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Abbreviations

[a]

Ac
acac
AIBN
Am
APCI
ag.

Ar

atm
a.u.
BARF
BDPP
BINAP
BIPHEP
Bn

br

Bu

C

dba
DBP

specific rotation

acetyl

acetylacetonate

azobis(isobutyronitrile)

amyl = 3-methylbutyl

atmospheric pressure chemical ionization
aqueous

argon or aromatic ring

standard atmosphere

arbitrary unit
tetrakis[bis(3,5-trifluoromethyl)phenyl]borate
2,4-bis(diphenylphosphino)pentane
2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
2,2'-bis(diphenylphosphino)-1,1'-biphenyl
benzyl

broad

butyl

centi, amount concentration

degrees Celsius

circa

calculated

ammonium hexanitratocerate(IV)
1,5-cyclooctadiene

compound

concentration

correlation spectroscopy
10-camphorsulfonic acid
cyclopentadienyl

cycloparaphenylene

cyclohexyl

day(s) or doublet

chemical shift in parts per million
dimension

heat

dibenzylideneacetone

dibenzopentalenophane



DDQ
DFT
DIEA
dppb
dppe
dppf
dppp
DTBM
DMF
DMSO

ECD
EDG
ee
equiv
ESI
Et
EWG

IEFPCM
J

2,3-dichloro-5,6-dicyano-p-benzoquinone

density functional theory

N,N-diisopropylethylamine
1,4-bis(diphenylphosphino)butane
1,2-bis(diphenylphosphino)ethane
1,1°-bis(diphenylphosphino)ferrocene
1,3-bis(diphenylphosphino)propane
3,5-di-tert-bytyl-4-methoxyphenyl
N,N-dimethylformamide

dimethyl sulfoxide

any substituents, especially electron withdrawing group
molar extinction coefficient

electronic circular dichroism

electron-donating group

enantiomeric excess

equivalent

electrospray ionization

ethyl

electron-withdrawing group

fluorescence quantum yield

gram(s)

gel permeation chromatography

hour(s)

heteronuclear multiple-bond correlation spectroscopy
highest occupied molecular orbital

high performance liquid chromatography

high resolution mass spectrometry

heteronuclear single-quantum correlation spectroscopy
hertz

is0

integral equation formalism variant polarizable continuum model
coupling constant

kilo

kelvin

liter(s) or ligand

lowest unoccupied molecular orbital

metal or moles per liter

meter(s), milli, or multiplet

vi



mCPBA

Mes
MHz
min

mol

pin
PL

ppm
PPTS

meta

micro

m-chloroperoxybenzoic acid

methyl

mesityl = 2,4,6-trimethylphenyl
megahertz

minute(s)

mole(s)

melting point

mass spectrometry or molecular sieves
nano-

normal

2,5-norbornadiene
N-bromosuccinimide

nuclear magnetic resonance

nuclear Overhauser effect spectroscopy
N-hydroxyphthalimide

ortho-

oak ridge thermal-ellipsoid plot program
para

polycyclic aromatic hydrocarbons
perylene bisimide

pyridinium chlorochromate
pyridinium dichromate

polyethylene glycol

percent

phenyl

pinacol

photoluminescence

parts per million

pyridinium p-toluenesulfonate

propyl

quartet

quintet

any substituents, especially alkyl group
wavelength

regioselectivity

room temperature

vii



THF
THP
TIPS
TLC
T™MS
tol
uv
Vis
xyl

singlet

sec- = secondary

septet

silyl group

triplet

tert- = tertiary

temperature
tetra-n-butylammonium fluoride
tert-butyldiphenylsilyl
triethylene glycoxy group
time-dependent density functional theory
temperature
trifluoromethanesulfonyl
p-toluenesulfonyl
tetrahydrofuran
2-tetrahydropyranyl
triissopropylsilyl

thin layer chromatography
trimethylsilyl

tolyl = 4-methylphenyl

ultra violet

visible

xylyl = 3,5-dimethylphenyl
leaving group or any substituents

any substituents

viii
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1 EBRERMERAMBEEZ =T A 2L TV U151 & DOARF[2+42+42]
FHMERAEEOS

1—1 BBRESESKRMEEZ T X 2 5 FLRERT VT 1 0 F Lk
DARFF 242021 INBRAL U

TVFx 3 A ORI 222N EOS T, JRFIR IS ZERA B
VEBRTELFREOD—DOTHDH, P, BRELZBATLIZ LIS
BRIHEEZ AT HZ ENMOLNTED | ERESCHBME 2 SICHWO LS E
BRENLVT 4770y O—2Thbd, LIEN-T, ZEEREREEAET HN
YR UDNELN D ARTIEL, AR CTHRTHD L E 25, B
Yo atdd e TEO—o2 L LT, BEHMIGIC X D EEN R EREEREAN
HIFONDH, BN T 21E ESEEENRE S 2570, LK ULk
LWRISGHERZ B IN B T 5, — T, Tv¥x 2 3 5 1rOR{L=81k
2K D FERBEEIT, —RICRBALUGTH D720, )72l 2 HoiiE, &
BN HO— B CTH BN P 2G5 L0NTES, LN TAF
EiE, KOS EBROR B E2EKT D ETENTWD EE XD, FFZ, EBE
JBEERAREE A =7 v v OBL = BALGIE. 1948 4E0D Reppe HIZ L 5=
VI VEEIRRIEE &2 WS L 2RI 2, BIEE T8k, LT =T A asL
M BYTA AVTTA NTUTLENST-, ZF IFERIEBEEE AR
RME & AN ED R S T&E 72 1)

R2

2
1% RS R
R . R! RS
| I Transition-Metal Catalyst
+
[2+2+2] 3 6
3
R RS Cycloaddition R R (1)
\R4 R4
v Multisubstitution
v' High Atom Economy
v’ One Step

ZTD%, TIX 1 GFICEZTT T 1 & iz R2+2)AnER{b
SISO G R SN TR Y AKS TS T 2 288 13- 7 a~Fh ooy
EEDIENTED, 13-v 70~ Uizt #80tic k3
NUBR EROSRE S FAEBET LT WEEM THY . 7 e~FHh oo U8R
BEZICEREZEAT DI Z I3 BNICREETH D, Lz~ T, EBEEEE
IRAREEE 2 RN T2 222 R IL B S, 28 13- 7 mand oo %255



WA TIEO—D>THDHEEZD, EDO L H B HENG | & F & 7o filfii<okk
HaeHoTeflndgds T 2R 2)%,

E BT, ARREIARFBEZ NS Z 12 & - T, @kt T 5 2 DORFHL
EETOHXTNSER 13-/ a~FHh oo 2852 LR TE5E2), L
L. ARFMGIZB TR D RfafnfEz 2 FEU EHW25E, 8RR R
SONEE R L W o 12 E 5O BMRN AR T 2720, BIRWICEH -4k %
B2 LT BCREETH D,

Transition-Metal Catalyst

_ R? [2+2+2]
R1/ . . Cycloaddition
R2. _R
. [ — @)
3 R7 R8
R\ Chiral
X R% Transition-Metal Catalyst
Asymmetric
[2+2+2]
Cycloaddition

LTI, BBaRetiatitz 7 vy 2 5pF LHERIRT Vv & DR
F 2422 INBRAL BUS D B Bl A A 83 %

Evans 513 2005 45, B F 4 4w 27 A(1),/(S)-xyl-P-Phos SEAFREELTFIE T,
T ETNF L DARFRR22I BRI ISRAEIT L, T 5% T v
13- 7 AV RN ENEPOEMER LT F o FARRICE L
LT EEHELTND Y FIEHL BEMEIC, I F A Er T A1),/ (R)-tol-
BINAP SEARAMIE A FHWC, [ARRZ2AIIBRILS DT T2 Z L A MEL T D



(= 3)%
Evans (2005)
5 mol % [RhCl(cod)]»
12 mol % (S)-xyl-P-Phos
— R® 20 mol % AgBF,
/TR I | THF, 60 °C, 3 h
Z +
\_( ) Shibata (2005)
R2 R 10 mol % [Rh(cod),]BF 4/
(3-10 equiv) (R) or (S)-tol-BINAP
(CH4Cl),, 40 °C—reflux, 1-24 h
é OMe )
oL O
MeO PAr, PAr,
MeO 2 | PAr, O PAr,
NS
OMe
Ar = 3,5-M92C6H3 Ar = 4—MeCGH4
__ (S)xyl-P-Phos (R)-tol-BINAP )

Evans:

up to 98% yield
up to >99% ee
r.s. = up to >19:1
Shibata:

up to 96% yield
up to 98% ee

r.s. =up to 7:1

3)

FEEH BT 2006 4F, T A MR T A(1),/(S)-xyl-BINAP & 72 1(S)-Hs-
BINAP $ERAEAFIE T, 1,6-2 A &7 7 VR AT VA Ry ERE LTET
5 LI-ERT V2 L OARF RIS HEIT L, RS T 5% 71
At EMB I ORF TV 13- 7 e~ UV U NENENOEMERL LD
T UFAERIGEOND Z EE2HREL T HEN 4)8

Z +

\_

5 mol %
Y [Rh(cod),]BF 4/
R?’T(Eo (S)-xyl-BINAP or (S)-Hg-BINAP
(CH,CI),, 60-80 °C, 1-16 h
(3—20 equiv)
ool
PPh,
I i PPh,
Ar=3,5-Me,CgHs  (S)-Hg-BINAP
(S)-xyl-BINAP )

up to 94% yield
up to >99% ee
r.s. =>20:1

4

S HIZHEEH B 2007 G, [RAIERZRAREEZ VLT, 1,6-0 A & ATF LU w5y
BHELTHET D 1,I- BT V7 & ORFRL2D2IMEAL S, T



CFAERENET T L 2 LA WME L TV HEL ),

5 mol %

. [Rh(cod),]BF 4/ Me

/——Me RS _Me (S)-xyl-BINAP —)Me
Z + > 7

e \[r (CH,CI),, 80 °C (5)

0.2-14 h
) Me
Z=C(COzBn);  (10-20 equiv) 37-78% yield
55-88% ee

RIS, EHEOMBTHMEEICBNTYS, AF 4o a 2 A1),/ (R)-Hs-
BINAP SEAfIAFIE T, DA v & T~ BY A F L & DRF[R+2+2] N8R {b K
JEMET L, 3BT 27 ma 3 Vo BB E R RN @) T A%
Rz ons 2 zmE LTV aEN 6,

5 mol %

Me
- [Rh(cod),]BF 4/
S—=Me “"eozcjl\ (R)-Hg-BINAP CO,Me
4 + _—

\%Me COzMe CH21CI,:2, rt II/Cone

Me
(1 equiv) (" Y\ up to 96% yield
‘O up to 98% ee (6)
PPh,

o

| (R-Hg-BINAP

J
F 722008 FEITIE, B F A MEE P A1),/ (R)-BINAP SERAEAAIE T, A

viTe Fuffi#T 2 VBEIET T I REORFRL2L2TNBRLIES, &

WHENOEMEL LT FAEROICHETT S22 E2WE L WD 7)Y,

2.5-10 mol % R
—_ [Rh(cod),]BF/ NBnAc
/— R AcBnN___R® (R)-BINAP R3
i + \"’ > 7
N——R2 CH,Cly, 1t, 1-16 h

2
- N R

(1.1 equiv) up to 96% yield (7)
R3 = CO,Me, Me up to 99% ee

PPho| s, =2.7:1->99:1

l i PPh,

(R)-BINAP

\.

S DIZFRHINC 0 F A4 a7 A1),/ (R)-DTBM-Segphos # M7 1E T
BTN AT ETEF LU HAR VBT XL 2 ST & DR




FOSHHET L, sHaT 57 VA rsara X bRty ranx o 35
ERNGERIR T AT LAB IR U F AR TEOND Z G L T
WaE 8)0,

5 mol % £
E [Rh(cod),]BF 4/ E s o
) I | (R)-DTBM-Segphos H —
R * r WA
7~ (CHCl)p, rt, 3 h R g OMe
(5 equiv) E 10% yield
R = n-CgH43 E = CO,Me cis/trans = >99:1
>99% ee
~N
<O O + )]
E
0 PAr, £ H
<o PAr; R
5 O E
Ar = 3,5-di-t-Bu-4-MeOCgH,4 E
(R)-DTBM-Segphos ) 74% yield
>99% ee

2011 AR2i%, BT A e v A1),/ (R)-Segphos F 72 13(R)-BINAP S {Afilf
FET, VAV ERITRR? 2 fEOT VX &, 77U AT I FERIFE=T
I & DOARFR22IIRACEOS A @R DD m = F o F AR HEITT 5
ZEEHELTWHLEE 9,

R2 10 mol %
/ [Rh(cod),]BF 4/ R2
R = (R)-Segphos .-R! E
E. _R® or (R)-BINAP K RS
N -
“R3 (CH,CI),, rt, 1-16 h RS
N . 4
AN (1 equiv) s ~ R
R* E=CONMe, | ° up to 82% yield )
NBnAc < up to >99% ee
O PPh,

0 PPh,
¢

R)-Segph
L (R)-Segphos

T, BF Aot 27 A1),/ (R)-tol-BINAP % 7213(S)-BINAP S {Afitfit:
ZRAWC, YINALTEHFLY,/  TEFLUVIHVRVEBS T AT IVEZILIT IV
XNVTNX AT/ T 7 I AT I RE 10?2 £y rermne ) 7o
TERTIRFEIDB EWwotz, BT X 2018 12- BT VU
53F & DARFR2R2SMEACEOEDS . m b A& =T o F @R Tt



TT56ZEbHELTNAD,

Si R' Q R
- |\| ; JI)L -
R3

CO,R?

5-20 mol %
4 [Rh(cod);]BF,/
(R)-tol-BINAP

CH2C|2, rt
16-72 h

(1.1-5 equiv) (1-1.5 equiv) (1-1.1 equiv)

R’ CO,R?
e
CO,R?
(1.1 equiv) (1.5 equiv)

5-20 mol %
[Rh(cod),]BF 4/
(S)-BINAP

CH,Cl,, 1t, 72 h

0]
Sii \\\JJ\N,R“
! 5
R
R20,C R3
R1
up to 96% yield

up to >99% ee
single regioisomer

(10)

0O
R ol R
|
4
2 R
R<0,C
R20,C
up to 85% yield
up to >99% ee
single regioisomer

(11)



1—2 ERBABEMMEEEZHNET A 2 5 FEBIRT A 1 5T ED
ARF 2221 s bSO

TNXy 251 ET IV 1 4y & OMBEERIL = BAL RSBV T, R IT
1 2-ZEBERIR T Vv R WSS, ZRAS e U K E S8
WES LN TELE12), GoNT-Tv 7 aASY U U iFEiki, HEFEL
Lo THET 2 RN B U AEFHFETHENTED, LR - T, —il
DOEHIL, ST HEIRT L 2 WA & R AR % 5 2 5K 12),
I BRIRT VX ANIBROREID/NIWVEE BWELEZA LALETHD
7o, BRRENRENTHLZERMLN TS M L, 1,2- [EHRERIRT
I A, oK o~ a 7 Ak Wittig SO/ TV o A BBV A SRR -~
v I IS E WS To | JRE A RIEIZ L O AFRERARLEFETH L=, T
EEBIRT X OEMALE LTHWSZ LR TEDLDIE., ARLERICENT
Wb EFZR D,

R2

2
Z R
X Transition-Metal-Catalyst R X
+ I -
R3 Y [2+2+2] RS v
§ Cycloaddition R
R4
Aromatization
(12)
RZ

R2
1
R X Transition-Metal-Catalyst R1 X
+ >
R3 Y [2+222] R? Y
R4

Cycloaddition
\ not easily
R4
prepared

S DIZARISIZBNT S, AFMEEZ WD Z & TRFRG~E BT 2 2

LRTE BHE13),
R? ,
1% Chiral R
R X Transition-Metal-Catalyst R KX
* E Asymmetric > ’ (13)
3 ’
R? v [2+2+2] R *Y
§ Cycloaddition R4

R4
LRI ERE BRI 2 W= T L% 2 0T & 12- BBk T L7 v
& DARF 22NV i D S5 2 B3 5,



AARFRINE, ANDBTAF U 2 5FF201390 4 v BLO1,2- BB T
IV DXTREIZ Lo T, LFORIRT IO 3 FEEICHETHZ ENTE

% (Table 1),

Table 1. Transision-metal-catalyzed asymmetric [2+2+2] cycloaddition of two alkynes

with a 1,2-disubstituted cyclic alkene.

1,2-Disubstituted Cyclic Alkene

()

()

symmetrical unsymmetrical
— (i
( _ enantioselective
——R' —no example
symmetrical
Alkynes -
— (i) (iii)
enantioselective regio- &
—_ 0 enantioselective
— R —1 example —1 example
unsymmetrical

() TNF 207/ VA2 1 3 FRRER, BEIRT Vo v R IERR O A

ZN D DIEE Z AWK RIS OBNTHE S TWRUY,

(i) TIVHX2 205+ TA VG FDIERTR, BAIRT V7 o BRFRO G &

SR 5152007 4212, 0 F A M m 2 A (D), (S)-Difluorphos S5 AAREEFAE T,
LO-FA b J VIR AR & DARF 22 2 IMBEEUE A, T T



IR D> exo IBIRAVIZHET T2 Z L 2 HEL TV HEL 14)

10 mol % R! e
—_— 1 [Rh(COd)g]BF4/ ! s\\l
/—R b"\\ (S)-Difluorphos b
Z _ ) + () \:) > Z ~
= r ve=? CHyCly, 1t, 0.5-24 h
e N R?
(2equiv) | F° up to 93% yield (14)
|:>( up to 99% ee
o PPh; single exo-isomer

e PPh,
I

L (S)-Difluorphos

J

(i) TR 20T/ DA v 1S TIFERRR. BRRT L4 o S IERIFR DS &

A 5122002 45, = v 7LD,/ F T A XYY R RMIEAFET, U X
FATNI =y L=y 7 A)DETHB L O ) U aiEE S 572D oL
AARBEE L THWAS Z LT, FERHANHLT VX 2 1Rk 1 51k
DARFRD2R2MEBRIC SIS EIT L, ST DX 13- 7 a~FHhomy
NEWLERRER L OHREO T F U F AR THEOND Z L Z2MEL T
W5 15)5,

5 mol % Ni(acac),
10 mol % L-1, 2 R

R’ ? 40 mol % Me3Al ) ?
100 mol % PhOH R
- O -
X THF, rt, 2 h R X
R? )
(2 equiv) X =CHy, CMey, (CH3), R (15)

up to 95% yield

Ol | TS =upto100%
ph_<\ | up to 62% ee
h N

Ph

Ph—<? l
N™"¥p

L-1 L-2

UEOXIC . TAFU 20FERITVA v 1 518 1 2- EHEILT VA7 v
& DARF 22 INBRALSOE DBFNIAFAET 205, HEED 2 1] & D70 < KBAth
Th b, AT TR T@EY 77 v DT ARE MRS W TR 5
AafnfEZz 2 FEU EHOW 56, S BEROAE B ER T D720,
BINPICH— DA E1SD Z EIINETH D, 2D L5 i mnn ., Wb En
[REHITH -T2 EZBND,

10



2 HFA M T AN/ ET Y =V E AR AT ¢ R E D A
v EBRRT VT vk ORF RN S

T ZTCERIL. BB BRI A N A b 1 2- BB T L b
DARF 242421 INBRA LS 0 £ 8 i FH R PH O yEiE 2 B #5 L 7=,

LV IR EARIE 2SS 0, L EIEE o ERIN A 2 il &
BRTLHIMEND L, FHIIZOX D it LT, hTF Ao Mue vy al),/ v
TU—IVERRRAT ¢ UEERICHEE Uiz 16, ARG OHEE A% IE Scheme 1
IR T LI 2 DOKISREE CH#ITT 5 & TIREIND, ARtz RfafifEo R
FRA2H2I MBS I WD AT & L Tid, 1)Scheme 1 (2R T HA A S L
<IEBIZBWT, TJEORFENL I L DE R AFREOHEICLY . &
REFENFRFTE D, 23 MDA F Ao o0 MIENEE 6 54 LT D
72, FREA D LIEBIZBWTCERMNEN 2EH DL Z LD, @IS
WHIFFCX 5.3) U v EoEWE L BE &L OSIRMMHAERZFRIHT 5 Z & T,
TS U F ARSI A TEWVLEEIREORBBLDN IR TE 5, LWV oo /1R
HIF Db, Thbb, DArnayy Az Lk, X7 oy
2T A BRBRT AEAIE, BIRT A oiia 2w MR AT S B
T o TFARIRMEDR AT HEEZONLD, 2O X B DY v EDx
77 MU TOVHEICIED LT ERIL(F ) & OSNIRR B ZRET S5 X912 LT
BOAL RN T T IUE, mF v ra~r 2oy CLY HREED D720
CHEMTDHIEICEST, = F U FEREPEHAT D EE X,

—H T, VAV ERIRT A ERa Uy MR LB ERBRILT 254D, =
77 MU TV OEBRIL(EG) L OSARRRE 2l 5 £ 912 L TBRIL D ELT
THIE, v Ao 7aXrT U B L0 B REEDDR VB BNERT D Z Tk
ST, F U FAERREOBBENHFMGTEDEELT, T2, THE A BLW
BlIEH L OERNEE 2 D3 DHOAREFEOENEIZMZ T, 5 1250
ZERNIJE)VE L CND 720, mmWET U — L ERARAT 4 VBN FE VT
FEPENL LT MWKISHEEET D EE X, £, Vv Lokl o
SARICFE B ET 5 L D LT, WE O ERIRE BN AR ETT 5 &5
27T
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I;‘ouu

unfavour

unfavour

Scheme 1. The plausible mechanism for high selective [2+2+2] cycloaddition of diyne
with 1,2-disubstituted cyclic alkene by using cationic Rh(I)/biaryl bisphosphine catalyst.

ERRIZ, EFOFRT HFRETIL 2003 (R, AT Ao En vy A1),/ BT
V=V ERRAT ¢ CEEARARBES B2 ST TV 2 3 S5 OR2+2+42]14 0
BALBOSICH LsiEtE THL Z L 2O THEL TR, 67 =2=4T%
FLYLYFETRF LY UK BT L & D[22 2 B 53
I M TEVMEY 3 KON ESRIE THEIT S5 2 & 2 LTS 1,
F72. 10,11 THLHEHER7ZEBY, ATFA My A0,/ ET VU —/LERAKRA
T AL A VT AR D 2 RO T VR L 12- T EBHRT V1 S F
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& DR2R2IMERACEIEDS @b ALiE /= o F AR CTH#ATT 5 =
EHIE LTS,

B YT AL O BB EIRSERMEBLE 2T v 2 3L 12- T EBT Y
71 G & DRI2RISINBRIEES b S STV D5, AN STV HELNL
TN a R E T )LROF S IRAT U BRREOTF o —= 1 7O
B ARFREOHWENNETHY ., M F o FARIRELHEDL LD JITE
VTN B o 72 10,

L7z o TEHFIL, @EOBIGHEOER & BIRMEOHIEO 2 SEMWNTE 54K
R A VT, O b 12-TEBERRT L7 v & OARF [2+202) IR
DB A BIE LT,

3 EBABSEAMEEAZ T LR 251 L T 1 F L DRFE[2+2+2]
SNBSS DG R~ D IS

13- 7~ DV NI RREED TR EDSE I EREEHOE KT H
K720 9 HEEREMKTH S 18, Hl21E, Eichberg & Vollhart 1% 2000 4, =
PNV RERE W T LR 2 b A v K= b & ORI INERALGIZ &
STENFZ2BA T 7o~ a0 MERESKRTPRELE L, 2 B
U & =— 3O EARUITEREI L T D (K 16)13

NHAc NHAc

acetylene Q
CpCo(C,H
N\ \\ pCo(CzHy)2 - O ~CoCp
N

THF, 0 °C, 45 min N H/

(0]
8 steps \
-

— 5T, Rl L ST, BERESRIEAMEL RN T AR 2 1T
NI o1 G OARFR22INBRALEOG I, mRF 2> — B T, &f
JETAHXT N3 7 anF VU RBGHIENTEDH, TIVE T, KAFEI
ToTthEonEFILY 7 a~F oo Z2HNTEEIEREBLFRRIE
HANInT&ER, LN, ZhooEic oW\ TlEli4 5,

46% yield (16)

(x)-Strychnine
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SEH 51X 2007 F2, K14 TR LEEAFRR2L2)INBRIL IS L - TH B
XTI 13-v 7 a~dh U Ak L, BEAlE LT CAN 2/EH S5 2 &
THKRFACDHEIT L, X T 5 RS ERS BN R RIGRICTHE LN
L2 EEHRELTHDE 17),

Ph Ph
MeO2G CAN (2.5 equiv) MeO2G
> (17)
MeOZC CH2C|2, rt, 20 h MeOZC
COQMG COzMe
91% ee 96% yield, 90% ee

FREENFBET HHEETH, 10 TR LI ARFR2A2M B LS &
STHELNEF TN 13-v 7 a~F oz iox L BRI E LT @b~ b
CEHAWD Z LT, AR RIS T L, IS T D ZEBRAS NG oD 2
EEHELTHAE 18)12 I 61T, BN LEMHR BTk L TBAF 21E
MEEDH LT, 1234-UEHRS B DOAKITHRII L TS,

0
Me3Si \\J N,Me MnO, (10 equiv) Me;Si N,Me
l\‘/le tol refl > I\l/le
ux
+-BuO,C Me T +-BuO,C Me
CO,t-Bu CO,t-Bu
>99% ee TBAF (1 equiv) 87% yield
(18)
0 THF, rt, 1 h
M
I}l e
Me
t-BuO,C Me
CO,t-Bu
96% yield

Lol b\thD’E?ﬁ%f)%%%Kiofﬁ%%hkxﬁmyﬁqﬁu ITHALTER
. TNEAMTIEM LIZICH EIEE 220, LITIC, BERICL > THEbLH
TeARF L2 5L & U7 A b2 r s ) 2 Hs L“Cb\éﬁ'ﬂ:ob VTR D,

EFOFTBRT HDHIEETIX 2011 4, B F A4 PEr P v A1)/ (R)-Segphos F 7=
IX(R)-BINAP $ERfIEAFIE T, YA &7 2 FAEE 1,5-V =2 L Oy FRIAK
[2+2+2]H BV St 43 N Diels-Alder 5SS EIT L, mVMbB2E &,/ =
VI ABRRECTERAULAD D EOND Z E2HEL TV D E 19, AR T
PR TH DX TNV 13- 7 unFd U UREMNER LT T A
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REZELN D Z L 2R LT, &R S SOERAF T OLEMEL TV D,

I’3n
RS N
RZRX 0
R\ R®
(_ R R* _ -
up to 96% yield R6_ R’
up to 97% ee R2Q
r.s. =>95:5 R N\
(ligand = (R)-Segphos) C 1R% Bn
3
= R? R® ) R
R1/ >_/ 5-10mol % L i
a Bn—N [Rh COd ]BF4/
. ligand
' . =2=O H2C|2 rt (19)
x 1-24 h B 7]

8;%
=
=
Y
IS
o
23
%\”/JJ
3

4= 7=H R1

up to 82% yield

up to >99% ee

r.s. =>99:1

(ligand = (R)-BINAP)

FEEOHBET AR TIE, K 11 TR LIEARF R MBS
THEOLNTEXF TNV 13- 7 a4zt L, El/\?ﬂﬁrf’?%ﬂﬂb\fdkf’?
{%%ﬁu)im ZEoT, HnTLHEBOPLAFEZAT L7 a~FEUOBHELI
HZEERELTHDE 2008, &nic, X0 IR LS TELNZF T L
13- 7 AP qxt L, TBAFICE D Y AF L U VEEDORBRH#ED D
BRIV AHFHRFEHWTKREBRNESIZE > T, 707 ma~Flo
EFRET L2 LRI LTV AR 212, WO Y | STARREE D /NS )

}
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2O RRICIETCAEITL TR, B—DO YT AT LAY =" o T0n5

0
. Pd/C .
Me3S| W J\N H2 (1 atm) Me3S|/,’ \\J N
l s l
Ph Ph
t-BuO,C MeOH, rt, 24 h t-BuO,C (20)
COzt-BU COzt—BU
67% yield
single diastereomer
0 0
Me;Si vJ NM€  TBAF (1 equiv) N-Me
Me > Me
t-BuO,C Me THF, 1t, 1h tBu0,C~ Y~ "Me
CO,t-Bu CO,t-Bu
Pd/C 72% yield
H, (1 atm)
MeOH, rt, 15 min 21)
0
_Me
joe
Me
tBu0,C” Y~ "Me
CO,t-Bu
60% yield
é%u\ﬁ%nt%7wl3/7mméﬁ/i/ ZxF L, /7DD%&//K
BVRIEESREIZ BV T m-CPBA ZEHEE 52 LT, EFEET VT Ui ﬂ

ﬁ‘éi‘fﬁ% UMb/ AR X VERORERZE D KO, 5 %V‘J77 kAR
T, 2TV M ZHEH—-ODPT AT L A—L L THELIZ LT &%LTV
% (2 22)13,

. m-CPBA
MesSi “J N (3 equiv)
Ph
t-BuO,C CH,Clo/H,0 (22)
CO,t-Bu 0°Ctort, 24 h CO,t-Bu

47% yield
single diastereomer

PLED X 51z, BBA RS Z AW o R R22) IR LSO L - T
BONTEXFTIN 13- 7 a~FH I OEBAEFERZRIEHITO L DhHids S
MTWéﬁ WEF DD RERNTH D, FRT, 1,2- BEHERR T V7 U Hsk

TRAF TNV ATV 0t FOARFIREZTLEENIEA LT
b\ééﬁ%ﬁ?ﬂ@&ﬁﬁﬁiﬁ%%é%v(wﬁwy
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4 VA UVEBRIRT NN UL DARFRVRVINBLK SR L 5 LB
1557 DAFE B AL

ZITEHFI AN E > THELONE T BRBAXF T L 13-V 7 a~nFHh oo
TX TNV R TFTFREROXF TN I a T b0 ole, T AVERERSTO=
T F AR AR T 28R E b LB 2T,

Thbb, V7 2= VG 1L7-VA v 12-EBEBRBIRT VDR
221 IEBRALBUSIC K > TH LN ZEAF TV 1,3-v 7 manFHhoz |z
L, VT4 EDOTT AT LU ARIRA Diels-Alder [/HIZ L > TV KR
NU LU EBIZOBLIZ, V7 andt oz FHEFE T 52 LIk - T, R
THRILEF TN R TTEUEAFAHRTE DO TR WD & B % 72 (Scheme
2), S HITARBEIEICIHNT, Hnb YA v 12-CEBERIR T vy /v
J 7 A NVORBEDRIZE ST, 2725 3 MEOREFREA TS o LIEX 7
WRYTFEUVOREGHROER TEDRREENRH D, -, FERIHT A > LI
KR 1,2- EWBRIR T N ST — A L TRES LTe TR W T ffiE s &
N T F A ERAY R 222 INBRA LSO IZ K > T, F 7 ARREER S 215
DBz, v andH U oy E EER LT UL ZEREGEBRRILKFE
PAH)Z AT X700 77 VERFERTELOTIEHRWW N EE X
(Scheme 2),

N TTFRoRv I mT 7 e Folc FREES I, sp? IBAURFEIT L0 K
SNTZIRFBERGICH KT DMIE S0, n B OIEREMEICH KT 20E TRt %
ATHZ b, 5 FE—F—REDEBLTHEC, AL hrn=7 X ¥
BIEFFA~DICHR IR ST\ D, G 2 HREEMEM Bl 3 L OOCE 8 &
LTHWAHEE LTI, 1) Ot 0BHENE W OWEOHIFEINE S T
b5D.2) ZMEND LT, RIENES TH D, 3) b EliTmtEomnad
TR LW Bl OBREFRMTH D, LWV o ARl BT o b, FF
(2. & TR A S B/ Sy F-1%. 2 E TIT AW BT oy 7 B REME o 6o 45
MEBR SN TWDILEWTH Y | T, ZOERIERTE, W BEREAIFRE 23
BTSN TWD P, Lo T AT F o FAY—2RINICH D Z
EDTEDARAFAIEDRREIL., MERFOBENOEETHDLEF XD,

AT, NI TFRrooFrFARRNAKIT 1 flHRESATHDEH0
D, TOEEHBVERBERIRIFPRETCHY X, PAH 26757077 DT
T U TFABIRERIZ N E THRED o7, LER>TEEFIL. ZNH0F
TIWVEBBE T REGKRT 2 ETOH LWTFEREZRT 2O, 70 1,3-v
Jua~ U rftERE Lo o F ARG E RS T52 & & L
776
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~

chiral Enantioselective
+ [2+2+2]
Rh(l)” catalyst Cycloaddition
4 )
4
g Gz L
B S —_—
Diastereo- ' FK Oxidative
selective @ R2 \% Aron]a-
Diels-Alder | %, A tization
Rection Tl o
— J PAH-based Chiral Cyclophane

L» 8

Oxidative / X

Aromatization ArS
R2 Y

n-Extended Chiral Triptycene
Scheme 2. The concept of the enantioselective synthesis of n-extended chiral triptycenes

and PAH-based chiral cyclophanes
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5 KiEwSLOWE

AL, Ta D0 DA 2 W22 A v EBRIRT VA v & DARFF[242+2]
FMERACEOS DA% & X T WV EFE S T AR~ EE L, FFiad L O,
fEmm TR S T\ D,

AL A S o TRBY 1 ey AR WD A o & BRR
TN E DRG] Tk, Hnba o1 b 1,2- @E#ERR 7 L
T OXFREIZER L, LFO XI5 L T, ARSI &Gt LT,

F1FE YA v EIERFRBRIR T VA v & ORP22INERALEE ] TiE,
TFX VRIS ERE AT T AU b T v BICIER R E AL
EET D 12- EBERIRT AV U ERAWT, 292921 IBRIL RS DR 21T -
7o Thbb, FH1H YA LRk ) — o —T7 L & OR2-2+2]fFINER
b/ BEFACIS) TiE, BRI T v L TRIRE ) — 2 —T V%
W TRRET & 1T - 72(X 23),

—_— o ~ chiral
J—R 27N Rh(l)* catalyst
Z + | :l
\ — NN J
X p— R \v/
n_
R R (23)
PA WO 27 X HO 27~
% Wbt A o b
X /I,( s‘;z X ::’/
n- n-1
R R

Fo, F2H YA L 23-Pe Kury o /ATy 12-P8 R
THEVY SR TR L DORF RIS Tk, R sk
TNl L TC23-Ve Ry /ATy 12-e Rar 2Ly /Ry
TN T TR 24T - 72(2 24),

= 7 A
X R \..-/ chiral Rh(l)" catalyst X wll
7 N > 7 b 24)
\ \, "
X——r Y X Y
R

923 [FERHT A v LERFBBRIRT V7 v & ORPR2D2INBRALE ST Tl
TRV REHIIERM PR BRI E T H UM v b T v BICH R E
EET D 12- EBRERIRT VT U ERWCT, 221 INBRIL RS ORRE AT o
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7o Tbb, 16 oA v e r7uaT7 A r v BIOTF7F L0 b
DARFRA2-21 MBS Tl R vt Ly rarnvry
BLOT BT T7F L2 HWTHRE 21T 2 72(51 25),

R1
’X W
@)n Z, >)n
X "
X——R' chiral R?
/ Rh(1)*
Z\X — R2 % R1 (25)
(Y Z
= NG
W, S
Fio, B2H FETA LT T MR v EoRRRIINERIL, S EEA

Bt Tk, SRR 7 v L LTH 7 bR v E W TR EIT - 72X
26).

o)
=R l‘m‘iﬂm Rh(l)* catalyst
Z + ’I >
X——=r2 ~

o)

(26)

R? O R? O
53 BT A o L IERIFRERAR T Vo 2 & D242+ 2 INBRAL B ) Tl
TLx VAREICIET R BRI AT o VA b IR T Vb L
TA VT /122 e RaF 72 Ly /Ry T2 TRat a1t o7z
(=X 27),
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\\“

l,(

‘\\O
"'l chiral
Rh(1)*

catalyst chiral

Rh(l)*

X

catalyst (27)
m ﬁ%

28 IRF 22 INBRA VS 8 L 35 % T NV ERE A R~DI A )
ﬁ\%1%QT%%Ltiﬁm%mHMﬁmﬁm%%kbf\%7»%)7
FELrBIORXFT LI 0 T 7 o ORFEREKRS LT,

H1E TR 3HEOILE « RREBTHEALF IV TFF D
REFER] T, [P A L 12-P a7 % L& ORFER2-2) R
BRI PT AT L AR Diels-Alder St/ FRALAI S F RGOS 288 L LT,
B2 3O g JERX TV Y T F v ORFEME KRR L7 28),

Me
chiral o
+ Rh(l)" catalyst
. . » 'I[
Enantioselective 4
[2+2+2] Me
Cycloaddition
Diastereo-
I selective
Diels-Alder

reaction (28)

0. (.,

> el Y
0 7 ‘QQ Argmgtization 0‘ ‘ H

F2EI BB FHERILKZBCAR)ZATDHX T /07 a7 7 ORFAK]
T, FERHR A v RV TARVEDMNBEB LN F v F RN 7
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222 NERALBOS S Z gt & U T ZRASFBRRIKFPADZET HF 7
a7y ORFE K E R LK 29),

[Rh(cod),]BF 4/
(R)-xyl-Segphos
catalyst
Regio- &
Enantioselective
[2+2+2]
Cycloaddition

Oxidative
Aromatization
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B Ie oy LMtz AW A v EBRIRT Vv & DRI ]

K TIE, pFA ey A0,/ E7 UV —/LERRRAT ¢ e R4 H
WTOA v EBRIRT VA v & DARFF[2+42-402 B AL s 00 £ i FH & H o 4158
ZHIEL., ao0-UA & 1,2- @RI T V7 o O IR LT, BRI
Bt E=1T o7,

1 E IR A v L IERFRERR T L v & DR+2+2) A INBRAL S |

B WA v eIk ) — L —F L L o2 InERAL, S LR
Jin)

ARETIE, 7T VRIS REIRE LG T 501 v & T v BICIER
R7p @225 1,2- EBRERIRT V7 & VT, REF[222)NBR(bX
JEDRERTEAT 2 T2,

B A B SERIIE 2 DTSR A o & RS 1,2- EHBRIR T L 1 4y
T L ORPRIBRLEOE S L LT, Bk — o —T v & W3
HIF oD EN S 2006 2, FiEDA U 2T A1), dppe SEAAMEAETE T,
1,6-P A vk 23-Tk Ru 75 & DR22 B RSIT#E < BEBEC S
DU Ry MITHITL 122 SR 2R DT v a— L& BAIFRIUERIC
THZ25Za@MELTWHENLLD"E, AESIE, 1,6- A & 23-U Fr >
F v L DRP2RDRITINBALRISE N EIT LT 13- 7 o~ o U N ER LEZD
B, FEBRCKISNETLIZEEZBND, L, RBIGICIEKIEE £
23-Vt Ra 7L 60 FEDONMBGENLETH - 1=,
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Me
J— 2 mol % [Ir(cod)Cl],

Z,—_ Me . II/\O> 4 mol % dppe > 7

\N—=—Me THF, 60 °C, 22 h OH
Me

Z = C(COyMe), (50 equiv) 97% yield

— - (1.1.1)
Me A

Me

£, FEEOFET HHFEE T, 2009 FI2HF A M P A1), BINAP
PEMRAIEAFIE T, 1,6-V 4 v & 23-VE Ru-14-UA4F 2 0 L oR+2121 Bk
FOSIZHE BFRALFOSHNERIC T Ry b T BEFRNERICTHEITT S 2
EEHRELTHAEC1.1.2)13,

5 mol % Me
[Rh(cod),]BF 4/
7 - E j BINAP .
* Z
————Me o CH,Cly, tt, 3 h ~OoH (1.1.2)
Me
Z= C(CO2M8)2 (§ eguiV) 67% yleld

ZOEIICER ) — =T NVITERBRE R RMBE WA D
221 IERALEOS IR Lim W RIS E 2 R~ 2 & 3D, LinL, mED 2
il wﬁh%ﬁﬂ/4/1m®&®ﬁﬂbﬂﬁofk%¢\7»%/$%@E
POLPLRAEE 0 08 M E T BB DWW CEEMI R R EHIA T D Au TV 722y,

ZZTCARETIZ, BT A oMEr Yy AOEERMBAFE T, SESERAHTA
vERKRT ) — v —T )L L ORI LSOSIZOWNWTRFTT 52 & & L
7=(z0 1.1.3),

/ —R = .’:’\,\ Rh(1)* catalyst
Z + I "
\ — NN p
X — R \VI
n-
R R (1.1.3)
/X ‘\\O :’?\\ /X HO :'?\h
Z S A Y
X ’/4(’]\‘;;) \X \‘;a)
n-1 n-1
R R
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1—2 RGOk

FPRE L L TERBHDICa VY ATV TIVF BRI A TV A
BT D0 1,6- 1 > 1a L 23-U R 77 Qa)z Huv, it & U CHATaISE
ThHEIRT ) — V= —7 L OR2+2R2)MEREROSEE 1.1.2)" (T3 T fih
BEME 2R Uiz T4 e ¥ 0 A1),/ BINAP $51K(5 mol %)% W T, itz
1To7, OSMZEEL T, 1a ®HC &b X O =8 b 23 5 72 012/ 5
B0 2aQ2.2 Y&E)E A\, TORER. BRO 221 INBRACEE D A 3T L
7 13-v7 AUz daa 3G oNT, TSR FEBRILKSE L OET
T2T7 N a— kT 52 k57X —NAREANT Ry M O=EIETIZT
AT L., (T 2EMEDORERDILT L a2 — LEEK 4aa & % D THF {4:#
& Saa 23 =R T B L7 (Table 1.1.1, entry 1),

BINAP WAL RIZBW T HITHDLZ ERDhoT2DT, EEIFERE
AR AT 4 EAMEF(Figure 1.1.1)% H W TR 24T > 72, Hs-BINAP <° Segphos.
BIPHEP & W72 BT U — /LB RR AT 4 VENAZ2 AN T S, AR RS
DAL ERIZ CTHETT L 7= (Table 1.1.1, entries 2-4), £72. ZALH OEMLT LV BT
Fefg DR Z N dppf X° dppb Z W T & NEROIK FII R 57223 BAF R INERIT T
H B9 D SUG 2347 L 7= (Table 1.1.1, entries 5 and 6), SO ECNLSE A /N S0 dppp
RF S RAT 4 VBNLFTo D PPhs & W2 & E 12X, BB OULEN K E <
i L 7=(Table 1.1.1, entries 7 and 8),

PLEDOFERNG, 13- 7 a~FHP T 3aa %Eﬂéﬁ%@ﬂh%*ﬁﬂ"c
ATz enTs 7275)0 7275, BINAP 78 4aa & Saa DI L OVE DOIRME|
BWTERORE G 2122056, entry 1 2SI E L TRIZ a,0- /4 >
OEEE A ORI 21To Z & & L,
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Table 1.1.1. Optimization of reaction conditions for rhodium-catalyzed [2+2+2]
cycloaddition—aromatization of 1,6-diyne 1a with 2,3-dihydrofuran (2a)./

5 mol %
— [Rh(cod),]BF4/
[/ — Me O, ligand
Z + IT\) >
e CH,Cly, 1t, 1h
1a 2a
Z = C(CO,Me), (2.2 equiv)
Me Me Me
wO,
SONTE . o
o OH 0”0
Me Me Me
3aa 4aa 5aa
entry ligand conv (%) yield (%) (3aa/4aa/5aa)®
1 BINAP 100 96 (0:6:94)
2 Hg-BINAP 100 97 (0:32:68)
3 Segphos 100 97 (0:19:81)
4 BIPHEP 100 94 (0:11:89)
5 dppf 100 81 (0:2:98)
6 dppb 100 86 (0:10:90)
7° dppp 54 42 (0:12:88)
8 2PPh, 100 12 (0:1:>99)

¢ [Rh(cod)2]BF4 (0.010 mmol), ligand (0.010 mmol), 1a (0.20 mmol), 2a (0.44 mmol),
and CH>Cl, (2.0 mL) were used. * The combined isolated yield of 3aa, 4aa, and 5aa is
shown, but 4aa and 5aa were isolated separately [Rh(nbd)z |BF4 was used.

PPh, PPh, PPh, PPh,
i i PPh, I i PPh, PPh, l PPh,

BINAP Hg-BINAP Segphos BIPHEP
a,Pth
] PPh; PPh,
Fe <:
dppf dppb dppp

Figure 1.1.1. Structures of bisphosphine ligands.
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-3 MEEBEEORAO: P>

L LSO T, SE8ER 1L,6-A4 v 2 AW CHEEA#MHEOMZ L
72(Table 1.1.2), 1,6-2 A > 1la DT, ZEREHTITEA(T = =V AL R =)L) A X
VL 24-RUB TV F LV ERTSH 1,6- A4 (b, le) & S ¥ ED 23-VE Kr T T
Y (a)Z MW T B FAERZR USSR T, BAFRIGRICTEIT L, IS 5 AREN
V9w7w3~w%%¢@m5m4mmmﬁ%W$’T%%mto V% ALTE S

SO EHIEE A TFIVENS 7 2= VI E 2T 1,6-4 > 1d ZHWTH ., Ak
ﬁﬁﬁﬂﬁﬂﬁﬂ¢_ AT L7z, L2 L, TS ViR F VIR EH 5
1,6-2 A > 1e ZHWD & [FIRRARROSIHRINERIC THEIT Lz, 7% Rl
EHEE 720 1,6-U A If WD & R 7 SOR DS B 72 IR I2 CTHETT
L7,

F 72, Thorpe-Ingold % 5 D72 F I LT I REBRZ—T VEED 1,6-3
A >(g, thzZ HWTY, [FEREZREOENEIT L, BHFRIERIC TR T 2 AT
VUIVT v 3 — LS (K (4ga/5ga, 4ha/Sha) M G H LT, L L., EfILA R I 7
WATF L UZRED 1,6-V A > 1 WD & AR NEE o 7o <EIT L7
-7z,

LLED L H1223-VE Fu 7T rQRa)zimfl&E(=2.2 4@Em)Hv o & ZIZIXTHF
RHEXNT-RER DTV a— LiEER § NEARY L& LTEP%;J“Z»%.—M
BIRME/S = 43:57-1>99) THR LiLTe, £lo. mWRICHEZ R LT
uyMVf%»gExcuxywmwnmmf&/%ﬁﬁéL@/4/amm)
23-VE RR 772D YELY 1.1 YERITKBIEDL L, BREORE Y
JLT IV 3 — ) (4aa, dba) N EERKY & L TELILT,

ZDEHIT, BFAFUME YT A1),/ BINAP SEAREAEAE T, 7% R
Il EE B (Me B8 LUV Ph, A AT 5 1,6-2 1 »(1a-le, 1g, 1h), E£721%
TR URIGICERILEH S 720 1,6-V A v If T 2921 ngR b 5 F ik
b/ REDT ARy R DIRMREETICTEITT 2 Z LB N E o T,
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Table 1.1.2. Rhodium-catalyzed [2+2+2] cycloaddition—aromatization of a,w-diynes 1
with 2,3-dihydrofuran (2a).“

5 mol %
—_ 1 [Rh(cod),]BF4/
Z/_— R |I:O> BINAP
+
= CH,Cly, rt
1 2a
(X equiv)

R1
7 RZ= H or p
(0]
OR? 4a 5a

R']

Me

MeC)zC

MeO,C OR?2
Me

X=1.1/99% yield
(4aa/5aa = 92:8) (1 h)
X =2.2/96% yield
(4aa/5aa = 6:94) (1 h)

Me

Ac

Ac OR?
Me

X =5/84% yield
(4ca/5ca = 17:83) (1 h)

Et

MeOZC

MeO,C OR?
Et

X =5/23% yield
(4ea/5ea = 43:57)" (16 h)

Me
PhO,S

PhO,S OR?
Me
X=1.1/46% vyield
(4ba/5ba = 91:9) (1 h)
X =5/95% yield
(4ba/5ba = 5:95) (16 h)
Ph

MeOzC

MeO,C OR?
Ph

X =5/79% yield
(4da/5da = 11:89) (16 h)

MeO,C OR?
X =5/68% yield
(4fa/5fa = 29:71) (16 h)



Me Me
TsN QO
OR? OR?
Me Me
X=5/72% yield X =5/53% yield
(4ga/5ga = 26:74) (1 h) (4ha/5ha = 1:>99) (16 h)
Me
OR?
Me

X =1.1/0% yield
(4ia/5ia) (1 h)

¢ [Rh(cod)2]BF4 (0.010 mmol), BINAP (0.010 mmol), 1 (0.20 mmol), 2a (0.22-1.00
mmol), and CH>Cl> (2.0 mL) were used. The cited yields are of the combined isolated
yield of 4 and 5, but 4 and 5 were isolated separately unless otherwise noted. ” 4ea was
isolated in a pure form, but Sea was isolated as a mixture with a dimer of le, generated
through the homo [2+2+2] cycloaddition.
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1—4 EEEAHAORNO: Bk /) — =T

WIT, B BB A XOBRT ) — LT —F L & DR22INBRAL K s D
MNEATol, TORE SBERED23-V R 77 Qa2 Th< 6 BEROD 34-
e RrbEZU2)EHWNWTH, WRIFIKTLEZELOD, 1,6- 12 1a &£D
[R2+2)FERAL, S E A RN T Ry M IOIRFR ST, TS 2
& Z L U7 (Scheme 1.1.6), 77206, 1.1 ¥&ED 34-k Fr ™7 2b)x H
W5 & BRRBIRMICTERARER DT L a— )LikEK 4ab O PFEE
DRI THELNTZ, LML, SYED2 Z2HNDE, EAKRERV VLTIV
o — LA ELK 4ab & Z DOIERER Sab 28 66:34 DL THE LN, 23-VE kT T
v(2a)a 2.2 MEHW & E(1TIE Saa 23 5E R 72 R TG H AL 72 23 (Table 1.1.2),
34-Uk FrbEZ @bz dfElEmHVTH, Sab NEARME L THELNRD-
TIRRE LTI, 7' % —/ARIZB T DRUGPEDS 2b DIE 9 8 2a L0 HIRWT
DTHDHEZEZLILD %,

5 mol %
_ [Rh(cod),]BF 4/
/TMe O. BINAP
7 +
=M @ CH,Cl,, rt
1a 2b
Z = C(COyMe), (X equiv)
Me Me
Z
z oH 0 °
Me Me U
4ab 5ab

X = 1.1/ 44% yield
(4ab/5ab = >99:1) (1 h)
X =5/62% yield
(4ab/5ab = 66:34) (16 h)

Scheme 1.1.6. Rhodium-catalyzed [2+2+2] cycloaddition-aromatization of 1,6-diyne 1a
with 3,4-dihydropyran (2b).

IHI2.23-VE Re7TQRa) kb n B RANIEELI-R Y 7T 2e)k
DIRER7R OS2 it L 72 (Scheme 1.1.7), L72> L HID SUSITETE T, 1,6-0A
Y1laOHC _BIbOBRDHEIT LI, ZOHBE L LT, XV 7T UdEEK
PEFLTWDD, TIAT il DORIEME T Liclediz B2 6 b,

33



5 mol %
—_— [Rh(COd)z]BF4/

/— Me Q BINAP
Z + | o
N——Me CH,Cls, rt, 16 h

4ac Sac
0% yield

Scheme 1.1.7. Rhodium-catalyzed [2+2+2] cycloaddition-aromatization of 1,6-diyne 1a

with benzofuran (2c¢).
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1—=5  JUGPED

FOGHED D 7=012, 2,3-Vk Kr 7T Qa)é DEMEKTHD 2,5-V K
077 2d)E ORR22INERLE S %2 RERZ S % BV THET L 7= (Table
1.1.3), TR, 2d Z 1.1 YEH VD L, VA v 1a L OHPORISITHET L2
N, XIET D7 ot U UFHEROIEIT 23-U R 7 7 Qa)x Hn
72 & ENTH AR BIRYIZIR T L7 (Table 1.1.3, 3ad / 48% yield vs. Table 1.1.2,
4aa+5aa / 99% yield)®, UHRK T OJHKE & LTI, 259&Pm7§yam12&
e RrT7TrQRa)k LT ATy BICRENRL, & BTN LR
ERxbD, EHIT, TF R Fﬂ?viy/vﬂtﬁﬂzﬁg%‘:ﬁﬂ“é A j
b, ARUSMZHEAFRETH 72, F£72. 25-PE K77 0 Qd)DYES 5 4&E
W5 LR BN R BT,

Table 1.1.3. Rhodium-catalyzed [2+2+2] cycloaddition of 1,6-diynes 1 with 2,5-
dihydrofuran (2d).*

5 mol % R
— [Rh(COd)z]BF4/
Z/_ — R E BINAP -\
+ o} > 7
——R CH,Cly, rt, 1h 4
R
1 2d 3d
(X equiv)
CO,Et
Me02 \\\\\ Me02 \\\\\
e wns”
MeO,C ”’ MeO,C i
CO,Et
3ad / 48% yleldb =1.1) 3jd / 55% yield (X = 1.1)
51% vyield® (X = 5) 84% vyield (X = 5)

“ [Rh(cod)2]BF4 (0.010 mmol), BINAP (0.010 mmol), 1 (0.20 mmol), 2d (0.22-1.00
mmol), and CH2Clz (2.0 mL) were used. The cited yields are of the isolated yield, unless
otherwise noted. ? 3ad could not be isolated in a pure form due to its instability. The cited

yields are NMR yields using dimethyl terephthalate as an internal standard.

XHZ,23-VE Rr 77 Q2a)k 2,5-UE Ku 77 Q2d)a AVi=saItiic
£V, 2a kL 2d EOBERSISMEDZENI 602 E 7257 (Scheme 1.1.8), 772
[FIRR72 ST, 2a & 2d @ 111 DIREME 1,6- 14 2 1a EDRISIZE D | &I
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3T 4aa, Saa N5 H T,

5 mol %
[Rh(cod),]BF4/

/— Me Q BINAP
Z + |l + || o
N———\e CH,Cly, 1t, 1 h

1a 2a 2d
Z=C(CO,Me), (1.1equiv) (1.1 equiv)

Me Me Me
w
z + Z D +  Z \O
OH 0”0 nd
Me Me Me
4aa 5aa 3ad / 0 % yield

80% vield (4aa/5aa = 71:29)

Scheme 1.1.8. Competition experiment between 2,3-dihydrofuran (2a) and 2,5-
dihydrofuran (2d).
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1—6 £&®

AETIE, MR o,0-0A » EIFAHEIRT VT THLBERT ) —ro—F
e DRIV S O 21T o 72, EORER, B F Ao MEr 7 A1)
/' BINAP $ERAEAFE T, 7 /L% v WK B -4t 5-1E K (Me, Ph, EZHT 5
1,6-2 A . FETIIT AR URBICERKEZAEI RN 1,6- 14 & 23-Uk RR
77 v & DRI2RTINERAL T EEAL REN T ARy ROl ST
THEIT L. Mo ARER DT L a— LiFERE L OE O THF (R# KN R
RPN TR Z Ex R LT,

Fo, SEBRD23-UE R 77 U TRS, 6 BERO 34-UE KT v
ZHWTHREERRSME T, 221 8RA &R, RENEIT L, ST
HERARER DT V3 —)LiFERE XLV O THF (RERD BAF 72N T
BondZ EERHE LR,

S DITARMBERIT, 23-P 77 U ORMEKTHD 25-Pe krT7 Tk
1,6-2 A > L ORISR LIS L CHEHRIBETH D  xfsT 5> 71
ANEY VT UFEREEZH R R L, £ ZORFHTINA T, 2,3-V
E R 77 0oB8L025-P Ru 7T o2 HWEBSEREZITH 2 & T, Rl
RIZBITD 23-C K77 0 ORISHEN 2,5-P keI k0 Enz &%
B &Mz LTz,
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Experimental Section

1. General

Anhydrous CH>Cl> (No. 27, 099-7) was obtained from Aldrich and used as received.
1,6-diynes 1a’, 1b%, 1¢%, 1d°, 1e'°, 1", 1g'2, 1h"3, 1i'¥, and 1j'° were prepared according
to procedures reported in the literature. [Rh(cod)2]BF4 was obtained from Umicore AG.
Hs-BINAP and Segphos were obtained from Takasago International Corporation. All
other reagents were obtained from commercial sources and used as received. 'H and '*C
NMR data were collected on a JEOL AL-300 (300 MHz), JEOL Model ECP-400, a
Bruker AVANCE III HD 400 (400 MHz) and a JEOL JNM-ECA500 (500 MHz) at
ambient temperature. HRMS data were obtained on a Bruker micrOTOF Focus II. All
reactions were carried out under an atmosphere of argon in oven-dried glassware with

magnetic stirring.

I1. Rhodium-Catalyzed [2+2+2] Cycloaddition-Aromatization of a,w-Diynes 1 with
2,3-Dihydrofuran (2a)

Representative Procedure for rhodium-catalyzed [2+2+2] cycloaddition-
aromatization of a,®-diynes 1 with 2,3-dihydrofuran (2a) (Table 1.1.1, entry 1, 4aa
and 5aa): BINAP (6.2 mg, 0.010 mmol) and [Rh(cod)>]BF4 (4.1 mg, 0.010 mmol) were
dissolved in CH2Cl2 (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 solution was concentrated to dryness and dissolved in CH2Cl> (0.5 mL). To this
solution was added a CH>Cl> (1.5 mL) solution of 1a (47.3 mg, 0.200 mmol) and 2a (30.8
mg, 0.440 mmol) at room temperature. The mixture was stirred at room temperature for
1 h. The resulting mixture was concentrated and purified on a preparative TLC (n-
hexane/EtOAc/MeOH = 4:1:0.5), which furnished 4aa (3.6 mg, 0.0118 mmol, 6% yield)
and 5aa (70.1 mg, 0.186 mmol, 90% yield).
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Dimethyl 5-(2-hydroxyethyl)-4,7-dimethyl-1,3-dihydro-2H-indene-2,2-dicarbo-
xylate (4aa, Table 1.1.1, entry 1)
Me
MeO,C,

MeO,C OH
Me
3.6 mg, 6% yield, White solid; Mp 104.0-105.0 °C; 'H NMR (CDCls, 300 MHz) ¢
6.83 (s, 1H), 3.84-3.74 (m, 2H), 3.76 (s, 6H), 3.56 (s, 2H), 3.52 (s, 2H), 2.84 (t, /= 6.8
Hz 2H), 2.20 (s, 3H), 2.19 (s, 3H), 1.39 (br, 1H); '3C NMR (CDCls, 125 MHz) § 172.5,
139.4, 136.9, 135.2, 130.8, 130.0, 129.4, 63.0, 59.5, 53.1, 40.3, 39.7, 36.3, 18.7, 15.4.;
HRMS (ESI) calcd for Ci7H220sNa [M+Na]* 329.1359, found 329.1370.

Dimethyl 4,7-dimethyl-5-{2-[(tetrahydrofuran-2-yl)oxy]ethyl} c -1,3-dihydro-2H-
indene-2,2-dicarboxylate (5aa, Table 1.1.1, entry 1)
Me

MeO,C
MeO,C OJ:O>
Me
70.1 mg, 90% yield, Colorless oil; 'TH NMR (CDCls, 500 MHz) & 6.83 (s, 1H), 5.13
(dd, J=4.2, 1.8 Hz, 1H), 3.90-3.69 (m, 3H), 3.75 (s, 6H), 3.58-3.45 (m, 1H), 3.55 (s,
2H), 3.51 (s, 2H), 2.83 (t, J = 7.7 Hz, 2H), 2.18 (s, 6H), 2.07-1.74 (m, 4H); *C NMR
(CDCls, 125 MHz) 6 172.5, 139.0, 136.5, 135.8, 130.6, 129.7, 129.4, 103.9, 67.4, 67.0,

59.6, 53.1, 40.3, 39.7, 33.5, 32.5, 23.6, 18.7, 15.4; HRMS (ESI) calcd for C1HasO6Na
[M+Na]* 399.1778, found 399.1778..

2-[4,7-Dimethyl-2,2-bis(phenylsulfonyl)-2,3-dihydro-1H-inden-5-yl]ethan-1-ol
(4ba, Table 1.1.2)
Me
PhO,S

PhO,S OH
Me
4.8 mg, 5% yield, White solid; Mp 165.0-166.0 °C; '"H NMR (CDCls, 400 MHz) ¢
7.93-7.91 (m, 4H), 7.59-7.55 (m, 2H), 7.44 (t, J= 8.2 Hz, 4H), 6.58 (s, 1H), 3.83 (s, 2H),
3.82 (s, 2H), 3.65-3.61 (m, 2H), 2.69 (t, J= 6.8 Hz, 2H), 2.02 (s, 3H), 1.98 (s, 3H), 1.22
(br, 1H); '*C NMR (CDCls, 100 MHz) § 137.6, 137.2, 135.7, 135.1, 134.6, 130.5, 130.4,
130.3, 128.9, 128.7, 92.5, 62.8, 38.2, 37.6, 36.1, 18.5, 15.2; HRMS (ESI) calcd for
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C2sH2605S:Na [M+Na]” 493.1114, found 493.1136.

2-{2-[4,7-Dimethyl-2,2-bis(phenylsulfonyl)-2,3-dihydro-1H-inden-5-yl]ethoxy)}-
tetrahydrofuran (Sba, Table 1.1.2)
Me
PhO,S

PhO,S ofo>

Me
98.8 mg, 90% yield, White solid; Mp 125.0-127.0 °C; '"H NMR (CDCl3, 400 MHz) ¢

7.92-7.90 (m, 4H), 7.55 (t, J = 7.5 Hz, 2H), 7.43 (t, J = 7.5 Hz, 4H), 6.58 (s, 1H), 5.10
(d, J=4.3 Hz, 1H), 3.88-3.85 (m, 2H), 3.82 (s, 2H), 3.80 (s, 2H), 3.62 (dt, J=9.2, 8.2
Hz, 1H), 3.36 (dt,J=9.2, 8.2 Hz, 1H), 2.67 (t,J = 7.3 Hz, 2H), 1.99 (s, 3H), 1.98 (s, 3H),
1.95-1.79 (m, 4H); *C NMR (CDCls, 100 MHz) § 137.2, 137.1, 136.3, 134.7, 134.5,
130.4, 130.2, 130.1, 128.8, 128.6, 104.0, 92.5, 67.4, 67.1, 38.2, 37.6, 33.4, 32.5, 23.6,
18.4, 15.2; HRMS (ESI) caled for C20H3206S2Na [M+Na]* 563.1533, found 563.1547.

1,1'-[5-(2-Hydroxyethyl)-4,7-dimethyl-2,3-dihydro-1H-indene-2,2-diyl]bis(ethan-
1-one) (4ca, Table 1.1.2)
Me
Ac

Ac OH
Me
7.7 mg, 14% yield, Colorless oil; 'TH NMR (CDCls, 400 MHz) 6 6.82 (s, 1H), 3.80—

3.75 (m, 2H), 3.44 (s, 2H), 3.41 (s, 2H), 2.84 (t, J = 6.8 Hz, 2H), 2.21 (s, 3H), 2.20 (s,
3H), 2.19 (s, 6H), 1.49 (br, 1H); 3C NMR (CDCls, 100 MHz) § 205.0, 139.3, 136.8, 135.4,
131.1, 130.1, 129.7, 74.2, 63.0, 37.3, 36.7, 36.3, 26.6, 18.7, 15.4; HRMS (ES]I) calcd for
C17H2,03Na [M+Na]" 297.1461, found 297.1467.

1,1'-(4,7-Dimethyl-5-{2-[(tetrahydrofuran-2-yl)oxy]ethyl}-2,3-dihydro-1H-indene
-2,2-diyl)bis(ethan-1-one) (5ca, Table 1.1.2)
Me
Ac

L

Ac O
Me
47.9 mg, 70% yield, Colorless oil; 'H NMR (CDCls, 400 MHz) ¢ 6.83 (s, 1H), 5.12

(dd, J=2.5, 1.9 Hz, 1H), 3.86-3.83 (m, 2H), 3.78 (dt, J= 9.7, 7.7 Hz, 1H), 3.52 (dt, J =
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9.7,7.7 Hz, 1H), 3.44 (s, 2H), 3.40 (s, 2H), 2.82 (t, /= 7.2 Hz, 2H), 2.20 (s, 3H), 2.18 (s,
3H),2.01-1.78 (m, 4H); 3C NMR (CDCls, 100 MHz) § 205.2, 138.9, 136.4, 136.0, 130.8,
129.8, 129.5,103.9, 74.0, 67.4, 67.0,37.3, 36.7, 33.5, 32.4, 26.6, 23.6, 18.7, 15.3; HRMS
(ESI) caled for C21H2304Na [M+Na]" 367.1880, found 367.1892.

Dimethyl 5-(2-hydroxyethyl)-4,7-diphenyl-1,3-dihydro-2 H-indene-2,2-dicarboxy-
late (4da, Table 1.1.2)
Ph
MeO,C

MeO,C OH
Ph
7.5 mg, 9% yield, Pale brown oil; 'H NMR (CDCls, 400 MHz) 6 7.50-7.43 (m, 6H),

7.39-7.34 (m, 2H), 7.27-7.24 (m, 2H), 7.21 (s, 1H), 3.70 (s, 2H), 3.68 (s, 6H), 3.65-3.63
(m, 2H), 3.31 (s, 2H), 2.76 (t, J= 6.8 Hz, 2H), 1.25 (br, 1H); 13C NMR (CDCls, 100 MHz)
0172.1,140.5,140.3, 139.4, 138.0, 137.5, 135.7, 135.6, 129.5, 129.2, 128.7, 128.6, 128.5,
127.4,63.5,60.2, 53.0, 40.7, 36.3; HRMS (ESI) calcd for C27Ha60sNa [M+Na]" 453.1672,
found 453.1686.

Dimethyl 4,7-diphenyl-5-{2-[(tetrahydrofuran-2-yl)oxy|ethyl}-1,3-dihydro-2 H-in-
dene-2,2-dicarboxylate (5da, Table 1.1.2)
Ph
MeO,GC

MeO,C OJ:O>

Ph
69.7 mg, 70% yield, Pale yellow oil; '"H NMR (CDCls, 400 MHz) 6 7.49-7.41 (m, 6H),

7.37-7.32 (m, 2H), 7.27-7.24 (m, 2H), 7.22 (s, 1H), 4.97 (dd, J= 2.4, 1.5 Hz, 1H), 3.76—
3.68 (m, 3H), 3.70 (s, 2H), 3.67 (s, 3H), 3.66 (s, 3H), 3.45 (dt, J= 14.2, 7.2 Hz, 1H), 3.32
(s, 2H), 2.73 (t,J = 7.3 Hz, 2H), 1.93-1.70 (m, 4H); '3C NMR (CDCls, 100 MHz) § 172.1,
140.7, 139.8, 139.5, 137.8, 137.2, 136.2, 135.3, 129.3, 129.2, 128.7, 128.6, 128.5, 127.3,
127.2, 103.7, 67.5, 66.8, 60.2, 53.0, 40.6, 33.3, 32.4, 23.5; HRMS (ESI) caled for
C31H306Na [M+Na]" 523.2091, found 523.2105.
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Dimethyl 4,7-diethyl-5-(2-hydroxyethyl)-1,3-dihydro-2H-indene-2,2-dicarboxy-
late (4ea, Table 1.1.2)
Et
MeO,C,

MeOZC OH
Et
6.7 mg, 10% yield, White solid; Mp 86.0-87.0 °C; "H NMR (CDCls, 400 MHZ) 6 6.85

(s, 1H), 3.83-3.79 (m, 2H), 3.75 (s, 6H), 3.57 (s, 2H), 3.54 (s, 2H), 2.86 (t, /= 7.3 Hz,
2H), 2.60 (q,J=7.7 Hz, 2H), 2.53 (q, J= 7.7 Hz, 2H), 1.18 (t, /= 7.7 Hz, 3H), 1.13 (t, J
= 7.7 Hz, 3H); 1*C NMR (CDCl;, 100 MHz) 6 172.4, 139.1, 137.3, 136.6, 136.0, 134.7,
128.5, 63.9, 60.1, 53.1, 39.6, 39.1, 35.6, 26.2, 23.0, 14.6, 14.4; HRMS (ESI) calcd for
C19H2605Na [M+Na]" 357.1672, found 357.1675.

Dimethyl 4,7-diethyl-5-{2-[(tetrahydrofuran-2-yl)oxy]ethyl}-1,3-dihydro-2H-in-
dene-2,2-dicarboxylate (5ea, Table 1.1.2) and dimethyl 5-[2,2-bis(methoxycarbonyl)-
hept-4-yn-1-yl]-4,6,7-triethyl-1,3-dihydro-2H-indene-2,2-dicarboxylate (dimer of 1e,
Table 1.1.2)

Et Et
CO,Me

MeO,C D
MeOzC O MGOZC

Et Et
S5ea dimer of 1e

The title compounds were isolated as the mixture of Sea and dimer of 1e (31.8 mg,
Sea/dimer of 1e = 40:60). '"H NMR (CDCls, 400 MHz) of 5ea: J 6.85 (s, 1H), 5.13 (dd, J
=2.5,1.9 Hz, 1H), 3.88-3.79 (m, 3H), 3.74 (s, 3H), 3.73 (s, 3H), 3.56-3.51 (m, 5H), 2.86
(t, J=17.8 Hz, 2H), 2.62-2.51 (m, 4H), 2.02—-1.80 (m, 4H), 1.20-1.03 (m, 6H); dimer of
le: 3.73 (s, 6H), 3.56-3.51 (m, 14H), 2.80 (t, J = 2.5 Hz, 2H), 2.62-2.51 (m, 4H), 2.16
(qt, J=7.7, 2.4 Hz, 2H), 1.20-1.03 (m, 12H); HRMS (ESI) Sea: calcd for C23H3,06Na
[M+Na]" 427.2091, found 427.2099; dimer of 1le: calcd for C3oHsOsNa [M+Na]"
551.2615, found 551.2627.

Dimethyl 5-(2-hydroxyethyl)-1,3-dihydro-2 H-indene-2,2-dicarboxylate

(4fa, Table 1.1.2)
MeO,C OH
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11.0 mg, 20% yield, Colorless oil; "H NMR (CDCl3, 400 MHz) § 7.13 (d, J= 7.7 Hz,
1H), 7.06-7.02 (m, 2H), 3.83 (br, 2H), 3.75 (s, 6H), 3.58 (s, 2H), 3.57 (s, 2H), 2.83 (t, J
= 6.3 Hz, 2H); 1*C NMR (CDCl;, 100 MHz) 6 172.2, 140.5, 138.2, 137.4, 127.9, 124.9,
124.4, 63.8, 60.5, 53.0, 40.6, 40.4, 39.1; HRMS (ESI) calcd for C;sHi;sOsNa [M+Na]"
301.1046, found 301.1051.

Dimethyl 5-{2-[(tetrahydrofuran-2-yl)oxy]ethyl}-1,3-dihydro-2 H-indene-2,2-di-
carboxylate (5fa, Table 1.1.2)

MeO,C O (0
33.2 mg, 48% yield, Colorless oil; 'H NMR (CDCl3, 300 MHz) § 7.10 (d, J = 7.8 Hz,
1H), 7.06 (s, 1H), 7.02 (d, J= 7.8 Hz, 1H), 5.11 (dd, J = 3.6, 2.1 Hz, 1H), 3.97-3.46 (m,
2H), 3.85-3.80 (m, 2H), 3.74 (s, 6H), 3.56 (s, 4H), 2.83 (t,J= 7.3 Hz, 2H), 2.05-1.73 (m,
4H); 3C NMR (CDCls, 125 MHz) § 172.3,140.0, 138.0, 137.7, 127.8, 124.8, 124.1, 103.9,

68.1, 67.0, 60.5, 53.1, 40.6, 40.3, 36.2, 32.4, 23.6; HRMS (ESI) caled for C1oH24NaOg
[M+Na]" 371.1465 found 371.1471.

2-(4,7-Dimethyl-2-tosylisoindolin-5-yl)ethan-1-ol (4ga, Table 1.1.2)
Me

TsN
OH
Me
12.8 mg, 19% yield, White solid; Mp 155.0-156.0 °C; '"H NMR (CDCls, 400 MHz) ¢

7.78 (d, J= 8.2 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 6.87 (s, 1H), 4.57 (s, 2H), 4.54 (s, 2H),
3.76 (t,J= 6.7 Hz, 2H) , 2.82 (t, J= 6.7 Hz, 2H), 2.41 (s, 3H), 2.14 (s, 3H), 2.12 (s, 3H),
1.65 (br, 1H); '3C NMR (CDCLs, 100 MHz) § 143.7, 136.5, 135.9, 134.0, 133.3, 130.6,
129.9, 129.8, 128.3, 127.7, 62.9, 54.0, 53.6, 36.0, 21.6, 18.3, 15.3; HRMS (ESI) calcd for
C1oH23NO3SNa [M+Na]* 368.1291, found 368.1276.

4,7-Dimethyl-5-{2-[(tetrahydrofuran-2-yl)oxy]ethyl}-2-tosylisoindoline

(Sga, Table 1.1.2)
Me

WD
(@)

O
Me
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44.2 mg, 53% yield, Pale yellow solid; Mp 95.5-97.0 °C; '"H NMR (CDCl3, 400 MHz)
07.78 (d,J=17.9 Hz, 2H), 7.31 (d, J=7.9 Hz, 2H), 6.86 (s, 1H), 5.09 (d, /= 3.8 Hz, 1H),
4.56 (s, 2H), 4.54 (s, 2H), 3.85-3.81 (m, 2H), 3.76 (dt, J=9.2, 7.7 Hz, 1H), 3.50 (dt, J =
9.2, 7.7 Hz, 1H), 2.81 (t, J = 7.3 Hz, 2H), 2.40 (s, 3H), 2.13 (s, 3H), 2.11 (s, 3H), 2.01—
1.75 (m, 4H); >*C NMR (CDCls, 100 MHz) 6 143.6, 137.0, 135.5, 134.0, 132.9, 130.3,
129.9,129.5,128.2, 127.6, 103.9, 67.2, 67.0, 53.9, 53.5,33.2, 32.4,23.5,21.5, 18.3, 15.2;
HRMS (ESI) calcd for C23H20NO4SNa [M+Na]" 438.1710, found 438.1711.

4,7-Dimethyl-5-{2-[(tetrahydrofuran-2-yl)oxy]ethyl-1,3-dihydroisobenzofuran
(Sha, Table 1.1.2)
Me

; L

@)
Me

27.9 mg, 53% yield, Pale yellow oil; 'TH NMR (CDCls, 400 MHz) 6 6.89 (s, 1H), 5.13
(dd,J=2.4,1.9 Hz, 1H), 5.09 (s, 2H), 5.08 (s, 2H), 3.88-3.84 (m, 2H), 3.76 (dt, /= 10.2,
7.2 Hz, 1H), 3.55 (dt,J=10.1, 7.3 Hz, 1H), 2.87 (t,J=7.3 Hz, 2H), 2.17 (s, 3H), 2.15 (s,
3H), 2.04-1.77 (m, 4H); *C NMR (CDCls, 100 MHz) 6 138.5, 136.5, 135.8, 130.0, 128.3,
126.9, 104.0, 74.0, 73.8, 67.4, 67.0, 33.1, 32.5, 23.6, 18.5, 15.4; HRMS (ESI) calcd for
Ci6H2203Na [M+Na]" 285.1461, found 285.1462.

Dimethyl 5-(3-hydroxypropyl)-4,7-dimethyl-1,3-dihydro-2H-indene-2,2-dicarbo-
xylate (4ab, Scheme 1.1.6)
Me
MeO,C,

Me0,C OH

Me
26.2 mg, 41% yield, Colorless oil; "H NMR (CDCl3, 300 MHz) § 6.81 (s, 1H), 3.75 (s,

6H), 3.69 (t, J = 6.4 Hz, 2H), 3.55 (s, 2H), 3.52 (s, 2H), 2.69-2.59 (m, 2H), 2.19 (s, 3H),
2.17 (s, 3H), 1.86-1.74 (m, 2H); 13C NMR (CDCls, 75 MHz) § 172.4, 139.0, 138.8, 136.1,
130.5, 129.1, 128.7, 62.5, 59.4, 53.0,40.2, 39.5, 33.5,29.2, 18.6, 15.1; HRMS (ESI) caled
for C1sH24NaOs [M+Na]" 343.1516 found 343.1516.

Dimethyl 4,7-dimethyl-5-{3-[(tetrahydro-2 H-pyran-2-yl)oxy]propyl}-1,3-dihydro
-2H-indene-2,2-dicarboxylate (Sab, Scheme 1.1.6)
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Me
MeO,C

MeO,C O °
Me

16.9 mg, 41% yield, Colorless oil; '"H NMR (CDCls, 300 MHz) d 6.81 (s, 1H), 4.59
(dd, J = 4.2, 2.7 Hz, 1H), 3.95-3.67 (m, 2H), 3.75 (s, 6H), 3.55 (s, 2H), 3.52 (s, 2H),
3.51-3.37 (m, 2H), 2.72-2.55 (m, 2H), 2.19 (s, 3H), 2.17 (s, 3H), 1.93—1.44 (m, 8H); 3C
NMR (CDCls, 125 MHz) 6 172.6, 139.2, 139.1, 136.1, 130.6, 129.2, 128.9, 99.0, 67.2,
62.5, 59.6, 53.1, 40.3, 39.7, 30.9, 30.8, 29.7, 25.6, 19.8, 18.7, 15.2; HRMS (ESI) calcd
for C23H3NaOg [M+Na]" 427.2091 found 427.2095.

Dimethyl 4,8-dimethyl-3a,5,7,8a-tetrahydro-1H-indeno|5,6-c]furan-6,6(3H)-dica-
rboxylate (3ad, Table 1.1.3)

Me
M902C \“\\

0
MeO,C m/
Me

48% yield, NMR yield using dimethyl terephthalate as an internal standard. Pale yellow
oil; 'TH NMR (CDCls, 400 MHz) § 4.22-4.26 (m, 2H), 3.72 (s, 6H), 3.41-3.45 (m, 2H),
3.04 (d, 2H, J=16.5 Hz), 2.89 (d, 2H, J = 16.4 Hz), 2.84 (br, 2H), 1.67 (s, 6H); HRMS
(ESI) calcd for C17H2,0sNa [M+Na]* 329.1359, found 329.1350.

