y . 4% Figure I-1 1IR3 X 9 72
7T B BT ABNENE S T OB RE M c ARG R~ OISR SN D,

(0]
H
b o
\\‘\\ O \ é O
menthofuran curzerenone
(1I-16) I1-17)
Figure I-1
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S — i

o
AVAVAVEN V% I
REE 72 7 L)L AT )L L 2-E =)L T = ) —)LD

JELRCHY SRAZ B HA-[2+ 2] BRAL A I S

TR ART- L ) =T 0 UL R8T D MK To-T L =L RT DY A
BXUo-7m /UL FNRT 0y LEEREEERRICH L Z Mo TS, —
JiCINBeEERIZRE LY 7 b2 sREERI 53 1 CTRORT B Pl A ST
Mole, BFIZT a2 OLX LT ATV -1 &2 V28T 2 A RS O REHE
FRICBWTREAIE LTAL MEE =17 = 7 —1 -2 2 V5 & KRR S
KEATMMBEIT L7 =/ F2 T Lo 1-3 DNERE[2+2) B AL AT N B 23 e L

I

THEATL, WERZ S =R N4 BNEoNL 2 L2 THEF R LD

(Scheme 11-1), AEUSOFEANC DWW TLL FIZR RS,

0CO,Me
Ar—= . cat. R
. lAr Pd,(dba)s-CHCls R Ar
3 cat. P(2-furyl)s O\& O Ar  ap
+ > N\ —
R \ N\
OH H
1I-3 11-4
pZ
-2

Scheme 11-1

FGEEIZL FO L2 ICEKR L, a2 L7 /02— 11-5b, 11-5¢. 11-5e
WKL 7 B aREEATFILVEERA IS Z L CTREET a2 2L )L 25 L |1-1b, 11-

1c, I-1e Z757= 29 (Scheme I1-2), F£72p-A "X 7 2=V EEEA LT v 3L

-25_



FT V3= 11-5d 1Tk UEKEE A WD 2 & T e L E Lo 27 )0 11-1d
E LT, N TH U AT AT e R I-6a, 11-6b, 11-6d—11-6f (2% L Wittig SOt %

Z LT 2-v=v 7 =/ —/vIl-2a, 11-2b, 11-2d-11-2f %1572 %) (Scheme 11-3),
F 7= 3-Nitro-5-methylsalicylaldehyde (11-6¢) (Zxf L Tebbe i A /EH I #5Z & T
=7/ —)v -2 &R L=, ®IZ 3,5-Dichlorosalicylaldehyde (11-6e) (2%}

L Wittig SO #fTnWr o X=1r7 =/ —/ 11-2h %157,

0
CI)]\OMe
pyridine
CH,Cl,, 0 °C
II-sb R'"=R2=F I-1bR'=R2=F 85%
II-5c R'=R2=Cl II-1c R'=R2=ClI 82%
II-5e R'=Me, R2=F II-1e R' = Me, R2=F 82%
OH Ac0 OAc
pyridine
O % 4-DMAP R O %
MeO O CH,CI,, 0 °C MeO O
OMe 40% OMe
11-5d II-1d
Scheme 11-2
Ph;PMeBr
BulLi
THF, rt _
I1-6a R1 OMe, R? = I1-2a = OMe, R2=H 88%
I-6b R'=Me, R2=H II-2b R1 =Me,R2=H 51%
I-6d R'=F R2=H II-2d R'=F, R2=H 73%
II-6e R'=R2=Cl II-2¢e R'=R2=Cl 91%
I-6f R'=R?2=1By II-2f R'=R2=1By 91%
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NO NO
2 tebbe reagent 2

OH _ OH
THF, 0 °C
0 17% Z
I1-6¢ I1-2¢
Cl Phs;PEtBr Cl
/©/\O/H BuLi OH
0 THF, rt
cl Z 98% cl =
11-6¢ 11-2h

Scheme 11-3

UUED X SICER LIEEEITR LT V0 Al 2 fEH] S CROS OME 217
o>7-  (Tablell-1), 1T U HIZY T = = /VEHRE T 0 /L)L X7 )L 1l-1a & o-
A RFE=LT =/ =L 11-2allx L, 5 mol%® Pdz(dba)s-CHCIz A Tf 20 mol%
0 DPPF f#{E F DMSO ¥ 100 CICTHIFR L7 & 2 A, WAREZ G T =BT
{EAW(2)-11-4aa 35 X OVZF O RIEIR(E)-11-4aa 73 4.5:1 O, UK 59% T4
R L7z (entry1), 1% 57 MBRILIR DAL ARG T X SRS AT 217 9 Z &1
LV PGE LT (Figure 11-1), %80 TERALIR 11-daa O F 72 HULR L% HIE L, BlAr
FEEZTHRFZ1T- 72 (entries 2-5), & DFERENL 1% —JEEINL 10> 5 HJERD
NANCEZ D Z L THENR S, PR-furyl)s 23 b RWILERTH 7= (entry 5),
RICERBE DG 21T > 72 & Z % (entries6and 7). dioxane IREEFER &85 & BR1b
ROILHEIL 85%FE Tl LT 25 Z LR L LR oT- (entry7) o

-27_



Table I1-1. Initial attempts for the reaction of 11-1a with I1-2a.

OCO,Me
Ph—=— 5 mol%
Hth Pd,(dba)s'CHCl; OMe OMe
20 mol% ligand O Ph O Ph
+ > Ph
OMe solvent, 100 °C — _—
OH Ph
P (Z)-11-4aa (E)-I1-4aa
I1-2a
entry ligand solvent Z/E yield [%]
1 DPPF DMSO 4.5:1 59
2 DPPB DMSO 5.5:1 35
3 PPhy DMSO 2.9:1 62
4 P(o-tolyl) DMSO 5.5:1 64
5 P(2-furyl) DMSO 5.5:1 69
6 P(2-furyl) toluene 3.41 67
7 P(2-furyl) dioxane 3.5:1 85

(Z)-11-42a (E)-Il-4aa

Figure 11-1

WIZIREE T T 2L L 2571 11-1a [2%F L CA L MEITEE 2 7p It s 4o
-t =17 =/ —)b II-2b-1lI-g Z WS & AT (Table 11-2), EOFER, F
JV MMLIZ A TF NI, = bukk, el w2 E2FO 1-2b-11-2e 2 AW T HREED
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JSISERT L, ZRE YT 5 =ZBRME(L G 11-4ab—I11-4ae 7% 82%. 78%. 70%.
92% & BAFRINETY T AT LABEMICHE L (entries 1-4), =S &EW
Bu iz & DEE 11-2f 2 W 255 IITBRIBIR(Z)-11-4af 23 8 19201 IR A&
35 2 ERHLMNE 5T (entry5), — 7 AV MLIZEHILZ 7= 720 11-2g %
HAWna &, ZOORERPNEANSNTT VIELEY N7 BELLOHTH-T-
(entry 6), 72B15 S T-BRILIA 1-dab—11-4af DOSLARLZ2IZ LTl (2)-11-4aa & D
'H-NMR 27 L OFRNEN D WT IS 2)-RR EAERM ThH D L HEE LT,
TN ThE 2 REHIE RO RIE 7 1 L)L 2T )V & BB IO RS &7 -
7= (Table 11-3), T 72bbAM L7 m v/ 27 L 1-1b-11-1d IZ%f L B =1
Tx /= -2e ZAEAESETL, TORMBARKINEIT 07 VF N2 2T ADT Y
—VEERIZ T v, HHE A R UVREEASTUCEA L EEICBWTH IS
HEAT L. Y9 HE{LIK 11-4be—11-4de % 88%, 89%, 2% CH-x 5 Z L BRI LML
727 (entries 1-3), I @ VX ANMANZ p-7rr 7 = =)LE TR R
W p- N U NVEEAEA LR 0 L L= A7)0 -le #HHWE =17 =/
— v N-2f L ORISERF Uiz, TORET VX RGO MY AL 7 = 7 —/LH
ROWSRIFF 3 F C R B S - BRALIR 1-def 2 (BRI D E BHYIC G-
25 Z LMotz (entry 4), 723 N-def OREREIT X Fil b S M I L v i

L7z (Figure 11-2),
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Table 11-2. Substrate scope of the reactions using various substituted vinylphenols 11-

2b-11-2g with 11-1a. [

entry substrate 11-2 product 11-4 yield [%]
ZIE
Me Me
O_ Ph
OH 82
1 __sh 451
7
H
I1-2b I1-4ab
NO
NO, 2
OH Q_ ,Ph 70
2 —— Ph 4:1
Me = Me R
1I-2¢ II-4ac
F
F
O_ .Ph 78
[b] OH
3 __sth 4.5:1
=
H
11-2d 1I-4ad
cl Cl
OH O, ,Ph 92
4 L
= Cl
Cl H
II-2¢ I1-4ae
tBU tBU
OH O,  .Ph 99
5 __Ph 500
Z B(
¢
Bu H
11-2f I1-4af
Ph
6 O 99
11-2g 11-7

[a] The reactions were carried out using II-1a and II-2 in the presence of
5 mol% Pd,(dba);-CHCI3; and 20 mol% P(2-furyl); in dioxane at 100 °C for 1 h.

[b] P(o-tolyl); was used as the ligand.
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Table 11-3. Reactions using various propargyl esters I11-1b—11-1e with 11-2e. [

entry propargylic ester I1-1

product I1-4 yield [%]
Z/E
OCO,Me F
F Cl
1 o F 88
O 471
Cl
F H
1I-1b II-4be
OCO,Me Cl
Cl O — Cl Q
0 Cl 89
2 O Il &
Cl
Cl H
II-1c I1-4ce
OAc OMe
o )= c'
3[b] 0] OMe 72
a3
oM Cl
II-1d © H II-4de
OCO,Me Me
e —
o F 99
O 4.8:1
Bu
H

&
F

II-1e

1I-4ef

[a] The reactions were carried out using II-1 and II-2e in the presence of 5 mol%
Pd,(dba);-CHCI3 and 20 mol% P(2-furyl); in dioxane at 100 °C for 1 h.

[b] K3PO4 was added as the base.

[c] Vinylphenol II-2f was used as the substrate.

Figure 11-2

(Z)-11-def
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RSO TIN5 HHE % Scheme 11-4 123 T, X UOHIZ/NT 207 LMl R
TSNV FNLT ATV N1 ERET D2 LI KBRS EIT L, i m ¥
IWNT DT DR -8 MERLT D, ABERIFe-T L =L EE 119 b L < Fo-T
2oL FVEER 1110 EPERRIETH Y . eV TARBSIRICH T2 8= 7 = /) —
V-2 DREHEBREISHEIT L, B2 7 L2 N3 £ 5, AMEAWITEITN
B TIZTY T D h VPR D AR 2k D BeERY 72 [2+2) B BR AL AT NS % 5|
TXEZILO, “BREEAYM N4 2527 b0 L HEESND, ETARMIGIZENT
(2)-N1-4 NPT AT UAERANCAR L7ZBHR & LT, BIEOBICERIREE TS
A ZRDBUSELRNCHEIT LT Z EREZXOND, TSADETIIE=1EET
VRGO T ) — VI OSNARIE 2lE CTHEIT L. ROSHFEE 1-11 28 H LT
(2)-N-4 BEBND, —H(E)-I-4 NEL D TSB OEBIREETIZIArE BE=/LED
SEARECRSAE T 5728 TS A ICHARE N R L —Z2 >, EBIREE TS A & TS
B DR/ FX—ENH(2)-11-4 1Z(E)-11-4 L0 HELEICE LN E THEEND,
F 72 Table 11-1 (23T R T K 0 b SR 728 RWRER &2 5- 2 72 01, Bd
MLFOHRIZE Y 1-8, 11-9, 11-10 DO FH5 73 o—SEAMNIT AR 0 SR AMEtE S 47z 7z
HEEbD 920 Tablell-2, entry 7 (B W TE=/L7 =/ —/LI1-2g ZH\ %
& ZODREHPEANS T VLG -7 35 b 7B ik & LT, 1-2g 134
v ML EBRIEZFF 2720 20 7 = ) — VOREMEREL 2D, n-7 e ¥
XTI N-8 DHFILRFB D REMIMNES LIz B 2 Hib (Scheme H1-

5)o
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+
M OMe
A OCOZMe Pd(O) \T—iLno e PdLn _/Aru
Ar' ArT A Ar -
11-1 11-8 11-9
R
OH
Ar'
=
MeO_ R /I
PdL, 11-2 o\’%-
= ~Pd(0) Ar A
r MeOH |
11-10 1I1-3
Ar Ar R
R ‘\\0« R o O Ar  ap
@ //.\\l"'Ar' Wil =
H H
TS A 1I-11 (2)-11-4
Ar
R OK
%r\
TS B -11' _ (E)-11-4
Scheme 11-4
.
OCOzMe Pd(O) \FI)—iLHOMe
Ph—— —_—
Ph Ph" X" “Ph
II-1a 11-8a

= =
Ph™ " "0
m2g Ph/\fph 11-2g 0
C: g ij/\\
~ ||

I1-12 -7

Scheme I1-5
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T )X T L NS3BSTREE LTAEL TS Z L E2EEND LD, K
I UL LT L a—)L 1-ball B =L T = ) —)L |1-2a & EAERUS D Sz T
YER S8 CTRFT%21T - 72 (Schemell-6), 11-2a & 11-5a (2% L DIAD & PPhs % {EH
SHIL A, NI VU LEEE AW RIS &R C =817 7 > 11-4aa 23U
RA%TT /L)L T = ) —/L 1-13 L STERT D 2 E RS o7z, 1-4aa i
11-5a (2% L 1-2a 23 SN2TERTREAMIM L 7 Lo 1-3 2% . [2+2]% o s kAt
IMBEITT D Z & TAR LT E FRISND, 2 Of RITSKEZATINE[2+2] B b2
i L CHETT9 % Scheme 11-4 DA ZFF T 25D Th 5,

Ph
Ph——
OH DIAD OMe oM
L5 PPh3 O. _Ph ©
-a 20 mol% Et;N ©:O Ph pp
+ » +
OMe THF, rt, 22 h | ||
OH Ph H
11-13 27 % (Z)-11-4aa 4 %
=z

II-2a

Scheme 11-6

HWTE)-7ueX= s b o7 =/ — L H-2h IZxf LIRER 7 1 7L L= AT
b -1a & AV EEF L72 (Scheme 11-7), & OfE R BRSO I ZHEI T L. 1AL
A FVIEDR AN EL A L7 BRI EA Y (1a, Z2)-11-4ah NHE—DARM & L TH
iz, AR OSBRI EN S ARS CTILEBIREE TSC OE LY T U h
A 11-14 ZTBRitE. 7 0= VERONLRRR 2 £ O T CEREAHEIT L T D &
TRRIND, AERITR+2ECANA BRI TR VT VBV HRURO A RL
wfR D BEBE 7o IR CHEAT T2 2 L A RIB L T D, RBARLAEW DL LFIL

X FRAs SR 21T 5 Z LI L W kE LT\ 5 (Figure 11-3),
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0CO,Me
ph———

Ph 5 mol% Pdy(dba);-CHCI;
1I-1a 20 mol% P(2-furyl)s O Ph ph
+ > —
. dioxane, 100 °C, 12 h Cl

65 % H -
OH Me
(1o, Z)-T1-4ah
Cl e
II-2h
Ph Ph
Cl o« Cl o
T
/'\ — A Ph |~ Product
X \‘--'Ph H
cl H cl Me
L TS C -14 .
Scheme 11-7

(1, Z)-11-4ah

Figure 11-3

UbZzFLdd ELEEBEEIT T VY MEEE AW 7 o/ UL o 27 10
s LT, REAIE LC2-E =17 =) —LEANWD L INBRZ G =
RMALEMNEOND Z L2 AH L., ARISTIEZ =/ 7 L U PilfiEo g
R, 98 < [2+ 2B LA NS eI AT L TR 0 L ABRUSIESREER do-7" 17 OL

FXIT V=N T D0 LEERIT Loy TR L 72 OB T %, ARSI
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MWD EEICHIERH 2 DD, EEICEREMEINEZBIbEEZ —35I2E 6N 5
ZEMDB, Figure -4 (TR T XD R Y T T B E L ORRYOEERK E

LWV A RA~DISHABEIGE SN S,

MeO

OMe
HO \e,N

Rocaglamide (II-15)

Figure 11-4
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Shs — s

=
ASAVAVN i1V I = DAYV S gy = Sy
REZAN D I BR AL BUs

EHITT 0 VXA E AW D 8T U MMl & SREZA O dsE BRSO
DOERDIGHERILEBEE L, izl 7 L7 L a— & KISEEICH
WIS BRE LT, TRb b T~z X 5121 Az iEM Al & LTH
W5 Z L TKEREED BBEMEA A L SREEAI & O BSOS AT T 5 b D
EEZT, BUNEE L LT a7 ba— -1 EB-Y R =UbE

Wy -2 23R L, VA ABBTEE TG EBRL S EIT T 5 0 et 217> 72

(Scheme 111-1),

OH
A———

Ar  cat. Pd(0) (HO) 3B Ar
III-1 Lewis acid j\‘ /
+ — |la——< E E >/—Ar
0
11-3 111-4 11-5
3!
0

I11-2

Scheme 111-1

ITUOIZTY 7 == ViE# T v XL L T L —)L Hl-1a & 1,3-cyclohexanedione
(111-2a) Zx%f L dioxane i&8EH 10 mol%® Pd(PPhs)s 1F17E FEE 4 720 A AR %2 1EH
EH7= (Table 111-1), ZDfEF 1 48D BOH): #{EH &85 & TH L7z Knd i
ITL. ZERMAEEY -5aa 28 45%DIE TH—OAERM E L TH LU (entry
1), —7) T BFs-OEt, Z{FH S BRITIEEONMRIZEE Y (entry 2), fillf &
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Sc(OTH)s 174E T TIERITEITT 2 b DO DIRICRIZE £ - 7= (entry 3), = Z T
Btk M-5aa D72 LR OE B2 HEE LIEEEANC R T REEW 2 V- B
ZHLMIAT - 72 (entries 4-10), (X U OICFiA O T VX)L a U ERE MG L7230
THHIRINETH -7 (entries 4-7), WV TEA RAR VT AT VARG LTz &
Z % (entries 8-10), B(O'Pr)s & AW 7oA BRLIROILRIL 52%F CH E55 2 &

MNorho Tz (entry 9),

Table 111-1. Lewis acid mediated Pd(0) catalyzed cyclization using propargyl alcohol

I11-1a and cyclohexanedione 111-2a.

O 10 mol% Pd(PPhs), 0 Ph

OH Lewis acid (1 eq)
ph—=—+ + . /
Ph dioxane, 100 °C Ph
O time o)
III-1a III-2a I11-5aa
entry Lewis acid time [h] yield [%]
1 B(OH), 3 45
2 BF3-OEt, 1 decomp.
3 5mol% Sc(OTf)3 5 10
4 Et,B(OMe) 5 7
5 MeB(OH), 2.5 12
6 EtB(OH), 3.5 31
7 "BuB(OH), 5.5 19
8 B(OMe); 6 12
9 B(O'Pr), 3 52
10 B(OTMS); 9 30

RIS O i b 2 B LR F 22 2 THGRT L 72 (Table 111-2), 977205
5mol%® Pda(dba)s-CHCIz & 1 4 &ED B(OPr)s 1£7E F. B4 72 U VN2 EH &
72, DPPM Z BN+ & LTHWD & RUNTHET L2 > 72 b DD (entry 1), fil
D T JERNL A ER S5 & S HESFT L7 (entries 2-8), 72722 T%H BINAP % [

WEBRIZ 11-5aa 25 76% & e & R W TR O 7= (entry 8), F7- entry 8 D5&AF

-38_



IZBWT, BOH): /LA Afigd L THEA S E 2 LB TONER ENR 5., 80%

TEALIK -5aa 3G B 5 Z L33 - 72 (entry 9),

Table 111-2. Effect of ligand.

5 mol% Pd,(dba);-CHCI,

O 20 mol% ligand o Ph
Ph%<OH + it\l\ B(OPr)s (1eq) @j@
Ph dioxane, 100 °C Ph
O 2-6 h o
I-1a 1I1-2a II1-Saa
entry ligand yield [%]
1 DPPM no reaction
2 DPPE 34
3 DPPP 67
4 DPPB 71
5 DPPPent 55
6 DPPF 48
7 DPEphos 32
8 BINAP 76
glel BINAP 80

[a] B(OH); was used instead of B(O'Pr);

BIZH WD NT U0 Ll 2 28 2 THa 217 > 72 (Table 111-3), 20 mol% ®
BINAP }, TN 1 M ED(OH)s Zi&IRN L, £k~ el AFTEEZR i/ N7 0 A8EK % H
Wik Z A (entries 2-5), Pd(OAC): & % & 87% & i DINER T H BN A S
A7z (entry 4), Nz TAREE Tk B(OH)s % 20 mol% & fif it 5|2 95k U C b [RIZE D K
EE R L 84% T AZ 525 Z EmH B b 7Ze o7 (entry6), —5. B(OH)s
Z N Z 72O TIEBUSHE D RIR 72K T 23 4L D VB LR DI IT 20% & Tl L

7= (entry 7),
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Table 111-3. Effect of palladium source.

