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—ELISIE, AFERG RIERN O RERET AT 2L R REEE — 2%
ICHESES 2 Z LN TE B2, BIUIEE TIlOkk & 7afiffit « JLE 2 W H 3 2 BF9EH
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+
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up to 93% yield
/R1 R
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+ [
2 [l
R\ 0 R Y o ®)
\ R1 R1
up to 96% yield
/ R1 R'I
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) 3 mol % R!
R CO,R? [Rh(cod),]BF 4/ CO.R?
|‘| I Hg-BINAP 2
+ L
CH,Cly, rt CO,R?

CO,R?

R1
(2 equiv) (1 equiv) ‘O up to 95% yield (13)
PPh, Para selective
l ! PPh,
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LU HNR BT AT E DN TN = RO K DT v o Ty
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5 mol %
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(CH2)n | 8 >
\ CH,Cl,, rt CO,R (14)

(n=7-12) (1 equiv) n=7-12
up to 53% vyield
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X207 THLINDO LI IR ZELOLZ TS E 5 Z LIZkEh LTz,
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DERITINETERIN TV oTn, £ TEHIL, VA VIHIE 72284
BN EEANT D E VI BIOT 7 u—FIZ L - T, 2 DOGE % w72 BREE TR
FTE01FnwhEEX T, MERBEEBNEZATHVA CEREIL, BT
F om0 A()EERAREE 2 V2T L o & bR L O ERIREY 2255+
FBRAL = AL SO A UL, 8R 72 5 BB ORI L A DO~ B
RAEATHLERMERERS 707 7 OGBARBIZR 2D TIX R W EE
z 1= (3 15),
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RSN T2 ZBALRUNC I 1T DR MFREEOER Z B & L, il e
BARP 1 = BRSO B T OUSH B 27, BRmicix, v A
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B KT AR L ARG L DRI ERILSIS OB & 2
BEMEGLR « BEIRBE R e~ I

I

B A SRR 2 2 0 R Z BALROSIE, BV o —BE
BETRUB LR Y DU E DRk 2 IR BREIE A RS T X D8O TH MRS T
bb, BT, BBABAME L V=T LR 2 5T L REaFbAa & D5y
FHIBRE = BCRONE, AFESRIEEN D2 RERREE AT 5 2 ¥ Rk
W —RICHEST D LN TE D0, fix el - 8 20 H 3 20580 8
BENTEREY, BUEETIC, TAFU 2018, TAX (spRE—RERM
FFES). = MUV (sp RFE—EJBAAFIFESR). 4 VT Fx— b (sp RFE—%
FAREFHER) . DVARTA IR (sp RFE—EHRBAEFES) . ZWLiRFE (sp
R — BREARTIRER) . T L (sp 3% — RFEALFFER) . TA7 > (sp? R
- IRFEABFIER) . A 2> (sp? IRFE —BHRAAES) Lo rgRl =&
(ERISDHRE SN TEY , 2R P UBRROANT O BOMENTREL o T
W5,

LU, BB Z A= T L o L LR = b (sp? [R3E—
e AREATIAEA) & OB = BAL S OWMERNIRZDVEICTR SN TS, T
L VR AE Y (sp® RFE —BRFEARIGES) & OB =B(LRIED
RAOME L LT, 1988 4RI, ki DIz L » T= v 7 /VES Rl % Fv 7=
RIS Sz, ZORIGIE, FRIC2 50T VX 28T Ha,e-PA v &
TLT e REDFGTHBIL=ZELKETHY | o- BT U FERN EIGETH
SNEZ ENHESATHS (R 11) 2, LanLl, £EELTHYONRS L
R=UbEMIL, TAT 8 ROAIZIRELN TV, 72, a,0-V A1 DU o h—
HL Z OFEFAIZ KV fOKEBE AR BT D8I b EITT 5720, 0,0- A D
1 FHEPH I S IR B o 72,
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5 mol %
ol O Ni(cod),/2PR3 o
=R R? "H ’ 7 R2
R!
up to 90% yield

(1-1)

HHE, =R BIC XKD B = v 7 VIR 2 FN T2 BOS DS S 7214,
WL ONDEBEBEBEREZ WIS HHE S0, Ans 4R 2 LA
RIRBZR I VAR = AL ETHIR D B o 7=, Bl 21X, 2005 121X Louie HE, =
thmm(MA%D%%ﬁw&V)%m%ﬁ%%wtﬁm%ﬁﬁbfk@\
FEEHEELTTI AT E RETTRSETFEERY T VXA b6 & 72

V. BAL =B LRSITHEW TE 2 2 B BRI RSIT K o TBRER L7223 &
NETHELATHS (K1-2) 9,

R1
I 1 5 mol % Ni(cod),/
S R0 10 mol % SIPr 7 °
_— Rt R2 “R3 toluene, rt R
(1-2)
up to 91% yield
QVp
SIPr

Fo, BE, S R, Vollhardt 512X > T r bk E vz
[FER D0 T NERIL — BAL RGN STV D, = F VSRR & [FEk D
a,0-A & TIVIR= G & OB =B SOSTET T < 0 FRIL T L
VERTDHHNVRKRENMMEE THDL T AX=T LT E RRTIVR ) o EE )
A EDBRIL =ZBALINI L D a0 b —a- BT VR, 3B L OE BRI G
ko TR LIZa v b =&V ) Uk A E#RE LT D (K 1-3)
O, &R, HTRC20DT XL EHTHUNR=LAEM TH D VA F—
. VA U ERWE, a bk —a-B T UK, ar h kT g 5
RoOGRLEE LTS (K 1-4), F7=. Gleiter 5 HIZIZIEREIZ Vollhardt &
kﬂ%@ﬁi%bfw 0, Frm, 2L MR E WIS TR, Kia,o-Y
A L& BTN THLTE M ZHW KIS bHEINTEBY, 2390
%—wt7/%%ﬁ$&E@W¢T%%MTw5erwﬁowa\:ﬁw
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F—H
Kt 77T o & G R ZAAE G & DT ZLRAEIS DIFE & 2 FREVEROL « BRI TE R THFE A~ DI
JF

NEEARZ W T2 RO TUE, B a0 b — o VEERE TR T D728,
fbFEimmEO a7V FEANRVETH D E WO REEE L TV 5,

__TMS CpCo CpCo.TM
= .|| _CeeecHoa: Ay ™S C(/Ji S
+ >
23°C <::T N~ TS (1-3)
= TMS 07 TMS ke

R =H, 18% yield R = Me, 85% yield

— CpCo(CO),
( n o
R toluene, hv
— 110 °C
n CpCo n
/ X (1-4)
/\ o) Me
CpCo CpCo CHO
up to 69% yield  up to 33% yield up to 22% yield
(R=H) (R =Me)

— =~ =0
/ (0] CpCo(CO)(MA
Z * )J\ PROCOXTA > Zi:Q\ Me

\ — Me Me hv, acetone CoCd Me (1_5)

up to 41% yield
MA = maleic anhydryde

A U< MEi & LT, 2002 FFICmtE b2yl Lz b a =0 AEEREZ
T, TAXEBEBTFRREY b L OBIL=ZRBLKIER H Y, ZOKIGTIE, X
COIZVNT= NI L TTAF U ERIGSEDLZEICE->T, Yvaty
TR TR ESED, I hvax— N2 LIk o T,
HIYE T 50-87 VFEEREHNETHELA TS (X 1-6), £/, Aifo,o-
CAUHBRB LY aF v a2V b hvaik— Rk EDORIET
X, BB X o TRER L7 BRiF 72 R TR LTS (K 1-7),
IOV N A=y AERERAWE ST, 7 b~ x— A EHWS 2
EINTERNWI L bR EREOV L A= MEERKRLETHLZ L. HEMN
CoHoonatryr/7aXe P2 OBV ETHLHZ L, R EOREEEL
TW5,
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R R

1 BiCl, 1
R — O (2 equiv) R Z>0
ZrCp, + P —_—
RZ EtO,C” "CO,Et  THF R2 X\ COzE (1-6)

CO,Et
R? (2 equiv) 2 2

up to 98% yield

R R
° BiCl, o
= (2 equiv)
NSO N e R (1-7)
EtO,C~ “CO,Et  THF |
R (2 equiv) Et0,C~ “CO,Et

up to 76% yield

F7-. EES & RFICIUA L, LT = AR A T RS B
LTHY, Yo/ UBFBEERTREOINERTHELATNS (X 1-8) ), 20K
JETIE, 1,6-V A D7l L —2oD7 )X U RSB TRITIER 57
WEWIHIRNH Y, F/o, EFART P ELTHr b~v~rx—br2HWD L
B D,

R
. 5-10 mol %
2/7 — R O CpRueod)Cl /" J O
. .
p— EtO,C~ "CO,Et (CHCI)z, 90 °C

| (1-8)
EtO,C”° "CO,Et
up to 75% yield

Cp* = 7°-1,2,3,4,5-pentamethylcyclopentadieny!

VAR CIE, B U MBS RAME 2 FI - )OS S G STl Y | 2005 4FICITE
BHIZkoT, FHNIZ 2 DOT AR 28T HHNVR=EMTHDHIA
F— L DFERS TN ZBALSISRHE ST g (R 1-9) 8,

R%\ 5 mol % R O
Z  [Rh(cod)Cl], o R
= CO(1atm) o) L9
z toluene " 7 \— 7 * N\ / (1-9)
N\ Z Z
o up to 33% yield
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F—H
Kt 77T o & G R ZAAE G & DT ZLRAEIS DIFE & 2 FREVEROL « BRI TE R THFE A~ DI
JF

F72. 2007 FIZEFOFET HMITETIE., a,0-TA > & INVR=LEY
EDNGANZBALRSERE LTV D, ZONTIE, Bk = EBb Gk
SBFERISICE TR LEY D UFEEREIERTELLTWS (X
1-10) 9, F7=. RO = v B LA UL MEKRE AW RIETIE T VT
FBIOEFEESY Yy, VLa=y B0V T =0 A KE WG T

ITEFART hrDR &R T L] 77/1/?:/1/“:/—\%@5_)5%’*.753‘%%&ézh‘f
W=, B AR E WIS TIX T VT e K, B w7 by, BEA
B N BRI R o T2,

Fio, RRHIZERGICL > T, T4 Me o7 A(1)/BINAP SE K 4 H
W o,0-T A 2 TIVIR =LA & DA NS J:éT%f/%ﬂ::Eﬂ:}i
IR THE 7210, Z OIS TIE, SR 16-DA LA AV E AT, B
b= EAbLROSITHE < BRI OSI iof%ﬁLKVi//m%%ﬂmﬂ¢f
BFonctng (3KN1-11), UL, FEFF16-v 1 (1-12) & L<IL1,7-v
A (K 1-13) ZHWE & XI2iE, PARK TH D0-v° 7 FHEERD mIFE) D
BT T AERETE LTV D,

5 mol % =
o [Rh(cod),]BF,/
/—— R o] Hg-BINAP | o
z + - Z
= R? R3J]\R4 CHCly, t R? (1-10)
R "R

up to 99% yield

5 mol % R
_ [Rh(cod),]BF 4/
Z/—_ R . f]\ BINAP - | 0]
\%R R1 R2 (CH20|)2, rt R (1-11)
|
R" "R?

up to 96% yeild

15



5 mol % Ph
[Rh(cod),]BF 4/

B/ — °Fh 0 (S)-BINAP E o
Xt : :
E — Me Me~ “CO,Me  (CH2Cl2 rt E X Me

CO,Me

Me
E = CO,Bn OO 48% yield, 97% ee (1-12)
PPh,
! i PPh,

(S)-BINAP

5 mol % Ph
[Rh(COd)z]BF4/ E

E =M
E © )OJ\ ligand E ZNe)
+ L
E (CH,Cl),, 1t E A Me )
j( — e Me” COxMe £ I COMe (1-13)
e

(S)-BINAP: 89% vyield, 24% ee
(S)-Hg-BINAP: 76% yield, 42% ee

E = COzEt

F£7-. 2008 HFIZEFHOFTET HMIEETIE, a,0-VA T VIR ARR—
DY THNTORIE=E(LRISEZHRE L TEBY, Y/ UFHEERDEINE
TELIATWS (X 1-14) 11 X5z, 2011 Fl2iE, a0-PA v B4 b=
AT NEDLEGFNTOREFRIE =B ERELTEBY, Y/ UFHER
MEIR PO ENTF o FARRETHESA TV S (R1-15) 9,

10 mol % R!
o [Rh(cod),]BF 4/
/— R o) Hg-BINAP | o
z + - Z
\%R2 R3JJ\P(O)(OEt)2 CHZC|2, rt | R2 (1-14)
R3" “P(O)(OEt),
up to 90% yield
5 mol % R
L, [Rh(cod),]BF 4/
/— R O O (R)-Hg-BINAP | o
z + Z
\%RZ RSMRS CH20|2, rt | R2 ( )
R CORS 1-15
R3 ‘/
R4

up to >99% vyield
up to 99% ee

16
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Kt 77T o & G R ZAAE G & DT ZLRAEIS DIFE & 2 FREVEROL « BRI TE R THFE A~ DI
JF

ZDEX DT, BRx BB RSB Z W T LR v L VR = VLAY
& DO ZBALSIE DM STV DD, MBS DRI BIE TS -0 T K
SRR BT Y | A 70 TRIFOGTE s 7o < HE SN TR o Tz,

—J7. 2006 {2 Krische H1E, B F A MEm 2w A(D/BIPHEP A filit 2
7oy aBy, AT L a—VOEREREL TWD, ZORISTIE, 7EF L
vio-r hZ AT EDMNINMBRAGOEDFRIIETH LA F a7 ua~7H
CEVEKFBTETICHESEDL Z LICE > T, By, Afafn7 L a—/LR
EETHELATNS (R 1-16) ¥, LarL, AFxHnFrnSrgoxy
25 O TTAIREEIC X D ZBALROSIZIZRTI L T\ e oz, LENR- T, R
FPERENTWARWT L & LR = LAY & ORI S - = B s
OBFIT, BAL = BALRISICB T 2 S bR E MO & L CHEER
WFERE T H 5,

5 mol %
H [Rh(cod),]BF 4/
|| o BIPHEP OH &
+ L
2 1JJ\ 2 Ph3CCO2H =
R'" “CO,R R
2 Na,SO,, H ! 2
H ao 4, F2 COzR

CH,Cl),, 25 °C
(CHZC)2 up to 88% yield

R CO,R?
CO/H )

| . Rh_OZCCPh3

O PPh,
! PPh,

BIPHEP

(1-16)

—FH., EFOFRBRTHOMAETIE, TNETITIFAF U HEr T T A
()/Hg-BINAP $&{Afiit 2 =, 7 U — Lo F = o—F L= hU L AV
73— MO TRRE _EEICEZRELTEBY, = NIANLEY VUG
BIK, A YT x— oY FUFEERPNTILS BAF 2RI DAL
BRI TELND Z LA REBLTWS (R 1-17) ¥, ZAbosTIR, 7
V—/xF=/x—T)b 2 5pFiMEFR SO ERIRIZ e U0 AT ERIER
fbllcm &y a2 ik A BgEE 72> T0WD, ZorK v 7 ax

17



YHATVTREIR A DGR LT YT A—REMEICOm L= P Y B LD
A VT = b DR — RO DLERIRACENL - AT 5 2 & TRek
LEFRIRMEDR IR LI EBEZX BN D,

5 }ON [Rﬁ(S rSOI]g)F / QAT
gz .R cod),]BF
Z HB wa— Hg-BINAP S\ R
+ or
A o+ OF & 8+ CH,Cl, 1t Ao NN
RN R o _
o— up to 82% yleld up to 53% yield
Chemo- & Regioselective Perfect Regioselectivity
Oxidative Cyclization -
4 Reductive (l 17)
Elimination
Rh* N&—  &-
Aro\M 5 I‘I 54 OF 54 |_| ArO_ Rh* ArO_ Rh*
&+ —> OAr Regloselectlve \g—/\ \gf
A Insertion

Z T TCEEIL, B TF A T P A (1)/He-BINAP SEAMAFAE T, /0 L=~
faffbamickt LD TEWRIEEZ AT 567 ) — L =F =Lz —7 /L& H

MIE, RELS DW= DR =ALEY (sp? RFE —RFZBREAFIRES) & Db
B RO ERNA 22 0 R =8OS EIT L, o7 B8R s L<IX
B ERIREUSNT £ > THHER L7z o, By, 0- N Eafn h v iR = v b &) (V=i X
TOVHEIR) BDEOLNDOTIEERVWNEZE 2T (K 1-18), AFEICIUE, 7€
KT ic/\ﬁizl%ﬁfméﬁﬁgﬁﬁ‘é Mo T VBB L < 1da,By,5-RAIFIH LR
=L EM DR FIRE L 72 5,
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8+ OAr OAr OAr
o—
=z .
0% Rh(l)* Catalyst Z>0 | 0
+ “ R or
ArO 1 2
R's. R ArO 1 ArO
8-1-\% o+ R |
o— R1 R2
Chemo- & Regioselective
Oxidative Cyclization Reductive Elimination (1-18)
0%
Rh* ArO_ Rh*
ArO _ N
\M i R1£+\ R I ]
> 2
&+ —= OAr | Regioselective — R1R
Insertion
A ArO

TV =N F = —=TF e NN = MG E DO Z et Lok, 7
F A MEr 27 A(1)/Hg-BINAP SEARREAA/E T =R T H O MRk =&k
Fnd L OVEFBREREDEIT L, P U 2T LHERNEI RO E4A
INLEERE TR LN Z R L (R1-19), ZoiEME AR (B8
—®) 2Tk 5b,

[Rh(cod),]BF .,/

Hg-BINAP COLAr
OAr 0 catalyst 2 R2
2 + L - NN
Il R “R2 CH,Cl,, rt
OAr R!
up to 98% yield
Perfect Regioselectivity (1-19)
High Stereoselectvity
OAr
—| L1
R1
ArO X R2

Fo EHT, B ETHRARD I TF A M D7 A (1)/Hg-BINAP S A ikt 2
W=T ) = F = —T v & VR = UL A & D4y = EBAL RS %
HALEAFZ T ARG ERF L, bbb, hFA e vy A
(1)/(R)-Hg-BINAP $&{ARHAZIE R, IR =AM ZTE-TAF= LT L
T REAWTT V=L F =z —7 ) & DORUGZEAT 21, ALFEIRIC 5-
TNAX=Z VT AT ROT AT RENLE O =8IRS EIT L7214,
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R LTz A DAy IR [A+2) A INER AV SO 23 # e B A T35 O Tl
i E &z 7~ (Scheme 1-1),

OAr 0] [Rh(cod)z]BF4/fR)-H8-BlNAP
_< catalyst
+ -
| | z H solvent, rt
—— R
Intermolecular Trimerization
OAr H o
r
same catalyst?
/_//_\g Y Z
Z ArOQC COzAr
—— R R

Intramolecular Asymmetric [4+2] Cycloaddition

Scheme 1-1. Application of rhodium-catalysed trimerization to one-pot reactions.

WETORE R B F A M 27 A(1)I(R)-Hg-BINAP SEAMNAFAE T, 7 U —/L
TF T —F )L B-TAXRZ LT ILTF b RDOZ T LAy F M= BAUROSIARF
Oy F NI IMBAL RIS EIT L, % T L7 a4 2o R RN BT 72
WERIPOTFRREL LT 27 AR, WRISHD Trho ) T4
BRMETHRONDZ L& L (K 1-20), ZOREME ARG G5 %)
IZ TR 5,

[Rh(cod),]BF 4/
oA o (R)-Hg-BINAP
r catalyst

IR ‘

Z H (CH,Cl),, 80 °C
\;R

OAr

COzAr (1_20)

N
.
Py

up to 67% yield
99->99% ee
Single Regioisomer
Single Diastereomer
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1) For selected recent reviews of transition-metal-catalyzed cyclotrimerizations, see: (a)
Weding, N.; Hapke, M. Chem. Soc. Rev. 2011, 40, 4525. (b) Dominguez, G.;
Pérez-Castells, J. Chem. Soc. Rev. 2011, 40, 3430. (c) Ingleshy, P. A.; Evans, P. A.
Chem. Soc. Rev. 2010, 39, 2791. (d) Perreault, S.; Rovis, T. Chem. Soc. Rev. 2009, 38,
3149. (e) Galan, B. R.; Rovis, T. Angew. Chem., Int. Ed. 2009, 48, 2830. (f) Tanaka,
K. Chem. Asian J. 2009, 4, 508. (g) Varela, J. A.; Saa, C. Synlett 2008, 2571. (h)
Shibata, T.; Tsuchikama, K. Org. Biomol. Chem. 2008, 6, 1317. (i) Heller, B.; Hapke,
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FHT N2 & IR = AAE A & DI T ZRHEITIENT I B oy, TRIFIH R = /AL WD B

F—E Kb 7 VX LNV R =AM & DT = BALROSIS K D auBy, 8-
REAFD A VR = AL DA AL

5“?%
%”l?f

i

il

B OFRT DR E T D F A oM 27 A (1)/Hg-BINAP S (A fififht 2 Fu
TV =NV TF V=T VERERGT 57 = ) — VEBESNTZ 16-2 A &
Txr (1-21), =hVU v (12D, A VT x—bF (KX1-22) EDFy
FNBIL = BERISE®E LTV DY, CAHDRIETIE, TAF U hE YRy
V7T BRI BN O PREE OMERIRETH LN TWS, Fiz,
ZRIANLYRY TR DVUFEEKR, AT X — IR bIETR YT
TEU RUFFEERN, WTh b B RIEEN DB ERIRME TR LT
oy

R? R R
3
| | 5 mol % O R
R 3 [Rh(cod),]BF./
R
. - o] -
72 Hg-BINAP to 82% vyield
+  or - HploBen Y (1-21)
/é R2 CH2C|2, rt
° |
Il
N
5 mol % B
n-Bu [Rh(cod),]BF 4/ n-Bu Bn
= Nk Hg-BINAP N
o g /=0 (122
/é | CH2C|2, rt —
0 (@]
o]
61% yield

Flo, EFOFBET DMEETIIBLIZ, A F A w20 A(1)/He-BINAP $5{4
il 2 W=7 ) — vz F=rxz—7 b= N L&Dy TR =8IRS
EHREL TS, ZOKSTIEH, = MU AL E D U UFHERN B IEDN
OSERIIERRETHE LA TWS (R 1-23) 2,
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8—// [Rh(cod),]BF 4/
Z NG Hg-BINAP SN
+ I‘I + |
CH,Cl,, rt AN
&\% ArO R
o— up to 82% yield
Chemo- & Regioselective Perfect Regioselectivity

Oxidative Cyclization

(1-23)

Reductive Elimination \

ArO \ 5 o+ ArO__Rh’
A = R [
&+—= OAr Regioselective — R
A Insertion ArO

FTo. BT A UMEE U T A(1)/He-BINAP SEAfiEE 2 H\ e, 7V — o F =1
T—=TNeA VT F—FEDGTRIBIE=BLUE T, A Y 7 % — ke
HE Y RUFHERN BRI RIEEDDOERBMEBRIETHE LN TS (K 1-24)

2.5 mol % OAr
&&ONR [Rh(cod),]BF 4/ .
= wg_ Hg-BINAP AN
+
s O+ CH,Cly, 1t
A©§§ i 22 INCE
d— up to 53% yield
Chemo- & Regioselective Perfect Regioselectivity
Oxidative Cyclization (1-24)
Reductive Elimination
+
A0 RN 5 R - 5+ ArO_ Rh* R
d+—= OAr Regioselective /"0
A Insertion ArG

Flo, TV —n=F=rz—F NV EIERHEFARARET VF & DRISTIE
RV UFERN SR TEON D DR LT, & %TETW?/&@&
JSHERIR CUDEIT LR o722 b, TV — A X VR TER ISR
ST VA Ny LT AR LA ISk LI TEWIGHEZ BT 25 2 &b
ot (K 1-25) 9,

24



FHT N2 & IR = AAE A & DI T ZRHEITIENT I B oy, TRIFIH R = /AL WD B

2.5 mol % OAr

3+ OAr
8- CO,Et [Rh(cod),]BF 4/
Z [ e @ECOzEﬂR)
+
S+ CH,Cls, rt
O 2-2 ArO R(CO,Et)
AN R .
56— R = Me: 81% yield
R =CO,Et: 14% vyield
Chemo- & Regioselective High Regioselectivity
Oxidative Cyclization (1-25)
Reductive Elimination T
Ao RN +
r 5 o5— o+ ArO_ Rh” CO,Et(R)
\ \ EtO,C——R Y
&+—= OAr Regioselective —/ “R(CO3EY)
A Insertion ArO

EBIZ, EHOFTET AR T, hF A MEu 2T A(1)/He-BINAP S Ak
Wr2HWe, TV —nrx=F=rz—7/ 3 H51FOh R =&t HmE
LTW5, ZORIGTIE, 1,35- ZEH B U @R D @O E R T
BohTng (R1-26) 9,

10 mol %
o+ OAr OAr
5= [Rh(cod),]BF 4/
z I 5 Hg-BINAP H(OAN)
. .
ArO ‘ o+ CH2C|2, rt
% on ArO OAr(H)

up to 92% vyield

Chemo- & Regioselective High Regioselectivity
Oxidative Cyclization

(1-26)

Reductive Elimination 1

N
Ao R0 5 5— 5+ ArO_ Rh’ H(OAr)
\ \ — OAr R
8+—= OAr Regioselective —/ ~OAr(H)
A Insertion ArO

IRHDORIETIE. Wb T U — Lo F =L —F )L 2 EBMMEEE LW
PrEENAIC 2 o0 MBI L Ay 7 a2 oo Uik A 2
D EngEE oo TND, ZOERL LI aRXr U R A
Do LT V0 b — REFEGITHM U= AR LAY DML E E IR A BT -
AT AHZET, WINLEUVLEERRPEZ R L T\ 5,

T TCEFRIL mmLUEAREFEEDITH LD TEWRINEER T 5T Y
—NEF =T —F N ERNIUE, REL DB LI AR = bEY (sp? (K5E

25



—REARBFIFES) & OSBRI =8OR EIT L., o-B T VFEERE L
CIFEBEFBREISICE -S> THB L2 U AT VSRR E LD D TIT

mWinEE 7 (KX1-27),

3+ OAr
8—//
0% Rh(l)* Catalyst
+ >
ArO 1 2
R R
N
Chemo- & Regioselective
Oxidative Cyclization
0%
Rh*
ArO _
\ \ J° R1£+\ R®
5+ —= OAr | Regioselective
A Insertion

OAr OAr
Z 0 @)
g o |
ArO R ArO |
R "R?
Reductive Elimination (1'27)
ArO Rh:'
(@]
R2
=/
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B i
FHT N2 & IR = AAE A & DI T ZRHEITIENT I B oy, TRIFIH R = /AL WD B

FHH OSSO

FI9. RELE LTV — T =L —T ) la & AR =LA 2a & H
W, RSO 21T o7 (Table 1-1), BUGSMZEE L Tl, EFOFTET S
FZER CREIC R L TWA1L,6-V A > & DILR =L B & D0y +NERIE =
BALRIGY % BB, hFA M Py L) EARR T ¢ AR T

(Figure 1-1), £7-. 7V — L xzF=1x=—7 /10O H R =ZE(LKSZ X D5
T Z B SOIRIK T2 ME T 5720, HigED 2 O NVR= 1 LEY)
2a (L4 &) ZHWe, TOREE, WTHo BINAP ZREUNL -4 W EGEIC D,
iR, 1FECHMOS P =2t IGDNEIT L, =T A7 VISR 3aa
DSERTLAEIERRMER LS WNRERME TR 67z (entry 1-4), b,
BORENEF T FIVEKREETHEARRAT ¢ VEMI T (Hg-BINAP > BINAP
> Segphos) 2% HW-HHE &R THBMNE ST, £7-. BINAP &Lt
D ZJERMTF & LC, dppf. dppb X N dppe & FHWEHEAICH . RINERZR NS
SERLNLEIRRMERS L OSSO RRIRE T = Ui = X 7 VB SR 3aa 235 6
N7 (entry 5-7), & HURNE N> T2 hF A M m U0 A(1)/Hg-BINAP S {4
BEO ki A 0.05 &S 0.025 YEIEFEIETH, [NROF LWE T IEA
SN odz (entry8), £7-. AR =UbEW 2a % 2 BEHA WD LIERN X
DIZm b L7en, WREFRFNRONT o ZAZEFE L Tentry 8 Z g & L
7o £ LTIRIZ, KT NVF B LOB VR = ALE Y o FE A &5 O Mt
BITHZ L& LT,
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Table 1-1. Optimization of reaction conditions for rhodium-catalyzed intermolecular
trimerization reaction of 1a and 2a.?

catalytic
onr o RAODHIEFY G0
+ )]\ ™ SN Me
m Me~ “CO,Et CH,Clp, rt
1h OAr CO,Et
1a 2a 3aa
(Ar = 2-naphthyl) (1 equiv)
(1 equiv)
entry ligand catalyst (equiv) % yield? E/Zz
1 BINAP 0.05 30 7:93
2 BIPHEP 0.05 20 7:93
3 Segphos 0.05 19 1:>99
4 Hg-BINAP 0.05 44 1:>99
5¢ dppf 0.05 24 1:>99
6 dppb 0.05 21 1:>99
79 dppe 0.05 17 10:90
8° Hg-BINAP 0.025 41 1:>99
gef Hs-BINAP 0.025 49 1:>99

4 [Rh(cod),]BF4 (0.0075 mmol), ligand (0.0075 mmol), 1a (0.15 mmol), 2a (0.15 mmol),
and CH.Cl, (2.0 mL) were used. ® Isolated yield. ¢ For 3 h. ¢ [Rh(nbd),]BF, was used
(nbd = 2,5-norbornadiene). ¢ 1a (0.30 mmol), 2a (0.30 mmol) were used. " 2a: (2 equiv)
was used.

C, o, 0, CC
PPh, PPh, O PPh, PPh,
PPh, PPh, O PPh, PPh,

O I U

BIPHEP BINAP Segphos Hg-BINAP
PPh,
|©/ PPh, PPh,
Fe C [
@\Pth PPh, PPh,
dppf dppb dppe

Figure 1-1. Structures of bisphosphine ligands.
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FHT N2 & IR = AAE A & DI T ZRHEITIENT I B oy, TRIFIH R = /AL WD B

N FREE R O R

KEL LR T, BEE LTV — o F = —F )V 1a LEEx 72/ b

v 2a-i AW TR A A2 M5 L7z (Table 1-2), a-%7 F= A7 /L 2a 7207
T, a7 h=AT v 2b, o-7 FT7 I R 2c, TVNAFRARFR—b 2d EDX
JEHHET L. PRRED S BAFRINERNOFEA A I L OSEARIME T3
5 YT URT AT VIFER 3aa-ad B LAV, 1,2-U 0 b 2e & DR HIETT
L. ®pET 2 VT VBT AT VEHER 3ae B BRI R0 58 2 7 6 E SR R
BIOEWNARBIRVETE SN2, 1,2- 7 b2 2f & OKIGETITERMED - 72
(Baf/21%) 7=, 7 —nxzF =)= —F7 L 1lalZx L TI10 Y &ED 1,2-T 7 b
oA EHNDZ LT, BAFRIEEDDSERIRALE I L OSIREIME T3S 35
VI W AT VERER 3af 235G b ivTc, EE OFTET DR TREICHE LT
W5, BFAME T A(1)/He-BINAP SERAE 2 F N 21,6-2 A & LR =
MEEM E DOHorFN=ELRIS T, B F AR b IChEFEES F o
DFISPEITIRNE WS FERB R EN TS Y, Lo, BBREWC LI, EF
BMEr RN THDLTE N 20 ZROSICHNWS L, 1,64 T B R LD
N =B LGOI (51%) 12T, F L EHWIE (88%) TXHGT 5
VI UBET AT IVEEEIR 3ag BWE LT, £, 30 2 2h, v K
B+ 221 EOROETHE, il g A 0.025 &S 0.05 M EICHENT S Z & T
JEINTERE U BAEEARRINER Txtnd™ 5 Y U A T LB ER 3ah-ai 25 bz,
ARSI TR 7N E IR IRME R KOS W SLARERIE SR B 5 IR IZ D0
TIE, FHUEI OSBRI 2B 28Iz Tk 5,
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Table 1-2. Rhodium-catalyzed intermolecular

ether 1a and ketones 2a—i. ?

trimerization reaction of aryl ethynyl

[Rh(cod),]BF4
Hg-BINAP CO.A
OAr 0 (0.025 equiv) AT
+ JJ\ > A X R
Il R!” O R2 CH,Cly, rt
OAr R!
1a 2a-i 3
(Ar = 2-naphthyl)
(1 equiv)
CO,A
COLAr COLAr % '
OA
OAr CO,Et OAr Ph ' N
Me
3aa/ 41% yield 3ab / 37% yield 3ac / 56% yield
(2a: 1 equiv) (2b: 1 equiv) (2c: 1 equiv)
CO,Ar COAr O CO,Ar
N Me W O N Me
OAr P(O)(OEt), OArO OAr Ac
3ad /52% vyield  3ae/62% yield (E/Z = 6:94) 3af / 65% yield
(2d: 1 equiv) (2e: 1 equiv) (2f: 10 equiv)
COzAr COzAr COzAr
N N Me NS N Et N X
OAr Me OAr Et OAr
3ag / 88% yield 3ah / 67% yield? 3ai / 72% yield?

(29: solvent)

(2h: solvent)

(2i: solvent)

 Reaction were conducted using [Rh(cod),]BF; (0.0075 mmol), Hg-BINAP (0.0075
mmol), 1 (0.30 mmol), 2 (0.30 mmol), and CH,Cl, (2.0 mL) at rt. Cited yields were of
isolated products. ® [Rh(cod),]BF, (0.015 mmol), and Hg-BINAP (0.015 mmol) were

used.
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WIZ, 7 PR AT R 7 VT B R 2j-p & v CHRE @ A#HE 2t L
7= (Table 1-3), MDD T, 1 ¥ EORU AT AT R (2) #HWTRIE%E
1T =B H ORI Z8BALOLME & A ST, 7Y — 1 oF=)Lx
—7 )V la DHERIL=EB/LEDEONTZT-0, 249EDT7 LT REHWTK
IGERERT S b Lin, BHEET VT R 2j-k, BBIET VT & K 2l-0, B
NMEREEEZAETIT LT E R2p DWTHEHWEEAICH, Wi dbymy
T 27 VikER 3aj-ap 2SR RINEE L IXEmI R TR LN, HETREZ
T, WTNORIG S IR, 1R THEIT L, BRRAE R X OSSR DT
HLTWD,

Table 1-3. Rhodium-catalyzed intermolecular trimerization reaction of aryl ethynyl
ethers 1a and aldehydes 2j-p.?

[Rh(COd)Q]BF4/
Hg-BINAP CO-Ar
OAr o) (0.025 equiv) 2
R - N R
Il H™ O R (CHyCl)y, 1t
1h OAr H
1a 2j—p 3
(Ar = 2-naphthyl) (2 equiv)
(1 equiv)
Br
COzAr COzAr COzAr
N N N R
OAr H OAr H OAr H
. , . 3al / R = Me: 63% yield
o]
3aj / 84% vyield 3ak / 63% yield 3am /R = Ph: 67% yield
COzAr COzAr COzAr
N Me XN NN OBn
OAr H Me OAr H OAr H
3an / 72% yield 3ao / 81% vyield 3ap / 63% yield

 Reaction were conducted using [Rh(cod);]BF; (0.0075 mmol), Hg-BINAP (0.0075
mmol), 1 (0.30 mmol), 2 (0.60 mmol), and (CH,CI), (2.0 mL) at rt. Cited yields were of
isolated products.

WIZ, Brx 2 RKim7 V%> la-h L VR = ALEW & ORSE B LTz
(Table 1-4) , RIGZE W THR BINENENL-T2T & Fo 29 12k LT, Hix 7z
T —xzF= Lz —F ) lad FHVTISERF LT A, WTFhoT
—NVZF =N —T NV EHWESAEICH, b T A VT U X T OVFER
3ag-dg 23 BRAF 72D ERINETE N, £/, TV —Lx=F=
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b —F b 1a (Ar = 2-naphthyl) Z W=, SHAREEOH S 1b (Ar =
1-naphthyl) P8+ RE72 1c (Ar = 4-FsCCgHa) % W I BRICUNRITORfE T L
7=, BFEEZ 1d (Ar=4-MeOCgHs) Z HW =B E S BN R TGN EST
L7 Bdg), 7V —nx=F=z—7 IR AT, BRI DN =\ EAIZERS
LTWaWnWZa X rem—7 b le-f CMER 2 L7207 ) — 7 'F L
> 1g-h ZOSICHWS & T by 2g ED=EALRNTE - 72 < EITET
TFxrOHBRIE BRI LB NG LT, 2D ORERND

TV =AU L ZEEANER L TS 2 EBNARUS ORI R 720
FR L5 TNDZ Enborolz, KT Vx2 ORISTEDEWIZOWNTIL,
FVUER O SUCHEIIZ BT 2 BZEITRB W TR~ %,

Table 1-4. Rhodium-catalyzed intermolecular trimerization of terminal alkynes la—h
and acetone 2g.?

[Rh(cod)s]BF 4/
Hg-BINAP CO.Ar
OAr 0 (0.025 equiv) 2
+ )J\ X Me
| | Me Me i, 1h
OAr Me
1a-h 2g 3
(1 equiv) (solvent)

O C e OO
Neghiile s

3bg / 98% vyield 3ag / 88% yield
e
A e G
o °
L)

Me

3cg / 74% yield 3dg / 76% yield
Ph.. Me. _ _
Oy oy Ph= Bn=

1e 1f 1g 1h

Cross-reaction products were not obtained.
# Reaction were conducted using [Rh(cod);]BF4 (0.0075 mmol), Hg-BINAP (0.0075
mmol), 1 (0.30 mmol), 2 (0.30 mmol), and CH,Cl, (2.0 mL) at rt. Cited yields were of
isolated products.
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T I 2 & SR = AL B & DT = LTSI I 5 a1, & TSAFI A = 2L YD 55k

ABUE TR DT ¥ = A 7 VA 3ag 13, NaOMe & AV T= 27 )1
AT D 2 LTk o T, IRIEERMICA T LT ATV 4 ~EEWHT 52 ERT
o (R 1-28), EHOFRT HHIEE TIHBEC, TAFAZF == —T )L i
A F AT 2 A ()R O LA AR X 0 KSR S5 720 R
ETHDHLEVIMAEZGETND (K1-29), £DOed, TAFLLF=xz—F
NEARRIGICHVD Z LIFTERN, L, TU—AZF=Ax—F LS
WVR=JUUELE & DRIETHOND VT U AT VHERE = 2 T VA
LI EICEoT BAWIIT Y A F =T LT LR L F o LT —
FI . BRI SRS NS LT ST T AT LSk A B S =
EMFRETH D,

COLAr NaOMe CO,Me
M (10 equiv)
MeOH, rt (1-28)
OAr Me 16 h OAr Me
3ag 4/ 99% vyield

(Ar = 2-naphthyl)

OEt ioni *
|| cationic Rh(l)" catalyst hydrolysis (1-29)

1i

— 05, EH DOFTET HAFFEERE TIZREIC, B T4 e U7 A(1)/Hg-BINAP S5
fRfE A2 I \NTZ1,6-F A v E S TFRNICT VR VLA R T 5 D VR = b &
D = RALEUE, Bk FE AT E O ZRLEUS, T T = v &0 C—H f
BIEMALRIR A BE LTV Y, 22 C, ZNLORIREBEILT ) —L=F =
N —TF L 1,6-VA ¥ DUSHEDE NI DWW TR T 5 72D OEBR A 1T o 72,
1,6-2 A L FRICT IV F L2 AT 5 VR =V bEY & O ZBALRUG
Tl BB VERL L ORORIE E o 72 < EATEP, TAF V8N E ORGA
AT L CTAERT 2R B UBERAENETHELA TV S Y, 22T ARUSIC
BWTHET XU DRFZE —IRFBEMEAEINVR=NIEORSF R _EES
& DAL Z EET D 7202, TV — = F =Lz —F )L & TFRICT IV
XL E AT DAV R =LA L ORIGERFIT H 2 L L Lz (Scheme
1-2), TOfER, 7V —nrxzF =)z —F )b l1la E5FWNICT VI VEN EH T
HIANVK=ALEY 29 & OIS TR, FEFICHRTENZ &1, 1,6-14 & H
W BOS SRR B DAL ERIRNE T VR = VENL & DS EIT L, ¥
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TUFRT AT OVEEEIR 3an N EIER OSSR ERIETE LN, T —
WL F = =T VPR LT ARBBRU LG & O SOSIZ 3B THRD TR WS
PERTZ D, 3FRNICT AR L E RS D VR =) UbEY E DS
TIE, T UEMLIZEE TR Y M L= ViR = )VERL & DG DMES G LT
HITLIEEEZONS,

[Rh(cod),]BF 4/

OAr O
OAr o Hg-BlNAP COzAr Ph
(0.025 equiv) N Me Me( )
+ - +
I =z Me o, n W
Ph 1h OAr | | ArO Ph (Ac)
1a 2q
(Ar = 2-naphthyl) (1 equiv) Ph
(1 equiv) 3aq / 79% yield 5/ 0% yield
(E/Z = 24:76)
5 mol % Me Me O
— O [Rh(cod),]BF 4/
—=—Me Hg-BINAP o Me
" — = CH,Cly, 1t Me Ph
— V¢ Ph 3h |
Me
Me %
[Z = C(COs,Me),] (1.1 equiv) Ph
(1 equiv) 0% vyield 99% yield

Scheme 1-2. Chemoselectivity between the ketone carbonyl group and alkyne triple
bond.