4,8-Diethyl 6,6-dimethyl 3a,5,7,8a-tetrahydro-1H-indeno|[5,6-c]furan-4,6,6,8(3 H)-
tetracarboxylate (3jd, Table 1.1.3)

CO,Et
MeOZC “\\\
O
MeO,C m/
CO,Et

46.2 mg, 55% yield, Pale yellow oil; "H NMR (CDCls, 400 MHz) & 4.52-4.37 (m, 2H),
4.35-4.14 (m, 4H), 3.75 (s, 6H), 3.56 (d, J= 19.3 Hz, 2H), 3.45 (d, J= 19.4 Hz, 2H), 3.44
(s, 4H), 1.35-1.31 (m, 6H); 3C NMR (CDCls, 100 MHz) 5 171.7, 166.7, 146.4, 124.6,
76.7, 60.9, 58.5, 53.1, 40.1, 39.9, 14.4; HRMS (ESI) calcd for C21Hz0oNa [M+Na]*
445.1469, found 445.1461.
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Eofi (ML ek ) — L= —F AT 12-V Knf o x L
VSR T R L DARF 24242 R IR AL S |

2—1 S

AT Clx, BT Ao tEr 00 AOSERMBE LT 71 2 R0 SR, &
TIXE MR EZ T T A v IR ) — v — T L & D2+2+21f1 1
BALSOSIZOW TGRS Lo, & ORER AINBRALEOSITN 2 TH B BSOS 3 1
TL ST D RER DT IV a— ViFEEP GO, KRISIE, T4
P v A1),/ BINAP $ERfEIZ K » TAER LT 13- 7 a~fHh oo 30
7T VB ORFI X LT a Uy AE RSB L, WAV R B TF A
FRRRAERT D2 EICED ., JHETDHRERC VLT Va—L 4 BELND
& & Z HAV5(Scheme 1.2.1),

Z T, TUX MR E RS IR A AT AU, VAR T A R RE
INARZEACE IV, EOAERNPAFNZ /2D Z L2 XV | FEFRILRIS OHELT % Jiil
T&E 5D TRV E % % 72(Scheme 1.2.1),
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X—R
(Chapter 1, Section 1) 1

R = EDG, H T
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EDG 3

p ©
Z ),
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(Chapter 1, Section 2)
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Z >)n
X "
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Scheme 1.2.1. Plausible mechanism for rhodium-catalyzed [2+2+2] cycloaddition of 1,6-

diyne 1 with 2,3-dihydrofuran (2a).

T ZTARETIX, BIfi CRR_RE=/HT A v BIR ) —Lm—T L D
[2+2+2) S MBHLEUSIZB LTy 7 b BRI RO M 795 21 v
EPLICHEAET DL EbIC, OIERIF 12- TEHBRBRIRT VT L DOARF
2 2] MBS I DN T b ffEtT 2 2 L & L7z 1.2.2),
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2—2 aIvu AW qo-A v EBRIRT ) — Lo —F LD
ARF 2221 s bSO

2—2—1 IISSMHORBE

FP. AT A UMEe VT A1),/ BINAP SERMBETFIE T, ZEH I~ o VR
TVAFN TIFX VHEARICE R E LT MR U AR = VARG T
HRFR,6-VA 2 1j EVBRIRT ) — T —TFT /1 23-Tk Rr 77 (2a)(l.] &)
W TR 21T > 72 (Table 1.2.1, entry 1), ZDOFEFR, B LW LICHHD
22 MERAC S BRI THEIT L L kP T 5 v 7 A oo U aFEik
3ja DA EINEDE T v F A BRI T H L7z (Table 1.2.1, entry 1), &
Z TCFigure 121 12T X577, SEIERET U =LV ERRRT 4 VBN +%
W THRFT 24T o 7(Table 1.2.1), Z DfEH, (R)-BINAP & H\ /= & & (Table 1.2.1,
entry DIZEE~XT, (R)-Hs-BINAP, (R)-Segphos # "5 & 7 a~FHh T3
K 3ja DU T L7=(Table 1.2.1, entries 2 and 3), L7223> T, (R)-BINAP
ZEOEBNL & L, RIC a,0-F A > OREEABHEORF 21T 2 & & L,

Table 1.2.1. Optimization of reaction conditions for rhodium-catalyzed asymmetric
[2+2+2] cycloaddition of 1,6-diyne 1j with 2,3-dihydrofuran (2a).”

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

X - - )
MeO,C ——CO,Et CH.Cla, rt, 1 h MeO,C u

CO,Et
1j 2a 3ja
(1.1 equiv)
entry ligand 3ja/ % yield?  3ja/ee (%)
1 (R)-BINAP 97 >99
2 (R)-Hg-BINAP 72 98
3 (R)-Segphos ca. 30°¢ ca. 98°¢

% [Rh(cod)2]BF4 (0.010 mmol), ligand (0.010 mmol), 1j (0.20 mmol), 2a (0.22 mmol),
and CH>Cl, (2.0 mL) were used. © Isolated yield. ¢ The product could not be isolated in a

pure form.
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PPh, PPh, O PPh,
PPh, PPh, <o O PPh,
99 89 g
(R)-BINAP (R)-Hg-BINAP R)-Segphos

Figure 1.2.1. Structures of bisphosphine ligands.
2—2—2 AEE P OB

RELLTZFEO T, SE8FER ao0-TA AW CHEE AR AZBRET L
72(Table 1.2.2), Z&EH/TIC~Rr VR ATV, TAF UBRmIZA ML
RENVEERETD1,6-UA Ik EHOD E 1,6-V A U 1jIZ_Ty 7 a4
VI UFHER 3ka OWEMET Lz, £, TAFUmERICA Y TR ¥y
HANKR=NHEEFETD 1,6-04 0 N EHWD & BEFRNETHIET V71
ANFH U UFHEK 3l BN EONT, VA Ik B HWEE IV T aank Y
TUBEROIERNMET L0k, 1§ 20 11T TT VS o RO NLARE & 5
EWNEL D LT, BIRISETHD Ik OAC —EbMEE SN2 L E 2
b,

WIZ, SESERBEBHDEH/T D 1,6- 4 (Im=-1p) & W TRat 21T -7,
U N DIVBEED 1,6- A4 > 1m WD L BINRIZ T 7 m
vx V%ﬁ%ﬁi 3ma 527, £0, RUVLT I UBEERS—T VAR, &6

BB T IO B2 SN AT L UBED 1,6-V4 > (In-1p)Z VT,
HED ISR HRREDINRTEIT L, HETAREZ&IT, 2TH TR TOKIG
IZE W T T AR (93-99% ee)lZ THEITL TV D, Tz, RWIEE 5 2
72 1,6-4 (K, In, 1o, Ip)IZBH L TiE, 23-E Fr 7T Qa) DY ELX 5 Y&
IZHEIN L T, AR R FICTRE 21T & 2A, V7 e U UaFElk
(3ka, 30a, 3pa)lZfd L TR DOBEN A bz, LL, v u~ndhooy
FHEIR 3na 13 23-VE Kr 7 T 2 (2a)k O E 720 Diels-Alder SUG SRS &
L CHETT Lf:f:&) K OICERMNMET L7,

F o BB E T 2 =0 TR ClRICE S REIMEETH D A R
ﬁwﬁ:w%%ﬁ¢61}/4/1q%%mék HEIDOR I E 7= < #IT L
Rinol, LU, 7% Uil RGO ERIE LB GHEETH DL A TFAEEA
T51,7-OA v Ir WS & HEIORL2L2USINBALE S ET L, %95
5 BRMEALAY 3ra DHREREOINRB L OHERED = F A B MEICCTE LR
oo TORIGORIVERD E L TE, 7 e~ P VBRSO G ERILE AT
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NEL ozl EZX BN D,

%45 THF (RN EIT LI TR D7 )L a— )LiFE R 28%
T aA~F YT B ER 3ra DY
WCHEAT Lo 2Bl E L TR, AR TF AR
T 52 LI EEN L, HFEHRIEOTEEALERE

Table 1.2.2. Rhodium-catalyzed asymmetric [2+2+2] cycloaddition of a,m-diynes 1 with

2,3-dihydrofuran (2a).”

5 mol % R
_— o [Rh(cod),]BF 4/
/— R I':} (R)-BINAP WO,
Z + Z )
———R CH,Cly, rt, 1 h Iy
1 2a R 3a
(1.1 equiv)
CO,Et CO,Me CO,i-Pr
MeOZC \\\o> MeOZC \\\C)> MGOZC \\O>
MeO,C "" MeO,C "" MeO,C o
CO,Et CO,Me CO,i-Pr

(+)-3ja/ 97% yield, >99% ee

CO,Et
Bn02C \\\O>
BnO,C ""

CO,Et

(+)-3ma / 94% yield, 96% ee

COzMe
wO,

\
”H)

CO,Me

(+)-3pa / 51% yield, 93% ee

80% vyield, 94% ee (2a: 5 equiv)

(+)-3ka / 57% yield, 97% ee
70% yield, 99% ee (2a: 5 equiv)

COZMe
wO,

"Il>

COZMe

(+)-3na / 49% yield, 98% ee
22% yield?, >99% ee (2a: 5 equiv)

BnN

O CO,Me

\\\O
()
O CO,Me

3ga/ 0% yield

(+)-3la/ 76% yield, 95% ee

COzMe
wO

d )
",

COzMe

(+)-30a / 43% yield, 97% ee
84% yield, 97% ee (2a: 5 equiv)

O Me

\\\O
(I
O Me

(+)-3ra / 51% yield®, 57% ee
(2a: 5 equiv, 16 h)

¢ [Rh(cod)2]BF4 (0.010 mmol), (R)-BINAP (0.010 mmol), 1 (0.20 mmol), 2a (0.22—-1.00
mmol), and CH>Cl, (2.0 mL) were used. The cited yields are of the isolated yield.  Diels-
Alder adduct of (+)-3na and 2a was generated in 49% yield. © The corresponding THF-

protected aromatized arylalkanol was also generated in 28% yield.
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Wiz, Bk ) — L= —F L LTS BRO23-UE K77 Qa)hb 6 &
BRD34-VE Fa b7 U2bIWCE X T, [AERREET, 1,6-0 A4 1 & D[2+2+2]
FINEBRALSOS DREET 24T - 72(Scheme 1.2.2), L L HH D ST ETET, 1j ©
TEbOBPET LTz, TOEBELTE, 34U RRET Q2 23-TE
Fe 77 Qi _XTT AT v EOBEBEORY HLAREL B0V >
FEOT7 2=V EDSREENRELS ol EEZ LN,

5 mol %

CO,Et
[Rh(cod)g]BF4/
MeO2C CO,Et )-BINAP MeO,C WO
C 0 -~ )
'/
MeO2C CO,Et CHCl, i, Th  Mme0,C "
CO,Et
1j 2b 3jb / 0% yield

(1.1 equiv)

Scheme 1.2.2. Rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,6-diyne 1j
with 3,4-dihydropyran (2b).

EBIIRNY T T ) HNTERET bAT 723, 1j O B LOHDBEIT L,
T uaF YT UFFER 3ke 1315 HAVR )N o 7o (Scheme 1.2.3), ZOEME L
T, B cb IR L 9, RV T T OEFHERICEY, T L LT
DFISHEMET Lzl EEZ BN D,

5 mol % CO,Et
N Rh(cod),]BF 4/
MeOZCCcOZEt i O [ (Ié)-BI)I\ZI]AP‘l MeO,C wO,
+
MeO,C ——CO,Et CH,Cly, rt, 1 h MeO,C '"l@
CO,Et
1j 2c 3jc / 0% vyield

(5 equiv)

Scheme 1.2.3. Rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,6-diyne 1j
with benzofuran (2c¢).

2—2—3 T ru~FH Iz UHEROLH

"oy 7o~ U U8R 3pa A HWT, BBYSFT, 7 ek
YU UBRE D DO EBEIZOW TGS L72(Scheme 1.2.4), T72bb, Y7/ nH
BAXUCHERTICT, 7V ATy REgEE LT p- U VEE— K01 4 &)
ZERHSEZEZ A, BRIOKISIZMZATHTNT 7 M ALDEIT LT 6 23
WRIZTHE LN,
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CO,Me CO,Me
“‘O> p-TSOH-H,0 (0.1 equiv)
!t CH,Cly, rt, 3 h
CO,Me 0“ o
3pa 6/90% yield

Scheme 1.2.4. Aromatization of 3pa by treatment with p-TsOH-H,O.

2—3 YU LAEE N 0,0-TA v EA VT v E ORFRR22MINERL
i

2—3—1 BUSKMFEORES

D IERIFR 1,2- T EHERIR T L 8 LT, A T Qe) e W TG & Fiat
L7222 T BEELTHIM1L,6-U A 1j &0 AT Qe)(5 4E)EHWT,
23-VE Rr 77 Q)L ORFHIBWTRKIESFThHoTo, I FArrvy
(1), (R)-BINAP SEAAMEAFAE T, #2512 1T > 72 (Table 1.2.3, entry 1), % D#EHR,
HE DRSS N RIBIZ TEIT L, *ET 57 o~ U U3
ER 3je 2 PREEDOIERB LOHRBRE D= v F AR T 2 72,

RIZ Figure 123107 X977, SEIERET Y — L ERKRRAT ¢ VEALT
ZHWTREBEZR ST Bat&24T - 72, (R)-BINAP 2k, U v ED 7 = =)Lk
DNLARKIE B S DK ZV(R)-tol-BINAP % V% & (R)-BINAP % H 7z & (T
EEA_TINERE L O=F o F A BERPEDME T L7z(Table 1.2.3, entry 2), K ¥ YRR
2@ E VW (R)-xyl-BINAP 2 W5 & | INERIE S HITJE T L7 (Table 1.2.3, entry 3),
KIZ, BINAP & “HHifADORE INRRY | OB FEEOE, (R)-Hs-BINAP,
(R)-Segphos & % & = F A RIRVED 7] _L725 FL 5372 (Table 1.2.3, entries 4
and 5), (R)-Segphos & V) FE 1 FE DKV \(R)-Difluorphos # 5 & b BAF72
WREB L= v F A RIRNEAE 5 X 72 (Table 1.2.3, entry 6), L 7275 > T(R)-
Difluorphos % W+ & L. RIC a,o-PA > OIEHEHEHE OB 2175 2
e L7z,
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Table 1.2.3. Optimization of reaction conditions for rhodium-catalyzed asymmetric

[2+2+2] cycloaddition of 1,6-diyne 1j with indene (2e).”

5 mol % COzEt
— [Rh(cod),]BF4/
MeOzC — COzEt ligand M602C ww
X — o O -
MeO,C ——CO,Et CHxClp, 1t, 16 h MeO,C "
. CO,Et
1j 2e 3je
(5 equiv)
entry ligand 3je/ % yield®  3je/% ee

1 (R)-BINAP 38 56

2 (R)-tol-BINAP 22 36

3 (R)-xyl-BINAP 11 59

4 (R)-Hg-BINAP 40 65

5 (R)-Segphos 34 67

6 (R)-Difluorphos 49 67

“ [Rh(cod)2]BF4 (0.010 mmol), ligand (0.010 mmol), 1j (0.20 mmol), 2e (1.00 mmol),

and CH,Cl> (2.0 mL) were used. ” Isolated yield.

C,,, O, <

PAFZ PPh2

O QU<
O

(R)-BINAP (R)-Hg-BINAP

(R)-tol-BINAP (Ar = 4-MeCgH,)
(R)-xyl-BINAP (Ar = 3,5-Me,CgHs3)

Figure 1.2.2. Structures of bisphosphine ligands.
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2—3—2 B AEEOKE

Bt LIS F. S 8FER o0-V A &2 AV CRRE @A Z R L
(Table 1.2.4), ZEEITIC~ 0 VY AF /L, TILX VHARMCA R AR
SNVEERTD 1L6-VA Ik EHWD &, 1,6-0 A U 1j ZHW & & & IXIEF
REOINEL L= F o F AR E 5 272, £, TF U lRmIA Y 7'
REVHNR=NVIEEZTT S 1,6-VA4 2 1 #HWD &, RO ERR LN
N, TF U FAERMIIME T L7, ~ a2 VB _U U VEED 1,6- 14 2 1m %
Ang &, BIFRINERBIOPREO T F o FARIRMEIC T 7 aAF P oo
VERER 3me B 5% 72,

TIXVRIBIZT VIR VIR NVIEEET DA OB TIERLS, TIb
X UMRIIC 7 == VA AT 5 1,6-4 > 1d ZHWTH, BEO[2+2+42)40 00
BRACEUGDEIT L, XI5 v 7 o U UiFEK 3de & BIAF2 IR X
VR ) FAEPREICTE 272, & 51T, BN 1% (R)-Hs-BINAP 14 X
HE, F U F A RO KR E 72w E25 B S L7 ((R)-Difluorphos: 65% ee, (R)-Hs-
BINAP: 92% ee),

WA, ZRAEER 5712 Thorpe-Ingold Zh D 720N 1,6- 1 > (1n, 10)% AW TG &
1ToTg XU TIVT I VBT LR VREIC A R B ILR =)L %
AT 1,642 In ZHND & 22021 NBRALEUG DS B AT 72 U2 THEFT
L, @V U FAERMEIC T 7 o U FEK 3ne 2 5 270, 72,
RBELEED 1,6- 14 L 10 BEOAF L UZED 1,6-P A > 1p Z VT H, &
T T A BRI T 7 U FER3oe, 3pe) 5272,

IHIZ, B 2= VBB O T IV VIERIGIC A N U AR =V E AT
51,7-A 0 1q V5 & SOSIRE D@0 °CO) 2 MEL L=2, ®sd b
7 unF YU UoFFER 3qe DEIER O Em TS U F A EIRICHE DIV,
Flo, TAIX T IV = VDO SHRRE & S 22 b ST H (s, 1), BAF72UY
TPNOENT T U FARIPEIC T 7 ATV U Ui EK(3se, 3te)a 5272,
L)L, TAF VBRI ATFVEEZET S 1,7-UA o Ir WS & Ir DR
ERIFELS . 7 BT U UFHER Jre [TRIGEN SRV ) F AR
PEIZ T LIz, & Z CTEAL T % (R)-Segphos (A X5 & Ar X5 EITHE S,
BIFRIRICT 3re 252720, O F U FAFIRMITIFE A ERI L0
7,

HFHITREZEIZ, 41T Q)% 1.1 HEIEMSET 1,7-1 2 1q &D
R MERAL S S 2Rt Lz & 2 A, IR TR = F U F AR IR
T L7206 HE:92% ee, 1.1 HE: 80% ee),
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Table 1.2.4. Rhodium-catalyzed asymmetric [2+2+2] cycloaddition of a,m-diynes 1 with
indene (2e).”

5 mol %
- [Rh(cod),]BF 4/
X—R D (R)-Diﬂuorphos w
Z +
N—oR CH,Cly, tt, 16 h "t
1 2e
(5 equiv)
CO,Et CO,Me CO,i-P
MeO,C W MeO,C, \\\\Q MeO,C, \m@
MeO,C o MeO,C o MeO,C o
COzEt COzMe COzl-Pr
(+)-3je / 49% yield, 67% ee (+)-3ke / 46% yield, 64% ee (+)-3le / 66% yield, 57% ee
CO,Et COM
BnO,C, “\\Q MeO,C, \\\\Q \m@
BnO,C "" MeO,C o ""
CO,Et CO,Me
)-3me / 69% yield, 60% ee )-3de / 64% yleld 65% ee )-3ne / 57% vyield, 95% ee
63% yleld 92% ee [(R)-Hg-BINAP]
CO,M CO,Me CO,M
\\\\Q \\\\Q .\\\
ny, hy, l,”
CO,Me CO,Me CO,Me
(+)-30e / 24% yield, 97% ee (+)-3pe / 65% yield, 99% ee (9aS,14aS)-(—)-3qe/
96% yield, 92% ee (40 °C, 24 h)
80% vyield, 80% ee (2e: 1.1 equiv)
(40 °C, 24 h)
CO,Et CO,n-Bu
\\\‘ \\“Q \\\‘
l", lu, ll,,
COzEt COzn Bu
(-)-3se / 95% yield, 94% ee )-3te / 75% yield, 93% ee (-)-3re / 25% yieldb, 12% ee
(40 °C, 24 h) (40 °C, 24 h) (40 °C, 24 h)
74% yield, 1% ee [(R)-Segphos]
(40 °C, 24 h)

“[Rh(cod)2]BF4 (0.010 mmol), ligand (0.010 mmol), 1 (0.20 mmol), 2e (0.22—1.00 mmol),
and CH>Cl, (2.0 mL) were used. The cited yields are of the isolated yield. ® 35% of 1,7-

Diyne 1r was consumed and (—)-3re was isolated as a mixture with 1r.
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Flo, ARFITHRLONIE Y 7 and U UFHEIK 3qe 1L, HRSE X SRS
fIENTIZ & o T, Z DRI ST S % 9aR,14aS & P-7E L 7= (Figure 1.2.3, Table 1.2.5),

Figure 1.2.3. ORTEP drawing of (9aR,14aS)-(—)-3qe with ellipsoids at 30% probability.
Details of the crystal data and the summaries of the intensity data collection parameters
for (9aR,14aS)-(—)-3qe are listed in Table 1.2.5.

Table 1.2.5. Crystal data and data collection parameters of (-)-3qe.

empirical formula

formula weight

#(CuKa) (A)

crystal system

space group

a, A

b, A

c, A

a, deg.

b, deg.

y, deg.

VA

VA

Dealed, g/cm™

absorption coefficient, mm™!
F(000)

T.K

crystal size, mm?

6 range for data collection (deg.)

C29H2204
434.46

1.54186
triclinic

P1

5.1050(1)
9.9850(2)
11.8359(2)
65.909(1)
85.150(1)
82.591(1)
545.829(18)

1

1.322

0.703

228

1732) K
0.230x 0.175 x 0.162
4.094 to 68.144

60



index ranges -6<h<6, -11<k<11, -14<I<14
no. of reflections measured 6252

unique data (Rint) 3339 (0.0423)
data / restraints / parameters 3339/3/300
R1 [1>2.00(])) 0.0406

wR2 [1>2.05(])] 0.1047

R1 (all data) 0.0440

wR2 (all data) 0.1210
absolute structure parameter -0.01(13)
GOF on F? 1.222

Ap,e A7 0.207,-0.254

WIZ, TIFFoovm 27 A1),/ (R)-Hs-BINAP SERAAF/E T, ~ 1 By A
FNVBENOT VF VIR A FIVIEREZRT D 1,6-2 A (1a, I ZHWNTA
YTV (2e) & DRI MBALSIE DRE 24T > 72, L Ly R 2 ik
(3ae,3fe) N RLETH Y HEEDORTIZ/HR L TLE S Z LA o7 (Scheme
1.2.5),

5 mol % R
—_ [Rh(cod),]BF 4/
+
MeO,C “——=——R CHoCl, 1,160 o0, o
R
1a (R = Me) 2e 3ae / 0% yield
1f (R = H) (5 equiv) 3fe / 0% yield

Scheme 1.2.5. Rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,6-diynes (1a,
1f) with indene (2e).

T, FREREMUET, 7-A R A 0T o2 e 1,6-V4 2 1j &0 Thigh%
1Tolc e TA, BRORD2D2MIMBEEOSEIT L THE LN 7 aat Py
T UHER I IS A T ALERIERTH D 30BN IRAW & LT Hi7=(Scheme
1.2.6), ZOHFHE LTI, B F Aoy AgEKRAEIC X0 77 UER
B LEZ 42X XA T URP)BRTICHEEL TV D EE I OND
(Scheme 1.2.7),
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20 mol %
MeOZC COzEt [Rh(gf,\?ﬂ,BF“/
>
MeOZC COzEt CHyCly, rt, 16 h
5 equw)
EtO,C
MeOZC O
LTI
MeO,C OMe
EtO,C
3jf

49% yield (1.4:1)

Scheme 1.2.6. Rhodium-catalyzed [2+2+2] cycloaddition of 1,6-diyne 1j with 7-
methoxyindene (2f).

Scheme 1.2.7. Rhodium-catalyzed isomerization of 7-methoxyindene (2f).
2—3—-3 BUSHEHEDE %

A DEREIZ DUV TIROD K 9 125 %2 L7=(Scheme 1.2.8), ZEA&EE431Z Thorpe
—Ingold N2, TAF U REIT NV aAFZ Y DNR=NVIEEGTDHIA
(In-1p,1q, 1s, 10 Z HW 5 & | ITF A Er YT AR LY A1 &A1
FUReNIMLIERIL L, n X7 a T v A BT D(pathA), ZD & &
Mﬁ%@)yi@i&?FJT»ﬁW@7I:w%ﬁﬁm&®ﬁmﬁ%%ﬁﬁ
HEINT, AT DORB ARG ORE)TIE R, AT LR (R D4R
$u:%%&kﬁémgf%mmmm¢6oik%@%\ﬁ%@@m?%ok%
SERFE DD TN TR B ERIKITEIT T 5 LB bivd, Lici-> T, Z OB
T U TFARRER BT HEEZOND, ZNHDIA AT VF 2K
WCEBEFRSMERETHLIT VAT HARAVEEZHELTWASZ G, BT
B A T v e TRITOBRILBRIER AR o7t b B2 bbb, Zono
ZH ATV LTH I 1 DOT XU PENL FFATHZ Lk gvAa
IV B EELIEDOL, ey ARETHINEET S Z Ltk v 7~k ty
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TUBHBEBRINELNTZEEBEZBND,

— 7. BRAEERS3IZ Thorpe—Ingold A H T 5V A - (1d, 1j~-1m)Z H\\ % &
R raXr Ty A EBEKT LT TR, v v rar oo Uik
C 2T DR HLIFET D EE X LN S (path B), ZOHFMIEK C 1A >T
QeNEUNL AT HZ LXKV r &Y A 7V B ZIBRT D5, ZOEREITE
T U FABRREDRBETHLEEZIOND, VA (Ad, 1j-1m) L D ERL L=
JuandYh U UoHERKIIFPREO DS T ARIREE S X TWEZ EnD,
path B /X path A XV =F U FARIREPFBLLIZS WRIE THLHZ BB X H
N5, ZhbH 2 OORINKREFET H 2 & & path B 2% path A XV K> F
VIABRMAE 52D LR, VA 1q BV TEREHZRB W T, HWb A T
VR2e) DY BEA I L XL U FARIRIENME T L72(5 Y4 E: 92% ee,
1.1 % 8:80%ee) E MDD HLRIBIND,

Flo, TAXFVOWEKRIC 7 2=V EFETAHUA v 1d =L =2, B
AL % (R)-Hs-BINAP (2 X5 & m\om o F AR 2R EBL L8 h & LTI,
TNaAXFTINVR=NIELY LI RMICE SV EEB L LND 7 ==Ll | (R)-
Difluorphos & ¥ [ ff§ DK & V\R)-Hs-BINAP DV > D7 = =)L FE & DIKRK
FHRREL LD, UK C DIEENAFNC 2ol b e ZEx biLd, o, B
7 = = )VBEHE 1,7-2 4 > (1q-1t)iE Thorpe-Ingold Zh 1T 72 b DD, 5 135 5 2
BEHIGTHRET DI, TAFVRMICATAEBIOT vax s R
=NEERETOIHAIXTA BTN Ta XY A 7V EERT H2RENEF]T
5D, LTEDR> T, ARISZEBWTA T rQe) e FETr A 71 A%
T DR NAR & 7 o 2 HRIE, 1q-1t 1TV TS 703 o oK B AR 5
WETHLTNAX T INR=NVEERTH20H, 2 FHNTOrZ A 7 LE
B AFNZ o Teled b EZXbND, LLEDZ LnD | BT = = VBRENOT
VX RN A F VLD 1,7-V A v Ir Z W2 L oo T o F AR ZE
ENERB Lo l=DiE, 1) TIVF RIS NS WA F LI A AT
L2, KR C DN ERNZ /o722 8, 2)2 DDOT VXN EL L LE
TEEROT, ETEERA T 2 (2e) L OFLABR LI IIH] S v, FREE A D
AR o2 Z ERBH E L TEZOND,
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Ph
higher — 1
enantio R == ,X
. Ph \
selectivity \P‘/E?P\/Z\ Ph
X—=—R (pathA) 5 R _X Ph ,
A h (_/Z/ Phae 7\
X—R W A N +,P\
5 Srip” RPh
1 i
\

+ Rh(l)*
X/
\ Phee_ / B
. P\P lower _Rh()) +
/

E’
2e RE '3 enantio-
pﬁ\S\'_Z/ c selectivity
(]
X," % (path B)
"z’ X \‘“
.

Scheme 1.2.8. Plausible mechanism for rhodium-catalyzed asymmetric [2+2+2]

cycloaddition of a,w-diyne 1 with indene (2e).

Scheme 1.2.8 |Z/8 L7 Tl 4 > 7 v (2e) DR B U By (IREA) T
T2 ATF VUGG B DY v ED T = =k @Adi}i%\é%aﬁ

HIc, = U FABRPPERFEEL L7z &b~
TNEEND DT=DIT, cis-p- A FIVATF L Qe e FHWT, AR5, 1,6-
DA 1j & DRR2R2UTINBRAC S DR EY 21T o 72(Scheme 1.2.9), cis-B- A F /L

AF L QeIE, TNy EOEBMIEORY HLBA 7 Qe TRE <
RLOT FNLFEDOHAEFEH B RESRDEZZXOND, EERIT, A T 2 (2e)

W2 E JNTHARTPERIIERT L2, = o FA@REEm L2528 %

8 L72((-)-3jg: 99% ee, (+)-3je: 67% ee).
5 mol % EtO,C
[Rh(COd)z]BF4/
MeOzCCCOZEt (R)-DifluorphoS MeO,C, o
+
MeO,C — CO,Et | CH,Cl,, rt, 16 h MeO,C
Me EtOZC
1j 2g )-3jg9 / 27% vyield, 99% ee
(5 equiv) [vs (+) -3je / 67% ee, Table 1.2.4]

Scheme 1.2.9. Rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,6-diyne 1j

with cis-1-methylstyrene (2g).
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2—3—4 vrunFHh U UHEROL K
Sonley 7 and YU UFEROBILANC XD HEFBRICE KRG L
(&Mmme T a AT Y U U FFER 3re (2K L, BR{EAIE LT CANQ.5

LEYE AW EZ A BHOKIGEHEIRICTHEIT L, SR E L CTEERE
BTHDHLN) 7= TNV A L BT HEEHEAR T 0 77% & BT/

ECHONL
\\\\Q CAN (2.5 equw)>
lll, CH20|2 rt, 5h

3re 7/77% yield

Scheme 1.2.10. Aromatization of 3re by treatment with CAN.

2—4 YU AEtE W 1,7-U A4 e 12-V Rath X LB
R TR L OARF 2202 INERAL B

E 5T, MO 12- EHRER T L E LT 12-P R f 7 &Ly
h)Zz W TRk 2B Z et Lic, BE E LT, 6 1,6-2 14 1r & 12-TE
RFaF 7% L Q2e) 5 YE)ZHW., A T 2 (2e)& DFiFl(Table 1.2.4)I28W\ T
S ChH o7, BT A MEr v A1),/ (R)-Segphos $EARMREE 2 F N CTRagt
AT 72(Scheme 1.2.11), ZD#f5H., HAIDR2-21MBRALIIE A HEFT L. 5
THY 7 a~FH I UFFER 3rh & BAFRIGEB KOG W= T o F A3 IR
IZTH X, AT v Q2e) DRFITIE 12% ee IRV F U F A EIRETH -

IZX%F L(Table 1.2.4), 12-¥t FeF 7 XL Qhx WLzt FF
PUME A L LBl & L CIE, cis-p- A FLAF Lo Q2g) & FV Tkt & Ak
IZ(Scheme 1.2.9), 7 /L7 > EDO@EHBIEDEY HLNA T v Qe)llb K& < 7%
S, BIFDY v D7 2=V EOMABERNKREL RolzmbiZ e
Ezohbd,
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20 mol %
[Rh(cod),]BF,/ O Me
(R)-Segphos w
~ 1 I
CH,Cl,, 40 °C, 14 h tn,
O Me

(=)-3rh / 69% yield, 88% ee
[vs (-)-3re / 12% ee, Table 1.2.4]

Scheme 1.2.11. Rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,7-diyne 1r
with 1,2-dihydronaphthalene (2h).

1r 2h (5 equiv)

T Ty EOBEBRIEOED H LRSS WVVLOBRIRT V7 & LT, R
VTN 24 F DT RRRZR G T R &2 1T o 72 (Scheme 1.2.12), Z DfE R,
HEODRIMBALBUGNEIT L, A T v Re)Z VW= E L0 bmnw T
BRMA 5 27, ZOBEL, 1,2-V8 Kt 72 L 2h) & - & % (Scheme
1.210) L FEEZRBR T, = F @R mEL7ZEEX BN 5,

20 mol %
| [Rh(cod),]BF ./ O Me

(R)-Segphos

- 1 X
CH,Cl,, 40 °C, 16 h g

MeO

(-)-3ri/ 76% yield, 60% ee
[vs (-)-3re / 12% ee, Table 1.2.4]

1r 2i (5 equiv)

Scheme 1.2.12. Rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,7-diyne 1r
with benzofulvene 2i.

F 72 Figure 1.2.4 \ZR T K 91T, DOIERFRERIR T Vb LTy 7m0
Do, VT UVEEBIR, R va— VERER v R VERER . A
VIHRERZHWT, RS T, BETEIT o720, BRIOR22]MINER{EK
JMFTETE T, VA oA Bt E I =B AR S LT,
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R =Ts, Ac, TFA, Ns, Boc,
(0]

3JLN Me,

Figure 1.2.4. Unsuccessful examples of other unsymmetrical 1,2-disubstituted cyclic

alkenes.
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2—5 E£&®

AE T, MBI A L 23-T8 Rr 7T 22 ORFRRLR2IMINEBRILKISIC
BWT, TVXRIGICEFREMEREZGET 501 20U, FEBRCES
DEITEIH TE D LB X, BMatziTo72, ZTORER, hF A ouao T 1),/
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Experimental Section

1. General

Anhydrous CH2Cl> (No. 27,099-7) were obtained from Aldrich and Wako, and used as
received. Solvents for the synthesis of substrates were dried over Molecular Sieves 4A
(Wako) prior to use. [Rh(cod)2]BF4 was obtained from Umicore AG. (R)-Hs-BINAP, (R)-
Segphos, (R)-tol-BINAP, and (R)-xyl-BINAP were obtained from Takasago International
Corporation. Diynes 1a*, 1d°, 1f°, 1j7, 1p®, 1q°, 1r'® and benzofulvene 2i'! were prepared
according to procedures reported in 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 unless otherwise
specified. HRMS data were obtained on a Bruker micrOTOF Focus II. A single crystal
X-ray diffraction measurement was made on R-AXIS RAPID II Imaging Plate camera
using graphite-monochromated Cu-Ka radiation. Optical rotation values were measured
on a JASCO P-2200. All reactions were carried out under nitrogen or argon with magnetic

stirring.

I1. Synthesis of Substrates

Tetramethyl hepta-1,6-diyne-1,4,4,7-tetracarboxylate (1k)
MeOZCCCOZMe
MeOzC — CO2Me
The title compound was prepared by the conditions used in the synthesis of structurally
related compounds.'? Dimethyl 2,2-di(prop-2-yn-1-yl)malonate® (0.416 g, 2.00 mmol)
was added to a solution of PdCI> (70.9 mg, 0.400 mmol), CuCl; (1.34 g, 10.0 mmol) and
NaOAc (0.820 g, 10.0 mmol) in MeOH (30 mL), and the mixture was stirred at room
temperature under CO for 1 d. The reaction mixture was poured into saturated aqueous
NH4Cl. The aqueous phase was extracted with CH2Cl twice. The combined extract was
washed with saturated aqueous NaHCO3 and brine, dried over Na>SOs, and concentrated.
The residue was purified by a silica gel column chromatography (n-hexane/EtOAc =

60:40) to give 1k (0.393 g, 1.21 mmol, 61 % yield) as a pale yellow oil.
"HNMR (CDCls, 400 MHz) 6§ 3.80 (s, 6H), 3.75 (s, 6H), 3.15 (s, 4H); *C NMR (CDCl3,
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100 MHz) ¢ 168.0, 153.4, 82.2, 75.8, 55.8, 53.6, 52.7, 23.2; HRMS (ESI) calcd for
CisH160sNa [M+Na]* 347.0737 found 347.0738.

1,7-Diisopropyl 4,4-dimethyl hepta-1,6-diyne-1,4,4,7-tetracarboxylate (11)
MeO,C, /—=—=—CO,i-Pr
MeOzC><;COzi-Pr
The title compound was prepared by the conditions used in the synthesis of structurally
related compounds.'? Dimethyl 2,2-di(prop-2-yn-1-yl)malonate® (0.416 g, 2.00 mmol)
was added to a solution of PdCI> (70.9 mg, 0.400 mmol), CuCl; (1.34 g, 10.0 mmol) and
NaOAc (0.820 g, 10.0 mmol) in i-PrOH/THF (1:1, 40 mL), and the mixture was stirred
at room temperature under CO for 1 d. The reaction mixture was poured into saturated
aqueous NH4CI/CH2Cl. The aqueous phase was extracted with two portions of CH>Cl.
The combined extract was washed with saturated aqueous NaHCO3 and brine, dried over
Na»SO4, and concentrated. The residue was purified by a silica gel column
chromatography (n-hexane/EtOAc = 85:15) to give 11 (0.355 g, 0.932 mmol, 47 % yield)
as a colorless oil.
"H NMR (CDCls, 400 MHz) 6 5.06 (sept, J = 6.3 Hz, 2H), 3.80 (s, 6H), 3.15 (s, 4H),
1.28 (d, J= 6.2 Hz, 12H); *C NMR (CDCls, 100 MHz) § 168.1, 152.5, 81.4, 76.5, 70.0,

55.9, 53.5, 23.2, 21.6; HRMS (ESI) caled for CioH240sNa [M+Na]™ 403.1363 found
403.1368.

4,4-Dibenzyl 1,7-diethyl hepta-1,6-diyne-1,4,4,7-tetracarboxylate (1m)
BnO,C, —— BnO,C =——CO,Et

X_ — . X_
BnO,C — BnO,C ——CO,Et

S$1 im

Dibenzyl malonate (1.42 g, 5.00 mmol) was added to a solution of KoCO3 (2.42 g, 17.5
mmol) and propargyl bromide (1.90 mL, 25.0 mmol) in acetone (25 mL), and the mixture
was stirred at room temperature under nitrogen for 2 d. The reaction mixture was poured
into saturated aqueous NH4CIl/EtOAc. The aqueous phase was extracted with two portions
of EtOAc. The combined extract was washed with brine, dried over Na>SOs, and
concentrated. The residue was purified by a silica gel column chromatography (-
hexane/EtOAc = 90:10) to give dibenzyl 2,2-di(prop-2-yn-1-yl)malonate S1 (1.80 g, 5.00
mmol, >99% yield) as a white solid.

Mp 55-56 °C; 'H NMR (CDCls, 400 MHz) 6 7.33-7.22 (m, 10H), 5.13 (s, 4H), 3.04
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(d,J=2.6 Hz, 4H), 1.99 (t, J= 2.6 Hz, 2H); '3C NMR (CDCls, 100 MHz) 6 168.3, 135.0,
128.5, 128.4, 128.2, 78.2, 71.9, 67.7, 56.6, 22.6; HRMS (ESI) calcd for C23H2004Na
[M+Na]* 383.1254, found 383.1260.

The title compound was prepared by the conditions used in the synthesis of structurally
related compounds.” To a stirred solution of S1 (0.721 g, 2.00 mmol) in THF (36 mL)
was added n-BuLi (2.5 mL, 4.0 mmol, 1.60 mol/L in n-hexane) at =78 °C under nitrogen
and the resulting mixture was stirred at —78 °C for 30 min. To the resulting mixture was
added CICO:Et (0.46 mL, 4.80 mmol) at =78 °C. After warming to room temperature,
the reaction mixture was stirred for 3 h. The reaction mixture was quenched with water
and poured into saturated aqueous NH4Cl/ EtOAc. The aqueous phase was extracted with
two portions of EtOAc. The combined extract was washed with brine, dried over Na;SOs,
and concentrated. The residue was purified by a silica gel column chromatography (n-
hexane/EtOAc = 80:20) to give 1m (616 mg, 1.22 mmol, 61% yield) as a colorless oil.

"H NMR (CDCl3, 400 MHz) 6 7.35-7.22 (m, 10H), 5.16 (s, 4H), 4.20 (q, /= 7.1 Hz,
4H), 3.17 (s, 4H), 1.29 (t, J = 7.1 Hz, 6H); 1*C NMR (CDCls, 100 MHz) 6 167.4, 152.9,
134.6, 128.61, 128.57, 128.3, 81.8, 76.3, 68.3, 62.0, 56.0, 23.1, 14.0; HRMS (ESI) calcd
for C290H230sNa [M+Na]* 527.1676, found 527.1683.

Dimethyl 4,4'-(benzylazanediyl)bis(but-2-ynoate) (1n)

The title compound was prepared from N-benzyl-N-(prop-2-yn-1-yl)prop-2-yn-1-
amine'® and CICO2Me in 55% yield by the procedure used for 1m.

Brown oil; 'H NMR (CDCls, 400 MHz) & 7.36-7.27 (m, SH), 3.79 (s, 6H), 3.72 (s,
2H), 3.57 (s, 4H); '3C NMR (CDCls, 100 MHz) 6 153.6, 136.8, 129.1, 128.6, 127.8, 83.0,
77.5, 57.5, 52.7, 42.1; HRMS (ESI) caled for C17H1704Na [M+Na]* 322.1050, found
322.1056.

Dimethyl 4,4'-(benzylazanediyl)bis(but-2-ynoate) (10)

/—==—CO,Me
0]
\——co,Me

The title compound was prepared from 3-(prop-2-yn-1-yloxy)prop-1-yne and
CICO2Me in 52% yield by the procedure used for 1m.
White solid; Mp 72—73 °C; 'H NMR (CDCls, 400 MHz) 6 4.41 (s, 4H), 3.80 (s, 6H);
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3C NMR (CDCls, 100 MHz) 6 153.3, 81.8, 78.8, 56.6, 52.9; HRMS (ESI) calcd for
C1oH100s5Na [M+Na]* 233.0420, found 233.0425.

Diethyl 3,3'-([1,1'-biphenyl]-2,2'-diyl)dipropiolate (1s)

CO,Et

CO,Et

The title compound was prepared from 2,2'-diethynyl-1,1'-biphenyl'® and CICO,Et in
56% yield by the procedure used for 1m.

Brown solid; Mp 67—69 °C; '"H NMR (CDCls, 400 MHz) ¢ 7.73-7.68 (m, 2H), 7.54—
7.46 (m, 4H), 7.41 (td, J=7.4 Hz,J= 1.7 Hz, 2H), 4.17 (q, J = 7.1 Hz, 4H), 1.26 (t, J =
7.1 Hz, 6H); '3C NMR (CDCls, 100 MHz) 6 153.8, 143.3, 133.9, 130.5, 130.1, 128.0,
119.2, 85.1, 83.6, 61.9, 14.0; HRMS (ESI) calcd for C22Hi30sNa [M+Na]" 369.1097,
found 369.1101.

Dibutyl 3,3'-([1,1'-biphenyl]-2,2'-diyl)dipropiolate (1t)

The title compound was prepared from 2,2'-diethynyl-1,1'-biphenyl!® and CICO.n-Bu
in >99% yield by the procedure used for 1m.

Yellow oil; "H NMR (CDCls, 400 MHz) 6 7.70 (d, J = 7.5 Hz, 2H), 7.54-7.46 (m, 4H),
7.43-7.37 (m, 2H), 4.11 (t, J = 6.6 Hz, 4H), 1.65-1.56 (m, 4H), 1.41-1.30 (m, 4H), 0.92
(t, J = 7.4 Hz, 6H); 3*C NMR (CDCls, 100 MHz) ¢ 153.9, 143.4, 133.9, 130.5, 130.1,
128.0, 119.2, 85.1, 83.6, 65.7, 30.4, 19.0, 13.6; HRMS (ESI) calcd for CysH2604Na
[M+Na]* 425.1723, found 425.1734.
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7-Methoxy-1H-indene (2f)

52

"
NOESY cross peak

To a stirred solution of 4-methoxy-2,3-dihydro-1H-inden-1-01'* (0.109 g, 0.663 mmol)
in THF (3 mL) was added p-TsOH*H>O (63.2 mg, 0.332 mmol) at room temperature.
After being stirred at reflux for 7 h, the reaction mixture was poured into H>O/ EtOAc.
The aqueous phase was extracted with two portions of EtOAc. The combined extract was
washed with H>O three times and brine, dried over Na>SOs, and concentrated. The residue
was purified by a silica gel column chromatography (n-hexane/EtOAc = 85:15) to give
2f (74.6 mg, 0.510 mmol, 77% yield) as a pale yellow oil. The stereochemistry of this
compound was determined by the NOESY cross peak. This compound is known and the
spectroscopic data match those reported.'*

"HNMR (CDCl3, 400 MHz) 6 7.29-7.23 (m, 1H), 7.08-7.03 (m, 1H), 7.26 (dt, J= 5.4,
1.8 Hz, 1H), 6.75 (d, J = 8.1 Hz, 1H), 6.56 (dt J = 5.4, 1.8 Hz, 1H), 3.90 (s, 3H), 3.39—
3.34 (m, 2H); °C NMR (CDCls, 100 MHz) 6 155.4, 146.7, 134.4, 131.9, 130.5, 127.9,
114.2, 107.1, 55.3, 36.5; HRMS (APCI) calcd for C20H2102 [2M+H]" 293.1536, found
293.1550.

ITI. Rhodium-Catalyzed Asymmetric [2+2+2] Cycloaddition of a,-Diynes 1 with
2,3-Dihydrofuran (2a)

Representative procedure for the rhodium-catalyzed asymmetric [2+2+2]
cycloaddition of a,m-diynes 1 with 2,3-dihydrofuran (2a) (Table 1.2.2, 3ja): (R)-
BINAP (6.2 mg, 0.0100 mmol) and [Rh(cod)2]BF4 (4.1 mg, 0.0100 mmol) were dissolved
in CH2Clz (2.0 mL) and the mixture was stirred at room temperature for 10 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, and dissolved in CH>Cl»
(0.5 mL). To the residue was added a CH2Clz (1.5 mL) solution of 1j (70.5 mg, 0.200
mmol) and 2a (15.4 mg, 0.220 mmol) at room temperature. The mixture was stirred at
the same temperature for 1 h. The resulting solution was concentrated and purified by a
preparative TLC (n-hexane/EtOAc/MeOH = 3:1:0.5), which furnished (+)-3ja (82.1 mg,
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0.194 mmol, 97% yield, >99% ee) as a white solid.

(+)-4,8-Diethyl 6,6-dimethyl 2,3,3a,5,7,8a-hexahydro-6H-indeno[5,6-b]furan-
4,6,6,8-tetracarbo-xylate [(+)-3ja, Table 1.2.2]

CO,Et

MeozC “\O

MeO,C "">
CO,Et

82.1 mg, 97% yield, White solid; Mp 69—70 °C; [a]*°p +47.8° (c 1.0, CHCl3, >99%
ee); 'H NMR (CDCls, 400 MHz) 6 4.96 (d, J = 9.7 Hz, 1H), 4.40-4.20 (m, 4H), 3.76 (s,
3H), 3.72 (s, 3H), 3.64-3.54 (m, 4H), 3.48-3.35 (m, 3H), 2.63-2.53 (m, 1H), 1.84-1.74
(m, 1H), 1.35 (t, J = 7.1 Hz, 6H); 3C NMR (CDCls, 100 MHz) § 171.7, 171.3, 166.6,
166.5,147.7,144.5,127.9,123.3,74.3,63.7,60.9, 60.8, 58.2, 53.0, 40.0, 39.3, 35.3, 14.34,
14.32; HRMS (ESI) caled for CziH26O9Na [M+Na]® 445.1469, found 445.1460;
CHIRALPAK IF-3, n-hexane/i-PrOH = 80:20, 0.5 mL/min, retention times: 28.5 min

(major isomer) and 37.6 min (minor isomer).

(+)-Tetramethyl 2,3,3a,5,7,8a-hexahydro-6 H-indeno[5,6-b]furan-4,6,6,8-tetracar-
boxylate [(+)-3ka, Table 1.2.2]

CO,Me

MeOQC \\\()>

MeO,C ""
CO,Me

44.7 mg, 57% yield, White solid; Mp 98—99 °C; [a]**p+58.6° (¢ 2.2, CHCl3, 97% ee);
"H NMR (CDCl3, 400 MHz) 6 4.96 (d, J = 9.8 Hz, 1H), 3.84 (s, 3H), 3.83 (s, 3H), 3.77
(s, 3H), 3.73 (s, 3H), 3.65-3.51 (m, 4H), 3.49-3.35 (m, 3H), 2.64-2.53 (m, 1H), 1.83—
1.72 (m, 1H); *C NMR (CDCls, 100 MHz) 6 171.6, 171.2, 166.9, 148.1, 144.7, 127.7,
123.1, 74.3, 63.7, 58.1, 53.0, 52.0, 51.8, 39.99, 39.96, 39.3, 35.3; HRMS (ESI) calcd for
Ci9H209Na [M+Na]" 417.1156, found 417.1159; CHIRALPAK AD-H, n-hexane/i-PrOH
= 95:5, 1.0 mL/min, retention times: 51.5 min (major isomer) and 62.3 min (minor

isomer).
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(+)-4,8-Diisopropyl 6,6-dimethyl 2,3,3a,5,7,8a-hexahydro-6 H-indeno[5,6-b]furan-
4,6,6,8-tetra-carboxylate [(+)-3la, Table 1.2.2]

CO,i-Pr
MeOQC \\\()>
MeO,C ""

CO,i-Pr

68.1 mg, 76% yield, White solid; Mp 54—55 °C; [a]*’p +41.1° (¢ 3.4, CHCl3, 95% ee);
'"H NMR (CDCls, 400 MHz) & 5.17 (sept, J = 6.2 Hz, 1H), 5.14 (sept, J = 6.2 Hz, 1H),
4.93 (d,J=9.7Hz, 1H), 3.76 (s, 3H), 3.72 (s, 3H), 3.63-3.54 (m, 4H), 3.47-3.33 (m, 3H),
2.61-2.51 (m, 1H), 1.84—1.73 (m, 1H), 1.39-1.28 (m, 12H); *C NMR (CDCls, 100 MHz)
0171.7,171.4,166.2,166.0, 147.2, 144.2, 128.2, 123.5,74.3, 68.6, 68.4, 63.6, 58.2, 53.0,
40.0, 39.9, 39.2, 35.2, 21.98, 21.95; HRMS (ESI) calcd for C23H30OoNa [M+Na]*
473.1782, found 473.1799; CHIRALPAK AD-H, n-hexane/i-PrOH = 95:5, 1.0 mL/min,

retention times: 18.1 min (minor isomer) and 19.9 min (major isomer).

(+)-6,6-Dibenzyl 4,8-diethyl 2,3,3a,5,7,8a-hexahydro-6H-indeno[S,6-b]furan-
4,6,6,8-tetracarbo-xylate [(+)-3ma, Table 1.2.2]

CO,Et
BnO2C \\\O
"u)
BnOzC
CO,Et

108.6 mg, 94% yield, Colorless oil; [a]*’p +32.0° (¢ 4.9, CHCl3, 96% ee); 'H NMR
(CDCl3, 400 MHz) 6 7.34-7.15 (m, 10H), 5.15 (s, 2H), 5.09 (s, 2H), 4.94 (d, /= 9.7 Hz,
1H), 4.38—4.14 (m, 4H), 3.67-3.55 (m, 4H), 3.47-3.34 (m, 3H), 2.59-2.50 (m, 1H), 1.79—
1.69 (m, 1H), 1.31 (d, J = 7.0 Hz, 6H); *C NMR (CDCls, 100 MHz) § 170.9, 170.5,
166.51, 166.45, 147.5, 144.4, 135.22, 135.21, 128.6, 128.5, 128.35, 128.32, 128.02,
127.97, 127.9, 123.4, 74.3, 67.5, 67.4, 63.7, 60.9, 60.8, 58.4, 39.9, 39.2, 35.2, 14.3;
HRMS (ESI) caled for C33H3409Na [M+Na]" 597.2095, found 597.2098; CHIRALPAK
AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 60.8 min (major isomer)

and 68.7 min (minor isomer).
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(+)-Dimethyl 6-benzyl-3,3a,5,6,7,8a-hexahydro-2H-furo|2,3-f]isoindole-4,8-dicar-
boxylate [(+)-3na, Table 1.2.2]

CO,Me
wO

BnN >
l’ll

CO,Me

36.3 mg, 49% yield, Pale yellow oil; [a]*’p +59.7° (c 0.86, CHCl3, 98% ee); '"H NMR
(CDCl3, 400 MHz) 6 7.37-7.23 (m, 5H), 4.94 (d, J = 9.9 Hz, 1H), 3.99-3.89 (m, 2H),
3.80 (s, 3H), 3.775 (s, 3H), 3.768 (s, 2H), 3.72-3.56 (m, 4H), 3.48-3.38 (m, 1H), 2.64—
2.54 (m, 1H), 1.86-1.75 (m, 1H); '3C NMR (CDCls, 100 MHz) § 166.8, 166.7, 148.6,
145.0, 138.1, 128.7, 128.4, 127.3, 125.9, 121.1, 74.2, 63.7, 60.0, 57.9, 52.0, 51.8, 39.2,
35.1; HRMS (ESI) caled for CHuaNOs [M+H]" 370.1649, found 370.1656;
CHIRALPAK OD-H, n-hexane/i-PrOH = 95:5, 1.0 mL/min, retention times: 23.6 min

(major isomer) and 27.7 min (minor isomer).

(+)-Dimethyl 2,3,3a,5,7,8a-hexahydrobenzo|1,2-b:4,5-c’|difuran-4,8-dicarboxy-
late [(+)-30a, Table 1.2.2]

CO,Me
wO

d )
I'l’

CO,Me

24.3 mg, 43% yield, White solid; Mp 146—147 °C; [a]*’p +93.3° (¢ 0.63, CHCl3, 97%
ee); 'H NMR (CDCl3, 400 MHz) 6 4.99-4.80 (m, 4H), 4.96 (d, J = 9.9 Hz, 1H), 3.85 (s,
3H), 3.83 (s, 3H), 3.69-3.59 (m, 2H), 3.53-3.42 (m, 1H), 2.73-2.61 (m, 1H), 1.93-1.80
(m, 1H); *C NMR (CDCl;, 100 MHz) 6 166.4, 166.3, 148.8, 145.1, 125.9, 120.6, 74.1,
71.9, 63.6,52.2,52.0,39.5, 35.2; HRMS (ESI) calcd for C14Hi60sNa [M+Na]" 303.0839,
found 303.0842; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention

times: 13.5 min (major isomer) and 15.6 min (minor isomer).

76



(+)-Dimethyl 3,3a,5,6,7,8a-hexahydro-2H-indeno[5,6-b]furan-4,8-dicarboxylate
[(+)-3pa, Table 1.2.2]

COzMe
\\\O

’lll>

CO,Me

28.4 mg, 51% yield, White solid; Mp 76—77 °C; [a]*’p +105.2° (¢ 1.2, CHCl3, 93%
ee); 'H NMR (CDCls, 400 MHz) 6 4.95 (d, J = 9.7 Hz, 1H), 3.83 (s, 3H), 3.81 (s, 3H),
3.66-3.59 (m, 2H), 3.47-3.40 (m, 1H), 3.00-2.74 (m, 4H), 2.63-2.52 (m, 1H), 1.99-1.65
(m, 3H); 3C NMR (CDCl3, 100 MHz) 6 167.62, 167.57,152.7, 148.9, 126.7, 122.0, 74.6,
63.9,51.7,51.6,39.5,35.1,32.7,32.6,23.9; HRMS (ESI) calcd for CisH;30sNa [M+Na]"
301.1046, found 301.1054; CHIRALPAK AD-H, n-hexane/i-PrOH = 95:5, 0.2 mL/min,

retention times: 49.6 min (major isomer) and 52.9 min (minor isomer).

(+)-9,13-Dimethyl-9a,11,12,12a-tetrahydrotriphenyleno[2,3-b]furan [(+)-3ra, Ta-

ble 1.2.2]
O Me
\\\O
‘O ll")
0 Me

30.7 mg, 51% yield, White solid; Mp 180—181 °C; [a]*p +232.9° (¢ 1.1, CHCl3, ca.
57% ee); 'H NMR (CDCls, 400 MHz) § 9.01-8.95 (m, 1H), 8.68-8.62 (m, 2H), 8.08—
8.02 (m, 1H), 7.62—7.55 (m, 3H), 7.54-7.48 (m, 1H), 6.33-6.29 (m, 1H), 3.85 (q, J= 8.1
Hz, 1H), 3.34 (ddd, /= 8.4, 8.4, 3.8 Hz, 1H), 2.50 (dt, /= 11.0, 8.1 Hz, 1H), 2.29 (d, J =
1.1 Hz, 3H), 2.22 (dtd, J = 12.0, 8.2, 3.9 Hz, 1H), 1.85-1.71 (m, 1H), 1.74 (s, 3H); 1*C
NMR (CDCI3, 100 MHz) ¢ 134.2, 132.4, 131.6, 131.10, 131.08, 129.4, 128.7, 128.2,
128.0, 127.2, 126.1, 125.93, 125.89, 125.3, 123.0, 122.6, 85.6, 65.9, 46.8, 32.3, 23.7,
23.4; HRMS (APCI) caled for CpH»O:1 [M+H]" 301.1587, found 301.1595;
CHIRALPAK ID-3, n-hexane/i-PrOH = 98:2, 0.2 mL/min, retention times: 20.5 min

(major isomer) and 21.7 min (minor isomer).

77



IV. Aromatization of 3pa

Methyl 1-o0x0-1,3,4,7,8,9-hexahydrocyclopental/]isochromene-6-carboxylate [6,
Scheme 1.2.4]

CO,Me

0~ O

Dimethyl 3,3a,5,6,7,8a-hexahydro-2 H-indeno[5,6-b]furan-4,8-dicarboxylate (3pa)
(20.0 mg, 0.0719 mmol) was added to a solution of p-TsOH-H>O (1.4 mg, 0.00719 mmol)
in CH2Cl (2 mL), and the mixture was stirred at room temperature under nitrogen for 3
h. The reaction mixture was poured into ag NaHCO3/CHxCl,. The aqueous phase was
extracted with two portions of CH>Cl,. The combined extract was washed with brine,
dried over Na;SOs, and concentrated. The residue was purified by a preparative TLC (n-
hexane/EtOAc/MeOH = 3:1:0.5), which furnished 6 (16.0 mg, 0.0650 mmol, 90% yield)
as a white solid.

Mp 121-122 °C; '"H NMR (CDCls, 400 MHz) § 7.71 (s, 1H), 4.50 (t, J = 5.9 Hz, 2H),
3.93 (s, 3H), 3.35 (t, J = 7.8 Hz, 2H), 3.26 (t, J = 7.7 Hz, 2H), 3.06 (t, J = 5.8 Hz, 2H),
2.12 (quin, J = 7.7 Hz, 2H); 3*C NMR (CDCls, 100 MHz) 6 166.7, 164.1, 150.7, 147.4,
137.7, 130.1, 126.9, 124.5, 67.3, 52.2, 33.7, 33.4, 28.1, 24.9; HRMS (ESI) calcd for
C14H1404Na; [M+Na]* 269.0784, found 269.0790.

V. Rhodium-Catalyzed Asymmetric [2+2+2] Cycloaddition of a,®-Diynes 1 with
Indene (2¢)

Representative procedure for the rhodium-catalyzed asymmetric [2+2+2]
cycloaddition of a,-diynes 1 with indene (2e) (Table 1.2.3, entry 1, 3je): (R)-BINAP
(6.2 mg, 0.0100 mmol) and [Rh(cod)2]BFs (4.1 mg, 0.0100 mmol) were dissolved in
CH2Clz (2.0 mL) and the mixture was stirred at room temperature for 10 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, and dissolved in CH>Cl»
(0.5 mL). To the residue was added a CH>Cl» (1.0 mL) solution of 2e (0.116 g, 1.00
mmol) and a CH2Cl; (0.5 mL) solution of 1j (70.5 mg, 0.200 mmol) in this order at room
temperature. The mixture was stirred at the same temperature for 16 h. The resulting

solution was concentrated and purified by a preparative TLC (n-hexane/EtOAc/MeOH =
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3:1:0.5), which furnished (+)-3je (35.2 mg, 0.0751 mmol, 38% yield, 56% ee) as a pale
yellow oil.

(+)-10,4-Diethyl 2,2-dimethyl 3,4a,9,9a-tetrahydrocyclopenta|b]fluorene-
2,2,4,10(1H)-tetra-carboxylate [(+)-3je, Table 1.2.4]

CO,Et
M602 \\\\
MeO,C ""

CO,Et

46.1 mg, 49% yield, Pale yellow oil; [a]*°p +133.3° (c 2.3, CHCl3, 67% ee); 'H NMR
(CDCl3, 400 MHz) 6 7.29-7.09 (m, 4H), 4.47 (d, J = 10.1 Hz, 1H), 4.36-4.21 (m, 4H),
3.80-3.72 (m, 1H), 3.73 (s, 3H), 3.70 (s, 3H), 3.55-3.29 (m, 5H), 2.91 (dd, J=15.8, 6.4
Hz, 1H), 1.35 (t, J= 7.1 Hz, 3H), 1.34 (t, J = 7.1 Hz, 3H); *C NMR (CDCls, 100 MHz)
0171.7,171.5,167.3,167.0, 145.6, 144.6, 143.5,141.8, 127.8, 126.8, 126.6, 125.5, 125.3,
123.9, 60.8, 60.6, 58.2, 53.0, 52.9, 45.1, 41.0, 40.5, 39.9, 39.7, 14.4; HRMS (ESI) calcd
for C26H2sOsNa [M+Na]" 491.1676, found 491.1681; CHIRALPAK AD-H, n-hexane/i-
PrOH =90:10, 1.0 mL/min, retention times: 11.5 min (minor isomer) and 16.3 min (major

isomer).

(+)-Tetramethyl 3.,4a,9,9a-tetrahydrocyclopenta|b]fluorene-2,2,4,10(1H)-tetra-
carboxylate [(+)-3ke, Table 1.2.4]

CO,Me

M602 \\\\

MeO,C ""
COzMe

40.2 mg, 46% yield, Colorless oil; [a]*’p +118.2° (¢ 2.0, CHCl3, 64% ee); 'H NMR
(CDCls, 400 MHz) 6 7.27-7.22 (m, 1H), 7.21-7.10 (m, 3H), 4.46 (d, J = 10.0 Hz, 1H),
3.84 (s, 3H), 3.82 (s, 3H), 3.75-3.72 (m, 1H), 3.73 (s, 3H), 3.70 (s, 3H), 3.53-3.30 (m,
5H), 2.89 (dd, J=15.8, 6.6 Hz, 1H); '*C NMR (CDCls, 100 MHz) 6 171.5, 171.4, 167.6,
167.3, 145.7, 144.7, 143.3, 141.8, 127.6, 126.8, 126.6, 125.3, 125.1, 123.8, 58.1, 52.94,
52.88, 51.63, 51.56, 45.1, 41.0, 40.4, 39.9, 39.6; HRMS (ESI) calcd for C24H240sNa
[M+Na]" 463.1363, found 463.1367; CHIRALPAK AD-H, n-hexane/i-PrOH =90:10, 1.0

mL/min, retention times: 15.1 min (minor isomer) and 22.6 min (major isomer).
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(+)-10,4-Diisopropyl 2,2-dimethyl 3,4a,9,9a-tetrahydrocyclopenta|b]fluorene-
2,2,4,10(1H)-tetracarboxylate [(+)-3le, Table 1.2.4]

COzI-
M602 \\\\
MeO,C ""

COZI-PI'

65.9 mg, 66% yield, Colorless oil; [a]*p +100.4° (¢ 1.8, CHCl3, 57% ee); 'H NMR
(CDCl3, 400 MHz) ¢ 7.33-7.07 (m, 4H), 5.19 (sept, J = 6.2 Hz, 1H), 5.15 (sept, /= 6.2
Hz, 1H), 4.47 (d, /= 10.0 Hz, 1H), 3.81-3.71 (m, 1H), 3.73 (s, 3H), 3.70 (s, 3H), 3.60—
3.25 (m, 5H), 2.90 (dd, J=15.9, 6.1 Hz, 1H), 1.40—1.23 (m, 12H); *C NMR (CDCls, 100
MHz) 6 171.7,171.5,166.9, 166.5, 145.3, 144.3, 143.7, 141.8, 128.1, 126.8, 126.5, 125.7,
125.2, 123.9, 68.5, 68.2, 58.3, 52.95, 52.91, 45.0, 41.0, 40.4, 39.9, 39.7, 22.01, 21.98;
HRMS (ESI) caled for C2sH320sNa [M+Na]" 519.1989, found 519.1991; CHIRALPAK
OD-H, n-hexane/i-PrOH = 95:5, 0.2 mL/min, retention times: 43.1 min (minor isomer)

and 48.1 min (major isomer).

(+)-2,2-Dibenzyl 10,4-diethyl 3,4a,9,9a-tetrahydrocyclopenta[b]fluorene-
2,2,4,10(1H)-tetra-carboxylate [(+)-3me, Table 1.2.4]

CO,Et
Bn02 \\\\
BnO,C ""

CO,Et

86.2 mg, 69% yield, Pale yellow oil; [a]*’p +81.2° (¢ 4.3, CHCl3, 60% ee); 'H NMR
(CDCl3, 400 MHz) 6 7.36-7.07 (m, 14H), 5.10 (d, /= 4.5 Hz, 4H), 4.45 (d, /= 10.0 Hz,
1H), 4.35-4.16 (m, 4H), 3.77-3.68 (m, 1H), 3.55 (d, J=19.1 Hz, 1H), 3.49 (d, J=19.2
Hz, 1H) ), 3.43-3.27 (m, 3H), 2.85 (dd, /= 15.8, 6.5 Hz, 1H), 1.304 (t, /= 7.1 Hz, 3H),
1.298 (t, J = 7.1 Hz, 3H); 1*C NMR (CDCls, 100 MHz) § 170.9, 170.6, 167.3, 166.9,
145.4, 144.4, 143.5, 141.9, 135.31, 135.29, 128.6, 128.5, 128.3, 128.0, 127.90, 127.88,
126.9, 126.6, 125.6, 125.3, 123.9, 67.4, 60.8, 60.6, 58.5, 45.2,41.0, 40.5, 40.0, 39.7, 14.4;
HRMS (ESI) caled for C3sH3sOsNa [M+Na]" 643.2302, found 643.2294; CHIRALPAK
AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 31.0 min (minor isomer)

and 35.2 min (major isomer).
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(-)-Dimethyl 4,10-diphenyl-3,4a,9,9a-tetrahydrocyclopenta|b]fluorene-2,2(1H)-
dicarboxylate [(—)-3de, Table 1.2.4]

MeO,C 2 \\\\

II"

MeOQC

59.8 mg, 63% yield, White solid; Mp 75—77 °C; [a]**p —107.2° (c 3.0, CHCl3, 92%
ee); '"H NMR (CDCls, 400 MHz) § 7.43-7.22 (m, 10H), 7.10-7.00 (m, 2H), 6.90 (t, J =
7.3 Hz, 1H), 6.64 (d, J= 7.6 Hz, 1H), 4.51 (d, /= 9.7 Hz, 1H), 3.94-3.84 (m, 1H), 3.66
(s, 3H), 3.59 (s, 3H), 3.24-3.00 (m, 5H), 2.93 (dd, J=15.6, 5.3 Hz, 1H); 3C NMR (CDCl;,
100 MHz) 6 171.9, 171.5, 145.0, 141.7, 140.7, 140.5, 132.7, 132.6, 132.3, 129.4, 128.34,
128.33, 128.28, 127.8, 126.9, 126.8, 126.3, 126.0, 124.9, 123.6, 58.8, 52.8, 52.7, 49.0,
44.7, 39.9, 39.5, 39.2; HRMS (ESI) calcd for C32H230sNa [M+Na]" 499.1880, found
499.1892; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times:

5.7 min (minor isomer) and 6.8 min (major isomer).

(+)-Dimethyl 2-benzyl-1,2,3,4a,9,9a-hexahydroindeno[1,2-f]isoindole-4,10-dicar-
boxylate [(+)-3ne, Table 1.2.4]
CO,Me
““
'lu
CO,Me
47.4 mg, 57% yield, Pale yellow oil; [a]*°p +168.6° (¢ 2.3, CHCls, 95% ee); 'H NMR
(CDCl3, 400 MHz) ¢ 7.37-7.09 (m, 9H), 4.48 (d, J = 10.1 Hz, 1H), 3.90-3.70 (m, 3H),
3.80 (s, 3H), 3.76 (s, 3H), 3.72 (s, 2H), 3.64-3.52 (m, 2H), 3.39 (dd, J = 15.9, 7.9 Hz,
1H), 2.96 (dd, J=15.9, 5.9 Hz, 1H); *C NMR (CDCls, 100 MHz) 6 167.6, 167.3, 146.1,
145.7,143.6, 141.7, 138.1, 128.8, 128.4, 127.2, 126.9, 126.6, 126.0, 125.1, 123.9, 123.3,
60.1, 58.0, 57.9, 51.7, 51.6, 44.8, 40.9, 40.4; HRMS (ESI) calcd for C26H26NO4 [M+H]"
416.1856, found 416.1859; CHIRALPAK OD-H, n-hexane/i-PrOH =90:10, 1.0 mL/min,

retention times: 10.4 min (minor isomer) and 14.1 min (major isomer).
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(+)-Dimethyl 3,4a,9,9a-tetrahydro-1H-fluoreno[2,3-c|furan-4,10-dicarboxylate

[(+)-30e, Table 1.2.4]
CO,Me

\\\‘

Il”

CO,Me

15.7 mg, 24% yield, Colorless oil; [a]*’p +187.0° (¢ 0.79, CHCls, 97% ee); '"H NMR
(CDCl3, 400 MHz) 6 7.29-7.12 (m, 4H), 4.86-4.72 (m, 4H), 4.55 (d, J = 10.2 Hz, 1H),
3.89-3.79 (m, 1H), 3.86 (s, 3H), 3.82 (s, 3H), 3.47 (dd, /= 16.1, 8.0 Hz, 1H), 3.04 (dd, J
=16.1, 5.5 Hz, 1H); 1*C NMR (CDCls, 100 MHz) § 167.2, 166.9, 146.2, 146.1, 143 .4,
141.5,127.1,126.8, 125.9, 125.2, 124.0, 123.0, 72.0, 71.9, 51.9, 45.0, 41.2, 40.4; HRMS
(ESI) calcd for C19Hi30sNa [M+Na]" 349.1046, found 349.1040; CHIRALPAK AD-H,
n-hexane/i-PrOH =90:10, 1.0 mL/min, retention times: 10.0 min (minor isomer) and 10.8

min (major isomer).

(+)-Dimethyl 1,2,3,4a,9,9a-hexahydrocyclopenta[b]fluorene-4,10-dicarboxylate

[(+)-3pe, Table 1.2.4]
CO,Me

\\\‘

Il”

CO,Me

42.1 mg, 65% yield, Colorless oil; [a]*p +198.8° (¢ 2.1, CHCl3, 99% ee); 'H NMR
(CDCl3, 400 MHz) 6 7.25-7.09 (m, 4H), 4.45 (d, J=10.0 Hz, 1H), 3.83 (s, 3H), 3.80 (s,
3H), 3.79-3.70 (m, 1H), 3.37 (dd, J = 15.8, 7.8 Hz, 1H), 2.94-2.65 (m, 4H), 2.90 (dd, J
=15.8,6.3 Hz, 1H), 1.90-1.78 (m, 1H), 1.76-1.63 (m, 1H); 3*C NMR (CDCls, 100 MHz)
0 168.4, 168.1, 150.0, 149.1, 144.0, 142.0, 126.8, 126.54, 126.52, 125.0, 124.1, 123.9,
51.42, 51.39, 45.2, 41.3, 40.5, 32.5, 32.4, 24.0; HRMS (ESI) calcd for Cz0H2004Na
[M+Na]" 347.1254, found 347.1257; CHIRALPAK AD-H, n-hexane/i-PrOH =90:10, 1.0

mL/min, retention times: 5.1 min (minor isomer) and 6.0 min (major isomer).
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(9aS,14aS8)-(-)-Dimethyl (9aS,14aS)-9a,14a-dihydro-14H-indeno|[1,2-b|triphenyl-
ene-9,15-di-carboxylate [(9aS$,14a5)-(-)-3qe, Table 1.2.4]

CO,Me
"u
COsMe

83.4 mg, 96% yield, Yellow solid; Mp 161-162 °C; [a]*°p —58.1° (¢ 1.9, CHCl3, 92%
ee); 'H NMR (CDCls, 400 MHz) § 7.82 (dd, J = 8.1, 8.1 Hz, 2H), 7.60 (d, J = 8.0 Hz,
1H), 7.40-7.09 (m, 9H), 4.33 (d, J = 8.9 Hz, 1H), 3.80-3.71 (m, 1H), 3.68 (s, 3H), 3.66
(s,3H),3.30 (dd, J=15.0, 7.5 Hz, 1H), 3.09 (dd, J=15.0, 7.0 Hz, 1H); '*C NMR (CDCls,
100 MHz) ¢ 170.7, 170.4, 142.6, 141.9, 138.2, 134.8, 133.3, 133.1, 130.3, 130.1, 129.9,
129.8, 128.9, 128.3, 127.7, 127.6, 127.4, 127.2, 126.5, 126.2, 124.9, 124.14, 124.11,
123.9,52.2,52.1,46.7,43.1,35.6; HRMS (ESI) calcd for C20H2,04Na [M+Na]" 457.1410,
found 457.1406; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention
times: 9.0 min (minor isomer) and 11.4 min (major isomer). A single crystal of
(9aS,14aS8)-(—)-3qe was obtained by recrystallization from Et,O/n-hexane at room
temperature and its relative and absolute stereochemistries were determined by a single

crystal X-ray crystallographic analysis (Figure 1.2.3, Table 1.2.5).

(-)-Diethyl  9a,14a-dihydro-14H-indeno[1,2-b]triphenylene-9,15-dicarboxylate
[(-)-3se, Table 1.2.4]

CO,Et
\\\\Q
u,,
CO,Et

96.6 mg, 95% yield, Yellow amorphous; [a]*°p —43.7° (c 4.8, CHCl3, 94% ee) ; 'H
NMR (CDCls, 400 MHz) 5 7.89-7.75 (m, 2H), 7.65 (d, J = 8.0 Hz, 1H), 7.42 (d, J= 7.9
Hz, 1H), 7.39-7.31 (m, 2H), 7.28 (d, J = 7.2 Hz, 1H), 7.25-7.09 (m, 5H), 4.33 (d, /= 9.0
Hz, 1H), 4.23-4.05 (m, 4H), 3.79-3.71 (m, 1H), 3.30 (dd, J=15.1, 7.6 Hz, 1H), 3.08 (dd,
J=15.0,7.0Hz, 1H), 1.14 (t, J=7.1 Hz, 3H), 1.13 (t,J= 7.1 Hz, 3H); *C NMR (CDCl3,
100 MHz) 0 170.2, 170.0, 142.7, 142.0, 137.9, 134.4, 133.3, 133.1, 130.4, 130.2, 129.8,
129.7, 129.3, 128.5, 128.0, 127.5, 127.2, 127.1, 126.52, 126.46, 125.0, 124.1, 124.0,
123.8, 61.3, 61.2, 46.7, 43.2, 35.5, 13.8; HRMS (ESI) calcd for C31Hx604Na [M+Na]"
485.1723, found 485.1721; CHIRALPAK AD-H, n-hexane/i-PrOH =90:10, 1.0 mL/min,
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retention times: 7.6 min (minor isomer) and 9.3 min (major isomer).

(-)-Dibutyl  9a,14a-dihydro-14H-indeno[1,2-b]triphenylene-9,15-dicarboxylate

[(-)-3te, Table 1.2.4]
O COzn-B u
w

O COZn-BU

77.8 mg, 75% yield, Yellow oil; [a]*p —16.8° (¢ 0.66, CHCl3, 93% ee); 'H NMR
(CDClI3, 400 MHz) ¢ 7.88-7.79 (m, 2H), 7.64 (d, J = 8.0 Hz, 1H), 7.42 (d, J = 8.0 Hz,
1H), 7.40-7.32 (m, 2H), 7.28 (d, J=7.2 Hz, 1H), 7.23-7.11 (m, 5H), 4.33 (d, /= 8.9 Hz,
1H), 4.20—4.00 (m, 4H), 3.79-3.69 (m, 1H), 3.31 (dd, /= 15.0, 7.4 Hz, 1H), 3.08 (dd, J
=15.0, 7.0 Hz, 1H), 1.49 (tt, J = 7.2, 7.2 Hz, 2H), 1.48 (tt, J = 7.2, 7.2 Hz, 2H), 1.25—
1.10 (m, 4H), 0.83 (t, J = 7.1 Hz, 3H), 0.81 (t, J = 7.2 Hz, 3H); *C NMR (CDCl3, 100
MHz) 6 170.3,170.2, 142.7, 142.0, 137.8, 134.4, 133.2, 133.0, 130.5, 130.2, 129.7, 129.6,
129.2, 128.4, 128.1, 127.5, 127.3, 127.1, 126.47, 126.45, 124.9, 124.1, 124.0, 123.8,
65.18, 65.17, 46.7, 43.2, 35.5, 30.22, 30.16, 19.1, 19.0, 13.6; HRMS (ESI) calcd for
C3sH3404sNa [M+Na]" 541.2349, found 541.2349; CHIRALPAK AD-H, n-hexane/i-
PrOH = 95:5, 1.0 mL/min, retention times: 9.5 min (minor isomer) and 12.7 min (major

isomer).

(-)-9,15-Dimethyl-9a,14a-dihydro-14H-indeno[1,2-b|triphenylene [(—)-3re, Table
1.2.4]

QL
\\\\Q
O Me

36.4 mg, 74% yield, White solid; Mp 180 °C (dec.); [@]**p —105.5° (¢ 0.69, CHCL,
11% ee); 'H NMR (CDCls, 400 MHz) 6 7.86-7.80 (m, 2H), 7.61 (dd, J= 7.7, 1.1 Hz,
1H), 7.42-7.34 (m, 2H), 7.32-7.11 (m, 7H), 3.71 (d, J= 7.6 Hz, 1H), 3.10-2.94 (m, 3H),
3.07 (s, 3H), 3.04 (s, 3H); '3C NMR (CDCLs, 100 MHz) § 145.2, 143.7, 134.0, 133.6,
133.4,133.2, 130.8, 129.5, 129.4, 129.0, 128.8, 127.3, 127.2, 127.0, 126.9, 126.7, 126.4,
12621, 126.17,123.8, 123.7, 50.2, 48.5, 35.4, 21.3, 21.2; HRMS (APCI) calcd for C27Hz3
[M+H]" 347.1794, found 347.1810; CHIRALPAK IC, n-hexane/CH,CL, = 95:5, 1.0
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mL/min, retention times: 8.3 min (minor isomer) and 11.6 min (major isomer).

10,4-Diethyl 2,2-dimethyl 8-methoxy-3,4a,9,9a-tetrahydrocyclopenta|b]fluorene-
2,2,4,10(1H)-tetracarboxylate (3jf, Table 1.2.4) and 10,4-Diethyl 2,2-dimethyl 5-
methoxy-3,4a,9,9a-tetrahydrocyclopenta|b]fluorene-2,2,4,10(1H)-tetracarboxylate
(jkf, Scheme 1.2.6)

EtO,C

ses !

EtO,C
3jf

MeOZC

MeO,C

The title compounds were isolated as the mixture of 3jf and 3jf* (24.3 mg, 3jf (or
3jf*)/3jt’ (or 3jf) = 1.4:1). The spectral data of these compounds support a mixture of two
regioisomers, but the position of their methoxy group could not be assigned. 'H NMR
(CDCl3, 400 MHz) of major isomer 3jf (or 3jf”): 7.15-7.08 (m, 1H), 6.85 (d, /= 7.5 Hz,
1H), 6.70-6.61 (m, 1H), 4.51 (d, J = 10.3 Hz, 1H), 4.38-4.17 (m, 4H), 3.93-3.59 (m,
10H), 3.59-3.26 (m, 5H), 2.83 (dd, J = 16.2, 5.9 Hz, 1H), 1.38-1.30 (m, 6H); minor
isomer 3jf’ (or 3jf): 6 7.15-7.08 (m, 1H), 6.79 (d, J = 7.5 Hz, 1H), 6.70-6.61 (m, 1H),
4.59 (d,J=9.1 Hz, 1H), 4.38-4.17 (m, 4H), 3.93-3.59 (m, 10H), 3.59-3.26 (m, 4H), 3.15
(dd, J=18.4, 3.5 Hz, 1H), 3.07-2.99 (m, 1H), 1.38-1.30 (m, 6H); HRMS (ESI) calcd for
C27H3009Na [M+Na]" 521.1782, found 521.1788.