10 mol% Pd source

) 20 mol% BINAP o Ph
OH B(OH); (1 eq) /]
— < + _
= Ph ii dioxane, 100 °C &Ph
0 2-3h o]
III-1a II1-2a III-Saa
entry Pd source yield [%]
1 Pd,(dba);-CHCI5 80
2 PdCl, no reaction
3 PdCIy,(MeCN), no reaction
4 Pd(OAc), 87
5 Pd(OCOCF3;), 46
6l Pd(OAc), 84
710l Pd(OAc), 20

[a] 20 mol% B(OH)5; was used.
[b] B(OH)3 was not used.

FEWNTE LSt (Table 111-3, entry 6) 12T, kEx REHEREZ O
v OLE LT v a— b 1H-1b-11-1e & IV EE B G 21T - 72 (Table 111-4),
TROLIEFEORVP U EICATF AR a U BEAN LT OLF LT L
a— L HI-1b=1l-1e (2% Ly 7 a3 o U4 v H-2a 2B S 5 G & et
L7- (entries 1-4), = DFERNT Y -1la DA & FREDO ST L, fHY 9
57 b7k Faxr 75 1H-5ba-111-5ea 28 FRREE ) B B 72 IR THER L7z,
BRBFONTBRALED A L7 ¢ ERORTEMEIT 111-5ea (Z6F L X #fil S g
WiaitH>Z & TZRTHD EREL (Figure 11-1), OBR{LIKDO A L7 ¢ D
SECEIZEE L CiE HI-5ea & @ *H-NMR 2227 RVOEBMEN S (2)-A V7 4 v %

HOoEHEE LT,

_40_



Table 111-4. Reactions using various propargyl esters I11-1b—111-1e with 111-2a. [4

10 mol% Pd(OAc),

0 20 mol% BINAP o Ar
OH 20 mol% B(OH)s /]
Ar——— + >
Ar dioxane, 100 °C Ar
0] 0]
I11-1 I11-2a 1I1-5
entry propargylic alcohol TII-1 product III-5 yield [%]

1 81
1I1-1b II1-5ba
F
e
2 (] O "
(@)
F
III-5ca
3 62
F
I11-1d
OH
o=
4 84
Cl
II1-1e II1-5ea

[a] The reactions were carried out using III-1 and III-2a in the presence of 10 mol%
Pd(OAc),, 20 mol% BINAP and 20 mi% B(OH); in dioxane at 100 °C for 2-4 h.
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II1-5ea

Figure 111-1

WIZT a0 F LT v a— b H-1a 12k L TRk % 72B- 1 VAR = k& 11-
2b-111-2g % =iz iR A 7= (Table 111-5), Z OFERARIGNT Y 7 a4
VFHY EDO ST A TR, T o= B AEAEA L HI-2b, -2 ZHWTH
IBER B BOUG S LT L, FHS T 2 BR(KIK 111-5ab, I11-5ac 23 1:1 DY 7 AT
LA~—iREWmE LTHE LN (entriesland2), 72 5- A F L EE & E A L7z -
2d 1EH S & THERAUIE 1-5ad (X R AF 2R TH L7 (entry 3), HIT 472
AFNEEEDIN-2e ZHND &, THLZY AT NVEEEH T 545 111-5ae D3
BEIERANCEOND Z &N o7z (entry 4), 728 111-5ae DAL2#H#E1E L HMBC
OBHENC X v P L7z (Figure l11-2)®), F7=. vo o 1-2f, 111-2g 2 REAI & L
THWT S ST EICE#IT LBR(LIK L-5af, 111-5ag % BAFRINRTHE2 5 Z &
R LT,
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Table 111-5. Reactions using various nucleophiles 111-2b—111-2g with 111-1a. [

entry substrate 111-2 product I11-5 yield [%]
(0] (0] Ph
1[b] / 82
Ph (dr1:1)
(0] (0]
1I1-2b III-5ab
(0] (0] Ph
2 / 80
Ph (dr1:1)
Ph o) Ph O
II1-2¢ III-5ac
(0] (0] Ph
3 / 77
Ph
o (0]
III-2d III-5ad
(0] (0] 7 Ph
53
b
4P Ph (brsm)
0O (o]
II1-2e II1-5ae
0]
5 )o\)j\ 62
N"N0oH
II1-2f
0]
Y
6 X" 0oH 72
X
TBS
I11-2¢g III-5ag

[a] The reactions were carried out using III-1a and I1I-2 in the
presence of 10 mol% Pd(OAc),, 20 mol% BINAP and 20 mi%
B(OH); in dioxane at 100 °C for 2-4 h.

[b] 3 eq B—dicarbonyl compound III-2 was used.
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Figure 111-2. HMBC correlation of I111-5ae

ABOS DO TR I35 BOSHHE 2 R IZ 3 (Scheme 11-2), (X UDHIZAR U EEN 7 1
s FT OV 3 —)u -1 OIKEERI BN 5 2 & T IN-3 ZTE R L /KRB o i B
BEZ DD, HOTIHEME L SN -3 1T 537 207 A ORI HEIT L
=7 2NV RT DT LAEER -4 DA, B-Y VR =LA 112 KV
EUTEB-7 F ) F— b -6 Ba—T"1 7L F N RT D0 I -4 ~KEEA L,
n—7 U NANT DT LR -7, IN-8 IZEM S ND, £ D% -7, IN-81XZNZE
N b= T — NBENS O FHREM MR ETT 2 2 & TERILIK(E)-1-5,
2)-1-5 MR L7 b D & b 5, R BRLISICIBWT(@2)-A V7 1 v &
H OB BRI DN TBEH & LT, =7 VAR U0 A5 IR TI-T & 1H-
8 5 L OVERMI(E)-I1-5, (2)-111-5 DRI n—o—nD MG IFAE L, 2SRRI %
ERERMZ)- NS IR L2 LBz bd 2, UaiE Clods siizn-7
U T 2y AR RIC RS 2 R I @ IR ST T CHEE ) L E T A K
MR ELND ZERMOENTEY O REIGIZBW TS AEOM M 2R Lz LR
bivd, E£7- Table H1-3, entry 7 IZB W TERILAEDILR N KIEIZAL T L= 2 & 1%,
RUBRIE L > TKEBREDOBEERED & £ 0 BRALRUS 2 FIgICEIT S B2 & 5 A8
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W2 ZEF LT\ %, Table -4, entry 4 (28T 7 (L2 Y A F L& FFOBRILIK
I11-5ae ML EBHRICE S VZBR & LT, BRI RE 2RI LT
ZEnEZLND %,

_ (HO);B-OH
Ar A——— Pd*
Ar Ar&V/\Ar
11-1 11-3 1114

I1I- 6 R R
I11-7 I11-8
H Pd(0) Pd(O)r
Ar
Ar N Ar N Ar
o) P o} P
R R
(E)-111-9 (2)-111-5
Scheme 111-2

UED X DICEEZI AT VU L2 W27 o ST ra—)L - h
JVIR = AL G OB 2R BRSO K 0 BIRAL GG o b Z L& A LT,
BEAF DT D0 MRS TIEEEARICB N T T m 2L LT L a3 — )L Gl
%, KRBT AT V72 EORBEEICENS 2 TRANE CTh o 7o, ARSI &
DIVA AP Ko ORI 2 BEREML L2 &m0 5 2 & T, 7 rsurdn
TN A= VEERREERTH RSB L L THWDAZEMTEX L b,
JRFZhROENNT V0 MR BRL RS TH D LWV R D,

_45_



M pHY

HFNT T DT MM A N T a o OL R AV E ) & SREEHI O BR AL SRS

[ZEH L, RROSEFE2 2B LEH T 2 2 & CRiLaHiOILKR & 2%
AT,

FT. TSNV E T T N UL A RS LT S e VX AB- bR
TNV EIBIZRANWTZ T D0 A SOS OB 21T o T2, % ORER[3+2)8 i

I

MR BALBOG N EIT L, BT 7% 52 5 Z &2 A Lz, RS v
NP7 N AT NVEEEE L THWS Z ETHRBICE /X =) T — bR
ARLL. TRV NRT DT MK LREAIE L THEET 20 0FITH 5,
WIZIREE T 2 7SV F VR T UKL 2-B =7 = ) — )L & REEANC WV 5 o3
7 VU ARG R LTe, ZORER. 7= 2 20T L oK Z TR [2+2]
RIBALATINA e U ISR L SN Z MR Yy 7 7 Nk 5 2 Lt %
HH 57
KA FRITROST 20 DOFITH %,

FINT VT LB IR UBAEAFE FIC T e S F LT b a— L ER-U 0

LT ARISIFeo—7"a VXU T Lo ANTG D AR LY 7 R A

IWIR = AL G DR BSOS T2 Z L 2 BT Lie, ARORIET 1
PSVFNNT V3 — )L & FEEIZ W TR O N BRALBUS T D o

UL D X 5 ICEF T2 I kEH, 7 a v X b e E %37 2 il
B2 T2 e R BR L RS 2 R L 72,
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EIEis

ABFFRICEE L. RAREZRIE o e S, HHHEL 0 £ LR RSV AN A
YA = ARFEE RN S HEREAICEA TR L BT ES, BIZ, K
WIEEAT I HT- VIS, ) T IWE LB KRBV AN, FH A =
AMPIERA BRI R RESE, BERFEREGEAIV AL T A = AL
MR R AR B RTFREBEASV AN A = ZAFFREB .
s e AT AL L B £,

ZHEMN LY R — F LT EESo//NERGEHERLZIZI LD & T LR FH Y
AT R E A E I e o 2 — A A R B ORE RITEH N 2 L E T,

RSS2 S MV ORIE S 272 & F LR ALK, HRIE S s+
([CHEIALER L B E S, FEESITEOEN ) A THE £ LB R AP s
AL TH R ECE AL L B E T,

FIEAMIED —H AR — F L TWe 2 & LIEARIEN  KREF RS H
(G L E T,

BARNTHEIE B T 70> < FSF o TL T FHEICEGH L £,
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Experimental Section

General. All nonagueous reactions were carried out under a positive atmosphere of argon
in dried glassware unless otherwise indicated. Materials were obtained from commercial
suppliers and used without further purification except when otherwise noted. Solvents were
dried and distilled according to standard protocol. Ketone 1-4b 22, silyl enol ether 1-15 3%,
propargyl alcohol 11-5e 34, propargyl carbonates 11-1a, 11-1b, 11-1d 2, phenols 11-2a, 11-
2b, 11-2e, 11-2h %) and pyrone 111-2g 3 were prepared according to the procedures
described in the literature. The phrase ‘residue upon workup’ refers to the residue obtained
when the organic layer was separated and dried over anhydrous MgSO4 and the solvent
was evaporated under reduced pressure. Column chromatography was performed on silica
gel 60N (Kanto, spherical neutral, 63-210 um), and flash column chromatography was
performed on Silica Gel 60N (Kanto, spherical neutral, 40-50 pum) using the indicated
solvent. IR spectra were recorded on JAS.CO FT/IR-410 spectrometer. *H NMR were
measured in CDClz solution and referenced to TMS (0.00 ppm) using JEOL GSX400 (400
MHz) and JNM-AL300 (300 MHz) spectrometers. *C NMR were measured in CDCls
solution and referenced to CDCls (77.0 ppm) using JEOL GSX400 (100 MHz) and JNM-
AL300 (75 MHz) spectrometers. Chemical shifts are reported in ppm (from TMS). When
peak multiplicities are reported, the following abbreviations are used: s, singlet; d, doublet;
t, triplet; g, quartet; quint, quintet; m, multiplet; br, broadened. Mass spectra were recorded
on Waters MICRO MASS LCT-Premier spectrometers. All melting points were measured

with Yanaco MP-500D melting point apparatus and Buichi melting point M-565.
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Experiments in Chapter |

General procedure for preparations of propargyl p—ketoesters 2%

Synthesis of I-1a (Scheme 1-2). To a stirred mixture of the B-keto ester I-4a (708 mg,
4.53 mmol) in toluene (20 mL) was added 1-phenyl-2-propyn-1-ol (I-5a) (898 mg, 5.44
mmol) at rt, stirring was continued for 122 h under refluxing condition. After cooling to rt,
the reaction mixture was directly concentrated. The residue was chlomatgraphed on silica
gel with hexane-AcOEt (96:4 v/v) as eluent to give the propargyl p—ketoester I-1a (770 mg,

66%) as a colorless oil.

O O J|\
I-1a
2-Oxocyclohexanecarboxylic acid 1-phenyl-2-propynyl ester (I1-1a)

Yield 66%; colorless oil; mixture of tautomers and diastereomers; IR (neat) 3289, 2940,
2126, 1748, 1715, 1652, 1618 cm*; *H-NMR (400 MHz, CDCls) for 3:1 mixture of
tautomers: & 1.56—1.75 (3H, m), 1.76-2.10 (1H, m), 2.15-2.40 (3.5H, m), 2.40-2.50 (0.5H,
m), 2.66 (0.75H, d, J = 2.4 Hz), 2.67 (0.25H, d, J = 2.4 Hz), 3.36-3.50 (0.25H, m), 6.52
(0.75H, d, J = 2.4 Hz), 6.54 (0.25H, d, J = 2.4 Hz), 7.34-7.45 (3H, m), 7.45-7.55 (2H, m),
11.98 (0.75H, s); *C-NMR (100 MHz, CDCls) for mixture of tautomers and diastereomers:
§ 21.5 (CH_), 22.00 (CH2), 22.05 (CH>), 22.9 (CH>), 23.1 (CH>), 26.80 (CHy2), 26.84 (CH>),
29.0 (CH2), 29.6 (CH2), 29.7 (CH>), 41.2 (CHy), 41.3 (CH>), 56.7 (CH), 56.8 (CH), 64.6
(CH), 65.55 (CH), 65.61 (CH), 75.4 (Cq), 75.70 (Cq), 75.72 (Cq), 79.56 (CH), 79.65 (CH),
80.2 (CH), 97.1 (Cq), 127.2 (CH), 127.37 (CH), 127.43 (CH), 128.35 (CH), 128.42 (Cq),

128.7 (CH), 128.76 (CH), 128.82 (CH), 135.7 (Cq), 136.0 (Cq), 136.4 (Cq), 168.5 (Cqg),
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168.6 (Cq), 171.0 (Cq), 173.2 (Cqg), 205.1 (Cq), 205.2 (Cq); HRMS (ESI) m/z calcd for

CisH1sNaOs [M+Na]* 279.0997, found 279.0994.

2-Oxocyclohexanecarboxylic acid 1-naphthalen-1-yl-2-propynyl ester (I-1b)

Yield 77%; colorless oil; mixture of tautomers and diastereomers; IR (neat) 3290, 2939,
1654, 1606 cm™; *H-NMR (400 MHz, CDClIs) for 2:1 mixture of tautomers: & 1.57-1.75
(3H, m), 1.75-2.00 (1H, m), 2.05-2.32 (4H, m), 2.70 (0.67H, d, J = 2.0 Hz), 2.73 (0.33H,
d, J = 2.0 Hz), 3.39-3.50 (0.33H, m), 7.10 (0.67H, d, J = 2.0 Hz), 7.11 (0.33H, d, J = 2.0
Hz), 7.46-7.52 (3H, m), 7.80-8.00 (3H, m), 8.12-8.24 (1H, m), 12.00 (0.67H, s); 13C-
NMR (100 MHz, CDClz) for mixture of tautomers and diastereomers: 6 21.9 (CH.), 22.35
(CH2), 22.42 (CHa), 23.3 (CH2), 23.4 (CHy), 27.1 (CHy), 29.4 (CH>), 30.10 (CH>), 30.12
(CH2), 41.57 (CHy), 41.63 (CHy), 57.15 (CH), 57.21 (CH), 63.8 (CH), 64.49 (CH), 64.58
(CH), 76.2 (Cq), 76.7 (Cq), 77.5 (Cq), 79.9 (CH), 80.0 (CH), 80.6 (CH), 97.6 (Cq), 123.8
(CH), 124.0 (CH), 125.1 (CH), 125.27 (CH), 125.33 (CH), 126.0 (CH), 126.19 (CH),
126.24 (CH), 126.6 (CH), 126.81 (CH), 126.86 (CH), 126.9 (CH), 127.1 (CH), 128.9 (CH),
129.0 (CH), 130.2 (CH), 130.3 (Cq), 130.6 (Cq), 131.3 (Cq), 131.6 (Cq), 132.1 (Cq),
134.07 (Cq), 134.14 (Cq), 134.2 (Cq), 169.0 (Cq), 169.1 (Cq), 171.4 (Cq), 173.7 (Cq),

205.4 (Cq); HRMS (ESI) m/z calcd for CooH1903 [M+H]" 307.1334, found 307.1339.



2-Oxocyclohexanecarboxylic acid 1-naphthalen-2-yl-2-propynyl ester (I-1c)

Yield 71%; colorless oil; mixture of tautomers and diastereomers; IR (neat) 3290, 2938,
1653, 1606 cm™; *H-NMR (400 MHz, CDCIs) for 3:1 mixture of tautomers: § 1.54—1.72
(3.5H, m), 1.82-2.00 (0.5H, m), 2.13-2.38 (4H, m), 2.71 (0.75H, d, J = 2.4 Hz), 2.74
(0.25H, d, J = 2.4 Hz), 3.47 (0.25H, t, J = 8.2 Hz), 6.69 (0.75H, d, J = 2.4 Hz), 6.70 (0.25H,
d, J = 2.4 Hz), 7.45-7.54 (2H, m), 7.60-7.69 (1H, m), 7.78-7.90 (3H, m), 8.00-8.06 (1H,
m), 12.00 (0.75H, s); ¥C-NMR (100 MHz, CDCIls) for mixture of tautomers and
diastereomers: 8 21.6 (CH2), 22.1 (CHz), 22.2 (CH>), 23.0 (CH>), 23.2 (CH>), 26.9 (CH>),
27.0 (CH2), 29.1 (CHz2), 29.8 (CH>), 29.9 (CH>), 39.9 (CH?>), 41.5 (CH), 56.9 (CH), 57.0
(CH), 64.9 (CH), 65.9 (CH), 66.0 (CH), 75.7 (Cq), 76.1 (Cq), 76.7 (Cq), 79.7 (CH), 79.8
(CH), 80.4 (CH), 97.3 (Cq), 123.3 (CH), 124.7 (CH), 124.8 (CH), 124.9 (CH), 126.3 (CH),
126.4 (CH), 126.5 (CH), 126.60 (CH), 126.65 (CH), 126.8 (CH), 126.95 (CH), 126.99 (CH),
127.1 (CH), 127.6 (CH), 127.9 (CH), 128.17 (CH), 128.21 (CH), 128.25 (Cq), 128.4 (CH),
128.5 (CH), 128.6 (CH), 132.87 (Cq), 132.90 (Cq), 133.1 (Cq), 133.3 (Cq), 133.4 (Cq),
133.8 (Cq), 133.9 (Cq), 135.4 (Cq), 140.9 (Cq), 168.9 (Cq), 171.2 (Cq), 173.4 (Cq), 205.36

(Cq), 205.42 (Cq); HRMS (ESI) m/z calcd for CaoH1903 [M+H]* 307.1334, found 307.1339.

2-Oxocyclohexanecarboxylic acid 1-(4-fluorophenyl)-2-propynyl ester (I-1d)

Yield 56%; colorless oil; mixture of tautomers and diastereomers; IR (neat) 3296, 2941,
1748, 1715, 1654, 1607, 1214 cm™!; *H-NMR (400 MHz, CDCls) for 2:1 mixture of
tautomers: 6 1.55-1.71 (3H, m), 1.71-2.04 (1H, m), 2.05-2.55 (4H, m), 2.66 (0.67H, d, J

= 2.4 Hz), 2.68 (0.33H, d, J = 2.4 Hz), 3.42 (0.33H, t, J = 6.0 Hz), 6.51 (0.67H, d, J = 2.0

_51_



Hz), 6.52 (0.33H, d, J = 2.0 Hz), 7.06 (0.67H, t, J = 8.4 Hz), 7.07 (1.33H, t, J = 8.4 H2),
7.53 (1.33H, dd, J = 5.6 and 8.4 Hz), 7.55 (0.67H, dd, J = 5.6 and 8.4 Hz), 11.94 (0.67H,
s); ¥*C-NMR (75 MHz, CDClIs) for mixture of tautomers and diastereomers: & 21.6 (CH>),
22.07 (CH2), 22.11 (CH2), 22.2 (CHy), 23.1 (CH,), 23.2 (CHz), 26.88 (CHz), 26.94 (CHy),
29.1 (CH2), 29.7 (CHz), 29.8 (CHz), 41.4 (CHy), 41.5 (CH>), 56.8 (CH), 57.0 (CH), 64.0
(CH), 64.95 (CH), 65.02 (CH), 75.6 (Cq), 75.95 (Cq), 75.97 (Cq), 79.4 (CH), 79.5 (CH),
80.1 (CH), 97.1 (Cq), 115.4 (CH, d, J = 21.5 Hz), 115.5 (CH, d, J = 21.5 Hz), 129.4 (CH,
d, J = 8.2 Hz), 129.5 (CH, d, J = 8.2 Hz), 129.6 (CH, d, J = 8.2 Hz), 131.8 (Cg, d, J = 3.5
Hz), 132.0 (Cq, d, J = 3.5 Hz), 132.4 (Cq, d, J = 3.5 Hz), 162.81 (Cq, d, J = 246 Hz), 162.86
(Cq, d, J = 246 Hz), 168.6 (Cq), 168.7 (Cq), 171.0 (Cq), 173.5 (Cqg), 205.3 (Cq), 205.5

(Cq); HRMS (ESI) m/z calcd for C1sH1sFNaOs [M+Na]* 297.0903 found 297.0906.

ij/u\o OMe
Lle OMe
2-Oxocyclohexanecarboxylic acid 1-(3,4-dimethoxyphenyl)-2-propynyl ester (I-1€)
Yield 36%; colorless oil; mixture of tautomers and diastereomers; IR (neat) 3282, 2939,
1746, 1714, 1653, 1607 cm™*; *H-NMR (400 MHz, CDCls) for 2:1 mixture of tautomers: &
1.51-2.55 (8H, m), 2.67 (0.67H, d, J = 2.0 Hz), 2.69 (0.33H, d, J = 2.0 Hz), 3.43 (0.33H,
t, J = 6.4 Hz), 3.88 (3H, s), 3.91 (3H, s), 6.48 (0.67H, d, J = 2.0 Hz), 6.52 (0.33H, d, J =
2.0 Hz), 6.80-6.90 (1H, m), 7.05-7.20 (2H, m), 12.0 (0.67H, s); *C-NMR (100 MHz,
CDCIs) for mixture of tautomers and diastereomers: 3 21.7 (CH2), 22.2 (CHz2), 22.3 (CHy),
23.2 (CH>), 23.3 (CHy), 27.0 (CHy), 27.1 (CH2), 29.2 (CHy), 29.8 (CHy), 29.9 (CH,), 41.4
(CHz), 41.6 (CH2), 55.89 (CHj3), 55.91 (CH3), 57.0 (CH), 57.1 (CH), 64.8 (CH), 65.7 (CH),

65.8 (CH), 75.2 (Cq), 75.58 (Cq), 75.62 (Cq), 79.8 (CH), 79.9 (CH), 80.6 (CH), 97.4 (Cq),
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110.8 (CH), 110.9 (CH), 111.0 (CH), 120.2 (CH), 120.3 (CH), 120.5 (CH), 128.4 (Cq),
128.6 (Cq), 129.1 (Cq), 149.0 (Cq), 149.6 (Cq), 168.8 (Cq), 168.9 (Cq), 171.2 (Cq), 173.3
(Cq), 205.4 (Cq); HRMS (ESI) m/z calcd for CigHoNaOs [M+Na]* 339.1208 found

339.1202.

