O3 D FZHMBY 2 ZREGBIRIACKRDEMAFRF
ROER 7 AL VIREFDOFIILSF /TS5 2V DEIH

2020






R = OO 1
B8 ZRESHERIKER (PAH) OEIEEHIME oo, 1
BETHT PAH DB TE oottt 2
BBTET AR DHEE oo, 4

iR | /G S |V s () ¥ )OO 7
B—Hl TIA T T I DN T DR e 7
BIEH TINATITUEEZZFERIGOFER C RISEFDET oo, 8
BoH AFRYTORTY2OEMBEBICET B2ER e, 9
BUE AIRTORT Y 11 OEMREBICEI T D2EER e, 11
BRE HILARTARS VDB IINF S VT UNESNZRIGEEDESRE........ 12
BNET BB PRI DIBET oo 13
BtE ERMONOTOI XLRMMEEZRICE 2 HEREDEL 14
£y N T Y OO OO U OO O UUUUPTTR 16

BZE RNV TN = ILD BB oo 17
o T /) X U 17
BTE THTORTVEF/DRIGEGEDIRET oo 18
B=E THTORTVOM[2 + 2ERIANIRIEDIRET .o 19
BIUET BB FRIEDIBET oo 20
BRE MUANDYAIILNY =)L OFEREEDFHH ..o, 21
BRE FURYYAIINY = ILOHZRFE DT ..o 22
2wy - BT 24

BIUZ REOEETL PAH DB oo, 25
BB BZEMD TR oo 25
BBTEHT BB DB oottt 27
BoE REOBREDRISEERIBIL oo 28
-y T ) TR (|23 (/0 = U 30
BRE FTERICE D RISEBDIREE ...ocieveeeeeeeeeeeee e 30
FRE ABGEEICL DRI OEEIIDER oo 31



BEE AR DIEFEZIE oo 32

=) AN =L OO 34
BRAE EHRT7ALVRER DS /I T VDEMRE T e 35
BT BT EIR oottt 35
BTE TAL VBREEITEDBIF .o 37
BEE F T T T T DB oo 41
BUE TFALYVEEFT/TTTTVDRERBIEIE e 42
BRE T /T TT IV DEFHIEE e 43
BINET 67T B MEERZR DT T 1 T A oot 45
B TALYVEBEFT /U7 VOBRREEH 48
E= 2 AN = ORI 49
=l = i TR 50
S RO 52
= TR 96
BB ettt ettt n e et et et et s e nae et anannenaeens 101



SRTR

CD

CVv
DCE
DDQ
diglyme
DME
DMF
DPV
HFIP
KHMDS
KOBu
LED
LIHMDS
MOM
MsOH
NaHMDS
NICS
Nu

PAH
TEMPO
TfOH
THF

Aem

circular dichroism
cyclic voltammetry

1,2-dichloroethane

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

diethylene glycol dimethyl ether
1,2-dimethoxyethane

N, N-dimethylformamide

differential pulse voltammetry
1,1,1,3,3,3-hexafluoro-2-propanol
potassium hexamethyldisilazide
potassium fert-butoxide
light-emitting diode

lithium hexamethyldisilazide
methoxymethyl

methanesulfonic acid

sodium hexamethyldisilazide
nucleus-independent chemical shift
nucleophile

polycyclic aromatic hydrocarbon
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl
trifluoromethanesulfonic acid
tetrahydrofuran

emission wavelength






B8 F

2

E— ZIRABFHRXR(EKER (PAH) OEE e

ZIRAEERRILKZE (Polycyclic Aromatic Hydrocarbon, PAH) (2 DIRH 5 B % #E
RATHFDOEFEBEHRMNEN TH 2. RAZIEN T 2REEHO TIRICHAERERIFHEL
M T7ohTEe T MLYFED SRULEDH D% PAH EIERZ &AL 1,
PAH FAVWHEERNICIEREL L m BFICHRKT 5. AIREE TOFRMNRMECER
RETOESLEME LW oTe, REBOERILEMICIERE oSN VWEEZRF D, TN
Zs BRFBERRFPENTO-TFOREMNEICID BB WMLEYEI CH 2. BE
BADOBBREDEAIFHLEAAD L ATORFOEANIE 6 ERBEDEAZDSD
FREEDHRZEIZE > T PAH DUBIFARE<ENT S, PAH OYMHRICE > TEER TE
FOEBREBC IR —EMH. CNSDHEBICL > TEIEZITEHTH S,

sccclll
oD =

peritetracene OBO-peritetracene
unstable due to low-lying HOMO (-5.75 eV)
high HOMO level (—4.31 eV) because of heteroatom doping

Figure 1. Example of the effect of heteroatom-doping into PAHs.

BIZIE. 2 D207 T2y HARUMAFLETHEIRL PAH THZXUTKZ
t 2 1F HOMO DT HRILF —LNIDIEZICHEARETH D, —H T BEO—L%H
ANTAORFTESIER 5L (OBO-RUFFFEY). D HOMO LANJLIFBRIBIICIET
L. BVWREMHEERTES 2 (Figure1). AN EIL TH > TH. FFAERBEBELT
DNEDN TADERERICKENERERILKENTEOHBEIFRG S, FT72L Y
7 AL VEHEIC 10T BEBRRICKELEN. #1E1E 6-6 MBRAEF ORARILKET
HD.BEIL ST HERREFOIRARILKZETH 5. CDMBEERDEVDIZDHIC,
BEORRIXILF—FEIEL D HEMINS < AIRNEFHICRING Z/F D, 774
L > TlE HOMO & LUMO O#ERHIFVWITNDORERF ETHELFELIEA 7L
> M HOMO DENERES 5 BEREED TAT <. LUMO O ZN#IC 7 BEPHTAS
W, 1 BEFFRICESBHERENNTVLOEHAING 3, COL5R. #aH
B ZRHEHZERE_E TIEIM AR D & FORHE IO IERBERILKRICH LB R 0.



—MMICTHEROBAICE > TERFHOZ(LEHAF T2 A TIT 2.6 BIRIE
EDOEATIF IRTEENENLTECDREIREIRTH S, 6 BERBEDHN S
paeIT—Fal > (AAXY) I FEEEEZET 51\ 5 BRZEALLBIT—Fa
L4 (OZZaly) EEmRICHD > = Xai#&x B9 % (Figures 2aand 2b)
BEATL2HFHEROREPUCL >TELL2HEORIEIKELEDD 7T —F2L 2D
FOICTEREEALILBEICE 5 BROBECERDERBIET £ 2 & SITEHT
% 5 (Figure 2¢),

a b c

= & =
5

I 99
F = L5

Figure 2. Crystal structures of (a) [5]circulene,* (b) [6]circulene, and (c) [7]circulene.?

UED &S BIBEMEBOEERBENSEZZ . BEHOUERET S PAH &%
ST BICIEmEBEBONICZRD CENEBTHAIEERA LD COLDBERN O #13T
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THhnTW3,
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PAH Z R Y LeRBIEEHARMEETS ICH > Tk, BHOD PAH Z%#E T 38
MFEDFENNETH %, RO HHEHDDILNUERIND HEI. 8B« B E %=
FAWTHEEB LD Cop-H EBETE N Y 7> F 5. Scholl RIST#H 3 ¢ (Figure
3o IMFDHITIE. Lewis BiEZALS 7ILF > ORILEMHCKRIE & P ER B
e AW C-H B DEML 24 EBRE CTOMKRRIRIL SO ENFHFEINT
W3, C5DOFEIFFELH PAH DERICISHEINZEBNIFETH> T PAH O
WEZZTWVWBH BRGNS R FFETIEA WV, X IE. Scholl RISIEZ DaREEM
REDZ. ELBHILRAFA Y DEAICE > TEERVEKRERED PAH HEL 3 C
CIRE LBV, £fo. C-HESDEM L TIMUIBRIRENEBICA DB, Lich' o
T INSOFERCEBIA. FLLWT TO—FICBER DV -EBEDHERENEITKD 5



Scholl reaction C—H activation

o oxidant & acid transition-metal °
HH ——— ﬁ H X

Sy
VOAr
N o
Lewis acid PAHSs metal-surface ° !
H
S (x]

cycloisomerization on-surface dehydrocyclization

Figure 3. Representative synthetic method for PAHs.

a. Zhu, et al. (2016)

OH
Ir cat.

b. Takasu, et al. (2014)

[ir]
@ O
KHMDS
—

H* MB A | N ji'/ﬁ

Figure 4. Examples of the method to prepare PAHs via C—C bond cleavages of small rings.

NTWHEERA LD,
RLTERTIFEVDEDD, PAHAD 7 7O—FD 1 DX LT3 EBILEY 721 %
4 BRICEW 2B WoTe. BEALATFZAVSFELHARINTVS, CNHE5DHIT
IZ. C-C BEEDORMNBR THZ VWS NERBEOHEEZANABLTVWS, T74bh
5. BREBAEE - BESOBYAEH R ZERAIE 5 L TNERBEEIKIE
L. < S RIS P AENEE E ORIDZHA L THEREBRTST %, Hlx1E Zhu 5
DRETIE IrfRIC K > TRV > oOT7 %/ —)LOFRRKRISHETL. EL2E XA
SHAUIWNDTILF ADBARSEFRY 3 Ik > TPAH 28TV 3 2(Figure
4a), EEOFRBIAEY IIL—TH. 4 BRILEMZFIAET 5 PAH OEREERSE L2 7
(Figure 4b) o AFETIE BEDICH L TAHY TLAF Y XFILI S ST R (KHMDS)
EERSE 2 THREIND. T/ T—heAL T YD+ 2BREAMRISICKD



MRS VN7 R /) — LB EB BMEICE > TZ20D 4 ERBEDHRMEEGRMNRIGEH
fel. 7> L UHERT B,

B=H ARXOBE

EEE. BADFEFRT S L VWSEBSICE DV o PAH OFTRERADRFICE
DIBATS. IS ATOTART VEEEFLEYH. BUBRIGEHEEZRET S
CILEDEHOBBAEBURIGHES | FHEC L. IFRERIKRCERSERILEY. R
ORI PAH A CEEAIGETCH S ez L7c (Figure 5, Flcw ToATOFAR
FALEMD S ZEREDEFERZERD CCICKD BRT7 AL VIRIBEEE T 5/
J27 T VDOEMETV. TOMEORBICEDHBEAT,

oWy
N rearrangement 0
‘ : retro [2 + 2] & retro [2 + 2] O
) / o8
heteroaromatics @ fluoranthenes

rearrangement multistep
& spirocyclization transformations

spirocyclic PAHs non-alternant nanographenes

Figure 5. Outline of the presenting thesis.

S
KHMDS
@ O rt @ 162 °C @O’O
1 @ [2 + 21-S\Ar 9

Figure 6. New synthetic method for fluoranthenes 3 via a KHMDS-promoted domino reaction.

rearrangement HO
& retro [2 + 2] 3

BIETRETIRIILA ST > 3 DFREMAEICDOVTIARS 2 (Figure 6) &
BRGETIE. ET7U—ILEEM 1 Z7 KHMDS THIET 2 T AFF7ORXRT VB
SEeF2MEY 2 M FREEE L TEL. 2 DFBARIGE TORT UESEDRRICE > T
INAS T UIEEND. RBERUFTEICFIEEICEL 2Tl 2 1EHI[2 + 2R



INI-SNAr RIGIC K > THEL B C & ZBAS DI LT, i< BEfRItE KHMDS (2 &% 1
BFRTICE>THEINZI TIAIILRIDTH D czm i

BZETIE. BIETIHENRB[2+2]-S\Ar Rtz S U ALY —)L 6 DERGE
FAREAILERL 7 2 (Figure 7)o T3> 4 WoRETZITHFI/S—bzAWVER2 +
21-SNAr RISICE 2 T7H 7O Y 5 hEoNS ez R L. 5 D2 + 2RI
MRSEFBTZETERAEDZLVWN IRV AN =)L &85 e Hh TS
oo BRmDIBERVICFRFIEIC OV THIMN B,

Ar?

OV oWy
Z"0rR  KHMDS —N cat. HCI O N
SPbe oS o®
@ [2 + 2]-S\Ar @ retro [2 + 2]

5

Figure 7. Preparations of azapropellane 5 via a [2 + 2]-SnAr reaction and its transformation
into tribenzocarbazole 6.

4

BOETIEAFHTORT Y 2 5B, AEOKRIEEEET 3 PAH 7 DERER
FIZDWTIRRS 0 (Figure 8)., 2 #F TAUET 2 Z & THEINIBRRIGE . #i<
SN UOBREERCEH ORIERIGICE 2T AEAORI PAH ZIERLBZeH
TEF 3. AFETIF HENOREFRRZDNFOAFBERNDPREOEMAFTANCHEE I N,
BUOEBRYMDOARBFTRENCEEIND ZCICK o T AEEEBHEYH SHFEER
EOEmhiEonsd.

TfOH

rearrangement dearomative ring-closure

Figure 8. Acid-promoted rearrangement of oxapropellane to form spirocyclic PAH 7.

BRABTIIERIDTVALVRIBEZE IS /7771 8 DEMKRUEDYHE
ICDWVWTHRANS 8 (Figure9). 8 DRV MEIR 7 X L VG Z . #1cIChF L7oR
ERISICE > THBEL. Hid HEROIRICE > TRIEENER L2 LD TE . &
amhNER 7 XL VIRIBEICHE T2 F ZIILAaT Yy UBSICRRINS . BEIRRWEE
g CEEBALSMIC LTS
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Contiguous Azulene Structures

Figure 9. Synthesis of helical nanographenes embedded with contiguous azulene units.




FTTE NILEIINATOTUODOER

B—HE TILAZOTUICODVWTOER
INATZ T UEFTRLVERERVE VRN BEREZNL THRIRLI- PAH TH %
(Figure10) o KZBRA =T XS T MRBRICKDENEANEIDICKVEWVDSFF
BER>THD 2 ZOFERIIENM T/ D1V -8 B LED* BHBEARMRE -
P RE (OFET) BZHICHLWSNTWS, BRAICETAMRDEHSTHNT
F7zo Allen 511952 FEICS vV ORYEZI T/ VEFEERE 7))L > D Diels-Alder K&
RO KMNOs ICKBBBILICE 2T TILAT T ohEeNS e ZxiiE L7 ¥ (Figure
10a) o AFE(IFHFIC Diels—Alder RIGDBRETUBEMENE L HVRICEVWTENT
FETHZ. BFETIIEBRSEMEZTAVL2EMEOREDREIN TV S, FIZIE.
Eff 5152016 FIC Pd fEIC & 5 C-H EEDEMiZB L2 F Az S L7 ¥ (Figure
10b). SEHSIE 2020 FIC. F T I)L RhEEFRZRAWC TR - AF 7 ILA S > T V5
BIRDIARBRNEMEZRFE L. ERIHDFRIEFEE (CPL) MBI 5z
=L 7% (Figure 10c) e CNOSBNICEMAENERET 5—AH T HERRDILEL LD
DX FTITZL VRERUON YL VIREBICIENMCBHRENBEA SN L D DEMAE
IIRIEBENTH 2R DEETI BV FIMFADHARICL > TIIA T 2T VERE
DOEREZILTE . AERBMERETHIEERDES D,

a. Allen, et al. (1952)

) - =Ty

b. Manabe, et al. (2016)

1) Pd catalysis
R HO Q nonaflatlon
) -
Q Pd catalysis
R'

c¢. Shibata, et al. (2020)

R I
|| O Rh* catalysis
—_—
|

(=0

Figure 10. Examples for the methods to prepare fluoranthens.




BIE TIATUTUEEIBFRRIGORER C RICFEGEDRE
SEOFBMERIL. BEEEHAVCI/ S—hoA L T4 Y02+ 2RISR
ICE>THEIR> VO 7R/ — Iz B2FExRELIC ¥, HEW 9 & KHMDS 54
LA/ Z5—M10AZTEEEICHML. ELBIRYDILT ZA VD DILRZILEAK
AT 2 2 T4 BBEENMERINZEEISNTWVS (Figure 1), EEIFZD
FEDTSRZEBICHITIEREFTETICEVWTC TR LA T 0TV E 5 25HK
ERBHE LT, {bE¥1az 5 HED KHMDS TAIEL., DT FL VJ ) O—I)LIXF
JLIZ—7 )L (diglyme,bp 162°C) AT 24 FEMEAER T 5. FHLI>oOTH2 ./
—J)L12a TlFHR <. 7ILA T > T2 3ah 69% K TES NI (Figure12), FHiE
RISTH 16 DD. MILRTILA S > T VA BRIFRRIGTH D £/ DRISHEE
ICHEEADIEND DB ARISICDOWVWTEFlARS ZH Z 8 o7,

{;Q o8

Figure 11. Proposed mechanism of the KHMDS-promoted [2 + 2]-cycloaddition.

g
OMOM KHMDS (5 equw Q ‘.
»
dlglyme
I reflux, 24 h
1a

a (69%) 12a (0%)

Figure 12. Unexpected generation of fluoranthene 3a.

{tE¥) 3a £ L3 ICIE 1a DOEBDOBETMRVYIMINRE S 2 BN H 2D 5.
Ritve ®RPTELE L THEMAZ BEET I NIE RIGEEICEI T 2 IBEHmRNESNDEER
Teo ARIGZZERT 30 P TELET D, AFH ORI VIEEZFOILEY) 2a DH

SUNETHER L7 (Figure 13,entry 1)o 10 B DONEWER TIE. 2a ICIIX TLEY
Ma HHOITMTEMLT (entry 2) BERMHGET. RISKBZ 1 BEZTERT S < 11a
NEERMC LTESNT (entry3), AdH. BHEEL/{bEY 2a (£ 1.5 2D KHMDS
ZFAWT IFEIOMBWERRZITO C & T 1Ma. Ma ldEFGT. 24 BEO RICKE
TIancEBINC, CNSDERREENS 2a KU 11a ld 3a 5% 5 RISOFREIE




THDEhDHOh B, FILATVT Y 3azBERIDFHICEVWT. BLWSIBEDHE
ZIHZEFTHL THNRDETIFRSNAN oz (entry 4), BEDTHFF > DiFE
RIFEET. diglyme P THIEZERZ 1T DBRIC LIHMDS *> NaHMDS = B\ % £ L&)
2a DAMER L. Ma kU 3alde<EmLEh o7t (entries5and6), F7c. KOtBu
ZRAWERICIZEEY) 3a DUIERIMET L7z (entry 7). B H. {LEY) 2a, 3a U 11a
DIBEIFBEENIHERD X RIEREEEITIC K > TRE L= (Figure 14),

W,

base (5 equiv)

1a e + ‘
diglyme
temp, time O
HO
11a
% yield
entry? base temp (°C) time (h)
2a 11a 3a
1 KHMDS rt 0.50 79 0 0
2 KHMDS reflux 0.17 74 11 0
3 KHMDS reflux 1.0 34 46 trace
4 KHMDS® reflux 24 0 0 69
5 LIHMDS reflux 24 94 0 0
6 NaHMDS reflux 24 75 0 0
7 KOtBu reflux 24 23 0 36

Figure 13. Investigations on reaction conditions. #1a (0.050 mmol), base (5.0 equiv) and
diglyme (2.0 mL) were used. 3.0 Equiv of KHMDS were used.

3a

Figure 14. Crystal structures of compounds 2a, 11a, and 3a. Hydrogen atoms on carbons
are omitted for clarity.

FB=EH AT TORTU2DEMEEICETIER
FEHTORT Y 2a C HUFEHALICERYI THZD> 00T X2/ —)L 12a DIEEEDL
M5, 1a D2 + BN TEL 2S00 7 4/ — LA RIGHREETH 5 & FrEL



Teo 1la ZRWEHEICIIRIGERRICEELED . BETRISEETR 2D L THH
BAEZRETECIETI AN olce —H T HEN1aDF T2 L VRERVE VIR

BTHZ /o 1b (3. KHMDS TAUELER TRISZITO L. BEFEETH D>V
O7% ./ —)L12b % 95%UXKR TS5 X 1= (Figure 15), £ L7z 12b (L. B KHMDS T
MIBLRIGEEZB80°CETLIFAZLICLD AFHTORT V2DANEEHEINT,
CDIEHhB FIELYBEFEODEElan o4 x JORS Y 2aMELBBE5D.
BfICS OO 5/ — L2 RBATEIHDEEIZONEYTHA S, CORFEEEH
BTIRH oD 2 BEEORIGH 1 BEEORIGL DHR\NOH LBIRTT %,

O 0 KHMDS KHMDS
OMe (1.5 equiv) (1.5 equiv)
R —
diglyme OMe  diglyme
rt, 30 min @ 80°C,8h
1b
12b (95%)

Figure 15. Formation of cyclobutanol 12b and its conversion into oxapropellane 2b.

SOOTE—IILhSFFH TAORT UHE L B RIGIE ERNICIFEERRZELR
Rt (SNAr RIE) Tdhd. BZHMT7ILIFS RN FT7 2L VERICKRKAMLT
Meisenheimer 2L DHEMAHDERL L 72 MOMO EABiEE T 5 RICHEENE X 5115,
REBRERIEH B EBBFERNIRNVELVRTHZHE (12b) IS0 T T7ZL VROBE

(12a) & D BRIGHEDIMEWV C E IS D SNAr RIGICE T2 RIGME— T 5 ¥, HH
B97% SNAr RIGTIEZ FOER DR ZIILED L S BEFKIBEZE T 2FERISBL
SNBZENZVH MFE NS DEBREIFHWEBETIFRVW EMNRESINTUNDS 4, &
ENB#ECE (DFT) ZRAVWICARIGEROERSBICI L o074/ =)L 12¢ B
5F 78 L VBRADOKZMAMKIGIC & > T Meisenheimer BL DA 13 & 4 L 5 E&BE
DEMIEBEHI®ILF —IE 15.0 kcal/mol THO. EBTEITI 2RIHE L THHAE
T3 (Figure 16). #5t < BiBER DRREEIX 1.7 keal/mol OEME(LFEEE Tl TR HIC
ETI2 D TEINT, FEAKI3DNRARLDDHBARSIARENLINTED. Rkt
RISDEELREN RS TEVLDIE. I SNAr RIGRE B4 D EFREIEIC
FEEDZEMDEDBEWNTCHTHAD Y, T IZL VIRERVE VRICETHBRZ 115
B, THD5 120 H'5 2b ANDOEHEIC DOV THEKRDETEZTTS & B—EREORIGDE
MACREEEIFE L <ML (AG* =21.9kcal/mol). RBRERZR<BRLTe ULDRE
SHERN S bEY 2a 1ZLEY 1a D2 + 2R(EAMIC L > TEL B> o0 T &/ —)L
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12a H'5. SNAr RIGICE 2> TEL BB D eiEm DT o ARISD K SIS SNAr It
SOoTHXFHTORT VERETEBRET Z2FEITBEICHZE BHa0WH. EhdEER. 12
FRIREY D O HERRICHEB THZEEX HNB.

AGH=+17
AG°=-35.7

AG¥=+15.0
AG°=+9.0

\ TS for the 1st step TS for the 2d step _/

Figure 16. DFT calculations on the SnAr reaction of cyclobutoxide 12c to generate 2a.
Calculations were conducted at the CPCM(DMF)/B3LYP/6-31G(d)-LANL2DZ(K) level of
theory. Relative Gibbs free energies (kcal/mol) are given.

BOE AIILARTORZTY 1M OEMREBICEATER

ItEM2a NS HILRTORT Y MaZEMT DRIGHEEEZEZEZDICHI>T LE
) 2a 2|13 KHMDS OHEE LD DBMEEDOFVTH S S TO N AFEELAVI CIC
B L. ARIGTIE KHMDS |Z Brensted S8EUANDIREIN % 2 BlaeM @ 5T L oo 3T
FERBEEDN VL -V L T1EFHERC LTS NISTS2T7=4>5DDI)
ERETDZCHREINTNS 24, SUHIIAEEITHS TEMPO FHELTRIG
ZiT2 ¢ 2ah'5 MaNDEBMAEEINLZ e B ARIGICEWVWTH KHMDS £ 1
BEFHSEHC LTES. SPAILBEELS DD EZXS5NS (Figure 17a), &l
LIHMDS *° NaHMDS % BB WL\ 7=B#IC 1Ma DM E LB o 7=D Ik (Figure 13, entries 5 and
6). CNOSDIBEICEVWTERRETFE LY Na LDFEEN KEDENED BRI L
e > TRITTBEMMBEVWCH CHIRTE 5 4, e MU FILETHRESNLT T =L
7 KHMDS THUIEY 2 & B4 C-OBEDHEEAE IO, +T7h—JLe U T
ZILXRZUHE LT (Figure 17b) e CDIRKRZ. VLA RBZZETAIC LTHAWVWS T
D—=L7ILFIILIT—TIILORTHM 7 ILFIMERIS P DT FAOYS—TER T E.
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a. Radical quenching experiment
KHMDS (5 equiv)
TEMPO (5 equiv)
1a _— 2a + 11a
diglyme, reflux, 1 h (72%) (trace)
b. KHMDS-promoted reductive C—-O bond cleavage

KHMDS (5 equiv)

o\ﬁph OH
Ph + Ph3CH
OO Ph diglyme

reflux, 1 h 82% 73%

c. Reductive dealkylation of anisole (ref. 45)

alkali —
OMe OMe OH
©/ metals ©/ ©/

Figure 17. Mechanistic investigations on the formation of carbopropellane 11a.

5 & D CETHN KHMDS N BT o7Tcb e L TEETE % (Figure 17¢),

L EDEEH 5. 11a DEEBZUTDO L SICIEET 2 (Figure 18). 3 KHMDS
5 HEFEY) 2a D1 BFBEHICLD. TZA>IVHL2ahEL DB, COTZA >
ZIHIE. FUFILERES T b= IILORT7ILFIMERIGCFRRIC C-0 fEah R L
TCRRIDHIINET T /X RZ252%, S LTEREZ DAL FAROFTT72L >
BICEMLR RO AL B EICE > TEEY 1Ma B 5 X 5, KHMDS h' 1 EF
HEHC L TE< RIGANIFEE DR BRD ARIGHHIH TOIRE £ 4 5H\ FHRDIRHL
‘oo CCICIRIET A RIDEIBIFZERDDEEZI TV D,

b

_ H+, e

2a— — ——> 11a

Figure 18. Proposed mechanism for the generation of 11a.

BRE HIILARTORZTIUDSTILA SO TUNELSNZRIGCEBDER
AILARTARZT Y Manb T ILA T > T JaDEHEIE. FXWICIEER + 23R
AL B DDEIRR BND. COBBIPENX T THETT 5720 KL > THRRS
N2HENF2 + BRI MO PTREME IZHIFR T I 20 HENL[2 + 2BRIGAIIRIGIFER
ISZEFICE VL TIHFRB ARSI N 5. 3a ZE L2 M2 + 2BR(LI MRS IS ERR
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DRIGTHZEBEMENB V. THDE, 4 BIEZEBM TS5 C-C EENNMAICL>TH
LML TCESOAILPREGREEL. Ki<1Y T TV DRBEHC L > TLEY 3a BEL
% (Figure 19), FTEMLFERIRETICE UL, AILARTORT DA T LE 14 TS
Z—EREEDEEH T RILF—IF. 30.3 kcal/mol & C-C fEEDHERHRE BT RIS L
LTIFNhT <. 160 °C IREDRETHETI3ERERECFBELARV. CNIFELS 2
DORBRTIPHIHEICEBHNEELABE=RZHILTH> T HDO—HIE2 DOEE
BAIEBELNTE RO THS S, EL2FEE 15 IS ERICEFMDILFRETH O
BDHTRPMNMCAY T ToEBREL. TILAST VT YDA T LEB16 525, 0D
RISIEZ D NILERE (TEMPO) OEZAZ(THRM o7cht . PEEN D& S ICHERD
TEEMTHOT. PTFETOCIATINERIRT 2 CHRHELTHTH A S,

C SRy Cry fa‘i" . 0
9 @, (S
Y oY Y O¥

Figure 19. DFT calculations on the stepwise retro [2 + 2]-cycloaddition of carbopropellane.
Calculations were conducted at the CPCM(THF)/UB3LYP/6-31G(d)-LANL2DZ(K) level of
theory. Relative Gibbs free energies (kcal/mol) are given.

ERE BEE—RIEDRE

E7U—IUEEM 1 DS TILAF STy 3 2R/RBRIBICOVT. £D—RIEZ K5
L7co ARIGIFETFHEUHBREZE I 282EY. BRREEIT5HD. HEROFIC
LRLICEBTHETL. HIGT 27407 ohE6N T (Figure20), &$H. 8
FICBEI»SD 1 EFRHZRET DI CHBREINTLLAME (cis1,2-
cyclohexanediol) ARISR THETONEB EICDBA >TWVS 6, oo HEMD
EROFEDFREEIF MOMERLITTIFHR Me EHBEWVWA N TS e HEY
D3 DDHEER (Figure 6,Ar', Arrand Ard) EDBMEXCHERFAZZEL TH. Wik
TEHIINAT YT UOMBEEERISELCRVWD S ARIGIFRFICIERFRIZH D EKLIC
BLTWBDEWR Do CORIF BREBEDOKDICTINA T YT ZEREFE L TAHL
SMICBEBC 2D, RIGEIC AT & ARHFITCICEL ANV E VRICK > THE T2 H
S5 HBRROIRLETINA TV TV OEMMNLEBNEZ TH 2 ROEAFEDFHTH
Do
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KHMDS (3 equiv)
cis-1,2-cyclohexanediol (20 mol%)
1 p—
diglyme, reflux, 24 h

OMe MeQ s
O O 4 O
OQ () & L

3d (71%)? 3e (30%)® 3f (41%)2

HO
39 (73%)* 3h (80%)° 3i (71%)>¢

Figure 20. Scope of the reaction. 2R = MOM. °R = Me. “Reaction time was 36 h.

w

ELE E£EYMONOIOI ILREEZHRICK ZEFFEOEL
ARIGDRALERY) 3a (F/\OV 0O XLEFE. TADERNATRIWNZRT SILD
pH k77t % = L 7= (Figure 21). 3a ® DMSO JA7& 4. F4ETld 500 nm {3 D IRUNGE
ElFgsW\Wh. 7S TFILT7VEZTLEROFT R (TBAH) ZMX TEEME T3
CLIZED. RIGRENAE CIBKRT D, BEEZMA TEMICT S & HICRIGRE I
W LTce EROFEDNE IO AMEINE ZETELS 7 =4 A 500 nm (58
WIRINZ3FD—F Ty FHEDOKRETIZZ DEE TORNATFNcHEE X 5N,

—
1.0 eq. TBAH | ]

0.8 eq. TBAH | —
0.6 eq. TBAH | |

neutral 1
0.05 eq. HCI | _|
0.10 eq. HCI
0.20 eq. HCI

Absorbance

‘400““450I“‘500 - 550
Wavelength (nm)

Figure 21. UV-vis absorption spectra of 3a in DMSO (5.0 x 105 M). Indicated amounts of

TBAH or HCI were added.
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3a (3 &7, BwRE Uem=533nm) OFIEERLTco AR TIRERMDOFT7EZL >
=B 9D ICKNTEROFOENAEATNZHS. COEROFCEEZFALTHE
HEEEHRAERTENE. LD 1 DOMEERDEDZ, ERYOBRTH S.
dhmnﬁ%memm(ﬁ)@7D>?%7%E@%§%%%Hmm22tﬁ¢oCh

CENUF T OTOY T« THEDODHIFIENFTH > T HOMO (ST 7>
L VIEREBDICHDT|HL TWVWA—AF Ty LUMO (3772 L VIRED D S DFSHKEIT L\,
FIC9HIICH LT, HOMO & LUMO DEERBDENEZEL L\, LA >T 9Dk
ROFSEDEFEEEICLE > T, HOMO ORI F—EAMICHEDEEXEXTIC
LUMO QIR F—#UZzZ(LIEBZ N TSI (LEMOENEEN AL AIEE & H7
FTE5,

HOMO LUMO 17

Figure 22. Pictures of the frontier molecular orbitals of dibenzolj,/[fluoranthene (17).
Calculations were carried out at the B3LYP/6-31G(d) level of theory.

3a (R =OH): 533 nm

’O 17 (R =H): 543 nm

18 (R = p-NO,CH,): 591 nm

o,o

Figure 23. Fluorescence wavelengths of compounds 3a, 17, and 18 (left) in dioxane (5.0 x
10~ M), and pictures of fluorescence (right).