(-)-4,7-Diethyl 2,2-dimethyl 5-methyl-6-phenyl-1,3,5,6-tetrahydro-2H-indene-
2,2,4,7-tetra-carboxylate [(-)-3jg, Scheme 1.2.9]

EtO,C
MeO,C N
MeOZC

EtO,C

25.5 mg, 27% yield, Pale yellow oil; [o]*p —12.8° (¢ 1.3, CHCls, 99% ee); 'H NMR
(CDCls, 400 MHz) 6 7.28-7.11 (m, SH), 4.32-4.17 (m, 2H), 4.11 (td, J = 8.1, 3.0 Hz,
1H), 4.06-3.91 (m, 2H), 3.78 (s, 3H), 3.73 (s, 3H), 3.52-3.34 (m, 4H), 3.09 (qd, J= 7.2,
7.2 Hz, 1H), 1.31 (t, J = 7.1 Hz, 3H), 0.95 (t, J = 7.1 Hz, 3H), 0.80 (d, J = 7.0 Hz, 3H);
13C NMR (CDCls, 100 MHz) 6 171.75, 171.71, 167.3, 166.8, 146.0, 145.4, 139.9, 129.6,
128.8, 128.4, 128.1, 126.7, 60.8, 60.5, 58.7, 53.11, 53.10, 47.8, 39.7, 39.3, 35.4, 14.5,
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14.3, 13.9; HRMS (ESI) caled for Ca6H30OsNa [M+Na]" 493.1833, found 493.1842;
CHIRALPAK AD-H, n-hexane/i-PrOH = 95:5, 1.0 mL/min, retention times: 19.7 min

(minor isomer) and 21.6 min (major isomer).

V1. Aromatization of 3re

9,15-Dimethyl-14H-indeno|[1,2-b|triphenylene (7, Scheme 1.2.10)

9,15-Dimethyl-9a,14a-dihydro-14H-indeno[ 1,2-b]triphenylene 3re (18.4 mg, 0.0531
mmol) was added to a solution of CAN (72.9 mg, 0.133 mmol) in CH2Cl; (5 mL), and
the mixture was stirred at room temprature under nitrogen for 5 h. The reaction mixture
was poured into H>O. The aqueous phase was extracted with two portions of CH>Cl,. The
combined extract was washed with brine, dried over Na>SOs, and concentrated. The
residue was purified by a preparative TLC (hexane/ CH>Cl, = 2:1), which furnished 7
(14.0 mg, 0.0406 mmol, 77% yield) as a pale yellow solid.

Mp 158160 °C; '"H NMR (CDCls, 400 MHz) 6 8.55-8.48 (m, 2H), 8.40-8.35 (m, 1H),
8.31-8.26 (m, 1H), 8.16 (d, /= 7.8 Hz, 1H), 7.66 (d, J= 7.3 Hz, 1H), 7.60-7.43 (m, SH),
7.41-7.35 (m, 1H), 4.02 (s, 2H), 3.27 (s, 3H), 2.98 (s, 3H); '*C NMR (CDCls, 100 MHz)
0 144.3, 143.0, 142.4, 139.4, 133.0, 131.2, 131.1, 131.0, 130.9, 130.7, 129.1, 128.5,
126.84, 126.76, 126.6, 126.4, 126.32, 126.31, 126.0, 125.8, 125.0, 124.0, 123.5, 123.4,
37.0, 22.6, 21.0; HRMS (APCI) calcd for C27Hai [M+H]" 345.1638, found 345.1651.
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VII. Rhodium-Catalyzed Asymmetric [2+2+2] Cycloaddition of a,-Diynes 1r with
1,2-Dihydronaphthalene (2h)

(-)-9,16-Dimethyl-9a,14,15,15a-tetrahydrodibenzo|f,k|tetraphene [(—)-3rh, Sche-

me, 1.2.11]
(DL
Me 0 w
+ — 1
Me “n
S

1r 2h (-)-3rh

[Rh(cod)2]BF4 (16.2 mg, 0.0400 mmol) and (R)-Segphos (24.4 mg, 0.0400 mmol) were
dissolved in CH2Cl; (3.0 mL), and the mixture was stirred at room temperature for 10
min. H, was introduced to the resulting solution in a Schlenk tube. After being stirred at
room temperature for 30 min, the resulting mixture was concentrated to dryness. To the
residue was added 1r (46.1 mg, 0.200 mmol), a CH>Cl, (1.5 mL) solution of 2h (0.130 g,
1.00 mmol), and CH>Cl; (0.5 mL) in this order at room temperature. After being stirred
at 40 °C for 14 h, the reaction mixture was concentrated and purified by a preparative
thin-layer chromatography (eluent: n-hexane/toluene/CH>Cl, = 7:1:1) to give (—)-3rh
(49.7 mg, 0.138 mmol, 69% yield, 88% ee) as a white amorphous.

[0]*p —680.8° (c 1.7, CHCl3, 87% ee); 'H NMR (CDCls, 400 MHz) § 7.87-7.80 (m,
2H), 7.63 (d, J= 7.4 Hz, 1H), 7.48 (d, J = 7.8 Hz, 1H), 7.33-7.10 (m, 8H), 3.55 (d, J =
4.2 Hz, 1H), 2.99-2.80 (m, 2H), 2.31-2.19 (m, 1H), 2.23 (s, 3H), 2.11-1.97 (m, 1H), 1.90
(s, 3H), 1.75-1.62 (m, 1H); '*C NMR (CDCls, 100 MHz) 6 137.2, 137.0, 134.1, 134.0,
133.81, 133.76, 133.4, 131.5, 129.1, 129.0, 128.9, 128.7, 127.18, 127.16, 126.9, 126.7,
126.5, 124.9, 124.0, 123.8, 44.7, 41.2, 28.9, 20.6, 19.9, 18.3; HRMS (APCI) calcd for
CasH24 [M]"360.1873, found 360.1860; CHIRALPAK IF-3, n-hexane/CH,>Cl, = 95:5, 0.5

mL/min, retention times: 8.4 min (minor isomer) and 12.0 min (major isomer).
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IX. Rhodium-Catalyzed Asymmetric [2+2+2] Cycloaddition of a,»-Diynes 1r with

Benzofulvene 2i

(-)-14-((E)-4-methoxybenzylidene)-9,15-dimethyl-9a,14a-dihydro-14H-
indeno[1,2-b]triphenylene [(—)-3ri, Scheme, 1.2.10]

[Rh(cod):]BF4 (8.1 mg, 0.0200 mmol) and (R)-Segphos (12.2 mg, 0.0200 mmol) were
dissolved in CH2Cl; (3.0 mL), and the mixture was stirred at room temperature for 10
min. H, was introduced to the resulting solution in a Schlenk tube. After being stirred at
room temperature for 30 min, the resulting mixture was concentrated to dryness. To the
residue was added 1r (23.0 mg, 0.100 mmol), 2i (0.117 g, 0.500 mmol), and CH>Cl (1
mL) in this order at room temperature. After being stirred at 40 °C for 16 h, the reaction
mixture was filtered through a pad of silica gel (eluent: CH2Clz) and concentrated. The
residue was purified by GPC (eluent: CHCI3) to give (—)-3ri (35.3 mg, 0.0760 mmol, 76%
yield, 60% ee) as a pale yellow oil.

The stereochemistry of this compound was determined by the NOESY cross peak.

[0]*p —103.8° (c 1.8, CHCl3, 60% ee); 'H NMR (CDCls, 400 MHz) § 7.87-7.80 (m,
H), 7.79-7.72 (m, 2H), 7.56 (d, J = 6.9 Hz, 1H), 7.55 (d, J = 8.8 Hz, 2H), 7.37-6.94 (m,
8H), 7.05 (s, 1H), 6.89 (d, J = 8.8 Hz, 2H), 4.48 (d, /= 6.6 Hz, 1H), 3.80 (s, 3H), 3.83—
3.71 (m, 1H), 2.56 (s, 3H), 2.96 (s, 3H); *C NMR (CDCls, 100 MHz) 6 158.5, 143.8,
143.0, 142.6, 133.9, 133.8, 133.3, 132.9, 130.6, 130.5, 130.3, 130.03, 130.01, 129.4,
129.1, 128.8, 128.1, 127.5, 127.2, 127.0, 126.9, 126.6, 123.9, 123.6, 123.0, 122.5, 119.3,
114.1, 55.3, 50.7, 49.3, 23.2, 20.2; HRMS (APCI) caled for C3sH2O [M+H]" 465.2213,
found 465.2206; CHIRALPAK IF-3, n-hexane/CH2Cl, = 80:20, 0.5 mL/min, retention

times: 18.0 min (minor isomer) and 18.8 min (major isomer).
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F2 8 IR A v EXRERIR T Vo v & D222 BRI |

FHE R A 7T A v BEOT v 7F L0 L ORF[R2+2+2]

BRI )
1—1 &5

AT Tl W TFA M e U0 AOSERAEAEE T, 7 /0% 2 K6 RPR72 1 A
KEGTLHOA T NTry FICHENMREREZG T RRT VD
[2-+2-2 1 INERA LSS Z DUV TR L7z,

Z ZTABETIE, IR A ERPRERIRT VT o VT, ARF 2242144
INBRAL S DFRFT 21T - 72,

Fram Chib 7z L B0 | BB BIERAE 2 W IERIFR Y A v & xhRR 1,2-
EHERIRT Vo v & ORFRR2R2INBRALISIZ, B FF om0 A1),/ (R)-
Difluorphos $EAMIIE 2 FIVN 72 7 /130 L RIRIC B 7 2 EHUE 2 A3 2 FE R 1,6-
VA b VRN ETATE DRRRIR & DOAF 2221 INER AL B D D 2
IR STV 13D

10 mol % R’ -2

_ [Rh(cod),]BF P

/—R ; - (S)-Difluorphos 'S
Z — + i’ \‘:) > Z =
= R ‘= CHyCly, rt,0.5-24 h
4 ) R?
(2 equiv) F>(O up to 93% yield (1.3.1)
F Y up to 99% ee

PPh; single exo-isomer

F O PPh,
A

(S)-Difluorphos )

\_

ETATH LA H 1% 28 TIE AT A ke Y A0,/ (R)-Difluorphos
% 721%(R)-Segphos SEARMHIETFIE T, MRV A L BRI A L LTA T v
A2V FaF 78 Ly /Ry 7 Ay b DR B RE 2SR 72
ZMETHEIT L. ST AL 7 a~XH oo L FEANEINE O EmTF o F A
BIRINCEON D ER~72( N 132), £/, A 7 & OMMBHLRIE T, =
F U FARPHEDORBUINN D VA v OHEITKF L THY . 1) 24655
(X—Z-X)IZ Thorpe-Ingold MRz AT 5. £72id, 2) 7 /L3 R m DRV E
WA A5 A VIR R E - R = F AR S 52 5 DITR L)
ZMEER 77 (X—Z-X)IZ Thorpe-Ingold FW R A A S 72\, £72IiE, 2) 7L 2 Rimil
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EEWEBE AT Imnn T o F AR A 5 2 T,

5-20 mol %
[Rh(cod),]BF 4/
(R)-Difluorphos
or (R)-Segphos

CH,Cl,, rt-40 °C

X—=—R
3 = ' qﬂib

16-24 h
n=1.2
(1.1-5 equiv)
20 mol %
[Rh(cod),]BF 4/
(R)-Segphos
CH,CI,, 40 °C
16 h
(5 equiv)

R

’X W
y Z\ ,
X )i

R

up to 96% yield
up to 99% ee

O Me

W
‘O ny
O Me \

MeO
76% yield, 60% ee

PPh,
PPh,

L (R D|quorphos

o

R)-Segphos

PPh,
PPh,

%’TK%Ti‘#ﬂﬂ94ykﬂﬂ&ﬁRTW#VkLT\V&DT»#V

DN [RIR 72 il 2 BN T2 AR 20221 B L SO

2. BEtE T 2 L Le(E1.3.3),

X——R' chiral Rh(1)* catalyst
Z + )n >
X——R?

Flo. AT o K
(2B L CUIEERE D 720D
KBNLT D ENHBNTND 2
NTNARITE B, mWSMEE R T AR

WHTXADOTII ARV EE

(1.3.3)

X ww
/
Z, > )n
X "

BNEE LT 7F L L, v oy AR
S F I FEREAAEER(M 0’
L7=RoT, TReF7F L iAotk
EMERDH D EE XTI,

7o & 21X Siegel HIE, mWBUNRE(130 °C) & ML LT 5 73,

NS CER A EIC % Lk

Wilkinson &4

([RhCI(PPhs )il & FH N6 BR 1,6-2 4 > & T2 F 7T Lo b oR+22144 R
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{EEORZ DWW THE LT b 1.3.4)°
Q 1 mol %

. m RhCI(PPhs), .
Q p-xylene, 130 °C, 3 d

(5 equiv)

BB 88
N "

~

ca. 75% vyield (ca. 10:1)

LT, EHII T A M T LN/ BT VIV ERR AT ¢ PRI
fFET., BT A T T T7F L2 & ORFRR2R2MMBRALS DR &
17952 & &L= 13.9),

R1
J—R' Q chiral Rh(1)* catalyst X \\\‘
7 R m > 7 (13.5)
= 85 NG

RZ
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1—2 vy vAfizH T ao-0A L7 aXeT v L ORFRR22
JNBRAL SO

FT, EEE LT VB AT NVEENOT VX VR N X VR
%W%%i07iﬁwﬁ%ﬁﬁéﬁﬁﬁﬁ16/4/1uk\77H&V?V
CHOUE)EHANT, FB1H 132 F2HI TR q,0-T 1 &A1 T 2 (2e)
E DARFRR2D2INB LIS B W CRESR Ch oo h F A e u L/
(R)-Difluorphos $EAMMIEAFELE T SIRSAIFIC THRFET 21T - 72 (Table 1.3.1), € Diff
B, BERIER DO FREE D =) o F A BIRMEIC THM DO UGS HELT LTz, £7-,
IR TUICEZ T, v a2k EHAWT, FEERSAT. B
MEIToT, UL, BROKSTETE T, V4 o B8kl =&k
DHEPET LT, ZOEBE L TIEL, 72 QRIET 7 axX 7 (2))
IZHRTT Ay FoEBEOEVHLAKRE LS, B FDY v EDT7 ==L
Wb DKM RKEL Ipolzlzb B2 NS, LI -> T, ZHLL ERY A
ADOREN T @ T IVAr o OENIITHh R > T,

Table 1.3.1. Rhodium-catalyzed asymmetric [2+2+2] cycloaddition of unsymmetrical
1,6-diyne 1u with cyclopentene (2j) and cyclohexene (2k).

20 mol % EtO,C
[Rh(cod),]BF 4/

MeO,C, CO,Et (R)-Difluorphos MeO,G w
>)n
MeO,C CHyCly, rt, 72 h y

MeO,C
1u 2 (5 equiv) 3
EtO,C EtO,C
MeO,C, \\\\> MeO,C, \\\‘
MeO,C MeO,C
(-)-3uj / 65% yleld, 67% ee (-)-3uk / 0% yleld -% ee

[(S)-Difluorphos]

¢ [Rh(cod)2]BF4 (0.020 mmol), ligand (0.020 mmol), 1 (0.20 mmol), 2 (1.00 mmol),
and CH2Cl> (2.0 mL) were used. The cited yields are of the isolated yield.

ruRXToRERMWESAE S, B LE E 3 BEICTRET S0, A

y?ya@%%wk%é&E&E@ify%ﬁﬁmﬁ%ﬁzt&+uym%%,
(+)-3ue: 70% ee, Table 1.5.1), L7228-> T, Scheme 1.3.1 IZ/xF X DT, ¥ 7~
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YT ADERERFr A u X T CIIHT DY T (2))
2 DAF LU (ER)E . B FDOY  EDT =L

DOENAR AN DRI
DNEFE 2T H LI LT, = F U FABIRENEH L T\ 5 LT
50
Ph
(Etozc ) Phe—=._1I
Ph—_ /i\’ 7
—=——CO,Et s:\F:%ﬁ, e ,
zZ i / = /\
. \

\——=——pn \\\
Z = C(CO,Me), COzEt (Ph) 'u, Ph ( 2Et
1u Rh(1)"
+
\ , (Ph) EtO,C
Ph~_ /\P
“ —Rh(l)

”
) CO,Et

I‘\Z,X w
S Z
",
Ph (-)-3uj

Scheme 1.3.1. Plausible mechanism for rhodium-catalyzed asymmetric [2+2+2]

m
S
Le}
Sy, "“;U
/20
3/
>
o )
=

cycloaddition of unsymmetrical 1,6-diyne 1u with cyclopentene(2j).
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1—3 Yy AfilZ Vi ago-UA T v T7F LU EDORFR2R242]0F
IR

1=3—1 BUSKMEORBE

WIZ, ®FR 1,2- " @EHBRIR T LV LT, TR T F L) E AV TR
#1T o> 7(Table 1.3.1), FEEH & LT, BEHIT~ 2 By AF v, TF K
W FX T HARZNVEB LR 2 = VA2 HT 560 1,6- A > 1u & T &
FTT7F LIRS GE)E V., B TFA e T A1),/ (R)-Difluorphos $E{AflE
Z R CHiET 24T - 7=(Table 1.3.1, entry 1), & DOFEF, H RO [2+2+2]HINEBR (VX
JENEIRIZ THEIT L RS T 5 v 7 e AF U= V358K 3ul & @R o
JED T U F AR T 2 72,

% Z TFigure 1.3.1 1R T X572, SESERET VNV ERKRAT ¢ VEUL
S HWTREEEZR ST, BMata1T o7, (R)-Hs-BINAP Z 5 & entry 112
PEARIERITE T L2y, = FA#ERMEO KR E em B3R 5 47 (Table 1.3.1,
entry 2), (R)-BINAP ZH WA o U FAERMEOI LM ENR LN
(Table 1.3.1, entry 3), (R)-Segphos &\ 5 & entry 3 (ZHEARINERB IO F T
AR MEDOAL T 23 7L 5 4172 (Table 1.3.1, entry 4), (R)-BINAP |2t~V v ED 7 =
ZOVEEDSAREIZ B BV (R)-tol-BINAP Z W5 & (R)-BINAP L IZIFE[RIFRE D
R L O F AN % 5 2 72723(Table 1.3.1, entry 5). (R)-xyl-BINAP %
WD ENENRKESART L, =F > F A EPUEH (KT L 7= (Table 1.3.1, entry 6),
Fo, bRV T U T AR E 5 2 72 (R)-BINAP Offtii £ % 5 mol % % TIK
JHESHETH entry 3 &HEA_NTUIERE X O o FARPEICEILN 20> 72D T
(Table 1.3.1, entry 7). entry 7 Z st & L. WIT a,0-T A > O FE @ HEHIPHO
et & T 272,
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Table 1.3.1. Optimization of reaction conditions for rhodium-catalyzed asymmetric
[2+2+2] cycloaddition of 1,6-diyne 1u with acenaphthylene (21).

X mol % CO,Et
[Rh(cod),]BF 4/

MeO,C, ——CO,Et Q ligand MeO,C, w @
[ - X
MeO,C — O CH.Clp, 1t, 16 h  \Me0,C ""

1u 2|
(5 equiv)
(+)-3ul

entry X ligand (+)-3ul / % yield® (+)-3ul / % ee

1 20 (R)-Difluorphos 89 47

2 20 (R)-Hg-BINAP 74 72

3 20 (R)-BINAP 78 90

4 20 (R)-Segphos 68 73

5 20 (R)-tol-BINAP 73 89

6 20 (R)-xyl-BINAP 15 79

7 5 (R)-BINAP 79 90

¢ [Rh(cod)2]BF4 (0.010-0.040 mmol), ligand (0.010—0.040 mmol), 1u (0.20 mmol), 21
(1.00 mmol), and CH,>Cl> (2.0 mL) were used. ? Isolated yield.

F><
PPh2 PPh2 F>Ar2 Pth

D|f|uorphos (R)-Hg-BINAP )-BINAP R)-Segphos
(R) -tol-BINAP (Ar = 4-MeCgH,)
(R)-xyl-BINAP (Ar = 3,5-Me,CgH3)

Figure 1.3.1. Structures of bisphosphine ligands.
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1—3—2 B HAEHEOKE

REL LTS O T, SESERTVA VAW CREEARGEZ B LT
(Table 1.3.2), 1,6-A > lu Z HWEHIBW T, 7 F7F L DY EL 1.1
VEICEHSETE A, = U FARPREITIZIEZD o726 YE:
90% ee, 1.1 & 92% ee). EDOPERITIKT L72(5 B &: 79% yield, 1.1 %4 &:64%
yield), & Z CUBOMRFTIZ, 7T 7F Lo a2 s YEHWSZ L& LZ, 28
BRI~ VR ATV, TIAFURMGIA XU AR NVEB IR T =
=NVEEETDH1L6-VA U IvERWDS L 1,6-VA 2 I lTH_X Ty 7 m~Fi
TR VBRIV NEIENDO B4 e T ARSI TS b e, 2L T
NX RO T 2= VI B2 FE T o0 EREEGTDH U4 2 (Iw-1z,
8a—8¢c)% T H . mINEND BIF 7= o F A BIRMEIC CTRER 2R SO 3 T L
7o LMWL 3S-UAF N T 2= VEEAETHERNTA V8¢ ZHAWGAIL,
B o FAERMEE 5272, 7V = EZ T TR AFAVEET VR
KIIZAETHYA L 8d biwHAFRETH o7, T H R = VIR E 2 T,
Tz VEERTHUAY 8e ZHWTCH, ThHF7FLrQ@)é BWKSHEE
AL, BNRICTHIET D7 andh P UFER 9el 2 5 2 7213, D=
VIR T Le, v UV A TF AT TIE R  BEBELITATF LV
THRIBSNTZU A (8f, 8g)H 21 & DIRKERISHET LT, DS o FF
BRI & A EREBLL 720 o 72(811: 6% ee, 8gl: 7% ee), — 5. B 7 = = /L5
1,7- A4 »(8h-8K) & 5 & EIR D E = T ARV C R 72 RS AS
MWIT L7z, LdL, TAF VR p-7T 0T ANVEERETHY A 8k %
W5 &L 20 mol %DfiiE il KOV 40 FEO MBS 2 ML L, K=t T
AU E 52 72,
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Table 1.3.2. Rhodium-catalyzed asymmetric [2+2+2] cycloaddition of a,®-diynes 1, 8
with acenaphthylene (21).“

C02Et cone COzEt

MeoZ \\\\ Meo2 ‘\\\ MeOzC “\\
MeO, c "" O Meozc ”" Meozc ”"

Cl
(+)-3ul / 79% yield, 90% ee (+)-3vl / 86% vyield, 81% ee (+)-3wl / 65% vyield, 84% ee
64% yield, 92% ee (2I: 1.1 equiv)

COzEt CO,Et COzEt
MeOZC “\\ MeO,C O w @ MeO,C “\\
Me02C "" MeO,C . "y Q MeOZC 'n,
OMe Me
(+)-3yl / 87% vyield, 88% ee (+)-3zl / 80% yield, 86% ee (+)-9al / 81% vyield, 84% ee
CO,Et
oo 2 @ CozEt
e, .O W Ivleo2 ““ COzEt
uy MeO,C
MeO,C " O MeOzC ,,” 2 \\\\
@
Cl
Me
(+)-9bl / 80% yield, 86% ee +)-9¢l / 70% yield, 33% ee (=)-9dl / 77% yield, 69% ee
COzEt COZEt
MeO,C 2 ‘\\\ @ \\\\ \\\\
)-9el / 84% yield, 29% ee )-9fl / 50% yield, 6% ee +)-9gl / 29% yield, 7% ee

99



\\\‘ ‘\\\
l[, N I[, 1,

)€ 9“' / 85% y'e'd 84% ee” +)-9l / 80% yield, 86% ee®  (+)-9kl / 92% yield, 27% ee?

“ [Rh(cod)2]BF4 (0.0100 mmol), (R)-BINAP (0.0100 mmol), 1 or 8 (0.200 mmol), 21
(0.22—1.00 mmol), and CH2Cl; (2.0 mL) were used. The cited yields are of the isolated
yield.  [Rh(cod)>]BF4 (0.0100 mmol), (R)-BINAP (0.0100 mmol), 1 (0.100 mmol), 21
(0.110 mmol), and CH2Cl> (2.0 mL) were used. ¢ [Rh(cod)2]BF4 (0.0100 mmol), (R)-
BINAP (0.0100 mmol), 8j (0.200 mmol), 21 (0.220 mmol), and CH>Cl> (2.0 mL) were
used. ¢ [Rh(cod)>]BF4 (0.0100 mmol), (R)-BINAP (0.0100 mmol), 8k (0.0500 mmol), 21
(0.250 mmol), and CH2Cl> (2.0 mL) were used at 40 °C.

F72. RUSHED D =012, cis- A F v 2m)E AW BE 1T o 72
(Scheme 1.3.2), L2»L HMDOISITHEITES, o d 257 m~fHh oo 55
EBR3um (X FE 7L< Bohiehotz, ZOHBE L TR, TEF7F L@
e Ty EOBEIEORD HUBAKRE WD, BOSERKE KT Lz

HEEZLND,
20 mol %
EtO,C
O [Rh(cod),]BF 4/ 2 ©
BINAP MeO,C, o

M602C : COzEt
- A S S
MeO,C — O CH,Cly, rt, 16 h MeO,C /,,@

1u 2m (5 equiv)

3um /0% yield

Scheme 1.3.2. Rhodium-catalyzed asymmetric [2+2+2] cycloaddition of 1,6-diyne 1u

with cis-stilbene (2m).
1-3-3 v 7 a~%H Uz U FHEROLE R

SOz 7 and U UFFERLICH L A DY ) 7 4 v EHWT,
Diels-Alder & DOt 24T > 72 (Scheme 1.3.3), £9. 2-(FU AF LT VU )-T =
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=Y A% =1 N I V4 L SR A | a ey AV N G I 3 A DY b
FERHESE LA, BOKIENEIT L, XIGT 201K 10 % BAF 72 =R
DFDHFME AR DOTIHBLI N TE 4, T, XUV A IZEZT,
M%7D%7iawvv4\F%%VT%Jmk®ﬁﬁﬁﬁmﬁ@ﬁbmmt
THMME 11 2 BAF72 RIS TR, 156072 11 O L UM LIS
X, BRES X SRS AEHTIC X > T 6bR,7R,168,16aS,17R & PE L 7= (Figure 1.3.2,
Table 1.3.3), L7223 »> T, ¥ 7 u AP TP U FEK 9jI Offoxf SLAREE b
6bS,16aS T D Z L Nbor o7z,

TMS

Tf
(2.2 equiv)
.\\\' CsF (2 equiv)
'y MeCN/THF/toluene
(3:1:1)
rt 21h

(6bS,16aS)-(+)-9jl (86% ee)

(5 equiv)
toluene, 110 °C, 20 h

(6bR,7R,16S,16aS,17R)-(-)-11 / 63% yield, 82% ee

Scheme 1.3.3. Diels-Alder reaction of the cyclohexadiene (+)-9jl with dienophiles.
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Figure 1.3.2. ORTEP drawing of (6bR,7R,16S,16aS,17R)-(—)-11 with ellipsoids at 50%

probability. Solvent molecules (rn-hexane) are omitted for clarity. Details of the crystal

data and the summaries

intensity data collection parameters for

(6bR,7R,16S5,16aS,17R)-(—)- 11 are listed in Table 1.3.3.

Table 1.3.3. Crystal data and data collection parameters of (-)-11.

(—)-11
empirical formula C44H35sBrNOs
formula weight 705.64
u(Mo Ka) (A) 0.71073
crystal system triclinic
space group Pl

a, A

b, A

¢, A

a, deg.

b, deg.

y, deg.

v, A

VA

Dealed, g/em™
absorption coefficient, mm™
F(000)

11.3679(13)
11.7476(11)
13.3386(13)
78.540(8)
75.237(9)
76.104(9)
1654.1(3)

2

1.417

1.287

730.0
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T,K

crystal size, mm?>

6 range for data collection (deg.)
Index ranges

no. of reflections measured
unique data (Rint)

data / restraints / parameters
R1 [1>2.00(]))

wR2 [I>2.0c(])]

R1 (all data)

wR2 (all data)

Absolute structure parameter

GOF on F?
Ap,e A7

193(2) K
0.5x04x0.3
4.386 to 61.338
-15<h<15, -16<k<16, -19<I<19
49261

19003 (0.1055)
19003 /3 /859
0.0873

0.1905

0.1812

0.2422
0.009(7)

0.994
0.93,-1.03

EHIC BNy aE YU 3yl ORLANC X 5 EEFE LA BRE LT
(Schemel 3.4), T7xbb, BLAlIE LTCAN ZH W& 2 A, BIDOKIGN=E

BICTHEATL, KFHMELE LTEEREE THLI VAT T 12 13 53% L B
ﬁi’-foeﬂﬂ¢ ITHEOLNT, FFET & Z L2, 3yl IER)-BINAP DKV IZT X7
JVIREM - CTd % BIPHEP ZHWTH, IFXFRIFEOIRICTHLIZ ENTET
(BIPHEP: 82% yield, (R)-BINAP: 87% yield, Table 1.3.2.),

MeOzC : COzEt
+
MeO,C — OMe

1y
)

J

BIPHEP
—

21 (5 equiv)

5 mol % COzEt

AN LTV -
() -

Q CH2C|2, rt, 16 h M602C ”’I

CAN (2.5 equiv)

CH,Cly, 1t, 15 h
COzEt OMe
3y1/82% yield

PPh, | Meo,C
PPh .O’
O MeO,C Q

J

OMe
12/ 53% yield

Scheme 1.3.4. Synthesis of fluoranthene derivative 12.
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1—3—4 tHERE D522

RIS DFEFEIZ DN TIRD L 5 12552 L 7= (Scheme 1.3.5), ZEAETS5r1Z Thorpe
—Ingold MR H 5, FITT L F V RKim s OIRWEIRILEZHT 504 (1lu-
1z, 8a, 8b, 8d) = H\\\ 5 &, BT A MEu U v AR 5B LHIERLIC X
ST, A I7axX 2y AZET H(pathA), ZOa XA 7 v ATk
L. 7T 7FLrQQ)RETAE7 Rh—C fEEICHR LT EBRIRICE AT S
ke FY ANV B KT H, ZDEE, TEFTIFLOFTH L
VERY R E . BN DY v b= T U T IVFEO T = =V EGE ) E D
SRR WET D L OB AN EIT T H LT, o U F AR
BT 5, &BIZ, n VU LRETHINBET 5 2 LIk v ez U 5RE
RIDFH/OID,

— 5 BRAEE /31 Thorpe —Ingold ZhA23 720N, F 72137 /L 2 Kl i VO
BI04 (8, 8f, 8g, SK)Z WD L, VA v DELFRSIMEELZHFT D
THFERGET BT T FLQYBBIEERIL L, n XY s u T U C AT
L., 2O T T A RIRMEDNIBLT H(path B), I HDIA IT v
FURMCELRBIMEEEZA L TCND 0D, ETEERTET 7T 1L QD)
ENFRICORLAIBRIE N AR ozt B2 BND, ZDouaXY A7) C I
L. B9 1 OOTNFUBEAN FFATLHZ LTIV e F A 271 B ZBAK
95, LLER~R7ZX 51T, path A Id path B X 0 & @ F o F A @RS R B,
TORKTHDZ ENDNDD, ZOFITE 15 5 1 % 5 2 fi iR 7z A
VT 2e)E W TE ARFRR2R2IBRAL S S S 1T OFERTH 5,

M—1 #S TbHER_=LBY, TEF7FLQ)IEBESRBICK LS %
SFEREAAREM?. 0P ) TERNLT D72 2, 2 path A B X WM path B D=
F U T AR BLO RN & 72> TS ATREMER B 2 5D 0%, BB CTII%
DFFME LICT H Z LILTE TV,

F7o. BT == VE8E 1,7- 4 2 (8h=8j)IZ Thorpe—Ingold Zh A3 72 <. T/
VAR ORWVERILZ A LTV DA, TV RO BEIE N E 5
HATF N EE T RGMEET VI INVR=NVEEFTIT®FARE)THY
IR A OIEENERNZ /2572720, @SV T FARREEZ BB LIZ &5 %
bivd,

A Y 8e AW L EITERWF U T AR L Ao 7B & L CIE, path
AlZBWT, 7EF7F L @)D Rh—C FEE %9 5 A OAL EERMEDME )
SllzbtEZ b5,
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W
%

P\ph higher
enantio-

OB 4.
$ORR R4
RY =YV
P Y / selectivity
i \ (path A)
U

Iower
enantio-
selectivity
(path B)

Scheme 1.3.5. Plausible mechanism for rhodium-catalyzed asymmetric [2+2+2]

cycloaddition of a,w-diyne 1 with acenaphthylene (2I)
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1=3=5 RUSTED

T2 B, TEFTFLQ)TE I EREMAERM. 0 ) TH
KEBESRBIZX LB T D b2 LIeBos T 7T 7FLrrehida s
Y2e) XV bEmWBIGSMEER R L E X B ERAIT o 72 (Table 1.3.4), 77205,
TeFT7FLR)EA T Q2D 1:1 DIREMITR L, BIEICBW TR L
REFMEEZ M WTHFZT 272 2A, TREFTT7F L QYD TRA T 2 (2e)
LD bEWEISEE R T Z E N B E I 57 (Table 1.3.4, entry 1), F£72, %1
HOE 1R 2 HICTRE LA T e) & OARFRR2R2NBRIL SR
T oS R VT R R 2035 S 47 (Table 1.3.4, entry 2),

Table 1.3.4. Competition experiments between acenaphthylene (21) and indene (2e).”

5 mol %
MeOZC COzEt [Rh(cod)IBF/
igand
>
MeOzC CH,Cly, 1t, 72 h

(5 equiv) 2e (5 equiv)

COzEt CO,Et (Me)
MeO,C “\\ MeO,C “\\Q
MeO,C "" MeO,C ""
Me (CO,Et)
)-9dl 9de
entry ligand (+)-9dl / % yieldb (% ee) 9de/ % yield® (% ee)
1 (R)-BINAP 67 (65) 10 (=)
2 (R)-Difluorphos 50 (84) 6 (-)

“[Rh(cod)2]BF4 (0.0100 mmol), ligand (0.0100 mmol), 8d (0.200 mmol), 21 (1.00 mmol),
2e (1.00 mmol), and CH2Cl, (2.0 mL) were used. ? Isolated yield. ¢ Isolated as a mixture

of regioisomers.
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1—4 £&®

AREITTIE BRI A LR 1,2- @RIk T v b Ly rvmar vy
BLOT®F7F L ORFR2RIGINBREIGCZRE Le, ZOfESE., 7
F Ao a P A1),/ (R)-Difluorphos SEAMEAFTE T, ZAERTIC~v 1 VR A
FI, TAFUERBIIZ NI AR AEBIONT 2 = VELSH T A IESH
1,6-A b raRXrT ol ORRSIEBRICIENET L e 357 |
ANF Y DT UFFEIRD BRI RN O PR O o F A RIS TR b T,
F72. BALFE@R)-BINAP IZE 25 &, 7T 7F Lo & DR AAMERIL G
MR DB =T T ARIRVEIC THEIT LT, & 502, VA v ORE —it%x
TS5 LIk o T, ARIGEOZF U FARIRMEITH VD A OfEEITHK
FLTEY., 1) &0\ Thorpe-Ingold R EHT 5. £/=id, 2) TF v
KU EDOBRWERLEEZH T V040 idmono o F &R 2 5 2 5 02kt
L. 1) & 531 Thorpe-Ingold Zh4A A S 7avy, E72i, 2) T/F% U Kimic
EEWERIL AT VA ARV U FAEREE 525 2 E AL MNC
L7, BIBRIREWZ &2, 2o F » FARIERBLOMMIEA 7 v & A
BERXOFRRTH STz, SHIT, BPERICE>TTEFT7FLUBA T
L0 LEOREIEE R 2L L, . Bbhly s aaddoT
VIBERIIRE L DY ) 7 4V L D Diels-Alder SUMZ Ko T T A AN
NEBFRNRICTERTH I ERTE, SHIC, Gy rZa~dhvo
VIBERICR L, B A E LT CAN ZEHSE S &, RRIERICTTZ VAT
T UHERANE BT H LB TE,
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Experimental Section

1. General

Anhydrous MeCN (No. 27100-4) were obtained from Aldrich and used as received.
Anhydrous and degassed CH>Cl» (No. 041-32345), THF (No. 209-18705), toluene (No.
202-18675), and anhydrous 1,4-dioxane (No. 040-31651) were obtained from a chemical
supplier and used as received. Triethylamine was dried over KOH and bubbling with
nitrogen, and the other solvents except for 1,4-dioxane for the synthesis of substrates were
dried over molecular sieves 4 A prior to use. [Rh(cod)2]BF4 was obtained from Umicore
AG. (R)-Hs-BINAP, (R)-Segphos, (R)-tol-BINAP, and (R)-xyl-BINAP were obtained
from Takasago International Corporation. 1,6-Diyne 8¢°, 8f° and 8g’ were prepared
according to procedures reported in the literature. All other reagents were obtained from
commercial sources and used as received. 'H (400 MHz) and *C (100 MHz) NMR data
were collected on a Bruker AVANCE III HD 400 at ambient temperature. HRMS data
(ESI-TOF) were obtained on a Bruker mictOTOF Focus II. A single crystal X-ray
diffraction measurement was made on XtalLAB mini II diffractometer using graphite
monochromated Mo-Ka radiation. Optical rotation values were measured on a JASCO P-
2200. All reactions were carried out under nitrogen or argon in oven-dried glassware with

magnetic stirring, unless otherwise noted.
I1. Synthesis of Diynes

1-Ethyl 4,4-dimethyl 7-phenylhepta-1,6-diyne-1,4,4-tricarboxylate (1u)

MGOZC : COzEt MeOZC : COzEt
X—  — X
MeO,C — MeO,C ——FPh

S2 1u

1-Ethyl 4,4-dimethyl hepta-1,6-diyne-1,4,4-tricarboxylate S2 was prepared from
dimethyl 2,2-di(prop-2-yn-1-yl)malonate® and CICO:Et in 52% yield by the procedure
used for 1m in section 2 of chapter 1 (part 1).

Pale yellow oil; 'H NMR (CDCls, 400 MHz) 6 4.20 (q, J = 7.1 Hz, 2H), 3.79 (s, 6H),
3.15 (s, 2H), 3.00 (d, J = 2.8 Hz, 2H), 2.06 (t, J = 2.8 Hz, 1H), 1.30 (t, /= 7.1 Hz, 3H);
3C NMR (CDCls, 100 MHz) 6 168.6, 153.1, 82.5, 77.9, 75.8, 72.2, 62.0, 56.2, 53.3, 23.0,
22.9, 14.0; HRMS (ESI) caled for C14H160sNa [M+Na]" 303.0839, found 303.0842.
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Pd(PPh3).Cl; (28.1 mg, 0.0400 mmol) and Cul (15.2 mg, 0.0800 mmol) were added to
a solution of iodobenzene (0.330 mL, 3.00 mmol) in EtsN (11 mL). To the mixture was
added a solution of S2 (0.561 g, 2.00 mmol) in Et3N (5 mL). After being stirred at room
temperature for 19 h, the reaction was quenched with water and poured into saturated
aqueous NH4CI/EtOAc. The aqueous phase was extracted with two portions of EtOAc.
The combined extract was washed with brine, dried over Na>SO4, and concentrated. The
residue was purified by a silica gel column chromatography (n-hexane/EtOAc = 80:20)
to give 1u (0.584 g, 1.64 mmol, 82% yield) as a pale brown oil.

'"H NMR (CDCls, 400 MHz) ¢ 7.39-7.34 (m, 2H), 7.31-7.27 (m, 3H), 4.21 (q, J = 7.1
Hz, 2H), 3.80 (s, 6H), 3.209 (s, 2H), 3.206 (s, 2H), 1.30 (t, J = 7.1 Hz, 3H); 1*C NMR
(CDCl3, 100 MHz) 6 168.7, 153.2, 131.7, 128.2, 122.8, 84.3, 83.2, 82.7, 75.8, 62.0, 56.6,
53.3, 24.0, 23.1, 14.0; HRMS (ESI) calcd for Ca0H200¢Na [M+Na]" 379.1152, found
379.1157.

Trimethyl 7-phenylhepta-1,6-diyne-1,4,4-tricarboxylate (1v)

MeO,C, ——CO,Me

MeO,C :<: < >
To a stirred solution of dimethyl 2,2-di(prop-2-yn-1-yl)malonate® (0.625 g, 3.00 mmol)
in THF (54 mL) was added »n-BuLi (3.60 mL, 5.85 mmol, 1.64 mol/L in n-hexane) at
—78 °C and the resulting mixture was stirred at —78 °C for 30 min. To the resulting
mixture was added CICO>Me (0.51 mL, 6.60 mmol) at =78 °C. After being stirred at
room temperature for 2 h, the reaction mixture was quenched with water and poured into
saturated aqueous NH4CI/EtOAc. The aqueous phase was extracted with two portions of
EtOAc. The combined extract was washed with brine, dried over Na>SOs, and
concentrated. The residue was used for the next reaction without further purification.
Pd(PPh3).Cl> (42.1 mg, 0.0600 mmol) and Cul (22.9 mg, 0.12 mmol) were added to a
solution of iodobenzene (0.80 mL, 7.20 mmol) in EtsN/THF (2:1) (14 mL). To the
mixture was added a solution of the residue in EtsN/THF (7 mL) at room temperature.
After being stirred at the same temperature for 24 h, the reaction mixture was quenched
with water and poured into saturated aqueous NH4CI/EtOAc. The aqueous phase was
extracted with two portions of EtOAc. The combined extract was washed with brine, dried
over NaxSQO4, and concentrated. The residue was purified by a silica gel column
chromatography (n-hexane/EtOAc = 85:15) to give 1v (0.201 g, 0.590 mmol, 20% yield
from dimethyl 2,2-di(prop-2-yn-1-yl)malonate in 2 steps) as a pale brown oil. This

compound is known and the spectroscopic data match those reported.!
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'H NMR (CDCls, 400 MHz) & 7.39-7.33 (m, 2H), 7.31-7.24 (m, 3H), 3.80 (s, 6H),
3.75 (s, 3H), 3.21 (s, 4H); 13C NMR (CDCls, 100 MHz) § 168.7, 153.6, 131.7, 128.3,
122.8, 84.3, 83.2, 83.1, 75.5, 56.6, 53.4, 52.7, 24.0, 23.1; HRMS (ESI) calcd for
C1oH13506Na [M+Na]" 365.0996 found 365.0990.

1-Ethyl 4,4-dimethyl 7-(4-chlorophenyl)hepta-1,6-diyne-1,4,4-tricarboxylate

(Iw)
MeOzC : COzEt
MeOZC><;©’CI

The title compound 1w was prepared from 1-ethyl 4,4-dimethyl hepta-1,6-diyne-1,4,4-
tricarboxylate S2 and 1-chloro-4-iodobenzene in 96% yield by the procedure of 1u.

"H NMR (CDCl3, 400 MHz) § 7.31-7.22 (m, 4H), 4.21 (q, J = 7.1 Hz, 2H), 3.80 (s,
6H), 3.20 (s, 2H), 3.19 (s, 2H), 1.30 (t, J= 7.1 Hz, 3H); *C NMR (CDCls, 100 MHz) §
168.6, 153.1, 134.3, 132.9, 128.6, 121.2, 84.3, 83.2, 82.5, 75.9, 62.0, 56.5, 53.3, 24.0,
23.1, 14.0; HRMS (ESI) calcd for C20H19OsNa [M+Na]* 413.0762 found 413.0769.

1-Ethyl 4,4-dimethyl 7-(4-methoxyphenyl)hepta-1,6-diyne-1,4,4-tricarboxylate

(1y)
MeOQC : COzEt
MeochOOMe

The title compound 1y was prepared from 1-ethyl 4,4-dimethyl hepta-1,6-diyne-1,4,4-
tricarboxylate S2 and 4-iodoanisole in 73% yield by the procedure of 1u.

Pale brown oil; 'H NMR (CDCls, 400 MHz) § 7.29 (d, J = 8.8 Hz, 2H), 6.80 (d, J= 8.8
Hz, 2H), 4.21 (q, J = 7.1 Hz, 2H), 3.80 (s, 9H), 3.20 (s, 2H), 3.19 (s, 2H), 1.30 (t, J=7.1
Hz, 3H); '*C NMR (CDCls, 100 MHz) § 168.8, 159.6, 153.2, 133.1, 114.9, 113.9, 84.1,
82.9, 81.6, 75.8, 62.0, 56.7, 55.3, 53.3, 24.1, 23.1, 14.0, HRMS (ESI) calcd for
C21H2,07Na [M+Na]" 409.1258 found 409.1255.

1-Ethyl 4,4-dimethyl 7-(p-tolyl)hepta-1,6-diyne-1,4,4-tricarboxylate (1z)
MeOZC : COzEt
MeOZC><;©Me
The title compound 1e was prepared from 1-ethyl 4,4-dimethyl hepta-1,6-diyne-1,4,4-

tricarboxylate S2 and 4-iodotoluene in 65% yield by the procedure of 1u.
Brown oil; "H NMR (CDCls, 400 MHz) § 7.27—7.23 (m, 2H), 7.08 (d, /= 7.9 Hz, 2H),
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4.20 (q, J = 7.1 Hz, 2H), 3.80 (s, 6H), 3.201 (s, 2H), 3.196 (s, 2H), 2.33 (s, 3H), 1.29 (¢,
J=17.1 Hz, 3H); 3C NMR (CDCls, 100 MHz) 6 168.8, 153.2, 138.3, 131.6, 129.0, 119.7,
84.3, 82.8, 82.4, 75.8, 62.0, 56.7, 53.3, 24.0, 23.1, 21.4, 14.0; HRMS (ESI) calcd for
C21H2:06Na [M+Na]" 393.1309 found 393.1311.

1-Ethyl 4,4-dimethyl 7-(m-tolyl)hepta-1,6-diyne-1.,4,4-tricarboxylate (8a)

MeOzC — COZEt
MeOZC :

Me

The title compound 8a was prepared from 1-ethyl 4,4-dimethyl hepta-1,6-diyne-
1,4,4-tricarboxylate S2 and 3-iodotoluene in 65% yield by the procedure of 1u.

Brown oil; 'TH NMR (CDCls, 400 MHz) 6 7.21-7.14 (m, 3H), 7.13-7.08 (m, 1H), 4.21
(g, J = 7.1 Hz, 2H), 3.80 (s, 6H), 3.203 (s, 2H), 3.201 (s, 2H), 2.31 (s, 3H), 1.30 (t, J =
7.1 Hz, 3H); '3C NMR (CDCls, 100 MHz) 6 168.8, 153.2, 137.9, 132.3, 129.1, 128.8,
128.1, 122.6, 84.4, 82.8, 82.7, 75.8, 62.0, 56.6, 53.3, 24.0, 23.1, 21.1, 14.0; HRMS (ESI)
calcd for C21H20¢Na [M+Na]" 393.1309 found 393.1303.

1-Ethyl 4,4-dimethyl 7-(3-chloro-4-methylphenyl)hepta-1,6-diyne-1,4,4-tricarbo-
xylate (8b)

MeO,C, CO,Et

MeO,C — Me

Cl

The title compound 8b was prepared from 1-ethyl 4,4-dimethyl hepta-1,6-diyne-
1,4,4-tricarboxylate S2 and 2-chloro-4-iodotoluene in 65% yield by the procedure of 1u.

Brown oil; 'H NMR (CDCls, 400 MHz) 6 7.34 (s, 1H), 7.18-7.11 (m, 2H), 4.21 (q, J
=7.1 Hz, 2H), 3.80 (s, 6H), 3.20 (s, 2H), 3.19 (s, 2H), 2.35 (s, 3H), 1.30 (t, /= 7.1 Hz,
3H); 1*C NMR (CDCls, 100 MHz) § 168.7, 153.2, 136.6, 134.1, 132.0, 130.7, 129.9,
121.7, 83.7, 83.0, 82.6, 75.9, 62.1, 56.5, 53.4, 23.9, 23.1, 20.1, 14.0; HRMS (ESI) calcd
for C21H2106Na [M+Na]" 427.0919, found 427.0920.
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1-Ethyl 4,4-dimethyl 7-(3,5-dimethylphenyl)hepta-1,6-diyne-1,4,4-tricarboxylate
(8¢

—CO,Et

MeOzC Me

MeO,C \ —

Me

The title compound 8c was prepared from 1-ethyl 4,4-dimethyl hepta-1,6-diyne-1,4,4-
tricarboxylate S2 and 5-iodo-m-xylene in 91% yield by the procedure of 1u.

Brown amorphous; 'H NMR (CDCls, 400 MHz) J 6.99 (s, 2H), 6.93 (s, 1H), 4.21 (q,
J=17.1Hz, 2H), 3.80 (s, 6H), 3.20 (s, 2H), 3.19 (s, 2H), 2.27 (d, /= 0.3 Hz, 6H), 1.30 (t,
J=17.1 Hz, 3H); *C NMR (CDCls, 100 MHz) 6 168.8, 153.2, 137.8, 130.1, 129.4, 122.4,
84.6, 82.8, 82.3, 75.8, 62.0, 56.6, 53.3, 24.0, 23.1, 21.0, 14.0; HRMS (ESI) calcd for
C22H2406Na [M+Na]" 407.1465 found 407.1471.

1-Ethyl 4,4-dimethyl octa-1,6-diyne-1,4,4-tricarboxylate (8d)
MeOzCCCOZEt
MeO,C ——Me

The title compound 8d was prepared from dimethyl 2-(but-2-yn-1-yl)-2-(prop-2-yn-1-
yl)malonate® and CICO,Et in 71% yield by the procedure used for 1v.

Colorless oil; 'TH NMR (CDCls, 400 MHz) § 4.20 (q, J = 7.1 Hz, 2H), 3.78 (s, 6H),
3.13 (s, 2H), 2.92 (q, J = 2.6 Hz, 2H), 1.75 (t, J = 2.5 Hz, 3H), 1.29 (t, /= 7.1 Hz, 3H);
BC NMR (CDCls, 100 MHz) 6 168.9, 153.2, 83.0, 79.8, 75.6, 72.5, 61.9, 56.5, 53.2, 23 4,
22.9,14.0, 3.5; HRMS (ESI) calcd for CisHi130sNa [M+Na]* 317.0996, found 317.0998.

Methyl 3-(2'-(prop-1-yn-1-yl)-[1,1'-biphenyl]-2-yl)propiolate (8h)

The title compound was prepared according to the conditions of the literature used in
the synthesis of structurally related compounds.’ To a stirred solution of methyl 3-(2-
bromophenyl)propiolate'® (0.239 g, 1.00 mmol), (2-(prop-1-yn-1-yl)phenyl)boronic
acid!! (0.176 g, 1.10 mmol), and Cs>COs (424 mg, 1.30 mmol) in 1,4-dioxane (2 mL) was
added Pdodbas (13.7 mg, 0.0150 mmol) and [(-BusP)H]BF4 (10.4 mg, 0.0360 mmol) at
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room temperature. After being stirred at 80 °C for 2.5 h, the reaction mixture was filtered
through a pad of Celite and concentrated. The residue was purified by a silica gel column
chromatography (n-hexane/CH>Cl, = 70:30) to give 8h (0.243 g, 0.885 mmol, 89% yield)
as a brown oil. 'TH NMR (CDCls, 400 MHz) § 7.71-7.65 (m, 1H), 7.54-7.42 (m, 3H),
7.39-7.27 (m, 4H), 3.69 (s, 3H), 1.84 (s, 3H); 3C NMR (CDCls, 100 MHz) § 154.4, 144.9,
141.4, 133.8, 132.5, 130.7, 129.94, 129.86, 127.8, 127.3, 127.2, 123.3, 119.1, 89.4, 86.2,
82.7, 78.7, 52.6, 4.3; HRMS (ESI) calcd for Ci9H1402Na [M+Na]+ 297.0886, found
297.0895.

Ethyl 3-(2'-(prop-1-yn-1-yl)-[1,1'-biphenyl]-2-yl)propiolate (8i)

To a stirred solution of ((2-bromophenyl)ethynyl)trimethylsilane'? (1.27 g, 5.00 mmol)
in MeOH/THF (5:1) (18 mL) was added K>COs3 (1.38 g, 10.0 mmol) at room temperature
under air. After being stirred at the same temperature for 19 h, the reaction mixture was
poured into saturated aqueous NH4Cl/n-hexane. The aqueous phase was extracted with
two portions of n-hexane. The combined extract was washed with brine, dried over
NaxSOs4, and concentrated. The residue was used for the next reaction without further
purification. To a stirred solution of i-ProNH (1.40 mL, 10.0 mmol) in THF (33 mL) was
added n-BuLi1 (6.50 mL, 10.0 mmol, 1.55 mol/L in n-hexane) at —78 °C and the resulting
mixture was stirred at the same temperature for 10 min. To the mixture was added a
solution of the residue in THF (17 mL) at =78 °C and the resulting mixture was stirred at
the same temperature for 30 min. To the mixture was added CICO2Et (1.90 mL, 20.0
mmol) at —78 °C. After being stirred at room temperature for 2 h, the reaction mixture
was quenched with water and poured into saturated aqueous NH4CI/EtOAc. The aqueous
phase was extracted with two portions of EtOAc. The combined extract was washed with
brine, dried over Na>xSO4, and concentrated. The residue was purified by a silica gel
column chromatography (n-hexane/CH.Cl = 80:20) to give ethyl 3-(2-
bromophenyl)propiolate (1.01 g, 4.00 mmol, 80% yield in 2 steps) as a brown liquid. 'H
NMR (CDCl3, 400 MHz) 6 7.67-7.56 (m, 2H), 7.35-7.25 (m, 2H), 4.32 (q, J = 7.1 Hz,
2H), 1.37 (t,J= 7.1 Hz, 3H); *C NMR (CDCl3, 100 MHz) 6 153.8, 134.8, 132.8, 131.6,
127.2,126.5,122.3 ,84.3,83.8, 62.3, 14.1; HRMS (ESI) calcd for C11HyO2BrNa [M+Na]"
274.9678, found 274.9692.
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The title compound 8i was prepared from ethyl 3-(2-bromophenyl)propiolate and (2-
(prop-1-yn-1-yl)phenyl)boronic acid'! in 48% yield by the procedure used for 8h. Brown
oil; "TH NMR (CDCls, 400 MHz) J 7.70-7.65 (m, 1H), 7.53-7.43 (m, 3H), 7.40-7.27 (m,
4H),4.15(q,J=7.1 Hz, 2H), 1.84 (s, 3H), 1.25 (t, /= 7.1 Hz, 3H); 3C {'H} NMR (CDCl;,
100 MHz) 6 154.0, 144.9, 141.4, 133.7, 132.5, 130.7, 130.0, 129.8, 127.7, 127.3, 127.1,
123.2, 119.2, 89.3, 85.8, 83.1, 78.7, 61.9, 14.0, 4.3; HRMS (ESI) calcd for C20H1602Na
[M+Na]* 311.1043, found 311.1050.

4-(2'-(Prop-1-yn-1-yl)-[1,1'-biphenyl]-2-yl)but-3-yn-2-one (8))

The title compound was prepared from 4-(2-bromophenyl)but-3-yn-2-one'® and (2-
(prop-1-yn-1-yl)phenyl)boronic acid'! in 69% yield by the procedure used for 8h. Pale
brown amorphous; "H NMR (CDCls, 400 MHz) 6 7.68-7.62 (m, 1H), 7.54—7.44 (m, 3H),
7.40-7.29 (m, 4H), 2.11 (s, 3H), 1.84 (s, 3H); *C{'H} NMR (CDCls, 100 MHz) 6 184.7,
145.4, 141.8, 133.6, 132.4, 130.4, 130.2, 130.0, 127.8, 127.5, 127.1, 123.5, 119.6, 91.0,
90.8, 89.4, 78.6, 32.5, 4.3; HRMS (ESI) calcd for C1oH14ONa [M+Na]* 281.0937, found
281.0938.

1-(4-Bromophenyl)-3-(2'-(prop-1-yn-1-yl)-[1,1'-biphenyl]|-2-yl)prop-2-yn-1-one
(8k)

To a stirred solution of 2,2'-diethynyl-1,1'-biphenyl'* (0.607 g, 3.00 mmol) in THF (60
mL) was added n-BuLi (1.90 mL, 3.00 mmol, 1.55 mol/L in n-hexane) at =78 °C and the
resulting mixture was stirred at the same temperature for 30 min. To the resulting mixture
was added Mel (0.22 mL, 3.60 mmol) at =78 °C. After being stirred at room temperature

for 2 h, the reaction mixture was quenched with water and poured into saturated aqueous

114



NH4Cl/CH2Cl. The aqueous phase was extracted with two portions of CH2Cl,. The
combined extract was washed with brine, dried over NaxSQOs, and concentrated. The
residue was used for the next reaction without further purification. To a stirred solution
of the residue in THF (60 mL) was added n-BuLi (1.90 mL, 3.00 mmol, 1.55 mol/L in n-
hexane) at —78 °C and the resulting mixture was stirred at the same temperature for 30
min. To the resulting mixture was added 4-bromobenzaldehyde (0.666 g, 3.60 mmol) at
—78 °C. After being stirred at room temperature for 1.5 h, the reaction mixture was
quenched with water and poured into saturated aqueous NH4CI/EtOAc. The aqueous
phase was extracted with two portions of EtOAc. The combined extract was washed with
brine, dried over Na>xSO4, and concentrated. The residue was purified by a silica gel
column chromatography (n-hexane/EtOAc = 70:30) to give crude 1-(4-bromophenyl)-3-
(2'-(prop-1-yn-1-yl)-[1,1'-biphenyl]-2-yl)prop-2-yn-1-ol (0.369 g). To a stirred solution
of this crude 1-(4-bromophenyl)-3-(2'-(prop-1-yn-1-yl)-[1,1'-biphenyl]-2-yl)prop-2-yn-
1-ol (369 mg) in CH2Cl, (5 mL) was added MnO> (0.639 g, 7.35 mmol) at room
temperature. After being stirred at the same temperature for 16 h, the reaction mixture
was filtered through a pad of Celite and concentrated. The residue was purified by a gel
permeation chromatography (GPC) to give 8k (0.140 g, 0.352 mmol, 12% yield from
2,2'-diethynyl-1,1'-biphenyl in 3 steps) as a pale yellow amorphous. 'H NMR (CDCls,
400 MHz) ¢ 7.84-7.77 (m, 1H), 7.61-7.57 (m, 1H), 7.56-7.50 (m, 1H), 7.49-7.36 (m,
9H), 1.81 (s, 3H); *C{'H} NMR (CDCl3, 100 MHz) 6 176.8, 145.5, 142.3, 135.7, 134.4,
132.5,131.7, 131.0, 130.6, 130.3, 130.1, 129.1, 127.9, 127.7, 127.5, 124.0, 119.7, 93.3,
90.1, 89.3, 78.3, 4.3; HRMS (ESI) calcd for C24H;sOBrNa [M+Na]* 421.0198 found
421.0187.

IT1. Rhodium-Catalyzed Asymmetric [2+2+2] Cycloaddition of 1,6-Diynes (1u) with
Cyclopentene (2j) and Cyclohexene (2k)

Representative procedure for the rhodium-catalyzed asymmetric [2+2+2]
cycloaddition of 1,6-diynes (1u) with cyclopentene (2j) (Scheme 1.4.1): (R)-
Difluorphos (27.3 mg, 0.0400 mmol) and [Rh(cod)2]BF4 (16.2 mg, 0.0400 mmol) were
dissolved in CH>Cl> (2.0 mL) and the mixture was stirred at room temperature for 10 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, and dissolved
in CH2Clz (0.5 mL). To the residue was added a CH>Cl» (1.0 mL) solution of 2j (68.1 mg,
1.00 mmol) and a CH>ClI> (0.5 mL) solution of 1u (71.3 mg, 0.200 mmol) in this order at

room temperature. The mixture was stirred at room temperature for 72 h. The resulting
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solution was concentrated and purified by a preparative TLC (n-hexane/EtOAc/MeOH =
3:1:0.5), which furnished (—)-3uj (54.8 mg, 0.129 mmol, 65% yield, 67% ee) as a pale
yellow oil.

(-)-4-Ethyl 2,2-dimethyl 8-phenyl-3.,4a,5,6,7,7a-hexahydro-s-indacene-2,2,4(1H)-
tricarboxylate [(—)-3uj, Scheme 1.4.1]
EtO,C

MeOZC \\\\

’I[,

MGOZC
Ph

54.8 mg, 65% yield; [a]*p —130.4° (¢ 2.7, CHCl3, 67% ee); 'H NMR (CDCls, 400
MHz) ¢ 7.38-7.31 (m, 2H), 7.30-7.19 (m, 3H), 4.33—4.18 (m, 2H), 3.76-3.68 (m, 1H),
3.73 (s, 3H), 3.63 (s, 3H), 3.39-3.28 (m, 2H), 3.14 (dd, J = 16.6, 3.6 Hz, 1H), 3.14-3.04
(m, 1H), 2.94-2.85 (m, 1H), 2.26-2.14 (m, 1H), 1.96—-1.85 (m, 1H), 1.52—1.30 (m, 4H),
1.33 (t,J=7.1 Hz, 3H); *C NMR (CDCl3, 100 MHz) 6 172.0, 171.7, 167.9, 145.8, 139.9,
139.2, 131.6, 128.2, 127.7, 127.3, 122.6, 60.0, 58.5, 52.82, 52.75, 42.5, 40.6, 39.1, 38.7,
35.3, 34.4, 23.1, 14.5; HRMS (ESI) calcd for CasH2306Na [M+Na]" 447.1778, found
447.1781; CHIRALPAK AD-H, n-hexane/2-PrOH = 90:10, 1.0 mL/min, retention times:

7.3 min (minor isomer) and 8.3 min (major isomer).

IV. Rhodium-Catalyzed Asymmetric [2+2+2] Cycloaddition of a,m-Diynes (1) with
acenaphthylene (21)

Representative procedure for the rhodium-catalyzed asymmetric [2+2+2]
cycloaddition of a,m-diynes (1) with acenaphthylene (21) (Table 1.3.2, 3ul): (R)-
BINAP (6.2 mg, 0.010 mmol) and [Rh(cod)2]BF4 (4.1 mg, 0.010 mmol) were dissolved
in CH2Clz (2.0 mL) and the mixture was stirred at room temperature for 10 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 and dissolved in CH>Cl»
(0.5mL). To the residue was added a CH>Cl> (1.5 mL) solution of 21 (0.152 g, 5.00 mmol)
and a CH>Cl> (0.5 mL) solution of 1u (71.3 mg, 0.200 mmol) in this order at room
temperature. The mixture was stirred at room temperature for 1 h. The resulting solution
was concentrated and purified by a preparative TLC (n-hexane/EtOAc/MeOH = 3:1:0.5),
which furnished (+)-3ul (79.8 mg, 0.157 mmol, 79% yield, 90% ee) as a brown
amorphous.
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(+)-7-Ethyl 9,9-dimethyl -11-phenyl-6b,8,10,11a-tetrahydro-9H-cyclopenta|k]|-
fluoranthene-7,9,9-tricarboxylate [(+)-3ul, Table 1.3.2]

CO,Et

MeOZC l C \\\\ O
MeO,C “ Q

79.8 mg, 79% yield, Brown amorphous; [a]*’p +267.1° (¢ 1.1, CHCls, 90% ee); 'H
NMR (CDCls, 400 MHz) 6 7.57 (d, J = 8.2 Hz, 1H), 7.50 (d, /= 8.2 Hz, 1H), 7.47-7.33
(m, 4H), 7.28 (d, /= 6.8 Hz, 1H), 7.22-7.16 (m, 2H), 7.09 (dd, /= 7.9, 7.4 Hz, 1H), 6.19
(d,/J=7.0 Hz, 1H), 5.26 (d, J=10.9 Hz, 1H), 5.14 (d, /= 10.9 Hz, 1H), 4.45 (q, J= 7.1
Hz, 2H), 3.83 (d, J=18.7 Hz, 1H), 3.66 (s, 3H), 3.64 (s, 3H), 3.26 (d, J = 18.3 Hz, 1H),
2.99-2.82 (m, 2H), 1.43 (t, J= 7.1 Hz, 3H); *C{'H} NMR (CDCls, 100 MHz) § 171.7,
171.5,167.9, 147.5, 146.8, 145.6, 139.5, 137.0, 136.8, 131.8, 131.7, 131.5, 128.5, 128.3,
128.2,128.0, 127.8, 127.4, 123.0, 122.8, 120.4, 120.3, 119.6, 60.6, 58.0, 53.4, 52.9, 48.6,
442, 41.1, 38.7, 14.5; HRMS (ESI) calcd for C32H230¢Na [M+Na]" 531.1778, found
531.1786; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times:

8.6 min (major isomer) and 15.6 min (minor isomer).

(+)-Trimethyl 11-phenyl-6b,8,10,11a-tetrahydro-9H-cyclopenta|k]fluoranthene-
7,9,9-tricarboxylate [(+)-3vl, Table 1.3.2]

COQMG

MeOZC O \\\\ Q
MeO,C | Q

85.1 mg, 86% yield, Pale brown oil; [a]*°p +332.4° (¢ 4.3, CHCl3, 81% ee); '"H NMR
(CDCls, 400 MHz) & 7.59 (d, J = 8.2 Hz, 1H), 7.51 (d, J = 8.2 Hz, 1H), 7.46-7.34 (m,
4H), 7.27-7.18 (m, 3H), 7.10 (dd, J = 8.1, 7.1 Hz, 1H), 6.19 (d, /= 7.1 Hz, 1H), 5.26 (d,
J=11.4Hz, 1H), 5.20-5.12 (m, 1H), 3.97 (s, 3H), 3.85-3.76 (m, 1H), 3.68, (s, 3H), 3.65
(s, 3H), 3.26 (dd, J = 18.8, 2.2 Hz, 1H), 2.99-2.83 (m, 2H); '3C{'H} NMR (CDCls, 100
MHz) 0 171.6,171.5,168.4,147.4,147.1,145.6, 139.5,137.2,136.7, 131.7, 131.5, 128.5,
128.3, 128.1, 127.8, 127.4, 123.0, 122.9, 120.4, 120.0, 119.6, 57.9, 52.89, 52.88, 51.7,
48.6, 44.2, 41.1, 38.7; HRMS (ESI) calcd for C31H26O¢Na [M+Na]" 517.1622, found
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517.1626; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times:

9.7 min (major isomer) and 18.4 min (minor isomer).

(+)-7-Ethyl 9,9-dimethyl 11-(4-chlorophenyl)-6b,8,10,11a-tetrahydro-9H-cyclope-
nta[k]fluoranthene-7,9,9-tricarboxylate [(+)-3wl, Table 1.3.2]

CO,Et
MeO,G O @
MeO,C |

Cl

70.5 mg, 65% yield, Pale yellow oil; [0]*’p +221.0° (¢ 3.5, CHCls, 84% ee); '"H NMR
(CDCl3, 400 MHz) 6 7.59 (d, J = 8.2 Hz, 1H), 7.53 (d, J = 8.2 Hz, 1H), 7.48-7.36 (m,
3H), 7.27 (d, J = 7.0 Hz, 1H), 7.18-7.10 (m, 3H), 6.26 (d, J= 7.1 Hz, 1H), 5.25 (d, J =
10.8 Hz, 1H), 5.09 (d, J = 10.8 Hz, 1H), 4.45 (q, /= 7.1 Hz, 2H), 3.82 (d, J = 18.7 Hz,
1H), 3.68, (s, 3H), 3.66 (s, 3H), 3.26 (dd, J=18.8, 1.7 Hz, 1H), 2.94-2.78 (m, 2H), 1.43
(t,J=7.1 Hz, 3H); *C{'H} NMR (CDCls, 100 MHz) § 171.6, 171.4, 167.8, 147.3, 146.5,
145.3, 138.0, 136.7, 135.7, 133.6, 132.4, 131.6, 129.7, 128.8, 128.2, 127.4, 123.1, 123.0,
120.7, 120.4, 119.7, 60.7, 57.9, 52.94, 52.92, 48.4, 44.2, 41.0, 38.7, 14.6; HRMS (ESI)
calcd for C3,H27C106Na [M+Na]" 565.1388, found 565.1396; CHIRALPAK AD-H, n-
hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 8.2 min (major isomer) and 13.1

min (minor isomer).

(+)-7-Ethyl 9,9-dimethyl 11-(4-methoxyphenyl)-6b,8,10,11a-tetrahydro-9H-cyclo-
penta|k]fluoranthene-7,9,9-tricarboxylate [(+)-3yl, Table 1.3.2 and Scheme 1.3.5]

CO,Et
MeOZC O “\\ @
MeO,C I Q

OMe

93.1 mg, 87% yield in Table 1.3.2 (Ligand: (R)-BINAP) and 88.9 mg, 82% yield in
Scheme 1.3.5 (Ligand: BIPHEP), Pale yellow amorphous; [a]*°p +345.3° (¢ 4.7, CHCl3,
88% ce): 'H NMR (CDCls, 400 MHz) 6 7.59 (d, J=8.2 Hz, 1H), 7.52 (d, /= 8.2 Hz, 1H),
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7.46-7.40 (m, 1H), 7.30-7.24 (m, 1H), 7.19-7.10 (m, 3H), 6.99—6.93 (m, 2H), 6.27 (d, J
=7.1 Hz, 1H), 5.26 (d, J=11.1 Hz, 1H), 5.13 (d, J=11.2 Hz, 1H), 4.44 (q, J= 7.1 Hz,
2H), 3.88 (s, 3H), 3.85-3.78 (m, 1H), 3.68 (s, 3H), 3.65 (s, 3H), 3.23 (dd, J = 18.8, 2.2
Hz, 1H), 2.99-2.85 (m, 2H), 1.43 (t,J= 7.1 Hz, 3H); *C{'H} NMR (CDCls, 100 MHz)
o 171.7, 171.6, 168.0, 159.1, 147.6, 146.9, 146.0, 136.78, 136.76, 131.8, 131.5, 131.2,
129.6, 128.0, 127.4, 123.0, 122.8, 120.4, 120.0, 119.6, 113.8, 60.6, 58.0, 55.3, 52.85,
52.84,48.4,44.2,41.1,38.8, 14.5; HRMS (ESI) calcd for C33H3007Na [M+Na]* 561.1884,
found 561.1881; CHIRALPAK AD-H, n-hexane/THF = 90:10, 1.0 mL/min, retention

times: 10.3 min (major isomer) and 14.8 min (minor isomer).

(+)-7-Ethyl 9,9-dimethyl 11-(p-tolyl)-6b,8,10,11a-tetrahydro-9H-cyclopenta|k]flu-
oranthene-7,9,9-tricarboxylate [(+)-3zl, Table 1.3.2]

CO,Et
MeO2C O “\\ Q
MeO,C | Q
Me

83.6 mg, 80% yield, Pale brown amorphous; [a]*’p +294.8° (c 4.2, CHCl3, 86% ee);
'H NMR (CDCls, 400 MHz) § 7.58 (d, J = 8.2 Hz, 1H), 7.51 (d, J = 8.2 Hz, 1H), 7.45—
7.40 (m, 1H), 7.28 (d, J= 7.1 Hz, 1H), 7.22 (d, /= 8.0 Hz, 2H), 7.14-7.08 (m, 3H), 6.25
(d,/J=7.1 Hz, 1H), 5.26 (d,J=11.2 Hz, 1H) , 5.15(d, J=11.0 Hz, 1H), 4.44 (q, J="7.1
Hz, 2H), 3.81 (d, /= 18.7 Hz, 1H), 3.67, (s, 3H), 3.65 (s, 3H), 3.24 (dd, /= 18.8, 2.1 Hz,
1H), 3.00-2.85 (m, 2H), 2.42 (s, 3H), 1.43 (t, J = 7.1 Hz, 3H); *C{'H} NMR (CDCls,
100 MHz) 0 171.7, 171.6, 168.0, 147.6, 146.9, 145.9, 137.6, 137.1, 136.8, 136.5, 131.5,
131.4,129.1,128.2,128.0, 127.4, 123.0, 122.8, 120.4, 120.1, 119.6, 60.6, 58.0, 52.9, 52.8,
48.5,44.2,41.1,38.8,21.4, 14.6; HRMS (ESI) calcd for C33H30OsNa [M+Na]" 545.1935,
found 545.1942; CHIRALPAK AD-H, n-hexane/i-PrOH = 98:2, 1.0 mL/min, retention

times: 21.4 min (major isomer) and 40.4 min (minor isomer).
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(+)-7-Ethyl 9,9-dimethyl 11-(m-tolyl)-6b,8,10,11a-tetrahydro-9H-cyclopenta|k]fl-
uoranthene-7,9,9-tricarboxylate [(+)-9al, Table 1.3.2]
CO,Et

MeO,C O @
MeO,C I
Me I

84.7 mg, 81% yield, Pale yellow amorphous; [0]*’p +278.4° (¢ 4.2, CHCl3, 84% ee);
"H NMR (CDCls, 400 MHz) 6 7.58 (d, J = 8.1 Hz, 1H), 7.50 (d, J = 8.2 Hz, 1H), 7.46—
7.39 (m, 1H), 7.33-7.25 (m, 2H), 7.17 (d, J= 7.6 Hz, 1H), 7.14-7.07 (m, 1H), 7.05-6.96
(m, 2H), 6.21 (d, J = 7.0 Hz, 1H), 5.26 (d, J = 11.2 Hz, 1H), 5.14 (d, /= 11.0 Hz, 1H),
445 (q,J=7.1 Hz, 2H), 3.82 (d, J= 18.8 Hz, 1H), 3.67, (s, 3H), 3.65 (s, 3H), 3.25 (dd,
J=18.8,2.0 Hz, 1H), 2.99-2.84 (m, 2H), 2.38 (s, 3H), 1.43 (t,J = 7.1 Hz, 3H); *C{'H}
NMR (CDCl3, 100 MHz) 0 171.7, 171.6, 168.0, 147.6, 146.9, 145.8, 139.4, 138.0, 137.2,
136.8, 131.54, 131.48, 128.8, 128.6, 128.3, 128.0, 127.4, 125.5, 123.0, 122.8, 120.5,
120.2, 119.6, 60.6, 58.0, 52.9, 48.6, 44.2, 41.1, 38.8, 21.6, 14.6; HRMS (ESI) calcd for
C33H3006¢Na [M+Na]" 545.1935, found 545.1940; CHIRALPAK AD-H, n-hexane/i-
PrOH =90:10, 1.0 mL/min, retention times: 7.3 min (major isomer) and 10.6 min (minor

isomer).

(+)-7-Ethyl 9,9-dimethyl 11-(3-chloro-4-methylphenyl)-6b,8,10,11a-tetrahydro-9-
H-cyclopenta|k]fluoranthene-7,9,9-tricarboxylate [(+)-9bl, Table 1.3.2]

CO,Et

MeO,C \m @
MeO,C

Cl
Me

89.1 mg, 80% yield, Brown amorphous; [0]*’p +265.1° (¢ 4.46, CHCls, 83% ee); 'H
NMR (CDCls, 400 MHz) 6 7.59 (d, J = 4.1 Hz, 1H), 7.53 (d, J = 4.1 Hz, 1H), 7.47-7.40
(m, 1H), 7.27 (d, J = 3.8 Hz, 2H), 7.22 (d, J = 1.3 Hz, 1H), 7.19-7.11 (m, 1H), 6.9 (dd,
J=17.7,1.7Hz, 1H), 6.30 (d,J=7.0 Hz, 1H), 5.25 (d, /= 10.8 Hz, 1H), 5.09 (d, /=10.9

Hz, 1H), 4.45 (q, J = 7.1 Hz, 2H), 3.81 (d, J = 18.8 Hz, 1H), 3.68 (s, 3H), 3.67 (s, 3H),
3.25 (dd, J = 18.8, 2.0 Hz, 1H), 2.96-2.82 (m, 2H), 2.45 (s, 3H), 1.43 (t, J= 7.1 Hz, 3H);
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BC{'H} NMR (CDCls, 100 MHz) 6 171.6, 171.4,167.8,147.3, 146.4, 145.4, 138.7, 136.7,
135.6, 135.5,134.5, 132.3, 131.6, 131.0, 128.6, 128.1, 127.4, 126.7, 123.1, 123.0, 120.7,
120.4, 119.6, 60.7, 58.0, 52.93, 52.91, 48.3, 44.2, 41.0, 38.7, 20.0, 14.5; HRMS (ESI)
caled for C33H2906CINa [M+Na]® 579.1545, found 579.1569; CHIRALPAK AD-H,
hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 16.2 min (major isomer) and 21.0

min (minor isomer).

(+)-7-Ethyl 9,9-dimethyl 11-(3,5-dimethylphenyl)-6b,8,10,11a-tetrahydro-9H-cy-
clopenta[k]fluoranthene-7,9,9-tricarboxylate [(+)-9cl, Table 1.3.2]
COzEt

MGOQ ‘\\\
MeOzC ”"

75.1 mg, 70% yield, Pale yellow amorphous; [a]25D +116.2° (¢ 3.8, CHCls, 33% ee);
'H NMR (CDCls, 400 MHz) § 7.58 (d, J = 8.2 Hz, 1H), 7.52 (d, J = 8.2 Hz, 1H), 7.47—
7.39 (m, 1H), 7.28 (d, /= 7.0 Hz, 1H), 7.16-7.09 (m, 1H), 7.00 (s, 1H), 6.83 (s, 2H), 6.24
(d,/J=7.0 Hz, 1H), 5.25 (d, J=10.9 Hz, 1H), 5.14 (d, /= 11.0 Hz, 1H), 4.45 (q, J= 7.1
Hz, 2H), 3.81 (d, J=18.7 Hz, 1H), 3.68, (s, 3H), 3.66 (s, 3H), 3.24 (dd, /= 18.7, 1.4 Hz,
1H), 3.01-2.85 (m, 2H), 2.34 (s, 6H), 1.44 (t, J = 7.1 Hz, 3H); *C{'H} NMR (CDCls,
100 MHz) 6 171.72,171.66, 168.0, 147.6, 146.9, 145.8,139.4, 137.8,137.4, 136.8, 131.5,
131.2,129.5, 128.0, 127.4, 126.0, 123.0, 122.8, 120.5, 120.1, 119.6, 60.6, 58.0, 53.5, 52.9,
48.6,44.2,41.1,38.8,21.5, 14.6; HRMS (ESI) calcd for C34H32,06Na [M+Na]" 559.2091,
found 559.2097; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention

times: 5.8 min (major isomer) and 7.4 min (minor isomer).

