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Figure 1-1. Representative polycyclic aromatic hydrocarbons (PAHs).
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Figure 1-3. Top-down (left) and bottom-up (right) strategies of graphene construction.
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Figure 1-4. Planar and non-planar molecular graphene models A7 Bl'7®! and C['79,
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Figure 1-5. Symmetry of graphene and bilayer graphene.
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Figure 1-6. Difference of azulene and naphthalene.
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Figure 1-7. Molecular design to produce function by symmetry lowering.
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1.8-FT 72 VBB ) V77 2 BT NVDERK

4 HD sp* IRBINDTIeDF ) 7772 Thdhanxrruw, 1,8-F7X LV U4EELE
XA 2 ERE A L, EOEEREMEER (7T hay 77 A V~—) OofEL anti (RO
FHEILT, 0 ORER OV EIMEEIZ W T BT L,
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2-1. FFéd: 9774 b ET5 72

L., EBH¥EMRRE T CIROVEE LTERBOETH D, 777 74 MISHEDROMIE
b, BREXDOEEMEICEBNLTWD, 777 74 MIEE#EEZ R > TH D,
ZOHEA Y 1T ABAB SO 3 RiETH D, EBEICHE A 2R 00 280 A
DZERTELEDN UF T AL A28y T U — DA EICKE N A 72 & O
Bl AREEOS~DISH 22 ERWIRF STUR AR S LTV D,

77774 NORTE—BY THD T T 7 = 0%, 2 RTEDANARETICEE St
B sp? IRFBTHERL ST Y | BREOTRENm <. RERX ¥ U 7 BEIESS S WEVRE
MR TENTMEITH O | B, . LT B E ORI B TS H2 IR &
IWCWBE, 757 2 L OBENTREIL, B ORI, Bk, il & W o IoBEOMRE
1 OOMEICEBTEHZ L TH DI,

22. |72

T 72 OMELE LTORT v Vi, 87 7 7 = (Bilayer Graphene: BLG)
OMEERHLNICENDIZONE DI ER ST HE 7 Z 7 20Dy R¥ v v 7%
EARMIZ e THEMNY, BLG TIE, 2D 7 7 72 2 ERDHZETAY FXy v 7
MHFEAELE ZoR Ry » FITBERIC KL > TR TH 5, T4, BLG I, £
DR LA L o THEGART 2 HEARES A L RS BIRNIC b T 2 2 & 3 s S,
SHIERZED TN D,

BT 7 2 ORREL LT AN Ry v TUAMNIF T U T 4 BER STV D,
HIg7 27 x0TIy 7 x VIEICR EEPGFIE LW, il Cd 5 R0 REFILAF
ELR, D777 &2@ENRDH LT, @MORMEIMUBREL, 7T 7 = 8
FORERATX T YT 4 BEET D,

23. V5972 DXTF7 VT4

RKIEER SN TWD 7 7720 OX 7 )T 4 RS IE. NV NI T 7 =Py
AANZET T 72 ThHDH (Figure2-1), ~V AWNT T 7 =2 0F, 777 = V@R
AREAIC L o TBICHEA ST IRIEREEE EOMIE 2 Ff > TRV (BIEEZMNTHZET
KRERWHRAFETEBEREB~OICAPEIRF SN D, MR 777 74 MIFHNT 7
YTNT =)V ASJTCAL 7 L TN D Te O EGVEN SR ., Skt U CEEEL R 7 A~
DYBREDIR TG SN D, £ O/, RN ZED A~V ANV T T T = 3%
NOEDOREERIRTEDAEERS D, VAA N BT 723 BT 77 2028
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W 2 WRITHE SR OB 2 BRI B IR LT T B, 2D V5 T 2 oA LR
% BT 5 2 & COHEVER ORI X 0 HBIECREE N RET 5 = L SERE &
OFERICTHER I NLTWD,

A - ,17“ B
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R TR e
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Fhe R ass
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Tty aiaees A LN/ \:.‘; 3
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Figure 2-1. Helical graphene (A) and twisted bilayer graphene (B).

DR
YR v R Ry

e

NYVTINT T T 2 DFET L EINAATIIZES LTV A ANy o 2 s g 7
T 72 ORET D0 TET IR L E0 51T L A ERE IR TN
(Figure 2-2), TN E TIZEKINTHNL, 2HO~FH Xy aaprrz~l g5
WL > CRA LB 3.6 A © 877 7250 Lzt OSSR R FE %
BICEY 2 BET 7077 UREEICERT 5 2 L THEETIZRE VLT A S E L e
757 2 BT NOFEE ZRITALEWI ERBHIT DD BEOEIT I, LI o
T AR BIC LD BERREREEZ OO { S T 7= VBTV FEART 52 LT,
Ta NATETNVELTYAR RN BT 77 = OFEZ IR Z e T
Do
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Figure 2-2. Helical graphene model™'® (top) and twisted bilayer graphene models!"* (bottom).

2 BT, DFAT—NDO BT T =TT IMEAEME LT, 18-FT7F L TH
BLlxtmA a e xr Z&IK C2 O L, ZOa=—7 R RHEIC OV TlRE T
%o XEA PAH " &KL LTE, ZhETIZHF7H LR LY, BT 4 Vil
DINGFaXHP o T oRT7 F IR G =y PTG s TE P&
R XA 37220 b DD 2B OFITTIE 2 -0 PAH IO EEEENS BN TR Y | 5RV
B AERITED R, £ 2 TARIFETIE, PAH —BEEGRTHICH-0, Tk
T5F7 /777 xra=y MUORWEREAEENZERT L7202 1.8-FT7F L
2=y MEBIRLEZEN £/ ~v—o=y NMidaex o2 B0, sp? iRFE 24 BN 7R
Han R0k, B2 FEEEND g AX v IV BESTHY , fdT TLRILAY v 7
WiEEFF I tXauxrzarsil Lo~y Xy aaxenh 7 A —HiExr b
SESF BRIV SIS (Figure 2-3), 737 P 0 Al a AW =0 v 7Y o 7 KO
O v R ALFEA~OIEAFNE, T TNV DI E Y LT a0l 18- 7% 1
VBT EV ICHLREEMENTE L TWADIL, 7AYo ToHEFE LT
BIIND ZENINETITIFEAEEN S anxra=y W F7X L0 18
MATHEA LTV DEA, LIMEASBLIO 1I"EEOE Y OEENFHIRE N5 720, [Hix
FMER & UCosyn KRB KO anti (ROFEE &K (2121 C2S BL N C2A L) 7
"/onsd L PRI, Z05 anti tKIZF 7 Vv chaUhEFd 2 "7 EE 2 b5,
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Figure 2-3. The Crystal structure of coronene (top) and Supra Molecular Chemistry of coronene-

based derivative (bottom).

Fleanx LT R T UDO LD RN EMSOSEREIT LIZK WRTH DL E S
D7, O xRS EAER LT R R A D L HIfF T E D,
TTELD 18 TR D KE-KERTFRIOHEMEIB L Z 26 A THYH, BWHO =
A Z 7 X0 b4 EOC IR 2 n kA RET D 2 & TUREBS TRA D
FEAEHORBUIEEN 5 LB R T,
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2-4. ZBT T 7 2 VETADF DA E B

TNETICHREABILEIEECIL 18- T 7 X LU B T Ay Lo
J& 53 DE BT TWIZEY Z D41 CIEB AN S e o FlIC L - T ik
BRFPIZH b6 TRY Lo v —3 Rl S -2 L0, WHEATED
2IMRDRPBRITND Z & T, EO—EFLIKDEERPIEREA L LLEERDTF
FA ==l ERBERINT, L L2 HOEAIREICEBW T, FfH Cid syn I8
L LT HSEHRERRL TWD, B CIXEE T 513 ERESERE = R L — 3
KEL 2L, syn K E anti ROIREWM L7025 Z LR > T D, L7adi-> T, [BlfigkE
BET XNV XF—DRER o FROIEW G F a2 P05 Z L THEEI NS IRETOYNE
3R D BB,

FITC, U T7 72 LT MO spPIRENORD AR EHWT BT T
T =2 T DR ERS T BOGHIEEA S B L Tanx I L TER Y a—
NIRRT AUy AMlllEEAWCEERVFLEITWE AUy RIbaexr 1 &
32%DIRTER L2, B4R & LT2 oL EOR 7 FELNE#IT Lz 2o k25
HNDT, EAEF a—ART L O%RR ORI EIT o708, Bl ol k
WIXES o=, 1 & 1,8- 7 )7 X L% | 4-dioxane/H,0 IBES IR H TRT Y
U LA W TSR BRI e Ay SV X, 18T 7 X LU BB an v
2 BiK C2 % syn 1K anti (KRG TILEK 47% TH57= (Scheme 2-1),

OO ol OO OO
[Ir(OMe)cod],, dtbpy, tBuOK
) > (00 + O s

dry-THF
85°C,12h

1 1
32%

PCy;, Pdy(dba); - CHCI3, K5POy4

Bpin
O 1,4-dioxane, H,0
O“ 100°C,24 h
9

1(2.2eq.)

Scheme 2-1. Synthetic route of 1,8-naphthylene-bridged coronene dimers.

&% C2 1% Scheme 2-1 IZ/REND K H 12, 2R OEEENNAKEEIZ L > TR
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EZbh, RV FICE->T2o07 hayF 74 Y~— (C28, C2A) PMEET D,
O LIXFEBEIC, RBARED THNMR 5 X OERE G X ST IS X - THERR L
7o BIEREMEREZ ZNENHBET 5720107 7 — VU DBHCINVHSND T A (Th
T AT A7, Buckyprep 71 7 L) W, WHEEEICIE My o/~ Y IR A TR
Z T3 ies® T & 72 (Figure 2-4),
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Figure 2-4. Buckyprep chromatogram (toluene/hexane = 1:1).

HEMEE R AR TE TV 5 Z & 1T HR-MALDI-TOF-MS (Figure S2-4, 5). 'H NMR
(Figure 2-5) OWPE L, DFT FHRICK AMEHREMEAEENZENO T 2 I L — 3 UFER
(Figure 2-6) DN SRIE Lz, an R T 72 L OREEOBICALET S 7 e b
YRV Ly hOE—=Z7 L LTRBIITTE, I alb—va VORENS anti BKDIZ
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D IMEESIC E— 7 Bl SN D & RS i, Buckyprep 4 7 A T TSRO E
— 7 % anti R, %¥-% syn K& IRlE LT,

*
8.9 8.5 8.0 7.5 7.0
pPpm
Figure 2-5. '"H NMR spectra of C28 and C2A in CDCls.
C2S
2 tsls - . s
|| d | ‘ | ( | | | |
C2A
Hid fff fd
8.5 8.0 75 7.0 6.6

Figure 2-6. The calculated 'H NMR spectra of C2S (top) and C2A (bottom) simulated by GIAO
DFT method (0B97XD/6-31G(2d,p))?.
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2-5. ) T T 7 = VEBTIAGFORE B GRENT

FTIEFVHEE U 7o M7 Bl BAEIR D B I3 R 2 D DG EIE 135 DV Do 7223,
SEER T LT, LA EIT DETORG IR O B MG B v, IE 21T o TR,
F 4 AF—=H— L UTRTT 5 Z LTI LTz (TableS2-1) , fF(ET 5 4 DDF 4 A4
—H—HEED OB, HAEROE 2 D% Figure 2-7 128 LTz,

(d)
Figure 2-7. Crystal structure of C2: (a) top view of C28, (b) side view of C2S, (c) top view of
C2A and (d) side view of C2A.

v R FE O 2 AL C2S,C2A & HIZIZITFEATICR > TR Y I E M (dae)
X, C2A T336A, C2S T33M4A Li@FDOr AX v 7 (34A) LV HFETELI 2o T
WAHZEBH LN STz, SO mEREERE (d) (£ C2A T3.04 A, C28 T 3.00
A LIRFEFRFDOT7 7T NI =)L AEREOMED & KB /8> TEBY, 2 2OMH
FICRE Z2AMHAEAEM I STz, 2 BOFEEHEIE T syn (RIZFW) TRBURIAY 72 AB T
OREEZRTE 5 anti RIZB W TUIRUNTREE L 2> TEY, TR UAIX
19.6 ETH o7,

B SRS ARAT OFE R & DFT 3RS X 2 hom i o m ik L fHE A a2 e L7 b
CAREME LR —HT 5 L xR L7z (Figure 2-8),
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compound ds [A] dae [Al 6,1 6,[°1 05[]
C2A (X-ray) 3.04 3.36 71.6 70.3 3.96
C2A (DFT) 3.00 3.31 73.8 73.8 4.05
C2S (X-ray) 3.00 3.34 69.5 71.6 5.03
c2S (DFT) 3.02 3.33 74.7 75.6 3.94

ds : the shortest atom-to-atom distance. dav: @ mean-plane distance. 63: Dihedral angle
between two PAH planes.

Figure 2-8. Experimental and theoretical structural parameters of C2.

2-6. T/ T 7 = DIFRE

SR ZRARIT H BRI D05, @ RINASY FRE /) v~ —I2x LTH
Wl 7 N9 % Kasha DFF /LD S LT 54,

S L ORRMLE X, AR ONFRMEIC W TEHEERERIZ R, KER
BB E—A Faeb o SOMOFRETHE L CERET 584, Kasha © _&{KET
JAZHE IR, AR EERIC XD ZOREITIRE CI2RIND R HB R 62, Bl 236
KA L OEB PR FE— A MAREAE L7256 (H 26) DX, BRERITRE.
FEW R EEGI & 720 | WA MVZER RS 7 &£ T, B3R L OER N1
=AY MPATICEE L725E 0 26) 1. RIEEMOWISTFR, iR AL
e BREY 7 bT2Z N> T 5 (Figure 2-9), ITHE L 7= (O KA E
EZOHEEAIZONTOREMRIL. THETICEZ OWEN SN TE, EHIZ, HEA
AR ORI &I, R LB OWI A EERNC 72 2 Z SITHRIS LT, Mk
272 %,
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[al?

Eexciton = 73 (1 —3cos? 6)

U : transition dipole moment . . . .
r : distance between transition dipole moment E}& E“/j I‘ E;&Eyj ~

0 : angle between transition dipole moment

Figure 2-9. Energy diagram of H dimer and J dimer.

RS T 2T 272 D120F, mRE OREIROM 72 EOBIRIREN D, TOaE
WREOHIMEZFIECTE 228, 2D X 9 RFETIIOHES TIFBET 20 TR0 Tl
B D3Nl > ThH M BEAER M8 < 72 I b S Tz B3R 5 AR O Rtk
OIFFTIIREECH 5, —F, LEFHEIC XL 0T EICEE L2+ Tk, BRRLo
NEARBLE & PE OB DT S FIRE & 72 D

Fo H _EBERICBOWTHERMICERREY 7 b5 2 D an b G Sh Ty
% (Figure 2-10)%,, Z 6 OIS H SEKTIX, #@% O Kasha OE T /VITHE S fil
A D7 —r HEG OB ENT ZEURAFETE T Tp < BB E) & 1 5 bl 15
HLOMBEDREIZEIY, REEY 7 MRS EEBL2 I TW5, Figure2-10 127”5
NRYL P4 I NICBWTHBBEZESLT £ AbEMIcHNTH, BREMD A,
OWUZBNTEFREY 7 FLTWAZ ERI DR D,
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d _~_-OR
M,

A YV N Ve V0 Vo Y U N

1 RN . )
& * lutein diacetate
S 1 * lutein
1= A,
s ] M\ * monomer A
° et s %
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B o f » S .
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Figure 2-10. Cofacial (a) and slipped (b) triptycene-linked PDI complexes. (¢) The

corresponding absorption spectra along with the monomer (M : PDI) spectrum. (d) Lutein

and lutein diacetate aggregate spectra measured along with the monomer in solution.

BoniibeEmENETNOHELA T L U HOEN ARG L AT bV
Figure 2-11 |Z7"9, EHHOLAEMITIBVTE 450 nm F TOIEFIZ T 17— R A
A7 MVERLTEY, 300 nm (UTiZmONE—7 N8N, aoxrxrE /) ~v—0
FW R BB ORI AT o 5 DIk LT, C28, C2A & & IZF OEEHI 38 TR 72
ZET/NE RPN — T BENENBIH S T,

SEGR LIAbEm T HIAEEIC, B/ ~—0 426 nm |Z%F LT C28 78 441 nm (T, C2A
MABTmmIZRERY 7 FLTWD Z eI, 2T, EShlcaex il
BOWTHEMBENC L D FORENEEN TS EBELXBND, 6T, Lk L=
L O H ZE&EDZL ATH N AT MADBBHIS N2V, C2 TlE, HifkAF Lo
TIXH A ~—HKLEEILND 420-600 nm DOEPHIZ T 71— R7RH GBI <7z
(Figure 2-11) #7281 262Xy AR T o — R CHLIEHEZRDH7-0, AT L~
(LCEEEF: 9.1) LB L THBMEOR 2D MLy (WHEF: 24) T h=hFJ L
(CLFBEFR: 37) TENMEEIT 72 (Figure 2-12), L L RICE(LIZR LT
BRI bR oz, TORDEMBE) (CT) FELETIERWI L nhoT,
XA ~— (B B (X, BRI T & IR 0 TR T, IR A
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N7 MV ORZENBLIL, WILART "VIZEL LR, aa R H A~ — TR A
XY MVICEEY 7 b (b 7-#5A = exciton coupling) 23R 650572, FhEIREEN
Zo0an R MTHRTE LI T REGREN S ORKNRB X i d, TRENLO
Mot B UL C28 T 1%, C2A Tl 2%7E -7z, PR L7k A F Lo Tt
FnZME L=, C28 T21.3ns, C2A TIE26.3ns & 720 E /) ~—DENFHA 35.7ns &
D bEN o T (Figure2-13), =F YA v~ =N THIL, BERFOCEDOREEN
BRI SN DD, SHEOMEIL, =XV A v —BREIFFLRNSD TH T,

25x10°-
2.0x10°F con
—C2A
—C2s
TE1.5x105- = —c258
—_— w
To coronene 5 —coronene
= £
S1.0x10°0
5x 10
x 50
O T T \M T T T T — 1
250 300 350 400 450 350 400 450 500 550 600
wavelength / nm wavelength / nm

Figure 2-11. UV-Vis absorption and fluorescence spectra of C2A, C2S and coronene in CH,Cl..
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Figure 2-12. Fluorescence spectra of C2A in CH,Cly, toluene and CH3CN.
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Figure 2-13. Fluorescence decay curves of C2A, C2S and coronene in CH>Cl,. Conditions:

Excited at 340 nm.

anti (KO TG > FA~—DHF3E L, Cholester T L (FTHTATAZ) ITL->T
~F 4 /THF {BATAEEZ W CEERR S 7= (Figure 2-14),
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C2A

Ll

C2A1

C2A2

Figure 2-14. Cholester chromatograms of C2A (hexane/THF = 4:1).

SEELIC Y — 7 OZENENONFREIL, BIKD HPLC Z7vu~ M7 T AICHKSX
99%ee LA L EHIE LTz, DEELTZE 1 E—2 L2 B —27 (FRTH C2A1 & C2A2 &
T 5) 1%, $EBoM Atk (CD) A7 hvEIRL, =) F A~ =B ER Sz
Z & &R LTZ (Figure2-15), C2A1 & C2A2 @ 440 nm T D CD ¥ 7 F /VIFIEFIT /N &
WA, ENZEFLIE & A D Cotton Y F: % 7~ LTz, /3B Cotton ZhERENBIER S hiz72,
X7V 7 o EPIREA TS & EOE— Cotton RIRERTH | 777 a v
C2A1 DS, FERBRAICHFHRI D Ich Un-fETh b & FllS /- (Figure
2-16),

C2A1 B LU C2A2 D CD A7~V D EIFHERF gus EOMERHE X, 436 nm T 1.5 x
103 EHRETH 72, S HITF TV C2A OHfakIHEE % M4 57212, SpecDis 7
Ko =7 % FAWT 250~450 nm (281} 5 CD A7 MLV OEEREL TD-DFT #HH %
btz U7z (Figure 2-15)P 55 1 VABEWR C2A1 @ #fa %) # 1% 1% (1R,8R)-di(coronenyl)-
naphthalene & &\ similarity factor (0.87) TRE I 4L, L7203 > TH 2 IEHER C2A2 I
(1S,85)-di(coronenyl)naphthalene & &€ 4172 (Figure 2-16),
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Figure 2-15. CD (top) and UV-vis absorption (bottom) spectra for the first (C2A1; red
line) and second (C2A2; blue line) fractions, respectively, in CH2Clb.
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Figure 2-16. (a) Transition dipole moment of coronene monomer (left) and positional relation of
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two transition dipole moments showing positive Cotton effect (right). (b) The CD spectrum of the
first peak of C2A (black) in CH>Cl, and the simulated CD spectrum of the enantiomer calculated
from the structure shown above based on the TD-DFT method and using the SpecDis software
package (red). From the obtained result, we assigned the absolute structure of C2A1 as (1R,8R)-

di(coronenyl)naphthalene with a similarity factor of 0.87.