T, 1,6V A EBRRT P2 AT N EDOZEALSE TR, T AT LD HIVR
ZIVERL & DROGNTE > T2 <ETHET. 7 F D IIVR = VERAL & O Ot D3
TTLRAERYPERETHEON TS Y, T2 T, ARSICBNTH 7 Dl
VIR Z VL & = AT VDAV R = VAL & DAL FRIRME A RREET 572912,
TV =N F oo —T VBRI P2 ATV EDRIGERNTHZ L L
(Scheme 1-3), FO#EHE., 7Y —/LoF=)L=—F )L la LBy b= X757 )L
2r L DS T, 1,6- A4 2 WIS ETERR D | 7 DT VR = VT
EDIEDHET LT V== AT VSR 3ar 720 Tl <. IRINEER N 5
T AT ND IV = VERNL & OROSDSET LTz V= U A7 VEEER 3ar
Boniz, TNETITT IR EZ AT VDB IVRZIVENL & D ZBALK G
AT LB E SN TRV A, TV — Lz F =)o —T L RETF AL TIE
BRI IVR =AM E DR SHES BV LD, = 2T LD H LR = VETL
EDRIEbETLIZEEZ DN D,
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F—y
KT N2 & G TR = AL B & D 53 T = BAEIISIZ & B a, B,y & TBAFILY 7R = 7L B DBk

[Rh(cod),]BF 4/

OAr " o Hg-BINAP COLAr MeM COLAr
e i e
e e S Y
0] 2Clo, 1t
o 1h OAry/—0 OAFO/\gMe
Me
1a 2r 3ar/ca. 40% yield 3ar'/ca. 20% yield
(Ar = 2-naphthyl) (1 equiv) (60:40 stereocisomers)
(1 equiv)
5 mol % Me Me
_ o [Rh(cod),]BF 4/ o
—=——Me Me Hg-BINAP zZ | © z |
z + > Me + Me
\%Me Me O CH2C|2, rt | |
0 3h
_ @) fMe (0] o
[Z = C(CO,Me),] (1.1 equiv) o) Me Me
(1 equiv) Mé
>99% yield (E/Z = 5:>95) 0% vyield

Scheme 1-3. Chemoselectivity betweeen the ketone carbonyl group and the ester
carbonyl group.

5T, 1,64 TR N7 2 D C—HBEATEMLRILTIZ, LR
=R E D =BACORIT E o T2 < EITET, TR N T = DA MDD C
H S ATH LS AT L2 AR SR TE LTS Y, 22T, AR
JRIZBW T C—H AT S & ZBALG & DAL RN 2 EEd 5 7=
WIZ, TV— Lo F o )o—FT )T b Tz ) U EDRIGERFNT L L L
L7 (Scheme1-4), #DfEH.. 7V — o F=)Lxc—F )N latT 7Tz /)
2s EDOIETIE, IEFICHBEN L2, 1,6-V A Y EHWEEE L IZRR Y
C—H #EATEMALRISIT E o 72 < HATHE T, VAR =L & O = E bS8
fTL, VU AT )VEFER 3as 2 @R D58 2L ERINME TR b T,
C—HEATEMALBIGE N E - To < H#IT Lo BN E LT, ETEERT Y —
VT F =) —T )b la v Ty ATEEIERIL U CARCT 5 A (Figure 1-2
(b)) 25, 1,6-2A 3w U MIMEbRIER{L U CTAERMT % FiEA (Figure 1-2 (a))
IZHRT, FLLETEECTHYREFHENBEN EBEBZOND,

(@) (b)
Rh*

Me Me  ArO
\ /) \
H \;FZZON

z more electron rich
Figure 1-2. (a) Intermediate formed by 1,6-diyne with rhodium. (b) Intermediate
formed by aryl ethynyl ether with rhodium.
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[Rh(cod),]BF 4/ OzAr

OAr o) OHSZBSINAP) W
equiv
’ ©5‘\Me : H* A0 wﬂ/\
H

CHZCIZ
O~ Me
1a 2s 3as / 86% yield 6 /0% yield
(Ar = 2-naphthyl) (2 equiv) (60:40 stereoisomers)
(1 equiv)
o 5 mol % Me Me
_ [Rh(cod),]BF 4/
/— Me Segphos zZ | o Z
Z + Me Me + Z
N CH,Cl,, rt N
M
Cre e
[z= C(CO?Me)z] (10 equiv) H
(1 equiv) 0% vield 88% yield

Scheme 1-4. Chemoselectivity between the intermolecular trimerization and C—H bond
functionalization.

BWT, EHIX, 7V — Lo F oo —F )L RS SR LR 8fbameE L
Ty INVAR=UUEEMITRZATA I U2 HWEGAICL, v =bEaEWm%E
HAWT=5GE L REED 7 P =8OS EITT 5D TIER 0 B 2 MEtT 5
ZlE L, TNETICERBSRBRERMELZ N7 VX b4 I DT
M = BSOS LT L72BliE, 2007 4FICAER S 3 jeE UTe = v 7 LSS IR At %
NSO —FICR b TN EY, £ HELLTT Y —AxF=Lrz—F
Nla bt A IV TEHNT, BN F AT V) —=2 T 54T o00, Bix g T4 %
BV T AN EARAT ¢ UEERAEEE O TRET 21T 7203, W ORNL T
ZHWTEGEIZ S TR —BbROSIT E > T2 < #EIT Lo 72 (X 1-30),
ZoEE, TV —nzF=rz—T7 00 BRI = EBLRIGNIT KD AR D I
AR L, FEOA I NIRILTH - 7,

[Rh(cod),]BF 4/ Ts
Ts ligand ArO__N
OAr + NI (0.10 equiv) 7
m Ph)\H CH,Cly, rt N
1h
OAr H (1-30)
1a 7 8/ 0% vyield
(Ar = 2-naphthyl) (1 equiv)

(1 equiv)
ligand = Hg-BINAP, BINAP, BIPHEP, Segphos

dppf, dppb, dppe

36



FHT N2 & IR = AAE A & DI T ZRHEITIENT I B oy, TRIFIH R = /AL WD B

FHIUE  SOSHERS IS L OME 2R IRME R BN B ¥ 5 5 %%

TV = F = —T & VIR =AY & D5y = BSOS D RS
HEREIZOWTELZT D (Scheme 1-5), 9, 7 U — ) =F=)LT—7/L127%
Fu YU LAERRAICIIERERI T 5 2 &Ik -2 T, vE 7 a~ X
VI UHEE A BERTHEBEZLND, HNWT, BE YRR F YT
WA DT LA—REFEEICH VR =AY 2 DERFE —BEFE EIES L
ESRIRFICEUL - AT D 2 LIk » T, AP uF a7z oz o ml
B BERTHEZEZLND, BT, Bl k< EILAIMBECAERT Da-E7
R C BEFERROSZESTHET 22 L T U X T LVEFER 3
WEKRTHEZEZBND,

OAr OAr
=
[ —— - Q Rh(l)* OAr
ArO R?
ArO | r R1 2 ||
1 2
R" "R c 1
3
ArO_ Rh*
/ o , ArO Rh S
R
=/ w \
ArO 5 o+—>= OAr
05~
B l]\ 2 A
R18+ R2

Scheme 1-5. Mechanistic proposal.

ny a2 T R A BT D BRI SE R e BRI A BT
HERNL, SRR (7Y — A% UEREDONIRRFE, TV =LA F T
BB & OSARHE) RBE TR ER (BrkGHo7 ) — 4% i
L84 lckvaHgr a2 ok A OEERROLETH D)
LThiEEZLND, ZOHLERZu 7 a2 IR A ONKR
EEND2NE VT A - RE[BAENKELLGMLTNDTZ0H, R LTIZ LR
=IEEW DR — FESE EHAE G PALEIEIRIICENL - AL TVnDH EE X
Nz, £/, BFEIRBINT X DB OBIIINMAEIRMEN 2 EIZ EBH 50
BPEAR G AR LTS EEZBNDLNY, BF A Mmoo A)SERMEIC X5
R DT VA AL EIZ BYEEETT U, BARAOIC K 0 RE A B RS
BERICAR LTS EEZONEY, £, BTG T ) —LzF ==
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—FNNERWALE ax a2 R A OSRN LD KEL Y,
FOGHES L0 &< tcé EEZLND,

ORI RBIT ALy s a2 oA A OBAEE & ROoE
DFERE, 45%@?)‘&'?%%%"@%@%.%% M THERELT, TV —x=F =)L
T—F ) la L ATF AT VKL —T )L If, TR M 29 EOKIGERBREL
7= (Scheme 1-6), ZDOfE%E. WEEDO A F LT a UL F L —F L% HNT-I
HLhb b T — L F=)m—F )b la st AFL T a0 —T 0 If,
T hr2g D= HBS LT AR 3afg 1%, 7Y — = F =L —TF /L 1la 2
DT ' N 2g BROG LTEAERY) 3ag KLV HIRIE TR L, OB, A&
W) 3afg IL5ERRALEIRIETHE LN, £/, ATF LT r0rEro—7 )1
I 201 &7 by 2g BEUS LT 3fg IXF 7o <G hroTe, ZD
FERND, FRIKOE FEENRELSRDICONTIENLID m DL LN
BHOEMNERD  AEISTIET V=N A XV EOPERREN ENDbroTz,
Flo,. TV =z F=rxz—7)1la LT 2g DATORIL (Table1-2) T
FY = 2T VBN 3ag 2N EICGE (88%) THRELAZOICR LT, T U —
NrF=)xz—7/la L AFLTaNnXre—701f, Tk 29 EDOK
JETIEY = U A7 VEFER 3ag DYIRIFREIK T L (22%), Z OFE,
BlIfESME LTV —NxF=rz—T v 1a20FEATF LT LF)Lo—
T 1 I KD BRAE = BRI K) 50%, 7 U — o F =L —F /L lal
DFEATFNTaI NN T =T )L U 2 5572 K DB =BARIRDNIRK 20%
THEOLNTZ, ZNHORVERMIT., Yoo AT ViEER 3ag #/EKT 50
Ao a2 oA A B IO = Ui X T VEEEK 3afg 24T 5
nFxv a2 R AERRBLTHEORLDEEBEZLND, DFED,
ARG TIEENER BT ) — Lo F = —T )L 2 554 MR
U AR LB L LT Xy s a R A D R A NER LIS, fEo
THNR=IAUEEDENL - AT D Z ETRISHEITL TS LB BND,
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[Rh(cod),]BF 4/
OMe Hg-BINAP

OAr ( o) (0.025 equiv)
+ + >
I e
1a 1f 2g
(Ar = 2-naphthyl) (5 equiv) (solvent)
(1 equiv)
A ArO 0]
rO (@) r 0] MeO
XN Me . X Me | NN Me
M
OAr Me MeO Me MeO e
3ag 3afg 3fg
‘ p;‘i’gl‘:ft 22% yield > 7% yield >> 0% yield ’
Ao RN Ao RN Rh’
OAr OMe OMe
electron A S Al > A"
density

Scheme 1-6. Rhodium-catalyzed reaction of aryl ethynyl ether la, methyl propargyl
ether 1f, and acetone 2g.
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Chapter 1-1
Experimental Section

1. General

Anhydrous CH,Cl, (No. 27,099-7) and (CH,Cl), (No. 28,450-5) were obtained from
Aldrich and used as received. Hg-BINAP and Segphos were obtained from Takasago
International Corporation. Aryl ethynyl ethers 1a—d were prepared according to the
literature®. All other reagents were obtained from commercial sources and used as
received. All reactions were carried out under an atmosphere of argon in oven-dried
glassware with magnetic stirring. Infrared spectra (IR) analyses were carried out on a
JASCO FT/IR-4100. *H and *C NMR data were collected on a JEOL AL-300 (300 MHz)
and JNM-ECA500 (500 MHz) at ambient temperature. HRMS data were obtained on a
Bruker micrOTOF Focus II.

I1. Rhodium-Catalyzed Intermolecular Trimerization of Aryl Ethynyl Ethers and
Carbonyl Compounds

General Procedure for Rhodium-catalyzed intermolecular trimerization of 1 and
2: Hg-BINAP (4.7 mg, 0.0075 mmol) and [Rh(cod),]BF4 (3.0 mg, 0.0075 mmol) were
dissolved in CH,Cl, (2.0 mL) and the mixture was stirred for 10 min. H, was introduced
to the resulting solution in a Schlenk tube. After stirring at room temperature for 1 h, the
resulting mixture was concentrated to dryness. To a CH,Cl, (1.0 mL) solution of the
residue and 2a (34.8 mg, 0.30 mmol) was added a CH,Cl, (1.0 mL) solution of 1a (50.5
mg, 0.30 mmol). The mixture was stirred at room temperature for 1 h. The resulting
mixture was concentrated and purified on a preparative TLC (hexane/EtOAc = 10:1),
which furnished 3aa (28.1 mg, 0.0621 mmol, 41% yield).

(2Z,AE)-2-Methyl-4-(naphthalen-2-yloxy)hexa-2,4-dienedioic acid 1-ethyl ester
6-naphthalen-2-yl ester (3aa, Table 1-2)
NOESY cross peak

sonel
N Me
O CO,Et

The stereochemistries of the 2- and 4-positions were determined by the NOESY
experiment. Colorless amorphous; IR (neat) 3059, 2980, 1725, 1585, 1123 em 'y 'H
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NMR (CDCls, 300 MHz) 67.99-7.71 (m, 6H), 7.62-7.38 (m, 6H), 7.36-7.31 (m, 1H),
7.30 (dd, J = 9.0, 2.4 Hz, 1H), 7.17 (dd, J = 9.0, 2.4 Hz, 1H), 5.20 (s, 1H), 4.15 (q, J =
7.2 Hz, 2H), 2.17 (d, J = 1.5 Hz, 3H), 1.21 (t, J = 7.2 Hz, 3H); °C NMR (CDCls, 75
MHz) 5 169.8, 167.2, 165.4, 150.8, 148.2, 139.3, 134.0, 133.7, 131.5, 131.3, 130.4,
129.2, 127.9, 127.7, 127.6, 126.9, 126.4, 126.0, 125.5, 121.7, 121.3, 120.5, 118.5, 118.3,
97.2, 61.1, 21.7, 14.2; HRMS (ESI) caled for CaH40sNa [M+Na]™ 475.1516, found
475.1518.

(2E,4E)-4-(Naphthalen-2-yloxy)-2-phenylhexa-2,4-dienedioic acid 1-ethyl ester
6-naphthalen-2-yl ester (3ab, Table 1-2)

0.__0

The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic "H NMR peak by analogy to 3aa. The stereochemistry of the 4-position was
determined with the chemical shift of the olefinic '"H NMR peak by analogy to 3ae. Pale
yellow solid; Mp 148.5-150.0 °C; IR (KBr) 3077, 1725, 1579, 1246, 1112, 1008 cm ';
'H NMR (CDCls, 300 MHz) 68.08 (s, 1H), 8.01-7.70 (m, 6H), 7.67-7.30 (m, 12H),
7.19 (dd, J=8.7, 2.4 Hz, 1H), 5.34 (s, 1H), 4.24 (q, /= 7.2 Hz, 2H), 1.23 (t, J = 7.2 Hz,
3H); °C NMR (CDCls, 75 MHz) & 168.7, 167.0, 165.5, 150.8, 148.2, 141.6, 134.9,
134.1, 133.7, 131.5, 131.4, 130.6, 129.8, 129.3, 128.9, 127.9, 127.7, 127.6, 127.0, 126.8,
126.4, 126.1, 125.6, 121.2, 120.5, 118.8, 118.6, 118.4, 98.9, 61.5, 14.2; HRMS (ESI)
caled for C34Hys0sNa [M+Na]™ 537.1672, found 537.1679.

(2E,4Z)-4-(1-Methyl-2-0x0-1,2-dihydroindol-3-ylidene)-3-(naphthalen-2-yloxy)b
ut-2-enoic acid naphthalen-2-yl ester (3ac, Table 1-2)

I
XX
O N

SO

The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic '"H NMR peak by analogy to 3aa. The stereochemistry of the 4-position was
determined with the chemical shift of the olefinic '"H NMR peak by analogy to 3ae.
Orange solid; Mp 80.1-80.9 °C; IR (KBr) 3057, 1718, 1610, 1123, 1003 cm™'; '"H NMR
(CDCl3, 300 MHz) 67.98 (d, J = 9.0 Hz, 1H), 7.94-7.81 (m, 3H), 7.80-7.64 (m, 5SH),
7.58-7.34 (m, 6H), 7.27 (ddd, J = 7.8, 7.5, 1.2 Hz, 1H), 7.16 (dd, J = 9.0, 2.1 Hz, 1H),
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6.98 (ddd, J=17.8, 7.5, 0.6 Hz, 1H), 6.74 (d, J= 8.1 Hz, 1H), 5.46 (d, J= 1.2 Hz, 1H),
3.23 (s, 3H); °C NMR (CDCls, 75 MHz) & 168.3, 165.8, 165.1, 151.2, 148.2, 143.9,
134.1, 133.6, 132.5, 131.6, 131.3, 130.7, 130.4, 129.2, 127.9, 127.7, 127.63, 127.57,
126.7, 126.3, 126.0, 125.9, 125.5, 122.1, 121.3, 121.0, 120.9, 118.5, 118.4, 108.1, 98.4,
25.9; HRMS (ESI) caled for C33H3NO4Na [M+Na]+ 520.1519, found 520.1525.

(2E,4Z)-5-(Diethoxyphosphoryl)-3-(naphthalen-2-yloxy)hexa-2,4-dienoic acid
naphthalene-2-yl ester (3ad, Table 1-2)
NOESY cross peak

O P(O)(OEY),

The stereochemistries of the 2- and 4-positions were determined by the NOESY
experiment. Pale brown solid; Mp 93.1-94.9 °C; IR (KBr) 3058, 2980, 1727, 1581,
1107 cm™'; '"H NMR (CDCls, 300 MHz) §7.99-7.84 (m, 3H), 7.84-7.70 (m, 4H), 7.63
(dd, /=9.0, 2.1 Hz, 1H), 7.57-7.31 (m, 6H), 7.16 (dd, J=9.0, 2.4 Hz, 1H), 5.21 (d, J =
0.9 Hz, 1H), 4.24-4.05 (m, 4H), 2.14 (dd, J = 13.2, 1.8 Hz, 3H), 1.31 (t, J = 7.2 Hz,
6H); °C NMR (CDCls, 75 MHz) & 168.7, 168.6, 165.6, 150.8, 148.2, 136.7, 136.6,
135.2, 134.1, 133.7, 132.9, 131.7, 131.3, 130.3, 129.1, 127.83, 127.76, 127.63, 127.56,
126.6, 126.3, 125.9, 125.4, 121.3, 121.1, 118.7, 118.5, 96.3, 61.93, 61.86, 30.1, 22.4,
22.3, 16.4, 16.3; *'P NMR (CDCl;, 202 MHz) & 16.3; HRMS (ESI) caled for
C30H2006PNa [M+Na]" 539.1594, found 539.1598.

(2E)-3-(Naphthalen-2-yloxy)-4-(2-oxo-2H-acenaphthylen-1-ylidene)but-2-enoic
acid naphthalen-2-yl ester (3ae, Table 1-2)
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This compound was isolated as a mixture of stereoisomers. The stereochemistry of
the 2-position was determined with the chemical shift of the olefinic 'H NMR peak by
analogy to 3aa. The stereohemistry of the 4-position was determined with the chemical
shifts of the olefinic '"H NMR peaks. The stereoisomer, which has the lower field
olefinic "H NMR peak (8.63 ppm), is assigned as E configuration. 4E/4Z = 6:94; Yellow
solid; Mp 155.2-157.2 °C; IR (KBr) 3059, 1713, 1573, 1124, 1003 cm'; '"H NMR
(CDCls, 300 MHz) 4Z: 68.12-7.25 (m, 20H), 7.18 (dd, J = 8.7, 2.4 Hz, 1H), 5.52 (s,
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1H); 4E: 58.63 (s, 1H), 8.40 (d, J = 7.2 Hz, 1H), 8.12-7.25 (m, 19H), 5.67 (s, 1H); "*C
NMR (CDCls, 75 MHz) 5 190.6, 168.8, 165.8, 151.3, 148.2, 140.1, 138.9, 134.2, 133.7,
133.5, 133.2, 131.6, 131.3, 131.1, 130.5, 130.4, 129.2, 128.3, 128.2, 127.9, 127.8,
127.63, 127.57, 126.7, 126.3, 125.9, 125.5, 124.1, 121.4, 121.3, 120.9, 118.55, 118.47,
117.8, 98.4; HRMS (ESI) calcd for C36H04Na [M+Na]* 541.1410, found 541.1396.

(2E,47)-5-Methyl-3-(naphthalen-2-yloxy)-6-oxohepta-2,4-dienoic acid
naphthalen-2- yl ester (3af, Table 1-2)
NOESY cross peak
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The stereochemistries of the 2- and 4-positions were determined by the NOESY
experiment. Pale brown solid; Mp 129.7-131.4 °C; IR (KBr) 3057, 1726, 1586, 1243,
1126, 1006 cm™'; '"H NMR (CDCls, 300 MHz) 67.96-7.71 (m, 6H), 7.57-7.37 (m, 6H),
7.32-7.26 (m, 1H), 7.23 (dd, J = 8.7, 2.4 Hz, 1H), 7.17 (dd, J= 8.7, 2.4 Hz, 1H), 5.19 (s,
1H), 2.39 (s, 3H), 2.11 (d, J= 1.5 Hz, 3H); °C NMR (CDCls, 75 MHz) §206.0, 167.1,
165.4, 150.2, 149.1, 148.2, 134.0, 133.7, 131.5, 131.3, 130.5, 129.2, 127.9, 127.7, 127.6,
126.9, 126.4, 126.1, 125.5, 121.3, 120.3, 118.5, 118.3, 96.8, 29.0, 21.2; HRMS (ESI)
calcd for Co3H,,0O4Na [MJrNa]+ 445.1410, found 445.1405.

(2E)-5-Methyl-3-(naphthalen-2-yloxy)hexa-2,4-dienoic  acid naphthalen-2-yl

ester (3ag, Table 1-2)
o0._.0O
KKYMG

The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic '"H NMR peak by analogy to 3aa. Pale yellow solid; Mp 104.7-106.7 °C; IR
(KBr) 3060, 2909, 1721, 1580, 1115 cm™'; '"H NMR (CDCls, 300 MHz) §7.96-7.67 (m,
6H), 7.59-7.36 (m, 6H), 7.33-7.24 (m, 1H), 7.33-7.12 (m, 1H), 7.10-7.00 (m, 1H),
5.16 (s, 1H), 2.16 (s, 3H), 1.99 (s, 3H); °C NMR (CDCl;, 75 MHz) & 170.8, 165.8,
151.0, 148.4, 134.1, 133.7, 131.2, 130.3, 129.1, 127.8, 127.6, 127.54, 127.46, 126.8,
126.3, 125.8, 125.4, 121.5, 120.8, 118.6, 118.0, 117.5, 95.9, 28.4, 21.4; HRMS (ESI)
calcd for Co7H»03Na [M+Na]™ 417.1461, found 417.1465.
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(2E)-5-Ethyl-3-(naphthalen-2-yloxy)hepta-2,4-dienoic acid naphthalen-2-yl ester
(3ah, Table 1-2)

The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic "H NMR peak by analogy to 3aa. Colorless solid; Mp 107.5-109.3 °C; IR
(KBr) 3061, 2973, 1721, 1576, 1109 cm™'; "H NMR (CDCls, 300 MHz) §7.99-7.68 (m,
6H), 7.61-7.36 (m, 6H), 7.30 (dd, J = 9.0, 2.1 Hz, 1H), 7.18 (dd, J = 9.0, 2.1 Hz, 1H),
7.05 (s, 1H), 5.14 (s, 1H), 2.59 (q, J = 7.2 Hz, 2H), 2.29 (q, J = 7.2 Hz, 2H), 1.21-1.09
(m, 6H); >C NMR (CDCls, 75 MHz) 6 171.2, 165.9, 159.3, 151.0, 148.4, 134.1, 133.8,
131.3, 130.3, 129.1, 127.9, 127.65, 127.57, 127.5, 126.8, 126.3, 125.8, 125.4, 121.6,
120.9, 118.6, 118.2, 115.3, 95.6, 31.6, 26.8, 13.7, 12.6; HRMS (ESI) calcd for
Cy9H603Na [M+Na]" 445.1774, found 445.1767.

(2E)-4-Cyclohexylidene-3-(naphthalen-2-yloxy)but-2-enoic acid naphthalen-2-yl
ester (3ai, Table 1-2)

The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic "H NMR peak by analogy to 3aa. Colorless solid; Mp 137.9-139.8 °C; IR
(KBr) 3055, 2931, 1723, 1575, 1126, 1007 cm™'; '"H NMR (CDCls;, 300 MHz)
07.95-7.69 (m, 6H), 7.58-7.35 (m, 6H), 7.29 (dd, J = 9.0, 2.4 Hz, 1H), 7.18 (dd, J =
9.0, 2.4 Hz, 1H), 6.92 (s, 1H), 5.20 (s, 1H), 2.74 (t, J= 5.7 Hz, 2H), 2.31 (t, J = 5.7 Hz,
2H), 1.74-1.47 (m, 6H); °C NMR (CDCl;, 75 MHz) &§ 171.0, 165.7, 155.9, 151.1,
148.4, 134.1, 133.7, 131.22, 131.19, 130.2, 129.1, 127.8, 127.6, 127.55, 127.45, 126.8,
126.3, 125.7, 125.4, 121.5, 120.8, 118.6, 118.0, 114.5, 96.6, 38.8, 31.6, 28.7, 28.0, 26.3;
HRMS (ESI) calcd for C30HyO3Na [M+Na]” 457.1774, found 457.1767.

(2E,4E)-3-(Naphthalen-2-yloxy)-5-phenylpenta-2,4-dienoic acid naphthalen-2-yl
ester (3aj, Table 1-3)
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The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic '"H NMR peak by analogy to 3aa. The stereochemistry of the 4-position was
determined with the large coupling constant between the olefinic 'H NMR peaks (16.2
Hz). Pale yellow solid; Mp 146.9-148.8 °C; IR (KBr) 3053, 1720, 1579, 1111 cm™'; 'H
NMR (CDCls, 300 MHz) 68.30 (d, J = 16.2 Hz, 1H), 7.98-7.69 (m, 6H), 7.68-7.57 (m,
3H), 7.57-7.25 (m, 10H), 7.24-7.16 (m, 1H), 5.29 (s, 1H); *C NMR (CDCls, 75 MHz)
0 168.9, 1659, 151.3, 148.3, 137.3, 135.7, 134.1, 133.7, 131.3, 130.4, 129.5, 129.2,
129.1, 128.8, 128.0, 127.9, 127.7, 127.6, 127.5, 126.9, 126.4, 125.8, 125.5, 121.4,
120..8, 119.4, 118.6, 118.3, 96.9; HRMS (ESI) caled for C3;H;O3;Na [M+Na]®
465.1461, found 465.1461.

(2E,AE)-5-(4-Bromophenyl)-3-(naphthalen-2-yloxy)penta-2,4-dienoic acid
naphthalen- 2-yl ester (3ak, Table 1-3)

The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic "H NMR peak by analogy to 3aa. The stereochemistry of the 4-position was
determined with the large coupling constant between the olefinic 'H NMR peaks (16.2
Hz). Colorless solid; Mp 167.4-169.4 °C; IR (KBr) 3056, 1712, 1576, 1245, 1122, 1002
cm '; "H NMR (CDCls, 300 MHz) §8.27 (d, J= 16.2 Hz, 1H), 7.96 (d, J= 9.0 Hz, 1H),
7.93-7.73 (m, 5H), 7.65-7.37 (m, 11H), 7.32 (dd, J=9.0, 2.4 Hz, 1H), 7.20 (dd, /= 9.0,
2.4 Hz, 1H), 5.30 (s, 1H); °C NMR (CDCls;, 75 MHz) & 168.5, 165.9, 151.3, 148.3,
135.8, 134.7, 134.1, 133.8, 132.0, 131.4, 130.5, 129.4, 129.3, 127.9, 127.7, 127.61,
127.56, 126.9, 126.4, 125.9, 125.6, 123.6, 121.3, 120.8, 120.1, 118.6, 118.3, 97.3;
HRMS (ESI) calcd for C3;H,,03BrNa [M+Na]" 543.0571, found 543.0566.

(2E,4AE)-3-(Naphthalen-2-yloxy)octa-2,4-dienoic acid naphthalen-2-yl ester (3al,
Table 1-3)
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The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic '"H NMR peak by analogy to 3aa. The stereochemistry of the 4-position was
determined with the large coupling constant between the olefinic '"H NMR peaks (15.6
Hz). Colorless solid; Mp 108.3—-110.1 °C; IR (KBr) 3058, 2928, 1729, 1580, 1113 cm '
'H NMR (CDCls, 300 MHz) §7.97-7.67 (m, 6H), 7.61-7.35 (m, 7H), 7.27 (dd, J = 8.7,
2.1 Hz, 1H), 7.18 (dd, J= 8.7, 2.1 Hz, 1H), 6.94 (dt, J=15.6, 7.2 Hz, 1H), 5.14 (s, 1H),
2.29 (q, J = 14.4 Hz, 2H), 1.55 (sext, J = 7.2 Hz, 2H), 0.97, (t, J = 7.2 Hz, 3H); °C
NMR (CDCls, 75 MHz) 6 168.9, 165.8, 151.4, 148.4, 141.9, 134.1, 133.7, 131.3, 130.3,
129.1, 127.9, 127.7, 127.6, 127.5, 126.8, 126.3, 125.8, 125.4, 121.9, 121.5, 120.9, 118.6,
118.2, 95.4, 35.1, 21.8, 13.8; HRMS (ESI) calcd for C,sH2403Na [M+Na]" 431.1624,
found 431.1618.

(2E,AE)-3-(Naphthalen-2-yloxy)-7-phenylhepta-2,4-dienoic acid naphthalen-2-yl
ester (3am, Table 1-3)

The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic '"H NMR peak by analogy to 3aa. The stereochemistry of the 4-position was
determined with the large coupling constant between the olefinic '"H NMR peaks (15.6
Hz). Colorless solid; Mp 155.0-156.9 °C; IR (KBr) 3056, 2934, 1718, 1577, 1114 cm ;
'H NMR (CDCls, 300 MHz) 67.96-7.69 (m, 6H), 7.63-7.36 (m, 7H), 7.33-7.12 (m,
7H), 6.98 (dt, J = 15.6, 6.9 Hz, 1H), 5.16 (s, 1H), 2.90-2.77 (m, 2H), 2.70-2.55 (m,
2H); >C NMR (CDCls, 75 MHz) &8 168.7, 165.8, 151.4, 148.3, 141.2, 140.7, 134.1,
133.7, 131.3, 130.3, 129.2, 128.42, 128.36, 127.9, 127.7, 127.6, 127.5, 126.8, 126.3,
126.0, 125.8, 125.5, 122.2, 121.4, 120.9, 118.6, 118.2, 95.8, 34.9, 34.8; HRMS (ESI)
calcd for C33Hy603Na [MJrNa]+ 493.1774, found 493.1781.

(2E,4E)-7-Methyl-3-(naphthalen-2-yloxy)octa-2,4-dienoic acid naphthalen-2-yl
ester (3an, Table 1-3)
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The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic '"H NMR peak by analogy to 3aa. The stereochemistry of the 4-position was
determined with the large coupling constant between the olefinic 'H NMR peaks (15.3
Hz). Colorless solid; Mp 96.7-98.3 °C; IR (KBr) 3060, 2955, 1726, 1578, 1114 cm
'H NMR (CDCls, 300 MHz) §8.00-7.70 (m, 6H), 7.64—7.36 (m, 7H), 7.28 (dd, J = 9.0,
2.4 Hz, 1H), 7.18 (dd, /=9.0, 2.4 Hz, 1H), 6.91 (dt, /= 15.3, 7.8 Hz, 1H), 5.14 (s, 1H),
2.20 (t, J= 6.6 Hz, 2H), 1.81 (sept, J = 6.6 Hz, 1H), 0.96 (d, J = 6.6 Hz, 6H); °C NMR
(CDCls, 75 MHz) 6168.8, 165.8, 151.4, 148.4, 140.9, 134.1, 133.7, 131.3, 130.3, 129.1,
127.9,127.7, 127.6, 127.5, 126.9, 126.3, 125.8, 125.4, 122.7, 121.5, 120.9, 118.6, 118.2,
95.4, 42.3, 28.3, 22.5; HRMS (ESI) calcd for CooHysO3Na [M+Na]" 445.1770, found
445.1774.

(2E,4E)-5-Cyclohexyl-3-(naphthalen-2-yloxy)penta-2,4-dienoic acid
naphthalen-2-yl ester (3ao, Table 1-3)

The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic '"H NMR peak by analogy to 3aa. The stereochemistry of the 4-position was
determined with the large coupling constant between the olefinic '"H NMR peaks (15.6
Hz). Colrless solid; Mp 146.8-148.6 °C; IR (KBr) 3060, 2919, 1724, 1576, 1121 cm
'H NMR (CDCls, 300 MHz) §7.97-7.66 (m, 6H), 7.62—7.34 (m, 7H), 7.27 (dd, J = 8.9,
2.3 Hz, 1H), 7.18 (dd, J = 8.9, 2.3 Hz, 1H), 6.89 (dd, /= 15.6, 6.9 Hz, 1H), 5.14 (s, 1H),
2.22 (br, 1H), 1.99-1.56 (m, 4H), 1.45-1.00 (m, 6H); °C NMR (CDCl;, 75 MHz) &
169.3, 165.9, 151.4, 148.4, 147.0, 134.1, 133.8, 131.3, 130.3, 129.1, 127.9, 127.7, 127.6,
127.5, 126.8, 126.3, 125.8, 125.4, 121.5, 121.0, 119.5, 118.6, 118.3, 95.4, 41.1, 32.2,
26.0, 25.9; HRMS (ESI) calcd for C3;H,303Na [M+Na]" 471.1940, found 471.1931.

(2E,4E)-6-Benzyloxy-3-(naphthalen-2-yloxy)hexa-2,4-dienoic acid
naphthalen-2-yl ester (3ap, Table 1-3)
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The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic '"H NMR peak by analogy to 3aa. The stereochemistry of the 4-position was
determined with the large coupling constant between the olefinic '"H NMR peaks (15.6
Hz). Pale yellow solid; Mp 91.3-93.4 °C; IR (KBr) 3057, 2845, 1723, 1588, 1122, 1003
cm '; "H NMR (CDCls, 300 MHz) §7.97-7.67 (m, 7H), 7.60~7.22 (m, 12H), 7.18 (dd,
J=28.7,2.1 Hz, 1H), 6.97 (dt, J=15.6, 5.7 Hz, 1H), 5.22 (s, 1H), 4.59 (s, 2H), 4.27 (dd,
J=15.7,1.8 Hz, 2H); °’C NMR (CDCls, 75 MHz) & 167.9, 165.5, 151.2, 148.3, 137.9,
136.5, 134.1, 133.7, 131.3, 131.2, 130.4, 129.2, 128.4, 127.9, 127.8, 127.7, 127.6, 127.5,
126.9, 126.3, 125.9, 125.5, 122.8, 121.4, 120.8, 118.5, 118.3, 96.9, 72.7, 69.9; HRMS
(ESI) calcd for C33H04Na [M+Na]" 509.1723, found 509.1709.

(2E)-3-(4-Methoxyphenoxy)-5-methylhexa-2,4-dienoic acid 4-methoxyphenyl
ester (3bg, Table 1-4)

The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic '"H NMR peak by analogy to 3aa. Colorless solid; Mp 68.2-70.1 °C; IR (KBr)
2935, 2839, 1713, 1505, 1117 cm™'; "H NMR (CDCls, 300 MHz) 57.06-6.99 (m, 2H),
6.98-6.91 (m, 5H), 6.88-6.81 (m, 2H), 5.00 (s, 1H), 3.82 (s, 3H), 3.77 (s, 3H), 2.10 (d,
J=0.9 Hz, 3H) 1.96 (d, J = 0.9 Hz, 3H); *C NMR (CDCls, 75 MHz) & 171.2, 166.2,
157.2, 156.9, 147.7, 146.7, 144.3, 122.6, 122.3, 117.6, 115.0, 114.3, 94.5, 55.6, 55.5,
28.2,21.3; HRMS (ESI) calcd for C,;H,,05Na [MJrNa]+ 377.1359, found 377.1370.

(2E)-5-Methyl-3-(4-trifluoromethylphenoxy)hexa-2,4-dienoic acid
4-trifluoromethyl- phenyl ester (3cg, Table 1-4)

ISRY
M
FsC K{Y ©
/©/O Me
FsC

48



FHT N2 & IR = AAE A & DI T ZRHEITIENT I B oy, TRIFIH R = /AL WD B

The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic '"H NMR peak by analogy to 3aa. Colorless solid; Mp 66.3-67.9 °C; IR (KBr)
3078, 2933, 1717, 1575, 1327, 1119 cm'; 'H NMR (CDCls, 300 MHz) §7.71 (d, J =
8.4 Hz, 2H), 7.62 (d, J = 8.4 Hz, 2H), 7.27-7.14 (m, 4H), 6.99-6.90 (m, 1H), 5.11 (s,
1H), 2.07 (s, 3H), 1.98 (s, 3H); >C NMR (CDCls, 75 MHz) §170.1, 164.7, 156.3, 153.2,
149.7, 127.6, 127.51, 127.46, 126.65, 126.59, 122.2, 121.1, 117.0, 96.6, 28.4, 21.4;
HRMS (ESI) calcd for C,1H;¢FsO3Na [M+Na]" 453.0896, found 453.0891.