(-)-7-Ethyl 9,9-dimethyl 11-methyl-6b,8,10,11a-tetrahydro-9H-cyclopenta|k]fluo-

ranthene-7,9,9-tricarboxylate [(—)-9dl, Table 1.3.2]
COzEt

M802 \\\\
MeO;C
68.8 mg, 77% yield, Pale brown oil; [a]*’p 323 7° (c 3.4, CHCl3, 69% ee); 'H NMR

(CDCls, 400 MHz) & 7.67-7.58 (m, 2H), 7.49-7.40 (m, 3H), 7.23 (dd, J = 7.0, 0.8 Hz,
1H), 5.00 (d, J= 10.4 Hz, 1H), 4.49 (d, J= 10.4 Hz, 1H), 4.45-4.36 (m, 2H), 3.75 (s, 3H),
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3.71 (d, J=19.3 Hz, 1H), 3.66 (s, 3H), 3.44 (dd, /= 19.1, 1.1 Hz, 1H), 3.15 (d, /= 16.6
Hz, 1H), 2.80-2.68 (m, 1H), 1.96-1.92 (s, 3H), 1.40 (t, J = 7.1 Hz, 3H); 3C{'H} NMR
(CDClI3, 100 MHZ) 6 172.1, 171.7, 168.0, 147.9, 147.7, 145.4, 136.9, 133.7, 131.3, 130.8,
128.3, 127.4, 123.3, 122.9, 120.6, 119.7, 118.5, 60.4, 58.0, 53.0, 52.9, 50.3, 44.1, 41.2,
37.5,18.4,14.5; HRMS (ESI) calcd for C27H2606Na [M+Na]* 469.1622, found 469.1627;
CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 11.0 min

(minor isomer) and 12.3 min (major isomer).

(+)-Dimethyl 7-methyl-11-phenyl-6b,8,10,11a-tetrahydro-9H-cyclopenta|k]fluor-
anthene-9,9-dicarboxylate [(+)-9el, Table 1.3.2]
Me

MeO,C
MeO,C |

J

Pale yellow amorphous, 75.7 mg, 84% yield; [a]*°p +45.8° (¢ 2.1, CHCl3, 29% ee); 'H
NMR (CDCls, 400 MHz) 8 7.62-7.57 (m, 1H), 7.55-7.29 (m, 8H), 7.16 (dd, J = 8.0, 7.2
Hz, 1H), 6.34 (d, J = 7.4 Hz, 1H), 5.05 (d, J = 10.8 Hz, 1H), 4.58 (d, J = 10.7 Hz, 1H),
3.672 (s, 3H), 3.666 (s, 3H), 3.25 (d, J = 16.0 Hz, 1H), 3.16 (dd, J = 16.7, 2.4 Hz, 1H),
3.00 (d, J = 16.7 Hz, 1H), 2.79-2.68 (m, 1H), 2.07 (s, 3H); 3C{'H} NMR (CDCls, 100
MHz) 6 171.92, 171.87, 147.6, 146.7, 141.0, 137.0, 131.5, 131.4, 130.0, 128.5, 127.78,
127.75, 127.5, 126.9, 125.3, 122.9, 122.6, 119.9, 119.7, 58.2, 52.81, 52.79, 50.2, 47.9,
39.4,38.1, 18.6; HRMS (ESI) calcd for C30H2604Na [M+Na]" 473.1723 found 473.1729;
CHIRALPAK AD-H, n-hexane/i-PrOH = 95:5, 1.0 mL/min, retention times: 7.0 min

(minor isomer) and 8.5 min (major isomer).

(-)-Ethyl 11-phenyl-6b,8,10,11a-tetrahydrofluorantheno[8,9-c|furan-7-carboxyl-
ate [(—)-9fl, Table 1.3.2]
COzEt

\\“
l[, )

39.4 mg, 50% yield, Pale yellow amorphous; [0]*’p —13.9° (¢ 2.0, CHCls, 6% ee); 'H
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NMR (CDCls, 400 MHz) 6 7.61 (d, J = 8.1 Hz, 1H), 7.53 (d, J = 8.1 Hz, 1H), 7.49-7.34
(m, 5H), 7.26-7.19 (m, 2H), 7.12 (dd, J= 8.1, 7.1 Hz, 1H), 6.32 (d, J = 7.0 Hz, 1H), 5.29
(s, 2H), 5.09-5.01 (m, 1H), 4.79-4.71 (m, 1H), 4.52-4.37 (m, 3H), 4.34-4.27 (m, 1H),
1.43 (t, J= 7.1 Hz, 3H); 3C{'H} NMR (CDCls, 100 MHz) 6 167.5, 147.6, 147.3, 145.5,
139.0, 136.7, 135.4, 132.0, 131.6, 128.6, 128.3, 128.2, 127.7, 127.5, 123.2, 123.0, 120.3,
119.9, 117.9, 73.0, 70.6, 60.9, 48.5, 44.1, 14.5; HRMS (ESI) caled for Ca7H2»05Na
[M+Na]" 417.1461 found 417.1467; CHIRALPAK AD-H, n-hexane/i-PrOH = 90:10, 1.0

mL/min, retention times: 7.7 min (major isomer) and 10.2 min (minor isomer).

(+)-Ethyl 11-phenyl-6b,9,10,11a-tetrahydro-8 H-cyclopenta|k]fluoranthene-7-ca-
rboxylate [(+)-9gl, Table 1.3.2]
CO,Et

::iI
J

22.8 mg, 29% yield, White solid; Mp 208—210 °C; [a]*p +30.8° (¢ 1.1, CHCl3, 7%
ee); 'H NMR (CDCls, 400 MHz) 6 7.58 (d, J = 8.2 Hz, 1H), 7.50 (d, J = 8.2 Hz, 1H),
7.47-7.19 (m, 7H), 7.10 (dd, J = 8.0, 7.2 Hz, 1H), 6.22 (d, /= 7.1 Hz, 1H), 5.28 (d, J =
10.9 Hz, 1H), 5.18 (d, /= 10.8 Hz, 1H), 4.48-4.38 (m, 2H), 3.13 (ddd, /=183, 7.8, 2.4
Hz, 1H), 2.68 (dddd, J = 18.4, 10.2, 8.3, 2.0 Hz, 1H), 2.39-2.20 (m, 2H), 1.85-1.74 (m,
1H), 1.59-1.35 (m, 1H), 1.43 (t, J = 7.1 Hz, 3H); *C{'H} NMR (CDCls, 100 MHz) §
168.6, 151.3, 148.1, 146.3, 140.5, 136.8, 135.8, 135.2, 131.5, 128.5, 128.2, 128.0, 127 .4,
127.3, 122.8, 122.7, 120.3, 119.6, 119.3, 60.3, 48.6, 44.3, 33.9, 31.5, 24.1, 14.6; HRMS
(ESI) calcd for C2sH2402Na [M+Na]" 415.1669, found 415.1673; CHIRALPAK AD-H,
n-hexane/i-PrOH = 95:5, 1.0 mL/min, retention times: 5.9 min (minor isomer) and 7.1

min (major isomer).

(+)-Methyl 16-methyl-6b,16a-dihydroacenaphtho|1,2-b]|triphenylene-7-carboxyl-

ate [(+)-9hl, Table 1.3.2]
O CO,Me
I
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40.6 mg, 85% yield, Yellow amorphous; [a]*°p +280.3° (¢ 0.71, CHCls, 84% ee); 'H
NMR (CDCl3, 400 MHz) 6 7.81 (d, J= 7.4 Hz, 1H), 7.77 (d, J=7.9 Hz, 1H), 7.67 (d, J
= 8.1 Hz, 1H), 7.61 (d, J = 8.2 Hz, 1H), 7.58 (d, J = 6.9 Hz, 1H), 7.54-7.46 (m, 2H),
7.43-7.35 (m, 2H), 7.28-7.15 (m, 2H), 7.09-7.04 (m, 1H), 7.03-6.95 (m, 2H), 5.16 (d, J
=9.6 Hz, 1H), 4.50 (d, J = 9.7 Hz, 1H), 3.83 (s, 3H), 2.17 (d, J = 1.5 Hz, 3H); *C{'H}
NMR (CDCls, 100 MHz) 6 172.8, 144.6, 144.4, 141.0, 137.6, 135.9, 134.0, 133.3, 131.6,
131.1, 130.9, 130.0, 129.9, 129.4, 128.3, 127.9, 127.6, 127.03, 126.97, 123.9, 123.8,
123.4, 123.2, 122.1, 120.6, 118.9, 52.2, 50.8, 46.5, 21.7; HRMS (ESI) caled for
C31H20o2Na [M+Na]" 449.1512, found 449.1512; CHIRALPAK AD-H, n-hexane/i-
PrOH =90:10, 1.0 mL/min, retention times: 11.6 min (minor isomer) and 25.0 min (major

isomer).

(+)-Ethyl 16-methyl-6b,16a-dihydroacenaphtho[1,2-b]triphenylene-7-carboxylat-

e [(+)-9il, Table 1.3.2]
O CO,Et
SR

35.5 mg, 81% yield, Yellow amorphous; [a]*’p +377.6° (¢ 1.8, CHCl3, 85% ee); 'H
NMR (CDCl3, 400 MHz) 6 7.83 (d, J= 7.4 Hz, 1H), 7.80 (d, /= 7.8 Hz, 1H), 7.69 (d, J
=8.1 Hz, 1H), 7.64-7.58 (m, 2H), 7.57-7.50 (m, 2H), 7.44-7.37 (m, 2H), 7.27-7.18 (m,
2H), 7.11-7.06 (m, 1H), 7.05-6.99 (m, 2H), 5.17 (d, /= 9.6 Hz, 1H), 4.52 (d, /= 9.6 Hz,
1H), 4.47-4.37 (m, 1H), 4.34-4.24 (m, 1H), 2.19 (d, /= 1.6 Hz, 3H), 1.26 (t,J= 14.3 Hz,
3H); BC{'H} NMR (CDCls, 100 MHz) 6 172.3, 144.7, 144.5, 140.7, 137.6, 135.7, 133.9,
133.3, 131.7, 131.1, 130.9, 130.1, 129.8, 129.7, 128.30, 128.25, 127.8, 127.6, 126.92,
126.88, 123.8, 123.4, 123.1, 122.0, 121.1, 118.9, 61.3, 50.8, 46.5, 21.7, 13.9; HRMS
(ESI) calcd for C32H24NaO> [M+Na]* 463.1669, found 463.1664; CHIRALPAK AD-H,
hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 11.2 min (minor isomer) and 13.8

min (major isomer).
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(+)-1-(16-Methyl-6b,16a-dihydroacenaphtho[1,2-b]|triphenylen-7-yl)ethan-1-one
[(6bS,16aS)-(+)-9j1, Table 1.3.2]

S

65.7 mg, 80% yield, Yellow amorphous; [a]*’p +429.0° (¢ 3.3, CHCl;, 86% ee); 'H
NMR (CDCl3, 400 MHz) 6 7.88 (d, J= 7.6 Hz, 1H), 7.85 (d, J=7.7 Hz, 1H), 7.68 (d, J
=8.1 Hz, 1H), 7.62-7.56 (m, 2H), 7.56-7.42 (m, 3H), 7.40-7.34 (m, 1H), 7.30-7.22 (m,
2H), 7.12-7.03 (m, 2H), 7.00-6.91 (m, 1H), 5.38 (d, /=9.6 Hz, 1H), 4.49 (d, /= 9.8 Hz,
1H), 2.46 (d, J= 1.3 Hz, 3H), 2.19 (d, J= 1.5 Hz, 3H); *C{!H} NMR (CDCl3, 100 MHz)
0206.3,144.8,144.3,142.5,137.5,137.1,134.3,133.1, 131.9,131.6, 131.5, 131.2, 131.0,
130.7, 130.1, 128.2, 128.1, 127.9, 127.6, 127.4, 127.2, 124.1, 123.8, 123.5, 123.1, 122.0,
118.7, 51.0, 46.6, 31.3, 21.7; HRMS (ESI) calcd for C31H22NaO [M+Na]" 433.1563,
found 433.1568; CHIRALPAK AD-H, hexane/i-PrOH = 90:10, 1.0 mL/min, retention

times: 11.2 min (minor isomer) and 14.7 min (major isomer).

(+)-(4-Bromophenyl)(16-methyl-6b,16a-dihydroacenaphtho[1,2-b]triphenylen-7-
yl)methanone [(+)-9Kkl, Table 1.3.2]
Br

25.4 mg, 92% vyield, Yellow amorphous; [a]*’p +146.2° (¢ 1.3, CHCl3, 27% ee); 'H
NMR (CDCls, 400 MHz) ¢ 7.80 (d, J = 7.9 Hz, 3H), 7.75-7.52 (m, 5H), 7.35 (d, /= 8.3
Hz, 2H), 7.31-7.19 (m, 4H), 7.18-7.06 (m, 2H), 6.91-6.85 (m, 1H), 6.76 (d, J= 6.8 Hz,
1H), 5.50 (d, J=9.6 Hz, 1H) ,4.62 (d, J=9.7 Hz, 1H), 2.27 (d, J = 1.3 Hz, 3H); *C{'H}
NMR (CDCls, 100 MHz) 6 199.6, 144.5, 144.4, 142.1, 137.5, 137.4, 136.9, 133.7, 132.9,
131.8, 131.7, 131.2, 131.1, 130.8, 130.1, 128.1, 127.94, 127.92, 127.74, 127.73, 127.6,
127.1, 127.0, 123.8, 123.6, 123.5, 123.2, 122.1, 119.0, 51.2, 47.8, 21.9; HRMS (ESI)
caled for C3sH230BrNa [M+Na]® 573.0824, found 573.0834; CHIRALPAK AD-H,
hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 7.6 min (major isomer) and 23.5

min (minor isomer).
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IV. Diels-Alder reaction of the Cyclohexadiene (+)-9jl with Dienophiles.

(+)-1-(16-Methyl-16,16a-dihydro-7,16-[1,2]benzenoacenaphtho|1,2-b|triphenyle-
n-7(6bH)-yl)ethan-1-one [(+)-10, Scheme 1.3.3]

The reaction was carried out according to the conditions of the literature procedure. *
To a solution of (+)-1-(16-methyl-6b,16a-dihydroacenaphtho[1,2-b]triphenylen-7-
yl)ethan-1-one (+)-9jl (48.0 mg, 0.117 mmol, 86% ee) and 2-(trimethylsilyl)phenyl
trifluoromethanesulfonate (76.8 mg, 0.257 mmol) in MeCN/THF/toluene (3:1:1) (2 mL)
was added CsF (16.9 mg, 0.111 mmol) at room temperature. After being stirred at the
same temperature for 21 h, the reaction mixture was poured into water/CH>Cl,. The
aqueous phase was extracted with two portions of CH2Cl,. The combined extract was
washed with brine, dried over Na;SO4, and concentrated. The residue was purified by a
preparative TLC (n-hexane/toluene/CH>Cl> = 1:1:1), which furnished (+)-10 (38.1 mg,
0.0782 mmol, 67% yield, 86% ee) as a colorless oil.

[0]*°p +124.2° (¢ 1.9, CHCl3, 86% ee); '"H NMR (CDCls, 400 MHz) 6 8.71 (d, J= 8.4
Hz, 1H), 8.41 (d,J=7.8 Hz, 1H), 8.22 (d, /= 8.2 Hz, 1H), 8.01 (d, /= 7.0 Hz, 1H), 7.76
(d,J=7.6 Hz, 1H), 7.54-7.35 (m, 4H), 7.35-7.19 (m, 6H), 7.17-7.08 (m, 2H), 7.03-6.97
(m, 1H), 4.71 (d, J = 7.4 Hz, 1H), 3.84 (d, J = 7.4 Hz, 1H), 3.07 (s, 3H), 2.35 (s, 3H);
BC{'H} NMR (CDCls, 100 MHz) 6 210.2, 146.0, 143.3,143.0,142.6, 141.8, 140.4, 132.8,
131.0, 130.3, 129.7, 129.4, 128.3, 127.2, 126.9, 126.8, 125.94, 125.88, 125.7, 125.5,
125.1, 124.9, 124.6, 123.7, 123.4, 123.3, 123.1, 122.9, 122.7, 121.6, 120.0, 67.3, 62.6,
53.4, 50.5, 33.1, 24.2; HRMS (ESI) calcd for C37H26ONa [M+Na]" 509.1876, found
509.1870; CHIRALPAK AD-H, hexane/i-PrOH = 90:10, 1.0 mL/min, retention times:

6.0 min (major isomer) and 8.1 min (minor isomer).
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(6bR,7R,16S,16a8,17R)-(-)-7-Acetyl-19-(4-bromophenyl)-16-methyl-6b,7,16,16a-
tetrahydro-7,16-[3,4]epipyrroloacenaphtho(1,2-b|triphenylene-18,20-dione [(6bR,-
7R,16S5,16a8,17R)-(-)-11, Scheme 1.3.3]

To a solution of (+)-1-(16-methyl-6b,16a-dihydroacenaphtho[1,2-b]triphenylen-7-
yl)ethan-1-one (+)-9jl (65.7 mg, 0.160 mmol, 86% ee) in toluene (2 mL) was added N-
(4-bromophenyl)phthalimide (201.6 mg, 0.800 mmol) at room temperature. After being
stirred at the 110 °C for 20 h, the reaction mixture was concentrated. The residue was
purified by a preparative TLC (n-hexane/toluene/EtOAc = 2:2:1), which furnished (—)-11
(54.2 mg, 0.0992 mmol, 67% yield, 82% ee) as a pale brown solid. A mixture of impure
structural isomers was also isolated (15.1 mg).

(—)-11: Mp 270-272 °C; [a]*p —135.6° (¢ 1.7, DMSO, 82% ee); 'H NMR (CDCls, 400
MHz) ¢ 8.35 (d,J=8.0 Hz, 1H), 8.26 (d, /= 7.9 Hz, 1H), 8.01 (d, /J=8.3 Hz, 1H), 7.49—
7.01 (m, 13H), 6.02 (d, J=8.2 Hz, 2H), 4.65 (d, /= 6.6 Hz, 1H), 4.11 (d, /= 6.8 Hz, 1H),
3.97 (d, J= 8.0 Hz, 1H), 3.50 (d, J = 7.9 Hz, 1H), 2.79 (s, 6H); *C{'H} NMR (CDCls,
100 MHz) 0 207.3, 174.6, 174.5, 142.2, 142.1, 140.5, 136.6, 132.6, 132.0, 131.1, 130.5,
130.0, 129.8, 129.7, 128.1, 127.9, 127.6, 127.0, 126.6, 126.0, 126.0, 125.6, 125.0, 124.7,
124.0, 123.7,123.3, 122.9, 122.72, 122.67, 120.8, 60.7, 58.2, 53.1, 50.4, 50.3, 47.3, 32.1,
25.0; HRMS (ESI) calcd for Cs1H2303NBrNa [M+Na]" 684.1145, found 684.1142;
CHIRALPAK AD-H, hexane/i-PrOH = 90:10, 1.0 mL/min, retention times: 28.8 (major
1somer) and 36.8 min (minor isomer). A single crystal of (6bR,7R,16S,16aS,17R)-(-)-11
was obtained by recrystallization from EtOAc/n-hexane at room temperature and its
relative and absolute stereochemistries were determined by the single crystal X-ray
diffraction analysis (Figure 1.3.2, Table 1.3.3).
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V. Aromatization of 3yl

7-Ethyl 9,9-dimethyl 11-(4-methoxyphenyl)-8,10-dihydro-9H-cyclopenta|k]fluor-
anthene-7,9,9-tricarboxylate [12, Scheme 1.3.4]

OMe

The reaction was carried out according to the conditions of the literature procedure.’
To a solution of 3yl (26.9 mg, 0.0500 mmol) in CH2Cl> (2 mL) was added CAN (68.5
mg, 0.125 mmol) at room temperature. After being stirred at the same temperature for 15
h, the reaction mixture was poured into water/CH2Cl>. The aqueous phase was extracted
with two portions of CH2Cl,. The combined extract was washed with brine, dried over
NaSO4, and concentrated. The residue was purified by a preparative TLC (n-
hexane/EtOAc/MeOH = 3:1:0.5), which furnished 12 (14.1 mg, 0.0263 mmol, 53% yield)
as a pale yellow solid. Mp 172—173 °C; 'H NMR (CDCls, 400 MHz) 6 8.25 (d, J = 8.9
Hz, 1H), 7.82 (d, J=8.0 Hz, 1H), 7.73 (d, /= 8.0 Hz, 1H), 7.60 (dd, J= 8.0, 7.3 Hz, 1H),
7.38-7.33 (m, 2H), 7.30 (dd, J= 8.1, 7.1 Hz, 1H), 7.12-7.07 (m, 2H), 6.85 (d, /= 6.9 Hz,
1H), 4.60 (q, J = 7.1 Hz, 2H), 3.94 (s, 3H), 3.90 (s, 2H), 3.74 (s, 6H), 3.43 (s, 2H), 1.51
(t,J=7.2 Hz, 3H); *C{'H} NMR (CDCls, 100 MHz) § 171.9, 168.2, 159.4, 139.8, 138.2,
138.1, 137.2, 136.9, 135.5, 134.7, 133.0, 130.6, 129.8, 129.7, 127.9, 127.43, 127.37,
126.7, 124.3, 123.6, 122.9, 114.5, 61.4, 59.9, 55.4, 53.0, 41.1, 39.6, 14.4; HRMS (ESI)
calcd for C33H2307Na [M+Na]* 559.1727, found 559.1733.
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W2 IR A v T T R R RN AV RO )
2—1 S

B Clk, 7 FA MmO AOSSRAEATIE T, 7 L% o R IR R
WIART LA & Ty ISR ER A AT 28 E8E 1,2-
BERIR T VA v & DRA2R2IMBRAL S I D W TR L T2,

Z 2 CAEITIE, B AR RERIR T Vo v & VT [RER e S IR 7E
T RER2L2UPMBRACEOS ORE & 1T - 72,

FIE B 1E F2HICBWTC. v 7aXr T ) R, T ) ot ap-
REAFNE ) INVR =B BT LBRT VT A, hTFA R T A1)
BT V=L EARRAT ¢ AR T B BOMINBRLEOS S TR, &
A4 OAC BB X O =8 EIT Lz &k~ 7= (Figure 1.4.1), F7-%H ORT
BT AR TIE, AR T, 2-v 7 a~Fdto-1-4 2 & b E oL TSR
AT Lo 7e 2 & 28 LTV 5 (Figure 1.4.1))

) 0O 0
Figure 1.4.1. Unsuccessful examples of 1,2-disubstituted cyclic alkenes possessing a,3-

unsaturated monocarbonyl moiety.
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LrL, =7 0),/F 704 F9 ) el Rt 2 VW88, 7%
VATl raRrT ) v BLOV T aaFt ) v b ORPR2RINERL G
DT D Z ERHE SN TWVAEN1.4.1)%

5 mol % Ni(acac),

10 mol % L1, 2 1
’ R
R ? 40 mol % MegAl ) P
100 mol % PhOH R
2 I | + | >
X THF, rt, 2 h R X
R? )
(2 equiv) X = CHy, CMey, (CH,), R (1.4.1)
oh up to 95% yield
0 0 Bh r.s. =up to 100%
ph_<\ l Ph—<\ | up to 62% ee
N™ ¥pnh N™ ¥pp,
L-1 L-2

FZT AFA MU AD/ BT V=V ERRRAT ¢ UEEIRAE A o, B
BIFNE ) VR = VERRE R T AR T A7 AZEA TERWHEE IOV TR
DEINBLE LI, Tobb, e U AHLBATFA ML Z LI ERIK
TN AT AW ERMET L, BRRT7 V7 ror YT AlIxd 58
MEEME T Lo/ Tl & 272, LEN-> T, af-REafny LR =1
Wy EHETDHT T M v, FRIEFOFEREHOIUE, TV UGN LD
B AREERY  BENOOWHLERIEINT 2 Z LIk - T, BB B EINT %
EEZ T,

EREBIARE =T VX 2 01 &% 7 vk OR22IERALEUL Ot
EOHREF L LT, Xi 1T 2006 12, b FEREO DV 3 =7 L L OHEHA
ERHWE=T X 2 018 1,477 b v & ORD2RISIIERILESIZ DUV T
WMELTWDHEE 1423, &nicEbnizy 7 and U UFERE,. BRY
REEBACEOEL ¢ FIME P EmEOBILAIE LT p-/ a7 =V EEHEES
ZEICkY MHIETET U TR BRI RO TUA Lo
TRy -mp-T A NEFELTCTND, TR -mp-U A X, T ORIBEE
ELTHOWOHNTWAEAZREEMTHY 5, —HOEHIL, Fm b7z &
BY., ARERENOARLZENFETHDLT T4 EZHNDZ LR IETDHT
W2 FE AT T IR 0nb 1l £ 2B CHRL2ZLNTESS,
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)
R3_.2s
Y ~O
|
szZfC'z 1 R6 il
Ree== g1 M-Buli 2 R O cucl
e (stoichiometric) ¢ — (stoichiometric)
! > L - ZrCpo
“R3I=——rR* °R®
R* (1.4.2)
R'0 with or without R0
2 5 2 5
:/R | RQT’?Q} - p-chloranil :/R \\‘j | R:\T"::“:
k\R3 Rg)“\‘;':" L\RS ’111 Rel’ks‘:':J
R* O R* O
up to 85% yield up to 86% yield

LU 1L4-TF 7 R 7 v & ofititr 22+ 2B AL ROSICB L Tl 2 E T
HEN 2o T,

Z ZTOAREITIE, IERFRD A o ERFREERT VLT F T R D
RFRA22MERALSUS DWW TR L 72(3X 1.4.3),

0
X—rR ‘O 23 Rh(l)* catalyst
7 + ’l >
k—=—r? ~o
o)
(1.4.3)
R' J R'" O
2T Y 5
X '01 \";) \X s—’;"
R O R O
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22 ISSMORE

FP. BEEELTTAFURBICATAREBIO n-7 FX U VA=V %
BTHET7 2= VMG 17-V A 81 L 1,4-F7 b % 7 o @2n)(1.1 S8) % U, fiil
e L ThHF A Mr YT A1), Hs-BINAP &K A2 W TR 21T - 72
(Table 1.4.1, entry 1), Z DFER. HBYD R+ IMBRALS & D 384T LT 1,3-
a9 3G LT ZHUSHE K Ao I SRR =R
TICTEITL, MIET 29N YT P T8 PF 2 13In & BAFRIRIZTE 2
7o WRZH EXE572DIC, Figure 1.4.1 1IR3 T X972, SEFIERHFRAT 4
VBN E VT, BRETE T o7, o ET U — L E AR AT ¢ UENLT-E LT,
BINAP # % & | entry 1 ITHEAYLERPOIE T L 72 (Table 1.4.1, entry 2), F7¢
Segphos # VY% & | entries 1 and 2 {ZHE~UER B R0R0 M) _E L 7= (Table 1.4.1, entry
3), Difluorphos 35 JX UF BIPHEP Z iV % & entries 1-3 (TR A R E AR T L
7-(Table 1.4.1, entries 4 and 5), B 7 U —/LE AR AT 4 VLS DHE AT ¢ EINL
+ & LT dppf, PPhs Z VW T H IR XA L 727> 7 (Table 1.4.1, entries 6 and 7),
Segphos (ZHE_T VY » D7 = = VIS STARAYIZ & 5\ O tol-Segphos  xyl-Segphos
/' DTBM-Segphos & W TH | IERODM RIT A S 3172 75> > 7= (Table 1.4.1, entries
8-10), F7=. Ik b B WK% 5 % 7= Segphos Dfill &% 5 mol % F T S+ T
t . entry 3 & LR TIRITIZIEEAL D 202> 72D T(Table 1.4.1, entry 11), entry
11 ZFERMEE L, RIC a,0-PA VEBROT 7 b3 oo JE i H#FE Ot
AT o7,
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Table 1.4.1. Optimization of reaction conditions for rhodium-catalyzed [2+2+2]

cycloaddition—spontaneous aromatization of 1,7-diyne 81 with 1,4-naphthoquinone (2n).

0 5-20 mol %
Me [Rh(god)z]BF4/
. ‘O ligand
CO,n-Bu CHJ.Cly, rt, 5 h
0]
2n (1.1 equiv)
Me
\\\
’l/
COzn Bu
13In
entry catalyst (mol %) ligand conv. (%) yield (%) (9In/13In)?

1 20 Hg-BINAP 100 1 (0:>99)
2 20 BINAP 100 55 (0:>99)
3 20 Segphos 100 6 (0:>99)
4 20 BIPHEP 100 2 (0:>99)
5 20 dppf 100 4 (0:>99)
6 20 2PPh; 77 46 (0:>99)
7 20 tol-Segphos 100 9 (0:>99)
8 20 xyl-Segphos 100 0 (0:>99)
9 20 DTBM-Segphos 100 8 (0:>99)
10 20 Difluorphos 100 5 (0:>99)
11 5 Segphos 100 3 (0:>99)

4 [Rh(cod)2]BF4 (0.0050-0.020 mmol), ligand (0.0050—0.020 mmol), 81 (0.100 mmol),
2n (0.110 mmol), and CH,Cl> (2.0 mL) were used.  Isolated yield.
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(I, QX 8¢
Z
\
PPh, PPh, O PAr,
PPh, PPh, o PAr,
/
0 2 1
0
Hg-BINAP BINAP  Segphos (Z = CHy, Ar = Ph)

tol-Segphos (Z = CH», Ar = 4-MeCgH,)
xyl-Segphos (Z = CH,, Ar = 3,5-Me,CgH53)
DTBM-Segphos

(Z = CH,, Ar = 4-t-Bu-3,5-Me,CgH,)
@\ Difluorphos (Z = CF,, Ar = Ph)
PPh, g PPh;
BIPHEP dppf

Figure 1.4.1. Structures of bisphosphine ligands.
2—3  FEE M EPE OGS

Bl L2 O T, SEIERTVAUBINT 7 b/ UFEREHWT
SR P PH & B Et L7 (Table 1.4.2), ZRIEHIICE T ==L, T/F VRKIC
AFNEBI O n-7 N INVFR=NVEEGTHUA 2 8LICXKL 14-F7 b %
Jr@n)ESYEHAVD ELIYERWE &SI TR\ B LT,
LMo T, AFORETTIES YED 1,4-77 R/ 2n)ZH -,

n-7 FX VIR NI T TIE R A MU IRV UL
RNV EHTHTA 2 8h, 8)EHANTH, BEFRIGRIZTRIGT 2 o_
7 h 7 13hn, Binx 527, £z, TAF R A BT T IVR =5
BLOTZ 2=V HKE2GT 5240 8m ZHW 5 & 20 mol %fiftfit & & 130 FEDOAN
BNGAE, 48 BRI OO BSOS 2 B & L7228 ARINER 2228 & b H ERY) 13mn %
B/BHZENTER, o, TEFLVEEZATLHVA 0 8 ZHWTH, RAFARIL
RIZTHBOBUSET LT,

BT A NTMA T, [T A (A, 1q) b ARUSICHE A ATRETH - 7223, 2
DDA N HNVR=NEEGT DR A NQITRIGRIZ TR T BT
U4 dqn 527,

BT 2 S VERE 1,7-DA U IET TR v R VEEY A FLE LRSI A T
%5 1,6-A4 2 8d ZHNTH, RIRZD O bR SUS DI HEIT LTz,

EHIT, 14-FT7 b @R TR, T b T8 -14-UF Qo) b A
O ATRETH D . 13ho & 4ro Z T ILEIL 76% & 24% DR T,
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Table 1.4.2. Rhodium-catalyzed [2+2+2] cycloaddition[Jaromatization of a,m-diynes 1,
8 with naphthoquinones (2).¢

[Rh(cod),]BF 4/
Segphos

catalyst
—_—

COZH-BU
13In/ 13hn / 78% yield
63% yield (2I: 1.1 equiv) (5 mol % Rh, CH,Cl,, rt, 5 h)
(5 mol % Rh, CH,Cly, rt, 5 h) 86% yield
65% yield (2I: 5 equiv) (5 mol % Rh, CH,Cly, rt, 5 h)?

(5 mol % Rh, CH,Cls, rt, 5 h)

13in / 65% vyield 13mn / 11% yield
(10 mol % Rh, CH5Cl,, rt, 5 h) (20 mol % Rh, PhCl, 130 °C, 48 h)

13jn / 79% yield 4rn / 56% yield
(20 mol % Rh, CH,Cl,, rt, 5 h) [20 mol % Rh, (CH,Cl),, 80 °C, 24 h]

4qn / 12% yield 13dn / 28% yield
[20 mol % Rh, (CH,Cl),, 80 °C, 24 h]  [10 mol % Rh, (CH,Cl),, rt, 5 h]
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COZMe
13ho / 76% yield 4ro | 24% yield
(20 mol % Rh, CH,Clp, 1t, 5h)  [20 mol % Rh, (CH,Cl),, 80 °C, 24 h]

¢ [Rh(cod)2]BF4 (0.0050-0.0200 mmol), Segphos (0.0050—0.0200 mmol), 1 (0.100
mmol), 2 (0.110-0.500 mmol), and solvents (2.0 mL) were used. The cited yields are of
the isolated yield. * [Rh(cod)2]BF4 (0.0250 mmol), Segphos (0.0250 mmol), 8h (0.500
mmol), 2n (2.50 mmol), and CH>Cl (2.0 mL) were used.

FloMOF ) VHEEAEL LTI2-77 M 2 Q2p)E W T AR ST,
A v 8h & DAHINBRAL G DRiEt 21T > 7-(Table 1.4.3), L7>L. 20 mol %D fi
ARG, Yraaxzg om0 80 EOMBASLM B TEEHIER YT, BHY
DN THEIT L7y o 72 (Table 1.4.3, entry 1), 72, Wiz 7 na X B2k
A BONMREZ 130 EETHIRL TS, HOILEY 13hp 1355617, B
IRE W % 5z 7-(Table 1.4.3, entry 2),

Table 1.4.3. Rhodium-catalyzed [2+2+2] cycloaddition[laomatization of diyne 8h with
1,2-naphthoquinone (2p).¢

M M
0 20 mol % e (C(())z e)
[Rh(cod),]BF 4/ O
e ° Segphos Z 0
+ > - |
CO,Me O 30|Vet?rtr;etemp. i
CO,Me (Me)

8h 2p (5 equiv) 13hp

entry solvent temp. (°C) time (°C) conv. (%) yield (%)

1 (CH,CI), 80 80 0
2 PhCI 130 130 100

“[Rh(cod)2]BF4 (0.0200 mmol), Segphos (0.0200 mmol), 8h (0.100 mmol), 2p (0.500

mmol), and solvents (2.0 mL) were used.

EEZDOFE L TOLHEE T, RSB T, 6 BB 1,2-P W /LR

138



=IUEEMTHDE 7 2 F v b L U910-TA L VA s DRPR2R2IINERE
JCNE ST BEIT LR Do Z e Z2HmELTEY, 2B LT, 7=2F U b
Ly9,10-VA v LTy ABNEENORIEEREEER 14 BT 5720 THD
EIR BTV D (Figure 1.4.2), L7203 »> T, AIGIZEBWTEH 7 U7 A0)/6
B8 DERNBIEDEITEZHEZE L TWNDH EEX LD,

R p
‘I I’ O ll II
O""F%h": 0 5RO
AN} /|
o y
’ <9
15

= biaryl bisphosphine

Figure 1.4.2. Structures of cationic rthodium(I) complex 14 and 15.

Flo, pXUV X L QYEANTERE BT o2 ST DA 13hq 23
REZETHY, HEEORFIZoM L TLE D 2 LMoo 72(Scheme 1.4.1),

') 20 mol % Me O
[Rh(COd)g]BF4/
S Ny gqee
CH2C|2, rt, 5h
J ]!

CO,Me

8h 2q (5 equiv) 13hq / 0% yield
unstable

Scheme 1.4.1. Rhodium-catalyzed [2+2+2] cycloaddition-aomatization of diyne 8h with
p-benzoquinone (2q).

BT, TR UK 2= VA AT AE 7 = = L2 1,7- A > 8n
ZHWT, FERRSEMHET, 1,477 F3 7 2 @2n) & OIMBALEG ORE 21T -
72(Scheme 1.4.2), = OFEH, BLRZEN 2 L 12, BEHRA 13nn (XIZEH LT,
ﬁﬁ#ém«&mﬁ%%m%16ﬁzé&%kbf%%hh@mwmﬁﬁwﬁ
TE TR B X OBRAEE AT IC L > CIRE L 7=(Figure 1.4.3, Table 1.4.4), A3
BFDHEINT T 2DTNF AERGBRHKT D LICEVEITTHEEX TS

Z DX ) BB EMIRERE) A W2 T L v OIS A D R 3 F
DOFRBIR2H 21BN ITEZ LS. 1) MU A OIRILEOE 5, 2) 88

139



oA ex' s TR EOMIMBRILKIS ., 3) C-H FE & TR LR K O R EE %
PED TR 2 T L REER L OLAIBRILE)SR 10 IZR BTz, LR
ST, REISNIT N 2w LT-0WD TORl & 7R b,

20 mol %

[Rh(cod),]BF 4/
(R)-Segphos
>
(CH,CI),, 80 °C, 72 h

8n 2n (5 equiv)

13nn / trace 16 / 34% yield , 0% ee

Scheme 1.4.2. Rhodium-catalyzed formal [2+1+2+1] cycloaddition of biphenyl-linked

diyne possessing two phenyl groups at alkyne termini 8n with 1,4-naphthoquinone (2n).

Figure 1.4.3. ORTEP drawing of 16 with ellipsoids at 50% probability. Details of the
crystal data and the summaries of the intensity data collection parameters for 16 are listed
in Table 1.4.4.
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Table 1.4.4. Crystal data and data collection parameters of 16.

16
formula C33H2402
formula weight 512.57
crystal system 0.71073
space group triclinic
a(A) 10.3906(13)
b (A) 10.6126(14)
c(A) 13.7662(14)
a (deg) 98.862(10)
f (deg) 103.319(10)
y (deg) 109.723(12)
V(A% 1345.3(3)
Z 2
Dealed (g/cm ™) 1.265
u(Mo Ka) (mm™1) 0.077
Fooo 536
Crystal size (mm?) 0.4x0.3x0.2
Temperature (K) 293(2)
0 range (deg.) 2.272-30.692
index ranges -14<h<14, -15<k<14, -19<I<19
number of independent reflections 7725
number of parameters 361
number of restraints 0

R1, wR2 [[>20(])]

R1, wR2 (all data)

S

largest difference peak and hole (eA~)

0.0611, 0.1852
0.1209, 0.2286
1.023
0.475,-0.334
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2—4  FUSHERED SR

W, RSO FEFHEAEDED L HDIZHEITL TWAEDONHLMMZT H7-012,
AF A Mw 27 (1), Segphos FERMIEAFE T, 7 v A X AR T, ¥
A28 &£ 14T 7 b/ @2n) (5 YUE)EZFIRIZ TS BB #EE. 0y v AgEK
ZHD BR< A &% OSIREY O 'H NMR fi#lft 217 - 7=(Scheme 1.4.3), % Dk
B BZEEL, a0 AARTFE L TODIRRETZELAEHA T, 'THNMR
BEEIT -T2 & 2 A, HFHEFALDEIT L TR WA 9jn D B3 ERL LT
HZ ENDoT=(Scheme 1.4.3,(1), L L., 7T/VIUEFEHK T, 7V T 07
LR o Tr Yy LA ZERE L, FRRRFHX TIZHWT 'TH NMR OHIE %
1ToTe & 2 A FEFLR3jn OB ERK L TWND Z &2 h-> 72 (Scheme 1.4.3,
(D))o
0 20 mol %

[Rh(cod),]BF 4/

Me
Segphos
LX) e
Ac CH2C|2, rt, 5h

8j 2n (5 equiv)

(i) with Rh complex 9jn / 86% yield 13jn / 0% vyield
(i) without Rh complex 0% yield 84% vyield s
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(i) '"H NMR spectrum of the reaction mixture after evaporation of CH2Cl, under air (in
CDCl)

o M62802
Hc, singlet
Hg, doublet
J=16Hz
Ha, doublet \/
J=6.9Hz
Hp, multiplet
| n f
iy | |
IR Y et [ i J J Jl " | L lJIIW'W

(ii) "H NMR spectrum of the reaction mixture after passing through an alumina column

under argon (in CDCl5).

<« MezS0;

— Hr, singlet

He, singlet

\
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Scheme 1.4.3. "H NMR spectroscopy analyses of the reaction of 8j with 2n. The reaction
was conducted with [Rh(cod):]BF4 (0.020 mmol), Segphos (0.020 mmol), 8j (0.100
mmol), 2n (0.500 mmol), and CH,>Cl, (2.0 mL). The cited yields were determined by 'H
NMR spectroscopy by using dimethyl sulfone (0.100 mmol) as an internal standard. i) 'H
NMR spectrum of the reaction mixture after evaporation and exporsure to air (in CDCl3);
the doublet at & = 4.66 ppm, the multiplet at & = 3.92-3.83 ppm, the singlet at & = 2.42
ppm, and the doublet at & = 2.03 ppm are assigned to protons Ha, Hp, Hc, and Hq of 9jn.
ii) "H NMR spectrum of the reaction mixture after passing through an alumina column
under argon followed by evaporation (in CDCI3); the singlets at 5 = 3.36 and 2.66 ppm
are assigned to protons He and Hr of 13jn.

I BT 5 R oHEE . RELOTE RS X ORI 9jn OO Z R LT
D HIZ(Scheme 1.4.4 (1)), 7 /L= FFEFHKTIZEWT PPha(P 1 > 8j ITxF LT 2
Wik, B YU AHAICK LT 10 YE)EMZ T 16 OB LIz bz, [Fkk

RFRHR T RO EB LV HNMR OREEZIT 72 & 2 A, HEB(LAE 13jn
DEERMTH D Z & &M L7z (Scheme 1.4.4 (i), L7=23-> 7T, 7/ i3
BFBAGIZEE L TR LT 2ZRNEEZF T HAEED e 0 LFEARDS | 24555
KETESZbH, 9jn O BRI B EFHEACOETZMEI L TWD EWD Z RN
ST, LvL, B ¥y ASHRIZ K D 9jn OZZEL ORI L Cix, BB TIX
B 5T 72 5 T2,

20 mol %
[Rh(cod),]BF 4/
Segphos
CHzclz, rt, 5h

then PPhs (2 equiv)
rt, 16 h

>

(i) 5 h 9jn / 86% yield 13jn / 0% yield
(i) 21 h 14% yield 71% yield
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(i) '"H NMR spectrum of the reaction mixture after evaporation of CH2Cl, under air (in
CDCl).

Ve |V|62802
He, singlet
Ha, doublet Ha, doublet
J=6.9Hz J=16Hz
Hp, multiplet \/
L VCY SR DO S G B ‘ L

T T T T T

9 8 7 6 4 3 2 1 0 ppm

atdsabs Y

(ii) 'TH NMR spectrum of the reaction mixture after evaporation of CH>Cl, under argon
(in CDCI).

~
4]
]

«— MexSO»

He, singlet <« Hs, singlet
Ha, doublet H., singlet
J=71Hz Hg, doublet

J=16Hz
Hp, multiplet f

h\
JUM)W ’l«” Mﬂw&ﬁmﬂm et .JJJWLJWMJ,.JQ_J
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Scheme 1.4.4. 'H NMR analyses of the reaction of 8j with 2n. [Rh(cod)2]BF4 (0.020
mmol), segphos (0.020 mmol), 8j (0.100 mmol), 2n (0.500 mmol), and CH>Cl> (2.0 mL).
The cited yields were determined by '"H NMR using dimethyl sulfone (Me>SO2) (0.100
mmol) as an internal standard. (i) After the reaction mixture being stitrred at room
temperature for 5 h under argon, evaporation of CH>Cl, and "H NMR measurement were
carried out under air. In this spectrum, the doublet peak at 4.66 ppm, the multiplet peak
at 3.92-3.83 ppm, the singlet peak at 2.42 ppm, and the doublet peak at 2.03 ppm are
assigned to the protons Ha, Hy, He, and Hyg of cyclohexadiene product 9jn. (ii) PPhs (0.200
mmol) in CH>Cl; (3 mL) was added to the reaction mixture and was stirred for 19 h under
argon. Evaporation and 'H NMR measurement were carried out under argon. In this
spectrum, the doublet peak at 4.66 ppm, the multiplet peak at 3.93-3.81 ppm, the singlet
peak at 2.42 ppm, and the doublet peak at 2.03 ppm are assigned to the protons Ha, Hp,
Hc, and Hy of cyclohexadiene product 9jn, and the singlet peaks at 3.36 ppm and 2.66

ppm are assigned to the protons He and Hr of aromatized product 13jn.

T, TR UMK 2= VA BT HE 7 2= VEEE 1,7-0 A > 8n &
1,4-F7 F % /7 > @2n) & OFERBI2+1-42+1 1A INBR LB (Scheme 1.4.2) DR 12
DT, KD L HIZHEEE LT=(Scheme 1.4.5), ARUGIE, EO#HE 810 ¢ H ik~
BNTWD LI, uvvd/ vruar7 ¥V ke E LTRALT
Wb EEZOND, Tbb, £, DA 8n b FAUMEr Dy AOEHAIC
UL T D 2 Lk o T, mA v r7uXvZ ooy A KT 5, 2
OuaLFA 7/ AIZKL, D14-TFT7 F% o @n)OBL AN K s2a s
BT B DK, 2) B YU AOERTHIMEHZ L D237 mAFH T 9nn
DARK, 3)9nn DIKFEZ M D BREM 2 FFBCISPEITTHIEX, X7
K7t 13nn NGO DH(path A), LrL, eX 7 aXur 20T A DR
BB L > Ty 7 a7 2 U U8R C BAEKRT D L, YT ARKRE—IRHE
EAKRDMCHERATLIZ T nZd vy 7 a2y D RS 5 (path
B), ZAUIKI L. 1,4-F 7 h% /)DL FEANIC L > CuF v ra~rT
YE1L I3 E2 2R L, &EBICe YU ADETINEEST A Z STk, ks
T HRAIR2HFNERILIE 16 BEONDEZEZLOND, VA2 8n ZHWNW- L X
12, FERBIRH2H 1B LSS FICHEIT L2 & LT, MEZRE 7 =
=VBREER Yy & TR VRO B E N T = =V E DR E NIRRT LD
INEMET 5 L 912 A ORTHIBBEEE S dv, SRRSO/ SV D DAL
NERNC g otzlzbiZEZ2 b5,
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9nn

Scheme 1.4.5. Plausible mechanism for rhodium-catalyzed [2+1+2+1] cycloaddition of
diyne 8n with 1,4-naphthoquinone (2n).
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Me

NaBH, (20 equiv)
i~-PrOH, reflux, 19 h

then 2N aq. HCI, rt, 1 h Me

17 1 64% vyield
UV-vis absorption: Apax = 322 nm
fluorescenece: Ay = 492 Nnm (exicitated at 322 nm)
@ = 66% (exicitated at 330 nm)

Scheme 1.4.6. Synthesis of dibenzotetracene derivative 17.
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Figure 1.4.5. Structures and fluorescence quantum yields of 18, 19, and 20.
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Experimental Section

1. General

Anhydrous 1,4-dioxane (no. 042-31655), PhClI (no. 28,451-3), (CH2Cl): (no. 28,450-
5), and i-PrOH (No. 27,847-5) were obtained from Aldrich and Wako, and used as
received. Anhydrous and degassed CH>Clz (no. 041-32345) and THF (no. 209-18705)
were obtained from Aldrich and Wako, and used as received. i-ProNH was dried over
KOH. EtsNwas dried over KOH and bubbled with nitrogen, and the other solvents, except
for MeOH and 1,4-dioxane for the synthesis of substrates, were dried over 4 A molecular
sieves (Wako) prior to use. [Rh(cod):]BFs was obtained from Umicore AG. Hs-BINAP,
Segphos, tol-Segphos, xyl-Segphos, and DTBM-Segphos were obtained from Takasago
International Corporation. Diyne 1q!°, 1r'®, and anthracene-1,4-dione (20)°° were
prepared according to procedures reported in the literature. Diyne 8d, 8h, 8i, and 8j were
prepared according to procedures in section 1 of chapter 2 (part 1). All other reagents
were obtained from commercial sources and used as received. 'H (400 MHz) and *C
NMR (100 MHz) spectroscopy data were collected on a Bruker AVANCE III HD 400
spectrometer at ambient temperature. HRMS data were obtained on a Bruker micrOTOF
Focus II spectrometer. All reactions were carried out under nitrogen or argon in oven-
dried glassware with magnetic stirring, unless otherwise noted. The UV/Vis absorption
of 16 in CHCIl; (0.5x10° M) was recorded on a JASCO V-630 spectrometer with a
resolution of 1.0 nm. The emission spectrum of 16 in CHCl; (0.5x10"> M) was recorded
on a JASCO FP-6200 spectrometer with a resolution of 1.0 nm upon excitation at A = 322
nm. The fluorescence quantum yield was measured on a Hamamatsu Photonics, Absolute

PL Quantum Yield Measurement System, C11347-01 instrument.

I1. Synthesis of Diynes

Butyl 3-(2'-(prop-1-yn-1-yl)-[1,1'-biphenyl]|-2-yl)propiolate (81)
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The title compound was prepared by the procedure used for 8h in section 1 of chapter
2 (part 1). To a stirred solution of ((2-bromophenyl)ethynyl)trimethylsilane!” (1.75 g, 6.91
mmol) in MeOH/THF (5:1) (24 mL) was added K»COs (1.91 g, 13.8 mmol) at room
temperature under air. After being stirred at the same temperature for 30 min, the reaction
mixture was poured into saturated aqueous H>O/n-hexane. The aqueous phase was
extracted with two portions of n-hexane. The combined extract was washed with brine,
dried over Na>SOa, and concentrated. The residue was used for the next reaction without
further purification. To a stirred solution of i-ProNH (1.90 mL, 13.8 mmol) in THF (14
mL) was added n-BuLi (8.80 mL, 13.8 mmol, 1.57 mol/L in n-hexane) at =78 °C and the
resulting mixture was stirred at the same temperature for 10 min. To the mixture was
added a solution of the residue in THF (10 mL) at =78 °C and the resulting mixture was
stirred at the same temperature for 30 min. To the mixture was added CICO2n-Bu (3.60
mL, 27.6 mmol) at —78 °C. After being stirred at room temperature for 1 h, the reaction
mixture was quenched with water and poured into saturated aqueous NH4CI/EtOAc. The
aqueous phase was extracted with two portions of EtOAc. The combined extract was
washed with brine, dried over Na>SQOy4, and concentrated. The residue was purified by a
silica gel column chromatography (n-hexane/CH>Cl, = 85:15) to give crude butyl 3-(2-
bromophenyl)propiolate (1.60 g). To a stirred solution of this butyl 3-(2-
bromophenyl)propiolate (1.60 g), (2-(prop-1-yn-1-yl)phenyl)boronic acid'® (1.00 g, 6.27
mmol), and Cs,CO3 (2.41 g, 7.41 mmol) in 1,4-dioxane (11 mL) was added Pd»dbas (78.3
mg, 0.0855 mmol) and [(--BusP)H]BF4 (59.5 mg, 0.205 mmol) at room temperature. After
being stirred at 80 °C for 13 h, the reaction mixture was filtered through a pad of Celite
and concentrated. The residue was purified by a silica gel column chromatography (#-
hexane/CH>Cl> = 85:15) to give crude 81. This crude 81 was purified by a gel permeation
chromatography (GPC) to give 81 (612 mg, 1.94 mmol, 34% yield in 3 steps) as a pale
yellow oil.

'H NMR (CDCls, 400 MHz) 6 7.70-7.66 (m, 1H), 7.52-7.44 (m, 3H), 7.40-7.27 (m,
4H), 4.10 (t,J= 6.6 Hz, 2H), 1.85 (s, 3H), 1.64—1.55 (m, 2H), 1.41-1.30 (m, 2H), 0.92 (t,
J=7.4Hz, 3H); *C NMR (CDCls, 100 MHz) 6 154.1, 144.9, 141.4, 133.6, 132.5, 130.6,
130.0, 129.7, 127.7, 127.3, 127.1, 123.3, 119.3, 89.3, 85.8, 83.2, 78.7, 65.7, 30.4, 19.0,
13.6, 4.3; HRMS (ESI) caled for C22H2002Na [M+Na]™ 339.1356 found 339.1345.
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To a stirred solution of 2,2'-diethynyl-1,1'-biphenyl'® (809 mg, 4.00 mmol) in THF (80
mL) was added n-BuLi (2.40 mL, 4.00 mmol, 1.64 mol/L in n-hexane) at =78 °C and the
resulting mixture was stirred at —78 °C for 30 min. To the resulting mixture was added
CICO2Me (0.37 mL, 4.80 mmol) at =78 °C. After being stirred at room temperature for 1
h, the reaction mixture was quenched with water and poured into saturated aqueous
NH4CI/EtOAc. The aqueous phase was extracted with two portions of EtOAc. The
combined extract was washed with brine, dried over Na>SOs4, and concentrated. The
residue was used for the next reaction without further purification. To a solution of the
residue in EtsN/THF (3.2:1) (21 mL) was added iodobenzene (0.89 mL, 8.00 mmol),
Pd(PPh;)2Cl2 (169 mg, 0.240 mmol), and Cul (91.4 mg, 0.480 mmol) at room temperature.
After being stirred at the same temperature for 17 h, the reaction mixture was poured into
saturated aqueous NH4C1l/CH>Cl>. The aqueous phase was extracted with two portions of
CH,Cl,. The combined extract was washed with brine, dried over Na;SOs4, and
concentrated. The residue was purified by a silica gel column chromatography (n-
hexane/CH>Cl> = 50:50) to give 8m (420 mg, 1.32 mmol, 31% yield in 2 steps) as a sticky
brown oil.

'H NMR (CDCls, 400 MHz) 6 7.75-7.68 (m, 1H), 7.68-7.61 (m, 1H), 7.59-7.48 (m,
2H), 7.47-7.33 (m, 5H), 7.28-7.17 (m, 4H), 3.69 (s, 3H); *C NMR (CDCl3, 100 MHz) §
154.4, 144.7, 141.8, 133.8, 132.3, 131.4, 130.8, 130.0, 129.9, 128.2, 128.1, 127.98,
127.96, 127.6, 123.3, 122.6, 119.3, 92.8, 88.7, 86.0, 82.9, 52.6; HRMS (ESI) calcd for
C24H1602Na [M+Na]" 359.1043, found 359.1044.

2,2'-Bis(phenylethynyl)-1,1'-biphenyl (8n)

To a solution of 2,2'-diethynyl-1,1'-biphenyl'® (0.150 g, 0.742 mmol) in EtsN (4 mL)
was added iodobenzene (0.25 mL, 2.22 mmol), Pd(PPh3).ClL: (20.8 mg, 0.0297 mmol),
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and Cul (11.3 mg, 0.0594 mmol) at room temperature. After being stirred at 60 °C for 17
h, the reaction mixture was poured into saturated aqueous NH4Cl/CH2ClL. The aqueous
phase was extracted with two portions of CH>Cl,. The combined extract was washed with
brine, dried over Na;SO4, and concentrated. The residue was purified by a silica gel
column chromatography (n-hexane/CH>Cl, = 80:20) to give 8n (0.236 g, 0.665 mmol,
90% yield) as a pale orange solid. This compound is known and the spectroscopic data
match those reported'’.

"H NMR (CDCl3, 400 MHz) 6 7.68-7.64 (m, 2H), 7.56-7.52 (m, 2H), 7.41 (dt, J= 7.1,
1.8 Hz, 2H), 7.38 (dt, J = 7.2, 1.7 Hz, 2H), 7.26-7.18 (m, 10H); '*C NMR (CDCl;, 100
MHz) 0 143.2, 132.0, 131.4, 130.34, 128.2, 128.0, 127.6, 127.4, 123.5, 122.9, 92.5, 89.1.

II1. Rhodium-Catalyzed [2+2+2] Cycloaddition/Spontaneous Aromatizaion

Representative procedure for the rhodium-Catalyzed [2+2+2] Cycloaddition-
Aromatizaion of a,m-diynes 1 with 1,4-Naphthoquinone (2n) (Table 1.4.2, 13In):
Segphos (3.1 mg, 0.0050 mmol) and [Rh(cod):]BFs+ (2.0 mg, 0.0050 mmol) were
dissolved in CH2Cl; (2.0 mL) and the mixture was stirred at room temperature for 10 min.
H> was introduced to the resulting solution in a Schlenk tube. After being stirred at room
temperature for 30 min, the resulting mixture was concentrated to dryness, and dissolved
in CH2Cl> (0.5 mL). To the residue was added a CH>Cl, (1.0 mL) solution of 2n (79.1
mg, 0.500 mmol) and a CH>Cl> (0.5 mL) solution of 81 (31.6 mg, 0.100 mmol) in this
order at room temperature. The mixture was stirred at room temperature for 5 h. The
resulting solution was concentrated and purified by a preparative TLC (n-hexane/CHCl»
= 1:2) twice to give 13In (30.6 mg, 0.0648 mmol, 65% yield) as a yellow solid.

Butyl 16-methyl-10,15-dioxo-10,15-dihydrodibenzo|a,c|tetracene-9-carboxylate
(13In, Table 1.4.2)

30.6 mg, 65% yield, Yellow solid; Mp 182-184 °C; '"H NMR (CDCls, 400 MHz) §
8.54-8.42 (m, 3H), 8.31-8.26 (m, 1H), 8.26-8.20 (m, 2H), 7.84-7.73 (m, 2H), 7.72-7.62
(m, 2H), 7.58-7.50 (m, 2H), 4.54 (t, J = 6.6 Hz, 2H), 3.35 (s, 3H), 1.81-1.72 (m, 2H),
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1.38 (sext, J=7.4 Hz, 2H), 0.93 (t,J= 7.4 Hz, 3H); >*C NMR (CDCls, 100 MHz); HRMS
(ESI) caled for C32H2404Na [M+Na]" 495.1567, found 495.1556.

Methyl 16-methyl-10,15-dioxo0-10,15-dihydrodibenzo[a,c|tetracene-9-carboxylate
(13hn, Table 1.4.2)

33.5 mg, 78% yield, Yellow solid; Mp 246248 °C; '"H NMR (CDCls, 400 MHz) ¢
8.54-8.44 (m, 2H), 8.44-8.37 (m, 1H), 8.31-8.26 (m, 1H), 8.26-8.20 (m, 2H), 7.83-7.73
(m, 2H), 7.72-7.62 (m, 2H), 7.60-7.50 (m, 2H), 4.09 (s, 3H), 3.35 (s, 3H); °C NMR
(CDCl3, 100 MHz) 0 184.8, 183.9, 171.5, 140.0, 139.9, 135.2, 134.2, 133.7, 133.3, 132.9,
132.1, 131.9, 130.1, 130.0, 129.6, 129.3, 129.1, 128.5, 127.7, 127.2, 126.9, 126.8, 126.6,
123.81, 123.80, 53.3, 25.1; HRMS (ESI) calcd for C2oH1304Na [M+Na]" 453.1097, found
453.1084.

Ethyl 16-methyl-10,15-dioxo0-10,15-dihydrodibenzo[a,c|tetracene-9-carboxylate
(13in, Table 1.4.2)

29.0 mg, 65% yield, Yellow solid; Mp 233-235 °C; 'H NMR (CDCls, 400 MHz) ¢
8.56-8.45 (m, 3H), 8.34-8.28 (m, 1H), 8.28-8.21 (m, 2H), 7.85-7.74 (m, 2H), 7.73-7.64
(m, 2H), 7.61-7.52 (m, 2H), 4.60 (q, J = 7.1 Hz, 2H), 3.37 (s, 3H), 1.41 (t, J = 7.2 Hz,
3H); 3C NMR (CDCls, 100 MHz) 6 184.9, 184.0, 171.0, 139.88, 139.86, 135.2, 134.2,
133.6, 133.4, 132.9, 132.1, 131.9, 130.13, 130.07, 130.0, 129.3, 129.2, 129.1, 129.0,
128.5, 127.5, 127.19, 127.17, 126.7, 126.6, 123.8, 123.7, 62.4, 25.1, 13.8; HRMS (ESI)
caled for C3oH2004Na [M+Na]" 467.1254, found 467.1237.
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Methyl 10,15-dioxo-16-phenyl-10,15-dihydrodibenzo[a,c]tetracene-9-carboxylate
(13mn, Table 1.4.2)

5.3 mg, 11% yield, Yellow amorphous; 'H NMR (CDCls, 400 MHz) 6 8.50 (d, J=7.7
Hz, 1H), 8.48-8.44 (m, 1H), 8.41 (d, J= 7.6 Hz, 1H), 8.30-8.25 (m, 1H), 8.11-8.06 (m,
1H), 7.83-7.67 (m, 3H), 7.63—7.56 (m, 1H), 7.52-7.39 (m, SH), 7.35-7.27 (m, 2H), 7.05—
6.96 (m, 1H), 4.10 (s, 3H); *C NMR (CDCls, 100 MHz) § 184.4, 183.3, 171.0, 141.6,
141.5,137.1, 135.3, 134.9, 134.5, 133.8, 133.3, 132.5, 132.1, 131.4, 130.9, 130.6, 130.5,
130.1, 129.6, 129.5, 129.2, 128.6, 128.5, 128.0, 127.6, 127.22, 127.18, 127.1, 126.0,
123.8, 123.6, 53.4; HRMS (ESI) calcd for C3sHz004sNa [M+Na]" 515.1254, found
515.1231.

9-Acetyl-16-methyldibenzo|a,c|tetracene-10,15-dione (13jn, Table 1.4.2)

32.6 mg, 79% yield, Yellow solid; Mp 250 °C (dec.); '"H NMR (CDCls, 400 MHz) &
8.52 (t,J=7.8 Hz, 2H), 8.43-8.37 (m, 1H), 8.31-8.24 (m, 2H), 8.21-8.15 (m, 1H), 7.84—
7.65 (m, 4H), 7.62-7.52 (m, 2H), 3.34 (s, 3H), 2.65 (s, 3H); *C NMR (CDCl3, 100 MHz)
0208.3,185.2,184.9,139.9,139.7,139.2, 135.2,134.3, 133.7,133.3,132.0, 131.9, 131 4,
130.6, 130.0, 129.53, 129.46, 129.3, 129.1, 128.3, 128.2, 127.9, 127.2, 126.74, 126.72,
123.9, 123.8, 32.7, 25.0; HRMS (ESI) calcd for C20Hi303Na [M+Na]* 437.1148, found
437.1167.

9,16-Dimethyldibenzo[a,c|tetracene-10,15-dione (4rn, Table 1.4.2)
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21.5 mg, 56% yield, Yellow solid; Mp 258 °C (dec.); '"H NMR (CDCls, 400 MHz) §
8.48 (d,J=28.0 Hz, 2H), 8.28-8.21 (m, 4H), 7.79-7.73 (m, 2H), 7.69-7.63 (m, 2H), 7.60—
7.53 (m, 2H), 3.30 (s, 6H); *C NMR (CDCls, 100 MHz) 6 186.6, 138.9, 136.4, 135.1,
133.3, 132.0, 130.5, 129.84, 129.82, 128.4, 126.50, 126.46, 123.7, 24.4; HRMS (ESI)
calcd for CasH1302Na [M+Na]" 409.1199, found 409.1199.

Dimethyl 10,15-dioxo0-10,15-dihydrodibenzo[a,c]tetracene-9,16-dicarboxylate (4-
qn, Table 1.4.2)

COzMe
YW

~
O )

5.9 mg, 12% yield, Yellow solid; Mp >300 °C; '"H NMR (CDCls, 400 MHz) 6 8.56 (d,
J=28.1Hz, 2H), 8.47 (d, J=8.2 Hz, 2H), 8.30 (dd, /= 5.6, 3.3 Hz, 2H), 7.84 (dd, J= 5.7,
3.4 Hz, 2H), 7.77-7.70 (m, 2H), 7.62-7.56 (m, 2H), 4.11 (s, 6H); *C NMR (CDCl3, 100
MHz) 0 182.6, 170.5, 134.8, 134.6, 133.6, 132.1, 132.0, 130.0, 129.8, 128.4, 127.8, 127.5,
127.1, 123.9, 53.5; HRMS (ESI) caled for C3HisO¢Na [M+Na]® 497.0996, found
497.0991.

)
COgMe

4-Ethyl 2,2-dimethyl 11-methyl-5,10-dioxo-1,3,5,10-tetrahydro-2H-cyclopenta|-
b]anthracene-2,2,4-tricarboxylate (13dn, Table 1.4.2)

Et0,C O

12.8 mg, 28% vield, White solid; Mp 204-206 °C; "H NMR (CDCls, 400 MHz) 6 8.24—
8.15 (m, 2H), 7.81-7.70 (m, 2H), 4.54 (q, J = 7.1 Hz, 2H), 3.78 (s, 6H), 3.75 (s, 2H), 3.73
(s, 2H), 2.78 (s, 3H), 1.44 (t, J= 7.1 Hz, 3H); 3C NMR (CDCls, 100 MHz) 6 184.9, 182.9,
171.2, 168.9, 147.8, 142.9, 139.0, 134.5, 134.3, 133.6, 132.5, 131.9, 131.1, 129.6, 127.2,
126.8, 61.8, 58.9, 53.3, 40.6, 39.4, 19.1, 14.1; HRMS (ESI) caled for CasHzOsNa
[M+Na]* 473.1207, found 437.1215.
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Methyl 18-methyl-10,17-dioxo-10,17-dihydrodibenzo[a,c]pentacene-9-carboxyla-
te (13ho, Table 1.4.2)

36.7 mg, 76% yield, Orange solid; Mp 292—292 °C; 'H NMR (CDCl;, 400 MHz) §
8.79 (d, J = 11.5 Hz, 2H), 8.54-8.46 (m, 2H), 8.42 (d, /= 7.8 Hz, 1H), 8.26 (d, J = 8.2
Hz, 1H), 8.12-8.03 (m, 2H), 7.73-7.63 (m, 4H), 7.61-7.52 (m, 2H), 4.12 (s, 3H), 3.40 (s,
3H); *C NMR (CDCls, 100 MHz) 6 184.8, 183.9,171.7, 140.1, 140.0, 135.5, 135.0, 133.1,
132.1, 132.0, 131.4, 131.1, 130.1, 130.0, 129.8, 129.7, 129.4, 129.34, 129.30, 129.28,
129.1, 129.0, 128.5, 127.7, 127.0, 126.6, 123.82, 123.80, 53.3, 25.3; HRMS (ESI) calcd
for C33H2004Na [M+Na]* 503.1254, found 503.1260.

9,18-Dimethyldibenzo[a,c]pentacene-10,17-dione (4ro, Table 1.4.2)

10.3 mg, 24% yield, Red solid; Mp 276 °C (dec.); '"H NMR (CDCls, 400 MHz) J 8.73
(s, 2H), 8.46 (d, J= 8.0 Hz, 2H), 8.25 (d, J = 8.1 Hz, 2H), 8.06 (dd, J = 6.2, 3.4 Hz, 2H),
7.68-7.59 (m, 4H), 7.55 (t, J = 7.6 Hz, 2H), 3.32 (s, 6H); *C NMR (CDCl3, 100 MHz) 6
186.6, 138.9, 136.3, 135.1, 132.0, 131.7, 131.4, 129.9, 129.8, 128.9, 128.4, 128.2, 126.5,
123.7, 24.5; HRMS (ESI) calcd for CesH40OsNa [M+Na]* 895.2819, found 895.2776.

1,4-Diphenyl-4'H-spiro[dibenzo[f,h]isochromene-3,1'-naphthalen]-4'-one (16, Sc-
heme 1.4.2)

17.6 mg, 34% vyield, Yellow solid; Mp 245-247 °C; '"H NMR (CDCls, 400 MHz) &
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8.76 (d, J=7.7 Hz, 1H), 8.69 (d, J= 8.2 Hz, 1H), 8.04-7.96 (m, 2H), 7.73-7.61 (m, 2H),
7.56 (td, J = 7.4, 1.4 Hz, 1H), 7.52-7.40 (m, 3H), 7.36 (dd, J = 8.7, 0.8 Hz, 1H), 7.34—
7.22 (m, 2H), 7.11 (ddd, J=8.2, 6.9, 1.2 Hz, 1H), 7.05-6.67 (m, 6H), 6.43 (t, /= 7.4 Hz,
1H), 6.74 (d, J= 7.3 Hz, 1H), 5.13 (d,J= 5.2 Hz, 1H), 4.63 (d, /= 5.1 Hz, 1H); *C NMR
(CDCl3, 100 MHz) 0 198.4, 196.6, 140.3, 139.0, 138.2, 136.3, 135.3, 135.0, 134.2, 133.4,
131.6, 131.3,131.2, 130.9, 130.3, 130.1, 129.6, 129.0, 128.0, 127.7, 127.3, 127.1, 127.0,
126.6, 126.32, 126.29, 126.1, 125.9, 125.4, 124.1, 123.2, 122.9, 56.4, 51.0; HRMS (ESI)
calcd for CigH4O02Na [M+Na]® 535.1669, found 535.1662; CHIRALPAK IE-3, n-
hexane/iPrOH = 90:10, 0.5 mL/min, retention times: 24.3 min and 56.6 min. The relative
stereochemistry was determined by a single crystal X-ray crystallographic analysis
(Figure 1.4.3, Table 1.4.4).

9,16-Dimethyldibenzo[a,c|tetracene (17, Scheme 1.4.6)

O Me
O Me

The title compound was prepared according to the conditions of the literature used in
the synthesis of structurally related compounds.® To a solution of 9,16-
dimethyldibenzo[a,c]tetracene-10,15-dione 4rn (52.8 mg, 0.137 mmol) in i-PrOH (4 mL)
was added NaBH4 (103.4 mg, 2.73 mmol) at 0 °C and the resulting mixture was stirred at
reflux for 9 h. The mixture was cooled to room temperature and stirred at the same
temperature for 13 h. The mixture was heated to the reflux point and stirred at the same
temperature for 10 h. To the mixture was added 2M aqueous HCl (4 mL) at room
temperature. After being stirred at the same temperature for 1 h, the reaction mixture was
poured into 2M aqueous HCI/CH2CL. The aqueous phase was extracted with two portions
of CH>Cl,. The combined extract was washed with saturated aqueous NaHCO3 and brine,
dried over Na;SOs, and concentrated. The residue was purified by a preparative TLC (n-
hexane/toluene = 3:1) to give crude 17. This crude 5 was purified by a gel permeation
chromatography (GPC) to give 17 (31.4 mg, 0.0881 mmol, 64% yield) as a yellow solid.

Mp 195 °C (dec.); '"H NMR (CDCls, 400 MHz) 6 8.72 (s, 2H), 8.25 (dd, J= 7.9, 1.1
Hz, 2H), 8.08 (dd, /= 6.4, 3.2 Hz, 2H), 8.08 (d, J = 8.0 Hz, 2H), 7.53-7.37 (m, 6H), 3.28
(s, 6H); 3C NMR (CDCls, 100 MHz) § 132.2, 132.1, 131.5, 131.1, 130.9, 129.7,
128.4 ,127.3, 126.9, 126.5, 125.5, 123.7, 123.6, 19.8; HRMS (APCI) calcd for C2gH2o
[M]" 356.1560, found 356.1552.
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553 5 [FERIFRY A o L IERIFRERIR T L o v & D242+ 2] INERAL S |
3—1 S

R TIX, BT Ao MEr o0 AOESHEAABATE T, 7 /4% VRIS IERFR7R
BHLAEET AL L, TAY Y RICH B s BT 58Kk T b
DRA2-2M MRS DUV TR L7,

Z I TCARETIE, FERTA v EIERFRERR T Vv & D L=
F A BRI 22 2221 INBRAL BSOS IZ DO W TRREH 21T o 72,

(Fim) THik~7= B0, ERGREEEAMEZ HOT-IEHmT VX 2 4
T EFERR 1,2- EMEBRIR T L v 1 o E OALE R LN F AR
2221 INBRAL S, = v 7 W0),/ F T v A0 U e RfEAFE T, JF
KT NFX 2 0Lk V1 T EHOCTEFORZESNTEY, 20
T U FAERMEIIHPEE TH o720 1.5, 20X 912, REFRA 22N
EISIZRB W TR 2 Rfafnfiz 2 FEU EHW A5G4, S EERICNZ T
N RMERDERT D720, BIRICHE—OERMERSD Z LT —RICHEET
H 5D,

5 mol % Ni(acac),

10 mol % L-1, 2 1

R 7 40 mol % Me3Al , TR
100 mol % PhOH R

- O -
X THF, rt, 2 h R X
R2
(2 equiv) X =CHy, CMey, (CHy), R? (1.5.1)
h up to 95% yield

/o) Ph r.s. =up to
Ph—<\ 100% .
N:t up to 62% ee
h Ph

Ph—<f) l
N™"%p

L-1 L-2

RELETIEZ2 WD, FERRT A > EIERFFRERIR T V7 v & DAL E RIREY
22 INBRAL G OO TRl E LT, Louie H1X 2011 4, B F Ao Mu
7 A1),/ BINAP $E{AAEAFTE T, FEFR 1,7-0 A4 v & 24y m b ofifE
IR A2 22 M NBA LSS A EIT L= BURERZ RV 2N S 7 =) kil
ERTFLEND Z Ea2HmELTNDHEN 1.5.2)%
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3 mol % Me
EtO,C —_ H CO,Et
EtO,C — Me |:N)= [RneodeIBF4 Eto,0 NH
+ || 0
EtO,C = () THF, 60 °C, 6 h EtO,C
EtO,C CO,Et
(1 equiv) 47% yield
single regioisomer (1.5.2)
Me
CO,Et
Rh()" [ Eto,c A H
>=O\ - CO;
EtO,C O ‘Rh*
CO,Et

E72, B DI 2014 4RIC, ) F A kR P A(D), BIPHEP SEAMRBELEE T
IR 1,6-VA L ERUYF AT 2 VT Y R E DR AINERAL G D3 58
RINLEZRIECHEIT 95 Z & 2 LTV aH (L 1.53)

5 mol % H
—_ (\)\/,0 [Rh(cod),]BF 4/ (\)\/,O
/—" S BIPHEP S
TsN + |l » TsN
=i (CH,CI),, 80 °C, 1.5 h Q
! (1.5.3)
(3 equiv) up to 89% yield

single regioisomer
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& ZATHIEIZBWC, BF A M 27 A1),/ (R)-BINAP $EAFREAFE T,
R A v EIERRERR T VT D 23-k R 7T 2 & ORA212) N8R
BRISEDEIT L, (ST 5 7 aa® YV VBB RN SR hOFT T o F
AR TR DD &k ~7(3X 1.5.4),

5 mol %
_ [Rh(cod),]BF 4/
X—=R' [O> (R)-BINAP
Z +
\X —_R1 CH20|2, rt
1-16 h

(1.1-5 equiv)

P (Y ase
/X WO, wO,
2 X0y T I
X hy, Iy,
CO,R? Me

up to 97% yield
up to >99% ee

F 7=, BT % (R)-Difluorphos & 721%(R)-Segphos IZEZx D &, A>T 2,/ 1,2-
Ve RaFTE LY RN TR ERNTY AR RGN SR DD

T FARRWICHET S D Z & 2R~ T2 (N 1.5.5),
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5-20 mol %
[Rh(cod),]BF,4/ R
P (R)-Difluorphos
JX—R or (R)-Segphos X w
Z + > Z
X—R ) CH,Cl,, rt-40 °C X "6
n 16-24 h R
n=1,2 up to 96% yield
(1.1-5 equiv) up to 99% ee
20 mol %
Me O [Rh(cod),]BF 4/ O
+ D (R)-Segphos ‘O O
y
Me \ CH,Cl,, 40 °C
GD 16 h E‘ﬂ \ (1.5.5)
MeO
(5 equiv) 76% yield, 60% ee

4 o o )
F
>IN, K

O PPh, O PPh,

F>(O O PPh, <O PPh,
> e

L (R)-Difluorphos (R)-Segphos y

T TAETIIAMBARD IR A & 12- Ve Fr T T ATy )/
12-t RaF 72 L /Ry T b ORFRA22WINBRAC S T b
HTE50TIERWNEZ X T, MitaiT-72(E1.5.6),

R' o) OO R’
)n

R2

R1

R2

Z ) z
X ny chiral n=1,2 X "y
) Rh(l)*
R catalyst X——R chiral
+ - Rh(1)*

(1.5.6)

/
R —=—R2 catalyst
X: ’X W
N\,
X

/
: o™ LI
Iy o » \
R2 R3
R3
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3—2 waYU Al AE W 1,6- A L 23-0 Ra 7T b O EIER
M7 2221 e b, H &AL G

EP BFA AT U A1),/ BINAP SERMMEAAE T, KB ELTRLAT
I RBEEPOT AF U RBIZA NF U ANRoAEB LA FAVIEE T 59
XFRIE 1,6-24 2 80 L 23-VE R T T (2a)F HV TR 21T - 72 (Scheme
15.1), ZORHE, HRDO Y7 mAFH Vo UGHEAEK 9oa 137 LT, [24242]
FENBRAL/ S RAL,/ THF (%383 R DULRIC THEAT L, 52 e iR
IZTHRIRT A RERL VAT L3 — L EFER(130a, 210a) 035 5 AL7-,

23-VE R 77 Qa)d, ZOR22ININEHL SFEBRLISICB N TR E
TSV RLT N T Q)L STl 5728, Tk TS OALE R
IZOWTHET LTZ, ZOREE, BB LI1223-P8 Fr 7 J 2 Qa)kx vz
& & LIIRR O SER T AL E BRI TRIBR R RS @RI THEIT L, xfed
HIRERUNT 3T —)ViFEK 23 BE T 7 hALSEIT L 24 BMEDHH
72(Scheme 1.5.1),

CO,Me (Me)
O,
5 mol % TsN w )
[Rh(COd)z]BF4/ n,
BINAP
CHyCly, t, 1h Me (CO,Me)
————

90a / 0% yield

0

/%COZMG 2a . CO,Me CO,Me
TsN — (1.1 equiv)
——NMe + TsN + TsN D
Me Me
130a 210a

52% yield (130a/210a = 56:44)

single regioisomer
5 mol %

Rh © °
[ (é?ﬁi\zé}BFd CO,Me
CH,Cly, 1t, 1 h OH
———— > TsN + TsN
OH
| | Me Me
23 24
22 94% yield (23/24 = 56:44)
(1.1 equiv) single regioisomer

Scheme 1.5.1. Rhodium-catalyzed regioselective [2+2+2] cycloaddition-aromatization
of unsymmetirical 1,6-diyne 80 with 2,3-dihydrofuran (2a) or homopropargyl alcohol
(22).
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ZDE I, KR ONEEIRMEZ 5 2 7o HEE SOSHERE 12D T Scheme 1.5.2
hrttoi¢16/4/®oww%ﬁ/@u/?Am%¢ XL, M fbrysRAk
THZ LI E s uXo xR A BT S, 2R x L. 2,3-
Pk ReT7 T QRDETEERIMOKRENE T LIEN LN S, B
B7pm Ty N —RFREEIT LA ESERIRICEN, FEAL, X7 a7
VHREBL 2T D, mEBEICE DT ADNETCHMEET 52 L2k, v
ANFV T 90a LRV, BV TANILAL AEE L THERTAZLET, v
A#%/I/% TOSEBEBALE RENPEIT L, ST DRER VLT L a—

FHER(130a, 210a) B ERNT D,

*jif RESB /L E LT L a—L 22 ZHWESEAIE, 23-Ye ke T T
/ﬂ@kﬁ%u\%%KE@D/?A_WﬁﬁéuﬂbﬂL@R%umﬂ/%ﬂ
DETTDHEBZLNDN., ZOEE, =Y T AOBML - & DSR2 RET 5
X2 LT, MEMIZEDO/NZWT L R v 2T MMk Uik bEEET
HEEBEZLND, LED XS Ml TRIFOMEBEZRIRMELZ BRI LT LB X T,

COzMe COzMe
2a
Rh(I)*
TsN D A TsN
O (0] OH
Me 210a Xe 130a
J/—==—CO,Me
TSN o\ coMe .,
=——Me o : $ _-Rh
8o | MeO,C 0
Rh* —3 TsN
Rh(l)* 2a = - Rn()”
/ TsN Me Me
B1 90a
h
MeO,C Me oh CO,Me
\ i OH
MeO,Cy/” = Y —_—

h+ _ Rh(|)+ TSN
—
A | Me Me

— MeOH

.. @
3 @.‘3

Scheme 1.5.2. Plausible mechanism for rhodium-catalyzed regioselective [2+2+2]

Me 24

cycloaddition-aromatization of unsymmetirical 1,6-diyne 8o with 2a and 22.
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23-Uk Fr 77 Q2B YT MR LEAL AN EITT BRI, ETE
B2 3 NLOREFENENLT D Z LB L TIE, wEIC T S EEIRAREE A 7 [F]
BRRBOGRHAE SN TWDH 2D, Zh & RRERBNL AR ADNEIT L TV D &%
Z 72(X 1.5.8)%,

= o G~

7 + [) ’ . — 7 —

= 2) Fe(NO3)3-9H,0 N

THF, rt, 10 min
Z=C(CH,0OMe), 2a

gt

X CoCp

3—3 maYULEAERWE1,6- A AT 12-V Ra T AL
& DALE R KO o F A IR 722 [2+2--2] gk SOs

3—3—1 FEE MM OGS

WIZ, FERHERIRT V7 E LT AT oBLWN12-VE ReFovx Ll
DRI ERRI LTz, £, HEE LT U@y A FIVEENO T L oK
I RN RN EB LN T s = VAR ETAIESHL 1,6-A > 1u &
AT ReGEE)EHNT, HI1H H1E F2HTERZ q0- VA& A
VTV (2e) E DARFRR2R2ITMBRAL SIS B W TS ThH - T= b F A4
=2 7 (1), (R)-Difluorphos SERAEAFLE T #7447 > 7= (Table 1.5.1), & D
XK. BROKISHNERSEME T, BA2RIRER XL OERR A E SRR MED DR FRE
DTG F AR THELT LT, FETR 1,6-2 1 & L CRIERSIZ T 72 L
YEHETDH8p EHNWTYH, S U FAEREOIK TIX A O, ERRE
BRMEIC Ty oAU U FHEK 9pe & 5 2 72,

Flo, AT rRDIDVIZ 12-VE Rt 7 X L 2h)E HWVWT, [k
ST, Bt EiT o7, UL, BMIOISIT#EITET, O/ o Ba e &1k
FIRIF=EBbOAPET L, ZOEBE L TE 1,2-0 e F 7% L2 (2h)
31 T QROICHARTT T EOBEBEORY HLAKRE L, B FoU
FOT7 2=V EDNIRKEBREL ooz tEZ NS,
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Table 1.5.1. Rhodium-catalyzed [2+2+2] cycloaddition of unsymmetrical 1,6-diyne 1u
with indene (2e) and 1,2-dihydronaphthalene (2h).