2-Oxocyclohexanecarboxylic acid 1-furan-3-yl-2-propynyl ester (I-1f)

Yield 37%; colorless oil; mixture of tautomers and diastereomers; IR (neat) 3293, 2941,
2129, 1747, 1652, 1608 cm™1; *H-NMR (400 MHz, CDCls) for 3:1 mixture of tautomers:
§ 1.50-1.73 (3.5H, m), 1.77-2.10 (0.5H, m), 2.11-2.39 (3.5H, m), 2.40—-2.55 (0.5H, m),
2.60 (0.75H, d, J = 2.0 Hz), 2.62 (0.25H, d, J = 2.0 Hz), 3.41 (0.25H, m), 6.46—6.55 (2H,
m), 7.40 (1H, m), 7.59 (1H, m), 11.97 (0.75H, s); *3C-NMR (100 MHz, CDCls) for mixture
of tautomers and diastereomers: & 21.7 (CH>), 22.2 (CH2), 23.2 (CH>), 23.3 (CH>), 26.97
(CHa), 27.04 (CH?2), 29.2 (CH?2), 29.8 (CHz), 29.9 (CHz), 41.4 (CHy), 41.6 (CH2), 56.9 (CH),
57.1 (CH), 57.7 (CH), 58.5 (CH), 58.6 (CH), 74.0 (Cq), 74.2 (Cq), 74.3 (Cq), 79.1 (CH),
79.2 (CH), 79.7 (CH), 97.3 (Cq), 109.47 (CH), 109.53 (CH), 122.0 (Cq), 122.3 (Cq), 141.6
(CH), 141.7 (CH), 141.8 (CH), 143.5 (CH), 143.6 (CH), 168.7 (Cq), 168.8 (Cq), 171.2 (Cq),
173.4 (Cq), 205.3 (Cq), 205.4 (Cq); HRMS (ESI) m/z calcd for C14H1sNaOs [M+Na]*

269.0790, found 269.0798.



2-Oxocyclohexanecarboxylic acid 1-thiophen-3-yl-2-propynyl ester (I1-19)

Yield 73%; colorless plates (AcOEt—hexane, mp.85.5-88.5 °C); IR (neat) 3291, 2938,
1653, 1607 cm™%; 'H-NMR (400 MHz, CDCls) & 1.53-1.71 (4H, m), 2.15-2.35 (4H, m),
2.64 (1H, d, J = 2.4 Hz), 6.59 (1H, d, J = 2.4 Hz), 7.19 (1H, dd, J = 5.2 and 1.2 Hz), 7.32
(1H, dd, J = 5.2 and 3.2 Hz), 7.48 (1H, dd, J = 3.2 and 1.2 Hz), 11.97 (1H, s); 3C-NMR
(100 MHz, CDCls) & 21.8 (CHy), 22.27 (CHa), 22.30 (CHz), 29.2 (CH>), 60.6 (CH), 74.6
(Cq), 80.2 (CH), 97.3 (Cq), 124.5 (CH), 126.5 (CH), 126.6 (CH), 137.4 (Cq), 171.2 (Cq),

173.5 (Cq); HRMS (ESI) m/z calcd for C1aH14NaOsS [M+Na]* 285.0561, found 285.0557.

2-Oxocyclohexanecarboxylic acid 1-pyridin-3-yl-2-propynyl ester (1-1h)

Yield 99%; colorless oil; mixture of tautomers and diastereomers; IR (neat) 3289, 2940,
1749, 1714, 1654, 1607 cm™*; *H-NMR (400 MHz, CDCls) for 2:1 mixture of tautomers: &
1.56—2.55 (8H, m), 2.75 (0.67H, d, J = 2.0 Hz), 2.77 (0.33H, d, J = 2.0 Hz), 3.46 (0.33H,
m), 6.57 (0.67H, d, J = 2.0 Hz), 6.58 (0.33H, d, J = 2.0 Hz), 7.30-7.50 (1H, m), 7.87-8.00
(1H, m), 8.45-9.15 (2H, br), 11.91 (0.67H, s); **C-NMR (100 MHz, CDClIs) for mixture of
tautomers and diastereomers: 6 21.6 (CH2), 22.07 (CH2), 22.10 (CHy), 23.2 (CH>), 23.3
(CHa), 26.90 (CHy), 26.95 (CH>), 29.1 (CHy), 29.7 (CH2), 29.8 (CH2), 41.4 (CHy), 41.6
(CHy), 56.8 (CH), 57.0 (CH), 62.6 (CH), 63.56 (CH>), 63.63 (CH>), 76.2 (Cq), 76.6 (Cq),
78.6 (CH), 78.7 (CH), 79.3 (CH), 97.0 (Cq), 123.3 (CH), 123.4 (CH), 131.7 (Cq), 131.9
(Cq), 132.3 (Cq), 135.0 (CH), 135.1 (CH), 135.2 (CH), 148.9 (CH), 149.0 (CH), 150.09
(CH), 150.15 (CH), 150.2 (CH), 168,5 (Cq), 168.7 (Cq), 170.8 (Cq), 173.9 (Cq), 205.1

(Cq), 205.2 (Cq); HRMS (ESI) m/z calcd for CisHisNNaO3z [M+Na]* 280.0950, found
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280.0944.

O O k/
She
I-1i
2-Oxocyclohexanecarboxylic acid 1-ethynylhexyl ester (1-1i)

Yield 83%; colorless oil; mixture of tautomers and diastereomers; IR (neat) 3295, 2935,
1748, 1717, 1655, 1612 cm™*; *H-NMR (400 MHz, CDCls) for 2:1 mixture of tautomers: &
0.90 (2H, t, J = 7.2 Hz), 0.91 (1H, t, J = 7.2 Hz), 1.26-1.34 (4H, m), 1.44-1.50 (2H, m),
1.57-1.72 (4H, m), 1.76-1.86 (2H, m), 2.10-2.30 (4H, m), 2.45 (0.67H, d, J = 2.0 Hz),
2.46 (0.33H, d, J = 2.0 Hz), 3.41 (0.33H, t, J = 7.2 Hz), 5.40 (0.67H, dt, J = 2.0 and 6.6
Hz), 5.44 (0.33H, dt, J = 2.0 and 6.6 Hz), 12.05 (0.67H, s); *C-NMR (100 MHz, CDCls)
for mixture of tautomers and diastereomers: 6 13.8 (CHz), 21.7 (CH>), 22.20 (CH>), 22.23
(CHa), 22.3 (CH2), 23.0 (CHy), 23.2 (CH2), 24.3 (CH2), 24.36 (CHy), 24.44 (CH,), 26.96
(CH2), 27.04 (CHa), 29.1 (CH), 29.8 (CH2), 29.9 (CH,), 31.10 (CH,), 31.15 (CHy), 34.3
(CHy), 34.43 (CH?y), 34.47 (CH2), 56.9 (CH2), 57.0 (CHy), 63.4 (CH), 64.3 (CH), 64.4 (CH),
73.3 (Cq), 73.5 (Cq), 73.6 (Cq), 80.8 (CH), 81.0 (CH), 81.4 (CH), 97.3 (Cq), 168.8 (Cq),
168.9 (Cq), 171.4 (Cq), 172.9 (Cq), 205.5 (Cq); HRMS (ESI) m/z calcd for CisH22NaOs

[M+Na]* 273.1467, found 273.1463.

o) \ N
0
I-1j

2-Oxocycloheptanecarboxylic acid 1-furan-3-yl-2-propynyl ester (1-1j)
Yield 30%; yellow oil; 1:1 mixture of diastereomers; IR (neat) 3288, 2933, 2129, 1747,
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1704, 1637, 1600 cm™*; *H-NMR (400 MHz, CDCls) for 1:1 mixture of diastereomers: &
1.36-1.60 (4H, m), 1.62-2.16 (4H, m), 2.55-2.63 (3H, m), 3.59 (0.5H, dd, J = 10.2 and
3.2 Hz), 3.63 (0.5H, dd, J = 9.8 and 3.6 Hz), 6.43-6.52 (2H, m,), 7.35-7.61 (2H, m); 3C-
NMR (100 MHz, CDClIs) for mixture of diastereomers: & 23.9 (CH2), 24.0 (CHy), 24.1
(CHy), 27.3 (CHy), 27.4 (CH2), 27.9 (CH>), 28.0 (CH>), 29.3 (CHy>), 29.4 (CHy>), 43.0 (CHy),
58.3 (CH), 58.5 (CH), 74.2 (Cq), 74.3 (Cq), 78.9 (CH), 79.2 (CH), 109.41 (CH), 109.42
(CH), 121.9 (Cq), 122.0 (Cq), 141.6 (CH), 141.7 (CH), 143.5 (CH), 169.2 (Cq), 169.4 (Cq),
208.0 (Cq), 208.1 (Cq); HRMS (ESI) m/z calcd for C1sH1sNaO4 [M+Na]* 283.0946, found

283.0956.

1-Oxo-1,2,3,4-tetrahydronaphthalene-2-carboxylic acid 1-furan-3-yl-2-propynyl ester
(1-11)

Yield 44%; yellow oil; mixture of tautomers and diastereomers; IR (neat) 3291, 2942,
2128, 1746, 1683, 1651 cm™*; *H-NMR (400 MHz, CDCls) for 1:1 mixture of tautomers: §
2.30-2.67 (3H, m), 2.77-3.07 (2H, m), 3.61-3.70 (0.5H, m) 6.51-6.56 (2H, m), 7.15-8.06
(6H, m), 12.22 (0.5H, s); 3C-NMR (100 MHz, CDCls) for mixture of tautomers and
diastereomers: & 20.4 (CH>), 26.2 (CH2), 26.3 (CH>), 27.57 (CH>), 27.60 (CH.), 54.3 (CH),
54.5 (CH), 58.0 (CH), 58.7 (CH), 58.9 (CH), 74.2 (Cq), 74.36 (Cq), 74.41 (Cq), 79.1 (Cq),
79.2 (CH), 79.7 (Cq), 96.4 (Cq), 109.47 (CH), 109.51 (CH), 109.54 (CH), 122.0 (Cq), 122.3
(Cq), 124.4 (CH), 126.5 (CH), 126.9 (CH), 127.4 (CH), 127.7 (CH), 128.7 (CH),128.8
(CH), 129.7 (CH), 130.8 (Cq), 131.6 (Cq), 133.86 (CH), 133.88 (CH), 139.5 (Cqx3), 141.7

(CH), 141.8 (CH), 143.43 (CH), 143.47 (CH), 143.57 (CH), 143.61 (CH), 166.1 (Cqg), 169.0
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(Cqg), 169.1 (Cq), 171.3 (Cq), 192.4 (Cq), 192.5 (Cq); HRMS (ESI) m/z calcd for

Ci1sH14NaO4 [M+Na]* 317.0790, found 317.0800.

2-Oxo0-4-phenylcyclohexanecarboxylic acid 1-furan-3-yl-2-propynyl ester (I-1n)

Yield 44%; colorless oil; mixture of tautomers and diastereomers; IR (neat) 3291, 2936,
1747, 1715, 1654, 1613 cm™*; *H-NMR (400 MHz, CDClIs) for 3:2 mixture of tautomers: &
1.60-3.10 (8H, m), 3.49-3.55 (0.4H, m), 6.49-6.60 (2H, m), 7.10—7.41 (6H, m), 7.60—7.65
(1H, m), 11.99 (0.6H, s); ¥*C-NMR (75 MHz, CDCIls) for mixture of tautomers and
diastereomers: 6 22.3 (CH>), 28.0 (CH), 28.1 (CHy>), 28.46 (CH>), 28.54 (CH2), 29.3 (CH>),
29.4 (CHy), 29.6 (CH2), 31.51 (CH2), 36.55 (CH2), 36.5 (CH>), 39.2 (CH), 44.2 (CH), 44.4
(CH), 44.8 (CH), 44.9 (CH), 47.1(CHy), 47.3 (CH>), 48.7 (CHy), 48.8 (CHy), 55.19 (CH),
55.23 (CH), 56.5 (CH), 56.8 (CH), 57.8 (CH), 58.5 (CH), 58.6 (CH), 58.89 (CH), 58.93
(CH), 74.2 (Cq), 74.3 (Cq), 74.4 (Cq), 74.7 (Cq), 75.5 (Cq), 78.76 (CH), 78.81 (CH), 79.1
(CH), 79.3 (CH), 79.6 (CH), 96.9 (Cq), 109.3 (CH), 109.4 (CH), 109.5 (CH), 109.56 (CH),
109.58 (CH), 122.0 (Cq), 122.1 (Cq), 122.18 (Cq), 122.20 (Cq), 126.3 (CH), 126.4 (CH),
126.5 (CH), 126.6 (CH), 126.73 (CH), 126.74 (CH), 126.9 (CH), 128.5 (CH), 128.60 (CH),
128.62 (CH), 128.7 (CH), 141.64 (CH), 141.65 (CH), 141.8 (CH), 141.9 (CH), 143.30 (CH),
143.32 (CH), 143.55 (CH), 143.57 (CH), 143.62 (Cq), 143.68 (Cq), 143.72 (Cq), 143.8
(Cq), 144.7 (Cq), 168.57 (Cq), 168.62 (Cq), 168.65 (Cq), 168.7 (Cq), 171.0 (Cq), 172.6
(Cq), 204.1 (Cq), 204.3 (Cq), 204.9 (Cq), 205.0 (Cq); HRMS (ESI) m/z calcd for C20H1904

[M+H]" 322.1283, found 322.1281.
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4-Methyl-2-oxocyclohexanecarboxylic acid 1-phenyl-2-propynyl ester (1-10)

Yield 57%; colorless oil; mixture of tautomers and diastereomers; IR (neat) 3292, 2926,
1655, 1610 cm*; 'H-NMR (400 MHz, CDCls) for 3:1 mixture of tautomers:  0.98 (2.25H,
d, J = 2.8 Hz), 1.01 (0.75H, d, J = 2.8 Hz), 1.10-1.28 (1H, m), 1.70-2.50 (6H, m), 2.65
(0.75H, d, J = 2.0 Hz), 2.68 (0.25H, d, J = 2.0 Hz), 3.37 (0.25H, t, J = 8.4 Hz), 6.53 (0.75H,
d, J = 2.0 Hz), 6.55 (0.25H, d, J = 2.0 Hz), 7.30-7.43 (3H, m), 7.51-7.57 (2H, m), 11.92
(0.75H, s); 3C-NMR (75 MHz, CDCls) for mixture of tautomers and diastereomers: 5 14.0
(CHs), 17.5 (CH3), 20.8 (CHs), 21.1 (CHs), 21.2 (CH3), 21.7 (CHy), 21.8 (CH), 21.87
(CH2), 21.94 (CHy), 27.6(CH), 27.9 (CH), 28.3 (CH), 28.4 (CH), 29.6 (CH), 30.2 (CHy>),
32.0 (CH>), 32.1 (CHy), 30.4 (CHy), 34.5 (CH>), 37.1 (CHy), 48.3 (CHy), 48.4 (CH>), 49.6
(CH2), 49.7 (CH_), 55.33 (CH), 55.35 (CH), 56.3 (CH), 56.6 (CH), 60.2 (CH), 64.7 (CH),
65.52 (CH), 65.58 (CH), 65.9 (CH), 75.4 (Cq), 75.6 (Cq), 75.7 (Cq), 75.8 (Cq), 75.9 (Cq),
79.5 (CH), 79.7 (CH), 79.8 (CH), 80.28 (CH), 80.31 (CH), 96.5 (Cq), 127.27 (CH), 127.29
(CH), 127.41 (CH), 127.43 (CH), 127.46 (CH), 127.55 (CH), 128.4 (CH), 128.45 (CH),
128.49 (CH), 128.50 (CH), 128.52 (CH), 128.76 (CH), 128.77 (CH), 128.85 (CH), 129.0
(CH), 135.7 (Cq), 135.8 (Cq), 136.0 (Cq), 136.1 (Cq), 136.5 (Cq), 168.5 (Cq), 168.6 (Cq),
168.7 (Cq), 168.8 (Cq), 171.0 (Cq), 172.8 (Cq), 204.7 (Cq), 204.8 (Cq), 205.3 (Cq), 205.4

(Cq); HRMS (ESI) m/z calcd for C17H1sNaOs [M+Na]* 293.1154, found 293.1145.

O O J|\
Mo Ph
Ph
I-1p
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3-Oxo-2-phenylbutyric acid 1-phenyl-2-propynyl ester (1-1p)

Yield 68%; colorless solid; 10:1 mixture of diastereomers; IR (neat) 3283, 2126, 1753,
1718 cm™; 'H-NMR (400 MHz, CDCls) for 10:1 mixture of diastereomers: & 2.12 (2.7H,
s), 2.16 (0.3H, s), 2.66 (0.9H, d, J = 2.0 Hz), 2.69 (0.1H, d, J = 2.0 Hz), 4.72 (0.1H, s) 4.74
(0.9H, s), 6.51 (0.1H, d, J = 2.0 Hz), 6.53 (0.9H, d, J = 2.0 Hz), 7.32-7.41 (8H, m),
7.50-7.55 (2H, m); *C-NMR (100 MHz, CDCls) for mixture of diastereomers: & 28.5
(CH3), 29.1 (CHs3), 50.9 (CH), 52.5 (CH), 65.4 (CH), 66.4 (CH), 75.3(CH), 76.1 (CH), 79.5
(Cq), 126.9 (CH), 127.0 (CH), 127.6 (CH), 128.1 (CH), 128.2 (CH), 128.3 (CH), 128.6
(CH), 128.7 (CH), 128.9 (CH), 129.1 (CH), 129.2 (CH), 129.3 (CH), 130.1 (Cq), 131.2
(Cq), 132.1 (Cq), 135.7 (Cq), 167.3 (Cq), 168.9 (Cq), 200.8 (Cq), 206.2 (Cq); HRMS (ESI)

m/z calcd for C19H16NaO3z [M+Na]* 315.0997, found 315.1011.

@M

I-1q
2-Oxocycloheptanecarboxylic acid 1-phenyl-2-propynyl ester (1-1q)

Yield 80%; colorless solid; 1:1 mixture of diastereomers; IR (neat) 3283, 2932, 1746,
1703 cm™*; *H-NMR (400 MHz, CDCls) for 1:1 mixture of diastereomers: & 1.41-2.15 (8H,
m), 2.54-2.64 (2H, m), 2.67 (0.5H, d, J = 2.4 Hz), 2.68 (0.5H, d, J = 2.4 Hz), 3.58 (0.5H,
dd, J = 4.0 and 10.2 Hz), 3.63 (0.5H, dd, J = 4.0 and 10.2 Hz), 6.49 (0.5H, d, J = 2.4 Hz),
6.50 (0.5H, d, J = 2.4 Hz), 7.35-7.55 (5H, m); *C-NMR (100 MHz, CDCls) for mixture
of diastereomers: 5 24.07 (CH2), 24.15 (CHy), 27.4 (CH2), 27.5 (CH2), 27.9 (CH), 28.0
(CH2), 29.45 (CH2), 29.50 (CH>), 43.1 (CH?2), 58.6 (CH), 58.8 (CH), 65.8 (CH), 65.9 (CH),
75.77 (Cq), 75.79 (Cq), 79.6 (CH), 79.8 (CH), 127.57 (CH), 127.63 (CH), 128.6 (CH),

128.7 (CH), 129.0 (CH), 129.1 (CH), 135.9 (Cq), 136.1 (Cq), 169.3 (Cq), 169.5 (Cq), 208.2
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(Cq); HRMS (ESI) m/z calcd for C17H1903 [M+H]* 271.1334, found 271.1342.