(2E)-5-Methyl-3-(naphthalen-1-yloxy)hexa-2,4-dienoic acid naphthalen-1-yl

ester (3dg, Table 1-4)
e
sise
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The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic 'H NMR peak by analogy to 3aa. Pale yellow solid; Mp 143.0-144.8 °C; IR
(KBr) 3063, 2974, 1714, 1562, 1385, 1115 cm'; 'H NMR (CDCls, 300 MHz)
08.04-7.89 (m, 2H), 7.86-7.63 (m, 4H), 7.62—7.50 (m, 3H), 7.48-7.34 (m, 3H), 7.30
(dd, J=7.5,0.9 Hz, 1H), 7.20-7.11 (m, 2H), 5.17 (s, 1H), 2.25 (d, /= 0.9 Hz, 3H), 2.01
(d, J = 0.9 Hz, 3H); °C NMR (CDCls, 75 MHz) & 171.2, 165.9, 149.3, 148.8, 146.7,
135.1, 134.5, 128.2, 127.8, 127.2, 126.8, 126.7, 126.19, 126.16, 125.87, 125.83, 125.6,
125.3, 121.8, 121.5, 118.2, 117.6, 117.3, 94.7, 28.6, 21.6; HRMS (ESI) calcd for
Cy7H»03Na [M+Na]" 417.1461, found 417.1467.

(2E)-5-Methyl-3-(naphthalen-2-yloxy)-7-phenylhepta-2,4-dien-6-ynoic acid
naphthalen-2-yl ester (3aq, Scheme 1-2)
NOESY cross peak

© OH/\ 00 Ph
S W
| Oy "
Ph

major Z-isomer minor E-isomer
The stereochemistries of the 2- and 4-positions were determined by the NOESY
experiments. 4Z: 60% isolated yield. Pale yellow solid; Mp 128.1-129.5°C; IR (KBr)
3060, 1719, 1609, 1394, 1112 cm™'; '"H NMR (CDCls, 300 MHz) §7.96-7.70 (m, 6H),
7.65 (d, J = 2.1 Hz, 1H), 7.61 (d, J = 1.5 Hz, 1H), 7.56-7.34 (m, 6H), 7.27-7.11 (m,
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6H), 5.28 (s,1H), 2.24 (d, J = 1.5 Hz, 3H); °*C NMR (CDCl;, 75 MHz) & 168.3, 165.6,
151.5, 148.4, 134.2, 133.7, 131.8, 131.3, 131.2, 130.3, 129.2, 128.6, 128.25, 128.21,
127.9, 127.7, 127.6, 127.5, 126.8, 126.4, 125.8, 125.6, 125.5, 123.1, 121.4, 120.9, 118.6,
117.9, 99.3, 97.2, 89.9, 26.2; HRMS (ESI) calcd for C34H,403Na [M+Na]" 503.1618,
found 503.1632. 4E: 19% isolated yield; Pale yellow solid; Mp 108.0-110.0 °C; IR
(KBr) 3056, 1723, 1611, 1250, 1123 cm™'; "H NMR (CDCls, 300 MHz) §7.99—-7.67 (m,
7H), 7.61-7.36 (m, 8H), 7.35-7.23 (m, 4H), 7.19 (dd, /= 8.7, 2.1 Hz, 1H), 5.26 (s, 1H),
2.42 (s, 3H); *C NMR (CDCl;, 75 MHz) & 169.1, 165.3, 150.9, 148.3, 143.9, 134.1,
133.7, 131.8, 131.3, 130.5, 130.4, 129.2, 128.6, 128.3, 127.9, 127.7, 127.6, 127.5, 126.9,
126.4, 126.0, 125.9, 125.5, 122.8, 121.4, 120.6, 118.6, 118.0, 98.1, 93.3, 92.7, 21.3;
HRMS (ESI) calcd for C34H4,03Na [M+Na]" 503.1618, found 503.1632.

4-(4,4-Dimethyl-2-oxo-dihydro-furan-3-ylidene)-3-(naphthalen-2-yloxy)-but-2-en
oic acid naphthalen-2-yl ester (3ar, Scheme 1-3)
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The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic "H NMR peak by analogy to 3aa. The stereochemistry of the 4-position was
determined with the chemical shift of the olefinic '"H NMR peak by analogy to 3ae. Pale
yellow solid; IR (KBr) 3058, 2965, 1765, 1592, 1107, 999 cm™'; "H NMR (CDCls, 300
MHz) 67.99-7.68 (m, 5H), 7.63—7.30 (m, 8H), 7.23-7.13 (m, 1H), 7.06 (d, J = 1.5 Hz,
1H), 5.33 (s, 1H), 4.07 (s, 2H), 1.32 (s, 6H); >°C NMR (CDCls, 75 MHz) §165.7, 151.4,
134.1, 133.7, 131.4, 131.3, 130.2, 129.2, 129.1, 127.9, 127.8, 127.7, 127.64, 127.58,
126.6, 126.3, 125.7, 125.4, 121.4, 120.9, 118.5, 118.2, 102.2, 97.8, 44.5, 22.3, 21.9;
HRMS (ESI) calcd for C30H4OsNa [M+Na]" 487.1516, found 487.1518.

4-(4,4-Dimethyl-3-oxo-dihydro-furan-2-ylidene)-3-(naphthalen-2-yloxy)-but-2-en
oic acid naphthalen-2-yl ester (3ar’, Scheme 1-3)

SRS
((\jo
° 0/72
This compound was isolated as a mixture of stereoisomers. The stereochemistry of

the 2-position was determined with the chemical shift of the olefinic 'H NMR peak by
analogy to 3aa. The stereochemistry of the 4-position could not be determined. Major
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stereoisomer/minor stereoisomer = 60:40; Pale yellow solid; IR (KBr) 3058, 2968, 1574,
1111, 998 cm™'; "H NMR (CDCls, 300 MHz) major stereoisomer: &7.97-7.64 (m, 7H),
7.62—7.30 (m, 7H), 7.22-7.06 (m, 1H), 5.29 (s, 1H), 4.19 (s, 2H), 1.21 (s, 6H); minor
stereoisomer: 7.97-7.64 (m, 7H), 7.62-7.30 (m, 7H), 7.22-7.06 (m, 1H), 5.38 (s, 1H),
4.31 (s, 2H), 1.21 (s, 6H);13C NMR (CDCl;, 75 MHz) 6 201.4, 167.5, 167.3, 165.7,
165.3,152.8, 151.4, 151.3, 151.0, 148.3, 134.1, 133.7, 131.4, 131.3, 130.3, 130.2, 129.7,
129.2,129.1, 127.67, 127.64, 127.58, 126.8, 126.6, 126.3, 125.8, 125.7, 121.43, 121.35,
120.9, 120.8, 118.5, 118.2, 117.9, 117.8, 102.1, 99.9, 97.8, 95.7, 81.2, 79.4, 44.5, 42.5,
22.3,21.9; HRMS (ESI) calcd for C30H,40sNa [M+Na]" 487.1516, found 487.1517.

(2E)-3-(Naphthalen-2-yloxy)-5-phenylhexa-2,4-dienoic acid naphthalen-2-yl

ester (3as, Scheme 1-4)
T

This compound was isolated as a mixture of stereoisomers. The stereochemistry of
the 2-position was determined with the chemical shift of the olefinic '"H NMR peak by
analogy to 3aa. The stereochemistry of the 4-position could not be determined. Major
stereoisomer/minor stereoisomer = 60:40; Colorless solid; Mp 110.6-112.6 °C; IR
(KBr) 3060, 1721, 1578, 1244, 1123, 1004 cm'; '"H NMR (CDCl3, 300 MHz) major
stereoisomer: 6 7.97-7.65 (m, 9H), 7.65-7.13 (m, 11H), 5.32 (s, 1H), 2.58 (s, 3H);
minor stereoisomer: 7.97-7.13 (m, 18H), 7.11 (d, J= 2.1 Hz, 1H), 6.84 (dd, J= 8.7, 2.1
Hz, 1H), 5.21 (s, 1H), 2.26 (d, J = 0.9 Hz, 3H); °C NMR (CDCls, 75 MHz) & 170.6,
169.7, 165.8, 151.0, 150.9, 148.9, 148.4, 147.5, 143.3, 142.1, 134.1, 133.9, 133.8, 131.3,
131.0, 130.4, 129.8, 129.2, 129.1, 128.4, 127.9, 127.8, 127.7, 127.6, 127.5, 127.4, 127.3,
126.9, 126.57, 126.52, 126.3, 125.8, 125.5, 125.4, 121.5, 120.8, 120.2, 119.4, 119.2,
118.62, 118.59, 118.0, 117.3, 97.7, 97.0, 27.1, 19.1; HRMS (ESI) calcd for C3;H»403Na
[M+Na]" 479.1618, found 479.1618.

(2E)-5-Methyl-3-(naphthalen-2-yloxy)hexa-2,4-dienoic acid methyl ester (4, Eq.
1-28)
COzMe

\\Me

NaOMe (27.0 mg, 0.500 mmol) was dissolved in MeOH (10 mL). The resulting
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solution was added to a solution of 3ag (19.7 mg, 0.0500 mmol) in MeOH (10 mL).
After stirring at room temperature for 16 h, the reaction was diluted with water,
neutralized with aqueous HCI, and extracted with CH,Cl,. The CH,Cl, layer was
washed with saturated aqueous NacCl, dried, and concentrated. The resulting residue was
purified on a preparative TLC (hexane/EtOAc = 20:1), which furnished 4 (14.0 mg,
0.0496 mmol, 99% yield) as a colorless solid. The stereochemistry of the 2-position was
determined with the chemical shift of the olefinic '"H NMR peak by analogy to 3aa. Mp
58.1-60.1 °C; IR (KBr) 3063, 2950, 1709, 1578, 1272, 1136 cm™'; '"H NMR (CDCls,
300 MHz) 67.91-7.74 (m, 3H), 7.55-7.41 (m, 3H), 7.21 (dd, J = 9.0, 2.4 Hz, 1H),
7.00-6.93 (m, 1H), 4.92 (s, 1H), 3.60 (s, 3H), 2.10 (d, J = 1.2 Hz, 3H), 2.00 (d, /= 1.2
Hz, 3H); *C NMR (CDCls, 75 MHz) §167.5, 151.4, 147.0, 134.2, 131.1, 130.1, 127.8,
127.4, 126.7, 125.6, 120.8, 117.60, 117.56, 97.3, 50.9, 28.2, 21.2; HRMS (ESI) calcd
for C13H;303Na [M+Na]+ 305.1148, found 305.1148.

(2E)-3-Methoxymethyl-5-methylhexa-2,4-dienoic acid naphthalen-2-yl ester
(3afg, Scheme 1-6)

HM
NOESY cross peak \MeO™ W ©

Hs-BINAP (4.7 mg, 0.0075 mmol) and [Rh(cod),;]BF4 (3.0 mg, 0.0075 mmol) were
dissolved in CH,Cl, (2.0 mL) and the mixture was stirred for 10 min. H, was introduced
to the resulting solution in a Schlenk tube. After stirring at room temperature for 1 h, the
resulting mixture was concentrated to dryness. To a 2g (1.0 mL) solution of the residue
was added 2g (1.0 mL) solution of 1a (50.5 mg, 0.30 mmol) and 1f (105.1 mg, 1.50
mmol). The mixture was stirred at room temperature for 1 h. The resulting mixture was
concentrated and purified on a preparative TLC (hexane/EtOAc = 10:1), which
furnished a mixture of 3ag and 3afg. This mixture was further subjected to the
preparative TLC (hexane/EtOAc = 1:1), which furnished 3ag (12.9 mg, 0.0327 mmol,
22% yield) as a pale yellow solid and 3afg (6.6 mg, 0.0223 mmol, 7% yield) as a
colorless oil. The stereochemistries of the 2- and 4-positions were determined by the
NOESY experiment. IR (neat) 3058, 2927, 1732, 1598, 1155, 1127 cm '; '"H NMR
(CDCl3, 300 MHz) 67.90-7.75 (m, 3H), 7.57 (d, J = 2.4 Hz, 1H), 7.52-7.40 (m, 2H),
7.24 (dd, J = 9.0, 2.4 Hz, 1H), 6.30-6.24 (m, 1H), 6.19-6.12 (m, 1H), 4.09 (d, J = 1.2
Hz, 2H), 3.45 (s, 3H), 1.85 (d, J = 1.2 Hz, 3H), 1.75 (d, J = 1.2 Hz, 3H); *C NMR
(CDCl3, 125 MHz) 6164.5, 155.6, 148.4, 140.6, 133.8, 131.3, 129.2, 127.7, 127.6,
126.4, 125.5, 121.4, 120.0, 118.5, 114.5, 74.8, 58.6, 26.7, 20.2; HRMS (ESI) calcd for
C19H03Na [M+Na]" 319.1305, found 319.1306.
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Ha A
KT NAF L& FRAZNTITE REDF 2T LIy FRZRACIIS I FATF LIS & 5 F F 0 27 12
I GO Bk

B ORWT IR ETIAFAT VT B REDZ T A+ =8 b0
NN AREFMAIBRALRSIC L ATy 7 o~ D U FEEDOS
59

B—H

il

B 72 (IS JRUEF 2 © 2 B RE MR IR 2B 4% % A8 LSRR 2 L 45 2 B fse i) 7 Al E A )i
L. BUROFAEASBILFHICB W TIEFICHE IR FETH DL, FE2FETH
7o H— Oz I o TEGE R 72 SOSDEIT T AU, EE O E 5
SRR L 0 BN TH DY, EHEOFRT HHRETHEEC, hFA L MErY
7 D) BERRIE 0D F % T8 RH 22 OIS 2 3 LT 52 39 il 213, 2009
FNIA VT 4 VEMAI T 0 VT T A B HRNL A VR = VR )N E
ANCHEIT L, D= — VB ERN SR TR LD Z & 2 E LT\ % (Scheme
1-7) 9,

R? Rh(1)*/dppf Rl Rh(1)*/dppf

R3
ﬂ%w catalyst ﬂ%w catalyst

O > 0 Me
\—% Olefin \:< Propargyl Claisen
R4 Isomerization R4 Rearrangement
2
Ff\\ Rh(1)*/dppf R RS
RITY, R catalyst R2 __
— Me
Me Carbonyl 3
OHC™ 4 Migration R® CHO

up to 81% yield
Scheme 1-7. Rhodium-catalysed one-pot olefin isomerization/propargyl Claisen
rearrangement/carbonyl migration.

LT B E TR FF oM 27 A1)/ Hg-BINAP At 2 Fu 7= 7
V—NxF =)z —TF )V NR= bW e O =8I E AT 5
ZET, Bl T ARIGHABTE DO TRV EB X T, T7hbb,
AFF o Mr U A(1)/(R)-He-BINAP SEARREAFLE T, 7 VAR = /AL EWITRZ
T5T7AX=AT AT RKEHWCT U — LT =L —T )V EDORISEITZ
X, ABTFEIRIIIZ 5-7 VX = LT VT B ROT AT & REL & D51 =21k
FOSHHELT LTete, R LTo YA D5 FINAF [A+ 21 INERAL SO 53 8 5t
BNCHEELTT 2 DO TIE AW & & 2 7= (Scheme 1-8),
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0 [Rh(cod),]BF 4/(R)-Hg-BINAP

OAr
_< catalyst
+ y L

|‘| Z H solvent, rt

Intermolecular Trimerization

OAr H
OAr
same catalyst?
FJrg - z
Z AI’OZC COzAI'
—— R R

Intramolecular Asymmetric
[4+2] Cycloaddition

Scheme 1-8. Rhodium-catalysed one-pot intermolecular trimerization/intramolecular
asymmetric [4+2] cycloaddition.

BB A BISRALEZ W= v A O FN[A+ 2 INBRAE RS . B 72
MR LToAb A E —BBE TR T Z ENTE MO THEALRMNISTH D, F
7=, V=8 ~DFk &2 Ip T B OEARLT VX AL, ¥ AL
D2 IRBEREI DB AN L » T, BERORFIRFBEHTLEER~T 0B EHK
BB RET DL I ENARETH DO, TV E TITER & 72 B 4 JE S8 R fil it
S OMEANIEE SN TE T,

B A B ARE 2 N2V A Do T[4+ 21 INERAE BOG T, 1989
FD Wender 512 85 = v 7 VEEIRFREE 2 N2 BOS 23 F1D CTOMEFITH 5,
ZORGTIE, REEDOEEINERLLZVT A 2 HNHZ EI2X > T, 56
BREIL6-6 MRS 7 AT U UFHERMNRM 2T, MR THE LT
Wa (K131 9, E7m, 1996 iR, VoI —EALCT I REATH YT A
> E RN T ANBRINBRLRIS 2 S LTV D, ZORETIX, KAME
FRA~DISIZ B A LTV 5 (Scheme 1-9) 7,

R’l
o 10 mol % Ni(cod), 3
]
é =R 30 mol % P(O-0-BiPh);, 15 R
e (1-31)
R2 \ / R2
2=, O up to >99% yield
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BE B
Kl T & THFm THTE N EDZ T AT = BN 5 TP B NERIE RIS Lo B+ T2 m~
F YT L GFEK DB

O _N 20 mol % Ni(cod),
| 60 mol % P[O-i-CH(CF3),l
N %

THF, 25 °C

—_—
| T™MS —>
Boc
88% yield

H + : WH

yohimban alloyohimban
18% yield 19% yield

Scheme 1-9. Applicattion of intramolecular [4+2] cycloaddition to total synthesis.

Wender © D = &7 JUEEIRAIE 2 Fl - SOS OME, 1 2w Agk it 2
WSO S ECHRS STnb, £, 1990 4E1C Livinghouse, Jolly 5723, 7 ¢
IV BRI A O RO RS LTS (L 1-32) 8, Z OIS T,
Bex 2 o —E A THY A UM S0, Wender & D412
NRTEIRFFEEZET D E VO FEN R STz, £72, Jolly 513 1998 4RI,
INT VT MERIIE A O RO b E LT D (01-33) %,

o 2
Z/TR1 10 mol % RhCI(PPh3)3 - 7 R

- 1-32)
(WRZ THF, 55 °C \as (

Z= CH2, C(COZMe)Za (@]
n=1,2

up to 96% yield
_ 5 mol % PdOAc Me
Z/ — 10 mol % PPh; z/\:©/
THF, 50 °C (1-33)
\—\\JMe

Z = C(CO,Me),, O up to 89% yield

1998 4=121X Gilbertson 523, B FA L MEw 27 A(1)/dppe SEAMREE % 72 X
JGERE L TR Y CRIRE W RS T TRIGAHEIT LT 5 (R 1-34)19,
F 720 1999 HETiE Chung B3, BT Ao Mu Uy A()F 7 & L 2 shiRAR A
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WS E S LT AT, oS TIE, BRI TR TR RS2 LT
L, vYZa~ndh oo U FERPENETH LTS (30 1-35), 2000 F12i%
Zhang HIZ X > T, BF A MEr T v A()/dppb 5ARAREE A2 VN2 RO 23 s &
nTW5s (X 1-36) 2, ZORIGTIE, A 2R LG0T L% AR E
EHTHYVZA v ERWS Z ENRTE, BEFOWE % Enl 5 FE A& O
PERIZEEI LT\ 5,

R
Z(r)in — R 6 mol % [Rh(dppe)(CH,Cl,),]SbFg - Z‘()/Ré/ Me
CH,Cl,, 25 °C (1-34)
\—UMe
Z = C(CO4Et),, O up to 80% yield

n=1,2

—— 1 mol % [Rh(naphthalene)(cod)]BF 4 \/:©/Me
Z Z
\_\\_//,Me CH,Cly, 15 °C (1-35)

Z = C(CO,Me),, NTs, O 94-98% yield
R
,—R 1 mol % [Rh(dppb)]SbFy Me
Z - 7
\__\_/_Me (CHyCl)y, rt (1-36)
Z = C(CO,Me),, NSO,Ph, O up to 99% yield

F7-. 2004 FEIZKRE., BALELN, FT IR T N 72 E2 W= /KHT
DEIEERE LTS (K1-37) B,

R

S/ =R 1.25 mol % [{RhCI(nbd)},] i Me
\_\\_//,Me SDS (2.0 equiv), H,0, 25 °C (1-37)

SDS = sodium dodecyl sulfate

Z = C(CO,Et),, NBn, O up to 99% yield

2005 4EIC1E Tam H A3, TAF U Rl a X VRF 267500 A &
WIS ERE LTS (R 1-38) Y, ZoISTHELNE a U ERy
BT U UFFERIT, NT U AR A WK —E o v 7Y U
JE> Heek i ~& R 4L Tu%  (Scheme 1-10),
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gy e
Kl T & THFm THTE N EDZ T AT = BN 5 TP B NERIE RIS Lo B+ T2 m~
FH T L GFER D B

X
- 2.5 mol % [RhCl(cod)]
(=X 5 mol % AgSbFg (@@/R
Z Z
\_\\_//7R acetone, 25 °C (1-38)

Z = C(CO,Et),, NTs, O

X=Cl,Br, | up to 87% yield
n=1,2
Ar
Pdy(dba);, tBusP, CsF Me
/ Ar-B(OH),
THF, 65 °C :
’ 77% yield
Br Br (Ar = p-MeO-CgH,) 4
Me 1, pdic Me
o —2 >0
CO,Me
45% yield =
Pd,(dba)s, t-BusP, CsF Me
THF, 65 °C
Z>C0o,Me 86% yield

dba = dibenzylideneacetone

Scheme 1-10. Application to coupling reactions.

2006 42Z1E Chung H73, ™ 277 AINHC SRR A I\ 72 BOE & 8 LT
%5 (R 1-39) ¥, SR, SERT A UM E OV LA VR AN
ST N[A+2 I INBAL R OME— DB Cdb %, £72. Chung & & IEIEFIREEIC .
Waymouth, Wender & # 12 2 7 2 /NHC SEAARIE A FIV 72 BOS 2 i LT 219,
FRRENC, RIE, FEDICL > T BN T AT A THE V= A v
ERWERIEAHRE ShTns (GL140) 1719,

R1
__ 1 2mol % [Rh(NHC)Cl(cod)] R?
Z/ — 3 mol % AgSbFg .
2 CH,CI,, 20 °C 3
\—\\_/(*R R
3 1-39
R ‘A\iji. (1-39)

Z=NTs, O @v \p 91-99% yield

NHC
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X R

_ 5 mol % [Rh(cod)ClI],
»—=-R 13 mol % AgSbFy Me
o o
WMe HFIP or TFE, rt
Y

Y (1-40)

X=H, Y=0
or up to 100% yield

X=0,Y=H2 yEp = 1,1,1,3,3,3-hexafluoro-2-propanol

TFE = 2,2,2-trifluoroethanol

IO X, v vy AERAEE A WY A Doy N[A+2) IR ALK
IS A STV D28, 2007 AT IE Firstner &, 2011 4213 Chung & 23,
S BERRBIE 2 N T2 B0 S S LTun a1 20 X502, 2008 4E(Z Firstner & 13
;@ﬁmfﬁiﬁ%@%%ﬁ%ﬁ%ﬁ%mmtﬁm%ﬁiqu5”

= E TR BB A RS IR A W e Y A DAy N[A+2] B AL
)im? IONWTIHRRTELEN, ART DX TV o~V U UFHERE R
BRAICERRT 2 Z I TETE LT, RO THA 22% 7V EBER &JR G (AR
HAWIEREM TN, £ AFISOHD TOREH] & LT, 1998 FiC
Gilbertson & 23, 1 F 4 LM 227 A (1)/Me-DuPhos S A 2 N =, oo o

Doy FNARF A+ MBS & 85 Uz, ZRBENL N EEEIR - CThDH Y=
A ERAWD & KIGSEMHICE > T B T BALEREIAET S v o RIS
MBHDIN, XTI T anF U UFFEREFIENOE TS T AR
2B Z LTI L (R 1-41) P,

Z/%R 6 mol % [Rh(ligand)(solvent),|SbFe ZC@AMG
25-55°C
Me
up to 98% yield ;
up to 95% ee (1-41)

ligand = (S, S -Me-DuPhos

Z = C(CO,Et),, O

2002 FIZIFEEH BT L - T, A4 U ¥ v AIBDPP SEAfIEA N om ) T
FRIRAII2 D T A 2 DA F AR [+ 2 MBS G A S iz (3 1-42) 2,
BICEEM BI1%, B TF A oM a P A(DIBINAP $EAf 2 V2o & 7L
v & O FBIARF A2 MBS b LT s (R1-43) 2,
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R
_ 10 mol % [IrCl(cod)],/

2/7 — R (S,S)-BDPP .

\_\\_// AcO-t-Bu, reflux A
1-42

7 =NTs. O 'PPhy up to 73% yield ( )

’ up to 98% ee
PPh,
(S,S)-BDPP
1
R R'] R2

CO,Me
3 2 3
R R2 10 mol % [Rh(cod)(BINAP)BF, R COMe
e ¥ | | (CH,CI),, 40 °C " (1-43)
COzMe

COMe up to 66% yield
up to 94% ee

2006 “EIZiZ = Eon, AFA e U A0SR WY D
5y F-NARFF[A+ 2 TMBL OGS 2 8E L2 (R 1-44) ), ZoRSTIE, HEO
BN NIREBR A+ THLHV T A VIZBEIN TS HOD, #OTEWVT
FUFAEIRMEICNZ TEWS T AT VAR TR T Ly 7 angdh oo
FHEAEPIELNTND,

5 mol % [RhCI(diene*)], Ar
— A 11 mol % PP*-ligand Me
O/ — Ar 20 mol % AgSbFg 5 a
\_\\_//7Me CH2C|2, rt

H 1-44

Me___OMe up to 99% vyield ( )

up to 98% ee
diene* = 7
Me Ar

2007 FEICIEAR, BB BRI F A M D A1)/ T Y SRR
TV U A DY FNARFARISMBLRIE A S LT (R 1-45) 2, =
DRIETIE, BREPSENST AT LAB IO FABRE T T 1
7 aAnF YV CHEEPGOR TN D,
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R

. 5 mol % [{RhCI((S,S)-Ph-bod*)},] 1
Zx—_ R 10 mol % AgSbFg Z\/:@R
R'] CH2C|2, 25 °C - 2

\——<§L_4€r— f R (1-45)

R2 Ph
(S,S)-Ph-bod* = % Vi
_ / up to 96% yield
Z = C(COyMe),, NTs, O up to >99% ee

Ph

IOX DGR, BT AR DY AERAEDS o L DTN
[A+2 MBSO TX 5 Z ENAH S TS, 22T, F—E TN
TeH F A w2 U A()/Hg-BINAP Skl 2 =7 J — o F =)o —7
W ENNVR=ALEY & O TH Z BRI EISA L, ZER A D5y
T [A+2HMERALBOR AN R AT T 4UX, 2 DOARFRERTHF T L
JanFHh O UFHEENG LD EHIFFSILD (Scheme 1-8) , MRETOFEMI A
AKE|Z TR B,

62



H—a FE
KT & TNAFm N TITE NEDI T AT =B 57 F- I ENERIE RN L B F T s 2 o~
F T L GEEARD Bk

FHH OSSO

T, AFA UM e T AD)/(R)-He-BINAP $EAfMESFET, 7V — 1T =
Jr—7 v l1la & 5-7AF =TTk RO x MW KGE=ER, 1 R TIT-o
7= (Table 1-5), TDFER., 5-TIAFXF=/AT LTt ROT ILF UENLE DORUGNE
F oL EITEF, TAT b REL & D5+ = BV RS DM @R IR B A T
L., V=2 A v 10aa DHRREDOIRL D B 522 A0E I L ONLIARIVE T 5
N, L, ek Y= A > 10aa D4y T NAF A2 IERAL ST E - 72 <
AT Lo 7z (entry 1), ZTOL X 5-TAF=/AT /Tt FOHC E{LK
I X B AR BRI T 5 2 & 2R L, w2, FAEDKIG% 80°C, 24
MTHRETLTZE ZA, T =8bRISICREE . Y= A > 10aa D77 AR
[A+2]SINBRAC OGS 23 E RIS HEAT L, KPS T D F Ty 7 m A~k oo 358
K 1laa SHFRE DI L ERRAMEL KOV T 27 LA IR b TNIR
D TEWT T U F AR T B 372 (entry 2) . £k &4 72 BINAP SREZ 1 (Figure
1-3) ZHEFTL7c& 2 A, Segphos ZBRE, WIFN DB FZ2HWZIGAIT S,
FEREEDILRARN S RERMEB LY T AT UABRRME 2 5 T EH VT
FARINVE CRUSHEIT L2 (entry 3-5), F7z, “HADKEIWEFT7F g
EAETDEARAT 4 UEANL T (He-BINAP > BINAP > Segphos) % AV 7= I 1E
ERWENE L, bmW\o T T A SRR R BL L 72 (R)-He-BINAP % i ficfir
TE L, &6, B BbSIC X DRIAERD & £ T D72, 5-7T /¥ =
ATV TE ROz 2Ysmlng &, IROKRRBRIGEDN R bz (entry 6),
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Table 1-5. Optimization of reaction conditions for one-pot transformation of 1a and 9a
leading to 11aa.?

0 [Rh(cod),]BF4/ligand
OAr :
0.10
. /_< ( equiv)
I TsN H (CH,CI),
= Me
1a 9a
(Ar = 2-naphthyl)
(1 equiv) COLAr OAr
N ™ + TsN
N/\ 5
A ‘COLA
OAr Ts Me COAr
10aa 11aa
entry ligand 9a condition 10aa 11aa
(equiv) % yield® % yield®, dr, % ee
1 (R)-Hg-BINAP 1 rt, 1h 43 0
2  (R)-Hg-BINAP 1 80°C,24h 0 46, >99:1, >99 (-)
3 (R)-BINAP 1 80°C,24h 0 38, >99:1, 97 (-)
4  (R)-Segphos 1 80°C,24 h 0 <5
5  (S)-xyl-Hg-BINAP 1 80°C,24h 0 48, >99:1, 98 (+)
6 (R)-Hg-BINAP 2 80°C,24h 0 67, >99:1, >99 (-)

# [Rh(cod)2]BF4 (0.010 mmol), ligand (0.010 mmol), 1a (0.10 mmol), 2a (0.10 mmol),
and (CH.CI), (2.0 mL) were used. ° Isolated yield based on 1a.

(2 (I o® a0
PPh, PATr, PPh, o PPh,
PPh, PAr, PPh, o PPh,
‘ C ‘ C g C 0 C

Ar = 3,5-M62C6H3
(R)-Hg-BINAP (S)-xyl-Hg-BINAP (R)-BINAP (R)-Segphos

Figure 1-3. Structures of bisphosphine ligands.
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Kt 7 o & THFZ AT ITE R ED S T AT Z AL 5T AW ERIGIZ o 8 F T 22
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N FREE R O R

RIZ, iR 0.1 24, 80 °C, 16 Kf]OKMT, 5-7LF =L T LTkt R 2
RN, REEHEEORNEZT) e Lie, £, AEELTT U —
VT ZNE =T 18 LR TR Y R L R EREE AT 5 5T L
F=LT T e R a-f & VTS Z Mt L7z (Table 1-6) . 77 /b3 2 R i 46
HORRL FAT I RN EY v —ICHT55-7LF=/L7 /L5t F 9b—d
EDORIEHHET L, WINGEIELRROIST 2F T AT maFky oz
FER 1lab—ad GBIz, FUAT I REE Y U —ICHT 5 5-T %=
VT T e REFTERLS, 2 VAT 2 Rz ) o D—IZH 35 5-T %=
LTLTFE R, T—F L) o —I2HT55-TAF=ATILFE R Of
ZRAWTEIGHHEITL, XS T D% T Ly 7 a~ndP oo UiFER 11ae-af 235
S, BETREZ LI, WThOREEZAVWTY, BaRMEBLOVT
AT U ABRPWEZL & N TR o F A RPPENR R B LT,

Table 1-6. Rhodium-catalyzed asymmetric one-pot reactions of aryl ethynyl ether la
and 5-alkynals 9a—f. 2
[Rh(cod),]BF 4/

0 (R)-Hg-BINAP H
OAr 0.10 equiv : OAr
+ /_< ( quiv) 7
| | Z H (CH,Cl),, 80 °C
= R 16 h COLAr
R
1a 9a—f 11
(Ar = 2-naphthyl) (2 equiv)
(1 equiv)
H H H
z OAr z OAr B OAr
TsN TsN TsN
"COLAr "COLAr “COLAr
Me Et n-Bu
(-)-11aa / 64% yield (-)-11ab / 38% yield (-)-11ac / 42% yield
dr =>99:1, >99% ee dr =>99:1, >99% ee dr =>99:1, 99% ee
H H
E‘ OAr z OAr z OAr
TsN NsN (0]
“CO,Ar "“CO,Ar “CO,Ar
n-Dec Me (CH3)3Ph
(-)-11ad / 31% yield (-)-11ae / 64% yield (-)-11af / 35% vyield
dr =>99:1, 99% ee dr =>99:1, >99% ee dr = >99:1, >99% ee

# Reactions were conducted using [Rh(cod),]BF4 (0.020 mmol), (R)-Hg-BINAP (0.020
mmol), 1 (0.20 mmol), and 2 (0.40 mmol) in (CH.Cl), (2.0 mL). Isolated yield based on
la.
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TR VRN FE, v anF ik BIORN T 2=V EEFT S 5-
TNAF=AT AT R, ~a VBT AT VENB LR A LT 2 REMLE
Vo BH—ICHET55-TLVF= LT LT K B6-TILF=LTILTE RaEHWTK
JaEAT S T2 AIIE, T2 F Ty 7 aad v U UFHERPMRIN R T
SIS, BIAE LT MR IR DT DI HEE+T 5 Z L IXTE ol 77,
TN F RIS T TFNEEETD 5T AF = AT LT B RBEXOURE Y
VH—EH[TDH 5-TAF= AT AT e REHWTKIGEEIT> 256812, o1
M =BbRISREIT L, YA R DOIGERR D b FERRLE R LN
REPFETHEONTZD, Fi VA O FINARF A+ IR ST FE -
7T LD o7z, (R)-Hg-BINAP Z W ARKIG TR LY 7 a~FH
T UHEROMREE L, 7 v K U UEFER(-)-11ac O B X RE
fiEATIZ L 0 R L 7= (Figure 1-4, Table 1-7),

Figure 1-4. ORTEP diagram of (5R,7aS)-(-)-11ac with ellipsoids at 30% probability.
Details of the crystal data and the summaries of the intensity data collection parameters
for (5R,7aS)-(-)-11ac are listed in Table 1-7.
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Table 1-7. Crystallographic data and structure refinement details for (—)-11ac.

formula CisHuyNOs S Fooo 1460
formula Weight 686.85 Crystal size (mm®)  0.35x0.3x0.03
crystal color, habit  colorless platelet Temperature (K) 193(2)
crystal system monoclinic @range (deg) 4.23-68.22
space group Cl21 index ranges -24<h<24
a(A) 20.5752(10) -10<k<10
b (A) 8.5637(4) -25<1<25
c(A) 20.8927(10) number of 6735
independent
reflections
a (dig) 90 number of 542
parameters
B (dig) 90.195(2) Flack parameter 0.00(3)
v (dig) 90 Ry, WR; [I>20()]  0.0739, 0.1901
V(A% 3681.3(3) R1, WR; (all data) 0.1165, 0.2468
z 4 S 0.966
dearc (g/cm’®) 1.239 largest difference  0.348, -0.307
peak and hole
(eA7)
u# (CuKa) (mm™) 1.148

WIZ, APOSIZB W TR BIERNE N7 bV T 2 REMLE U v —ICH
L7 VUREZATFNIEEFTHE-T /X =)L T VT & R9allxf LT HEx
27V —nxzF=rx—7 /b 1la-d, 1j # TS ZFE L7z (Table 1-8), W
THOT Y —zFolz—TAERANEGEICH, fETHFT L7 mas
XU UK 11aa-da, 1lja BERRMLEB LY T AT L ARRM 2 5O
WO TR\ U FABRETE LN, £, TV — o F=Lxz=—TF )L
la (Ar = 2-naphthyl) % HWZERRZEE~ SREFE O H 5 1b (Ar = 1-naphthyl)
RFE B E 72 1d (Ar=4-MeOCgHy) B LN 1j (Ar=4-MeCegHy) Wz & X (T
WRNRKE KT LR, BTAREZ 1c (Ar=4-FsCCeHy) # HWZRRTHR S &
INERTRIGAEIT LT (1lca),
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Table 1-8. Rhodium-catalyzed asymmetric one-pot reactions of aryl ethynyl ethers la—e
and 5-alkynal 9a.?

[Rh(cod),]BF,/
(R)-Hg-BINAP

o} H
OAr 4 (0.10 equiv) : OAr
+ S > TsN
|‘| TsN H (CH,Cl),, 80 °C
= Me 16 h COLAr
Me
1a-d, j 9a 1

(1 equiv) (2 equiv)

C oS0
SNCQrc Me , Me r%

(-)-11ca (R = CF3) / 67% yield
dr =>99:1, 99% ee
(-)-11da (R = OMe) / 27% yield
dr =>99:1, 99% ee
(-)-11ja (R = Me) / 28% yield
dr =>99:1, >99% ee

(-)-11aa / 64% vyield (-)-11ba / 48% yield
dr =>99:1, >99% ee dr =>99:1, >99% ee

# Reactions were conducted using [Rh(cod),]BF4/(R)-Hs-BINAP (0.020 mmol), 1 (0.20
mmol), and 2 (0.40 mmol) in (CH.Cl), (2.0 mL). Isolated yield based on 1.