20 mol %
— [Rh(cod),]BF 4/
Z,x ——R , D (R)- D|quorphos ““
k—=—r? n CH.Cly, " 'W
1,8 2(n=1,2)
(5 equiv)
CO,Et CO,Et
Me02 \\\‘ \\\‘
MeO,C "” "”
+)-3ue / 63% y|eId 70% ee -)-9pe / 73% yleld 43% ee
single regioisomer single regioisomer
(72 h) (16 h)
EtO,C
M602 ww
MeO,C "

)-3uh / 0% yleld -% ee
(72 h)
[(S)-Difluorphos]

“[Rh(cod)2]BF4 (0.010 mmol), ligand (0.010 mmol), 1 or 8 (0.20 mmol), 2 (1.00 mmol),
and CH2Cl> (2.0 mL) were used. The cited yields are of the isolated yield.

3—3—2 [IHEREDEER

AREOSDRSHEREIT, B 15 5F1E F2HTHR LBV | 2 DOKISHE
HCTHITL TS EEZ BND(Scheme 1.5.4), T72bb., 7% RiglZIEL
M7eiEE s H 325 1,6-0 4 (1, 8p)zHWHE S, TRED=F T 4%
PFME(T0% ee)x 526 Z L, £ T Qe TR XA 7V A BT
T HENTF U FARINEAFEBLT 2 path A L. 1u, 8p BNEICHTFHNTRIY
DT LI EIBR (LT 2 a XA 7 L C ZTEALT DIV o T IR MR N 58
B9 % path B WMFET H EHE 2 HILD,

pathA DEH LV EFARERE NF UV INR=NEEGET LT VX LAV
T (2e) E MEIRIICEMLIBRIL T 2 B2 oD, o0& B0V vk
DT T NUTIIVHEDT = =)VE(ER)E DOSARKBEERET D LI AT
L DRUY ERSORE) TR . AT LU R A R TR b BRI
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L E TRbBR LT 5, o2 DR, FERREB TH o &L bR FEDO D7
WIS BILITHEIT T B2 6N5, LER-T, ZOEE T FF
BERMEICIN 2 TRLESRERN BT 5 B2 b h,
~ﬁ\y4yﬁmyﬁA’ﬂLMmm%mb nZy a2y Ck
BT D256 ﬁ%k%@ﬁf%ézk#/ﬁwfﬁwﬁ@%ém/ﬁA—
F;@F"Z’N‘o)‘?"l//iﬁ TR BB P R b T 5 ) & THADE
T5Z LT, BEANVERRIITIEKT 5 &5 % 55 (path B),

Ph
higher Ph .:\,'x\
enantio- Ph>~ /E'\P 4
:\\:"}' \/\ Ph
selectivity S ORA W Ph
x CO,Et (path A) i /
Phe 7
\ \\\\ A P\ + P
\_%" Ph~Ph
COEt ,,,; Rh
1u, 8p \
wl X
L
Et0,C X
O \ Ph~__ /\P B
:\ +z \Ph
D Etoch lower —Rh(l
2e pﬁ enantio-
(]
X."x _X selectivity CO,Et
iz (path B)
Z\X l,"
) L
3ue, 9pe

Scheme 1.5.4. Plausible mechanism for rhodium-catalyzed asymmetric [2+2+2]

cycloaddition of unsymmetrical 1,6-diyne 1u, 8p with 2e.
3-3-3 v muAnFHh U UiHEEOLER
"Boney 7 and ¥ U UFFEK 9pe DRRLANC X 25 &L 2 s L7z

(Scheme 1.5.5), M&fbAlE LT CAN ZAEH S/ E 2 A, HRIDKSH=EIRIZT
AT, ST 2 ndbiR 7 VA L2 25 & 46% & FFLE DILRIC CTHE -,

CO,Et
\\\‘ CAN (2.5 equiv)
>
"'l CH,Cl,, rt, 29 h

25/ 46% yield

Scheme 1.5.5. Aromatization of 9pe by treatment with CAN.
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3—4 v Uy AEEE W 1,7-UA L ERUY T AR EDOMEB IO
T T AR 22 222 INER AV S

3—4—1 ISREORKE!

WIZ, FEXFERIR T Vo & LT, RV AR EDRSERG Lz, £,
HEHELTIHEMNM1L,7-A 2 8h & exo-T VT EIZT7 2= VEK%E 1 DTS
R TN (5 B EYEHWT, B TF A Ma Y A (R)-Difluorphos S
BRBEAFAE T . 40 BEDINEGRAFIZ TIRET A2 17 - 72(Table 1.5.2, entry 1), & D#ER,
HEDOR2-2MIMBRL OGS HET L, *HST 5 27 ma® ¥ 2o U FFE K (9hr)
DHREOINEREL L ERR S U FA@RREICTE O, £ FEeRmIAERK
Me LT, VA4 rDEC BB IO =B8RI T, 9hr OALERER, £
T X T N Gy DA RAMER & o DL EM DR bR LTS, 52872
RS KL UOMEETREIZIT R > TWLy,

WIZ, Figurel 5.1 \ZRT L 92 ET UV — /L E AR AT ¢ VBN % O TG
%17 > 72, (R)-BINAP 35 X ONR)-Hs-BINAP % FH 5 & | entry 1 (28X, 9hr DY
MK L7=(Table 1.5.2, entries 2 and 3), F£7=. (R)-Segphos #HV % & entry 1
NI REEDOFE R NS 547z (Table 1.5.2, entry 4), L7273-> T, Segphos % #l5y
B L THT AN DA THD EH 2. (R)-Synphos,/(R)-MeO-BIPHEP
(R)-Solphos Z =23, YR D[] LIT AL B 4172 7)>> 7= (Table 1.5.2, entries 5-7),
S HIZ. (R)-Segphos DU v EOBEMEDmE S ORRHWALF & LT,
(R)-tol-Segphos,” (R)-xyl-Segphos,” (R)-DTBM-Segphos % H\N CHgt 1T -7 & =
A, (R)-xyl-Segphos % fl\ 72 & Z TR DO R X 2m LR R B, EelexF T
ZEAREI T 9hr & 157 (Table 1.5.2, entries 8-10), L723> T, fix b BRIk R
5 27 entry 9 OF&MEZHWT, WIZ L7-PA Y BIONRU Y T AR OB
AP ORES 21T 2 7,
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Table 1.5.2. Optimization of reaction conditions for rhodium-catalyzed [2+2+2]

cycloaddition of 1,7-diyne 8h with benzofulvene derivative 2r.“

20 mol %

[Rh(COd)z]BF4/
Me O ligand
¢ -
CH5Cl,, 40 °C ,6 h
8h O 2r

(5 equiv)
entry ligand 9hr / % yield® 9hr/ % ee
1 (R)-Difluorphos 48 >99
2 (R)-BINAP 28 97
3 (R)-Hg-BINAP 38 95
4 (R)-Segphos 49 >99
5 (R)-Synphos 45 99
6 (R)-MeO-BIPHEP 46 >99
7 (R)-Solphos 34 98
8 (R)-tol-Segphos 40 98
9 (R)-xyl-Segphos 67 >99
10 (R)-DTBM-Segphos 18 52

“ [Rh(cod)2]BF4 (0.040 mmol), ligand (0.040 mmol), 8h (0.20 mmol), 2r (1.00 mmol),

and CH,Cl> (2.0 mL) were used. ” Isolated yield.

/O

L L, (X

O

‘O PAI’Z PPh2 PPh2
7 O (3

‘o

R)-Difluorphos (Z = CF,, Ar = Ph) )-BINAP (R)-Hg-BINAP
R)-Segphos (Z = CH,, Ar = Ph)

R)-Synphos (Z = (CH5),, Ar = Ph)
R)-
R)-
Z=

(

(

(

(R)-tol-Segphos (Z = CH,, Ar = 4-MeCgH,)

(R)-xyl-Segphos [

( CH2 Ar = 3 5- M62C6 3)

(R)-DTBM-Segphos MeO PPh,

(Z = CHy, Ar = 4-t-Bu-3,5-Me,CgH>) MeQO PPh, PPh2

(R)-MeO-BIPHEP (R) -Solphos

Figure 1.5.1. Structures of bisphosphine ligands.
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3—4—2 FYEE &P O Rt

BiEL LR TF, S 8ERRNU Y TIARUVBIOE T 2 = VG 1,7-
DA WD CEYE P A2 ST L 72 (Table 1.5.3), XY 7 LA~ HERAR 2r
Dexo-TN7ry FEDT7 2= VKB4 A N 7 2= VI EZ -2 205 &
RN E LS T o F AR T 7 a2 9hi NSO,
F7o. AW DR % 5 mol %F TR S &, HBRICTHRNEZIToTE A, X
JERFRIOIER (24 WA ME L L7y, RFRERPGONT, o, exo-T V7T
v EIC2- TGN EEET AR Y T AR SRR 2s VD L IEED 91%
ETHEL, OEERT T U F AT 9hs BE O, 2-7 T = A HND
2-F == VT EZ TR TR UBRIR 2t Z TS, mIEE»OE TS
> T AEIRAIIZ 9ht DN DT,

SO, AMNFUINRENIFEET PRV INVARZNVIRIITEZ VA 8 b
AP AT RE TH -T2, TAaAX T WNR= VI T TiER, 7TEF L
KEGTHUA L 8 ZHWTEH, BRAFRIGEENDERIR T T o F A BRIPEIZ T
[FIRE 72 SO HEFT L 72,
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Table 1.5.3. Rhodium-catalyzed regio- and enantioselective [2+2+2] cycloaddition of
biphenyl-linked 1,7-diynes 8 with benzofulvenes 2.

20 mol %
[Rh(cod),]BF/ O Me
(R)-xyl-Segphos

we AT ) 9,
- D) ~ T X0
. CH,Cl,, 40 °C, 6 h

(+)-9hr / 67% yield, >99% ee  (+)-9hi/ 75% yield, >99% ee  (+)-9hs / 91% yield, >99% ee
75% yield, >99% ee
(5 mol % Rh, rt, 24 h)

(-)-9ht / 80% yield, 99% ee?  (+)-9ii / 74% yield, >99% ee  (-)-9jt / 74% yield, 96% ee?°
(24 hy°

“ [Rh(cod)2]BF4 (0.010-0.040 mmol), (R)-xyl-Segphos (0.010—0.040 mmol), 8 (0.20
mmol), 2 (1.00 mmol), and CH>Cl> (2.0 mL) were used. The cited yields are of the
isolated yield. The major byproducts would be the regioisomer or (Z) isomer of 9, but
their structure could not be determined. ® Although the stereochemistry of its exo-alkene
moiety could not be determined, only one isomer was isolated. “ [Rh(cod)2]BF4 (0.020
mmol), (R)-xyl-Segphos (0.020 mmol), 8j (0.100 mmol), 2t (0.500 mmol), and CH>Cl,

(2.0 mL) were used.
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3—4—3 ISHEEDB L2

ARG, AT Tk _72 L 9 72 Bl CALERINEDSBE L TWDH B 2T
(Scheme 1.5.5), T72bb, £, 7Aaxs DAR=VEELZ T T EFLEL
HTDHE0BARERT I LR TR0 2 & PNRINAICERLAIERE L .
nX a7 AEEKRT HpathA), T L X B0V v EoESI
EDNARFEZRET D X DI, RN TR D exo-T IV RSy (R

TIH R LR B U ORE)DEBH OISR b T T 2 M & TR T 5
LT, EEIRENEET D EE LT,

*E\V4VﬁBVWA’ﬁL%MMRmL oA saRoBET Ck
T 28581, BRI n YT A —RBHEAIIKH LY T2 2 O
Nyﬁyﬁﬂﬁﬁmﬂﬁﬁ¢u i bBET D& TR AN EITT S Z
& T B ENERINICIERT 5 &% 272 (path B),

Meix
r \
I
R Ri,PF
—_— S \l/’ /
Z'X - o) ] pathA
N — / P P
X=——Me \ S e

Rh Me

COR
X
%
\ / Ap COR X"
O \ +1
/
path B Me —Rh

Ar.
COR ?

X.\ X
X w
Me
9

Scheme 1.5.5. Plausible mechanism for rhodium-catalyzed regioselective [2+2+2]

cycloaddition of biphenyl-linked 1,7-diyne 8 with 2.

176



3—4—4 U u~nFH U UFHEROZLE

Bonhlvrandh oV FHE8 RO, v/ a~d U U ROGERLE
et L7o(Tablel.5.4), £, 7 o0~"F P VU EICAFILVEBLIOA Fdy
HIVIR= VI exo-T IV VEVIC 4- A R XU T == VAT 5 9hi IZxF L,
vruano AR UoHRRRICTIREAIE LTDDQ(.1 ¥E)2EHEE-L 24, H
D FHEFHRACSIGSEIT U, BHEBRIE 26hi & 7 V5 5855 O 8 Sk & JE
b d 26hi’ DIRAW 1 S T=(Table 1.5.4, entry 1), Z DIRAWIX. U B 7L
BREOF VBRI T CORIICT VT OB HEITL T LE S 720,
Bl L OWESEIEIZIZE S oo T, £ 20 bV T =0 A —KF#(20
mol %)B LW VHRET N VA6 UE)VEIEHSED &, T AT U EH SO
{EHIBHA SIS HEAT U, XHST 5 n JEIR 7 VA L/ > 27Th BEDCRIZ TR O
72 9hi DALIZ 9ht X° 9ii 2 T H BAFRIERIZ THB D G 3 AT L 72 (Table
1.5.4, entries 2 and 3),

Table 1.5.4. Aromatization of 9 by treatment with DDQ and Ru catalyst.

Me
W DDQ (1.1 equiv)
‘O hy, CH2C|2, rt, 16 h

20 mol % RuCl3-H,0O
NalO4 (6 equiv)
CCl4/MeCN/H,0
(1:1:1)

0°C,2h

entry 9 [R, Ar] 27 / yield (%) (in 2 steps)

1 9hi[Me, Meo—©«3-] 76
s

2 oht[Me, ||:,)-§-] 78

3 9ii [Et, Meo—©-§—] 63
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5T, Boniz kR LA L ) 2 2Th 1TKFEE TR U U LA EEA
SHHZ LT, ZIA L VSO IR =V ED I 1 2538 00T L, 694
Bl L CEEREKR THA N 7oLy b I A LU BT 5 28 BEEMNIC

Bohni-,

NaBH, (5 equiv)

THF/MeOH (1:1)
O0°Ctort,1h

27h 28 / >99% vyield

Scheme 1.5.6. 1,2-Reduction of the fluorenone moiety of 27h by NaBHa.
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F 72, BT % (R)-xyl-Segphos ICE X D &, NV TN VLT [FlER7Z:
MBS N E RN E e o U F AR I Tl T2 2 L 2 AL
7o 72, G0NV 7 AT U UFEIRIL, DDQIZL AV 7 aaF iy
TS OEFRLE . by T =0 A1)/ EME vFEEST N U LR
exo-7 VA Ly DL ZSIZ X » T IS T2 n kg7 v AL ) vk
BT D2 EMTE T, 2, Bz n IR VAL ) IKF(ER T FES
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L. ST 2 ntE 7 v A4 L o NEEMICE LN,
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Experimental Section
I. General

Anhydrous CH>Cl, was obtained from Aldrich (No. 27,099-7) or Wako (No.
041-32345), and used as received. Solvents for the synthesis of substrates were dried
over Molecular Sieves 4A (Wako) prior to use. [Rh(cod)]BFs was obtained from
Umicore AG. (R)-Hs-BINAP, (R)-Segphos, (R)-tol-Segphos, (R)-xyl-Segphos, and
(R)-DTBM-Segphos were obtained from Takasago International Corporation.
(R)-MeO-BIPHEP and (R)-Solphos were obtained from Solvias AG. Diyne 8o°,
benzofulvene 2i¢, 2rS, 2s° and 2t® were prepared according to procedures reported in
the literature. Diyne 1u, 8h, 8i, and 8j were prepared according to the experimental
section in section 1 of chapter 2 (part 1). 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. Optical rotation values were measured on a
JASCO P-2200. All reactions were carried out under nitrogen or argon with magnetic

stirring unless otherwise noted.

I1. Synthesis of Substrates

Ethyl 3-(8-(phenylethynyl)naphthalen-1-yl)propiolate (8p)

The title compound was prepared from 1-ethynyl-8-(phenylethynyl)naphthalene’ and
CICO2Et in 88% yield by the procedure used for 1m in section 2 of chapter 1 (part 1).

Brown oil; '"H NMR (CDCls, 400 MHz) J 7.92 (d, J = 7.6 Hz, 2H), 7.89-7.81 (m,
2H), 7.65-7.58 (m, 2H), 7.49 (d, J = 7.9 Hz, 1H), 7.45 (d, J = 7.8 Hz, 1H), 7.39-7.29
(m, 3H), 3.94 (q, J= 7.1 Hz, 2H), 1.05 (t,J = 7.1 Hz, 3H); *C NMR (CDCls, 100 MHz)
0 154.3, 136.9, 135.0, 133.9, 131.8, 131.7, 131.6, 129.6, 128.3, 128.2, 126.1, 125.5,
123.8, 120.7, 117.4, 97.3, 88.9, 87.3, 86.2, 64.7, 13.8; HRMS (ESI) calcd for
C23H1602Na [M+Na]* 347.1043, found 347.1040.
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ITI. Rhodium-Catalyzed Regioselective [2+2+2] Cycloaddition—Aromatization of
1,6-Diynes 8o with 2,3-Dihydrofuran (2a)

0

/——CO;Me 2a
TsN
N———Me
8o CO,Me CO,Me
TsN + TsN D
OH O O
Me Me
130a 210a

BINAP (6.2 mg, 0.0100 mmol) and [Rh(cod)>]BF4 (4.0 mg, 0.0100 mmol) were
dissolved in CH2Cl» (2.0 mL) and the mixture was stirred at room temperature for 10
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, and
dissolved in CH>Cl> (0.5 mL). To the residue was added a CH>Cl (1.5 mL) solution of
80 (63.9 mg, 0.200 mmol) and 2a (15.4 mg, 0.220 mmol) at room temperature. The
mixture was stirred at the same temperature for 1 h. The resulting solution was
concentrated and purified by a preparative TLC (n-hexane/EtOAc/EtN = 2:1:0.5),
which furnished 130a (23.2 mg, 0.0596 mmol, 29% yield) and 210a (21.5 mg, 0.0468
mmol, 23% yield).

Methyl 6-(2-hydroxyethyl)-7-methyl-2-tosylisoindoline-4-carboxylate (130a, Sch-
eme 1.5.1)
COQMe

TsN
OH
Me

23.2 mg, 29% yield, White solid; Mp 175 °C (dec.); 'H NMR (CDCls, 300 MHz) 6
7.80 (d, J = 8.2 Hz, 2H), 7.76 (s, 1H), 7.32 (d, J = 8.2 Hz, 2H), 4.90 (s, 2H), 4.58 (s,
2H), 3.89 (s, 3H), 3.82 (br, 2H), 2.90 (t, J = 6.8 Hz, 2H), 2.40 (s, 3H), 2.22 (s, 3H), 1.45
(br, 1H); 13C NMR (CDCls, 125 MHz) 6 166.3, 143.8, 137.5, 137.1, 136.8, 136.4, 133.8,
131.2, 130.0, 127.7, 122.7, 62.6, 55.4, 53.1, 52.2, 35.8, 21.6, 16.1; HRMS (ESI) calcd
for C20H23NaOsS [M+Na]* 412.1189 found 412.1198.
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Methyl 7-methyl-6-{2-[(tetrahydrofuran-2-yl)oxy]ethyl}-2-tosylisoindoline-4-car-
boxylate (210a, Scheme 1.5.1)
COzMe

o
(0]

O
Me

21.5 mg, 23% yield, White solid; Mp 139.5-140.5 °C; '"H NMR (CDCls, 400 MHz) 6
7.80 (d, J=8.2 Hz, 2H), 7.76 (s, 1H), 7.31 (d, J = 8.1 Hz, 2H), 5.08 (d, /= 4.4 Hz, 1H),
491 (s, 2H), 4.57 (s, 2H), 3.88 (s, 3H), 3.85-3.76 (m, 3H), 3.54 (dt, /= 9.6, 7.3 Hz, 1H),
2.87 (t, J = 7.2 Hz, 2H), 2.40 (s, 3H), 2.20 (s, 3H), 1.98-1.76 (m, 4H); '*C NMR
(CDCI3, 100 MHz) ¢ 166.4, 143.7, 137.6, 137.2, 136.7, 136.2, 134.1, 131.0, 129.9,
127.7, 122.6, 104.0, 67.1, 66.7, 55.4, 53.1, 52.1, 33.0, 32.5, 23.5, 21.6, 16.0; HRMS
(ESI) calcd for C24H20NOgSNa [M+Na]" 482.1608, found 482.1611.

Methyl 5-(2-hydroxyethyl)-7-methyl-2-tosylisoindoline-4-carboxylate (23, Sche-
me 1.5.1) and 6-methyl-8-tosyl-4,7,8,9-tetrahydropyrano|3,4-¢e]isoindol-1(3H)-one
(24, Scheme 1.5.1)

CO,Me O0x©
OH
TsN TsN
Me Me
23 24

The title compounds were obtained from 8o (63.9 mg, 0.200 mmol) and 3-butyn-1-ol
(6) (15.4 mg, 0.220 mmol) by the procedure used for 130a and 210a, and isolated as the
mixture of 23 and 24 (60.3 mg, 23/24 = 67:33) and pure 24 (11.0 mg).

23: 41% yield; '"H NMR (CDCls, 300 MHz) § 7.78 (d, J = 8.1 Hz, 2H), 7.33 (d, J =
8.1 Hz, 2H), 7.01 (s, 1H), 4.79 (s, 2H), 4.52 (s,2H), 3.90 (s, 3H), 3.88-3.71 (m, 2H),
3.07 (t, J = 6.2 Hz, 2H), 2.42 (s, 3H), 2.21 (s, 3H); HRMS (ESI) calcd for
C20H23NOsSNa [M+Na]* 412.1189, found 412.1171.

24: 53% yield; Pale yellow solid; Mp 250 °C (dec.); '"H NMR (CDCls, 400 MHz) ¢
7.81 (d, J = 7.8 Hz, 2H), 7.32 (d, J = 7.8 Hz, 2H), 6.96 (s, 1H), 4.94 (s, 2H), 4.56 (s,
2H), 4.47 (t, J = 5.8 Hz, 2H), 2.98 (t, J = 5.8 Hz, 2H), 2.40 (s, 3H), 2.26 (s, 3H); 1*C
NMR (CDCls, 125 MHz) 0 164.1, 143.8, 140.0, 139.9, 138.8, 136.1, 133.8, 130.0, 128.0,
127.8, 118.1, 67.4, 55.2, 52.5, 27.7, 21.6, 19.2; HRMS (ESI) calcd for Ci9H19NO4SNa
[M-+Na]" 380.0927, found 380.0923.
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ITI. Rhodium-Catalyzed Regio- and Enantioselecive [2+2+2] Cycloaddition of
1,6-Diynes 1 with Indene (2¢)

Representative procedure for the rhodium-catalyzed regio- and enantioselective
[2+2+2] cycloaddition of 1,6-diynes 1 with indene (2¢) (Table 1.5.1, 3ue):
(R)-Difluorphos (27.3 mg, 0.0400 mmol) and [Rh(cod)2]BF4 (16.2 mg, 0.0400 mmol)
were dissolved in CH>Cl> (2.0 mL) and the mixture was stirred at room temperature for
10 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, and
dissolved in CH>Cl> (0.5 mL). To the residue was added a CH>Cl, (1.0 mL) solution of
2e (0.116 g, 1.00 mmol) and a CHCl; (0.5 mL) solution of 1u (71.3 mg, 0.200 mmol)
in this order at room temperature. The mixture was stirred at room temperature for 72 h.
The resulting solution was concentrated and purified by a preparative TLC
(n-hexane/EtOAc/MeOH = 3:1:0.5), which furnished (+)-3ue (59.2 mg, 0.125 mmol,

63% yield, 70% ee, single regioisomer) as a colorless oil.

(+)-4-Ethyl 2,2-dimethyl 10-phenyl-3,4a,9,9a-tetrahydrocyclopenta|b]fluorene-
2,2,4(1H)-tricarboxylate [(+)-3ue, Table 1.5.1]

NOESY cross peak

The stereochemistry of this compound was determined by the NOESY cross peak.

59.2 mg, 63% yield, single regioisomer; [a]*’p +86.4° (¢ 1.6, CHCl3, 70% ee); 'H
NMR (CDCls, 400 MHz) 6 7.40-7.24 (m, 4H), 7.17-7.01 (m, 5H), 4.50 (d, J=9.2 Hz,
1H), 4.43-4.29 (m, 2H), 3.92-3.79 (m, 2H), 3.68 (s, 3H), 3.63 (s, 3H), 3.33 (d, J=19.1
Hz, 1H), 3.19 (dd, J = 15.7, 7.6 Hz, 1H), 3.01-2.76 (m, 3H), 1.38 (t, /= 7.1 Hz, 3H);
3C NMR (CDCls, 100 MHz) § 171.7, 171.6, 167.9, 148.5, 144.7, 141.4, 139.5, 139.4,
133.9, 128.4, 127.6, 127.5, 126.6, 126.5, 123.8, 123.6, 119.3, 60.5, 58.4, 52.82, 52.81,
44.2, 44.1, 40.7, 39.0, 38.8, 14.5; HRMS (ESI) caled for CoH»30¢Na [M+Na]"
495.1778, found 495.1786; CHIRALPAK AD-H, n-hexane/2-PrOH = 90:10, 1.0

mL/min, retention times: 8.5 min (major isomer) and 10.2 min (minor isomer).
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(+)-4-Ethyl 2,2-dimethyl 10-phenyl-3,4a,9,9a-tetrahydrocyclopenta[b]fluorene-
2,2,4(1H)-tricarboxylate [(+)-9pe, Table 1.5.1]

NOESY cross peak

The stereochemistry of this compound was determined by the NOESY cross peak.

63.8 mg, 73% yield, single regioisomer, Red amorphous; [a]*’p +20.1° (¢ 3.4, CHCl5,
43% ee); 'H NMR (CDCls, 400 MHz) § 8.50-8.44 (m, 1H), 7.70 (d, J = 8.1 Hz, 1H),
7.61-7.40 (m, 5H), 7.32 (br, 1H), 7.28-7.07 (m, 7H), 6.38 (d, /= 7.0 Hz, 1H), 4.70 (d, J
= 8.8 Hz, 1H), 4.574.40 (m, 2H), 3.80-3.71 (m, 1H), 3.21-3.02 (m, 2H), 1.43 (t, J =
7.1 Hz, 3H); 13C NMR (CDCls, 100 MHz) 6 168.6, 144.1, 141.8, 140.6, 140.3, 139.4,
135.2, 134.2, 132.6, 130.9, 129.2, 127.95, 127.89, 127.36, 126.9, 126.7, 126.5, 124.5,
124.2, 123.8, 123.2, 122.2, 119.0, 60.8, 47.2, 46.5, 38.2, 14.4; HRMS (ESI) calcd for
C3H240:Na  [M+Na]"™ 463.1669, found 463.1674; CHIRALPAK AD-H,
n-hexane/2-PrOH = 95:5, 1.0 mL/min, retention times: 6.0 min (major isomer) and 7.1

min (minor isomer).

IV. Aromatization of 9pe

Ethyl 13-phenyl-12H-indeno[1,2-k]fluoranthene-7-carboxylate (25, Scheme 1.5.-
2)

The  title  compound was  prepared from  4-ethyl  2,2-dimethyl
10-phenyl-3,4a,9,9a-tetrahydrocyclopenta[b]fluorene-2,2,4(1 H)-tricarboxylate (3ve) in
46 % yield by the procedure used for 7 in section 2 of chapter 1 (part 1).

Yellow solid; Mp 213—214 °C; '"H NMR (CDCls, 400 MHz) ¢ 7.94 (d, J = 7.0 Hz,
1H), 7.84 (d, J= 8.1 Hz, 1H), 7.77-7.70 (m, 2H), 7.69-7.45 (m, 7H), 7.39 (t, J= 7.5 Hz,
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1H), 7.35-7.28 (m, 2H), 6.79 (d, /= 7.0 Hz, 1H), 4.77 (q, J = 7.2 Hz, 2H), 3.74 (s, 2H),
1.54 (t, J = 7.2 Hz, 3H) ; '3C NMR (CDCl;, 100 MHz) 6 169.8, 144.4, 143.1, 140.0,
138.8, 136.7, 136.5, 136.4, 135.8, 135.4, 134.7, 133.2, 129.8, 129.2, 128.7, 128.1, 127.9,
127.8, 127.2, 127.1, 126.9, 126.7, 125.0, 123.0, 122.0, 124.9, 121.6, 62.0, 36.4, 14.2;
HRMS (ESI) calcd for C32H202Na [M+Na]* 461.1512, found 461.1517.

V. Rhodium-Catalyzed Regio- and Enantioselecive [2+2+2] Cycloaddition of
1,7-Diynes 1 with Benzofulvenes 2

Representative procedure for the rhodium-catalyzed regio- and enantioselective
[2+2+2] cycloaddition of 1,7-diynes 1 with benzofulvenes 2 (Table 1.5.3, entry 9):
(R)-Xyl-Segphos (28.9 mg, 0.0400 mmol) and [Rh(cod)2]BF4 (16.2 mg, 0.0400 mmol)
were dissolved in CH>Cl> (2.0 mL) and the mixture was stirred at room temperature for
1 h. 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, and dissolved in
CHCl> (0.5 mL). To the residue was added 2r (0.204 g, 1.00 mmol) and a CH>CL (2
mL) solution of 8h (54.9 mg, 0.200 mmol) in this order at room temperature. The
mixture was stirred at 40 °C for 6 h. The resulting solution was concentrated and
purified by a preparative TLC (n-hexane/toluene/CH>Cl> = 1:1:1), which furnished
(+)-9hr (64.1 mg, 0.134 mmol, 67% yield, >99% ee, single regioisomer) as a pale

yellow oil.

(+)-Methyl 14-((E)-benzylidene)-9-methyl-9a,14a-dihydro-14H-indeno[1,2-b]tri-
phenylene-15-carboxylate [(+)-9hr, Table 1.5.2, entry 9]
NOESY cross peak

The stereochemistry of this compound was determined by the NOESY cross peak.

64.1 mg, 67% yield, single regioisomer, Pale yellow oil; [a]*p+58.1° (¢ 1.9, CHCls,
>99% ee); '"H NMR (CDCls, 400 MHz) 6 7.85 (d, J = 7.6 Hz, 1H), 7.80 (d, J = 7.7 Hz,
1H), 7.66 (d, J = 7.6 Hz, 2H), 7.37-7.11 (m, 12H), 7.04, (s, 1H), 7.07-7.00 (m, 1H),
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4.56 (d, J= 7.3 Hz, 1H), 3.82 (d, J = 7.3 Hz, 1H), 3.35 (s, 3H), 2.48 (s, 3H); 3C NMR
(CDClI3, 100 MHz) ¢ 170.3, 143.3, 143.1, 142.2, 137.2, 133.6, 133.3, 133.1, 131.6,
131.4,129.4, 129.3, 129.0, 128.8, 128.7, 128.4, 128.3, 128.0, 127.6, 127.3, 127.2, 127.0,
126.7, 124.0, 123.8, 123.7, 123.6, 123.5, 120.4, 51.9, 50.8, 46.7, 22.9; HRMS (ESI)
caled for C3sHxsONa [M-+Na]® 501.1825, found 501.1830; CHIRALPAK AD-H,
n-hexane/2-PrOH = 90:10, 1.0 mL/min, retention times: 16.2 min (major isomer) and

23.7 min (minor isomer).

(+)-Methyl 14-((E)-4-methoxybenzylidene)-9-methyl-9a,14a-dihydro-14H-inden-
o[1,2-b]|triphenylene-15-carboxylate [(+)-9hi, Table 1.5.3]
NOESY cross peak

The stereochemistry of this compound was determined by the NOESY cross peak.

76.6 mg, 75% yield, single regioisomer, Pale yellow oil; [a]*p+52.5° (¢ 4.1, CHCls,
>99% ee); 'H NMR (CDCls, 400 MHz) 6 7.85 (dd, J= 7.8, 1.3 Hz, 1H), 7.79 (d, J = 7.7
Hz, 1H), 7.67 (dd, J = 7.6, 1.1 Hz, 1H), 7.63 (d, J = 7.6 Hz, 1H), 7.36-7.20 (m, 8H),
7.17 (td, J= 7.4, 0.9 Hz, 1H), 7.03 (ddd, J=8.2, 7.0, 1.2 Hz, 1H), 6.98 (s, 1H), 6.80 (d,
J=8.8 Hz, 2H), 4.53 (d, /= 7.3 Hz, 1H), 3.81 (d, /= 7.5 Hz, 1H), 3.76 (s, 3H), 3.37 (s,
3H), 2.49 (s, 3H); *C NMR (CDCls, 100 MHz) 6 170.3, 158.5, 143.6, 141.9, 141.1,
133.6, 133.3, 133.0, 131.6, 131.4, 130.0, 129.7, 129.3, 129.2, 129.0, 128.0, 127.94,
127.88, 127.5, 127.29, 127.26, 124.0, 123.84, 123.81, 123.4, 123.0, 120.2, 113.9, 55.3,
51.9, 50.8, 46.6, 23.0; HRMS (ESI) calcd for C36H2303Na [M+Na]" 531.1931, found
531.1926; CHIRALPAK AD-H, n-hexane/2-PrOH = 90:10, 1.0 mL/min, retention

times: 20.2 min, minor isomer could not be detected.
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(+)-Methyl (E)-14-(furan-2-ylmethylene)-9-methyl-9a,14a-dihydro-14H-indeno|-
1,2-b]triphenylene-15-carboxylate [(+)-9hs, Table 1.5.3]

NOESY cross peak

The stereochemistry of this compound was determined by the NOESY cross peak.

85.3 mg, 91% yield, single regioisomer, Pale yellow oil; [0]*’p+72.1° (¢ 4.3, CHCI;,
>99% ee); 'H NMR (CDCls, 400 MHz) 6 7.84 (dd, J = 8.0, 1.8 Hz, 1H), 7.79 (d, J=17.6
Hz, 1H), 7.75 (dd, J = 7.9, 1.8 Hz, 1H), 7.61 (d, J = 7.6 Hz, 1H), 7.38-7.20 (m, 6H),
7.16 (td, J=7.4,0.9 Hz, 1H), 7.01 (ddd, J= 8.4, 7.2, 1.2 Hz, 1H), 6.87 (s, 1H), 6.38 (dd,
J=3.4,1.8 Hz, 1H), 6.34 (d, J=3.3 Hz, 1H), 4.53 (d, /= 7.7 Hz, 1H), 3.86 (d, J= 7.7
Hz, 1H), 3.32 (s, 3H), 2.58 (s, 3H); '*C NMR (CDCl3, 100 MHz) 6 170.1, 153.3, 143.3,
142.1, 141.7, 141.0, 136.0, 133.4, 133.3, 132.1, 131.7, 131.6, 129.1, 129.0, 128.3, 127.9,
127.7, 127.6, 127.4, 127.2, 124.9, 124.0, 123.7, 123.0, 120.3, 111.5, 111.0, 109.6, 51.7,
50.6, 47.2, 23.4; HRMS (ESI) caled for Cs3H24O3Na [M+Na]" 491.1618, found
491.1611; CHIRALPAK AD-H, n-hexane/2-PrOH = 90:10, 1.0 mL/min, retention

times: 16.3 min (major isomer) and 25.1 min (minor isomer).

(-)-Methyl (E)-9-methyl-14-(thiophen-2-ylmethylene)-9a,14a-dihydro-14H-inde-
no[1,2-b]triphenylene-15-carboxylate [(—)-9ht, Table 1.5.3]

NOESY cross peak

The stereochemistry of this compound was determined by the NOESY cross peak.
Although the stereochemistry of its exo-alkene moiety could not be determined, only
one isomer was isolated.

86.0 mg, 80% yield, single regioisomer, Pale yellow oil; [a]*’p—2.5° (c 4.3, CHCl3,
99% ee); '"H NMR (CDCls, 400 MHz) 6 7.86 (dd, J = 7.8, 1.6 Hz, 1H), 7.80 (d, J = 7.6
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Hz, 1H), 7.75 (dd, J = 7.9, 1.6 Hz, 1H), 7.64 (d, J = 7.6 Hz, 1H), 7.38-7.13 (m, 8H),
7.07 (d, J= 3.5 Hz, 1H), 7.02 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 6.98 (dd, J = 5.0, 3.6 Hz,
1H), 4.62 (d, J = 7.2 Hz, 1H), 3.86 (d, J = 7.3 Hz, 1H), 3.35 (s, 3H), 2.57 (s, 3H); 1*C
NMR (CDCI3, 100 MHz) ¢ 170.1, 142.63, 142.57, 141.5, 141.1, 137.4, 133.5, 133.3,
132.5, 131.6, 131.5, 129.23, 129.20, 129.0, 128.3, 128.0, 127.8, 127.7, 127.5, 1274,
127.3, 127.2, 124.8, 124.1, 123.8, 123.6, 123.0, 120.3, 116.5, 51.9, 50.9, 47.3, 23.3;
HRMS (ESI) caled for C33H240,SNa [M+Na]® 507.1389, found 507.1379;
CHIRALPAK AD-H, n-hexane/2-PrOH = 70:30, 1.0 mL/min, retention times: 13.3 min

(major isomer) and 41.0 min (minor isomer).

(+)-Ethyl 14-((E)-4-methoxybenzylidene)-9-methyl-9a,14a-dihydro-14H-indeno|-
1,2-b]triphenylene-15-carboxylate [(+)-9ii, Table 1.5.3]
NOESY cross peak

The stereochemistry of this compound was determined by the NOESY cross peak.

38.7 mg, 74% vyield, single regioisomer, Pale yellow oil; [a]*’p+45.2° (¢ 1.9, CHCls,
>99% ee); '"H NMR (CDCls, 400 MHz) 6 7.86 (d, J = 7.6 Hz, 1H), 7.79 (d, J = 7.8 Hz,
1H), 7.69 (d, J = 7.6 Hz, 1H), 7.63 (d, J = 7.6 Hz, 1H), 7.37-7.20 (m, 8H), 7.17 (t, J =
7.3 Hz, 1H), 7.02 (t, J = 7.6 Hz, 1H), 6.97 (s, 1H), 6.81 (d, J= 8.4 Hz, 2H), 4.52 (d, J =
7.3 Hz, 1H), 3.96-3.78 (m, 2H), 3.81 (d, J = 7.3 Hz, 1H), 3.76 (s, 3H), 2.51 (s, 3H),
0.99 (d, J = 7.1 Hz, 3H); '3*C NMR (CDCls, 100 MHz) § 170.0, 158.5, 143.7, 141.9,
141.2, 133.5, 133.4, 132.8, 131.7, 131.4, 130.0, 129.8, 129.3, 129.1, 129.0, 128.0,
127.94, 12791, 127.5, 127.22, 127.18, 124.2, 124.0, 123.7, 123.3, 123.1, 120.2, 113.9,
61.1, 55.3, 50.9, 46.7, 23.0, 13.5; HRMS (ESI) caled for C37H30O3Na [M+Na]"
545.2087, found 545.2097; CHIRALPAK AD-H, n-hexane/2-PrOH = 90:10, 1.0

mL/min, retention times: 19.9 min (major isomer) and 33.7 min (minor isomer).

188



(-)-1-((E)-9-methyl-14-(thiophen-2-ylmethylene)-9a,14a-dihydro-14H-indeno|[1-
,2-b|triphenylen-15-yl)ethan-1-one [(—)-9jt, Table 1.5.3]

NOESY cross peak

The stereochemistry of this compound was determined by the NOESY cross peak.
Although the stereochemistry of its exo-alkene moiety could not be determined, only
one isomer was isolated.

31.4 mg, 67% yield, single regioisomer, Pale yellow oil; [a]*p—108.4° (¢ 1.6, CHCls,
97% ee); '"H NMR (CDCls, 400 MHz) 6 7.90 (dd, J = 7.4, 1.6 Hz, 1H), 7.81 (d, J= 7.6
Hz, 1H), 7.79-7.74 (m, 1H), 7.65 (d, /= 7.6 Hz, 1H), 7.43-7.22 (m, 4H), 7.22-7.11 (m,
4H), 7.08 (d, J = 7.8 Hz, 1H), 7.04-6.92 (m, 3H), 4.57 (d, J= 7.2 Hz, 1H), 3.79 (d, J =
7.2 Hz, 1H), 2.53 (s, 3H), 2.04 (s, 3H); 3*C NMR (CDCl;, 100 MHz) 6 205.1, 142.9,
142.7, 141.6, 141.1, 133.5, 133.2, 132.9, 132.6, 131.9, 131.5, 129.62, 129.60, 129.3,
129.0, 128.1, 127.99, 127.96, 127.6, 127.5, 127.4, 127.2, 124.6, 124.0, 123.9, 123.1,
120.5, 116.6, 51.2, 47.3, 32.2, 23.0; HRMS (ESI) calcd for C33H24OSNa [M+Na]"
491.1440, found 491.1441; CHIRALPAK IB, n-hexane/EtOAc = 95:5, 1.0 mL/min,

retention times: 25.5 min (minor isomer) and 29.1 min (major isomer).

VI. Aromatization of 9hi, 9ht, 9ii

Methyl 9-methyl-14-ox0-14H-indeno[1,2-b]triphenylene-15-carboxylate (27h, T-
able 1.5.4, entry 1)

(+)-9hi (37.1 mg, 0.0730 mmol) and DDQ (18.2 mg, 0.0803 mmol) were dissolved in
CH2Cl: (0.73 mL) and the mixture was stirred at room temperature for 16 h. the reaction

mixture was poured into saturated aqueous NaHCO3/EtOAc. The aqueous phase was
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extracted with two portions of EtOAc. The combined extract was washed with brine,
dried over NaxSOs, and concentrated. The residue was purified by a preparative TLC
(eluent: toluene/CH2Cl, = 1:1) to give crude aromatized products (38.2 mg). To a stirred
solution of this crude aromatized products (38.2 mg) in CCls (1 mL) was added NalO4
(79.8 mg, 0.373 mmol) in HO (1 mL) and RuCl3*H,O (2.8 mg, 0.0124 mmol) in
MeCN (1 mL) in this order at 0 °C under air. After being stirred at the same temperature
for 2 h, the reaction mixture was poured into HoO/CH2Cl,. The aqueous phase was
extracted with two portions of CH2Clz. The combined extract was washed with brine,
dried over NaxSOs, and concentrated. The residue was purified by a preparative TLC
(eluent: toluene/CH2Cly = 1:1) to give 27h (22.1 mg, 0.0550 mmol, 78% yield in 2 steps
from (+)-9hi) as a yellow solid.

Yellow solid; Mp 239-241 °C; 'H NMR (CDCls, 400 MHz) J 8.48 (d, J = 9.0 Hz,
1H), 8.46 (d, J=9.4 Hz, 1H), 8.32 (d, J = 8.3 Hz, 1H), 8.21 (d, /= 8.3 Hz, 1H), 7.80 (d,
J=7.6 Hz, 1H), 7.70 (d, J = 7.3 Hz, 1H), 7.70 (t, J = 7.6 Hz, 2H), 7.53 (t, /= 7.6 Hz,
2H), 7.47 (t, J = 7.6 Hz, 1H), 7.30 (t, J = 7.4 Hz, 1H), 4.16 (s, 3H), 3.05 (s, 3H); 1°C
NMR (CDCls, 100 MHz) 6 192.0, 170.2, 144.3, 140.4, 139.9, 135.6, 135.0, 132.1, 131.5,
130.9, 129.4, 129.35, 129.33, 129.2, 129.0, 128.9, 128.5, 128.0, 127.6, 126.2, 125.9,
125.6, 124.4, 124.3, 123.7, 123.5, 53.3, 23.1; HRMS (ESI) calcd for CsHisO3Na
[M+Na]* 425.1148, found 425.1152.

Ethyl 9-methyl-14-oxo-14H-indeno[1,2-b]triphenylene-15-carboxylate (27i, Ta-
ble 1.5.4, entry 3)

The title compound was obtained from (+)-9ii (36.4 mg, 0.0697 mmol) in 63% yield
by the procedure used for 27h.

18.4 mg, 63% yield, Yellow solid; Mp 182—184 °C; '"H NMR (CDCls, 400 MHz) §
8.52 (d, J=8.0 Hz, 1H), 8.50 (d, /= 7.9 Hz, 1H), 8.43 (d, /= 8.3 Hz, 1H), 8.26 (d, J =
8.2 Hz, 1H), 7.85 (d, J= 7.6 Hz, 1H), 7.74 (d, J= 7.3 Hz, 1H), 7.69-7.47 (m, 5H), 7.34
(t,J = 7.4 Hz, 1H), 4.67 (q, J = 7.2 Hz, 2H), 3.11 (s, 3H), 1.49 (t, J = 7.2 Hz, 3H); 1’C
NMR (CDCls, 100 MHz) 0 191.9, 169.7, 144.4, 140.4, 139.9, 135.6, 134.9, 132.1, 131.4,
130.9, 129.5, 129.4, 129.28, 129.25, 129.0, 128.9, 128.4, 128.0, 127.4, 126.7, 125.9,
125.8, 124.4, 124.3, 123.7, 123.4, 62.4, 23.1, 13.9; HRMS (ESI) calcd for C20H2003Na
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[M+Na]" 439.1305, found 439.1320.

Methyl 14-hydroxy-9-methyl-14H-indeno[1,2-b]triphenylene-15-carboxylate (28,
Scheme 1.5.6)

To a stirred solution of 27h (22.1 mg, 0.0550 mmol) in THF/MeOH (1:1, 4 mL) was
added NaBH4 (10.4 mg, 0.275 mmol) at 0 °C. After being stirred at room temperature
for 1 h, the reaction mixture was quenched with H,O (4 mL) and poured into saturated
aqueous NH4CIl/EtOAc. The aqueous phase was extracted with two portions of EtOAc.
The combined extract was washed with brine, dried over Na>SOa, and concentrated. The
residue was purified by a preparative TLC (eluent: toluene/EtOAc = 5:1) to give 28
(22.2 mg, 0.0550 mmol, >99% yield) as a white solid.

Mp 212-213 °C; 'H NMR (CDCls, 400 MHz) 6 8.51 (d, J= 8.2 Hz, 1H), 8.49 (d, J =
8.3 Hz, 1H), 8.29 (d, /= 8.2 Hz, 1H), 7.99 (d, /= 7.7 Hz, 1H), 7.90 (dd, J= 8.2, 0.9 Hz,
1H), 7.76 (d, J = 7.4 Hz, 1H), 7.67-7.38 (m, 6H), 5.84 (d, /= 3.2 Hz, 1H), 4.80 (d, J =
3.4 Hz, 1H), 3.82 (s, 3H), 3.19 (s, 3H); *C NMR (CDCls, 100 MHz) J 172.6, 145.7,
145.2, 140.4, 139.3, 134.6, 132.3, 131.3, 130.6, 130.5, 129.9, 129.8, 129.2, 128.9,
128.13, 128.05, 127.5, 127.4, 126.7, 126.0, 125.7, 124.0, 123.7, 123.4, 123.1, 73.9, 52.9,
23.2; HRMS (ESI) calcd for C2sH2003Na [M+Na]" 427.1305, found 427.1302.
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2 (2h) & D22 IMBCSIE S HERT L. SIET 2 BB 7 mas i oy
3rh REIRINENSE N F o FARRMEICTEONLZ LA RB LTV
e, CHEBMATE 5B 272G 167, 8 1 513 %2 ),

20 mol %
O [Rh(cod),]BF 4/ O Me
‘ (R)-Segphos \\\\
+ >
CH,Cl,, 40 °C, 14 h /:,,
O Me
(

4 0 )

2h (5 equiv) <O @ PPh

2
<O O PPh,
@]

(R)-Segphos )

(1.6.7)

—)-3rh / 69% vyield, 88% ee

\

LL, Bondx 70 ) FFE ot BHEMOBEBRE L T 2 5 5R
EDNERIFEIZ K > TREREFELZHT D & PRI D (Scheme 1.6.1), L7228
ST, ZOEHITEDICEYDORLEANIFERE L TER DD,

1=3 BA5 3 HEONEr KERERTBELEXT LY T T 0
AH R

1—3—1 FF /1Y TFvrOEONHEIMRE

TP, FT L u~FdFH Yoy 3rh EHNT, VT AT LABERR
Diels-Alder )& Diat#1T > 7= (Table 1.6.1), Y=/ 7 4L LT, MU 7%
BAZUANVKUEE 2-(FY AF AT U7 ==1(22 ¥&),/ 7 vk VUL
(4 4&E),18-7 T 7 -6-m—T @ EENL > THELDIR VYAV EORG%E
Rt L7z (Table 1.6.1, entry 1), L72>L. BUEHI#s(L S HARYOSOSITEIT L 722
Mote, WA AL LT BF3-OBtL HIE T, p-XV Y X/ U (2q) & DG %
AT, BRORISITEITET 3rh OFFELDBEITLIZ &2 b HbA
My D I3 5T (Table 1.6.1, entry 2), LU, 2q D&% AW THIIEGEM: Fick
WTHRRIZIT o7& 2 A, BB ETIEH 523 HE LS 30rhq 2345 5 4172 (Table
1.6.1, entry 3), £ZC, YT/ 74 NE 14T 7 X/ EZT=E A,
KRS D AEIMA 30rhn 28 50% & FRRE DULRN D8RR T T AT L A BRI
T, TONFHMEZIZIFHR ) 2 L 72 <557 (Table 1.6.1, entry 4),
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Table 1.6.1. Diels-Alder reaction of chiral cyclohexadiene (—)-3rh with various
dienophiles.

Me
™ dienqphile
conditions
/4, >
,ll
O Me

(-)-3rh (88% ee)
Me
> ‘ or
@ Me

29rhq
entry dienophile conditions conv. (%) results
1 KF (4 equiv)
18-crown-6 (4 equiv) <5 29rhq / 0% vyield
oTf THF, 60 °C, 1 h
(2.2 equiv)
2 BF3OEt2
(4.5 equiv) >99 30rhq / 0% yield
toluene, 110 °C, 1 h
5 equiv)
3
PhCl, 130 °C, 24 h >99 30rhq / trace
(10 equw)
0
‘ (+)-30rhn / 50% vyield
4 PhCI, 130 °C, 24 h >99 86% ee
o) single diastereomer
2n (5 equiv)

A0 30rhn 1 LiAIHs Z1EF S ¥ 5 2 & T, AR = VEED 1, 2-32 e 03,7
L. ®ISd % A —/v 31rhn 23 BEFRURPOE—DTT AT L A~—L LT
5 B 172 (Scheme 1.6.2), 31rhn (%, Burgess sl3E(A FF T HNVAR=)LA/LT 7
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FA PV ZFAT =L RuXy RSFREIC K DKk - T 19,
KIS 5% T 0 b U 7F & URIBRA 29rhn ~ & | Z D WM (87% ee) 472 9
T ERL BIFRIGRICTEBRT D LR TE T,

LiAIH, (10 equiv)

THF/Et,0 (2:1)
0°Ctort,3h

(+)-30rhn (86% ee) (+)-31rhn / 77% yield, 86% ee
single diastereomer

Burgess reagent
(2.5 equiv)

THF, rt, 12 h

©
M e @(2\\81

% ‘ e \bN‘COZMe
ea7al)

Burgess reagent

(+)-29rhn / 78% yield, 87% ee

Scheme 1.6.2. Synthesis of the precursor (+)-29rhn of chiral triptycene.

BoNx 70 b FF 2 OB 29rhn 1%, B A X B EEITIC K - T
HEIDSARHEE TH D 2 & Z i L 7= (Figure 1.6.1, Table 1.6.2),
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Figure 1.6.1. ORTEP drawing of (+)-29rhn with ellipsoids at 50% probability. Details

of the crystal data and the summaries of the intensity data collection parameters for

(+)-29rhn are listed in Table 1.6.2.

Table 1.6.2. Crystal data and data collection parameters of (+)-29rhn.

(+)-29rhn
formula CssHazo
formula weight 486.62
crystal system orthorhombic
space group P212121
a(A) 7.9217(14)

b (A) 11.909(2)
c(A) 27.337(6)
o (deg) 90

p (deg) 90

y (deg) 90

V(A3) 2579.0(8)
Z 4

Dealed (g/cm™) 1.253
u(Mo Ka) (mm™) 0.071
Fooo 1032.0
Crystal size (mm?®) 0.4x0.04x0.03
Temperature (K) 293(2)
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6 range (deg.) 2.268-30.677

index ranges -11<h<10, -16<k<14, -36<I<38
number of independent reflections 7620

number of parameters 345

number of restraints 0

R1, wR2 [I>20(1)] 0.1228, (0.2005)

R1, wR2 (all data) 0.2485, (0.2504)

S 1.109

largest difference peak and hole (eA~?) 0.367, (-0.429)

WIZ, F\Fol=Fx 70 b 7T URIBME 29rhn D27 v ~F & 55 O
(B 5L 2 fR 5 L 72 (Table 1.6.3), £ 7\ E&{bAl & LTDDQ Z Wik Z A,
ISR ERL L, 7L U 7 F & 29rhn 1315 54727 7=(Table 1.6.3,
entry 1), I, BR{LA & LTI VUL A/ 0Py AEEFFRE Z V2D,
BB L k& Diels-Alder s & i 5 BOSDHHEIT L, 32rhn 1G5 7
7> 7= (Table 1.6.3, entries 2—4), = 512, CAN X° NOBF4 % W\ 25t H 1T - 7273,
H 8D S IHE4T L 722 5> 7=(Table 1.6.3, entries 5, 6),

Table 1.6.3. Attempted oxidative aromatization of 29rhn.

¥

Aromatization
Conditions
e ]
@ Me ‘O
29rhn
entry Aromatization Conditions conv. (%) yield (%)
1 DDQ (5 equiv), PhCI, 130 °C, 12 h >99 0
2 Pd/C, mesitylene, 130 °C, 65 h >95 0
3 Pt/C, mesitylene, 130 °C, 65 h >95 0
4 Rh/C, mesitylene, 130 °C, 65 h >95 0
5 CAN (5 equiv), (CH5CI),, 80 °C, 14 h <5 0
6 NOBF, (5 equiv), (CH,Cl),, rt, 2 h >99 0
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F72.29rhn OV 7 unF vy ORFBCEZITE FaxifbaiTo720b
W2 e Z A E BRI L TCEFTIAL RN T F U 2GR ¢ B 2T
(Scheme 1.6.3), L72>L. NBSIZ &% REFEIB LUNHPI & 2390 F(IDEEARIC &

HE T ZHEtLeb oD, BIORISITET LR o7,

M 0,

AIBN (0.18 equiv) © c E(;;)Am0|.4/|.l| 0
CCly, reflux, 5 min 29rhn NOI-(|PI (CZ)Zequi%/)
then AIBN (0.18.eqU|v) MeCN/(CH,Cl), (1:1)

NBS (2 equiv)
60 °C, 3 h

rt to reflux, 1.5 h under O,

34/ 0% yield

33/ 0% vyield

Scheme 1.6.3. Stepwise aromatization of 29rhn.
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Table 1.6.3 @ entries 2—4 TlL. JFEIO L |~ & Diels-Alder S ST L7- &k~
Toe T TINEENT Z72, MUK 30rhn O 7 a~F & U0 & Il 5
A3 et 24T > 7= (Table 1.6.4), L2rL. BMbAIE LTAESRB LU rY T A
FREFRFE 2 WA, IR 30rhn (3% - 7= < (b3 H O SG 3T L7
72> 7= (Table 1.6.4, entries 1 and 2), 7=, MfkHl&E LTDDQ # W5 & Kk
AHFITEHAL L Z v N U 7T & 2 32rhn (IS 5472 > 72 (Table 1.6.4, entry 3),

Table 1.6.4. Attempted oxidative aromatization of 30rhn.

Aromatization
Conditions

entry Aromatization Conditions conv. (%) 35/ % yield
1 Pt/C, mesitylene, 130 °C, 41 h 0 0
2 Rh/C, mesitylene, 130 °C, 41 h 0 0
3 DDQ (5 equiv), PhCI, 130 °C, 12 h >99 0

Z 2T, JFE OB SRR S 1072 Table 1.6.3 D entry 1 IZBW T, Fd Xk H 7
BSOS EIT LTV DO, RO K 912522 L 7= (Scheme 1.6.4), £, DDQ (Z
£ o T 32rhn O 7 u~Ft ORI EITT H & BIIFRNITER b ZE
EEBEZONDANRITF A ABERT D, ZOLE, NLLUEHGOF LT
g4I Ko T R F 72 L BAAKRTIIE. B9 101D DDQIZLD
fiAKFZBIZLS>THBOXF TV M) 7FR2 o BNEKRT S, L, 20 B OARK
L0 R BRMICET)FPRICLERSE 3 hINVARDF A BT 5 &
2L o T, EADRHE SN2 CERK L, T4k L DDQ N E HIZKIRNT 5 2
LT, BHERIBEMEEZ TWAO TRV EE X, £, @ibEL
FHA30°C)yThsr b, THEADOKEDOGEOIFRKR Lo TND EE X T,
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Scheme 1.6.4. Possible reaction pathways for treatment of 29rhn with DDQ.

% Z T Scheme 1.65Z/RT X DI, 29 D7 m~Ft U H50ICkt LAEERT 5
RBUOHFGO TR LIERSA EICE I GHEEEZEAT VUL, IR T4
DR LB ~DHAL LV bR, e FaF 72 L0 D BEKRT LD
TIERWNEEZEZT, DBILRDIBILIZE S THNVRIT A E BEKT S
& BHANL DN K > CTHIVR BT A2 F BNEKRT DA[REENH DB,
BFHEEDO R TA L T 73 —2%2FHTLHZ & L->T, BHROF IV N FF
Ty 32 BELNDLDOTIIRWNEE 2T, FE G HEREOE AN L - T,
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SRNEAGRA 2 IO 72 < T OB S B IRILBOS 8T % &5 272,

Carbocation

Rearrangement
l _H +

paaas |

complex mixture

Scheme 1.6.5. Possible major reaction pathways for treatment of 29 with DDQ.

ZZ T, BN LE LTA P EAEHA L72(+)-29run Z H U T, Table
1.6.3 D entry 1 & [RERARSEMH T, MetEiTo70, LorL., 60 B & RS2 T
FENTEAL L7=zb o0, BEOXFZ v b 7T & (3)-32run (3ELN0T, 5 4
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WIRF o —DDHET H{LEM DA% HSQC NMR |2 X > THERR L 72(Scheme

1.6.6),
O DDQ (2.2 equiv)
Me -

7 e PhCI, 60 °C, 5 h = Me OMe
i “0 g S2%

(+)-29run (+)-32run / 0% yield

Scheme 1.6.6. Attempted oxidative aromatization of (+)-29run by treatment with DDQ.

L7275 T Scheme 1.6.5 (2T L O, BAHGMHEEZEALTH, DILARD
FH Y E NS FA~OEMPSHOOMGELEY BRESETLEZEEZEZDND, &6
IZEEIC b7, BEE THLXT TNV N FFE321%, V=)
NUUEBICREREARZATDHETHRIND, LIEN->T, RPITHAELEZ
DDQ HIKD 4,5-v 7 mu3,6-Pk Fadr7Xo= kU LRI - T,
Scheme 1.6.7 \Z/R" 9 X 5727 1 b iALRSEIT L, EADOMEHE S VR B T4
¥ GBEMRLTZDOBIZ, BN ~DHNIZ L > T, HIVRITA L HBAERKRL
TWAHAREELB A bID,
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Carbocation
Rearrangement

complex mixture

OMe

Scheme 1.6.7. Possible decomposition pathway for treatment of 32run with DDQ.

% Z T Scheme 1.6.8 1R TEIHIIC, 2907 =F > ML UEHSDOFEITRLE
R EICEFRSIMEIEEZ G AT UL, IVRITF AL FRBLIOGCBREESN
HT LWL T, EERWVERNUNEIHTE D EE X T,
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Carbocation

Rearrangement
—H*

Dml

complex mixture

Carbocation
Rearrange- EWG
ment

Scheme 1.6.8. Possible reaction pathways for treatment of 29 with DDQ.
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FRRIZ, BPRSMERE LT RY 74 AT VHAEEA LT 29qun %
T2E A, 3%EBRNETIIH 2N HBOR/R D 3 FIEOIE o LERE269 5
X7V 8 7T 32qun & 75% ee & BAF /2B BAERIEEIE TR 5 2 & ITHk
I L 7=(Scheme 1.6.9),

DDQ (2.2 equiv)

PhCI, 60 °C, 27 h

(+)-32qun / 3% yield, 75% ee

Scheme 1.6.9. Oxidative Aromatization of (+)-29qun by treatment with DDQ.

VLB ATz XD RIS K-> T, RGBSR AR TH D Z L 2l L
Tz & 2 CTWIHLAETIE, SRR R EOREAikE Gk > 7 B
A~ ST DAL S B BRAE D RIS/ OREEIC OV TR~ S,

1—3—2 KIaFHoKFO: REFR22NELE G

RN, ¥ T8 T oG EEREREROR FEZHEL, 220 Y
TNVABRAFNEEFETHIA L 8q L 6-A ¥ -12-Uk K7 X L2 (2u)
& DARF 222 IR G D IS G D Feiiifl 24T > 72 (Table1.6.5), £ 77,
NFF MEr 2T A1),/ (R)-Segphos SHEIRABAFIE T, 40 CCOMBGMFIT T, ¥
raa AR O YA U OREE 0.1 MIZ LT, MEta1 T > 7=(Table 1.6.5, entry
1), ZORESE. BAFRIERICTHMOMMBALS DS EIT L7223, 1r & 2h &
WEGA LD b, 20 F T ABIRIEIIE T L72((-)-9qu: 78% ee, (—)-3rh: 88%
ee), & Z T, Figure 1.6.2 I RT X ORET V=)L ERRAT 4 UENLFZ2
THF 21T o7, (R)-BINAP 35 X ONR)-Hs-BINAP ZH\\ 5 &, =) F A8
PEDMECT L 72 (Table 1.6.5, entry 2, 3), L7273-> T, Segphos il &t e LTH
THENAFNEZTH D EEZ., (R)-Segphos DV > LD EHIED & & DR
HEAL T & L T, (R)-tol-Segphos ,/ (R)-xyl-Segphos / (R)-DTBM-Segphos <°.
(R)-Segphos |Z b~ THE A EZREUL T T d 5 (S)-Difluorphos % VW TR A 1T
STEMR, TF U FAERMEOM BIX R 54072 7> 7-(Table 1.6.4, entries 4-7), &
H B RERE 5 27 entry 1 OFKMIZTBWNT, Z O E% 5 mol % F T
S (Table 1.6.5, entry 8), MNEEZHRIZE X CTHIFIXFRIFEORKRE 5272
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(Table 1.6.5, entry 9), Entry 9 DFAFIZEBNT, b r U U A KO T 2 —
T=FrET R T XAEABS R Z A AF )T = =R L— h(BARF)
Bz D&, WRB LIRS o FARRERm EL, EEN DOm0 UF
A IEIRIME(88% ee)lZ T HBYDATIMBR LIS ST D Z & 4 L L 72(Table 1.6.5,
entry 10), F£72. REMHEITHNS 8q DEAE 1.00 mmol IZE X TH, IFIFR%ED
AE A 5. X2 7=(Table 1.6.5, entry 11), = Z C. entry 11 OFMEEESME L, K
\ZF TV N TR CRIBMAD G R A BRET LT,

Table 1.6.5. Optimization of reaction conditions for rhodium(I)-catalyzed
enantioselective [2+2+2] cycloaddition of 8q with 2u.”
OMe OMe

O X mol % FsC Me
[Rh(cod),]Y/ O
Me Ligand w
+ ‘ v
Me CH,ClI,, temp., 16 h “,
Me

F3C

2u (5 equiv) (-)-9qu
entry X Y temp. ligand conc. of 8q (M)  (-)-9qu / % yield? (% ee)
1 20 BF, 40°C (R)-Segphos 0.1 72 (78)
2 20 BF, 40°C  (R)-BINAP 0.1 68 (66)
3 20 BF, 40°C (R)-Hg-BINAP 0.1 76 (64)
4 20 BF, 40°C  (R)-tol-Segphos 0.1 73 (70)
5 20 BF, 40°C (R)-xyl-Segphos 0.1 70 (76)
6 20 BF, 40°C (R)-DTBM-Segphos 0.1 67 (50)
7 20 BF, 40°C  (S)-Difluorphos 0.1 81 (-66)
8¢ 5 BF,; 40°C (R)-Segphos 0.2 79 (76)
9¢ 5 BF, rt (R)-Segphos 0.2 78 (79)
10° 5 BARF rt (R)-Segphos 0.2 >99 (88)
119 5 BARF rt (R)-Segphos 0.2 95 (88)

“[Rh(cod)2]BF4 (0.020 mmol), ligand (0.020 mmol), 8q (0.100 mmol), 2u (0.500
mmol), and CH>Cl, (1.0 mL) were used. ? Isolated yield. ¢ [Rh(cod)2]Y (0.010 mmol,
ligand (0.010 mmol), 8q (0.200 mmol), 2u (1.00 mmol), and CH2Cl> (1.0 mL) were
used. ¢ [Rh(cod)2]BF4 (0.200 mmol), ligand (0.200 mmol), 8¢ (1.00 mmol), 2u (5.00
mmol), and CH>Cl> (10 mL) were used.
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(L., Q. X
PPh, PPh, FXO O PPh,
‘O PPh, OO PPhy FXO PPh,
X
R)-Hg-BINAP (R)-BINAP (S)-Difluorphos

/O
Z
\O O -Segphos (Z = CH,, Ar = Ph)
PArz -tol-Segphos (Z = CH,, Ar = 4-MeCgH,)

(R)
(R)
o) PAr;  (R)-xyl-Segphos (Z = CH,, Ar = 3,5-Me,CgHj3)
Z‘ O (R)-DTBM-Segphos

(

he) Z = CHy, Ar = 4-t-Bu-3,5-Me,CgH5)

Figure 1.6.2. Structures of bisphosphine ligands.
1—3—=3 FF/L 1 TFrREEDERL

Bonlz®FIrvraontPoy 9qu ZHNT, T80 7°3Cvlz‘/ﬁﬁ%|:
ROE R MG L 7= (Scheme 1.6.10), £7°, 9qu (Zxf L, 130 FZOIMMEZEAIC
1A%7b#/ymms%%%@%éﬁé&\mmAMaﬁmﬂy7XTvﬁb
RANCHEFT L. S A 4000MA 30qun 23 BAFRUNRNSHE—D YT 2T LA~
—ZTHELNT, RBARKISORIAERY E L TIE, Table 1.6.1 (27~ L7 iRFt & [A]
BRIZ, 9qu O FFHEALEISHET Lz L B A2 {baiE oty oy
T AT LA —OEBITHEGR TE TV, #5472 30qun (2xF L, LiAlHs %
EREED EDNANR= VD 12800 HEIT L, T %P4 —/1 31qun B
RN OHE—DY T AT LA~v—L LTHELINT, &ZIZ, Burgess iA3EIC
K DWKEIG Ik » T, BRIOFZ L h Y 7T U RilRIK 29qun % B i1 720
T MONTFHERT% ee)a 705 Z &< HF BT,
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FsC *
O \\\\
‘O 2n (5 equiv)
I,,’
O PhCI, 130 °C
FiC 24 h F4C
(-)-9qu (88% ee) (+)-30qun / 51% vyield, 89% ee

single diastereomer

LiAIH, (3 equiv)
THF/Et,0 (3:1)
0°Ctort,3h

Burgess reagent
(2.2 equiv)

THF, rt, 12 h

(+)-29qun / 95% yield, 87% ee (+)-31qun / 88% vyield, 88% ee
single diastereomer

Scheme 1.6.10. Synthesis of the precursor (+)-29qun of chiral triptycene.
1—3—4 KISKRMFORFTO: BALRFGFBRLSIE

3 5 RIBMAR 29qun 2 VT, v 7m0 O LRI S B AL 2 iR
o Lt(Table 1.6.6), £, Scheme 1.6.9 TR~7=5F(entry 1)L ¥ bR 72 5:0F
& LT, DDQB2 YBE)NZx LEEE LT U B FAERML, || T, Bita1T
- 72(Table 1.6.6, entry 2), L 7> LIEEIOEELHRIL entry 1 IZHA~MET L, HAHYES
) 32qun (XG0T, 2T, LVEBEEOE D CSA 1T 2 TR AT
Szl ZA, FEoRERImM EL-b o0, BREEY 32qun 1355 507
572 (Table 1.6.6, entry 3), & Z T, KINRE DR % 1T - 7 (Table 1.6.6, entries
4-8), % DFEHR BOSIREEDS 40 FEFE 721E 45 FED & TR 20% F T kL
KT DX Z 0 MY 7T 32qun B3, FOIFHIEE(8T% ee)EHH D Z &<
5 5 717~ (Table 1.6.6, entries 6 and 7), KIZ, DDQ IZ X AL CTHAL LT L AT
v REETHhH D 45-P7mm36-P Fax7xa= K /L)NHBDRG%ZH
ELTNDEEZ, HILLE LTDIEA 2N L TR EIT-o 7208, JFEHI - 7=
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b ST A IO RUSITHEIT L7 D> > 7= (Table 1.6.6, entry 9), itk % fRER KT
TR ULIIERDEBROKISHEIT L2, 32qun [REED 29qun & D
IRAY & L CHEE S FU7-(Table 1.6.6, entry 10),

Table 1.6.6. Optimization of reaction conditions for oxidative aromatization of 29qun
with DDQ.

aromatization
conditions

(+)-29qun (87% ee)

entry aromatization conditions
1 DDQ (2.2 equiv), PhCI, 60 °C, 27 h >95 3 (75)
2 DDQ (3.2 equiv), silica, CH,Cl,, 1t, 2 h >50 0 ()
3 DDQ (3.2 equiv), CSA (1 equiv), CH,Cl,, rt, 25 h >90 0(-)
4 DDQ (3.2 equiv), PhCI, 55 °C, 37 h >99 14 (-)
5 DDQ (3.2 equiv), PhCI, 50 °C, 48 h >99 17 (-)
6 DDQ (3.2 equiv), PhCl, 45 °C, 72 h >99 20 (-)
79  DDQ (3.2 equiv), PhCl, 40 °C, 72 h >99 20 (87)
8 DDAQ (3.2 equiv), CH,Cl,, 35 °C, 72 h >99 14 (-)
DDAQ (3.2 equiv), DIEA (6.4 equiv), PhCI, 40 °C, 72 h 0 0(-)
10 DDAQ (3.2 equiv), NaHCO3; (6.4 equiv), PhCl, 40 °C, 72h  >95 218 (-)

“ Isolated yield. © (+)-29qun (75% ee) was used. ¢ 10 mg of silica per 1 mg of 29qun

was used. ¢ (+)-29qun (87% ee) was used.® Isolated as a mixture of 29qun.

IED X SIT, Bgd 3 FEOILE @ EREATLEALLEF TNV TTF
YLk 8T% ee & ENT T L F AL CARIC RS LI filiE, AR 910
TErd,

1—4 XI LK) TFFEoDLEH

/on/ex 7V ) 7F Ly 32qun ZHNWT, A FFUREORELZ G L
(Scheme 1.6.11), § 725 BBr3 il L D A F oAk, A UlcKgEDO N 75—
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MbE/XZ DT AT K 5 RSB —BBRHAERISIC L > T B 3fIn3T 5% 7
JVRY 7T 32qhn ~ESETERIE AR S T L RAFRIRIC TERT
HIENTET,

1) BBr;3 (5 equiv)
CH,Cl,,0°Ctort,1.5h
2) T,0 (20 equiv)
DIEA (40 equiv)
CH,Cl,, =78 °C, 1 h

3) 50 mol % Pd(OAc),
50 mol % dppf
NH4O,CH (5 equiv)
EtsN (12 equiv)
DMF, 60 °C, 15 h

(+)-32qun (87% ee) (+)-32ghn / 62% yield (3 steps)

87% ee

Scheme 1.6.11. Demethoxylation of chiral triptycene 32qun.

1=5 B2 3FHOIE n R EFTLEBAEF IV TFED
L EME A ARSI E R

Bon-F T4 ) 7F & B2qun, 32qhn)iEWVF L Z ORISR
FXBREHTIC & AREEIITIIIT 2 o T b oo, TH, BLONBC, £ K
JL NMR, B EHHTIZ L - T, BAOHETH D Z & & HERE L 7-(See Experimental
Section), F72. 32qhn OELDIFELMERT 7200, EIEBB/INBEE %
wB97XD/6-311G(d) & L7= DFT #H5#IZ & - T, (9S,16R)-32qhn DA% & el L
7oo EORER. Figure 1.6.4 (T X 92, MEIAMOERIEEL 7 = F 2 ML UER
DB TRELS BEATHDEE 2R LT,

Figure 1.6.4. Optimized structures of (95,16R)-32qhn calculated at the
wB97XD/6-311G(d) level of theory, (a) side view, (b) diagonal view.
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L7el’->T.32qhn D7 =F > b L UEipiE7 e b ofbzsziF09 < | Scheme
1.68 CRLIEE DA NRAF A HPNAERT 2BISITHEITL TV D EE 2
S5, FEBRIZ, Figure 1.63 (Z/x L= 7 /L b U 7T iK% FHu T, Table
1.6.5 D entry 7 DM, BILHIEFBELORFI21T>7-, LxL, WTiuoik
BaRAWTHMINRFIEMEL., STV Y FFe3E&Eoninoiz, L
725 T ORI AERLIZ45- 7 nm36-Y Kady7XZo= kL)
TLUATy Rl LTX IV Y 7FE U ISHEM L, Scheme 1.6.8 IZx L7727
VIR F A DEAL E B DEISNEIT L TWD EEXBNLD, LLEDORK
FHzk» T, BPREMEREBHGHEES LT OEAE T, BILEE
TRAG B D SO 2Nz T B E 72 WERAL S OIHNIC M E AR K T D
ZEDBHBeMNERoT,

Figure 1.6.3. Unsuccessful examples of oxidative aromatization.

Fo, MOBFRIMIEL LT, N7t uAF LRI EzTr7uonkks
BT 2 MY TTFE ORI EZ AW TREERZR &M T G217 > 72 (Figure 1.6.4).
L)L, BHOXI LV M) 7FEr EBon2bEWITEREOASEHIL, &
UATNRE7 v R b e Vo e HBERGE TICBW T LT, Lieno
T, BALTZ =F 2 MU UG OS2 IS 57202iE, MU 7vdm A5
WD LD BN IR B RBIMEENVETHD Z ENRHLNE T,

Figure 1.6.4. Unsuccessful example of oxidative aromatization.
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ST, F TV h U FFE L (-)-32qghn % BIE A K L (See Experimental Section),
(+)-32qhn 5 L UY(-)-32qhn @ ECD A7 FL&IE L2455, Figurel 6.5 |27
TEORBEFOERTRT ORI T—A A=V lot, 5T, HKH
UL A wB97XD/6-311G(d) & L 7= TD-DFT #5IZ & - T(9S,16R)-32ghn D
ECD A7 M ERDELE A, BOWHRCTRT LI ey 7V FARELNT,
L7e 5T, (+)-32qhn ORI SZAREIEIL 9S,16R LIRET H 2 &N TET,

(a) 1
0.8 | .
0.6 .
0.4 .
0.2 j .

0 v rtpmSmsmmtotieputy ()
-0.2 {v4 ]
-0.4 ]
-0.6 .
-0.8 | .

102 Ag, M- cm™1
Nomalized absorption intensity

_1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
230 330 430 530 630

Wavelength, nm

(b)

(+)-32ghn ’ (9S,16R)-32ghn
Figure 1.6.5. (a) Experimental ECD spectra of (+)-32qhn (red plain line) and
(-)-32ghn (blue plain line) in EtOH (1.0x107> M), and theoretical ECD spectrum of
(95,16R)-32qhn (black broken line) calculated by the TD-DFT method at the
wB97XD/6-311G(d) level with IEFPCM (ethanol). (b) Structure of (+)-32qhn,
(-)-32qhn, and (95,16R)-32qhn.
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F72. ECD A7 MU K o THEEDRE L7 o iR id, 174 tkm
Y7 L/ (R)-Segphos $E{AM 2 -2 4 8q L 6-A FFT-12-k K7
X L (2u) & OARF 222 INERAC SO OHEE RSB ICB T 56X 70y 7 v
AF U O SLREE & B —E L TV 5 (Scheme 1.6.12),

2u OMe

F5;C
T
w
Me
FsC

(=)-9qu

Scheme 1.6.12. Plausible enantioselection mechanism of the cationic
rhodium(I)/(R)-segphos complex-catalyzed asymmetric [2+2+2] cycloaddition of 8q
with 2u.