General procedure for preparations of propargyl p—ketoesters 2%

Synthesis of 1-1k (Scheme 1-3). To a stirring solution of diisopropylamine (0.33 mL, 2.38
mmol) in toluene (10 mL) were added n-BuLi (1.62 m in hexane, 1.47 mL) at 0 °C, and
stirring continued for 15 min at the same temperture. After the reaction mixture was cooled
to —78 °C, cyclooctanone (I-6a) (217 mg, 1.72 mmol) in toluene (20 mL) was added
dropwise, and stirring was continued for 15 min at the same temperature. The resultant
solution was allowed to warm up to rt and then added an excess amount of dry ice. After
further stirring was continued until all dry ice disappeared, the reaction was then worked
up by additing water and extracting with ether. The basic aquous layer was acidified with
dilute HCI and reextracted with ether. The oganic layer was dried over MgSQg, filtered and
concentrated to give carboxylic acid I-7a (133 mg) as a colorless oil, which was used to
the next reaction without further purification. To a stirred solution of crude in CH2Cl, (7.8
mL) was added propargyl alcohol I-5f (191 mg, 1.6 mmol), DCC (242 mg, 1.2 mmol), and
DMAP (9.6 mg, 78 umol) at 0 °C. After stirring was continued for 1h at rt, the resultant
mixture was filtered and concentrated. The residue was chlomatgraphed on silica gel with
hexane-AcOEt (96:4 v/v) as eluent to give the propargyl p—ketoester I1-1k (100 mg, 2 steps

21%) as a colorless oil.

I-1k
2-Oxocyclooctanecarboxylic acid 1-furan-3-ylprop-2-ynyl ester (1-1k)

Yield 21% (2 steps); colorless oil; mixture of tautomers and diastereomers; IR (neat) 3292,
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2928, 2856, 1750, 1706, 1644, 1606, 1226 cm*; *H-NMR (400 MHz, CDCls) for 1:1
mixture of tautomers: 6 1.20-2.65 (13H, m), 3.57-3.71 (0.5H, m), 6.38-6.52 (2H, m),
7.35-7.42 (1H, m), 7.51-7.60 (1H, m), 12.34 (0.5H, s); 1*C-NMR (100 MHz, CDCls) for
mixture of tautomers and diastereomers: 6 23.7 (CH2), 24.5 (CHy), 24.76 (CH2), 24.80
(CHz), 25.0 (CH2), 25.2 (CHz), 25.9 (CH2), 26.5 (CHz), 27.0 (CH2), 27.2 (CH>), 28.7 (CH2),
29.0 (CH>), 29.2 (CH>), 29.8 (CH>), 32.4 (CH>), 41.7 (CHy), 42.1 (CHy), 56.3 (CH), 56.7
(CH), 57.7 (CH), 58.58 (CH), 38.61 (CH), 73.9 (Cq), 74.3 (Cq), 74.4 (Cq), 78.9 (CH), 79.2
(CH), 79.8 (CH), 98.7 (Cq), 109.3 (CH), 109.37 (CH), 109.41 (CH), 121.88 (CH), 121.95
(CH), 122.4 (Cq), 141.4 (CH), 141.6 (CH), 141.8 (CH), 143.57 (Cq), 143.61 (Cq), 143.64
(Cq), 168.85 (Cq), 168.88 (Cq), 171.4 (Cq), 177.6 (Cq), 211.1 (Cq), 211.3 (Cq); HRMS

(ESI) m/z calcd for C1sH1sNaO4 [M+Na]* 297.1103, found 297.1102.

6-Oxospiro[4.5]decane-7-carboxylic acid 1-furan-3-ylprop-2-ynyl ester (I-1m)

Yield 50% (2 steps); colorless oil; mixture of tautomers and diastereomers; IR (neat) 3294,
2939, 2864, 1747, 1706, 1648, 1602 cm™L; *H-NMR (400 MHz, CDClIs) for 1:1 mixture of
tautomers: & 1.20-2.50 (14H, m), 2.59 (0.5H, d, J = 2.4 Hz), 2.61 (0.5H, d, J = 2.4 Hz),
3.51-3.66 (0.5H, m), 6.47 (1H, d, J = 2.4 Hz), 6.46 (0.5H, d, J = 0.8 Hz), 6.51 (0.5H, d, J
=0.8 Hz), 7.40 (1H, d, J = 2.0 Hz), 7.60 (1H, dd, J = 2.0 and 0.8 Hz), 12.23 (0.5H, s); *3C-
NMR (100 MHz, CDCIs) for mixture of tautomers and diastereomers: 6 19.8 (CH>), 21.3
(CHa), 23.0 (CH2), 24.8 (CH?2), 24.9 (CHy), 25.30 (CHy), 25.32 (CH?>), 26.3 (CH>), 29.88
(CH2), 29.92 (CH2), 34.1 (CHy), 34.2 (CH>), 36.1 (CH>), 36.3 (CH>), 36.6 (CH>), 38.52

(CHz), 38.55 (CH2), 39.60 (CHs), 39.64 (CHy), 47.0 (Cq), 54.6 (CH), 54.9 (CH), 57.18
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(Cq), 57.23 (Cq), 57.7 (CH), 58.46 (CH), 58.54 (CH), 74.0 (Cq), 74.1 (Cq), 74.2 (Cq), 79.3
(CH), 79.5 (CH), 79.9 (CH), 96.4 (Cg), 109.5 (CH), 109.66 (CH), 109.72 (CH), 122.23
(Cq), 122.25 (Cq), 122.4 (Cq), 141.61 (CH), 141.64 (CH), 141.8 (CH), 143.5 (CHx3),
169.3 (Cq), 169.4 (Cq), 171.6 (Cq), 179.5 (Cq), 207.9 (Cq), 208.0 (Cq); HRMS (ESI) m/z

calcd for C1gH20NaO4 [M+Na]™ 323.1259, found 323.1261.

General procedure for palladium-catalyzed reactions using propargyl p—ketoesters
Synthesis of 1-8a (Table I-1, entry 10). To a stirred solution of propargyl p—ketoester I-
la (58.0 mg, 226 pmol) in dioxane (2.3 mL) were added Pdz(dba)s-CHCIs (5.9 mg, 5.6
pmol) and DPPF (12.5 mg, 22.6 pmol) at rt, and stirring was continued for 1h at 65 °C.
The reaction mixture was filtered through a small amount of silica gel, and then
concentrated. The residue was chromatographed on silica gel with hexane-AcOEt (99:1

v/v) as eluent to give the tetrahydrobenzofuran 1-8a (36.7 mg, 173 pumol, 76%) as a

1
(0]

1-8a

colorless oil.

3-Methyl-2-phenyl-4,5,6,7-tetrahydrobenzofuran (1-8a)

Yield 76%; colorless oil; IR (neat) 2931, 1603, 1493 cm™%; *H-NMR (400 MHz, CDCls)
§1.73-1.81 (2H, m), 1.81-1.90 (2H, m), 2.16 (3H, s), 2.37 (2H, t, J = 6.4 Hz), 2.63 (2H, t,
J=6.4Hz),7.20 (1H, t, J = 7.6 Hz), 7.37 (2H, t, I = 7.6 Hz), 7.59 (2H, dd, J = 7.2 and 1.6
Hz); 3C-NMR (100 MHz, CDCl3) § 9.71 (CHs), 20.7 (CHz2), 23.0 (CHy), 23.1 (CH2), 23.2
(CH>), 116.1 (Cq), 120.1 (Cq), 125.0 (CH), 125.9 (CH), 128.4 (CH), 132.4 (Cq), 146.5
(Cq), 149.6 (Cq); HRMS (ESI) m/z calcd for CisHisNaO [M+Na]* 235.1099, found

235.1106.
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O 1-8b
3-Methyl-2-naphthalen-1-yl-4,5,6,7-tetrahydrobenzofuran (1-8b)

Yield 62%; colorless oil; IR (neat) 2929, 1591, 1443 cm™%; *H-NMR (400 MHz, CDCls)
51.78-1.87 (2H, m), 1.87-1.94 (2H, m), 1.97 (3H, s), 2.45 (2H, t, J = 6.0 Hz), 2.69 (2H, t,
J=6.0 Hz), 7.45-7.51 (4H, m), 7.80-7.89 (2H, m), 8.05 (1H, dd, J = 6.4 and 3.6 Hz); *C-
NMR (100 MHz, CDCls) & 9.30 (CH3), 20.9 (CH2), 23.0 (CH2), 23.1 (CHy), 23.4 (CHy),
117.8 (Cq), 119.3 (Cq), 125.2 (CH), 125.8 (CH), 126.0 (CH), 126.5 (CH), 127.6 (CH),

128.1 (CH), 128.2 (CH), 129.4 (Cq), 132.0 (Cq), 134.0 (Cq), 146.5 (Cq), 150.2 (Cq);

HRMS (ESI) m/z calcd for CioH1sNaO [M+Na]* 285.1255, found 285.1255.

5
O I-8¢c

3-Methyl-2-naphthalen-2-yl-4,5,6,7-tetrahydrobenzofuran (1-8c)

Yield 60%; yellow plates (AcOEt—hexane, mp. 104.6-105.2 °C); IR (neat) 2934, 1633,
1599, 1562 cm™L; 'H-NMR (400 MHz, CDCls) & 1.76-1.84 (2H, m), 1.84-1.91 (2H, m),
2.26 (3H, s), 2.41 (2H, t, J = 6.0 Hz), 2.68 (2H, t, J = 6.0 Hz), 7.39-7.49 (2H, m), 7.76—7.86
(4H, m), 8.00 (1H, s); *C-NMR (100 MHz, CDCls) § 9.92 (CHs), 20.7 (CH2), 23.0 (CHy),
23.1 (CHz), 23.3 (CHy), 116.8 (Cq), 120.4 (Cq), 123.0 (CH), 123.7 (CH), 125.4 (CH), 126.1
(CH), 127.6 (CH), 128.0 (CH), 128.0 (CH), 129.9 (Cq), 131.9 (Cq), 133.6 (Cq), 146.6 (Cq),

149.9 (Cq); HRMS (ESI) m/z calcd for C19H1sNaO [M+Na]" 285.1255, found 285.1254.
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2-(4-Fluorophenyl)-3-methyl-4,5,6,7-tetrahydrobenzofuran (1-8d)

Yield 68%; colorless oil; IR (neat) 2934, 1504 1231, 834 cm™!; 'H-NMR (400 MHz,
CDCl3) §1.71-1.80 (2H, m), 1.80-1.90 (2H, m), 2.12 (3H, s), 2.36 (2H, t, J = 6.0 Hz), 2.61
(2H, t, J = 6.0 Hz), 7.06 (2H, t, J = 8.8 Hz), 7.53 (2H, dd, J = 8.8 and 5.2 Hz); 3C-NMR
(100 MHz, CDCls) § 9.59 (CHs), 20.6 (CH2), 23.98 (CH2), 23.05 (CH2), 23.2 (CHy), 115.4
(CH, d, J = 21.5 Hz), 115.7 (Cq), 120.1 (Cq), 126.6 (CH, d, J = 7.4 Hz), 128.7 (Cq, d, J =
2.5 Hz), 145.8 (Cq), 149.5 (Cq), 161.3 (Cq, d, J = 243.7 Hz); HRMS (ESI) m/z calcd for

CisH150FNa [M+Na]* 253.1005, found 253.1005.

2-(3,4-Dimethoxyphenyl)-3-methyl-4,5,6,7-tetrahydrobenzofuran (1-8e)

Yield 63%; colorless needles (hexane, mp. 87.2-87.5 °C); IR (neat) 2932, 1567 1511
cm; IH-NMR (400 MHz, CDCls) § 1.73-1.81 (2H, m), 1.81-1.89 (2H, m), 2.13 (3H, s),
2.37 (2H, t, J = 6.0 Hz), 2.63 (2H, t, J = 6.0 Hz), 3.90 (3H, s), 3.93 (3H, s), 6.90 (1H, d, J
=7.6 Hz), 7.11 (1H, d, J = 7.6 Hz), 7.15 (1H, s); 3C-NMR (100 MHz, CDCl3) & 9.62 (CH3),
20.7 (CH2), 23.0 (CH2), 23.1 (CH?2), 23.2 (CH>), 55.9 (CH3), 55.9 (CH3), 108.7 (CH), 111.3
(CH), 114.8 (Cq), 117.8 (CH), 120.0 (Cq), 125.7 (Cq), 146.5 (Cq), 147.6 (Cq), 147.6 (Cq),

149.0 (Cq); HRMS (ESI) m/z calcd for C17H2103 [M+H]" 273.1491, found 273.1492.

2-Furan-3-yl-3-methyl-4,5,6,7-tetrahydrobenzofuran (1-8f)
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Yield 79%; yellow oil; IR (neat) 2932, 1770, 1444 cm™%; *H-NMR (400 MHz, CDCls) &
1.71-1.79 (2H, m), 1.79-1.87 (2H, m), 2.03 (3H, s), 2.35 (2H, t, J = 6.0 Hz), 2.59 (2H, t, J
= 6.0 Hz), 6.67 (1H, t, J = 2.0 Hz), 7.43 (1H, t, J = 2.0 H2), 7.61 (1H, s); *C-NMR (100
MHz, CDCl3) & 8.83 (CHs), 20.6 (CHo), 23.0 (CHz), 23.1 (CHz), 23.2 (CH,), 108.1 (CH),
115.2 (Cq), 118.3 (Cq), 119.5 (Cq), 137.4 (CH), 140.8 (Cqg), 142.9 (CH), 149.0 (Cq);

HRMS (ESI) m/z calcd for C13His02 [M+H]" 203.1072, found 203.1078.

3-Methyl-2-thiophen-3-yl-4,5,6,7-tetrahydrobenzofuran (1-8g)

Yield 73%; colorless oil; IR (neat) 2931, 2845, 1642, 1444 cm™t; *H-NMR (400 MHz,
CDCl3) § 1.70-1.79 (2H, m), 1.79-1.90 (2H, m), 2.10 (3H, s), 2.35 (2H, t, J = 6.0 Hz), 2.60
(2H, t, J = 6.0 Hz), 7.29-7.35 (2H, m), 7.36 (1H, d, J = 4.4 Hz); 3C-NMR (100 MHz,
CDCls) 8 9.27 (CHs), 20.6 (CH2), 23.0 (CH>), 23.0 (CHz), 23.2 (CH>), 115.1 (Cq), 117.9
(CH), 119.6 (Cq), 125.2 (CH), 125.3 (CH), 133.5 (Cq), 144.1 (Cq), 148.9 (Cq); HRMS

(ESI) m/z calcd for C13H140NaS [M+Na]* 241.0663, found 241.0661.

3-Methyl-2-pyridin-3-yl-4,5,6,7-tetrahydrobenzofuran (I1-8h)

Yield 61%; colorless oil; IR (neat) 2933, 1674, 1590 cm™; *H-NMR (400 MHz, CDCls)
§1.74-1.82 (2H, m), 1.82-1.90 (2H, m), 2.18 (3H, s), 2.38 (2H, t, J = 6.0 Hz), 2.64 (2H, t,
J=6.0 Hz), 7.29 (1H, dd, J = 8.0 and 5.0 Hz), 7.87 (1H, dt J = 8.0 and 2.0 Hz), 8.43 (1H,
dt, J=5.0 and 2.0 Hz), 8.86 (1H, t, J = 2.0 Hz); 3 C-NMR (100 MHz, CDCls) § 9.61(CHs),

20.5 (CHy), 22.8 (CH2), 22.9 (CH>), 23.2 (CH>), 117.9 (Cq), 120.4 (Cq), 123.3 (CH), 128.4
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(Cq), 131.5 (CH), 143.6 (Cq), 146.1 (Cq), 146.7 (Cq), 146.7 (Cq); HRMS (ESI) m/z calcd

for C14aH1sNO [M+H]* 214.1232, found 214.1234.

3-Methyl-2-pentyl-4,5,6,7-tetrahydrobenzofuran (1-8i)

Yield 43%; colorless oil; IR (neat) 2930, 1599, 1444 cm™; *H-NMR (400 MHz, CDCls)
§0.89 (3H, t, J = 6.8 Hz), 1.27-1.36 (5H, m), 1.55-1.61 (1H, m), 1.66-1.82 (4H, m), 1.83
(3H, s), 2.26-2.32 (2H, m), 2.48-2.60 (4H, m); 3C-NMR (100 MHz, CDCl3) § 7.97 (CH3),
14.0 (CHs), 20.8 (CH>), 22.5 (CH2), 23.1 (CH2), 23.1 (CH2), 23.2 (CH>), 26.1 (CH>), 28.6
(CH2), 31.5 (CH?2), 113.2 (Cq), 118.0 (Cq), 147.7 (Cq), 149.0 (Cq); HRMS (ESI) m/z calcd

for C14H22NaO [M+Na]* 229.1568, found 225.1563.

endo-1-9i

2-(1-Methylhept-2-enylidene)-cyclohexanone (endo-1-9i)

Colorless oil; IR (neat) 2928, 1681, 1446 cm™; 'H-NMR (400 MHz, CDCls) § 0.91 (3H,
t,J = 6.8 Hz), 1.25-1.45 (4H, m), 1.70-1.80 (2H, m), 1.84-1.93 (2H, m), 2.01 (3H, s), 2.19
(2H, g, J = 6.8 Hz), 2.44 (2H, t, J = 6.8 Hz), 2.64 (2H, t, J = 6.0 Hz), 6.06 (1H, dt, J = 15.6
and 6.8 Hz), 6.43 (1H, d, J = 15.6 Hz); 3C-NMR (100 MHz, CDCls) 5 13.9 (CHs), 16.4
(CHs), 22.3 (CH2), 24.8 (CH2), 29.5 (CH>), 31.5 (CHy), 33.4 (CHy), 43.1 (CH2 x2), 128.4
(CH), 133.7 (Cq), 137.5 (CH), 137.8 (Cq), 205.9 (Cq); HRMS (ESI) m/z calcd for

C14H22NaO [M+Na]* 229.1568, found 229.1562.
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exo-1-9i

2-(1-Methylenehept-2-enyl)-cyclohexanone (exo-1-9i)

Colorless oil; IR (neat) 2930, 1714, 1449 cm™*; *H-NMR (400 MHz, CDCls3) & 0.89 (3H,
t, J = 6.8 Hz), 1.20-1.40 (4H, m), 1.71-1.77 (2H, m), 1.77-2.01 (2H, m), 2.01-2.16 (4H,
m), 2.36-2.51 (2H, m), 3.33 (1H, dd, J = 12.0 and 5.2 Hz), 4.89 (1H, s), 5.17 (1H, s), 5.49
(1H, dt, J = 15.6 and 6.8 Hz), 6.07 (1H, d, J = 15.6 Hz); ¥C-NMR (100 MHz, CDCls)
§ 13.9 (CH3), 22.3 (CHy), 25.4 (CH2), 28.0 (CHy), 31.4 (CHy), 32.5 (CH2), 33.0 (CHz), 42.4
(CH>), 53.7 (CH), 114.4 (CHy), 130.5 (CH), 131.4 (CH), 144.0 (Cq), 210.3 (Cq); HRMS

(ESI) m/z calcd for C14H230 [M+H]* 207.1749, found 207.1756.

~
|\
g Yo
1-8j

2-Furan-3-yl-3-methyl-5,6,7,8-tetrahydro-4H-cyclohepta[b]furan (I-8j)

Yield 70%; yellow oil; IR (neat) 2923, 1444 cm™t; 'H-NMR (400 MHz, CDCls) §
1.60-1.75 (4H, m), 1.75-1.80 (2H, m), 2.02 (3H, s), 2.39 (2H, t, J = 5.6 Hz), 2.76 (2H, 1, J
= 6.0 Hz), 6.66 (1H, s), 7.41 (1H, s), 7.60 (1H, s); 3C-NMR (100 MHz, CDCls) & 9.07
(CHs), 23.6 (CH>), 26.6 (CHz), 28.5 (CHz), 28.9 (CH?), 30.8 (CH2), 108.1 (CH), 116.6 (Cq),
118.2 (Cq), 122.6 (Cq), 137.4 (CH), 139.4 (Cq), 142.8 (CH), 151.7 (Cq); HRMS (ESI) m/z

calcd for C14H170, [M+H]" 217.1229, found 217.1227.

2-Furan-3-yl-3-methyl-4,5,6,7,8,9-hexahydrocycloocta[b]furan (1-8k)
Yield 74%; colorless oil; IR (neat) 2927, 2852, 1452 cm™; *H-NMR (400 MHz, CDCls)
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8 1.41-1.52 (4H, m), 1.61-1.78 (4H, m), 2.03 (3H, 5), 2.49 (2H, t, J = 6.0 Hz), 2.77 (2H, 1,
J=6.0 Hz), 6.68 (LH, 5), 7.43 (1H, s), 7.61 (LH, s); *C-NMR (100 MHz, CDCls) § 8.89
(CHa), 21.5 (CH2), 25.6 (CH2), 25.9 (CH2), 26.1 (CH2), 27.9 (CH2), 28.2 (CH2), 108.1 (CH),
116.2 (Cq), 118.3 (Cq), 120.3 (Cq), 137.3 (CH), 140.0 (Cqg), 142.8 (CH), 150.0 (Cq);

HRMS (ESI) m/z calcd for C1sHigNaO2 [M+Na]* 217.1229, found 217.1227.