KIS TE LMY 7 a~F PP 358K 11aa 1%, NaOMe %z VW T 2T
WA 5 Z L2k » T, Eﬁ%iﬁﬂl%’@% FNTAT V12 ~EBEWT 52 LR
T&7- (X 146), F—ETHLRAT- X O, EHEOFET HHFE=ETITREIC
7»%»m%:»x~7wﬁﬁ%ﬁ/ﬁuv?Amé%%ﬁ@»%xﬁﬁmi
DIKSRSND DO REETHDH EWVHIHREETEBY ., ARISICHWS Z

LixcEvy, L, T — Lz F=lz—FT)LE 5T LF= LT ILTE R
EDRIETHONDG Y 7 ¥ VT VFERE AT AR T HZ 21Tk
T, AT ) — o F = o =T ) T T Lo F =)Lo—7F )b 5T )LF
SATATE ROZmEBEE Lizy 7 and P U iFERESEL 2 L3
RRThD, £l 7 unFH Iz gFEK 11a ([2x LT m-CPBA Z/EH S
HTZEIZEoT, TV NFXTEEAT DTNV EALOR NS LTz =
RE T RIS B RFRILENOFERIR T T AT UARIWETH S (K 1-47),
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H NaOMe H
: OAr (10 equiv) : OAr
TsN MeOH, rt TsN
COLAr 16 h CO,Me (1-46)
Me Me
(-)-11aa (-)-12 / 66% vyield
(Ar = 2-naphthyl, >99% ee) dr =>99;1, >99% ee
H m-CPBA o)
z OAr (10 equiv) WOAr
TsN CH,Cl, 1t TsN
COLAr 16 h COLAr (1-47)
Me
(-)-11aa

(Ar = 2-naphthyl, >99% ee)

(-)-13 / 64% vyield
dr =>99:1, >99% ee

BENTEZFIXIS-TLAXF=ALTILTE RIRATE5-TAF=Lr hoZHNT
T U=V F 2T —T N EDRIEERAT B e Lz, AFA v tknoy
L(DI(R)-Hg-BINAP SEAMEEAF/E T, 7V — o F=Lo—F /L la & FI LT
S REME AR Y v —ICH L, TIAF UV RBICAFAREETS 5-T %=Ly
R 99 EDEERFTLIZEZ A, B-TAF= LT AT E RERAWESEE LD
HRIGREMZ LR T2 2 & T, BIOZ U7 ARIGHEIT L, IR RE
EAETDHXT VT anFY U R 1lag/llag’ s TRREDO YT AT LA
RPN B @R OmW = o FARRMETHE L e (311-48),

[Rh(cod),]BF 4/
o (R)-Hg-BINAP
OAr (0.10 equiv)
+
|‘| TsN  Me (CH,CI),, 80 °C
= Me 72h
1a 99
(Ar = 2-naphthyl) (2 equiv)
(1 equiv) (1-48)
M M
2« _OAr © ~__OAr
TsN +  TsN
"COL,Ar "COLAr
Me Me

11ag / 51% yield, 90% ee  11ag'/ 26% vyield, >99% ee

kB, BHie 14- 7 u~d Y U UEFEIR(D)-11ag 35 L ON(+)-11ag’ DIEEE
13-v7aAnF P VT ()14 BLOH)-14 ~EHHETH 2 LT HONIREE
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ThbHZ EamR LT (149, 50),

Me Me
TsN TsN
., DMSO-EtOH i
‘COLAr t COLATr (1-49)
Me Me
(-)-1ag (-)-14
Me Me
OAr DBU R OAr
TsN ., DMSO-EtoH  'SN (1-50)
‘COLAr t COLAr
Me Me
(+)-1ag’ (+)-14

WRIZEHIT 5-TLVF= AT LT RITfRZTE- T A= L7 /LTt REHn
TTYV—NZF=oNe—T N EDORIGERFT2ZEE L, T — =T =
NT—T )b 5T =TT b ROy = BbOS S ETUE, =&
WMo T ML AR T D P BN ERTDEBERALND N, AR LIELER T
U =2 D534+ INBRALSOS D8RI HEI T T, 4 DORFREAT
HX TN A~ UFERMMELND EHIREEIND, hTFA R T T A
(1)/(R)-Hg-BINAP $&{AfilfiZ(E T, 7V —AxF=)Lx—F)L la & hI LT 3
REEZ Y o —IZCHETAHS-T A= )LT )Tt K156 L D SEBREF LT & 2
5. B ZBALOEAEIT L, Y =2 16 2SR RINRNOTERINER X
ONAREIRMETHE O NN, Fi< Y =2 16 O FNARF [A+2 BRSOt X
F o #E\IT Lo 72 (0 1-51),

[Rh(cod),]BF 4/
0  (R-HgBINAP  COLAr

OAr 0.10 equiv
N _/< ( quiv) N N P
|| TsN  H  (CH,CI),, 80°C Ts
\—ﬁ\ 16 h OAr (1-51)
A\

1a 15 16 / 58% yield

(Ar = 2-naphthyl) (2 equiv)
(1 equiv)
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FHWE  POCHERSICBI 4 5 5%

T =Nz F =)o —FT)E 5-TIAF=)NT VT ROX T LAyl =&
bS53 F N AR F [A+2 4 I BR AL S D RO I DWW T E 2234 %  (Scheme
1-11), £9°, BB = TRRET Y — Lo F =)o —F )L L LR = )fbEW L
D4y = BAU RS D RO & AR, 7V — v F = Lro—F )V 12 551 &
5-TIH=)LT AT R 9 O LIE-T VT B RENLE D4 1R = &K
iy Bl &L BETERIRMONMCE DTy A V10 N ERT D, YA v
D4y FN[A+2MTIMBRAC SO DUV TR, RS O & AR O THEfT L T
HEEZBEND D, FP. DA 10 DT AR UEMLE T U EME S 1Y
U ACENL. BEIER L L, e X v a T UK D NAERRT B, e,
nZ a7 UHREIR DI, D-1 & D-2 D2 SOMEENRE 2 HILD B,
EEWT L =LV E L (R)-Hg-BINAP DU VEF EDT /7 R T ADT = =)L
F & DSNRFED 72 WHA D-1 M LUWEETH D, e T, A7 7wl
D 13-TVNMENLIZ L T, aZ v ra~y ook E NERL, 5l&
< IBITHIMBEIZ K-> T, 7 ua~nd U UFER 1L BNAEKT D, B X
PR ERRAT I L 0 PR E U 7= it & (BR, 7aS) 1F. & D SRS THARR T D& &
—HT 5,

71



Rh*
OAr ArO -
Rh(1)* 0
i Bl
& — OAr
1 A
OAr
% Rh()*
Z>0 R . // ~n
. d / electrocyclic ring opening 7 OAr
ArO

more favorable

Scheme 1-11. Mechanistic proposal.
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WIZEHIX, 7V —rxzF=lo—F /b la Lt 5-TIF=/L7r b 9g & DK
JRIZIBWT 2 DOV T AT LAY —RNAERT 2 EREB LOEN S OSGEMER
WREIEN BRI EREZALNCT IEREIT-TZ, I F A v T A
()/(R)-Hg-BINAP SEAfMMEFAE T, EiE, 1M T7 YV — L =F=L=—7F /) la
ES-TIIX=Nr b9y EDRGEIToT-E 2 A M =BV S AT L,
}had D (REAE)- KDY A v 10ag MR IRNER X OSARERETHE LN
oo FT.5-TAF=AT AT E REHWERISEIZRZY, BRTHY A
> 10ag D INAF[4+2IERALBOLE DN EIT LTz (X 1-52), FEH I BLBRZE W
Z LI, 80°C TRILEITSTZBRICIZEEBM ThHh o7z v 7 mAaF U L ifE
B llag FFE-72<HFoNT, RINERN LY T AT LAY—OBRTHL V7
A YU UREK 1lag’ D ARG IV,

[Rh(cod),]BF 4/

o (R)-Hg-BINAP
OAr (0.10 equiv)
+ >
Il TsN  Me (CH,CI),, rt
= Me 1h
1a 99
(Ar = 2-naphthyl) (2 equiv)
(1 equiv) " " (1-52)
COLAr  ~_OAr © ~_OAr
+ TsN + TsN
DR SC@CO . CK;E/COA
OAr Me '° Me 2R 2T
Me Me
10ag 11ag 11ag’
49% vyield 0% yield 17% yield

oz e, 7V—n=F=)l=—7 )L 1la & 57 /LF =)L s 99 O
RIS BITD 2 2OV T AT LA~—DARKICOWNWT, RO X I ICHHT S Z
EMNTE D (Scheme 1-12), =i TORIGTIL, REALE)-KD Y= A MEY
L CHERMKT DN, 80°C TORISTIX, ATF Ao MHua v sz L7 vr >
ERAL D BMEAL LT U, QEAE)-AD Y A V& (2EAZ)- KDY A v Ay
BRICH D B2 D%, BIRTORIGICE W TRARAE R KOS RRR M
THAKT DQRELAE)ED YA %, BIFRIICEIVZETHLHEZEZDND
2, IR F OAFNVEELET U — AT VEONARKFIZELD, BT L~D
FERIBRIEDN BN E B X 5D, —F, BIFRICAZE R QEAZ)- kDY =
A NE SRR DD IR POEENENEEZEZ OND, ZOL)ICR
725200 LY A 7 NVHRKFE & PERE L TWD 0, BN O RER T
DNEBBENRESRD 2 OO T AT L AY—RNEKLTEBY . FhFhoiEs
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ArO,C
ros ArQ ___OAr Me
/ + Me = z OAr
) / Rh()” | e . TsN
TsN  Me A stow TSN:@Rh ~Rn()” "'CO,Ar
\%Me Me Me
(2E,AE)-isomer (major) F: less stable major, 90% ee
*T Rh(1)*
COLAr Al
Ao~ ? ro —~_OAr Me
+ Me : OAr
Rh(l) N I
@) g .0 —_— TsN
1N Me fast TsN_ |__Rh —Rh(l) ‘COLAr
\%Me Me Me
(2E,42)-isomer (minor) F': more stable minor, >99% ee

Scheme 1-12. A possible explanation for the formation of two diastereomers 11ag and
1lag’.
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Chapter 1-2
Experimental Section

1. General

Anhydrous CH,Cl, (No. 27,099-7) and (CH,Cl), (No. 28,450-5) were obtained from
Aldrich and used as received. Hg-BINAP, Segphos, and xyl-Hg-BINAP were obtained
from Takasago International Corporation. Aryl ethynyl ethers (la—d * ),
5-alkynylaldehydes (92°”, 9b°", 9¢°?, 9d°Y, and 9fY), and 5-alkenylaldehyde 15>
were prepared according to the literatures. All other reagents were obtained from
commercial sources and used as received. All reactions were carried out under an
atmosphere of argon in oven-dried glassware with magnetic stirring. Infrared spectra
(IR) analyses were carried out on a JASCO FT/IR-4100. *H and **C NMR data were
collected on a JEOL AL-300 (300 MHz) and JNM-ECA500 (500 MHz) at ambient
temperature. HRMS data were obtained on a Bruker micrOTOF Focus 1.

I1. Synthesis of Substrates

1-Ethynyloxy-4-methylbenzene (1j)

Cl
OH (O NGZ (e}
O — T — O
Me Me cl Me
A B 1j

To a solution of 4-methylphenol (A, 1.00 g, 9.25 mmol) in THF (10 mL) was added
potassium hydride (742 mg, 18.5 mmol) suspended in THF (10 mL). After the hydrogen
evolution was completed, a solution of trichloroethylene (4.86 g, 37.0 mmol) in THF (6
mL) was added to the mixture. The resulting mixture was stirred at room temperature
overnight. The reaction was quenched by the addition of 2-propanol and extracted with
EtOAc. The EtOAc layer was washed with water and saturated aqueous NaCl, dried
over Na;SO,4, and concentrated. The residue was purified on a silica gel column
chromatography (hexane/EtOAc = 50:1), which furnished 1-(1,2-dichlorovinyloxy)-4-
methylbenzene (B, 1.60 g, 8.55 mmol, 93% yield) as a colorless oil. '"H NMR (CDCl;,
300 MHz) 6 7.21-7.12 (m, 2H), 7.01-6.92 (m, 2H), 5.92 (s, 1H), 2.34 (s, 3H).

To a solution of B (1.50 g, 8.02 mmol) in Et,O (30 mL) was added dropwise a 1.65 M
solution of n-BuLi in hexane (19.4 mL, 32.1 mmol of n-BuLi) at =78 °C. The resulting
mixture was stirred at —40 °C for 3 h. The reaction was quenched by the addition of
2-propanol and extracted with Et,O. The Et,O layer was washed with water and
saturated aqueous NaCl, dried over Na,SO4, and concentrated. The residue was purified
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on a silica gel column chromatography (hexane/EtOAc = 100:1), which furnished 1j
(455 mg, 3.44 mmol, 43% yield) as a brown oil. IR (neat) 3316, 2171, 1503, 1199 cm™;
'H NMR (CDCl;, 300 MHz) & 7.21-7.06 (m, 4H), 2.31 (s, 3H), 2.05 (s, 1H); °C NMR
(CDCl;, 125 MHz) & 153.5, 134.2, 130.1, 114.7, 84.9, 32.9, 20.6.

N-But-2-ynyl-2-nitro-/N-(2-oxoethyl)benzenesulfonamide (9e)

/_<OMe Q /_<OMe

H,N  OMe ON o=5-N  OMe
(0]
C D
OMe (0]
ON =8N OMe ON o=8-N  H
o = Me o “——=Me
E 9e

2,2-Dimethoxyethylamine (C, 2.18 g, 20.8 mmol) and Et;N (6.07 g, 60.0 mmol) were
dissolved in CH,Cl, (24 mL) and the mixture was cooled to 0 °C. A solution of
2-nitrobenzenesulfonylchloride (4.61 g, 20.8 mmol) in CH,Cl, (20 mL) was added
dropwise to the solution, and the mixture was stirred at room temperature for 16 h. The
resulting solution was extracted with CH,Cl,. The CH,Cl; layer was washed with water
and saturated aqueous NaCl, dried over Na,SO4, and concentrated. The residue was
purified by a silica gel chromatography (hexane/EtOAc = 2:1), which furnished amide
D (5.40 g, 18.6 mmol, 89% yield) as a pale yellow solid. '"H NMR (CDCls, 300 MHz) §
8.18-8.11 (m, 1H), 7.94-7.87 (m, 1H), 7.79-7.71 (m, 2H), 5.59 (t, J = 5.7 Hz, 1H),
4.37 (t,J=5.7 Hz, 1H), 3.32 (s, 6H), 3.22 (t, /= 5.7 Hz, 2H).

A mixture of D (1.49 g, 5.13 mmol), 1-bromo-2-butyne (0.93 g, 7.0 mmol), and
K,COs3 (1.38 g, 10.0 mmol) in DMF (20 mL) was stirred at 100 °C for 3 h. The reaction
was quenched by the addition of saturated aqueous NH4Cl and extracted with EtOAc.
The EtOAc layer was washed with water, dried over Na,SO4, and concentrated to give
crude alkynylamide E (1.71 g, 5.0 mmol, 97% yield) as a brown oil. 'H NMR (CDCl,
300 MHz) ¢ 8.13-8.04 (m, 1H), 7.76—-7.58 (m, 3H), 4.50 (t, J = 5.1 Hz, 1H), 4.27 (q, J
=2.4Hz, 2H), 3.49 (d, J=5.1 Hz, 2H), 3.40 (s, 6H), 1.65 (t, /= 2.4 Hz, 3H).

A mixture of crude alkynylamide E (1.71 g, 5.0 mmol) and 3 M HCI (20 mL) in THF
(20 mL) was refluxed for 4 h. The reaction was quenched by the addition of saturated
aqueous NH4Cl and extracted with Et,O. The Et,O layer was washed with water and
saturated aqueous NaCl, dried over Na,SO4, and concentrated. The residue was purified
by a silica gel chromatography (hexane/EtOAc = 3:1), which furnished alkynylaldehyde
9e (1.10 g, 3.72 mmol, 74% yield) as a pale brown solid.
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Mp 89.2-90.9 °C; IR (KBr) 3100, 2844, 1733, 1541, 1351 1159 cm'; 'H NMR
(CDCls, 300 MHz) 6 9.66 (s, 1H), 8.19-7.99 (m, 1H), 7.87-7.60 (m, 3H), 4.27 (s, 2H),
422 (q,J = 2.4 Hz, 2H), 1.72 (t, J = 2.4 Hz, 3H); *C NMR (CDCls, 75 MHz) § 196.9,
134.9, 133.9, 132.6, 131.9, 131.2, 124.4, 83.4, 71.5, 55.8, 39.2, 3.4; HRMS (ESI) calcd
for C1,H;N,0sSNa [M+Na]* 319.0359, found 319.0359.

N-But-2-ynyl-4-methyl-N-(2-oxopropyl)benzenesulfonamide (9g)
O OH O

Alkynal 9a (2.51 g, 9.46 mmol) was dissolved in THF (38 mL) and the solution was
cooled to 0 °C. A 3 M MeMgBr1/Et,0O solution (9.46 mL, 28.4 mmol) was added
dropwise to this solution, and the mixture was stirred at room temperature for 4 h. The
reaction was quenched by the addition of water and extracted with Et,O. The Et,0 layer
was washed with water and saturated aqueous NaCl, dried over Na,SO,, and
concentrated. The residue was purified by a silica gel chromatography (hexane/EtOAc =
2:1), which furnished alkynylalcohol F (1.54 g, 5.46 mmol, 58% yield) as a pale yellow
oil. "H NMR (CDCls, 300 MHz) & 7.79-7.69 (m, 2H), 7.34-7.27 (m, 2H), 4.22 (dq, J =
18.0, 2.4 Hz, 1H), 4.10-3.96 (m, 2H), 3.20-3.03 (m, 2H), 2.43 (s, 3H), 1.58 (t, /=2.4
Hz, 3H), 1.20 (d, J= 6.3 Hz, 3H).

Oxalyl chloride (1.58 g, 12.4 mmol) in CH,Cl, (24 mL) was cooled to —78 °C.
DMSO (2.03 g, 26.0 mmol) in CH,Cl, (16 mL) was added dropwise to this solution,
and the mixture was stirred at =78 °C for 0.5 h. A solution of F (1.59 g, 5.66 mmol) in
CH,Cl, (20 mL) was added dropwise to this solution, and the mixture was stirred at
—78 °C for 1 h. EsN (4.70 g, 46.4 mmol) was added at —78 °C, and the mixture was
stirred at —78 °C for 1 h then at room temperature for 2 h. The reaction was quenched
by the addition of water and extracted with CH,Cl,. The CH,Cl, layer was washed with
water, dried over Na,SOs, and concentrated. The residue was purified by a silica gel
chromatography (hexane/EtOAc = 2:1), which furnished alkynylketone 9g (1.31 g, 4.68
mmol, 83% yield) as a pale yellow solid. Mp 53.6-55.6 °C; IR (KBr) 3093, 2922, 2237,
1712, 1342, 1160 cm™'; "H NMR (CDCls, 300 MHz) 8 7.77-7.65 (m, 2H), 7.37-7.28
(m, 2H), 4.07 (q, J = 2.4 Hz, 2H), 3.96 (s, 2H), 2.43 (s, 3H), 2.25 (s, 3H), 1.62 (t, /=2.4
Hz, 3H); °C NMR (CDCl;, 75 MHz) 6 203.9, 143.8, 135.4, 129.5, 127.7, 82.6, 71.4,
55.6, 38.7, 27.1, 21.5, 3.3; HRMS (ESI) calcd for C;4H;7NO3;SNa [M+Na]" 302.0821
found 302.0821.

ITI. Rhodium-Catalyzed One-Pot Intermolecular Trimerization/Asymmetric
Intramolecular [4+2] Cycloaddition of Aryl Ethynyl Ethers and
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(2E,4E)-6-|But-2-ynyl(toluene-4-sulfonyl)amino]-3-(naphthalen-2-yloxy)hexa-2,4
-dienoic acid naphthalen-2-yl ester (10aa, Table 1-5)

Hs-BINAP (6.3 mg, 0.010 mmol) and [Rh(cod);]BF4 (4.1 mg, 0.010 mmol) were
dissolved in CH,Cl, (2.0 mL) and the mixture was stirred for 10 min. H, was introduced
to the resulting solution in a Schlenk tube. After stirring at room temperature for 0.5 h,
the resulting mixture was concentrated to dryness. To a CH,Cl, (0.5 mL) solution of the
residue was added a CH,Cl, (1.5 mL) solution of 1a (16.8 mg, 0.100 mmol) and 9a
(26.5 mg, 0.100 mmol). The mixture was stirred at room temperature for 24 h. The
resulting mixture was concentrated and purified on a preparative TLC (hexane/EtOAc =
2:1), which furnished 10aa (13.1 mg, 0.0217 mmol, 43% yield) as a pale yellow solid.

The stereochemistries were determined by the NOESY experiment. Mp 52.5-54.0 °C;
IR (KBr) 3056, 2918, 1724, 1584, 1351 cm™'; '"H NMR (CDCls, 300 MHz) 67.95 (d, J
= 9.0 Hz, 1H), 7.92-7.58 (m, 1H), 7.85-7.71 (m, 6H), 7.66 (d, J = 9.0 Hz, 1H),
7.59-7.39 (m, 6H), 7.33-7.22 (m, 3H), 7.16 (dd, J= 8.7, 2.1 Hz, 1H), 6.78 (dt, J = 15.6,
6.6 Hz, 1H), 5.21 (s, 1H), 4.09 (d, /= 2.4 Hz, 2H), 4.04 (d, J = 6.6 Hz, 2H), 2.40 (s, 3H),
1.53 (t, J = 2.4 Hz, 3H); *C NMR (CDCl;, 75 MHz) §167.4, 165.5, 151.0, 148.2, 143 .4,
135.9, 134.2, 134.1, 133.7, 131.4, 131.3, 130.4, 129.3, 129.2, 127.9, 127.7, 127.6, 126.9,
126.4, 126.0, 125.5, 125.0, 121.3, 120.7, 118.5, 118.3, 97.1, 82.2, 71.4, 48.3, 37.2, 21.5,
3.3; HRMS (ESI) calcd for C37H3NOsSNa [M+Na]" 624.1815, found 624.1816.

(2E,4E)-6-[Allyl-(toluene-4-sulfonyl)-amino]-3-(naphthalen-2-yloxy)-hexa-2,4-di
enoic acid naphthalene-2-yl ester (10ag, Eq. 1-52)

=M

The stereochemistries were determined by the NOESY experiment. Pale yellow solid;
'H NMR (CDCls, 300 MHz) 58.04-7.66 (m, 8H), 7.64-7.37 (m, 6H), 7.37-7.22 (m,
2H), 7.37-7.11 (m, 2H), 5.80-5.53 (m, 1H), 5.27 (s, 1H), 3.99 (d, J = 2.1 Hz, 2H), 3.87
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(s, 2H), 2.39 (s, 3H), 2.19 (s, 3H), 1.44 (t, J = 2.1 Hz, 3H); *C NMR (CDCls, 75 MHz)
51693, 165.3, 150.9, 148.3, 143.4, 143.3, 135.9, 134.1, 133.7, 131.31, 131.27, 130.4,
129.2, 129.1, 128.0, 127.9, 127.7, 127.54, 127.48, 126.9, 126.3, 125.9, 125.5, 121.4,
120.9, 120.6, 118.5, 117.9, 97.9, 82.2, 71.1, 55.1, 36.7, 21.4, 17.2, 3.2.

(2E,AE)-6-[Allyl-(toluene-4-sulfonyl)-amino|-3-(naphthalen-2-yloxy)-hexa-2,4-di
enoic acid naphthalene-2-yl ester (16, Eq. 1-51)

O
o= )
-~
O
TsN Q
BN

The stereochemistry of the 2-position was determined with the chemical shift of the
olefinic '"H NMR peak by analogy to 10aa. The stereochemistry of the 4-position was
determined with the large coupling constant between the olefinic 'H NMR peaks (15.3
Hz). Pale yellow oil; IR (neat) 3060, 2923, 1722, 1584, 1349, 1122 cm'; '"H NMR
(CDCls, 300 MHz) 68.11-7.62 (m, 8H), 7.62-7.39 (m, 6H), 7.39-7.05 (m, 4H), 6.66
(dt, J=15.3, 6.6 Hz, 1H), 5.80-5.53 (m, 1H), 5.26-5.11 (m, 4H), 4.01 (d, J = 6.6 Hz,
2H), 3.86 (d, J = 6.6 Hz, 2H), 2.36 (s, 3H); °C NMR (CDCls, 75 MHz) §167.3, 165.4,
151.0, 148.2, 143.4, 136.9, 134.5, 134.0, 133.7, 132.3, 131.32, 131.28, 130.4, 129.7,
129.6, 129.2, 127.9, 127.7, 127.54, 127.48, 127.4, 127.3, 126.9, 126.4, 125.9, 125.5,

124.6, 121.3, 120.7, 119.6, 118.5, 118.2, 97.0, 50.1, 48.4, 21.4; HRMS (ESI) calcd for
C36H3NOsSNa [M+Na]” 612.1815, found 612.1819.

General Procedure: (R)-Hs-BINAP (12.6 mg, 0.020 mmol) and [Rh(cod),]BF4 (8.1
mg, 0.020 mmol) were dissolved in CH,Cl, (2.0 mL) and the mixture was stirred for 10
min. H, was introduced to the resulting solution in a Schlenk tube. After stirring at room
temperature for 0.5 h, the resulting mixture was concentrated to dryness. To a CH,Cl,
(0.5 mL) solution of the residue was added a CH,ClI, (1.5 mL) solution of 1a (33.6 mg,
0.200 mmol) and 9a (106.1 mg, 0.400 mmol). The mixture was stirred at 80 °C for 24 h.
The resulting mixture was concentrated and purified on a preparative TLC
(hexane/EtOAc = 2:1), which furnished (—)-11aa (38.6 mg, 0.0642 mmol, 64% yield,
>99% ee) as a pale yellow amorphous.

(-)-4-Methyl-6-(naphthalen-2-yloxy)-2-(toluene-4-sulfonyl)-2,3,5,7a-tetrahydro-1
H-isoindole-5-carboxylic acid naphthalen-2-yl ester [(—)-11aa, Table 1-6]
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[a]*p —48.6° (CHCLs, ¢ 1.72, >99% ee); IR (neat) 3059, 2923, 1757, 1509, 1347,
1162 cm'; '"H NMR (CDCl;, 300 MHz) §7.92-7.80 (m, 4H), 7.79-7.65 (m, 4H),
7.57-7.40 (m, 6H), 7.37-7.25 (m, 3H), 7.21 (dd, J=9.0, 2.4 Hz, 1H), 491 (d, /=24
Hz, 1H), 4.24 (dd, J=13.5, 1.5 Hz, 1H), 4.05 (d, /= 5.4 Hz, 1H), 3.85 (d, /= 13.5 Hz,
1H), 3.75 (t, J= 8.7 Hz, 1H), 3.47-3.31 (m, 1H), 2.55 (dd, /= 11.7, 8.7 Hz, 1H), 2.43 (s,
3H), 1.92 (s, 3H); °C NMR (CDCls, 125 MHz) & 168.9, 153.5, 152.3, 148.3, 143.7,
134.1, 133.7, 133.6, 133.4, 131.6, 130.9, 130.0, 129.8, 129.6, 127.8, 127.6, 127.3, 126.7,
126.6, 125.9, 125.4,121.5, 121.0, 120.7, 118.4, 117.2, 101.0, 52.9, 51.9, 49.0, 39.9, 21.6,
18.1; HRMS (ESI) calcd for C;7H3NOsSNa [M+Na]+ 624.1815, found 624.1815;
CHIRALPAK AD-H, hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 34.4 min
[major (—)-isomer] and 81.3 min [minor (+)-isomer].

TsN

(-)-4-Methyl-6-(naphthalen-1-yloxy)-2-(toluene-4-sulfonyl)-2,3,5,7a-tetrahydro-1
H-isoindole-5-carboxylic acid naphthalen-1-yl ester [(—)-11ba, Table 1-8]

Se

/| O
0

TsN

T
<
D

Pale yellow oil; [0(]2513 —12.4° (CHCl3, ¢ 0.335, >99% ee); IR (neat) 3057, 2922, 1714,
1598, 1392, 1122 em'; '"H NMR (CDCl;, 300 MHz) 68.05 (d, J = 8.1 Hz, 1H),
7.92-7.65 (m, 7H), 7.53-7.34 (m, 6H), 7.34-7.24 (m, 3H), 7.18 (dd, J = 7.8, 1.2 Hz,
1H), 4.79 (d, J = 2.7 Hz, 1H), 4.30 (d, J = 5.7 Hz, 1H), 4.14 (dd, J = 13.8, 1.5 Hz, 1H),
3.89 (d, J=13.8 Hz, 1H), 3.71 (t,J = 8.7 Hz, 1H), 3.44-3.31 (m, 1H), 2.53 (dd, J= 11 .4,
8.7 Hz, 1H), 2.41 (s, 3H), 1.99 (s. 3H); °C NMR (CDCls, 75 MHz) & 168.9, 153.4,
150.2, 146.6, 143.7, 134.8, 134.6, 133.7, 133.3, 129.8, 128.0, 127.9, 127.6, 127.1, 126.7,
126.62, 126.56, 126.5, 126.3, 126.2, 125.7, 125.3, 124.9, 121.9, 121.5, 120.9, 117.8,
116.6, 100.0, 52.8, 52.0, 49.0, 40.0, 21.5, 18.1; HRMS (ESI) calcd for C37H3;NOsSNa
[M+Na]" 624.1815, found 624.1815; CHIRALPAK AD-H, hexane/i-PrOH = 80:20, 1.0

mL/min, retention times: 18.0 min [major (—)-isomer] and 34.0 min [minor (+)-isomer].

(—)-4-Methyl-2-(toluene-4-sulfonyl)-6-(4-trifluoromethylphenoxy)-2,3,5,7a-tetrah
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ydro-1H-isoindole-5-carboxylic acid 4-trifluoromethylphenyl ester [(—)-11ca, Table

1-8]
e
CF;

TsN

g ]/o
Me O

Pale yellow oil; [a]*’p —24.6° (CHCls, ¢ 1.99, 99% ee); IR (neat) 3069, 2926, 1749,
1598, 1513, 1121 em'; 'H NMR (CDCls, 300 MHz) 67.83-7.54 (m, 6H), 7.34 (d, J =
8.1 Hz, 2H), 7.16 (t, J = 9.3Hz, 4H), 5.02 (d, J= 2.1 Hz, 1H), 4.10 (dd, J = 13.8, 1.5 Hz,
1H), 3.94 (d, J = 5.4 Hz, 1H), 3.88-3.74 (m, 2H), 3.47-3.30 (m, 1H), 2.57 (dd, J = 11.7,
8.7 Hz, 1H), 2.44 (s, 3H), 1.87 (s, 3H); °C NMR (CDCl;, 75 MHz) & 167.9, 157.5,
152.9, 152.0, 143.8, 133.8, 133.2, 129.8, 127.6, 127.3 (q), 126.9 (q), 121.8, 121.0, 120.4,
115.4,103.3, 52.6, 51.4, 48.9, 39.8, 21.6, 18.0; HRMS (ESI) calcd for C3;H,5F{NOsSNa
[M+Na]" 660.1250, found 660.1242; CHIRALPAK AD-H, hexane/i-PrOH = 90:10, 1.0

mL/min, retention times: 40.1 min [minor (+)-isomer]| and 49.2 min [major (—)-isomer].

(-)-6-(4-Methoxyphenoxy)-4-methyl-2-(toluene-4-sulfonyl)-2,3,5,7a-tetrahydro-1
H-isoindole-5-carboxylic acid 4-methoxyphenyl ester [(—)-11da, Table 1-8]

H
Itgt
TsN

SCQ/ o
i
Me

OMe
© OMe
Colorless oil; [a]*p —49.4° (CHCls, ¢ 0.475, 99% ee); IR (neat) 2949, 2838, 1753,
1505, 1249, 1163 cm™'; 'H NMR (CDCl;, 300 MHz) §7.78-7.64 (m, 2H), 7.38-7.28
(m, 2H), 7.06-6.92 (m, 4H), 6.92-6.81 (m, 4H), 4.71 (d, J = 2.4 Hz, 1H), 4.06 (dd, J =
13.8, 1.5 Hz, 1H), 3.89 (d, J = 5.4 Hz, 1H), 3.84-3.68 (m, 8H), 3.38-3.22 (m, 1H), 2.50
(dd, J = 11.4, 8.7Hz, 1H), 2.43 (s, 3H), 1.84 (s, 3H); °C NMR (CDCl;, 125 MHz) &
169.1, 157.4, 156.6, 154.4, 147.9, 144.2, 143.7, 133.37, 133.36, 129.8, 127.6, 122.09,
122.06, 121.4, 114.7, 114.5, 98.8, 55.6, 53.0, 51.8, 49.0, 39.8, 21.6, 17.9; HRMS (ESI)
calcd for C3;H3;NO-SNa [MJrNa]+ 584.1713, found 584.1700; CHIRALPAK AD-H,
hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 37.1 min [major (—)-isomer] and
86.0 min [minor (+)-isomer].

(-)-4-Methyl-2-(toluene-4-sulfonyl)-6-p-tolyloxy-2,3,5,7a-tetrahydro-1H-isoindol
e-S-carboxylic acid p-tolyl ester [(-)-11ja, Table 1-8]
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Pale yellow oil; [(x]ZSD —72.5° (CHCl3, ¢ 0.760, >99% ee); IR (neat) 3032, 2924, 1754,
1506, 1348, 1165 cm™'; '"H NMR (CDCls, 300 MHz) §7.79-7.61 (m, 2H), 7.38-7.27 (m,
2H), 7.22-7.08 (m, 4H), 6.99-6.86 (m, 4H), 4.77 (d, J= 2.4 Hz, 1H), 4.06 (dd, J = 13.8,
1.5 Hz, 1H), 3.90 (d, J= 6.0 Hz, 1H), 3.86-3.65 (m, 2H), 3.40-3.20 (m, 1H), 2.51 (dd, J
= 11.7, 8.7 Hz, 1H), 2.43 (s, 3H), 2.38-2.28 (m, 6H), 1.84 (s, 3H); C NMR (CDCls,
125 MHz) 6 168.8, 153.8, 152.3, 148.5, 143.7, 135.7, 134.3, 133.4, 133.3, 130.2, 129.9,
129.8, 127.6, 121.4, 121.0, 120.7, 99.5, 52.9, 51.8, 49.0, 39.8, 21.5, 20.85, 20.79, 17.9;
HRMS (ESI) caled for C3H3;NOsSNa [M+Na]® 552.1815, found 552.1816;
CHIRALPAK AD-H, hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 34.3 min

[major (—)-isomer] and 78.0 min [minor (+)-isomer].

(-)-4-Ethyl-6-(naphthalen-2-yloxy)-2-(toluene-4-sulfonyl)-2,3,5,7a-tetrahydro-1
H-isoindole-5-carboxylic acid naphthalen-2-yl ester [(—)-11ab, Table 1-6]

Eta

Colorless solid; Mp 84.0-85.8 °C; [a]”p —55.3° (CHCl3, ¢ 0.150, >99% ee); IR
(KBr) 3057, 2967, 1754, 1509, 1349, 1161 cm'; '"H NMR (CDCls;, 300 MHz)
07.88-7.80 (m, 4H), 7.80-7.68 (m, 4H), 7.56-7.40 (m, 6H), 7.36—7.24 (m, 3H), 7.20
(dd,J=9.0,2.4 Hz, 1H), 493 (d, /= 2.1 Hz, 1H), 4.19 (d, J=5.7 Hz, 1H), 4.13 (d, J =
14.1 Hz, 1H), 3.88 (d, J = 14.1 Hz, 1H), 3.75 (t, J = 8.7 Hz, 1H), 3.48-3.36 (m, 1H),
2.57(dd, J=11.7,8.7 Hz, 1H), 2.43 (s, 3H), 2.27 (q, J=7.5 Hz, 2H), 1.12 (t, /= 7.5 Hz,
3H); *C NMR (CDCl;, 125 MHz) & 169.2, 153.6, 148.3, 143.7, 134.1, 133.7, 133.4,
133.3, 131.5, 130.9, 130.0, 129.8, 129.6, 127.81, 127.79, 127.7, 127.6, 127.3, 127.2,
126.7, 126.6, 125.9, 125.4, 120.9, 120.7, 118.3, 116.9, 101.4, 52.8, 49.2, 48.7, 39.9, 25.1,
21.6, 12.1; HRMS (ESI) calcd for CssH33NOsSNa [MJrNa]+ 638.1972, found 638.1972;
CHIRALPAK AD-H, hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 30.1 min

[major (—)-isomer] and 64.0 min [minor (+)-isomer].

TSN

(5R,7aS)-(-)-4-Butyl-6-(naphthalen-2-yloxy)-2-(toluene-4-sulfonyl)-2,3,5,7a-tetra
hydro-1H-isoindole-5-carboxylic acid naphthalen-2-yl ester [(S5R,7aS)-(—)-11ac,
Table 1-6]

82



B B
HI TN 2 & TIRZNTIFE FEDF 2T AR = RIS AT IS L 5 F 72 1

F AT LGN D A
p o)
o, O
r
n-Bu O

The relative and absolute configurations of this compound were determined by X-ray
crystallographic analysis. Colorless solid; Mp 75.0-78.0 °C; [a]*p —41.8° (CHCLs, ¢
0.410, >99% ee); IR (KBr) 3059, 2930, 1755, 1509, 1347, 1165 cm '; '"H NMR (CDCls,
300 MHz) 67.92-7.66 (m, 8H), 7.55-7.39 (m, 6H), 7.33 (d, J = 8.1 Hz, 2H), 7.27 (dd, J
=9.0, 2.4 Hz, 1H), 7.19 (dd, J = 9.0, 2.4 Hz, 1H), 4.94 (d, J= 2.7 Hz, 1H), 4.20-4.06
(m, 2H), 3.89 (d, /= 14.4 Hz, 1H), 3.75 (t, J= 8.7 Hz, 1H), 3.49-3.35 (m, 1H), 2.56 (dd,
J=11.7, 8.7 Hz, 1H), 2.43 (s, 3H), 2.35-2.11 (m, 2H), 1.61-1.19 (m, 4H), 0.92 (t, J =
7.2 Hz, 3H); °C NMR (CDCls, 125 MHz) §169.2, 153.5, 152.4, 148.3, 143.7, 134.1,
133.71, 133.67, 133.3, 131.5, 130.9, 130.0, 129.8, 129.6, 127.81, 127.79, 127.7, 127.6,
127.5, 127.3, 126.7, 126.6, 125.94, 125.89, 125.3, 120.8, 120.7, 118.3, 116.8, 101.6,
53.0, 49.4, 4809, 399, 31.8, 29.5, 22.6, 21.6, 14.0, HRMS (ESI) calcd for
C4H37NOsSNa  [M+Na]™  666.2285, found 666.2273; CHIRALPAK AD-H,

hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 24.3 min [major (—)-isomer]| and

TsN

50.1 min [minor (+)-isomer].

(—)-4-Decyl-6-(naphthalen-2-yloxy)-2-(toluene-4-sulfonyl)-2,3,5,7a-tetrahydro-1
H-isoindole-5-carboxylic acid naphthalen-2-yl ester [(—)-11ad, Table 1-6]

o
B @]
TsN
LT o
n-C10H21 O

Colorless solid; Mp 94.5-96.5 °C; [a]*’p —29.5° (CHCl3, ¢ 0.425, 99% ee); IR (KBr)
3059, 2928, 1920, 1510, 1347, 1164 cm™'; "H NMR (CDCl3, 300 MHz) §7.91-7.80 (m,
4H), 7.80-7.64 (m, 4H), 7.56-7.38 (m, 6H), 7.37-7.23 (m, 3H), 7.20 (dd, J = 9.0, 2.4
Hz, 1H), 4.93 (d, J = 2.1 Hz, 1H), 4.20-4.06 (m, 2H), 3.88 (d, /= 13.8 Hz, 1H), 3.75 (t,
J = 8.7 Hz, 1H), 3.48-3.34 (m, 1H), 2.56 (dd, J = 11.4, 8.7 Hz, 1H), 2.43 (s, 3H),
2.34-2.10 (m, 2H), 1.37-1.14 (m, 16H), 0.89 (t, J = 6.6 Hz, 3H); °C NMR (CDCls, 75
MHz) 6 169.2, 153.5, 152.4, 148.3, 143.7, 134.1, 133.7, 133.6, 133.3, 131.5, 130.8,
129.9, 129.8, 129.5, 127.8, 127.6, 127.2, 126.7, 126.6, 126.0, 125.8, 125.3, 120.8, 120.7,
118.3, 116.8, 101.5, 52.9, 49.5, 48.9, 39.9, 32.1, 31.9, 30.2, 29.6, 29.54, 29.50, 29.3,
27.4,22.7,21.5, 14.1; HRMS (ESI) calcd for C46H49NOsSNa [MJrNa]+ 750.3224, found
750.3219; CHIRALPAK AD-H, hexane/i-PrOH = 90:10, 1.0 mL/min, retention times:
23.7 min [major (—)-isomer] and 44.1 min [minor (+)-isomer].
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(—)-4-Methyl-6-(naphthalen-2-yloxy)-2-(2-nitrobenzenesulfonyl)-2,3,5,7a-tetrahy
dro-1H-isoindole-5-carboxylic acid naphthalen-2-yl ester [(-)-11ae, Table 1-6]

e
ey

Colorless oil; [(x]25D —-32.6° (CHCl3, ¢ 1.87, >99% ee); IR (neat) 3059, 2919, 1713,
1541, 1361, 1170 cm™'; "H NMR (CDCls, 300 MHz) 68.08-7.98 (m, 1H), 7.92-7.75 (m,
6H), 7.75-7.60 (m, 3H), 7.56 (d, J = 2.4 Hz, 1H), 7.54-7.40 (m, 5H), 7.30 (dd, J = 9.0,
2.4 Hz, 1H), 7.23 (dd, J = 9.0, 2.4 Hz, 1H), 4.99 (d, J= 2.1 Hz, 1H), 4.27-4.17 (m, 2H),
4.13 (d, J=5.4 Hz, 1H), 3.86 (t, J = 8.7 Hz, 1H), 3.64-3.46 (m, 1H), 2.89 (dd, J=11.7,
8.7 Hz, 1H), 2.00 (s, 3H); '>°C NMR (CDCls, 125 MHz) & 168.9, 153.5, 152.3, 148.3,
134.2, 133.7, 133.0, 131.8, 131.59, 131.57, 130.92, 130.88, 130.0, 129.6, 127.82,
127.80, 127.7, 127.3, 126.7, 126.6, 125.9, 125.4, 124.1, 121.9, 120.9, 120.7, 118.4,
117.1, 101.0, 52.9, 51.9, 49.0, 40.2, 18.1; HRMS (ESI) caled for C3sHasN>O;SNa
[M+Na]* 655.1509, found 655.1496; CHIRALPAK AD-H, hexane/i-PrOH = 80:20, 1.0

mL/min, retention times: 59.0 min [major (—)-isomer] and 133.8 min [minor

0N 5=8-N
o)

(+)-isomer].