I 51T C2A1 £ C2A2 1%, SO MREHEIE (circularly polarized luminescence: CPL)
AR MERL, BRTHZOANEDDIEFITE LU bisignate TEIR ThH - 72
(Figure2-17), Zi15H D CPL A7 hVid, Tex DHBHB A tniz"@r /777 =
TR TEBRIENTZHLDTHHM, C2A1 & C2A2 O B IFFVER T gl (Jex = 305 nm)
%, 435nm T2.0x107, 450nm T1.2x10° Th o7z, ZNHIERIET S CD A2 |k
NDOFFELE =L TEBY., C2A O~V HLtr AN FHEBOFEBHEEIC L > THRY
BT & AORIE LT 56 C2A1 @ 435 nm D (-)CPL 7 /113 435 nm D (-)CD 7>
54T, 450 nm DO(+)CPL ¥ 7 F /L 1% 445 nm D(+)CD 7> H AL T AR 2 h—7 o
T RPN NG, FEER TJERENRETH D Z b D,

1.5
435 nm
1.0
? -
© 0.5/
% N
| 0 =
= +
I =
— _Ol5 -1 II
q —
] -
g -1.0] a
&)
1.5
-2.0 : ’ ] , 0
350 400 450 500 550 600

Wavelength / nm

Figure 2-17. CPL (top) and photo luminescence (PL) (bottom) spectra of C2A in CH,Cl,
excited at 305 nm. Red and blue lines represent the CPL/PL spectra of the first and second
fractions of C2A.
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Bisignate 72 CPL |, 2?43 1-® CD couplet (471 x-y HFNZ 7 L, ERE KON
TE— A IPRRFEL, BERIIRE—A 2 FPRERZ, Lo TRERul m OFEN
IEEIZHE) 28 CPLIZ Y couplet (771 x-y HIANZ R L, 7)) ELCHETH I L%
BT 5, HE L LTUILETIZ v ambh T -boo, ElEMNSEmINS S D 2
EMRET /A RTHILTLE I 72D RS GEMmIND KD IZR o 7o DIFHIFETH D,

CD AT N JVEhE 7535 U 7o I D BREEIZ 223 N 7= 8D Cotton IR A B 5
W HY D CD BREE DA TR 5272 5, —J5,. CPL DA 1L, 1@ Kasha HIIZHE-
THRENRERN & PSR ) & B AR EDIRBE D & DR LA 2 22 T2 I 5 oA
VD 0 IFBIH S 72y (RIERO B D8R+ 531258, /NS WD 6 b AR R
DI SN A5 bisignate 72 CPL 13dH FE 0 FiliL72, ZHETIZIE-Z 0 & @M
ENFHNE2 82— B, OLDIEH 7 7—C, ZHE2EEO a7 y~—05
Bl 2 DFFEDBR S ND Z EREBREFHFENLH LN S>TND, HHVEDEFE L
V2 DEORSBEGHAEE L LIt (bEWPMoNT VAR Y ~— TS TR B FREREE
BEDSTHE T DI Th D (Figure2-18), 26 HIX T4V E TITHAESIZ KX 2T ) S vz
BIA 72 < EEEORREEHRIZEN, 4E, 25030 Rk OFREN X S CHER T, T
FEHEIC & 0 50 < FHELVEH T & 2 IRHE & bisignate 72 CPL OBLHI AN 5 T 7241 TOH
\272%, CPL ZE L2 Th ., MV FHES/NS R A F—7 AT b vy —
T NMR B FORE2BIENHIREINTVD LB X TRV, FEEEM D DI
DRZDFERTITH-Z D LAaWR, ZNETORE AT T GO MRE S 23 HE
ThdrEEXDLILD,

G R ITREBELISMZ B — A o FE O A EITKF T 2720 B IRF-E— A ME D
FEEN 54 FEITHTV & RIS < 72 D,

C2A (T n A RE < fEZR JEREETH Y | 1X->& Y & L7 bisignate 72 CPL %
BT 272 DB 2T LT D4 & 7 o 72,

FhEEARAED N D DA R MIFARRIE —FEHEHAAE D LD Kasha HIli, HeAbHEk
WO TIEE A DAL LT D, LI LAFETEKR L2/ 7
7T NVE LTOR M 2w 3 K C2A 13, Kasha HIIZHED 720 anti-Kasha HI]
DFEFETDHZ &%, CPL IEIC L > UL LD THIMIZRT Z LITkTh Lz,
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2-7. fEwE

TRy T T2l LT 18T AL TREESR I anx o T BIK C2 DA
WCEEh Lz, X S s RS i OfE . C2 @ anti IKI1X, T 72 Uiz EREED
T T T2 THDLIENDNoT, I T, C2D anti REHFHHEI L, CDEB IO
CPL A7 hVEBIE LTz, CD A7 ML TCidf b E W& T Cotton 20 H A3 8
S, TRUSHIET D CPL A7 bV BBl Sz, C2A Dl gl 1%, #E 435 nm T
2.0 x 10°, 1% 450 nm THJ 1.2 x 10° L HFRRETH 572, AR Den T 5 mixtFr7e PAH
(ZrRY) ZERDZ L THFOE - ROXFJNORFRMEN TR, S HITY A R
MEEIZ L > TARBERFBRFEZLTZRNFT T U T 0 —ORBUIKII LTz, £/72. H &
AHEETH Y 2 O HER L L CRIEEMOWIE 2B S, 2t is T 5
bisignate 7 CPL Z#1H| L 7= Z & C. Kasha HIIZ7E 72\ anti-Kasha HI| O %Ef & LT 1
ANZJEF 7T 7 =TI TR Z S ITP LT,

RNELT » AETIIE L=y VEEZ DT LT /777 = IOt B4
ST D ENTED, 2NV OTJET 77 = CIREREREC L > TR ¥y v 7
WET DRI, 2T/ 7T 7 = b MR AR U7 RO Rt 23 4
FCED, T/ 777DV A XN C24 EEI/NSVTDREREOREICE EF
STWBHNR, SH%ERION TR 2SR L Cr RELET S5 Z & T, ~milhEkc k3
R TCOMAEROZEARSL HOEREN S22 DX T U T 0 1TEKAF LI 07 feik
[Nz A U7 8 kR A b e & B RHEIC B W T b R R M RE 23 J8 48 C
D EMRFEND,
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2-8. Supporting Information

2-8-1. Instrumentation and Materials

'H NMR (600 MHz) and *C NMR (150 MHz) spectra were recorded using a JEOL JNM-
ECX600 spectrometer at ambient temperature by using tetramethylsilane as an internal standard.
The high-resolution MS were measured by a JEOL JMS-700 MStation (MALDI-spiral TOF MS).
X-ray crystallographic data were recorded at 90 K using a BRUKER-APEXII X-Ray
diffractometer using Mo-K & radiation equipped with a large area CCD detector.

Preparative HPLC system was constructed using a series of two ¢10 x 250 mm Buckyprep
columns (Nacalai Tesque Inc., Kyoto, Japan), a JASCO UV-2075 Plus detector, and a JASCO
PU-2080 Plus pump. Eluent: toluene/hexane = 1/1, v/v Temperature: 20°C, flow rate: 2.5 mL/min,
injection volume: 3.0 mL, and detection: UV absorption at 365 nm. Chiral resolutions were
performed at 20°C using a series of two ¢10 x 250 mm Cholester columns (Nacalai Tesque Inc.)
fitted to a recycling preparative HPLC system, which was constructed using a JASCO UV-2075
Plus detector and a JASCO PU-2086 Plus pump. Eluent: hexane/THF = 4/1 (v/v), flow rate: 3.0
mL/min, injection volume: 0.5 mL, and detection: UV absorption at 326 nm.

UV-vis absorption spectra were measured using a JASCO UV/Vis/NIR spectrophotometer V-
570, and fluorescence spectra were measured using a JASCO PL spectrofluorometer FP-6600.
Fluorescence quantum yields were determined with a Hamamatsu Photonics C9920-02 Absolute
PL Quantum Yield Measurement System using a calibrated integrating sphere system. CD spectra
were recorded using a JASCO J-820 spectropolarimeter. Artefact-free PL and CPL spectra were
obtained using a JASCO CPL-200 spectrofluoropolarimeter, which allowed us to avoid second-
and third-order stray light due to diffraction grating. The spectrofluoropolarimeter was designed
as a prism-based spectrometer with a forward scattering angle of 0°, and it was equipped with
focusing and collecting lenses. In addition, a movable cuvette holder fitted on an optical rail
enabled adjustment of the best focal point to maximize the PL and CPL signals. Simultaneous
CPL and PL measurements allowed the quantitative evaluation of the degree of CPL efficiency
relative to the PL, known as Kuhn’s dissymmetry factor (gum), which is defined as gum = (IL —
R)/[(IL + Ir)/2], where I and [r refer to the intensities of the left- and right-handed CPL,
respectively. The gium value was evaluated as gum = [ellipticity (mdeg)/32980/In10]/ PL amplitude
(Volts) at the CPL extremum.

TLC and gravity column chromatography were performed on Art. 5554 (Merck KGaA) silica

gel plates and silica gel 60N (Kanto Chemical), respectively. All solvents and chemicals were
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reagent-grade quality, obtained commercially, and used without further purification. For spectral
measurements, spectral-grade CH,Cl, was purchased from Nacalai Tesque. Borylated coronene 1

was prepared according to literature.*")
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2-8-2. Experimental Sections

1,8-Naphthylene-bridged coronene dimers C2S and C2A: 1,8-Dibromonaphthalene (10.5 mg,
0.037 mmol), borylated coronene 1" (30.0 mg, 0.0704 mmol), Pda(dba);-CHC; (4.8 mg, 0.0046
mmol), PCy; (3.5 mg, 0.013 mmol) and K3PO4 (28.5 mg, 0.134 mmol) were mixed in a Schlenk
tube containing with degassed 1,4-dioxane (1.3 ml) and water (0.13 ml). The mixture was heated
at 100°C for 24 h under inert atmosphere. After cooled to room temperature, the reaction was
quenched with water and extracted with CH,Cl,. The combined organic extracts were dried with
anhydrous Na,SO4 and evaporated. The crude products were purified by a silica gel column
chromatography (hexane/CH,Cl, = 3:1, v/v) then GPC (CHCl3), and a mixture of dimers C2S and
C2A (11.9 mg, 48%) was obtained. The atropisomers were separated by Buckyprep column
(toluene/hexane = 1:1, v/v) to afford C2S and C2A as white-yellow solids.

C2S: '"H NMR (CDCls;, 600 MHz, ppm): & 7.67 (d, J = 8.4 Hz, 2H), 7.76 (dd, J = 6.9 Hz, 1.4 Hz,
2H), 7.79 (d, J= 8.4 Hz, 4H), 7.84 (t, /= 7.2 Hz, 2H), 7.88 (d, /= 8.4 Hz, 2H), 7.92 (d, /= 8.4
Hz, 2H), 8.05 (d, /= 8.4 Hz, 2H), 8.10 (d, /= 8.4 Hz, 2H), 8.23 (s, 2H), 8.32 (d, /= 8.4 Hz, 2H),
8.37 (d, J= 8.4 Hz, 2H), 8.40 (dd, J = 8.4 Hz, 1.2 Hz, 2H), and 8.46 (d, /= 8.4 Hz, 2H); "C NMR
could not be obtained by its low solubility; HR-MS (MALDI): m/z = 724.2191, Calcd for CssHas:
724.2186 [M]"; UV-vis (CH2Cls): Amax (6 [M'em™]) =304 (9.0 x 10%), 355 (1.1 x 10%), 415 (350),
and 438 (200) nm.

C2A: 'HNMR (CDCls;, 600 MHz, ppm): 6 6.93 (d, J = 8.4 Hz, 2H), 6.95 (d, /= 8.4 Hz, 2H), 7.45
(d, J= 8.4 Hz, 2H), 7.64 (s, 2H), 7.73 (d, /= 6.0 Hz, 2H), 7.83 (t, J= 7.5 Hz, 2H), 7.98 (d, J =
8.4 Hz, 2H), 8.27 (d, J= 8.4 Hz, 2H), 8.37 (dd, J = 8.4 Hz, 1.4 Hz, 2H), 8.47 (d, J= 8.4 Hz, 2H),
8.64 (d, J = 8.4 Hz, 2H), 8.68 (d, J = 8.4 Hz, 2H), 8.71 (d, /= 8.4 Hz, 2H), and 8.78 (d, /= 8.4
Hz, 2H); *C NMR (CDCl;, 150 MHz, ppm): 6 119.11, 119.27, 119.78, 120.05, 121.13, 122.32,
123.82, 124.22, 124.45, 124.80, 124.95, 125.30, 125.33, 125.38, 125.52, 125.72, 126.26, 126.58,
126.92, 127.72, 128.14, 128.26, 129.68, 131.17, 133.02, 135.31, 136.99, and 139.33; HR-MS
(MALDI): m/z =724.2186, Calcd for CssHas: 724.2186 [M]"; UV-vis (CH2CL): Amax (6[M'em™'])
=303 (1.2 x 10°), 355 (1.5 x 10%), 410 (450), and 438 (250) nm.
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2-8-3. NMR

J

|

ol toa oy

ln,m,.hmmm \www‘wjﬂ L

|
3

Figure S2-1. '"H NMR spectrum of C2S in CDCls.
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Figure S2-2. 'H NMR spectrum of C2A in CDCl.
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Figure S2-3. *C NMR spectrum of C2A in CDCl.
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2-8-4 HR-MS
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Figure S2-4. HR-MALDI-TOF mass spectrum of C2S.
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Figure S2-5. HR-MALDI-TOF mass spectrum of C2A.
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2-8-5. X-Ray Crystal Structures

Table S2-1. Crystal data and structure refinement for C2S/C2A cocrystal.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [/ > 2o(])]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

CssHos

724.80

90 K

0.71073 A

Monoclinic

P2i/c

a=23.2292) A
b=11.7030(12)A  B=102.5447(19)°
c=12.7885(14) A

3393.6(6)A°

4

1.419 g/em’®

0.081 mm™!

1504

0.200 x 0.200 x 0.050 mm’
1.796 to 25.998°
—28<h<28,-10<k<14,-15<[<14
19541

6666 [R(int) = 0.0516]

99.9%

Semi-empirical from equivalents
0.996 and 0.929

Full-matrix least-squares on F*
6666 /522 /941

1.025

R =0.0475, wR> = 0.0965
R1=0.0936, wR>,=0.1177

n/a

0.177 and -0.178 e.A”
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Figure S2-6. X-ray structure of cocrystal of C2S/C2A. The thermal ellipsoids are scaled to the
50% probability.

0.58 0.24 0.14 0.05

Figure S2-7. Statistical probability of possible configurations for single crystal analysis.
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2-8-6. DFT Calculations

Computational Details

The geometrical optimizations were conducted without any symmetry constraints by density
functional theory (DFT) calculations using the ®B97XD combinations in the Gaussian 16
computational chemistry program.¥ The 6-31G(2d,p) basis set was applied for the C, O, and H
atoms according to the precedent of DFT calculations.’”! The electronic excitation energies,
oscillator strengths, and rotatory strengths of the 80 lowest energy electronic excitations for the
most stable conformers of C2S and C2A1 were calculated at the TD-B3LYP/6-31G(d) level of
theory. In the comparison of the calculated CD spectra with experimental spectra, Gaussian band
shapes with bandwidths of 0.20 eV were used to simulate the CD spectra for C2A1, and this

produced the best similarity factors using the SpecDis software package (Version 1.71).5¢

14 14
25, ) 0.68 — 5{:
030 — > . 0.07
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N é&w 172
14 ; 25 4]
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2 2
31 f=0.0020 3 f=0.0023
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1 v £ ad }gaa %aa
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71 -6.98 . ' . Y 71 — .
¥ 2% 2% ’ gg:
% P ,‘; P 3 s
sl 8 | HOMO—2(186)
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Figure S2-8. MOs of C2S and C2A based on the calculations at the ®B97XD/6-31G(2d,p) level.

41



2-9. References

[1]
[2]

3].
[4].

[5].

[6].

[71.

[8].

(o1

[10].

[11].

[12].

[13].

M. S. Dresselhaus, G. Dresselhaus, Adv. Phys. 2002, 51, 1-186.

a) H. Zhou, W. J. Yu, L. Liu, R. Cheng, Y. Chen, X. Huang, Y. Liu, Y. Wang, Y. Huang, X.
Duan, Nat. Commun. 2013, 4, 2096-2104. b) Q. Bao, K. P. Loh, 4ACS Nano. 2012, 6, 5,
3677-3694. ¢) A. Kaplan, Z. Yuan, J. D. Benck, A. G. Rajan, X. S. Chu, Q. H. Wang, M.
S. Strano, Chem. Soc. Rev. 2017, 46, 4530-4571.

P. Avouris, Nano Lett. 2010, 10, 4285-4294.

a) D. P. DiVincenzo, E. J. Mele, Phys. Rev. B. 1984, 29, 1685-1694. b) F. Xia, T. Mueller,
Y.-M. Lin, A. V-Garcia, P. Avouris, Nat. Nanotechnol. 2009, 4, 839—-843.

a) E. McCann, Phys. Rev. B. 2006, 74, 161403(R). b) T. Ohta, A. Bostwick, T. Seyller, K.
Horn, E. Rotenberg, Science. 2006, 313, 951-954.

Y. Zhang, T-T. Tang, C. Girit, Z. Hao, M. C. Martin, A. Zettl, M. F. Crommie, Y. R. Shen,
F. Wang, Nature. 2009, 459, 820-823.

Y. Cao, V. Fatemi, A. Demir, S. Fang, S. L. Tomarken, J. Y. Luo, J. D. S-Yamagishi, K.
Watanabe, T. Taniguchi, E. Kaxiras, R. C. Ashoori, P. J-Herrero, Nature. 2018, 556, 80—
84.

Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E. Kaxiras, P. J-Herrero, Nature.
2018, 556, 43-50.

F. Xu, H. Yu, A. Sadrzadeh, B. I. Yakobson, Nano Lett. 2016, 16, 34-39.

a) E. Y. Andrei, A. H. MacDonald, Nat. Mater. 2020, 19, 1265—-1275. b) T. Stauber, T. Low,
G. Gomez-Santos, Phys. Rev. Lett. 2018, 120, 046801. c) P. Moon, M. Koshino, Phys. Rev.
B. 2013, 87, 205404. d) A. 1. Cocemasov, D. L. Nika, A. A. Balandin, Phys. Rev. B. 2013,
88, 035428. e) M. Yankowitz, S. Chen, H. Polshyn, Y. Zhang, K. Watanabe, T. Taniguchi,
D. Graf, A. F. Young, C. R. Dean, Science. 2019, 363, 1059-1064.

a) Y. Nakakuki, T. Hirose, H. Sotome, H. Miyasaka, K. Matsuda, J. Am. Chem. Soc. 2018,
140, 4317-4326. b) P. J. Evans, J. Ouyang, L. Favereau, J. Crassous, 1. Fernandez, J. P.
Hernaez, N. Martin, Angew. Chem. 2018, 130, 6890—6895; Angew. Chem. Int. Ed. 2018,
57,6774-6779.

D. Reger, P. Haines, K. Y. Amsharov, J. A. Schmidt, T. Ullrich, S. Bonisch, F. Hampel, A.
Gorling, J. Nelson, K. E. Jelfs, D. M. Guldi, N. Jux, Angew. Chem. 2021, 133, 18221-
18229; Angew. Chem. Int. Ed. 2021, 60, 18073—18081.

a) N. V. Tepliakov, A. V. Orlov, E. V. Kundelev, 1. D. Rukhlenko, J. Phys. Chem. C. 2020,
124, 22704-22710. b) X-J. Zhao, H. Hou, X-T. Fan, Y. Wang, Y-M. Liu, C. Tang, S-H.

42



[14].

[15].

[16].

[17].

[18].

[19].