L&Y 3anobrOFEZ MU TUIMEL. BREEBMEZAVD L TEFHRSE
BETHH e ROF D EZREICITEFKIIEANEEHRT S EHTSE. thEh 17
X7l 18 N E|F7= (Figure 23, left)s E ROFSEERET D CICK > THELK
RIFABmMACRREYT ML BFREIBEZEALLBEIETSIC591 nm TR
BRI T LT, 3a & 18 TIRENERIZ60 nmIBEDEWVWHLHD. ARTHBOZE
b= S T 7= (Figure 23, right) s HAEARF LKL DIC. BFRKEIBDEAIZEL ST
LUMO QIR F—ZEMHIET TS5 —H. HOMO O TRILF —ZEALIFENIFCELL
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BWfc® HOMO-LUMO F v v 7HhMET L. ENXKENREES 7 M LICCHBRTE
Do

B|I\ET EH
AEBTIFZEORBE LA TILERTILA ST YOI BERAICD VW TIENR Tz, K
RiGiE (1) >o07%2/ =)o) SNAr R, (2) BIBEDNSD 1 EFBEICL > TEH
EINDHARIG. B) EATLA4ERTORT VESOHAE. 280 EMRILTHS C
CEEBRRUVOHABENREICK > THSMIC LTco AFATIE EREAPEBIRED
fIBZ 1> bAO—IILLT MIRTILA S > T 2252 ZEN AT H D, ERICL
ZRICEATND EFOFDEFBROMCFERICEATH > T HFEICL > TEDIH
FRMENETET S cZmLllcs
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B=F MIRVYAINY-ILDOEK

£—H MROE=R

FIILNY —LVBRIGEEEE BT 2L ARACEERLEMICRSNZIEER
BETHZ Y, DNV = LIIMRRZONBFTHEERLEY TH > T, B LED

(OLED) “-92-FERMR ~ T VI X4 B KGEMH*EDERICEVWTERTH
ZCENMETNTVS, FICBREOBRATIE. HEROILRICK > TEFHIMELSZE
EZE 2 ZEHHBERD S BARVYBRAINY —ILOBREDREN 1 DOHES
FELTHEBLTS M B/ H3VEIRYYAINY =ILIZDOWVWTIE 20BN
BREDNEETZHDOD. MRV EIFT IRV ANV —ILIZDWVWTIEER
EDOBREIIREEZ ARV T IR YV]a,6gl1ILNY —ILIZZ DIFEEEN L
T 72/ 7xF > bLYOBRENTZE( %0 EO—ILOMEERIG ¥ IC& > TEM
T3 (Figure24a)s — AT RUARIYHINY —)LiF. BF 5 IENMBEEEET
B EENEKPROMREZHER LR CERAEF 1 BELMRSESATULAD
STco BEDOREICEVWT. ZbOT7 L —>ORTHBIELRIGEFRATZE TRAD
FURYY ANV —ILZzER L. CHH5h OLED ICFIABRIGETH 5 Z & A Ra Nz
D BRICICIFIEEIOBEER K ENEE LTz (Figure24b), U EDOE RN 5. FUNX
VANV =ILOFLWEREZRET D CIF. BEERARFETH S VR S,

a. Synthetic method for tetrabenzo[a,c,g,/Jcarbazole

I\Ille
O NH; Cu(II) O‘l O ,
O‘l O 0 [Pd] '
Vyskoil, et al. (2001) O ltami, et al. (2017)

b. Reported method for the preparation of tribenzocarbazole (Yongbum, et al. 2017)

H
NO, PPh3 N R1

~200 °C R?

Figure 24. Literature examples for the preparations of tri- and tetrabenzocarbaoles.

FEFE—EBICBVLWT AF T TOART U Z /3 FBRRILZRE L. COEEHERE
7% [2 + 2]-SNAr RISICE > TEIT TS e 2o N LTce CORBZITIC. U
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NV AINY = ILDOF LWEBEEER L feo BHRD[2 + 2]-SNAr RIGICE W T &
Y (AFTTORTY) OBREFISEEY 1 ONIILRZIILEICHET D 5. 13
> 4 DSREROBTAETINE. £ LTT7FTORT Y 5§ HMFE5NBIET T
$H3 (Figure25), 5 05 [2+ 2IR(LAMICK > TTART VEEZRANIEZ &
NTINUE FURIY ANV —IL6 W ESNZHDEHRFLIco ARINETH I/
Z—hDEMHIETNTOWRW_EREANDONMICIHmERE T SRIGTEH. CD LD BRIL
OFEFUIEEIR T H T/ Z— b EZFAVIHBICERESN TS 982, 2D HIL/INY —
IWDEREL L TDOABST . T7HI/ Z—rDOFLVWERYE L THHEKZREVNE WLWR B,

AATZICEF T 2ICH->T. EZEBTERLAFHTORT Y 2a EAVTH[2
+ 2RI MO RIRATREME I D VW T FRAI B ARG 21778 o Too 2a DB EIE. AR TO
RZY 11a CIFEAD, BT LRTHNEERT 27121 TIRE<RIDHETL A
Molco —AT. IPHAINAFF>ZRET ZH[2 + 2RI B IFFEICETL. 1
BEFERLHI T d 5 (4-BrCeHq)sNSbCls THLIET B Z CIC LD, WI5T 275 VHEK 19
HEFUER TE 5 N7z (Figure 26),

R

2
@ U oMe [2+2]-S\Ar

®®O

Figure 25. Strategy for the generation of tribenzocarbazole 6 via a retro [2 + 2]-cycloaddition

of azapropellane 5.
(4-BrCgH4)sNSbClg O o

(10 mol %) ‘
CH,Cly, t, 30 min O O

82% yield

4

19

Figure 26. Preliminary observation of the retro [2 + 2]-cycloaddition of oxapropellane 2a.

BTE THTIORZDZEIRIEZGHDRE

—EBEIED2 + 2B ILAMICEWVNT. 7HI )/ S—MNIZEFEERIGT BICHDA
RIEEHEFB. N O—BREMMLIRICELE 1 I Vid AILAZF > OEMICE -
TEATL 4 BRBEZREET SICTDBRREFUZF LB ITNIEE S5, Hi< SNAr
RISICE > TTORT UESEEELZITIE. [2+2BRILAMTELZH ) TLTIROD
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KEMBMETH D, CNHOEFNS. THI/ T— MEIRADER LD BIREDE
RIFAZHUCE D TEBTHDI L FRTT D, B EZTH IR AFLIT—T)L
da PRUVIEEFEDA IV 4b TRIRENEMILLATEDEEMIE2</Fo AWV
EhiHh o7 (Figure 27, entries 1and 2), BEXREICT T ZIILEZFDODEHB 4c #H L
EEaICIE. ER T 30 PORISFE THRED 7H 7OXT > 5c D' 40%DNETES
ﬂt(mwmoﬁmﬁgﬁémﬁbHWthiTé$ £ O, BEMDOINEIZL 85%
FTHLELT (entries4andb). BH. HFEY 4c [FERBREICEVWTIF I VEEE
MEDTERME LTIEONB D, CHERVTWS, LI TFIVEE
W% RISICAWVWTHINERIFEN L AN o fcd fIORE & O RIGH DB W SHIRICE
BEDEWVWICLZDDEEZ 5N D,

R R
S /
N HN/ KHMDS
OMe (3.0 equiv)

OMe

or —_—
DMF
temp, time
O, T C

entry? substrate temp (°C) time (min) % yield of 52
1 4a (R = OMe) rt 30 0
2 4b (R = Bn) rt 30 0
3 4c (R = Ph)° rt 30 40
4 4c° 70 10 61
5 4c° 110 10 85 (82)¢

Figure 27. Optimizations of the reaction conditions to prepare azapropellane 5. 2Reaction
conditions: 4 (0.050 mmol) and KHMDS (3.0 equiv) in DMF (1.0 mL). °NMR yields. °An
enamine tautomer was used. “solated yields.

EZE THT7OXRTDOE2 + 2RI IIRIG DT
T7HTORT > 5c & diglyme A EIZHNEA T B 721 THH[2 + 2R I IIHEIT L«

BHD kAR HILNY =)L 6e D 64%INETESNT= (Figure 28, entry 1)o E—
BECEMLIEAFTTORT Y 2a FRARSEHFTIFE2 RIDHDETLED > TTH B
THTORZUEAFTTAORT VLD HBREAMICH T 3RIGEDBVE VR Do
WHEBNP[2 + 2RI 2 H o 7RSVER S FTO RS TIE. BRIFEIRETES NS
DHIEoTz (entry2), 4 EROBEICAVWSNS. 1 EFBLICE 2 TIIHILAFA
DEELBDFUTIE AF T TORT Y OBE CERICENYN REFRINETE SN
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6364 (entry 3),

AARETDBIE T HFEY 5¢ H' Y O ORI LARP TEENISHR + 2lRIGEH C L.
THITORI VICEBMIN ARV ER S Nico REFODRICE > T OORILLD
SOTMIELDEBREICE > TARGHMBEESNIcH D EEIFHR L /o, EFE. THF
FICEVWTH, fEE D HCI ZRIT 2FICL > TENY 6c MFL A EENICES
Nd. BH. BZARNLABEWVWSERIERICOETIIFHESE TSI 2V, IREFHARISHEEIE
BASMMIB > TVWRWDL C-CREDEEMAREZECERBN ARSI EEZ 5N 3,

O Ph

1
conditions N

=

6¢c
entry conditions % yield of 6¢
1 diglyme, reflux, 24 h 64
2 hv(Hg), toluene, 20 °C, 2 h 37
3 (4-BrCsH4)sNSbCls (5 mol %), THF, rt, 2 h 78
4 CHCls, rt, 30 min 85
5 HCI (5 mol %), THF, rt, 1 h 99

Figure 28. Investigations on the reaction conditions to generate tribenzocarbaole 6c¢.

EUE BB R ORE
BRARBIFIVAZBVWT. FURYYADINY —ILZF 2 RICDEB K% = R
L7z (Figure29), —EXEIEDOKRIGTHESNZ 7H TORT Y 5 BB, BEITZC
B ZEBBEORISICAWVWS A TS, EFHEEPBF K IBEAF OESE THBE
ICRISHEIT L. JIST 2 HIILNY — LA BINETE SN (6d-6f), EREEMIEE
FAWARISTIFERTZCCH#H LW CER NS BRRIESNICAILNY —IILDERF
ETEZENTE 69 NVEVEANDILNY —IILREBRZIMNETHEERELE. ~
IR YVa,c LN —ILBBENRLGNSEMT SN TES (6h), F/o. H®
RKROBICHELIEETHRIGIFET L. RFRINETENYZES e TS (6
6j) o
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1) KHMDS (3.0 equiv)
DMF, 110 °C, 10 min

4 > 6
2) HCI (5-10 mol%)
THF

6¢ (R = H): 79% (tt, 1h)
6d (R = OMe): 91% (rt, 1h)
6e (R = Cl): 83% (60 °C, 10 h)

6h: 34% (80 °C, 12 h)2 6i: 93% (rt, 6 h) 6j: 76% (80 °C, 5 h)a

Figure 29. Scope of the reaction. Reaction time and temperature for the 2" step are
indicated. 2DCE was used instead of THF.

BRE FURIYAILNY =)L OFEREED M

EARREE TORER /Ny F 7 ORI B M OREHIEE TH S 726 557, Gk
LTc b URYY ALY —ILIZDVWT X IFERIEET AV TINS5 DIEREISS
ZxiZ L7z (Figure 30) 1684 6¢ IZBINU LU RD 5B ABEZEFE > TED. 2D
RimDIREI LD T A 21.9°7 o Tce FERPICEVWT. S BABSICHET ST >
FAR—BALIEREICEBL T\ Ny IEEx EHER2 0. DFEOERD
ERITIERBITNIVWI ch DB, £z DFEO mERLTOBEHIE 3.8 A r HEH A
& (36 A) KODEVEHEHHMNTHD. 1 X2 v F U FTHEEERINET VI AR
BIND, M50/ IEEDRHHIF. 6c DEATRIBINU LV FEBEICHET
Z2HDTH? 5, HBEKINDER S 6hE6c L AT ERZEREBEZED, 6h DIE
EIZTEUNERICS < BERFLO T I ZIILEEZRV IR TOEERIIFIZE—
THELEICEET 5. COFEMEDTZHIC. 6h 1 6c CIFHMBICHD FIROEDLD IFKE
<. ARTOEHD 36ALLDEI A>TV,
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packing structure

compound top view side view

58

e

Figure 30. Crystal structures of compounds 6¢ and 6h.

top view side view

BRET NURIYHILINY —IL OISR D S

SERSNIE IRV AIILNY —IILOAFREIE ALY —IILRICHERT 258
ROMBVCEBEICATIKREEZRIT oo BWRHPTORIN. FEIHE % Figure 31, 32 (2
TLTWVS, BIEFIEISEE T2 & 11EY) 6c DERAWPKERIFZ 375 nm 727D
Tl AP VEBOMBMEDREARS 6h TIE409 nm E ATAERES 7 AR5
feo 6 DEBRRDLER L ILEY) 6i XU 6j IFEE5H 40 nm BEORFERS 7 A
BRINH. RARNCEE TOEILEAGREIS 6j DIFSHEERICED oTco FHH
HIZEVWTHEKRDIERNRE 5N, T48H5, 6h DEIECERIF 6 KDDLRFERS T
FLTHED. 6i XU 6j ICOWTHETH o7z Flow THHE5DIEEYIE 04-0.7 &
PRREN S BNEQHENEFINREIF DO EHADN > foe 1EEY) 6¢. 6h. 6i &1 6) £
EARRETHERAER T, T 1LEY 6¢, 6i MU 6] TIFART L ERFTOHN
BIFEUL TWVWB—AHT. L&Y 6h ODEIEKEALIZTART (FEEB) HoASRER
ST RLTHED. BREORANREINT (Figure 33), BEAFTIE. X RiEREER
WriZ & > TRB S NI b EY) 6h OLEERIERWL -1 X2 v F Y IHEEERICEL > TL
hEFINEZELINZcHZeEZS5NS (BRE),
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6¢
6h
6i
6j

08 08

06 0.6

Absorbance (a.u.)

04 0.4

Normalized Intensity (a.u.)

0.2 02

0 — . —
320 340 360 380 400 420 440 350 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 31. (a) Absorption and (b) fluorescence spectra of carbazoles 6c (gray), 6h (blue), 6i
(red), and 6j (green) in dioxane (2.5 x 1076 M).

compound Aabs,max (NmM)? € (Aabs,max)? Xem (NM)° Dr?
6¢ 375 9560 384, 403 0.50
6h 409 12920 417, 443 0.67
6i 412¢ 3040 441, 458 0.41
6j 414 16760 432, 454 0.57

Figure 32. Summary of the optical properties of tribenzocarbazoles. “Wavelengths of the
longest absorption maxima (2.5 x 10~° M in dioxane). °Molar attenuation coefficient of Aabs,max.
‘Wavelengths of fluorescence maxima (2.5 x 10® M in dioxane, Aex = 330 nm).
9Fluorescence quantum yields with reference to quinine sulfate in 1.0 M ag. H2SQa. ¢The
wavelength of absorption edge is indicated.

picture of fluorescence

state
6¢c 6h 6i 6j
o l l
solid-state

Figure 33. Pictures of the fluorescence in solution and in the solid-state.
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BLE BN

b AUDTLTHI /) S5— OEFM2 + 2]-SNAr RIGICE > T7H FORT AL
BYEFZFEICOVWTIERART, KFEICL > TELSNZ THTOXRT ALEYIE. 7
ORS VEBEDHHICEK > TCAERFENRENA M URIY ALY — LA EiEA]
BETE oTco BUNRIY ALY —)LIFE DIBERRADEWIC & > TILHBIECREAR D
BERd xS M LT,
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Fmm=E OB PAH OS8R

£F—E MROE=R
ZAEORAEMIE. EEREFE LML ESREAVDTF TEZTINZLEMETH
%o benzospiro[4.5]decane B (20) ISR OREED 1 D THH. COBEREBT
2EIR (FEK) (CEMIIEIREEME 7 0 EmMEBR 72 2 WISIEALEEME 780
HEEMER ) =745 LTHWANTWS (Figure 34), L7ch > T ABBEFOZ
RIVEEMOH L VLWEREDHEIFBEERLMRFETCHD LS X Do

monomer for polymer
with intrinsic microporosity

hole-transporting material

Figure 34. Examples of polycyclic spirocarbocycles bearing benzospiro[4.5]decane skeleton
(20).

FTIRLVERMBEEEFILZHORIGZEEC LY TV L EZEZERT S, BK20 =
BERITZZUBRFED1 D LT T I72L VROBMBEERILZHS AL ORERIGE
EZXBDENTE S, KR BEFMEIVRAEEET T DTFRICKRITIATORTOD
RGBEBICE>TFHIZL VRERBEBHILL DD ATOXREORESEZERY 5
BRABRIGHH SN TS 7679, —H T, Bi% 20 OFRAREICOBROERICSVT
& BROBRFTERCRISEBVWIAIEENIEFEZ <AV, 77 b—LOBRB BRI
K2 EE 20 DIBERICAIN L ILAATHTRICE W TE. BYICERET S NIcRIBMAICT L T
Pd ® I, Cu EOBEEEMEZXRAVIHICL > TAHEOERAER L TL 5 808
(Figure 352), &3 B 20 OFTL VEEEZL LT, >oO7OCIILAIILEZLAF
AYEBAWVWS. 77— LROBEESKREEZHS AEORLRIGEEZR L - (Figure
35b), IADLE. IVOTACIILNAINECZIILAF A >DF T b= ILRICH T 2 REFH
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MRIGICE > T, FREDERR 20 ZHEBRTIZ3DDEHF LI, B8, NILRAHFH Y
Z AL\ % Friedel-Crafts BLD 7 )L ¥ JLERIGTIE. AILRAF A2 DKEKRS T ST
FILS T SHET L. BABREEENESND Z CHRBEICAD P T L &, SEI0OKIG
Tld. DILARDFA NI ERICE DTV ONLENINBIHICED. TNHEFA
WERIRSEIIHEI L D DB FDEHICL > TH 7 b—IILERIET DI TR BRIGED
TSN CHAREL 72 85

a. Transition-metal catalyzed dearomatization of naphthol

X

OH transition-metal I o)
T — QO

b. Dearomatization of naphthol by cyclopropylcarbinyl cation

ol {

Figure 35. (a) Reported method for the spirocyclization of naphthol to generate
spirocarbocycle and (b) current strategy.

FIBIARZETIE 4 BERICEMORENGMNZFIA LS 7O70E/LAILEZILT
FAYORERV NZHBLILERRIGZH]E L T3 278687, Figure 36a |- D—
BlERT o RFETIENESKZEIFEET. >o072/ —)L21 2 ) J)LAOXZY
ZILER VB (TIOH) TRIBT R DT> L UBEKR2NMESND, O
TYIOTFINAFF Y OBRBENGAICE > TELZY/OTACIILAILEZILATF
FUHFEERE L TELTED. CNERBRIEDRIGT 22 iME5NBEEZSNT
W3e CNZBERDE. AXFHTORT YV 2DBRROBRICE >TELS 707
FILAFH D SREBOBEMENGMIETT LS VOO DILEZIILAFF >
2 HEL. ARICEL2DFROFT I M- IILEBECRIET S CT
benzospiro[4.5]decane Bz DAL OARIEY 7 HMEoN B CHFTE S (Figure
36b)
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a. Ring-contraction—ring-opening sequence of cyclobutanol (Takasu, et al. 2014)

Figure 36. (a) Previous report on the ring-contraction rearrangement of cyclobutyl cation
and (b) presenting strategy to access spirocyclic PAH 7.

EZEH EBOGRK

AR TIE BEZETHERTLTINA ST VEROFRBERTH S 4+ FORT > 2
ZEEME L THVWDIDOT. INEWNRLICBIRGEGEZRDITZ2HENH ST

(Figure 37)o C DEHUIIRR R T Z 4 VBORKANRIGE B KIEH OBEMAH
BEETHATON. BEOZERICK > TUNENKS S EE L 7o. FIEAICA LV diglyme
SDBBUMDEVNEE X 515 DME » THF Z FBWWBRIZIFBRYDOUNEMET L
7z (entries 1-3) o DMF Z A \\7z & =, diglyme CAEFDINEK TEMNYIHNE S N7 (entry
4), DMF | diglyme & D ® RIGEDBFREDBRZTE o el LD ST Tld DMF Z
WBZEIZLTe, BMEDHEIF 2 HEF TER L THIERIFHRFIN (entry 5), &
H.1 0 ROFEDREEIZ MOM ETH< Me ETHBEED o/=7/- (entry
6). BRIV LD AFESHBEZURBVTVS, ARIGERHFTICEWVT, BFK5|E
PHER BEFEREF OA T IORT Y 2b2e EAETZ Z N TE7 (Figure
38)0 4 BEREICOXAFILEZFILAVEED, RIGEEZ 80 °C £ TLIF3HICE-
THREEDWNERT 2f-2h #1825 N TElc, HRRDIRLICEBEN S RIGIER
FICET L. XIS 24T OS> 20, 2 BMFINETHES N,
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g
OR KHMDS (5 equiv)
O O solvent, rt, 30 min

entry solvent % yield of 2a
12 diglyme 79
22 DME 67
32 THF 31
42 DMF 80
5b DMF 81
6be DMF 88

Figure 37. Optimizations of the reaction conditions to prepare oxapropellane.?R = MOM °1.5
equivalents of KHMDS was used. °R = Me.

KHMDS (5 equiv)

DMF, rt, 30 min

2b (R = Cl, 88%)
2¢ (R = OMe, 59%)

29 (50%)2 2h (49%)2 2i (97%) 2j (96%)

Figure 38. Scope of the reaction. ?Reactions were carried out at 80 °C for 20 min.

BZH APORCDORISFRAREL

ftE¥) 2a z BB L. BROBTAVTREORICKRISDEMSZ15T L7 (Figure
39), TIOH ZA\W\ ERTRILZITD LAIED A EOR(ILEY) Ta b 75%. BERIRHTE
Ak L 7cBIEpH) 24a HY 22%DINE TR S Nce TN DIBEIE X fRiERIBEHRITIC X

28



> CHESE S 5 C & D T S 7z (Figure 40) . 1L &Y Ta (FFEED > - O 70O/ VIRD gem-
A FIEEFOMBEIRNVIC. 77 =L C1AIOKRKBEICL > TELTEERS
N2, COMBEREIZ. >VOTOAENAILEZIILAFF OAORZIOMIMICE
DEFDZIRECBEL TWVS 8, B 24a (377 b—ILOBEERRF ORKLBE
ICE>TELREEZOND. RIEEZ-20 °C £FTHTF2 2 & TAHREDILEIDUL
EIZ83%FTHLELK (entry2), K DEME DKL Bronsted BE T d5 % MsOH Zz AL
TS BIFFMEORIGIFIFE ACETT LA o7 (entry 3)o LW DHD Lewis B % FB L
s B T oot BRIEE < BonB VN, BINETELSNSICE X o7 (entries
4-6), U LFDESHERHD 5. entry 2 DEGEARIGORBESRMEE LT,

acid
(2.0 equiv)
2a —_—
DCE
temp, time
% vyield
entry? acid temp (°C) time (h)
7a 24a
1 TfOH rt 2.0 75 22
2 TfOH -20 0.33 83 7
3 MsOH rt 3.0 0 trace
4 BF3.OEt> rt 2.0 0 0
5 B(CsFs)s rt 55 31 15
6 PhsC*BF4" 80 15 trace 19

Figure 39. Optimization of the reaction conditions to generate 7a. ?Reaction conditions: 2a
(0.050 mmol) and acid (2.0 equiv) in DCE (1.0 mL). Yields were determined by 'H NMR.

) >y
W W/[:]\

~d |
Xy UD

Figure 40. Crystal structures of compounds 7a and 24a. Hydrogen atoms are omitted for
clarity.
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SEVUET  EILEEE DG

FERLICBREZFDDOP HBROERZEEZ AV TARDOBSEHE % &
sF L7z (Figure 41), BFKFIBECHEREZEIIEEN OB RIGIEEER CGETL.
g 2 AL AREEY Th-7d HENE TR/ SN FA T T VRERDILEY Te B
BI1%INETESNID. COBEITBEREHMA L ICRIERY) 24e D 31%DUINETHE
Clco 4 BIREIC gem- P XFILEZHFTLBVWEBHN S HRICIFEER ETL. Wit
T 5ENY TI-Th BME 5Nz, HREANBICHEELILEW 7i RV 7] DAFEATER
T2 ENABEE o T,

TfOH (2.0 equiv)
2 > 7

DCE, -20 °C, 30 min

R

O‘ 5
7b (R = Cl, 88%)
7c(R OMe, 78%)

C
() »
OQQ

79 (74%)P 7h (79%)° 7i (84%) 7i (79%)

Figure 41. Scope of the reaction. Reaction conditions: 2 (0.10-0.20 mmol) and TfOH (2.0
equiv) in DCM (0.05 M) at —20 °C for 20 min. Isolated yields are given. 2Reaction time was
80 min. ®Reaction was conducted at room temperature for 10 min.

ERE FEARICEL D RISHEEDOREE

HIETE LI RIGHANE (Figure 36b) OZ UM IR 570 ARIGEEEICD L
TEHELZRIC L &5y 71T o7 (Figure42), 70O b AL T NI HFEYITREOD TERP D
ICBER L (AGt=0.8kcal/mol). >V OJFILAFH ViEiE26 525X %, 26 I35EH
W BARTIIEBRTIERCOCEREEERZ LT o7O7OEIL AL EZIIVAF 4 >
27 NCERUT B, 27 DS RAEORIEY 7f 2 52 5 RIGIE. 20.7 keal/mol & ZH7%
EHEETET T2 e TR INT, RRTHRASNICBIRDTHSZ. 7 =)L
DERBEFH S5 DREBEICE > TEEW 24t £ 5X 5 RIGIE. AEORERIGEED H
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Figure 42. DFT calculations on the proposed reaction pathway. Calculations were carried
out at the CPCM(DCE)/mPW1PW91/6-311+G(2d,p)//CPCM(DCE)/B3LYP/6-31G(d,p) level
of theory. Relative free energies (kcal/mol) are given in parentheses.

AHTH 2 EHBRIAEICE > THRESR TSI (AAGH= 3.6 kcal/mol) o

FBNE ABREEICL B3 AFEEIEOLLEYIDE K

ARIGTIE. BFEY 2 ROERY 7 ITHICAFRRRTE T 2 F )L LEaWE
Do SEEEN B HEY T BV S AFEEICL > TERIHYEEEM R LTS
SNZABEMNH 2. CNEZRAET D7cDIC. FTILHPLC Z W HFERENIC L > T
(+)-2a (99%ee) MU (+)-2f (99%ee) =B L. RIGICHT L7 (Figure43), € DiE
RVTNOHRICEVWTHEREYOARFERIITRICEE SN, (+)-7a (99%ee) &
U (+)-7f (99%ee) =5 R Tco BEMDAFRIADFOAFIBFRN. —BHEA27 D
FTIRLVIREAF VIREEFESR C-C IEEDHMERFICHEE SN, CNHBUERY
DHFLEREANCEBEEINTCCBIRTE 5, 97405 central-to-axial-to-central
chirality transfer H'E—RIGHRATEIT LI Il D, HFMENE < EBRONAD
ST ED S FEAK 27 OARFHDLOEIF. FARERICL DD TRICEVWCEE X 5N %,
BEH. Figure 43 ICRSNTVBLEY) (+)-2a, (+)-Ta T (+)-7f DIEXTIALFE X
KRG ERABGHRENTIC & o TRE LT LB (+)-2f ICDWVWTIE £ DR =4 (CD)
2RI R ILE (+)2a DHDY BT B X ICE > THEL T,
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a (R = Me, 99% ee) (+)-7a (86% yield, 99% ee)
f (R =H, 99% ee) (+)- 2% yield, 99% ee)

Axial-to-Central
Chirality Transfer

I
Oa \"\ """ - O
HO

Central-to-Axial
Chirality Transfer

possible steps for
epimerization/racemization

Figure 43. Chirality transfers from optically active oxapropellanes 2 to spiro PAHs 7.

EtEH ERYOIFEER

ERMOAECORMCEMD S GEESERNBEURISICE > T 2BEDEL 3B %E
5D PAH ANOZE# iz a{A 7 (Figure 44), 1t&M T O HIILRZIILEZZELc7)L O
—JL30DEROFIEZ BETEHELTACCICE>THBESE S BETRKAIL
RAFAYI2HEL D, BET 2EE A £CIFEE BAEGRUTNIE. ehenE =k
HNIVRAFA> 33 £/l 34 BEL. <R 7A M MbIC K > TIEEY) 35 £7c(13 36
BoNB. COLTRIGEGZBEYICEHRTE L &M T2 EEZHIE T2 Z ehTIhIE
HBEOEFEMH S ERDREL D 2BEBEOILENNESND ZCIlH B,

BETDFER. FEE A DENIIC K > TLEY 35 Z:FIRNICE D 1D ICIE. B DIEIR
WNEETHDZehh o7z (Figuredd), MsOH ZHL. AFH > (entry1) Pk
AXA> (entry2) FTRIGZIToTBRICIFIFE A OERENFEIF L 2 LW—7A T, DCE

(entry 3) % HFIP (entry 4) %M\\3 ¥ I DEIRET 35 MMBLMICE Ulce F
foo BREETFIL R FAWVCBRICIE 43 1 57 OFIRMETILEY) 36 MBS L TEL - (entry
5. BEEZRT T 2ENTE ROFSEEXIIMET D EERY 31 AU AT
NILIVOI NI ST —HTHREL. 25:75 OFERETILEY 36 ZFEMME LT
5EXx3Zchbh ol (entry6), E ROFIEZFOEBE 30 2AFH 2 F/IdHEET
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FILHR, BTEHET2HBELDDBVERMETIO BMEONTCILICH D, CORR
ICEDEI XYLz T o LB ZERM TS AT R BRe LT
NTIVEMR B BEMIALEY) 36 DMBEERICERM L TC (entry 7). AEZEEET 7L
NEBETDHEICK > GEIREIFEICEELT (entry8), Entry4 (SR LTeRBFICE -
T 76%INETHBEL1bEY 35 13, BIERIDZITO CE TRV ERY 37T ACEL
AT E T (Figure 45a) . [EIRRIC. entry 8 DR TEEEL 721454 36 (61%) H'5.
N>V[EINUt > 38 Hi§ 517z (Figure 45b)

migration of bond A

30 (R_= H) 30 O“ _H* O“
31 (R = Ms) > H—
(J ®
34 36

migration of bond B

entry substrate acid solvent selectivity (35 : 36)
1 30 (R=H) MsOH hexane 45:55
2 30 MsOH NO2Me 54:46
3 30 MsOH DCE 75:25
4 30 MsOH HFIP 83:17
5 30 MsOH EtOAc 43:57
6 31 (R =Ms) silica gel hexane/EtOAc (3 : 1) 25:75
7 31 silica gel hexane 30:70
8 31 silica gel EtOAc 15:85

Figure 44. Investigations on the bond-selective rearrangement. Selectivity of the reaction
was determined by '"H NMR spectra of the crude reaction mixtures.

Entry 4 U 8 DEMAETIFE. HEYOE ROF S EOIMRENEEERMICEESR
BXBHoTce THBHEL. epi-30 &5 W& epi-31 = AW BRICHREIFOFERMENFHIR
T3, LIEA2T. WINDORIGZKETTHHBEBDODILARAFF > 32 #FZHL TRIG
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PETLTNB L EX BONEYTH B, ESBRIEORIFMIEIZ OV TIREHATE
2CIFESDTRVD BEDODEWVWCS AT IILOBREIZL > THIE5TINZIRIGED
BUH, T ORIER LRI N,

a 1 b
1
1
| ®
PhsC*BF 4~ ' PhsC*BF 4
s T s T LD
DCE I DCE O ‘|
80°C, 2 h ' 80°C,5h
1
77% yield : 86% yield 38 O

Figure 45. Oxidations of compounds (a) 35 and (b) 36 to afford PAHs bearing different
skeletons.