(-)-6-(Naphthalen-2-yloxy)-4-(3-phenylpropyl)-1,3,5,7a-tetrahydroisobenzofuran
-5-carboxylic acid naphthalen-2-yl ester [(—)-11af, Table 1-6]

O@O'.
o

., O

[
Ph(H,C); O

Pale yellow oil; [0(]2513 —28.1° (CHCl3, ¢ 0.815, >99% ee); IR (neat) 3059, 2855, 1756,
1509, 1464, 1213 cm™'; "H NMR (CDCls, 300 MHz) §7.91-7.79 (m, 4H), 7.79-7.70 (m,
2H), 7.56—7.39 (m, 6H), 7.37-7.13 (m, 7H), 5.08 (d, J = 2.1 Hz, 1H), 4.50 (d, J=13.2
Hz, 1H), 4.37 (d, J = 13.2 Hz, 1H), 4.26 (d, J = 5.4 Hz, 1H), 4.13 (t, J = 7.5 Hz, 1H),
3.61-3.45 (m, 1H), 3.22 (dd, J = 11.4, 7.5 Hz, 1H), 2.71 (t, J = 7.8 Hz, 2H), 2.45-2.19
(m, 2H), 2.07-1.82 (m, 2H); *C NMR (CDClLs, 75 MHz) & 169.4, 153.8, 152.7, 148.3,
141.6, 138.3, 134.2, 133.6, 131.5, 130.7, 129.9, 129.5, 128.42, 128.36, 127.7, 127.6,
127.3, 126.6, 126.5, 126.0, 125.8, 125.2, 123.2, 120.83, 120.80, 118.4, 116.5, 102.1,
72.4, 68.0, 49.7, 41.5, 35.6, 31.9, 29.0; HRMS (ESI) calcd for C3gH3,04Na [M+Na]”
575.2193, found 575.2181; CHIRALPAK AD-H, hexane/i-PrOH = 90:10, 1.0 mL/min,

T
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retention times: 13.2 min [major (—)-isomer] and 21.9 min [minor (+)-isomer].

(-)-4,7a-Dimethyl-6-(naphthalen-2-yloxy)-2-(toluene-4-sulfonyl)-2,3,5,7a-tetrahy
dro-1H-isoindole-5-carboxylic acid naphthalen-2-yl ester [(—)-11ag, Eq. 1-48]

NOESY cross peak was not observed.

O

=<
o

o= T O

TsN

Me

This compound was isolated in 51% yield as a colorless solid. The stereochemistries
were determined by the NOESY experiment. Mp 96.0-98.0 °C; [a]*p —36.8° (CHCls, ¢
0.540, 90% ee); IR (KBr) 3059, 2977, 1754, 1508, 1343, 1163 cm'; "H NMR (CDCls,
300 MHz) 67.90-7.67 (m, 8H), 7.56-7.49 (m, 6H), 7.37-7.25 (m, 3H), 7.20 (dd, J =
8.7, 2.1 Hz, 1H), 4.99 (s, 1H), 4.13 (dt, J = 13.8, 1.5 Hz, 1H), 4.01 (s, 1H), 3.92 (d, J =
13.8 Hz, 1H), 3.35 (d, J = 8.7 Hz, 1H), 2.78 (d, J = 8.7 Hz, 1H), 2.44 (s, 3H), 1.90 (s,
3H), 1.20 (s, 3H); °C NMR (CDCl;, 125 MHz) §169.0, 152.5, 152.2, 148.3, 143.6,
137.4,134.2, 133.8, 133.7, 131.6, 130.0, 129.8, 129.6, 127.8, 127.7, 127.5, 127.3, 126.7,
126.6, 125.9, 125.3, 120.9, 120.7, 120.6, 118.3, 116.9, 107.8, 58.6, 51.8, 48.1, 44.3, 26.8,
21.6, 18.1; HRMS (ESIJ) calcd for C3gH33NOsSNa [MJrNa]+ 638.1972, found 638.1977;
CHIRALPAK AD-H, hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 46.8 min

[major (—)-isomer] and 65.9 min [minor (+)-isomer].

(+)-4,7a-Dimethyl-6-(naphthalen-2-yloxy)-2-(toluene-4-sulfonyl)-2,3,5,7a-tetrahy
dro-1H-isoindole-5-carboxylic acid naphthalen-2-yl ester [(+)-11ag’, Eq. 1-48]
NOESY cross peak

<
o
T O

This compound was isolated in 26% yield as a colorless solid. The stereochemistries
were determined by the NOESY experiment. Mp 83.5-85.5 °C; [o]*’p +40.4° (CHCls, ¢
0.390, >99% ee); IR (KBr) 3059, 2966, 1761, 1509, 1346, 1162 cm™'; "H NMR (CDCls,
300 MHz) 67.89-7.63 (m, 8H), 7.53-7.38 (m, 6H), 7.34-7.22 (m, 3H), 7.17 (dd, J =
8.7, 2.1 Hz, 1H), 4.94 (d, J = 1.8 Hz, 1H), 4.29 (s, 1H), 4.12 (dq, J = 13.2, 1.5 Hz, 1H),
3.96 (d, J = 13.2 Hz, 1H), 3.35 (d, J = 8.7 Hz, 1H), 2.91 (d, J = 8.7 Hz, 1H), 2.38 (s,
3H), 1.84 (s, 3H), 1.07 (s, 3H); °C NMR (CDCls, 125 MHz) §169.3, 152.2, 151.9,
148.4, 143.6, 136.2, 134.2, 134.1, 133.7, 131.6, 130.9, 130.0, 129.8, 129.6, 127.8, 127.6,
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127.4, 127.3, 126.7, 126.6, 125.9, 125.4, 120.9, 120.80, 120.77, 119.5, 118.4, 117.1,
106.7, 58.3, 50.7, 47.8, 43.7, 27.1, 21.5, 16.7; HRMS (ESI) calcd for C;3H33NOsSNa
[M+Na]" 638.1972, found 638.1951; CHIRALPAK AD-H, hexane/i-PrOH = 80:20, 1.0

mL/min, retention times: 31.0 min [major (+)-isomer] and 55.1 min [minor (—)-isomer].
IV. Transformations of (-)-11aa

(-)-4-Methyl-6-(naphthalen-2-yloxy)-2-(toluene-4-sulfonyl)-2,3,5,7a-tetrahydro-1
H-isoindole-5-carboxylic acid methyl ester [(—)-12, Eq. 1-46]

0'0
«,, -OMe
i
Me O

NaOMe (13.5 mg, 0.250 mmol) was dissolved in MeOH (5 mL). The resulting
solution was added to a solution of (—)-11aa (15.0 mg, 0.0250 mmol, >99% ee) in
MeOH (5 mL). After stiring at room temperature for 16 h, the reaction was diluted with
water and extracted with CH,Cl,. The CH,Cl, layer was washed with saturated aqueous
NaCl, dried over Na,SO,4, and concentrated. The resulting residue was purified on a
preparative TLC (hexane/EtOAc = 2:1), which furnished (—)-12 (8.1 mg, 0.0165 mmol,
66% yield, >99% ee) as a colorless solid.

Mp 66.5-68.5 °C; [a]*’p —60.4° (CHCls, ¢ 0.300, >99% ee); IR (KBr) 3060, 2948,
1722, 1465, 1345, 1160 cm '; "H NMR (CDCls, 500 MHz) 57.84-7.79 (m, 2H), 7.75
(dd, J= 8.5, 1.5 Hz, 1H), 7.69 (d, J = 8.5 Hz, 2H), 7.50-7.42 (m, 2H), 7.39 (d, J=2.0
Hz, 1H), 7.32 (d, J = 8.0 Hz, 2H), 7.20 (dd, J = 9.0, 1.5 Hz, 1H), 4.81 (d, J = 2.5 Hz,
1H), 4.02 (dq, J = 14.0, 1.5 Hz, 1H), 3.82-3.78 (m, 1H), 3.77 (s, 3H), 3.73-3.68 (m,
2H), 3.35-3.26 (m, 1H), 2.49 (dd, J = 12.0, 9.0 Hz, 1H), 2.44 (s, 3H), 1.75 (s, 3H); °C
NMR (CDCls, 125 MHz) 6 170.7, 153.8, 152.3, 143.7, 134.1, 133.4, 132.8, 130.8,
129.83, 129.78, 127.8, 127.6, 127.3, 126.5, 125.3, 121.8, 121.0, 117.1, 100.6, 52.9, 52.6,
51.5, 48.9, 39.8, 21.6, 17.9; HRMS (ESI) calcd for C,sH,7NOsSNa [M+Na]™ 512.1502,
found 512.1502; CHIRALPAK AD-H, hexane/i-PrOH = 95:5, 1.0 mL/min, retention

times: 106.1 min [minor (+)-isomer] and 115.2 min [major (—)-isomer].

I

TsN

(—)-3-Methyl-1a-(naphthalen-2-yloxy)-5-(toluene-4-sulfonyl)-2,4,5,6,6a,6b-hexah
ydro-1aH-1-oxa-5-aza-cyclopropale]indene-2-carboxylic acid naphthalen-2-yl ester
[(-)-13, Eq. 1-47]

86



B B
HI TN 2 & TIRZNTIFE FEDF 2T AR = RIS AT IS L 5 F 72 1
F AT L GFEED BN

NOESY cross peak

TsN

To a solution of (-)-11aa (15.0 mg, 0.025 mmol, >99% ee) in CH,Cl, (5 mL) was
added 65% meta-chloroperbenzoic acid (66.4 mg, 0.25 mmol) in CH,ClI, (5 mL) at 0 °C.
After stirring at room temperature for 16 h, the reaction was quenched with saturated
aqueous Na,S0Os;, and extracted with CH,Cl,. The CH,Cl, layer was washed with
saturated aqueous NaCl, dried over Na,SOy, and concentrated. The resulting residue
was purified on a preparative TLC (hexane/EtOAc = 2:1), which furnished (-)-13 (9.8
mg, 0.0154 mmol, 64 % yield, >99% ee) as a colorless solid.

The stereochemistries were determined by the NOESY experiment. Mp
80.2-82.2 °C; [a]*p —96.6° (CHCls, ¢ 0.210, >99% ee); IR (KBr) 3057, 2923, 1756,
1509, 1347, 1164 cm™'; "H NMR (CDCls, 300 MHz) 7.93-7.65 (m, 8H), 7.53-7.40 (m,
6H), 7.37-7.29 (m, 2H), 7.29-7.19 (m, 2H), 4.11 (dd, J = 13.8, 1.5 Hz, 1H), 4.05 (s,
1H), 3.81 (t, J = 8.7 Hz, 1H), 3.62 (d, J = 13.8 Hz, 1H), 3.53 (t, J = 1.5 Hz, 1H),
3.42-3.29 (m, 1H), 2.77 (dd, J = 11.4, 8.7 Hz, 1H), 2.43 (s, 3H), 1.82 (s, 3H); °C NMR
(CDCl3, 125 MHz) 6 168.2, 150.3, 148.0, 144.0, 133.9, 133.7, 132.6, 131.6, 131.0,
130.6, 129.9, 129.8, 129.7, 127.8, 127.74, 127.67, 127.4, 126.8, 126.7, 126.0, 1254,
121.8, 121.5, 120.5, 118.3, 117.8, 87.3, 77.3, 77.0, 76.8, 54.1, 51.9, 49.6, 49.0, 40.4,
21.6, 18.9; HRMS (ESI) calcd for C37H3;NOgSNa [M+Na]" 640.1764, found 640.1786;
CHIRALPAK AD-H, hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 77.1 min

[major (—)-isomer] and 167.9 min [minor (+)-isomer].
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JF

%ﬁ-

FER BB AR YA & TV DSy TR — AL RS OB % & S ERENE
BRARIK A H AL~ DI

%nm

I

a7y I EREGUDRIIEEM THY . LIHBEROD/NS 2T
077 I H BRI OEAE KT DRFRA YRR L %rmﬂ%fm
ZETOILTWAY, v 7 a7 7 BT AF%e6 L LT, 1) #EaEbFIC
B EBROERCT B, 2) BARE Y2 D77/”E’1‘§72;fﬂ27q_/v717§
FONLT- & LTRSS W 281589 3) 4 T oMo B ERIEET S
C L THLNB IR n BT AFRI Lz n BT GE L LCOREY, 4)
BRA BT A MERCBT 5H A My L LCORRE Ve L b s,

T, vo/m 77 EARTH2HMHeFIEE LT, TAXF ORI =8
JSZ X DG HFREE LA L TER#E S, BRI 2 Hu o
TV L OB ZBALRISIE, 3 DD R — RBRES & — TR TR LEIC~
VEVRRAT RBREMET 5 ENTE LR THD 2 P 8T8,

transition-metal catalyst
< <l AL (2-1)
X
___ ZEN

T —X

Maryanoff &%, 1 fli> =30 MERAEEZ AWV -o,0-2 1 &7 0F 2 (R
22), = RFUL (F2:3), ¥T7F IR HK24), AV Txk—h (K25) Lo
IR =BILISIC L ATy a7y v BIORT v Iran 7y v Oh
R L7210, Lan L, SRt 2359 5 SO0 BRI MR S 722 & oRf
DR I TV,

Alkyne

15 mol % CpCo(CO), m\ R

DME (0.005 M) 7 N (2-2)
reflux, Ar or CO

(/T\]

(5-10 equiv) 12-36% vyield
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Nitrile

/ R 15 mol % CpCo(CO), /\%(R
ya + ‘ . |
1] 1,4-dioxane (0.005 M) 7 _N (2-3)
. — N reflux
(5 equiv) 4-80% yield
Cyanamide
— R
— R. .R
[ N 15 mol % CpCo(CO), /\(N\R
7 + > | 2-4
I 1,4-dioxane (0.005 M) 7 _N (2-4)
L: N reflux
(5 equiv) 32-80% yield
Isocianate
— _R R
/ N 30 mol % CpCo(CO), XN
z o o | (2-5)
I DME (0.005 M), 85 °C 7 _
\ o) o
(5-10 equiv) 7-70% yield

—J5, 2003 FZEH OFTERT HMIEETIE, BT A MEr 27 L (1)/Hg-BINAP
EIRAIEZ AN 2 D FDOREGT AR ETHF LU HNR R AT )L &
DY FRBILZBALSZHE L TWE' 1D oIS TIE, SEHE P
MR DR D TEWMEF R T O EERIRETHE LTS (R 2-6),

; 3 mol % R’
R CO,R? [Rh(cod),]BF 4/ CO.R2
|‘| | Hg-BINAP 2
+ >
, CHoCly, 1t CO,R2 (2-6)
COzR R1
(2 equiv) up to 95% yield

para selective

SOIZEFEOHIRT HMFEETIL, 2D X 9 Z2mW0IERE L ONERME 2 58
T2 LENTE D0 FRIBE=BIURISIZ 2 DDT V3 2 2 RO RFEH Trlhl
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LTco,o- VA v ZHWHZ 8T, TR INRANANT-L2N7> a7 7 D
BEAEBRELTVD G 2-7) BB E JEBETART AR L ONSY
TR =ELINCE D, HAF T 7a 77 OERLEHE LTS (K
2-8) ',

5 mol %

— CH
= COR  [Rh(cod),]BF,/ (CH2)n
Hg-BINAP
(CHa)n + 2 - @-7)
CH2C|2, rt COZR
— CO5R (0.01 M) COsR
(n=7-12) (1 equiv) up to 53% vyield
5-10 mol % Y.
y o [Rh(cod),]BF 4/ Y—y o
7 ol T= | |‘| (S-HgBINAP |
\Y,O\/E CO,R CH,Cly, rt 0] (2-8)
(0.02 M) CO5R
(1 equiv) Dioxa[7]-[9]paracyclophanes

up to 20% vyield
up to 75% ee

EBZ, WFAUMr VT A(S,S)-BDPP SR A - IRFBAUGERIR A
v E IR T L% L DN FNBRAE Z BALORIZ K D HARF LN T
a7y VOARBFERBME LTS, BIENOENT T AR T
EARFANANRG 77y o REbRTngS (K2-9) B,

[Rh(nbd),]BF 4/

— ,  (S.5)BDPP R1— (CH2)
o R R catalyst N
+ >

(CH2)n |‘| CH,Cly, 1t R? (2-9)

~— = 0.1 M)

n=10-12 . up to 91% yield
R'=Ts, Ns (1.2-5 equiv) up to 93% ee
DX, TAFUOBRIE=BIISEICHT2 28T, v or77y0

O BRBAERRGEELEMZ KT 2 EBARETH S, Ll TF
> DR 725 F B L =B SIC LD REBER S 7 mn 7 7 VOBRIZ I E
TER SN TV, EFIL, VT4 oEr oy LA()EERMEEE2 V=T v
> DALFR L OMLEERAY 72 50 F B L — BSOS 2 DO RIS R Z WY 72
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BECIREF CX AMNE RGN A BEA LT A 2 WD Z & T, ERR e
FEROBEICIDIEEORVEBUVREGTHZEERERERR 777y v 0h
FRSAIREIC 22 B D TlE sk & 27~ (K 2-10),

R

4 R R

Rh()* Catalyst

o) ~ .
R R
\i\ R R n
Rigid Spacer R
- =N (2-10)

B _ Cyclophane Polymer

R —Jo. N

R R R

Rt OFE R, B F Ao Mr 27 A()Hg-BINAP fFE T, ¥ 7 ==L 7 a~F
P UBERG A v & Detert-T F LT B F L P HILR BT AT L & DAY
WEBAAL ZBALSENEIT L, RBBIRY 777 oi’fGons 2t 2R L (K
2-11), ZOFMAEART (F_ME 8 (LT, o, AFA Y
A(D/Hg-BINAP FEE F. ¥ 7 = = 7 a~nFH O VYRR A & P otert-
TINT T L PANRBERAT IV E DB L = EBALRIS B EIT L
KRR 7 m7ronGons 2 eaitiLie (2-12), EOiFME R (G
THEREE ) ICTHR R A,
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MOMO OMOM

tBu0,C CO,t-Bu
tBu0,C CO,t-Bu

A\ 4
MOMO OMOM
R @ =

. MOMO
MOMO omMoM Rh()"/Hg-BINAP +-BuO,C  CO.t-Bu
catalyst
+ +
Intermolecular
COy,t-Bu Cyclotrimerization t-BuO,C CO,t-Bu

m

CO,t-Bu © Q
MOMO OMOM

+BuO,C  CO,t-Bu

MeO OMe

%d t-BuO,C COzt-
MeO OMe Rh()*/Hg-BINAP  £BuO,C CO,t-Bu
catalyst
* Intermolecular (2-12)
CO,t-Bu Cyclotrimerization

|| MeO

COzt-BU .....mn

+BuO,C  CO,t-Bu

IZEH T —F - FH W THRARNDLKRERIRT 7 v 7 7 OGN E TS
é%k#é;&?\%%@ém%TiLﬁﬁé;kﬂ@%@w@ﬁ®%@@ﬁ
RERE M ERINAE A S 72 CPP O AN ATHEIC 2 D D Tl E 2 7=,
BETORR, B _ETHRRDEZRBIR 707 7 0Dy 7 a~Fh o U AEEE
N2 RIS EIRAL T 5 2 & T, CaRFR[L2]CPP ~F % T LR VR AT LV DH
Rz EkEh L7 (3K 2-13),
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X_ ¥

MeQ OMe
t—BUOzC Q Q COzt-BU
t-BuO,C O O CO,t-Bu  Reductive
Aromatization

MeO = “=0OMe

(2-13)

t—BUOgC COQt-BU

F 7o X ORGSR OFE R, [12]CPP ~F VB LR VR AT LN 6 DD
CH-O KRFERAIT Lo TZEERZ B L, —IRITCHR A Z » F 7 K- THIHY
ELWF ) Fa—TEE2ERT 52 ENALNNI -T2, 51T, STM f#AT
DOFER. [12]CPP ~FH /LR U E= 27 L0 Au(11D)ERFE L CH CEA T
) Fa—TERGIEKRT D ERHELNE /o7, BERER ETCORCES
T Fa—T DRI LT NIRRT L 72D, 2 OFEMZ2 Rim (55
TR =) ICTCak RS,

BWTEEL, KR T 2=y 7 and oo VB ERRY A DR
PUBROBAETIET 5 Z LIk > T, [12]CPP &ITE 25 A X CPP HiBRA
ERINICER TE 20Tl E X (X 2-14),

MeO COzt—BU

CO,t-Bu
MeO
OMe
t-BUOQC

\\\,2 5\/// t-BuO,C B OMe In
Rh(l)*/Hg-BINAP pre-CPP
MeO Me ( Z:ataalyst (2-14)
+ > or
CO,t-Bu CO,t-Bu

|‘| t-BU02C
CO,t-Bu O

OMe
7

MeO
Benzobarrelene
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JF

L, BF A om0 A(1)/Hg-BINAP SEAMMEIEE T, 7 n~FHox
VIRRE R A v Vtert-T FILT B F LU HINVR R ATV E DG E
REt L& 2A, o rNBRIL=E(IERHEIT L. B CPP RIBMAIL E -
L /BonT, RNV L UHERMNE LN, EEIX. ZOMGBEEL 72
BREEZHETHIEZEHBR AL L OFRRAREDRIELE 20 25 %X,
I ANF YT UBE R A L ET AR B L= b YV E DG E BT
L7, ZOMER. o FNRIE =8ISR ETL, XA L L rBRIORT
PR N L UHEERNE LT (K 2-16), T OFEMAE ARG (B M=)
(Z T~ 2,

10 mol %
[Rh(cod),]BF,/ R® R*

i Hg-BINAP R? ,

\ / R4 or N

\\,2 // . || or ‘ BINAP - or /

I \ (2-15)
R'O OR! R3 N OR1 OMe

7 7

R'O MeO
up to 79% vyield up to 47% yield

SOIZERIL, v O U BERE YA L D— DTV F LT
EENS U AR A EAT A 2 L Tr Uy A~ORA EIEIT UL, ST
NER(L =B LRSS Tl 7e < 0 FRBRAL Z B LU DS RIS HEI T3 5 O Tl /s
WNEEZ T, BREORER. —FOTAF U RBICEES NN A4 Y ey
UIARERZ G T HIERIFRY 7 oK OV BGE VA v b Utert- T F LTk
F LD ANVR BT ATV E QEER 25y T RIBRAL — R b s 3 L ONE T
FFENALSGNT X D CoXIHR[B]CPP A2 # 1 VR VR AT )V DA IR LTz
(X 2-16), ZOFEMA ARG (G5 EEHEUE) 2 TE~D,

TIPS H

\ _ /

Q Stepwise
MeO (@)

Me cyclotrimerization
+ L
Reductive
COyt-Bu Aromatization

COzt—BU
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i Y7zl rundhUBER A L T IVX v L DEE
=B bSIC X D RERIR 7 a7 7 DA RK

B—H

il

Fim CTbib 7= X 51, E£FIT, 7AFr0B{L=EBGICBWT, 250
ﬁmf%%@ﬁﬁﬁfﬁﬁﬁé ENTEDLMEREHNEZBETHVA %
RELTHZE T, RFE—RBMEEAERIZ LD RER 7 07 7 o OFRKD AIEE
22D DT WinEE 2 1,

PRI~ 7V T IOSNT KX D RFE — IRFBRE A ERRE E O REWRILAEWE R
EIZBWTYH, BRax REBTHMN 26T 2 EERHWL N TE 2, 21X, 2005
T Liu, Zhang HIZ L > T, 777 -8S-7 v X — VEEHNL 2 AT 5 Ko A
YOWAL T TV I LD HAIIRO T T L o DOE RS S (3
2-17) Y,

| | 10 mol %
Ni(PPh3),Cl,-PdCly-Cul

e Et;N, THF
rt, air

L-Shaped Unit ﬁf\

F 72, 2006 FTiE Xu, Zhu B3, T L3 — L4 *ﬁiﬁ{i%ﬁj‘éflﬁ'ﬁy%‘/
D7 —H— i 7J:6j(f)%lﬁf°)i?:jvﬁ/1//\/—/y@AJﬁZ;&iz&ﬂ: L72 =

(2-17)

15% vyield

DG TIE L FRDO R P A > 2 iz i %ﬂh®ﬁ%hmA%#
b (X2-18), U ﬂ@%%/%/%%wt ZIX AR O KERAL AW

PELRTVWD (K 2-19),
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| | CuCl, CuCl,
e pyridine, rt

L-Shaped Unit (2-18)
O _ O O 6% yleld
N

|
n-CqgH33

| | | | Pd(PPh3)QC|2, CUl, |2
— i-ProNH, THF, 50 °C

— A

F72, -4 —7 ==)VEHWI= Lipshutz 7 77— b DR, fit< —E L
ICEBRBIRY 7077 OB bIESNTWEY, ZORIETIE, ALK
a7y RO THLNELNRNDICK LT, ZARIRY 7 a7 7 UhR
RN D (K 2-20),
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1) t-BuLi (2 equiv) _
CuCN (1 equiv) up to 34% yield

O 2) duroquinone (3 equiv) i (2-20)

L-Shaped Unit ? ;a, *

up to 5% yleld

(0]
duroquinone

INHOHRETIE, WIThb 2 DOKGRZEY el CREETHZENT
E DB 2R ZEE AN 2 FE B AT 5 2 & T, #ifie v 7 v IR &
STREBRIEAMEARTHZ LITR LTS, LavL, ZRAGENLD H
PMETEDZEMNDLRBIMMCEDOEADRKEILSRD72D, WTHOAERK DKL
RICBEH-> TN D,

—J7. 2009 AEIZIEFFEHICE > TKREIRY 7 0 7 7 VOB EHE Shiz?,
PO, BREETA 2N TEREROME LY b ABREN RSN 7 =
=TT asF Y UBRIEEN AT D L FROREEZT A L, CBEEOD
TV TR R KBRS 777 oGk LTS (R 2-21), LarL,
FERIE L EZ TN THET S 70 A v 7V I OnE WD FEX, 5F
BR A~ D E P HSE ANLE DN AV ML E 720 KOS OEITHRIG T b b 7o, LR
FEOREVEBREZEALIZKERIRS 707 7 COGKRPKNETH S R0 8
EORMPEINTND
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O 1) 10 mol % [PdCly(dppf)]
Q . NaOH (5 equiv)
H,0 (16 equiv)
1,4-dioxane, 60 °C

2) 20 mol %Pd(OAc),, X-Phos
NaOH (5 equiv)

H,0 (26 equiv)
1,4-dioxane, 80 °C
Bpin O 41% yield (2-21)

Bpin

MOMO OMOM (2 steps)
L-Shaped Unit MDWM
HO OH
i-Pr

i-Pr l i-Pr
S

X-Phos

FITEZT. P OOHREEBEIC LTFROY 7 2=y 7 a8
L A SR AT N A /%ﬂ%b\f?’/vﬂ%/k@L%ﬁE’ﬁx TR =&
JSIZ K D HBEBROME L KBRIRILE —RI(TH 2L T, EEORXVEBEUVRER
TOHZERIERERIR 707 7 VOB AIREIZZR DD TRV EEZ T
(X 2-22),

COzt-BU
//  CO,tBu COt-Bu
. |‘| Rh(l)* Catalyst
Q\ CO,t-Bu t-BuO,C
- (2-22)
Rigid Spacer t-BuO,C n

MOMOOOMOM

102



I
T r = B NF A AEFERGG A F T I E DR = LRI B KR 2 T 7 DA

EE U7z uand Y UEEB R A DA

F9. HFREBEEEBERUNCHWD L FRIY T 2 =)v v 7 n o~ U 8UE
KA DEFMFT T2, Y3 — IR 19 1%, /5 OARRIEICHE-S T,
FRD 1,4-> 7 mA~FH o DOF 0 17 b ZBETE/KR L Y, wic, @&
FRURAFLTYALTEF LY (10 Y8) ZHWEEED v 7V T RIS, i
TREEH Y 75 BYE) ZHANWTER Y VLRSI E > TLFRY 7 2 =1y
J B YUBERIG U A V20 & HBEIE 90% THERT D 2 ST LT
(Scheme 2-1),

0
1,4-diiodobenzene
n-Buli i-ProNEt, MOMCI
0 HO OH MOMO OMOM
17 18 19
55% vyield 93% vyield
Pd(PPhs),Cl,
Cul, EtzN
TMS—=
KZCO?, MeOH b C<
MOMOOOMOM
20 MOMO OMOM
90% yield (2 steps) A

Scheme 2-1. Synthesis of cyclohexane-linked diyne 20.
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W, B LT LFERY 7 2 =) v 7 oY VBE R A 20 & P-tert-
TTFNT BT LD HIVREEE AT IV 1K & D4y REL = 8L RIZ DN T
fEEf L7z (Table 2-1), 7. EFOFET M7= TREIZ A L TW D RIE 7
NX L ETEF LY HARVEET AT L E DS FEBL =LY 2 5%
2, mWMbETER LOEEIREO BB RSN A DT A e oo A1) e A
RAT ¢ A A V2 (Figure 2-1), ZOFEE. W BINAP SREAT
THEHAWTEEAICH, MBLRRICH L TRV A v 20 B X OWWHtert-7 F L7 &
FLUANR BT ATV 1K OIREERZ LIRFRNT TR N5 2 & T, =
. 1R CTHM O FRBR(E = ELS D ET L, RIGRe N 6 LT Y 7 =
=LY UBRE R A 20 35 F L Dtert-TF LT B F LT L
RUTBT AT IVAK 3 F NG LTz 7 a~d U BE KRBk 7 n 7 7 o 21
BIOLFHRY 7 2=y andh U BRERIRY A 2 202 51 & U-tert-7
NTEF LD HIR PR ATV 1K 2 5 F DS LT 7 o~ U 3ERE K
Bk 7 m 7 722 BT, BINAP 35 X U Segphos 2 W 7= BRIZiE, 7
BT UBERERR Y7 n 7 72 21 BEO 22 BMEETH L=, BIE
LT EMERIR B DT DI I b BT 5 Z L IZTE o7 (entry 2, 3),
WFHOBNL T ZHWZ5HA1C . 'H NMRICE > T p EDAHTARL mEDR|
EDHERLTEY, BIHEEDOREWVENL 7 (Hg-BINAP > Segphos > BINAP ) %
AW E AL EERIRMER & <L BIAET D m ROFIEMMET L7z, He-BINAP
Z cEBc - (entry 1) & LT, KINRIROREIZOWTIRFT 21T 272, £ Dk
B EEETCIIICEME T L=y (entry 4) . {RIEEECITINENm EL, 7o
ANFH BB RERIR T 7 v T 7 v 21 DSHBEINER 19%, 22 23 HEEIEE 15% T 5
Nz (entry 5), %\ T, FEMW FEEBICOW TR 21T - 72728, 1 PR 24
S LEBAICHLEL LESAICHLINROETAR LN (entry6, 7), £72.
WD Dtert-7 FALT B F LU HIVR T AT L 1K DY ELIEMEIZ OV T G
B EIT o208, WTENOEAICH Y 7 oY U BERRIR 70770 21
BLO22 T3 AEHBNT, HHERIBEMPEKR LT, ok, ALY
HBAF Y UAERENIRY 7 0 7 7 21 B L2212 THE, R ER H NMR,
BC NMR B L HRMS 12 L 500 TRIE Lz, ARBUS TIHILER « ¥ @R
IR D b oD, (kOB FRALEZEET LI/ 0 A v 7 TG E
AW FETIIRECTH 7o, VEREEFEORE WS EFREERERIR 7077
DA A[REIZ 72 o 77,
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Table 2-1. Optimization of reaction conditions for rhodium-catalyzed intermolecular

cyclotrimerization reaction of 20 and 1k.*
MOMO OMOM

t—BUOZC O O COzt—BU

MOMOZ:> C;OMOM
N , wond OO
[Rh(cod),]BF/ +BuO,C  CO,t-Bu
CO,t-Bu ligand 21
(0.20 equiv)
+ || _ +
CHCl, rt £BuO,C  CO,tBu
CO,t-Bu 1h
MOMO OMOM

MOM(QQMOM

+BuO,C  CO,t-Bu

22
entry ligand conc. (M) addition time (h) 21 (% yield) 22 (% yield)
1 Hg-BINAP 0.02 1 11 13
2 BINAP 0.02 1 <10 <14
3 Segphos 0.02 1 <10 <10
4 Hg-BINAP 0.04 1 10 11
5 Hg-BINAP 0.01 1 19 15
6 Hg-BINAP 0.01 0.5 10 10
70 Hg-BINAP 0.01 2 16 15

# [Rh(cod),]BF4 (0.020 mmol), Hg-BINAP (0.020 mmol), 20 (0.10 mmol), 1k (0.10
mmol), and CH,Cl, (5.0 mL) were used. Yields were of isolated products. ® 20 (0.20
mmol) was used.

PPh, PPh, o PPh,
' i PPh, i i PPh, <O PPh,
0] g

Hg-BINAP BINAP Segphos
Figure 2-1. Structures of diphosphine ligands.
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FWNT, Sonl-yra~d U8Ry 7n 7y o 21 R - 225
T U7 aa A E Y PR D G L RS i X ARERE AT 21T o T2
ZTOFER, T a TP UBUERERIRY 7 0T 7 2 2001%, V7 aaF UG
ERAL DU B 2 B o 7o — A TR O3 FAEE Th D 2 & D3 sl vz (Figure
2-2. Table 2-2), F7-. 2 5D 7 X AT AT VAL BROIMEl, #AH 1L HD T
BN AT VI B O Z RV TR D . 7 a~FH 3G RERIK S 7
D77 2L, Y7 aa XX 1 GFRFEEL TS ZERHLNE 25
Zo ALY 7 BAaFH UQUEREIRY 7 17 7 2 201220 T 'HNMR T4
Mr7efi i 3 ED I EE 1 b D 7 F UM 7.45(d, 12H) , 7.33 (d, 12H) |
7.25 (s, 6H) ppm {2, A hF T AF IO T 0 v D7 F N 453 (s, 12H) .
3.47 (s, 18H) ppm (2. 2 FEE DS 7 a XY L HUEH O T 0 h oD 7 F
23 2.35 (br,, 12H). 2.12 (br, 12H) ppm 2. 1D tert-7 FNFED 71 |

D7 Fh 11T (s, 54H) ppm IZHNTZ, ZOREEN S, ~/7 =N SN
BREIR 7077 0 2l WEWEE AT 52HETH Y, BIRF T NMR O
&4Ax#~WTi#«f@~/t/ﬁﬂ$mfaEE%waé_kﬂmw
SNd,

g

£~
.
L 2
7
, _
Fd s -~ } "2 = -
S g e Sn o
o K i {
= w

Figure 2-2. ORTEP diagram of macrocyclic cyclophane (21) with ellipsoids at 30%
probability. Details of the crystal data and the summaries of the intensity data collection
parameters for macrocyclic cyclophane (21) are listed in Table 2-2.
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Table 2-2. Crystallographic data and structure refinement details for macrocyclic
cyclophane 21.

Formula C117H145024  Fyno 2078

formula Weight 1935.32 Crystal size (mm°) 0.5x0.5x0.01

crystal color, habit colorless platelet ~ Temperature (K) 193(2)

crystal system triclinic @range (deg) 2.967-68.248

space group 2 index ranges -13<h<12

a(A) 10.8130(3) -24<k<25

b (A) 21.0138(6) -31<1<31

c(A) 25.9592(8) number of independent 20204
reflections

o (dig) 95.264(2) number of 1766
parameters

B (dig) 99.142(2) Ry, WR, [I>20(1)] 0.0700, 0.2236

y (dig) 103.3850(10) Ri, WR; (all data) 0.0975, 0.2632

V (A% 5614.4(3) S 1.109

VA 2 largest difference 0.701, -0.357

peak and hole (eA™)
dearc (g/cm?) 1.145

1 (CuKa) (mm™?) 0639
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FHWE  POSHERSICBE 4 5 5%

B OB T DHFEE TIL BEIC D F A oM e ¥ A JHe-BINAP $E{Afil % F
WK T VR T F LU HILR T AT )L & D4R =80
JIGEHRELTEY, ZEESE U DREDNENOE WAL ERIETE LD Z
LERELTWS Y ZoRIETIE, ETRET AT 1 HFETEFLLY
HNVKRPEEAT IV L ey MR Licn X7 aXr 2o
VHRBANERT S, b 1 TORET VR UNENL AL, 5l & <GE
TCHIREEIC & > THEHRAS Y URARKRT 2D (Seheme 2-2), 7235, U-tert-7F
NTvF L PHNR BT ATV IK Z ISV ST, BRI =&
BN ELEIT LN M, Utert-T F AT BF Lo U VR Ui A
Tk 253 F O YT ASOEBEIERIL LT FREITE o7 ER LN ES
ZoND, TOREER, KT LVX 1oL otert-7F A7 8F L UhLR
YR AT L 1k 1AM L OMEESRIIC 7 O 0 NI brIER L L7
AR L, 2@ B U REINENOEWLERIETE OS5,

R'I

CO,R? Rh())* R' CO,R?

. I+ )

2

R CO,R?
=R’
. Rh__co,R?
X—Z/ R'  CO,R?