[20].
[21].

[22].

Liu, P-P. Ding, J. Cheng, D-H. Lin, C. Wang, Y. Yang, Y-Z. Tan, Nat. Commun. 2019, 10,
3057-3064.

M. D. Watson, F. Jickel, N. Severin, J. P. Rabe, K. Miillen, J. Am. Chem. Soc. 2004, 126,
1402-1407.

a) C. Kaufmann, D. Bialas, M. Stolte, F. Wiirthner, J. Am. Chem. Soc. 2018, 140,
9986—9995. b) H. Kawashima, S. Ukai, R. Nozawa, N. Fukui, G. Fitzsimmons, T.
Kowalczyk, H. Fliegl, H. Shinokubo, J. Am. Chem. Soc. 2021, 143, 28, 10676—10685. c)
T. Nagata, A. Osuka, K. Maruyama, J. Am. Chem. Soc. 1990, 112, 3054-3059. d) F. Cozzi,
M. Cinquini, R. Annunziata, T. Dwyer, J. S. Siegel. J. Am. Chem. Soc. 1992, 114, 5729-
5733.

K. Uehara, P. Mei, T. Murayama, F. Tani, H. Hayashi, M. Suzuki, N. Aratani, H. Yamada,
Eur. J. Org. Chem. 2018, 4508-4511.

W. Jin, Y. Yamamoto, T. Fukushima, N. Ishii, J. Kim, K. Kato, M. Takata, T. Aida, J. Am.
Chem. Soc. 2008, 130, 9434-9440.

a) M. N. Eliseeva, L. T. Scott, J. Am. Chem. Soc. 2012, 134, 15169-15172. b) K. M. Chan,
W. Xu, H. Kwon, A. M. Kietrys, E. T. Kool, J. Am. Chem. Soc. 2017, 139, 13147 —13155.
a) V. V. Diev, C. W. Schlenker, K. Hanson, Q. Zhong, J. D. Zimmerman, S. R. Forrest, M.
E. Thompson, J. Org. Chem. 2012, 77, 143—-159. b) K. Shoyama, M. Mahl, S. Seifert, F.
Wiirthner, J. Org. Chem. 2018, 83, 5339-5346. ¢) M. Mahl, K. Shoyama, J. Riihe, V.
Grande, F. Wiirthner, Chem. Eur. J. 2018, 24, 9409-9416.

Rk 28 FEEEE LA A E TR (R ILAR )

a) M. N. Eliseeva, L. T. Scott, J. Am. Chem. Soc. 2012, 134, 15169-15172. b) V. V. Diev,
C. W. Schlenker, K. Hanson, Q. Zhong, J. D. Zimmerman, S. R. Forrest, M. E. Thompson,
J. Org. Chem. 2012, 77, 143-159.

Gaussian 16, Revision C.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X.
Li, M. Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H.
P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F.
Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G.
Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven,
K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E.
N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K.

43



Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam,
M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas,
J. B. Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2016.

[23]. J. H. Ho, C. L. Lu, C. C. Hwang, C. P. Chang, M. F. Lin, Phys. Rev. B. 2006, 74, 085406.

[24]. M. Kasha, Radiat. Res. 1963, 20, 55-70.

[25]. N.J. Hestand, F. C. Spano, Chem. Rev. 2018, 118, 7069-7163.

[26]. S. Kunishige, A. Kanaoka, T. Katori, M. Kawabata, M. Baba, T. Yamanaka, S.
Higashibayashi, H. Sakurai, J. Chem. Phys. 2017, 146, 044309.

[27]. U.Résch, S. Yao, R. Wortmann, F. Wiirthner, Angew. Chem. 2006, 118, 7184-7188; Angew.
Chem. Int. Ed. 2006, 45, 7026-7030.

[28]. N. Ryu, Y. Okazaki, E. Pouget, M. Takafuji, S. Nagaoka, H. Thara, R. Oda, Chem. Commun.
2017, 53, 8870-8873.

[29]. T N. Berova, K. Nakanishi, in Circular dichroism: principles and applications, 2nd Ed.
(Eds.: K. Nakanishi, N. Berova, R. W. Woody), Wiley-VCH, Weinheim, 2000, pp. 337—
382.

[30]. a)T. Bruhn, A. Schaumléffel, Y. Hemberger, G. Bringmann, Chirality. 2013, 25, 243-249.
b) G. Pescitelli, T. Bruhn, Chirality. 2016, 28, 466-474.

[31]. T. Nishikawa, S. Kitamura, M. Kitamatsu, M. Fujiki, Y. Imai, ChemistrySelect. 2016, 1,
831-835.

[32]. CPL spectrum of camphor in methanol shows a well-defined bisignate shape. a) G. Longhi,
E. Castiglioni, S. Abbate, F. Lebon, D. A. Lightner, Chirality. 2013, 25, 589-599. b) S.
Del Galdo, M. Fus¢, V. Barone, Front. Chem. 2020, 8, 584. Other bisignate CPL examples:
c¢) H. Goto, K. Akagi, Angew. Chem. 2005, 117, 4396-4402; Angew. Chem. Int. Ed. 2005,
44, 4322-4328. d) K. Watanabe, H. lida, K. Akagi, Adv. Mater. 2012, 24, 6451-6456. ¢)
Y. Nagata, T. Nishikawa M. Suginome, Chem. Commun. 2014, 50, 9951-9953. ) C. Ray,
E. M. S-Carnerero, F. Moreno, B. L. Maroto, A. R. Agarrabeitia, M. J. Ortiz, {. L-Arbeloa,
J. Bafiuelos, K. D. Cohovi, J. L. Lunkley, G. Muller, S. de la Moya, Chem. Eur. J. 2016,
22, 8805-8808. g) Z. Dominguez, R. Lopez-Rodriguez, E. Alvarez, S. Abbate, G. Longhi,
U. Pischel, Abel Ros, Chem. Eur. J. 2018, 24, 12660-12668. h) S. Ito, K. Ikeda, S.
Nakanishi, Y. Imai, M. Asami, Chem. Commun. 2017, 53, 6323—-6326.

[33]. S.T. Duong, M. Fujiki, Polym. Chem. 2017, 8, 4673-4679.

[34]. Gaussian 16, Revision C.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X.

44



[35].
[36].

Li, M. Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H.
P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F.
Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G.
Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven,
K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E.
N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K.
Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam,
M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas,
J. B. Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2016.

G. Yang, Y. Si, Z. Su, J. Phys. Chem. A. 2011, 115, 13356-13363.

a) T. Bruhn, A. Schaumléffel, Y. Hemberger, G. Pescitelli, SpecDis, Version 1.71, Berlin,
Germany, 2017, https://specdis-software.jimdo.com. b) T. Bruhn, A. Schaumloffel, Y.
Hemberger, G. Bringmann, Chirality. 2013, 25, 243-249. ¢) T. Bruhn, G. Pescitelli,
Chirality. 2016, 28, 466-474.

45



¥ 33

1,8-F 7 F LVUBEBET AL 2 BIEEDA R

C
O O a’ g
QD’Q;S? ‘uqai, th

Az1 Az2

W2 ETIIEER S ) ST T LTOan Ry 2 BEOAENH . HESARIED

2O AN ZH S LTz, IR EIEERORENSFTHELHT AL O HE
BEROIEFE R A b5, 1,8-FT 7 X LU BET XL 2 BIKOA AR AT L =
A, BROREE 2 BAANE LT, AL L2 A {bA Y Azl LR 2 &IK Az2 2
Bolz, EHIZAR2 BHROTERICBW TR EBFEEZ R LI E2#ET D,

46



1. Faw : TALVY

FTT7HE LV ORERMEERTH LT AL ik, FERARIL/KFE (non-anternant) & FEIE
oo BRMk. FiH. @n+2)n B a2 Txft&R#E] FEEmiE Mk Lk#E] [
T & 5 31T 5N (Figure 3-1),

* * * %

*@
* *

* - *

Figure 3-1. Naphthalene (left) and azulene (right) as structural isomers.

FIEVLUN2ODON B URO N ELAETOMETHL—H . T AL LT B
LS EBRMAMR LEEEL D, TTX LU LRBEIC 10 MO n BT 2 &t g G &
Hon, HIEZEL T R F—1X 33 keal/mol TH Y, 61 kcal/mol DZE(L= R/ F—
Thor T 72 LG ThIN, ZNENFEHEMEEZET D 6n EFREEDY 7 1
ANTHE RNV =L ATFHY (habB IV TALFY) Ly ruaX Vo=V T =4
UOHEERR LToAEE S LA Z &b TE, MiFeRIbAKFE L LT 1.08 Debye D MART-E—
AV NEb D= — I R ThD, EOMMEDT- D, REFHIRIGIE S BEBRMT, Kk
BHIRIE 7 BERAITZ TR0, 772 Lo k0 BEEMEITERL . AKFE bR EDRIS
EZITRTVIEERSH S, 7T AL L Kasha OERINLEN Dy F L LTHIBNTE
D, SaMBHELET LB LWVMEEW TH D, 208K F - &Ik —EEREN S
WHFEH LN DRZ,

20DT AL EWHNCEET 5 & HGFE— A v b OKE X O MAGA-[F L
OMEAERR ENEBLI N, FERBEYMEZ ST RSN, 2. TAL U OF
U Idw—I%, EOREM XL o TREERME %2730, Figure 3-1 (SR T/LEW
X, 7 AV DmE B2 D72 THEBEREEN L L TV D, AREEEROM
REZ #im 3 DBRIC 0 FHOWUERE GITHEERERDO DO TH D, FiDBFIZBNT
TAz1 L TAz4 ® HOMO I, EIZRET AL d 5 BRICHELTHEY ., LUMO |34y
FRERIZIERELLLTND, D7, HOMO BNy M TEHAE LT, fEmNoR—1
FE W G5, i LT, LUMO 13 F2EICIERTE L L Tnb e, 43Tl
LT ENTE, EABEILY b n 226842777, TAz2 & TAz3 ® HOMO, LUMO
EBITHFRIRTIEREL L TWD, ZOREE, HOMO & LUMO O J5 7553 F[# CTH
MHLZENTE, TUVER=—TRMZ T EMESNTWND
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Figure 3-2. Structural image of non-anternant.

S HIZ, C2-C6 ®hFmE =1L C1-C3 7 & W\ o7e 7 XL OB EFE— A MZ
XL THATHDWIRERZT DTN Faidd 2 & ToHhofiER i Th o 2 &
NHEENTHWBY, Zok i, TRV 2% 80T 28, Tokhm., EEsnssy
T ZOHIZE > TR KREL ED ST, HBE-DHEMBEZHALNCTHZ L IFE
HThD,

3-2. T AV UMEREREERILED

TRV EKENE LTIAEAYIE, BIE TR L 578 Sy 2y BRNT D RFRM7k
SRR, SR L7 B E O IFE L W o B RN D TR LTy o IR L
v K7 ATEME e n RN 2 5 2 E RN RIAEN D720 BERIR Y ~ — P
Lo hmrr a7 MERO B ALy T TR SRR B, ARG R
Ol7e E~DIS AR AN Z bt T 5 (Figure 3-3),
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Figure 3-3. Azulene based materials. a) Conductive polymer material®®, b) electrochromic
material®), ¢) fluorescent switching material'”’, d) near-infrared absorbing material® and e)

organic solar cells?’.

oL, BIETRATZE B e 7 Ak = h e b OREFRIBUSIE 5 BERMAO 1,3
NMTEZ S E, KICHEDHIFRIZ L > TOWEZRWIZHRBORMO B 58 B CTH D5, 7
RV v e BRI AGA T T2 DITII UG ED IR 7 BERMAIZ &0 X 5 ITHEBRT D 8
B2 RERMICT ALV UBRE BB & Lo T AV URER SR T ERILAEM O
BT 70, 2 AR FR LD GO IR 5 BB L 7 BEMER T 57207 X
VB DA ENTALE W EMEEN., ZOBEIETT XL M 8RB L 72V (Figure
3-4),
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Figure 3-4. Example of compound containing 5-membered ring and 7-membered ring!'®. (a)

DDQ, methanesulfonic acid, DCM, 0°C, 30 min, 83%.

3-3. TRV VR E T n B GTFOERFTIE

INFETIER SN T AL B % o FERICED ST, a) 7T AV U HEE S
TACEBFAAGATe A AT IE S b) n EE LT 2B 5 BB 7 BERE AR H L TH
BT XL U Z2E AT D 2 DOAREME S & B TE o, Bl OARITiEEZ VTR
SIZ. T R I T AL UBREEG LT 77X LU A REREL, ZhiaRbL T v 7
TRAVYPREAE LT N T/ VA I REAER LT (Figure3-5a)', ZOERMIL, =
AL R ORI R K 0 S ARSAMEEIC RN 277 L, 950 nm TR & 7 2 oI
AifE (62 =2140GM) ZRn LTz, /o, 7=+ rO—H{E2T7 ALV CEIBRIT-0T
DERIE ENT AV v w BHEEE AT 5 A7 ETHE TV b (Figure 3-5b), Z o
ST TN R Y v 7 BITRRBETE, B X ORGREMEEA A L TR,
SR - BRHE L C b AR R RIS B E 2 R T 2 E B ST D, BRE DR IE
IZBWTIE, 7 BEREZAZHTRHIBEARZ H\VC DDQ 72 & OERLAI % F 7o fEER RS0
B ETOREEREH T o HEEZIERLT AL BEEAID AT Z LTI L
TUW2% (Figure 3-5¢) 3140
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Figure 3-5. Representative examples of azulene fused compounds.

3-4. BT XV D4y FREF

Heb & S, DRERENOENFENT DR GTTH DT AL & kbR FlE
L7256, £ O FHAEHORRITHEEY, F2EmTHkLican 2 &K%
BEIC, T AV ORI 22 EAR 2 BT 572012 1,8-FT 7 F L TRIGL
Tef YT AL “amik 2 BT 5 2 & AFHE L7 (Scheme 3-1),

IRT DY MR RN T T ROEDT AL AREADIERIE, TTIZE L O
kTG STV BRI AT THD L, BMOILEW2 2155 2 L1XT
IR oI RN & BRARIBEAEERONIC L D . L Azl & Az2 &%
T 5 Z ERHALNCR T, AR IZBWTERF.LO 2 =— 7 708 IR 2 8Ll © &
Tele, RUFELT XL R0 Azl & A2 DER-ETHZ v A0 > 7 ) o 7 K DE I
Nz % OFEARN I & T HmET D,
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3-5. TR VL U-ERAT AV UHEBREOAR & i

BERDARIEESZEZ I, A VYU Afiitt b2 a— LRIV EHNCT AL U %
ERRTHFEL, B/RUET AL 1a & 35%DICERTEHR L2, BlIAERS & L
TINLDOMEICHRTFEDASTALEW b & 11%THZ, la s 1,8-7rEr 77X 1L
Z 1,4-dioxane/Ho0 IR GV CT/NT D0 A2 W2 8R-E 7 v 20 v 7 7
ZATO Z & TILEW 2 DB E R T2, F oI ALEMIL Azl, A2 THY T Eh
DULEEIE 4%, 25%7C > 7= (Scheme 3-1),

Oyo L
PACI,(PPh;), Q @O
(Bpin),, dtbpy, [IOMe)cod], R1 Q Br K0, 2
dry-THF R, 1,4-dioxane, H,0 ﬁ O
80°C,10h 120°C, 48 h ‘ 7 .CO
1a: Ry =Bpin, R; =H : 35% O‘
1b: Ry =H, R, =Bpin: 11%

0 0
Az1(4%) Az2(25%)

Scheme 3-1. Synthetic attempt of compound 2.

Azl ® '"HNMR BW T, T XTHOF 1 b U I3IFE%MToH - 7= (Figure 3-6), F &7

REIE TR TE (X B A X R IE MR 21TV E L7z (Figure 3-7), WHOT XL D 1 Lo
RFELH D —HOT AL D2 DRFEM TH ek NAEF L, Z D n L&) 0 B
SHUS,6] A B R ER ST,
Az2 TIX 'HNMR O B'— 77 BN EFHEEEISFES < Bl S nzic b b b7, 7 X
LUDSERMNPBALDZE =N 27w o LBIRICE T S EMLEmOE &
(m/z=380.1565) & 1X¥:72 Y HR-EIZ X > T m/z=378.1400 28}l < 4172 (Figure S3-6),
ZH Db RBRICHRE S X BHEERNTIC X > TREeEREEIT -T2, M7 AL
D LRI FEE L, ZORERP RIS 7 BRI S, 7 XL 07 B2 L
TIZR NN BV BREETH D Z LR SN, ENENDOT XL OB mH
DEZIL 46 EThHoTc, A2 DF T VT 4 —IZDONWT, 2ODT AL D 2 BgL ik
DT EROKT A~V AL, BNV B ERIURERICR D, ZO7H, B~V &Y
LlkE, T& IMLoREREEE < 72 < ([B]Y BT T 22.8 keal/mol)!'™, 45 ~ IR 4
— X —=DT7H IMEHEETTEEZON, TR OO ENIER TN THD L&
2 HiLd,
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Figure 3-7. Single crystal X-ray structures of Azl (left) and Az2 (right).
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3-6. T7HVU-ERT AV UAMBRIED N FE M

HAE A F Lo P CHRIE L 7= 2890 AR A~ 7 kL% Figure 3-8 (27797, Azl 13 500-
750 nm (272 > TIHEFITIRIAWKILNZ LD L, 342, 414, 435 nm (SRR E— 7 A3
RoNTz, ~V AT XL 22 BIR A2 TIERIERM 2 o HEOFRE &L RE S5 900
nm (& F TR DI RIMEIROWI BRI S e, BLHRENZ L1122 SDfEmDE L
WIARENL T AL DF ) ~— L IR D EF LWV RABI S v, Zhid 2 BR0E
REEN I L > THRSEBZZIT VD 2 EPRBENTZ, EAOWPEETT- 2N
Azl, Az2 & BB SN2 oz,

3.0 x 10%
2.5x 10%
2.0 x 10 Az
T —AZz1
§ 15x% 10* —Azulene
T O X
s
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oo/ﬂ\ —
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Figure 3-8. UV-Vis absorption spectra of Azl, Az2 and Azulene in CH,Cl,.
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3-7. FI7HZL-ERT AV UHMERED DFT #E

Azl, Az2 OOy FELEF R 24T > 72 (Figure 3-9), Azl ® HOMO 334 D5y S iz
T AL AZREALLTEY, LUMO (37 7% Ly &7 XL OIEEIC[EL LT
720 TIIUTHAT, A2 TIZHOMO 13~V B U ED T XL 2 I HRFEIL L TEB Y |
LUMO 1353 T &RIZIERTEL L TWD Z &R hoTz, Mx T TD-DFT #HAEIZL D K
INDZ 4% fFt LTz (Figure 3-10, 11), JEARAMEIRIC £ TH Oz Az2 ORINIE 700 nm
fHEIZ HOMO 75 LUMO ~0O&ER & T I, 400 nm (T ORI HOMO 726
LUMO+2 £ 721X LUMO+3 ~O#ER & TSN, ZHHIENTIORERE & HI2FEH
ERW—EKERLT,

Azulene
0.964

:g
L+
e |

1.25

2
Orbital Energy / eV

-s.sTH_

Figure 3-9. MOs of Azl and Az2 along with azulene based on the calculations at the B3LYP/6-
311G(d,p) level.
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Figure 3-10. UV-vis-NIR absorption spectrum of Azl along with the calculated oscillator

strengths.
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Figure 3-11. UV-vis-NIR absorption spectrum of Az2 along with the calculated oscillator
strengths.
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3-8. 7 XV -ERT AV UAERIEDOEEFBRM

A2 DFHFEFEMEIZOWT, BIZ%H LR 7 & (Nucleus-Independent Chemical
Shift: NICS)"1 & FHWNTHELE LTz, NICS (35 FHEMEE RO T2 WGATICELE L2 & 2 —J)
O NMR OfLFE L7 hOFEETH 5, NICS DENARLIFHEEBRETH Y. NICS
DAEMNIEZR IR G BN E R S D, Az2 OfEfmiEE % H & 12 Gaussianle & U
TT7 ALy, 72102 L TAR DENZEILOED NICS fE% 515 L 72 b D % Figure
3-12 1R Lo, A2 ZRERT 27 AL R0 7 Z L 3N LTc R L BT H R E 0
FAERH DN oT2Z LIlZxt LT, Ficlic I nzdiko 7 BERIZBW T
NICS(0) TlZ 7.28 ppm & NICS(£1)Tlid 2.14 ppm & NICS A /NS W85 6 IEDOfE %
RLT, ZOZENLHRRIZTEL T BRIIAFEER AR T2 ENRBINT, &6
72 D HEAFIT 24T 9 72 9IZ, Anisotropy of the Current Induced Density (ACID)2%?!% FvC
BREEIE O Al AL 21T - 7= (Figure. 3-13), BREEIRIZIVNTHRFEHEI Y OBREWIZ T HREIED
FREE L 220 KRR Y OBRERIISOF F MBI & 5, Figure3-13 IR S 412518
D, FT72 LT AL VRIZBWTIREHEI Y OBRERA R 62D DTk LT, F1k
D 7 BERICKRFEHEID OBREHA R Hi7c, ZIUINICS SHREOFER &b < —FH LT
W5,

NICS(0) : -18.97 NICS(0) : -7.32
NICS(1) : -19.10 NICS(1) : -10.31
NICS(-1) : -9.33
|\\
y
NICS(0) : -15.95
NICS(0) : -6.85 NICS(1) : -16.34
NICS(0) : -18.97 NICS(1) : -8.46 NICS(-1) : -17.44
NICS(1) : -19.10 NICS(0) : 7.28
NICS(1) : 2.14
/ 72 NICS(0) : -3.35 NICS(-1): 2.13
/. . \ NICS(1) : -5.56
_ NICS(-1) : -6.59

—

Figure. 3-12. NICS values of azulene, naphthalene, and Az2.
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Figure. 3-13. ACID plots of Az2 (isosurface value: 0.05). The external magnetic field is applied

orthogonal to the molecule plane with vector point towards the viewer.