B|I\ET EW

FxHYTOXRTUAEDH . BICEK > THR-EU-REESzH SR{LZ5| Tkl
L. REORINPAH 2522 CCZRBHE LTco XFAICL 2T HFRA BB A UEER
KA ZFHOAEOMEIHNESND. ARIGICEWVTIE. BEVOAFBmRD FEED
HAE. ERPOFOEARENCRRICEEINS CE 2Bl M Lice ERYIDORE
ORMEMISEEERN BB RSN PIEETH > T MBREANDEL S 2 BED PAH

/\KE}%TE:&TCO
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FARE @V ALVEBEEODF /IS TIVOERE Z0WE

£—H MROE=R

EADFTHEII 77T >D—ZEELIEEEFDOPAH IZ. 7/ 75708
ENz, MDZ<DEHDF SRR RN - AIERINET. BIREPEREE LT
RDTOBENBIFRMBE L TEESN S D NS OREICEELDIEF /T35 7T
TONHEBLTETREN M R TH D, BO/NZBIT ST > OMEICIEFEDE
(T ) BENBETHZH. T /I 77 RIKRAB Iy OEEZHEIRL T
FTORFETDFLANIILTIERIZCCHDEERTCH D, COVSTERL L. HKRLA b
ROY—0 m HERP Ty IBEEH DT /I 77T UHEMIN. EDMEENEAN
SNTE 89, [FICE5BR®MP 7 BIR®Y, 8 BIR BB L VoI IENI Y VIRIE
B RV VRN SMABEPICEDIAD . TORIFEPESLFZNEEL A S
KEDBZDHE5T ORDEDQRHINZG 3 XTTIBEICDHNDIES C C IFHEFRV R
TH>T. BUDICHZESIN TV S,

INVEVRFEHENEND1 DL LT FALYEREFBIEN TS %, 7L Y
IF 5 BIRE 7 BRMERLIBEZ DB, NETVREIRILF—PASTHIERTE—
A heWote, BERNLORYEVRERERCIELRZIMEZET S % AMEGIE. 1B
BEICIIRNYEVIROATHERIN ST 57 o VAR #EEXRME L TRNS Z CHH
SNTWVE, COEEBERMIZTZTTOMBEZRLICELTE. ZDEDOLDH
BERTHZN O BEXRMEFIEL TEALILY ST >Z2EmM L. MM =ZFHRYT 5
FHADITHN TS 9-102,

CBRICHB ST F /T T VRICHTIL VERBEZIBOIADEIAERLL
TSfeo EMULIEBERMBI 27 2> DETIUEEYE LT, TDOEE—Y)EIERE % B3
SMMETBERICRVEVRFEROATRERTIRVEBECPHEEZ 7L VRO
BACE>TERL. FRMEOBEADRIT2HVWTH 5, WEDC A 7L Y
BET /U7 VOERICEVWT R BRIMBRT AL VIBEDEBRAEAIFIERICIR
5N TW3, Pefa & Pascual 5 DfiFTY )L — I3 ERER TORKRERERIGH
MERT7 AL VIBSOBRICENTH S ceml 19 BICHOMET IL—THELUD
FETTALYEBFT /77T DEMICHIIL TWS 104105 (Figure 46a) o
Mastalerz'% %> Zhang'9’, Chi'® 507 )L — IXIFIFERFHAIC. RIS=RICFEEITFER S
HDD. Scholl RIGICK > THEIRT7 AL U HBEEBRETT 5 e zRE L (Figure
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46b), F1-. /\FE. ZHSIEDF A Friedel-Crafts RIGHEERTZE T, VAL VE
BERBEEERCEMDERICAINL 12 19 (Figure 46¢) o

a. On-surface dehydrocyclization

DDQ, TfOH

Figure 46. Reported methods to generate fused azulene structures in nanographenes.

COELSBERNBRARLH2HOD. BT 2 7 AL VEBEEZHDF/J57T
VNCET BMRIE. TALYBEF /7 DRHFTHRBEATH D, CDEDS
/T 7T TESBEEENICEEKRENEND THL BEXMRIZ 720
ETINRELTHARSBERZE > TVWE, VWO DD BERMEITZ 7T ICEWVWT
TXLVEIF, LIFLIFTIZREZ—RICEEL. BHLTWVWSLOHTHD 19,

BLREICBVWTIIORYY INA ST VOFHREEICDOWVWTENT., COTILA S
VT UIGEBONVEVRICEFEFNCE BRELGZBEL TVWAH S TIXLYEE T/
I3 VOHIRAE D182 EEISHR LT (Figured7), ZILFZ>F>D58
BOBIC7 EEEEEEETINR 7L VEESEIM RN COoT7 L VEBIEIS 7T
VHEOENDLSIC. BEICHERLICBEZET 5. TOBRHERREZILERT D LICE
ST/ TSTT8NMEONBZHDEETE LT, 813&ERLICT AL VIRIBEEZET
27 /027 THD COBEICHZRBBVIBEITEIKRVDODEEZI LD, 0D
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BT AL VIRBIEICK 2Tl 81F6-7-7T-6 MBERANSMS. FHRA cove Ik v U
BEERB DI BREEINTIATH D, 4 DD ERICLE>TERINE NEE D] cove
Ty M- et 5. COFMI v IEEIR7 BRA 2 DEATNIIEICE ST
MEE >7c) cove Ty CRRBENTETS (Figure 48),

O'O Construction of a heptagon q% R

n-Extension

>

l

“Normal” Cove Edge “Narrowed” Cove Edge

Figure 48. Structures of (a) “normal” cove edge and (b) its “narrowed” variant.

EZEH TILVREEAEOMRE
IRV ITNAS YT oD BT AL VRZBRY 55HAHOBEICRENIED, o/
Te® FICICBEYIRBIRE P RISFG ZIRR T 20BN H o7 (Figure 49) , FHR7AH
S F/OTTTVERICEVWTHAINS. B/ ABERMEZRW 7 ILF > DIR
L EML &R 15117 (entries 1-3) * Scholl &Ji» (entries 4, 5). Friedel-Crafts &/t
(entry 6). C-H iEFEEM(LRIS 118 (entry7) Tld. FTEDT XL MbLEWZFZ L
ANEGERAN Y rult
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p— 6
' R

40 R =Ph conditions 43 45
SREE—" Y

QCO 41 R = CH,COCI O'O. O

42 R = 0-CIC¢H,

44
entry substrate  expected product reaction conditions results

1 39 43 PtCl2 (10 mol%) recovery of 39
2 39 43 AuCls (10mol%), Ag(OTf) (30 mol%)  complex mixtures
3 39 43 Fe(OTf)s (20 mol%) complex mixtures

40 44 DDQ, MsOH recovery of 40
5 40 44 FeCls complex mixtures
6 41 45 AICI3 complex mixtures
7 42 44 Pd(PCys)2Cl2 (20 mol%), DBU recovery of 42

Figure 49. Attempts to construct fused azulene structures via conventional 1-extension
reactions.

PAH &RICHE VT 6 BERBEEZHERIT 5FEAD 1 D LT BFRRRIGHH SN

TWBo AFIINRUICEALAIFERE T RIVZBRATLHETITF U L UZ/S.
Mallory 6D\ E% TH 5 19 (Figure 50a) o ARIETlE. AFIRVD_EFEFGE 2D
DODRUEVIERD LGS 6 BEFRTCEFERRRIOHET L. Hi<BELICE>TT >
MLYUDERT 2 INTWVWD, CCTT7AL VRN 10m BFRZFOCEERET
. ARICBFERRISICE DT AL VERABRTIH/ICEZX S5ND, HHEMEA
7L VEME (Ziegler-Hafner 7 XL V&) Tld. PXFILTI /BE=EITZTI)
NYUFEEED RIS L > THRINAIRICRISGEMS IXFILT I VOIRBICE > T
TAL 8 HNB 12 (Figure 500) . — DEOE(ERIGIE 10m EF KRR CH< D
XFILT I VDRBEICE > TETLTVWBREEZZDHEYTHS 5. U EDEEH 5.
FLT7 4 VEMIZBA LI TILA ST VFEEN BILBIFEE N CEREIEICEL -
TBIEMNRERIGZSISEC L. BNOBRTIL V52182 c£E5IFHFLE
(Figure 50c) . HE & < RIEHET T UE MBERT AL VIBEADHF LLWT TO—F &
AN
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a. Photo 6m-electrocyclization of stilbene

R

b. Ziegler—Hafner azulene synthesis

5] oo

Me,N NMe,

79% yield

c. New approach for the fused azulene structure

OO R oxidative OO R
lect| lizati
< ) (etectrojoyclization "

Figure 50. (a), (b) Electrocyclizations as synthetic tools for PAHs. (c) A new strategy to
generate fused azulene structure.

QCO QCQ

entry energy source oxidant % yield of 47
1 UV-light (Hg) lo 52
2 microwave (250 °C) DDQ 40
3 blue LEDs (475 nm) DDQ 77
4 DDQ 0
5 blue LEDs (475 nm) - 0

Figure 51. Optimizations of the reaction conditions for the oxidative cyclization.

AFVINEZFDOIINAZ T VFER LM zEB L L. BIEBRIERIGICEST7X
L VIROEREZEET L7z (Figure51) 0 A F IRV DHRIERIG E FBUDEEICH LT,
FREDINELGNSFALED T XL > 47 BME6 T (entry 1), CORIERIGIFEAZMGT
HETL. BEH e LT DDQ ZAW. Y17 OKRBEICK >T 250 °C FTMHT 3
. BRI 40%DINKRTIE SN T (entry 2), 1EEY) 46 ITEEDILEY TH 5728
FALREEFICE VW TENANLTII R AR Z RS TIT DN D 5. ERICE B LED

39



ZRAWTRISZITD & 7T7%DIFINETENZE5 e h TS (entry 3), JRZ
AWTICRIGETTS CBEREIUNAEIR I 15 (entry 4). ERERIE RV ICHERF DA
EIDCEMRBEN e 5X T CIFBARRIGICKE > TE L 3B ZBECAIC L o
THEYICHIET A CENAERICEVWTEETH IO IR TET S (entry 5),

RFEIGERT AL VIBEZ BRI 2HFETH 21D TORIGHEBICDO VW TOH
RzB2-ODHIANBRN Z1TH > Tco H¥ 10 BEFRRRISHEITT 2 CHATFL
TAFEZRBILIH. TORFOZEEERIIT 2HNEL DD, sTEILFICKUL.
FIC K > ThiEESNcb B 46 (. 2B 1 e 1 EIBRAE (46*) D SERPHICKRIEKR
JGHYEIT L. 48* %= 5% % (Figure 52. AGt=10.6kcal/mol), D& T BREIRED 10m
RIIFFNZERF-REZEERDEIL. RROZNLEARTIHET L (Figure 53), —

IBEBFRRRICICHENZIRRTH 5, —FH. ARISARTIFERLAIZAVNTWS o,

1 BFBICLE D TIIVFINTIAILAFA Y (467) HEL. TDREL
RIGHETL T A8 E 5X 2 AEMDHE X 5N 5. STEILFTIE. CORBETORILI
TOBTERREELDBETARFCHEINIH . ZOEHEIRILE—DEFIDTH
f2o7z (AG*=12.5kcal/mol, AAG*= 1.9 kcal/mol) o L EDFERN 5. HFHiEL 10m E
BRRINIARICDRIGHEBE L TZETH DD SO NIINADF A4 > Z2EAT 2 RINHE
BHAGEEYT SEEGHRTIRVDDEER 5N 5,
a. electrocyclization path

o105 L
AG =-6.0 ' “H,
—_— 47
2%
OO Ph 48* T
*H+,*H.

2
O~ . .
46" O'O &l v O“‘ i

e QGO Q‘O H

b. radical path 46°* 48°*

—

.

Figure 52. DFT calculations on the cyclization step via a photo-electrocyclization and radical
mechanism. Calculations were carried out at the SMD(MeCN)/TD-CAM-B3LYP/6-31G(d,p)
for the electrocyclization mechanism or the SMD(MeCN)/UB3LYP/6-31G(d,p) for the radical
mechanism. Relative free energies (kcal/mol) are shown.
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46* TS for the electrocyclization

Figure 53. Optimized structures for 46* (left) and TS for the electrocyclization (right). Bond
lengths (A) are shown.

EZE F/ITZTIVDEK

BHOF /I 5T7 % B3O 20FOEY 49 L AROVEIZTIL50 LD
JOXDy TV IT 81 ZFRHL. ZOHRIERIDICE >TILEY) 52 Z2ER T 5 C
Bl LML, 4950 DAy T VI RIGETIE S d2<ERE T FEAE
TH2LEYM 3 N ELERR TRIGMMEIET D e DD oo EVWRI LIS, CD
£E4) 53 (FE_E THEANIHRICRISOBNLRETH D IFINEKTT AL VigiEz
BEI2ROVEBIRTIL 54 NE#TSE I, 5413, 7AL VD7 EREGLEICC-CHE
BIEMICERBROVETIXTIESEZBE L TCVWAN L. TALYEREF/J5T7 T

BRICIFEERILEME WX 5. 54 1355< 49 L DAy T VI RIBICE > TELEY)
52 NE N TS

(AT WAL KX
0 " G0 R OO

tBu tBu tBu

49

52
R OO R Pd(PPh3)s, KsPO,
BN ppq B(pin)
50 ' " 46% yield
PA(PPh3)s, KsPO, 6 blue LEDs 6
T A O Y
tBu tBu
53 54

Figure 54. Synthesis of intermediate 52. R = 3,5-(tBu)2CsHs3
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L& 52 NS BRI /IS5 7 0% 183IC1E. 5 BRY 7 ERABIITERITN
IFEBW (Figure55), FRRAN 5. B2 WS NRIERIGICE 2T 7 BRZHEBEL 55 #1718
3 CIFTERD 2Tz, —/5. 52 H'5 DDQ & TfOH % L% Scholl RIGTld. 5 8%
CT7TERE—FIBRI S CHTE. BINEZD 5B 8a ZBEEY 5 C L ICKIY
L7co 52 DIRIERICHETLAD S TEDIF. RIGT ARSI ZEFEEGH T IL VIRE
EOHBRIHAMAETN, BENMZEZITTVWERTCOILCHERINS,

Figure 55. Completion of the synthesis of the targeted nanographene 8a. R = 3,5-(1Bu)2CesH3

EME FALYVBEF/JIT7 VDGRBS

8a £ UONFHY « ZbORYEY - ZHLREZEDREARERNSBRERZT S
CICEL > THERZE T XREREEHETZ1To7c (Figure 56), f&&mIBIED 5. 8a
IFHENMCEHPBEL TWBEZ D e MR TSI % (Figure 56a), £ @ 3 XiThE
BIEE T2, DF IEBIFTFEMNE <. 8a [ DEMURENEAERD K SI2/V
wE 2T LTW3 (Figures 56b and ¢)o £ D T—1 XX v F > J BEBEIFRFEELD T 3.3
A BDBVEETSH > T BUDFREEEERAN TR IN S, — A THFLETIFA
S<HEHM ol DEARBEZF >THED. BRERFPTIECDOSBAREICHRT SIS
VFFAR—BEEHREICERE L TULWS (Figure 56c) . 5T AZBM T 2 RIHDERF LD
AEIF46.9°THD. BED cove Ty DHD 110 (38°) L DHERKITVRNFHENT
HB. HANEDAITV 7 BERESICK > TRIFKERRFRLEIEET 270 THS

Do
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Figure 56. (a) Crystal structure of 8a. Hydrogen atoms are omitted for clarity. (b) Top view
and (c) side view of the packing structure.

BRE F/IZT7VOBEFHNE
NICS HHEICLE. 8 DE 6 BEREGIIVINDEEFEEREMEZR>TLWEH. 7L
VEBEEENLEHBRROILERICE > T, BFANABEEHREEIIPPHEE->TWL3
(Figure 57). 8 DF 72 L V&9 (A-BIEIRZR) ICH LT, BIRD NICS(1)E1F-6.98

naphthalene : azulene

phenanthrene

NICS(1) values (ppm)

compound
A B C D E F G H

8c -103 698 -163 -0.13 946 -719 929 -279
naphthalene -10.7 -10.7 - - - - - -
azulene - - -17.8 -7.82 - - - -
phenanthrene - - - - -10.7 -84 -10.7 -

Figure 57. NICS(1) values of the model structure (8c), naphthalene, azulene, and
phenanthrene. The values for 8¢ was calculated at the B3LYP/6-311+G(2d,p) level of theory,
and literature values'?! are shown for the others.
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ppm THOH . BB T7ZL>DHD 12! (107 ppm) EOHHKEFL\, E-F-GIENHS
BBHTTFTYALUBETHERKIC. BBRT T AL >ODHD ! (-10.7and-8.4
ppm) KD ASIHEHNEHI NI, 588 (CCHER) RU7EEES DB IC5WVWT
H. BEET 2 6 BRESICE > THERIEIFFEDSNTWLESH. NICSH)EIFETH >
T, AL L TENCEEEREEZR > TVS ZEHTREIND,

/571> 8a DEMFHMINZ R M ILIE. 660 XU 600 nm (255 VIR, 477
& 404 nm (28RN E Z /R L7z (Figure 58a), TD-DFT5tHICE DS T al—> 3>
I £ NUE. 660 nm DIRIHE 1L HOMO — LUMO 8% (Acaic = 635 nm, f= 0.062). 600
nm DR E HOMO-1 — LUMO % (Acac = 584 nm, f=0.036) OFSICL2HD
T3 (Figures 58b and 60), 8a ® HOMO |&F ¢ L T E-G-F BERAENU C-D MBIk
RICDHLTED. ENZNOMERRARICH T 22BN BHMESRIE 7> L O RTD
TXL>DHDFELILTWS (Figures 58band 59) . LUMO |3 G-H-G'fBIRIBE M U

a ) ¥
1.2 '
)
308 LUMO+1
g ! (-2.88) | (265
g 0.6 \ X ‘
2 0.4
0.2
° 400 450 500 Wa\ij:ngm (i(:r?) 650 700 750 = HO MO HO MO—1
(-5.36) (-5.66)

Figure 58. (a) Experimental UV-vis absorption spectra of 8a. (b) Pictures of the molecular
orbitals of 8a.

MOs azulene dibenzofulvene phenanthrene
LUMO J gJ
9
2
HOMO '

Figure 59. Pictures of the frontier molecular orbitals of azulene, dibenzofulvene, and
phenanthrene. Calculations were conducted at the B3LYP/6-311+G(d,p) level of theory.
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excited oscillator

o~ energy (eV) wavelength (nm) strength description

1 1.96 635 0.0621 H — L (0.70)
H-1 — L (0.64)

2 2.12 584 0.0356 H = L+1 (0.27)
H-2 — L (0.33)

3 2.26 549 0.2465 H-1 — L (-0.20)
H — L+1 (0.58)
H-2 — L (0.61)

4 2.42 513 0.4211 H-1 — L (0.19)
H— L+1 (-0.27)
H-3 — L (0.21)

5 2.47 501 0.0286 H-1 — L+1 (0.65)
H— L+2 (0.14)

Figure 60. Simulated electronic transitions of 8a. Calculations were carried out at the
CPCM(CHCI3)/TD-B3LYP/6-311+G(d,p) level of theory. H and L refers to HOMO and LUMO,
respectively. Contributions from each transition are given in parentheses.
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Figure 61. Chiral HPLC chromatogram of 8b.
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Figure 62. CD spectra of 8b (1.0 x 10 M in hexane). Blue line: the 1t fraction. Red line:
the 2" fraction.

MIC 8b DT ILEEEICOVWT, RESLUHBMFERAVWRAEEZS 0 o7,
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FRENCK > THBEL /=(-)-8b (95% ee) DY > TILERHFEDBE X TMHAL. £DiE
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HEINSEEEBEBRIRILF — (AGkac=29.2 kcal/mol) IFEREBREE L <—HLTED.
TIXal— hINEBREEBEZZRL TV,

6-7-7-6 D 4 DDMBIRZAD T IMLEEE (AGH 1$. 4 DD 6 BERBE. T80 5[4]
AUt > DEN 122(4.0kcal/mol) & D IEZMCAKT < EDBRBOZWBINI > (24.6
kcal/mol) &[6]\1Jt > (36.2 kcal/mol) DRIICMIET 5 '8, 7 BREED. 6 BIREK
DRESLBABICL > THOEADKRHKKRERFEALNIEL. COLDICKSTHITEIML
REEIC DA o TcHDEEZX NS,

k
(+)-8b =  (-)-8b
temperature (°C) k (min~")
65 3.43 x 1073
75 1.10 x 1072
85 4.18 x 1072
94 0.118
108 0.535

Figure 63. Summary of the racemization rate constant (k) at various temperature.
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Figure 64. (a) Simulated pathway for the racemization of model structure 8c. Calculations
were conducted at the B3LYP/6-31G(d,p) level of theory. Relative Gibbs free energies
(kcal/mol) are given in parentheses. (b) Comparison of the racemization barrier with those
of helicenes.
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Figure 65. Variant-concentration '"H NMR spectra of 8a in CS2/CDCls (1:1).
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Figure 66. (a) CV and (b) variable-concentration DPV voltammograms of 8b.
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1. General Information

All the non-aqueous reactions were carried out in dried glassware under an atmosphere of
dry argon unless otherwise noted. DCE was refluxed with and distilled from CaHz prior to
use. Diglyme, EtOAc, DMF, and PrCN for reaction solvents were dried over molecular sieves
4A prior to use. All the other dehydrated solvents for the reactions were purchased and used
without further desiccation. DDQ was recrystallized from chloroform prior to use. All the other
reagents were purchased and used without further purifications. Chemical shifts (8) and
coupling constants (J) are presented in parts per million (ppm) and hertz (Hz), respectively.
Multiplicities are indicated as s (singlet), d (doublet), t (triplet), m (multiplet), and br (broad).

2. Experiments in Chapter 2

a. Preparation of substrates

The detailed procedure for the preparations of substrates (1) are described in literature?®.

Compound 1a

pale yellow paste: '"H NMR (500 MHz, CDCls, 50°C): & 0.89 (m, 6H), 2.73 (br s, 1H), 3.19 (s, 3H),
4.98 (d, J =9.7 Hz, 2H), 5.34 (s, 1H), 5.62 (br s, 1H), 6.95-7.50 (br m, 11H), 7.67 (d, J = 8.6 Hz,
2H), 7.98 (d, J = 6.6 Hz, 1H) ppm; '°C NMR (125 MHz, CDCls): & 18.0, 19.5, 38.9, 55.8, 94.4,
115.7,123.0, 123.6, 125.6, 126.1, 126.3, 126.6, 127.0, 127.4, 127.5, 128.0, 128.9, 129.2, 129.7,
130.1, 130.7, 130.9, 133.3, 138.8, 140.1, 151.2, 210.2 ppm; IR (neat): 3051, 1685; HRMS-ESI
(m/z): [M + HJ* calcd for CaoH2903, 437.2111; found, 437.2113.

Compound 1b

pale yellow oil: '"H NMR (500 MHz, CDCls): & 0.74 (d, J = 5.7 Hz, 3H), 0.79 (d, J = 6.3 Hz, 3H),
2.39 (m, 1H), 3.53 (s, 3H), 5.31 (s, 1H), 5.40 (s, 1H), 6.66 (t, J =8.7 Hz, 2H), 6.82 (d, J = 7.2 Hz,
1H), 7.02 (d, J = 7.5 Hz, 1H), 7.07 (t, J = 7.5 Hz, 1H), 7.20-7.21 (m, 2H), 7.25-7.28 (m, 2H), 7.30—
7.33 (m, 2H), 7.41 (d, J = 7.7 Hz, 1H) ppm; '3C NMR (125 MHz, CDCl3): & 18.1, 19.4, 38.9, 55.0,
110.6, 120.1, 120.5, 126.6, 126.9, 127.4, 127.9, 128.3, 129.4, 130.1, 130.4, 130.6, 130.9, 131.2,
138.3, 139.5, 140.1, 141.7, 147.0, 156.4, 211.2 ppm; IR (neat): 2970, 1685; HRMS—ESI (m/z): [M
+ HJ* caled for CasH2s502, 357.1849; found, 357.1847.

Compound 1d

pale yellow solid: mp 100-101 °C; 'H NMR (500 MHz, CDCls): 8 0.85-0.91 (br m, 6H), 2.55-2.65
(m, 1H), 3.16 (s, 3H), 3.70 (s, 3H), 4.95-4.99 (m, 2H), 5.34 (s, 1H), 5.66 (br s, 1H), 6.14-6.94 (br
m, 2H), 7.03-7.15 (m, 4H), 7.25-7.28 (br m, 4H), 7.67-7.70 (m, 2H), 8.09 (d, J = 8.3 Hz, 1H)
ppm; '°C NMR (125 MHz, CDCl3): 8 17.2, 18.3, 41.7, 55.5, 55.7, 94.3, 108.9, 115.7, 122.8, 123.5,
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125.8, 126.3, 127.4, 127.5, 128.2, 128.3, 128.8, 129.8, 130.0, 130.8, 131.6, 133.4, 137.5, 139.9,
142.5,151.1, 155.9, 209.6 ppm; IR (neat): 3012, 2970, 2931, 1697; HRMS—-ESI (m/z): [M + Na]*
calcd for Cs1H3oNaOas, 489.2036; found, 489.2034.

Compound 1e

white solid: mp 123—-124 °C; 'H NMR (500 MHz, CDCls, 50 °C): & 0.80 (d, J = 5.7 Hz, 6H), 2.55
(brs, 1H), 3.61 (s, 3H), 3.78 (s, 3H), 5.42 (s, 1H), 5.69 (s, 1H), 6.90 (d, J = 8.9 Hz, 2H), 6.95—
7.04 (br m, 4H), 7.19-7.21 (m, 2H), 7.25-7.28 (m, 2H), 7.43 (br s, 1H), 7.54 (d, J = 8.9 Hz, 1H),
7.58 (d, J = 8.9 Hz, 1H) ppm; ¥C NMR (125 MHz, CDCls):  18.2, 19.2, 39.1, 55.2, 55.9, 104.3,
111.0, 116.0, 122.8, 124.7, 124.9, 126.2, 126.6, 127.5, 127.6, 128.8, 129.0, 129.1, 130.6, 130.7,
130.9, 134.4, 138.8, 138.8, 140.1, 142.4, 143.5, 154.5, 157.9, 210.6 ppm; IR (neat): 2966, 2931,
1685; HRMS—ESI (m/2): [M + H]* calcd for CaoH2003, 437.2111; found, 437.2110.

Compound 1f

pale yellow paste: 'H NMR (500 MHz, CDCls, 50°C): & 0.99 (s, 6H), 2.78-2.83 (m, 1H), 3.22 (s,
3H), 4.94 (s, 2H), 5.39 (s, 1H), 5.78 (s, 1H), 6.31 (br s, 1H), 6.86 (br s, 1H), 7.04 (d, J = 7.2 Hz,
1H), 7.20 (d, J = 9.2 Hz, 1H), 7.25-7.29 (m, 3H), 7.34-7.67 (br m, 4H), 7.81 (d, J = 8.9 Hz, 1H)
ppm; ¥C NMR (125 MHz, CDCls, 50°C): & 19.2, 37.3, 55.9, 94.6, 115.7, 122.6, 123.7, 125.3,
126.1, 126.3, 126.8, 127.6, 128.1, 129.0, 129.2, 129.7, 129.9, 130.2, 131.4, 131.6, 132.9, 134.9,
139.3, 142.5, 142.6, 145.5, 151.2, 198.4 ppm; IR (neat): 2962, 2924, 1647; HRMS—ESI (m/z): [M
+ K]* calcd for C2sH26KO3S, 481.1217; found, 481.1216.

Compound 1g

white solid: mp 47—49 °C; "H NMR (500 MHz, CDCls, 50°C): 8 0.62 (d, J = 6.9 Hz, 3H), 0.75 (d, J
=6.3 Hz, 3H), 2.66 (br s, 1H), 3.52 (s, 3H), 5.44 (s, 1H), 5.75 (s, 1H), 6.60—7.21 (br m, 8H), 7.27—
7.42 (m, 2H), 7.64-7.71 (br m, 3H), 7.84—7.93 (m, 3H) ppm; 3C NMR (125 MHz, CDCls, 50°C):
0 18.9, 37.8, 56.1, 113.6, 123.1, 123.4, 125.3, 125.75, 125.79, 126.3, 126.5, 127.29, 127.33,
127.7,128.4,128.9, 129.0, 129.2, 129.6, 131.7, 132.5, 132.7, 132.8, 135.4, 137.6, 140.1, 144.3,
153.6, 208.1 ppm; IR (neat): 3055, 2970, 1685; HRMS—ESI (m/z): [M + H]* calcd for CazH290z,
456.2162; found, 457.2160.

Compound 1h

white solid: mp 48-49 °C; 'H NMR (500 MHz, CDCls, 50°C): & 0.88 (d, J = 6.6 Hz, 3H), 0.91 (d,
J=7.2Hz, 3H), 2.83 (br s, 1H), 3.70 (s, 3H), 5.38 (s, 1H), 5.73 (d, J = 6.6 Hz, 1H), 6.56—7.64 (br
m, 12H), 8.06-8.11 (m, 2H), 8.55 (br s, 1H), 8.65 (d, J = 8.0, 1H) ppm; *C NMR (125 MHz, CDCls,
50°C): 6 18.0, 19.4, 38.9, 61.0, 122.1, 122.8, 123.12, 123.14, 125.3, 126.5, 126.6, 126.8, 126.9,
127.0,127.57,127.60,128.0 128.3, 129.5, 130.0, 130.8, 131.0, 131.7, 132.3, 138.9, 139.9, 140.5,
143.0, 150.9, 210.0 ppm; IR (neat): 3066, 3016, 1685; HRMS—ESI (m/z2): [M + K]* calcd for
Ca3H28KO2, 495.1703; found, 495.1700.
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Compound 1i

white solid: mp 172—173 °C; '"H NMR (500 MHz, CDCls, 50°C): 5 0.81 (d, J = 6.6 Hz, 3H), 0.88 (d,
J =4.9 Hz, 3H), 2.65 (br s, 1H), 3.60 (s, 3H), 5.47 (s, 1H), 5.71 (s, 1H), 7.11-7.46 (br m, 12H),
7.59 (brs, 1H), 7.71-7.77 (br m, 2H), 7.89 (d, J = 8.6 Hz, 1H), 8.17 (br s, 1H), 8.49 (s, 1H) ppm;
3C NMR (125 MHz, CDCls, 50°C): d 17.7, 18.4, 56.6, 115.6, 123.2, 124.0, 124.5, 124.9, 125.2,
125.4,125.5,125.7, 126.7, 126.9, 127.4,127.5, 128.0, 128.5, 128.6, 129.9, 130.0, 130.7, 131.3,
131.3, 131.8, 138.1, 138.9, 152.7, 212.2 ppm; IR (neat): 2970, 1685; HRMS-ESI (m/2): [M + H]*
calcd for Ca7Hs102, 507.2319; found, 507.2317.

b. Synthesis of Fluoranthenes

General Procedure

To a stirred solution of corresponding biaryl compounds 1 (0.050 mmol) and cis-1,2-
cyclohexanediol (1.2 mg, 0.010 mmol) in dry diglyme (2.0 mL) was added KHMDS (1.0 M in THF,
0.15 mL, 0.15 mmol). The reaction mixture was evacuated for 5 min to degas the solvent, refilled
with Ar and heated to reflux for 24 h with vigorous stirring. After cooling to room temperature, the
reaction was quenched with 1 M aqueous HCI and diluted with Et2O. The aqueous layer was
extracted three times with Et2O, and the combined organic layer was washed eight times with
water and brine, dried over MgSOa4 and evaporated. The residue was purified by silica gel column

chromatography to give the desired fluoranthenes.

Compound 3a

yellow prism: mp 217-218 °C; 'H NMR (500 MHz, DMSO-ds): & 7.48 (d, J = 8.59 Hz, 1H), 7.64—
7.73 (m, 4H), 7.78 (t, J = 7.45 Hz, 1H), 7.96 (m, 2H), 8.83 (dd, J = 7.30, 3.01 Hz, 1H), 8.87-8.97
(m, 2H), 9.12 (d, J = 8.31 Hz, 1H), 10.19-10.21 (m, 1H), 10.28-10.88 (br s, 1H) ppm; *C NMR
(125 MHz, DMSO-de): 5 119.1, 123.1, 124.3, 124.9, 126.2, 126.3, 126.4, 126.6, 127.1, 127.5,
127.6,128.0, 128.6, 130.5, 130.7,131.2, 131.9, 132.0, 132.56, 132.62, 134.7, 136.9, 137.1, 154.7
ppm; IR (neat): 3460, 2927; HRMS—-ESI (m/z): [M + H]* calcd for C2sH150, 319.1118; found,
319.1115.