R' CO,R2 R’
I

Scheme 2-2. Mechanism of intermolecular cyclotrimerization of terminal alkynes with
acetylenedicarboxylates.
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LT 7 o=y and U 3UERmY A 2 20 & U-tert-7 F L7 8T L
YIOANIR AT AT IV 1K & Dy FRIB =8OS S Z OFUG & [RERD v &
raRyETT MR ERBETORISHEE TEITL TS LB LD

(Scheme 2-3), 7. KA 20 DT VT UEMLE U-tert-7 F LT F LV
CHNVIR R ATV 1K BMETFER L OMCEIRIRIIC 2 U0 NI ERER{ET 5
ZEIZEoT, Y u R Z VR ADBERKRTHEEZOND, Kt
WT, b 15 FORIGSA 2 20 DT VX VENEAEANL « FEA L., Bl &< &
TEHIEEIC K> TR A » B AT 5, S 612, KA BDO—HD7
VXN E Dtert-T F AT B F L U H VR R ATV IK A R VT AR
{EHBRILT D Z LICk - T, v Xy a2 v U Hiik C RAERT D EE
2D, ZouZy a2 YUK C O FNOT VX 2 ENL B E
AL - AL, gl &R BEICIBRBEIC L > Ty 7 ma U EREIRY 72>
7 2 WEKRT D,
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ol Rh(I)* E
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20 1k
(R = MOM) (E = CO,t-Bu)
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OR B
N\ O = N\ va

- E

E
ol
ROOOR RO OR

N\

Scheme 2-3. Mechanistic proposal of generation of macrocyclic cyclophane 22.
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—J. v aA~R Y UE RIS s a7 v 22 N ERT ARBETAEL S
a2 R C Iz LT, O FNOT IV AL ClE7e <. b
DL TOREET A 20 DT VF ERALHEAL - FRA L, 5l & e < oo B
WETT D ERIGT AV DBERT D, SHIZ, KA DO—FHFDT V¥
VL L Dtert-T FALT T L U AR R AT LKA U ALY
BILTDZEICE-~T, v&d v a2V R E NERT D EEZLD
N5, Zouaxyv a2 oK E O FNOT VX AL B -
AL, BlEaf< BITHMBEC L > Ty 7 o~ U ERERY 707 7
21 3BT % (Scheme 2-4), 7235, TR U EAL - FEAT A O I By
IZBWT, ZOMENYICRDGEICMENERT HEEZBND,

FTo. ZOEGN2 TR 2L BV T, B IO E RN
DEpZu L 7aRXZ PR ELL LT LFRY T 2=y
AT Y UBEE RIS A 20 & Dtert-T FALT B F LUV ALK BT AT )L
1K ODLEERNEERME LTERLTWD EEZOND, T, KEEEiEE
TIT> 2B A B L ORER TR 28 LEEEAIC Y 7 a3 U BRE KRR
om 772l BRI OWHFEMET LICERE LT, Rimd A 20 DHLC
ZEVISB LUK A 20 LT BF LU DHARVBET AT IV 1k & D
DTN ZBALSGH B Oy TR =8 b UG L 0 HEE L CHEfT L= 2 &
NEZ LD,
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Scheme 2-4. Mechanistic proposal of generation of macrocyclic cyclophane 21.
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Chapter 2-1
Experimental Section

I. General

Anhydrous CH,Cl, (No. 27,099-7) and (CH,CI), (No. 28,450-5) were obtained from
Aldrich and used as received. Hg-BINAP, Segphos were obtained from Takasago
International Corporation.
(1s,4s)-1,4-bis(4-iodophenyl)-1,4-bis(methoxymethoxy)cyclohexane 19 was prepared
according to the literature. All other reagents were obtained from commercial sources
and used as received. All reactions were carried out under an atmosphere of argon in
oven-dried glassware with magnetic stirring. '"H and '*C NMR data were collected on a
a JEOL AL-300 (300 MHz) and Bruker AVANCE III HD 400 (400 MHz) at ambient
temperature. HRMS data were obtained on a Bruker micrOTOF Focus II.

Il Synthesis of diyne 19

H—5 85 3

HO OH MOMO OMOM
17 18 19
MOMO OMOM
MOMO OMOM
20 A

Diiodide 18 was synthesized from 1,4-cyclohexanedione (17) according to the
previously reported method® in improved isolated yield of 51% as shown in the following
procedure. Dry degassed THF was used in the following experiment.
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To a solution of diiodobenzene (9.897 g, 30.0 mmol) in THF (60 mL) was added
dropwise a 1.60 M n-BuLi/hexane solution (18.8 mL, 30.0 mmol) at —78 °C. After
stirring at —78 °C for 1 hours, 1,4-cyclohexanedione (17, 1.121 mg, 10.0 mmol) in THF
(32 mL) was added to this solution. After stirring at —78 °C for 1 hours and at room
temperature for 19 hours. The reaction was quenched by the addition of water and
extracted with EtOAc. The EtOAc layer was washed with saturated aqueous NaCl, dried
over Na,SOy4, and concentrated. The residue was purified by a silica gel column
chromatography (eluent: hexane/EtOAc = 1:1) to give diol 18% (2.857 g, 5.49 mmol,
55% vield) as a colorless solid. *H NMR (CDCls, 300 MHz) & 7.68 (d, J = 8.7 Hz, 4H),
7.21(d, J=8.7 Hz, 4H), 2.06 (s, 8 H), 1.71 (s, 2 H).

Diol 18 (1.208 g, 2.3 mmol) and EtNi-Pr, (2,274 g, 17.6 mmol) was dissolved in
CH,Cl, (27 mL). To this solution was added dropwise methoxymethyl chloride (1.421 g,
17.6 mmol), and the resulting mixture was stirred at room temperature for 18 hours. The
reaction was quenched by the addition of saturated aqueous NH4Cl and extracted with
CH,Cl,. The CHCl, layer was washed with saturated aqueous NaCl, dried over Na,SOy,
and concentrated. The residue was purified by a silica gel column chromatography
(eluent: hexane/EtOAc = 1:1) to give diiodide 19% (1.307 g, 2.15 mmol, 93% vyield) as a
colorless solid. *H NMR (CDCls, 300 MHz) § 7.65 (d, J = 8.7 Hz, 4H), 7.16 (d, J = 8.7
Hz, 4H), 4.41 (s, 4H), 3.39 (s, 6H), 2.28 (br, 4H), 2.01 (br, 4 H).

To a solution of 19 (2.972 g, 4.89 mmol), Cul (46.5 mg, 0.24 mmol), and
Pd(PPh3),Cl, (171.5 mg, 0.24 mmol) in EtzN/THF [1:1 (v/v), 200 mL] was added
trimethylsilylacetylene (4.800 g, 48.9 mmol). The resulting mixture was stirred at room
temperature for 20 hours. The reaction mixture was filtered and concentrated to give
crude diyne A as a brown oil. *H NMR (CDCls, 300 MHz) 6 7.42 (d, J = 8.4 Hz, 4H),
7.34 (d, J = 8.4 Hz, 4H), 4.40 (s, 4H), 3.38 (s, 6H), 2.27 (br, 4H), 2.01 (br, 4H), 0.24 (s,
18H).

A mixture of crude diyne A and K,COj3 (3.377 g, 24.4 mmol) in MeOH (100 mL) was
stirred under air at room temperature for 18 hours. After evaporation of the solvent, the
residue was dissolved in water and EtOAc. The EtOAc layer was washed with saturated
aqueous NaCl, dried over Na,SOy4, and concentrated. The residue was purified by a
silica gel column chromatography (eluent: hexane/EtOAc = 3:1) to give diyne 20 1.778
g, 4.39 mmol, 90% vyield in 2 steps) as a pale yellow solid. Mp 79.0-81.0 °C; *H NMR
(CDCl3, 300 MHz) o 7.46 (d, J = 8.4 Hz, 4H), 7.38 (d, J = 8.4 Hz, 4H), 4.42 (s, 4H),
3.40 (s, 6H), 3.07 (s, 2H), 2.30 (br, 4H), 2.05 (br, 4H): **C NMR (acetone-ds, 100 MHz)
0 132.7, 127.9, 122.2, 92.6, 83.9, 79.3, 78.6, 55.9, 33.5, 30.2; HRMS (ESI) calcd for
Ca6H2304Na [M+Na]" 427.1880, found 427.1870.
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I11. Rh-catalyzed intermolecular cyclotrimerization of 20 and 1k

Dry degassed CH,Cl, was used in the following experiment. Hg-BINAP (12.6 mg,
0.020 mmol) and [Rh(cod),]BF,4 (8.1 mg, 0.020 mmol) were dissolved in CH,ClI, (2.0
mL), and the mixture was stirred for 10 minutes under argon atmosphere. H, was
introduced to the resulting solution in a Schlenk tube. After stirring at room temperature
for 30 minutes, the resulting mixture was concentrated to dryness. To a solution of the
residue in CH.Cl, (4.0 mL) was added dropwise a solution of L-shaped
cyclohexane-linked diyne 20 (405 mg, 0.100 mmol) and di-tert-butyl
acetylenedicarboxylate (1k) (22.6 mg, 0.100 mmol) in CH,CI, (6.0 mL) with a syringe
pump for 1 hours (6.0 mL/hour) under argon atmosphere. The mixture was stirred at room
temperature for 1 hour. The resulting mixture was concentrated and purified on a silica
gel preparative TLC (thin-layer chromatography) (eluent: hexane/EtOAc = 1:1) to give
triangle-shaped macrocyclic cyclophane 21 (11.7 mg, 0.00618 mmol, 19% yield) as a
colorless solid and macrocyclic cyclophane 22 (9.6 mg, 0.00759 mmol, 15% yield) as a
colorless solid.

Cyclohexane-linked macrocyclic cyclophane (21, Table 2-1)

MOMO OMOM
BuO,C COzt-
t—BquC COZt Bu
MOMO OMOM

m 0 Gon

t-BuO,C CO,t-Bu
Colorless solid; Mp 170.5-172.0 °C; *H NMR (CDCls, 300 MHz) §7.45 (d, J = 8.1
Hz, 12H), 7.33 (d, J = 8.1 Hz, 12H), 7.25 (s, 6H), 4.53 (s, 12H), 3.47 (s, 18H), 2.35 (br,
12H), 2.12 (br, 12H), 1.17 (s, 54H); *C NMR (CDCls, 100 MHz) 5167.1, 139.5, 139.0,
133.1, 130.9, 129.0, 126.7, 92.2, 82.2, 78.1, 55.9, 33.2, 27.5; HRMS (ESI) calcd for
C114H138024Na [M+Na]* 1913.9470, found 1913.9488.

Cyclohexane-linked macrocyclic cyclophane (22, Table 2-1)
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t—BquC COZt-BU

t-BuO,C CO,t-Bu
Colorless solid; Mp 204.0-206.0 °C; *H NMR (CDCls, 300 MHz) §7.48 (d, J = 8.1
Hz, 8H), 7.35 (d, J = 8.1 Hz, 8H), 7.35 (s, 4H), 4.49 (s, 8H), 3.47 (s, 12H), 2.38 (br, 8H),
2.15 (br, 8H), 1.18 (s, 36H); *C NMR (CDCls, 100 MHz) §167.3, 139.5, 138.9, 133.3,
130.7, 128.9, 126.6, 92.3, 82.2, 78.2, 56.0, 33.1, 27.6; HRMS (ESI) calcd for
CrHeO16Na  [M+Na]* 1283.6278, found 1283.6226.

116



HE B
PT o m D BNF Y A EE A & T I & DEERE T RIS - B KBRS 7 7 DAk

51 FH STk

1) Zhao, Y.-L.; Liu, Q.; Zhang, J.-P.; Liu, Z.-Q. J. Org. Chem. 2005, 70, 6913.

2) Zhao, T; Liu, Z.; Song, Y.; Xu, W.; Zhang, D.; Zhu, D. J. Org. Chem. 2006, 71, 7422.

3) Rahman, M. J; Yamakawa, J.; Matsumoto, A.; Enozawa, H.; Nishinaga, T.; Kamata,
K.; lyoda, M. J. Org. Chem. 2008, 73, 5542.

4) Takaba, H.; Omachi, H.; Yamamoto, Y.; Bouffard, J.; Itami, K. Angew. Chem., Int. Ed.
2009, 48, 6112.

5) (a) Tanaka, K.; Shirasaka, K. Org. Lett. 2003, 5, 4697. (b) Tanaka, K.; Toyoda, K.;
Wada, A.; Shirasaka, K.; Hirano, M. Chem. Eur. J. 2005, 11, 1145.

117



118



g e
T S I A ANFY I GERIG S b T I DR T = IS S BB 2 7 7 DA

Al — S

B U7z rand U URE R A L TV DO EK S
=8NS LA RERIRS 707 7 DAL

F—E T L DI, BT A Ma U7 A(1)/Hg-BINAP SR A v = L
TR T = and Y VBN AR T ARG A L ET I DK
JETIE, A FHERE = EEOSREIT L =AY 7 v 7 7 o L UMK 7
07y R ELT, TORISTIE, BKEET 22 &N TE B HEDN K&
W7 anFh UBERN AT AR YA v ERW TR, A ADEI D 2
DOREIKY Z7u 77 onfGEohlctBZBxohnbd, I TEFRX, RKIGITHW
HREGT AV DOBEHNEEZDH T LT, A RN KRR 77 7
®émﬁﬁ%_ﬁé®1i&wﬂk%zto

2006 (21X, Sankararaman S8, V7 mAaX o L BV BRNIET H Z & A
ﬁ<§mfﬂm@%ﬁw/?mm%ﬁ/I/ UEHNEZA T4 E W
RERICAM OB ABRE LY, ZoWETIE, 1y 7Y U IRISICE > TH
A ZXDED T FHEORERICEMDB GO TWD D, AR O RERRILS
MBEIRIZAHE BTN D, (K 2-23)

(2-23)

8% yield
11% yield
32% yield
4: 8% yield
5: 13% yield
6: 3% yield
7: 6% yield

wn =

L-Shaped Unit
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OCgH17

/fj\ 2.5 mol % Pd(PPhs),
10 mol % Cul

toluene/Et3N (4:1), 60 °C
L-Shaped Unit

(2-24)

OCgH17

n=0: 5% yield
n=1:12% yield

F72,2008 4F1C i Jasti HIC L > TRERIRS 7 17 7 OGN HE Shiz,
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n

5: 10% yield
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120



FHE
FT xS BNF YT RYFE K A o B T I DI T = BRI L S KBNS 1 T 7 2 DE s
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|
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23 A 24
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Cul, Et;N

TMS—

T™MS TMS
AN Vi \ Vi
K,CO3, MeOH
MeOQOMe O
MeO OM
25

81% yield (2 steps) B
Scheme 2-5. Synthesis of cyclohexadiene-linked diyne 25.
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Table 2-3. Optimization of reaction conditions for rhodium-catalyzed intermolecular

cyclotrimerization reaction of 25 and 1k.*
MeQ

\ / tBu02C COzt Bu
\ / [Rh(cod),]BF 4/
CO,t-Bu ligand t-BuO,C CO,t-Bu
(0 20 equiv)
+
‘ ‘ solvent rt
@\ CO,t-Bu Th
MeO OMe

25 1k Meo@

+BuO,C  CO,t-Bu

26

entry ligand solvent (M) alkyne 1k (equiv) addition time (h) yield (%)
1 Hg-BINAP CH,ClI, (0.02) 1.0 1 15
2 BINAP CH,CI, (0.02) 1.0 1 <5
3 Segphos CH,CI, (0.02) 1.0 1 <10
4 Hg-BINAP CH,Cl, (0.04) 1.0 1 8
5 Hg-BINAP CH,CI, (0.01) 1.0 1 10
6 Hg-BINAP (CH,CI), (0.02) 1.0 1 7
7 Hg-BINAP THF (0.02) 1.0 1 <5
8 Hg-BINAP CH,CI, (0.02) 5.0 1 <5
9 Hg-BINAP CH,Cl, (0.02) 0.5 1 <5
10° Hg-BINAP CH,CI, (0.02) 1.0 1 10
11¢ Hg-BINAP CH,Cl, (0.02) 1.0 2 17

? [Rh(cod),]BF4 (0.020 mmol), Hg-BINAP (0.020 mmol), 25 (0.10 mmol), 1k (0.10
mmol), and CH,Cl, (5.0 mL) were used. Yields were of isolated products. °
[Rh(cod),]BF,4 (0.015 mmol), Hg-BINAP (0.015 mmol) were used. ¢ 25 (0.20 mmol)

was used.
PPh, PPh, @] PPh,
' i PPh, i i PPh, <O PPh,
(@] g

Hg-BINAP BINAP Segphos
Figure 2-3. Structures of diphosphine ligands.
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Scheme 2-6. Generation of meta-substituted product by lewis acidic reagents.
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t—BUOzC COQt-BU

HRMS (ES') calcd for C107H110017Na
[M+Na]* 1689.7641, found 1689.7458

O OO

tBuO,C  CO,t-Bu MeO
HRMS (ES') calcd for C106H106016Na
[M+Na]* 1657.7379, found 1657.7225

BuO,C  CO,t-Bu MeO
HRMS (ES') calcd for C105H102Na015
[M+Na]* 1625.7116, found 1625.7026

Figure 2-4. Methanol elimination products observed by ESI TOF-MS analysis.
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Chapter 2-2
Experimental Section

I. General

Anhydrous CH,Cl, (No. 27,099-7) and (CH,CI), (No. 28,450-5) were obtained from
Aldrich and used as received. Hg-BINAP, Segphos were obtained from Takasago
International Corporation.
(1s,4s)-1,4-bis(4-iodophenyl)-1,4-bis(methoxymethoxy)cyclohexane 24 was prepared
according to the literature.® All other reagents were obtained from commercial sources
and used as received. All reactions were carried out under an atmosphere of argon in
oven-dried glassware with magnetic stirring. Infrared spectra (IR) analyses were carried
out on a JASCO FT/IR-6200. *H and *C NMR data were collected on a JEOL AL-300
(300 MHz) and JNM-ECA500 (500 MHz) at ambient temperature. HRMS data were
obtained on a Bruker micrOTOF Focus II.

I1. Synthesis of diyne 25

o HOQOH MeOQOMe

23 A 24

TMS

\ y \ //TMS

MedKC:>NDMe /<::>\

MeO OMe
25
B

Diiodide 24 was synthesized from p-benzoquinone (23) according to the previously
reported method® in improved isolated yield of 51% as shown in the following procedure.
Dry degassed THF was used in the following experiment.
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To a solution of diiodobenzene (3.378 g, 10.3 mmol) in THF (108 mL) was added
dropwise a 1.64 M n-BuLi/hexane solution (6.7 mL, 11.0 mmol) at —78 °C. After
stirring at —78 °C for 30 minutes, p-benzoquinone (23, 0.542 mg, 5.01 mmol) was added
to this solution as a solid in three equal portions. After stirring at —78 °C for 1.5 hours,
the reaction was quenched by the addition of water and extracted with EtOAc. The
EtOAc layer was washed with saturated aqueous NaCl, dried over Na,SO, and
concentrated to give crude diol A as a brown oil.

55 wt% NaH (0.546 g, 12.5 mmol) was dissolved in THF (6.0 mL) and the mixture
was cooled to 0 °C. To this solution was added dropwise a solution of crude diol A in
THF (10.0 mL) and the mixture was stirred at 0 °C for 30 minutes. To this solution was
added dropwise Mel (2.839 g, 20.0 mmol), and the resulting mixture was stirred at
room temperature for 16 hours. The reaction was quenched by the addition of water and
extracted with Et,0. The Et,O layer was washed with water and saturated aqueous NacCl,
dried over Na,SOy, and concentrated. The residue was purified by a silica gel column
chromatography (eluent: hexane/EtOAc = 5:1) to give diiodide 24% (1.392 g, 2.56 mmol,
51% yield in 2 steps) as a colorless solid. *H NMR (CDCls, 300 MHz) § 7.69-7.59 (m,
4H), 7.15-7.07 (m, 4H), 6.06 (s, 4 H), 3.41 (s, 6 H).

To a solution of 24 (1.077 g, 1.98 mmol), Cul (19.0 mg, 0.10 mmol), and
Pd(PPh3),Cl, (70.2 mg, 0.10 mmol) in EtN/THF [1:1 (v/v), 80 mL] was added
trimethylsilylacetylene (1.964 g, 20.0 mmol). The resulting mixture was stirred at room
temperature for 1 hour. The reaction mixture was filtered and concentrated to give crude
diyne B as a brown oil. *H NMR (CDCls, 300 MHz) 6 7.44-7.36 (m, 4H), 7.32-7.26 (m,
4H), 6.07 (s, 4H), 3.41 (s, 6H), 0.24 (s, 18H).

A mixture of crude diyne B and K,CO3 (1.382 g, 10.0 mmol) in MeOH (15 mL) was
stirred under air at room temperature for 3 hours. After evaporation of the solvent, the
residue was dissolved in water and EtOAc. The EtOAc layer was washed with saturated
aqueous NaCl, dried over Na,SOy4, and concentrated. The residue was purified by a
silica gel column chromatography (eluent: hexane/EtOAc = 10:1) to give diyne 25
(0.543 g, 1.59 mmol, 81% vyield in 2 steps) as a pale yellow solid. Mp 128.0-130.0 °C;
IR (KBr) 3259, 2986, 2940, 2104, 1606, 1089 cm*; *H NMR (CDCls, 300 MHz) §
7.49-7.38 (m, 4H), 7.38-7.28 (m, 4H), 6.09 (s, 4H), 3.42 (s, 6H), 3.07 (s, 2H); **C
NMR (acetone-dg, 75 MHz) o 145.4, 134.3, 132.7, 127.1, 122.3, 84.0, 79.4, 75.3, 52.2;
HRMS (ESI) calcd for Co4H200,Na [M+Na]* 363.1356, found 363.1364.
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I11. Rh-catalyzed intermolecular cyclotrimerization of 25 and 1k

Dry degassed CH,Cl, was used in the following experiment. Hg-BINAP (25.2 mg,
0.040 mmol) and [Rh(cod);]BF4 (16.2 mg, 0.040 mmol) were dissolved in CH,Cl, (2.0
mL), and the mixture was stirred for 10 minutes under argon atmosphere. H, was
introduced to the resulting solution in a Schlenk tube. After stirring at room temperature
for 30 minutes, the resulting mixture was concentrated to dryness. To a solution of the
residue in CH.Cl, (4.0 mL) was added dropwise a solution of L-shaped
cyclohexa-1,4-diene-linked diyne 25 (68.1 mg, 0.200 mmol) and di-tert-butyl
acetylenedicarboxylate (20) (45.3 mg, 0.200 mmol) in CH,CI; (6.0 mL) with a syringe
pump for 2 hours (3.0 mL/hour) under argon atmosphere. The mixture was stirred at room
temperature for 1 hour. The resulting mixture was concentrated and purified on a silica
gel preparative TLC (thin-layer chromatography) (eluent: hexane/EtOAc = 3:2) to give
triangle-shaped [12]CPP precursor 26 (19.1 mg, 0.0113 mmol, 17% vyield) as a colorless
solid.

Cyclohexadiene-linked macrocyclic cyclophane (26, Table 2-3)
MeO OMe

t-BuO,C CO,t-Bu
t-BUOzC COZt Bu

t-BuO,C CO,t-Bu
Colorless solid; Mp >300.0 °C; IR (KBr) 2978, 1719, 1393, 1368, 1254, 1145 cm %
'H NMR (CDCls, 300 MHz) §7.42 (d, J = 8.1 Hz, 12H), 7.30 (d, J = 8.1 Hz, 18H), 6.14
(s, 12H), 3.47 (s, 18H), 1.20 (s, 54H); *C NMR (CDCls, 75 MHz) §167.2, 142.7, 139.6,
139.1, 133.34, 133.28, 130.5, 128.9, 125.6, 82.0, 74.7, 52.0, 27.5; HRMS (ESI) calcd
for C108H114018Na [M+Na]* 1721.7897, found 1721.7967.
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FEE HoE
KW 21 7 7 o DIEBFRNANE L B ZHREIH12 > 2 2 NT T o= L > DEE

FoE KRR 7 v 77 OFEFRICE DL ERME[L2]Y 7 rT 7 x=
L DA

B—H

il

EHIT, BEm TRV 7 aAFTH UBRB KRR 7 u T oD s
Y UGB L O BTk 7 andh U VBRI I T
7LD aA~FH T A $BM%ﬁ§%M?6_kT\@ﬁ®m@éﬁ%
BANERINICEA LT KRERR o &7 a7 7= (CPP) ®
RN ATREIC 2R D DO TlX R e B 2= (KX 2-27, 2-28),

O CO,t-Bu
t- BUOQC COgt Bu
CO,t-Bu
£-BuO,C CO,t-Bu O o
Aromatization 2t-Bu
(2-27)

t—BUOzc COQt-BU COZt-BU

t-BquC COZt-BU

© Q Aromatization
MOMO OMOM

t—BUO2C COzt—BU

Bk m LAY F IR, T OBIRROEEECME M . MEHMEEE A~ DS
FTREMED S IER NI 22 T CTHBY, BIZIE, N8 VBN ST AT L
Rk M chHhiryrsa T 7 =1 (CPP) IX,. T—LF =T B —
WNoF ) Fa—7 (CNT) OF/IMERRHEAD 1 >THY (Figure 2-5), 1 —AH
%/?1~7@T%A7/7m¢ m@%ﬂkbfﬁﬁfkék%z%hfw

5 F i FOBEAFBRILE RO, TXF TR MBS EOBLE
?6 FEFICHRE N =— T 2y ThH Y, TEER ézhfb\éﬁjmd%w) 1
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Figure 2-5. Shortest sidewall segment of carbon nanotubes.

F 9. 2008 4FE|Z Jasti. Bertozzi 512 L - THIHTD CPP SRAHE S,
Jasti DIE, 7 unF YO BBV AT S L FROEEE T A L,
ZEMED T 7Y T RONT L0 RERIK CPP RiBMAZ Bk L7722y 7 m~F
T BEREEAL 2 SR TR S F LT 5 2 & T CPP OB AICHID THE LT

(Scheme 2-7),
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FH =
KB 2 1 7 7 DI HIRIEIZ I S ZHREVHI2) o2 7N T 7o = L DAL

(]
| Q S T
cat. Pd(PPhs),, Cs,CO;

toluene/methanol (10:1)
LR 0D
S T
n=2: 2% yield
Bpin n = 3: 10% yield
n =5: 10% vyield

L- Shaped Unit

&

®
Li

THF, -78 °C

[91CPP (n = 2): 43% yield
[12]CPP (n = 5): 52% yield
[18]CPP (n = 11): 36% yield

Scheme 2-7. Synthesis of CPPs by reductive aromatization.

Fo. ZOWE L IZIFFEESICHES S CPP OA A HE LT 3aY, 5
FZ 7 an Y U BUEHMNE AT D L FROREEZ AR LI BRICEEREO T v
7Y RIS X0 KRERIR CPP HIBMAZ AR L. FE T 7 mF i L BUEES
P& FRLHNC B FFRLT 5 Z & T[L2]CPP DA RIZaHh L TV % (Scheme 2-8) ,
INHOWETIE, WITNERUCBUVEROMRD DI L FROZEEHRM ZEA L
T2 B DO KRB ZAT o T2 RICHEEFBRLEZIT 5 2 & T, CPP Ak x N L 4
HRERER TH TR P UBRABRILSEIBROELT RV X —E2MFH LT
W5,

133



1) 10 mol % [PdCl,(dppf)]
NaOH (5 equiv), H,O (16 equiv)
1,4-dioxane, 60 °C

2) 20 mol %Pd(OAc),, X-Phos
NaOH (5 equiv), H,O (26 equiv)

1,4-dioxane, 80 °C
Q- AN
Bpin O . MOMO OMOM

Bpin

+

41% vyield

,w'ff "“\“«n (2 steps)
L-Shaped Unit O = O
HO OH

150 °C, uW

—
s

|

SDQQO

[12]CPP
62% yield

Scheme 2-8. Synthesis of CPP via oxidative aromatization.

— 7. 1990 FF-ARIZ 1% Vogtle & 23l & D CPP & ik & #7223, CPP &
A ERT D2 LILTE o7 (Scheme 2-9) Y,

Scheme 2-9. Vigtle’s approach for synthesis of CPP.

2010 AEIZIZIL+ B2, FHEUAE B4R 2 AR L= 1% 100Z TRl BER G &

134



FEE HoE
KW 21 7 7 o DIEBFRNANE L B ZHREIH12 > 2 2 NT T o= L > DEE

IToTRUVEBY —RUBUREZERT 2V BOT7T 7o —FIZ Lo TRV
PUBRAPRILSEABOELT R —ZME L. CPP OSRRICEKII L TV 5
(Scheme 2-10) 9,

SnMes (L)PtPt(L)

O O —(L)PtBr,
SnMej (L)PtPt(L)

(L = dppf)
Scheme 2-10. Synthesis of CPP via formation of tetranuclear platinum complexes
followed by reductive elimination.

INLDOBRIEORE Z YV I Jasti”, Y, L5k - T, ZRET
IZ[5]%> 5 [16]35 & U18]CPP A RAMEINT AR S, CPP O#EED Myt K=
R4 2 MEZEPNCBT DAk 2 RBFSE BB ST & 7, 72, 20183 E12iE,
FFHIZE-STLCPP 27 7 L— e LT —RFT ) Fa2a—TDRNLT v
FIFA RS W &7 (Scheme 2-11) 19,

. -
£y C%é X S
O © O Qg | o
— = C -,
» G
o Y

%:?

Carbon nanorings Carbon nanotubes
(template)

Scheme 2-11. Diameter-controlled CNT synthesis by using CPPs as templates.

EHIIL /L, FABICEoCFA 722507 0-14-T7 2=
2°5-F =1 (CPT) (Scheme 2-12) W& a7 L, R rmbist
DFx R EFBR A AT 5 CPP IO A RMIZE & 2R E Sh T 5D,
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CuCly-2H,0  MOMO OM
Ni(NO3),-6H,0
MOMO = EN, pyridine
60 °C
OMOM MOMO. X\ _— OMOM

(n =2-6)
NaZS-QHZO
160 °C, uW
OMOM
MOMO l
n = 3: 86% yield
n = 4: 50% vyield
OMOM\  p, = 5: 46% yield
MOMO ‘ n = 6: 50% yield
MOMO OMOM
n-2
NaHSO4 H,0O
DMSO/m-xylene
150 °C

M S &

VA SO s\
SO~ O
\_/ \ 7
[4]CPT [BICPT
13% vield 24% yield

M
s 5=
\ /
[6]CPT
3% yield
Scheme 2-12. Synthesis of cyclophenylenetienylenes.

ZDOEDITEFER SN TS CPP IZEET D8I 1T 2 IR D i B FRE
D 1oLLT, CPP ~DEREEDEANET D, FHED THE - AHEE T
?“/M’ AR E~DIGHEBEREZE 2 7= ETiE. RS m o B A 2 S 5 7=

DEREEDIFENDMERAI K TH D, CPP IZEREEEZEATLZ EITLY,
%f‘ﬁ«@lmm%ﬁ >R EAERIC X - TEA N HE S i B A RO K
DRSS,
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FEE HoE
KW 21 7 7 o DIEBFRNANE L B ZHREIH12 > 2 2 NT T o= L > DEE

Bpin

I
. c Multistep Coupling Reactions
Bpin >

Br O Aromatization }

Br

Scheme 2-13. Synthesis of chloro[10]CPP.

CPP (n=1,4) 7°-CPP-Cr complex

1) n-BulLi
2) Electrophile
3) Decomplexation

[S
O R
o

R = SiMes, B(pin), CO,Me
Scheme 2-14. Synthesis of CPPs possessing silyl group, boryl group, and ester moiety.

L)L, FERAEETAD v 7Y VT RIGIC L o TREBRRATEME 2T
HPEHRD CPP AREETIE, MAREED K& WEERR L2 EEd 5 2 & NN
THHZEND, TNETICAREINT-EREEL CPP IZ—EHO L DIZR LN
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Tu/z (Scheme 2-13) 0, X512, 14513 CPP-Cr $IR DB % 7= CPP
B BSOS 23S L7223, CPP L 8% Cr(CO)s & DAL AN N T
HHI LML, —EHD CPP DEMDAIZIRHIL TV D (Scheme 2-14)

2011 FITIIBETR D3, 2,8-T R Y L-6,12-U~F s Ut v & VT Y
A BEERE G LI RRICETTRBEEC L > T4y 7 r-28-7 V=L %
B LTS, HEOBEBREZEANTSHZ LITHI L), BAF R E R
PMERENE 72 7 L LD IR ST =, (Scheme 2-15) 9,

n-CeH13
PtCl,(cod), CsF

9o ‘
Bpin Q Q THF, reflux

n-CaH 13

74% yield

94% yield

Scheme 2-15. Synthesis of cyclochrysenylene.

T, Wang®™®, Wegner®® 2V 68 SEAKEEE O K & W EER R O £
BT D Z & CUEROEREL AT DL 72 CPP RO G HIZ RS LT, 2014
FEIZ1T Wang B3, 58-V A hF-14-Uk RaF 7 X Lo 2 GUEENLIC V-
L FRIOEE 2 AR LIRS, By 7V 7 ROGR L O8] &t < LIS &AL
RISZEATH Z &Ik oT, A MR EELHFTSH CPP 25 L TW% (Scheme
2-16), F7=. Wegner 52 L > T, 7 (/b2 IR A V72 RERIRT B
FALET R EORSTNERILZEBILRC L D8R —T VM 25
% CPP OARMNHAE S TW\% (Scheme 2-17), L2vL. KEIRT R T A 2D
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FEE HoE
KB 2 1 7 7 DI BRI L S ZFREIHI2) o2 BT 7 == L DAk

BRICITRIN RN DL EBEDO T » 7V V IRISEE L, & BICHREEIEOmEL,
A FIHRACSOEPMERIER T 5 70 EOEN KR IN TV D, £, ZHbHDOH
HETIE, WINOEAMRBREREDNBEORE < 2N T VX LT L ax s
HORIBENTWDE, ZD7, FE~DOETEICo FRIAAEERHIZEL - T
Bl 236l 7z B AR O TR WIF S 5 M5O miin e B e 2 2 7 (B 88
RANTBEAT 5 FEORENRB KD LN TND,

Br, Br

- Ni(cod),bipy, reflux ; :
e

MeOH HOMe
s H Wl
MeO

OMe

11% yield

DDQ (15 equiv)
70 °C

88% vyield
Scheme 2-16. Synthesis of multi-functionalized CPP using functionalized L-shaped
unit.
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MOMO OMOM

’
",
\\:
W

I I
0. 0="
MOMOOOMOM

\
:\‘\\
‘1,
‘4,

MOMO OMOM
Z = CH,, C(CH,0OCHs),, O
1-3% vyield
(Multistep Coupling Reactions
from 1,4-cyclohexanedione)

R
| | RhCI(PPh3);
(0.20 equiv)
R THF/i-PrOH
(10 equiv) MW, 100 °C
R = Alkyl, Aryl
/

MOMOOOMOM

NaHSO4'H20 RR
(20 equiv) .
m-xylene/DMSO z
130 °C RR

/,//,

3-7% yield O
4 examples MOMO OMOM
46-80% vyield
9 examples

Scheme 2-17. Synthesis of multi-functionalized CPP via Wilkinson's complex-catalyzed
partially intramolecular cyclotrimerization.
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FH =
KB 2 1 7 7 DI HIRIEIZ I S ZHREVHI2) o2 7N T 7o = L DAL

FTITERIT, BEm TR I a~T Y UBEB KRR s a7 Dy
7 m s CBUEEN 2 R bR AR L (302-29, 2-30) b L<IE, I E TR
Rz 7 and U UBERRIR I a7 7 oD 7 kYU BREE
Nzt EERE (N 2-31) 952 LT, MEROAMIETITZENRT D Z &2
TX 72 WEEB O SR e 2 ML ERINAIZE A L7 CPP A TE 52D Tl
ARV RN d

MOMOOOMOM
t-BuO,C O O CO,t-Bu

t-BuO,C O Q CO,t-Bu Oxidative
Aromatization

(2-29)
MOMO@ C;OMOM
wond O N
£BuO,C  CO,t-Bu
£BuO,C  CO,t-Bu
MOMO OMOM  oxjdative O
© Q Aromatization (2-30)
MOMO OMOM
£BuO,C  CO,t-Bu
MeO OMe
£BuO,C COzt Bu
t-BuO,C COyt-Bu  Reductive

’,
/,,,
\\
\\‘

Me

.w!}1!}4nw

+BuO,C  CO,t-Bu
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Z D X D 72RO m kR B RE I 2 L ESEIRAIITE A L 72 CPP DA A ATBEIC
AT, mATAENIC K D FEMEERERIH L Ch—R T ) Fa—T
DR+ LT v AMeFER. HOEAEROEK., B I OERA~DEELR E~D
JICHDPIRF SN D, £7o, ZAT AN kA IR ERERA~E AL, B o
FREIR DSy A & O (I - FO, R TFINER) & OHEBEE 5NN
TAUL, B AR S FARRI RO FABRIE & 70 5 L WiFF <415 (Scheme 2-18),
El ZNOOFEENS AR T ) Fa—T DR bLT v TG 2,
HCEAROIR, B L OERA~DEE e E~DISHICE W T, Bk
b EMORR L EIFRFSL 5 (Figure 2-6)

CO,t-Bu — CH,OH
CH,OH

j Oxidation

O CHO
CHO

Oxidation

Scheme 2-18. Tansformation of multi-functionalized CPPs.
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FEE HoE
KB 2 1 7 7 DI BRI L S ZFREIHI2) o2 BT 7 == L DAk

(a)
CNT Growthﬁ

| Adsorption on Sapphire Surface

P PP  CPP

CPOHH Ko |

S

H
o B H —Si— Si—Si—Si— cPP
—SI—SI—SI—SI_ | | | | kO S
I I I I |
Si Si

Immobilization on Si Surface

Figure 2-6. Application of multi-functionalized CPPs. (a) CNT growth from templates.
(b) Immobilization on silicon surface.
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O v unX Y UBERERIRY 7 a7y v OBL I E AL S

VI anF Y UOUERRIRY 7 v T 7 v 21 ORRCII B IRLEOSIZ DU T
o2 OFRLAIZ VTR Z21T-o7- (R 2-32), 9. FRL0HE Paenk
(2, IEBFIED NaHSO4 - H,0 (20 Y &) ZHWTRISZMET L7z & 2 A, 150 °C
DINBGA: T THBOFFEAL SN =AERWTE s nr-7-, = Z T, DDQ,
o-chloranil, PIDA. PIFA. NBS. Selectfluor, Oxone. MnO, 7% & DEk % 7afig{bAl
ZWINMLTRISE G LTy, Wb BROEFEFBL ST ARMITE LN
winol, vA4 7m0 = —7BESEMET, NaHSO, - H,O, DDQ Z HW TR %
1To=5A81Cb,. HOERFELSNIZARYIISE NIRRT, F2, v 7
AP UBEERBRIR Y 7 1 7 7 v 22 OFRLBOE B IRALBOGIZ DWW T b [RIRED
At Al 2 O TR 21T o 7228, Wi B BB IFL S A3 o
Niphoiz,
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FEE HoE
KB 2 1 7 7 DI HIRIEIZ I S ZHREVHI2) o2 7N T 7o = L DAL

MOMOOOMOM
t-BuO,C O O CO,t-Bu NaHSO4-H,O
(20 equiv)
t-BuO,C Q Q CO,t-Bu oxidant
(20 equiv)
DMSO/mI—xerne
Q Q 150 °C, overnight
MOMO== “—=OMOM

£BuO,C  CO,t-Bu

21
oxidant O

Beige s Y

o- Chloranll
\ /OAc F30000\ _OCOCF3;

© © Not Obtained

PIDA PIFA

Br ﬂ —cl
N
Oﬁ?o / + 2BF,
N
F

NBS Selectfluor

2KHSO5 KHSO4 K2804
Oxone

(2-32)

Mn02

WIZ, 7~V U BUERBINY 7 0 7 7 v 21 OFILE FEAL)GIZ D
WTC @b~ T AAFE T 2 Ofg % O TG 2 T- 72 (38 2-33), Lv L,
WTHOBEICHS BOBEEF L SN ARDIIE SR ho Tz, BRENC
12, 0.1 Mp-TsOH aq % VT 72 RIS 21T - 72 354121%, '"HNMR CTopr
THEHNVRBOT T F o EFEZBD YT F AN 11-12 ppm (IZHLL, t-7 F
JVTERATNAOT T DY 117 ppm (s, 54H) NHE L7z, 2O &
5. V7 anF Y UBUEEANL OB FRLE KO- F L AT VO RNK G R D
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TLTALEWDR —HER L T D RN Z 2 bz, L, Bz Hi
THZENTERD ST, FHT, DIVRRE AT N AT b~ &2
TLHLZETAERDEZHBET 52 LN TELOTIIRNNEERT,