I HIZ, (4)-32qun BB L N(+)-32qghn D¥ES; - AIHGEIRIZ I 1T DRI A7 |
V7% JIE L (Figure 1.6.6, (+)-32qun: #%FEHR, (+)-32qhn: 7RFEHY), FLERH LB
$& wB97XD/6-311G(d) & L 7= TD-DFT 5 (2 X - T(9S,16R)-32qhn DAL + 7]
BEIRIC BT DU AT v asRdT- & Z A (Figure 1.6.6, HAHR), FEHIMHE &
BW—%Z R4 eNbhrolc, £72. (4)-32qun B L U(+)-32qhn (FEHH L
WHERS IR0 T,
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Nomalized absorption intensity

430 530 630
Wavelength, nm

(b)

3
(+)-32qun - (9S,16R)-32qghn

Figure 1.6.6. (a) Experimental UV—Vis absorption spectrum of (+)-32qun (green plain
line) and (+)-32qhn (red plain line) in EtOH (1.0 x 10° M) and theoretical UV—Vis
absorption spectrum of (95,16R)-32qhn (black broken line) calculated by the TD-DFT
method at the wB97XD/6-311G(d) level with IEFPCM (ethanol). (b) Structure of
(+)-32qun, (+)-32qhn, and (95,16R)-32qhn.
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AETIH, F1E H 1] F2H TR, I A & 12-Ve Kt 7
KLl DOARFRR2RINBRACEIGI L > THELNDF T L7 a~tHhvT
VEGERREIRE LT, B 3 FEONLE @ R EETHEALXFTILNY
TTF L DEET U FARRORERERT L, TOMER, T A otay
7 A1),/ (R)-Segphos $EMRMRIEEZ V= 2,2-(1-7 B B2 al-A JL)-5,5-EA( R U
TIFAEAFN)11-ET 2 =)bk 6- A FFRT-12-Vk Kut T XL L DRE
A2+ 2M IS /27 AT L A 2R 72 Diels-Alder UG/ & oy d6 K OWE
BB 72 B FBALRIGIC L - T, ST 28725 3 FEOILE n EREH TS
BATEXTINV RN 7T %E 8T%ee &RV U FABIRMEICTH S Z LITHK
Dtz o, 56N TXFT VMY TFRv0L, WA T ML,/ E CToKEEFED
FU 7 F— MME/RT DT A0 E VW2 IR E - BRER ARSI L - T
A RFT TNV TTFRUOANEEMRTHZ LITHERII LTz, KA TIL,
B ARERIA L EBTEEREBRT AV EZH NS LT - T, LAY
FHACBRPEIC BT 2L ERWTIVR I F A Dl cE 5 2 L2 AL
oo B2, MU TZAFuAF DL S RBOEFRSIMERIZEI > T, EBA
RV TTFRUEPLEESN TS Z EEHLNC LT, KERIEIZS .
XTIV MY TFTFRUOEZ T U FARBREGHKICEBWTHHRFIEE 2D L]
b,
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Experimental Section
I. General

Anhydrous PhCIl (No. 28,451-3) and (CH2Cl)> (No. 28,450-5) were obtained from
Aldrich and used as received. Anhydrous and degassed CH>Cl> (No. 041-32345), DMF
(No. 044-32075), and THF (No. 209-18705) were obtained from Wako and used as
received. i-Pr2NH and EtsN were dried over KOH. The other solvents except for toluene,
EtOH, and H,O were dried over Molecular Sieves 4A (Wako). Et;N, toluene, EtOH, and
H>O were used after bubbling with nitrogen. [Rh(cod)2]BF4 and [Rh(cod)>]BARF were
obtained from Umicore AG. Hs-BINAP, Segphos, tol-Segphos, xyl-Segphos, and
DTBM-Segphos were obtained from Takasago International Corporation.
Trifluoromethanesulfonic anhydride and 1,1,1,3,3,3-hexafluoro-2-propanol were
obtained  from  Central  Glass  Co., Ltd. Diyne 1r’”  and
6-methoxy-1,2-dihydronaphthalene (2u)*® were prepared according to the literature. All
other reagents were obtained from commercial sources and used as received. All
reactions were carried out under nitrogen or argon in oven-dried glassware with
magnetic stirring, unless otherwise noted. 'H (400 MHz), *C (100 MHz), and "°F (376
MHz) NMR data were collected on a Bruker AVANCE III HD 400 at ambient
temperature. HRMS data were obtained on a Bruker micrOTOF Focus II. A single
crystal X-ray diffraction measurement was made on XtaLAB mini II diffractometer
using graphite monochromated Mo-Ka radiation. A UV—Vis absorption spectrum was
recorded on a JASCO V-630 spectrophotometers. Optical rotation values were
measured on a JASCO P-2200. Electronic circular dichloism (ECD) spectra were
recorded on a JASCO J-820 spectrometer.
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I1. Synthesis of Diyne 8q

2,2'-Di(prop-1-yn-1-yl)-5,5'-bis(trifluoromethyl)-1,1'-biphenyl (8q)

FsC

8q

The title compound was prepared by the conditions used in the synthesis of
structurally related compounds.?! To a stirred solution of
2-bromo-1-iodo-4-(trifluoromethyl)benzene®? (8.23 g, 23.5 mmol) and Pd(dppf)Cl,
(0.172 g, 0.235 mmol) in THF (12 mL) was added 1-propynylmagnesium bromide (56.3
mL, 28.2 mmol, 0.500 mol/L in THF) at room temperature. After being stirred at reflux
for 8 h, the reaction mixture was poured into saturated aqueous NH4Cl/Et;O. The
aqueous phase was extracted with two portions of Et2O. The combined extract was
washed with brine, dried over Na;SO4, and concentrated. The residue was purified by a
silica gel column chromatography (eluent: n-hexane) to give S3 (5.79 g, 22.0 mmol,
94% yield) as a brown liquid.

'H NMR (CDCl3, 400 MHz) 6 7.82 (s, 1H), 7.51 (d, J = 8.2 Hz, 1H), 7.47 (dd, J = 8.2,
1.2 Hz, 1H), 2.14 (s, 3H); *C NMR (CDCls, 100 MHz) 6 133.5, 130.5 (q, J = 33.0 Hz),
1299 (q, /= 1.4 Hz), 129.2 (q, J = 3.9 Hz), 125.5, 123.8 (q, J = 3.7 Hz), 123.1 (q, J =
270.9 Hz), 94.1, 77.7, 4.65; 'F NMR (CDCls, 376 MHz) 6 —62.9; HRMS (APCI) calcd
for Ci1oHeBrF3 [M]" 261.9599 found 261.9656.

To a stirred solution of S3 (3.51 g, 13.4 mmol) in THF (67 mL) was added n-BuLi
(8.60 mL, 13.4 mmol, 1.55 mol/L in n-hexane) at —78 °C, and the resulting mixture was
stirred at the same temperature for 30 min. To this mixture was added B(Oi-Pr); (4.60
mL, 20.0 mmol) at =78 °C, and the resulting mixture was stirred at room temperature
for 12 h. To this mixture was added 2M aqueous HCI1 (27 mL) at 0 °C. After being
stirred at room temperature for 30 min, the reaction mixture was poured into 2M
aqueous HCI/EtxO. The aqueous phase was extracted with two portions of Et,O. The
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combined extract was washed with 2M aqueous HCI, dried over Na»SOs, and
concentrated. The residue was purified by a silica gel column chromatography (eluent:
n-hexane/EtOAc = 85:15) to give crude S4 (2.51 g).

To a stirred solution of this crude S4 (2.51 g) and S3 (2.07 g, 7.87 mmol) in
toluene/EtOH/H,0 (4:4:1, 18 mL) was added PdCl»>(PPh3) (55.2 mg, 0.0787 mmol) and
K>COs3 (2.18 g, 15.7 mmol) at room temperature. After being stirred at 80 °C for 16 h,
the reaction mixture was poured into H>O/CH2Clo. The aqueous phase was extracted
with two portions of CH2Clo. The combined extract was washed with brine, dried over
NazSO4, and concentrated. The residue was purified by a silica gel column
chromatography (eluent: n-hexane/CH2Cl> = 100:0 to 80:20) to give crude 8q. This
crude 8q was recrystallized from MeOH/CH:Cl. three times, and its mother liquor was
concentrated and purified by GPC (eluent: CHCI3) to give 8q (2.07 g, 5.65 mmol, 72%
yield) as a pale yellow powder.

Mp 139.5-140.0 °C; 'H NMR (CDCls, 400 MHz) 6 7.81 (s, 2H), 7.61 (d, J = 8.2 Hz,
2H), 7.55 (dd, J = 8.2, 1.3 Hz, 2H), 1.88 (s, 6H); *C NMR (CDCls, 100 MHz) § 141.5,
132.9, 128.7 (q, J = 32.4 Hz), 127.4 (q, J = 3.8 Hz), 127.0 (q, /= 1.3 Hz), 124.3 (q, J =
3.8 Hz), 124.0 (q, J=270.5 Hz), 92.8, 77.6, 4.18; ’F NMR (CDCls, 376 MHz) § —62.7;
HRMS (APCI) caled for C20Hi2Fs [M]" 366.0838 found 366.0855.
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I11. Synthesis of Chiral Triptycenes
(i) Attempted Synthesis of 32rhn

(-)-9,16-Dimethyl-9,9a,15a,16-tetrahydro-9,16-[1,2]naphthalenodibenzo|a,c]tetr-
acene-10,15-dione [(—)-30rhn, Table, 1.6.1, entry 4]

T b —

(-)-3rh 2n

(—)-3rh (34.5 mg, 0.0957 mmol, 87% ee) and 1,4-naphthoquinone (2n) (75.7 mg,
0.479 mmol) were dissolved in PhCl (0.24 mL) and the mixture was stirred at 130 °C
for 24 h. The reaction mixture was concentrated and purified by a preparative TLC
(eluent: toluene/CH2Cl, = 2:1) to give (+)-30rhn (24.9 mg, 0.0480 mmol, 50% yield,
86% ee).

Purple oil; [a]*p +149.5° (¢ 0.35, CHCl3, 86% ee); 'H NMR (CDCls, 400 MHz) &
8.43 (d, J= 8.0 Hz, 1H), 8.35 (d, J= 7.6 Hz, 1H), 8.17 (d, J= 8.5 Hz, 1H), 7.78 (d, J =
8.3 Hz, 1H), 7.43 (ddd, J=8.1, 6.9, 1.0 Hz, 1H), 7.38-7.27 (m, 3H), 7.27-7.18 (m, 3H),
7.09 (td, J = 7.4, 1.2 Hz, 1H), 7.00 (td, J = 7.5, 1.2 Hz, 1H), 6.87 (td, J = 7.6, 1.2 Hz,
1H), 6.72 (d, J = 7.4 Hz, 1H), 6.52 (dd, J = 7.8, 0.6 Hz, 1H), 3.58 (d, J = 8.2 Hz, 1H),
3.45(d, J=9.5 Hz, 1H), 3.25 (d, J= 8.2 Hz, 1H), 2.65-2.55 (m, 1H), 2.23 (s, 3H), 2.15
(s, 3H), 1.87-1.77 (m, 1H), 1.77-1.67 (m, 1H), 1.67-1.46 (m, 1H), 1.32—1.15 (m, 1H);
3C NMR (CDCls, 100 MHz) 6 199.9, 196.8, 140.4, 138.3, 137.7, 136.5, 136.06, 136.05,
133.0, 132.6, 132.2, 130.7, 130.4, 130.3, 129.6, 128.1, 126.6, 126.2, 125.7, 125.44,
125.36, 125.3, 125.2, 125.1, 124.4, 124.0, 122.51, 122.48, 61.6, 58.0, 50.1, 48.8, 48.3,
46.6, 28.5, 28.4, 27.5, 25.8; HRMS (ESI) calcd for C3sH30O:Na [M+Na]* 541.2138,
found 541.2115; CHIRALPAK AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention

times: 14.0 min (minor isomer) and 29.6 min (major isomer).
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(+)-9,16-Dimethyl-9,9a,10,15,15a,16-hexahydro-9,16-[1,2]naphthalenodibenzo|a,
c|tetracene-10,15-diol [(+)-31rhn, Scheme 1.6.2]

(+)-30rhn (+)-31rhn

To a stirred solution of LiAlH4 (18.2 mg, 0.480 mmol) in Et0 (2 mL) was added
(+)-30rhn (23.6 mg, 0.0455 mmol, 86% ee) in THF (4 mL) at 0 °C. After being stirred
at room temperature for 3 h, the reaction mixture was quenched with saturated aqueous
potassium sodium tartrate (6 mL) at 0 °C. After being stirred at room temperature for 30
min, the reaction mixture was poured into saturated aqueous potassium sodium
tartrate/EtOAc. The aqueous phase was extracted with two portions of EtOAc. The
combined extract was washed with saturated aqueous potassium sodium tartrate and
brine, dried over Na>SOy4, and concentrated. The residue was purified by a preparative
TLC (eluent: toluene/EtOAc = 4:1) to give (+)-31rhn (18.3 mg, 0.0350 mmol, 77%
yield, 86% ee).

White amorphous; [a]*p +205.8° (¢ 0.92, CHCls, 86% ee); '"H NMR (CDCls, 400
MHz) 6 9.01-8.89 (m, 1H), 8.72-8.58 (m, 1H), 8.63 (d, /= 7.9 Hz, 1H), 7.89 (d, J= 8.7
Hz, 1H), 7.57-7.50 (m, 2H), 7.41 (ddd, J = 8.0, 6.7, 0.9 Hz, 1H), 7.31-7.09 (m, 7H),
6.99 (td, /= 8.0, 1.4 Hz, 1H), 6.57 (d, J= 7.4 Hz, 1H), 5.10 (d, J = 2.3 Hz, 1H), 4.96 (d,
J=1.3 Hz, 1H), 3.25 (d, /=9.6 Hz, 1H), 2.92 (br, 1H), 2.60-2.41 (m, 2H), 2.49 (s, 3H),
2.22(d,J=11.8, 3.2 Hz, 1H), 2.13 (s, 3H), 2.01-1.91 (m, 1H), 1.61 (br, 1H), 1.71-1.45
(m, 1H), 1.43-1.29 (m, 1H), 0.65 (td, J = 14.5, 4.4 Hz, 1H); 3C NMR (CDCls, 100
MHz) ¢ 141.0, 140.7, 139.6, 137.1, 136.9, 132.6, 131.3, 130.63, 130.60, 130.4, 128.8,
128.3, 128.05, 127.98, 127.9, 127.6, 126.0, 125.9, 125.5, 125.4, 125.12, 125.10, 124.6,
122.9, 122.8, 70.48, 70.45, 57.4, 52.6, 49.9, 48.9, 46.4, 46.2, 28.1, 27.5, 27.1, 25.7,
HRMS (ESI) caled for C3gH340,Na [M+Na]* 545.2451, found 545.2443; CHIRALPAK
AD-H, n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 4.9 min (major isomer)

and 6.1 min (minor isomer).
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(+)-9,16-Dimethyl-9,16-dihydro-9,16-[1,2]naphthalenodibenzo[a,c]tetracene [(+)-

29rhn, Scheme 1.6.2]
Me

e

(+)-31rhn (+)-29rhn

(+)-31rhn (183 mg, 0.0350 mmol, 86% ee) and Burgess reageant
((methoxycarbonylsulfamoyl)triethylammonium hydroxide inner salt) (20.9 mg, 0.0875
mmol) were dissolved in THF (3 mL) and the mixture was stirred at room temperature
for 12 h. The reaction mixture was poured into HoO/CH>Cl,. The aqueous phase was
extracted with two portions of CH>Cl,. The combined extract was washed with brine,
dried over Na>SOs, and concentrated. The residue was purified by a preparative TLC
(eluent: n-hexane/toluene/CH>Cl, = 5:1:1) to give (+)-29rhn (13.3 mg, 0.0273 mmol,
78% yield, 87% ee).

White amorphous; [a]*p +298.3° (¢ 0.67, CHCls, 87% ee); '"H NMR (CDCls, 400
MHz) ¢ 8.87-8.80 (m, 1H), 8.66-8.61 (m, 1H), 8.58 (d, /= 7.9 Hz, 1H), 8.01 (d, J=8.7
Hz, 1H), 7.97 (s, 1H), 7.88-7.82 (m, 1H), 7.82-7.76 (m, 1H), 7.78 (s, 1H), 7.57-7.48
(m, 2H), 7.45-7.36 (m, 3H), 7.30 (d, J = 7.5 Hz, 1H), 7.26-7.16 (m, 2H), 7.04 (td, J =
7.4,1.2 Hz, 1H), 6.64 (d, J= 7.4 Hz, 1H), 3.26 (d, J=9.9 Hz, 1H), 2.87 (s, 3H), 2.58 (s,
3H), 2.61-2.49 (m, 1H), 2.30-2.21 (m, 1H), 1.73 (ddd, J=15.3, 4.3, 2.4 Hz, 1H), 1.64—
1.47 (m, 1H), 1.01 (td, J = 14.5, 4.2 Hz, 1H); 3*C NMR (CDCls, 100 MHz) § 148.6,
144.9, 142.2, 141.0, 139.3, 137.0, 132.7, 131.9, 131.7, 130.6, 130.4, 130.2, 130.1, 128.0,
127.9, 127.5, 126.1, 125.62, 125.61, 125.5, 125.3, 125.2, 125.0, 124.7, 123.2, 122.8,
119.9, 119.3, 52.9, 49.8, 49.2, 46.9, 28.1, 26.9, 25.5, 24.8; HRMS (APCI) calcd for
CisHsi [M+H]" 487.2420, found 487.2415; CHIRALPAK IF-3, n-hexane/CH,Cl, =
80:20, 0.5 mL/min, retention times: 17.0 min (major isomer) and 35.4 min (minor
isomer). A single crystal of (+)-29rhn was obtained by recrystallization from
CH>Clo/MeOH at room temperature and its relative configurations were determined by a

single crystal X-ray crystallographic analysis (Figure 1.6.1, Table 1.6.2).
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(ii) Attempted Synthesis of 32run

(¥)- 11-Methoxy-9,16-dimethyl-9a,14,15,15a-tetrahydrodibenzo|f,k|tetraphene [-
(£)-3ru, Scheme 1.6.6]

OMe

O Me

w
‘ O I/,,
O Me

()-3ru

[Rh(cod)2]BF4 (93.4 mg, 0.0230 mmol) and rac-BINAP (0.143 g, 0.0230 mmol) were
dissolved in CH2Cl> (5.0 mL), and the mixture was stirred at room temperature for 10
min. H, was introduced to the resulting solution in a Schlenk tube. After being stirred at
room temperature for 30 min, the resulting mixture was concentrated to dryness. To the
residue was added 1r (0.265 g, 1.15 mmol), a CH2Cl, (1.0 mL) solution of 2u (0.203 g,
1.27 mmol), and CH>Cl; (1.3 mL) in this order at room temperature. After being stirred
at 40 °C for 16 h, the reaction mixture was concentrated and purified by a silica gel
column chromatography (eluent: n-hexane/CH>Cl, = 100:0 to 85:15) to give (£)-3ru
(0.281 g, 0.720 mmol, 63% yield).

White amorphous; '"H NMR (CDCl3, 400 MHz) 6 7.85 (d, J = 7.5 Hz, 1H), 7.82 (d, J
= 7.8 Hz, 1H), 7.63 (d, J = 6.9 Hz, 1H), 7.49 (d, J = 8.0 Hz, 1H), 7.33-7.15 (m, 4H),
7.06 (d, J = 8.4 Hz, 1H), 6.82—6.75 (m, 1H), 6.74-6.69 (m, 1H), 3.79 (s, 3H), 3.51 (d, J
= 3.5 Hz, 1H), 2.94-2.69 (m, 2H), 2.31-2.16 (m, 1H), 2.22 (s, 3H), 2.10-1.85 (m, 1H),
1.93 (s, 3H), 1.76-1.57 (m, 1H); 3C NMR (CDCl3, 100 MHz) J 157.0, 138.5, 134.2,
134.1, 133.84, 133.79, 133.4, 131.3, 129.8, 129.13, 129.10, 128.9, 128.7, 127.2, 127.0,
126.8, 124.0, 123.8, 116.9, 112.4, 55.3, 45.1, 41.3, 28.1, 20.6, 20.0, 18.6; HRMS
(APCI) calcd for C2oH270 [M+H]" 391.2056, found 391.2064.
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(£)-23-Methoxy-9,16-dimethyl-9,16-dihydro-9,16-[1,2]naphthalenodibenzo|a,c]|t-
etracene [(£)-29run, Scheme 1.6.6]

0).
‘. ¢ -

The title compound was prepared from (£)-3ru (0.281 g, 0.720 mmol) with 22%
yield in 3 steps by the procedure used for (+)-30rhn, (+)-31rhn and (+)-29rhn.

81.6 mg, 0.158 mmol, White amorphous; '"H NMR (CDCls, 400 MHz) J 8.88-8.78
(m, 1H), 8.68-8.54 (m, 1H), 8.59 (d, /= 7.7 Hz, 1H), 8.06 (d, J= 8.2 Hz, 1H), 7.97 (s,
1H), 7.89-7.82 (m, 1H), 7.82-7.75 (m, 1H), 7.78 (s, 1H), 7.58-7.48 (m, 2H), 7.47-7.36
(m, 3H), 7.29-7.21 (m, 1H), 6.87 (d, J = 2.5 Hz, 1H), 6.63 (dd, J = 8.2, 2.6 Hz, 1H),
6.57 (d, J = 8.2 Hz, 1H), 3.85 (s, 3H), 3.22 (d, J = 9.9 Hz, 1H), 2.87 (s, 3H), 2.61 (s,
3H), 2.58-2.47 (m, 1H), 2.24 (ddd, J = 14.0, 3.0, 3.0 Hz, 1H), 1.74-1.65 (m, 1H), 1.61—
1.48 (m, 1H), 0.92 (td, J = 14.4, 42 Hz, 1H); *C NMR (CDCls, 100 MHz) § 156.8,
148.6, 144.9, 142.3, 139.2, 138.1, 133.3, 131.9, 131.7, 130.6, 130.4, 130.2, 130.1, 128.7,
127.8, 127.5, 125.61, 125.60, 125.5, 125.3, 125.2, 125.0, 123.2, 122.8, 119.9, 119.2,
118.3, 111.5, 55.3, 53.2, 49.7, 49.2, 46.7, 27.2, 27.1, 25.5, 24.9; HRMS (APCI) calcd
for C3oH330 [M+H]" 517.2526, found 517.2543.
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(iii) Synthesis of (+)-32qhn

(-)-11-Methoxy-9,16-dimethyl-3,6-bis(trifluoromethyl)-9a,14,15,15a-tetrahydro-
dibenzo|f,k|tetraphene [(—)-9qu, Table 1.6.5, entries 10 and 11]

OMe OMe

F3C
RO
ww
0 — LI
O Me
F3C

8q 2u (-)-9qu

F3C

FsC

Small-scale reaction (Table 1.6.5, entry 10): [Rh(cod):]BARF (11.8 mg, 0.0100
mmol) and (R)-Segphos (6.1 mg, 0.010 mmol) were dissolved in CH2Cl; (3.0 mL) and
the mixture was stirred at room temperature for 10 min. H> was introduced to the
resulting solution in a Schlenk tube. After being stirred at room temperature for 30 min,
the resulting mixture was concentrated to dryness. To the residue was added 8q (73.3
mg, 0.200 mmol), a CH>Cl, (0.8 mL) solution of 2u (0.160 g, 1.00 mmol), and CH>Cl»
(0.2 mL) in this order at room temperature. After being stirred at the same temperature
for 16 h, the reaction mixture was concentrated and purified by a preparative TLC
(n-hexane/CH2Cl, = 7:1) to give (—)-9qu (0.105 g, 0.199 mmol, >99% yield, 88% ee).

Preparative-scale reaction (Table 1.6.5, entry 11): [Rh(cod)]BARF (59.1 mg,
0.0500 mmol) and (R)-Segphos (30.5 mg, 0.0500 mmol) were dissolved in CH>Cl, (5.0
mL) and the mixture was stirred at room temperature for 10 min. H> was introduced to
the resulting solution in a Schlenk tube. After being stirred at room temperature for 30
min, the resulting mixture was concentrated to dryness. To the residue was added 8q
(0.366 g, 1.00 mmol), a CH>Cl> (4.0 mL) solution of 2u (0.801 g, 5.00 mmol), and
CH2Clz (1.0 mL) in this order at room temperature. After being stirred at the same
temperature for 16 h, the reaction mixture was concentrated and purified by a silica gel
column chromatography (eluent: n-hexane/CH>Cl; = 100:0 to 90:10) to give (-)-9qu
(0.501 g, 0.952 mmol, 95% yield, 88% ee).

Pale yellow amorphous; [0]*p —571.8° (¢ 5.3, CHCls, 88% ee); 'H NMR (CDCls,
400 MHz) ¢ 8.07 (s, 1H), 8.05 (s, 1H), 7.73 (d, /= 7.9 Hz, 1H), 7.61 (d, J = 8.3 Hz, 1H),
7.54 (d,J=7.9 Hz, 1H), 7.49 (d, /= 8.2 Hz, 1H), 7.08 (d, J = 8.4 Hz, 1H), 6.80 (dd, J =
8.4,2.6 Hz, 1H), 6.71 (d, J = 2.5 Hz, 1H), 3.80 (s, 3H), 3.52 (d, J=4.3 Hz, 1H), 2.93—
2.75 (m, 2H), 2.37-2.20 (m, 1H), 2.25 (s, 3H), 2.07-1.86 (m, 1H), 1.95 (s, 3H), 1.76—
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1.62 (m, 1H); *C NMR (CDCls, 100 MHz) 6 157.1, 137.6, 137.3, 137.3, 136.9, 135.0,
133.5, 133.1, 129.9, 129.31 (q, J = 32.3 Hz) (overlapped), 129.28, 129.1, 128.8, 127.6,
127.4, 124.21 (q, J =270.2 Hz), 124.19 (q, J = 270.3 Hz), 124.16 (q, J = 3.7 Hz), 124.0
(g, J = 3.6 Hz), 121.0 (q, J = 3.8 Hz), 120.8 (q, J = 3.8 Hz), 116.9, 112.6, 55.3, 45.0,
41.2, 27.9, 20.6, 19.9, 18.4; F NMR (CDCls, 376 MHz) § —62.57, —62.62; HRMS
(APCI) caled for C31HasFsO [M+H]" 527.1804, found 527.1800; CHIRALPAK IF-3,
n-hexane/CH>Cl> = 98:2, 0.5 mL/min, retention times: 37.4 min (major isomer) and

50.0 min (minor isomer).

(+)-23-Methoxy-9,16-dimethyl-3,6-bis(trifluoromethyl)-9,9a,15a,16-tetrahydro-
9,16-[1,2]naphthalenodibenzo|a,c|tetracene-10,15-dione [(+)-30qun, Scheme 1.6.9]

OMe
0

:5]*

FsC
3 (-)-9qu

(+)-30qun

(-)-9qu (0.448 g, 0.850 mmol, 88% ee) and 1,4-naphthoquinone (0.672 g, 4.25
mmol) were dissolved in PhCl (2.1 mL) and the mixture was stirred at 130 °C for 24 h.
The reaction mixture was concentrated and purified by a silica gel column
chromatography (eluent: toluene/CH>Cl, = 50:50) to give a mixture of (+)-30qun
(0.296 g, 0.433 mmol, 51 % yield, 89% ee), 1,4-naphthoquinone,”® and
2,3-dihydronaphthalene-1,4-dione.>* Analytically pure (+)-30qun was obtained by
purification using GPC (eluent: CHCl3).

Pale purple amorphous; [a]*’p —210.7° (¢ 3.4, CHCls, 89% ee); '"H NMR (CDCls, 400
MHz) ¢ 8.68 (s, 1H), 8.59 (s, 1H), 8.33 (d, J = 9.1 Hz, 1H), 7.94 (d, J = 9.0 Hz, 1H),
7.56-7.47 (m, 2H), 7.38 (dd, J= 7.7, 0.6 Hz, 1H), 7.06 (td, J= 7.5, 1.1 Hz, 1H), 6.94 (td,
J=1.6,1.2 Hz, 1H), 6.88 (d, J = 2.0 Hz, 1H), 6.73-6.65 (m, 2H), 6.56 (d, J = 7.6 Hz,
1H), 3.86 (s, 3H), 3.63 (d, J= 8.2 Hz, 1H), 3.47 (d, /= 9.4 Hz, 1H), 3.29 (d, /= 8.2 Hz,
1H), 2.65 (t, J = 9.3 Hz, 1H), 2.25 (s, 3H), 2.19 (s, 3H), 1.81-1.69 (m, 2H), 1.65-1.49
(m, 1H), 1.09-0.96 (m, 1H); 3C NMR (CDCls, 100 MHz) J 199.0, 196.1, 157.4, 141.0,
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138.5, 137.5, 137.0, 135.9, 133.3, 132.8, 132.7, 131.9, 131.7, 129.6, 129.5, 129.0, 128.1
(q, J=32.4 Hz), 127.5 (q, J = 32.5 Hz), 127.3, 126.2, 124.7, 124.20 (q, J = 270.6 Hz),
124.16 (q, J = 270.5 Hz), 124.1, 122.3 (q, J = 3.3 Hz), 122.1 (q, J = 3.1 Hz), 120.2—
119.8 (m), 119.9 (q, J = 4.2 Hz), 118.3, 112.3, 61.3, 57.7, 55.3, 50.1, 49.1, 48.3, 46.8,
28.3, 27.5, 27.2, 26.0; ’F NMR (CDCl;, 376 MHz) § —62.22, —62.33; HRMS (ESI)
caled for Cs1H30FsOsNa [M+Na]® 707.1991, found 707.2011; CHIRALPAK OD-H,
n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 17.8 min (major isomer) and

55.1 min (minor isomer).

(+)-23-Methoxy-9,16-dimethyl-3,6-bis(trifluoromethyl)-9,9a,10,15,15a,16-hexah-
ydro-9,16-[1,2|naphthalenodibenzo|a,c]tetracene-10,15-diol [(+)-31qun, Scheme 1-
.6.9]

(+)-30qun (+)-31qun

The title compound was prepared from (+)-30qun (0.310 g, 0.452 mmol, 89% ee) in
88% yield with 88% ee by the procedure used for (+)-31rhn.

0.273 g, 0.396 mmol, Colorless amorphous; [a]*p +219.1° (¢ 2.9, CHCls, 88% ee);
"H NMR (CDCls, 400 MHz) 6 9.07 (d, J = 9.0 Hz, 1H), 8.90 (s, 1H), 8.86 (s, 1H), 8.04
(d, J=9.1 Hz, 1H), 7.76 (d, J = 9.0 Hz, 1H), 7.45 (dd, J= 9.4, 1.6 Hz, 1H), 7.28-7.02
(m, 4H), 6.76 (d, J = 2.4 Hz, 1H), 6.59 (dd, J = 10.4, 2.6 Hz, 1H), 6.50 (d, J = 8.3 Hz,
1H), 5.15-5.03 (m, 1H), 4.93-4.81 (m, 1H), 3.82 (s, 3H), 3.25 (d, J = 9.3 Hz, 1H),
2.71-2.38 (m, 3H), 2.48 (s, 3H), 2.30-2.21 (m, 1H), 2.17 (s, 3H), 1.93 (d, J = 14.0 Hz,
1H), 1.86-1.71 (m, 1H), 1.63—-1.47 (m, 1H), 1.43-1.28 (m, 1H), 0.46 (t, J = 14.3 Hz,
1H); '*C NMR (CDCls, 100 MHz) § 156.8, 140.7, 140.4, 140.0, 139.7, 137.6, 133.5,
133.1, 132.7, 129.7, 129.5, 128.78, 128.76, 128.7, 128.5, 127.7, 127.6, 127.1 (q, J =
32.2 Hz), 127.0, 126.9 (q, J = 32.2 Hz), 124.6 (q, J = 270.3 Hz), 124.5 (q, J=270.3 Hz),
121.7 (g, J = 3.1 Hz), 121.4 (q, J = 3.2 Hz), 120.0, 119.99, 119.95, 119.91, 119.87,
118.51, 118.48, 111.32, 111.30, 70.2, 70.0, 56.7, 55.3, 52.7, 49.9, 48.6, 46.4, 46.3, 27.2,
27.1, 26.7, 25.8; F NMR (CDCls, 376 MHz) 6 —62.09 (overlapped); HRMS (ESI)
calcd for C41H34FsO3Na [M+Na]" 711.2304, found 711.2313; CHIRALPAK OD-H,
n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 5.9 min (major isomer) and 24.1

min (minor isomer).
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(+)-23-Methoxy-9,16-dimethyl-3,6-bis(trifluo;romethyl)-9,16-dihydro-9,16-[1,2]n
-aphthalenodibenzo|a,c|tetracene [(+)-29qun, Scheme 1.6.9]

The title compound was prepared from (+)-31qun (0.273 g, 0.396 mmol, 88% ee) in
95% yield with 87% ee by the procedure used for (+)-29rhn.

0.245 g, 0.375 mmol, Pale yellow amorphous; [a]*°p +268.5° (¢ 1.9, CHCl3, 87% ee);
'H NMR (CDCls, 400 MHz) & 8.96 (d, J = 8.7 Hz, 1H), 8.86 (s, 1H), 8.82 (s, 1H), 8.14
(d, J=9.1 Hz, 1H), 7.79 (s, 1H), 7.88-7.82 (m, 1H), 7.82-7.74 (m, 2H), 7.78 (s, 1H),
7.49 (dd, J=9.1, 1.4 Hz, 1H), 7.46-7.38 (m, 2H), 6.87 (d, J=2.5 Hz, 1H), 6.63 (dd, J =
8.2, 2.6 Hz, 1H), 6.55 (d, J = 8.2 Hz, 1H), 3.85 (s, 3H), 3.23 (d, J = 10.0 Hz, 1H), 2.83
(s, 3H), 2.59 (s, 3H) , 2.56-2.48 (m, 1H), 2.23-2.14 (m, 1H), 1.70 (ddd, J = 15.1, 4.3,
2.5 Hz, 1H), 1.59-1.45 (m, 1H), 0.75 (td, J = 14.5, 3.6 Hz, 1H); 3*C NMR (CDCls, 100
MHz) 6 157.0, 147.4, 144.5, 143.8, 141.6, 137.5, 132.67, 132.65 131.95, 131.92, 131.7,
129.6, 129.3, 129.0, 127.9, 127.6, 127.5 (q, J = 32.4 Hz), 127.2 (q, J = 32.4 Hz), 126.62,
126.57, 125.91, 125.88, 124.342 (q, J = 270.4 Hz), 124.335 (q, J = 270.4 Hz), 122.3 (q,
J=3.1Hz), 121.8 (q, J= 3.2 Hz), 120.5 (q, J=4.1 Hz), 120.17, 120.16 (q, J = 4.1 Hz),
119.8, 118.5, 111.6, 55.3, 53.0, 50.0, 49.3, 46.9, 27.1, 26.9, 25.2, 24.6; '’F NMR (CDCls,
376 MHz) 6 —62.07, —62.09; HRMS (APCI) calcd for C41HxFcO [M-H]" 651.2117,
found 651.2110; CHIRALPAK IF-3, n-hexane/CH2Cl, = 80:20, 0.5 mL/min, retention

times: 16.8 min (minor isomer) and 40.2 min (major isomer).
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(+)-23-Methoxy-9,16-dimethyl-3,6-bis(trifluoromethyl)-9,16-dihydro-9,16-[1,2]n-
aphthalenodibenzo|a,c|tetracene [(+)-32qun, Table 1.6.6, entry 7]

(+)-29qun (+)-32qun
(+)-29qun (0.245 g, 0.375 mmol, 87% ee) and DDQ (0.272 g, 1.20 mmol) were
dissolved in PhCI (3.8 mL) and the mixture. After being stirred at 40 °C for 72 h, the

reaction mixture was quenched with EtsN (0.42 mL) at room temperature and

concentrated. The residue was purified by a preparative TLC (eluent:
n-hexane/toluene/CH>Cl> = 3:1:1) to give (+)-32qun (48.6 mg, 0.0750 mmol, 20% yield,
87% ee).

Pale yellow amorphous; [0]*’p +232.3° (¢ 2.4, CHCls, 87% ee); 'H NMR (CDCls,
400 MHz) 6 9.14 (d, J=9.2 Hz, 1H), 9.04 (d, /= 9.0 Hz, 1H), 8.83 (s, 1H), 8.83 (s, 1H),
8.39 (d,J=2.0 Hz, 1H), 7.93 (s, 1H), 7.92 (s, 1H), 7.81 (dd, J=9.1, 1.6 Hz, 1H), 7.79—
7.66 (m, 3H), 7.72 (d, J=9.0 Hz, 1H), 7.67 (d, J = 8.5 Hz, 1H), 7.58 (d, /= 8.4 Hz, 1H),
7.43-7.34 (m, 2H), 7.11 (dd, J = 9.0, 2.2 Hz, 1H), 4.07 (s, 3H), 3.76 (s, 3H), 3.28 (s,
3H); *C NMR (CDCls, 100 MHz) § 157.8, 149.4, 148.2, 146.7, 146.3, 145.1, 140.8,
131.6, 131.31, 131.29, 131.26, 131.2, 131.1, 129.7, 129.6, 128.9, 127.8, 127.7 (q, J =
32.5 Hz), 127.5 (q, J = 32.6 Hz), 127.4, 127.0, 126.5, 126.3, 126.2, 126.1, 124.3 (q, J =
270.5 Hz) (overlapped), 122.5 (q, /= 3.0 Hz), 121.9 (q, J/=3.2 Hz), 121.0, 120.7 (q, J =
4.3 Hz), 120.5 (q, J = 4.4 Hz), 119.4, 118.3, 116.6, 104.4, 55.5, 55.0, 52.0, 26.2, 22.4;
F NMR (CDCls, 376 MHz) § —62.07, —62.09; HRMS (APCI) calcd for Cs1H27F6O
[M+H]" 649.1961, found 649.1962; CHIRALPAK IF-3, n-hexane/CH,Cl, = 80:20, 0.5

mL/min, retention times: 37.0 min (minor isomer) and 91.8 min (major isomer).
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(+)-9,16-Dimethyl-3,6-bis(trifluoromethyl)-9,16-dihydro-9,16-[1,2|naphthalenod-
ibenzo|a,c]tetracene [(+)-32qhn, Scheme 1.6.10]

To a stirred solution of (+)-32qun (37.9 mg, 0.0584 mmol, 87% ee) in CH2Cl, (4 mL)
was added BBr3 (0.29 mL, 0.292 mmol, 1.00 mol/L in CH2Cl,) at 0 °C. After being
stirred at room temperature for 1.5 h, the reaction mixture was quenched with H>O (4.0
mL) at 0 °C. After being stirred at room temperature for 1 h, the reaction mixture was
poured into HoO/EtOAc. The aqueous phase was extracted with two portions of EtOAc.
The combined extract was washed with brine, dried over Na>SQOs, and concentrated. The
residue was used for the next reaction without further purification.

To a solution of the residue and DIEA (0.41 mL, 2.34 mmol) in CH>Cl, (4 mL) was
added trifluoromethanesulfonic anhydride (0.19 mL, 1.17 mmol) at —78 °C. After being
stirred at the same temperature for 1 h, the reaction mixture was poured into
H>O/CH,Cl>. The aqueous phase was extracted with two portions of CH>Cl. The
combined extract was washed with 2M aqueous HCI, saturated aqueous NaHCO3, and
brine, dried over Na;SOs4, and concentrated. The residue was used for the next reaction
without further purification.

To a solution of the residue, Pd(OAc): (6.6 mg, 0.0292 mmol), dppf (16.2 mg, 0.0292
mmol), and NH40,CH (18.4 mg, 0.292 mmol) in DMF (2 mL) was added EtzN (0.10
mL, 0.717 mmol) at room temperature. After being stirred at 60 °C for 15 h, the reaction
mixture was poured into 2M aqueous HCI/CH:Cl,. The aqueous phase was extracted
with two portions of CH2Cl. The combined extract was washed with 2M aqueous HCI,
H>0, and brine, dried over Na>SQO4, and concentrated. The residue was purified by a
preparative TLC (eluent: n-hexane/toluene/CH2Cl; = 3:1:1) to give (+)-32qhn (22.4 mg,
0.0362 mmol, 62% yield in 3 steps from (+)-32qun, 87% ee).

Colorless amorphous; [a]*p +239.2° (¢ 1.1, CHCIs, 87% ee); 'H NMR (CDCls, 400
MHz) 6 9.14 (d, J = 9.1 Hz, 1H), 9.08 (d, J = 9.5 Hz, 1H) , 9.05 (d, J = 9.5 Hz, 1H),
8.83 (s, 1H), 8.82 (s, 1H), 7.94 (s, 1H), 7.93 (s, 1H), 7.86-7.79 (m, 3H), 7.78-7.70 (m,
3H), 7.67 (d, J = 8.5 Hz, 1H), 7.56 (ddd, J = 8.4, 6.7, 1.4 Hz, 1H), 7.43-7.34 (m, 3H),
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3.77 (s, 3H), 3.30 (s, 3H); 3C NMR (CDCls, 100 MHz) & 149.0, 148.3, 146.6, 146.3,
145.1, 142.4, 133.2, 131.6, 131.3, 131.29, 131.25, 130.4, 129.8, 129.7, 129.6, 127.8,
127.7 (q, J = 32.5 Hz), 127.5 (q, J = 32.4 Hz), 127.3, 127.2, 126.5, 126.3, 126.2, 126.13,
126.09, 124.6, 124.3, 124.2 (q, J = 270.4 Hz), 122.5 (q, J = 3.1 Hz), 121.9 (q, J = 3.1
Hz), 121.2, 120.6 (q, J = 4.4 Hz), 120.5 (q, J = 4.3 Hz), 120.3, 119.4, 55.2, 52.0, 26.5,
22.4; 1°F NMR (CDCls, 376 MHz) 6 —62.18, —62.20; HRMS (APCI) calcd for C4oHasFe
[M+H]" 619.1855, found 619.1848; CHIRALPAK IF-3, n-hexane/CH,Cl, = 80:20, 0.5

mL/min, retention times: 17.6 min (major isomer) and 21.7 min (minor isomer).
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(iv) Synthesis of (—)-32qhn

(+)-11-Methoxy-9,16-dimethyl-3,6-bis(trifluoromethyl)-9a,14,15,15a-tetrahydro-
dibenzo[f,k|tetraphene [(+)-9qu]: The title compound was prepared from 1b (0.366 g,
1.00 mmol) in 99% yield with 87% ee by the procedure used for (—)-9qu employing
(S)-segphos as a ligand.

(+)-9qu: 0.521 g, 0.989 mmol, [a]*’p +655.0° (¢ 2.0, CHCl3, 87% ee).

(—)-23-Methoxy-9,16-dimethyl-3,6-bis(trifluoromethyl)-9,9a,15a,16-tetrahydro-
9,16-[1,2]naphthalenodibenzo|a,c]tetracene-10,15-dione [(—)-30qun]: The title
compound was prepared from (+)-9qu (0.439 g, 0.835 mmol, 87% ee) in 53% yield
with 87% ee as a mixture of 1,4-naphthoquinone®, and
2,3-dihydronaphthalene-1,4-dione?* by the procedure used for (+)-30qun.

(-)-30qun: 0.303 g, 0.443 mmol, [a]*’p —254.7° (¢ 0.75, CHCl3, 87% ee).

(-)-23-Methoxy-9,16-dimethyl-3,6-bis(trifluoromethyl)-9,9a,10,15,15a,16-hexah-
ydro-9,16-[1,2]naphthalenodibenzo[a,c|tetracene-10,15-diol [(-)-31qun]: The title
compound was prepared from (—)-30qun (0.277 g, 0.405 mmol, 87% ee) in 86% yield
with 87% ee by the procedure used for (+)-31qun.

(-)-31qun: 0.240 g, 0.349 mmol, [a]*’p —259.3° (¢ 1.1, CHCl3, 86% ee).

(-)-23-Methoxy-9,16-dimethyl-3,6-bis(trifluoromethyl)-9,16-dihydro-9,16-[1,2]n-
aphthalenodibenzo[a,c|tetracene [(—)-29qun]: The title compound was prepared from
(-)-31qun (0.180 g, 0.261 mmol, 87% ee) in 90% yield with 87% ee by the procedure
used for (+)-29qun.

(-)-29qun: 0.153 g, 0.235 mmol, [a]*’p —311.0° (c 1.7, CHCls, 87% ee).

(-)-23-Methoxy-9,16-dimethyl-3,6-bis(trifluoromethyl)-9,16-dihydro-9,16-[1,2]n-
aphthalenodibenzo|a,c|tetracene [(—)-32qun]: The title compound was prepared from
(-)-29qun (0.119 g, 0.182 mmol, 87% ee) in 19% yield with 87% ee by the procedure
used for (+)-32qun.

(-)-32qun: 22.7 mg, 0.0350 mmol, [a]*p —247.7° (c 1.1, CHCl3, 87% ee).

(-)-9,16-Dimethyl-3,6-bis(trifluoromethyl)-9,16-dihydro-9,16-[1,2]naphthalenod-
ibenzo[a,c|tetracene [(—)-32qhn]: The title compound was prepared from (—)-32qun
(17.2 mg, 0.0265 mmol,87% ee) in 58% yield with 87% ee by the procedure used for
(+)-32qhn.

(-)-32qhn: 9.5 mg, 0.0154 mmol, [a]*’p —215.7° (¢ 0.48, CHCls, 87% ee).
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IV. Photophysical and Chiroptical Properties of (+)-32qhn and (-)-32qhn

430 630
Wavelength, nm

Figure S1. UV—Vis absorption spectrum of (+)-32qun (green plain line) and (+)-32qhn
(red plain line) in EtOH at 1.0 x 10~ M)
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Figure S2. ECD spectra of (+)-32qhn (red plain line) and (—)-32qhn (blue plain line) in
EtOH at 1.0 x 10 M.
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V. Theoretical Calculations of (95,16R)-32qhn

All calculations were carried out using the Gaussian 16 program.?® Full optimizations were
performed with wB97XD?® and the 6-311G(d) basis set. The optimized structures of
(9S,16R)-32qhn are shown in Figures S3 and S4. The cartesian coordinate of optimized
(9S,16R)-32qhn is listed in Table S1.

Time-dependent (TD) DFT calculations were performed at the wB97XD/6-311G(d) level with
IEFPCM (ethanol)?’ based on the thus optimized structures calculated at the same conditions. The
TD-DFT vertical one-electron excitation calculated for (95,16R)-32qhn is summarized in Table S2.
The cartesian coordinate of optimized (95,16R)-32qhn is listed in Table S3.

\AJ"'

Figure §4. Optimized structure of (95,16R)-32qhn (diagonal view).
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C-2.602713 1.020696 0.805015
C-2.359979 0.056587 1.762774
C -2.898771 0.162052 3.058404
C-3.678242 1.230533 3.391056
C -3.965901 3.078336 0.169060
C -3.4969942.102097 1.097840
C -4.006433 2.208387 2.429982
C -4.862766 3.282231 2.788037
C-5.251146 4.215250 1.872706
C-0.122777 -0.488335 0.873522
C-0.312766 0.560400 0.015421
C 0.815949 1.362067 -0.408601
C 2.112970 0.814653 -0.304285
C 2.301840 -0.428034 0.415778
C 1.216602 -0.986337 1.137428
C 0.708427 2.706336 -0.838517
C 1.791284 3.419695 -1.276765
C 3.210971 1.548408 -0.799368
C 1.520155 -2.049224 2.023450
C 2.771688 -2.599831 2.110290
C 3.569843 -1.038095 0.484047
C -1.780825 0.753874 -0.480173
C-1.463933 -1.121291 1.339274
C -2.204789 -0.653028 -0.951744

C -2.065053 -1.652856 0.038550
C -3.047227 -2.322474 -2.492077
C-2.927830 -3.315110 -1.489778
C -3.538706 -2.690312 -3.767673
C -3.305758 -4.645567 -1.790653
C-2.420971 -2.943633 -0.215607
C-2.673270 -0.984661 -2.189423
C -4.805697 4.091772 0.541176
C 3.803800 -2.112590 1.300654
C 3.054566 2.813570 -1.301187
C -3.896893 -3.985287 -4.033103
C -3.779587 -4.974010 -3.032984
C-1.463653 -2.20938 2.407000
C-1.945584 1.713073 -1.656587
C 5.151859 -2.768605 1.363415
F 6.055137-2.168832 0.575380
F 5.088313-4.057368 0.986430
F 5.644897-2.759007 2.614202
C 4.223564 3.593182 -1.828012
F 5.3811342.926159 -1.719367
F 4.3728664.759434 -1.176079
F 4.0614053.898722 -3.127323
H -2.687510 -0.587095 3.809843
H -4.071465 1.329392 4.398100
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H2H F1FE
Table S1. Cartesian coordinates of optimized (95,16R)-32qhn calculated at the wB97XD/6-311G(d)

H -3.697645 3.018975 -0.870196
H -5.214634 3.337517 3.813928
H -5.909114 5.029581 2.156053
H -0.234965 3.218659 -0.764264
H 1.675089 4.453272 -1.582399
H 4.209548 1.138254 -0.753187
H 0.766841 -2.450934 2.672914
H 2.957489 -3.414516 2.801108
H 4.387614 -0.661192 -0.113428
H -3.628880 -1.928126 -4.536255
H -3.212951 -5.405614 -1.020307
H -2.325227 -3.716961 0.538389
H -2.771624 -0.250516 -2.980087
H -5.141579 4.803390 -0.206019
H -4.272413 -4.255890 -5.014292
H -4.065867 -5.997026 -3.253206
H-1.016688 -1.876726 3.344170
H -2.497062 -2.494839 2.616203
H -0.947840 -3.107565 2.073287
H -1.838351 2.757559 -1.395295
H -1.210898 1.484728 -2.431085
H -2.937135 1.596465 -2.093204



F2H F1E

Table S2. TD-DFT vertical one-electron excitation calculated for the optimized structure of

(9S,16R)-32qhn.

exited energy
state [eV]

wavelength

[nm]

oscillator

strength

description

1 4.0540

2 4.1349

3 4.4115

4 4.5112

5 4.5927

305.83

299.85

281.05

274.84

269.96

0.2562

0.0384

0.3182

0.0477

0.0186
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HOMO—-4 — LUMO (0.10942)
HOMO-3 — LUMO+1 (0.10286)
HOMO-2 — LUMO (-0.29307)
HOMO-2 — LUMO+2 (0.11069)
HOMO — LUMO (0.56874)
HOMO — LUMO+2 (0.13001)

HOMO-4 — LUMO+1 (-0.13031)
HOMO-3 — LUMO (0.40537)
HOMO-2 — LUMO+1 (0.33703)
HOMO — LUMO (0.10038)

HOMO — LUMO+1 (-0.37939)

HOMO-2 — LUMO (0.28743)
HOMO-2 — LUMO+2 (0.16111)
HOMO — LUMO+2 (0.55063)

HOMO — LUMO+3 (0.10691)

HOMO-5 — LUMO+3 (0.20755)
HOMO-4 — LUMO+2 (0.22823)
HOMO-2 — LUMO+2 (0.13275)
HOMO-2 — LUMO+6 (—0.14173)
HOMO-1 — LUMO+2 (0.14936)
HOMO-1 — LUMO+5 (—0.23432)
HOMO-1 — LUMO+6 (0.11411)
HOMO — LUMO+3 (0.33564)
HOMO — LUMO+4 (—0.18262)

HOMO — LUMO+6 (—0.16102)

HOMO-5 — LUMO+1 (0.10775)
HOMO-5 — LUMO+2 (—0.24455)
HOMO-4 — LUMO+2 (-0.19526)
HOMO-4 — LUMO+3 (—0.19312)
HOMO-3 — LUMO (0.10087)
HOMO-2 — LUMO+3 (~0.18569)
HOMO-2 — LUMO+4 (0.10584)
HOMO-2 — LUMO+6 (0.11259)
HOMO-1 — LUMO (-0.13256)
HOMO-1 — LUMO+5 (—0.22444)
HOMO-1 — LUMO+6 (0.14791)
HOMO — LUMO+4 (0.17403)
HOMO — LUMO+5 (0.16429)

HOMO — LUMO+6 (0.24679)



10

11

12

4.6847

4.8448

4.9150

5.0252

5.0613

5.2240

5.2694

264.66

255.91

252.26

246.72

244.96

237.34

235.29

0.1112

1.0664

0.3001

0.6238

0.9514

0.5971

0.3997
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HOMO-1 — LUMO+1 (0.30697)
HOMO-1 — LUMO+2 (-0.19530)
HOMO-1 — LUMO+3 (0.52990)
HOMO-1 — LUMO+4 (-0.10159)

HOMO-1 — LUMO+6 (0.12844)

HOMO-3 — LUMO (0.47525)
HOMO-3 — LUMO+1 (0.15147)
HOMO-2 — LUMO+1 (-0.19166)
HOMO-1 — LUMO (0.16778)
HOMO-1 — LUMO+5 (0.13631)

HOMO — LUMO+1 (0.34936)

HOMO—-4 — LUMO (0.10885)
HOMO-3 — LUMO+1 (0.49041)
HOMO-3 — LUMO+3 (-0.1310)
HOMO-2 — LUMO (-0.22377)
HOMO — LUMO (-0.28424)

HOMO — LUMO+2 (0.18029)

HOMO-4 — LUMO (-0.11904)
HOMO-3 — LUMO+1 (0.37946)
HOMO-2 — LUMO (0.41349)
HOMO — LUMO (0.20287)
HOMO — LUMO+2 (—0.13047)

HOMO — LUMO+3 (-0.14050)

HOMO-8 — LUMO (-0.10724)
HOMO-3 — LUMO (-0.17496)
HOMO-2 — LUMO+3 (~0.14307)
HOMO-1 — LUMO (0.46069)
HOMO-1 — LUMO+5 (0.10550)
HOMO — LUMO+2 (-0.10531)

HOMO — LUMO+3 (0.29231)

HOMO-8 — LUMO (=0.10336)
HOMO-2 — LUMO+4 (0.15204)
HOMO-1 — LUMO (0.39126)
HOMO-1 — LUMO+2 (0.20763)
HOMO-1 — LUMO+3 (0.14921)
HOMO-1 — LUMO+5 (—0.24405)
HOMO-1 — LUMO+6 (0.11945)
HOMO — LUMO+3 (—0.26920)

HOMO — LUMO+4 (—0.10345)

HOMO-9 — LUMO (-0.18848)
HOMO-6 — LUMO+1 (0.23980)
HOMO-4 — LUMO+2 (0.11065)
HOMO-3 — LUMO+3 (0.18609)
HOMO-3 — LUMO+4 (0.35789)
HOMO-3 — LUMO+5 (—0.12365)
HOMO-2 — LUMO+2 (0.16518)

HOMO — LUMO+4 (0.24896)



13

14

15

16

5.2788 234.87 0.8514
5.5021 225.34 0.265
5.5900 221.8 0.383
5.6415 219.77 0.3461
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HOMO-9 — LUMO (0.13264)
HOMO-6 — LUMO+1 (=0.17664)
HOMO-5 — LUMO+2 (0.13558)
HOMO-4 — LUMO (0.11552)
HOMO—-4 — LUMO+2 (0.14582)
HOMO-4 — LUMO+3 (0.14823)
HOMO-3 — LUMO+3 (=0.10321)
HOMO-3 — LUMO+4 (=0.23884)
HOMO-2 — LUMO+2 (0.22174)
HOMO-2 — LUMO+3 (=0.10148)
HOMO-2 — LUMO+4 (=0.13835)
HOMO-2 — LUMO+6 (0.10311)

HOMO — LUMO+4 (0.3443)

HOMO-7 — LUMO+2 (0.10192)
HOMO-5 — LUMO+2(=0.11372)
HOMO-4 — LUMO+6 (0.10477)
HOMO-2 — LUMO+2 (0.36259)
HOMO-2 — LUMO+3 (0.19862)
HOMO-2 — LUMO+4 (0.12146)
HOMO-1 — LUMO+3 (-0.11331)
HOMO — LUMO+2 (—0.17256)
HOMO — LUMO+4(-0.12076)
HOMO — LUMO+5 (0.31971)

HOMO — LUMO+8 (-0.13618)

HOMO-6 — LUMO (0.11321)
HOMO-5 — LUMO (0.32691)
HOMO-4 — LUMO (-0.28289)
HOMO-2 — LUMO (-0.13333)
HOMO-2 — LUMO+1 (0.25420)
HOMO-2 — LUMO+2 (-0.14362)
HOMO-1 — LUMO+2 (0.10002)
HOMO — LUMO+1 (0.21034)
HOMO — LUMO+2 (0.10522)

HOMO — LUMO+6(-0.14096)

HOMO-5 — LUMO (=0.25230)
HOMO-5 — LUMO+3 (-0.11126)
HOMO-4 — LUMO (0.21694)
HOMO-2 — LUMO+1 (0.37308)
HOMO-2 — LUMO+3 (0.13069)

HOMO — LUMO+1 (0.31992)



17

18

19

20

5.7000 217.51 0.4855
5.8419 212.23 0.2828
5.8710 211.18 0.0884
5.8916 210.44 0.0843

245

FH2m FH1E
HOMO-6 — LUMO (=0.12128)
HOMO-5 — LUMO (0.13254)
HOMO-5 — LUMO+3 (0.16421)
HOMO-4 — LUMO (0.17512)
HOMO-4 — LUMO+1 (=0.11993)
HOMO-4 — LUMO+2 (0.27563)
HOMO-2 — LUMO+1 (0.13590)
HOMO-2 — LUMO+2 (=0.19313)
HOMO-2 — LUMO+4 (0.22196)
HOMO-1 — LUMO+2 (=0.17811)
HOMO-1 — LUMO+3 (=0.11653)
HOMO — LUMO+5 (0.15308)

HOMO — LUMO+6 (0.19162)

HOMO-6 — LUMO (0.22920)
HOMO-5 — LUMO (0.24699)
HOMO-5 — LUMO+2 (0.13114)
HOMO-4 — LUMO+2 (-0.10371)
HOMO-4 — LUMO+5 (0.12159)
HOMO-2 — LUMO+2 (0.13483)
HOMO-2 — LUMO+4 (0.12717)
HOMO-1 — LUMO+1 (0.27862)
HOMO — LUMO+5 (—0.23644)

HOMO — LUMO+6 (0.23450)

HOMO-6 — LUMO (—0.23249)
HOMO-5 — LUMO (-0.11555)
HOMO-4 — LUMO (-0.15473)
HOMO-2 — LUMO+4 (—0.10448)
HOMO-1 — LUMO+1 (0.44234)
HOMO-1 — LUMO+3 (—0.20760)
HOMO-1 — LUMO+5 (—0.12148)

HOMO — LUMO+3 (—0.15834)

HOMO-5 — LUMO+1 (—0.12883)
HOMO-5 — LUMO+3 (-0.18567)
HOMO—-4 — LUMO (0.16778)
HOMO-4 — LUMO+1 (0.12041)
HOMO-4 — LUMO+3 (0.11295)
HOMO-2 — LUMO+1 (=0.12954)
HOMO-2 — LUMO+2 (-0.18871)
HOMO-1 — LUMO+1 (0.25046)
HOMO-1 — LUMO+2 (0.25674)
HOMO — LUMO+3 (0.24008)

HOMO — LUMO+5 (0.22584)



21

5.9090 209.82 0.098

FH2m FH1E

HOMO-6 — LUMO (0.49786)
HOMO-5 — LUMO+2 (=0.12027)
HOMO-4 — LUMO (0.15710)
HOMO-2 — LUMO+4 (=0.10767)
HOMO-1 — LUMO+1 (0.11952)
HOMO-1 — LUMO+2 (=0.10380)
HOMO-1 — LUMO+3 (=0.13048)
HOMO — LUMO+4 (0.11787)

HOMO — LUMO+6 (-0.14288)

22

5.9750 207.5 0.2158

HOMO-6 — LUMO (=0.16019)
HOMO-5 — LUMO (0.34043)
HOMO-5 — LUMO+2 (-0.18970)
HOMO—-4 — LUMO (0.35162)
HOMO-4 — LUMO+2 (~0.24816)
HOMO-2 — LUMO (0.11329)

HOMO — LUMO+6 (-0.10965)
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6.0423 205.19 0.2666

HOMO-8 — LUMO+2 (—0.10843)
HOMO-5 — LUMO+1 (0.11675)
HOMO-4 — LUMO+1 (-0.11650)
HOMO-4 — LUMO+6 (0.10069)
HOMO-2 — LUMO+3 (—0.29493)
HOMO-1 — LUMO+2 (0.35964)
HOMO-1 — LUMO+5 (0.25253)
HOMO-1 — LUMO+6 (—0.11396)
HOMO — LUMO+3 (—0.17040)

HOMO — LUMO+6 (-0.11802)

24

6.0820 203.85 0.1411

HOMO-6 — LUMO+1 (0.11097)
HOMO-5 — LUMO+1 (0.10121)
HOMO-5 — LUMO+3 (0.20168)
HOMO-5 — LUMO+4 (-0.10515)
HOMO-4 — LUMO+3 (—0.10654)
HOMO-4 — LUMO+6 (—0.12801)
HOMO-2 — LUMO+2 (-0.12556)
HOMO-2 — LUMO+3 (0.27647)
HOMO-2 — LUMO+4 (-0.16530)
HOMO-2 — LUMO+6 (—0.12142)
HOMO-2 — LUMO+38 (—0.10537)
HOMO-1 — LUMO+2 (0.20957)
HOMO-1 — LUMO+3 (0.11253)
HOMO-1 — LUMO+5 (0.20191)
HOMO-1 — LUMO+6 (—0.11551)
HOMO — LUMO+4 (0.10825)
HOMO — LUMO+6 (0.10790)

HOMO — LUMO+7 (0.12587)

246
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6.1374 202.01 0.0797

FH2m FH1E
HOMO-6 — LUMO+1 (=0.16259)
HOMO-4 — LUMO+2 (0.11345)
HOMO-4 — LUMO+3 (=0.23470)
HOMO-4 — LUMO+4 (0.14442)
HOMO-4 — LUMO+6 (0.12289)
HOMO-3 — LUMO+4 (0.10113)
HOMO-2 — LUMO+3 (0.28438)
HOMO-2 — LUMO+6 (0.12763)
HOMO-2 — LUMO+9 (0.13688)
HOMO — LUMO+4 (0.14428)
HOMO — LUMO+7 (—0.22572)

HOMO — LUMO+8 (0.18057)

26

6.1723 200.87 0.1944

HOMO-6 — LUMO+1 (0.17215)
HOMO-5 — LUMO+3 (-0.14523)
HOMO-5 — LUMO+4 (0.10920)
HOMO-5 — LUMO+6 (0.15845)
HOMO-4 — LUMO+3 (-0.12905)
HOMO-4 — LUMO+4 (0.22966)
HOMO-4 — LUMO+6 (0.21395)
HOMO-3 — LUMO+4 (—0.15534)
HOMO-2 — LUMO+2 (-0.10755)
HOMO-2 — LUMO+5 (0.24179)
HOMO-2 — LUMO+8 (-0.11216)
HOMO — LUMO+6 (—0.10082)
HOMO — LUMO+7 (0.19167)

HOMO — LUMO+8 (—0.13855)

27

6.1968 200.08 0.0289

HOMO-6 — LUMO+1 (0.34490)
HOMO-5 — LUMO+3 (=0.1043)
HOMO-3 — LUMO+3 (-0.13613)
HOMO-3 — LUMO+4 (-0.23725)
HOMO-2 — LUMO+5 (-0.13793)
HOMO-2 — LUMO+7 (-0.19168)
HOMO — LUMO+8 (0.23878)

HOMO — LUMO+9 (0.18666)

28

6.2801 197.42 0.0889

HOMO-7 — LUMO (=0.13731)
HOMO-7 — LUMO+2 (—0.29057)
HOMO-6 — LUMO+1 (0.12933)
HOMO-5 — LUMO+2 (0.30517)
HOMO-4 — LUMO+2 (~0.20212)
HOMO-4 — LUMO+3 (-0.13228)
HOMO-4 — LUMO+4 (0.10076)
HOMO-4 — LUMO+5 (0.13165)
HOMO-2 — LUMO+5 (~0.13133)
HOMO — LUMO+5 (0.22496)

HOMO — LUMO+6 (-0.11372)
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F25 1R
HOMO-8 — LUMO+3 (—0.12282)
HOMO-1 — LUMO+3 (0.11126)
HOMO-1 — LUMO+5 (-0.12293)
29 6.3528 195.17 0.0048 HOMO-1 — LUMO+6 (—0.26056)
HOMO-1 — LUMO+8 (-0.29157)

HOMO-1 — LUMO+9 (0.47660)

HOMO-8 — LUMO+5 (~0.19860)
HOMO-8 — LUMO+6 (0.11745)
HOMO-5 — LUMO+1 (-0.12298)
HOMO-5 — LUMO+5 (0.12721)
HOMO-5 — LUMO+9 (-0.19163)
HOMO-4 — LUMO+1 (0.30334)
30 6.3968 193.82 0.0227 HOMO-4 — LUMO+38 (-0.13212)
HOMO-4 — LUMO+9 (0.11230)
HOMO-2 — LUMO+1 (0.13475)
HOMO-1 — LUMO+8 (-0.10730)
HOMO-1 — LUMO+9 (0.17002)
HOMO — LUMO+8 (0.16094)

HOMO — LUMO+9 (-0.12630)
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Table

S$3. Cartesian

coordinates of

optimized

wB97XD/6-311G(d) level with IEFPCM (ethanol).

C-2.617511 0.996946 0.821403
C-2.372773 0.014461 1.760672
C -2.928334 0.079501 3.052972
C-3.730123 1.126991 3.401172
C -3.998242 3.057593 0.222246
C-3.530522 2.060377 1.130446
C -4.060537 2.123705 2.458634
C -4.940054 3.174269 2.833870
C-5.329661 4.126519 1.937495
C-0.123287 -0.483795 0.877535
C-0.316156 0.572904 0.028861
C 0.813226 1.375100 -0.397873
C 2.110752 0.825516 -0.298034
C 2.303029 -0.414007 0.428215
C 1.218368 -0.972479 1.150760
C 0.705805 2.717205 -0.835517
C 1.787991 3.427251 -1.282423
C 3.208391 1.554080 -0.802149
C 1.523044 -2.022282 2.052149
C 2.776937 -2.567151 2.148296
C 3.573863 -1.018016 0.504373
C-1.785706 0.766126 -0.466014
C-1.458677 -1.143330 1.322518
C -2.192660 -0.636295 -0.965607

C -2.043849 -1.654436 0.005437
C-3.010384 -2.283440 -2.542596
C-2.879971 -3.295808 -1.559975
C -3.495194 -2.630666 -3.827959
C -3.240126 -4.626042 -1.888788
C-2.381692 -2.945472 -0.275382
C -2.654378 -0.946203 -2.212364
C -4.859722 4.048072 0.609947
C 3.807655 -2.084236 1.333066
C 3.0501722.818018 -1.308205
C -3.835971 -3.925702 -4.120529
C-3.707579 -4.934365 -3.139924
C-1.452554 -2.255380 2.365412
C-1.961647 1.747474 -1.621740
C 5.156536 -2.734126 1.403102
F 6.064855 -2.138807 0.616762
F 5.102928 -4.027654 1.031789
F 5.650081 -2.720530 2.655815
C 4.218251 3.593385 -1.838591
F 5.373371 2.916926 -1.762229
F 4.393987 4.749190 -1.169992
F 4.043248 3.927768 -3.131505
H -2.714932 -0.684646 3.788103
H -4.138476 1.194042 4.404563

249

(9S,16R)-32qhn

F2H F1E

H -3.708593 3.038936 -0.812505
H -5.307598 3.195599 3.855349
H -6.004722 4.922428 2.232369
H -0.235810 3.232542 -0.770139
H 1.666088 4.457579 -1.596116
H 4.205460 1.140136 -0.761818
H 0.771886 -2.417086 2.708118
H 2.960689 -3.371427 2.851394
H 4.391616 -0.642468 -0.093481
H -3.594344 -1.853709 -4.580104
H -3.139517 -5.400033 -1.133743
H -2.278256 -3.732641 0.462601
H -2.761572 -0.196637 -2.986979
H -5.191229 4.777314 -0.121710
H -4.206594 -4.180952 -5.107573
H -3.980569 -5.955936 -3.382120
H -1.033038 -1.935778 3.318828
H -2.482246 -2.569265 2.549643
H -0.910788 -3.134539 2.022663
H -1.860176 2.786794 -1.339167
H -1.230553 1.540083 -2.405160
H -2.953227 1.634055 -2.058250

calculated at

the



VI. 'H, 3C, and 2D NMR Spectra of 32run and 32ghn
(+)-23-Methoxy-9,16-dimethyl-3,6-bis(trifluoromethyl)-9,16-dihydro-9,16-[1,2|naphthalenodibenzo|a,-

c]tetracene [(+)-32run, Table 1.6.6, entry 7]
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(+)-9,16-Dimethyl-3,6-bis(trifluoromethyl)-9,16-dihydro-9,16-[1,2]naphthalenodibenzo|a,c]tetracene

[(+)-32qhn, Scheme 1.6.11]
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AIETIL, I FA U MEe o AL 2 F V72 R 2212 B L RS
ST AT LA BRI Diels-Alder BUG 18Ity X ORI H IR ESIZ X
ST, MISTHELD 3 FEOYEE @ R E2ETHEALEXF TV 7S &
Y R8T%ee LW U T AR TS Z SR EI LT,

ZITRETIE, VA & 12-EWHERIRT V7 v & OARF 2202144 INER1E
IS E» THELND “BRAF TNV 7 o~ U B0 RALF20 7205
e LT, ZRAFGFEFHERICKEZECAH)Z AT DX Ty 7 07 7 DRFERK
ZhERE L7,

vruTy i, LFO2 OOMENREEA T HbEmTH DL L, TRb
Ho 1) v orFa— NRR2ZELIZZOEAREKE, 2) TV —267T 2RIRILED
D THDH, v F 22— FNEFZX (mancude: MAximam number of
Non-CUmmulative DoublE bonds D) & 1%, £/ L TV R0 “EAEG ORI K
EROTNWDIERRDIETHD, TmEz2E, RUBVRIIRE 6 o0 h, T4
Tz AIRFE A OLHE 1 O D, v ruXU VT IRE S ONLRDY
¥ a— RRERTHD, —J., 7L, (PfafiR{bkFEL XL O~T v i+
WX o TSN TV OEHRER OB TH D, LI>T, vIrr77r0
—HIXEATERRZECITRAFTEAT H, S HIT, £0O XD RHEEREICH
KT HRFRIEEESCRMEEZ R T Z 0D, SESERPEDEH I TND,
el ZIE ) BAERRZROMWEOMY] 3, 2) RAEAHS RIS~ 4,
3) I FNOFFEROEEICHRT LR n EFMHAEFENZFIH L n EFHE 5
BRELTORIH Y 4) FA =7 A MERIZBITARA N L LTOFMH 7%
ENRFET B BD,

a7y OO TOERKIE, 1899 42 Pellegrin AHE L TW\5 7, 972
5 Pellegrin H1X.2 2O 7 ==L L2 DO F L ERGNLIRHDAZ T 71
77 VORI OWTHE LTS, ZD%, Parekh & Guha 732 2D 7 = =1
VE2ODANT 4 REFRIZTV AT 4 RN 5 /3577077 %8 1949
#£120% Brown & Farthing 12 DD 7 ==L & 2 ODTF)NINLR DT V¥
NTHP—DNRTv a7y o aGlT 52 LI LTEY 7, ZLE, i)
TH % < OERRNHAE X T % (Figure 1.7.1)% 10
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o B &

Pellegrin Parekh and Guha Brown and Farthing
(1899) (1934) (1949)

Figure 1.7.1. Pioneering works of the synthesis of cyclophanes.

— 5T, v F a— FERARDOMEREN 2 UL EnD 725 S8R EFE R K
FPAMZ AT L7077 OERBEEZ S HES T D T HEERED 4
DU EDPAH #HT 57 a7 7 OflIFtgbal, vrr2oag s =
2LV B @R T M, AU e a6 Far L7
R vapxry BRlbeadsv /a7y v OGRNRHRESN TS, £
7o. PAH ZH 323 7u77 b —f, HAFEZAETDHLHOBFMEL, &L T
¥, PAH ELCT U R IRV ERATHI TN I 0T 7 UBMENT X 7T o
NNVEEE R T Z ENWMESNTEY P AL 7 he =7 208816 b I
WICHEH SN TWAILAEMTH 5,

LLTIZ, PAHZETHX T3 707 7 OERENZ OV TEIELT 5,

PAH ZH 45X 707 a7y OA/MIE. LLTO 2 DO Z2 VN TiER
ENTWA(Table 1.7.1), T 72bbH, ) PAH D EHEE L0 b, T —H%
& @ Williamson =—7 /LG RRIZ K - TEALT 2 F5ik(Type 1).2) FEBEALATBRIA
EHERKE L THTDEALDRNETIID W) RER G 257062,
FIRAC ORI & » T(ERZ AT 5)PAH 5855 A RS 5 Fik(Type 2). T 5,
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Table 1.7.1. Synthetic strategy of PAH-based chiral cyclophane.