Compound 3d

yellow solid: mp 135-137 °C; 'H NMR (500 MHz, CDCls): & 4.11 (s, 3H), 6.17 (s, 1H), 7.18 (m,
2H), 7.65 (m, 4H), 7.83 (d, J =8.0 Hz, 1H), 7.87 (d, J = 8.6 Hz, 1H), 8.43 (d, J =8.3 Hz, 1H), 8.75
(d, J =8.3 Hz, 1H), 8.79 (d, J = 7.5 Hz, 1H), 9.45 (d, J = 8.0 Hz, 1H) ppm; *C NMR (125 MHz,
CDCls): 6 55.2,107.9, 116.1, 118.5,120.8, 121.0, 124.0, 124.9, 125.5, 126.1, 126.5, 126.9, 129.2,
130.7, 130.8, 131.9, 133.1, 133.3, 135.5, 137.1, 150.5, 156.3 ppm; IR (neat): 3325, 3016, 2970;
HRMS-ESI (m/z): [M]* calcd for C2sH1602, 348.1150; found, 348.1146.

Compound 3e
yellow solid: mp 135-137 °C; 'H NMR (500 MHz, CDCls): & 4.23 (s, 3H), 6.21 (br s, 1H),
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6.96—7.17 (br m, 1H), 7.37 (br s, 1H), 7.57-7.74 (m, 4H), 7.79 (d, J = 8.6 Hz, 1H), 7.88 (d, J
= 8.6 Hz, 1H), 8.68-8.86 (m, 2H), 9.32 (d, J = 8.6 Hz, 1H), 9.62 (br s, 1H) ppm; °C NMR
(125 MHz, Acetone-ds): & 57.2, 113.9, 116.5, 118.5, 120.0, 121.2, 121.7, 124.07, 124.11,
126.8, 126.9, 127.1, 130.0, 130.3, 130.7,0, 130.74, 131.51, 131.56, 131.86, 131.89, 134.4,
135.1, 136.1, 155.2, 157.0 ppm; IR (neat): 3325, 3016, 2970; HRMS-ESI (m/z): [M]* calcd
for C2sH1602, 348.1150; found, 348.1146.

Compound 3f

yellow solid: mp 209-210 °C; 'H NMR (500 MHz, acetone-ds): 6 7.49 (d, J = 8.6, 1H), 7.61—
7.67 (m, 2H), 7.69-7.75 (m, 1H), 7.96 (t, J = 8.3 Hz, 2H), 8.28 (d, J =5.4 1H), 8.38 (d, J =
6.6 Hz, 1H), 8.56-8.63 (m, 1H), 10.17-10.22 (m, 1H), 10.49 (br s 1H) ppm; 3C NMR (125
MHz, acetone-de): 5 119.6, 123.7,124.1,124.4,125.7, 126.4, 126.47, 126.54, 127.17,127.20,
128.3, 129.8, 130.5, 131.0, 131.2, 132.2, 133.8, 134.7, 134.8, 135.8, 138.3, 154.8 ppm; IR
(neat): 3275, 2924; HRMS-ESI (m/z): [M + H]* calcd for C22H130S, 325.0682; found,
325.0685.

Compound 3g

yellow solid: mp 110—112 °C; "H NMR (500 MHz, CDCls): & 6.09 (s, 1H), 7.20 (d, J = 8.6 Hz, 1H),
7.65 (m, 4H), 7.76 (m, 1H), 7.88 (d, J = 3.4 Hz, 1H), 7.89 (d, J = 3.2 Hz, 1H), 8.00 (d, J = 8.9 Hz,
1H), 8.05 (dd, J = 8.0, 1.4 Hz, 1H), 8.70 (d, J = 7.5 Hz, 1H), 9.03 (t, J = 9.3 Hz, 2H), 9.08 (d, J =
8.0 Hz, 1H), 9.55 (d, J = 8.9 Hz, 1H) ppm; '°C NMR (125 MHz, CDCls): 5 118.4, 121.5, 124.9,
125.2,125.5, 125.6, 125.7, 126.5, 126.6, 127.3, 127.8, 128.7, 129.0, 129.5, 130.2, 130.5, 130.8,
132.4, 133.0, 134.0, 134.9, 135.9, 150.8 ppm; IR (neat): 3510, 3055; HRMS-ESI (m/2): [M + K]*
calcd for C2sH16KO, 407.0815; found, 407.0815

Compound 3h

yellow solid: mp 174-176 °C; 'H NMR (500 MHz, THF-ds): 5 7.29-8.15 (br m, 7H), 8.53 (d, J =
8.0 Hz, 1H), 8.60 (d, J =8.0 Hz, 1H), 8.63-9.40 (br m, 5H), 9.82 (br s, 1H); '*C NMR could not be
measured due to the low stability in solvents; IR (KBr): 3529, 3074, 3055; HRMS—-ESI (m/z): [M]*
calcd for CzsH160, 368.1201; found, 368.1205.

Compound 3i

purple solid: mp >250 °C; 'H NMR (500 MHz, CDCls): & 7.03-7.13 (m, 2H), 7.28-7.32 (m, 1H),
7.33-7.38 (m, 1H), 7.49-7.54 (m, 2H), 7.68-7.75 (m, 2H), 8.01 (d, J = 8.0 Hz, 1H), 8.07 (d, J =
8.6 Hz, 1H), 8.11 (t, J = 8.2 Hz, 2H), 8.40 (d, J = 8.6 Hz, 1H), 8.52 (s, 1H), 8.81 (d, J = 9.2 Hz,
1H), 8.87 (d, J = 8.0 Hz, 1H), 9.64 (d, J = 7.7 Hz, 1H) ppm; '*C NMR (125 MHz, Acetone-ds): &
116.7,122.2,123.7,124.3,124.5,124.9, 125.8, 126.67, 126.69, 127.0, 127.2, 127.5, 128.3, 129.2,
129.4,129.8, 130.1, 130.7, 131.0, 131.1, 131.2, 132.2, 132.3, 132.4, 133.0, 133.1, 133.5, 136.7,
155.6 ppm; IR (neat): 3510, 3055; HRMS-ESI (m/z): [M + H]* calcd for Cs2H190, 419.1431; found,
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419.1436.

c. Derivertizations of Fluoranthenes

Triflation of Compound 3a

To a stirred solution of 3a (191 mg, 0.60 mmol) and diisopropylethylamine (0.19 mL, 1.1 mmol) in
dry CH2Cl2 (10 mL) was added Tf20 (0.16 mL, 0.90 mmol) at 0 °C. After stirring for 15 min at room
temperature, the reaction was quenched with 1 M aqueous HCI and phases were separated. The
aqueous layer was extracted three times with EtOAc and the combined organic layer was washed
three times with water and brine, dried over MgSOs and evaporated. The crude

dibenzolj, fluoranthen-1-yl trifluoromethanesulfonate was used without further purifications.

Compound 17

To a stirred solution of dibenzolj, Ifluoranthen-1-yl trifluoromethanesulfonate (22.5 mg, 0.050
mmol), Pd(OAc)2 (1.1 mg, 0.0050 mmol) and 1,3-bis(diphenylphosphino)propane (2.1 mg,
0.0050 mmol) in dry DMF (0.50 mL) was added EtsSiH (20 L, 0.13 mmol), and the reaction
mixture was stirred at 60 °C for 1 hour. After cooling to room temperature, the reaction was
quenched with water and precipitate formed was collected, washed with MeOH and Et-0O and
dried under reduced pressure to give the title compound (10.1 mg, 67%) as yellow solids.
The spectral data were in good agreement with reported ones.'2

Compound 18

A solution of dibenzolj,Jfluoranthen-1-yl trifluoromethanesulfonate (90.1 mg, 0.200 mmol),
KsPO4 (127 mg, 0.598 mmol), p-nitrophenylboronic acid (66.8 mg, 0.400 mmol) and Pd(PPhs)4
(23.1 mg, 0.0200 mmol) in dry dioxane (4.0 mL) was heated to 85 °C and stirred for 1 hour. After
cooling to room temperature, the reaction was quenched with water and precipitate formed was
collected, washed with MeOH and Et2O and dried under reduced pressure to give the title
compound (56.8 mg, 67%) as orange solids; mp >250 °C; 'H NMR (500 MHz, CDCls): & 6.87—
6.95 (m, 1H), 7.27-7.30 (m, 1H), 7.38-7.46 (m, 1H), 7.64—7.81 (m, 6H), 7.93 (d, J = 8.0 Hz, 1H),
7.98 (d, J= 8.3 Hz 1H), 8.22-8.32 (m, 2H), 8.61 (d, J = 7.2 Hz, 1H), 8.65 (d, J = 8.3 Hz, 1H), 8.76
(d, J =8.3 Hz, 1H), 8.91 (d, J = 7.5 Hz, 1H) ppm; *C NMR (125 MHz, CDCls):  123.4, 123.7,
124.2,125.1,125.3, 125.5, 126.1, 126.7, 127.4, 127.5, 127.6, 127.9, 128.2, 128.6, 128.9, 129.6,
131.0,131.1,131.2, 131.7, 132.7, 134.8, 135.4, 135.7, 136.7, 137.8, 147.3, 149.7 ppm; IR (KBr)
3047, 2958, 1516, 1354 cm™' HRMS—-ESI (m/z): [M + K]* calcd for CaoH17KNOz, 462.0873; found,
462.0871.

d. DFT calculations

All the calculations were performed on Gaussian 16 program. The geometries for the SnAr
reactions were optimized at the CPCM(DMF)/B3LYP/6-31G(d)-LANL2DZ(K) level of theory.
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The geometries for the retro [2 + 2]-cycloaddition were optimized at the
CPCM(DMF)/UB3LYP/6-31G(d)-LANL2DZ(K) level of theory. The TS geometries were
verified by vibrational frequency analysis and intrinsic reaction coordinate calculations
performed at the same level of theory as that for the geometry optimizations. The geometry
of compound 17 was optimized at the B3LYP/6-31G(d) level of theory.

Optimized geometry for 12¢

(@)

4.755437 -0.414479 -0.719572
3.831832 0.572980 -1.055608
2571677 0.657760 -0.426277
2.224431 -0.330580 0.520204
3.167693 -1.314455 0.850567
4.429374 -1.358755 0.258455
1.614327 1.744990 -0.762108
0.265862 1.698390 -0.329037
0.287079 0.576616 0.552984
0.858144 -0.406400 1.214881
2.034615 2.860851 -1.517755
1.163159 3.882549 -1.880670
0.175185 3.814468 -1.488397
0.601967 2.731907 -0.722860
0.570909 1.061556 2.016028
0.773468 0.527428 2.548959
1.414455 -0.153628 -0.187952
2.828502 0.009023 0.077441
3.791283 -0.852146 -0.565831
3.350795 -1.823078 -1.500084
2.021397 -1.901096 -1.825424
1.075056 -1.060712 -1.188971
3.368792 1.039579 0.908698
4.723238 1.171230 1.133513
5.646962 0.277362 0.545002
5.180115 -0.707453 -0.293904
1.830885 1.626523 2.712889
0.666951 -0.278025 3.841501
0.251885 -1.207495 -1.567757

0.535424 -0.838359 -2.922262
0.452387 -1.662547 1.413350
0.971799 -3.572227 -0.228304
5.720217 -0.445056 -1.219700
4.100534 1.277399 -1.836231
2.877704 -2.053336 1.592335
5.145353 -2.125651 0.546170
3.073478 2.945851 -1.817551
1.529119 4.725820 -2.460632
0.875271 4.599129 -1.763688
1.642067 2.687366 -0.413799
1.400041 0.506698 2.461151
0.758295 2.135279 2.149976
4.078745 -2.479733 -1.969732
1.670799 -2.620183 -2.560734
2.708131 1.764489 1.360363
5.082178 1.978839 1.766131
6.710987 0.382972 0.737538
5.871834 -1.387844 -0.785600
2.823359 1.197716 2.902018
1.581586 2.267413 3.571622
1.910673 2.276200 1.836557
0.059187 -1.169154 3.664430
1.654985 -0.605579 4.195026
0.213714 0.321736 4.643955
1.615590 -0.937567 -3.044351
0.027605 -1.494879 -3.639133
0.241622 0.200457 -3.109548

I r r r r r r r r I r I IIITIIIIIIIIITI XOO

O OO O O OO 0O 0O0O0O0O0O0O0OL0O0LLOoOoOOoOOoOLoLHo oo oo

Optimized geometry for the TS of the nucleophilic addition of 12c

C 4.960496 -0.142900 0.428751 C -0.396181 0.010623 -3.132960
C 4.118576 0.921085 0.123264 O 0.266152 -1.761538 0.104017
C 2.712556 0.816966 0.215853 K 1.857009 -2.792133 -1.821175
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C 2.166388 -0.410056 0.655142 H 6.037068 -0.019532 0.345833
C 3.031220 -1.479305 0.947088 H 4576324 1.850100 -0.197085
C 4.414456 -1.363005 0.838853 H 2595239 -2.416622 1.283233
C 1.827541 1.943805 -0.191773 H 5.057451 -2.204949 1.082329
C 0.420065 1.824681 -0.103712 H 3.435845 3.252287  -0.828983
C -0.250451 0.631337  0.548532 H 2.003981 5.070893 -1.587597
C 0.673820 -0.654313 0.830243 H -0.486364 4.837345 -1.461858
C 2.362663 3.130365 -0.735446 H -1.461418 2.760014 -0.536613
c 1.551827 4.170910 -1.179286 H -1.457261 0.909400 2.462837
C 0.163507 4.040972 -1.108295 H 0.174014 1.603850 2.496294
C -0.382757 2.872435 -0.581487 H -3.963471 -2.636247 -1.541747
C -0.434844 0.782454  2.101483 H -1.581681 -2.790595 -2.161226
C 0.203642 -0.604570 2.368917 H -2.709531 2.046644  1.209382
C -1.427528 0.046500 -0.208560 H -5.092210 2.205332 1.673774
C -2.805277 0.173698  0.095270 H -6.689567 0.475910  0.821065
C -3.751911 -0.802147 -0.407207 H -5.812688 -1.422754 -0.522865
C -3.257164 -1.888722 -1.182809 H 1.780062 -1.559267 3.557949
C -1.933582 -1.982088 -1.523068 H 0.808120 -0.368212 4.435591
C -0.972576 -1.014570 -1.056387 H 2.040192 0.170574 3.284156
C -3.364548 1.259263  0.851969 H -1.626668 -1.717983 1.929167
C -4.717455 1.357503  1.103830 H -0.370951 -2.678228 2.721432
C -5.625803 0.385056 0.618816 H -1.295562 -1.488471 3.659659
C -5.134086 -0.667503 -0.128139 H 0.467977 0.164591 -3.785785
C 1.273478 -0.590411 3.465330 H -1.172657 -0.535482 -3.685787
C -0.835525 -1.685231 2.681270 H -0.798055 0.984076  -2.826060
¢} 0.073267 -0.730853 -2.008725
Optimized geometry for 13

C 4.960308 -0.041204 0.276510 C -0.860443 -0.296152 -3.007081
C 4.092066 1.009997 -0.000964 o 0.274410 -1.682984  0.092435
C 2.694089 0.886186 0.152036 K 2.017405 -2.597574 -2.020829
C 2.194911 -0.342771 0.636575 H 6.030010 0.096333 0.144132
C 3.079708 -1.400205 0.903910 H 4521922  1.942814 -0.347006
C 4.454250 -1.265572 0.722852 H 2.675847 -2.339306 1.274172
C 1.766309 1.986517 -0.234261 H 5.120765 -2.095374 0.941372
C 0.367022  1.850702 -0.061149 H 3.318170  3.289237 -1.008555
C -0.237483  0.646435 0.641281 H 1.818344 5.069062 -1.732085
C 0.723096 -0.561993 0.884618 H -0.655963  4.805772 -1.456972
C 2.254207 3.160627 -0.844851 H -1.548657 2.744767 -0.427445
c 1.404311  4.176648 -1.270470 H -1.435554 0.865168  2.553363
C 0.024291  4.029698 -1.115721 H 0.176282 1.616534 2.608075
C -0.476406 2.870929 -0.526344 H -3.861535 -2.880014 -1.142055
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C -0.405743  0.784240 2.196275 H -1.442637 -3.255200 -1.350771
C 0.293145 -0.590073 2.422787 H -2.745513  2.068368 1.169544
C -1.402084 -0.038484 -0.056790 H -5.154486 2.317234 1.363372
C -2.779061 0.153294  0.113929 H -6.717822  0.586864  0.443483
C -3.710481 -0.862932 -0.358150 H -5.758730 -1.457226 -0.612598
C -3.165412 -2.084512 -0.874209 H 1.951420 -1.486507 3.546401
C -1.826542 -2.298955 -0.998040 H 0.962747 -0.336667  4.460099
c -0.848803 -1.226792 -0.722171 H 2.132914 0.253952 3.270580
C -3.383528  1.289259  0.763289 H -1.499350 -1.784696 2.042612
c -4.753957 1.431249  0.872583 H -0.163436 -2.694452  2.768555
C -5.642168  0.457450 0.360032 H -1.101616 -1.561580  3.759745
C -5.100618 -0.673332 -0.236354 H -0.192090 -0.065567 -3.843621
C 1.405220 -0.538143 3.475713 H -1.663297 -0.956427 -3.368258
C -0.678299 -1.725396  2.759791 H -1.315437  0.636068 -2.645359
] -0.078712 -0.910208 -2.001034
Optimized geometry for the TS of the elimination of KOMe from 13

C 4.965461 0.052232 0.126796 C -0.944655 -0.266844 -3.010706
C 4.063375 1.087139 -0.099295 o} 0.322434 -1.689778  0.107476
C 2.676240 0.928447 0.109019 K 1.975281 -2.527421 -2.095371
C 2.229243 -0.317621 0.597746 H 6.025158 0.216404 -0.048273
C 3.145522 -1.359400 0.813032 H 4.457929 2.033264 -0.450701
C 4.507334 -1.190083 0.575373 H 2.778785 -2.312549  1.185931
C 1.704868 2.007043 -0.229240 H 5.201310 -2.007054  0.752119
C 0.314521 1.834137 -0.012259 H 3.198260 3.355030 -1.036914
C -0.222291 0.612433  0.716571 H 1.632968 5.097903 -1.708946
C 0.777802 -0.566922 0.905814 H -0.825350 4.763370 -1.370413
C 2.143276  3.197352 -0.844722 H -1.632271 2.685762 -0.323108
C 1.255684 4.192547 -1.241274 H -1.349761 0.784628  2.674512
C -0.114037  4.006505 -1.050438 H 0.244269 1.576013  2.673484
C -0.566877 2.833696 -0.449483 H -3.850016 -2.889531 -1.164265
C -0.332487 0.733413  2.276671 H -1.416871 -3.321231 -1.181247
C 0.409220 -0.627813 2.459372 H -2.753699 2.003007  1.265415
C -1.396414 -0.116022 0.073577 H -5.169650 2.301284  1.345475
C -2.786795 0.116390 0.172188 H -6.710811  0.610387  0.330017
C -3.698627 -0.886629 -0.343378 H -5.747887 -1.439662 -0.697675
C -3.155102 -2.115227 -0.841836 H 2.136022 -1.490552  3.502577
C -1.811976 -2.359662 -0.862631 H 1.156608 -0.375260  4.467905
C -0.888387 -1.309843 -0.504816 H 2.260618 0.256769  3.237103
C -3.388766  1.251234  0.807481 H -1.373292 -1.866312  2.155791
C -4.760461 1.418194  0.858668 H 0.024285 -2.747814  2.795239
C -5.634869 0.463289  0.293867 H -0.889937 -1.653882  3.849492
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C -5.092854 -0.672786 -0.285611 H -0.396952  0.249848 -3.820902
C 1.563535 -0.556185 3.464608 H -1.684254 -0.931993 -3.506816
c -0.515275 -1.793214 2.827150 H -1.528034 0.511700 -2.480439
¢} -0.071810 -0.930638 -2.163324

Optimized geometry for 2a
C 4.987964 -0.157395 -0.979149 c 2.060226 -1.937681  2.385132
C 4116588 0.882885 -0.675220 c -0.117572 -2.919834  1.646289
C 2.766063 0.647511 -0.340794 0 0.335086 -1.795680  -0.955442
C 2.338504 -0.692783 -0.279712 H 6.020151 0.066381  -1.234012
C 3.215148 -1.735525 -0.610528 H 4505101 1.893609 -0.708466
C 4.535005 -1.479320 -0.965830 H 2.849814 -2.758196  -0.584954
C 1.803219  1.764469 -0.125491 H 5204139 -2.296917 -1.217988
C 0.446196 1.524207 0.215380 H 3.238835 3.313480 -0.600839
C -0.034915 0.111417  0.527719 H 1.692055 5.180948 -0.377685
C 0.942118 -1.042693 0.139149 H -0.713161  4.744784  0.171673
c 2.212801 3.097262 -0.328811 H -1.473279 2.445382  0.521148
C 1.333944  4.168431 -0.213811 H -0.910891 -0.478013  2.531908
C -0.003300 3.926038  0.093472 H 0.686426  0.300790  2.622320
C -0.429440 2.615635 0.298408 H -3.898076 -1.985609 -2.610173
C 0.048645 -0.354515 2.021160 H -1.521618 -2.747256  -2.640156
C 0.774180 -1.673435 1.595754 H -2.534082 1.233383  1.728851
C -1.306033 -0.353884 -0.190879 H -4.914910  1.772514  1.840645
C -2.679708 -0.001544 -0.054833 H -6.511278 0.851585  0.156720
C -3.620776 -0.598328 -0.971894 H -5.687881 -0.694571  -1.594726
C -3.172429 -1.554971 -1.925043 H 2.604649 -2.807752  2.000931
C -1.862322 -1.975280 -1.957913 H 1.802894 -2.139930  3.432290
C -0.959326 -1.374477 -1.057711 H 2.739342 -1.079728  2.367336
C -3.202209  0.841681  0.969303 H -1.089878 -2.765956  1.172461
C -4.547313  1.134581  1.041456 H 0.369541 -3.771123  1.157205
C -5.455766  0.602870  0.095230 H -0.297851 -3.192273  2.693313
C -4.996282 -0.252004 -0.881542

Optimized geometry for KOMe
0 -0.921397  0.002135 0.002473 H -2.756003  0.239131  -0.993653
C -2.270516 -0.000870 -0.001013 H -2.756433 -0.981209  0.284603
K 1.540440 -0.000307 -0.000359 H -2.761648 0.736052  0.702150

Optimized geometry for 17
C -3.607896 2.858166 -0.069728 C 2.126947 2386772 0.113261
C -3.606743  1.476965 -0.040487 C 1.469058 -1.169891 -0.041473
C -2.405564 0.729115 -0.012888 C 2.126936 -2.386769 -0.113320
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C -1.166003  1.444601 -0.011367 C 3.548823 -2.417958 -0.122627
C -1.199368  2.860500 -0.052750 C 4.314052 -1.269736 -0.063172
C -2.389837  3.558098 -0.080117 H -4.550312  3.398470 -0.091162
C -2.405564 -0.729116  0.012805 H -4.561396  0.964102 -0.044650
C -1.166001 -1.444598 0.011433 H -0.270888 3.413087 -0.082812
C 0.063031 -0.699083 -0.011118 H -2.382059  4.644149 -0.114347
C 0.063032 0.699087 0.011182 H -4.561399 -0.964112  0.044343
C -3.606743 -1.476970 0.040313 H -4.550308 -3.398476 0.091011
C -3.607892 -2.858169  0.069648 H -2.382053 -4.644142  0.114605
C -2.389831 -3.558095 0.080256 H -0.270881 -3.413068  0.083242
C -1.199362 -2.860493  0.052960 H 5.399525 1.330992 0.068150
C 1.469061 1.169893 0.041510 H 4.041293 3.385112 0.177664
C 2.271856 -0.000001  0.000025 H 1.604171 3.333826  0.174568
C 3.675006 -0.000003  0.000000 H 4.041278 -3.385114 -0.177805
C 4314058 1.269728 0.063128 H 5.399518 -1.331003 -0.068220
C 3.548834 2.417956 0.122547 H 1.604152 -3.333812 -0.174723
Optimized geometry for the TS structure from 55 to 15

C -4.934713 -0.974658  0.134393 C 0.454542 1.754558  2.834866
C -3.826971 -1.742464 -0.223708 -1.589498 0.305115  3.327864
C -2.544787 -1.179904 -0.332763 H -5.913362 -1.440136  0.212249
C -2.375565 0.201349 -0.011350 H -3.969016 -2.800813 -0.420470
C -3.513025 0.967450 0.324473 H -3.383856  2.014282  0.581307
C -4.777417  0.392369  0.392436 H -5.634809  0.999960 0.670076
C -1.388153 -1.946870 -0.862974 H -2.589784 -3.486633 -1.790405
C -0.063824 -1.465890 -0.694526 H -0.696320 -4.738581 -2.721482
C 0.163713 -0.206768 0.144741 H 1.632629 -3.890000 -2.408112
C -1.038735 0.750467 -0.029703 H 2.009155 -1.798885 -1.103056
C -1.582444 -3.127259 -1.605142 H 1.527285 5.073876 -1.790969
C -0.511165 -3.832657 -2.150036 H -0.933685 5.192042 -1.696524
C 0.789221 -3.356064 -1.976239 H -2.298481 3.293191 -0.907344
C 1.003238 -2.177033 -1.257028 H 4.636889 1.439459 -0.606293
C -0.583926  2.006550 -0.539821 H 3.723459  3.594604 -1.371606
C 0.849085 1.928336 -0.649334 H -0.397248 -1.468559  1.840893
C 1.641463 3.024438 -1.074562 H 1.231178 -0.792196  1.969823
C 0.958109 4.210147 -1.452576 H 1.034099 1.529641  3.751365
C -0.433052 4.275898 -1.392049 H -0.148766  2.643492  3.059992
C -1.217602  3.192929 -0.937217 H 1.176397 2.012380 2.055892
C 1.346963 0.678646 -0.261877 H -2.305745 -0.368617  2.844806
C 2.749560 0.462388 -0.186179 H -2.117651 1.226075 3.606076
C 3.558591 1.592017 -0.628855 H -1.281783 -0.178930  4.274879
C 3.048514 2.800344 -1.054682 o 3.308618 -0.625851  0.224901
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C -0.404818 0.586867 2.454236 K 3.809466 -2.862592  1.283403
C 0.197797 -0.563570 1.668452

Optimized geometry for 15

C -5.031403 -0.915557 0.523134 C 1.799113  1.012921 2.938150
C -3.957080 -1.725218  0.162488 C -0.744575 1.295675 3.154798
C -2.689706 -1.186348 -0.117031 H -5.998624 -1.361636 0.737520
C -2.495205 0.226958 0.019833 H -4.109527 -2.798776  0.102937
C -3.608085 1.031405 0.367444 H -3.465576  2.099051  0.497019
C -4.855359  0.473213  0.611935 H -5.687192  1.112201  0.897145
C -1.578218 -2.005939 -0.643672 H -2.821323 -3.661798 -1.268459
c -0.254254 -1.492378 -0.645939 H -0.990609 -4.981403 -2.234230
C 0.012621 -0.159690 0.030708 H 1.333345 -4.062417 -2.247365
C -1.173728  0.749241 -0.177572 H 1.781773 -1.845326 -1.201667
C -1.810160 -3.269325 -1.224211 H 1.399557 5.140602 -1.743948
c -0.777930 -4.014316 -1.785871 H -1.059967 5.273309 -1.605172
C 0.522150 -3.499092 -1.791345 H -2.430369 3.356345 -0.902479
C 0.775026 -2.249947 -1.223212 H 4.491164 1.420559 -0.821614
C -0.723747 2.034516 -0.593777 H 3.585193  3.622972 -1.450459
C 0.710314 1.958801 -0.719169 H -0.701867 -1.134689  1.889121
C 1.504780 3.064232 -1.113930 H 1.065521 -1.236344  1.620790
C 0.829560 4.268952 -1.428516 H 1.943402 1.139950 4.022418
C -0.563452 4.341255 -1.345474 H 1.991702 2.001798 2.488372
C -1.350714  3.248035 -0.934654 H 2.569437 0.334927 2.557678
C 1.199024 0.685137 -0.407529 H -1.653813  0.685638  3.219930
C 2.602786 0.451250 -0.384402 H -0.988554 2.148053 2.497080
C 3.415340 1.588817 -0.804470 H -0.535334 1.714537  4.148352
C 2.910244 2.822170 -1.150826 o] 3.163417 -0.652007 -0.025756
C 0.420093 0.515359 2.627784 K 3.853863 -2.940968 0.810080
C 0.204384 -0.562311 1.657253

Optimized geometry for the TS structure from 15 to 16

O 0O 00000000

-5.034683
-3.962706
-2.693403
-2.494872
-3.605993
-4.854561
-1.584545
-0.259570

0.009407
-1.172560

-0.900979
-1.714584
-1.180323
0.233149
1.041552
0.487805
-2.005259
-1.493688
-0.157683
0.751963

0.520211
0.162752
-0.118652
0.012788
0.358136
0.60445
-0.640569
-0.647773
0.015762
-0.185988
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1.805341 1.006478 2.932444
-0.737474 1.291846  3.155533
-6.003161 -1.343576 0.736155
-4.118041 -2.787949 0.107530
-3.460752 2.109113  0.484811
-5.684511  1.130086 0.887793
-2.830484 -3.664266 -1.251805
-1.002961 -4.993392 -2.209785

1.322436 -4.077883 -2.232234

1.775495 -1.854235 -1.202962



C -1.818767 -3.272830 -1.211589 H 1.414836 5.146325 -1.725107
C -0.788435 -4.023354 -1.768731 H -1.044462 5.286258 -1.585215
c 0.512664 -3.510034 -1.779270 H -2.420768 3.370013 -0.894218
C 0.768124 -2.257520 -1.220559 H 4.493430 1.410589 -0.824413
C -0.719001  2.040352 -0.593771 H 3.595036 3.619544 -1.440831
C 0.714313  1.960898 -0.719915 H -0.704568 -1.132913  1.884592
C 1.512557 3.065922 -1.107398 H 1.065461 -1.238801 1.612501
c 0.841798 4.274861 -1.414698 H 1.954487 1.129754 4.016431
C -0.550741 4.351168 -1.331154 H 1.994617 1.997102  2.485405
c -1.341541  3.257743 -0.926795 H 2.574061 0.330152 2.545956
C 1.198599  0.682929 -0.416740 H -1.644597 0.680168 3.234145
C 2.601645 0.445095 -0.392811 H -0.988402 2.135351 2.489162
C 3.418184 1.582378 -0.806821 H -0.521795  1.722491  4.142439
C 2.917398 2.819249 -1.145950 ¢} 3.159276 -0.660519 -0.037210
C 0.425029 0.509180 2.627117 K 3.846772 -2.948442 0.805684
C 0.205753 -0.564546 1.661546
Optimized geometry for 16
C 4.684920 -1.814542 0.536650 C -1.491032 0.015710 -0.309857
C 4191547 -0.560372 0.221945 C -2.582255 0.949778 -0.356843
C 2.811169 -0.326897 0.012641 C -3.923652  0.345638 -0.393041
C 1.907038 -1.430689 0.131122 c -4.179430 -0.994270 -0.324153
C 2.441727 -2.701046  0.469895 H 5.750886 -1.956053 0.692369
C 3.796315 -2.895690 0.666244 H 4.895244 0.261103 0.147328
C 2.291995 0.997008 -0.322402 H 1.771768 -3.538006 0.610084
C 0.880474 1.205285 -0.454591 H 4.168382 -3.882413 0.929675
C -0.024482  0.092152 -0.263462 H 4.226804 1.969576 -0.453709
C 0.496808 -1.207187 -0.057271 H 3.371143  4.169611 -1.054108
C 3.154083 2.099413 -0.541181 H 0.908027 4.518894 -1.343161
C 2.675912 3.350746 -0.888384 H -0.651775 2.626315 -0.953316
C 1.292531  3.546473 -1.043120 H -4.188685 -3.794400 -0.120670
C 0.418949 2.493304 -0.831435 H -2.152843 -5.192852  0.070921
C -0.620305 -2.151704 -0.045673 H 0.077544 -4.210795 0.109419
C -1.801339 -1.364903 -0.192045 H -4.742880 1.057761 -0.469198
C -3.094773 -1.926642 -0.206528 H -5.203895 -1.362446 -0.350743
C -3.206138 -3.327047 -0.105626 o} -2.503384 2.224980 -0.350017
C -2.058562 -4.111938  0.006337 K -1.681346  3.740817 1.605108
C -0.771012 -3.539522  0.038810
Optimized geometry for isobutene

C 0.000015  0.122902  -0.000011 H 1.329809  -1.336320  -0.879124
C -0.000041 1.460711 0.000003 H 1.330472  -1.335147  0.879963
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1.278232  -0.679199  -0.000001
-1.278198  -0.679257  -0.000001
-0.925394 2.032370 0.000064

0.925297 2.032392  -0.000060

2.163888  -0.036306  -0.000748
-2.163868  -0.036375 0.000321
-1.329982  -1.336022 0.879367
-1.330266  -1.335528  -0.879724
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3. Experiments of Chapter 3

a. Preparations of Substrates

The detailed procedure for the preparations of substrates (4) are described in literature.2®

Compound 4a

pale yellow paste: '"H NMR (500 MHz, CDCls, 50 °C): & 0.86 (br s, 3H), 0.95 (br s, 3H), 2.65
(brs, 1H), 3.60 (s, 3H), 3.78 (s, 3H), 5.28 (s, 1H), 5.58 (s, 1H), 6.89—-7.36 (br m, 11H), 7.59—
7.79 (m, 2H), 7.94 (d, J = 8.0 Hz, 1H) ppm; '°C NMR (125 MHz, CDCls, 50 °C): & 18.6, 32.6,
56.3, 62.4, 114.0, 122.9, 123.3, 125.5, 126.1, 126.15, 126.23, 127.0, 127.1, 127.2, 127.5,
128.9, 129.2, 129.3, 130.0, 131.1, 131.8, 133.5, 137.0, 139.2, 140.8, 141.1, 142.7, 153.7,
164.5 ppm; IR (neat): 3055, 2962, 2873, 1739 cm™'; HRMS-ESI (m/z): [M + H]* calcd for
Cs30H30NOz2, 436.2271; found, 436.2279.