1-81
2-Furan-3-yl-3-methyl-4,5-dihydronaphtho[1,2-b]furan (1-8l)

Yield 70%; yellow oil; IR (neat) 2929, 1496, 1170 cm™%; *H-NMR (400 MHz, CDCls) &
2.12 (3H,s), 2.67 (2H,t,J = 7.6 Hz), 2.98 (2H, t, J = 7.6 Hz), 6.77 (1H, dd, J= 1.2 and 0.8
Hz), 7.09 (1H, dd, J = 7.6 and 1.2 Hz), 7.18 (1H, dd, J = 7.6 and 1.2 Hz), 7.22 (1H, dt, J =
7.6 and 1.2 Hz) 7.45-7.50 (2H, m), 7.72 (1H, s); 3C-NMR (100 MHz, CDCls) & 9.02 (CH3),
19.4 (CHy), 28.9 (CH2), 108.1 (CH), 115.9 (Cq), 118.1 (Cq), 119.0 (CH), 122.0 (Cq), 126.1
(CH), 126.7 (CH), 127.8 (CH), 128.1 (Cq), 134.4 (Cq), 138.0 (CH), 143.0 (Cq), 143.1 (CH),

148.0 (Cq); HRMS (ESI) m/z calcd for C17H14NaO2 [M+Na]* 273.0891, found 273.0896.

I-8m
2-(Furan-3-yl)-3-methyl-5,6-dihydro-4H-spirobenzofuran-7,1'-cyclopentane (1-8m)
Yield 62%; colorless oil; IR (neat) 2930, 2862, 1444, 1169 cm*; *H-NMR (400 MHz,
CDCl3) & 1.52-1.60 (2H, m), 1.62-1.79 (7H, m), 1.79-1.84 (1H, m), 1.87—-2.05 (2H, m),
2.02 (3H, s), 2.33 (2H, t, J = 6.0 Hz), 6.66 (1H, t, J = 2.0 Hz), 7.42 (1H, t, J = 2.0 Hz), 7.60

(1H, s); 3C-NMR (100 MHz, CDCls) 8 8.94 (CHs), 21.0 (CH,), 21.3 (CHz), 25.1 (CHo),
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37.2 (CH>), 38.3 (CHy), 43.4 (Cq), 108.1 (CH), 114.9 (Cq), 118.4 (Cq), 118.4 (Cq), 137.4
(CH), 140.6 (Cq), 142.8 (CH), 155.1 (Cq); HRMS (ESI) m/z calcd for Ci7H2002Na

[M+Na]* 279.1361, found 279.1369.

Ph o

2-Furan-3-yl-3-methyl-6-phenyl-4,5,6,7-tetrahydrobenzofuran (1-8n)

Yield 76%; yellow oil; IR (neat) 2920, 1746, 1453 cm™%; *H-NMR (400 MHz, CDCls3) &
1.83-1.94 (2H, m), 2.06 (3H, s), 2.47 (2H, dd, J = 4.4 and 1.6 Hz), 2.74 (1H, dd, J = 16.0
and 10.8 Hz), 2.92 (1H, dd, J = 16.0 and 5.2 Hz), 3.04 (1H, ddt, J = 5.2, 2.8 and 10.8 Hz),
6.68 (1H, dd, J = 2.0 and 0.8 Hz), 7.20-7.29 (3H, m), 7.29-7.37 (2H, m), 7.43 (1H, t, J =
2.0 Hz), 7.63 (1H, s); *.C-NMR (100 MHz, CDCl3) § 8.92 (CHs), 20.5 (CH2), 30.6 (CH>),
31.0 (CHy), 41.0 (CH), 108.1 (CH), 115.1 (Cq), 118.2 (Cq), 119.3 (Cq), 126.4 (CH), 126.9
(CH), 128.5 (CH), 137.5 (CH), 141.3 (Cq), 143.0 (CH), 145.8 (Cq), 148.6 (Cq); HRMS

m/z calca 1or C19H1902 + . , Toun . .
(ESI) m/z calcd for CieH1902 [M+H]* 279.1385, found 279.1385

0]

1-80
3,6-Dimethyl-2-phenyl-4,5,6,7-tetrahydrobenzofuran (1-80)

Yield 61%; colorless oil; IR (neat) 2923, 1603, 1493 cm™; *H-NMR (400 MHz, CDCls)
§1.10 (3H, d, J = 6.4 Hz), 1.33-1.45 (1H, m), 1.82-1.90 (1H, m), 1.90-2.20 (1H, m), 2.16
(3H, s), 2.19-2.30 (1H, m), 2.30-2.45 (2H, m), 2.73 (1H, dd, J = 16.2 and 5.2 Hz), 7.20
(1H,t,J=7.2 Hz), 7.37 (2H, t, J = 7.2 Hz), 7.58 (2H, d, J = 7.2 Hz); 3C-NMR (100 MHz,

CDCls) § 9.77 (CHs), 20.1 (CHy), 21.5 (CH3), 29.7 (CH), 31.3 (CHy), 31.4 (CH,), 116.0
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(Cq), 120.0 (Cq), 125.0 (CH), 126.0 (CH), 128.4 (CH), 132.5 (Cq), 146.7 (Cq), 149.4 (Cq);

HRMS (ESI) m/z calcd for C1sH1sNaO [M+Na]* 249.1255, found 249.1266.

Ph
B3t
Ph

0]
I-8p

2,4-Dimethyl-3,5-diphenylfuran (1-8p) %

Yield 21%; colorless oil; IR (neat) 2923, 1732, 1597, 1498 cm*; *H-NMR (400 MHz,
CDCls) §2.20 (3H, s), 2.36 (3H, 5), 7.23-7.34 (4H, m), 7.39-7.45 (4H, m), 7.64-7.66 (2H,
m); 3C-NMR (100 MHz, CDCls) 5 10.8 (CHs), 12.4 (CHs), 116.4 (Cq), 124.8 (Cq), 125.3
(CH), 126.4 (CH), 126.7 (CH), 128.4 (CH), 128.5 (CH), 129.7 (CH), 132.0 (Cq), 132.7
(Cq), 146.9 (Cq), 147.2 (Cq); HRMS (ESI) m/z calcd for C1gH16NaO [M+Na]" 271.1099,

found 271.11009.

ors
)

1-2q
3-Methyl-2-phenyl-5,6,7,8-tetrahydro-4H-cyclohepta[b]furan (1-8q) "

Yield 66%; colorless oil; IR (neat) 2923, 1602, 1492, 1444 cm™t; *H-NMR (400 MHz,
CDCls) & 1.68-1.82 (6H, m), 2.15 (3H, s), 2.43 (2H, t, J = 6.0 Hz), 2.81 (2H, t, J = 6.0 Hz),
7.20 (1H, t, J = 7.6 Hz), 7.37 (2H, t, J = 7.6 Hz), 7.60 (2H, d, J = 7.6 Hz); *C-NMR (100
MHz, CDCls) & 9.84 (CHa), 23.7 (CHz), 26.6 (CH2), 28.6 (CHz), 28.9 (CH2), 30.8 (CHy),
117.3 (Cq), 123.3 (Cq), 125.1 (CH), 126.0 (CH), 128.4 (CH), 132.3 (Cq), 145.2 (Cq), 152.2

Cq); HRMS (ESI) m/z calcd for C16H1sNaO [M+Na]* 249.1255, found 249.1251.
(Ca

Procedure for the crossover reaction of propargyl B—ketoesters using palladium

-70_



catalyst (Scheme 1-8). To a stirred solution of 2-Oxocyclohexanecarboxylic acid 1-furan-
3-yl-2-propynyl ester (I-1f) (24.7 mg, 100 pmol) and 2-Oxocycloheptanecarboxylic acid
1-phenyl-2-propynyl ester (I-1g) (26.7 mg, 100 umol) in dioxane (2.0 mL) were added
Pdz(dba)z-CHCI3 (5.2 mg, 5.0 pmol) and DPPF (11.1 mg, 20.1 pmol) at rt, and stirring was
continued for 1 h at 65 °C. The reaction mixture was filtered through a small amount of
silica gel, and then concentrated. The residue was chromatographed on silica gel with
hexane-AcOEt (99:1 v/v) as eluent to give the mixture of tetrasubstituted furans 1-8a, 1-8f,
1-8) and 1-8q (26.1 mg, 1-8a : 1-8f : I-8j : 1-8q=1:1.2:1:1.1, 61% total yields) as a

colorless oil.

Procedure for the reaction of propargyl ester with cyclohexanone using palladium
catalyst (Scheme 1-10). To a stirred solution of propargyl carbonate 1-14 (50.7 mg, 267
pmol) and cyclohexanone (I-6¢) (26.2 mg, 267umol) in dioxane (2.7 mL) were added
Pdz(dba)z-CHCI3 (13.8 mg, 13.3 umol) and DPPF (29.6 mg, 53.3 pumol) at rt, and stirring
was continued for 2 h at 65 °C. The reaction mixture was filtered through a small amount
of silica gel, and then concentrated. The residue was chromatographed on silica gel with

hexane-AcOEt (99:1 v/v) as eluent to give complex mixture.

Procedure for the reaction of propargyl ester with silyl enol ether using palladium
catalyst and CsF (Scheme 1-10) ?2. To a stirred solution of propargyl carbonate 1-14 (23.3
mg, 123 umol) and silyl enol ether 1-15 (20.9 mg, 123umol) in dioxane (1.5 mL) were
added Pdz(dba)s-CHCI3 (3.2 mg, 3.06 umol), DPPF (6.8 mg, 12.3 umol) and CsF (22.3 mg,
147 ymol) at rt, and stirring was continued for 30 min. The reaction mixture was allowed
to heat to 65 °C, and stirred for 20 h. The reaction mixture was allowed to cool to rt, and

0.15 mL of TBAF (1 m in THF) was added. After stirring for 45 min, the reaction mixture
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was diluted with Et.O, quenched with sat. NH4Cl ag. and extracted with Et2O. The organic
layer wasdried over MgSOg4 and filtrated through a short bed of Celite. The solvents were

removed in vacuo to give decomposition product.

Procedure for the reaction of propargyl ester with silyl enol ether using palladium
catalyst and TBAT (Scheme 1-10) 2. To a stirred suspention of Pdz(dba)s-CHCIs (9.4 mg,
9.10 pmol), DPPF (20.2 mg, 36.4 pmol) and TBAT (68.7 mg, 127 pmol) in dioxane (1.0
mL) were added propargyl carbonate 1-14 (69.2 mg, 364 pmol) and silyl enol ether 1-15
(62.0 mg, 364pmol) in dioxane (2.6 mL) at rt, and stirring was continued for 30 min at
65 °C. The reaction mixture was filtered through a small amount of silica gel, and then
concentrated. The residue was chromatographed on silica gel with hexane-AcOEt (99:1

v/v) as eluent to give propargyl carbonate 1-14 (45.9 mg, 66 %) as colorless oil.
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Experiments in Chapter 11

General procedure for the synthesis of propargyl carbonates 2.

Synthesis of 11-1c (Scheme 11-2). To a stirred solution of propargyl alcohol 11-5¢ (496 mg,
1.79 mmol) in CH2Cl2 (9 mL) were added pyridine (0.29 mL, 3.58 mmol) and methyl
chloroformate (0.21 mL, 2.69 mmol) at 0 °C, and stirring was continued for 2 h at the same
temperature. The reaction mixture was diluted with aqueous NH4Cl and extracted with
AcOEt. The combined extracts were washed with brine. The residue upon workup was
chromatographed on silica gel with hexane-AcOEt (95:5 v/v) as eluent to give propargyl

carbonate I1-1c (521 mg, 82%) as a colorless oil.

II-1¢c

Carbonic acid 1,3-bis-(4-chlorophenyl)- 2-propynyl ester methyl ester (11-1c)

Yield 82%; colorless oil; IR (neat) 2230, 1750, 1490, 1261 cm™; *H-NMR (400 MHz,
CDCls) 5 3.83 (3H, s), 6.47 (1H, s), 7.30 (2H, d, J = 8.4 Hz), 7.36-7.42 (4H, m), 7.53 (2H,
d, J = 8.4 Hz); 3C-NMR (100 MHz, CDCl3) § 55.2 (CHs), 69.3 (CH), 85.4 (Cq), 120.2
(Cq), 128.7 (CH), 129.0 (CH), 129.1 (CH), 133.1 (CH), 134.9 (Cq), 135.2 (Cq), 135.31
(Cq), 135.33 (Cq), 154.8 (Cq); HRMS (ESI) m/z calcd for Ci7H12CIoNaOs [M+Na]*

335.0242, found 335.0249.
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1I-1e

Carbonic acid 1-(4-fluorophenyl)-3-p-tolyl-2-propynyl ester methyl ester (11-1¢e)

Yield 82%; colorless oil; IR (neat) 2230, 1750, 1606, 1509, 1263 cm™*; *H-NMR (400 MHz,
CDCls) & 2.35 (3H, s), 3.82 (3H, s), 6.50 (1H, s), 7.07 (2H, dt, J = 8.0 and 2.0 Hz), 7.12
(2H, d, J = 8.0 Hz), 7.36 (2H, dd, J = 8.0 and 2.0 Hz), 7.60 (2H, dd, J = 8.0 and 5.2 Hz);
13C-NMR (100 MHz, CDCls) § 21.5 (CHs), 55.0 (CHs), 69.6 (CH), 83.9 (Cq), 88.4 (Cq),
115.6 (CH, d, J = 21.5 Hz), 118.7 (Cqg), 129.1 (CH), 129.8 (CH, d, J = 9.0 Hz), 131.8 (CH),
132.6 (Cq, d, J = 3.3 Hz), 139.2 (Cq), 154.8 (Cq), 163.1 (Cq, d, J = 247.0 Hz); HRMS

(ESI) m/z calcd for CigH160sF [M+H]* 299.1083, found 299.1083,

General procedure for preparation of vinylphenols.

Synthesis of 11-2d (Scheme 11-3). To a stirred solution of PhsPMeBr (278 mg, 780 umol)
in THF (2 mL) were added n-BuL.i (1.55 m in hexane, 0.6 mL) at 0 °C. After stirring for 30
min at same temperature, salicylaldehyde 11-6d (50 mg, 354 umol) in THF (1 mL) were
added at 0 °C, and stirring was continued for 4 h at rt. The reaction mixture was diluted
with aqueous NH4ClI and extracted with Et,O. The combined extracts were washed with
water and brine. The residue upon workup was chromatographed on silica gel with hexane-

AcOEt (97:3 v/v) as eluent to give vinylphenol 11-2d (36 mg, 73%) as a colorless oil.

OH

I1-2d

2-Fluoro-6-vinylphenol (11-2d)
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Yield 73%; colorless oil; IR (neat) 3567, 1619, 1474, 1260 cm™*; *H-NMR (400 MHz,
CDCl3) § 5.29 (1H, s), 5.36 (1H, dd , J = 11.2 and 1.2 Hz), 5.82 (1H, dd, J = 17.6 and 1.2
Hz), 6.82 (1H, m), 6.97 (1H, dd, J = 17.6 and 11.2 Hz), 6.99 (1H, td, J = 8.0 and 1.6 Hz),
7.21 (1H, dd, J = 8.0 and 1.6 Hz); **C-NMR (100 MHz, CDCls) § 114.1 (CH, d, J =18.2
Hz), 116.0 (CH2), 119.9 (CH, d, J = 7.4 Hz), 122.1 (CH, d, J = 3.3 Hz), 126.7 (Cq, d, J =
1.7 Hz), 130.4 (Cq, d, J = 3.3 Hz), 141.1 (Cq, d, J = 14.1 Hz), 151.3 (Cq, d, J = 234.6 Hz);

HRMS (ESI) m/z calcd for CgH7FNaO [M+Na]* 161.0379, found 161.0378.

Bu
OH

11-2f
2,4-Di-tert-butyl-6-vinylphenol (11-2f)

Yield 91%; colorless oil; IR (neat) 3541, 2960, 1627, 1477 cm™%; *H-NMR (400 MHz,
CDCls) 6 1.30 (9H, s), 1.43 (9H, s), 5.21 (1H, s), 5.46 (1H, dd , J = 11.2 and 1.6 Hz), 5.66
(1H, dd, J=17.6 and 1.6 Hz), 6.85 (1H, dd, J = 17.6 and 11.2 Hz), 7.13 (1H, d, J = 2.4 Hz),
7.25 (1H, d, J = 2.4 Hz); 3C-NMR (100 MHz, CDCls) § 29.8 (CH3), 31.6 (CH3), 34.3 (Cq),
34.9 (Cq), 117.7 (CHy), 122.4 (CH), 123.8 (CH), 124.7 (Cq), 133.0 (CH), 135.6 (Cq),
142.3 (Cq), 149.3 (Cq); HRMS (ESI) m/z calcd for C1sH2sNaO [M+Na]* 255.1725, found

255.1719.

Preparation of vinylphenol 11-2c (Scheme 11-3). To a stirred solution of 2-hydroxy-5-
methyl-3-nitro-benzaldehyde (11-6¢) (205 mg, 1.13 mmol) in THF (11 mL) were added
Tebbe reagent (0.5 M in toluene , 5 mL) at 0 °C, and stirring was continued for 1 h at the
same temperture. The reaction mixture was quenched with 0.1 M NaOH ag. and extracted

with Et2O. The residue upon workup was chromatographed on silica gel with hexane-
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ACcOEt (93:7 v/v) as eluent to give vinylphenol 11-2c (34 mg, 17%) as a yellow solid.

NO,
OH

I1-2¢

Yield 17%; yellow solid; IR (neat) 3162, 2924, 1848, 1632, 1538 cm™*; 'H-NMR (400 MHz,
CDCl3) 5 2.34 (3H, 5), 5.41 (1H, dd , J = 11.2 and 1.2 Hz), 5.83 (1H, dd, J = 17.6 and 1.2
Hz), 7.04 (1H, dd, J = 17.6 and 11.2 Hz), 7.57 (1H, d, J = 1.6 Hz), 7.83 (1H, d, J = 1.6 H2),
10.91 (1H, s); *C-NMR (100 MHz, CDCls) § 20.4 (CH3), 116.9 (CHz), 123.7 (CH), 128.9
(Cq), 129.2 (Cq), 129.6 (CH), 135.2 (CH), 150.8 (Cq); HRMS (ESI) m/z calcd for

CoHaNNaO3 [M+Na]* 202.0480, found 202.0484.

General procedure for the reaction of propargyl esters with phenols using palladium
catalyst.

Synthesis of 11-4aa (Table 11-1, entry 7). To a stirred solution of propargyl carbonate 11-
1a (160 mg, 602 umol) and vinylphenol I1-2a (60 mg, 402 pmol) in dioxane (4.0 mL) were
added Pdz(dba)3-CHCIs (21 mg, 20 umol) and P(2-furyl)s (19 mg, 80 pumol) at rt, and
stirring was continued for 30 min at the same temperature under argon atmosphere. The
reaction mixture was then allowed to heat to 100 °C, and stirred for 1 h. After filtration of
the reaction mixture using small amount of silica gel followed by concentration, the residue
was chromatographed on silica gel with hexane-AcOEt (99:1 v/v) as eluent to give (2)-11-

4aa and (E)-11-4aa (116.0 mg, 3.5 : 1, 85% total yield).
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OMe
Ph

H
(2)-11-4aa

(2aS,7bR,Z)-2-Benzylidene-4-methoxy-2a-phenyl-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(Z)-11-4aa]

Colorless plates (chloroform—hexane, mp. 153.9-154.9 °C); IR (neat) 2938, 1589, 1490
cmL; 'H-NMR (400 MHz, CDCls) § 2.84 (1H, dt, J = 16.0 and 2.8 Hz), 3.35 (1H, ddd, J =
16.0, 8.4 and 2.8 Hz), 3.80 (3H, s), 3.88 (1H, dd, J = 8.4 and 2.8 Hz), 6.44 (1H,t,J=2.8
Hz), 6.81 (1H, dd, J = 7.2 and 2.4 Hz), 6.87 (2H, d, J = 0.8 Hz), 7.11 (1H, d, J = 7.2 Hz),
7.18 (2H, t, J = 7.2 Hz), 7.26-7.34 (3H, m), 7.42 (2H, d, J = 7.2 Hz), 7.55 (2H, d, J = 7.2
Hz); 3C-NMR (100 MHz, CDCls) & 37.0 (CH2), 48.9 (CH), 56.6 (CHs), 95.7 (Cq), 113.1
(CH), 117.5 (CH), 121.8 (CH), 126.1 (CH), 127.1 (CH), 128.06 (CH), 128.14 (CH), 128.6
(CH), 128.9 (CH), 129.8 (CH), 132.1 (Cq), 135.1 (Cq), 138.7 (Cq), 140.6 (Cq), 145.0 (Cq),

149.8 (Cq); HRMS (ESI) m/z calcd for C24H20NaO2 [M+Na]* 363.1361, found 363.1358.