CITEDESITLTHRD 7 BRP T ERMEZ R T ONBER e Tl T AL
DHIBFEED—DX, S BEROYV 7 a0 ¥ V= %R~ (Figure 3-14-C), L7=
ST AZ2 DFTZIZTE =7 BB E 2 5D 7 XL /T Figure 3-14 (R X 9 24t is
NET, BOX Iy EENEEN 7 a~T ¥ M) =7 =4 (Figure 3-15) TH
%8 B RDFEEBIZ/I DD TIIROMNEE X T2, ZOT =4 2 ORYIOFHERIT 1962
FITHRE S, FHEICBW T ZHE TR 2 RO mEiE & 2 | —HHETIIX
BRI A2 R DI EEI oG Z & 5 L PRSIz, T A2 O R 7 BEDBK

I
RN T o L lc—E LT\ 5, B

Figure 3-14. The resonance structures of Az2.
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Figure 3-15. The resonance structures of cycloheptatrienyl anion.

AElL FLD T EBENNSRRGER RICEENDL Z L&, EICZODOFEICHESD
W TCHE BB ORI FEUEN SR Lz (1) IEO NICS()fE 2.43 ppm & (2) AL ERE
EE (ACID) FHRIC K ViRt L7 KFEHE D (T be bty V) BRERTH D,

R XA, BRB XX —mBLE N DN DO LY
M SN AP L L2 D, #5A728%% (Bond length alternation: BLA) @ X 9 72 f&iE 1%
I EAC AR T D TR TR & LA TR WP, A2 o g 7 BER
TIIIEFmEE (7 2D RFER T OFEE R 0.176 A) 247 58] 5272 BLA(HOMA
fE20.01) BRIz,

e 7 BEROROFEBIECE L TiE, %7 NICS fE (NICSis) 1A FBEMF IO
A M S TR D2 W RFTE L WD F -4 3100 T, Stanger 1T XV @Y 72
NICS #£P29E LT NICS, .. it % 5H 53 U 727 NICS . FE 50T 7o 35 R D 7 & 7k 3, Stanger
L NICS,.. i 6.5+ 0.7 ppm % 157=, F7=. NICS-XY AF¥ v H47-o7-2208 Z g b
D/INERIEDONICSHIZT AL v & FT7 XL VHENITOYT hu By 7 EROERETH
% LfEimoT T,

FEBE I ENTZERDOH LI T 2 AD NICS, . HITHICEFEDORICK T 507
ra vty 7ERETRT, Bz, P 7= oo, PLONEED sextet D%
H-D7=®1Z2-13.5 ppm DHE D NICS,. A H T 52, Lo L2, TED NICSr W7272H
T be bty VERICE D TRERBE] 2E® LRV, 22T, RERL T
572 ACID FHRZ1TV, EEZORRIT, /NS VWREr TIERWAT hrty /&
TS Az2 OXHET D —F% v N BIAFET 5 Z & %7~ L 7= (Figure 3-13), NICSy, #axHHE
DRE SEINRV/PNEND T, EFIZ L > UIFERE L IFFRD 5 B OIEFFRIC
HEINhD,

NICS:.. [EDFEM 72 AT O F20F T, FLL A LTz 7 BEREZ MU R T 52 L
DTCE T, A RE T 5720121, A< &b T XL D250 5 BRMN ORI
HEREEEZFFON T C. T ALY D2 o0 5 BRN T ARICEMTSHOrE T 5%
X RETMEEWMOERR EZ DG EHHMMALEE L 4D (Figure 3-16)
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Figure 3-16. Model compound with 10 77 electronic fusion ring.
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3-9. #Ewm

SRR T XV 2 2 BERDOEZAT 5 MfE T BT F A e 7 AL v TEEB LD
AU BT XL T RBIRO G LTz, Bk X EE AT NMR 72 & OFE 4
DPEIT £V Bt 2GR TEIZ R 1o, ERNIZ 1 DOT7 AL LA A LT
WU Azl (ITHRT, AU B URRT AL v TR A2 I2B W TR ORI 1 4k
DIBRIZ K0 | TIRMEIR E TOWIRE R LT, EHIcEshni- 71 BRI, 7
AL 2BOT7 AL 5 BERO 1, 2O SN REE L 20 | 2o EHEE
MORGEFEEERT Y r7a~TZ NI 2=V T =4 O8n BT ROFEEZ R L &
Bz, T7X VYD X S 6 BEROANGID PAH Tk, “EEA YO %
FRICHEGT D o BT 27 DSNCH Y 20, ERARILKEOT AL o 5 5
D EZRE T HZ L THOTHEIODO 8 B REIETE T,

ZOT AL DS BRE G R THER SN 8 7 BT ROBEILSH O GE
ENEZ AWM BRI ZICB WO TH D £ B 2 T 5P,
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3-10. Supporting Information

3-10-1. Instrumentation and Materials

'H NMR (400 MHz) and *C NMR (100 MHz and 150 MHz) spectra were recorded with JEOL
INM-ECX 400, JEOL JNM-ECP 400 and JEOL JNM-ECA 600 spectrometers at ambient
temperature by using tetramethylsilane as an internal standard. The high-resolution EI mass
spectra were measured by a Jeol JIMS-700 MStation. X—ray crystallographic data were recorded
at 90 K on a Bruker APEX II X-ray diffractometer equipped with a large area CCD detector by
using graphite monochromated Mo-Ka radiation.

UV/Vis absorption spectra were measured with a JASCO UV/Vis/NIR spectrophotometer V-
570.

TLC and gravity column chromatography were performed on Art. 5554 (Merck KGaA) plates
and silica gel 60N (Kanto Chemical), respectively. All other solvents and chemicals were reagent-
grade quality, obtained commercially, and used without further purification. For spectral
measurements, spectral-grade solvents were purchased from Nacalai Tesque.

All DFT calculations were performed with a Gaussian 09 program package.'>" The geometries
were fully optimized at the Becke’s three-parameter hybrid functional combined with the Lee-
Yang-Parr correlation functional abbreviated as the B3LYP level of density functional theory. The

6-31G(d) bases set implemented was used for structure optimizations and frequency analyses.

62



3-10-2. Experimental Sections

) e

Az1

Azl and Az2: 1,8-Dibromonaphthalene (22.4 mg, 0.0783 mmol), 2-(azulen-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (50.3 mg, 0.198 mmol), PdCl>(PPhs), (12.8 mg, 0.0182 mmol)
and K»,COs (43.5 mg, 0.315 mmol) were mixed in a schlenk tube containing with degassed 1,4-
dioxane (1.6 mL) and degassed H,O (0.4 mL) (4:1, v/v). The reaction mixture was heated at 120
°C for 48 h under inert atmosphere. After it was cooled to room temperature, the reaction was
quenched with water and extracted with toluene. The combined organic extracts were dried with
anhydrous Na>SOs and evaporated. The crude product was roughly purified by silica gel
adsorption column chromatography (hexane/CH>Cl, = 3:1, v/v) then again by silica gel column
chromatography (hexane/CH,Cl, = 4:1, v/v), and was subjected to precipitation from
CHCI3/MeOH to afford Azl (1.3 mg, 4% yield; R,= 0.31 with hexane/CH>Cl, = 3:1, v/v) and Az2
(7.4 mg, 25% yield; Ry= 0.25 with hexane/CH>Cl, = 3:1, v/v) both as green solids.

Azl: '"H NMR (CDCls, 500 MHz, ppm): 6 2.96 (d, J = 19.2 Hz, 1H), 3.56 (d, J = 19.2 Hz, 1H),
5.41 (dd, J=17.6, 1.6 Hz, 1H), 5.47-5.58 (m, 3H), 5.63 (dd, J = 11.2, 7.6 Hz, 1H), 6.02 (d, J =
11.0 Hz, 1H), 7.06 (t, J=9.6 Hz, 1H), 7.22 (t, J=9.6 Hz, 1H), 7.47 (t, /= 9.6 Hz, 1H), 7.50 (t, J
= 6.8 Hz, 1H), 7.61 (t,J= 7.6 Hz, 1H), 7.70 (s, 1H), 7.72 (d, /= 7.4 Hz, 1H), 7.77 (dd, J = 8.2,
0.9 Hz, 1H), 7.96 (dd, J= 7.3, 0.9 Hz, 1H), 8.07 (dd, J = 6.9, 0.9 Hz, 1H), 8.22 (d, J=9.6 Hz,
1H) and 8.88 (d, J = 9.6 Hz, 1H); *C NMR (CDCls, 126 MHz, ppm): 6 51.43, 56.39, 110.27,
119.75, 121.91, 123.48, 123.76, 125.47, 126.15 126.50, 126.68, 126.98, 127.41, 128.62, 129.03,
129.05, 129.52, 130.28, 131.55, 133.74, 134.52, 136.18, 136.77, 137.50, 137.55, 141.86, 142.55,
143.65, 144.25 and 155.09; HR-MS (CI): m/z = 381.1645, Calcd for CsHzo: 381.1643 [M+H];
UV-vis (CH2Cl): Amax (6[M ™' ecm™']) =342 (2.9 x 10%), 415 (1.2 x 10%), 435 (1.1 x 10%), 521 (410),
570 (400), 600 (400), 642 (370) and 712 (160) nm.

Az2: '"HNMR (CDCls, 500 MHz, ppm): 67.03 (t,J = 9.7 Hz, 2H), 7.09 (t, J = 9.5 Hz, 2H), 7.47
(t, J=9.7 Hz, 2H), 7.53 (s, 2H), 7.54 (d, J= 7.7 Hz, 2H), 7.80 (d, J = 8.5 Hz, 2H), 8.08 (d, J =
9.7 Hz, 2H), 8.21 (d, J = 9.2 Hz, 2H) and 8.28 (dd, J = 7.4, 1.1 Hz, 2H); *C NMR (CDCl;, 151
MHz, ppm): 6 120.79, 122.34, 123.18, 123.83, 125.98, 128.11, 129.45, 134.69, 135.02, 135.20,
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136.29, 136.65, 137.55, 138.46, 141.80 and 151.01. HR-MS (EI): m/z = 378.1400, Calcd for
C3oHis: 378.1409 [M]"; UV-vis (CH2Cl): Amax (¢ [M™' ecm™']) = 326 (1.2 x 10%), 386 (1.9 x 10%)
and 675 (400) nm.
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3-10-4. HR-MS
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Figure S3-5. HR-EI mass spectrum of Azl.
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Figure S3-6. HR-EI mass spectrum of Az2.
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3-10-5. X-Ray Crystal Structures

Table S3-1. Crystal data and structure refinement for Azl.

Empirical formula CsoHao

Formula weight 380.46

Temperature 90(2) K

Wavelength 0.71073 A

Crystal system monoclinic

Space group C2/c

Unit cell dimensions a=22.923(16) A
b=13.654(10) A  p=110.516(9)°
c=26.152) A

Volume 7666(10) A’

VA 16

Density (calculated) 1.319 g/em®

Absorption coefficient 0.075 mm™

F(000) 3200

Crystal size 0.20x0.10 x 0.01 mm®

Theta range for data collection 1.768 to 23.500°

Index ranges -19<h<25,-13<k<15,-29<1<L23

Reflections collected 16018

Independent reflections 5660 [R(int) = 0.2256]

Completeness to theta = 23.5° 99.9%

Max. and min. transmission 0.999 and 0.713

Refinement method Full-matrix least-squares on F°

Data / restraints / parameters 5660/ 0/ 541

Goodness-of-fit on £ 1.035

Final R indices [/ > 2o(])] Ry =0. 0948

R indices (all data) wR> =0.2656

Largest diff. peak and hole 0.442 and —0.280 e.A™
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Figure S3-7. X-ray structure of Azl. The thermal ellipsoids are scaled to the 50% probability.
The crystallographic asymmetric unit of Azl contains two identical molecules of slightly different

structures.
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Table S3-2. Crystal data and structure refinement for Az2.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

7z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [/ > 2o(])]

R indices (all data)

Largest diff. peak and hole

3.5(CsoHi5)-CHCl3
1443.92

90(2) K

0.71073 A
monoclinic
P2:2:2
a=15.8869(8) A
b=137.2732(19) A
c=11.7842(6) A
6978.1(6) A’

4

1.374 g/em’

0.189 mm™!

3004

0.30 x 0.20 x 0.05 mm’
1.684 to 26.00°

—-19<h<9,45<k<45,-14</<14

41241

13727 [R(int) = 0.0350]
99.8%

0.991 and 0.953

Full-matrix least-squares on F*
13727 /0/983

1.011

R;=0.0350

wR> = 0.0855

0.208 and -0.325 e.A™
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Figure S3-8. X-ray structure of Az2. The thermal ellipsoids are scaled to the 50% probability.
The crystallographic asymmetric unit of Az2 contains four identical molecules of slightly

different structures.
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4-1. Fag: 7k &2V LYV

TR IR B UBRPERRICHES LI2 B E b OZRGTEERIOKFETH Y | A
PR HOL M FE & LTI TOIL TN D, 7 VEOWRIRANY MV, 7
ORIV ODICH > TRMICEEREY 7 25, FlZT b oy, o dtr
B LOEOFERIIERKGEMSCERFENS A A — R, 8T PR ~OISHDB )
LTV UL, BROBAEINT D20 > THE A DR 02 ENE
WMETF L, G EBRNPHEEEC/Y , REIRFT DI L HE LN

o OOb
e Sk

Acene Rylene

Figure 4-1. Structures of acene and rylene.

— 5T, XU Ly (n=1), TV LY =2), ZAX VLY n=3) REAY TV L
X772 Loz L8NG ANCHEER LT B 2 b LR FRRILKFZETH Y, RI1Iv £
DWINART FInFROME L EBICRERY 7 ML, ~FH U L2 (n=6) LY
B 72 b LRI A Fio, OB - ETMEIC LY | MEI~DIGHA R IR S
DD, AR~ DEMIEOIR S D EBEHOT VL L DAY TV LiRid & o
ERFFE A B T2,

L7l oT, 7RV LU O EAED DR, RIS LENZZE LT ks
DIELL 2D,

4-2. EHRNMRNAFK L LTOT U Lo HiEk

T =R UMELOBEN T E T, sp? IREBEOER A RESNZ K > TARHERD
N RUED sp? REMNSRDF ) I—RU M, FORFNC K- TEL RIp 2 WY -
L BRFE 2 FED 2 L IT N TH D, RIE T2 L0 | @, REERINZFFo
b&Y. T2 HHFH) HOMO-LUMO ¥ % v 72/ EWMbEMit, K& Rndbe iz
HEOZ Emb, bL— RAET OGRS U TRFIZEMENME S | AHATEI TR 2 i
PEHIERY, 2O ORBEZMRRT 57D, 3T A X &2 TEH7EF/ha LoD,
HOMO-LUMO ¥ ¥ v 7 &/NEL LTenF a2t T2 EBATH L, T2lZL. 0 F

76



YA PN S LK DPORWERRINEZ b Oy fakit & LT o FRNICERE ROV T =6
FOL, HBRD T AT ER L AMBNTVDEN, WTIOLaw b AE
BN B W PEE & DT DL FI L EVEPMRVMENICH D | T b A2 2 THRRT 5121
INF A RTIN A THE, PR TH D Z & bERMFITD %,

(L2 EVED B UT#RA: (Near Infrared: NIR) WRULERALAKFE OAEFI & LT, .
DO BT, BEAICE R L7« 485 CTo 5 as-Indecenoterrylene % #HH5 L T 5 F

(Figure 4-2b), Z D4y F1%, ©TH 34 HO sp? IRFJFLF DO SN TWVDITH )
DT, AN 7 aa R BT A= 952 nm (WU 1300 nm) (ZFEF ITHRIA
AR 278 U, B AOEARENT e=4.1x 10°M'em ' T H>7=, —J5. Wiirthner 5
X FLDOT AL N2 0DFT T E LA X RENEABRIRICRS Lz, FiLnZ A 70
A H BMEIR (Figure 4-2¢) Z#iE L7720, ZOYEIROT U Lo B AL 3 FEMERT,
BERKIZIRDT VLU E AL TR (Anx=650nm) (2R TRELSEHE T 7 P L. Ao
=1041 nm, (LA F L UHT =4.5x10° M 'em™ OITHRARILZ 7R LT,

a)m

Terrylene, C30, 560 nm Fukui, Shinokubo, 2020
as-Indacenoterrylene, C34, 952 nm

aSpsoaatele

Wirthner, 2020
Non-alternant terrylenebisimide, C30, 1041 nm

This work
Bis-non-alternant terrylene, C30, 1180 nm

Figure 4-2. NIR-absorbing terrylene derivatives with the number of relevant n-electrons and Amax.
a) Terrylene, b) as-Indaceno[3,2,1,8,7,6-ghijkim]terrylene, c) Non-alternant terrylenebisimide,

and d) Bis non-alternant terrylene.
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4-3. HFREE R

H3ETIE, EAT ALV UMAT 7 X L DA WA LT (Scheme 4-1a)'%, 7 X
L RO A M B ERM 2R T 572012, 18-FT 7 F L U BUEOmM T AV v &
A OERCEFHE L7z (Scheme4-1a), HEIDLEW A IXGF O -T2 h3, BIEHIZR
BRALAORRER DS I L 0 A2 VERKRT D 2 ENbhoTe, ZOARMIL, B RBZIEM
IR LTWS 72, 900 nm 2 IR & 5 2 RARINE R LTz, ZORENG,
18- 7 aEF 72 L E 1-RUET ALV UOMAKR-BHZax D7) o TRIST
X, L& B TlEe<, 2 2OT7 AL U RN HITHEER L7c AR C BEL 5 2 LA
FFE 7z (Scheme 4-1b), FEFRIT/NT D0 Ml HW - 1,8- 7 mEF 72 L0 b -
RUFT AL DH 7Y T RISTIE, FRADOAERY G L, 'HNMR & B &
SHICE D FPHL 2o te 7 X L T XL OEBEBRILSHEZ > TS Z L
EHER L, HrLnNU LUEERMERTH LT AL /[1,8-ab] 7 =F L2 1 ZIUEK 43%
T,

a)<!>E“+JiE b) GD’WTF]iK

TS NN SRS

b) q.»

L[

&) Yae

B c
are
o0

Verdene (1)

Scheme 4-1. Serendipitous formation of fused compounds between azulene and naphthalene.