Compound 4b

pale yellow paste: '"H NMR (500 MHz, CDCls, 50 °C): & 0.60—1.11 (br m, 6H), 2.26 (s, 1H),
3.67 (s, 3H), 3.80 (s, 3H), 4.51 (br s, 2H), 5.33 (s, 1H), 5.45 (s, 1H), 6.58-7.24 (br m, 11H),
7.26-7.64 (br m, 4H), 7.67-7.82 (m, 2H), 7.93 (br s, 1H) ppm; *C NMR (125 MHz, CDCls,
50 °C): 18.9, 21.2, 37.1, 55.3, 55.9, 56.3, 113.8, 113.9, 123.0, 123.4, 125.3, 125.9, 126.4,
126.6, 126.7, 127.2, 127.4, 127.8, 128.3, 129.2, 129.4, 130.4, 130.7, 131.9, 133.3, 133.6,
137.8, 138.3, 138.9, 140.6, 142.9, 153.8, 158.3, 178.2 ppm; IR (neat): 3059, 2958, 2835,
1647 cm™'; HRMS-ESI (m/z): [M + H]* calcd for CazH36NO2, 526.2741; found, 526.2755.

Compound 4c

white solid: mp 137—139 °C; 'H NMR (500 MHz, CDCls, 50 °C): & 1.56 (s, 3H), 1.63 (s, 3H),
5.12 (s, 1H), 5.15 (s, 1H), 5.27 (br s, 1H), 6.33 (d, J = 7.7 Hz, 2H), 6.40-6.52 (m, 1H), 6.60
(t, J=7.0Hz, 1H), 6.71 (t, J= 7.5 Hz, 1H), 6.90-7.08 (m, 5H), 7.11-7.19 (m, 3H), 7.20-7.25
(m, 3H), 7.61-7.76 (m, 3H) ppm; 13C NMR (125 MHz, CDCls, 50 °C): 5 20.3, 21.3, 56.1, 113.5,
114.6, 117.2, 123.2, 125.5, 125.8, 126.09, 126.13, 126.4, 126.5, 127.2, 127.7, 128.4, 128.7,
129.2, 129.7, 129.9, 130.4, 130.6, 132.2, 133.5, 139.2, 139.7, 140.6, 141.2, 142.2, 145.6,
153.4 ppm; IR (neat): 3363, 3051, 2904, 2839 cm~'; HRMS-ESI (m/z): [M + H]* calcd for
CssH32NO, 482.2479; found, 482.2475.

Compound 4d
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pale yellow paste: 'H NMR (500 MHz, CDCls, 50 °C): & 1.55 (s, 3H), 1.64 (s, 3H), 3.55 (s,
3H), 3.71 (s, 3H), 5.13 (s, 1H), 5.19 (s, 1H) 5.27 (br s, 1H), 6.23 (d, J = 7.7 Hz, 1H), 6.27—
6.42 (m, 3H), 6.60 (t, J = 7.3 Hz, 1H), 6.78 (d, J = 1.4 Hz, 1H), 6.89-6.98 (m, 1H), 6.98-7.07
(m, 3H), 7.08-7.30 (m, 5H), 7.56—7.76 (m, 3H) ppm; ¥C NMR (125 MHz, CDCls, 50 °C): &
20.3, 21.3, 55.2, 56.1, 111.6, 113.4, 114.7, 116.0, 117.2, 123.1, 123.2, 125.5, 126.1, 126.4,
126.7, 127.0, 127.7, 128.4, 128.7, 129.2, 129.7, 130.7, 130.9, 132.1, 133.4, 133.6, 139.4,
140.3,141.1,142.5, 145.6, 153.3, 157.6 ppm; IR (neat): 3363, 3051, 3005 cm~'; HRMS—FAB
(m/2): [M + HJ* calcd for CasHasNO2, 512.2584; found, 512.2584.

Compound 4e

white solid: mp 133-135 °C; '"H NMR (500 MHz, CDCls, 50 °C): & 1.51 (s, 3H), 1.58 (s, 3H),
3.53 (s, 3H), 5.20 (s, 1H), 5.26 (s, 1H), 5.43 (br s, 1H), 6.12 (d, J= 7.2 Hz, 1H), 6.30 (d, J =
8.0 Hz, 2H), 6.53 (d, J= 8.0 Hz, 1H), 6.62 (t, J= 7.3 Hz, 1H), 6.89 (d, J = 6.9 Hz, 1H), 6.96
(d, J=8.9Hz, 1H), 7.04 (t, J= 7.7 Hz, 2H), 7.11-7.31 (m, 6H), 7.58 (d, J = 8.3 Hz, 1H), 7.64—
7.74 (m, 2H) ppm; 3C NMR (125 MHz, CDCls, 50 °C): 8 20.4, 21.3, 55.9, 113.1, 114.7, 117.5,
123.3, 123.4, 125.3, 125.9, 126.2, 126.5, 127.5, 127.7, 128.5, 128.9, 129.1, 129.8, 130.1,
131.1, 131.5, 133.3, 138.5, 139.5, 141.0, 141.3, 142.5, 145.2, 153.2 ppm; IR (neat): 3363,
3051, 3008, 2904 cm~'; HRMS—FAB (m/z): [M + H]* calcd for CasH31CINO, 516.2089; found,
516.2098.

Compound 4f

white solid: mp 130-131 °C; NMR (500 MHz, CDCls, 50 °C): 5 1.48 (s, 3H), 1.53 (s, 3H), 3.43
(s, 3H), 3.55 (s, 3H), 5.26 (s, 1H), 5.31 (s, 1H), 5.70 (br s, 1H), 6.11 (br s, 1H), 6.35 (d, J =
7.7 Hz, 2H), 6.56 (t, J = 7.0 Hz, 1H), 6.61 (t, J = 7.3 Hz, 1H), 6.68 (br s, 1H), 6.85-6.91 (m,
2H), 6.93 (d, J= 7.5 Hz, 1H), 7.03 (t, J= 7.7 Hz, 2H), 7.11-7.22 (m, 3H), 7.35 (d, J = 6.6 Hz,
1H), 7.51 (d, J = 8.9 Hz, 1H), 7.56 (d, J = 9.5 Hz, 1H) ppm; *C NMR (125 MHz, CDCls,
50°C): 620.4,21.2,54.8,55.6,103.6, 110.1, 114.6, 116.0, 117.0, 120.7, 123.2, 124.3, 124.5,
125.7, 125.8, 126.4, 127.0, 128.2, 129.2, 129.3, 129.6, 129.8, 130.3, 131.8, 134.2, 139.2,
139.6, 140.7, 141.4, 142.9, 1455, 153.7, 157.6 ppm; IR (neat): 3363, 3008, 2904 cm™;
HRMS—-FAB (m/z): [M + H]* calcd for CasH34NO2, 512.2584; found, 512.2585.

Compound 4g

This compound was used as a mixture of imine and enamine (0.4 : 0.6): '"H NMR (500 MHz,
CDCls, 50 °C): 8 0.60—-1.26 (br m, 2.4H), 1.51 (s, 1.8H), 1.60 (s, 1.8H), 2.30-2.84 (br s, 0.4H),
3.55 (s, 1.8H), 3.66 (s, 1.2H), 4.86-5.65 (br m, 2.6H), 6.15 (d, J = 8.6 Hz 1.2H), 6.25-6.86
(or m, 2H), 6.87—7.06 (br m, 2.6H), 7.06—7.41 (br m, 8.6H), 7.43-7.84 (br m, 3H), 7.92 (d, J
=7.2 Hz, 0.4H) ppm; '*C NMR (125 MHz, CDCls, 50 °C): 5 19.5, 20.4, 21.3, 21.6, 37.7, 56.0,
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56.2, 108.7, 113.2, 113.9, 115.8, 116.3, 122.4, 123.0, 123.2, 123.4, 125.3, 125.7, 125.8,
126.1, 126.5, 127.3, 127.4, 127.7, 127.8, 128.7, 129.1, 129.3, 129.6, 129.8, 130.3, 131.0,
131.3, 132.0, 132.2, 133.3, 133.6, 137.3, 138.0, 138.6, 139.1, 139.5, 140.5, 141.0, 141.1,
142.4,144.4,149.8, 153.1, 153.7, 178.3 ppm; IR (neat): 3352, 3055, 3008, 2931, 2850, 1620
cm~'; HRMS-ESI (m/z): [M + H]* caled for CssH31NOBr, 560.1584; found, 560.1582.

Compound 4h

white solid: mp 119-120 °C; NMR (500 MHz, CDCls, 50 °C): & 1.53 (s, 6H), 3.59 (s, 3H), 5.12
(brs, 1H),5.24 (d, J=1.7 Hz, 1H), 5.44 (d, J= 1.7 Hz, 1H), 6.37 (d, J= 7.7 Hz, 2H), 6.57 (1,
J=7.3Hz, 1H), 6.63-6.71 (m, 2H), 6.87 (s, 1H), 6.97—7.02 (m, 1H), 7.02-7.10 (m, 3H), 7.15
(s, 1H), 7.19-7.29 (m, 4H), 7.29-7.37 (m, 2H), 7.50 (d, J = 8.3 Hz, 1H), 7.60 (d, J = 8.3 Hz,
1H) ppm; ¥C NMR (125 MHz, CDCls, 50 °C): 8 20.2, 21.5, 55.2, 105.6, 113.9, 116.9, 120.7,
128.6, 126.05, 126.12, 126.3, 126.7, 126.8, 127.6, 128.5, 128.7, 129.6, 129.9, 130.35,
130.40, 130.8, 131.4, 133.2, 133.8, 139.3, 140.5, 140.8, 141.8, 145.7, 146.2, 155.3 ppm; IR
(neat): 3375, 3051, 3012, 2908 cm~'; HRMS-ESI (m/2): [M + H]* calcd for CasH32NO,
482.2479; found, 482.2480.

Compound 4i

pale yellow solid: mp 168—-169 °C; NMR (500 MHz, CDCls, 50 °C): & 1.58 (s, 3H), 1.64 (s,
3H), 3.48 (s, 3H), 5.10 (s, 1H), 5.20 (s, 1H), 5.41 (br s, 1H), 6.32 (d, J = 8.0 Hz, 2H), 6.52—
6.85 (br m, 3H), 6.92—7.00 (m, 1H), 7.02 (t, J = 7.7 Hz, 2H), 7.16—7.23 (m, 5H), 7.23-7.30
(m, 2H), 7.35 (t, J= 7.5 Hz, 2H), 7.57-7.76 (m, 4H) ppm; *C NMR (125 MHz, CDClz, 50 °C):
020.6,21.4,55.9,112.8,114.9,117.3,123.1, 123.3, 125.2, 125.4, 125.5, 126.1, 126.3, 127.1,
127.3, 127.6,127.7, 128.3, 128.8, 129.0, 129.1, 129.8, 130.6, 131.91, 131.94, 132.2, 133.2,
137.7, 138.9, 139.5, 140.8, 142.5, 145.3, 153.0 ppm; IR (neat): 3363, 3051, 2978 cm™;
HRMS-FAB (m/z): [M + H]* calcd for C3gH34NO, 532.2635; found, 532.2646.

Compound 4j

pale yellow solid: mp 119-120 °C; NMR (500 MHz, CDCls, 50 °C): & 1.57 (s, 3H), 1.61 (s,
3H), 3.59 (s, 3H), 5.19-5.28 (m, 2H), 5.33 (br s, 1H), 6.33-6.45 (m, 2H), 6.64 (1, J= 7.0 Hz
2H), 6.95 (d, J= 7.5 Hz, 2H), 7.06-7.12 (m, 3H), 7.13-7.23 (m, 3H), 7.28-7.39 (m, 3H), 7.65
(br's, 1H), 7.81-7.94 (m, 2H), 8.20 (s, 1H), 8.29 (s, 1H) ppm; C NMR (125 MHz, CDCls,
50 °C): 6 20.3, 21.3, 56.4, 114.6, 115.2, 117.2, 123.4, 123.9, 124.6, 125.1, 125.2, 125.8,
126.0, 126.1, 126.5, 127.2, 127.8, 128.4, 128.5, 128.6, 129.4, 129.85, 129.90, 130.0, 130.3,
130.5, 131.9, 132.0, 132.1, 139.3, 139.7, 140.97, 141.03, 142.6, 145.8, 152.4 ppm; IR (neat):
3367, 3051, 3012, 2978 cm~'; HRMS—-FAB (m/z): [M + H]* calcd for CsgH3sNO, 532.2635;
found, 532.2642.
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b. Synthesis of Azapropellane 5c

To a stirred solution of 4¢ (0.30 mmol) in dry DMF (6.0 mL), was quickly added KHMDS (1M
in THF, 0.90 mL, 0.90 mmol) at 110 °C. After stirring for 10 min, the reaction mixture was
cooled to 0 °C and water was added. The aqueous layer was extracted three times with Et2O
and the combined organic layer was washed twice with water followed by brine, dried over
MgSOa4, and concentrated. The resulting solids were washed with hexanes followed by Et20
to give the title compound as pale yellow solids: mp 198-199 °C; 'H NMR (500 MHz,
Acetone-ds): 8 0.73 (s, 3H), 1.36 (s, 3H), 2.22 (d, J= 11.2 Hz, 1H), 3.07 (d, J = 11.2 Hz, 1H),
6.36 (br s, 1H), 6.48 (d, J = 8.6 Hz, 1H), 6.78 (d, J = 7.7 Hz, 1H), 6.98 (t, J = 7.2 Hz, 1H),
7.05-7.18 (m, 2H), 7.23 (t, J = 7.9 Hz, 2H), 7.25-7.34 (m, 2H), 7.43-7.65 (m, 4H), 7.79 (d, J
=8.0Hz, 1H), 7.98 (d, J= 8.0 Hz, 1H), 8.08 (d, J= 7.7 Hz, 1H), 8.15 (d, J= 8.0 Hz, 1H), 8.25
(d, J= 8.6 Hz, 1H) ppm; 13C NMR spectrum could not be measured due to the low stability;
IR (neat): 3059, 3008, 2927 cm~'; HRMS-ESI (m/2): [M + H]* calcd for CasHz2sN, 450.2216;
found, 450.2210.

c. Synthesis of Carbazoles 6

General Procedure

To a stirred solution of enamines 4 (0.30 mmol) in dry DMF (6.0 mL), KHMDS (1M in THF,
0.90 mL, 0.90 mmol) was added quickly at 110 °C. After stirring for 10 min, the reaction
mixture was cooled to 0 °C and diluted with water. The aqueous layer was extracted three
times with Et2O, and the combined organic layer was washed twice with water followed by
brine, dried over MgSQa4, and concentrated. To the resulting solids were added dry THF (6.0
mL) and HCI (1M in EtOH, 5-10 mol%), and the resulting solution was stirred at the indicated
temperature. When the completion of the reaction was confirmed by 'H NMR, saturated ag.
NaHCOs was added. The aqueous layer was extracted three times with CHCIs, and the
combined organic layer was dried over MgSOa4 and concentrated. The residue was purified
by silica gel column chromatography (hexanes/EtOAc) to give the desired carbazoles.

Compound 6¢

pale yellow prism: mp 241-243 °C; '"H NMR (500 MHz, CDCl3):  7.25-7.29 (m, 1H), 7.32 (d,
J=8.9Hz, 1H), 7.42 (d, J = 8.3 Hz, 1H), 7.48-7.59 (m, 4H), 7.60-7.73 (m, 6H), 7.77 (d, J =
8.9 Hz, 1H), 8.01 (d, J = 8.0 Hz, 1H), 8.72-8.84 (m, 2H), 9.12 (d, J = 8.3 Hz, 1H), 9.18 (d, J
= 8.0 Hz, 1H) ppm; 3C NMR (125 MHz, CDCl3): 5 112.0, 116.8, 117.3, 122.6, 123.4, 123.6,
123.77,123.82,124.4,125.2,125.3, 125.4, 125.6, 126.0, 126.1, 126.3, 127.8, 128.6, 128.98,
129.01, 129.1, 130.3, 130.4, 130.7, 133.5, 139.3, 139.7 ppm; IR (neat): 2924, 2850 cm™;
HRMS-ESI (m/z): [M + H]* calcd for CaoH20N, 394.1590; found, 394.1591.
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Compound 6d

pale yellow solid: mp 238—239 °C; 'H NMR (500 MHz, CDCls): & 3.40 (s, 3H), 6.89 (d, J =
2.6 Hz, 1H), 7.14 (dd, J=9.2, 2.6 Hz, 1H), 7.33 (d J= 8.6 Hz, 1H), 7.53 (t, J= 7.5 Hz, 1H),
7.58-7.68 (m, 6H), 7.68—7.74 (m, 2H), 7.78 (d, J = 8.9 Hz, 1H), 8.02 (d, J = 8.0 Hz, 1H), 8.67
(t, J=9.0 Hz, 2H), 9.08-9.22 (m, 2H) ppm; *C NMR (125 MHz, CDCl3): 8 54.5, 103.7, 111.9,
115.6, 117.3, 117.4, 123.2, 123.6, 124.4, 124.5, 124.6, 125.0, 125.2, 125.3, 125.4, 125.6,
126.3, 127.9, 128.6, 129.0, 129.1, 129.5, 130.2, 130.4, 133.1, 139.3, 139.8, 157.6 ppm; IR
(neat): 3016, 2920 cm~'; HRMS—FAB (m/2): [M + H]* calcd for C31H22NO, 424.1696; found,
424.1699.

Compound 6e

pale yellow solid: mp >250 °C; 'H NMR (500 MHz, CDCls): & 7.30 (d, J = 2.0 Hz, 1H), 7.34
(d, J = 8.9 Hz, 1H), 7.47 (dd, J = 8.7, 1.9 Hz, 1H), 7.50-7.60 (m, 3H), 7.61-7.69 (m, 2H),
7.69-7.76 (m, 4H), 7.80 (d, J= 8.9 Hz, 1H), 8.02 (d, J= 7.7 Hz, 1H), 8.70 (t, J= 8.6 Hz), 9.10
(d, J=8.3 Hz, 1H), 9.18 (d, J= 8.3 Hz, 1H) ppm; '3C NMR (125 MHz, CDCls):  112.0, 117.1,
117.7,122.1,123.7, 123.8, 124.3, 124.7, 125.2, 125.3, 125.35, 125.44, 125.7, 126.2, 126.8,
127.2, 128.6, 128.9, 129.0, 129.1, 129.4, 130.4, 131.9, 132.2, 139.1, 139.5 ppm; IR (neat):
3032, 2920 cm~'; HRMS—ESI (m/z): [M + H]* calcd for CaoH1sCIN 428.1201; found, 428.1201.

Compound 6f

pale yellow solid: mp 238-239 °C; 'H NMR (500 MHz, CDClz): 6 4.01 (s, 3H), 7.15-7.22 (m,
2H), 7.27-7.32 (m, 1H), 7.43 (d, J = 8.3 Hz, 1H), 7.50-7.60 (m, 3H), 7.61-7.76 (m, 6H), 7.91
(d, J=8.9Hz, 1H), 8.43 (d, J= 1.7 Hz, 1H), 8.79 (d, J = 8.3 Hz, 2H), 9.18 (d, J = 8.3 Hz, 1H)
ppm; 3C NMR (125 MHz, CDCls): & 55.4, 105.6, 109.5, 115.4, 116.7, 116.9, 122.6, 123.4,
123.7, 123.9, 124.3, 125.2, 125.3, 125.5, 125.9, 126.0, 126.1, 127.8, 128.8, 129.0, 129.1,
129.6, 130.1, 130.4, 130.6, 133.4, 139.8, 139.9, 157.3 ppm; IR (neat): 3012, 2924 cm™;
HRMS-FAB (m/z): [M + H]* calcd for C31H22NO, 424.1696; found, 424.1708.

Compound 69g

white solid: mp >250 °C; 'H NMR (500 MHz, CDCl3): 8 7.29-7.38 (m, 2H), 7.41-7.49 (m, 3H),
7.51-7.60 (m, 2H), 7.62-7.69 (m, 2H), 7.71 (t, J= 7.5 Hz, 1H), 7.77-7.88 (m, 3H), 8.02 (d, J
= 8.0 Hz, 1H), 8.73-8.85 (m, 2H), 9.10 (d, J = 8.3 Hz, 1H), 9.16 (d, J = 8.0 Hz, 1H) ppm; '3C
NMR (125 MHz, CDCls): 5 111.6, 117.2, 117.6, 122.4, 123.0, 123.1, 123.79, 123.82, 123.9,
124.6, 125.3, 125.4, 125.5, 125.6, 126.1, 126.3, 126.5, 127.8, 128.5, 128.8, 129.0, 130.5,
130.65, 130.69, 133.2, 133.5, 138.8, 139.1 ppm; IR (neat): 3066, 3016 cm~'; HRMS-ESI
(m/z): [M + H]* calcd for CsoH19BrN, 472.0696; found, 472.0688.

Compound 6h
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pale yellow prism: mp >250 °C; 'H NMR (500 MHz, CDCls3): & 7.29-7.35 (m, 1H), 7.40-7.50
(m, 2H), 7.55 (dd, J = 8.3, 0.9 Hz, 1H), 7.57—7.64 (m, 4H), 7.65-7.78 (m, 4H), 7.83-7.95 (m,
2H), 8.16-8.23 (m, 1H), 8.81-8.90 (m, 2H), 9.08-9.18 (m, 2H) ppm; *C NMR (125 MHz,
CDCl3): 6 106.2, 113.7, 120.0, 122.8, 123.3, 123.6, 123.7, 123.76, 123.83, 124.0, 124.8,
125.7,125.9, 126.3, 127.15, 127.24, 127.6, 128.6, 128.8, 129.2, 129.4, 129.8, 130.3, 131.1,
131.5, 137.8, 140.6, 142.5 ppm; IR (neat): 3082, 3051, 3012 cm~'; HRMS—ESI (m/2): [M]*
calcd for CsoH19N, 393.1512; found, 393.1519.

Compound 6i

yellow solid: mp >250 °C; 'H NMR (500 MHz, CDClz): & 7.33-7.43 (m, 2H), 7.43-7.57 (m,
3H), 7.69-7.83 (m, 6H), 8.02 (d, J= 8.3 Hz, 1H), 8.89 (d, J= 8.0 Hz, 1H), 9.11 (d, J = 8.3 Hz,
2H), 9.22 (s, 1H) ppm; 3C NMR (125 MHz, CDCls): 5 112.0, 116.6, 117.7, 121.3, 122.45,
122.52,123.7,124.3,124.7,125.1, 125.4, 125.6, 125.66, 125.71, 126.1, 126.5, 128.0, 128.1,
128.4, 128.5, 129.0, 129.16, 129.23, 129.6, 130.3, 130.5, 130.7, 131.2, 133.2, 139.1, 139.7
ppm; IR (neat): 3051, 2920 cm™'; HRMS-ESI (m/2): [M + H]* calcd for CasH22N, 444.1747;
found, 444.1746.

Compound 6j

yellow solid: mp >250 °C; '"H NMR (500 MHz, CDCls): & 7.20-7.33 (m, 2H), 7.40 (d, J= 8.3
Hz, 1H), 7.46-7.60 (m, 5H), 7.62—7.77 (m, 5H), 7.85 (d, J = 8.9 Hz, 1H), 8.06 (d, J = 8.0 Hz,
1H), 8.11 (d, J = 8.0 Hz, 1H), 8.53 (s, 1H), 8.72-8.85 (m, 2H), 9.37 (d, J = 8.0 Hz, 1H), 9.66
(s, 1H) ppm; 3C NMR (125 MHz, CDCls):  113.3, 116.0, 117.6, 122.4, 123.2, 123.5, 123.8,
123.9, 124.66, 124.73, 125.1, 125.3, 125.6, 125.9, 126.2, 126.9, 127.2, 127.9, 128.0, 128.1,
129.0, 129.1, 129.2, 130.0, 130.1, 130.3, 130.5, 131.1, 132.7, 138.5, 139.6 ppm; IR (neat):
3051, 2920 cm~'; HRMS—-FAB (m/z): [M + H]* calcd for CaaH22N, 444.1747; found, 444.1754.

4. Experiments of Chapter 4

a. Preparations of Oxapropellanes 2

General procedure

To a stirred solution of biaryl ketones 1 in dry DMF (0.1 M) was added KHMDS (1 M in THF,
2.0 equiv). After stirring for 30 min, the reaction was quenched with 1 M aqueous HCI and
diluted with Et2O. Phases were separated, and the organic layer was washed three times
with water followed by brine, dried over MgSO4 and concentrated. The residue was purified
by silica gel column chromatography (hexanes/EtOAc) to give the desired oxapropellanes 2.

Compound 2b
white solid: mp 202-203 °C; 'H NMR (500 MHz, CDCls) & 0.85 (s, 3H), 1.30 (s, 3H), 2.61 (d,

69



J=11.5Hz, 1H), 2.83 (d, J= 11.5 Hz, 1H), 7.17 (d, J = 8.6 Hz, 1H), 7.21-7.27 (m, 1H), 7.27—
7.34 (m, 2H), 7.35-7.42 (m, 2H), 7.45 (d, J = 2.3 Hz, 1H), 7.65 (d, J = 8.9 Hz, 1H), 7.75 (d, J
= 8.0 Hz, 1H), 7.77-7.81 (m, 2H), 8.10 (d, J = 7.2 Hz, 1H), 8.24 (d, J = 8.6 Hz, 1H) ppm; 13C
NMR (125 MHz, CDCl3) 5 24.2, 26.6, 44.4, 49.4, 51.8,93.2, 112.5, 122.4, 124.1, 124.3, 124.5,
126.3, 127.4, 127.6, 127.8, 128.7, 129.3, 130.2, 130.3, 130.6, 130.8, 131.1, 131.4, 133.9,
134.5, 137.4, 159.7 ppm; IR (neat) 3059, 3016, 2958, 2931 cm~'; HRMS—FAB (m/z) [M + H]*
calcd for CasH22CIO 409.1354, found 409.1359.

Compound 2¢

white solid: mp 185-186 °C; 'H NMR (500 MHz, CDCls) 5 0.85 (s, 3H), 1.29 (s, 3H), 2.58 (d,
J=11.5Hz, 1H), 2.82 (d, J = 11.5 Hz, 1H), 3.86 (s, 3H), 6.89 (dd, J = 8.7, 2.7 Hz, 1H), 6.97
(d, J=2.9 Hz, 1H), 7.16 (d, J = 8.9 Hz, 1H), 7.20-7.24 (m, 1H), 7.25-7.32 (m, 2H), 7.38 (t, J
= 7.7 Hz, 1H), 7.63 (d, J = 8.9 Hz, 1H), 7.74 (d, J = 8.0 Hz, 1H), 7.76-7.83 (m, 2H), 8.06 (d,
J=8.6 Hz, 1H), 8.27 (d, J= 8.6 Hz, 1H) ppm; 3C NMR (125 MHz, CDCl3) 5 24.3, 26.9, 44.4,
49.5, 51.4,55.4,93.7, 111.8, 112.5, 114.8, 122.3, 122.7, 123.6, 124.1, 124.8, 125.4, 126.2,
126.5, 127.4, 129.3, 130.08, 130.13, 130.2, 130.9, 132.3, 134.1, 136.7, 159.6, 159.9 ppm;
IR (neat) 3059, 3016, 2958, 2931, 2866 cm~'; HRMS-FAB (m/z) [M + H]* calcd for C29H2502
405.1849, found 405.1855.

Compound 2d

white solid: mp 163-165 °C; 'H NMR (500 MHz, CDCls) 5 0.86 (s, 3H), 1.35 (s, 3H), 2.69 (d,
J=11.2Hz, 1H), 2.82 (d, J = 11.2 Hz, 1H), 3.82 (s, 3H), 6.87 (dd, J = 8.9, 2.3 Hz, 1H), 7.01
(d, J = 8.9 Hz, 1H), 7.30-7.41 (m, 4H), 7.48 (d, J = 9.2 Hz, 1H), 7.53-7.58 (m, 2H), 7.62 (d,
J=8.9 Hz, 1H), 7.83-7.93 (m, 2H), 8.14 (dd, J = 7.2, 1.4 Hz, 1H) ppm; 3C NMR (125 MHz,
CDCl3) 6 24.2, 26.4, 44.2, 49.1, 52.1, 55.3, 94.3, 101.2, 110.0, 114.8, 122.4, 123.7, 124.6,
125.4, 126.8, 127.3, 127.6, 128.4, 128.6, 129.7, 130.6, 130.7, 132.0, 132.5, 132.8, 133.0,
137.8, 157.9, 160.5 ppm; IR (neat) 2931 cm~'; HRMS—-ESI (m/2): [M + H]* calcd for C29H2502
405.1849, found, 405.1850.

Compound 2e

pale yellow solid: mp 169—170 °C; "H NMR (500 MHz, CDCls) & 0.98 (s, 3H), 1.18 (s, 3H),
2.46 (d, J=11.5 Hz, 1H), 2.93 (d, J= 11.5 Hz, 1H), 7.16 (d, J = 8.9 Hz, 1H), 7.19-7.31 (m,
3H), 7.41 (d, J= 5.2 Hz, 1H), 7.44 (d, J= 5.2 Hz, 1H), 7.48 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H),
7.64 (dd, J=7.5,1.6 Hz, 1H), 7.67 (d, J= 8.9 Hz, 1H), 7.79 (d, J = 8.0 Hz, 1H), 8.06 (dd, J
= 7.5, 1.0 Hz, 1H), 8.29 (d, J = 8.6 Hz, 1H) ppm; 'C NMR (125 MHz, CDCls) & 24.2, 28.0,
45.8,49.7,51.9, 91.7, 1125, 122.5, 123.4, 124.4, 124.6, 126.3, 126.9, 127.1, 127.4, 128.7,
129.4, 130.0, 130.41, 130.43, 130.9, 133.0, 136.2, 137.2, 160.0 ppm; IR (neat) 3059, 3016,
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2958, 2927 cm~'; HRMS-FAB (m/z) [M + H]* calcd for C26H210S 381.1308, found 381.1313.