X-Ray crystallographic analysis of compound (Z)-11-4aa. A colorless block crystal
having approximate dimensions of 0.80 x 0.60 x 0.50 mm was mounted on a glass fiber.
All measurements were made on a Rigaku RAXIS RAPID imaging plate area detector with
graphite monochromated Mo-Ka radiation. The structure was solved by direct methods
(SIR97) and expanded using Fourier techniques (DIRDIF99). The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were refined using the riding model. The
final cycle of full-matrix least-squares refinement on F was based on 16969 observed
reflections (I > 0.00c(1)) and 256 variable parameters, and converged (largest parameter
shift was 0.00 times its esd) with unweighted and weighted agreement factors of R = 0.041

and Rw = 0.062. Crystal data for (Z)-11-4aa: C24H2002, M = 340.42, orthorhombic, space
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group Pnn2, a = 13.5222(5) A, b = 17.8222(6) A, ¢ = 7.5009(3) A, V = 1807.7(1) A3, Z =

4, Dc = 1.251 g/cm?®, F(000) = 720, p(MoKa) = 0.78 cm 2.

Figure E-1. ORTEP drawing of (Z)-11-4aa.

OMe

Ph
H

(E)-1-4aa
(2aS,7bR,E)-2-Benzylidene-4-methoxy-2a-phenyl-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(E)-11-4aa]

Colorless needles (acetone—MeOH, mp. 131.0-133.4 °C); IR (neat) 3027, 1615, 1588,
1489 cm™t; 'H-NMR (400 MHz, CDCl3) & 3.13 (1H, dt, J = 16.8 and 2.8 Hz), 3.57 (1H,
ddd, J = 16.8, 8.0 and 2.8 Hz), 3.90 (3H, s), 4.12 (1H, dd, J = 8.0 and 2.8 Hz), 6.74 (1H, t,
J = 2.8 Hz), 6.79 (1H, dd, J = 8.0 and 2.0 Hz), 6.81-6.89 (2H, m), 7.16—7.22 (1H, m),
7.24-7.34 (5H, m), 7.35-7.41 (2H, m), 7.63 (2H, d, J = 8.0 Hz); 3C-NMR (100 MHz,
CDClIs) & 38.1 (CHy), 49.6 (CH), 56.0 (CHs3), 96.1 (Cq), 111.7 (CH), 117.2 (CH), 121.6

(CH), 126.2 (CH), 127.3 (CH), 127.93 (CH), 127.99 (CH), 128.04 (CH), 128.37 (CH),
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128.44 (CH), 131.9 (Cq), 136.5 (Cq), 139.7 (Cq), 143.9 (Cq), 144.9 (Cq), 149.7 (Cq);

HRMS (ESI) m/z calcd for C24H210, [M+H]* 341.1542, found 341.1546.

X-Ray crystallographic analysis of compound (E)-11-4aa. A colorless block crystal
having approximate dimensions of 0.40 x 0.30 x 0.20 mm was mounted on a glass fiber.
All measurements were made on a Rigaku RAXIS RAPID imaging plate area detector with
graphite monochromated Mo-Ka radiation. The structure was solved by direct methods
(SIR97) and expanded using Fourier techniques (DIRDIF99). The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were refined using the riding model. The
final cycle of full-matrix least-squares refinement on F was based on 16302 observed
reflections (I > 0.00c(l)) and 255 variable parameters, and converged (largest parameter
shift was 0.94 times its esd) with unweighted and weighted agreement factors of R = 0.094
and Rw = 0.228. Crystal data for (E)-11-4aa: C24H2002, M = 340.42, monoclinic, space
group P21, a = 5.7517(9) A, b = 11.218(2) A, ¢ = 27.558(4) A, p =95.332(4)9, V =

1770.4(5) A3, Z = 4, Dc = 1.277 g/lcm?®, F(000) = 720, w(MoKa) = 0.80 cm™.

Figure E-2. ORTEP drawing of (E)-11-4aa.
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Ph

H
(Z)-11-4ab

(2aS,7bR,2)-2-Benzylidene-4-methyl-2a-phenyl-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(Z)-11-4ab]

Colorless plates (CH2Cl>—hexane, mp. 162.4-163.0 °C); IR (neat) 2943, 1595, 1446 cm™*;
IH-NMR (400 MHz, CDCl3) & 2.22 (3H, s), 2.80 (1H, dt, J = 16.0 and 2.8 Hz), 3.34 (1H,
ddd, J = 16.0, 8.4 and 2.8 Hz), 3.86 (1H, dd, J = 8.4 and 2.8 Hz), 6.39 (1H, t, J = 2.8 Hz),
6.83 (1H, t, J = 7.2 Hz), 6.99 (1H, d, J = 7.2 Hz), 7.05 (1H, d, J = 7.2 Hz), 7.11 (1H, d, J =
7.2 Hz), 7.17 (2H, d, J = 7.2 Hz), 7.24-7.34 (2H, m), 7.27 (1H, d, J = 7.2 Hz), 7.44 (2H, d,
J =72 Hz), 7.54 (2H, d, J = 7.2 Hz); 3C-NMR (100 MHz, CDCls) § 15.4 (CH3), 37.2
(CH>), 48.8(CH), 94.6 (Cq), 120.6 (Cq), 121.0 (CH), 122.4 (CH), 126.0 (CH), 127.0 (CH),
127.95 (CH), 128.01 (CH), 128.5 (CH), 128.8 (CH), 129.4 (CH), 129.6 (CH), 130.0 (Cq),
135.2 (Cq), 139.2 (Cq), 141.2 (Cq), 159.5 (Cq); HRMS (ESI) m/z calcd for CasH210

[M+H]* 325.1592, found 325.1598

Me

Ph
H

(E)-11-4ab
(2aS,7bR,E)-2-Benzylidene-4-methyl-2a-phenyl-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(E)-11-4ab]

Colorless oil; IR (neat) 3026, 1596, 1447 cm*; *H-NMR (400 MHz, CDCls3) & 2.30 (3H,
s), 3.12 (1H, dt, J = 16.4 and 2.8 Hz), 3.58 (1H, ddd, J = 16.4, 8.4 and 2.8 Hz), 4.09 (1H,
dd, J = 8.4 and 2.8 Hz), 6.64 (1H, t, J = 2.8 Hz), 6.81 (1H, t, J = 7.2 Hz), 7.02 (2H, dd, J =

16.6 and 7.2 Hz), 7.15-7.23 (1H, m), 7.24-7.36 (5H, m), 7.40 (2H, t, J = 7.2 Hz), 7.63 (2H,

-80_



d, J = 7.2 Hz); 3C-NMR (100 MHz, CDCls) & 15.6 (CHs), 38.3 (CH>), 49.5 (CH), 95.1
(Cq), 120.5 (Cq), 120.9 (CH), 122.4 (CH), 126.0 (CH), 127.3 (CH), 127.5 (CH), 127.9
(CH), 128.0 (CH), 128.4 (CH), 128.5 (CH), 129.7 (CH), 130.1 (Cq), 136.6 (Cq), 140.3 (Cq),
144.6 (Cq), 159.8 (Cq); HRMS (ESI) m/z calcd for C24H210 [M+H]* 325.1592, found

325.1593.

NO, NO,
Ph .
Me ¥ Me ¥ Ph
(Z)-11-4ac (E)-Tl-4ac

(2)- and (E)-(2aS,7bR)-2-Benzylidene-6-methyl-4-nitro-2a-phenyl-
1,2,2a,7b-tetrahydrocyclobuta[b]benzofuran [(Z)-11-4ac and (E)-11-4ac] (ratio 3:2)

Yellow solid; IR (neat) 2957, 1622, 1587, 1524, 1327 cm™*; *H-NMR (400 MHz, CDCls)
§2.35 (1.2H, s), 2.37 (1.8H, s), 2.85 (0.4H, dt, J = 16.0 and 2.4 Hz), 3.13 (0.6H, dt, J =
16.8 and 2.8 Hz), 3.43(0.4H, ddd, J = 16.0, 8.4 and 2.4 Hz), 3.65 (0.6H, ddd, J = 16.8, 8.0
and 2.8 Hz), 3.89 (0.4H, dd, J = 8.4 and 2.4 Hz), 4.12 (0.6H, dd, J = 8.0 and 2.8 Hz), 6.48
(0.4H,t,J = 2.8 Hz), 6.72 (0.6H, t, J = 2.4 Hz), 7.11-7.55 (10H, m), 7.63 (1.2H,d, J = 7.2
Hz), 7.80 (0.8H, d, J = 7.2 Hz); 3C-NMR (100 MHz, CDCls) for mixture of diastereomers:
8 20.4 (CHs), 20.5 (CHs), 37.0 (CH), 38.0 (CH.), 47.3 (CH), 47.9 (CH), 98.0 (Cgx2),
124.0 (CHx2), 125.8 (CH), 125.9 (CH), 127.6 (CH), 127.7 (CH), 128.15 (CH), 128.22 (CH),
128.4 (CHx2), 128.5 (CHx2), 128.6 (CHx2), 129.0 (CHx2), 130.9 (Cq), 131.1 (Cq), 132.0
(CHXx2), 132.9 (Cqx2), 134.4 (Cgx2), 135.8 (Cqx2), 137.5 (Cq), 138.8 (Cq), 142.0 (Cax2),
153.8 (Cqgx2); HRMS (ESI) m/z calcd for C24H1sNNaOs [M+Na]* 392.1263, found

392.1262.
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Ph

H
(2)-11-4ad

(2aS,7bR,Z2)-2-Benzylidene-4-fluoro-2a-phenyl-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(Z)-11-4ad]

Colorless oil; IR (neat) 3061, 1625, 1595, 1485, 1448 cm™*; *H-NMR (400 MHz, CDCls)
52.83(1H, dt,J=16.4 and 2.8 Hz), 3.36 (1H, ddd, J = 16.4, 8.4 and 2.8 Hz), 3.88 (1H, dd,
J=8.4and 2.8 Hz), 6.44 (1H, t, J = 2.8 Hz), 6.84 (1H, dt, J = 4.4 and 7.6 Hz), 6.92—6.99
(2H, m), 7.11 (1H, dt, = 7.6 and 1.6 Hz), 7.13-7.21 (2H, m), 7.21-7.33 (3H, m), 7.40 (2H,
d, J=6.8 Hz), 7.53 (2H, dt, J = 7.6 and 1.6 Hz); 3C-NMR (100 MHz, CDCl3) & 37.0 (CH>),
48.8 (CH, d, J = 2.5 Hz), 96.8 (Cq), 115.6 (CH), 115.8 (CH), 120.4 (CH, d, J = 3.3 Hz),
121.6 (CH, d, J = 5.8 Hz), 125.9 (CH), 127.3 (CH), 128.1 (CH), 128.2 (CH, d, J = 2.5 Hz),
128.7 (CH, d, J = 25.6 Hz), 130.2 (CH), 134.3 (Cq, d, J = 3.3 Hz), 134.8 (Cq), 138.2 (Cq),
139.7 (Cq), 147.77 (Cq, d, J = 10.7 Hz), 147.80 (Cq, d, J = 245.3 Hz); HRMS (ESI) m/z

calcd for Co3Hi7FNaO [M+Na]* 351.1161, found 351.1172

Ph
H

(E)-11-4ad
(2aS,7bR,E)-2-Benzylidene-4-fluoro-2a-phenyl-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(E)-11-4ad]

Colorless oil; IR (neat) 3029, 1625, 1595, 1494 cm™%; *H-NMR (400 MHz, CDCls) § 3.14
(1H, dt, J = 16.8 and 2.8 Hz), 3.60 (1H, ddd, J = 16.8, 8.2 and 2.8 Hz), 4.15 (1H, dd, J =
8.2 and 2.8 Hz), 6.72 (1H, t, J = 2.8 Hz), 6.83 (1H, dt, J = 4.8 and 7.2 Hz), 6.98 (2H, t, J =

7.2 Hz), 7.20-7.38 (6H, m), 7.42 (2H, t, J = 7.2 Hz), 7.63 (2H, d, J = 7.2 Hz); 3C-NMR
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(100 MHz, CDCls) § 38.0 (CH2), 49.3 (CH), 97.2 (Cq), 115.6 (CH), 115.8 (CH), 120.4 (CH,
d, J = 2.5 Hz), 121.5 (CH, d, J = 4.9 Hz), 126.1 (CH), 127.5 (CH), 128.0 (CH), 128.2 (CH,
d, J = 26.4 Hz), 128.3 (CH), 128.5 (CH), 134.3 (Cqg, d, J = 3.3 Hz), 136.2 (Cq), 139.1 (Cq),
143.1 (Cq), 147.79 (Cq, d, J = 244.5 Hz), 147.81 (Cq); HRMS (ESI) m/z calcd for

CasH1sFO [M+H]* 329.1342, found 329.1340.

Cl

Cl

(Z)-11-4ae
(2aS,7bR,Z)-2-Benzylidene-4,6-dichloro-2a-phenyl-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(Z)-11-4ae]

Colorless oil; IR (neat) 3082, 2950, 1577, 1447 cm™%; *H-NMR (400 MHz, CDCls) § 2.83
(1H, dt, J = 16.4 and 2.4 Hz), 3.36 (1H, ddd, J = 16.4, 8.8 and 2.4 Hz), 3.87 (1H, dd, J =
8.8 and 2.4 Hz), 6.45 (1H, t, J = 2.4 Hz), 7.09 (1H, dd, J = 7.2 Hz), 7.12 (1H, d, J = 7.2
Hz), 7.17 (2H, d, J = 7.2 Hz), 7.20 (1H, d, J = 7.2 Hz), 7.24-7.36 (3H, m), 7.41 (2H, d, J
= 6.8 Hz), 7.49 (2H, d, J = 6.8 Hz); 3C-NMR (100 MHz, CDCl3) & 37.0 (CH2), 49.0 (CH),
96.6 (Cq), 116.3 (Cq), 123.7 (CH), 125.88 (CH), 125.95 (Cq), 127.5 (CH), 128.1 (CH),
128.4 (CH), 128.5 (CH), 128.7 (CH), 128.9 (CH), 130.6 (CH), 133.7 (Cq), 134.6 (Cq),
137.6 (Cq), 139.0 (Cq), 155.9 (Cq); HRMS (ESI) m/z calcd for C23H17Cl20 [M+H]"

379.0656, found 379.0658.

Cl

o
g Ph

(E)-11-4ae
(2aS,7bR,E)-2-Benzylidene-4,6-dichloro-2a-phenyl-1,2,2a,7b-
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tetrahydrocyclobuta[b]benzofuran [(E)-11-4ae]

Colorless oil; IR (neat) 3028, 1577, 1449 cm™*; *H-NMR (400 MHz, CDCls) § 3.14 (1H,
dt, J=16.8 and 2.8 Hz), 3.62 (1H, ddd, J = 16.8, 8.0 and 2.8 Hz), 4.12 (1H, dd, J=8.0 and
2.8 Hz), 6.70 (1H, t, J = 2.8 Hz), 7.07 (1H, d, J = 2.0 Hz), 7.19 (1H, d J = 2.0 Hz), 7.21
(1H, t, J = 6.8 Hz), 7.24-7.39 (5H, m), 7.42 (2H, t, J = 6.8 Hz), 7.59 (2H, d, J = 8.0 Hz);
13C-NMR (100 MHz, CDCls) & 38.1 (CH2), 49.6 (CH), 97.2 (Cq), 116.1 (Cq), 123.7 (CH),
125.9 (Cq), 126.0 (CH), 127.7 (CH), 128.1 (CH), 128.4 (CH), 128.54 (CH), 128.58 (CH),
128.62 (CH), 128.64 (CH), 133.76 (Cq), 136.0 (Cq), 138.7 (Cq), 142.2 (Cq), 156.2 (Cq);

HRMS (ESI) m/z calcd for CasH17C120 [M+H]* 379.0656, found 379.0650.

Ph

(Z)-11-4af
(2aS,7bR,Z2)-2-Benzylidene-4,6-di-tert-butyl-2a-phenyl-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(Z)-11-4af]

Yellow oil; IR (neat) 2954, 1475, 1232 cm™; *H-NMR (400 MHz, CDCl3) & 1.29 (9H, s),
1.31 (9H, s), 2.84 (1H, dt, J = 16.0 and 2.4 Hz), 3.38 (1H, ddd, J = 16.0, 8.4 and 2.4 Hz),
3.79 (1H, dd, J = 8.4 and 2.4 Hz), 6.38 (1H, t, J = 2.8 Hz), 7.06-7.18 (4H, m), 7.29 (2H, d,
J=7.6 Hz), 7.32-7.38 (4H, m), 7.58 (2H, d, J = 7.6 Hz); *C-NMR (100 MHz, CDCls) &
29.5 (CHa), 31.8 (CHs), 34.3 (Cq), 34.6 (Cq), 37.3 (CH2), 48.6 (CH), 94.7 (Cq), 119.6 (CH),
122.4 (CH), 125.7 (CH), 126.9 (CH), 127.7 (CH), 127.9 (CH), 128.6 (CH), 128.8 (CH),
129.1 (CH), 130.4 (Cq), 130.9 (Cq), 132.7 (Cq), 135.1 (Cq), 140.1 (Cq), 141.9 (Cq), 143.7

Cq); HRMS (ESI) m/z calcd for Ca1H3s02 [M+H]* 423.2688, found 423.2691.
(Cq
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R
O
(Z)-II-4be
(2aS,7bR,Z2)-4,6-Dichloro-2-(4-fluorobenzylidene)-2a-(4-fluorophenyl)-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(Z)-11-4be]

Colorless oil; IR (neat) 3080, 2952, 1602, 1509, 1453 cm™*; *H-NMR (400 MHz, CDCls)
82.83(1H, dt,J=16.4 and 2.4 Hz), 3.35 (1H, ddd, J = 16.4, 8.4 and 2.4 Hz), 3.85 (1H, dd,
J=8.4and 2.4 Hz), 6.43 (1H, t, J = 2.4 Hz), 6.88 (2H, t, J = 8.4 Hz), 7.00 (2H, d, J = 8.4
Hz), 7.09 (1H, d, J = 2.0 Hz), 7.20 (1H, d, J = 2.0 Hz), 7.37 (2H, dd, J = 8.4 and 5.2 Hz),
7.44 (2H, dd, J = 8.4 and 5.2 Hz); *C-NMR (75 MHz, CDCls) & 36.8 (CH.), 48.9 (CH),
95.9 (Cq), 115.1 (CH, d, J = 21.0 Hz), 115.7 (CH, d, J = 21.0 Hz), 116.3 (Cq), 123.7 (CH),
126.2 (Cq), 127.8 (CH, d, J = 8.0 Hz), 128.6 (CH), 129.5 (CH), 130.6 (CH, d, J = 8.1 Hz),
130.7 (Cq, d, J = 3.1 Hz), 133.3 (Cq, d, J = 3.1 Hz), 133.5 (Cq), 138.4 (Cq, d, J = 2.5 H2),
155.7 (Cq), 162.2 (Cq, d, J = 246.6 Hz), 162.7 (Cq, d, J = 245.4 Hz); HRMS (ESI) m/z

calcd for Co3HisF2Cl> [M+H]* 415.0468, found 415.0466.

(E)-11-4be F
(2aS,7bR,E)-4,6-Dichloro-2-(4-fluorobenzylidene)-2a-(4-fluorophenyl)-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(E)-11-4be]

Colorless oil; IR (neat) 2948, 1603, 1508, 1453 cm*; 'H-NMR (400 MHz, CDCls) § 3.10

(1H, dt, J = 16.8 and 2.8 Hz), 3.56 (1H, ddd, J = 16.8, 8.2 and 2.8 Hz), 4.09 (1H, dd, J =
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8.2 and 2.8 Hz), 6.66 (1H, t, J = 2.8 Hz), 6.98-7.13 (5H, m), 7.18-7.25 (3H, m), 7.53-7.58
(2H, m); 3C-NMR (75 MHz, CDCls) § 37.7 (CHz), 49.6 (CH), 96.6 (Cq), 115.4 (CH, d, J
= 5.0 Hz), 115.7 (CH, d, J = 5.0 Hz), 116.2 (Cq), 123.7 (CH), 126.1 (Cq), 127.6 (CH),
128.0 (CH, d, J = 8.7 Hz), 128.6 (CH), 129.8 (CH, d, J = 8.1 Hz), 132.0 (Cq), 133.4 (Cq),
134.4 (Cqg, d, J = 3.1 Hz), 141.4 (Cq, d, J = 2.5 Hz), 155.9 (Cq), 162.1 (Cq, d, J = 246.6
Hz), 162.8 (Cqg, d, J = 246.0 Hz); HRMS (ESI) m/z calcd for CasHisCloF20 [M+H]*

415.0468, found 415.0473.