DT 72 L IR AL s EFEPLRL7 AL TRV ERZ LT
Do TAVYDARENEL, ANA VETHEEZERT D Tazul) ICHE LTV D, LEW 1
3L LWFRE DR AZ RT O T, AL VEETHREZEWRT S Tverde] "B, 20
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Miller H23E R L7= & e L, [A UELH T verden & v L& TH 228 U #1127z
S CTHEM X BAEERNTIC L 0 &GS E > T2 2 EBP 5T 572 (Scheme 4-
)M Scholl R FT 7 X LU B HIHTRY L ZAR L THD 1 HEREAREL TV D
WL ~OLF T, C20 Lvb 7272 ilih Ty o Akl b b b9, T E T
BRESNIZZ EDRVEDORY L OEREARTEH 5, 'THNMR 233> E DB S
TWDZEMNDLHBRTHDL I L bR TE T, T AV U EMERT 2 0 Tkt DR &
LT, Clar HIOZEFEND E T VAP EERKEBIZRD LW D ZENRNWI LT 6N
5o

pe oot
: — ‘O Ph
e I

1,2,7,8-tetraphenyleno[1,8-ab]lphenalene

(L
e

Scheme 4-2. Report on the synthesis of “verden (predict)” and the structurere of “verden (actual)”

Verden (predict)

Ph
=

Verden (actual)

revealed by X-ray analysis.

Z @ verdene @%ﬁ%ﬁﬂmﬁﬁ‘%ﬂl 53 F A XD E DAL FHIEE TE M D i WU AR
WRALKFE Dy Fiat & LT, 0 FRICERERALKET XL o A Te, bk,
PRZR DA A Y L 2 (nonalternant-alternant alternative rylene: narylene) &% L7-, KHi
PUBEZ DGR E I DN THRET 5,
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4-4, TAV B AY TV LU DOERR

ARFFETIE, T AL & F T X VR AICHER L8O A4 Y I L ik Bk
DA EMENL L7z (Scheme 4-3),

1-RUFEET AL 1b & 18- 7 v 7 4% L i3 Suzuki-Miyaura 7 2 A5 v 7'
VIRIEDFUETTh Y7V 72Uk BRIt @ L Ciie 2, 7 AL -
T 7 & U UHEER IR verdene 3 AN 49% TR, [RIERIZ, 1,3-URUFLT AL 20D
CTHEHFTHVUMEERT ALY 4 BIUE 36% T, SHIC LA AT TERL
73R UFT AL L 1458 T v 7 v T7X LDy T Y TITED syn,
anti D2 FEIHD BT XV BT 7 2 L 5 BLUN6 1572,

“O (Bpin),, NiC1,(PPhy),, PPh PP Bpin
NIS(2 eq) pin)z, NiClo(PPhs)y, PPhs
o MeOH > MeOH, DIPEA > +
Bpin
1b (20%) 2 (40%)

Pd,(dba); * CHCI; PCy; « HBF,

Bpin
as Cs,C0; O.@
0+ > O~
A Q Br 1-CINaphthalene

(1:1) 150 °C, 17 h 3:49%

Pd,(dba); * CHCI;, PCy; * HBF,

Bpin O Br K,CO; O O
+ Br 1,4-dioxane, H,0 > 0.8.0

Bpin 80°C,13 h
(1:2)
Br Br
Bpin PdCly(PPh3), Bpin Pd,(dba);*CHCI;
Bpin g K;CO; 9 Q &r & PCysHBF,, Cs,CO,
<@ g
1,4-dioxane, H,0 O 1,4-dioxane, H,0
100 °C, 18 h 110°C, 24 h

47%

Scheme 4-3. Synthesis of 1-borylazulene 1b, 1,3-diborylazulene 2, verdene 3, bisnaphthaleno-
azulene 4, anti-bisazuleno-naphthalene 5, and syn-bisazuleno-naphthalene 6. Bpin = 3,3,4,4-

tetramethyl-1,3,2-dioxaborolanyl.
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4-5. T AV BT Y TV L OfEiREE

LT D EERT CHoCL » MeOH IR B 15 H LTz, H0 B D@ (Rin~6%) H
fhamma HWTH, 7 AL AN HifE g o C disorder LTIV | IEMELRSS & RO
1T T&E 220> 7= (Figure 4-3),

CaoH12

Mw = 252.30

Monoclinic

space group P2,4/c
T=90K

a=10.069(3) A

b =10.577(3) A
c=11.387(4) A

B =93.531(5)°
V=1210.4(7) A3

Z=4

R;=0.0682 (for I > 20 (/)
wR, = 0.1594 (for all data)
GOF =1.081

Figure 4-3. Single-crystal X-ray structure of verdene.

~ULT U DOROGHEE TS BT NBS (2 L5 R2EEZR AT (Scheme 4-4), £T7

AL DS BEOIMBRIGL, 2 20BORFBIISBEREFEE LT 7Z LD 1 AR
RFE(EINTo, ZERIERRIKFZDRFIL, B2 RFFEMREZAT O T DI IR IH
MRS TH D,

00 NBS (teq) " O o OO 6
W, > w W
O CH,Cl,
RT, 1h
7:40% 8: 7%

Scheme 4-4. Synthesis of bromoverdene 7 and dibromoverdene 8.

U7 uEAYLT 8 O HREEEE AT IC RS LT (Figure 4-4), MEEHUA L (3H 72D
disorder 23 Lo 7272, GRS GBS R X 5, T X L UIloREE R
BiZ, mEoFr 72 v EERRIC, 1-2 (7. 3-4 A, 5-6 (i, 7-8 frfEInE < 7o
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TWb, — 5, TAL AL EARBRIIR ONT, FERMEDPRIT L TN D Z & DVURE
Shiz, TOHRTHET, 12 MHORKEE (1.391A), U Lo DR L
SBANOIE, F T LT AL OSBRI TH D, ) LTS T
2L RO IR 150 A THY , FEHEROMEEZ > TVDR, Y7 rE
VT T 6 BE-5 BERROMATHEN 1434 A, 6 B5-T BROMA N 1.488 A
L. OFHC S BRIAEL o TW05, £z, 7 BB E 6 BEROMTAER L 1.904 A
EIEFITEDNTN DT, KFE L TV 5 (Figure 4-4b),

(a)

(b)
(©

Crystal Data (90 K)
P2i/c (No. 14)
a=7.4442(7) A
b=15.4824(15) A
c=12.2473(12) A

B = 99.2260(16)°
V=1393.3(2) A3
Z=4

Ri =0.0297 (/> 20(l)
Rw = 0.0798 (all data)
GOF =1.065,

Figure 4-4. Single-crystal X-ray structure of dibromoverdene 8. (a) Top view, (b) side view and
(c) bond lengthes.
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ERAFT7HL )T AL 41200 T S BREAEEMEATIZ RS L 72 (Figure 4-5), f6&
X, T BEVULTUOZRERLTHoT, TEBERE 6 BEROMOKFER LD
BENY 7 a LT o L0 (1.866 A, 1.887 A), M7 X LU nNBXZ 72 EDM
JETHIDY o T2 (Figure 4-5b), 6 BER-5 BEROMAHEEL 1.47 A LIRS TV,

(a)

(b)

(©

Figure 4-5. Single-crystal X-ray structure of bisazulenonaphthalene 4. (a) Top view, (b) side view

and (c) bond lengthes.
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anti-BA7 XV ) F 7 B L5 ORISR IC ) Lz (Figure 4-6), B2 )~
AL )T AL LR A OV TIE LT v R CERNICH - 72,

Figure 4-6. Single-crystal X-ray structure of compound 5.
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4-6. TRV VBHAY T Y LY DI

R BLAFETH BT AL A, 2 TN HEOEETIRILA 700 nm E THERT L
DS, EREARENE 100 Mlem™ LUF & JEHIZ/N &y (Figure 4-7, Table 4-1), ~/LF
> TIERBERM OIS 900 nm F THEL, WA EIE 1000 M 'em™ £ TREL 2> T
Wb, EAFTHEL )T ALy 4 TEREEEMOWEREIT VT v ERBETHD
A, 1100 nm F THRILHERI =, ZORER, 7 XL TR LTH7 2 Lo 1 sk
THTEIZ200 mBEORKEY T NTHZ RN gholz, —J, 77X LKL
TT AL U3 2 OB T 25A1E, ZOWILA Y FAOTGRIT syn IR E anti IRTR X
S H7pol-, anti KOG EIIREBAINGEENZ 900 nm &, BEAXAF 7 XL )7 AL
X0 HEREEMNCEN -0 WA EDY 15,000M'em™ 2 D RE S ThH o T M,
syn RITE B RWINE =AY 1200 nm &, 3 > 7V PSR DR AL & &
L CIERFNCEREMNCEN D, WORMREUE 5,000 M 'em™ & HERRETH Y | W I
1400 nm |2 F TiE L 7=,

440" - 2000 —

1500 —

cm

e/ M

-1

T I I T T I I
700 800 900 1000 1100 1200 1300 1400

Wavelength / nm

g/ M_1cm

I [ I I I I I I | I I ]
300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Wavelength / nm

Figure 4-7. UV-vis-NIR absorption spectra of azulene (yellow) and azulene alternative rylenes:

verdene 3 (blue), 4 (pink), 5 (red) and 6 (green) in CHCl;.
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Table 4-1. Optical properties of compounds 3, 4, 5 and 6.

Compound Aabs (€) / nm (10°M'ecm™)
3 322 (1.8), 451 (1.1), 691 (0.13), 763 (0.16), 858 (0.089)
378 (4.0), 418 (1.4, 500 (0.65), 536 (0.56), 789 (0.12), 881
(0.65), 1008 (0.17)
5 315 (2.8), 513 (3.6), 806 (1.9), 901 (1.3)
390 (3.3), 538 (2.0), 564 (1.8), 605 (1.5), 702 (0.34), 1014
(0.73), 1180 (0.61)

4-7. TRXLV B#FY TY LD DFT #HERE

/BoNET AV AERAY) T Lo OoFHERHR 21T > 72 (Figure 4-8), ~/LT
® HOMO, LUMO (FXY L > EIEFIZBITW DAY, 5 BERT/ T LUMO Ot &3 K &
Ko TNDHZEND, MEHMORE I LUMO OZEMICHFEL TS EEZ LN
b Flo, ERXFTTZHL T AL O HOMO X7V L EEITWA R, LUMO 1E7 X
LoD 7 EBBRICHELLTWS, antiKOEAT AL ) F7X2 L 03, T ok T
YETEUCEOUME LR CREE S > TWD, syn KO EAT XL ) F7 2L Dl
EITSFRERIZFERE L TV,

syn IR & anti (ROWIGTE DK E 721EWNIZHOWTELRT 5729012, HOMO & LUMO
WZHEHT 2 (Figure 4-9), syn K5 B X UMLEY 3,4 1Z HOMO, LUMO (2B W TT X
Y OWGENRF SN T PR TE 2, LR T, BINART MAVORNT X
L DIEDNREIBRLIEIC > TWDH LB X bvie, —Ji T, anti 1K 6 Tix
T AL OEGEN G ERICHAAENT, TAL X0 T U LA L 72 #E T
HOHET DB S, AT MLOBRBKRES B LIZEEZBND,

TD-DFT FHREICE YD, EFEBOE Z V0T IO L 72 DIRENFIREE ()0 RR-1-
(DM), EBMHET (TDM) OFEH & WINA 7 MV OFHRE 25772 (Figures 4-10, 11
and 12), LT L EERT AL ) F TR VLAL T AL L RIBREONEFE D (1.15
D), syn-EAT XV ) F 7 Z U ATBICE R (1.90D) Thd LR Iz, —
AR FIRE () lICoW T anti-BE AT XL ) F 7 X2 LU TIHEFICRE <, FEHIE &
FHEE IR — BT 2 dH o Tz,

86



0.0

-1.0 —

-2.0

-3.0 —]

-4.0 —

Orbital Energy / eV

-5.0 —

-6.0 — -

7.0 —.

-1.82

=5
112 B .: ” pev ai”
,.".‘ ‘;.' [ "?.“
& W\ «aq., Q-
.‘.$; -1.85 ‘,”‘Q - ‘:r"‘
’ T e w0
> %% =%
233 " .;55, i p ;,'4.‘,'?-,&
2.5 S
T 237
)
) I CH$x
217 eV .3.0 1.81eV -0

411) aJal®
4.79 $ l’ﬂ“"
5564 19ady

3,9.‘.9'

iy DACLE

4.68 . rihit”
N
-5.35H 2 i

%ﬁ,

6.16 I $ : %\S\v::/
,"J

Figure 4-8. MOs of azulene alternative rylenes (B3LYP/6-311G(d,p)).
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Figure 4-9. Comparison of MOs of azulene alternative rylenes (B3LYP/6-311G(d,p)).
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L.

f=0.0078 N-I f=0.0486 f=0.0555
TDM:0.1324 D ’ TDM : 1.0806 D TDM : 1.5095 D
DM :1.04D DM:1.12D DM:1.15D

== Transition Dipole

Moment
4 f=0.4836 Y f=0.1794 —l D|po|e Moment
TDM : 10.5460 D TDM :6.0189 D
DM:0D DM :1.90D

Figure 4-10. Dipole moments and transition dipole moments of a series of azulene derivatives

calculated by TD-DFT method.

3.54 Lgh%t—‘?iwmﬂ
3.0
5 2.5+ £=0.484
g HOMO—LUMO
S 20
5
W 1.5
1.0 Lgngl?fumaﬂ
0.5 LL
0-0 T T ! |I T | T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Wavelength / nm
Figure 4-11. Simulated UV-vis-NIR absorption spectrum of 5 along with the calculated oscillator
strengths (f).

88



.
DaWad
-0

3.5
f=0.238
HOMO—LUMO+2

3.0

=

2.5+

f=0179

20 HOMO—LUMO

e /M'em

T T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Wavelength / nm

Figure 4-12. Simulated UV-vis-NIR absorption spectrum of 6 along with the calculated oscillator
strengths (f).
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4-8. NICS HEIZ L 2 HFHREDOREL Y

HEFEEZ RS 572012 NICS fEZF5H L 7= (Figure4-13), NICS OfElE Gaussianl6
Rev.C.01 #HWCEHE L7, B3LYP Bd% L 6-311G(d, p)iifEt v hEfEH Lz, &5 1F
75 1.0 A 50D NICS EDEFHREIZIE GIAO £ % v iz,

FTTZVOMER LT AL D7 BEOFFBRMET, WG IESFBEED L)L
FCRELEFTHIENAML ONIZ MATT 7H L OBEFHREBETFLTEY,
T 72 5 BT 2R & L TIRF LTV S,

NICS(0) : -6.18
NICS(0) : -9.24 NICS(0) : -17.94 NICS(1) : -8.46
NICS(1) : -11.51 NICS(1) : -18.82
o %ad f \
P4 —
NICS(0): 7.4 NICS(0) : 9.31
7 NICS(1) : 3.56 i
NICS(1) - 1.90 NiCay 5oy NICS(0):-13.20
NICS(0) : -6.37 NICS(0) : -4.26 e NICS(1) : -15.54
NICS(1):-9.17 Q NICS(1) : -7.92 —_ / NICS(-1) : -15.32
\. N\ NICS(-1) : -7.60 \ |
° NICS(0) : 3.20
NICS(1) : -1.37
NICS(0) : -4.36 NICS(-1) : -1.31
NICS(1) : -7.87
NICS(-1) : -7.58
NICS(0) : -11.74 NICS(0) : 7.93
NICS(0) : 6.26 NICS(0) : -4.07 NICS(1) - -13.81 NICS(1) : 2.55
NICS(1) : 0.898 NICS(1) : -7.33 NICS(-1) : -13.64 NICS(-1) : 2.40
NICS(0) : -6. NICS(0) : -4.88
NICS(1) : -9. NICS(1) : -8.49
NICS(-1) : -8.35
NICS(0) : -6.24
NICS(1) : -9.56
NICS(-1) : -9.54

NICS(0) : 3.75
NICS(1) : -0.523
NICS(-1) : -0.321

NICS(0) : -11.34
. NICS(1) : -12.89
N'Cs(?; 210 NiCS(-1) 1 -13.93

NICS(0):-2.66  NICS(0) : -14.08
NICS(1):-5.95  NICS(1) : -15.49
NICS(-1): -6.18  NICS(-1) : -15.43

2.41 \

210 / 0):2.38

1.74 1):-1.46

NICS(-1) : -1.34
NICS(-1) : 1.49 NICS(0) : -3.43 NICS(0) : 6.92
0 NICS§1;:-6_63 NICS(1): 1.87
NICS(-1) : -6.93 NICS(-1): 1.79

Figure 4-13. NICS values of azulene, naphthalene, perylene, terrylene, compounds 3, 4, 5 and

6.
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4-9. 7 XAV BHEFY TY L OBIILF R
AR TTREIC OV T O NCT 572D A 7 U v 7R AVZ A MY — (CV) &
W/ SIVARNVEZ o A N U — (DPV) OREZIT> T (F1gure4 14, Table 4-2), THF % &

gl L THWE, L& 5, 6 1%, =oc - Bkt ’Jf£{ﬁ75>%ﬁ{ﬁléﬂ [ A
I ZTE TCH D EEZ BN, ZbIiZx L TEEW 3. 4 1XE oI i Th 5

DNRACE DM AT Z L S 47z, DPV O —RRALTENL)> & HOMO YL % 3K %5 & DFT
FHAE & BRI VMEAME DAL, 2 LD HOMO G 3 A LT < d —H LT
D2 EWFoT

CVv
DPV

3(anti)

4(syn)
T e

24 20 -6 12 08
E/V (vs. Fe/Fc")

Figure 4-14. Cyclic voltammograms (CV) and differential pulse voltammetry (DPV) of
azulene alternative rylenes in THF. Conditions; 0.1 M TBAPFg, Scan rate = 100 mVs working

electrode: glassy carbon; counter electrode: Pt.

Table 4-2. Electrochemical properties of compounds 3, 4, 5 and 6. (versus Fc/Fc")

Compound  Ered/ V E'rea/ V E'ox/V E’ox/ V
3 — -1.80 0.18 —
4 — -1.66 0.051 -
5 -1.85 -1.45 0.011 0.33
6 -1.89 -1.50 -0.097 0.20
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4-10. TRV E#H#AY Y L OREM

TAVERRAY TV VO EMEEZFHE L2 (Figure 4-15), HOMO AL i b =
W syn-EAT AL )T X L ORRITENRET 1 BB THIgE A LIRMG L
MmoTo, o, BAFHRPIL AT MLV TORERERIZHIZEAER LR RbNT, &
B R, ENEOET FIZBWTlBRD TRETH D Z ENpnoiz,

1.4

1.2

0.8

0.6

Absorbance

0.4

0.2

0
250 350 450 550 650 750 850 950 1050 1150 1250 1350

Wavelength / nm

Figure 4-15. Time profiles of absorption spectra of compound 6 in CHCl; under ambient

conditions.
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4-11. FEFR DG FREFT OB L 5% DR

TR ATV L TRAVCERA Y FU L O IR UGS & R
£% Figure 4-16 7 vy b L7z, 7Ty, AV IV LgInTInbZzoEEEY 7 b
23 15000 e ' AT 2 B AAFT LIRS TWDBHAN 6D, 7 AL @A) ) LT
FREDIE L=y MEN 3 2= N TREIZ 10,000 cm™ (1000 nm) % x5 K&
DB S, fafnd R onenZ b BRI EED ke LTHERATH® S
L BHER S LT,

40000
[ ] A

35000 ke
T 30000 mRylene
O A
- 25000 Azulene-fused PAHs
Q
£ 20000 il 4
3 A I
= 15000 n A -1

Q O . 5 H O O 4
10000 4 ’ b"@
5000 3 "
0
0 1 2 3 4 5 6 7 8
n

Figure 4-16. Relationship between the number of repeating unit and absorption wavelength.