Compound 2f

white solid: mp 89-91 °C; 'H NMR (500 MHz, CDClz) & 2.26-2.35 (m, 1H), 2.38-2.44 (m,
1H), 2.87-2.95 (m, 1H), 3.08-3.12 (m, 1H), 7.13 (t, J=7.6 Hz, 1H), 7.17 (d, J = 8.9 Hz, 1H),
7.27 (t, J=7.6 Hz, 1H), 7.36 (t, J= 7.6 Hz, 1H), 7.44-7.51 (m, 2H), 7.60 (t, J = 7.7 Hz, 1H),
7.69-7.77 (m, 2H), 7.87 (d, J= 8.3 Hz, 1H), 7.89 (d, J=8.0 Hz, 1H), 7.99 (d, J= 8.0 Hz, 1H),
8.03-8.12 (m, 1H), 8.30 (d, J = 8.3 Hz, 1H) ppm; '*C NMR (125 MHz, CDCls) & 28.8, 36.0,
53.3,85.9,113.3, 122.8, 123.0, 124.3, 125.1, 126.6, 127.5, 127.8, 128.3, 128.8, 128.9, 129.2,
129.5, 130.4, 130.5, 130.7, 132.1, 132.3, 132.4, 137.1, 158.8 ppm; IR (neat) 3059, 3016,
2989, 2943 cm™'; HRMS-FAB (m/z) [M + H]* calcd for C26H190 347.1431, found 347.1436.

Compound 2g

white solid: mp 88-90 °C; 'H NMR (500 MHz, CDCls) & 2.29 (td, J = 10.6, 8.9 Hz, 1H), 2.40
(ddd, J=11.4, 8.9, 2.0 Hz, 1H), 2.53 (s, 3H), 2.88 (ddd, J = 11.0, 9.3, 2.0 Hz, 1H), 3.06 (dt,
J=11.5,10.0 Hz, 1H), 7.11=7.16 (m, 2H), 7.25-7.29 (m, 1H), 7.43-7.51 (m, 3H), 7.63-7.67
(m, 2H), 7.70-7.73 (m, 1H), 7.89 (d, J = 7.2 Hz, 1H), 7.99 (d, J = 7.5 Hz, 1H), 8.04-8.07 (m,
1H), 8.21 (d, J = 8.6 Hz, 1H) ppm; '3C NMR (125 MHz, CDCls) & 21.4, 28.8, 36.0, 53.4, 85.8,
113.3, 123.0, 124.2, 124.3, 125.0, 127.5, 127.8, 128.2, 128.5, 128.8, 128.86, 128.90, 129.2,
129.6, 130.2, 130.8, 132.2, 132.3, 132.5, 137.2, 158.2 ppm; IR (neat) 3062, 3012, 2989,
2943, 2920 cm~'; HRMS-ESI (m/z) [M + H]* calcd for C27H210 361.1587, found 361.1582.

Compound 2h

white solid: mp 157-158 °C; '"H NMR (500 MHz, CDCls) & 2.31 (td, J = 10.4, 8.6 Hz, 1H),
2.42 (ddd, J = 11.5, 8.9, 2.3 Hz, 1H), 2.91 (ddd, J = 11.0, 9.2, 2.1 Hz, 1H), 3.07 (dt, J = 11.7,
9.8 Hz, 1H), 3.98 (s, 3H), 7.01-7.06 (m, 2H), 7.14-7.19 (m, 1H), 7.28-7.33 (m, 1H), 7.46—
7.53 (m, 2H), 7.57 (d, J = 2.3 Hz, 1H), 7.67 (d, J = 8.6 Hz, 1H), 7.72-7.74 (m, 1H), 7.77 (d, J
=8.9 Hz, 1H), 7.98 (d, J= 7.7 Hz, 1H), 8.01 (d, J = 7.5 Hz, 1H), 8.06-8.09 (m, 1H) ppm; '3C
NMR (125 MHz, CDCls) d 28.5, 36.0, 53.1, 55.4, 85.8, 103.2, 110.9, 115.2, 123.0, 124.2,
124.4,125.9, 127.6, 127.7, 128.2, 128.82, 128.85, 129.2, 130.1, 130.8, 131.0, 132.2, 132.5,
133.3, 137.3, 158.1, 159.4 ppm; IR (neat) 3066, 3012, 2993, 2939, 2877 cm~'; HRMS—ESI
(m/2) [M + HJ* calcd for C27H2102 377.1536, found 377.1539.

Compound 2i

white solid: mp 204-205 °C; 'H NMR (500 MHz, CDClIs) & 0.85 (s, 3H), 1.40 (s, 3H), 2.65 (d,
J=11.7 Hz, 1H), 2.80 (d, J = 11.7 Hz, 1H), 7.15-7.21 (m, 2H), 7.31-7.40 (m, 3H), 7.45-7.52
(m, 2H), 7.62 (d, J = 8.6 Hz, 1H), 7.65 (dd, J = 7.4, 1.4 Hz, 1H), 7.71 (d, J = 8.0 Hz, 1H),
7.87-7.93 (m, 2H), 7.99 (d, J= 8.3 Hz, 1H), 8.24 (d, J= 8.3 Hz, 1H), 8.43 (d, J= 8.6 Hz, 1H),
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8.54-8.60 (m, 1H) ppm; '°C NMR (125 MHz, CDCls) & 24.6, 25.5, 43.6, 50.3, 53.3, 94.9,
112.7, 122.3, 122.5, 124.3, 125.7, 126.21, 126.23, 126.25, 127.0, 127.2, 127.9, 128.2,
128.57, 128.63, 129.0, 129.2, 129.95, 129.97, 130.01, 130.9, 132.0, 132.8, 134.1, 134.9,
135.8, 160.1 ppm; IR (neat) 3055, 3012, 2974, 2931 cm~'; HRMS—FAB (m/z) [M + H]* calcd
for Ca2H2s50 425.1900, found 425.1905.

Compound 2j

pale yellow solid: mp >250 °C; "H NMR (500 MHz, CDCls) & 0.84 (s, 3H), 1.42 (s, 3H), 2.71
(d, J=11.5Hz, 1H), 2.86 (d, J = 11.5 Hz, 1H), 7.16 (d, J = 8.6 Hz, 1H), 7.21 (t, J= 7.6 Hz,
1H), 7.33-7.48 (m, 5H), 7.62 (d, J= 8.9 Hz, 1H), 7.72 (d, J = 8.3 Hz, 1H), 7.81-7.90 (m, 2H),
7.99 (s, 1H), 8.06 (d, J = 7.5 Hz, 1H), 8.15 (d, J = 7.5 Hz, 1H), 8.29 (d, J = 8.6 Hz, 1H), 8.33
(s, 1H) ppm; 3C NMR (125 MHz, CDCl3) & 24.2, 26.6, 44.1, 49.6, 51.9, 94.3, 112.6, 121.5,
122.29, 122.31, 124.6, 125.1, 126.16, 126.24, 126.3, 126.5, 127.5, 127.7, 127.8, 128.3,
129.3, 130.05, 130.08, 130.8, 130.9, 131.0, 131.8, 132.7, 133.3, 133.5, 137.8, 160.0 ppm;
IR (neat) 3055, 3020, 2962, 2931 cm~'; HRMS—FAB (m/z) [M + HJ* calcd for Ca2H2s0
425.1900, found 425.1905.

Compound (+)-2a

Racemic mixtures of 2a were seperated by preparative chiral HPLC (column: YMC CHIRAL
Amylose-SA, eluent: hexane/i-PrOH = 99.5/0.5), flow rate: 25 mL/min, detection: UV 254 nm).
Analytical HPLC (column: YMC CHIRAL Amylose-SA, eluent: hexane/i-PrOH = 99.5/0.5, flow
rate: 0.20 mL/min, detection: UV 254 nm, temperature: 25 °C) (+)-2a 23.5 min, (-)-2a 25.8
min. [0]?"p +232 (c 0.74, CHCIs, 99% ee). Recrystalization from hexanes/EtOAc afforded
colorless, clear plates suitable for X-ray crystalography. The absolute configuration was
determined by X-ray crystalography (CCDC: 1944323).

Compound (+)-2f

Racemic mixtures of 1f were seperated by preparative chiral HPLC (column: YMC CHIRAL
Amylose-SA, eluent: hexane/i-PrOH = 99.5/0.5), flow rate: 25 mL/min, detection: UV 254 nm).
Analytical HPLC (column: YMC CHIRAL Amylose-SA, eluent: hexane/i-PrOH = 99.5:0.5, flow
rate: 0.40 mL/min, detection: UV 254 nm, temperature: 25 °C) (+)-2f 16.8 min, (—-)-2f 19.0
min. [0]?'p +742 (c 0.55, CHCI3, 99% ee). The absolute configuration was determined by
comparing the CD spectra with that of (+)-2a, whose absolute configuration was determined

by X-ray crystalography.

b. Synthesis of Spirocarbocycles 7

General Procedure
To a stirred solution of oxapropellane 2 in dry 1,2-dichloroethane (0.05 M) was added TfOH
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(2.0 equiv) at —20 °C. After stirring for 20 min, the reaction was quenched with EtsN and
diluted with CHCIs. Phases were separated and the organic layer was washed with 1 M
aqueous HCI followed by water, dried over MgSQO4 and concentrated. The residue was
purified by silica gel column chromatography (hexanes/EtOAc) to give the desired
spirocycles 7.

Compound 7a

pale yellow solid: mp 219-220 °C; 'H NMR (500 MHz, CDCls) & 0.87 (s, 3H), 1.23 (s, 3H),
3.25(d, J=15.8 Hz, 1H), 3.29 (d, J = 15.8Hz, 1H), 6.34 (d, J= 9.7 Hz, 1H), 6.48 (d, J=7.7
Hz, 1H), 6.84 (d, J=8.0 Hz, 1H), 7.00 (id, J= 7.5, 1.4 Hz, 1H), 7.22 (td, J= 7.5, 1.1 Hz, 1H),
7.27 (t, J=7.5Hz, 1H), 7.42 (d, J= 7.5 Hz, 1H), 7.48 (t, J= 7.2 Hz, 1H), 7.59 (d, J= 9.7 Hz,
1H), 7.64-7.73 (m, 2H), 7.91 (dd, J= 7.8, 1.3 Hz, 1H), 8.70 (d, J = 8.3 Hz, 1H), 8.76 (d, J =
7.7 Hz, 1H) ppm; 3C NMR (125 MHz, CDCls) 5 25.5, 31.0, 46.7, 50.1, 72.8, 123.2, 123.3,
125.0, 125.4, 126.3, 126.48, 126.54, 126.6, 127.1, 128.1, 128.6, 129.3, 129.4, 129.5, 130.4,
131.1,131.3,137.3, 139.4, 142.2, 145.3, 201.9 ppm; IR (neat) 3062, 3020, 2962, 2927, 1662
cm™; HRMS-FAB (m/z) [M + H]* caled for CazsH2sO 375.1744, found 375.1749.
Recrystalization from EtOAc/CHCIs gave colorless, clear plates suitable for X-ray

crystalography.

Compound 7b

white solid: mp 133-135 °C; '"H NMR (500 MHz, CDCls) 5 0.86 (s, 3H), 1.22 (s, 3H), 3.23 (s,
2H), 6.34 (d, J= 10.0 Hz, 1H), 6.45 (d, J = 8.0 Hz, 1H), 6.84 (dd, J = 8.1, 0.7 Hz, 1H), 7.02
(td, J=7.6, 1.3 Hz, 1H), 7.21-7.25 (m, 1H), 7.28 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 7.43 (dd, J
=7.5,1.83 Hz, 1H), 7.49 (ddd, J= 8.2, 6.9, 1.1 Hz, 1H), 7.60 (d, J = 10.0 Hz, 1H), 7.63 (dd, J
=8.9,2.3 Hz, 1H), 7.88 (d, J= 2.0 Hz, 1H), 8.62 (d, J = 8.3 Hz, 1H), 8.66 (d, J = 8.9 Hz, 1H)
ppm; *C NMR (125 MHz, CDClIs3) & 25.5, 30.9, 46.5, 50.1, 72.8, 123.2, 124.3, 124.9, 125.8,
126.4, 126.59, 126.63, 126.9, 127.3, 128.0, 128.6, 129.5, 129.6, 130.3, 130.4, 130.9, 132.5,
138.5, 138.7, 141.9, 145.4, 201.6 ppm; IR (neat) 3066, 3016, 2962, 2927, 1658 cm~'; HRMS—
FAB (m/z) [M + H]* calcd for C2gH22CIO 409.1354, found 409.1359.

Compound 7¢

white solid: mp 200-201 °C; 'H NMR (500 MHz, CDCls) & 0.87 (s, 3H), 1.23 (s, 3H), 3.24 (s,
2H), 3.99 (s, 3H), 6.34 (d, J=9.7 Hz, 1H), 6.48 (d, J= 7.7 Hz, 1H), 6.81 (d, J = 8.3 Hz, 1H),
7.01 (td, J=7.6, 1.1 Hz, 1H), 7.18-7.26 (m, 3H), 7.32 (dd, J= 9.2, 2.6 Hz, 1H), 7.42 (dd, J =
7.4,1.1 Hz, 1H), 7.46 (t, J= 7.6 Hz, 1H), 7.60 (d, J= 10.0 Hz, 1H), 8.59 (d, J = 8.3 Hz, 1H),
8.66 (d, J=9.2 Hz, 1H) ppm; 3C NMR (125 MHz, CDClIs) & 25.6, 31.0, 46.9, 50.0, 55.4, 72.9,
105.7, 116.5, 122.8, 124.9, 125.3, 125.4, 125.5, 126.5, 127.1, 127.5, 128.2, 129.4, 130.4,
130.6, 131.4, 137.9, 138.8, 142.2, 145.3, 158.3, 201.8 ppm; IR (neat) 3066, 3008, 2962,
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2931,1658 cm~'; HRMS—FAB (m/z) [M + H]* calcd for C2gH2502 405.1849, found 405.1855.

Compound 7d

white solid: mp 204-206 °C; 'H NMR (500 MHz, CDClIs3) & 0.89 (s, 3H), 1.21 (s, 3H), 3.27 (s,
2H), 3.49 (s, 3H), 6.04 (d, J=2.6 Hz, 1H), 6.22 (d, J= 9.7 Hz, 1H), 6.72 (dd, J = 8.3, 2.6 Hz,
1H), 6.88 (d, J = 7.5 Hz, 1H), 7.29 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.35 (d, J = 8.3 Hz, 1H),
7.48 (ddd, J=8.3, 7.02, 1.3 Hz, 1H), 7.54 (d, J= 9.7 Hz, 1H), 7.64 (id, J= 7.3, 1.3 Hz, 1H),
7.68 (ddd, J=8.1,6.8, 1.6 Hz, 1H), 7.89 (dd, J= 7.7, 1.1 Hz, 1H), 8.69 (d, J = 8.3 Hz, 1H),
8.74 (d, J=7.7 Hz, 1H) ppm; 3C NMR (125 MHz, CDClIs) & 25.3, 31.0, 46.5, 50.0, 55.0, 72.8,
110.9, 115.4,123.20, 123.25, 123.9, 124.1, 125.0, 125.4, 126.3, 126.49, 126.54, 126.6, 128.6,
129.3, 131.0, 131.2, 131.3, 137.4, 139.3, 144.5, 145.2, 160.7, 201.5 ppm; IR (neat) 3059,
3020, 2962, 2927, 1654 cm~'; HRMS—FAB (m/z) [M + H]* calcd for C2sH2502 405.1849, found
405.1855.

Compound 7e

pale yellow solid: mp 187-188 °C; 'H NMR (500 MHz, CDCls) & 0.87 (s, 3H), 1.22 (s, 3H),
3.09 (d, J=15.8 Hz, 1H), 3.22 (d, J = 15.8 Hz, 1H), 6.34 (d, J = 9.7 Hz, 1H), 6.42 (d, J= 7.7
Hz, 1H), 6.89 (d, J= 8.3 Hz, 1H), 7.02 (td, J = 7.5, 1.1 Hz, 1H), 7.19-7.25 (m, 2H), 7.40-7.47
(m, 2H), 7.60 (d, J = 10.0 Hz, 1H), 7.61 (d, J = 5.4 Hz, 1H), 8.06 (d, J = 5.4 Hz, 1H), 8.35 (d,
J=8.3 Hz, 1H) ppm; '3C NMR (125 MHz, CDCl3) 6 25.5, 30.6, 47.4,51.0, 72.3, 122.8, 124.5,
125.1,125.2, 125.4, 126.37, 126.41, 127.2, 127.8, 128.3, 129.4, 129.9, 130.4, 134.1, 135.9,
136.1, 137.0, 142.3, 145.3, 201.8 ppm; IR (neat) 3062, 3008, 2962, 2924, 1658 cm~'; HRMS—
FAB (m/z) [M + H]* calcd for C26H210S 381.1308, found 381.1313.

Compound 7f

white solid: mp 190-191 °C; 'H NMR (500 MHz, CDCls) & 2.40-2.48 (m, 1H), 2.86—2.95 (m,
1H), 3.53-3.70 (m, 2H), 6.43 (d, J = 10.0 Hz, 1H), 6.82 (d, J = 7.7 Hz, 1H), 6.84 (d, J = 8.3
Hz, 1H), 7.12 (id, J= 7.5, 1.4 Hz, 1H), 7.22-7.29 (m, 2H), 7.42-7.50 (m, 2H), 7.65-7.74 (m,
3H), 7.95-8.03 (m, 1H), 8.67 (d, J= 8.3 Hz, 1H), 8.70-8.76 (m, 1H) ppm; 3C NMR (125 MHz,
CDCls) 8 30.8, 43.2, 66.3, 123.2, 123.3, 125.2, 125.3, 125.6, 126.6, 126.75, 126.81, 127.0,
127.4, 128.2, 128.4, 129.4, 129.5, 130.5, 131.2, 131.4, 138.6, 141.7, 145.5, 146.7, 202.9
ppm; IR (neat) 3062, 3012, 2939, 2846, 1654 cm~'; HRMS-FAB (m/z) [M + H]* calcd for
C26H190 347.1431, found 347.1436.

Compound 7g

pale yellow solid: mp 77-78 °C; '"H NMR (500 MHz, CDCls) & 2.32 (s, 3H), 2.41 (ddd, J =
13.1, 8.4, 5.2 Hz, 1H), 2.87 (ddd, J = 12.9, 8.9, 6.0 Hz, 1H), 3.53-3.67 (m, 2H), 6.40 (d, J =
9.7 Hz, 1H), 6.70 (d, J= 8.0 Hz, 1H), 6.85 (d, J= 8.3 Hz, 1H), 6.93 (d, J= 8.0 Hz, 1H), 7.23-
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7.28 (m, 2H), 7.45-7.49 (m, 1H), 7.64-7.71 (m, 3H), 7.97-8.00 (m, 1H), 8.66 (d, J = 8.3 Hz,
1H), 8.70-8.74 (m, 1H) ppm; ¥C NMR (125 MHz, CDCls) & 20.8, 30.7, 43.3, 66.0, 123.2,
123.3, 125.2, 125.3, 125.4, 125.6, 126.6, 126.7, 126.8, 127.3, 128.3, 129.4, 130.0, 131.2,
131.3, 136.6, 138.8, 141.6, 143.8, 145.7, 203.2 ppm; IR (neat) 3062, 3012, 2920, 2850, 1654
cm~'; HRMS—ESI (m/z) [M + HI* calcd for Ca7H210 361.1587, found 361.1592.

Compound 7h

white solid: mp 103-105 °C; 'H NMR (500 MHz, CDCls) & 2.44 (ddd, J = 13.0, 8.7, 5.3 Hz,
1H), 2.89 (ddd, J = 12.9, 9.2, 6.3 Hz, 1H), 3.54 (s, 3H), 3.56-3.68 (m, 2H), 6.30 (d, J = 9.7
Hz, 1H), 6.36 (d, J = 2.6 Hz, 1H), 6.76 (dd, J = 8.3, 2.6 Hz, 1H), 6.89 (dd, J = 8.2, 0.7 Hz,
1H), 7.25-7.29 (m, 1H), 7.39 (d, J = 8.6 Hz, 1H), 7.45-7.49 (m, 1H), 7.63-7.71 (m, 3H), 7.96—
7.99 (m, 1H), 8.66 (d, J = 8.3 Hz, 1H), 8.70-8.74 (m, 1H) ppm; '°C NMR (125 MHz, CDCl3)
0 30.8, 43.5, 55.2, 66.4, 111.6, 114.0, 121.9, 122.7, 123.2, 123.3, 125.36, 125.44, 125.6,
126.6, 126.8, 128.2, 129.4, 131.1, 131.2, 131.4, 138.9, 141.6, 145.4, 149.1, 161.6, 202.9
ppm; IR (neat) 3062, 3008, 2939, 2846, 1651 cm™'; HRMS-ESI (m/z) [M + H]* calcd for
C27H2102 377.1536, found 377.1540.

Compound 7i

white solid: 204—205 °C; 'H NMR (500 MHz, CDCl3) 5 0.89 (s, 3H), 1.24 (s, 3H), 3.34 (s, 2H),
6.35 (d, J=10.0 Hz, 1H), 6.43 (d, J= 8.0 Hz, 1H), 6.79 (d, J= 8.9 Hz, 1H), 6.98 (td, J= 7.5,
1.4 Hz, 1H), 7.22 (td, J= 7.5, 1.3 Hz, 1H), 7.43 (dd, J = 7.4, 1.1 Hz, 1H), 7.51-7.57 (m, 2H),
7.60-7.64 (m, 2H), 7.66—7.73 (m, 2H), 7.86 (dd, J= 7.8, 1.3 Hz, 1H), 7.99-8.03 (m, 1H), 9.06
(d, J=8.6 Hz, 1H), 9.15 (d, J = 7.7 Hz, 1H) ppm; 3C NMR (125 MHz, CDCls) & 25.5, 31.0,
46.5, 50.4, 73.0, 124.5, 124.8, 125.5, 125.76, 125.82, 126.0, 126.4, 126.9, 127.2, 127.7,
128.17, 128.25, 128.3, 128.6, 128.9, 129.5, 130.1, 130.3, 130.6, 131.0, 132.7, 137.6, 140.0,
142.4, 145.3, 202.1 ppm; IR (neat) 3062, 3012, 2962, 2927, 1662 cm~'; HRMS-FAB (m/z)
[M + HJ* caled for Ca2H250 425.1900, found 425.1905.

Compound 7j

white solid: mp 228-230 °C; 'H NMR (500 MHz, CDCls) & 0.89 (s, 3H), 1.26 (s, 3H), 3.32 (d,
J=15.8 Hz, 1H), 3.37 (d, J = 15.8 Hz, 1H), 6.35 (d, J = 10.0 Hz, 1H), 6.59 (d, J = 7.7 Hz,
1H), 6.81 (d, J= 8.0 Hz, 1H), 7.01 (t, J= 7.6 Hz, 1H), 7.19-7.24 (m, 1H), 7.28 (t, J= 7.6 Hz,
1H), 7.41 (d, J= 7.5 Hz, 1H), 7.50 (t, J = 7.6 Hz, 1H), 7.54-7.62 (m, 3H), 8.03-8.09 (m, 1H),
8.11-8.18 (m, 1H), 8.36 (s, 1H), 8.84 (d, J = 8.3 Hz, 1H), 9.22 (s, 1H) ppm; *C NMR (125
MHz, CDCls) 8 25.5, 31.1, 47.0, 50.0, 73.0, 122.2, 123.3, 123.5, 125.7, 125.9, 126.5, 126.7,
127.2, 127.8, 128.0, 128.1, 128.6, 128.7, 129.5, 129.7, 130.4, 131.6, 131.8, 131.9, 137.2,
139.5, 142.1, 145.3, 201.9 ppm; IR (neat) 3055, 3012, 2962, 2927, 1658 cm~'; HRMS—FAB
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(m/2) [M + HJ* calcd for Ca2H250 425.1900, found 425.1905.

Compound (+)-7a

According to the general procedure, (+)-2a (14.8 mg, 0.0395 mmol, 99% ee) gave the title
compound (12.8 mg, 86% yield, 99% ee) as white solids. Analytical HPLC (column: Daicel
Chiralpak AD-H, eluent: hexane/i-PrOH = 90/10, flow rate: 0.75 mL/min, detection: UV 254
nm, temperature: 25 °C) (+)-2a 17.0 min, (-)-2a 25.2 min. [a]?'p +37.2 (¢ 1.28, CHClI3, 99%
ee). Recrystalization from CHCIs gave colorless, clear plates suitable for X-ray crystalography.

The abusolute configuration was determined by X-ray crystalography (CCDC: 1944324).

Compound (+)-7f

According to the general procedure, (+)-2f (7.3 mg, 0.021 mmol, 99% ee) gave the title
compound (6.0 mg, 82% yield, 99% ee) as white solids. Analytical HPLC (column: Daicel
Chiralpak AS-H, eluent: hexane/i-PrOH = 90/10, flow rate: 0.75 mL/min, detection: UV 254
nm, temperature: 25 °C) (+)-2f 25.2 min, (-)-2f 15.4 min. [a]?'p +39.8 (¢ 0.59, CHCIs, 99%
ee). Recrystalization from hexanes/EtOH gave colorless, clear plates suitable for X-ray
crystalography. The abusolute configuration was determined by X-ray crystalography
(CCDC: 1944325).

c. Derivertizations of Spirocarbocycle

Compound 30 and epi-30

To a stirred solution of compound 7f (69.3 mg, 0.200 mmol) and CeCls-7H20 (112 mg, 0.300
mmol) in THF (0.6 mL) and MeOH (1.4 mL) was added five portions of NaBH4 (11.3 mg,
0.300 mmol each, totally 1.50 mmol) every 5 min. After stirring for another 5 min, the reaction
was quenched with saturated aqueous NH4Cl and diluted with EtOAc. Phases were
separated, and the aqueous phase was extracted three times with EtOAc. The combined
organic phases were washed with brine, dried over MgSO4 and concentrated. The residue
was purified by silica gel column chromatography (hexanes/EtOAc) to give compound 30
(57.0 mg, 82%) along with epi-30 (9.2 mg, 13%). Recrystalization of compound 30 from
CHCIs/EtOH gave colorless, clear plates suitable for X-ray crystalographic studies (CCDC:
1944321). 30: white solids; mp 85-87 °C; 'H NMR (500 MHz, CDClI3) & 1.40 (d, J = 3.4 Hz,
1H), 1.94-2.04 (m, 1H), 3.35-3.49 (m, 3H), 5.58-5.62 (m, 1H), 5.99 (dd, J = 10.0, 1.7 Hz,
1H), 6.51 (dd, J = 9.9, 2.7 Hz, 1H), 6.78 (d, J = 7.5 Hz, 1H), 6.91-6.98 (m, 1H), 7.13-7.19
(m, 2H), 7.33-7.39 (m, 1H), 7.51-7.58 (m, 1H), 7.65-7.74 (m, 2H), 7.77 (d, J = 8.3 Hz, 1H),
7.91-7.97 (m, 1H), 8.71-8.79 (m, 2H) ppm; *C NMR (125 MHz, CDCl3) & 31.6, 33.1, 62.7,
74.0,123.0,123.7,125.32, 125.34, 125.9, 126.7, 126.76, 126.85, 126.9, 127.0, 127.1, 127.5,
128.1,128.4, 129.4, 131.0, 131.5, 131.67, 131.70, 135.9, 142.4, 142.9 ppm; IR (neat) 3564,
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3062, 3016, 2939, 2924, 2846 cm~'; HRMS—ESI (m/z) [M + Na]* calcd for C2sH200Na
371.1406, found 371.1403. epi-30: white solids; mp 165-166 °C; 'H NMR (500 MHz, CDCls)
0 1.44 (d, J=4.9 Hz, 1H), 2.04 (dt, J= 12.9, 10.2 Hz, 1H), 2.76 (dd, J = 12.9, 7.2 Hz, 1H),
3.33-3.49 (m, 2H), 4.34 (t, J= 5.0 Hz, 1H), 6.24 (dd, J= 9.6, 5.6 Hz, 1H), 6.80 (d, J= 9.4 Hz,
1H), 6.91 (d, J = 7.5 Hz, 1H), 7.06 (id, J = 7.5, 1.1 Hz, 1H), 7.21 (t, J= 7.5 Hz, 1H), 7.23-
7.33 (m, 2H), 7.52 (t, J= 7.6 Hz, 1H), 7.63-7.76 (m, 3H), 7.88-8.02 (m, 1H), 8.73 (d, J= 8.3
Hz, 1H), 8.76 (d, J = 8.0 Hz, 1H) ppm; *C NMR (125 MHz, CDCls) & 29.3, 38.7, 60.1, 69.7,
122.8, 123.1, 125.1, 125.5, 125.6, 126.46, 126.48, 126.5, 126.7, 127.6, 128.2, 128.5, 128.9,
129.7, 130.3, 130.5, 130.7, 130.8, 130.9, 137.0, 141.1, 141.4 ppm; IR (neat) 3545, 3062,
3016, 3020, 2924, 2850 cm~'; HRMS-ESI (m/z) [M + Na]* calcd for C2sH200Na 371.14086,
found 371.1411.

Compound 35

To a stirred solution of compound 30 (34.8 mg, 0.100 mmol) in HFIP (1.0 mL) was added
three portions of MsOH (20 pL, 0.30 mmol each, totally 0.90 mmol) every 10 min. After stirring
for another 10 min, the reaction was quenched with saturated agueous NaHCO3 and dilueted
with CHCls. Phases were separated and the organic phase was washed with water, dried
over MgSO4 and concentrated. The residue was purified by silica gel column chromatography
(hexanes/EtOAc) followed by preparative HPLC (column: YMC-GPC T-2000 and YMC-GPC
T-4000, eluent: CHCI3) to give the title compound (25.1 mg, 76%) as white solids.
Recrystalization from cyclohexane/CHCIs gave colorless, clear plates suitable for X-ray
crystalography (CCDC: 1944322): mp 91-92 °C; 'H NMR (500 MHz, CDCls) & 3.08-3.65 (m,
4H), 7.49-7.54 (m, 1H), 7.56-7.62 (m, 2H), 7.63-7.70 (m, 3H), 7.83 (d, J = 8.6 Hz, 1H), 7.91
(d, J = 8.0 Hz, 1H), 7.97 (d, J = 8.6 Hz, 1H), 8.21-8.29 (m, 2H), 8.47 (dd, J = 8.3, 0.9 Hz,
1H), 8.72-8.81 (m, 2H) ppm; '®C NMR (125 MHz, CDCls) & 23.9, 25.5, 123.0, 123.2, 123.7,
124.0, 125.2, 125.5, 125.8, 126.1, 126.2, 126.4, 126.5, 126.9, 127.2, 128.5, 129.2, 130.0,
130.5, 130.6, 131.2, 131.3, 131.9, 132.7, 133.6, 134.5 ppm; IR (neat) 3066, 3012, 2958,
2885, 2827 cm™'; HRMS-FAB (m/z) [M + H]* calcd for C2sH19 331.1482, found 331.1487.

Compound 36

To a stirred solution of compound 30 (69.7 mg, 0.200 mmol) and EtsN (69 uL, 0.50 mmol) in
dry DCM (2.0 mL) was added MsCI (31 pL, 0.40 mmol) at 0 °C. After stirreing for 1.5 h, the
reaction was quenched with water and diluted with EtOAc and Et2O (1/1). Phases were
separated and the organic layer was washed with water followed by brine, dried over MgSQO4
and concentrated. The resulting crude product was used without further purifications.