; OH X o]
: + —_—
E OH x 0

Type 2

Type 1 DAREIKIC L > THI L7077 VOREERE L TWDHHIE L
C. Wirthner 51% 2004 45, XY L2 B AA 2 RPB)E., 2 DD PEG &2 HT
LHXINT Ty DT EIABICKS L THWAHEN 1.7.)%0, F72, 2007 4
WZiFE oIy r7u 77 %% 70 HPLC IZX > THRFESEIL, 20X
MR L O v T ¢ VPRI O W TS LTV B 2L BT F Rt T
WRIFEFEHADRESRDIFERTL, ¥ Zu7ry bl TN O(dr =
89-94%) & b, <2-T3% LR T 52 L aBRTND, X 5HIZ, 2010 FFB LW
2011 FFITITRER e B RIS I L > CT Y —% 1 DT HFXF T v rnrdyr %
B NESEL, ZhEANWTT P —0RE SIS PBI BOEARE HEM
Wbz L MR EH LI L TWAER 1712 £/, 7P —0 150
IV m Ty rOEitEFINERIT 14-43% Th -T2,
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R
1-5% yield 5h N
(n=0-2)

2,6-diisopropylphenyl

/ R2 = (R)-2-octyl or
Oe R'=cCl (1.7.1)
R’ ‘ R’

4 steps
(l/\o/‘]\
n
TsO OTs R2 = lohexvl
Cs,CO5 = cyclohexyl or

3,4,5-tri-n-dodecylphenyl

/‘]\ THF, 90 °C, 7 h
5 =2 nO or
; DMSO, 120 °C, 7 h
O —NeezO

0)

Q

N

13-23% yield
(n=1-3)
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X 5|2, Gidron H1E 2018 4F, BERX TV T 4 —%2A(TDHFXFTINLT L hT7F&
)77 UDERREFDORFRHEIZOWNTHRE LTS EN 172058, 3 70b b,
EEWEREEGTOYAARNT U TR EY e T s LT A LI o
T, ZOX T VT 4 —NEENRTLHLEERHBLTWEEIF TR, TAFL
HOESEELEZEDLZ LT, 7V b T RBUVDERLEEF/EOE(ZH SN
IZLTW2, £/, BTV T bT® ) 77 v OfAMFEE & Z PR
ORI D BIFHER AT D gasBIL, BEAPKEX L RDIFEREZ L DM H
D, WThh 102 F—F—&, AEHES L L CTREWMEE R T & &
HOMNZIL TS, SbIZ, ZOEEETIERIT 7-29%& ., BAHANKEL LD
FEMHEN/ NS RBZ b HEL TV,
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MeO O
B(OH),

MeO
Pd(PPhj3),

55% yield

KOH, DMSO

60-80 °C
12-14 h

0O

N32C03
1,4-dioxane/H,0

92 °C,18h
(0] OMe
46% yield
Nal
TMSCI
Li g hC tort
THF
—78 °C to reflux
6 h

12-24% yield
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F72. Type 2 DEMREIKIC L > THFI L7y v ORREHREL T\ D
FlL LT, Bodwell 5% 2005 4, B L2 & TAX NS5 3 T L[10](1,6)
BV 77 U DERERFEDENCONTHE L TWDHEN 1.7.3)%, T74bb,
124-—BHB_ B o2 HBEEEE L, OF T 7 a7y B2 S-obic, Bkt
2EIF VT b E . ZHUTHES VID(Valence Isomerization Dehydrogenation)
FOSIZE DV BROMEIZE T, FTL0EL ) 77 VOERIZHEPILT
Wb, 15 %hf:ﬂe?zlzt°l// 77, ¥7/0 HPLC [T L > THFESEILTZD
BT, Z DS - aIEEEIZB T 2 WRIA T L& P ZAfE(ECD) AT kL
DO E 7b>ﬁbnfb\%’>o U URSSERHEICBE L CiTsE R e o 72,

269



Me\@Me 6 steps
—_—
—

Br

Neod

Na,S/Al,O4
EtOH/CH,ClI,, rt
3-16 h
(CHy), (CH,),,
4 steps
/ /
CH2 CH2)n
DDQ
benze’?e VID reaction
rt, overnight
or80°C,1h
- D
=S =—SD
(CHZ)n

9% yield (in 6 steps)
(achiral/chiral = 7:4)
(n=6)
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S 512 Bodwell HIL[AAFE, R ERE S 2° & VID SOLZ s & LT, &
TILOE L ) 77 ORI ERbHE L TWVAE 1.7.4)%, izl L ﬂﬁ%
2, BONEF T L 77 0F, ¥V HPLC (X 50650 %]/ 445+
Bk IC B 1T BRI AR v /M T APEECD) A7 bV OHIE Mﬂomf
WD, SHIZ, TOFENEFHEICB L THOWE L TR | dOLETIERIT 40% L |
IEEPEOE L (O = 64%)N LN TIR T 5 2 L 260 LTV 5D,

(5 equiv) CO:Me  pyrrolidine

(2.5 equiv)
1,4- dloxane rt
OH MeO

then 90 100 °C
(2 equw) 24 h 69% yield

LiAlH,, THF
70°C,5h

od
Br .
Ko,CO3 OH
< ®
DMF, 90 °C
2 )
OH "OH

(1.9 equiv) (1.7.4)
95% yield

o R R Zn, TiCl,
O pyridine
>
O . THF, 70 °C, 25 h

PCC

R = CH,OH Celite
| CH,Cl,
R=CHO rt, 3 h — -

72% yield

VID reaction

—2H

12% yield
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F72. Esser HIX 2018 FIZ, VT 2= VAT VoAV E ) TF L DIIVER=
WK T DA TN~ TR T A7 RO 12-f41E, Burgess 33K %
TR gL LT BATE YR ae]l XXV ) 77 OERRIZERE LT
WA 1757, T72bb, £9°. 237 7 A(0), Sphos $EAMBEFET, 7
QE T2 VAT ALK ) oo ERa iR AT VY \é’ﬁ‘ﬁ‘éT'ﬁ‘
— LD By TV T Lo T, KIS T DERDDIRNKERIR ST
ﬁﬂ$iti$&ﬁ@&$’f%fbéo:mmﬁb\fy?wvﬁiyvA
7u R DA LD VRV EEA~D 120, BTV —
JVIZXTT 5 Burgess 38 & W KIZ L - T, fHST A @EEALR TN Va,e]
NRUBZV ) Ty BAFRINERIZ TR D Z S ITE LT 5,

X 512, Esser HIL[AERARRERIGIZ L > T, TAFAHOESIDELR D VX
Y ae]l X BE V) T o EER L, TR AEHOR SIS Ui E, PAH
DEHOFEEE /ER - ATESEIIZ 38T 2RI ATt v /BT R D2 1L
IZOWTHLIZ LTS, LU, ZOREFFEIZOWTITHRE N R d o T,
Flo, mohlcr a7y AT NG X 7 LA TH D0, O F0E
BIOX®a 7T 4 DVEHICOWTIIHRE SN TV R o T,

O~ o)
o ga ol
pinB

Pd(OAc),, Sphos
K3PO,4

toluene/H,O
100 °C, 24 h

S

PCy2

MeO. OMe
im Y (1.7.5)
H

\ Sphos )

Q 1) MesMgBr a“
Q CeCly
THF, 0°C,4 h o)
then AcOH
2) Burgess 0 O
reagent 4 /
CH2 \(CHz)

Bpin

1,4-dioxane
100 °C, 24 h

61-77% yield (in 2 steps) 3-54% yield

Fo, U ae] XX LD XD IRIEREIRILKTE, T b AR ERE
BT A2 ARfRILKEZBEZRATH 707 7 0 OFKIE, a7ry=ab /)77
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B(Figure 1.7.2)IZHEV T 2 B H TH D & Esser BT X T 5,

Figure 1.7.2. Structure of corranulenophane

PLEDX S, PAH #HT 565X T /037077 o OERRITW L O S
TWHHDOD, ZTOxF T A ERA 2B RRIIARTNTER I LTV,

PAH Z 872720503707 70 OxF o FHERREKRIT. Bl <TiEdh
00, HERMRFESBESNTND B, 728 2 F, EEBFET HW%ET
132007 4, b U oA > ORI [2+202) BRI & W T2 7 B 7 7 DR 0
T UFABROGRARE L T2, TabL, IFAur vy Akl
B 725 TINBME Z RAGIC & 5 S ERMSESUS 2 e LT, A4y a7
7 v ERFE>98% ce THKT 5 2 LIZHIILTWHR 1.7.67° Lol ElIER
MELTANI T 7 UNERLTEY, EOMEERMEITIZE A LB
L7ginoie,

Me—— Y\
o) 5 mol %

— Rh(cod),]BF4/
A= R
Z
\UA\éE—\

OMe OMe

- N z/’O Me Me (1.7.6)
(X [~y .
PPh, 0 o 9

Med’ ~

‘O PPh; chiral achiral
up to 85% yield

r.s. = up to 1.4:1 (meta:ortho)
(_ (R)-Hg-BINAP ) up to >98% ee

FEHLIXRE R AW, BEREETY A Ik DF T
a7y Ot U T AR A RICOWTERE LTS (K 1.7.7)%,

CH20|2, rt, 16 h

o<
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/

O+ 10 mol %
@ /— R [Rh(cod)((S,S)-MeDuphos]OTf
N o
—— R (CH,CI),, 80 °C, 0.5-2 h
e A —
(n =4-6, 10) Meh(j @O R(CHZ)n (177)
P ’
P Me R
Meu.-d up to 95% yield
up to 98% ee

\(S,S)—MeDuphos)

ESICEZOFTBT DHFFEE T 2012 4F, A2 VT, MR A
EE® AL EDRRNIMBILKIGD X BT a7y oOmxTt T4
R 72 A E#E LT b G 1.7.8)

5-20 mol %

= R2 [Rh(nbd),]BF 4/ (CH2)n
/ \ (RR)or (S.5)-BOPP  RY
R'N (CHz)n + || > )
\ ) CH20|2, rt R

up to 91% yield (1.7.8)

(n=10-12)
PPh; up to 99% ee

WIPPh,

(R,R)-BDPP

HFERBREMEEHE T HAROMICEL, 7 a7y o) v F 43R
RARITHRE SNLTWDN 2, @mWETBREMEEFIFE(>90% ee)ll TE DA R
WL TWBENEIZ NG DHREIZR STV, £, RAREISIZ L > TES
N5 7077 OERROEAIFREED L DIZRE OV TV,

FITEHT. ROL I BREREIEICL>T, PAH 27 5%7 /13707
7 DT T AR AR & Rt LT,
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2—2 PAHZAETHX TNV BT 7 DORFLERNE

FAZIR AR | kD PAH 26T 55X 7400707 7 VOEKTIE, 1)
PAH 7 & L= blo, 7P —E#45 & @ Williamson =—7 /LERKIZ L - T
BRALT 2 515, 2) HRBACRIBRAZ T Ef & L TR 2EBLDRVN(ETZITA
IRUNRESR D T E2F =D B, FHEFICKINZ L > TEAEZET S PAH D %
WES 5515, OEIC 2 DOERKEIENHNLNTWD, B X, fHET25 2
DD RrXvEaEHT 5 PAH AR CEIUL, AR AMERIKIC L - T, &
FXERPAH LTV —2FTH 7077 0 28K TE5, LnL, BOYA
APINEL DI E, BHE BTV PAH & OBENREEL 25720, L E
BARY a7 7 VOERIZIEREEE ZBND, —F ., %E OB IT S FK
LRIBRAR 2 T E L L CHET A ELOD/NSWRERS FE2 AR THZ LN T
TNIE, HFEFEILIC LD RENLT RV X —DNREERDOELT FILX — 2 T
HZLITEST, KVEY A XD/NEWN, ThbbEmERRT IV T 7 D
RIZERTH D EE 25, FEERIZ, Bodwell & 13 VID il KX B2 5 EFBALD K=
AT 74— AR L TREREAZATHEL ) 77 (3173, 1.7.4H)12
LT L) 77 TOARKIZKS L TEY ., Esser b, [FEEZR A REEIEIZ X
STINRU Y [ae]l X Z V) 77 ORI L TWADHE1.7.5Y, £2FT
arvF R EHWT, 70857 2= L (CPP)R EDEERSFDERK S E
FRENTND Z LD 3 REREIKIEL, MEAT I 0T 7 &G0 17Tk
D—DOThDHEFZD, £lo. HEBACRIBMAE 5B LAF 2 A L TOUL,
FEHFGICL > THAF~EHBETZLEELLND,

FZTERLIENH YA LI 1,2- EBBRIRT L RN T —E L
THEA LI 2 AW T, (EB KO o F AR 22 [2+2-2) A IR L SO
Ik oT, FLAFEFT DEADLIRNF T VKBRIRG T 2E&-0bIC, &
Juan~nd VU Uy EFERETIUE, BERBEAETR I OZRATTEL R
{EARKFZBPAH)ZH T HEEAT TN I 0T 7 o) o FARIRICE KT
X 5D TRV D& 2 72 (Scheme 1.7.1),
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chiral
Rh(I)* catalyst

Regio- &
Enantioselective
[2+2+2]
Cycloaddition

Low Strain-Energy

X Aromatization
50 -
Y

High Strain-Energy

(Transferring Centrochirality to Planarchirality)

Scheme 1.7.1. Concept of the synthetic strategy of PAH-based chiral cyclophane.

ARG RRERIS 23T, BERE TH D[22 2B U i d = F o F A8 R
ThHhdHI Mz, MERRHUTHLZLEHLEETHD, b L, 2+
(LG L E BER A TR WA, Figure 173 IR T X OICEE WSO T AT L
A~ —WEIET D,

desired undesired

Figure 1.7.3. Possible desired and undesired diastereomers.

£/, PAH (7T 5% 707077 0%, RO LX) BREEOMAGOEE
AW GAE THOAMTE LMD & 5 (Scheme 1.7.2), T78bb, VA4 &E
A EHGNT =% LTHE L2 HWIIR, (EBSI R T4
ERA R 22021 LSOSIC KO ST F T v rmn 7 7 oG d,
ZoLE, MBS TH IR SN A MERBUT 2 > Th b, —FH, £/
A VNCEZTLHERBRRT VIV EMETHLIERRT VT 20D &, HE
AL & Aot T 2 BEBE CHEERE % 3 DL BIRIRTX 5, L7e o TRE LI,
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[2+2+2]
Cycloaddition

1) [2+2+2]
Cycloaddition

2) Aromatization

Scheme 1.7.2. Comparison between monoyne and cyclic alkene as the moiety of the
substrate using in the synthesis of PAH-based cyclophane.

& ZATERIL, BF A a2 A1),/ (R)-xyl-Segphos SEAMBEEAE T, H
KR A o &R TR & DRR2R2INBRAL RS S ELT Ly i d 2 8
AFX TN 7 andh O o BB ALER L OERR =T v F A @I ME T
DID LB ATZEE 1 H 3 ), FFS, TAFURGICATFALREBIORA &
CANRKRENVEEFTHE T = = )VEBEKE 1,7-V 1 > 8h & exo-T IV UERATIC
4-A NXT T 2 VBT HRUY TR 28 W L XD, EIER(T5%
yield) D 5E 278 =) v F A RIRNIE99% ee) THHIGT HF T /v 7 m~FH
T2 9hi BEHNTZE01.7.9), F72 9hi X, DDQ ¥k X UM LV T =7 AL,/ it
SUFRET N U LEHOTEERERBACRNIZ L - T, 14H-A > 7 /[1,2-b]
N Z7xz=VL /Y 27Th ~EBEFRNRICTEBRTEZHZEERABLTVS, &
HIZ27h L, KFEARTFEFT R T AZE ST, #InT5HE RrF T -14H-A
T /[12-b]FY) 7 x2=1L 2 28 ~EEBMIZEHTEHZ EHH LML TV D,
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5 mol %
[Rh cod 2]BF4/
( )-xyl-Segphos “\\
CH2C|2 rt
24h COzMe

2i (5 equiv) 9hi / 75% yield
o ) >99% ee

PAr,| 1) DDQ (1.1 equiv) | 2) 20 mol %

PAr c:H2c:|2 ,16h [ RuClyH,0
(0 2 NalO, (6 equiv)  (1.7.9)
5 CCly/MeCN/H,O
(1:1:1)
Ar = 3,5-M62C6H3 0°C,15h

X

(R)-xyl-Segphos

NaBH, (5 equiv)

THF/MeOH (1:1)
O0°Ctort

28 / >99% yield 27h / 76% yield (2 steps)

A ‘/?“‘/(Ze)%ﬁﬁmf: Batb. Blif/eo ) o F A RIRE(T0% ee) & 52272
MERIRMEIZ TY A 1u & DML SIS S AT T 2 Z & 21~ 72 25(=01.7.10,
F1ER 53 $) T-ANFT AT o)W E XIS, TV Ry D B
fELTe4-A R A T2 DRISBMER I NG 1711, FH 1 FH 1=
5% 2 #h),

20 mol %
_ [Rh(cod),]BF,/
MeO,C ——CO,Et (R)-Difluorphos
+ D
MeO,C ——Ph CHyCly, rt, 72 h
1u 2e (5 equiv)
’F><o ) EtO,C (1.7.10)
F o, MeO,C, w
PPh,
0 O PPh; MeO,C n

F
F>( Ph
O _ (+)-3ue / 63% yield, 70% ee
\__(R)-Difluorphos ) single regioisomer
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20 mol %
[Rh(cod),]BF ./
MeOZC COzEt B INAD
MeOQC COzEt CH2CI2 rt, 16 h
5 equw)
4 )
SJUNG o ey (7
Pth M602 \\\\ MeOz “\\
PPh
OO | MeoC Me  MeO,C
EtOZC EtO,C
_ BINAP ) 3jf

49% yield (1.4:1)
LTeRoT, TR EBTHA4 7 2 HOWTEGAITE E 2 rE 2k
RERRT D AREMEDN B D72 . ARG TIZBWTT LT 555 Hs BAEAL Liﬁ
WBRIR T Vo e O 2 B3 8 % (Scheme 1.7.3),

[Rh(cod),]BF4/
(R)-xyl-Segphos
catalyst

desired undesired

Scheme 1.7.3. Possible desired and undesired regioisomers.

AT bRzl . T R IS RMAL LI WEBRIR T v o LT N
VTR LA Figure 1.7.4 17T X9 RBERT AV bR LT22s, HBYD
FOSTHELT Le o 72 (55 130 56 1 3 5 2 &),

Qg

I\
Eto,c COEt  yd Me

R =Ts, Ac, TFA, Ns, Boc,
(0]

3JLNM92

Figure 1.7.4. Unsuccessful examples of the 1,2-disubstituted cyclic alkenes.
IEDEHNG, XY TARCZRRT VT g E LTHnDS Z 88 L
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7o Thbb, AFLEBIOA NI HLRNVEALZFETHE T = = LA
Al exo-T VT U 4-A PR U T 22 VAR T AR TR &
WoaEks s LTCAT S0 &2 A EEE L= (Scheme 1.7.4), 7% —41E,
Wiirthner 5 (20 1.7.1)2° %2 Bodwell 5 (3K 1.7.2)%, Gidron 5 1.7.3) 2 O #iE 2%
ZIZ, BAEDEIT LT W ary 7 A= g b R0d < 2D Williamson
T—TNVABICE > TRIOHPENEZGIATA D EEZE 2 bND, ¥V 2-7 =)L
n-TVFINVETNLY 2-7 = =)V-TEG =—T /L & Liz, RAREIIZBWT, =
NHOEEEHNHMOEFTE LT, A#D PAH 0 CTh D 14H-A T
[12-b] NV 7 ==L 0%, NY 7 ==L R BHET D EHEL & DNRRIEI
LOREREREFTDHETREND D, HFHEBFIEOES, n & ROIEFmEME
EESLST VW ENFToND, LER->T, LVEERARIFTI LY I T
7 U DOEMBER T DAREENRH D, 6T, AL I VR=
IWHDBTIZ K > TENTEREHATHD 7 NVA Lo~ BT HZ LIZL - T,
BWRKFMEEZ RTHREERE LS D, T, KREREKIZEZ > TH LD 14H-A
YT /12-bl M) T 2= ) Tk, 2T =a L/ 7 7 (Figure 1.7.2)8,
R [ae] X B L) 77 (31757108 3B E DI H LB URL KSR
EHETHY T 7 CDERERVIGD,
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X
e} [Rh(cod),]BF4/
(R)-xyl-Segphos
O O catalyst
—_——
CO,Me \

MeO

X =(CHy),, TEG

Me

2) RuCl3-H,0O
NaIO4

Good Chromophore

Scheme 1.7.4. Synthetic strategy of PAH-based chiral cyclophane.
2—=3 PAHZHTHXT NI rT 7 VORFEHK
2—3—1 HEOEHHK

FT. VA ERVTARURT =N LTHES L2001 58 DA E R
FPL7c, XU, VA V57 45 OERRF 21T o7z, £T. X7 V0 LK
il 2 Nz 2-7 BE4-7nu-1-3— KRB 36) hUA YTV
NTEHFLBNEDOEIE < #IE T v 7V 7 e Tk 2-(1-7 v e -1-
AT = =/)R e CEG8) L DEAR - Bl v T IR o T, s T o
Tz S VBB aa kB R TS 1,71-V A v 39 B B RINERIZ TR, 5
BTz 39 Z N, 23T U7 A(0)/Sphos FEARMREEIZ K % 40 & THP R S 7z 2-
BSag— bRV T /) —)L4l EOBK-ER D v 7V 7 TIPS SO PLLR
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ST R mD A MU=,/ THP EONREICL T, BV =
SOVEBREE TS 2-T7 = )XV ERTHUA L 45 B RBFRINERICTEZ

(Scheme 1.7.5),
gj\&

B(OH), ~Me
TIPS—— 39 (1.2 equiv)
37 (1.2 equiv) 2 mol %

PdCl,(PPh3),

Br 2 mol % Br TIPS :
PdCIz(PPh?,)Z = K2003 (2 eqUIV)
| 2 o = o
THF/NEt; (9:1) toluene/EtOH/H,0

80°C,9h

36 38 40 / 62% yield
(2 steps from 36)

OTHP
Bpin

toluene/H,0O
41 (1.5 equiv) (10:1)

2 mol % Pd(OAc), 100°C, 2 h
2 mol % SPhos
K3PO4 (2 eqUiV)

n-BuLi (1.1 equiv)
THF, -78 °C, 0.5 h

Me TBAF
(1.1 equiv)
B S—
THF, 0 °C to rt

0.5h

then CICO,Me
(1.3 equiv)
-78°Ctort, 18 h

PPTS (0.1 equiv)

CO,Me THF/MeOH (1:1)
0°Ctort, 18 h

45/ 63% yield
(4 steps from 40)

Scheme 1.7.5. Synthesis of unsymmetrical biphenyl-linked 1,7-diyne 45.

WIZ, X TR 55 DA G LT2(Scheme 1.7.6), £7°, 2-7' 1
FA4-7 RN XTNT R RE6)E v, IR E 1-7 nEF mE @I X
% Barbier [its /4 U7-/KEEE D TBDPS FEC L AR /T F %A hU 7 =
SIVRAT 4 o RT DT MO LD INARNRT T =gl 4 A XU T
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=R VRGO E DA BT v ) Nk o TL R HET D 4- 4 B R
T 2 =)V E exo-T IV VERNICETAY R R A o F 51 B E RIS TE T,
Boiiz 51 W, 237 2 5(0),/ Sphos $ERBETFE T, vy 7 o=
Au R AT V2 LK ER Ay Y 7L TBAF 12 L% TBDPS 20D
LRFEIC L ST, 2-7 2 )R VEEZAETLHE Redi M 4 54 12T EER
\ZH 77, IT. CSA IZX DMK E exo-T V7 iy DEMALIZE - T, HIY
DR T VR (E)-55 5T,

///\Br

TBDPSCI
47 (1.5 equiv) (2 equiv)
0 Zn powder HO imidazole TBDPSO
Cl (3 equiv) Cl (4 equiv) Cl
H B THF, 0 °C to rt DMF, rt to 80 °C B
1h 1h
46 \\ 48 \\ 49
MeO—@—B(OH)z
OTBDPS 50 (1.5 equiv)
Bpin 3 mol % Pd(PPhs), | EtOH, 80 °C
Cs,CO3 (2 equiv) 1.5h

TBDPSQ,

\ toluene/H,0
O (10:1)
OMe 100 °C, 1 h

53 51/72% vyield (3 steps)
(E/Z = 1:>99)

HO,
O O CSA
CSA (0.5 eqiuv) D (0.5 eqiuv)

52 (1.5 equiv)
2 mol % Pd(OAc),
4 mol % SPhos
K3POy, (2 equiv)

TBDPSO.

TBAF TBDPSO.
(3 equiv)

toluene

\ toluene, 110 °C
5h
O OMe

\
Do

110 °C, 24 h
54/ 97% yield (2 steps) 55 /69% yield
(E/Z = 1:>99) (E/Z = 14:86)
HO,
55/ 51% yield
(E/Z =>99:1)
MeO

Scheme 1.7.6. Synthesis of benzofulvene 55.



BoNTZIA 45 LRV TN (E)-S5 ZHWT, TS EDh v
U > 7 & fEt L7z (Table 1.7.2), 3725, DMF EEEH, 90 FEDIMMEAGFIZ I
T, L LCREED Y 7 A&V, 45 LTEA DT 1mET LI L (56a-56g) %
70X 12-BAQ-7rExT hF )T X L (56h), BB L ON(E)-55 & DB 72
Williamson T—7 L ARRIC L > T HEO I A RV TR ENIFEFSE
RESM=9-3)D T VXV E-IL TEG 8% L TS L7240 1(58a—58h) /% B
I 72 ERIT THS B AL 7= (Table 1.7.2),

Table 1.7.2. Synthesis of diyne-benzofulvene couples 58.

X
Br— Br
Me 56 (5 equiv) .
K,CO3 (2.5 equiv)

CO,Me DMF, 90 °C, time

(1.5 equiv)
K2003 (3 eqUiV)

DMF, 90 °C
1h
entry 56 (X) time (h) 57/%yield 58/ % yield
1 56a [(CH,)q] 15 61 81
2 56b [(CH,)g] 1.5 70 76
3 56¢ [(CH,)/] 1 74 74
4 56d [(CH,)s] 15 77 85
5 56e [(CH,)s] 1.5 >99 63
6 56f [(CH,)4] 1 82 77
7 569 [(CH,)3] 1 >99 69
8 56h (CH,CH,OCH,CH,0OCH,CH,) 3 - 41 (2 steps)
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2—3—2 (EBIOZ T F AR R2-2)FINERL G L D% T v
KBRS F DARF B

BoiTz 58 Z W T ALER X O T o F A& IR [2+2-2) IR LS &
%X T VKBRS T OB E G Li=(Table 1.7.3), £3°. T/AF/LEHDOREL
259 D 58a W, BF A M T T L (R)-xyl-Segphos A A 20 mol %
HAWT, YZ7ruxZof 58a OJREZ 0.006M & LT, =R T, BataiT-o
7-(Table 1.7.3, entry 1), = ODO#EF, HEIDRA22/IMMERLIS D ET L, % d
%X T VKERIRS T 59a BEMEENDSERR T U FATIRNET, H—D U7
AT VA ~—L LTRRONT, FRRREME T, SEIERRFERM=8-3)DT /v
XL E 721X TEG 8521 % 58b-58h 2 HH W Tt 24T -~72 & 2 A, Wit d 5
X 7 VRERIR ST 1-(59b—59h) 73, HAREE /) B i WU EE (45-86% yield) 2 T, Wi
HARD TR T o F A BIRME(97—>99% ee), M DOHE—DALE MK L LTHS
AU7z(Table 1.7.3, entries 2—-7),
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Table 1.7.3. Enantioselective synthesis of chiral macrocycles via rhodium-catalyzed
regio- and enantioselective intramolecular [2+2+2] cycloaddition of diyne-benzofulvene

couples 58.

> \
Y mol %
O [Rh(cod),]BF4/
(R)-xyl-Segphos
O (R)-xyl-Segp -

CH20|2 rt 24 h
CO,Me \ conc. = 0.006 M

entry 58 (X) Y 59 / % yield 59/ % ee
1 58a [(CHy)o] 20 74 >99 (-)
2 58b [(CH>)g] 20 61 >99 (-)
58¢ [(CH,);] 100 45 99 (-)
4@ 58c [(CH,);] 20 52 >99 (+)
58d [(CH>)e] 20 78 >99 (-)
58e [(CH5)s] 20 86 >99 (-)
58f [(CH;)4] 24 54 97 (-)
89 589 [(CH5)4] 20 61 97 (+)
9 58h (CH,CH,OCH,CH,OCH,CH,) 20 85 98 (-)

@ (8)-xyl-Segphos was used as a ligand.
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2—3—3 ML EFFILIGICE D PAHZFE T 52X I/ 7a 7700
Bk

BoNTEF T NVRERD T 59 # 0T, ¥ 7 a~tH Uz U5y oL
T b2 gt U= (Table 1.7.4), £3. TAFNVEHOREEN 9 DX T L KERIK
F 59a VT, DDQ B XM b/VT = v A1) —/KFn¥y, /i = 7 FligT) k
U 7 2 KD % KRG L= (Table 1.7.4, entry 1), ZODFEHR, 7 o=
VIR DI FBACK IS & exo-T NV Gy OEBLRIBHAEOG 23 HELT L. kbt g
HZPAHEHTHX T/ 707 7 2 60a & BEFRINLERIC T, % O NFHE(>99%
ee) w72 ) T <KD T LI LTz, ARSI T ., S ESERIRFEH N =
8-6)DT NI IHEAT D 59b-59d THLIRFTEITo72 &2 A, WTFNLbxfIid
HXTNT a7 7 60b—-60d B3, HFEEE DD EWILER(59-79% yield), 7> D%
DICFHEL(>99% ee) 272 5 Z & 72 <15 H A7 (Table 1.7.4, entries 2-5), L2>L
TIVFIVEEDIRFEED 5 D 59e W T=35E1%, ISR 0NEHEL L Bk
EWIFF LAy o 7= (Table 1.7.4, entry 6), Z OBEH & LTI, 7/FLEENE
lpol=Z L2k o T, BEVERY 60e DELBMO TREL 20, REELL
Liclzw &EEZ NS, LN T T VRO IRFEEN 4 8 LT3 D 59f, 59¢
HOWTRENI TR o7, £72. TEG#HEZH TS 59h ZH N5 & 3T
HEX TN a7y 60h I3, EINERNONFMEZELR S Z LGNl
(Table 1.7.4, entry 7),
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Table 1.7.4. Oxidative aromatization of chiral macrocycles 59 by oxidative

aromatization.

1) DDQ (2 equiv)
CH2C|2, rt, time 1

2) 20 mol %

RUC|3'H20
NalOy4 (6 equiv)
CCl4/MeCN/H,0
(1:1:1)

0 °C, time 2

entry 59 (X) time 1 (h) time 2 (h) 60/ % yield 60/ % ee
(in 2 steps)
1 (-)-59a [(CH,)q] 12 0.5 67 >99 (+)
2 (-)-59b [(CH>)g] 12 0.5 65 >99 (+)
34 (-)-59c¢ [(CH,);] 12 0.5 64 >99 (+)
4 (+)-59¢ [(CH,)/] 12 1 59 >99 (-)
5 (-)-59d [(CH,)6] 19 1 79 >99 (+)
6 (£)-59e [(CH,)s5] 21 - 0 -
7  (-)-59h (CH,CH,OCH,CH,OCH,CH,) 12 1 71 >99 (+)

468 mol % RuCls - H>O was used.
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2—3—4 FILLruT vy OER

RIZ, BT 0717 7 (60a—60d, 60h) % VT, 74 L ) U
Sy DT VR =V EE DRI & et L7z (Table 1.7.5), £, 7L VEEDRFEN 9
DXFT N r7aTyr 60a M, A%/ —/)L& THF OIRGEEH, 0 FEi2T
KFAATHEF PV T LAEECAIE LTNA, TO#%, REE THIET D&M
2 THRET &2 4T > 7=(Table 1.7.5, entry 1), Z DfESR. HOKISHHEIT L, *HHsT
He Raxy 4HA VT J[12-b] ) 7=/ 77 6la &, @IUERNOH
—DVT AT VA= L THD Z LITRE LT, ZORFHEIL 93% ee &
KT L7z, ZofHE, KFATREF Y UL L EEI3EE L ORIGIC
KoTHALEBUZ L - T, MIGRFOREN EF L, HRFEETHD 60a D—
HNT M LTzl B X T, T2 T, SEREE-20 EIZ LT, FRkERSMt
T, MFZ1T o7z (Table 1.7.5, entry 2), ZDFEE, 6la BNERMNOH—DIT
AT LA~—L LT, TONFMECI ee)Z o Z LRGNz, &5
12, SEZERREHM = 8-6)DT VX ILEHEAT D 60b—60d, 60h % FH\ T
AEiTol LT A B TICTHRORSBEITL, It d5F 71 7ua”
7 2 (61b—61d, 61h)73, T L DI (>99% ee) w1705 T L 72| H—
DT AT VA ~—& LT LI (Table 1.7.5, entries 3-6),
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by NaBHa.

NaBH, (32 equiv)

THF/MeOH (1:1)
0 °C to rt, time

60 (>99% ee)

61 / single diastereomer

entry 60 (X) time (h) 61/ % yield 61/ % ee
1 (+)-60a [(CH,)q] 0.5 83 93 (+)
24 (+)-60a [(CH5)q] 1 >99 >99 (+)
3 (+)-60b [(CHy)s] 0.5 >99 >99 (+)
4 (+)-60c [(CH,)7] 2 84 >99 (+)
5 (-)-60c [(CH,)-] 1 80 >99 (-)
6 (+)-60d [(CHy)g] 0.5 86 >99 (+)
7 (+)-60h (CH,CH,OCH,CH,OCH,CH,) 1 86 >99 (+)

4 Conducted at —20 °C.

T2, Goiz 6la PR OLDAFICNMATEEREARATEZHE L TWVDNE S
HERT D702, LT DX 9 2 fiFgt 217 > 72(Scheme 1.7.7), T 72bbH, 71
oA K SRS, BbAlE LT PDC(15 4 E)%E 6la ([oxt LIEA &+,
60a ~DOLEWLZ AT, E ORGSR, HRIOBLIED RAF72IDERICTHEIT L, 60a
INEDNFHPEI9% ee)atH7e 9 Z &7 E bz, LN -T, 6la (3=
ICCEERIATEZA L TWDHZ NN EoT-, £2, 6laldEH o- 7/ 1
2B UHIZEBWT 170 EEE TIELL TH . = B X UALITER SN2 o T,
ZOHBELTIL, RE-—BEEEASOFDRZ —BE BT THES
ENREWED, 7YV —REEE LT RolztEZTWD
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PDC (15 equiv)

CH,Cly, 0 °C to rt

(+)-61a (>99% ee)

(+)-60a / 72% yield, >99% ee

Scheme 1.7.7. Confirming the stability of planar chirality of (+)-6la at room

temperature.

EBIT, TAXNVEOREBEN 3 OF T NVRERD T 59g 1%, 7 a8
VL 130 EOMBGETICBWT N-7 ==L~ LA I F& D Diels-Alder i
METL, ST DH7=2F M UEnEaGT45F 703707762~ H
FREE DI O FRE 272 D T L e SERR YT AT VA BIRMEIC TEH
9% Z & 3T E 72 (Scheme 1.7.8),

7/ H)—o
[‘éN_Q = T o0
v N
o /\ L | P
(10 equiv) . //
> Me, v AN\
PhCI, 130 °C, 17 h He
7 O
H 1<,
I\ Or‘ \.Q
OMe (0)
(+)-59g / (97% ee) ~ (-)-62 / 42% yield, 97% ee
MeO MeO single diastereomer

Scheme 1.7.8. Aromatization of chiral macrocycle 59g by Diels-Alder reaction with

N-phenylmaleimide.

PLEDXE S, PAH #HTAH5X T /0170757 AT F o FARIRICERK
L7=flE. AR T L5,
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2—4 PAH #F345x 7/ 7 177 OGN X Bk miESaiT

Bonlex oy ru7y Oy fREGEEZHLNIT L7720, =il - 225 T,
t Xy 4H-A T /[12-b] MY 7 ==V /) 7 7 L ((+)-61a, (+)-61b, (+)-61c,
(H)-61d)% 7 B RV A K AR ETZIXT F T R T7 T2 e
IR D O A L. B SR X SRS 21T o 72, £ DOFER, (+)-61a, (£)-61b,
(+)-61c, ()-61d TV T 4L PAH H N EHLEZALTWVWDL I ERbrosT
((+)-61a: Figure 1.7.5, (1a, 2a), (£)-61b: Figure 1.7.5, (1b, 2b), (+)-61c: Figure 1.7.5,
(1c, 2¢), (¥)-61d: Figure 1.7.5, (1d, 2d). Details of the crystal data and the summaries of
the intensity data collection parameters, see: Table 1.7.6), & & (Z(+)-61¢ (ZBH L Tl
Z DOMERINAIEE ZIREST HZ LN TETEBY, TNOFLAFITR, 7T —
FOHAFILS ThDHZ Enbnrol,
(1) @)
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(d)

H2H FH2E
e

):~ AU | — RlSC
7~

x

Figure 1.7.5. ORTEP drawing of 61 with ellipsoids at 50% probability: (1) side view
(2) top view, (a) (+)-61a (b) (£)-61b (¢) (Sp,R)-(+)-61¢ (d) (£)-61d. Details of the crystal
data and the summaries of the intensity data collection parameters for 61 are listed in

Table 1.7.6.

Table 1.7.6. Crystal data and data collection parameters of (+)-61a, (£)-61b, (+)-61c,

and (3)-61d.

(+)-61a (+)-61b (+)-61c (+)-61d
o cotos (G (e cunon
formula
weight 712.84 782.93 819.87 670.76
crystal orthorhombic yellow block orthorhombic ~ Monoclinic
system
space group P212121 triclinic P21212 P2y/n
a(A) 10.2337(3) P-1 29.32260(10)  18.0348(3)
b (A) 16.2598(5) 16.5966(3) 22.55060(10)  9.9362(2)
c(A) 22.6841(6) 19.6355(4) 19.53810(10)  22.3095(4)
a (deg) 90 21.0039(4) 90 90
f (deg) 90 68.2170(10) 90 99.7980(10)
y (deg) 90 87.4730(10) 90 90
V(A3) 3774.59(19) 77.1580(10) 12919.42(10)  3939.49(13)
Z 4 6191.52) 12 4
Deated 1.254 6 1.265 1131
(g/cm™)
1(Mo Ka) 0.08 1.260¢ 2.361¢ 0.577¢
Fooo 1512 2500 5144 1416
Crystal size  0.35x0.25 0.227x0.201 0.12x0.12 0.265%0.172
(mm?) x0.1 x0.070 x0.05 %0.089
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Temperature
200
(K)
0 range
2.183-30.682
(deg.)
-13<h<14
index ranges -22<k<23
-30<I<32
number of
independent 11161
reflections
number of 490
parameters
number of
restraints
Flack
parameter -0.9(7)
R1, wR2
(1526())] 0.0633, 0.142
R1, wR2 @Il 01123, 0.1721
data)
S 0.93
largest
difference 0.225, -0.282
peak and
hole (eA™)

93(2)

3.261-68.227
-19<h<19

-23<k<23
-24<1<25

22245

1900

556

0.0792, 0.2392

0.1076, 0.2751

1.131

0.888, -0.497

93(2)

3.351-74.989
-26<h=<36

-28<k<23
-24<1<24

25563

1600

76

0.063(3)

0.0744, 0.2162

0.0768, 0.219

1.075

1.179, -1.399

93(2)

3.454-68.246

-21<h<21
-11<k<I11
-25<1<26

7202

463

0.0391, 0.1004

0.0434, 0.1032

1.049

0.248, -0.164

¢ 4(Cu Ka) (mm™1).
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F7 b ROy WHA VT J[12-b] N ) 7 ==L ) 7 7 2 (Sp.R)-(+)- 61c¢ I3,
FER I T, ST 3 53 T DAFFED HERR S AU 7= (Figure 1.7.6 (a)), BLIRZEZ &
2. WIFNORFbar 7 x A= a URREIL T2 Z b FetkPE il
SR &AM 2253 1T 2 & & 2 B 5 (Figure 1.7.6 (b)),

(a) (b)

Figure 1.7.6. (a) Three (Sp,R)-(+)- 61¢ in single crystal obtained from CHClz/n-hexane.
(b) Overlapping three (Sp,R)-(+)- 61¢ for comparison of their conformations.
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S BT, ZOMSL 3 5 FIIEESy T2 B IABRIRIN B Ry X 7L TED, 2
DOWHEER (R, L)1 R S L7z (Figure 1.7.7 (a, b)), #& T L7ZE47IC
BIL CIRE sy 72 RIETETEY, 7Rl ABLN n-~FTHh 20 iA
ATUWND Z L DR T & 7= (Figure 1.7.7 (c)), —J7 C. HkEADERSFIZBI L CTiX. [A]
TEE TITIEE SR> Te DS I 1 DAFAE Z ffgid L 72 (Figure 1.7.7 (¢)), 2D X
T 2 DOOWEFEN A ONTZEE E LT, BEOUEZEMTIEIA M D
VIR = VI LRI TGS FHAEAER L. ANV A TEINLZER] & 7p > TS 7z
B SRR T W e v o 72 & B 2 B A (Figure 1.7.7 (a)), — 5 T
PhEa D EEZERNICEE L Cid, 0T OBKEHRS THL 7T —ICHENTE Y,
WISy L O BEAER N D72 <. EHICHBRD b xatfid s 7> T b7
D, EENTBEBS T L < ELNL TV &5 2 B S (Figure 1.7.7 (b)),

(a) (b)

(©

Figure 1.7.7. Packing structure of three (Sp,R)-(+)- 61¢ in single crystal obtained from

CHCls/n-hexane. (a) top view (b) side view (c) assignment the solvent molecules
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2—5  SHERE D22

2221 INERACBUSIZ K D & Z VRERIR S+ 59 OB RICER T DAE R IO
T F A BRREFEBLOBAE I OWN T, IRD K 5 IZF % L7z (Scheme 1.7.9), %
T, 58 DA UERI N AT A UM e U AOSERIC LERERERIL LT, v ¥
vrmaRo T A BT DpathA), 2O XY A 7L AL, XY
TN INE A A7 Rh—C fEA T3 U T EIRIAICHFA L, v XA
IV B BT D, 20L&, BNADY L O T R TIAFROT =
NWIEF ) E DSIRNEERET DL O, R TR D 4-A FFU T =)L
) TR L . SRS E DR P B (R E) NS 8 D TR b 8T
T DA E THAAL AR EITT D 2 LT, MEB IO T2 F A mUEN I
T D BT, 0T AOETRIMEEIC X > TF T VKBRS F 59 N5 5,

— ., VA VDOBFLREMEEEFT LT IAF Uy E R TR
fRfbrIBRib L, m& v a7 C 2T 5 e S B 2 LD (path B),
ZOHA L, IR ARZEE L RIS R TR DR B (R ) D3
BRI bEEE T D1 & T Al b LB EIT T2 B2 bhvd, L
ToRo T, ZOEBETHNEL LT FARPEDREIHT D EE2HL5,
A UEIET R o RKmICE SRR TH LTV a I VR = VR
LTWAZ ENnD, BFEERANRL Y TARESS & ORBLHIBRILDRERNC 72
STl bBEZOND, ZOouXP A 7K LTH D 1 DOT7 F 2 0ElhL,/
HATLHZEIZL Ve A 7 VB EZHT 5, LLEDX ST, [202+2)FH N8R
EISMIER LT o FARIRICETT L2, FLAEERETLXT
VKBRS 59 ME—DONLER L OB RMERE LTEONEEE XN,
Fio. HBONT- 59 LIS EEALSIC L > TEB LTy rn T 7 v
60 (2K LT, 1,227 A7 LA SRIRIYICHET L2 B & LT, R ESE
DY 720N convex N HKFLARTHET MY U AR T A Z & TRINT DIETC
FISHEIT L, FT0v 7077 6l BNE—OYT AT LA~—L LTHELN
TmEEZND,
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Ph
Phaa /\5
N T
Me< R:h
i Ph
; g
i path A H

g

Scheme 1.7.9. Plausible mechanism for rhodium-catalyzed regio- and enantioselective
intramolecular [2+2+2] cycloaddition of 58 and diastereoselective 1,2-reduction of 60.
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2—6 PAHZEHTAXT NI 71757 ONFEE

BonfexIre Raxy MH-A YT /[12-D) RV 7=/ 77 61 &,
TP E BT RWET AL LT Raxy 4H-A VT J[12-b] ) 7 =
= L > 63(See Experimental Section) D &7 A[ R UL A~ KL #HE AT B,
HOLE IR Z 7 v m RV LR H CHIE L 72 (Table 1.7.7, Figure 1.7.8, 1.7.10 (a,
b))o MBRRWLULHE K 1T 282-294nm & 358-375nm TH Y . T/ FHOFE 23 <
RBHITONT, BEERCHEEREEY Y M, EEEHCTEEREYZ FLTW
HZ ENDNoTe, —FHT, BRENEKEIT 464-510nm TH Y . 7 /LF/LEHD
FENEL RDIZONT, EHEEY 7 FLTWAZERHLNE ST, £,
Bonx oy rua Ty el BLO63 X7 n kL AERF, KK 365 nm
DORXIH T, ENENFREAI D AKE LOFROE %~ L(Figure 1.7.9), <
DOEFEEAIZRIL 78-82% &, ZNETICHME SN TNDEIF I AXT L EAAL
I R7 7 2(64)(Dr = <2-43%)?2P X T )L E L ) 7 7 L(65)(Dr = 40%)*°, F TV
T RTE T 7 (66)(Pr=T-29%)7. KV bEWEEZRT I EBHALNER
ST, FFETREZLIZ, ET VLAY 63 DENETIEIZ48% THY, V7
Ry rETHIEICLoTEDMEIFM ELE, ZOMEITINETHE SN
TWHPAH ZHFT5F 70777 L3Rt Z2RmT 2 E RGN E
7p otz (Figure 1.7.11), 2D L H1Z, FT7 40717 7 2 61 DENETIEENRE
TG 63 L0 LML= #EE L L UX v r/unrr 352 Licko T,
) DFRIEORZ vy F o TRAEFEIN, REBE LR RolzZ b 2) 0 F )
MBI, 7 2=V —TF OO B HEMET L, B I53 5
HENBD LT &, OZOonEZOND, £To, T4 717 7 (+)-61a
BLOH)-61c DHARREIZE T HENETINEZHE LT Z A, ZOMHEIZE
TN 25%E 15%TH Y . ET MELEY 63(Pr = 13%) & thig LT, 3 )7t
MPHERENT, EHICXFT L7772 6le DECD A7 hLZHIE LT-
E A, BIFRIT—A A=V DAY FLDE BT (Figure 1.7.10 (¢))s
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Table 1.7.7. Photophysical properties of hydroxy PAH-based chiral cyclophanes 61 and

model compound 62.¢

UV-absor excitation excitation

compd ) fluorescence : h @ : h

(61, 62) ption domax () wavelengt F wavelengt
’ Amax (nm) * (nm) (nm)
(+)-61a | 287,367 483 287 0.78 (O.25)b 290
(+)-61b | 285,367 487 285 0.81 290
(+)-61c | 285,373 500 285 0.81 (0.15)’” 290
(+)-61d | 282,375 510 282 0.82 280
63 | 294,358 464 294 0.48 (O.l3)b 290

¢ Measured in CHCls at 25 °C. At 1.0 x 10 M. » Measured in powder state at 25 °C. ¢

(—)-61c was used.

(Ry,S)-(-)-61c
Figure 1.7.8. Structures of hydroxy PAH-based chiral cyclophanes 61 and model

compound 63.

63

Figure 1.7.9. Photographs showing the fluorescence in the CHCl; solution 61 and 63

with irradiation at 365 nm.
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105 ¢, M cm—?
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(+)-61b
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Wavelength, nm
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—(+)-61a

(+)-61b
—(+)-61cC
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—63

240

340 440 540 640

Wavelength, nm
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_08 1 L 1 1 1 L 1 1 L 1 1
240 340 440

Wavelength, nm

Figure 1.7.10. Photophysical properties of 61 and 63:

fluorescence (c) ECD spectra.
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65
= 0,
64a (R' = (R)-2-octyl, R? = Me): q)(,;ef gg)ﬁ’
(DF = 940/0 (DF = 30%
64b (R' = 2,6-diisopropylphenyl, (ref 19a)

R? = 2-[2-(2-methoxyethoxy)ethoxy]ethyl):
D = 89%
(ref 22b)

(DF = 40%
(ref 26) O =7-29%
(ref 19a)

R'= 2,6-diisopropylphenyl
or (R)-2-octyl

67 (n = 0-2)
@p = <2-43%
(ref 22b)

Figure 1.7.11. Structures and fluorescence quantum yields of 64-69.
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2—7 E£&®

ARETIEE 1 53 mICTHRAT, FERFRIA R TR L DOfE
B LT T o FABIRAY R 2221 INERAL BOS & BB LR A B/ IALROSIT K- T
PAH #H45x% 7107077 D) FARROREREZBG LIZ, TD
FER. W TF A M U T A1),/ (R)-xyl-Segphos $EMRAREEAFE T, A v &RV
TNRUNT =% LTS LT T OR22ITINBRAL S EIT L. xti&
T 5% T I)VKEIRD T 2D TRV T o T AR IRE(97->99% ee)lZ T, BH—D
MEREERE L TR ZENRTE T, 6T, HonX T VKRERS 5 H
VW, DDQ B LU bV T =T A —/KF,Ea R Y DAL DY
J a5 OB S R LEZIE N-T 2= <A I REDUT
AT L ATEIREY 72 Diels-Alder S 2 & - T, & DOHEEMPEE(>99% ee) 24872 9 =
e, BEFRINRIZTHHO PAH BT 55X 707 07 7 VO EERK
L7z, £70, Bonlzex vy rsa7y 03, KEREFUVZRT R TLIZLD
TNAV ) EGDAINVR VIO DT AT VAR 2 1,2-8 012 Lo TL%f
IG5 n ET VAL U EET AR TN I a7 7 s b BRI TR
THZLENTE T, EBIC, BoNEXFT N7 uT 7 o OB X iR
Mr&aiTo> 2 & T, ZTOMMEB XONE SLAFEEZH O THE EHIZ, RF
RO L TER L, £ niE7 VAL U 2B THF T 007
177 AR TIZB N T, TOMEICHR T ORER Ay T 72T 5 L
Bhholze, S HIZEDONFRMEARE LoAR, 2OtEFIRIT 78-82% & |
EELREEEZATHICHLEDLLT, ZNETHESINTWS PAH ZHT 5%
TN IaT 7 AR TEVETSH S Z 2 LN Lz, BERENZ LIz,
YRR NVA VBT XTIy sa 7y aining, a7 kLT
WRWE R Xy 4H-A VT /[1,2-b] R ) 7 ==L (Pr = 48%)IT L~ THL
BTIROMEN D TE< . ZOMENT, ZNETHRESN TS PAH 26T
LX TN TAT 7 I ORERTH -7, REKRIEITS%., PAH 28T
LXTNTrm Ty O F o F ARG ROARRTFEL D LIRS
&L BT, TNEAWTEHHA RS TR O BEIE & 70 5 LI S
a3
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Experimental Section
I. General

Anhydrous EtOH (No. 050-08425), DMF (No. 045-32365), 1,4-dioxane (No.
040-31651), and toluene (No. 204-17915) were obtained from Wako and used as
received. Anhydrous and degassed CH2Cl> (No. 041-32345) and THF (No. 209-18705)
were obtained from Wako and used as received. EtsN was dried over KOH. The other
solvents except for toluene, THF, MeOH, EtOH, H>O, CCls, and MeCN used in the
synthesis of 45 and oxidative aromatization of 59, were dried over Molecular Sieves 4A
(Wako) except for MeOH and Molecular Sieves 3A (Wako) for MeOH. THF employed
in the synthesis of 45 and Et;N, toluene, EtOH, and H,O employed in the synthesis of
45 and 55 were used after bubbling with nitrogen for 30 min. [Rh(cod):]BFs+ was
obtained from Umicore AG. Xyl-Segphos was obtained from Takasago International
Corporation. All other reagents were obtained from commercial sources and used as

received.

All reactions were carried out under nitrogen or argon in oven-dried glassware with

magnetic stirring, unless otherwise noted.

'H (400 MHz) and *C (100 MHz) NMR data were collected on a Bruker AVANCE
IIT HD 400 at ambient temperature. HRMS data were obtained on a Bruker micrOTOF
Focus II. A single crystal X-ray diffraction measurement was made on XtalLAB mini II
diffractometer using graphite monochromated Mo-Ka radiation and R-AXIS RAPID 11
Imaging Plate camera using graphite-monochromated Cu-Ka radiation. UV-Vis
absorption and fluorescence spectra were recorded on JASCO V-630 and JASCO
FP-6200 spectrophotometers, respectively. Fluorescence quantum yields were obtained
on a Hamamatsu Photonics, Absolute PL Quantum Yield Measurement System,
C11347-01. Optical rotation values were measured on a JASCO P-2200. Electronic
circular dichloism (ECD) spectra were recorded on a JASCO J-820 spectrometer.
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I1. Synthesis of Substrates
(i) Synthesis of Diyne 45

((5-Chloro-2'-(prop-1-yn-1-yl)-[1,1'-biphenyl]-2-yl)ethynyl)triisopropylsilane (40,
Scheme 1.7.5)

Br TIPS—= Br TIPS

38

Pd(PPh3)2Cl> (0.191 g, 0.272 mmol) and Cul (0.104 g, 0.544 mmol) were added to a
solution of 2-bromo-4-chloro-1-iodobenzene (36) (4.32 g, 13.6 mmol) in THF/Et;:N (9:1,
91.1 mL). To the mixture was added triisopropylsilylacetylene (37) (2.1 mL, 16.3
mmol). After being stirred at room temperature for 22 h, the reaction was poured into
saturated aqueous NH4Cl/n-hexane. The aqueous phase was extracted with two portions
of mn-hexane. The combined extract was washed with brine, dried over Na>SOs, and
concentrated. The residue was filtered through a pad of silica gel (eluent: n-hexane) to
give crude 38 and 36 (4.99 g). Pd(PPh3)>Clz (57.0 mg, 0.0812 mmol) and Cul (30.9 mg,
0.162 mmol) were added to a solution of this crude material (4.99 g) in THF/EtsN (1:1,
24 mL). To the mixture was added triisopropylsilylacetylene (37) (0.61 mL, 4.88 mmol).
After being stirred at room temperature for 37 h, the reaction was poured into saturated
aqueous NH4Cl/n-hexane. The aqueous phase was extracted with two portions of
n-hexane. The combined extract was washed with brine, dried over Na>SOs, and
concentrated. The residue was purified by a silica gel column chromatography (eluent:
n-hexane) to give crude 38 (4.86 g). This crude 38 was used for the next reaction
without further purification. To a stirred solution of this crude 38 (4.86 g) and
(2-(prop-1-yn-1-yl)phenyl)boronic ~ acid (39)*> (3.96 g, 10.6 mmol) in
toluene/EtOH/H,0 (4:4:1, 47.3 mL) was added PdCl>(PPhs), (0.149 g, 0.213 mmol) and
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K2COs (2.94 g, 21.3 mmol) at room temperature. After being stirred at 80 °C for 9 h, the
reaction mixture was poured into HyO/CH>Clo. The aqueous phase was extracted with
two portions of CH>Clo. The combined extract was washed with brine, dried over
NazSO4, and concentrated. The residue was purified by a silica gel column
chromatography (eluent: n-hexane) to give 40 (3.43 g, 8.44 mmol, 62% yield from 36 in
3 steps) as a dark red oil.

"H NMR (CDCls, 400 MHz) 6 7.49 (d, J = 8.3 Hz, 1H), 7.47-7.42 (m, 1H), 7.39 (d, J
=22 Hz, 1H), 7.37-7.31 (m, 1H), 7.30-7.21 (m, 3H), 1.87 (s, 3H), 0.94 (s, 21H); 1*C
NMR (CDCls, 100 MHz) 6 145.2, 141.5, 133.8, 133.4, 132.3, 130.1, 129.8, 127.5, 127.2,
127.1, 123.4, 121.7, 104.9, 94.7, 89.4, 78.7, 18.5, 11.2, 4.3; HRMS (APCI) calcd for
Ca6H32CISi [M+H]" 407.1956 found 407.1947.

Methyl 3-(2-hydroxy-2''-(prop-1-yn-1-yl)-[1,1':3',1''-terphenyl]-4'-yl)propiolate
(45, Scheme 1.7.5)

OTHP
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To a stirred solution of 2-phenoxytetrahydro-2H-pyran (14.3 g, 80.1 mmol) in THF
(200 mL) was added n-BuLi (62 mL, 96.1 mmol, 1.55 mol/L in n-hexane) at —78 °C and
the resulting mixture was stirred at room temperature for 1.5 h. To the resulting mixture
was added 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (21 mL, 0.104 mol) at
—78 °C. After being stirred at room temperature for 16 h, the reaction mixture was
poured into potassium phosphate buffer (pH = 6.7)/EtOAc. The aqueous phase was
extracted with two portions of EtOAc. The combined extract was washed with H>O and
brine, dried over Na>xSO4, and concentrated. The residue was purified by a silica gel
column chromatography (eluent: n-hexane/EtOAc = 70:30) to give crude 41 (22.7 g).
This crude 41 was used for the next reaction without further purification. To a stirred
solution of this crude 41 (3.59 g) and 40 (3.43 g, 8.44 mmol) in toluene/H,O (10:1, 16.5
mL) was added Pd(OAc): (37.9 mg, 0.169 mmol), SPhos (69.4 mg, 0.169 mmol), and
K3PO4 (3.58 g, 16.9 mmol) at room temperature. After being stirred at 100 °C for 2 h,
the reaction mixture was poured into HoO/CH>Cl,. The aqueous phase was extracted
with two portions of CH2Cl,. The combined extract was washed with brine, dried over
NaSO4, and concentrated. The residue was purified by a silica gel column
chromatography (eluent: n-hexane/CH>Cl, = 70:30) to give crude 42 (4.17 g). This
crude 42 was used for the next reaction without further purification. To a stirred solution
of this crude 42 (4.17 g) in THF (84 mL) was added TBAF (9.3 mL, 9.28 mmol, 1.0
mol/L in THF) at 0 °C. After being stirred at room temperature for 30 min, the reaction
mixture was quenched with H>O (9 mL) and poured into HoO/CH>Cl,. The aqueous
phase was extracted with two portions of CH>Cl,. The combined extract was washed
with brine, dried over Na;SO4, and concentrated. The residue was purified by a silica
gel column chromatography (eluent: n-hexane/CH>Cl> = 50:50) to give crude 43 (3.72
g). This crude 43 was used for the next reaction without further purification. To a stirred
solution of this 43 (3.72 g) in THF (71 mL) was added n-BuLi (5.1 mL, 7.84 mmol,
1.55 mol/L in n-hexane) at =78 °C and the resulting mixture was stirred at room
temperature for 30 min. To the resulting mixture was added methyl chloroformate (0.72
mL, 9.27 mmol) at —78 °C. After being stirred at room temperature for 15 h, the
reaction mixture was poured into HoO/EtOAc. The aqueous phase was extracted with
two portions of EtOAc. The combined extract was washed with brine, dried over
Na>SOs, and concentrated. The residue was purified by a silica gel column
chromatography (eluent: n-hexane/CH>Cl> = 50:50 to n-hexane/EtOAc = 80:20) to give
crude 44 (2.37 g) and 43 (1.54 g) respectively. To a stirred solution of this 43 (1.54 g) in
THF (34 mL) was added n-BuLi (3.0 mL, 4.65 mmol, 1.55 mol/L in n-hexane) at

—78 °C and the resulting mixture was stirred at room temperature for 30 min. To the
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resulting mixture was added methyl chloroformate (0.40 mL, 5.13 mmol) at =78 °C.
After being stirred at room temperature for 18 h, the reaction mixture was poured into
H>O/EtOAc. The aqueous phase was extracted with two portions of EtOAc. The
combined extract was washed with brine, dried over Na>xSQOs, and concentrated. The
residue was purified by a silica gel column chromatography (eluent: n-hexane/CH>Cl; =
50:50 to n-hexane/EtOAc = 80:20) to give crude 44 (0.809 g). This crude 44 (1.93 g)
was used for the next reaction without further purification. To a stirred solution of crude
44 (1.93 g) in MeOH/THF (1:1, 16 mL) was added PPTS (0.108 g, 0.428 mmol) at 0 °C.
After being stirred at room temperature for 18 h, the reaction mixture was poured into
H>O/EtOAc. The aqueous phase was extracted with two portions of EtOAc. The
combined extract was washed with H,O and brine, dried over Na>SOa, and concentrated.
The residue was purified by a silica gel column chromatography (eluent:
n-hexane/EtOAc = 90:10) to give 45 (1.94 g, 5.29 mmol, 63% yield from 40 in 4 steps)
as a brown amorphous.

"H NMR (CDCls, 400 MHz) 6 7.81 (d, J = 8.0 Hz, 1H), 7.67 (d, J = 1.6 Hz, 1H),
7.57-7.53 (m, 1H), 7.50 (dd, J = 8.0, 1.8 Hz, 1H), 7.48—7.43 (m, 1H), 7.39-7.25 (m,
4H), 7.04-6.96 (m, 2H), 5.44-5.36 (m, 1H), 3.73 (s, 3H), 1.92 (s, 3H); *C NMR
(CDCI3, 100 MHz) ¢ 154.4, 152.6, 145.3, 140.5, 139.0, 134.9, 133.0, 131.1, 130.1,
130.0, 129.8, 128.3, 128.1, 127.3, 126.8, 123.1, 121.1, 118.2, 116.3, 89.5, 85.7, 83.4,
79.1, 52.7, 4.4; HRMS (ESI) calcd for C25sHisO3Na [M+Na]" 389.1148 found 389.1153.
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(ii) Synthesis of Benzofulvene 46

(Z)-tert-Butyl((5-chloro-3-(4-methoxybenzylidene)-2,3-dihydro-1H-inden-1-yl)o-
xy)diphenylsilane (51, Scheme 1.7.6)

///\Br

Q a7 HO
Cl Zn powder Cl
H >

Br

46 \\ 48

'

W

Cl
50

NOESY cross peak

The title compound was prepared by the conditions used in the synthesis of
structurally ~ related  compounds.** 3® To a  stired solution  of
2-bromo-4-chlorobenzaldehyde (46) (2.00 g, 9.11 mmol) and propargyl bromide (47)
(1.0 mL, 13.7 mmol) in THF (18 mL) was added zinc powder (6—9 um) (1.79 g, 27.3
mmol) at 0 °C. After being stirred at room temperature for 1 h, the reaction mixture was
filtered through a pad of Celite (eluent: EtOAc) and washed with saturated aqueous
NH4Cl, H>O, and brine, dried over Na;SOs, and concentrated. The residue was used for
the next reaction without further purification. To a stirred solution of the residue in
DMF (9.1 mL) was added imidazole (2.48 g, 364 mmol) and
tert-butyldiphenylchlorosilane (4.7 mL, 18.2 mmol) in this order at room temperature.
After being stirred at 80 °C for 1 h, the reaction mixture was poured into HO/CH>Cl.
The aqueous phase was extracted with two portions of CH2Cl,. The combined extract
was washed with H>O three times and brine, dried over Na>SO4, and concentrated. The
residue was filtered through a pad of silica gel (eluent: n-hexane/ CH»Cl, = 90:10) and
concentrated. The residue was used for the next reaction without further purification. To
a stirred solution of the residue in EtOH (46 mL) and 4-methoxyphenylboronic acid
(50) (2.08 g, 13.7 mmol) was added Pd(PPh3)4 (0.316 g, 0.273 mmol) and Cs>COs (5.94
g, 18.2 mmol) at room temperature. After being stirred at 80 °C for 1.5 h, the reaction
mixture was quenched with H,O (6 mL) at 0 °C and poured into H>O/CH>Cl. The
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aqueous phase was extracted with two portions of CH>Cl,. The combined extract was
washed with brine, dried over Na;SOy4, and concentrated. The residue was purified by a
silica gel column chromatography (eluent: n-hexane/CH2Cl> = 100:0 to 90:10) to give
51 (3.46 g, 6.59 mmol, 72% yield from 46 in 3 steps) as a pale brown amorphous.

The stereochemistry of this compound was determined by the NOESY cross peak.

'H NMR (CDCl3, 400 MHz) 6 7.79-7.69 (m, 4H), 7.50-7.36 (m, 6H), 7.22 (d, J =
8.6 Hz, 2H), 7.19 (s,1H), 7.16 (d, /= 7.9 Hz, 1H), 7.11 (dd, J = 8.3, 1.6 Hz, 1H), 6.86 (d,
J=8.5Hz, 2H), 6.44 (s, 1H), 5.28 (t, /= 6.4 Hz, 1H), 3.83 (s, 3H), 2.92-2.74 (m, 2H),
1.12 (s, 9H); *C NMR (CDCls, 100 MHz) § 158.8, 147.9, 140.2, 137.0, 136.0, 135.9,
134.1, 133.9, 133.3, 129.90, 129.87, 129.6, 129.4, 128.3, 127.83, 127.75, 125.9, 123.7,
123.5, 114.0, 73.5, 55.3, 46.1, 27.1, 19.3; HRMS (ESI) calcd for C33H33ClO2SiNa
[M+Na]* 547.1831 found 547.1835.

tert-Butyldiphenyl(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy)silane
(52, Scheme 1.7.6)

OTBDPS OTBDPS

Br Bpin
—_—

52

The title compound was prepared by the conditions used in the synthesis of
structurally related compounds.’’ To a stirred solution of
(2-bromophenoxy)(tert-butyl)diphenylsilane®® (8.16 g, 19.8 mmol) and Pd(dppf)Cl,
(0435 g, 0595 mmol) in  1,4-dioxane (10 mL) was added
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5.7 mL, 39.7 mmol) and Etz:N (5.5 mL, 39.7
mmol) in this order at room temperature. After being stirred at 110 °C for 38 h, the
reaction mixture was quenched with MeOH (5 mL) at 0 °C and poured into H>O/EtOAc.
The aqueous phase was extracted with two portions of EtOAc. The combined extract
was washed with brine, dried over Na;SOs4, and concentrated. The residue was purified
by a silica gel column chromatography (eluent: n-hexane/CH>Cl, = 80:20) to give 52
(7.98 g, 17.4 mmol, 88% yield) as a colorless oil.

'H NMR (CDCls, 400 MHz) 6 7.82—7.76 (m, 4H), 7.72 (dd, J = 7.4, 1.9 Hz, 1H),
7.46—7.30 (m, 6H), 7.01-6.92 (m, 1H), 6.83 (td, J= 7.3, 0.8 Hz, 1H), 6.39 (d, J = 8.2
Hz, 1H), 1.37 (s, 12 H), 1.11 (s, 9H); *C NMR (CDCl;, 100 MHz) ¢ 160.6, 137.1,
135.6, 133.5, 132.0, 129.7, 127.6, 120.3, 119.1, 83.3, 26.5, 25.0, 19.7; HRMS (ESI)
calcd for C2sH3sBO3SiNa [M+Na]* 481.2341 found 481.2348.
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(£)-5-(2-hydroxyphenyl)-3-(4-methoxybenzylidene)-2,3-dihydro-1H-inden-1-ol
(54, Scheme 1.7.6)
OTBDPS

Bpin TBDPSQ

52 - TBDPSO O O
Q OMe

53

C o

54
NOESY cross peak

To a stirred solution of 51 (3.46 g, 6.59 mmol) and 52 (4.53 g, 9.89 mmol) in
toluene/H>O (10:1, 22 mL) was added Pd(OAc): (29.6 mg, 0.132 mmol), SPhos (0.108
g, 0.264 mmol), and K3PO4 (2.80 g, 13.2 mmol) at room temperature. After being
stirred at 100 °C for 1 h, the reaction mixture was poured into H,O/CH2Clo. The
aqueous phase was extracted with two portions of CH>Cl,. The combined extract was
washed with brine, dried over Na>SO4, and concentrated. The residue was filtered
through a pad of silica gel (eluent: n-hexane/ CH2Cl, = 70:30) and concentrated. The
residue was used for the next reaction without further purification. To a stirred solution
of this residue in THF (20 mL) was added TBAF (19.8 mL, 19.8 mmol, 1.0 mol/L in
THF) at 0 °C. After being stirred at room temperature for 26 h, the reaction mixture was
poured into saturated aqueous NH4CIl/EtOAc. The aqueous phase was extracted with
two portions of EtOAc. The combined extract was washed with brine, dried over
Na>SOs, and concentrated The residue was purified by a silica gel column
chromatography (first eluent: toluene/CH>Cl, = 80:20, second eluent: toluene/acetone =
95:5 to 80:20) to give 54 (2.19 g, 6.37 mmol, 97% yield from 51 in 2 steps).

The stereochemistry of this compound was determined by the NOESY cross peak.

"H NMR (CDCls, 400 MHz) § 7.57 (d, J= 8.1 Hz, 1H), 7.40 (s, 1H), 7.35 (dd, J= 7.8,
1.5 Hz, 1H), 7.31 (d, J = 8.8 Hz, 2H), 7.19 (td, J= 7.7, 1.7 Hz, 1H), 7.08 (dd, J = 7.5,
1.6 Hz, 1H), 6.95-6.83 (m, 2H), 6.86 (d, J = 8.7 Hz, 2H), 6.64 (s, 1H), 5.37-5.28 (m,
1H), 5.14 (s, 1H), 3.80 (s, 3H), 3.31 (ddd, J=15.8, 7.1, 1.7 Hz, 1H), 2.81 (ddd, J = 15.8,
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4.6, 2.2 Hz, 1H), 2.05-1.92 (m, 1H); 3C NMR (CDCls, 100 MHz) & 158.8, 152.4,
148.3, 140.0, 137.6, 137.0, 130.2, 129.9, 129.5, 129.4, 129.1, 127.9, 125.6, 124.6, 123.9,
120.8, 115.9, 114.0, 72.8, 55.3, 45.6; HRMS (ESI) calcd for Ca3HaoO3 [M]" 343.1340
found 343.1354.

(E)-2-(1-(4-Methoxybenzylidene)-1H-inden-6-yl)phenol (55, Scheme 1.7.6)
HO HQ, HQ,

\
NOESY L H O OMe

cross peak NOESY
54 MeG (E)-55 cross peak  (7)-55

54 (0.904 g, 2.63 mmol) and CSA (0.304 g, 1.31 mmol) were dissolved in toluene (53

mL) and the mixture was stirred at 110 °C for 5 h. The reaction mixture was poured into

saturated aqueous NaHCO3/EtOAc. The aqueous phase was extracted with two portions
of EtOAc. The combined extract was washed with saturated aqueous NaHCO3 and brine,
dried over Na;SO4, and concentrated. The residue was purified by a silica gel column
chromatography (eluent: n-hexane/EtOAc = 80:20) to give 55 (0.589 g, 1.81 mmol, E/Z
= 14:86, 69% yield) as an orange oil.

(Z£)-55 was 1solated as a mixture of (E)-55 (E/Z = 14:86) and its stereochemistry was
determined by the NOESY cross peak.

(2)-55: '"H NMR (CDCls, 400 MHz) J 7.84 (t, J = 0.7 Hz, 1H), 7.55 (d, J = 8.8 Hz,
2H), 7.40 (d, J=17.6 Hz, 1H), 7.30 (dd, J = 7.7, 1.6 Hz, 1H), 7.26 (s, 1H), 7.21 (td, J =
7.7, 1.8 Hz, 1H), 7.17 (dd, J = 8.1, 1.7 Hz, 1H), 6.97-6.90 (m, 2H), 6.93 (d, J = 8.8 Hz,
2H), 6.86 (d, J = 5.4 Hz, 1H), 6.64 (d, J = 5.4 Hz, 1H), 5.21 (s, 1H), 3.83 (s, 3H); 1°C
NMR (CDCls, 100 MHz) 0 160.1, 152.6, 144.8, 139.9, 135.5, 135.1, 133.7, 133.2, 131.2,
130.2, 129.6, 128.8, 128.7, 128.6, 128.5, 123.8, 121.6, 120.7, 115.7, 114.1, 55.4; HRMS
(ESI) caled for C23His02Na [M+Na]" 349.1199 found 349.12009.

55 (0.589 g, 1.81 mmol, E/Z = 14:86) and CSA (0.210 g, 0.905 mmol) were dissolved
in toluene (36 mL) and the mixture was stirred at 110 °C for 23 h. The reaction mixture
was poured into saturated aqueous NaHCO3/EtOAc. The aqueous phase was extracted
with two portions of EtOAc. The combined extract was washed with saturated aqueous
NaHCO3 and brine, dried over Na;SQOs, and concentrated. The residue was filtered
through a pad of silica gel (eluent: EtOAc) and concentrated. The residue was
recrystallized from MeOH/CH2Cl; to give (£)-55 (0.302 g, 0.926 mmol, 51% yield) as a
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yellow powder.
The stereochemistry of this compound was determined by the NOESY cross peak.

(E)-55: Yellow powder; Mp 144—145 °C;'H NMR (CDCls, 400 MHz) 6 7.77 (t, J =
0.7 Hz, 1H), 7.60 (d, J = 8.6 Hz, 2H), 7.50 (s, 1H), 7.44 (d, J= 7.6 Hz, 1H), 7.37-7.24
(m, 3H), 7.15 (dd, J = 5.6, 0.6 Hz, 1H), 7.07 (dd, J = 5.6, 1.1 Hz, 1H), 7.02 (d, J= 7.8
Hz, 1H), 7.04-6.95 (m, 1H), 6.98 (d, J = 8.8 Hz, 2H), 5.31 (s, 1H), 3.87 (s, 3H); *C
NMR (CDCls, 100 MHz) 6 160.3, 152.6, 141.4, 138.8, 137.6, 133.5, 133.3, 132.0, 130.2,
129.7, 129.4, 129.0, 128.8, 127.8, 126.8, 121.6, 120.8, 119.8, 115.7, 114.4, 55.4; HRMS
(ESI) caled for C23H1s02Na [M+Na]" 349.1199 found 349.1212.

(iii) Synthesis of Diyne-Benzofulvene Couples 58

Representative procedure for the synthesis of diyne-benzofulvene couples 58
(Table 1.7.2, entry 1): 45 (0.147 g, 0.400 mmol), 1,9-dibromononane (56a) and K>,CO3
(0.138 g, 1.00 mmol) were dissolved in DMF (1 mL) and the mixture was stirred at
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90 °C for 1.5 h. To the reaction mixture was added n-hexane (1 mL x 3) at room
temperature and the n-hexane layer was separated and discarded. The DMF layer was
poured into HyO/EtOAc. The aqueous phase was extracted with one portion of EtOAc.
The combined extract was washed with 2M aqueous HCI, saturated aqueous NaHCO3,
and brine, dried over Na;SOs, and concentrated. The residue was purified by a
preparative TLC (eluent: n-hexane/EtOAc = 5:1) to give 57a (0.138 g, 0.242 mmol,
61% yield) as a pale brown oil.

57a (0.138 g, 0.242 mmol), (E)-55 (0.119 g, 0.363 mmol), and K>CO3 (0.100 g, 0.726
mmol) were dissolved in DMF (2 mL) and the mixture was stirred at 90 °C for 1 h. The
reaction mixture was poured into HoO/EtOAc. The aqueous phase was extracted with
two portions of EtOAc. The combined extract was washed with 2M aqueous HCI,
saturated aqueous NaHCOs3, and brine, dried over Na;SOs, and concentrated. The
residue was filtered through a pad of silica gel (eluent: EtOAc), concentrated, and
purified by GPC (eluent: CHCI3) to give 58a (0.161 g, 0.197 mmol, 81% yield) as a

pale yellow amorphous.

Methyl 3-(2-((9-bromononyl)oxy)-2''-(prop-1-yn-1-yl)-[1,1':3',1"'-terphenyl]-4'-y-
I)propiolate (57a, Table 1.7.2, entry 1)

Br

0.138 g, 61% yield, Pale brown oil; 'TH NMR (CDCls, 400 MHz) § 7.69 (d, J = 8.1 Hz,
1H), 7.66 (d, J = 1.6 Hz, 1H), 7.61 (dd, J = 8.0, 1.8 Hz, 1H), 7.55-7.48 (m, 1H),
7.44-7.27 (m, 5H), 7.01 (td, J = 7.5, 1.0 Hz, 1H), 6.97 (d, J = 8.2 Hz, 1H), 3.96 (t, J =
6.3 Hz, 2H), 3.71 (s, 3H), 3.40 (t, J = 6.8 Hz, 2H), 1.86 (s, 3H), 1.84 (quin, J = 7.1 Hz,
2H), 1.71 (quin, J = 6.9 Hz, 2H), 1.50—1.13 (m, 10H); 3C NMR (CDCls, 100 MHz) ¢
156.1, 154.6, 144.5, 141.7, 140.5, 133.2, 132.5, 131.7, 130.6, 129.9, 129.5, 129.3, 128.7,
127.7, 127.2, 123.4, 120.9, 117.2, 112.6, 89.3, 86.7, 82.9, 78.9, 68.4, 52.6, 34.0, 32.8,
29.3, 29.2, 28.7, 28.2, 26.1, 4.4, HRMS (ESI) caled for C3sH3sBrOs3Na [M+Na]"
593.1662 found 593.1659.
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Methyl (E)-3-(2-((9-(2-(1-(4-methoxybenzylidene)-1 H-inden-6-yl)phenoxy)nony-
Doxy)-2""-(prop-1-yn-1-yl)-[1,1':3",1'"'-terphenyl]-4'-yl)propiolate (58a, Table 1.7.2,
entry 1)

LT

H\)
NOESY cross peak

The stereochemistry of this compound was determined by the NOESY cross peak.

0.161 g, 81% yield, Pale yellow amorphous; 'H NMR (CDCls, 400 MHz) J 7.89 (t, J
= 0.6 Hz, 1H), 7.67 (d, J = 8.1 Hz, 1H), 7.65 (d, J= 1.5 Hz, 1H), 7.59 (dd, J = 8.0, 1.8
Hz, 1H), 7.55 (d, J = 8.6 Hz, 2H), 7.53—7.47 (m, 1H), 7.46—7.35 (m, 4H), 7.43 (s, 1H),
7.35-7.22 (m, 5H), 7.08—6.88 (m, 6H), 6.93 (d, J= 8.8 Hz, 2H), 3.97 (t, /= 6.2 Hz, 2H),
3.89 (t, J= 6.4 Hz, 2H), 3.81 (s, 3H), 3.69 (s, 3H), 1.84 (s, 3H), 1.71 (ddd, J = 7.0, 7.0,
7.0 Hz, 1H), 1.69 (ddd, J = 6.4, 6.4, 6.4 Hz, 1H), 1.63 (ddd, J = 6.8, 6.8, 6.8 Hz, 1H),
1.61 (ddd, J = 6.4, 6.4, 6.4 Hz, 1H), 1.39 (quin, J = 7.5 Hz, 2H), 1.30-1.06 (m, 8H); 1*C
NMR (CDCls, 100 MHz) 6 159.9, 156.2, 156.1, 154.5, 144.5, 141.7, 140.5, 140.4, 138.5,
137.4, 135.6, 133.8, 133.2, 132.5, 131.8, 131.7, 131.6, 130.8, 130.6, 129.9, 129.8, 129.5,
129.3, 128.63, 128.57, 128.3, 128.2, 127.7, 127.1, 126.1, 123.4, 120.80, 120.78, 120.6,
120.3, 117.2, 114.3, 112.7, 112.5, 89.3, 86.7, 82.8, 78.9, 68.6, 68.4, 55.3, 52.6, 29.4,
29.3,29.2,29.1, 26.3, 26.1, 4.4; HRMS (ESI) calcd for Cs7Hs20OsNa [M+Na]" 839.3707
found 839.3667.

Methyl 3-(2-((8-bromooctyl)oxy)-2'"-(prop-1-yn-1-yl)-[1,1':3',1"'-terphenyl]-4'-yl)
propiolate (57b, Table 1.7.2, entry 2)

CIENG e e e g N
r 0

0.157 g, 70% yield, Pale brown oil; 'H NMR (CDCls, 400 MHz) § 7.69 (d, J = 8.1 Hz,
1H), 7.67 (d, J = 1.7 Hz, 1H), 7.60 (dd, J = 8.0, 1.8 Hz, 1H), 7.55-7.48 (m, 1H),
7.45-7.27 (m, SH), 7.01 (td, J= 7.5, 0.9 Hz, 1H), 6.97 (d, J = 8.2 Hz, 1H), 3.96 (t, J =
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6.3 Hz, 2H), 3.71 (s, 3H), 3.39 (t, J = 6.8 Hz, 2H), 1.86 (s, 3H), 1.83 (quin, J = 7.3 Hz,
2H), 1.71 (quin, J = 6.9 Hz, 2H), 1.44—1.16 (m, 8H); '*C NMR (CDCls, 100 MHz) §
156.1, 154.5, 144.5, 141.7, 140.5, 133.2, 132.5, 131.7, 130.7, 129.9, 129.5, 129.3, 128.6,
127.7, 127.2, 123.4, 120.9, 117.2, 112.6, 89.3, 86.7, 82.9, 78.9, 68.4, 52.6, 34.0, 32.8,
29.2, 29.1, 28.7, 28.1, 26.1, 4.4; HRMS (ESI) calcd for C33H33BrOs3Na [M+Na]"
579.1505 found 579.1514.

Methyl (E)-3-(2-((10-(2-(1-(4-methoxybenzylidene)-1H-inden-6-yl)phenoxy)decy-
D)oxy)-2""-(prop-1-yn-1-yl)-[1,1':3",1'"'-terphenyl]-4'-yl)propiolate (58b, Table 1.7.2,
entry 2)

A\
NOESY cross peak

MeO
The stereochemistry of this compound was determined by the NOESY cross peak.

0.171 g, 76% yield, Pale yellow oil; '"H NMR (CDCls, 400 MHz) 6 7.89 (s, 1H),
7.70—7.63 (m, 2H), 7.60—7.51 (m, 1H), 7.54 (d, J = 8.8 Hz, 2H), 7.51-7.47 (m, 1H),
7.45-7.34 (m, 4H), 7.43 (s, 1H), 7.34=7.33 (m, 5H), 7.07-6.95 (m, 5H), 6.95—6.88 (m,
1H), 6.91 (d, J= 8.7 Hz, 2H), 3.96 (t, J = 6.2 Hz, 2H), 3.85 (t, /= 6.4 Hz, 2H), 3.80 (s,
3H), 3.69 (s, 3H), 1.83 (s, 3H), 1.70 (ddd, J = 6.9, 6.9, 6.9 Hz, 1H), 1.68 (ddd, J = 6.2,
6.2, 6.2 Hz, 1H), 1.58 (ddd, J = 6.9, 6.9, 6.9 Hz, 1H), 1.56 (ddd, J = 7.6, 7.6, 7.6 Hz,
1H), 1.44-1.29 (m, 2H), 1.29-1.10 (m, 6H); 3C NMR (CDCls, 100 MHz) ¢ 160.0,
156.2, 156.1, 154.6, 144.5, 141.7, 140.5, 140.4, 138.5, 137.4, 135.6, 133.8, 133.2, 132.5,
131.8, 131.7, 131.6, 130.8, 130.6, 129.9, 129.8, 129.4, 129.3, 128.64, 128.60, 128.32,
128.27, 127.7, 127.2, 126.1, 123.4, 120.9, 120.8, 120.6, 120.3, 117.2, 114.3, 112.8,
112.5, 89.3, 86.7, 82.9, 79.0, 68.6, 68.4, 55.3, 52.6, 29.32, 29.28, 29.25, 29.1, 26.3, 26.1,
4.4; HRMS (ESI) calcd for Cs¢HsoOsNa [M+Na]" 825.3550 found 825.3523.
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Methyl 3-(2-((7-bromoheptyl)oxy)-2''-(prop-1-yn-1-yl)-[1,1':3',1""-terphenyl]-4'-
yl)propiolate (57¢c, Table 1.7.2, entry 3)

80.6 mg, 74% yield, Pale brown oil; 'H NMR (CDCls, 400 MHz) ¢ 7.69 (d, J = 8.0
Hz, 1H), 7.72-7.65 (m, 1H), 7.60 (dd, J = 8.0, 1.8 Hz, 1H), 7.55-7.48 (m, 1H),
7.45—7.27 (m, 5H), 7.01 (td, J= 7.5, 1.0 Hz, 1H), 6.96 (d, J = 8.2 Hz, 1H), 3.96 (t, J =
6.3 Hz, 2H), 3.71 (s, 3H), 3.37 (t, J = 6.8 Hz, 2H), 1.85 (s, 3H), 1.79 (quin, J = 7.0 Hz,
2H), 1.71 (quin, J = 6.8 Hz, 2H), 1.43—-1.22 (m, 6H); '*C NMR (CDCls, 100 MHz) §
156.1, 154.5, 144.5, 141.7, 140.5, 133.2, 132.5, 131.8, 130.7, 129.9, 129.5, 129.4, 128.6,
127.7, 127.2, 123.4, 120.9, 117.3, 112.6, 89.3, 86.7, 82.9, 78.9, 68.3, 52.6, 33.9, 32.7,
29.1, 28.4, 28.0, 26.0, 4.4; HRMS (ESI) caled for C3H3;BrOsNa [M+Na]" 565.1349
found 565.1342.