TAVEEAY Y LRI BIHE LI FIc oW T, EHEFEE Lo 1l
iH (HOMO, LUMO) & iRt K % Figure 4-17 (23, L&MW S, 6 #HE S &
72 syn-A2N3, anti-A2N3 D4y F#E I, KT 7 % L o ~OREDIEN 0 MRl &1
LAEBT D L IREMARPIEED 100 mBEDOL 7 ML EE o, —
J.AbEW 4 27 XL 2 THE LT- syn-A3N2, anti-A3N2 O 5y F8EIEL. REN S F4
RIZIEDN > TEY, FROT XL AR LT syn-J7AICT AL 2 ZfigBg Lz syn-A3N2
LA 6 00D & BITREMAWRIE 2 300 nm B £ 7 b 25t EBRENE LN
7o FT2 anti-J7ICHEER L72 anti-A3N2 13, {bEW 4, 5 L H L TR R E Y
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T NMIEEE 0T, LERS T, REBARNERZREEY 7 M 5727 XV
>k syn-J7ANCHT 2 CHRER T D BRI N EHE L 72 D,

F7-. Figure4-18 TlE7 kv, AV IV Ly, TRALUBEHRAV I LU OMRDIEL
MG = MRS ER U 7z e BRI 5 O B /VROCAR B A Bl U T2, £ DRGSR, T
AL EHAY) TV L OWHAREIE, A A0 ) T L b iFReD 2=y b
B OB LA U 72 AR DA EFED DAV R o 1=, FHE U 72 IREh 190 B 13 Sl
& BUWHBERE HAL7Z (Table 4-3),

A O o 0
G0 TEREN

LUMO ".‘1.‘ "‘a,m,. s '..".‘fl ’
.0. » ‘p.'n.’n,‘ ,,-l“;%“ 2t
’ " Ao @ & -
oo STEOLE e o
eeay” ML Taces
829 nm 1032 nm 738 nm
£=0.0555 £=0.1794 £=0.4836
Syn-A3N2 Anti-A3N2 Syn-A2N3 Anti-A2N3
TRY GO el O
O O 8 Q.Q.Q.O Q.OQQ.QOO Q
S $  fremall, | gumell
;‘ '&*‘ 3 .- &~sa ! Prlerw iy .48 P.’é
CRAS L = 2?
: : i , g
wm lw i l A ATTPRA IR A VLT
,. % 9. ' ". ‘ :.: " . :.:‘ gy S92,
1325 nm 910 nm 1150 nm " 860 nm
f=0.1693 f=0.3771 f=0.1663 f=0.4058

Figure 4-17. HOMO and LUMO of expanded azulene alternative rylenes (B3LYP/6-311G(d,p)).
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Figure 4-18. Relationship between the number of repeating unit and molar absorption coefficient.

Table 4-3. Oscillator strength (f) of acene, rylene and AAR.

1 2 3 4 5 6 7
Acene 00593 00569 00483  0.0401 0.0327  0.0264
Rylene | 0.0593 0362 0758  1.23 176 2.32 -
AAR"  |0.00780 0.0486 00558  — - - -
| A3N2: 0.378
Anti-AAR | — — o443 - pN20ST8 - -
A3N2 : 0.169
SYn-AAR | — - 0.180 T A2N3:0.166 - -

"Azulene Alternative Rylene
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4-12. F&wm
AR AT L, BUROBZEMRICB W CETETEERMEL L o TV D, Eif

Z FFO AR OBEGR DT ARIMAFR 1T RENAEFRNCZE TRy, 22T, it
IROMBIATBE D oy et & LT, IERBRIKFEMND Z 2 RE LT, 6 BBEND
7% PAHIZH LTS5 BE 7 BREEAT 2IEPMUIC L > T, I Finss et L
B R LNFERMEEL RS L2 LT, 1 DEF2 50T 7 X L 2T AL T
B LI RB-IELRANAT Y vy REFY T (nonalternant-alternant alternative rylene:
narylene) (X, 37DV A X%z 5T L NFICRITWEEZARH LIS T 54T A2
Lo OB RIS TRMARRE Y 7 VEarR Lz, &5, ERARILAKEIT S
BHEE DT GALH 5087 P (BsR) 132 b2nizd, P THBMETH L Z

LICEVIEFERNCZETH Do A APPSO 6T, Ly R 7 M
ETHDHI EMB, C30JEF. 3 DD IR LENALOD AT 1200 nm 2 #E 2 5 ITRFMIT
ERBLUICCRERNIZITT 7 Z L 2R ET 7 AL OB THRIBRIBIE TR T & UL
SHIZRT X L OEBWMEEMBF 6N D, EDTZOITIEBISTEDR VY 7 BRI % ﬁ‘ﬁ
BT D7D DIENNETH D,
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4-13. Supporting Information

4-13-1. Instrumentation and Materials

'H NMR (600 MHz) and *C NMR (150 MHz) spectra were recorded with a JEOL JNM-ECA
600 spectrometer at ambient temperature by using tetramethylsilane as an internal standard. The
high-resolution EI and MALDI mass spectra were measured by a JEOL JMS-700 MStation and
a JEOL JMS-S3000, respectively. X-ray crystallographic data were recorded at 90 K on a Bruker
APEX II X-ray diffractometer equipped with a large area CCD detector by using graphite
monochromated Mo-K & radiation.

UV/Vis absorption spectra were measured with a JASCO UV/Vis/NIR spectrophotometer V-
670. CV measurements were conducted in a solution of 0.1 M TBAPFs in dry dichloromethane
with a scan rate of 100 mV/s at room temperature in an argon-filled cell. A glassy carbon electrode
and a Pt wire were used as a working and a counter electrode, respectively. An Ag/Ag" electrode
was used as reference electrodes, which were normalized with the half-wave potential of Fc/Fc*
redox couple. TLC and gravity column chromatography were performed on Art. 5554 (Merck
KGaA) silica gel plates and silica gel 60N (Kanto Chemical), respectively. Gel permeation
chromatography (GPC) was performed on JAI LC-9225NEXT and JAI LC-9201 eluted with
chloroform. All other solvents and chemicals were reagent-grade quality, obtained commercially,
and used without further purification. For spectral measurements, spectral-grade solvents were

purchased from Nacalai Tesque. Melting points were measured with a YAMAKO MP-J3.
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4-13-2. Experimental Section

1-Borylated azulene (AzB) and 1,3-bis-borylated azulene (AzB2): Azulene (200 mg, 1.56
mmol) and degassed-MeOH (30 ml) were added in a 200 ml 3-neck flask under inert atmosphere.
The solution was stirred at 0°C and NIS (699 mg, 3.11 mmol) was added. It was stirred at room
temperature for 1 h. After that, diisopropylethylamine (0.82 ml, 4.71 mmol), (Bpin), (1.19 g, 4.68
mmol) and PPhs (42.7 mg, 0.163 mmol) in degassed-MeOH (60 ml) were added. Then
NiClx(PPhs); (105 mg, 0.161 mmol) was added and the mixture was stirred at 35°C for 9 h. After
cooling to room temperature, the mixture was extracted with hexane and washed with brine and
water. The combined organic extracts were dried with anhydrous Na,SO, and evaporated. The
crude products were purified by silica gel column chromatography (hexane/AcOEt = 20:1—15:1,
v/v) and AzB (80 mg, 20% yield; Rr= 0.78 with hexane/AcOEt = 15:1, v/v) and AzB2 (253 mg,
43% yield; Ry= 0.45 with hexane/AcOEt = 15:1, v/v) were obtained. The characterization data for

AzB!"* and AzB2!"! were identical with those in the literatures.

&8 -

Verdene (3): 1,8-Dibromonaphthalene (40.8 mg, 0.143 mmol), AzB (31.5 mg, 0.124 mmol),
Pdy(dba);-CHCIs (13.8 mg, 0.0133 mmol), PCys-HBF4(11.7 mg, 0.0318 mmol) and Cs>COs (114
mg, 0.351 mmol) were added in a Schlenk tube containing degassed 1-chloronaphthalene (6 ml).
The mixture was stirred at 160°C for 17 h under inert atmosphere. After cooling to room
temperature, the reaction was quenched with water and extracted with hexane. The combined
organic extracts were dried with anhydrous Na,SO4 and evaporated. The crude product was
purified by silica gel column chromatography (hexane/CH.Cl, = 4:1, v/v), GPC (CHCl;), and
medium pressure liquid chromatography (hexane/AcOEt = 99:1, v/v). Verdene (3) was obtained
in 43% yield (13 mg, Rr= 0.38 with hexane/CH,Cl, = 4:1, v/v).

Verdene (3): '"H NMR (CDCly): 6 6.62 (t,J = 9.6 Hz, 1H), 7.14 (d, J = 3.6 Hz, 1H), 7.22 (t, J =
10.2 Hz, 1H), 7.32 (t, J= 7.8 Hz, 1H), 7.39 (t, J= 7.8 Hz, 1H), 7.39 (d, J= 7.8 Hz, 1H), 7.64 (d,
J=11.4Hz, 1H), 7.67 (d, /= 8.4 Hz, 1H), 7.74 (d, /= 6.0 Hz, 1H), 7.83 (d, /= 9.0 Hz, 1H), 8.00
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(d, J = 4.2 Hz, 1H), and 8.20 (d, J = 7.2 Hz, 1H) ppm; *C NMR (CDCls): & 119.42, 119.82,
120.36, 122.77, 124.88, 125.28, 126.17 126.30, 127.33, 128.23, 130.04, 130.96, 132.04, 133.07,
135.02, 135.75, 138.26, 138.83, 141.49, and 143.64 ppm; HR-MS (MALDI): m/z = 252.0936,
calcd for CioHao: 252.0934 [M]"; UV-vis-NIR (CHCL): Amax ([10* M™' cm']) = 322 (1.8), 451
(1.1), 691 (0.13), 763 (0.16) and 858 (0.089) nm.

A e () (e
RO - RS

7: 40% 8: 7%

Bromoverdene 7 and dibromoverdene 8: To verdene (3) (9.8 mg, 0.039 mmol) in a Schlenk
tube containing degassed CH.Cl, (5 ml) was added NBS (7.0 mg, 0.039 mmol) at room
temperature. The mixture was stirred for 1 h under inert atmosphere. The reaction was quenched
with water and extracted with CH,Cl,. The combined organic extracts were dried with anhydrous
Na»SO; and evaporated. The crude products were purified by silica gel column chromatography
(hexane) and GPC, and bromonarylene 7 (5.2 mg, 40% yield; Ry = 0.59 with hexane/CH,Cl, =
10:1, v/v) and dibromonarylene 8 (1.1 mg, 7% yield; R, = 0.63 with hexane/CH,Cl, = 10:1, v/v)
were obtained.

Bromoverdene 7: '"H NMR (CDCls): § 6.67 (t, J=9.6 Hz, 1H), 7.23 (t, J=10.5 Hz, 1H), 7.34 (t,
J=7.8Hz, 1H),7.41 (t,J=7.8 Hz, 1H), 7.43 (d, /= 7.8 Hz, 1H), 7.63 (d, /= 10.8 Hz, 1H), 7.70
(d, /J=6.0 Hz, 1H), 7.71 (d, /= 8.4 Hz, 1H), 7.84 (d, /= 9.6 Hz, 1H), 7.93 (s, 1H), and 8.19 (d,
J = 7.2 Hz, 1H) ppm; “C NMR (CDCl): & 106.89, 120.54, 121.32, 123.03, 125.25, 125.69,
126.13, 126.35, 127.47, 128.70, 129.32, 130.77, 131.72, 132.30, 134.84, 135.65, 136.15, 138.25,
139.52, and 143.91 ppm; HR-MS (MALDI): m/z = 330.0041, calcd for C50H;Br: 330.0039 [M]".
Dibromoverdene 8: '"H NMR (C,D,CL, 60°C): 6 6.81 (t, J = 9.6 Hz, 1H), 7.33 (t, J = 9.6 Hz,
1H), 7.55 (q, /= 8.0 Hz, 2H) 7.67 (d, /= 8.2 Hz, 1H), 7.70 (d, /= 11 Hz, 1H), 7.91 (d, /= 9.6
Hz, 1H), 7.96 (s, 1H), 8.17 (d, J = 8.2 Hz, 1H), and 8.28 (d, J = 7.6 Hz, 1H) ppm; *C NMR
(C2DyCly, 60°C): 6 107.02, 119.83, 120.36, 121.59, 123.56, 124.29, 126.18, 127.28, 128.23,
129.07,130.33, 130.46, 131.40, 132.44, 133.14, 134.87, 136.48, 138.12, 139.49, and 143.04 ppm;
HR-MS (MALDI): m/z = 407.9151, caled for Co0H;0Br2: 407.9144 [M]".
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Narylene 4: 1,8-Dibromonaphthalene (59.9 mg, 0.209 mmol), AzB2 (20.3 mg, 0.0534 mmol),
Pdy(dba);-CHCIs (22.6 mg, 0.0218 mmol), PCy;-HBF4(20.5 mg, 0.0557 mmol) and Cs,COs (106
mg, 0.325 mmol) were added in a Schlenk tube containing degassed 1-chloronaphthalene (10 ml).
The mixture was stirred at 160°C for 26 h under inert atmosphere. After cooling to room
temperature, the reaction was quenched with water and extracted with CHCIs. The combined
organic extracts were dried with anhydrous Na,SO. and evaporated. The crude product was
purified by silica gel column chromatography (hexane/CH,Cl, = 4:1, v/v). Narylene 4 was
obtained in 32% yield (6.4 mg, Ry= 0.48 with hexane/CH>Cl, = 3:1, v/v).

Narylene 4: '"H NMR (C,D:Cls, 60°C): 6 7.01 (t, J = 10.7 Hz, 1H), 7.21 (d, J = 10.3 Hz, 2H),
7.41 (t, J= 7.6 Hz, 2H), 7.44 (t, J = 7.9 Hz, 2H), 7.49 (d, J = 6.9 Hz, 2H), 7.74 (d, J = 8.2 Hz,
2H), 7.84 (d, J= 6.9 Hz, 2H), 8.12 (d, J= 7.6 Hz, 2H), and 8.20 (s, 1H) ppm; *C NMR (C>D:Cls,
60°C): 6119.11, 119.83, 120.20, 124.51, 125.72, 126.07, 126.53, 127.21, 129.23, 130.90, 131.11,
132.00, 134.58, 136.51, 138.73, and 144.69 ppm; HR-MS (MALDI): m/z = 376.1250, calcd for
CsoHi6: 376.1247 [M]"; UV-vis-NIR (CHCl3): Amax (¢ [10* M cmi']) = 378 (4.0), 418 (1.4), 500
(0.65), 536 (0.56), 789 (0.12), 881 (0.65), and 1008 (0.17) nm.

Mes 0

Br Mes

Mes Bpin
Br

O OMGS
6

Narylenes 5 and 6: 1,4,5,8-Tetrabromonaphthalene (60.3 mg, 0.136 mmol), 1-boryl-3-mesityl-
azulene (98.0 mg, 0.263 mmol), Pdy(dba);-CHCl; (33.0 mg, 0.0319 mmol), Cs>CO3 (488 mg, 1.50
mmol), and PCys;-HBF4 (31.5 mg, 0.0855 mmol) were added in a Schlenk tube containing
degassed 1,4-dioxane (15 ml) and H>O (0.15 ml). The mixture was stirred at 110°C for 36 h under
inert atmosphere. After cooling to room temperature, the reaction was quenched with water and
extracted with CHCls. The combined organic extracts were dried with anhydrous Na,SO4 and
evaporated. The crude products were purified by silica gel column chromatography

(hexane/CH,Cl, = 5:1, v/v) and purple fraction was obtained. This fraction was further purified
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by adsorption column chromatography (hexane/ether = 7:1, v/v), giving purple products 5 (19
mg) and 6 (14 mg) in 24% yield and 17% yield, respectively.

5: '"H NMR (C2D>Cly): 6 2.06 (s, 12H), 2.40 (s, 6H), 6.45 (t, J = 10.0 Hz, 2H), 7.02 (s, 4H), 7.13
(t, J=10.2 Hz, 2H), 7.17 (d, J = 9.6 Hz, 2H), 7.58 (d, J = 9.6 Hz, 2H), 7.69 (d, J = 7.6 Hz, 2H),
7.78 (s, 2H), and 8.13 (d, J = 8.2 Hz, 2H) ppm; ’C NMR (C,D:Cly): §17.50, 17.86, 117.01,
118.94, 120.20, 122.13, 123.76, 124.63, 125.42, 125.71, 127.66, 129.42, 129.83, 131.24, 132.64,
133.60, 134.19, 134.68, 135.16, 135.86 and 140.38 ppm; HR-MS (MALDI): m/z = 612.2812,
calcd for CagHsg: 612.2812 [M]"; UV-vis-NIR (CHCL): Amax (¢ [10* M~ cm']) = 315 (2.8), 513
(3.6), 806 (1.9), and 901 (1.3) nm.

6: '"H NMR (CDCls): § 2.01 (s, 12H), 2.38 (s, 6H), 6.36 (bt, J = 9.6 Hz, 2H), 7.00 (s, 4H), 7.07 (t,
J=10.2 Hz, 2H), 7.12 (d, J= 9.6 Hz, 2H), 7.47 (d, J= 11.4 Hz, 2H), 7.66 (s, 2H), 7.80 (s, 2H),
and 8.13 (s, 2H) ppm; °C NMR (CDCls): 620.88, 21.23, 120.90, 121.59, 123.04, 125.07, 126.37,
128.00, 128.84, 129.23, 131.07, 132.18, 133.16, 135.04, 135.56, 136.94, 137.42, 138.05, 138.58,
138.65 and 142.36 ppm; HR-MS (MALDI): m/z = 612.2812, calcd for CasHzs: 612.2812 [M];
UV-vis-NIR (CHCL): Amax (£ [10* M7 em™']) = 390 (3.3), 538 (2.0), 564 (1.8), 605 (1.5), 702
(0.34), 1014 (0.73), and 1180 (0.61) nm.

M Bpi Mes
e o e ava®
2 + —_—
O Br Q cl O O Mes
5

Narylenes 5: 1,5-Dibromo-4,8-Dichloronaphthalene (21.4 mg, 0.0603 mmol), 1-Bpin-3-
mesitylazulene (44.0 mg, 0.118 mmol), Pdx(dba); + CHCI3 (13.5 mg, 0.0130 mmol), Cs>CO3(193
mg, 0.592 mmol), PCy; * HBF4 (11.4 mg, 0.0310 mmol), 1,4-dioxane (10.0 ml) and H>O (1.00
ml) were added in 100 ml Schlenk flask. The mixture was stirred at 110°C for 20 h under inert
atmosphere. After cooling to room temperature, the reaction was quenched with water and
extracted with CH>Cl,. The combined organic extracts were dried with anhydrous Na,SO4 and
evaporated. The crude products were purified by GPC and giving purple products 5 (3.0 mg) in
8% yield.
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4-13-3. NMR

|
Il ;{

I
R U R L PP W
5 3 5150 3 5 )
) TR
[l .‘Jll\ i /
#
i
P
L
i
P
L
oy
6.0 5.0 4.0 30 10

Figure S4-1. '"H NMR spectrum of verdene (3) in CDCls.
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Figure S4-2. *C NMR spectrum of verdene (3) in CDCl;.
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13C NMR spectrum of bromoverdene 7 in CDCls.
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Figure S4-5. '"H NMR spectrum of dibromoverdene 8 in C,D,Cl, at 60°C.

Figure S4-6. *C NMR spectrum of dibromoverdene 8 in C2D>Cls at 60°C.
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Figure S4-8. 13C NMR spectrum of narylene 4 in C,D,Cl4 at 60°C.
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Figure S4-9. 'H NMR spectrum of narylene 5 in C,D,Cls.

Figure S4-10. *C NMR spectrum of narylene 5 in C,D2Cla.
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Figure S4-12. C NMR spectrum of narylene 6 in CDCls.
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4-13-4. HR-MS
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Figure S4-13. HR-EI mass spectrum of verdene (3).
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Figure S4-14. HR-MALDI mass spectrum of bromoverdene 2.
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Figure S4-15. HR-MALDI mass spectrum of dibromoverdene 3.
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Figure S4-16. HR-EI mass spectrum of narylene 4.
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Figure S4-17. HR-MALDI mass spectrum of narylene 5.
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Figure S4-18. HR-MALDI mass spectrum of narylene 6.
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4-13-5. X-Ray Crystal Data

Table S4-1. Crystal data and structure refinement for verdene (3).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [/ > 2o(])]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

CaHi2

252.30

90 K

0.71073 A
Monoclinic
P2i/c
a=10.0693) A
b=10.577(3) A
c=11.387(4) A
1210.4(7) A°

4

1.385 g/em’
0.078 mm™

528

B=93.531(5)°

0.150 x 0.100 x 0.050 mm’
2.026 to 25.998°
—12<h<12,-11<k<13,-10</< 14
6375

2369 [R(int) = 0.0607]

99.9%

Semi-empirical from equivalents
0.996 and 0.828

Full-matrix least-squares on F*
2369 /702 /356

1.081

R =0.0682, wR> =0.1269
Ri=0.1412, wR> = 0.1594

n/a

0.225 and -0.191 e.A”
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Table S4-2. Crystal data and structure refinement for dibromoverdene (8).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

7z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [/ > 2o(])]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

CxH10Br2

410.10

90 K

0.71073 A
Monoclinic

P2i/n

a=7.4442(7) A
b=15.4824(15) A
c=12.2473(12) A
1393.3(2) A’

4

1.955 g/em®

5.810 mm™

800

0.200 x 0.050 x 0.050 mm’
2.137 t0 26.999°
9<h<9,-11<k<19,-14<I<15
8590

3041 [R(int) = 0.0271]

99.8%

Semi-empirical from equivalents
0.760 and 0.525

Full-matrix least-squares on F°
3041/0/199

1.065

R1=0.0297, wR, = 0.0753
R1=0.0402, wR, = 0.0798

n/a

0.878 and —0.520 e.A™
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Table S4-3. Crystal data and structure refinement for narylene 4.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

7z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 23.999°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [/ > 20 (/)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

CsoHis

376.43

90 K

0.71073 A

Orthorhombic

P2:22,

a=16.083) A

b=27.26(5) A

c=3.860(7) A

1693(5) A’

4

1.477 g/em?®

0.084 mm™

784

0.300 x 0.010 x 0.010 mm’
1.470 to 23.999°
-11<h<18,-31<k<28,-4</<4
7910

2672 [R(int) = 0.2277]

99.9%

Semi-empirical from equivalents
0.999 and 0.44

Full-matrix least-squares on F°
2672/0/271

1.029

R1=0.0930, wR, =0.1919
R1=0.1896, wR, = 0.2590

0.5

n/a

0.332 and —0.388 e.A™
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Table S4-4. Crystal data and structure refinement for narylene 5.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

7z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [/ > 20 (/)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

CasHse

612.77

90 K

0.71073 A
Monoclinic
P2i/n
a=7.7413) A

b=16.535(7) A B=92.891(7)°

c=12.156(5) A

1553.9(11) A°

2

1.310 g/em®

0.074 mm™!