MOMO OMOM

t- BquC COzt- Mn02
(20 equiv)
t—BUOzC COzt-BU acid
(20 equiv)
m-xylene, 150 °C
72 h

MOMO

tBuO,C  CO,t-Bu
21

acid
NaHSO4'H20 H2804
0.1 M p-TsOH ag AcOH
12N HCl aq TfOH

Not Obtained

F9, WEEDO @Rt~ B X101 Mp-TsOH aq 777E F. 150 °C, 72 K
BSOS B2, PUAFATVINANDT I AZ U EM2DZ L2k ->T, A
F NI AT R ~DOFEEZBFI LT, Lo, BIO X F v 27 VAR 27
ITFE 7L< Eon7eh > 7= (Scheme 2-19),

ZOEIT, WTHRORFHNZBWTEH, 7 a~FH 28Kk 7 a7
7 v 21 BEO 22 OFAHI T EFBALRIS DS ET Lo T2 EK & LT, #HEoD

BROIEZAET L 7~ U RERERR 7 nT 7 21 BN 22 o
I T UBUERMN, HELSEFRARICRSTNDHZ ENREXLND,
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FEE HoE
KB 2 1 7 7 DI BRI L S ZFREIHI2) o2 BT 7 == L DAk

MOMO \<:>/OMOM
t-BuO,C O Q CO,t-Bu

\
\
W

0.1 M p-TsOH aq
t-BuO,C O O CO,t-Bu MnO, 0.6 M TMSCHN,
(20 equiv) _ (10 equiv)
m-xylene MeOH/Et,O
Q O 150°C, 72 h rt, overnight
MOMO = “—=OMOM

tBuO,C  CO,t-Bu
21

27"
Not Obtained

Scheme 2-19. Transformation for methylester 27°.
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EEE v rund U VBB RERY a7 7 OB SO

ATE Cak 7= Xk 91z, ya OAF T UBERER Y 70T 7 21 BEO 22
DA T B IRAC SIS D EIT L2 o T2 EK & LT, HEEOBE K5I L2 H/T
/A= TN a2 ﬁjtf/@b:/ﬁ n7yr2lBXN2 0vr Ew\ﬂ%ﬂ%/ ’FE‘
WAL, BHELLSE L RRBIZRSATWD I ENREBEZLLND, RRICEROE
BlIEEATHY 7o~ L0 ﬁk%h/ﬁm77/%®/7mm%%/
T UG B E T RRICR > TRV, Bl FBRLRICIETT 2 D Tl
RN EE R FlA DORETTAIE DTG 21T -7 (Table 2-4), £3°. 5D
DG A B LI ERIED Li granular (800 M) A MWTRIGEREI LT &
ZA, BIROEGADH 80 °C OMEKM T THOINMEIE 72T LR T2
(entry 1, 2), WRIT, Jasti 5 DG V2B EIC—ETEICH L L THRED Y F
UAFTZEL=F (10 4%) 2O TRIGEITo72E 2 A, —78°C, 1K T
JMETERE Loz o0, BHID[12]CPP ~FX Y D)L VBT AT )L 27 M HL
B R 17% TR o7 (entry 3), 62, MEIEOVFULAFT7 XL =R (40
W) ZHWTRICRERZ 24 FFICIER Lo/ S. ROSITEMEE 72 Ho
nﬂmmm%%ﬁwﬁyﬁix?ﬂa7@%Eﬂﬁﬁot«mwmo%mf\é

E=ILAlE LTCREIEOFT N U AT 7 X L= REHWTRISZIToTo &2
% —78 °C, 1MW TS 5ERE L, HEYD[12]CPP ~FH B /LR V= AT )L
27 DSHEEINGR 25% T Hivie (entry5), £72. IUF 5208 2 < maliwh e L2 FiE
00 2 B | R B DAL A X ZKFI B N BSOS SRE OB EF & 1T T2, F D
fEd, 15 HEOEALA X KA T, =ik, 1 R TIESIEZER L
ST=H DO, TR S BEID[12]CPP ~F Y W /LR BT 2T )L 27 BNES
L7z (entry 6), & Z T, 30 YEDHELA X KFMFAE T, 60 °C IS X
OSSR 2 72 BFRICHER: L= & 2 A, OSIE5ERE L B D[12]CPP ~F %
JVIR VR ATV 27 NHEBENER 14% TR LT (entry 7), S 61T, HEfLA X
KFNZIGER 2 U L7250 F ik, =R, LR CROSIEEME L2 b oD, X
JRITEHE & 72 0 BAYD[12]CPP ~F % B LR T 2T )L 27 I3 bR -7z

(entry 8), = 2T, entry5 ZfiigttEL LT, A7 —1A7T v 7 OMFET-o 7
LA, BBYDIL2]CPP ~F 4 1 VR VR AT /L 27 DN HBEINER 33% T H i
7= (entry 9),
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BH =
KEEWe 2 2 7 7 DI L B ZEHFEIHLI2) > 2 2 NT 7= L DA

Table 2-4. Optimization of reaction conditions for reductive aromatization of 26 leading
to 27.°

I COzt-BU
t-BuO,C CO,t-B
U2 2= CO,t-Bu
t- BUOzc COzt Bu O
_reductant COyt-
TTHE I

t-BuO,C  CO,t-Bu

26 27 CO,t-Bu
entry reductant temp (°C) time (h) conv (%) yield (%)
1 Li granular (800 equiv) rt 24 0 0
2 Li granular (800 equiv) 60 24 0 0
3 Li naphthalenide (10 equiv) -78 1 49 17
4 Ljnaphthalenide (40 equiv) -78 24 >99 0
5 Na naphthalenide (120 equiv) -78 1 >99 25
6 SnCl,-2H,0 (15 equiv) rt 20 76 <7
7 SnCl,-2H,0 (30 equiv) 60 72 >99 14
8> SnCl,-2H,0 (3.3 equiv), HCI (6.6 equiv) rt 1 >99 0
9¢  Na naphthalenide (120 equiv) -78 1 >99 33

226 (0.0050 mmol) was used. Yields were of isolated products. ® Complex mixture. ¢ 26
(0.020 mmol) was used.

I, AR L?‘:[lZ]CPP/\3?47‘75111/3“‘/@:&%7‘/1/ 27125V TIE, H NMR,
BC NMR B L UVHRMS (12 L A2 5# CTRIZE L7z, 'H NMR THOHT L7-fE 5, &
7 a kv HAR 7.64 (s, 12H)\ H° 2% 7.59 (d, 12H), H°7\ 7.46 (d. 12H),
HY 73 6.88 (s, 6H) ppm, t-7 F /LD 7 1 | > HE 78 1.45 (s, 54H) (287~ (Figure
2-7) . 3C NMR 12 L 555047 Tl 9 MO B &R 3 139.5,139.3,138.9,138.6,
133.8, 131.4, 129.8, 127.4, 126.6 ppm (ZHi L, 1 FEEHD B /LR = VIR FE D 166.9
ppm ICHNTZ, T D DOFEENS . [12]CPP ~F % B LR T 2T L 27 I3
WRTAMEZ AT HETH D | {E«ﬁz#ﬂf NMR DX A LA —)L TEETDRY
PUBRBMPER THHEHL TS Z E2URIBINS, £7-, ESI-TOFMS 12X 5
IHTORER. [12]CPP ~FH I VAR T ATV 27 OF 8 U U MMFHIHUED 53+
& 1535.6791 75, BHEmME & —ET D RNAR AN Z — TRl STz, 2D XD
(2, IO EARMEE BRI E IR INAIE A S L7z Co kR CPP DA ARIZ L)
L7=flid, AFZERHID TTH D,
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[12]CPP-hexacarboxylate

Figure 2-7. Molecular structure of [12]CPP-hexacarboxylate.
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FEE HoE
KB 2 1 7 7 DI BRI L S ZFREIHI2) o2 BT 7 == L DAk

EIUET ZEREME[12] 7 v RT T7 = = L DR KOV e

BT, AR LTZ[12]CPP ~FH D /LR iR AT )L 27 OISV T g
Wr&1T > 7=, £3°. [12]CPP ~FH B LR U= AT )L 27 7 1 v i)V AAR (1.0
x 107> M) DEESL - AT A~ kL% HIE LT- (Figure 2-8 /1) , Z Ok 4. [12]CPP
AKX Y IR R ATV (27) ORI REIT 3220im L7a0 | Bk b
7= 7RO [12]CPPY & bk 45 &, T—L 7 R Rb I, F7-. [12]CPP ~F
IR BT ATV 27 7 v vk AR (1.0 x 10° M) Db & 322 nm
2B DAY MV AERIE L= (Figure 2-8 il#l) , [12]CPP ~FH /LR v
T 25 )L 27 DI RFEIEIEFRIE 409 nm L 720 | BRI A & 72 72 [12]CPP? &
i35 &, T—v 7 RR BT,

0.6 250
- 200
8 0.4
g - 150 2
/1]
0
5 s
w
o - 100 £
< 0.2
- 50
0 0
250 350 450 550 650

Wavelength /nm

Figure 2-8. UV-Vis (solid line) and fluorescence (dashed line) spectra of
[12]CPP-hexacarboxylate 27 in CHClI3 at 25 °C.

WA, [12]CPP ~FH 4 )Lk e A T )L 27 Offastd B IR o 2 H1E L
7= (Figure 2-9), & DfEHR, [12]CPP ~F Y I /LR VB AT /L 27 Ofxt i &
U P lE 0.044 & BHILAE S 72700 [12]CPP (P = 0.89) PTH~_TEHEL
VE TR SH, B2 R X—28 6 DO AT )VENLDIES) T % /L X — (2%
BINDHZETHEL WD LD EBZZOND,
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I
[12]CPP-hexacarboxylate [12]CPP?

Absorption 392 338

Amax (NM)
Fluorescence 409 426

lmax (nm)

o
(in CHCI,) 0.044 0.89

Figure 2-9. Photophysical Properties of [12]CPP-hexacarboxylate 27 and [12]CPP in
CHCl; at 25 °C.

WIZ, [12]CPP ~F B /LR VR AT )L 27 DE - IREE BE9 572, DFT
HBEEIToT, 7, —FBRIREN RS &KEER Caxfiiear 7+ A—a v
L HEBSEE ST [12]CPP OREET — & 2% 4 L2, [12]CPP ~FH L
RUPET ATV 2T \ZOWT, FEREU/ILEIE % B3LYP/6-31G(d) & L CTHEiE ik
Wik L7z, £ ORI, Figure 2-10 (2779 K 9 72[12]CPP ~FH LR ViR X T
IV 2T DET DT AT VDT )VIR = )VENL DR U5 A % ATz Co KPR AEIE DS
BHMMDZAT NDINAR=IVEL DM E DN HVEWNIC R HME LD b HHT %
JLF—G S 2.2~3.8 keal/mol K< | HEETHDH Z Lnbrolz,
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Figure 2-10. Optimized structures of Cs-symmetric [12]CPP-hexacarboxylate 27. (a)
Top view. (b) Side view.

Figure 2-11 [Z1%. [12]CPP ~FH I /LR T AT )L 27 O Cy M FR72 Fe 22 TEHE
ETO 6 SDSTHLGE (MO) &R —#EMEERLTHD, [12]JCPP ~F
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P HIVR PR ATV (27) @ HOMO B LU LUMO DOBLE ITER ERIZIAH -
TEH, HOMO-1, HOMO-2, LUMO+1, LUMO+2 DELE TV 94 & Br O [ i
IZRIEAE LT %, F72, [12JCPP ~FH HLR VR AT )L 27 |21%, [EH
% b 7272\ [12]CPP? & [EEEIZ . HOMO-1, HOMO-2 O iE & LUMO+1, LUMO+2
OREIEN L Btz —J7 T, [12JCPP ~FH VAR VBT AT )L 27 1L 6 DD7E
TRBIFEEZHET DD, EHRIEEZ H 72720 [12]CPP L bl LT HOMO,
HOMO-1,HOMO-2 D = % )L ¥ — L ~UL 73 0.16-0.25 eV & kK x <K F L. LUMO,
LUMO+1, LUMO+2 ® T3 /LF— L L3 0.01-0.10 eV & TN T LT,
FORER, BT AR PBUBRO h—a T UV DERE LS ICE TR
O (b= a V) RE LN, £72. 2O X HIZ HOMO/LUMO ¥ ¥ v
TONHEIMLIZZ T, T—3 7 RRALNZEEZLND,
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Figure 2-11. Energy diagrams and pictorial representations of the frontier MOs of
[12]CPP-hexacarboxylate 27, calculated at the B3LYP/6-31G(d) level of theory.

F 72, TD-DFT FHEIZ L - T 6 DOHIEN D 3 DD T R /L F—AJITAR O R
REBNELCDLZ ENRP L E 757 (Figure 2-11, Table 2-5), 1 -DiXHRE) 54
FE f =0 OXFREEH] DO HOMO—LUMO #% (5F—hid., A=371nm) THH ., 7%
% 2 DIXIEE) 158 f = 1.65 @ HOMO-1,-2—LUMO 3 X T'HOMO—LUMO+1,
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+2 O iER (5 bkt i L O =Jhfd, A=344nm) TH D, [12]CPP ~F
TR UEET AT )L 2T DA, - A A~ b (Figure 2-8 32##) (28T 370
nm fHTIZENTZEE— 27 25, Bl —EIlEZ5bDTHLEBEZBND,
—J57C, 322 nm OWIURKRIL, i XL OE =mhiEic KT 550 Th D
EEZBID,

Table 2-5. TD-DFT vertical one-electron excitations (5 states) calculated for
Cs-symmetrical [12]CPP-hexacarboxylate 27.

exited state Energy wavelength  oscillator strength (f) description

1 3.3447eV  370.69 nm 0.0008 HOMO -> LUMO (0.62173)

HOMO-2 -> LUMO (0.43998)
2 3.5998 eV 344.42 nm 1.6474 HOMO -> LUMO+1 (~0.36008)
HOMO -> LUMO+2 (0.38456)

HOMO-1 -> LUMO (0.43998)
3 3.5998 eV 344.42 nm 1.6474 HOMO -> LUMO+1 (~0.38456)
HOMO -> LUMO+2 (~0.36008)

HOMO-2 -> LUMO (0.52103)
4 3.7338¢eV  332.06 nm 0.0770 HOMO -> LUMO+1 (0.25407)
HOMO -> LUMO+2 (-0.30921)

HOMO-1 -> LUMO (0.52103)
5 3.7338¢eV  332.06 nm 0.0770 HOMO -> LUMO+1 (0.30921)
HOMO -> LUMO+2 (0.25407)
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FAHET ZERRM[2]S 7 v RT T == L D X B s s IS AT

AR LT2[12]CPP ~FH I LR U EE AT )L 27 D4y FHEEEZ A BT 57
b, =R ZBRF. [12]CPP ~F Y I VR VR AT )V 27 %7 v a kL Ao~
X PRI O AR L, HAES X SR 21T - 7=, £ Of55. [12]CPP
ANFX Y HVR BT AT V2T (X, B A 72 72O [12]CPP & [RIZ O E K 16.4
ADRKEIZEEFF -T2y THEETH D Z L MR S 7= (Figure 2-12, Figure
2-13, Table 2-6), £/, ALNEAGEZRT h—a T 7V, 77XV BT
AT WAL ERBUBRODT La B 47.6(4)°, OO BUEBERORT Lb M
315(4)° L 72 | LA § 772 [12]CPP (33.4°) L b AL TS Z &N
bnot-, ZOkEEE L, B Figure 2-10 1278 LG R b HREIC X -
THELNEHEELIZEFRLLTH D,

Figure 2-12. X-ray crystal structure (top view) of [12]CPP-hexacarboxylate (27) (CCDC
Registry #1405045). Hydrogen atoms are omitted for clarity.
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Figure 2-13. X-ray crystal structure (side view) of [12]CPP-hexacarboxylate 27.
Details of the crystal data and the summaries of the intensity data collection parameters
for [12]CPP-hexacarboxylate 27 are listed in Table 2-6.

156



FHw FHE

KW 21 7 7 o DIEBFRNANE L B ZHREIH12 > 2 2 NT T o= L > DEE

Table 2-6.
[12]CPP-hexacarboxylate 27.

Crystallographic data and  structure

refinement  details

for

Formula

formula Weight
crystal color, habit
crystal system
space group

a(A)

c (A)

V (A%

Z

dearc (@/cm®)

2 (Cu Ka) (mm™)
Fooo

Crystal size (mm)
Temperature (K)
@range (deg)
index ranges
Temperature (K)
0

number of independent reflections
number of parameters
R1, WR; [I>25(1)]
R1, WR; (all data)
S

C102He6012°4.47(CHCl3)#2.52(CsH1a)
2263.22
colourless block
trigonal

R-3 (#148)
40.9248(7)
13.4358(3)
19487.9(8)

6

1.157

0.433

7132
0.147x0.095%0.052
100(2)
1.784-30.516
-53<h<53
-51<k<53
-16<I<16

9847

642

0.0714, 0.1802
0.1285, 0.2339
1.111

largest difference peak and hole (eA™) 0.599, -0.624
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Fo. FNEN 6 DO AT INENLANE U FRZRWTE Y, CPP 2 757
CH-OFHEAEAIC L » T EBEEZBE L TV D Z &b o 7= (Figure 2-14), 73
B, 2 FIEO CH-O FHAIERAH V. C3-01 MDA 3.295(4) A, C2-03 [ D
BREEZN 3.349(4) A L7pHo T\ D, F7o, [12]CPP ~F T LR VBT AT )L 27
DFEFRF TO/R Y X TREEIX, T2 — 7 &I/ > TW%  (Figure 2-15) ,

Figure 2-14. ORTEP drawings of 27. Thermal ellipsoids are shown at 50% probability
and the solvent molecules (CHCI; and n-hexane) are omitted for clarity.
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D%

Figure 2-15. Columnar packing structures of 27 viewed along ¢ axis. Solvent molecules
(CHCI3 and n-hexane) and hydrogen atoms are omitted for clarity.

FEHIZ/N S 72[6]CPP (Figure 2-16) ™S04 7 = > %% Te[4]CPT (Figure 2-17)
Wz, —BEIICIE 2N E TR SN2 TO CPP N V FIRICHEE I
BE LTS o AR — R (Figure 2-18) B % Hu» Tis v 7% 7e 8c 88 90.17.20)
DX BRTF a—T ROy T TIIMO TR THL EEZ 5,

Figure 2-16. Columnar packing structures of [6]CPP.
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Figure 2-17. Columnar packing structures of [4]CPT.
G, 8.8, %,
*“%@ %:g»**‘%: %@
£ ﬁtf tf}‘

Figure 2-18. Herrlngbone structures of [12]CPP.

EHIZ, 2O CPP 17 ANIZIE, 7 vnrk/L AR CPP &R OMMES S,
AN CPP B DB DI FIAFE L, 7 a kL afg, ~F ¥
ENRZAICFEAER>TND I ENALNE o7 (Figure 2-19), BifE, CPP
DFNT 2—TIEL TR T 2R ER T D0 > TW WA, FEMmIED~F
P FEIMLTCPP ZEBENPBCEA L TWDZEDNERO—D2THLEE
2D, Z ORI R TIIE, B 2 /O A My FRED R L.
Ltk DR A K- A MUEEETB S TALFEA~DIE AR S L5,
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KRR 2 1 7 7 > DFFFIEIC L S ZFREIH12) 22 roNT 7= L 2 DEE

Figure 2-19. Inclusion mode of solvent molecules (CHCI; and n-hexane) within the
stacked rings of 27 (purple capped stick model). Hydrogen atoms of 27 are omitted for
clarity.
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FONET ZERRME[L2]Y 7 mRT T = L o OERM b R VBRI RNT

B LT2[12]CPP ~FH I LR R AT )L 27 OEIRFE ETOZEE 2 5
PZT BT, [12]CPP ~FH I VARV BE AT V271V 7 anr X X R (1.0
mg/mL) Z Au F:Ak BIC 10 372 TEA L, HiR CTHE S EZRICA®/( ) ¥
U SRR A T E A b ) VBARER (STM) TREMT 217 - 72 iV 2 Au(111)

X, EERET—F (FEAEAL 7 ZEE1.0-15V, b x/LER 100-200 pA) T
e L7,

Figure 2-20 (21, [12]CPP ~F% 4 A1 /LR g 2 5 /L 27 W& Ri#5 O Au (111)
R D STM {5 % 72 LT 5, [12]CPP ~FH 7 LR VT A7 )L 27 4y 1%
AT Au (111) FRiEIE, F-HISTES D B 72 8EE 28 7 5 2 B 72 Au

(111) O & 72 > T 5 (Figure 2-20 EXSHR) . 5% 1%. Au (111)
Feihi BT 22— RO F ) BER BT > T\ D (Figure 2-20 AK), F7-.
F o —TWRDF ) EERITINZ T, [12]CPP ~FH B /LR g 2T )L 27T D
Bx Dyt EEZLOND 1.5-4nm /NS E BB ST,

2.0

nm

0
Figure 2-20. STM images of Au(111) before (left) and after (right) the deposition of
[12]CPP-hexacarboxylate 27. Imaging conditions: tunnelling current (I)) = 200 pA,
sample bias voltage (Vs) = +1.5 V, scan size = 85 x 85 nm?. In (a) super periodic
patterns are indicated by dotted lines. In (b), in addition to columnar structure, bright
dots surrounding the columnar structure are noticeable in the right image. Examples of
the bright dots are represented by while circles.

F 77, Au EEHR BICHE 20 nm, B & 200 nm OF = — R OMEERZHRT 5 2

&N T 7= (Figure 2-21(a)), Figure 2-21(b)iZ1Z Figure 2-21(a) DR HRIFI DHEL 4y

DM X ONE &5 & & [12]CPP ~FH VAR Ui A7 )V 27 % fElgit L= A

A=V %R LT D, Figure 2-21(b) D Wi X o i & A3[12]CPP ~FH A1 LR
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fit= 27 L 27 DELL164nm L [RI%TH D Z L5 AuHER 2BV T[12]CPP
ANFY VIR BT ATV 2T R XIS ) Fa—T B L TWD Z &
B oTo, E72, M 5-10 nm T TE S 25 2nm 2 2 TV D55 I S
FHERKE LT 2ADF ) Fa—T7 25 1 ADS ) Fa—TREH ST
HIEBBEZLND,

£ *(b)
S
£2f :
§ -~
g @ 1.64 nm
0 ; |
0 10 20

Distance (nm)
Figure 2-21. (a) Large scale STM characterization of 27 on Au(111). Tunnelling current
(1) = 200 pA, sample bias voltage (Vs) = +1.5 V. Scale bars are denoted by arrows. (b)
Height profile across the columnar nanostructures on Au substrate, which is taken along
a black dotted arrow in (). Inset in (b) represents schematic illustration of the ring of 27.
Ester moieties are omitted for clarity. Grey and white balls indicate carbon and
hydrogen atoms.

Figure 2-22 121X Au (111) i B2 B[12]CPP ~FH LR U X7 )L
21 OF 2 —T RO F J #EERO KA r— o STM i %7~ LTH 5, A7
F 2 —7IROMEERIL, B+ nm, BSEE nmIZ>Tnd, ZOX5RF
2 — TR OREEIR O F 1T 17300 x 300 nm* LA ETH - 7=,
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|

Figure 2-22. Large scale STM images for columnar assemblies of
[12]CPP-hexacarboxylate 27. Imaging conditions: I; = 200 pA, Vs = +1.5 V, scan size =
300 x 120 nm?. Arrows indicate scale bars to estimated size of the assemblies.

ZokHnEARKRLn ETORCELT ) Fa—T ORISR LB, A
MO T ERD, 7 u/RT 7 =L BB O BB EREI 42 6 #ric i
AT DI LIZEo T, BN EICBWTRBLRT LWy M EERICL D
HOEARBES BRI THD Z EBRWLNE -T2, 5%, DT a2 B
T2 Z LI L o TR BE D RSB - il TRl ZeduiE, A1
B E~OICHEFRIEIR SN D,
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Chapter 2-3
Experimental Section

I. General

Dry degassed CH,CI, (No. 27,099-7) was obtained from Aldrich and used as received.
Hs-BINAP was obtained from Takasago International Corporation. All other reagents
were obtained from commercial sources and used as received. All reactions were carried
out under an atmosphere of nitrogen or argon in oven-dried glassware with magnetic
stirring unless otherwise noted. Infrared spectra (IR) analyses were carried out on a
JASCO FT/IR-6200. *H and *C NMR data were collected on a JEOL AL-300 (300 MHz)
and JNM-ECA500 (500 MHz) at ambient temperature. HRMS data were obtained on a
Bruker micrOTOF Focus Il.  The UV/Vis absorption spectrum  of
[12]CPP-hexacarboxylate (27) in CHCls (1.0 x 10 M) was recorded on a JASCO
V-630 spectrometer with a resolution of 1.0 nm. The emission spectrum of 27 in CHCI;
(1.0 x 10"> M) was recorded on a JASCO FP-6200 spectrometer with a resolution of 1.0
nm upon excitation at 322 nm. The fluorescence quantum yield was measured on a
Hamamatsu Photonics, Absolute PL Quantum Yield Measurement System, C11347-01.
STM imaging was performed at room temperature under air with a commercially
available STM system (Bruker Nanoscope V) using mechanically cut Pt/Ir tips. Samples
were prepared by immersing Au(111) substrate into a CH,Cl, solution containing
[12]CPP-hexacarboxylate (27) (1.0 mg/mL) for 10 minutes. Then the samples were
picked up from the solution and dried under air. During the immersion and drying
process, self-assembled nanostructures of 27 were deposited on Au(111). The Au(111)
substrates were prepared by thermal evaporation of Au on a mica substrate. The details
for STM setup and substrate preparation are described elsewhere.?® All STM images
were taken under a constant-current mode at sample bias voltages of 1.0-1.5 V and
tunneling currents of 100-200 pA.

I1. Synthesis of [12]CPP-hexacarboxylate

Dry degassed THF was used in the following experiment. To a solution of naphthalene
(0.513 g, 4.00 mmol) in THF (4.0 mL) was added sodium metal (0.920 g, 40.0 mmol)
under nitrogen atmosphere, which was washed with hexanes. After stirring at room
temperature for 24 hours, the thus prepared deep green 1.0 M sodium naphthalenide
solution (2.4 mL, 2.4 mmol) was added dropwise to a solution of 26 (34.0 mg, 0.0200
mmol) in THF (12.0 mL) at —78 °C under nitrogen atmosphere. After stirring at —78 °C
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for 1 hour, a 1.0 M solution of iodine in THF (2.0 mL) was added dropwise. Then,
saturated aqueous Na,S,0O3 was added and the resulting solution was warmed to room
temperature at which point it was diluted with water and extracted with CH,Cl,. The
CH,Cl, layer was washed with saturated aqueous NaCl, dried over Na,SO, and
concentrated. The residue was washed with hexanes and purified on a silica gel
preparative TLC (eluent: hexane/EtOAc = 2:1) to give [12]CPP-hexacarboxylate (27)
(9.9 mg, 0.0066 mmol, 33% yield) as a colorless solid.

[12]CPP-hexacarboxylate (27, Table 2-4)

Colorless solid. Mp >300.0 °C; IR (KBr) 2978, 1716, 1393, 1368, 1253 cm*; 'H
NMR (CDCls, 300 MHz) §7.64 (s, 12H), 7.59 (d, J = 8.4 Hz, 12H), 7.46 (d, J = 8.1 Hz,
12H), 6.88 (s, 6H), 1.45 (s, 54H); *C NMR (CDCls, 75 MHz) & 166.9, 139.5, 139.3,
138.9, 138.6, 133.8, 131.4, 129.8, 127.4, 126.6, 82.4, 27.8; HRMS (ESI) calcd for
C102Hgs012Na [M+Na]* 1535.6794, found 1535.6791.

I11. Computational study

DFT study was performed to understand the electronic nature of
[12]CPP-hexacarboxylate (27). The Gaussian 09 program?” running on a SGI Altix4700
system was used for optimization of 27 (B3LYP/6-31G(d)).?®" 2 The structures were
optimized without any symmetry assumptions. Zero-point energy, enthalpy, and Gibbs
free energy at 298.15 K and 1 atm were estimated from the gas-phase studies. Harmonic
vibration frequency calculations at the same level were performed to verify all
stationary points as local minima (with no imaginary frequency).

166



FEE HoE
KB 2 1 7 7 DI HIRIEIZ I S ZHREVHI2) o2 7N T 7o = L DAL

Table S2-1. Uncorrected and thermally-corrected (298K) energies of stationary points
(Hartree).?

compound E E + ZPE H G

27 (Cs) -4139.82043532 -4138.594179 -4138.510961 -4138.721784

& E: electronic energy; ZPE: zero-point energy; H (=E+ZPE+E,ip+E o+EtranstRT): sum
of electronic and themal enthalpies; G (=H-TS): sum of electronic and thermal free
energies.
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Table S2-2. Cartesian coordinates of optimized [12]CPP-hexacarboxylate (27).

O 00 0000000000000 o0o000o0000000 000000 onononononononnononnonoononononnannanan
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-3.61445700
-731888900
-7.51384500
-8.91813600
-8.73396300
-8.55942100
-7.56114800

168

041073700
-0.57024200
-1.67168500
-1 64698300
-0.51781500

062901800

059882500
-0.62944300
-1.71707100
-1.77995800
-0.76300800

023518800

031145400
-0.68318200
-1.82430300
-1.81361400

050740000

050143200
-2.75500300
-2.71845300

1.33596500

1.29741600
-2.37270700
-2.53312900

1.52332500

1.46502000
-2 46938500

-2 36808400
-2.74240300
-2.72346300
141332300
140295100
-2.75900300
-2.71845300
1.33996500
125741600
-2 57270700
-2.53312%00
1.52332500
1. 46502000
-2 46938500
-2.56308400
-2.74240300
-2.72346300

141332300

140255100
-2.75%00300
-2.71845300

1.33596300

1.25741600
-2.57270700
-2.53312900
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433849300
208200700
512993200
654141500
873372200
887162600
769731300
759344100
824303700
7.94570600
-9.397H100
-8.19452900
-9 28853900
-8.32732000
-10.48517400
-8.37426300
-11 46451600
-11.03148200
-11.81284000
-1228272700
-3 67627600
-7.85471700
-9.59168400
-8.80398600
723713500
645825600
846071000
8.85547800
892090300
813621200
983366200
8.33002800
873095500
10.03224000
11.08121900
1077324400
1133351700
11.92975700
216020600
283028300
202446400
2 60943800
211057900
367662700
244506500
-0.68349800
-0 40363500
-1.65797800
-2.40454300
-2.91852800
-1.74183300
-3.12577100

-6.29375800
-7.23983000
-3.09795600
-3.10427100
-1.95993400
045089800
051507600
-1.92331000
070836800
216201800
-2.93116700
-3.52265900
-2.09461200
-5.27385800
-3.71596900
-6.74933000
-3.60615300
-393154300
-2.57474300
-4 26345900
-7.78623900
-7.90454800
-7.54805700
-B 69231300
-6.67275300
-6 99630500
-7.22244300
-8.12583200
-1.38757200
-8.94284800
-8.30540400
-4.33334100
-4.57474100
-3 87764900
-3.62075600
-2 34551000
-4.53211400
-3.27831%00
9 60392000
909141700
1053841100
11.73198500
1151951300
1151759100
1276820300
9 85800000
9 54360000
10.62700000
11.40699500
10.75485800
1208117100
11.97063200

152332500
146902000
-2 46938500
-2 56808400
-2.74240300
-272346300
141332300
140295100
-0.66696800
-0.71897100
139105000
128473500
225956400
246707600
1.23849500
075847000
225548500
323475800
238030600
198854100
1.70592200
241759300
225382300
1.11343200
139105000
225956400
123849500
228548500
323475800
238030600
198854100
128473500
2458707600
075847000
1.70592200
241759300
225382300
1.11343200
139105000
225956400
123849500
228548500
323475800
2 38030600
198854100
128473500
246707600
075847000
1.70592200
241759300
225382300
1113432
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L B NF A I ABELIG A & T o E DI = AR

FWUE runFHh P UREREY A LT IVF & DR =E S

3

i

il

EHIX, RO L BRI 7 aAx Y U VBRI A DR B B
T HZ LI 5T, [12]CPP & iX 72 DA XD CPP HiBIA Z BN AYIC
BARTEHOTIHARWNEBZ 2T, LinL, BFA e T A(1)/Hg-BINAP
SERMMETFIE T L TR 7 oA~ U UG R  A  28a & T-tert-7 F /L
TEF LUK AR AT VK ORI —ELISE R LT & 2 A,
FAUC LT FINBRAL Z BSOS AT L. B CPP AIBRIAIL £ - 72 <
BFoHIT, XYL LUK 29ak g o vz (K 2-34),

MeO CO,t-Bu

CO,t-Bu
MeO
OMe
t-BuO,C

[Rh(cod),]BF,/  +BuO,C | OMe I,
CO,t-Bu  Hg-BINAP .
\\\ /// (0.10 equiv) 0% yield
K:X * CHClp it *
212, .
MeO OMe (o m, 6 h CO,t-Bu
: +-BUO,C (2-34)
28a 1k
(1 equiv) (1.1 equiv)
OMe
4
MeO
29ak
E———E 40% vyield
I
Rh* T

RNV AIRC B UBBAHEERE LAV L O—FTH Y, TDOEALE
ZERMEEKTT TR, Y= UEAL T & LT OMMBER S~ O R EH bR~
OISR ED D BIEF IR FTh D, N Y L L ORYIOE A
& LT, 1961 12 Krespan, McKusick, Cairns 52Xk > T, 7vF® o 775 L
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> % i\ 7= Diels-Alder FiG 288 Stz (3 2-35) Y, #iV T 1963 4R, Miller,
Stiles H 23, XUV A L ENRUV U DARMINBLG B L T H RN
VOEKERE Lz (R 2-36) 2, ZOBKIENHE SN TR, L LT
YA L ERANDFIEZ LS TR AL L UVFHEERRSR STV B,

CF;
FsC
F3
-,
° 2-35
FAC Fy 225°C (2-35)
CFs FsC 77 CF,
F3C CF4
79% yield
COO~ © O
@NJ -Ny, —CO, ©| 310 °C (2-36)
7
6% yield

1980 FERICA B a2 A UYL Y AT =0 LI EDOEBEE L
RNV Ll OFRESRHRO BTN ThI, TO%, BT L
VL L BRI A N LATINEOS 722 v ST A8, E72. 1990
FARUZTIT Grubbs H53_X Y RU LU ) v — OB A Y RAEAICL A
BEAROARERE L TBY , AEEMER E~oISHBRHES ), L
WL, WERDF T HZ L ORI R N L UARIETIE, &
B HEFEORIREN D, A RERENEAI NN Y N L UFERE S
52 EIIREETH ST,

—J . EFEOFTET DMFEECTIIEEIC, T4 Pr U L (1)/Hg-BINAP (A
%ﬁ%%mt17/4/k7w%/k®# TR L =B IS 2 HmE L TE

BB SN CBRIEONRC R UHERNERETE LTV D (K 2-37)

8)
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5 mol % R’

——— R®  [Rh(cod),]BF,/ R2
I Hg-BINAP
+ L
1 (CHZCl)y, 1t - (2-37)
— 3
R R R

up to 98% yield

TITERL, ZORISEBEIL, LT 7 and Uz VRIERR Y A~
ETNFBLO= MY EOGFRBE = BALRISIC LD~ R L
BHEBLIOT VR AL L FREEOGRIC OV TRHMICHRFT 22 & L
Too [RIERZR SIS & LT 2008 4RI Swager HlE, U o /L3 2 U BE AR A F
oA T xRy OV FRNBIEZRLRISIC L D I U 7T Vi EERO
BRERE LTS, Ll RISOETICEBEMARMERLETHY | i
FIRTREZR B S RIR T V2 v OB R BT (R2-38) © 10,

R3 5-10 mol %
Rh(PPh3)5Cl
+ >
| | toluene, 100 °C (2-38)
(1 equiv) (2.5-5 equiv) 40-99% yield

B2 T, AFEDRIFEEN DA X N L L UBEREB L OT W
RN LU ERPE TR TAER TEL., B aEMEE LCoik
MR ESND, LLTF, MEtOiEME REIZTH~RD,
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BE v oomand YU BRI A L ET VX DS TN =K
I XD SERAR N L UBERO AR

TP EELLTCLFHE Y7 o~ Y U U4UE 17-V 1 28a E T LR
UAERNT, XUy AL L raRizta L (Table 2-7), 5 OHTET S
ECHICRE L TWALT-DA v T AF 0 &R =BG O%8& 12, &
FH MR T AN ERARRAT ¢ PR A HWTERN. A7 ) —= T %
1T-7= (Figure 2-23), = DFEHR., B F 4 M P A(1)/Hg-BINAP S 2
il 2 A, =i, 16 KFE TH O PR =2 b ET L, ZiEit
NNV L UFFER 29al 23 RAFRIE TR Oz (entry 1), £72. BINAP %
D "JERAL - £ LT, BINAP, Segphos %z H\\ 723541213, He-BINAP % 7=
BA X0 BRI TR A ST (entry 2, 3), F£7-. BINAP RLIA D —JEREAT
& LT, dppf <> dppb. dppe Z WA, IR E 7= <HET Lo T

(entry 4—6) . AFUSITIZET U — /L E AR AT 4 VENADULERA[RTH Y |
T A DR EWENL T (Hg-BINAP > BINAP > Segphos) % FV =BT SR &
W ERD o Tz B B ICRBE N> T2 F A Mm% A (1)/He-BINAP $ {4k
BEDfRIEEE: % 10 mol %75 5 mol IZIKR S B 7z & 2 A, KISIFFERSETIED
KRR OGN/ D, entry 1 ZFEselfE & LT, RIZT V3 2 o HYE i F %
ERREtd sz &k LT,
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Table 2-7. Optimization of reaction conditions for rhodium-catalyzed [2+2+2]
cycloaddition of diyne 28a with monoyne 11.2
CO,Et

W e e, v
\,, / ligand

~L
CH,Cly, rt
MeO OMe CO,Et 16 h OMe

Y

28a 11 (1.1 equiv) MeO
29al
entry ligand catalyst (mol %) yield (%)?
1 Hg-BINAP 10 62
2 BINAP 10 56
3 Segphos 10 35
4 dppf 10 0
5 dppb 10 0
6° dppe 10 0
79 Hg-BINAP 5 40

2 [Rh(cod),]BF, (0.010 mmol), ligand (0.010 mmol), 28a (0.10 mmol), 11 (0.11 mmol),
and CH,Cl, (1.0 mL) were used. ° NMR vyield using dimethyl terephthalate as an
internal standard. ¢ [Rh(nbd);]BF4; was used in place of [Rh(cod),]BF4 to avoid the
formation of inactive [Rh(dppe)2]BFs. ¢ [Rh(cod),]BF,; (0.0075 mmol), Hg-BINAP
(0.0075 mmol), 28a (0.15 mmol), 11 (0.165 mmol), and CH,Cl, (1.5 mL) were used. ®
85% conv of 28a.