Per
O
(a-II-4ce
(2aS,7bR,Z2)-4,6-Dichloro-2-(4-chlorobenzylidene)-2a-(4-chlorophenyl)-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(Z)-11-4ce]

Colorless oil; IR (neat) 2952, 1580, 1491, 1450 cm™%; *H-NMR (400 MHz, CDCls) & 2.85
(1H, dt, J = 16.0 and 2.4 Hz), 3.36 (1H, ddd, J = 16.0, 8.4 and 2.4 Hz), 3.86 (1H, dd, J =
8.4 and 2.4 Hz), 6.43 (1H, t, J = 2.4 Hz), 7.09 (1H, d, J = 1.2 Hz), 7.17 (2H, d, J = 8.4 Hz),
7.21 (1H, d, J = 1.2 Hz), 7.29 (2H, d, J = 8.4 Hz), 7.32 (2H, d, J = 8.4 Hz), 7.40 (2H, d, J
= 8.4 Hz); C-NMR (100 MHz, CDCls) § 37.0 (CH>), 49.0 (CH), 95.8 (Cq), 116.4 (Cq),
123.7 (CH), 126.4 (Cq), 127.2 (CH), 128.5 (CH), 128.7 (CH), 129.0 (CH), 129.7 (CH),
130.0 (CH), 132.9 (Cq), 133.3 (Cq), 133.5 (Cq), 134.5 (Cq), 136.0 (Cq), 139.6 (Cq), 155.6

(Cq); HRMS (ESI) m/z calcd for C23H15Cl4O [M+H]* 446.9877, found 446.9872.
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(E)-1l-4ce cl
(2aS,7bR,E)-4,6-Dichloro-2-(4-chlorobenzylidene)-2a-(4-chlorophenyl)-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(E)-11-4ce]

Colorless oil; IR (neat) 2924, 1491, 1452 cm™*; *H-NMR (400 MHz, CDCls3) & 3.13 (1H,
dt, J = 17.2 and 2.4 Hz), 3.58 (1H, ddd, J = 17.2, 8.2 and 2.4 Hz), 4.10 (1H, dd, J = 8.2 and
2.4 Hz), 6.27 (1H, t, J = 2.4 Hz), 7.08 (1H, d, J = 1.2 Hz), 7.18 (2H, d, J = 8.4 Hz), 7.21
(1H, d, J = 1.2 Hz), 7.29 (2H, d, J = 8.4 Hz), 7.39 (2H, d, J = 8.4 Hz), 7.51 (2H, d, J = 8.4
Hz); 3C-NMR (100 MHz, CDCls) & 38.0 (CH2), 49.7 (CH), 96.5 (Cq), 116.3 (Cq), 123.7
(CH), 126.2 (Cq), 127.4 (CH), 127.9 (CH), 128.75 (CH), 128.84 (CH), 128.9 (CH), 129.3
(CH), 133.3 (Cq), 133.6 (Cq), 134.2 (Cq), 134.5 (Cq), 137.1 (Cq), 142.6 (Cq), 155.9 (Cq);

HRMS (ESI) m/z calcd for CasHisClsO [M+H]* 446.9877, found 446.9872.

P
O

(Z)-II-4ef
(2aS,7bR,2)-4,6-Di-tert-butyl-2-(4-florobenzylidene)-2a-(p-tolyl)-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(Z)-11-4ef]
Colorless plates (AcOEt-hexane, mp. 192.5-192.7 °C); IR (neat) 2955, 1509, 1231 cm™;
IH-NMR (400 MHz, CDCls) & 1.28 (9H, s), 1.31 (9H, s), 2.34 (3H, s), 2.80 (1H, dt, J =
16.0 and 2.4 Hz), 3.34 (1H, ddd, J = 16.0, 8.2 and 2.4 Hz), 3.75 (1H, dd, J = 8.2 and 2.4

Hz), 6.32 (1H, t, J = 2.4 Hz), 6.84 (2H, t, J = 8.0 Hz), 7.10 (1H, d, J = 1.6 Hz), 7.15 (2H,
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d, J=3.6 Hz), 7.17 (1H, d, J = 1.6 Hz), 7.33 (2H, dd, J = 8.0 and 3.6 Hz), 7.44 (2H, d, J =
8.0 Hz); *C-NMR (100 MHz, CDCls) § 21.2 (CHs), 29.5 (CHs), 31.8 (CHs), 34.3 (Cq),
34.6 (Cq), 37.2 (CHs), 48.6 (CH), 94.6 (Cq), 114.8 (CH, d, J = 20.7 Hz), 119.6 (CH), 122.4
(CH), 125.7 (CH), 127.7 (CH), 129.4 (CH), 130.40 (CH, d, J = 7.4 Hz), 130.40 (Cqg), 131.50
(Cq), 132.7 (Cq), 137.0 (Cq), 137.6 (Cq), 141.66 (Cq, d, J = 1.7 Hz), 143.7 (Cq), 156.5
(Cq), 161.8 (Cq, d, J = 244.5 Hz); HRMS (ESI) m/z calcd for CsHasFNaO [M+Na]*

477.2570, found 477.2563.

X-Ray crystallographic analysis of compound (2Z)-11-4ef. A colorless block crystal
having approximate dimensions of 0.80 x 0.40 x 0.30 mm was mounted on a glass fiber.
All measurements were made on a Rigaku RAXIS RAPID imaging plate area detector with
graphite monochromated Mo-Ka radiation. The structure was solved by direct methods
(SIR97) and expanded using Fourier techniques (DIRDIF99). The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were refined using the riding model. The
final cycle of full-matrix least-squares refinement on F was based on 6046 observed
reflections (I > 0.00c(l)) and 342 variable parameters, and converged (largest parameter
shift was 0.22 times its esd) with unweighted and weighted agreement factors of R = 0.078
and Rw = 0.157. Crystal data for (Z)-11-4ef: C32H3sFO, M = 454.63, triclinic, space group
P1,a=10.976(1) A, b =11.126(1) A, ¢ = 12.110(1) A, a. = 65.261(3) ©, B = 86.075(3) O,
y = 89.777(4) 0, V = 1339.5(2) A3, Z = 2, D¢ = 1.127 g/cm?, F(000) = 488, u(MoKo) =

0.72cm™.
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Figure E-3. ORTEP drawing of (Z)-11-4ef.

(E)-11-def F
(2aS,7bR,E)-4,6-Di-tert-butyl-2-(4-florobenzylidene)-2a-(p-tolyl)-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(E)-11-4ef]

Colorless oil; IR (neat) 2956, 1603, 1508, 1231 cm™*; *H-NMR (400 MHz, CDCls) § 1.30
(9H, s), 1.42 (9H, s), 2.37 (3H, s), 3.05 (1H, dt, J = 16.8 and 2.4 Hz), 3.54 (1H, ddd, J =
16.8, 8.0 and 2.4 Hz), 4.00 (1H, dd, J = 8.0 and 2.4 Hz), 6.57 (1H, t, J = 2.4 Hz), 6.98 (2H,
t,J = 8.8 Hz), 7.09 (1H, s), 7.16 (1H, s), 7.19-7.24 (4H, m), 7.50 (2H, d, J = 8.0 Hz); 13C-
NMR (100 MHz, CDCls) & 29.4 (CHsx2), 31.8 (CHs), 34.4 (Cq), 34.5 (Cq), 38.1 (CH>),
49.1 (CH), 100.6 (Cq), 115.4 (CH, d, J = 21.5 Hz), 119.5 (CH), 122.3 (CH), 125.8 (CH),
125.9 (CH), 129.1 (CH), 129.4 (CH, d, J = 8.3 Hz), 130.6 (Cq), 130.7 (Cq), 132.5 (Cq),
137.5 (Cq), 143.6 (Cq), 145.2 (Cq), 147.5 (Cq), 154.7 (Cq), 156.6 (Cq); HRMS (ESI) m/z

calcd for Cs2HzsFO [M+H]™ 455.2750, found 455.2750.
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O Ph ph

——

Cl
H -
Me
(1a, Z)-I1-4ah
(1R,2aR,7bR,Z)-2-Benzylidene-4,6-dichloro-1-methyl-2a-phenyl-1,2,2a,7b-
tetrahydrocyclobuta[b]benzofuran [(1a,Z)-11-4ah]

Colorless plates (AcOEt-hexane, mp. 140.0-140.5 °C); IR (neat) 2961, 1578, 1452 cm™;
IH-NMR (400 MHz, CDCl3) & 1.15 (3H, d, J = 6.8 Hz), 3.54 (1H, dquint, J = 2.8 and 6.8
Hz), 3.99 (1H, d, J = 6.8 Hz), 6.38 (1H, d, J = 2.8 Hz), 7.01 (1H, d, J = 1.2 Hz), 7.11-7.25
(4H, m), 7.32-7.40 (3H, m), 7.45 (2H, d, J = 7.2 Hz), 7.51 (2H, dd, J = 7.8 and 1.2 Hz);
13C-NMR (100 MHz, CDCls) & 13.8 (CH3), 40.0 (CH), 54.3 (CH), 95.4 (Cq), 116.7 (Cq),
125.0 (CH), 125.6 (Cq), 126.2 (CH), 127.4 (CH), 127.8 (CH), 128.2 (CH), 128.5 (CH),
128.6 (CH), 128.8 (CH), 129.0 (CH), 129.7 (Cq), 134.6 (Cq), 137.8 (Cq), 145.4 (Cq), 156.3

(Cq); HRMS (ESI) m/z calcd for C2sH1sCI2NaO [M+Na]* 415.0632, found 415.0618.

X-Ray crystallographic analysis of compound (1a,Z)-11-4ah. A colorless platelet crystal
having approximate dimensions of 0.50 x 0.40 x 0.10 mm was mounted on a glass fiber.
All measurements were made on a Rigaku RAXIS RAPID imaging plate area detector with
graphite monochromated Mo-Ka radiation. The structure was solved by direct methods
(SIR97) and expanded using Fourier techniques (DIRDIF99). The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were refined using the riding model. The
final cycle of full-matrix least-squares refinement on F was based on 3745 observed
reflections (I > 0.00c(1)) and 262 variable parameters, and converged (largest parameter

shift was 0.07 times its esd) with unweighted and weighted agreement factors of R = 0.041
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and Rw = 0.057. Crystal data for (1a,2)-11-4ah: C2sH1sCl20, M = 393.31, monoclinic,
space group Cc, a = 13.6140(9) A, b = 16.9487(9) A, ¢ = 8.4595(5) A, B = 96.490(2) O, V

= 1939.4(2) A3, Z = 4, Dc = 1.347 glcm?, F(000) = 816, u(MoKa) = 3.45 cm2.

Figure E-4. ORTEP drawing of (1a,Z)-11-4ah.

Ph
[ IO i j/ X
11-7

(E)-2-Propen-1,2-di-2’-vinylphenoxy-1,3-diyldibenzene (11-7)

Colorless oil; IR (neat) 3061, 3027, 1482, 1230 cm™*; *H-NMR (400 MHz, CDCls) § 5.17
(1H, dd, J = 11.2 and 1.2 Hz), 5.25 (1H, dd , J = 11.2 and 1.2 Hz), 5.67 (1H, s), 5.68 (1H,
dd, J=17.2 and 1.2 Hz), 5.72 (1H, dd, J = 17.2 and 1.2 Hz), 6.52 (1H, s), 6.67 (1H, d, J =
8.0 Hz), 6.87 (2H, t, J = 8.0 Hz), 6.92 (1H, dd, J = 8.0 and 1.2 Hz), 6.99 (2H, t, J = 8.0 Hz),
7.04 (1H, dd, J = 8.0 and 1.2 Hz), 7.06-7.10 (1H, m), 7.15 (1H, t, J = 8.0 Hz), 7.18-7.23
(2H, m), 7.27-7.35 (3H, m), 7.39 (2H, dd, J = 6.0 and 1.2 Hz), 7.46 (1H, dd, J = 8.0 and

1.2 Hz), 7.48-7.52 (3H, m); 3C-NMR (100 MHz, CDCls) § 79.5 (CH), 114.1 (CH), 114.4
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(CH>), 114.9 (CHy), 115.7 (CH), 117.0 (CH), 121.4 (CH), 122.7 (CH), 126.4 (CH), 126.7
(CH), 127.3 (CH), 127.5 (CH), 127.78 (Cq), 127.83 (Cq), 128.4 (CH), 128.5 (CH), 128.7
(CH), 128.9 (CH), 131.0 (CH), 131.7 (CH), 133.9 (Cq), 138.4 (Cq), 150.2 (Cq), 152.4 (Cq),

154.5 (Cq); HRMS (ESI) m/z calcd for CaiHz70, [M+H]* 431.2011, found 431.2014.

Synthesis of 11-4de (Table 11-3, entry 3). To a stirred solution of propargyl acetate 11-1d
(90 mg, 289 umol), vinylphenol 11-2e (49 mg, 259 umol) and KzPO4 (110 mg, 517 umol)
in dioxane (2.6 mL) were added Pd2(dba)3-CHCI3 (13 mg, 13 umol) and P(2-furyl)z (12 mg,
51 umol) at rt, and stirring was continued for 30 min at the same temperature under argon
atmosphere. The reaction mixture was then allowed to heat to 100 °C, and stirred for 1 h.
After filtration of the reaction mixture using small amount of silica gel followed by
concentration, the residue was chromatographed on silica gel with hexane-AcOEt (99:1

v/v) as eluent to give (Z)-11-4de and (E)-11-4de (81 mg, 10 : 1, 72% total yield).

Prs
O
(Z)-II-4de
(2aS,7bR,Z2)-4,6-Dichloro-2-(4-methoxybenzylidene)-2a-(4-methoxyphenyl)-
1,2,2a,7b-tetrahydrocyclobuta[b]benzofuran [(Z)-11-4de]

Colorless powders (CH2Cl—hexane, mp. 125.3-126.5 °C); IR (neat) 2954, 2836, 16609,
1607, 1513 cm™%; *H-NMR (400 MHz, CDCls) § 2.77 (1H, dt, J = 16.0 and 2.4 Hz), 3.29
(1H, ddd, J = 16.0, 8.4 and 2.4 Hz), 3.72 (3H, s), 3.76 (3H, s), 3.81 (1H, dd, J= 8.4 and 2.4
Hz), 6.37 (1H, t, J = 2.4 Hz), 6.73 (2H, d, J = 8.8 Hz), 6.84 (2H, d, J = 8.8 Hz), 7.07 (1H,

d,J =2.0 Hz), 7.18 (2H, d, J = 2.0 Hz), 7.37 (2H, d, J = 8.8 Hz), 7.41 (2H, d, J = 8.8 H2);
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13C-NMR (100 MHz, CDCls) for mixture of rotamers: & 48.2 (CH2x2), 49.46 (CH), 49.49
(CH), 55.7 (CHsx2), 55.8 (CHsx2), 96.5 (Cq), 96.6 (Cq), 113.0 (CH), 113.5 (CH), 114.2
(CH), 114.6 (CH), 116.2 (Cqx2), 123.4 (CH), 125.7 (CH), 127.38 (CH), 127.40 (CH), 127.7
(Cqx2), 127.8 (CH), 128.2 (CH), 128.5 (CH), 129.21 (Cgx2), 129.22 (CH), 129.72 (Cq),
129.74 (Cq), 130.2 (CH), 130.5 (CH), 134.0 (Cqx2), 136.29 (Cq), 136.34 (Cq), 155.92 (Cq),
155.95 (Cq), 158.96 (Cq), 158.99 (Cq) 159.70 (Cq), 159.72 (Cq); HRMS (ESI) m/z calcd

for C2sH21Cl.03 [M+H]" 439.0868, found 439.0861.

(E)-1I-4de OMe
(2aS,7bR,E)-4,6-Dichloro-2-(4-methoxybenzylidene)-2a-(4-methoxyphenyl)-
1,2,2a,7b-tetrahydrocyclobuta[b]benzofuran [(E)-11-4de]

Colorless oil; IR (neat) 2932, 1606, 1511, 1452 cm™*; *H-NMR (400 MHz, CDCls3) & 3.07
(1H, dt, J = 16.4 and 2.8 Hz), 3.53 (1H, ddd, J = 16.4, 8.2 and 2.8 Hz), 3.80 (3H, s), 3.82
(3H, s), 4.06 (1H, dd, J = 8.2 and 2.8 Hz), 6.66 (1H, t, J = 2.8 Hz), 6.86 (2H, d, J = 8.4 Hz),
6.93 (2H, d, J = 8.4 Hz), 7.07 (1H, d, J = 2.4 Hz), 7.18 (1H, d, J = 2.4 Hz), 7.22 (2H, d, J
= 8.4 Hz), 7.51 (2H, d, J = 8.4 Hz); 13C-NMR (100 MHz, CDCl3) § 37.7 (CH>), 49.6 (CH),
55.30 (CHs), 55.35 (CH3), 97.2 (Cq), 113.9 (CH), 114.0 (CH), 116.0 (Cq), 123.7 (CH),
125.6 (Cq), 127.6 (CH), 127.9 (CH), 128.4 (CH), 129.0 (CH), 129.4 (CH), 130.9 (Cq),
134.0 (Cq), 139.6 (Cq), 156.2 (Cq), 159.1 (Cq), 159.7 (Cq); HRMS (ESI) m/z calcd for

C2sH20CI2NaOs [M+Na]* 461.0687, found 461.0696.

Synthesis of 11-13 (Scheme 11-6). To a stirred solution of vinylphenol 11-2a (82 mg, 552
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umol), propargyl alcohol 11-5a (96 mg, 460 umol), EtsN (13 uL, 92 umol) in THF (7.5 mL)
were added diisopropyl azodicarboxylate (0.11 mL, 552 umol) in THF (4 mL) at 0 °C, and
stirring was continued for 22 h at rt under argon atmosphere. The reaction mixture was
diluted with CH>Cl> and then filtered a pad of basic alumina and concentrated. The residue
was chromatographed on silica gel with hexane-AcOEt (99:1 v/v) as eluent to give 7:1

mixture of (Z)-11-4aa and 11-13 (48 mg, 30% total yields) as a colorless oil.

OMe
O. _Ph
| W
Ph

11-13
2-(1,3-Diphenyl-2-propynyloxy)-1-methoxy-3-vinylbenzene (11-13)

Colorless oil; IR (neat) 3063, 2224, 1688, 1575 cm™*; *H-NMR (400 MHz, CDClIs) § 3.90
(3H,s),5.22 (1H, d , J = 11.2 Hz), 5.70 (1H, d, J = 17.6 Hz), 6.21 (1H, s), 6.87 (1H, d, J =
8.0 Hz), 7.07 (1H, t, J = 8.0 Hz), 7.19 (1H, d, J = 8.0 Hz), 7.26-7.31 (3H, m), 7.31-7.46
(5H, m), 7.76 (2H, d, J = 6.8 Hz); 3C-NMR (100 MHz, CDCls) § 55.8 (CH3), 73.9 (CH),
87.0 (Cq), 88.2 (Cq), 111.4 (CH), 114.2 (CH,), 117.4 (CH), 122.6 (Cq), 124.4 (CH), 127.8
(CH), 128.1 (CH), 128.3 (CH), 128.4 (CH), 128.6 (CH), 131.5 (CH), 132.2 (CH), 133.3
(Cq), 138.4 (Cq), 143.7 (Cq), 153.1 (Cq); HRMS (ESI) m/z calcd for C2oH20NaO2 [M+Na]*

363.1361, found 363.1365.
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Experiments in Chapter 111

Preparation of propargyl alcohol of 111-1b. To a stirred solution of p-iodotoluene (952
mg, 4.37 mmol) in EtsN (4.9 mL) and THF (7.3 mL) were added 1-(p-tolyl)-2-propyn-1-
ol (319 mg, 2.18 mmol), PdCIz(PPhs). (31 mg, 44 umol) and Cul (17 mg, 87 pumol) at
0 °C, and stirring was continued for 18 h at rt. The reaction mixture was diluted with
aqueous NH4Cl and extracted with Et2O. The combined extracts were washed with aqueous
NH4Cl and brine. The residue upon workup was chromatographed on silica gel with
hexane-AcOEt (88:12 v/v) as eluent to give propargyl alcohol 111-1b (368 mg, 71%) as

gray needles.

I11-1b

1,3-Di-p-tolyl-2-propyn-1-ol (111-1b)

Yield 71%; gray needles (Et2O—hexane, mp. 65.0-66.9 °C); IR (neat) 3357, 3027, 2920,
2227, 1509, 816 cm™1; tH-NMR (400 MHz, CDCls) § 2.19 (1H, d, J = 6.0 Hz), 2.35 (3H,
s), 2.37 (3H, s), 5.65 (1H, d, J = 6.0 Hz), 7.12 (2H, d, J = 8.0 Hz), 7.21 (2H, d, J = 8.0 Hz),
7.36 (2H, d, J = 8.0 Hz), 7.50 (2H, d, J = 8.0 Hz); 3C-NMR (100 MHz, CDCls) & 21.2
(CHs), 21.5 (CH3), 65.0 (CH), 86.6 (Cq), 119.4 (Cq), 126.7 (CH), 129.0 (CH), 129.3 (CH),
133.6 (CH), 137.9 (Cq), 138.0 (Cq), 138.2 (Cq), 138.7 (Cq); HRMS (ESI) m/z calcd for

Ci17H170 [M+H]* 237.1279, found 237.1287.

Preparattion of propargyl alcohol of Ill-1c. To a stirred solution of 1-ethynyl 2-

fluorobenzene (1.1 mL, 9.67 mmol) in THF (8 mL) were added n-BuLi (2.65 m in hexane,
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3.6 mL) at —78 °C, and stirring continued for 15 min at 0 °C. After the reaction mixture
was cooled to —78 °C, 2-fluorobenzaldehyde (0.84 mL, 8.06 mmol) in THF (8 mL) was
added dropwise, and stirring was continued for 30 min at the same temperature. The
reaction mixture was then warmed to 0 °C, and further stirring was continued for 1 h at the
same temperature. The reaction mixture was diluted with aqueous NH4Cl and extracted
with AcOEt. The combined extracts were washed with brine. The residue upon workup was
chromatographed on silica gel with hexane-AcOEt (88:12 v/v) as eluent to give propargyl

alcohol 111-1c (2.12 g, quantative yield) as a colorless oil.