To a stirred solution of the crude product above in dry EtOAc was added silica gel (Wakogel

60N, dried at 100 °C under reduced presure prior to use, 400 mg). After stirring for 20 h, the
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reaction mixture was diluted with CHCls, the silica gel was filtered off, washed with CHClIs,
and the filterate was concentrated. The resulting solids were washed with hexanes/Et20 to
give the title compound (40.4 mg, 61%) as white solids: mp 207-209 °C; 'H NMR (500 MHz,
CDCl3) 8 2.89 (td, J = 14.75, 5.2 Hz, 1H), 2.95-3.09 (m, 2H), 3.55-3.63 (m, 1H), 7.15-7.20
(m, 1H), 7.32 (t, J = 7.6 Hz, 1H), 7.37—7.45 (m, 2H), 7.56-7.64 (m, 3H), 7.64-7.73 (m, 2H),
7.86 (d, J=8.0 Hz, 1H), 7.89 (d, J = 8.3 Hz, 1H), 8.22-8.28 (m, 1H), 8.75 (d, J = 8.3 Hz, 1H),
8.77-8.83 (m, 1H) ppm; 3C NMR (125 MHz, CDCl3) § 26.2, 30.6, 122.9, 123.1, 124.0, 124.6,
124.8, 125.4, 125.6, 126.0, 126.3, 126.8, 127.2, 127.7, 128.0, 128.3, 129.6, 129.9, 130.0,
130.2, 130.6, 130.8, 131.2, 133.2, 136.4, 138.2 ppm; IR (neat) 3051, 3008, 2943, 2889, 2831
cm~'; HRMS-FAB (m/z) [M + H]* calcd for C2eH19 331.1482, found 331.1487.

Compound 37

To a test tube containing compound 35 (33.0 mg, 0.100 mmol) and triphenylcarbenium
tetrafluoroborate (99.0 mg, 0.300 mmol) was added dry DCE (3.0 mL), and the resulting
solution was heated to 80 °C. After stirring for 2 h, the reaction was quenched with water and
diluted with CHCIls. Phases were separated and the organic phase was washed with water,
dried over MgSOs4 and concentrated. The residue was purified by silica gel column
chromatography (hexanes/EtOAc) and the resulting solids were washed with hexanes/Et20
to give the title compound (25.3 mg, 77%) as white solids: mp 152-153 °C; 'H NMR (500
MHz, CDCls) 6 7.62—7.79 (m, 6H), 7.90 (d, J= 9.2 Hz, 1H), 7.99 (dd, J = 7.73, 1.1 Hz, 1H),
8.68-8.78 (m, 3H), 8.79-8.88 (m, 4H), 8.91 (d, J = 8.9 Hz, 1H) ppm; '3C NMR (125 MHz,
CDCl3) 8 121.0, 122.1, 123.1, 123.2, 123.5, 123.6, 125.9, 126.1, 126.66, 126.69, 126.82,
126.85, 127.2, 127.4, 128.11, 128.14, 128.4, 128.5, 129.4, 129.7, 130.0, 130.1, 130.23,
130.25, 131.1, 131.6 ppm; IR (neat) 3059, 3028, 2924 cm~'; HRMS-FAB (m/z) [M + H]* calcd
for C2sH17 329.1325, found 329.1330.

Compound 38

To a test tube containing compound 36 (16.5 mg, 0.0500 mmol) and triphenylcarbenium
tetrafluoroborate (49.5 mg, 0.150 mmol) was added dry DCE (1.5 mL), and the resulting
solution was heated to 80 °C. After stirring for 5 h, the reaction was quenched with water and
diluted with CHCIls. Phases were separated and the organic phase was washed with water,
dried over MgSOs4 and concentrated. The residue was purified by silica gel column
chromatography (hexanes/EtOAc). The resulting solids were washed with hexanes/Et20 to
give the title compound (14.1 mg, 86%) as white solids. The spectroscopic data were in good
agreement with those reported. 26

d. DFT Calculations
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All the calculations were performed on Gaussian 16 program. Geometry optimizations were
performed at the CPCM(DCE)/B3LYP/6-31G(d,p) level of theory. The TS geometries were
verified by vibrational frequency analysis and intrinsic reaction coordinate calculations were
also performed at the same level of theory. Single point energies were calculated at the
CPCM(DCE)/mPW1PW91/6-311+G(2d,p) theoretical level for the optimized geometries.
This level of theory was previously applied for the rearrangements of carbocations in

literature.?”

Optimized geometry for 2f-H*

O

-0.254430 -2.490550 1.731440
1.365540 -2.229370 2.432790
-0.861320 -0.282370 2.726960
0.848700 0.231450 2.705250
3.334140 -2.038400 0.326170
2.883570 0.338610 -0.111650
4.268640 0.506970 -0.298230
-0.301750 2.419070 -0.036880
1.925080 1.467290 -0.230820
2.360630 2.709950 -0.727970
-1.350890 2.318960 0.202830
0.155790 3.645710 -0.511780
1.496710 3.790090 -0.861630
3.390480 2.838690 -1.036150
1.869150 4.733750 -1.247020
-0.536070 4.475220 -0.616490
5.151130 -0.564090 -0.204660
4.676560 1.486910 -0.509520
6.211480 -0.392010 -0.360090
2.956860 -3.022690 0.586420
4.689980 -1.849260 0.098310
5.380960 -2.681820 0.172900
0.898250 -1.897560 -1.596320

1.010950 -1.186360 0.492800
0.379130 -2.043600 -0.777810
0.574500 -1.787980 1.828110
2.438590 -0.961690 0.218610
-0.979650 -1.575830 -0.871720
-1.230120 -0.528050 -0.022260
-1.912120 -2.240970 -1.675310
0.046260 -0.007990 0.647660
0.557720 1.325650 0.121760
0.084350 -0.352640 2.191120
-1.620100 -3.061850 -2.319400
-3.211780 -1.795150 -1.589480
-3.584380 -0.767970 -0.678810
-3.981950 -2.259040 -2.197130
-2.592340 -0.129530 0.147810
-4.945900 -0.382020 -0.546450
-5.683640 -0.858680 -1.184970
-5.328060 0.561400 0.378780
-4.361020 1.155300 1.222910
-6.371880 0.842150 0.474010
-3.029050 0.821230 1.111310
-4.671620 1.878090 1.970520
-2.310350 1.279470 1.780400
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Optimized geometry for the TS from 2f-H* to 26

C 1.047170 -1.165970 0.542410 H -0.259210 -2.519230 1.672660
O 0.357930 -2.072880 -0.890670 H 1.339870 -2.287330 2.438310
C 0.571400 -1.828170 1.818540 H -0.893620 -0.346270 2.703890
C 2.451990 -0.944200 0.261840 H 0.816100 0.183870 2.731730
C -0.968850 -1.570890 -0.934440 C 3.360770 -2.011190 0.399500
C -1.216910 -0.5563220 -0.041960 C 2.882320 0.351590 -0.119290
C -1.929780 -2.181340 -1.754890 C 4.262170  0.522350 -0.335040
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C 0.051090 -0.029620  0.644530 C -0.320210  2.398420 -0.023880
C 0.549930 1.312000 0.127170 C 1.913820 1.467850 -0.236590
C 0.066740 -0.396750 2.193410 C 2.335590 2.716210 -0.733300
H -1.650560 -2.975400 -2.437480 H -1.366390 2.289520 0.224170
C -3.225440 -1.734880 -1.639740 C 0.123710  3.629670 -0.498740
C -3.582410 -0.745260 -0.683480 C 1.461000 3.787800 -0.858530
H -4.004070 -2.167870 -2.259600 H 3.362780 2.856370 -1.044900
C -2.575100 -0.149230 0.155020 H 1.821600 4.736230 -1.243290
C -4.939370 -0.353900 -0.522950 H -0.575940  4.453630 -0.594910
H -5.686770 -0.801290 -1.171530 C 5.152110 -0.539880 -0.216060
C -5.305420  0.558920  0.438750 H 4661560 1.495210 -0.589920
C -4.323540 1.116270  1.290290 H 6.208290 -0.366580 -0.396630
H -6.345870  0.844430 0.554860 H 2.992390 -2.988390 0.695180
C -2.995770  0.774300 1.152790 C 4708640 -1.818520 0.145030
H -4.618380 1.818090 2.063910 H 5410170 -2.640010 0.238740
H -2.267950 1.210550 1.826470 H 0.858650 -1.886840 -1.708790
Optimized geometry for 26
C 1.069050 -1.172600 0.610990 H -0.433760 -2.578970  1.348320
o 0.195940 -1.608070 -1.766970 H 1.080570 -2.546700 2.332320
C 0.428700 -1.993120 1.661960 H -1.039540 -0.491930 2.438270
C 2.453340 -0.992410 0.431100 H 0.688980 -0.016890 2.693920
C -1.073390 -1.297370 -1.374100 C 3.336120 -2.081890 0.660790
C -1.223790 -0.512420 -0.236010 C 2.942130 0.275390 -0.018020
C -2.187730 -1.775480 -2.105010 C 4.325430 0.377890 -0.247270
C 0.066800 -0.090240  0.480990 C -0.234850 2.325680 -0.196390
C 0.622160 1.242800 0.047370 C 2.017790 1.404970 -0.176000
C -0.021160 -0.545750 2.062870 C 2.493230 2.670050 -0.583280
H -2.022280 -2.389360 -2.985700 H -1.302310  2.202620 -0.073670
C -3.456180 -1.467560 -1.688620 C 0.258340 3.563980 -0.589410
C -3.673460 -0.649070 -0.549600 C 1.632350 3.737920 -0.778980
H -4.314660 -1.843560 -2.236930 H 3.550740 2.824270 -0.754500
C -2.545540 -0.138370  0.182660 H 2.027270  4.700070 -1.087900
C -4.992940 -0.317870 -0.142370 H -0.427020 4.389670 -0.750580
H -5.824110 -0.721410 -0.713850 C 5.169850 -0.706770 -0.045420
C -5.221200  0.500200  0.940090 H 4.761760 1.308340 -0.584860
C -4.121090 1.033230 1.647220 H 6.231550 -0.588310 -0.237480
H -6.233870  0.747380 1.241460 H 2.931770 -3.028370 1.001750
C -2.826440 0.727900 1.281410 C 4.683690 -1.946560 0.408950
H -4.292410  1.700590 2.486240 H 5.361780 -2.778480  0.560800
H -2.017840 1.192020 1.832130 H 0.178670 -2.251610 -2.489550
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Optimized geometry for 27

O

-0.901640 -1.230680 0.234110
0.893870 -0.085840 2.914710
-0.462170 -2.468370 1.167830
-2.342440 -1.120010 -0.072230
1.828230 -0.143720 1.923850
1.373280 -0.149570 0.612010
3.213820 -0.204400 2.216180
-0.095870 -0.050830 0.344610
-0.686250 1.225850 0.187260
-0.150020 -2.563230 -0.236540
3.536950 -0.205490 3.253240
4.128690 -0.255970 1.195460
3.716690 -0.243100 -0.163940
5.189640 -0.302690 1.422040
2.316770 -0.179430 -0.468340
4.659320 -0.280340 -1.224930
5.715920 -0.329740 -0.977360
4.248490 -0.251650 -2.538700
2.868790 -0.180830 -2.841490
4977570 -0.279920 -3.341970
1.926030 -0.144440 -1.836200
2.547320 -0.152300 -3.878060
0.873730 -0.083000 -2.094310

0.314140 -2.229490 1.881350
-1.327720 -2.979120 1.572930
0.869130 -2.404720 -0.564460
-0.766080 -3.161850 -0.896900
-3.158530 -2.260080 -0.204310
-2.923410  0.165360 -0.235570
-4.305260 0.254050 -0.530190
0.115560 2.402040 0.314790
-2.092850 1.352510 -0.096880
-2.615960 2.653950 -0.233880
1.170920 2.291610 0.527780
-0.434040 3.652600 0.173830
-1.811300 3.772700 -0.102400
-3.666340 2.800740 -0.445430
-2.252200 4.758090 -0.214740
0.182010 4.539060 0.274150
-5.086340 -0.878020 -0.657670
-4.772150 1.221400 -0.661810
-6.142970 -0.784420 -0.884510
-2.741860 -3.253270 -0.082640
-4.508120 -2.145500 -0.492750
-5.114210 -3.039970 -0.591230
1.326330 -0.091340 3.780780
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Optimized geometry for the TS from 27 to 7f-H*

C -0.857940 -1.199770 0.005540 H -0.367400 -2.647910 2.075850
O 0.719580 0.239360 2.816980 H 1.412180 -2.553460 1.566520
C 0.368230 -2.579460 1.280380 H 0.735490 -2.486780 -0.819490
C -2.298710 -1.189280 -0.134900 H -0.760290 -3.333400 -0.357210
C 1.698330 0.063740 1.894960 C -3.066690 -2.376640 -0.173970
C 1.318240 -0.075050 0.554610 C -2.966170 0.068610 -0.250520
C 3.066090 0.049810 2.269630 C -4.366550 0.069480 -0.428990
C -0.135730 -0.028310 0.204250 C -0.047610 2.453110 0.155360
C -0.787720 1.246380 0.053570 C -2.194050 1.304030 -0.191650
C -0.074080 -2.525690 -0.092440 C -2.788230 2.574950 -0.346690
H 3.329860 0.138490 3.319410 H 1.015010 2.402840 0.360530
C 4.039700 -0.066170 1.310190 C -0.658070 3.678800 -0.010300
C 3.711020 -0.156470 -0.071270 C -2.039810 3.736850 -0.264220
H 5.085600 -0.078770 1.601850 H -3.850110 2.659730 -0.539040
C 2.331750 -0.140950 -0.459480 H -2.527920 4.697900 -0.391150
C 4.715020 -0.253700 -1.066400 H -0.076520 4.591880 0.060860
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H 5.755880 -0.272030 -0.756270 c -5.093470 -1.107810 -0.472600
C 4.380900 -0.320730 -2.403260 H -4.898140  1.007040 -0.531560
C 3.023120 -0.295030 -2.790090 H -6.169880 -1.071990 -0.604840
H 5.157090 -0.392550 -3.158130 H -2.593880 -3.341920 -0.039500
C 2.020760 -0.214200 -1.843510 C -4.439930 -2.340960 -0.339000
H 2.763330 -0.341240 -3.843040 H -5.005630 -3.266490 -0.358200
H 0.982940 -0.195980 -2.159500 H 1.105270 0.316390 3.701800
Optimized geometry for 7f-H*
C -1.031650 -1.223140  0.440160 H 0.994960 -1.952660  2.441390
o 0.942830 0.516750 2.882780 H 1.896850 -2.632620  1.080390
c 1.048790 -2.004270 1.352780 H -0.171340 -3.127250 -0.092150
C -2.424210 -1.106150 0.107080 H -0.827480 -3.097760  1.538950
C 1.801150 0.277170 1.920710 C -3.281160 -2.231190  0.120970
C 1.239380 -0.511000 0.775500 C -2.944170  0.179140 -0.235390
C 3.146020 0.648480 2.005070 C -4.322450  0.272190  -0.539290
c -0.205440 -0.137310  0.422100 C 0.198340 2.289160 -0.022250
C -0.665580 1.172030  0.046590 C -2.050550 1.334740 -0.271140
C -0.301760 -2.492930 0.793470 C -2.499220 2.628290 -0.625510
H 3.522870 1.128610 2.902270 H 1.254300 2.165840  0.197250
C 3.973430 0.423240 0.923170 C -0.272800 3.538750 -0.377740
C 3.524800 -0.145530 -0.303500 C -1.635570 3.708140 -0.676670
H 5.015840 0.720540  0.997500 H -3.542340 2.790590 -0.868950
C 2.168150 -0.551850 -0.429860 H -2.013380 4.687350 -0.953420
C 4.413140 -0.265380 -1.397110 H 0.407080 4.383360 -0.426550
H 5.444090 0.052550 -1.277130 C -5.144260 -0.841180 -0.515310
C 3.964730 -0.773130 -2.604490 H -4.758290  1.229280 -0.799610
C 2.623770 -1.160290 -2.730210 H -6.197970 -0.735390  -0.754090
H 4.640980 -0.864320 -3.447110 H -2.874740 -3.204060  0.377140
C 1.736160 -1.052480 -1.656920 C -4.622740 -2.104880 -0.185770
H 2.262480 -1.547050 -3.677720 H -5.270750 -2.975530 -0.170990
H 0.701590 -1.347320 -1.788690 H 1.354650 0.968130  3.640630
Optimized geometry for the TS from 27 to 24f-H*
C 0.949650 -1.137800 0.322500 H -0.395680 -3.663020 -1.121240
o -0.684500 -1.629970 -2.300170 H 1.397560 -3.206530 -1.168580
C 0.442620 -3.162480 -0.653200 H -0.675920 -2.459380  1.009940
C 2.370280 -0.925620 0.491510 H 0.954330 -3.034090 1.392710
C -1.709270 -1.125650 -1.528320 C 3.234900 -1.949350 0.948860
C -1.338650 -0.409380 -0.403010 C 2.917400 0.362460 0.208470
C -3.063360 -1.376530 -1.848010 C 4.297030 0567510 0.426200
C 0.117490 -0.143150 -0.168030 C -0.186960 2.189290 -0.970520
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C 0.652740 1.160530 -0.467920 C 2.046100 1.421220 -0.285530
C 0.347050 -2.511150 0.639830 C 2.529860 2.706690 -0.611840
H -3.310720 -1.936240 -2.745440 H -1.240250  1.984530 -1.115810
C -4.050070 -0.906450 -1.015330 C 0.319160 3.434350 -1.281650
C -3.732230 -0.191560 0.169700 C 1.688510 3.693580 -1.096500
H -5.092910 -1.090840 -1.255030 H 3.579970 2.940300 -0.490500
C -2.354990 0.061280 0.487610 H 2.093110 4.671660 -1.336740
c -4.745290 0.277650 1.048070 H -0.336280 4.208320 -1.667030
H -5.783580  0.082920  0.794690 C 5.119760 -0.449130 0.881640
C -4.421840  0.960900 2.198350 H 4.735380 1.539910  0.240580
C -3.064150  1.204390 2.517180 H 6.176880 -0.258850 1.035690
H -5.203640 1.313590  2.863450 H 2.855710 -2.945010 1.143370
C -2.056030 0.769360 1.685140 C 4586210 -1.718760 1.142010
H -2.815340 1.741010 3.427610 H 5226110 -2.521340 1.493490
H -1.020700  0.963680  1.943430 H -1.043660 -2.104100 -3.066650
Optimized geometry for 7f-H*
C 1.014660 -1.151820 0.307910 H -0.430860 -4.186160 -0.592420
o -0.653190 -2.353060 -1.633100 H 1.051580  -3.469090 -1.335670
C 0.167420 -3.285060 -0.727870 H -0.464710  -2.481380 1.156780
C 2419970 -0.861580 0.497650 H 1.128320 -3.181160  1.124940
C -1.716740 -1.577190 -1.024640 C 3.329350  -1.831530  0.992540
C -1.305840 -0.506100 -0.264020 C 2.912330  0.447960 0.204530
C -3.039390 -1.989310 -1.239960 C 4276850  0.726770  0.454930
C 0.149300 -0.178880 -0.144490 C -0.205780  2.069050 -1.187620
C 0.638940 1.123130 -0.554110 C 2.015390  1.443040 -0.365790
C 0.450030 -2.538840 0.561290 C 2.469080  2.719300 -0.779280
H -3.263440 -2.847880 -1.863810 H -1.242450  1.815490 -1.372160
C -4.033420 -1.258720 -0.633280 C 0.270230  3.301350 -1.588760
C -3.716960 -0.171470  0.224070 C 1.618950  3.633430 -1.371400
H -5.073210 -1.529720 -0.783690 H 3.509010  2.992110 -0.649640
C -2.345440  0.201820  0.435520 H 1.999090  4.601650 -1.681780
C -4.742540  0.539750  0.904110 H -0.394980  4.007050 -2.076270
H -5.775640  0.255130  0.728530 C 5.135490  -0.235830  0.950040
C -4.434190 1.556790 1.777200 H 4.670150  1.716620 0.259870
C -3.082070  1.901540 2.013530 H 6.176830  0.010590 1.131920
H -5.224700 2.089870 2.295570 H 2.989860 -2.836640 1.209750
C -2.063460  1.244100 1.360300 C 4.658740 -1.530670 1.214540
H -2.845510 2.690280 2.720610 H 5.329550 -2.293250 1.597270
H -1.033290 1.514870 1.556410 H -0.925390  -2.790030 -2.462920

5. Experiments of Chapter 5
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a. Synthesis

Compound 46

To a stirred solution of dibenzolj, fluoranthen-1-yl trifluoromethanesulfonate (121 mg, 0.270
mmol), PdCIz2(PPhz)2 (19.0 mg, 0.0270 mmol), PPhs (14.2 mg, 0.0540 mmol), Cul (257 mg,
1.35 mmol), LiCl (34.2 mg, 0.810 mmol) and a crystal of 2,6-di-tert-butyl-p-cresol in dry DMF
(5.0 mL) was added tributyl(1-phenylvinyl)stannane'?® (278 mg, 0.810 mmol) and the
reaction mixture was stirred for 2 h at 80 °C. After cooling to 25 °C, the reaction mixture was
diluted with Et2O and filtered through a pad of silica gel, and the organic phase was washed
two times with saturated aqueous KF followed by brine, dried over MgSQs4, and concentrated
under reduced pressure. The residue was purified by amine-modified silica gel column
chromatography (hexanes/EtOAc) to give the title compound (97.6 mg, 89%) as orange
solids: mp 76-77 °C; 'H NMR (600 MHz, Chloroform-D) & 5.31 (s, 1H), 5.93 (s, 1H), 7.26—
7.29 (m, 1H), 7.31-7.38 (m, 3H), 7.47 (d, J= 8.3 Hz, 1H), 7.49 (ddd, J= 8.3, 6.9, 1.4 Hz, 1H),
7.61-7.64 (m, 2H), 7.67 (ddd, J = 8.3, 6.9, 1.4 Hz, 1H), 7.70-7.76 (m, 2H), 7.81 (d, J = 8.3
Hz, 1H), 7.88 (d, J = 7.6 Hz, 1H), 8.59 (d, J= 7.6 Hz, 1H), 8.64 (d, J = 8.3 Hz, 1H), 8.69 (d,
J=8.3Hz, 1H), 8.74 (d, J= 8.3 Hz, 1H), 8.92 (d, J = 7.6 Hz, 1H) ppm; '°C NMR (150 MHz,
Chloroform-D) 6 119.0, 123.0, 123.4, 124.7, 124.9, 125.1, 125.7, 126.1, 127.0, 127.1, 127.2,
127.7,128.11, 128.14, 128.5, 128.6, 129.3, 129.6, 130.6, 131.3, 131.6, 132.7, 134.6, 135.6,
135.8, 137.3, 139.7, 140.0, 149.8 ppm; IR (ATR) 3055, 3024 cm™'; HRMS-ESI (m/z) [M +
H]* calcd for Ca2H21 405.1638, found 405.1634.

Synthesis of 47 via the photoinduced oxidative cyclization of 46

A solution of 46 (16.2 mg, 0.0400 mmol) and DDQ (20.0 mg, 0.0880 mmol) in dry PrCN (4
mL) was irradiated with blue LEDs for 60 h. The reaction mixture was diluted with CHCIs, and
the organic phase was washed with saturated aqueous NaHCOs followed by water, dried
over MgSOQzu, filtered through a pad of silica gel, and concentrated under reduced pressure.
The residue was purified by silica gel column chromatography (hexanes/EtOAc) to give the
titte compound (12.4 mg, 77%) as purple solids: mp 180-182 °C; 'H NMR (500 MHz,
Chloroform-D) & 7.43-7.72 (m, 8H), 7.72—-7.84 (m, 3H), 7.97 (d, J = 8.6 Hz, 1H), 8.06 (t, J =
7.5 Hz, 1H), 8.12 (d, J = 8.0 Hz, 1H), 8.80 (d, J = 8.3 Hz, 1H), 8.89 (d, J= 7.2 Hz, 1H), 8.95
(d, J=6.9 Hz, 1H), 9.04 (d, J= 7.7 Hz, 1H) ppm; '3C NMR (125 MHz, Chloroform-D) 5 123.4,
124.1,124.2, 124.6, 125.0, 125.5, 125.8, 127.1, 127.3, 127.6, 127.9, 128.0, 128.5, 128.75,
128.80, 129.4, 129.8, 130.2, 130.48, 130.54, 132.0, 132.5, 134.2, 134.4,134.5, 135.1, 135.8,
138.9, 139.9, 143.7 ppm; IR (ATR) 3051, 3028, 2924 cm~'; HRMS-ESI (m/z) [M + H]* calcd
for Cs2H19 403.1482, found 403.1485.

Compound 49
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To a stirred solution of 9-(tert-butyl)-5-(3,5-di-tert-butylphenyl)dibenzolj, lfluoranthen-1-ol3!
(9.00 g, 16.0 mmol) and diisopropylethylamine (5.0 mL, 29 mmol) in dry DCM (50 mL) was
added Tf20 (4.0 mL, 24 mmol) at 0 °C. After stirring for 20 min at 25 °C, the reaction was
quenched with 1 M aqueous HCI and diluted with EtOAc. Phases were separated, and the
organic layer was washed with water followed by brine, dried over MgSO4 and evaporated.
To the residue was added hexane and the precipitates formed were collected and dried under
reduced pressure. The resulting orange solids were used without further purifications.

Compound 53

To a stirred solution of 52 (5.11 g, 7.36 mmol), 1,1-Bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)ethene (2.47 g, 8.82 mmol), KsPOs (3.12 g, 14.7 mmol), and Pd(PPhs)4
(850 mg, 0.736 mmol) in dry dioxane (74 mL) was added water (132 mL, 7.36 mmol) and the
reaction mixture was heated to 100 °C. After stirring for 2 h, the reaction mixture was diluted
with water and Et20. Phases were separated, and the organic layer was washed with water
followed by brine, dried over MgSO4 and concentrated under reduced pressure. The residue
was purified by silica gel column chromatography (hexanes/EtOAc) followed by
recrystallization from pentane to give the title compound (3.55 g, 69%) as orange solids: mp
174-176 °C; 'H NMR (500 MHz, Chloroform-D) & 0.78 (br s, 6H), 1.01 (br s, 6H), 1.47 (s,
18H), 1.55 (s, 9H), 6.24 (d, J= 3.1 Hz), 6.46 (d, J = 2.9 Hz, 1H), 7.54-7.62 (m, 4H), 7.64 (d,
J=1.7 Hz, 2H), 7.79 (dd, J = 8.9, 1.7 Hz, 1H), 7.89 (d, J = 8.3 Hz, 1H), 8.72-8.79 (m, 3H),
8.83 (dd, J=8.0, 1.4 Hz, 1H), 8.90 (d, J = 8.6 Hz, 1H) ppm; '3C NMR (125 MHz, Chloroform-
D)d24.2,24.5,31.5,31.7,35.1,35.2,83.7, 119.1, 121.6, 122.4, 123.1, 124.7, 125.0, 125.4,
125.5, 125.7, 127.6, 127.8, 128.2, 128.9, 129.4, 130.8, 131.0, 131.6, 132.1, 133.5, 133.6,
134.9, 136.6, 137.9, 139.7, 141.9, 142.1, 148.4, 151.3 ppm; IR (ATR): 2962, 2904, 2866 cm"~
1 HRMS-FAB (m/z): [M + H]* calcd for CsoHseBOz2, 699.4368; found, 699.4377.

1,1-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethene

This compound was prepared according to the literature method'?® with modified procedure:
To a stirred solution of TMP (6.8 mL, 40 mmol) in dry THF (20 mL), Et2O (20 mL) and pentane
(5 mL) was added n-BuLi (1.6M in hexane, 26 mL, 40 mmol) at 0 °C. After stirring for 10 min
at 25 °C, this solution was slowly added to a stirred solution of Bzpinz (5.08 g, 20.0 mmol)
and vinyl bromide (1.0 M in THF, 40 mL, 40 mmol) in dry Et2O (40 mL) and pentane (10 mL)
at —130 °C via a syringe pump over 1 h. After stirring for 15 min at —130 °C, 1.5 h at —98 °C,
and 12 h at 25 °C, the reaction was quenched with water. Phases were separated, and the
organic layer was washed with water followed by brine, dried over MgSQO4 and concentrated
under reduced pressure. To the residue was added hexanes, and the resulting suspension

was filtered though a pad of diol-modified silica gel and concentrated under reduced pressure.
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The residue was purified by kugelrohr distillation (1.8 mmHg, 180 °C) to give the title
compound (3.22 g, 57%) as white solids. The spectroscopic data were in good agreement
with those reported.

Compound 54

6 test tubes, each containing a solution of 53 (69.8 mg, 0.100 mmol) and DDQ (49.9 mg,
0.220 mmol) in dry PrCN (4.0 mL) were placed in a photo reactor and irradiated with blue
LEDs for 60 h. The resulting solution was washed with saturated agueous NaHCOs3, dried
over MgSOs, and concentrated under reduced pressure. The same reactions were carried
out for another 30 test tubes, and the combined crude reaction mixtures was purified by silica
gel column chromatography (hexane/EtOAc) to give the title compound (2.43g, 97%) as red
solids: mp 220-221°C; 'H NMR (500 MHz, Chloroform-D) & 1.50 (br s, 30H), 1.56 (s, 9H),
7.58 (s, 1H), 7.73 (s, 2H), 7.81 (t, J= 7.9 Hz, 1H), 7.85 (dd, J= 8.6, 1.2 Hz, 1H), 7.97 (d, J =
7.5Hz, 1H), 8.14 (d, J= 8.6 Hz, 1H), 8.20 (s, 1H), 8.28 (s, 1H), 8.66 (d, J= 8.6 Hz, 1H), 8.79
(s, 1H), 8.95 (d, J = 8.0 Hz, 1H), 9.02 (d, J = 8.6 Hz, 1H), 9.10 (s, 1H) ppm; 3C NMR (125
MHz, Chloroform-D) & 25.0, 31.5, 31.7, 35.1, 35.2, 84.1, 119.8, 121.5, 123.0, 123.7, 124.2,
124.3, 124.4, 125.3, 125.9, 127.0, 127.3, 128.4, 128.7, 129.0, 129.7, 130.9, 131.2, 132.0,
133.9, 134.0, 134.9, 136.2, 142.3, 142.7, 148.0, 148.9, 151.4 ppm; IR (ATR): 2962, 2904,
2866 cm~'; HRMS-FAB (m/z): [M + H]* calcd for CsoHs4BO2, 697.4211; found, 697.4225.

Compound 52

To a flask containing 49 (1.89 g, 2.72 mmol), 54 (2.27 g, 3.26 mmol), KsPO4 (924 mg, 4.35
mmol), and Pd(PPhs)s (314 mg, 0.272 mmol) was added dry dioxane (27 mL) and the
resulting mixture was heated to 100 °C. After stirring for 12 h, water (50 mL, 2.7 mmol) was
added, and the reaction mixture was further stirred at 100 °C for 1.5 h. After cooling to 25 °C,
the reaction mixture was diluted with water and Et2O. Phases were separated, and the
organic layer was washed with brine, dried over MgSO4 and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography (hexanes/EtOAc)
followed by recrystallization from pentane to give the title compound (1.38 g, 46%) as red
solids: mp >250 °C; '"H NMR (500 MHz, Chloroform-D) & 1.50 (s, 18H), 1.51 (br s, 27H), 1.59
(s,9H), 6.47 (t, J=7.7 Hz, 1H), 7.04 (t, J= 7.5 Hz, 1H), 7.48 (d, J= 7.5 Hz, 1H), 7.51 (s, 1H),
7.59 (s, 1H), 7.61 (s, 1H), 7.64 (t, J= 7.7 Hz, 1H), 7.73 (d, J = 1.7 Hz, 2H), 7.74 (d, J = 1.7
Hz, 2H), 7.82 (dd, J = 8.9, 1.4 Hz, 1H), 7.87 (d, J = 8.0 Hz, 1H), 7.90-7.95 (m, 2H), 7.97—
8.02 (m, 1H), 8.04 (d, J = 8.3 Hz, 1H), 8.13 (s, 1H), 8.27 (s, 1H), 8.49 (d, J = 8.3 Hz, 1H),
8.67 (s, 1H), 8.76 (d, J= 8.1 Hz, 1H), 8.84 (s, 1H), 8.89 (s, 1H), 8.91 (d, J= 8.6 Hz, 1H), 8.98
(d, J = 8.9 Hz, 1H), 9.12 (d, J = 8.6 Hz, 1H), 9.21 (s, 1H) ppm; C NMR (125 MHz,
Chloroform-D) 6 31.4, 31.6, 31.7, 35.15, 35.20, 35.3, 119.2, 120.0, 121.7, 121.8, 122.4, 122.5,
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123.0, 123.6, 124.0, 124.5, 124.8, 124.9, 125.2, 125.4, 125.5, 125.6, 125.7, 125.8, 126.1,
127.3, 127.4, 127.46, 127.52, 128.3, 128.49, 128.53, 128.70, 129.0, 129.2, 129.9, 130.0,
130.70, 130.74, 131.2, 132.0, 132.2, 132.8, 133.3, 134.0, 134.3, 134.4, 134.9, 135.0, 135.6,
136.2, 136.6, 138.3, 140.3, 140.8, 140.9, 141.7, 142.1, 142.9, 143.4, 148.4, 149.0, 151.46,
151.48 ppm; IR (ATR): 2958, 2904, 2866 cm~'; HRMS—-FAB (m/z): [M + H]* calcd for CssHss,
1115.6490; found 1115.6495.