Methyl (E)-3-(2-((7-(2-(1-(4-methoxybenzylidene)-1 H-inden-6-yl)phenoxy)hepty-
Doxy)-2""-(prop-1-yn-1-yl)-[1,1':3",1"'-terphenyl]-4'-yl)propiolate (58c, Table 1.7.2,
entry 3)

NOESY cross peak

The stereochemistry of this compound was determined by the NOESY cross peak.

50.0 mg, 74% yield, Pale yellow oil; 'H NMR (CDCls, 400 MHz) § 7.88 (s, 1H),
7.69-7.60 (m, 2H), 7.60—7.44 (m, 2H), 7.53 (d, J = 8.6 Hz, 2H), 7.44-7.33 (m, 4H),
7.41 (s, 1H), 7.33-7.18 (m, SH), 7.06—6.94 (m, 5H), 6.89 (d, J = 8.8 Hz, 2H), 6.86 (d, J
=8.0 Hz, 1H), 3.95 (t, /= 6.1 Hz, 2H), 3.7811 (t, J = 6.2 Hz, 2H), 3.7808 (s, 3H), 3.68
(s, 3H), 1.82 (s, 3H), 1.73—1.46 (m, 5H), 1.43—1.11 (m, 5H); 3*C NMR (CDCls, 100
MHz) ¢ 1 160.0, 156.2, 156.1, 154.6, 144.5, 141.7, 140.5, 140.4, 138.5, 137.4, 135.6,
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133.8, 133.2, 132.5, 131.79, 131.75, 131.7, 130.9, 130.6, 129.9, 129.8, 129.4, 129.3,
128.64, 128.59, 128.4, 128.3, 127.7, 127.2, 126.1, 123.4, 120.9, 120.8, 120.7, 120.4,
117.2, 114.3, 112.8, 112.5, 89.3, 86.7, 82.9, 79.0, 68.5, 68.3, 55.3, 52.6, 29.3, 29.05,
29.02, 26.2, 26.1, 4.4; HRMS (ESI) calcd for CssHasOsNa [M+Na]" 811.3394 found

811.3418.

Methyl 3-(2-((6-bromohexyl)oxy)-2''-(prop-1-yn-1-yl)-[1,1':3",1'"'-terphenyl]-4'-y-
I)propiolate (57d, Table 1.7.2, entry 4)

B\/\/\/\
r 0

0.164 g, 77% yield, Pale brown oil; 'TH NMR (CDCls, 400 MHz) § 7.70 (d, J = 8.1 Hz,
1H), 7.73-7.65 (m, 1H), 7.61-7.56 (m, 1H), 7.55-7.48 (m, 1H), 7.44-7.27 (m, 5H),
7.02 (td, J=17.4, 0.8 Hz, 1H), 6.97 (d, J = 8.2 Hz, 1H), 3.97 (t,J = 6.2 Hz, 2H), 3.71 (s,
3H), 3.34 (t, J = 6.8 Hz, 2H), 1.86 (s, 3H), 1.81-1.67 (m, 4H), 1.45-1.32 (m, 4H); 1*C
NMR (CDCls, 100 MHz) 6 156.0, 154.5, 144.4, 141.7, 140.4, 133.2, 132.5, 131.8, 130.7,
129.9, 129.5, 129.4, 128.6, 127.7, 127.2, 123.4, 120.9, 117.3, 112.5, 89.3, 86.6, 82.9,
78.9, 68.2, 52.6, 33.8, 32.6, 29.0, 27.8, 25.4, 4.4, HRMS (ESI) calcd for C31H290BrOs3Na
[M+Na]" 551.1192 found 551.1197.

Methyl (E)-3-(2-((6-(2-(1-(4-methoxybenzylidene)-1 H-inden-6-yl)phenoxy)hexy-
Doxy)-2'""-(prop-1-yn-1-yl)-[1,1':3',1"'-terphenyl]-4'-yl)propiolate (58d, Table 1.7.2,
entry 4)

MeO
The stereochemistry of this compound was determined by the NOESY cross peak.

0.185 g, 85% yield, Pale yellow amorphous; '"H NMR (CDCls, 400 MHz) 6 7.88 (s,
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1H), 7.68-7.60 (m, 2H), 7.60—7.45 (m, 2H), 7.53 (d, J = 8.5 Hz, 2H), 7.45-7.20 (m,
9H), 7.42 (d, J = 1.3 Hz, 1H), 7.10—6.95 (m, 5H), 6.89 (d, J = 8.3 Hz, 2H), 6.85 (d, J =
8.3 Hz, 1H), 3.93 (t, J = 5.7 Hz, 2H), 3.81 (s, 3H), 3.78 (t, /= 6.3 Hz, 2H), 3.70 (d, J =
1.1 Hz, 3H), 1.82 (d, J = 1.4 Hz, 3H), 1.68—1.54 (m, 4H), 1.44—1.23 (m, 4H); 3*C NMR
(CDCl3, 100 MHz) 6 159.9, 156.15, 156.06, 154.5, 144.4, 141.7, 140.43, 140.41, 138.4,
137.4, 135.6, 133.8, 133.2, 132.4, 131.8, 131.7, 131.6, 130.8, 130.6, 129.9, 129.7, 129.4,
129.3, 128.6, 128.5, 128.3, 128.2, 127.7, 127.2, 126.1, 123.3, 120.9, 120.8, 120.6, 120.3,
117.2,114.3, 112.8, 112.5, 89.3, 86.7, 82.9, 78.9, 68.5, 68.2, 55.3, 52.6, 29.2, 29.1, 26.0,
25.9, 4.4; HRMS (ESI) caled for CssHasOs [M+Na]" 797.3237 found 797.3208.

Methyl 3-(2-((5-bromopentyl)oxy)-2''-(prop-1-yn-1-yl)-[1,1':3',1""-terphenyl]-4'-
yl)propiolate (57e, Table 1.7.2, entry 5)

0.206 g, >99% yield, Pale brown oil; 'H NMR (CDCls, 400 MHz) ¢ 7.70 (d, J = 8.0
Hz, 1H), 7.67 (d, J = 1.4 Hz, 1H), 7.56—7.48 (m, 1H), 7.45—7.29 (m, 5H), 7.03 (td, J =
7.5, 1.0 Hz, 1H), 6.97 (d, J = 8.2 Hz, 1H), 3.98 (t, /= 6.1 Hz, 2H), 3.72 (s, 3H), 3.28 (t,
J=6.8 Hz, 2H), 1.86 (s, 3H), 1.90—1.67 (m, 4H), 1.57-1.45 (m, 2H); 3*C NMR (CDCl;,
100 MHz) 0 156.0, 154.5, 144.5, 141.7, 140.4, 133.3, 132.5, 131.8, 130.7, 129.9, 129.5,
129.3, 128.6, 127.7, 127.2, 123.4, 121.0, 117.3, 112.5, 89.3, 86.6, 82.9, 78.9, 68.0, 52.6,
33.5, 32.4, 28.4, 25.0, 4.4; HRMS (ESI) calcd for C30H7BrOsNa [M+Na]* 537.1036
found 537.1036.

320



Methyl (E)-3-(2-((5-(2-(1-(4-methoxybenzylidene)-1 H-inden-6-yl)phenoxy)penty-
D)oxy)-2""-(prop-1-yn-1-yl)-[1,1':3",1''-terphenyl]-4'-yl)propiolate (58e, Table 1.7.2,
entry 5)

NOESY cross peak

The stereochemistry of this compound was determined by the NOESY cross peak.

0.144 g, 63% yield, Pale yellow amorphous; '"H NMR (CDCls, 400 MHz) 6 7.83 (s,
1H), 7.63 (s, 1H), 6.74 (d, J = 6.2 Hz, 1H), 7.56—7.44 (m, 4H), 7.40 (s, 1H), 7.45-7.17
(m, 9H), 7.09—6.94 (m, 5H), 6.90 (d, J= 8.8 Hz, 2H), 6.79 (d, J = 8.0 Hz, 1H), 3.90 (t, J
= 6.1 Hz, 2H), 3.83 (s, 3H), 3.82 (t, J = 6.2 Hz, 2H), 3.70 (s, 3H), 1.82 (s, 3H),
1.73-1.58 (m, 4H), 1.52—1.41 (m, 2H); '*C NMR (CDCls, 100 MHz) J 159.9, 156.1,
156.0, 154.5, 144.4, 141.7, 140.42, 140.40, 138.4, 137.3, 135.6, 133.8, 133.2, 132.5,
131.8, 131.7, 130.8, 130.6, 129.9, 129.7, 129.4, 129.3, 128.5, 128.3, 128.2, 127.7, 127.2,
126.1, 123.3, 121.0, 120.8, 120.6, 120.3, 117.2, 114.3, 112.9, 112.4, 89.3, 86.7, 82.8,
78.9, 68.4, 68.1, 55.3, 52.6, 28.90, 28.85, 23.0, 4.4; HRMS (ESI) calcd for Cs3H440sNa
[M-+Na]" 783.3081 found 783.3075.

Methyl 3-(2-(4-bromobutoxy)-2''-(prop-1-yn-1-yl)-[1,1':3',1"'-terphenyl]-4'-yl)
propiolate (57f, Table 1.7.2, entry 6)

Br\/\/\o

82.2 mg, 82% yield, Pale brown oil; 'H NMR (CDCls, 400 MHz) ¢ 7.70 (d, J = 8.0
Hz, 1H), 7.64 (d, J = 1.7 Hz, 1H), 7.57 (dd, J = 8.1, 1.8 Hz, 1H), 7.54—7.48 (m, 1H),
7.44-7.28 (m, 5H), 7.03 (td, J=17.5, 1.0 Hz, 1H), 6.97 (dd, J = 8.2, 0.6 Hz, 1H), 4.00 (t,
J=5.6 Hz, 2H), 3.71 (s, 3H), 3.32 (t, J = 6.2 Hz, 2H), 1.96—1.81 (m, 4H), 1.86 (s, 3H);
3C NMR (CDCls, 100 MHz) 6 155.8, 154.5, 144.5, 141.7, 140.3, 133.3, 132.5, 131.8,
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130.7, 129.9, 129.6, 129.4, 128.5, 127.8, 127.2, 123.3, 121.2, 117.4, 112.6, 89.3, 86.6,
82.9, 78.9, 67.4, 52.6, 33.4, 29.4, 27.8, 4.4; HRMS (ESI) calcd for CaoHasO3Na
[M+Na]* 523.0879 found 523.0884.

Methyl (E)-3-(2-(4-(2-(1-(4-methoxybenzylidene)-1H-inden-6-yl)phenoxy)butox-
y)-2'""-(prop-1-yn-1-yl)-[1,1':3',1"'-terphenyl]-4'-yl)propiolate (58f, Table 1.7.2, ent-
ry 6)

NOESY cross
peak

MeO
The stereochemistry of this compound was determined by the NOESY cross peak.

43.4 mg, 77% vyield, Pale yellow oil; 'H NMR (CDCls, 400 MHz) & 7.84 (s, 1H),
7.67-7.57 (m, 2H), 7.67-7.45 (m, 4H), 7.41 (s, 1H), 7.45-7.13 (m, 9H), 7.13-6.86 (m,
5H), 6.90 (d, J = 8.6 Hz, 2H), 6.74 (d, J = 8.2 Hz, 1H), 3.90 (t, J = 5.2 Hz, 2H), 3.87 (4,
J = 5.8 Hz, 2H), 3.82 (s, 3H), 3.70 (s, 3H), 1.89-1.72 (m, 4H), 1.81 (s, 3H); 13C NMR
(CDCls, 100 MHz) § 160.0, 156.0, 155.9, 154.6, 144.5, 141.7, 140.5, 140.42, 140.41,
138.4, 137.4, 135.5, 133.8, 133.2, 132.5, 131.81, 131.76, 131.6, 130.9, 130.6, 129.9,
129.7, 129.4, 128.61, 128.55, 128.4, 128.3, 127.7, 127.2, 126.1, 123.3, 121.1, 120.9,
120.5, 120.4, 117.2, 114.3, 112.8, 112.5, 89.3, 86.7, 82.9, 79.0, 68.03, 67.99, 55.4, 52.6,
26.3,26.2, 4.4; HRMS (ESI) calcd for CsHa2OsNa [M+Na]* 769.2924 found 769.2962.

Methyl 3-(2-(3-bromopropoxy)-2''-(prop-1-yn-1-yl)-[1,1':3",1"'-terphenyl]-4'-yl)
propiolate (57g, Table 1.7.2, entry 7)

0.195 g, >99% vyield, Pale brown oil; '"H NMR (CDCls, 400 MHz) 6 7.70 (d, J = 8.0
Hz, 1H), 7.62 (d, J = 1.6 Hz, 1H), 7.56 (dd, J = 8.0, 1.8 Hz, 1H), 7.54-7.49 (m, 1H),
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7.42-7.28 (m, 5H), 7.05 (td, J = 7.5, 1.0 Hz, 1H), 7.01 (d, J = 8.2 Hz, 1H), 4.11 (t, J =
5.7 Hz, 2H), 3.72 (s, 3H), 3.44 (t, J = 6.4 Hz, 2H), 2.22 (quin, J = 6.0 Hz, 2H), 1.86 (s,
3H); 13C NMR (CDCls, 100 MHz) § 155.6, 154.5, 144.7, 141.6, 140.4, 133.2, 132.5,
131.7, 130.7, 129.9, 129.8, 129.5, 128.6, 127.8, 127.3, 123.4, 121.4, 117.5, 112.8, 89.4,
86.5, 83.0, 78.9, 65.8, 52.6, 32.2, 30.1, 4.5; HRMS (ESI) calcd for CasH3BrOsNa
[M+Na]" 509.0723 found 509.0723.

Methyl (E)-3-(2-(3-(2-(1-(4-methoxybenzylidene)-1H-inden-6-yl)phenoxy)propo-
xy)-2""-(prop-1-yn-1-yl)-[1,1':3',1""-terphenyl]-4'-yl)propiolate (58g, Table 1.7.2, en-
try 7)

NOESY cross peak

The stereochemistry of this compound was determined by the NOESY cross peak.

0.204 g, 69% yield, Yellow amorphous; 'H NMR (CDCls, 400 MHz) 6 7.77 (s, 1H),
7.59 (s, 1H), 7.58 (d, J = 5.8 Hz, 1H), 7.51 (d, J = 8.7 Hz, 2H), 7.55-7.46 (m, 2H), 7.38
(s, IH), 7.40—7.22 (m, 10H), 7.19-7.13 (m, 1H), 7.08-6.99 (m, 3H), 6.99-6.91 (m, 1H),
6.94 (d, J = 8.8 Hz, 2H), 6.86—6.78 (m, 2H), 4.03 (t, J = 5.8 Hz, 2H), 3.85 (s, 3H), 3.72
(s, 3H), 2.07 (quin, J = 5.8 Hz, 2H), 1.81 (s, 3H); 3*C NMR (CDCls, 100 MHz) § 160.1,
155.9, 155.8, 154.6, 144.6, 141.7, 140.5, 138.4, 137.5, 135.6, 133.8, 133.2, 132.6, 131.9,
131.8, 131.7, 130.9, 130.6, 129.9, 129.7, 129.5, 128.7, 128.64, 128.56, 128.5, 127.8,
127.3, 126.2, 123.4, 121.2, 121.0, 120.5, 120.4, 117.3, 114.3, 112.9, 112.6, 89.4, 86.7,
83.0, 79.0, 64.94, 64.85, 55.4, 52.7, 29.2, 4.5; HRMS (ESI) calcd for CsiHsOsNa
[M+Na]" 755.2768 found 755.2755.
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Methyl (E)-3-(2-(2-(2-(2-(2-(1-(4-methoxybenzylidene)-1 H-inden-6-yl)phenoxy)e-
thoxy)ethoxy)ethoxy)-2''-(prop-1-yn-1-yl)-[1,1':3',1"'-terphenyl]-4'-yl)propiolate
(58h, Table 1.7.2, entry 8)

NOESY cross
peak

MeO

The stereochemistry of this compound was determined by the NOESY cross peak.

0.132 g, 41% yield from 45 in 2 steps, Yellow amorphous; 'H NMR (CDCls, 400
MHz) ¢ 7.87 (s, 1H), 7.69-7.58 (m, 3H), 7.55 (d, J = 8.7 Hz, 2H), 7.51-7.33 (m, 5H),
7.45 (s, 1H), 7.33—7.22 (m, SH), 7.07—6.96 (m, 5H), 6.93 (d, /= 8.8 Hz, 2H), 6.96—6.86
(m, 1H), 4.09 (t, J = 4.9 Hz, 2H), 4.00 (t, J = 4.8 Hz, 2H), 3.82 (s, 3H), 3.74-3.67 (m,
2H), 3.70 (s, 3H), 3.61 (t, J = 4.8 Hz, 2H), 3.47-3.38 (m, 4H), 1.83 (s, 3H); '*C NMR
(CDCI3, 100 MHz) ¢ 160.0, 156.0, 155.9, 154.5, 144.5, 141.7, 140.5, 140.4, 138.4,
137.5, 135.5, 133.8, 133.3, 132.6, 131.84, 131.83, 131.7, 130.9, 130.7, 130.0, 129.7,
129.5, 129.4, 128.8, 128.7, 128.5, 128.4, 127.7, 127.2, 126.1, 123.4, 121.3, 121.2, 120.6,
120.3, 117.3, 114.3, 113.2, 112.9, 89.4, 86.7, 83.0, 79.0, 70.8, 69.7, 69.5, 68.5, 68.1,
55.4,52.6,4.5; HRMS (ESI) calcd for Cs4HasO7Na [M+Na]" 829.3136 found 829.3102.
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I11. Synthesis of PAH-based Chiral Cyclophanes

(i) Regio- and Enantioselective Intramolecular [2+2+2] Cycloaddition of

Diyne-Benzofulvene Couples 58

MeO

Representative procedure for the rhodium-catalyzed regio- and enantioselective
intramolecular [2+2+2] cycloaddition of diyne-benzofulvene couples 58 (Table
1.7.3, entry 1): (R)-Xyl-Segphos (14.5 mg, 0.0200 mmol) and [Rh(cod),]BF4 (8.1 mg,
0.0200 mmol) were dissolved in CH>Cl> (3.0 mL) and the mixture was stirred at room
temperature for 1 h. 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,
and dissolved in CH>Cl, (10 mL). To the residue was added a CH»Cl> (6.7 mL) solution
of 58a (81.7 mg, 0.100 mmol) at room temperature. After being stirred at the same
temperature for 24 h, the resulting solution was concentrated and purified by a
preparative TLC (n-hexane/toluene/CH2Clz = 1:2:2), which furnished (-)-59a (60.5 mg,
0.0741 mmol, 74% yield, >99% ee, single regioisomer) as a pale yellow amorphous.
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(—)-Chiral macrocycle-C9 [(—)-59a, Table 1.7.3, entry 1]

MeO

The stereochemistry of this compound was determined by the NOESY cross peak.

60.5 mg, 74% yield, single regioisomer, Pale yellow amorphous; [a]**p —70.0° (¢ 1.7,
CHCI3, >99% ee); '"H NMR (CDCls, 400 MHz) ¢ 7.97-7.89 (m, 1H), 7.92 (d, J= 1.4
Hz, 1H), 7.83 (d, J = 1.4 Hz, 1H), 7.81-7.75 (m, 1H), 7.55-7.19 (m, 11H), 7.06—6.91
(m, 4H), 6.97 (s, 1H), 6.84 (d, J = 8.8 Hz, 2H), 4.55 (d, J = 7.2 Hz, 1H), 4.03—3.85 (m,
5H), 3.79 (s, 3H), 3.44 (s, 3H), 2.63 (s, 3H), 1.87-1.56 (m, 4H), 1.56—1.03 (m, 10H);
3C NMR (CDCls, 100 MHz) § 170.1, 158.5, 156.3, 156.2, 143.3, 141.2, 140.0, 139.4,
138.3, 136.8, 133.42, 133.40, 132.6, 131.8, 131.5, 130.7, 130.3, 130.1, 129.8, 129.6,
129.4, 129.3, 129.2, 129.0, 128.4, 127.9, 127.2, 126.6, 124.4, 124.2, 124.0, 123.0, 122.3,
121.9, 120.64, 120.63, 114.0, 112.6, 111.8, 68.8, 67.5, 55.3, 51.9, 51.0, 46.8, 29.2, 28.95,
28.87, 28.7, 26.1, 25.6, 23.4; HRMS (ESI) calcd for Cs7Hs2OsNa [M+Na]* 839.3707
found 839.3673; CHIRALPAK IC, n-hexane/i-PrOH = 95:5, 1.0 mL/min, retention

times: 9.5 min (minor isomer) and 16.3 min (major isomer).

(—)-Chiral macrocycle-C8 [(—)-59b, Table 1.7.3, entry 2]
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MeO
The stereochemistry of this compound was determined by the NOESY cross peak.

48.8 mg, 61% yield, single regioisomer, Pale yellow amorphous; [a]*’p —90.8° (¢ 1.3,
CHCl3, >99% ee); 'H NMR (CDCls, 400 MHz) 6 7.98-7.92 (m, 1H), 7.89 (d, J= 1.5
Hz, 1H), 7.82 (s, 1H), 7.80—7.74 (m, 1H), 7.45 (dd, J = 8.4, 1.7 Hz, 1H), 7.42 (dd, J =
7.6, 1.7 Hz, 1H), 7.39—7.22 (m, 10H), 7.07—6.91 (m, 3H), 6.97 (s, 1H), 6.94 (d, /= 7.8
Hz, 1H), 6.84 (d, J = 8.8 Hz, 2H), 4.59 (d, J = 7.2 Hz, 1H), 3.98-3.84 (m, 5H), 3.79 (s,
3H), 3.43 (s, 3H), 2.63 (s, 3H), 1.87-1.73 (m, 1H), 1.69—1.55 (m, 3H), 1.48—1.35 (m,
1H), 1.35-1.05 (m, 7H); '*C NMR (CDCls, 100 MHz) § 170.4, 158.5, 156.6, 156.3,
143.3, 141.2, 140.0, 139.6, 138.3, 136.4, 133.6, 133.4, 132.6, 132.2, 131.8, 130.9, 130.7,
130.2, 130.1, 129.7, 129.3, 129.23, 129.18, 129.0, 128.9, 128.4, 127.9, 127.2, 126.5,
124.5, 124.4, 124.0, 123.0, 122.5, 121.8, 121.0, 120.8, 114.0, 113.8, 112.4, 68.7, 68.1,
55.3, 51.9, 50.9, 46.8, 29.19, 29.16, 28.7, 26.4, 25.1, 23.4; HRMS (ESI) calcd for
Cs6Hs0OsNa [M+Na]" 825.3550 found 825.3513; CHIRALPAK IC, n-hexane/i-PrOH =
95:5, 1.0 mL/min, retention times: 11.1 min (minor isomer) and 26.9 min (major

isomer).

(—)-Chiral macrocycle-C7 [(—)-59c¢, Table 1.7.3, entry 3]
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MeO

The stereochemistry of this compound was determined by the NOESY cross peak.

10.3 mg, 45% yield, single regioisomer, Pale yellow amorphous; [a]**p —139.3° (¢
0.52, CHCl3, 99% ee); '"H NMR (CDCls, 400 MHz) 6 7.98-7.90 (m, 1H), 7.82 (d, J =
1.5 Hz, 1H), 7.80-7.72 (m, 1H), 7.75 (s, 1H), 7.48 (dd, J= 7.8, 1.3 Hz, 1H), 7.43 (dd, J
=17.5, 1.5 Hz, 1H), 7.55-7.19 (m, 8H), 7.36 (d, J = 8.8 Hz, 2H), 7.11-6.94 (m, 3H),
7.01 (s, 1H), 6.91 (d, J= 8.1 Hz, 1H), 6.86 (d, J = 8.8 Hz, 2H), 4.57 (d, /= 6.9 Hz, 1H),
3.99-3.75 (m, 4H), 3.88 (d, J = 6.9 Hz, 1H), 3.79 (s, 3H), 3.40 (s, 3H), 2.61 (s, 3H),
1.84-1.00 (m, 10H); *C NMR (CDCls, 100 MHz) 6 170.3, 158.5, 156.4, 156.3, 143.7,
141.4, 140.2, 139.7, 138.2, 137.1, 133.49, 133.46, 132.6, 131.74, 131.67, 131.0, 130.7,
130.4, 130.3, 130.2, 129.6, 129.4, 129.3, 128.91, 128.86, 128.4, 127.9, 127.1, 126.4,
124.3, 124.2, 124.0, 122.8, 122.0, 121.3, 121.1, 120.6, 114.0, 113.9, 112.0, 68.8, 68.5,
55.3, 51.9, 51.0, 47.0, 29.65, 29.58, 26.9, 25.9, 23.3; HRMS (ESI) calcd for
CssHagsOsNa [M+Na]" 811.3394 found 811.3294; CHIRALPAK IC, n-hexane/i-PrOH =
80:20, 1.0 mL/min, retention times: 6.9 min (minor isomer) and 11.2 min (major

isomer).
(+)-59¢ was prepared from 58c¢ (50.0 mg, 0.0327 mmol) in 59% yield with >99% ee
as a single regioisomer by the procedure used for (—)-59c.

(+)-59¢ (Table 1.7.3, entry 4): 13.1 mg, 0.0192 mmol, [a]*’p +814.7° (¢ 0.47, CHCl;,
>99% ee).

(—)-Chiral macrocycle-C6 [(—)-59d, Table 1.7.3, entry 5]
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MeO

The stereochemistry of this compound was determined by the NOESY cross peak.

60.4 mg, 78% yield, single regioisomer, Pale yellow amorphous; [a]**p —159.0° (c
1.8, CHCl3, >99% ee); 'H NMR (CDCl3, 400 MHz) 6 7.96—7.89 (m, 1H), 7.80 (s, 1H),
7.77-7.71 (m, 1H), 7.60 (s, 1H), 7.49-7.42 (m, 2H), 7.41-7.17 (m, 7H), 7.36 (d, J=9.0
Hz, 2H), 7.20 (d, /= 7.7 Hz, 1H), 7.11-6.90 (m, 2H), 7.00 (s, 1H), 6.96 (d, J = 8.2 Hz,
1H), 6.92 (d, J = 8.2 Hz, 1H), 6.86 (d, J = 8.8 Hz, 2H), 4.59 (d, J = 6.9 Hz, 1H),
3.98-3.72 (m, 4H), 3.87 (d, J = 7.1 Hz, 1H), 3.79 (s, 3H), 3.39 (s, 3H), 2.59 (s, 3H),
1.68-1.43 (m, 4H), 1.43—1.14 (m, 4H); *C NMR (CDCls, 100 MHz) J 170.3, 158.4,
156.7, 156.3, 143.5, 141.4, 140.2, 139.4, 138.5, 137.0, 133.8, 133.7, 132.7, 132.6, 131.7,
130.7, 130.52, 130.49, 130.31, 130.27, 129.74, 129.73, 129.6, 129.2, 128.9, 128.4,
127.9, 127.1, 126.3, 124.7, 124.1, 124.0, 122.9, 121.8, 121.1, 121.0, 120.7, 114.0, 113.5,
112.7, 69.8, 68.7, 55.3, 52.0, 50.8, 47.1, 29.61, 29.59, 26.9, 26.6, 23.2; HRMS (ESI)
caled for CssHsaOsNa [M-+Na]® 797.3237 found 797.3244; CHIRALPAK IC,
n-hexane/i-PrOH = 80:20, 1.0 mL/min, retention times: 7.0 min (minor isomer) and

10.6 min (major isomer).

(—)-Chiral macrocycle-C5 [(—)-59e, Table 1.7.3, entry 6]
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MeO

The stereochemistry of this compound was determined by the NOESY cross peak.

65.6 mg, 86% yield, single regioisomer, Pale yellow amorphous; [a]*’p —178.5° (¢
2.5, CHCI3, >99% ee); 'H NMR (CDCls, 400 MHz) 6 7.92—7.86 (m, 1H), 7.76—7.68 (m,
1H), 7.702 (d, /= 1.6 Hz, 1H), 7.698 (d, /= 1.4 Hz, 1H), 7.58 (dd, /= 7.8, 1.5 Hz, 1H),
7.50 (dd, J = 7.6, 1.7 Hz, 1H), 7.40-7.23 (m, 5H), 7.36 (d, J = 8.9 Hz, 2H), 7.22-7.11
(m, 4H), 7.08-6.99 (m, 2H), 7.01 (s, 1H), 6.93-6.84 (m, 1H), 6.87 (d, J = 8.8 Hz, 2H),
4.60 (d, J= 6.8 Hz, 1H), 3.92-3.84 (m, 2H), 3.84-3.74 (m, 1H), 3.80 (s, 3H), 3.64-3.45
(m, 2H), 3.36 (s, 3H), 2.59 (s, 3H), 1.68—1.45 (m, 4H), 1.34-1.20 (m, 1H), 1.20-1.07
(m, 1H); *C NMR (CDCls, 100 MHz) § 170.1, 158.5, 156.6, 156.4, 1443, 141.6, 141.0,
139.8, 138.6, 137.8, 133.9, 133.7, 132.8, 131.5, 131.2, 130.9, 130.6, 130.4, 130.2, 129.9,
129.6, 129.4, 129.3, 128.9, 128.8, 128.5, 127.9, 127.2, 126.6, 124.4, 124.1, 123.8, 123.2,
123.0, 122.0, 121.1, 120.8, 119.9, 114.0, 112.6, 71.9, 68.3, 55.3, 51.9, 51.0, 47.6, 30.8,
30.1, 23.0, 22.6; HRMS (ESI) calcd for Cs3HssOsNa [M+Na]"™ 783.3081 found
783.3095; CHIRALPAK IC, n-hexane/i-PrOH = 95:5, 1.0 mL/min, retention times:

14.8 min (minor isomer) and 22.4 min (major isomer).
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(-)-Chiral macrocycle-C4 [(—)-59f, Table 1.7.3, entry 7]

MeO

The stereochemistry of this compound was determined by the NOESY cross peak.

17.0 mg, 54% yield, single regioisomer, Pale yellow amorphous; [a]*’p —227.7° (¢
0.85, CHCI3, 97% ee); '"H NMR (CDCls, 400 MHz) 6 7.88 (dd, J = 7.6, 1.4 Hz, 1H),
7.72-7.66 (m, 1H), 7.69 (s, 1H), 7.51 (s, 1H), 7.48 (dd, J = 7.6, 1.7 Hz, 1H), 7.43 (dd, J
= 8.4, 1.6 Hz, 1H), 7.40-7.26 (m, 5H), 7.36 (d, J = 9.0 Hz, 2H), 7.20 (dd, J = 7.7, 1.2
Hz, 1H), 7.13 (d, J = 8.4 Hz, 1H), 7.11-6.94 (m, 5H), 7.01 (s, 1H), 6.88 (d, J = 8.8 Hz,
2H), 4.61 (d, J = 5.9 Hz, 1H), 4.09 (ddd, J = 9.2, 4.6, 4.6 Hz, 1H), 3.91 (ddd, J = 8.5,
8.5, 5.5 Hz, 1H), 3.85 (d, J= 6.1 Hz, 1H), 3.81 (s, 3H), 3.78-3.61 (m, 2H), 3.36 (s, 3H),
2.53 (s, 3H), 1.83-1.48 (m, 4H); *C NMR (CDCls, 100 MHz) J 169.8, 158.4, 156.4,
156.1, 144.1, 142.0, 141.3, 140.4, 139.3, 138.3, 134.1, 134.0, 133.3, 132.5, 131.33,
131.31, 130.8, 130.7, 130.5, 130.3, 130.1, 129.7, 129.61, 129.59, 128.9, 128.7, 128.3,
127.9, 127.4,127.1, 125.0, 124.1, 123.4, 122.9, 121.8, 121.2, 121.0, 120.7, 114.5, 113.9,
112.9, 69.6, 69.0, 55.3, 51.9, 51.2, 48.5, 26.9, 26.7, 22.6; HRMS (ESI) calcd for
Cs2H4OsNa [M+Na]™ 769.2924 found 769.2897; CHIRALPAK IC, n-hexane/i-PrOH =
95:5, 1.0 mL/min, retention times: 17.8 min (minor isomer) and 20.6 min (major

isomer).
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(+)-Chiral macrocycle-C3 [(+)-59g, Table 1.7.3, entry 8]

MeO

The stereochemistry of this compound was determined by the NOESY cross peak.

22.3 mg, 61% yield, single regioisomer, Pale yellow amorphous; [a]*°p +447.8° (¢
1.1, CHCl3, 97% ee); 'H NMR (CDCls, 400 MHz) 6 7.85-7.78 (m, 1H), 7.71-7.64 (m,
1H), 7.56 (s, 1H), 7.52 (dd, J = 7.6, 1.6 Hz, 1H), 7.43 (d, J = 8.9 Hz, 2H), 7.39 (dd, J =
7.4, 1.6 Hz, 1H), 7.37-7.21 (m, 4H) , 7.00 (s, 1H), 7.14-6.95 (m, 6H), 6.95-6.86 (m,
1H), 7.13 (d, J = 8.8 Hz, 2H), 4.73 (d, J = 5.7 Hz, 1H), 3.98-3.87 (m, 3H), 3.87-3.76
(m, 1H), 3.82 (s, 3H), 4.09 (ddd, J = 9.2, 3.1, 3.1 Hz, 1H), 3.27 (s, 3H), 2.55 (s, 3H),
2.10-1.97 (m, 1H), 1.97-1.82 (m, 1H); *C NMR (CDCls;, 100 MHz) J 169.2, 158.4,
156.7, 156.6, 144.4, 143.0, 142.3, 142.0, 139.8, 137.3, 134.31, 134.25, 134.2, 132.9,
132.2, 131.2, 131.1, 130.6, 130.34, 130.26, 129.8, 128.8, 128.54, 128.47, 127.8, 127.1,
124.5, 124.2, 123.4, 122.9, 122.0, 121.7, 121.5, 120.9, 116.3, 114.8, 113.9, 68.2, 66.4,
55.3, 51.5, 51.1, 48.6, 31.1, 22.6; HRMS (ESI) calcd for CsiH4OsNa [M+Na]"
755.2768 found 755.2775; CHIRALPAK IC, n-hexane/i-PrOH = 95:5, 1.0 mL/min,

retention times: 20.9 min (minor isomer) and 27.2 min (major isomer).
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(-)-Chiral macrocycle-TEG [(—)-59h, Table 1.7.3, entry 9]

MeO
The stereochemistry of this compound was determined by the NOESY cross peak.

68.8 mg, 85% yield, single regioisomer, Pale yellow amorphous; [a]*°p —61.2° (c 3.4,
CHCls, 98% ee); 'H NMR (CDCls, 400 MHz) ¢ 7.97-7.89 (m, 1H), 7.85 (d, J= 1.5 Hz,
1H), 7.80 (s, 1H), 7.78-7.71 (m, 1H), 7.53 (dd, J = 8.4, 1.6 Hz, 1H), 7.43 (dd, J = 7.5,
1.6 Hz, 1H), 7.407.20 (m, 10H), 7.107.01 (m, 2H), 7.01-6.95 (m, 1H), 6.98 (s, 1H),
6.90 (d, J = 8.0 Hz, 1H), 6.85 (d, J = 8.8 Hz, 2H), 4.59 (d, J = 7.0 Hz, 1H), 4.15-3.98
(m, 4H), 3.87 (d, J = 6.9 Hz, 1H), 3.79 (s, 3H), 3.90-3.73 (m, 3H), 3.60-3.48 (m, 1H),
3.48-3.20 (m, 4H), 3.4 (s, 3H), 2.61 (s, 3H); 3C NMR (CDCls, 100 MHz) & 170.4,
158.5, 156.0, 155.9, 143.4, 141.1, 140.3, 139.5, 138.2, 136.5, 133.51, 133.50, 132.6,
132.0, 131.7, 130.8, 130.55, 130.49, 130.1, 130.0, 129.9, 129.6, 129.2, 129.1, 129.0,
128.9, 128.5, 127.9, 127.1, 126.2, 124.5, 124.1, 124.0, 123.1, 122.2, 121.8, 121.2, 121.1,
114.0, 113.1, 112.3, 71.4, 71.3, 69.9, 69.70, 69.68, 68.6, 55.3, 52.0, 50.8, 46.9, 23.3;
HRMS (ESI) calcd for CsaHasO7Na [M+Na]" 829.3136 found 829.3121; CHIRALPAK
IC, n-hexane/i-PrOH = 60:40, 1.0 mL/min, 40 °C, retention times: 46.6 min (minor

1somer) and 54.7 min (major isomer).
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(ii) Oxidative Aromatization of Chiral Macrocycles 59

/X o

Representative procedure for the oxidative aromatization of chiral macrocycles
59 (Table 1.7.4, entry 1): 59a (60.5 mg, 0.0741 mmol) and DDQ (33.6 mg, 0.148
mmol) were dissolved in CH2Cl, (5 mL) and the mixture was stirred at room
temperature for 12 h. The reaction mixture was poured into saturated aqueous
NaHCO3/CHCl,. The aqueous phase was extracted with two portions of CH>Cl. The
combined extract was washed with brine, dried over Na>SO4, and concentrated. The
residue was used for the next reaction without further purification. To a stirred solution
of the residue in CCls (3 mL) was added a solution of NalO4 (97.3 mg, 0.445 mmol) in
H>0O (3 mL) and a solution of RuCl3*H>O (3.3 mg, 0.0148 mmol) in MeCN (3 mL) in
this order under air at 0 °C and the mixture was stirred at the same temperature for 30
min. To the reaction mixture was added CH2Cl> (10 mL) and H>O (10 mL) under air at
0 °C and separated to the organic phase and aqueous phase. The aqueous phase was
extracted with two portions of CH>Clo. The combined extract was washed with brine,
dried over NaxSO4, and concentrated. The residue was purified by a preparative TLC
(eluent: toluene/CH>Cl, = 3:2) to give (+)-60a (35.2 mg, 0.0496 mmol, 67% yield from

59a in 2 steps, >99% ee) as an orange amorphous.
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35.2 mg, 67% yield from (-)-59a in 2 steps, Orange amorphous; [a]*’p +1012.1° (c
0.67, CHCl3, >99% ee); 'H NMR (CDCls, 400 MHz) & 8.40 (d, J = 8.0 Hz, 1H), 8.32 (d,
J=8.8 Hz, 1H), 8.28 (d, J= 1.5 Hz, 1H), 8.20 (d, J = 8.0 Hz, 1H), 7.97 (d, J= 1.5 Hz,
1H), 7.85 (d, J = 7.8 Hz, 1H), 7.79 (dd, J = 8.8, 1.8 Hz, 1H), 7.70 (dd, J = 7.5, 1.7 Hz,
1H), 7.66 (ddd, J = 8.0, 7.2, 1.2 Hz, 1H), 7.58-7.51 (m, 1H), 7.48 (dd, J = 7.8, 1.7 Hz,
1H), 7.45 (dd, J=17.5, 1.6 Hz, 1H), 7.36 (dd, /= 7.9, 1.7 Hz, 1H), 7.32 (dd, /= 8.0, 1.7
Hz, 1H), 7.18 (td, /= 7.5, 1.0 Hz, 1H), 7.09 (td, /= 7.5, 1.0 Hz, 1H), 7.00 (s, 1H), 6.98
(s, 1H), 4.21 (s, 3H), 3.91 (ddd, J =9.4, 5.5, 3.7 Hz, 1H), 3.75 (ddd, J = 10.6, 5.3, 5.3
Hz, 1H), 3.56 (td, J = 8.7, 3.8 Hz, 1H), 3.27 (td, J = 8.5, 4.7 Hz, 1H), 3.06 (s, 3H),
1.72-1.48 (m, 2H), 1.48-1.28 (m, 2H), 1.16-0.65 (m, 8H), 0.65-0.46 (m, 2H); 1*C
NMR (CDCls, 100 MHz) 0 192.2, 170.2, 156.7, 156.6, 142.3, 139.9, 139.1, 138.9, 137.8,
135.14, 135.10, 132.8, 132.5, 131.6, 131.4, 131.1, 130.7, 130.4, 129.39, 129.37, 129.3,
129.2, 128.9, 128.8, 128.4, 128.3, 127.1, 125.6, 125.5, 124.2, 124.0, 123.8, 123.3, 122.2,
121.7, 116.4, 115.4, 70.6, 70.3, 53.2, 32.43, 32.38, 31.4, 31.2, 30.5, 27.3, 26.9, 21.8;
HRMS (ESI) calcd for C49H4,0sNa [M+Na]" 733.2924 found 733.2935; CHIRALPAK
IB, n-hexane/i-PrOH = 70:30, 1.0 mL/min, retention times: 8.3 min (major isomer) and

14.1 min (minor isomer).

(+)-PAH-based chiral cyclophane-C8 [(+)-60b, Table 1.7.4, entry 2]

27.3 mg, 65% yield from (-)-59b in 2 steps, Orange amorphous; [0]*’p +904.4° (¢
0.13, CHCl3, >99% ce); 'H NMR (CDCls, 400 MHz) 5 8.32 (d, J = 7.4 Hz, 1H), 8.29 (d,
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J=8.8 Hz, 1H), 8.19 (d, /= 1.7 Hz, 1H), 8.16 (dd, J=8.1, 2.6 Hz, 1H), 7.84 (d,J= 1.5
Hz, 1H), 7.82 (d, J= 7.8 Hz, 1H), 7.68—7.57 (m, 3H), 7.57-7.49 (m, 1H), 7.46—7.40 (m,
2H), 7.37-7.28 (m, 2H), 7.17 (td, J = 7.5, 0.9 Hz, 1H), 7.10 (td, J = 7.5, 0.9 Hz, 1H),
6.96 (ddd, J = 8.2, 2.8, 0.8 Hz, 1H), 4.17 (s, 3H), 3.51 (ddd, J = 8.5, 6.8, 6.8 Hz, 1H),
3.44 (ddd, J=8.7, 6.8, 5.6 Hz, 1H), 3.33 (ddd, J = 8.6, 6.2, 6.2 Hz, 1H), 3.02 (d, J=2.2
Hz, 3H), 1.43-1.11 (m, 3H), 1.08-0.90 (m, 1H), 0.82—0.46 (m, 8H); '3*C NMR (CDCls,
100 MHz) ¢ 192.5, 170.1, 157.2, 157.1, 142.5, 139.9, 139.2, 138.5, 138.0, 135.6, 135.0,
133.4, 132.8, 132.3, 131.8, 131.2, 131.1, 130.4, 129.33, 129.31, 129.2, 128.9, 128.7,
128.4, 128.3,127.3, 125.7, 125.4, 124.3, 124.1, 123.6, 123.3, 122.2, 122.0, 116.8, 116.3,
71.6, 71.3, 53.2, 30.7, 30.64, 30.60, 30.5, 27.2, 26.8, 21.3; HRMS (ESI) caled for
CasH40OsNa [M+Na]* 719.2768 found 719.2775; CHIRALPAK IB, n-hexane/i-PrOH =
70:30, 1.0 mL/min, retention times: 8.3 min (major isomer) and 14.1 min (minor

isomer).

(+)-PAH-based chiral cyclophane-C7 [(+)-60c, Table 1.7.4, entry 3]

5.7 mg, 64% vyield from (-)-59¢ in 2 steps, Orange amorphous; [a]*’p +1086.9° (c
0.29, CHCls, >99% ee); 'H NMR (CDCls, 400 MHz) 6 8.30 (d, /= 7.4 Hz, 1H), 8.26 (d,
J=9.1 Hz, 1H), 8.20-8.13 (m, 2H), 8.02 (d, J = 1.5 Hz, 1H), 7.84 (d, J = 8.1 Hz, 1H),
7.81 (dd, J = 8.9, 1.8 Hz, 1H), 7.75 (dd, J = 7.4, 1.8 Hz, 1H), 7.67 (ddd, J = 8.2, 7.1, 1.2
Hz, 1H), 7.56 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.47 (dd, J = 7.5, 1.6 Hz, 1H), 7.43 (dd, J
= 7.5, 1.7 Hz, 1H), 7.36-7.22 (m, 3H), 7.13 (td, J = 7.5, 1.1 Hz, 1H), 7.03 (dd, J = 7.9,
1.2 Hz, 1H), 6.98 (dd, J = 8.0, 1.0 Hz, 1H), 4.23 (s, 3H), 3.61-3.54 (m, 1H), 3.23-3.12
(m, 1H), 3.00 (s, 3H), 2.92 (ddd, J = 7.7, 7.7, 7.7 Hz, 1H), 2.40-2.30 (m, 1H),
1.48-1.30 (m, 4H), 1.13-0.97 (m, 1H), 0.97-0.79 (m, 1H), 0.65-0.24 (m, 3H),
0.14-0.01 (m, 1H); '*C NMR (CDCls, 100 MHz) 6 192.4, 170.1, 156.9, 156.7, 142.5,
139.7,138.7, 138.2, 137.2, 135.7, 135.1, 133.9, 132.7, 132.1, 132.0, 131.5, 131.2, 129.5,
129.44, 129.37, 129.3, 129.2, 128.82, 128.78, 128.6, 128.5, 128.4, 126.7, 126.0, 125.4,
124.2, 124.0, 123.9, 123.7, 122.85, 122.83, 121.1, 118.3, 72.7, 71.3, 53.3, 31.4, 31.3,
31.2, 26.6, 25.9, 21.0; HRMS (ESI) caled for C47H3sOsNa [M+Na]® 705.2611 found
705.2604; CHIRALPAK IB, n-hexane/i-PrOH = 70:30, 1.0 mL/min, retention times:
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8.4 min (major isomer) and 14.9 min (minor isomer).

(—)-60c was prepared from (+)-59¢ (25.8 mg, 0.0327 mmol) in 59% vyield from
(+)-59¢ in 2 steps with >99% ee by the procedure used for (+)-60c.

(-)-60c (Table 1.7.4, entry 4): 13.1 mg, 0.0192 mmol, [a]*’p —814.7° (c 0.47, CHCls,
>99% ee).

(+)-PAH-based chiral cyclophane-C6 [(+)-60d, Table 1.7.4, entry 5]

41.0 mg, 79% yield from (-)-59d in 2 steps, Orange amorphous; [a]*’p +1186.8° (¢
1.1, CHCls, >99% ee); 'H NMR (CDCls, 400 MHz) 6 8.22 (d, J = 7.1 Hz, 1H), 8.20 (d,
J=9.0 Hz, 1H), 8.14 (d, J= 8.0 Hz, 1H), 8.04 (d, /= 1.7 Hz, 1H), 7.77 (d, J= 7.9 Hz,
1H), 7.71-7.52 (m, 5H), 7.43 (dd, J = 7.5, 1.7 Hz, 1H), 7.37 (dd, J = 7.9, 1.7 Hz, 1H),
7.31(dd, J=17.5, 1.8 Hz, 1H), 7.27 (dd, J = 7.5, 1.8 Hz, 1H), 7.20 (td, J = 7.5, 1.1 Hz,
1H), 7.12 (td, J = 7.5, 1.0 Hz, 1H), 6.96 (d, J = 0.7 Hz, 1H), 6.94 (d, J = 0.7 Hz, 1H),
4.11 (s, 3H), 3.28-3.16 (m, 2H), 3.12 (ddd, J=9.4, 8.5, 5.6 Hz, 1H), 2.97 (s, 3H), 2.74
(ddd, J = 9.4, 8.5, 5.5 Hz, 1H), 1.15-0.78 (m, 4H), 0.63-0.42 (m, 3H), 0.42—0.24 (m,
1H); *C NMR (CDCls, 100 MHz) § 192.8, 169.6, 157.1, 157.0, 143.0, 139.8, 138.9,
137.8, 137.4, 136.3, 135.4, 133.9, 133.4, 132.9, 132.5, 132.2, 131.2, 129.8, 129.7, 129.4,
129.3, 129.21, 129.19, 128.9, 128.5, 128.3, 128.2, 126.6, 125.5, 125.3, 124.6, 124.3,
123.1, 123.0, 122.9, 122.8, 119.0, 118.6, 72.4, 72.2, 53.2, 30.6, 30.2, 26.04, 25.99, 20.1;
HRMS (ESI) calcd for C46H3¢OsNa [M+Na]" 691.2455 found 691.2439; CHIRALPAK
IB, n-hexane/i-PrOH = 70:30, 1.0 mL/min, retention times: 8.5 min (major isomer) and

13.8 min (minor isomer).
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34.0 mg, 71% yield from (-)-59h in 2 steps, Orange amorphous; [a]*’p +936.7° (¢ 1.2,
CHCls, >99% ee); 'H NMR (CDCls, 400 MHz) 6 8.28 (d, J = 7.8 Hz, 1H), 8.26 (d, J =
9.0 Hz, 1H), 8.16-8.10 (m, 2H), 7.82 (d, J = 1.5 Hz, 1H), 7.80 (d, J = 7.9 Hz, 1H),
7.70-7.60 (m, 2H), 7.67 (dd, J=17.5, 1.7 Hz, 1H), 7.58-7.50 (m, 1H), 7.44 (dd, J=17.5,
1.7 Hz, 1H), 7.40 (dd, J="7.8, 1.6 Hz, 1H), 7.36-7.27 (m, 2H), 7.21 (td, J= 7.5, 1.0 Hz,
1H), 7.11 (td, J= 7.5, 0.9 Hz, 1H), 6.97 (dd, J = 8.0, 0.8 Hz, 1H), 6.94 (dd, J = 8.1, 0.6
Hz, 1H), 4.18 (s, 3H), 3.76 (ddd, J = 9.9, 5.2, 5.2 Hz, 1H), 3.62-3.50 (m, 2H),
3.35-3.20 (m, 3H), 3.17-3.08 (m, 1H), 3.04-2.89 (m, 3H), 2.97 (s, 3H), 2.83 (t, /= 6.7
Hz, 2H); 3C NMR (CDCl3, 100 MHz) & 192.6, 169.9, 156.8, 156.6, 142.6, 139.9, 138.7,
138.5, 137.4, 135.8, 135.3, 133.6, 132.8, 132.2, 132.0, 131.6, 131.2, 130.1, 1294,
129.34, 129.28, 129.21, 129.18, 128.94, 128.89, 128.5, 128.4, 127.1, 125.5, 124 .4,
124.2, 123.6, 123.14, 123.08, 122.7, 122.5, 118.2, 116.5, 70.3, 70.1, 69.8, 69.73, 69.70,
69.5, 53.3, 20.9; HRMS (ESI) calcd for CssH3¢O7Na [M+Na]"~ 723.2353 found
723.2358; CHIRALPAK IB, n-hexane/i-PrOH = 60:40, 1.0 mL/min, retention times:

10.4 min (major isomer) and 24.9 min (minor isomer).
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(iii) 1,2-Reduction of the Fluorenone Moiety of PAH-based Chiral Cyclophanes
60 by NaBH4

Representative procedure for the 1,2-Reduction of the Fluorenone Moiety of
PAH-based chiral cyclophanes 60 by NaBH4 (Table 1.7.5, entry 3): To a stirred
solution of (+)-60c¢ (5.7 mg, 9.11 mmol) in THF/MeOH (1:1, 4 mL) was added NaBH4
(10.0 mg, 0.264 mmol) at 0 °C. After being stirred at room temperature for 2 h, the
reaction mixture was quenched with H,O (4 mL) at 0 °C and poured into saturated
aqueous NH4CI/EtOAc. The aqueous phase was extracted with two portions of EtOAc.
The combined extract was washed with brine, dried over NaxSQOs, and concentrated. The
residue was purified by a preparative TLC (eluent: toluene/EtOAc = 9:1) to give (+)-61c
(4.8 mg, 0.00701 mmol, 84% yield, >99% ee, single diastereomer) as a yellow solid.
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5.9 mg, >99% vyield, single diastereomer, Yellow solid; Mp 230 °C (dec.); [a]*p
+864.6° (¢ 0.20, CHCl3, >99% ee); '"H NMR (CDCls, 400 MHz) 6 8.47 (dd, J= 8.1, 1.1
Hz, 1H), 8.27-8.22 (m, 2H), 8.02 (d, J = 8.1 Hz, 1H), 8.00 (s, 1H), 7.8100 (s, 1H),
7.8076 (s, 1H), 7.69 (dd, J= 7.5, 1.7 Hz, 1H), 7.63 (td, J = 7.5, 1.2 Hz, 1H), 7.57 (td, J
=17.5,1.2 Hz, 1H), 7.41 (dd, J = 8.0, 1.5 Hz, 1H), 7.34 (td, /= 7.8, 1.7 Hz, 1H), 7.31 (td,
J=1.8, 1.8 Hz, 1H), 7.16 (td, J= 7.5, 1.0 Hz, 1H), 7.10 (td, J = 7.4, 1.0 Hz, 1H), 7.01
(dd, J=8.1, 0.8 Hz, 1H), 6.97 (dd, /= 8.1, 0.7 Hz, 1H), 6.10 (d, /= 1.5 Hz, 1H), 5.94 (s,
1H), 3.86 (s, 3H), 3.91-3.77 (m, 2H), 3.51 (ddd, J = 4.0, 4.0, 4.0 Hz, 1H), 3.46 (ddd, J
=4.0, 4.0, 4.0 Hz, 1H), 3.18 (s, 3H), 1.74-1.59 (m, 1H), 1.59—-1.45 (m, 1H), 1.38-1.18
(m, 2H), 1.11-0.36 (m, 10H); *C NMR (CDCl3, 100 MHz) J 172.4, 156.9, 156.6, 149.2,
146.4, 138.5, 138.3, 138.1, 136.9, 133.7, 133.0, 132.4, 132.1, 131.7, 130.8, 130.5, 129.9,
129.6, 129.5, 129.4, 129.24, 129.15, 128.8, 127.6, 127.2, 127.1, 125.8, 124.7, 124.1,
123.1, 121.71, 121.69, 120.3, 116.1, 115.2, 74.5, 71.0, 69.9, 53.1, 32.33, 32.31, 31.19,
31.18, 30.2, 27.1, 26.7, 21.5; HRMS (ESI) calcd for C49H44OsNa [M+Na]" 735.3081
found 735.3070; CHIRALPAK 1B, n-hexane/i-PrOH = 60:40, 1.0 mL/min, retention
times: 5.4 min (major isomer) and 6.6 min (minor isomer). A single crystal of (+)-61a
was obtained by recrystallization from CHCIs/n-hexane at room temperature and its
relative stereochemistry was determined by the single crystal X-ray diffraction analysis
(Figure 1.7.4, (1a, 2a), Table 1.7.6).

(+)-Hydroxy PAH-based chiral cyclophane-C8 [(+)-61b, Table 1.7.5, entry 2]
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16.9 mg, >99% yield, single diastereomer, Yellow amorphous; [0]>’p +690.7° (¢ 0.20,
CHCl3, >99% ee); 'H NMR (CDCls, 400 MHz) 6 8.43 (dd, J = 8.0, 1.1 Hz, 1H), 8.22
(dd,J=7.9,0.9 Hz, 1H), 8.23 (d, J=1.6 Hz, 1H), 7.99 (d, /= 8.1 Hz, 1H), 7.93 (s, 1H),
7.76 (d, J= 8.5 Hz, 1H), 7.67-7.54 (m, 4H), 7.50 (dd, J = 7.4, 1.7 Hz, 1H), 7.35 (dd, J =
8.0, 1.4 Hz, 1H), 7.33 (td, J= 7.7, 1.6 Hz, 1H), 7.30 (td, J="7.7, 1.7 Hz, 1H), 7.14 (dd, J
=74, 0.9 Hz, 1H), 7.11 (dd, J = 7.3, 1.0 Hz, 1H), 6.98 (dd, J = 8.1, 0.9 Hz, 1H), 6.93
(dd, J=8.2,0.7 Hz, 1H), 6.39 (d, J= 1.5 Hz, 1H), 6.02 (s, 1H), 3.85 (s, 3H), 3.66 (ddd,
J=4.1,4.1,4.1 Hz, 1H), 3.62 (ddd, /= 8.7, 6.3, 6.3 Hz, 1H), 3.48 (ddd, /= 8.0, 5.6, 4.7
Hz, 1H), 3.33 (ddd, J = 8.0, 6.7, 6.7 Hz, 1H), 3.16 (s, 3H), 1.59—1.45 (m, 1H),
1.34-1.19 (m, 1H), 1.18-1.02 (m, 2H), 0.76-0.43 (m, 8H); '3*C NMR (CDCls, 100
MHz) ¢ 172.1, 157.5, 156.8, 150.3, 146.9, 138.43, 138.36, 138.1, 137.0, 134.0, 133.5,
132.55, 132.52, 132.3, 132.2, 131.0, 130.8, 130.5, 129.5, 129.3, 129.2, 129.0, 128.81,
128.78, 128.6, 127.7, 127.6, 127.1, 125.8, 124.7, 124.2, 1229, 122.1, 121.4, 119.5,
117.4, 114.6, 74.8, 72.4, 69.9, 53.1, 30.8, 30.6, 30.3, 30.1, 27.1, 26.8, 20.9; HRMS
(ESI) caled for CsgHsrOsNa [M+Na]" 721.2924 found 721.2927, CHIRALPAK 1B,
n-hexane/i-PrOH = 60:40, 1.0 mL/min, retention times: 5.3 min (major isomer) and 7.7
min (minor isomer). A single crystal of (+)-61b was obtained by recrystallization from
THEF/n-hexane at room temperature and its relative and absolute stereochemistries were
determined by the single crystal X-ray diffraction analysis (Figure 1.7.4, (1b, 2b), Table
1.7.6).

(+)-Hydroxy PAH-based chiral cyclophane-C7 [(Sp,R)-(+)-61c, Table 1.7.5, entry
3]

4.8 mg, 84% yield, single diastercomer, Yellow solid; Mp 186—188 °C; [a]*p
+879.3° (¢ 0.24, CHCls, >99% ee); '"H NMR (CDCls, 400 MHz) 6 8.39 (dd, J=7.9, 1.1
Hz, 1H), 8.23 (dd, J=7.9, 1.0 Hz, 1H), 8.12 (d, J = 1.6 Hz, 1H), 8.08 (s, 1H), 8.01 (d, J
= 8.1 Hz, 1H), 7.88 (dd, J=8.7, 1.7 Hz, 1H), 7.78 (d, J= 8.6 Hz, 1H), 7.72 (dd, J= 7.5,
1.7 Hz, 1H), 7.65 (td, J = 7.5, 1.4 Hz, 1H), 7.59 (td, J= 7.6, 1.4 Hz, 1H), 7.53 (dd, J =
7.5, 1.7 Hz, 1H), 7.36 (dd, J= 8.1, 1.4 Hz, 1H), 7.33-7.24 (m, 2H), 7.19 (td, J= 7.5, 1.1
Hz, 1H), 7.16 (td, J= 7.4, 1.2 Hz, 1H), 7.02 (dd, J = 8.0, 1.0 Hz, 1H), 6.95 (dd, J = 8.0,
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1.0 Hz, 1H), 6.41 (d, J = 1.6 Hz, 1H), 6.08 (s, 1H), 3.90 (s, 3H), 3.46 (ddd, J=9.4, 8.2,
5.6 Hz, 1H), 3.15 (s, 3H), 2.79 (ddd, J = 7.7, 7.7, 7.7 Hz, 1H), 2.68 (ddd, J = 9.8, 8.3,
5.4 Hz, 1H), 1.77 (dddd, J = 18.0, 14.0, 9.6, 4.7 Hz, 1H), 1.47-1.21 (m, 3H), 1.01-0.72
(m, 3H), 0.53-0.34 (m, 2H), 0.31-0.10 (m, 2H); '*C NMR (CDCls, 100 MHz) 6 171.8,
157.1, 156.7, 151.1, 147.4, 138.4, 138.1, 137.8, 136.3, 134.0, 133.3, 132.8, 132.7, 132.3,
131.0, 130.6, 130.1, 129.5, 129.4, 129.20, 129.16, 129.0, 128.9, 128.6, 127.4, 127.2,
126.8, 125.8, 125.4, 124.2, 123.2, 123.1, 122.8, 120.4, 119.2, 118.4, 75.0, 72.2, 71.2,
53.1, 31.6, 31.5, 30.6, 26.2, 26.0, 20.6; HRMS (ESI) calcd for C47H40OsNa [M+Na]"
707.2768 found 707.2737; CHIRALPAK IB, n-hexane/i-PrOH = 60:40, 1.0 mL/min,
retention times: 5.3 min (major isomer) and 6.6 min (minor isomer). A single crystal of
(Sp,R)-(+)-61c was obtained by recrystallization from CHCls/n-hexane at room
temperature and its relative and absolute stereochemistries were determined by the
single crystal X-ray diffraction analysis (Figure 1.7.4, (1c, 2c), Table 1.7.6).

(—)-61c¢ was prepared from (—)-60c (3.7 mg, 0.00548 mmol) in 80% yield with >99%
ee by the procedure used for (+)-61c.

(-)-61¢ (Table 1.7.5, entry 4): 3.0 mg, 0.00430 mmol, [a]*’p —944.8° (¢ 0.15, CHCls,
>99% ee).

(+)-Hydroxy PAH-based chiral cyclophane-C6 [(+)-61d, Table 1.7.5, entry 5]

19.6 mg, 86% yield, single diastereomer, Yellow amorphous; [a]*p +834.7° (c 0.61,
CHCls, >99% ce): 'H NMR (CDCls, 400 MHz) & 8.39-8.32 (m, 1H), 8.28-8.21 (m, 1H),
8.00 (d,J = 1.4 Hz, 1H), 7.92 (d, J = 8.1 Hz, 1H), 7.75 (s, 1H), 7.73-7.56 (m, 5H), 7.49
(dd, J=7.4, 1.7 Hz, 1H), 7.33-7.23 (m, 3H), 7.17 (td, J = 7.4, 1.1 Hz, 1H), 7.13 (td, J =
7.5, 1.1 Hz, 1H), 6.95 (dd, J= 8.0, 0.9 Hz, 1H), 6.93 (dd, J= 8.1, 0.9 Hz, 1H), 6.63 (d, J
— 1.5 Hz, 1H), 6.17 (s, 1H), 3.89 (s, 3H), 3.34 (ddd, J = 7.5, 7.5, 7.5 Hz, 1H), 3.27-3.10
(m, 2H), 3.13 (s, 3H), 2.79 (ddd, /= 7.4, 7.4, 7.4 Hz, 1H), 1.16-0.98 (m, 3H), 0.77-0.36
(m, 4H), 0.36-0.16 (m, 1H); 3C NMR (CDCls, 100 MHz) 6 171.3, 157.5, 156.8, 152.6,
147.8, 138.7, 138.2, 138.0, 136.1, 135.2, 133.3, 133.1, 132.94, 132.88, 132.5, 131.4,
130.9, 130.5, 129.7, 129.3, 129.1, 129.0, 128.8, 128.6, 128.23, 128.19, 127.2, 127.1,
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125.9, 125.5, 124.2, 122.63, 122.58, 122.4, 119.1, 118.4, 117.9, 75.3, 73.2, 71.3, 53.1,
30.6, 30.0, 26.2, 25.9, 19.7, HRMS (ESI) caled for CssH3s0sNa [M+Na]" 693.2611
found 693.2598; CHIRALPAK IB, n-hexane/i-PrOH = 60:40, 1.0 mL/min, retention
times: 5.3 min (major isomer) and 7.4 min (minor isomer). A single crystal of (£)-61d
was obtained by recrystallization from CHCIs/n-hexane at room temperature and its
relative and absolute stereochemistries were determined by the single crystal X-ray
diffraction analysis (Figure 1.7.4, (1d, 2d), Table 1.7.6).

(+)-Hydroxy PAH-based chiral cyclophane-TEG [(+)-61h, Table 1.7.5, entry 5]

20.9 mg, 86% yield, single diastereomer, Pale yellow amorphous; [a]*’p +834.7° (¢
0.61, CHCl3, >99% ee); '"H NMR (CDCl3, 400 MHz) 6 8.38 (dd, J = 7.9, 1.1 Hz, 1H),
8.19 (d, /=79 Hz, 1H), 8.09 (d, /= 1.6 Hz, 1H), 7.97 (d, /= 8.1 Hz, 1H), 7.92 (s, 1H),
7.75 (d, J = 8.6 Hz, 1H), 7.70-7.54 (m, 4H), 7.51 (dd, J = 7.4, 1.7 Hz, 1H), 7.37-7.26
(m, 3H), 7.17 (td, /= 6.9, 1.0 Hz, 1H), 7.13 (td, J = 7.0, 1.0 Hz, 1H), 6.96 (dd, J = 8.0,
0.9 Hz, 1H), 6.92 (dd, J = 8.1, 0.8 Hz, 1H), 6.55 (d, /= 1.6 Hz, 1H), 6.08 (s, 1H), 3.87
(s, 3H), 3.72 (ddd, J = 10.1, 6.4, 3.8 Hz, 1H), 3.65 (ddd, J = 8.8, 5.6, 5.6 Hz, 1H), 3.52
(ddd, J =124, 6.3, 6.3 Hz, 1H), 3.48-3.36 (m, 2H), 3.32-3.22 (m, 2H), 3.11 (s, 3H),
3.03 (ddd, J = 10.4, 6.4, 3.8 Hz, 1H), 2.97-2.86 (m, 1H), 2.79-2.66 (m, 3H); '*C NMR
(CDCl3, 100 MHz) ¢ 171.8, 156.9, 156.6, 151.0, 147.1, 138.5, 138.2, 137.7, 136.4,
133.7, 133.4, 132.92, 132.86, 132.5, 132.3, 131.0, 130.75, 130.72, 129.6, 129.3, 129.2,
129.1, 128.9, 128.8, 128.5, 127.8, 127.4, 127.2, 125.9, 125.2, 124.2, 123.0, 122.6, 122.3,
119.2, 117.6, 116.3, 75.0, 70.3, 70.2, 70.1, 69.7, 69.4, 69.3, 53.1, 20.4; HRMS (ESI)
calcd for CacH3sO7Na [M-+Na]® 725.2510 found 725.2518; CHIRALPAK IB,
n-hexane/i-PrOH = 60:40, 1.0 mL/min, retention times: 7.1 min (major isomer) and 10.5

min (minor isomer).
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IV. Confirming the Stability of Planar Chirality of (+)-61a at Room Temperature
(Scheme 1.7.7).

(+)-60a

To a stirred solution of (+)-61a (5.6 mg, 0.00786 mmol, >99% ee) and Celite (0.170
g) in CH2Clz (4 mL) was added PDC (29.6 mg, 0.0786 mmol) at 0 °C. The mixture was
stirred at room temperature for 17 h. To the reaction mixture was added additional PDC
(14.8 mg, 0.0393 mmol) at room temperature. After being stirred at room temperature
for 7 h, the reaction mixture was filtered through a pad of Celite (eluent: CH>Cl>) and
concentrated. The residue was purified by a preparative TLC (eluent: toluene/EtOAc =
20:1) to give (+)-60a (4.0 mg, 0.00563 mmol, 72% yield, >99% ee) as an orange

amorphous.
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V. Diels-Alder reaction of Chiral macrocycle 59g with N-Phenylmaleimide

Phenanthrene-based Chiral Cyclophane [(—)-62, Scheme 1.7.8]
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(-)-62

MeO MeO

(+)-59g (22.3 mg, 0.0305 mmol) and N-phenylmaleimide (52.8 mg, 0.305 mmol)
were dissolved in PhCI (0.5 mL) and the mixture was stirred at 130 °C for 17 h. The
reaction mixture was concentrated and the residue was purified by a preparative TLC
(eluent: toluene/EtOAc = 5:1) to give (—)-62 (11.3 mg, 0.0127 mmol, 42% yield, 97%
ee, single diastereomer) as a pale yellow amorphous.

[0]*p —333.3° (¢ 0.57, CHCl3, 97% ee); 'H NMR (CDCls, 400 MHz) 6 8.50 (d, J =
1.3 Hz, 1H), 8.54-8.35 (m, 2H), 7.93 (d, J = 8.8 Hz, 1H), 7.56-7.39 (m, 3H), 7.51 (d, J
= 8.6 Hz, 2H), 7.42 (dd, J= 7.6, 1.6 Hz, 1H), 7.35 (d, /= 1.2 Hz, 1H), 7.30 (td, J = 7.8,
1.6 Hz, 1H), 7.20-7.02 (m, 8H), 6.97 (d, J = 8.7 Hz, 2H), 6.93 (td, /= 7.5, 0.8 Hz, 1H),
6.89 (s, 1H), 6.83 (d, J= 8.1 Hz, 1H), 6.70 (dd, J = 8.0, 1.4 Hz, 1H), 6.40-6.34 (m, 2H),
4.74 (d, J = 6.4 Hz, 1H), 4.19 (d, J = 8.6 Hz, 1H), 4.00-3.91 (m, 1H), 3.91-3.74 (m,
2H), 3.86 (s, 3H), 3.59 (d, J = 8.6 Hz, 1H), 3.45-3.29 (m, 2H), 3.23 (s, 3H), 2.91 (s, 3H),
1.85-1.62 (m, 2H); '*C NMR (CDCls, 100 MHz) § 175.8, 173.5, 170.5, 158.7, 156.5,
156.0, 143.8, 141.1, 140.4, 137.8, 135.3, 135.1, 133.7, 132.5, 132.1, 131.3, 131.01,
130.95, 130.6, 130.22, 130.15, 130.0, 129.5, 128.8, 128.7, 128.5, 128.4, 128.2, 127.9,
127.5, 126.4, 126.0, 125.8, 125.3, 124.9, 124.5, 124.4, 123.3, 122.9, 122.8, 122.3, 120.2,
118.0, 117.9, 113.9, 68.7, 67.6, 60.0, 55.4, 54.4, 51.7, 51.6, 49.1, 48.3; HRMS (ESI)
caled for Ce¢1HasNO7Na [M+Na]"™ 929.3323 found 929.3282; CHIRALPAK IB,
n-hexane/i-PrOH = 70:30, 1.0 mL/min, retention times: 37.9 min (minor isomer) and

48.0 min (major isomer).
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VI. Synthesis of Methyl 14-hydroxy-3,12-bis(2-methoxyphenyl)-9-methyl-14H-
indeno[1,2-b]triphenylene-15-carboxylate (63)

Methyl 3-(2-methoxy-2'"-(prop-1-yn-1-yl)-[1,1':3",1''-terphenyl]-4'-yl)propiolate
(S5)

To a stirred solution of 45 (36.6 mg, 0.100 mmol) and K>CO3 (34.6 mg, 0.250 mmol)
in acetone (0.5 mL) was added iodomethane (0.25 mL) at room temperature. After
being stirred at 50 °C for 17 h, the reaction mixture was poured into H2O/EtOAc. The
aqueous phase was extracted with two portions of EtOAc. The combined extract was
washed with brine, dried over Na;SOy4, and concentrated. The residue was purified by a
preparative TLC (eluent: n-hexane/EtOAc = 3:1) to give S5 (38.0 mg, 0.100 mmol,
>99% yield) as a pale brown oil.

"H NMR (CDCl3, 400 MHz) 6 7.70 (d, J = 8.0 Hz, 1H), 7.66 (s, 1H), 7.63-7.56 (m,
1H), 7.52 (d, J = 7.7 Hz, 1H), 7.43 (d, J = 7.1 Hz, 1H), 7.47-7.26 (m, 4H), 7.43 (t, J =
7.5 Hz, 1H), 6.98 (d, J= 8.2 Hz, 1H), 3.81 (s, 3H), 3.70 (s, 3H), 1.86 (s, 3H); *C NMR
(CDClI3, 100 MHz) ¢ 156.6, 154.5, 144.6, 141.6, 140.4, 133.4, 132.6, 131.8, 130.8,
130.1, 129.40, 129.38, 128.6, 127.7, 127.2, 123.3, 121.0, 117.3, 111.5, 89.4, 86.6, 82.9,
79.0, 55.6, 52.6, 4.5; HRMS (ESI) calcd for Ca¢H2003Na [M+Na]" 403.1305 found
403.1294.

(E)-1-(4-Methoxybenzylidene)-6-(2-methoxyphenyl)-1H-indene (S6)

HQ, MeQ,
—_— H
\) NOESY cross peak
Q 55 S6
MeO MeO

The title compound was prepared from 55 (57.5 mg, 0.176 mmol) in >99% yield by
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the procedure used for S5.

59.9 mg, >99% yield, Pale yellow oil; '"H NMR (CDCls, 400 MHz) ¢ 7.83 (s, 1H),
7.57 (d, J = 8.8 Hz, 2H), 7.46 (s, 1H), 7.43-7.27 (m, 4H), 7.11-6.98 (m, 4H), 6.95 (d, J
= 8.6 Hz, 2H), 3.84 (s, 3H), 3.82 (s, 3H); '*C NMR (CDCl3, 100 MHz) J 160.0, 156.7,
140.6, 138.4, 137.6, 135.5, 133.7, 131.8, 131.5, 130.9, 129.8, 128.6, 128.5, 128.4, 126.2,
120.9, 120.43, 120.40, 114.3, 111.4, 77.4, 77.1, 76.7, 55.7, 55.4; HRMS (ESI) calcd for
C24H2002Na [M+Na]* 363.1356 found 363.1359.
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Methyl 14-hydroxy-3,12-bis(2-methoxyphenyl)-9-methyl-14H-indeno[1,2-b]trip-
henylene-15-carboxylate (62, Figure 1.7.7)
MeQ,

—— : NOESY cross peak)

----- : COSY cross peak

Xyl-Segphos (14.5 mg, 0.0200 mmol) and [Rh(cod)>]BFs (8.1 mg, 0.0200 mmol)
were dissolved in CH2Cl, (3.0 mL) and the mixture was stirred at rt for 1 h. Hy was
introduced to the resulting solution in a Schlenk tube. After stirring at rt for 1 h, the
resulting mixture was concentrated to dryness, and dissolved in CH>Cl, (1 mL). To the
residue was added a CH>Cl> (0.5 mL) solution of S6 (59.9 mg, 0.176 mmol) and a
CH2Cl> (0.5 mL) solution of S5 (38.0 mg, 0.100 mmol) in this order at room
temperature. After being stirred at 40 °C for 2 h, the resulting solution was concentrated
and purified by a preparative TLC (n-hexane/EtOAc = 3:1) to give crude S7 (63.7 mg).
This crude S7 was used for the next reaction without further purification. Crude S7
(63.7 mg) and DDQ (40.1 mg, 0.177 mmol) were dissolved in toluene (2 mL) and the
mixture was stirred at 110 °C for 1 h. The reaction mixture was poured into saturated
aqueous NaHCOs3/EtOAc. The aqueous phase was extracted with two portions of EtOAc.
The combined extract was washed with brine, dried over NaxSQOs, and concentrated. The
residue was used for the next reaction without further purification. To a stirred solution
of the residue in CCly (1.5 mL) was added a solution of NalO4 (0.113 g, 0.530 mmol) in
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H>0 (1.5 mL) and a solution of RuCl;*H>0 (4.0 mg, 0.0177 mmol) in MeCN (1.5 mL)
in this order under air at 0 °C and the mixture was stirred at the same temperature for 30
min. To the reaction mixture was added CH>Cl> (5 mL) and H>O (5 mL) under air at
0 °C, and separated to aqueous and organic phase. The aqueous phase was extracted
with two portions of CH2Cl.. The combined extract was washed with H>O and brine,
dried over Na;SOs4, and concentrated. The residue was used for the next reaction
without further purification. To a stirred solution of the residue in THF/MeOH (1:1, 6
mL) was added NaBH4 (33.4 mg, 0.884 mmol) at 0 °C. After being stirred at room
temperature for 4 h, the reaction mixture was quenched with H-O (6 mL) at 0 °C and
poured into saturated aqueous NH4CI/EtOAc. The aqueous phase was extracted with
two portions of EtOAc. The combined extract was washed with brine, dried over
NaS04, and concentrated. The residue was purified by a preparative TLC (eluent:
toluene/EtOAc = 8:1) to give 63 (30.9 mg, 0.0501 mmol, 50% yield from S5 in 4 steps)
as an off white solid.

Mp 228 °C (dec.); 'H NMR (CDCls, 400 MHz) & 8.67 (d, J = 1.3 Hz, 1H), 8.57 (dd, J
= 8.2, 0.9 Hz, 1H), 8.33 (dd, J = 8.1, 0.8 Hz, 1H), 8.05 (d, J = 8.2 Hz, 1H), 7.98-7.92
(m, 1H), 7.95 (d, J= 1.5 Hz, 1H), 7.73 (dd, J = 8.5, 1.1 Hz, 1H), 7.69 (dd, J = 8.1, 1.6
Hz, 1H), 7.62 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 7.55 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.51
(dd, J=17.5, 1.6 Hz, 1H), 7.45 (dd, J = 7.5, 1.7 Hz, 1H), 7.42-7.31 (m, 2H), 7.16—-6.99
(m, 2H), 7.11 (td, J = 7.5, 0.8 Hz, 1H), 7.02 (dd, J = 8.3, 0.6 Hz, 1H), 5.93 (d, /= 3.5
Hz, 1H), 4.71 (d, J = 3.6 Hz, 1H), 3.88 (s, 3H), 3.862 (s, 3H), 3.857 (s, 3H), 3.25 (s,
3H); '*C NMR (CDCls, 100 MHz) 6 172.6, 156.8, 156.6, 145.6, 145.5, 139.14, 139.10,
138.5, 137.6, 134.6, 132.1, 131.6, 131.0, 130.9, 130.6, 130.4, 130.31, 130.26, 130.2,
130.0, 129.1, 128.9, 128.8, 128.7, 128.3, 127.5, 127.3, 126.7, 125.9, 124.3, 123.8, 123.5,
123.0, 121.1, 121.0, 111.5, 111.3, 73.9, 55.7, 55.6, 52.9, 23.1; HRMS (ESI) calcd for
C4H3,05Na [M+Na]" 639.2142 found 639.2147.
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VIIL 'H, 3C, and 2D NMR Spectra of (+)-61c

Hydroxy PAH-based chiral cyclophane-C7 [(Sp,R)-(+)-61c, Table 1.7.3, entry 3]
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LA DOFPEICIEE L, ARG ORRERF LT,

515 TRRRDA > LIRBRBRIRT 1y L 22l IBHERS) Tl
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EETH 12 ERERT A IO T, 222l MR SUS OB AT -
7=
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TR EAT o T, ZORER, 7 F A AR 20 (D), BINAP SR T
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Jb T — U HAREN T Ry R OIRINZR T BAFRINERIC THEIT L,
RIET B RENUOAT A= VFERSEORS 2 L & R LG D),
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— 1 [Rh(COd)z]BF4/
/— R Q BINAP
z + | D), >
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R'=H, Me, Et, Ph n=1,2 R
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DT X T DX TV 13- 7 anF P U@ RO E = o F 4%
Rtz clEons Z Ex R LEGE2),
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X : R1 [Rh(COd)z]BF4/
S O (R)-BINAP X WO w0
\ — 1 + I > Z\ n > * n, >
X—R CHCly, rt X " "
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up to >99% ee
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Z - )
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2
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2221 INBRALBOGHETT L. RS T 5 v 7 B oo U aF8 RN PR E O
R L FrFARRECTEONE (H6),

20 mol % EtO,C
[Rh(cod),]BF,/

MeO, ><:002Et (R)-Difluorphos - MeO>G \“‘>
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(5 equiv)
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