648

0.200 x 0.020 x 0.010 mm’
2.081 to 25.998°
9<h<9,-20<k<17,-14<1< 14
8932

3057 [R(int) = 0.1557]

100.0%

Semi-empirical from equivalents
0.999 and 0.777

Full-matrix least-squares on F°
3057/0/220

1.005

R1=0.0686, wR, = 0.1323
R1=0.1883, wR, = 0.1851

n/a

0.227 and —0.280 e.A™
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55

TRV UBBAIZTHR Y aa R DA

AiETIR, AV TV L D—DF 77X L BT AL TEEHLZ, 7AL T T
H L —IRILTMICHEERT 5 2 & THT A X L TRFICRER Y7 LT
TR A R LT, ZERFE LT, RETITMER Y AL v & ZIROuLiET 257 %
FHIOWTEZR L, ZERICEHRERART,
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5-1. FFa: /7572 LTOANFHIRyY anx U HEE

7RI 7 2 TIEA LRV T AT — VY A XD T T T = TR
BELZEBHMbNTVWD, ZHUL, KintkiE L ZORIRN T 77 7 = o OETIME
WCRELSEETIEDTHD, 77 72 ORWBOFIRIZIE, T—2F =TRL IV
TR LRI D 2 FEEE O R ) i N & S (Figure 5-1),

T 7T T = DBEBFREDEEEDTIRE 3 F A XN ED LI ET D%
HET LD, T/ 77722 1ROV LT 7 72 F 7 VR Z RO
BTN TWBAI 7T —AF = 7RIS ) VR AL, ZOEITEF L CEBIEILY:
BARIZZR2 D ZERRMBNT WD, ZORRIE, H—Rr T/ Fa—T7OMFLETH
Do —HT, YUYW IS ) VRAT, @BIMHEEZRT Z RN TND,
DY
—ERIMEE

T—LFT7H
—EEMorF ERAMME

Figure 5-1. Edge types of graphene nano ribbon.

T T 72 ORI, 7T T = o DISHRYMED RS T Tl AT L
7 b= 2L LToIGH b EIRF ST 5B,

mCehbanxrzaryeélTrYEEEELEATFY XY amx s
(Hexabenzocoronene: HBC) #FEKIXT/ 7T 7 = L ORERIE L THIENEAICE Z
RO TWD, Fle—H#% 6 BV ORBIEICE MR T2 F O b HRE S Twn
%o FlZIE, LD 6 BEE T AT = R n— LB E M- TS ST D
(Figure 5-2),

Hexathienocoronene (HTC) [3¥A#E . BEAH, WR-FEE U miZ s\ T B CAERk b8,
R L, SIBICITEVRWIRER CHAR A Y 7 = — XE BT 5. ZIUZLETCHRE S
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NTVDEANFY RTUAAFH Xy aax B L0 42 OREFFHN X5 IR
72, BT NAZSOMLITE L TWD, SHIZ, 7Y I VFAT7 = itk Lok
WFAT 22D 250 afiNHNTNDT2D, S5 LBELSCEAENAETHD .
TCNQ & OEMBEEEKROE L & HTC OEAICHOWTOMZENTHR TV BE,

% 7= Hexapyrrolohexaazacoronene (HPHAC) (%, WD ZE R -1-7° HPHAC @ &ikE{b
WHEA LA T D EERFE 2> TV E Z LGS, WREE T TP F A4
VONHBES Nz, Z ORI GETEBNL, L2 brsa Iy s R AT L
7 ha=7 ARG LEMF v U THEE LTHIR SN TR Y WEO R FEF 1 OHN
FUEZITRRD, L0 KRERSTFOAEBMENED 5 TWAHEL

Cq2Has Ci2Has

Hexathienocoronenes Hexapyrrolohexaazacoronene
(HTC) (HPHAC)

Figure 5-2. Heterocycle-containing coronene derivatives.

LU, MR RFE L AKFBOHLTHERSNTZRN DR D55 T OREFNLD 720
(Figure 5-3), 73 NIZ 7 B % &1t (Figure 5-3A,B) T, 2o ofbEoHE
SAKMEMNGEI S, BN EONE L HEN N D DILAY OB I EE R E & Jeiz
FTZEPMEEINI, B, RY LURZOFER, 7T — LAk B85 REE
DIREHL, B TARFEA~OIS AN IR S LT,

Fo. DTN S5 BBRZ2 G 0MEE (Figure5-3C) TiX, FAE/R —HIAEE 7 VU VAR
WREDFFEZ /R L CWD Z EGE SN2, —EIEE T P VO IE, HBC =27 23
JRFTHNC GERIR N B ) A FRZHER T DR < L A T U RFE RICAE U BRTET
HZEITERL TS EEZX BN, T DORFHRIRIZ L - T, R £/ A
R PAH ZN— A2 E HILa=—7 2 5 BREGHUPAH 255 Z LN T&, A7 b=
L7 hr=J A Ay hr =g A EFEREIN OISO FTREMERHIfF ST 5,
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Figure 5-3. Pure PAH-based coronene Derivatives.

5-2. TRV VBN RV aa x0T E

BEREZ LTV aa X OMEITTFERAICB Z b T HIcb b bd ., 6
BB 2 FE MR 72 R L ARED DK D A~F VR aa R UHEERD ST O
BT D7, F2, —fKE9IZ, PAHs ~D7 AL DAL [7 XL o] Zifko7-%
FATOND Z LDy,
FIEBLOHEA4EOT AL UFHEAROBIIZ LY | AW 2T XL v O OSHEICD
WTCEE L7272, [T ALY ] XYy an R A8 ATHIENTEXLHLEE
A 3TREHOT XV U@L o ok BN ARG LT,
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5-3. TRV VEBBATHU Y an X OERK
AL TIL, T ALV ERVBURE R IR L7 —# O HBC #HERO A kILEE
et L=,
2-R U FT AL UFERIL, BEAERIERIE 2B L TEKEIT 72 (Scheme 5-1),
t-Bu B 3AEftEom EA B E L GRIR LT,
Tetrabromodiiodobenzene (L. &%) 5-5) & Tribromotriiodobenzene (k.54 5-6) % Scheme
2 LTEDBWERK LT, Zhvboa Ak _XEB &2 a7 & LT, Azulene & (t-
Bu)benzene D& A % Suzuki-Miyaura 7 2 A H v 7'V v TR AW TITV, RERRE D
IR TILEW 5-8, 5-11, 5-14 2157~ (Scheme 5-3 ~ 5),

Ry
O (Bpin),, dtbpy, [Ir(OMe)cod], O
> R,
dry-THF 5-1a: Ry =Bpin, R, =H :35%
80°C,10 h 5-1b: Ry = H, R, = Bpin : 11%
Br
EtOH N ®
95°C, 24 h § 52 875%

R,
(Bpin),, dtbpy
@ O [IrCl(cod)], 0 Rz
NaH ? > O >

DMF 1)RT,1h Cyclohexane

-10°C,0.5h 2)160°C,3 h 80°C,24 h 5-4a : Ry = Bpin, R, = H : 59%
5-4b : R{=H, R, =Bpin : 17%

5-3: 64%
Scheme 5-1. Synthesis of compounds 5-1a, b and 5-4a, b. Bpin = 3, 3, 4, 4-tetramethyl-1, 3, 2-

dioxaborolanyl.

1) KIO;, conc. H,SO, | | 1) K103, conc. H,SO, Br
RT,0.5h Br Br | RT, 0.5 h [ I
I, g L
Br Br Br : B Br Br
2) bBr . .H,S0 .
) ﬁi}rm conc. H,S0, i 2) Br@Br , conc. H,80,
RT, 6 days 5.5 : 97% : RT, 7 days 5-6 : 94%

Scheme 5-2. Synthesis of hexahalogenate compounds 5-5 and 5-6.
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prin O B(OH), O
K,CO; O Q K,CO4 tBu O tBu
PEPSI-IPr Br Br ¢ Pd(PPh;), O O
- -0
1,4-dioxane, H,0 Br Br 1,4-dioxane, H,0 O O
100 °C, 6 days O 100°C, 4days 5 O By

5-7 : 45% 5-8:72%

Scheme 5-3. Synthesis of compounds 5-7 and 8.

tBu tBu
B(OH), pi"
|O Pd(PPh;), O
Q K,COj3 K,CO; C C
8 PEPSI-IPr Br Br
5-5 > O - O
1,4-dioxane, H,0 Br Br  1,4-dioxane, H,0 G Q
100 °C, 3.5 days O 100 °C, 6 days O O Q
tBu tBu
5-10 : 35% 511: 41%

Scheme 5-4. Synthesis of compounds 5-10 and 11.

Bpin

PO tB tBu  [7)
u u Pd(PPh;),
Br
O e OO
B PEPSI-IPr O »
5-6 > g Br

1,4-dioxane, H,0 1,4-dioxane, H,0

100 °C, 4.5 days O 100 °C, 1 day
tBu

5-13 : 34% 5-14 : 62%

Scheme 5-5. Synthesis of compounds 5-13 and 14.

INHD 6 BB ALEWE . FALEAFIE T DCM/CHNO, 1, F 71 ZRE R AR
TG CRALARER BUS 21TV, R OIURE TENZIMRER K 5-9, 5-12, 5-15 157
(Scheme 5-6 ~ 8), 1,4-7 XLV " {EHt 5-8 BLO 1,2,45-7 ALV UEHE L 511
(X, Fx OB 2R Loy, S fE B bUn LT L 722 o T, 2B I
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SHEBRERDRISH TH D 7 = =V D F )L MO HOMO DRSNS N L, K
WEDIRTRE B THD EPHREIND, — T, 1,3.5-T AL v ZEHA Y 5-14 T
ITe BRI E 15D Z LIRS LT,

3
»

C -~
O DCM, CH;NO,

45 °C, 2.5 days

5-8

oL

tBu

tBu O
tBu l

tBu

Scheme 5-6. Synthesis of compound 5-9.

OG QQ DCM
tBu
5-11

Scheme 5-7. Synthesis of compound 5-12.
FeCI3
DCM, CH;NO,
RT, 20 h
5-14 5-15:25%

Scheme 5-8. Synthesis of compound 5-15.
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5-4. T AV VBEBAX TV ag R ORERESE

LAY 5-9 (2O CHAE ST ICREh LT (Figure 5-4), L TFOT b7 & k4%
EEWEGON B DKBICLORIETY A A LIz UNEETHY . 20 lh
AIIBLF 135 EThol- BT 27 AL e 7 2 L EORKEERLa TR Pk
7z = VHEOREENETELS o TEY | 1.46-148A L 725> Tz,

(b)

Figure 5-4. Single-crystal X-ray structure of compound 5-9. (a) Side view and (b) top view with
bond lengthes.

L&Y 5-12 OEREAHEEMATIC K Th Lz (Figure 5-5), 4 2RO 7 XL i3 7 B[
AR L TR UNEHBETHY, TORENMAITIBLZER4ETH- T,
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"\ v
o (‘\\\\\\‘ ‘;ﬂﬂflflﬁs)

b)

Figure 5-5. Single-crystal X-ray structure of compound 5-12. (a) Top view and (b) side view.

5-5. 7 AL VBEAF PRV an Ry 0N

T AV EEANF TR an R OREERATME TH 57 AL v LR B U BB
AL BT, 450 nm LR ORI TET XL &R ORI E
AL LIk BB CHAREITT AL UV ERICHRTRIBIZAX L 25T DD
IZxt L, BEEHEB TIEIRBLET AL U OITHAI L 7-ROURKIc E P> TV
(Figure 5-6), — 4, MEERZICIB W T3 B E DA TH MR E— 27 2R L
7= (Figure 5-7), WRUXRHHIE 900-1100 nm (ZBIH ST X TO(LEW T o L DOYLIEN
BZoTWDHEEZBND, £z, (LAEWS-151%, FFEKEHEETH D HBC (Las = 460
nm, =220 M 'em™) LHARTRINARY FAORERET 7 b (A = 820 nm) Z AL L
TWVEHR, T RETIE I ERFROEH TH Y | IR EOIRE FHE I/ S 2o 7z
(e=748 M 'em™),
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Figure 5-6. UV-vis-NIR absorption spectra of azulene (blue), 5-8 (black), 5-11 (green) and 5-14
(red) in CHCl;.
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Figure 5-7. UV-vis-NIR absorption spectra of azulene (blue),5-9 (black), 5-12 (green) and 5-15

(red) in CHCls.
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Table 5-1. Optical properties of compound 5-9, 5-12 and 5-15.

Compound Aabs (€) / nm (10°M'em™)
344 (3.4 x 10%), 377 (4.1 x 10%), 429 (5.6 x 10%), 526 (1.7 x 10%),
565 (3.9 x 10%), 824 (786), 935 (420)
262 (5.5 x 10%), 299 (5.7 x 10%), 363 (7.5 x 10%), 423 (6.6 x 10%,

5-12 450 (6.5 x 10%), 502 (2.2 x 10%), 659 (0.17 x 10%), 733 (0.14 x

10%), 844 (0.15 x 10%), 961 (0.17 x 10%)
256 (8.9 x 10%), 283 (6.4 x 10%), 335 (6.7 x 10%), 365 (8.8 x 10%,
477 (7.8 x 10%), 550 (4.7 x 10%), 738 (0.23 x 10%), 820 (748)

5-9

5-15

5-6. 7 AL VBBAFY R an RO DFT 55

/o7 AL EHHBC D4y FEFH R 217> 72 (Figure 5-8), £7-. TD-DFT it
BIC K DWW AR L DOFHE 2T (Figure 5-9, 10 and 11), T TOLAMIZEB
T, RIS TEE L= HBC @ HOMO (-5.50 eV) — LUMO (-1.91 eV)¥ ¥ v 7T 5 3.58
eV ITHARTHLS 2o TWVD, ZIUTEBEORIXARY MLOEFREELE L —FKL T
%o XFREDE HBC 23 HOMO, HOMO-1 Offiik & LUMO, LUMO+1 O#fgikin b &
I SEIR DB 50 EE 23 12 IE 0 (HOMO—LUMO : f=0.0001) %<9 DI L, #Hzlod
A L7z 3 B OLAWIEE OFGHEPRT | /N S 7o BREY 7-9R A T S v, FERIE & FHA
AR —BT 2 > 72,

BROE TR LI B0, (LAWY 59 L{LAW 5-12 TIHEEMHBREICT 57200
1% DS R0O HOMO OARED/ NS < | BEREER SOSITIIAF]TH D Z L3 TS
%, THDOL, LAY 5-14 DX T AL &7 2 = VAR HICER LI-BAICK
JIEDIR T Z2MRZ 5 Z N TE, BRMEEROGHICE-T2LB I BND,
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Figure 5-8. MO diagram of 5-9, 5-12 and 5-15 based on calculations at the B3LYP/6-311G(d,p)

level of theory.
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Figure 5-9. UV-vis-NIR absorption spectrum of 5-9 along with the calculated oscillator strengths

.
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Figure 5-10. UV-vis-NIR absorption spectrum of 5-12 along with the calculated oscillator
strengths (f).
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Figure 5-11. UV-vis-NIR absorption spectrum of 5-15 along with the calculated oscillator
strengths (f).
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5-7. T AV VB#A~FTH RV agxr OESILER T

LB CRrtE 2T 5700z, kA F Lo TESILFREZIT 72
(Figure 5-12), {L&% 5-9 1% 2 DO PR LIS, LA 5-12 13 4 DO AR 722
LB E 4, L&Y 5-15 1% 5 SO WML NI Sz, 2o Lk,
B ot L CHZERMEEM ThH L B2 BN D,

A BECTRLET ALV UVERA) I Lo TiInTnd 2 EF{LETLIVREN
IRInoTEN ZRTTITHEHR L7 HBC MFREHR L 972 2 & T, MR LEERLE TS
BB/ H Z EBRHBENE 25T,

ST OMRIE & RIFRFIZAT > 7225, THF OFPHN TIIBHl S e o7z,

0136 V 56

-08 -04 00 04 08
E/Vvs. Fc/Fc

Figure 5-12. Cyclic voltammograms (CV) and differential pulse voltammetry (DPV) of 5-9, §-
12 and 5-15 in dichloromethane. Conditions; 0.1 M TBAPF, Scan rate = 80 mVs ', working

electrode: glassy carbon; counter electrode: Pt.
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5-8. #EEm

ARIFZETIE, 7T AL NP VR AL RICHER L7 —#E0 HBC HEADO A KEE
st Uiz, 1,4-7 ALy BB L ON1,24,5-7 AL U UEHRASE L, Fix Ofg{bs
AR L7203 S 7R BSOS LT L7 o 7, —J7TL 1,3,5-7 AL v =i
RUB U TIESMHEREEZSD Z LTI Uiz, 20D OB & RiBE RO & 43 1L
EOBENLER LT,

HURE A X RS REAT° NMR 7¢ & OffE 4 ORITEIC LD FfEH) s EIcE o7, T
RTOMBLA CHBERNITHAAENTZT AL v & Z DR 72 o HEDILRIC
L0 IR E ORI E R LTz, £ SRR IRII R B S T D HBC (L =
460 nm, £=220 M 'em™") & HEARTHINANRY MAOEWRET 7 b (Aws = 820 nm) % £
L TWADN, G FRETIE3 BEXRHROAEW TH Y | FRikEORE)1-5RE 13/ &)
ST (e=748M 'em™), BRE Y 7 N EEBAREEITIZZIZECTH D, —KILH
MR T 28 AEHA Y TV Lo L3RR 5 DLl ORI bk 2 8Ll T X 72
ZLT, ZEIEGEME L TORENFELZ LA R L7z, HBC TIEh T4 14K
RN ZEALT D A T = XLDBFEE L RN O LEMITE < 2 508, ERFMET 5
Z L ToMEE DR E AR L, KE e a FH EADETL Ry 7 ZEERIEEWIC
THZEDNAREE IR o T,

Ltk IR ARIWKFEE G ) VT 72k LT, BEBECE LA~ A
BHIFRES LD,
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5-9. Supporting Information

5-9-1. Instrumentation and Materials

'H NMR (600 MHz, 500 MHz) and *C NMR (150 MHz, 125 MHz) spectra were recorded
with JEOL JNM-ECA 600 and JEOL JNM-ECX 500 spectrometers at ambient temperature by
using tetramethylsilane as an internal standard. The high-resolution EI and MALDI mass spectra
were measured by a JEOL JMS-700 MStation and a JEOL JMS-S3000, respectively. The
diffraction data were collected at 103 K using a Rigaku VariMaxRAPID/a imaging plate
diffractometer with graphite-monochromated Mo-K & radiation.

UV/Vis absorption spectra were measured with a JASCO UV/Vis/NIR spectrophotometer V-
670. CV measurements were conducted in a solution of 0.1 M TBAPF in dry benzonitrile with a
scan rate of 80 mV/s. A glassy carbon electrode and a Pt wire were used as a working and a
counter electrode, respectively. An Ag/Ag" electrode was used as reference electrodes, which
were normalized with the half-wave potential of Fc/Fc' redox couple.