Compound 8a

To a stirred solution of 52 (603 mg, 0.541 mmol) and DDQ (270 mg, 1.19 mmol) in dry DCM
(60 mL) was added TfOH (0.47 mL, 5.4 mmol). After stirring for 5 min, the reaction was
quenched with EtsN. The organic layer was washed with water, dried over MgSO4 and
concentrated under reduced pressure. The residue was dissolved with CSa, filtered through
a pad of silica gel, and concentrated under reduced pressure. To the residue was added
pentane and the precipitate formed was collected, washed several times with MeOH and
pentane, and dried under reduced pressure to give the title compound (95.2 mg, 16%) as
dark purple solids. Recrystallization from CSz, NO2Ph and cyclohexane by slow evaporation
gave purple needles suitable for X-ray crystallographic analysis: mp >250 °C; '"H NMR (600
MHz, Chloroform-D/CS:2 (1/1)) & 1.51 (s, 36H), 1.67 (s, 18H), 7.54 (t, J= 1.7 Hz, 2H), 7.73
(d, J=2.1 Hz, 4H), 8.00-8.05 (m, 4H), 8.13 (d, J= 8.3 Hz, 2H), 8.30 (s, 2H), 8.79 (d, J= 8.3
Hz, 2H), 9.08 (s, 2H), 9.13 (s, 2H), 9.14 (d, J = 8.9 Hz, 2H), 9.33 (d, J= 8.3 Hz, 2H) ppm; '3C
NMR (150 MHz, Chloroform-D/CS2 (1/1)) 6 31.2, 31.3, 34.6, 34.8, 118.2, 119.9, 121.8, 123.1,
123.8, 124.0, 124.6, 125.0, 125.7, 126.1, 127.3, 127.8, 128.1, 128.9, 129.5, 130.3, 130.8,
132.0, 132.3, 133.8, 134.7, 135.6, 136.3, 138.3, 140.6, 142.3, 142.9, 144.4, 148.0, 151.5
ppm; IR (KBr) 2952, 2924, 2849 cm™'; HRMS-FAB (m/z): [M + HI* calcd for CssH7o,
1111.6182; found, 1111.6166.

Compound 8b

The detailed procedure for the preparation of this compound is described in literature;3! dark-
purple solids: mp 138-140 °C; "H NMR (500 MHz, Chloroform-D) & 0.82 (t, J = 6.4 Hz, 12H),
0.96 (t, J = 7.3 Hz, 6H), 1.12-1.38 (m, 52H), 1.67 (s, 18H), 1.97-2.07 (m, 12H), 7.97-8.04
(m, 6H), 8.06 (s, 2H), 8.75 (d, J = 8.3 Hz, 2H), 8.98 (s, 2H), 9.06-9.10 (m, 4H), 9.30 (d, J =
8.3 Hz, 2H) ppm; '3C NMR (125 MHz, Chloroform-D) & 13.7, 14.7, 16.8, 22.3, 23.4, 29.1,
29.3, 30.3, 31.4, 31.6, 35.1, 38.0, 38.1, 40.6, 44.5, 118.3, 120.2, 123.1, 123.8, 124.0, 124.7,
125.8, 126.1, 127.6, 128.2, 128.6, 128.9, 130.5, 130.9, 132.3, 132.4, 133.7, 134.4, 135.5,
136.4,137.8, 141.5, 142.5, 148.3, 150.6 ppm; IR (ATR) 2951, 2924, 2850 cm~'; HRMS-APCI
(m/z) [M + HJ* calcd for CogH119 1295.9306, found 1295.9309.
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b. DFT Calculations

All the calculations were performed on Gaussian 16 program. The geometries for the
racemization were optimized at the B3LYP/6-31G(d,p) level of theory. The geometries for the
cyclization reaction were calculated at the SMD(MeCN)/TD-CAM-B3LYP/6-31G(d,p) (for
electrocyclization mechanism) or the SMD(MeCN)/B3LYP/6-31G(d,p) (for radical
mechanism) level of theory. The TS structures were verified by vibrational frequency analysis
and intrinsic reaction coordinate calculations performed at the same level of theory as that
for the geometry optimizations. Electronic transitions were simulated by time-dependent DFT
(TD-DFT) calculations at the CPCM(CHCI3)/B3LYP/6-311+G(d,p) level of theory for the
structure optimized at the CPCM(CHCI3)/B3LYP/6-31G(d) level of theory. NICS(1) values
were calculated using the standard GIAO (GIAO=NMR) at the level of BALYP/6-311+G(2d,p)
for the structure optimized at the B3LYP/6-31G(d) theoretical level.

Optimized geometry for 8a

O

0.709580 4.415020 -0.155590
3.405690 3.961330 -0.807550
1.171800 3.085160 -0.185730
1.548610 5.499160 -0.430190
2.870730 5.267680 -0.762870
2.545520 2.851170 -0.487410
1.165660 6.515130 -0.397900
3.505820 6.121550 -0.965640
4.809320 3.718140 -1.138080
7.527060 3.268880 -1.747340
5.375340 2.412410 -0.975580
5.649630 4.749210 -1.616750
6.994430 4.565390 -1.923580
6.739980 2.228630 -1.291790
5.222850 5.732160 -1.775920
7.176900 1.240760 -1.207240
8.565960 3.066720 -1.981710
1.195710 -0.016420 0.342300
2.514500 0.357060 0.111000
2.057350 -2.160590 1.277870
3.561000 -0.559540 0.346250
1.022990 -1.294930 0.997340
3.397570 -1.827380 0.914980
4.812370 -0.013740 -0.051160
4.491320 -3.605110 1.508830
1.847950 -3.100240 1.782240

9.211240 -3.706650 0.084510
7.910440 -2.353780 -0.974290
9.335170 -4.474120 1.258080
10.229480 -5.071140 1.390960
8.489620 -5.323650 3.544430
8.457890 -4.379040 4.769780
7.312560 -6.323740 3.639840
9.803600 -6.126310  3.593500
9.288030 -3.663960 4.734490
7.524910 -3.808160 4.821660
8.547190 -4.957570 5.697330
7.315150 -7.014080 2.788260
7.392390 -6.917510 4.558550
6.343630 -5.813790 3.656000
9.848130 -6.699120 4.526570
9.878590 -6.838950 2.764210
10.683120 -5.473080 3.564680
10.334630 -3.744400 -0.970150
10.521950 -5.195310 -1.474550
10.028610 -2.851250 -2.187590
11.655310 -3.250020 -0.332670
10.788400 -5.879420 -0.662110
9.603120 -5.569140 -1.941160
11.323510 -5.236820 -2.222080
9.911470 -1.799300 -1.903260
10.856560 -2.910060 -2.902970
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5.935710

6.931740

5.815200

4.567090

3.150070

4.524890

0.001480

0.001940
-8.560700
-7.521770
-4.804070
-6.735430
-6.988390
-5.643640
-5.370830
-5.216290
-3.400500
-0.704410
-2.541100
-2.864870
-1.542760
-1.167370
-3.499390
-1.159250
-5.933340
-4.809660
-4.566520
-3.558900
-5.813830
-3.396570
-2.511820
-1.848490
-4.491320
-1.193430
-1.021880
-2.056920
-4.521200
-3.146390
-0.021100

0.021840
-7.172960
-6.929140

-0.802270
-0.447710
-2.108580
-2.605870
1.572600
1.357080
0.784970
2.181220
3.064580
3.266940
3.716770
2.227770
4.562590
4.746710
2.411860
5.728930
3.960380
4.414880
2.850900
5.266600
5.498510
3.085190
6.120100
6.514380
-0.799150
-0.011470
-2.599080
-0.556160
-2.103600
-1.821620
0.359110
-3.091240
-3.596270
-0.014070
-1.289780
-2.153710
1.357640
1.573030
-1.577890
-1.583890
1.240450
-0.445430

0.135660
-0.103000
0.707400
1.089510
-0.378410
-0.515720
-0.008010
-0.005190
1.978370
1.744280
1.135240
1.285010
1.924490
1.617660
0.968780
1.779770
0.804770
0.153280
0.480290
0.764340
0.431930
0.178810
0.970370
0.403070
-0.152400
0.035800
-1.115730
-0.365150
-0.728590
-0.939420
-0.127440
-1.814150
-1.539970
-0.361380
-1.022130
-1.305450
0.504850
0.367190
-1.321130
1.294220
1.197270
0.088470
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9.118310
12.466310
11.555630
11.957010

-10.284520
-9.667590
-10.799780
-11.491620
-9.302200
-8.827570
-10.419950
-11.251880
-11.561460
-9.995630
-12.224480
-11.994500
-11.201490
-8.554080
-9.837590
-7.377090
-8.704570
-10.725310
-9.755450
-10.003050
-6.436020
-7.574140
-7.235490
-8.862510
-7.803380
-9.555450
-7.827300
-7.218100
-7.825400
-9.291320
-7.214950
-6.186860
-7.804900
-8.261420
-8.416820
-6.813140
-9.846930
-9.791680

-3.168560
-3.277440
-2.218190
-3.871290
-3.707330
-4.223280
-2.262810
-4.600280
-5.250600
-3.602390
-4.216430
-1.873220
-2.240380
-1.580290
-4.555320
-4.271890
-5.649670
-5.342940
-4.878810
-5.233560
-6.829240
-4.974600
-3.829770
-5.484210
-5.574510
-5.861570
-4.206390
-7.450220
-7.189590
-6.986610

5.742640

6.258000

6.886370

5.344020

5.470050

6.602240

7.100890

6.552590

7.734410

7.250050

6.214860

4.989990

-2.708930
-1.070600
0.023900
0.517050
0.997170
2.319300
1.203330
0.652460
2.206100
2.647890
3.117380
0.283780
1.992190
1.497650
1.465860
-0.264300
0.527120
-3.542230
-4.271470
-4.530270
-3.138140
-3.637560
-4.578820
-5.171000
-4.083840
-5.406360
-4.885120
-4.028330
-2.628470
-2.467120
2.452600
3.778490
1.410170
2.721340
4.540530
3.647220
4.163550
0.461450
1.776300
1.204730
3.086740
1.812750



C -7.039330 -2.926860 -0.919810 H -9.368680  4.559820  3.482990
C -7.202910 -3.705360 -2.080580 C 7.834170  5.746660 -2.447640
C -8.047530 -2.942440 0.049830 C 7.225960  6.266240 -3.772330
C -8.342100 -4.487430 -2.277750 C 7.832170  6.887260 -1.401790
H -6.430010 -3.665680 -2.839040 C 9.298170  5.348210 -2.716720
C -9.209290 -3.715590 -0.107290 H 7.222880  5.480550 -4.536710
H -7.908760 -2.359050 0.955160 H 6.194800 6.610540 -3.640610
C -9.330410 -4.475000 -1.275090 H 7.813360  7.110000 -4.154550
H -10.218590 -5.078270 -1.420090 H 8.267510  6.550460 -0.453830
C 7.041050 -2.930830 0.900850 H 8.424170  7.736130 -1.765060
C 7.206220 -3.707730  2.052360 H 6.819960  7.250780 -1.195840
C 8.055370 -2.940020 -0.074430 H 9.854400  6.219920 -3.079090
C 8.352640 -4.493070 2.253110 H 9.797820  4.991140 -1.808920
H 6.434440 -3.676060 2.815440 H 9.375650  4.566330 -3.480750
Optimized geometry for 8c
C -0.000001  0.781359  0.000001 H -3.591846 -4.546980  0.569972
C -0.000001 -0.613638 -0.000007 H -1.200991 -4.943982  0.268192
C 1.585318 -3.928508 -0.255260 H 1.200984 -4.943974 -0.268333
C 2.935156 -3.696066 -0.437613 H 3.591840 -4.546969 -0.570086
C 0.719882 -2.845867 -0.073977 H -0.128716  3.141122  1.302852
c 1.182288 -1.516787 -0.049732 H 1.629016  4.660857  1.993041
C 2.579976 -1.280847 -0.196327 H 0.128707 3.141131 -1.302841
C 3.470602 -2.389756 -0.420436 H -1.629029  4.660852 -1.993046
C 3.169085 -0.003469 -0.020854 C 4.410588 4.177244  1.601542
C 4550496 0.211995 -0.008194 H 4.297744 5166771 2.035570
c 5.447206 -0.841159 -0.375101 C 5.673949 3.663500 1.350858
c 4.899413 -2.147243 -0.593867 H 6.545526  4.265741  1.590786
C 4.786328 1.579578  0.490583 C 5.882401 2.371567  0.800982
C 3.499566 2.128736  0.750011 H 6.902167 2.033499  0.656864
C 3.266780 3.396569  1.296440 c -4.410604 4.177214 -1.601587
C 2.484674 1.211432  0.398157 H -4.297764 5166736 -2.035627
C 1.148288 1.581874 0.482684 C -5.673965 3.663451 -1.350935
C 0.900044 2.857045 1.118638 H -6.545544  4.265671 -1.590903
C 1.894920 3.723413  1.512239 c -5.882411  2.371522 -0.801044
C -1.585324 -3.928514  0.255156 H -6.902174  2.033422 -0.656982
C -2.935160 -3.696075 0.437525 C 5.789853 -3.180087 -0.975342
C -0.719885 -2.845869  0.073906 H 5.406522 -4.172485 -1.180979
C -1.182289 -1.516788  0.049701 C 6.839160 -0.640228 -0.542894
C -2.579975 -1.280850 0.196313 H 7.246985 0.354544 -0.415655
C -3.470602 -2.389763  0.420399 C 7.144944 -2.957754 -1.126152
C -3.169084 -0.003469  0.020865 H 7.795540 -3.773291 -1.427273
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C -4.550493  0.211993  0.008215 C 7.676464 -1.674342 -0.907530
C -5.447197 -0.841154  0.375157 H 8.739158 -1.493613 -1.039297
C -4.899407 -2.147247  0.593873 C -5.789843 -3.180091  0.975357
C -4.786333  1.579565 -0.490586 H -5.406514 -4.172499  1.180950
C -3.499572  2.128733 -0.750002 C -6.839136 -0.640201  0.543046
C -3.266791  3.396558 -1.296449 H -7.246943  0.354592  0.415902
C -2.484677 1.211434 -0.398145 C -7.144925 -2.957744  1.126236
C -1.148292  1.581877 -0.482675 H -7.795517 -3.773282  1.427362
C -0.900052 2.857049 -1.118630 C -7.676436 -1.674314  0.907695
C -1.894932  3.723410 -1.512240 H -8.739117 -1.493571  1.039540
Optimized geometry for the TS of racemization
C 0.000112  0.994936 -0.927493 H 3.533737 -4.445923 -1.053168
C 0.000108 -0.403762 -0.876223 H 1.234790 -4.642695 -1.859228
C -1.591404 -3.693221 -1.472311 H -1.234335 -4.642695 -1.859541
C -2.884858 -3.580217 -0.999311 H -3.533481 -4.445921 -1.054043
c -0.723701 -2.601210 -1.360649 H -0.765818  3.507615 -2.089017
C -1.169947 -1.337233 -0.937795 H -2.454818  5.005150 -1.435049
C -2.490809 -1.230994 -0.440202 H 0.766310 3.507633 -2.088791
C -3.344759 -2.387957 -0.400435 H 2.455141 5.005169 -1.434391
C -3.008627 -0.010964  0.051949 c -4.638761 4.334134  0.265415
C -4.274818  0.096597  0.626805 H -4.689941 5401156 0.068013
C -5.079855 -1.069234  0.839905 C -5.673947 3.691115  0.922584
C -4.628761 -2.311029  0.285830 H -6.531198 4.268066 1.257242
C -4.597102  1.528701 0.721777 C -5.677786  2.289151  1.141550
C -3.509883 2.212729  0.108783 H -6.547576  1.846774 1.612556
C -3.521705 3.581022 -0.176334 c 4.638668 4.334147  0.266604
C -2.470251 1.312652 -0.250346 H 4.689889 5.401172 0.069228
C -1.297483  1.777181 -0.867102 C 5.673693 3.691128 0.924026
C -1.443178  3.135757 -1.348941 H 6.530856 4.268081  1.258906
C -2.454799  4.004465 -1.011576 C 5.677487 2.289161 1.142976
C 1.591767 -3.693219 -1.471920 H 6.547160 1.846785 1.614199
C 2.885107 -3.580213 -0.998607 C -5.452875 -3.449556  0.458020
C 0.724038 -2.601208 -1.360472 H -5.134892 -4.408820 0.067252
C 1.170179 -1.337230 -0.937510 c -6.305676 -1.036845 1.548175
C 2.490921 -1.230990 -0.439598 H -6.624601 -0.110465 2.008372
C 3.344866 -2.387950 -0.399629 c -6.652844 -3.385792  1.139423
C 3.008614 -0.010960 0.052685 H -7.255537 -4.281397  1.256565
C 4.274664 0.096603 0.627852 c -7.081365 -2.168276 1.697204
C 5.079659 -1.069224 0.841132 H -8.013931 -2.119606 2.251522
C 4.628708 -2.311017  0.286936 c 5.452799 -3.449536  0.459299
C 4596915 1.528708 0.722922 H 5.134930 -4.408795 0.068428
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C 3.509843 2212736 0.109666 c 6.305313 -1.036831  1.549691
C 3.521726 3.581032 -0.175432 H 6.624123 -0.110451 2.009969
C 2.470305 1.312656 -0.249730 C 6.652604 -3.385767  1.140990
C 1.297687 1.777185 -0.866770 H 7.255283 -4.281367 1.258256
C 1.443491 3.135768 -1.348556 C 7.080979 -2.168255 1.698892
C 2.455024  4.004479 -1.010932 H 8.013413 -2.119581 2.253430
Optimized geometry for 46*
C 0.171601  3.433032 -0.189410 C 3.805797 -0.347340  0.439675
C -0.466283 2.178816 -0.087159 C 4108439 -0.228472 -0.921741
C 0.213061 0.928331 0.101682 C 5.391034 -0.485125 -1.392372
C 1.619988 0.973004 0.341380 C 6.399948 -0.855004 -0.508796
C 2.245006 2.226879 0.194067 C 6.115962 -0.963667 0.849191
C 1.582705 3.414417 -0.076982 C 4.832673 -0.710165 1.318332
C -0.661827  4.549564 -0.388496 H 3.318283  2.272314  0.350683
c -2.048367  4.390731 -0.487590 H 2.143198  4.340453 -0.156986
C -2.680075 3.156564 -0.387927 H -0.222928  5.538847 -0.473076
C -1.886078 2.006861 -0.180003 H -2.658278  5.272894 -0.658515
C -2.111762  0.619587 -0.058836 H -3.753380  3.100122 -0.512804
C -0.801030 -0.059637 -0.018778 H -2.811628 -4.187785 -0.461819
C -3.318684 -0.133814  0.085068 H -0.707621 -5.290205 -1.006432
C -3.249671 -1.553997  0.066789 H 1.391609 -3.961311 -1.188622
C -1.964164 -2.223680 -0.214797 H 1.340367 -1.548873 -0.751434
C -0.754579 -1.472124 -0.258651 H -4.616516  1.566658 0.371375
C -1.907068 -3.593174 -0.480002 H -6.655215  0.245449  0.696754
C -0.712492 -4.224586 -0.802095 H -6.530154 -2.241771  0.674469
C 0.462416 -3.484011 -0.895605 H -4.397677 -3.361926  0.303177
C 0.437274 -2.127792 -0.631329 H 2.484308 -1.727881 2.322504
C -4.563984  0.488420 0.312594 H 0.916234 -0.746448 2.297122
C -5.710070 -0.254925 0.514034 H 3.327865 0.061704 -1.617662
C -5.639084 -1.646717 0.503813 H 5.602034 -0.395761 -2.453550
C -4.422686 -2.279481  0.287160 H 7.403080 -1.049949 -0.874748
C 2415129 -0.128269 0.931837 H 6.899449 -1.238246 1.548732
C 1.914073 -0.905863  1.903247 H 4623762 -0.778468 2.381033
Optimized geometry for the TS of photocyclization
C 0.201007  3.452531  0.005401 C 3.778174 -0.386487 0.273038
C -0.452045 2.198744 -0.013402 C 4.282284  0.081371 -0.949704
C 0.199823 0.960344 0.044812 C 5.619001 -0.094434 -1.283908
C 1.609060 0.936503  0.246998 C 6.482801 -0.737462 -0.402768
C 2.273300 2.209994 0.219868 C 5.998465 -1.206295 0.815366
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C 1.626454 3.409749 0.100812 C 4.661662 -1.035368 1.148164
C -0.606031 4.589484 -0.063619 H 3.348797 2.217600 0.356709
C -2.000356  4.455348 -0.143652 H 2.190345 4.337249 0.115771
C -2.647096 3.222663 -0.150598 H -0.156813 5577837 -0.058357
C -1.881404 2.045111 -0.079340 H -2.604160 5.355879 -0.203752
C -2.134288  0.640450 -0.064278 H -3.726305 3.207919 -0.228730
C -0.863062 -0.032218 -0.083612 H -2.696406 -4.225124  0.029229
C -3.351936 -0.121603 -0.012688 H -0.541671 -5.301385 -0.332480
C -3.275462 -1.542665 -0.004777 H 1.471425 -3.957522 -0.857922
C -1.972600 -2.210811 -0.129898 H 1.199657 -1.510755 -1.136466
C -0.784520 -1.414857 -0.271184 H -4.701172  1.561403 0.097264
C -1.833092 -3.589449 -0.122845 H -6.738930  0.228195  0.239508
C -0.587738 -4.217241 -0.328492 H -6.602479 -2.262469  0.235505
C 0.535185 -3.474600 -0.598762 H -4.434093 -3.363013  0.080761
C 0.469025 -2.065809 -0.567362 H 2.252524 -2.213913  1.462357
C -4.623967 0.483568 0.078275 H 0.761033 -1.173734 1.734505
C -5.775990 -0.267466 0.167179 H 3.612967 0.568887 -1.650443
C -5.700303 -1.663413  0.168729 H 5.985411 0.266571 -2.239773
C -4.467884 -2.280337 0.084160 H 7.527701 -0.872833 -0.663367
C 2.344300 -0.247180 0.614131 H 6.666750 -1.702302 1.512248
C 1.691933 -1.323072  1.204005 H 4297218 -1.389049 2.107154
Optimized geometry for 48*

C 0.264400 3.408700 -0.312700 C 3.775000 -0.435200 0.226300
C -0.423000 2.206500 -0.181000 C 4.443500 -1.472500 -0.446800
C 0.185500  0.922600 -0.149800 C 5.825100 -1.592600 -0.391600
C 1.609000 0.830500 -0.109200 C 6.580100 -0.691900 0.354600
C 2.306100 2.090700 -0.370400 C 5.934900 0.328400 1.045800
C 1.691800 3.297400 -0.454600 C 4.552700 0.456500 0.983200
C -0.503300 4.591100 -0.329600 H 3.380300 2.053400 -0.496000
C -1.879900 4.519500 -0.210800 H 2.279600 4.192100 -0.638700
C -2.560000 3.288800 -0.077800 H -0.013200  5.554000 -0.439600
C -1.832100 2.111200 -0.065000 H -2.463900 5.434000 -0.224800
C -2.124600  0.668300 0.006700 H -3.639700  3.310700 -0.000700
C -0.903000 -0.025800 -0.103200 H -2.862000 -4.181700 -0.082800
C -3.348400 -0.049500 0.152800 H -0.745900 -5.312400 -0.520300
C -3.312100 -1.476800 0.131500 H 1.318100 -4.052500 -0.908700
C -2.047400 -2.175400 -0.101700 H 0.816100 -1.655900 -1.525800
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C -0.865200 -1.423900 -0.248100 H -4.627400  1.679400  0.385500
C -1.975300 -3.573100 -0.193800 H -6.690300  0.406900  0.682900
c -0.750600 -4.228700 -0.454000 H -6.628300 -2.084900  0.653900
C 0.396900 -3.532800 -0.663100 H -4.527700 -3.257400 0.319600
C 0.453000 -2.056900 -0.567800 H 2.271500 -2.426300 0.620100
C -4.591200  0.599900 0.351700 H 1.037100 -1.501100 1.446600
C -5.750900 -0.113300 0.526800 H 3.871200 -2.181200 -1.037400
c -5.715200 -1.515900 0.511800 H 6.315100 -2.394700 -0.935100
c -4.521500 -2.174800 0.320500 H 7.659900 -0.789600 0.403000
c 2.301300 -0.351000 0.177500 H 6.508900 1.026100 1.647900
C 1.563600 -1.606400 0.491400 H 4.064500 1.240000 1.552200
Optimized geometry for 46+
C -0.153817 3.491780 -0.156454 C -3.722464 -0.366184 -0.197392
C 0.473438 2.240377 -0.030111 C -4.170853 0.287853  0.974350
C -0.200194  1.000485 -0.095435 C -5.473283 0.113504 1.430758
C -1.575117  0.998023 -0.377192 C -6.363113 -0.700828 0.723815
C -2.227931 2274172 -0.484722 C -5.940040 -1.348269 -0.442261
C -1.560112  3.475249 -0.374170 C -4.635611 -1.190818 -0.895497
C 0.684141 4.636482 -0.085017 H -3.288986 2.284865 -0.706539
C 2.051101 4.478688 0.072880 H -2.102126  4.409778 -0.484021
C 2.668311 3.201614 0.159826 H 0.251673 5.629636 -0.163154
C 1.879865 2.062211 0.112657 H 2.685206 5.358579 0.120238
C 2.103904 0.603021 0.142313 H 3.746283 3.166310 0.257354
C 0.845826 -0.026324  0.091626 H 2.587465 -4.267309 -0.214552
C 3.311762 -0.172232 0.156271 H 0.395429 -5.320819 -0.072702
C 3.209806 -1.599393  0.046843 H -1.616126 -3.960804  0.478529
C 1.896316 -2.233736 0.051333 H -1.257225 -1.581881  1.046678
C 0.726876 -1.431680 0.183682 H 4691189 1.489798 0.321341
C 1.724746 -3.629351 -0.064045 H 6.718286 0.123025 0.217269
C 0.466772 -4.241711  0.013876 H 6.542453 -2.355859 -0.015248
C -0.658821 -3.485214 0.291229 H 4.357023 -3.433699 -0.109058
C -0.562840 -2.071378 0.374544 H -2.258163 -2.197150 -1.518303
C 4598744 0.417664 0.222403 H -0.815205 -1.130429 -1.888203
C 5.743354 -0.351592 0.164163 H -3.482810 0.905156 1.541326
C 5.643919 -1.748426  0.033501 H -5.794260 0.609229 2.341748
C 4.402478 -2.354786 -0.022677 H -7.381457 -0.829620 1.078112
C -2.338984 -0.225024 -0.654859 H -6.631961 -1.971455 -1.000412
C -1.684725 -1.312616 -1.268777 H -4.327423 -1.676705 -1.815156
Optimized geometry for the TS of radical cyclization
C 0.120163  3.469954 -0.141504 C 3.750951 -0.318234 0.431017
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C -0.479425 2.201637 -0.082519 C 3.967923 -0.136934 -0.947224
C 0.225183 0.977269 0.137919 C 5.205897 -0.428741 -1.521391
C 1.589836 1.059423  0.461206 C 6.254960 -0.897261 -0.728447
C 2.206925 2.345198 0.375533 C 6.057454 -1.068734 0.644827
C 1.523578 3.507486  0.075494 C 4.821228 -0.779498 1.219556
C -0.734367 4.572754 -0.400242 H 3.267242 2.408377 0.595167
C -2.098539  4.375705 -0.572791 H 2.052433  4.455248 0.041367
C -2.691861 3.097971 -0.478251 H -0.314561  5.571993 -0.468032
C -1.882320  1.995511 -0.215566 H -2.735119 5228724 -0.783984
C -2.090735 0.568908 -0.067544 H -3.759578  3.008665 -0.636209
C -0.786050 -0.072060 -0.004958 H -2.674423 -4.267886 -0.406445
C -3.286506 -0.192455  0.056446 H -0.523197 -5.314023 -0.877677
C -3.193361 -1.621887  0.041482 H 1.548510 -3.932315 -1.047801
C -1.894616 -2.263979 -0.193083 H 1.425324 -1.511222 -0.660157
C -0.692819 -1.478596 -0.220959 H -4.615108  1.499184 0.330172
C -1.789804 -3.643551 -0.419761 H -6.649361  0.146847 0.594085
C -0.563477 -4.244118 -0.698889 H -6.489744 -2.341628 0.550238
C 0.602091 -3.471768 -0.784796 H -4.338048 -3.445111  0.234165
C 0.535115 -2.111230 -0.550089 H 2.523654 -1.521384 2.558174
C -4.550254  0.422239  0.259459 H 0.996861 -0.476447 2.552060
C -5.692986 -0.337717  0.428261 H 3.159694 0.224911 -1.575786
C -5.600445 -1.735717  0.407815 H 5.348821 -0.288520 -2.588987
C -4.369552 -2.362796  0.223049 H 7.220500 -1.118918 -1.173671
C 2.414030 -0.047149 1.030329 H 6.872250 -1.417914 1.272668
C 1.954302 -0.717698 2.102220 H 4688731 -0.892175 2.291067
Optimized geometry for 48+
C -0.200589  3.460727 -0.107074 C -3.774346 -0.398836 -0.098690
C 0.458139 2217044 -0.103713 C -4.342428  0.244351 1.027127
C -0.196071  0.969049 -0.149921 C -5.695182  0.109214  1.326348
C -1.613173  0.925840 -0.215634 C -6.525505 -0.662588 0.508697
C -2.286356 2.212729 -0.206212 C -5.984861 -1.307276 -0.607942
C -1.630418 3.414824 -0.162098 C -4.629900 -1.188265 -0.903191
C 0.610853 4.613061 -0.059174 H -3.365805 2.217682 -0.293744
C 1.999621 4.488014 -0.004039 H -2.195664  4.341931 -0.189781
C 2.645010 3.236558  0.009007 H 0.153694 5598454 -0.062036
C 1.875355 2.069877 -0.040051 H 2.609523 5385147 0.034322
c 2.134437 0.635819 -0.021940 H 3.726204  3.222985 0.061332
C 0.866892 -0.034731 -0.070114 H 2.762175 -4.194778 0.165204
C 3.357472 -0.105227  0.049647 H 0.633420 -5.364395 0.087949
C 3.289104 -1.535586 0.106574 H -1.492497 -4.091329 0.017289
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C 1.982871 -2.196339 0.097447 H -0.946944 -1.892215 1.101386
C 0.779491 -1.421954 0.020958 H 4.698673 1.596721 0.006802
C 1.866444 -3.586284 0.124261 H 6.754932  0.279679 0.135843
C 0.628744 -4.280042 0.083030 H 6.634372 -2.211451  0.244522
C -0.533684 -3.581552 0.036737 H 4.482895 -3.344932 0.222128
C -0.562148 -2.097901 0.080255 H -2.336038 -2.289653 -1.131153
C 4.630089 0.520394 0.061984 H -1.097158 -1.269977 -1.852363
C 5.791906 -0.220999 0.130456 H -3.705771  0.822090 1.688690
C 5.723561 -1.623340 0.190539 H -6.100289  0.600201 2.206393
C 4496138 -2.263026 0.177343 H -7.581199 -0.765002 0.741663
C -2.342524 -0.286020 -0.389917 H -6.622438 -1.904217 -1.253538
C -1.614315 -1.503296 -0.914654 H -4.239862 -1.682368 -1.787171
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