(A, O, ¢
PPh, PPh, o PPh,
Tt Tt <oy
g

Hg-BINAP BINAP Segphos
= PPh PPh; PPh,
Fe C [
@\Pth PPh, PPh,
dppf dppb dppe

Figure 2-23. Structures of diphosphine ligands.
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R LTGRO T, BEE LT L TR a~d oo V88406 1,7-U4 v

28a LHEx 72T V¥ v 1k-s O TR Z it L7z (Table 2-8), 2-7F v~
Fu Al) TR, Zxz=A7a g —nAgFr (Im) & DO b ET
L. ®ETHRXUY AN L UFRERNRBIFRINETE LN, KVE ARk
TIFXLThHDLUtert-TF LT BF Lo PR g ATV (1K) & DS
T, T DRV AL L UFFER 29ak MER TR LN, KRIZ, B
BTNV F U EHWTRICERF Lo, EBAREOE Fax v REe AT N7 L
X An, 1o EORISHHET L, ENENXIET H VN L UFFE(R 29an,
2920 WK TH LN, SN Fax B2 HGT 5N T L% 1p &
AW TRISEAT S 2B S BOSIEET L, RS T 50 3L L U EFE R 29ap
NENETEON-, BB LS TOHRVWNET VX & LT 447 F
(1q) ZHWTRISZAT e AIiE, BRIOXR Y S b L U gFER 29ag 1313
ENET/LENR DT, FHWT, KT AX L ERAWTEKSERF Lz, 7'm
VLT a— v (Ir) ZHOWEGEICHRONTEIT L, s T 50N
L L UBER 29ar N BAFRIR TE LN, BRRWZ Lo, BRERMbEIN T
WRWERIGET VX THDH 1-FT7 vy (1s) ZHWELEEITIE, N7 L%
19 Z# AW T2356 S IERHRIOIZ, SR T 50 Y N L L UEEER 29as 53 B AT 72T
KT/,
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Table 2-8. Synthesis of benzobarrelenes 29 by rhodium-catalyzed [2+2+2]
cycloaddition of diyne 28a with monoynes 1k-s.?

R 10 mol %
[Rh(cod),]BF 4/
N 5
CH,Cly, rt
MeO OMe R2 16 h OMe
28a 1k-s

(1.1 equiv)

\
\
K
7
’
‘

2Et COzEt 2t-BU

t- BUO2
O OMe OMe

29al / 58% yield 29am / 54% vyield 29ak / 40% yield
20H CHon zoMe

MeOH,C
OMe OMe OMe

29an / 79% yield  29ao / 75% vyield 29ap / 39% vyield
n-Pr CHon 10H21

OMe OMe iOMe

29aq / 5% vyield 29ar / 70% yield 29as / 55% yield
(1r: 2 equiv?) (1s: 2 equiv®)

Q‘

e Tl Tl

Q‘

# [Rh(cod),]BF, (0.015 mmol), Hg-BINAP (0.015 mmol), 28a (0.15 mmol), 1 (0.165
mmol), and CH,Cl, (1.5 mL) were used. Yields were of isolated products. ® 1 (0.30
mmol) was used.
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WT, EA#EOE FaX e F75 L Py oo 48008 1,7-
AL 280 AWM ERE LIz, A 280 LT U BEOIn LD
B TlE, 60 °C OINEGA: T T IS FERMETIZ T A > 28b D3FRAFL | xﬂi\
Té“\///\l/l// R 29bl 35 L OY 29bn 2MEIETE L L (X 2-39), =
DEINTIENFEREE TN E o2 HKE LT, E ReX v EE2FT5 L
FHRI 7 a~F YU R 1,7-0 1 v 28b NEEE SN TTWD L TR 7 oo
XU UBUE 17-U A 2 28a bR T VU ASERAREE A~ DEINPED E < | X
JICOETERE L2 BB 6N5,

R3
10 mol %

2
R2 [Rh(cod),]BF 4/ R
\\\, /// I Hg BINAP
@ ¥ THF, 16 h ‘ on
HO OH
A7

28b 11 (R? = Me, R® = CO,Et)

(2-39)

HO
2_ 3=
1n (R®=Me, R _ CH20H)  o9p1/16% yield (rt), 28% yield (60 °C)
(1.1 equiv) 29bn / 20% yield (rt), 37% yield (60 °C)

WIZ. FAX AR Z T FUAEFFANT, THERU VAL L ORIk
21T o7 (Tabel 2-9), 1 > 28a & 7/ FE=F /L (30a) & D%, 10 mol %
DHF A EE P L (1)/BINAP SEIRABEIEE T, 80 °C THITL, 5T 2%
BT PN L REEIK 3laa STRREDIRTHE LN, o, NV
=hrUJ)L (30b) BLIRXTEF=FUJL (30c) ZHWTKIGEITHT- & A,
WRIED= Y L END 2 LT ARRERRSHIET 5T PR ALy
PR 31ab 35 L O 3lac A H LTz,
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Table 2-9. Synthesis of azabenzobarrelenes 31 by rhodium-catalyzed [2+2+2]
cycloaddition of diyne 28a with nitriles 30a—c.®

R
10 mol % /
\\\ /// R [Rh(cod),]BF,/ N
Y / ‘ BINAP /
P N +
|l (CH,CI),, 80 °C \
MeO OMe N 16 h OMe
2
28a 30a-c MeO
(1.1-10 equiv) 31
CO,Et CHs
N7 N7
\ / \ /
OMe OMe
2 2
MeO MeO MeO

31aa / 47% yield 31ab / 39% yield 31ac/31% vyield
(82% conv of 28a) (30b: 2 equiv) (30c: 10 equiv)
(30a: 1.1 equiv)
# [Rh(cod),]BF4 (0.015 mmol), BINAP (0.015 mmol), 28 (0.15 mmol), 30 (0.165-1.50
mmol), and (CH,Cl), (1.5 mL) were used. Yields were of isolated products.
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B SOOHERE IR B B R

L5 7o~ 8806 1,7-0 A4 2 28 ENE T L% 1 & oL =
RS D R IEBEREIZ DWW T #4295 (Scheme 2-20) , AR Tl ﬁ%mﬁ%@“
DIMFZRETRICRI L TWD 17-VA v & T AFx v & OB =8is Pokk
g & TRRRIC, Ry A > 28 300 MILAIERIL 5 2 & TR T H e X
saXU TV HIRA, FTRIEKREY A 28 ENEIT LR LR YT A
BB T D Z E TR T e X7 a2 HIRB /% H L T,
RNV LV UFERNER L TWD EBZX NS, KimY A > 28 ERET L
SV B/ = Ay NI mm%mﬁéykfimfém&/7mm/&/i/¢
A C ZRRAT A25AI120X, RigT A v 28 ENER T V%01 & DL ERNPAR
Ték%i%ﬂéoﬁﬁm; T FEERRIERM D REGY A 28 D &K T
LMD, RiTA 28030 Y7 LMIBALAIBRILT 5 2 & TR T o r &
vraRE T UOHRR A BB T AENESL LT N L URRER
DAER LTS EEZ LD,

?é
O 1
ma A \\\\\
R3
RO _Rh(l)* »

\ _ R2 . — O

A R
R'O OR'

3 \_ “RAAY OR!
R® Rh(* RO R? 7
B
\ \ RO
_Rh())*
m*R

______ oligomers derived
,(i::x - " Rn()” _ from28and 1
Scheme 2-20. Mechanistic proposal of cyclotrimerization of cyclohexadiene-linked
1,7-diynes with alkynes.

—F. EFOFBET AMITETIEBEIC, AT A ou o AR AR A A
WERIBT AL LT EF LR UEET AT L & DS T =8bX
WA WE LTS, ZORISIZEBWTENT T & LT He-BINAP % H 7= BRIZ,
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KT NLX L 1 0FETEF LU ANRUBET ATV 1 5258 XU
ENRINIC e U0 NMIBILRIL T 56 Z & CAERT HIr A v 7 a X 2oy
A CERRBT oENESL T2 Enbho T g (X 2-40),

] 3 mol % R?
R CO,R? [Rh(cod),]BF 4/ CO.R?2
m | Hg-BINAP 2
+
) CH,Cly, rt CO,R?
COzR R1
(2 equiv) up to 95% yield (2-40)
para selective
.
Rh._co,R? ‘
(e
R'  CO,R?
c

WRIPME o T2 L TR 7 oS U U008 1,7-0 1 > 28a & U-tert-7 F
NTBF L IOHNR ATV (1K) EDORISIZBWT, AWs U-tert-7
FNATEF LI R R AT (1K) % 1.1 YEND 2 ¥EITH0T L,
KIWNT DR N L U EEER 29ak DILRNORE T Lz (L 2-41),

CO2t-BU
10 mol %

t-BuO,C
COyt-Bu  [Rh(cod),]BF,/ 2

@ + CH,Cly, 1t
MeO OMe CO,t-Bu OMe (2-41)

7

28a 1k

. MeO
(1.1-2 equiv)

29ak
40% yield (1k / 1.1 equiv)
29% vyield (1k/ 2 equiv)

Fl LT a4 UE 17-U A 2 28a L Utert-7 F LT T L
YUHNRUEETZ ATV (1K) & ORSEOEIAR % ESI TOF-MS (25 - T
IHT LRGSR, 1,7-0 A 28a O &R OFE&IZIT TR, L,7-¥ 14 28a &
Jert-TFATEF LU HAR BT ATV (1K) L DOLEEROSTFE L
T HZ LN TE (Scheme 2-21),
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OMe

Rh*

S

d|mer of diyne 28a
HRMS (ES') calcd for 024H2404Na
[M+Na]* 399.1567, found 399.1540

ure

MeO E
OMe
C
N\
7\ e €
MeO= “=0OMe
E
MeO () OMe @ E
MeO OMe
E E
D E

HRMS (ES') calcd for C36H48010Na
[M+Na]* 663.3140, found 663.3106

l Rh())*, 28a, 1k

HRMS (ESI) calcd for C3gH4o0gNa
[M+Na]* 625.2772, found 625.2762

l Rh(l)*, 28a, 1k R 1K

MeQ OMeEg

HRMS (ES') calcd for C60H78016Na

HRMS (ES') calcd for C60H72014Na
[M+Na]* 1077.5182, found 1077.5157

[M+Na]* 1039.4814, found 1039.4789

Scheme 2-21. Generation of by-products.
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1,7-A4 > 28a® " BikiZ. a X s a2 O R A OB B ERT
Lo B IR UFIRB BLONCIZ 1,7-V A > 28a MEL - A
THRE TIHMEED D N, P-tert-TF LT v F L I HR T X5 L (1K)
BT« FEAT DR TIHLAW E BAEKRT 5, {LEMD & 1,7- 14 28a %
FOTNH Ik BROG LTEGEITIMEE F B ALEWME & 1L7-U A4 28a ks
KO F  k BRIES LTEGEIZIHMEEY G BT 5, £ LAWY G I,
IbEMD LT X 1Kk 2 3030 LTS B b AR T 5, 2 OFEERN S,
LFR 7 a8 G 17-0 A4 o 28a Lt Utert-7 F LT v F LU L
N ATV (k) EDRISTIE, vF Y r7uaxy 2o R A 72T
mim gy raRXe A Ve KRB IONC HAERLTWD Z ERNRBR I
5o LU, ARBUSICHWS 1,7-2 4 > 28a D 2 DD T )V L ERNL O BREEAS T U
e, v ruaX g R A BERET AR N L URRER
DEAEEYE L THONTEEELXLND, o, vE 7 a0 T U Hf
KBOT X AL r T LEDEREPNES BT D ZENARETHHT-0,
KT NF L ETEF LDV RVBREAT IV EDRIGE TR, ax
7 aR g R C ML EERIIZAER Lo To B2 b b,

LTRSS 7 a~Xh o UG 1LT-V A 28 L= R U130 & oL =8EILK
SR, TR R A v 28 O _BIKTHoTm, T S, L
FRIS g a~F Y UBBELT- VA 28 = R U L30 & DB EELEIG D
W7 V%2 1 EDORS ERIERIZ, Kimy A > 28 3 ¥ AZbrIERILT 5
ZETHEMRTAuF s aRo g U R A R OESEE LT
PR NV L UBERNER L TWE EEZBND,
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HBIUET Y7~ PP VBB R A TR & DB R =
BbSZE T 52 BHEMEB]Y 7 v X7 7 =L U OARK

XTI, F_HORISHEBICET 2E80 0, — 07T F VRIS &m0
%@%%ﬁﬁ%#ﬁWﬁL%ﬂ/&uAﬁﬁwda/$ﬁ17/4/%%wfﬁwﬁ
TAXL EDORIEETZIE. EEWEBRELE AT AT A Ui n AL
DB E < B TE 3, FREE A B I OB OARAIEITE 5D TlEzuna
CEZT, FORER, b —HORET X ELLENET VXL EDILFEE
L OMNCEEIRA 72 10 20 A~DI VIERARIC L 2 A C Dk Zfm L, -~
YN L UHEER TR SERA L UH RN IERRICE LD Z
EMHIFES LD (Scheme 2-22)

R'O
RL RL
R2 // \\,
Diyne ~ R1o—" “—OR!
—Rh(1)* Z:> <;;
R'O {i? OR'
R® R?

Scheme 2-22. Mechanistic proposal of cyclotrimerization of unsymmetrical
cyclohexadiene-linked 1,7-diynes with alkynes.

Fo. EFOFRT HAMRETIEHREC, mmWEREEZGT 5N A Y e
EALTUNATEFLET AT DGRB8 IEN FE o To<HEITL
RNEWNWIHIREHR TS, 2T, —HFOTAF R EmmWT U IR
HEETHIERN L TR 7 a6 1,7-UA 2O THE T v
XU EDRISEATZIE. 2 2OT VX L& BT 5 S8~ B U8RI
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FE g
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ERIROICHE OIS EEZBND, FWT, 2007 A F VIS U L EDR
(i, S DICRERT L v L 05 TRBHE S RALBUE 24T 212, [12]CPP & (3R
72 %% A XD CPP FiEAZ IBIRAICERRL TE 5D TiXeW & & X 7= (Scheme
2-23),

Si Si

Si - // \\
\\ // R=——R’ Rl'0o= “—OR!
O Cyclotrimerization @ @
1 1 e (NN}
RO OR R'O OR!’
RZ R
l Desilylation
1 R?
RO H H
¥ / \
1 V4 N\
R'O P, 3 2
R-—=—"R R'O=* “=OR'
Cyclotrimerization
OR1 i R
R? R'O OR!
R2 R2
]
R2 | OR In
(n=1,3,5,)

Scheme 2-23. Synthesis of macrocyclic cyclophanes by stepwise intermolecular
cyclotrimerization.

FF, HEE L T—FHDOTAFUERRICEENRNI A Y T Y LS
HI L6 LR 7o~ oo U806 1,7-0 4 > 28c 8 L. -tert-
TFLTEF LU IHNARVEET AT L 1K & O TR = BbK S a2 B L
720 T DOFER 1 F A L MEm 27 A (1)/Hg-BINAP SEAfRIE A2 = & 2 A ==IA.,
16 B[ T B B Dy F-RIBR L = B b BUS B EIT L, WERY A > 32 23 BAFZR IR D
OO EERETE LT (U 2-42),
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TIPS H [Rh(cod),]BF 4/

\\ // CO,t-Bu Hg-BINAP
\c 3/ H (0.20 equiv)
Q ¥ CH,Cl, 1t
MeO OMe COzt-Bu 16 h
28c 1k /TIPS TIPS\
(0.5 equiv) Vi N\ (2-42)
MeO “=0OMe
MeO OMe
t-BuO,C  CO,t-Bu
32
79% yield

HUNT, 1OM 79 T R I-n-TF AT EF= ATHF IR (25 % &) 2 H
WS U MBS X > TR A o~ 33 2 HEEINE 84% TEk L7z (R
2-43)

TIPS TIPS H H

// \\ TBAF

~
~
<

MeO “=0OMe (2.5 equiv) MeO ‘\\ OMe
THF rt
QQ@ @--Q@ e

MeO OMe
t—BUOzC COzt-BU t—BUOzc COzt-BU
32 33
84% vield

TIT, BONT- RS A 33 L Dtert-FF AT BF L P HIVR R AT
vo1k & O F IR =GOS 2R LT, & DR, ﬁ%ﬁyﬁuVWA
(1)/Hg-BINAP $E{RfibiiE 2 = & 2 A =iR, 16 FEfl THM O TR =
CEORDHEIT L, RKigy A > 3320 F & Utert-7F L7 vF L /731/1/1“/@
T AT VK 255 F e LT KRERIR Y 7 1 7 7 U 34 DN HEEIN R 20% T B a7z
(X 2-44), Z ORI, HEERRUI TEZ T 20y, ESI-TOFMS JIlEIZ L - T
DTN EREYA 3310 Evtert-7 F LT T Lo U H R T A
TWIAKL G FNRIS LT ABRES 7 a7 7 VOAERBIERTHZ ENTE T,
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H H

/7 \

-
< -
~
N

O™

MeO OMe  Rh(cod),]BF./
. _ 2|BF4
£BuO,C . CO,t-Bu He BIRAP
(0.20 equiv)
+
CH,Cl, (0.01M)
CO,t-Bu rt, 16 h
I £BuO,C  CO,t-Bu
MeO OMe (2_44)
COZt—Bu [NRR} [NRN}
1k Meo - g OMe
(1 equiv) t-BuO,C :: :: :COZt-Bu
t-BuO,C Y < CO,t-Bu
MeO=T ™OMe
MeO OMe
£BuO,C  CO,t-Bu
34
20% vyield

FWT, BonlzvZ7and Vo UV BEREBIRS 7 a7 738 Oy 7 o
XYV BEEAL OB ITH S B A S I O W TG 2 T 72, — B FiEI
FELTEREEDT N Y LAF 77X L= REHWT-78 °C ThuZxfrom& =
5. HBE9OD C4kIFR[B]CPP A2 # VKR Uik AT /L 35 % BBV R 14% T 5
Z ek L (3K 2-45), 7238, ARk L7z [8]CPP 47 X IV VU EET AT )L
35 129V TiE. 'H NMR, BC NMR 35 L OVHRMS 12 & 2 4547 CRE L 72, *H NMR
THONT LTzfESR, 2O S HFHE T2 O 7 F L3 7.31 (s, 16H) . 6.64 (s,
8H) ppm (2. 1 FEEHD tert-7 F /L FED T 1 b oD 7 F LN 1.45 (s, 72H) ppm
ICHNT, DRSNS | Cy KIFR[BICPP A2 % 71 VR L 25 /L 35 I8\ V&
PMEEZATHHEETH Y IWHTTNMR DX A LA — LTI T _RTHORE
VERMMEIE THHMBEEL TWD Z EARBIND,
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MeO
t—BUOgC

t-BuO,C
MeO

t-BuO,C
MeO

MeO

t—BquC
34

CO,t-Bu
OMe

[(ERY]

OMe
CO,t-Bu

OMe
CO,t-Bu Na naphthalenide
(160 equiv)
THF, -78 °C
CO,t-B '
2=t 1h
OMe
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Chapter 2-4
Experimental Section

1. General

Anhydrous CH,Cl, (No. 27,099-7), (CH,Cl), (No. 28,450-5), and THF (No.
40,175-7) were obtained from Aldrich and used as received. Hg-BINAP and Segphos

were obtained from Takasago International Corporation. Diyne 28a'?, 28b'?, 28¢'?

was
prepared according to the literature. All other reagents were obtained from commercial
sources and used as received. 'H and C NMR data were collected on a Bruker
AVANCE III HD 400 (400 MHz) at ambient temperature. HRMS data were obtained on
a Bruker micrOTOF Focus II. All reactions were carried out under an atmosphere of

argon with magnetic stirring.

I1. Rh-Catalyzed Intermolecular Cyclotrimerization of Diynes and Alkynes

General Procedure for Rh-catalyzed intermolecular cyclotrimerization of 28 and
11: Hg-BINAP (9.5 mg, 0.015 mmol) and [Rh(cod),]BF4 (6.1 mg, 0.015 mmol) were
dissolved in CH,Cl, (2.0 mL) and the mixture was stirred for 5 min. H, was introduced
to the resulting solution in a Schlenk tube. After stirring at room temperature for 30 min,
the resulting mixture was concentrated to dryness. To a CH,Cl, (0.5 mL) solution of the
residue was added a CH,Cl, (1.0 mL) solution of 28a (28.2 mg, 0.150 mmol) and 11
(18.5 mg, 0.165 mmol). The mixture was stirred at room temperature for 16 h. The
resulting mixture was concentrated and purified on a preparative TLC (hexane/EtOAc =
5:1), which furnished 29al (26.1 mg, 0.0869 mmol, 58% yield).

Ethyl 1,4-dimethoxy-7-methyl-1,4-dihydro-1,4-ethenonaphthalene-6-carboxylate
(29al, Table 2-8)
CO,Et

Me

OMe
7

MeO
Colorless solid; Mp 75.6-77.0 °C; "H NMR (CDCls, 400 MHz) & 7.82 (s, 1H), 7.22
(s, 1H), 6.93 (d, J=17.5 Hz, 2H), 6.91 (d, /= 7.5 Hz, 2H), 4.31 (q, /= 7.2 Hz, 2H), 3.83
(s, 3H), 3.82 (s, 3H), 2.55 (s, 3H), 1.36 (t, J = 7.2 Hz, 3H); °C NMR (CDCl;, 100
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MHz) 6 167.8, 149.4, 143.6, 139.3, 138.4, 137.0, 124.8, 122.6, 120.5, 88.2, 88.0, 60.5,
54.5, 21.6, 14.4; HRMS (ESI) caled for C;gH00O4Na [M+Na]+ 323.1254, found
323.1254.

Ethyl 1,4-dimethoxy-7-phenyl-1,4-dihydro-1,4-ethenonaphthalene-6-carboxylate
(29am, Table 2-11)
CO,Et

MeO
Colorless solid; Mp 76.2-77.5 °C; '"H NMR (CDCls, 400 MHz) & 7.76 (s, 1H),
7.40-7.20 (m, 6H), 6.964 (d, J= 7.7 Hz, 2H), 6.945 (d, /= 7.7 Hz, 2H), 4.04 (q, J=7.2
Hz, 2H), 3.85 (s, 3H), 3.80 (s, 3H), 0.97 (t, J = 7.2 Hz, 3H); °C NMR (CDCls, 100
MHz) 6 168.8, 148.9, 145.0, 141.9, 139.2, 139.0, 138.6, 128.6, 127.8, 126.9, 126.5,
121.6, 120.1, 88.3, 88.1, 60.7, 54.54, 54.50, 13.7; HRMS (ESI) caled for C3H,,04Na
[M+Na]" 385.1410, found 385.1410.

Di-tert-butyl-1,4-dimethoxy-1,4-dihydro-1,4-ethenonaphthalene-6,7-dicarboxylat
e (29ak, Table 2-8)
CO,t-Bu

t-BUOzC O
OMe
/7

MeO
Colorless solid; Mp 176.0-178.0 °C; 'H NMR (CDCl;, 400 MHz) & 7.54 (s, 2H),
6.91 (s, 4H), 3.81 (s, 6H), 1.56 (s, 18H); °C NMR (CDCls, 100 MHz) &§ 167.0, 148.3,
138.8, 130.0, 119.2, 88.2, 81.5, 54.5, 28.1; HRMS (ESI) calcd for C4H300sNa [M+Na]"
437.1935, found 437.1936.

(1,4-Dimethoxy-7-methyl-1,4-dihydro-1,4-ethenonaphthalen-6-yl)methanol
(29an, Table 2-8)
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MeO
Colorless solid; Mp 98.5-99.5 °C; '"H NMR (CDCls, 400 MHz) 6 7.33 (s, 1H), 7.18
(s, 1H), 6.93 (d, J = 7.7 Hz, 2H), 6.91 (d, J = 7.7 Hz, 2H), 4.62 (s, 2H), 3.82 (s, 6H),
2.30 (s, 3H), 1.46 (br, 1H); °C NMR (CDCls, 100 MHz) & 145.7, 144.1, 139.3, 139.0,
133.6, 131.6, 121.5, 119.0, 88.3, 63.6, 54.5, 18.5; HRMS (ESI) calcd for C1cH;s03Na
[M+Na]" 281.1148, found 281.1160.

(1,4-Dimethoxy-7-phenyl-1,4-dihydro-1,4-ethenonaphthalen-6-yl)methanol (29ao0,
Table 2-8)
CH,OH

MeO
Colorless amorphous; 'H NMR (CDCls, 400 MHz) §7.52 (s, 1H), 7.42-7.29 (m, 5H),
7.28 (s, 1H), 6.97 (d, J= 7.6 Hz, 2H), 6.95 (d, /= 7.6 Hz, 2H), 4.54 (d, /= 4.6 Hz, 2H),
3.86 (s, 3H), 3.80 (s, 3H), 1.50 (br, 1H); °*C NMR (CDCls, 100 MHz) & 145.5, 140.9,
139.08, 139.07, 136.9, 133.3, 129.4, 128.1, 127.9, 121.1, 119.5, 88.3, 63.2, 54.52,
54.49; HRMS (ESI) calcd for C5;H,00O3Na [M+Na]+ 343.1305, found 343.1310.

1,4-Dimethoxy-6,7-bis(methoxymethyl)-1,4-dihydro-1,4-ethenonaphthalene
(29ap, Table 2-8)
CH,OMe

MeOH2C O
OMe
2

MeO
Colorless solid; Mp 48.0-48.5 °C; '"H NMR (CDCls, 400 MHz) & 7.35 (s, 2H), 6.91
(s, 4H), 4.46 (s, 4H), 3.82 (s, 6H), 3.35 (s, 6H); °C NMR (CDCls, 100 MHz) & 145.8,
139.1, 131.8, 120.0, 88.4, 72.1, 58.2, 54.5; HRMS (ESI) calcd for C1sH2,04Na [M+Na]"
325.1410, found 325.1418.
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1,4-Dimethoxy-6,7-dipropyl-1,4-dihydro-1,4-ethenonaphthalene (29aq, Table
2-8)

n-Pr

n-Pr O
OMe
7

MeO
Colorless solid; Mp 49.0-51.0 °C; '"H NMR (CDCls, 400 MHz) 6 7.12 (s, 2H), 6.91
(s, 4H), 3.82 (s, 6H), 2.51 (t, J = 7.6 Hz, 4H), 1.64—1.49 (m, 4H), 0.96 (t, J = 7.2 Hz,
6H); °C NMR (CDCls, 100 MHz) & 143.3, 139.2, 135.2, 120.0, 88.4, 54.5, 34.8, 24.6,
14.4; HRMS (ESI) calcd for C,0H0,Na [M+Na]" 321.1825, found 321.1816.

(1,4-Dimethoxy-1,4-dihydro-1,4-ethenonaphthalen-6-yl)methanol (29ar, Table

2-8)
CH,OH

y

OMe

MeO
Colorless oil; 'H NMR (CDCl3, 400 MHz) 6 7.36 (s, 1H), 7.31 (d,J = 7.6 Hz, 1H),
6.97 (d, J=17.6 Hz, 1H), 6.93 (s, 4H), 4.61 (d, J = 4.4 Hz, 2H), 3.822 (s, 3H), 3.818 (s,
3H), 1.62 (br, 1H); BC NMR (CDCls, 100 MHz) ¢ 146.7, 145.7, 139.1, 139.0, 136.5,
122.3,119.0, 118.1, 88.4, 88.3, 65.4, 54.5; HRMS (ESI) calcd for C;5sH;c03Na [MJrNa]+
267.0992, found 267.1001.

6-Decyl-1,4-dimethoxy-1,4-dihydro-1,4-ethenonaphthalene (29as, Table 2-8)
n-CqoHz1

MeO
Colorless oil; "H NMR (CDCl;, 400 MHz) 67.22 (d,J=7.6 Hz, 1H), 7.17 (d,J=1.2
Hz, 1H), 6.93 (d, /= 7.9 Hz, 2H), 6.91 (d, /= 7.9 Hz, 2H), 6.76 (dd, /= 7.6 Hz, 1.2 Hz,
1H), 3.82 (s, 3H), 3.81 (s, 3H), 2.53 (t, J = 7.6 Hz, 2H), 1.65-1.47 (m, 2H), 1.37-1.15
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(m, 14H), 0.88 (t, J= 6.8 Hz, 3H); BC NMR (CDCl;, 100 MHz) 6 146.1, 143.5, 139.3,
139.0, 138.5, 123.0, 119.4, 118.7, 88.4, 54.4, 35.8, 31.9, 31.7, 29.63, 29.59, 29.51, 29.50,
29.3, 22.7, 14.1; HRMS (ESI) calcd for C,4H340,Na [M+Na]+ 377.2451, found
377.2449.

Ethyl 1,4-dihydroxy-7-methyl-1,4-dihydro-1,4-ethenonaphthalene-6-carboxylate
(29bl, Eq. 2-38)
CO,Et

HO
Colorless amorphous; "H NMR (acetone-ds, 400 MHz) & 7.88 (s, 1H), 7.29 (s, 1H),
6.68 (d, J=7.2 Hz, 2H), 6.64 (d, J= 7.2 Hz, 2H), 5.84 (br, 2H), 4.29 (q, J = 7.2 Hz, 2H),
2.52 (s, 3H), 1.34 (t, J = 7.2 Hz, 3H); >C NMR (acetone-ds, 100 MHz) & 168.1, 152.7,
146.8, 143.5, 142.7, 136.7, 125.2, 122.6, 120.5, 83.8, 83.7, 60.8, 21.7, 14.7, HRMS
(ESI) calcd for C16H 404Na [M+Na]" 295.0941, found 295.0953.

6-Hydroxymethyl-7-methyl-1,4-ethenonaphthalene-1,4-diol (29bn, Eq. 2-38)
CH,OH

HO
Pale yellow solid; Mp 216.5-218.5 °C; '"H NMR (acetone-dg, 400 MHz) o6 7.39 (s,
1H), 7.16 (s, 1H), 6.64 (d, J = 8.0 Hz, 2H), 6.62 (d, J = 8.0 Hz, 2H), 5.63 (br, 2H), 4.56
(d, J = 4.8 Hz, 2H), 3.83 (br, 1H), 2.24 (s, 3H); °C NMR (acetone-ds, 100 MHz) &
147.8, 146.7, 143.6, 143.3, 135.1, 130.6, 121.1, 118.8, 84.0, 83.9, 63.1, 18.5; HRMS
(ESI) calcd for C14H403Na [M+Na]" 253.0835, found 253.0845.

Ethyl 5,8-dimethoxy-5,8-dihydro-5,8-ethenoisoquinoline-3-carboxylate (31aa,
Table 2-9)
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MeO
Pale yellow solid; Mp 125.5-126.5 °C; '"H NMR (CDCls, 400 MHz) & 8.60 (s, 1H),
8.08 (s, 1H), 6.96 (d, J=7.6 Hz, 2H), 6.94 (d, /= 7.6 Hz, 2H), 4.45 (q, J= 7.2 Hz, 2H),
3.84 (s, 3H), 3.83 (s, 3H), 1.42 (t, J= 7.2 Hz, 3H); '*C NMR (CDCl;, 100 MHz) §165.2,
156.8, 144.9, 144.5, 139.4, 138.9, 138.5, 115.5, 88.0, 87.7, 61.8, 54.65, 54.57, 14.4;
HRMS (ESI) caled for C;sH7N;O4Na [M+Na]" 310.1050, found 310.1059.

5,8-Dimethoxy-3-phenyl-5,8-dihydro-5,8-ethenoisoquinoline (31ab, Table 2-9)

MeO
Colorless solid; Mp 101.2-103.0 °C; '"H NMR (CDCl;, 400 MHz) & 8.53 (s, 1H),
7.96 (d, J = 7.2 Hz, 2H), 7.73 (s, 1H), 7.50-7.31(m, 3H), 6.96 (d, J = 7.6 Hz, 2H), 6.94
(d, J = 7.6 Hz, 2H), 3.86 (s, 3H), 3.85 (s, 3H); °C NMR (CDCls, 100 MHz) & 156.2,
154.2, 139.7, 139.5, 139.2, 139.0, 138.2, 128.61, 128.57, 127.1, 111.8, 88.1, 87.6, 54.7,
54.5; HRMS (ESI) calcd for C19HgN;0, [MJrH]+ 292.1332, found 292.1340.

5,8-Dimethoxy-3-methyl-5,8-dihydro-5,8-ethenoisoquinoline (31ac, Table 2-9)
Me
N/
N
OMe
7
MeO
Pale yellow solid; Mp 99.6-101.0 °C; 'H NMR (CDCls, 400 MHz) & 8.33 (s, 1H),
7.16 (s, 1H), 6.92 (d, J = 7.5 Hz, 2H), 6.90 (d, J = 7.5 Hz, 2H), 3.82 (s, 3H), 3.81 (s,
3H), 2.49 (s, 3H); °C NMR (CDCls, 100 MHz) &§ 155.6, 154.7, 139.4, 138.32, 138.27,
138.0, 114.3, 87.8, 87.5, 54.6, 54.4, 24.2; HRMS (ESI) calcd for C14H N0, [M+H]"
230.1176, found 230.1179.
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I11. Synthesis of [8]CPP-octacarboxylate

Hg-BINAP (504.6 mg, 0.80 mmol) and [Rh(cod),]BF4 (324.9 mg, 0.80 mmol) were
dissolved in CH,CI, (15.0 mL), and the mixture was stirred for 10 minutes under argon
atmosphere. H, was introduced to the resulting solution in a Schlenk tube. After stirring at
room temperature for 1 hour, the resulting mixture was concentrated to dryness. To a
solution of the residue in CH,Cl, (10.0 mL) was added a CH,Cl, (10.0 mL) solution of
di-tert-butyl acetylenedicarboxylate (1k) (452.5 mg, 2.00 mmol) and a CH,Cl; (20.0 mL)
solution of unsymmetrical cyclohexadiene-linked 1,7-diyne 28c (1378.3 mg, 4.00 mmol).
The mixture was stirred at room temperature for 16 hours. The resulting mixture was
concentrated and purified on a silica gel column chromatography (hexane/EtOAc = 6:1)
to give silyl-protected diyne 32 (1445.8 mg, 1.58 mmol, 79% yield) as a colorless solid.

Silyl-protected diyne (32, Eq. 2-42)
TIPS TIPS

/N

~
<
<

MeOQ @OMG

MeO OMe
t-BuO,C CO,t-Bu
Colorless solid; Mp 196.5-198.5 °C; *H NMR (CDCls, 400 MHz) §7.07 (s, 6H),
6.38 (d, J = 9.6 Hz, 2H), 6.31 (d, J = 9.6 Hz, 4H), 5.99 (d, J = 9.6 Hz, 2H), 5.86 (d, J =
9.6 Hz, 2H), 3.42 (s, 6H), 3.22 (s, 6H), 1.60 (s, 18H), 1.04 (s, 42H); *C NMR
(acetone-ds, 100 MHz) §167.8, 139.6, 134.4, 132.6, 132.2, 131.5, 130.1, 128.6, 106.6,
87.3, 82.6, 77.0, 67.7, 52.2, 51.8, 28.7, 19.0, 11.9; HRMS (ESI) calcd for
CssHg20sSi,Na [M+Na]* 937.5440, found 937.5459.

To a solution of silyl-protected diyne 32 (0.696 g, 0.76 mmol) in THF (10 mL) was
added dropwise a 1.0 M tetra-n-butylammonium fluoride/THF solution (3.9 mL, 3.9
mmol), and the resulting mixture was stirred at room temperature for 18 hours. The
reaction was quenched by the addition of H,O and extracted with CH,Cl,. The CH,Cl,
layer was dried over Na,SQO,4, and concentrated. The residue was purified by a silica gel
column chromatography (hexane/EtOAc = 2:1) to give desilylated diyne 33 (0.386 g,
0.64 mmol, 84% yield) as a colorless solid.

Desilylated diyne (33, Eq. 2-43)
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MeO OMe
t-BuO,C  CO,t-Bu
Colorless solid; Mp >300.0 °C; *H NMR (CDCls, 400 MHz) 5§7.08 (s, 2H), 6.35 (br,
4H), 5.99 (br, 4H), 3.39 (s, 6H), 3.23 (s, 6H), 2.59 (s, 2H), 1.60 (s, 18H); *C NMR
(acetone-ds, 100 MHz) 6167.7, 139.6, 134.2, 132.6, 132.5, 128.3, 83.2, 82.5, 76.9, 75.7,
67.1, 52.2, 51.7, 28.7; HRMS (ESI) calcd for CssH420sNa [M+Na]* 625.2772, found
625.2787.

Hs-BINAP (12.6 mg, 0.020 mmol) and [Rh(cod),]BF4 (8.1 mg, 0.020 mmol) were
dissolved in CH,Cl, (2.0 mL) and the mixture was stirred for 5 min. H, was introduced
to the resulting solution in a Schlenk tube. After stirring at room temperature for 30 min,
the resulting mixture was concentrated to dryness. To a CH,Cl, (2.5 mL) solution of the
residue was added a CH,Cl, (2.5 mL) solution of di-tert-butyl acetylenedicarboxylate
(1k) (22.6 mg, 0.10 mmol) and a CH,Cl, (5.0 mL) solution of diyne 33 (60.3 mg, 0.10
mmol). The mixture was stirred at room temperature for 16 h. The resulting mixture was
concentrated and purified on a preparative TLC (hexane/EtOAc = 2:1), which furnished
34 (16.7 mg, 0.0101 mmol, 20% yield).

Macrocyclic cyclophane (34, Eq. 2-44)
t—BUOzC COzt-BU

MeO OMe
MeO. 4+~OMe
t-BuOZCD @Cozt-su
t-BuO,C z z CO,t-Bu
MeO=T ™~OMe
MeO OMe

t-BuO,C CO,t-Bu
Colorless solid; Mp 178.0-180.0 °C; *H NMR (CDCls, 400 MHz) §7.32 (s, 8H),
6.43 (s, 8H), 6.35 (s, 8H), 3.31 (s, 24H), 1.62 (s, 72H); *°C NMR (acetone-ds, 100
MHz) 6 168.0, 140.6, 135.6, 135.0, 132.3, 128.4, 82.6, 75.7, 52.4, 28.7; HRMS (ESI)
calcd for CggH120024Na [M+Na]™ 1679.8062, found 1679.8055.

To a solution of naphthalene (0.385 g, 3.00 mmol) in THF (3.0 mL) was added sodium
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metal (0.690 g, 30.0 mmol) under nitrogen atmosphere, which was washed with hexanes.
After stirring at room temperature for 17 hours, the thus prepared deep green 1.0 M
sodium naphthalenide solution (2.0 mL, 2.0 mmol) was added dropwise to a solution of
34 (20.6 mg, 0.0120 mmol) in THF (6.0 mL) at —78 °C under nitrogen atmosphere. After
stirring at —78 °C for 1 hour, a 1.0 M solution of iodine in THF (2.0 mL) was added
dropwise. Then, saturated aqueous Na,S,O3 was added and the resulting solution was
warmed to room temperature at which point it was diluted with water and extracted with
CH,Cl,. The CH,CI; layer was washed with saturated aqueous NaCl, dried over Na;SO,,
and concentrated. The residue was purified on a silica gel preparative TLC (eluent:
hexane/EtOAc/CH,Cl,/CH3CN = 7:1:1:1) to give [8]CPP-octacarboxylate (35) (2.5 mg,
0.0018 mmol, 14% yield) as a colorless solid.

[8]CPP-octacarboxylate (35, Eq. 2-45)

t-Bu0,C  COxt-Bu

Colorless solid; Mp 223.8-225.2 °C; *H NMR (CDCls, 400 MHz) §7.31 (s, 16H),
6.64 (s, 8H), 1.45 (s, 72H); *C NMR (CDCls, 100 MHz) & 166.6, 140.5, 139.6, 129.5,
82.3, 27.9; HRMS (ESI) calcd for CggHgsO16Na [M+Na]* 1431.6591, found 1431.6590.
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