III-1c

1,3-Bis(2-fluorophenyl)-2-propyn-1-ol (111-1c)

Quantative yield; colorless oil; IR (neat) 3357, 2236, 1492, 755 cm™*; *H-NMR (400 MHz,
CDCls) 6 2.61 (1H, d, J = 6.4 Hz), 6.00 (1H, d, J = 6.4 Hz), 7.03-7.12 (3H, m), 7.20 (1H,
t, J = 7.6 Hz), 7.28-7.36 (2H, m), 7.45 (1H, dt, J = 1.6 and 7.6 Hz), 7.76 (1H, dt, J = 1.6
and 7.6 Hz); 3C-NMR (100 MHz, CDCls) § 59.6 (CH, d, J = 4.9 Hz), 80.0 (Cq), 92.7 (Cq,
d, J = 4.1 Hz), 110.8 (Cq, d, J = 14.9 Hz), 115.5 (CH, d, J = 14.1 Hz), 115.7 (CH, d, J =
14.0 Hz), 123.9 (CH, d, J = 4.1 Hz), 124.4 (CH, d, J = 3.3 Hz), 127.5 (Cq, d, J = 13.2 H2),
128.5 (CH, d, J = 3.3 Hz), 130.3 (CH, d, J = 8.3 Hz), 130.5 (CH, d, J = 8.2 Hz), 133.6 (Cq,
d, J = 1.7 Hz), 160.3 (Cq, d, J = 246.9 Hz), 162.9 (Cq, d, J = 251.1 Hz); HRMS (ESI) m/z

calcd for C15H11F20 [M+H]* 245.0778, found 245.0777.

General procedure for the reaction of propargyl alcohols 111-1 with B—ketoesters I11-

2 using palladium catalyst.
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Synthesis of 111-5aa (Table 111-3, entry 6). To a stirred solution of Pd(OACc)2 (5.8 mg, 26
umol) and BINAP (32 mg, 51 umol) in dioxane (1.0 mL) were heated to 100 °C, and stirring
was continued for 5 min. After the resulting solution was cooled to rt, propargyl alcohol
I11-1a (54 mg, 257 umol), 1,3-cyclohexanedione (I111-2a) (35 mg, 308 umol) and boric acid
(3.2 mg, 51 umol) in dioxane (1.6 mL) were added. The reaction mixture was then allowed
to heat to 100 °C, and stirring was continued for 2 h. After filtration of the reaction mixture
using small amount of silica gel followed by concentration, the residue was
chromatographed on silica gel with hexane-AcOEt (80:20 v/v) as eluent to give 111-5aa (66

mg, 84% yield).

111-5aa
(2)-3-Benzylidene-2-phenyl-3,5,6,7-tetrahydrobenzofuran-4(2H)-one (I11-5aa)

Yield 84%; colorless plates (AcOEt, mp. 179.7-190.0 °C); IR (neat) 2951, 1651, 1631
cmL; 1H-NMR (400 MHz, CDCls) § 2.10 (2H, tt, J = 6.4 and 6.4 Hz), 2.50 (2H, t, J = 6.4
Hz), 2.56 (2H, dt, J = 1.6 and 6.4 Hz), 6.56 (1H, d, J = 2.8 Hz), 7.00-7.08 (3H, m),
7.09-7.14 (2H, m), 7.29-7.33 (3H, m), 7.38-7.42 (2H, m), 7.67 (1H, d, J = 2.8 Hz); *C-
NMR (100 MHz, CDCls) & 21.3 (CHy), 24.7 (CH>), 37.7 (CHz>), 89.0 (CH), 115.4 (Cq),
120.2 (CH), 126.1 (CH), 128.0 (CH), 128.1 (CH), 128.2 (CH), 128.8 (CH), 129.2 (CH),
135.0 (Cq), 136.1 (Cq), 136.7 (Cq), 180.5 (Cq), 194.2 (Cq); HRMS (ESI) m/z calcd for

C21H1sNaO2 [M+Na]" 325.1204, found 325.1208.
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(2)-3-(4-Methylbenzylidene)-2-(p-tolyl)-3,5,6,7-tetrahydrobenzofuran-4(2H)-one
(111-5ba)

Yield 81%; colorless plates (AcOEt—hexane, mp. 145.8-151.0 °C); IR (neat) 2948, 1653,
1599 cm; 'H-NMR (400 MHz, CDCls) & 2.08 (2H, quint, J = 6.4 Hz), 2.22 (3H, s), 2.31
(3H, s), 2.48 (2H, t, J = 6.4 Hz), 2.54 (2H, t, = 6.4 Hz), 6.51 (1H, d, J = 2.8 Hz), 6.94 (2H,
d, J = 8.4 Hz), 6.98 (2H, d, J = 8.4 Hz), 7.13 (2H, d, J = 8.0 Hz), 7.31 (2H, d, J = 8.0 Hz)
7.63 (1H, d, J = 2.8 Hz); ¥C-NMR (75 MHz, CDCl3) & 21.0 (CH3), 21.2 (CH3), 21.3 (CHy),
24.8 (CHy), 37.7 (CH>), 88.9 (CH), 115.4 (Cq), 120.1 (CH), 128.0 (CH), 128.2 (CH), 128.8
(CH), 129.6 (CH), 133.3 (Cq), 133.9 (Cgx2), 135.9 (Cq), 139.1 (Cq), 180.2 (Cq), 194.3

Cq); HRMS (ESI) m/z calcd for C23H22NaO2 [M+Na]* 353.1517, found 353.1518.
(Cq

F
III-5ca

(2)-3-(2-Fluorobenzylidene)-2-(2-fluorophenyl)-3,5,6,7-tetrahydrobenzofuran-4(2H)-
one (111-5ca)

Yield 85%; colorless needles (AcOEt—hexane, mp. 113.5-135.8 °C); IR (neat) 2951, 1659,
1600 cm%; 'H-NMR (400 MHz, CDCl3) 8 2.13 (2H, quint, J = 6.4 Hz), 2.52 (2H, t, J = 6.4
Hz), 2.60 (2H, q, 6.4 Hz), 6.79 (1H, d, J = 2.8 Hz), 6.80-6.87 (2H, m), 6.90-7.02 (4H, m),
7.12-7.23 (2H, m), 7.60 (1H, d, J = 2.8 Hz); 3 C-NMR (100 MHz, CDCls) § 21.3 (CH>),

24.7 (CH,), 37.6 (CH,), 82.8 (CH, dd, J = 5.8 and 3.3 Hz), 112.2 (CH, d, J = 3.3 Hz), 115.08
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(Cq), 115.13 (CH, d, J = 22.3 Hz), 115.3 (CH, d, J = 21.5 Hz), 123.1 (Cq, d, J = 14.0 Hz),
123.4 (CH, d, J = 3.3 Hz), 124.2 (CH, d, J = 3.3 Hz), 124.6 (Cq, d, J = 14.0 Hz), 128.0 (CH,
d, J = 8.3 Hz), 128.8 (CH, d, J = 4.1 Hz), 129.2 (CH, d, J = 3.3 Hz), 131.0 (CH, d, J = 8.3
Hz), 137.7 (Cq), 159.5 (Cq, d, J = 247 Hz), 161.1 (Cq, d, J = 249 Hz), 181.7 (Cq), 194.0

(Cq); HRMS (ESI) m/z calcd for C21H1sF2NaO2 [M+Na]* 361.1016, found 361.1012.

III-5da

(2)-3-(4-Fluorobenzylidene)-2-(4-fluorophenyl)-3,5,6,7-tetrahydrobenzofuran-4(2H)-
one (I11-5da)

Yield 62%; colorless oil; IR (neat) 2951, 1654, 1605, 1508 cm*; *H-NMR (400 MHz,
CDCl3) & 2.11 (2H, tt, J = 6.4 and 6.4 Hz), 2.50 (2H, t, J = 6.4 Hz), 2.57 (2H, dt, J = 3.2
and 6.4 Hz), 6.50 (1H, d, J = 2.8 Hz), 6.81 (2H, t, J = 8.4 Hz), 6.95-7.15 (4H, m), 7.35 (2H,
dd, J = 5.2 and 8.4 Hz), 7.62 (1H, d, J = 2.8 Hz); 3C-NMR (100 MHz, CDCls) & 21.3
(CH2), 24.7 (CHy), 37.7 (CH2), 89.0 (CH), 115.0 (CH, d, J = 21.5 Hz), 115.8 (CH, d, J =
21.4 Hz), 119.2 (CH), 129.7 (CH, d, J = 8.3 Hz), 130.1 (CH, d, J = 9.1 Hz), 131.8 (Cq, d,
J=3.3Hz), 132.8 (Cq, d, J = 3.3 Hz), 134.86 (Cq), 134.87 (Cq), 160.9 (Cq, d, J = 192 Hz),
163.3 (Cq, d, J = 193 Hz), 180.5 (Cq), 194.2 (Cq); HRMS (ESI) m/z calcd for Ca1H17F20;

[M+H]" 339.1197, found 339.1191.

(2)-3-(4-Chlorobenzylidene)-2-(4-chlorophenyl)-3,5,6,7-tetrahydrobenzofuran-

-99_



4(2H)-one (111-5€ea)

Yield 84%; colorless plates (acetone, mp. 168.0-169.7 °C); IR (neat) 2949, 1654, 1603
cm % *H-NMR (300 MHz, CDCls) & 2.10 (2H, tt, J = 6.6 and 6.6 Hz), 2.50 (2H, t, J = 6.6
Hz), 2.56 (2H, dt, J = 2.4 and 6.4 Hz), 6.50 (1H, d, J = 3.0 Hz), 6.96 (2H, d, J = 8.4 Hz),
7.10 (2H, d, J = 8.4 Hz), 7.28-7.32 (4H, m), 7.61 (1H, d, J = 3.0 Hz); 3C-NMR (100 MHz,
CDCls) & 21.3 (CHy), 24.7 (CHy), 37.6 (CH_), 87.9 (CH), 115.2 (Cqg), 119.1 (CH), 128.3
(CH), 129.2 (CH), 129.3 (CH), 129.5 (CH), 132.0 (Cq), 134.1 (Cq), 135.0 (Cq), 135.3 (Cq),
135.4 (Cq), 180.7 (Cq), 194.2 (Cq); HRMS (ESI) m/z calcd for C21H17Cl202 [M+H]*

371.0606, found 371.0608.

X-Ray crystallographic analysis of compound I11-5ea. A colorless block crystal having
approximate dimensions of 0.60 x 0.40 x 0.30 mm was mounted on a glass fiber. All
measurements were made on a Rigaku RAXIS RAPID imaging plate area detector with
graphite monochromated Mo-Ka radiation. The structure was solved by direct methods
(SIR97) and expanded using Fourier techniques (DIRDIF99). The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were refined using the riding model. The
final cycle of full-matrix least-squares refinement on F was based on 16691 observed
reflections (I > 0.00c(l)) and 243 variable parameters, and converged (largest parameter
shift was 0.50 times its esd) with unweighted and weighted agreement factors of R = 0.065
and Rw = 0.180. Crystal data for I11-5ea: C21H1602Cl2, M = 371.26, monoclinic, space
group P21/c (#14), a = 12.0101(5) A, b =9.0739(3) A, ¢ = 17.4689(7) A, B = 110.131(1)

0,V =1787.4(1) A3, Z = 4, Dc = 1.380 g/cm?, F(000) = 768, w(MoKa) = 3.74 cmL.
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Figure E-5. ORTEP drawing of (Z)-111-5ea.

syn-111-5ab anti-111-5ab

(2R,6R)- and (2R,6S)-3- (Z)-Benzylidene-6-methyl-2-phenyl-3,5,6,7-
tetrahydrobenzofuran-4(2H)-one (syn-111-5ab and anti-111-5ab)

Yield 82%; colorless needles (AcOEt—hexane, mp. 146.6-167.2 °C) 1:1 mixture of
diastereomers; IR (neat) 2953, 1652, 1602 cm™!; *H-NMR (400 MHz, CDCls) for 1 : 1
mixture of diastereomers: 6 1.13 (1.5H, s), 1.15 (1.5H, s), 2.20-2.32 (2H, m), 2.32-2.44
(1H, m), 2.54 (1H, dt, J = 16.4 and 3.2 Hz), 2.61 (1H, dt, J = 17.6 and 4.0 Hz), 6.57 (1H,
d, J = 2.8 Hz), 7.00-7.08 (3H, m), 7.08-7.14 (2H, m), 7.29-7.33 (3H, m), 7.37—7.42 (2H,
m), 7.64 (0.5H, d, J = 2.8 Hz), 7.66 (0.5H, d, J = 2.8 Hz); *C-NMR (100 MHz, CDCls) for
mixture of diastereomers: 6 20.88 (CHz), 20.91 (CHs), 29.3 (CH), 29.5 (CH), 32.6 (CH>),
32.7 (CHy), 46.20(CH), 46.22 (CH,), 89.35 (CH), 89.38 (CH), 115.0 (Cq), 115.1 (Cq),

120.0 (CH), 120.2 (CH), 126.1 (CHx2), 128.01 (CHx2), 128.08 (CH), 128.15 (CH), 128.20
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(CH), 128.22 (CH), 128.8 (CHx2), 129.2 (CHx2), 135.0 (Cgx2), 136.1 (Cqx2), 136.7
(Cgx2), 180.2 (Cgx2), 193.8 (Cgx2); HRMS (ESI) m/z calcd for CyoH2102 [M+H]*

317.1542, found 317.1546.

o Ph o] Ph
/ /
+
Ph “11Ph
Ph O Ph o
syn-111-5ac anti-111-5ac
(2R,6R)- and (2R,6S)-3-(2)-Benzylidene-2,6-diphenyl-3,5,6,7-tetrahydrobenzofuran-
4(2H)-one (syn-111-5ac and anti-111-5ac)

Yield 80%; colorless needles (acetone—AcOEt, mp. 171.0-184.1 °C); mixture of
diastereomers; IR (neat) 3029, 1654, 1605 cm™t; *H-NMR (400 MHz, CDClz) for 3 : 1
mixture of diastereomers: 6 2.74-2.84 (4H, m), 3.94 (1H, tt, J = 8.0 and 8.0 Hz), 6.62 (1H,
d, J=2.8 Hz), 7.01-7.09 (3H, m), 7.09-7.16 (2H, m), 7.24-7.30 (3H, m), 7.30-7.38 (5H,
m), 7.38-7.42 (0.5H, m), 7.42—7.46 (1.5H, m), 7.68 (0.25H, d, J = 2.8 Hz), 7.71 (0.75H, d,
J = 2.8 Hz); ¥C-NMR (100 MHz, CDClIs) for mixture of diastereomers: § 32.2 (CH), 32.3
(CH), 39.8 (CH), 40.1 (CH), 45.0 (CH2), 45.3 (CH>), 89.7 (CH), 89.8 (CH), 115.4(Cq),
115.5(Cq), 120.5 (CH), 120.8 (CH), 126.32 (CH), 126.33 (CH), 126.69 (CH), 126.72 (CH),
127.2 (CH), 128.1 (CH), 128.2 (CH), 128.28 (CH), 128.31 (CH), 128.4 (CH), 128.85 (CH),
128.88 (CH), 128.91 (CH), 128.93 (CH), 129.31 (CH), 129.32 (CH), 134.67 (Cq), 134.73
(Cq), 136.06 (Cq), 136.07 (Cq), 136.63 (Cq), 136.66 (Cq), 142.2 (Cq), 142.3 (Cq), 179.6
(Cagx2), 192.75 (Cq), 192.80 (Cq); HRMS (ESI) m/z calcd for C27H22NaO, [M+Na]*

401.1517, found 401.1525.
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1-5ad
(2)-3-Benzylidene-6,6-dimethyl-2-phenyl-3,5,6,7-tetrahydrobenzofuran-4(2H)-one
(111-5ad)

Yield 77%; colorless needles (AcOEt—hexane, mp. 126.7-136.6 °C); IR (neat) 2958, 1654,
1606 cm%; IH-NMR (400 MHz, CDCls) & 1.13 (3H, s), 1.16 (3H, s), 2.39 (2H, s), 2.43
(2H,s), 6.58 (1H, d, J = 2.8 Hz), 7.00-7.15 (5H, m), 7.28-7.34 (3H, m), 7.38—7.43 (2H, m),
7.66 (1H, d, J = 2.8 Hz); 3C-NMR (100 MHz, CDCls) & 28.5 (CH3), 28.6 (CH3), 34.0 (Cq),
38.5 (CHy), 52.1 (CH>), 89.4 (CH), 114.2 (Cq), 120.0 (CH), 126.1 (CH), 128.0 (CH), 128.1
(CH), 128.2 (CH), 128.8 (CH), 129.2 (CH), 135.0 (Cq), 136.3 (Cq), 136.7 (Cq), 179.6 (Cq),

193.5 (Cq); HRMS (ESI) m/z calcd for C23H2202Na [M+Na]* 353.1517, found 353.1517.

O Ph

/

(0]

Ph

I11-5a¢
(2)-3-Benzylidene-7,7-dimethyl-2-phenyl-3,5,6,7-tetrahydrobenzofuran-4(2H)-one
(111-5ae)

Yield 25% (53% brsm); colorless plates (ACOEt, mp. 138.3—-144.0 °C); IR (neat) 2965,
2928, 1655, 1589 cm™; 'H-NMR (400 MHz, CDCls) § 1.17 (3H, ), 1.29 (3H, s), 1.85-1.98
(2H, m), 2.56 (2H, t, J = 6.4 Hz), 6.51 (1H, d, J = 2.8 Hz), 7.00-7.08 (3H, m), 7.09-7.15
(2H, m), 7.27-7.30 (3H, m), 7.32-7.36 (2H, m), 7.61 (1H, d, J = 2.8 Hz); 1*C-NMR (100
MHz, CDCls) § 24.9 (CHsx2), 33.4 (Cq), 35.5 (CH?2), 36.6 (CH>), 88.7 (CH), 113.1 (Cq),
120.4 (CH), 126.2 (CH), 128.00 (CH), 128.03 (CH), 128.2 (CH), 128.7 (CH), 129.0 (CH),

136.2 (Cq), 136.6 (Cq), 136.9 (Cq), 186.3 (Cq), 194.1 (Cq); HRMS (ESI) m/z calcd for
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C2sH22NaO2 [M+Na]* 353.1517, found 353.1510.

(@) Ph
/
Q]

X0

Ph

I11-5af
(2)-3-Benzylidene-6-methyl-2-phenyl-2,3-dihydro-4H-furo[3,2-c]pyran-4-one
(111-5af)

Yield 62%; colorless plates (acetone—hexane, mp. 166.9-176.4 °C); IR (neat) 3030, 1724,
1626, 1569 cm™; TH-NMR (400 MHz, CDCls) & 2.30 (3H, s), 5.99 (1H, s), 6.72 (1H, d, J
= 2.8 Hz), 7.03-7.17 (5H, m), 7.30-7.34 (3H, m), 7.38-7.46 (2H, m), 7.49 (1H, d, J = 2.8
Hz); 3C-NMR (100 MHz, CDCls) & 20.6 (CH3), 91.1 (CH), 96.1 (CH), 103.5 (Cq), 121.1
(CH), 126.7 (CH), 128.2 (CHx2), 128.4 (CH), 129.0 (CH), 129.5 (CH), 132.9 (Cq), 135.7
(Cq), 136.0 (Cqg), 159.5 (Cq), 165.9 (Cq), 171.6 (Cqg); HRMS (ESI) m/z calcd for

C21H1sNaOs [M+Na]* 339.0997, found 339.1005.

I1I-5ag

(2)-3-Benzylidene-7-{3-(tert-butyldimethylsilyl)-2-propyn-1-yl}-6-methyl-2-phenyl-
2,3-dihydro-4H-furo[3,2-c]pyran-4-one (111-5a9)

Yield 72%; yellow needles (acetone—hexane, mp. 170.0-174.8 °C);IR (neat) 2952, 2928,
2856, 2175, 1730, 1559 cm*; *H-NMR (400 MHz, CDCls) & 0.03 (6H, s), 0.86 (9H, s),
2.39 (3H, s), 3.30 (2H, g, J = 18.0 Hz), 6.74 (1H, d, J = 2.8 Hz), 7.05-7.12 (3H, m),
7.12-7.16 (2H, m), 7.31 (2H, t, J = 3.2 Hz), 7.40-7.44 (2H, m), 7.49 (1H, d, J = 2.8 Hz);

13C-NMR (100 MHz, CDCls) § —4.7 (CHs), 15.0 (CHz), 16.4 (Cq), 17.7 (CHs), 26.0 (CHs),
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84.2 (Cq), 90.3(CH), 101.8 (Cq), 103.7 (Cq), 104.4 (Cq), 121.3 (CH), 126.7 (CH), 128.2
(CH), 128.3 (CH), 128.4 (CH), 128.9 (CH), 129.4 (CH), 133.5 (Cq), 135.7 (Cq), 136.1 (Cq),
159.0 (Cq), 163.2 (Cq), 170.5 (Cq); HRMS (ESI) m/z calcd for CsoH32NaO3Si [M+Na]*

491.2018, found 491.2011.
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