TLC and gravity column chromatography were performed on Art. 5554 (Merck KGaA) silica
gel plates and silica gel 60N (Kanto Chemical), respectively. All other solvents and chemicals
were reagent-grade quality, obtained commercially, and used without further purification. For

spectral measurements, spectral-grade solvents were purchased from Nacalai Tesque.

131



5-9-2. Experimental Sections

Compound 5-2: 4-tert-Butylpyridine (10.9 ml, 74.0 mmol), 1-bromobutane (13.0 ml, 80.3 mmol)
and EtOH (1.0 ml) were added in a 10 ml Schlenk tube. The mixture was stirred at 95°C for 1
day. The solvent was evaporated. A white solid was washed with hexane and filtrated. The residue

was recrystallized from acetone to give the compound 5-2 (16.6 g, 87%) as white crystals.

O sz 7
NaH > > O
DMF 1)RT, 1h

-10°C,0.5h 2)160°C,3 h

5-3

Compound 5-3: Sodium hydride (60% dispersion in mineral oil, washed with hexane; 640 mg,
15.5 mmol) and DMF (25.0 mL) were placed in a 2-neck flask and the mixture was flushed with
nitrogen and cooled to —10°C. Freshly cracked cyclopentadiene (4.0 mL, 46 mmol) was added
and the mixture was stirred for 20 min. Pyridinium salt (4.0 g, 15.5 mmol) was then added and
the solution was stirred at room temperature for 1 h, and then refluxed for 3 h. The mixture was
cooled and extracted repeatedly with hexane. The extracts were dried and evaporated under
reduced pressure. The residue was run through a silica gel column chromatography (hexane) and
the blue fraction was evaporated to give compound 5-3 (1.82 g, 64% yield, R,=0.54 with hexane).
Compound 5-3: '"H NMR (CDCls, 500 MHz): 6 1.46 (s, 9H), 7.32 (d, J = 3.4 Hz, 2H), 7.36 (d, J
=10.9 Hz, 2H), 7.82 (t, J=3.7 Hz, 1H), and 8.31 (d, /= 10.9 Hz, 2H) ppm.

132



R4

) (Bpin),, dtbpy o

[IrCl(cod)],

>
Cyclohexane

5-4a: Ry=Bpin,R,=H
5-4b : Ry =H, R, = Bpin

5-3
Compound 5-4: Compound 5-3 (998 mg, 5.43 mmol), (Bpin), (1.38 g, 5.44 mmol), dtbpy (75.9
mg, 0.283 mmol), [IrCl(cod)]> (36.8 mg, 0.0555 mmol) and dry-cyclohexane (15 ml) were added
in a 100 ml Schlenk tube. The mixture was heated at 80°C and stirred for 1 day. The mixture was
extracted with hexane, and washed with water and brine. The extracts were dried and evaporated
under reduced pressure. The residue was purified by silica gel column chromatography
(hexane/AcOEt = 20: 1), and blue solid (5-4a: 997 mg, 59%, Ry= 0.58 with hexane/ AcOEt =20:1,
v/v) and purple solid (5-4b: 292 mg, 17%, R,=0.70 with hexane/AcOEt = 20:1, v/v) were obtained.
Compound 5-4a: '"H NMR (CDCls, 500 MHz): § 1.40 (s, 12H), 1.44 (s, 9H), 7.29 (d, J=10.9 Hz,
2H), 7.67 (s, 2H) and 8.29 (d, J= 10.9 Hz, 2H) ppm.

1) KIO,, conc. H,SO, | i 1) KIO,, conc. H,SO, Br
RT,05h Br. Br RT,0.5h I
I, o Lo, >
- iSO Br Br | o Br Br
Br , CONC.
) ‘%Br 250, i 2) @, -conc.H,;S0,
RT, 6 days 5.5 ! RT, 7 days 5-6

Compound 5-5: Iodine (10.6 g, 41.7 mmol) and potassium iodate (1.28 g, 5.98 mmol) were stirred
with concentrated sulfuric acid (15 mL) for 30 min. 1,2,4,5-Tetrabromobenzene (3.00 g, 7.62
mmol) in concentrated sulfuric acid (20 mL) was added in one portion and the mixture was stirring
at room temperature. After stirring for 6 days, the mixture was poured into ice water (300 mL),
and sodium bisulfite solution was added with stirring until the mixture turned yellow. The
precipitate was collected by suction filtration, washed with water, and dried under vacuum
overnight to give a compound 5-5 as white solid (4.76 g, 97%).

Compound 5-6: Iodine (9.73 g, 38.3 mmol) and potassium iodate (1.01 g, 4.72 mmol) were stirred
with concentrated sulfuric acid (15 mL) for 30 min. 1,3,5-Tribromobenzene (3.00 g, 9.53 mmol)
in concentrated sulfuric acid (20 mL) was added in one portion and the mixture was stirring at
room temperature. After stirring for 7 days, the mixture was poured into ice water (300 mL), and
sodium bisulfite solution was added with stirring until the mixture turned yellow. The precipitate

was collected by suction filtration, washed with water, and dried under vacuum overnight to give
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a white solid (5.74 g). Repeat the same procedure for the white solid again, and a compound 5-6

as white solid (6.18 g, 94%) was obtained.

>
| ‘ K,CO4 ()

Br. Br PEPSI-IPr Br. Br
- 1
Br Br 1,4-dioxane, H,0 Br Br
| @
J
5.7

Compound 5-7: 5-5 (2.02 g, 3.12 mmol), 2-BpinAz (1a) (1.50 g, 5.92 mmol), PEPSI-IPr (216 mg,
0.318 mmol), K,CO; (951 mg, 6.88 mmol), degassed-1, 4-dioxane (100 ml) and H>O (5.00 ml)

were added in a 200 ml 3-neck-flask filled with inert atmosphere. The mixture was stirred at
100°C for 6 days. After cooled to room temperature, the mixture was extracted with CHCI3, and
washed with water and brine. The organic layer was dried with anhydrous Na,SO,4 and evaporated.
The dark-blue solid was obtained. The precipitate from CH>Cl,/MeOH was collected by suction
filtration, washed with MeOH, and dried under vacuum to give a compound 5-7 as a green-blue
solid (909 mg, 45% yield, Ry=0.63 with hexane/ CH.Cl, = 3:1, v/v).

Compound 5-7: '"H NMR (C>D,Cls, 60°C, 500 MHz): 6 7.29 (t, J= 9.7 Hz, 4H), 7.39 (s, 4H), 7.68
(t, J=9.7 Hz, 2H), and 8.45 (d, J = 9.7 Hz, 4H) ppm; *C NMR (C,D,Cls, 60°C, 125 MHz): &
117.74, 123.33, 126.37, 137.49, 137.66, 139.63, 143.11 and 151.34 ppm; HR-MS (MALDI): m/z
= 641.7818, Calcd for CasH14Brs: 641.7824 [M]"

O B(OH), O
O Q K,CO; tBu O tBu
Br. Br B Pd(PPh3), O O
® -
Br Br

1,4-dioxane, H,O O O
O tBu O tBu
g 5.7 g 5.8

Compound 5-8: 5-7 (40.8 mg, 0.0632 mmol), 4-tert-butylbenzeneboronic acid (89.5 mg, 0.503
mmol), Pd(PPhs)4 (36.9 mg, 0.0319 mmol), K»CO;3 (61.0 mg, 0.441 mmol), 1,4-dioxane (6.0 ml)
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and H>O (0.20 ml) were added in a 30 ml Schlenk tube filled with inert atmosphere. The mixture
was stirred at 100°C for 4 days. After cooled to room temperature, the mixture was extracted with
CHCIs, and washed with water and brine. The organic layer was dried with anhydrous Na;SO4
and evaporated. The mixture was purified by short column chromatography (CH»Cl,), and dark
blue solid was obtained. The precipitate from CH,Cl,/MeOH was collected by filtration, washed
with MeOH, and dried under vacuum to give a compound 5-8 as blue solid (39.2 mg, 72% yield,
Ry=0.48 with hexane/CH,Cl, = 3:1, v/v).

Compound 5-8: '"H NMR (CDCls, 600 MHz): 6 1.08 (s, 36H), 6.65 (s, 4H), 6.70 (d, J = 8.4 Hz,
8H), 6.78 (d, J=9.0 Hz, 8H), 6.86 (t, J = 9.6 Hz, 4H), 7.29 (t, /= 9.6 Hz, 2H), and 7.77 (d, J =
9.6 Hz, 4H) ppm; °C NMR (CDCls, 150 MHz): 631.14, 34.10, 121.65, 121.92, 123.28, 131.05,
135.00 135.11, 136.76, 137.96, 138.95, 140.98, 147.69, and 151.21 ppm; HR-MS (MALDI): m/z
= 858.5169, Calcd for CssHes: 858.5159 [M]"; UV-vis (CHCL): Amax (¢ [M™' cm']) = 280 (7.2 x
10%), 321 (6.5 x 10%), 392 (1.8 x 10*) and 690 (182) nm.

3
3

Compound 5-9: 5-8 (2.5 mg, 2.91 pmol), FeCls (7.0 mg, 43.2 pmol), CH>Cl, (1.00 ml) and

tBu

5-8

CH3NO:; (0.50 ml) were added in a 15 ml screw cap tube filled with inert atmosphere. The mixture
was heated at 45°C and stirred for 2.5 days. After cooled to room temperature, the mixture was
extracted with CHCls, and washed with water and brine. The mixture was purified by short silica
gel column chromatography (CH2Cl,) and GPC (CHCl;), and black solid (1.3 mg, 53% yield, Ry
= 0.50 with hexane/CH,Cl, = 3:1, v/v) was obtained.

Compound 5-9: 'H NMR (CDCls, 600 MHz, ppm) J 1.58 (s, 36H), 7.39 (dd, J= 8.9 Hz, 2.1 Hz,
4H), 7.82 (t, J=9.6 Hz, 4H), 8.09 (t, /= 9.6 Hz, 2H), 9.04-9.07 (m, 8H), and 9.91 (d, J=9.6 Hz,
4H). “C NMR (CDCls, 600 MHz, ppm) §31.57, 35.21, 119.24, 121.26, 121.86, 123.83, 124.18,
125.73, 128.83, 129.99, 131.14, 134.64, 136.39, 136.93, 138.87, and 150.87. HR-MS (MALDI):
m/z = 850.4533, Caled for CeeHss: 850.4533 [M]"; UV-vis (CHCL): Amax (6[M ™' cmi']) =344 (3.4
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x 10%), 377 (4.1 x 10%), 429 (5.6 x 10%), 526 (1.7 x 10%), 565 (3.9 x 10%), 824 (786) and 935 (420)

nm.

tBu
B(OH), O
I K,CO;
Br. Br sy PEPSI-IPr Br. Br
- 1
Br | Br 1,4-dioxane, H,0 Br Br
5.5 O
5-10

tBu
Compound 5-10: 5-5 (502 mg, 0.777 mmol), 4-tert-butylbenzeneboronic acid (276 mg, 1.55

mmol), PEPPSI-IPr (55.5 mg, 0.0817 mmol), K,COs (269 mg, 1.95 mmol), 1,4-dioxane (25 ml)
and H,O (0.50 ml) were added in a 100 ml Schlenk tube filled with inert atmosphere. The mixture
was stirred at 100°C for 3.5 days. After cooled to room temperature, the mixture was extracted
with CHCls;, and washed with water and brine. The organic layer was dried with anhydrous
Na»SO; and evaporated. The residue was purified by short silica gel column (CH:Cl,), and the
brown solid was obtained. The precipitate from CH.Cl,/MeOH was collected by filtration,
washed with MeOH, and dried under vacuum to give a white-brown solid (181 mg, 35% yield, Ry
= 0.34 with hexane).

Compound 5-10: "H NMR (CDCls, 600 MHz): § 1.39 (s, 18H), 7.11 (d, J = 8.2 Hz, 4H) and 7.49
(d, J = 8.2 Hz, 4H) ppm; *C NMR (CDCls, 150 MHz): §31.41, 34.75, 125.33, 127.14, 127.93,
141.08, 145.75, and 151.25 ppm. HR-MS (EI): m/z = 657.8733, Calcd for C3oHao: 657.8729 [M]".

tBu tBu
Bpin

Br. O Br gZTIgPhsh OG O CQ
Br O Br 1,4-dioxane, H,0 g G O Q
s e

tBu 5.10 tBu 511

Compound 5-11: 5-10 (101 mg, 0.153 mmol), 2-BpinAz (1a) (197 mg, 0.774 mmol), Pd(PPh3)4
(21.2 mg, 0.0183 mmol), K»COs (106 mg, 0.770 mmol), 1,4-dioxane (20 ml) and H,O (0.50 ml)
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were added in a 50 ml Schlenk tube filled with inert atmosphere. The mixture was stirred at 100°C
for 6 days. 2-BpinAz (1a) (57.0 mg, 0.224 mmol) and Pd(PPhs)s (20.0mg, 0.0173 mmol) were
added in the reaction mixture. The resultant solution was stirred at 100°C for additional 3 days.
After cooled to room temperature, the mixture was extracted with CHCls, and washed with water
and brine. The organic layer was dried with anhydrous Na,SO, and evaporated. The mixture was
purified by adsorption column chromatography (CH>Clo/hexane = 3:1), and solid (53.7 mg, 41%
yield, Ry= 0.44 with hexane/CH,Cl, = 2:1, v/v) was obtained.

Compound 5-11: '"H NMR (CDCls;, 600 MHz): 6 1.03 (s, 18H), 6.65 (s, 8H), 6.70 (d, J = 8.4 Hz,
8H), 6.73 (d, J=9.0 Hz, 8H), 6.82 (t,J = 9.6 Hz, 8H), 7.26 (t, /= 11.4 Hz, 4H), and 7.72 (d, J =
9.0 Hz, 8H) ppm; *C NMR (CDCl;, 150 MHz): §31.05, 34.13, 121.44, 121.96, 123.44, 130.83,
135.20 135.24, 137.43, 137.79, 139.03, 141.41, 147.99, and 151.07 ppm. HR-MS (MALDI): m/z
= 846.4225, Caled for CeeHsa: 846.4220 [M]"; UV-vis (CHCl3): Amax (¢ [M™' em']) = 282 (1.3 x
10°), 317 (1.2 x 10°%), 393 (2.8 x 10*) and 690 (398) nm.

Oxidative-fusion

Solvent

Compound 5-12: Compound 5-11 (2.8 mg, 3.31 pmol), KI (18.1 mg, 0.109 mmol) and CH>Cl,
(1.0 ml) were added in a 15 ml Schlenk tube. The mixture was irradiated by mercury lamp at
room tempareture for 10 h under O, atmosphere. The mixture was extracted with CHCls, and
washed with water and brine. The combined organic extracts were dried with anhydrous Na;SO4
and evaporated. The mixture was purified by short silica gel column (CH2Clz) and GPC (CHCly),
and the target compound (1.4 mg, 51% yield, Ry = 0.68 with hexane/CH:Cl, = 1:1, v/v) was
obtained.

Compound 5-12: '"H NMR (CDCls;, 600 MHz): 6 1.62 (s, 18H), 6.59 (s, 4H), 7.01 (t, J= 9.6 Hz,
4H), 7.12 (t, J=9.6 Hz, 4H), 7.51 (t, /= 10.0 Hz, 4H), 7.73 (q, /= 8.5 Hz, 8H), 7.94 (d, /=10.3
Hz, 4H) and 9.23 (d, J = 8.9 Hz, 4H) ppm; *C NMR (CDCls;, 150 MHz): §31.82, 35.07, 118.73,
122.40, 122.44, 123.54, 126.74, 129.27, 132.21, 134.10, 134.28, 137.35, 137.91, 138.61, 141.09,
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141.68 and 152.17 ppm; HR-MS (MALDI): m/z = 842.3913, Calcd for CesHso: 842.3907 [M];
UV-vis (CHCL): Admax (6 [M™' emi']) = 262 (5.5 x 10%), 299 (5.7 x 10%), 363 (7.5 x 10%), 423 (6.6
x 10%), 450 (6.5 x 10%), 502 (2.2 x 10%), 659 (0.17 x 10%), 733 (0.14 x 10*), 844 (0.15 x 10%) and
961 (0.17 x 10%) nm.

B(OH),
tBu tBu
Br
Br K2CO3 O
I I B PEPSI-IPr O
> Br Br
Br Br 1,4-dioxane, H,0

' <
5-13

tBu
Compound 5-13: 5-6 (2.0 g, 2.89 mmol), 4-tert-butylbenzenebronic acid (1.54 mg, 8.65 mmol),

PEPPSI-IPr (198 mg, 0.291 mmol), K,COs (1.43 g, 10.3 mmol), 1,4-dioxane (100 ml) and H>O
(2.0 ml) were added in a 300 ml 3-neck-flask filled with inert atmosphere. The mixture was stirred
at 100°C for 4.5 days. After cooled to room temperature, the mixture was extracted with CHCls,
and washed with water and brine. The organic layer was dried with anhydrous Na,SO, and
evaporated. The residue was washed with MeOH and filterated, and the white solid was obtained.
The solid was purified by medium pressure column (Biotage, hexane/CH>Cl, = 94:6—90:10),
and a white solid (696 mg, 34% yield, Rr= 0.55 with hexane/ CH,Cl, = 10:1, v/v) was obtained.
Compound 5-13: "H NMR (CDCls, 600 MHz): § 1.37 (s, 27H), 7.17 (d, J = 8.2 Hz, 6H) and 7.45
(d, J = 8.9 Hz, 6H) ppm: *C NMR (CDCl, 150 MHz): 531.41, 34.69, 125.09, 125.62, 128.49,
139.87, 143.32 and 150.71 ppm. HR-MS (MALDI): m/z = 708.0589, Calcd for Cs¢H3oBr3:
708.0596 [M]".

Bpin

tBu Br tBu O By
O Pd(PPh;),, K,CO3
|O tBu
Br Br >

I 1,4-dioxane, H,0

tBu

5-13 5-14
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Compound 5-14: 5-13 (7.4 mg, 0.0104 mmol), 2-BpinAz(¢-Bu) (5-4a) (10.1 mg, 0.0326 mmol),
Pd(PPhs)4 (4.0 mg, 3.46 umol), K,CO; (6.0 mg, 0.0434 mmol), 1,4-dioxane (2.0 ml) and H>O
(0.20 ml) were added in a 10 ml Schlenk tube filled with inert atmosphere. The mixture was
stirred at 100°C for 1 day. After cooled to room temperature, the mixture was extracted with
CHCIs, and washed with water and brine. The organic layer was dried with anhydrous Na;SO4
and evaporated. The mixture was purified by silica gel column chromatography (hexane/CHCl,
= 5:1), and a compound 5-10b as blue solid (6.8 mg, 62% yield, Ry= 0.38 with hexane/CH>Cl, =
5:1, v/v) was obtained.

Compound 5-14: '"H NMR (CDCls, 600 MHz): 6 1.06 (s, 27H), 1.36 (s, 27H), 6.53 (s, 6H), 6.74
(q, J = 8.9 Hz, 12H), 7.03 (d, J = 11.0 Hz, 6H) and 7.70 (d, J = 11.0 Hz, 6H) ppm; “C NMR
(CDCl3, 150 MHz) 631.11, 31.91, 34.17, 38.20, 119.99, 121.29, 123.49, 130.97, 134.04, 137.17,
137.71, 138.44, 141.23, 147.81, 150.19, and 158.39 ppm. HR-MS (MALDI): m/z = 1020.6572,
Calcd for CrgHga: 1020.6568 [M]"; UV-vis (CHCL): Amax (¢ [M™' ecm™']) = 284 (9.3 x 10%), 319
(1.6 x 10%), 391 (3.6 x 10*) and 690 (302) nm.

FGC|3

DCM, CH;NO,

5-14 5-15

Compound 5-15: 5-14 (10.1 mg, 9.89 pumol), FeCl; (19.2 mg, 118 pmol), CH,Cl, (2.0 ml) and
CH;3NO; (0.20 ml) were added in a 15 ml screw cap tube filled with inert atmosphere. The mixture
was heated at 45°C and stirred for 1 day. After cooled to room temperature, the mixture was
extracted with CHCls, and washed with water and brine. The mixture was purified by silica gel
column chromatography (hexane/CH»Cl, = 2:1) and black solid (2.5 mg, 25% yield, R,= 0.30
with hexane/CH>Cl, = 4:1, v/v) was obtained.

Compound 5-15: 'H and '*C NMR spectra were measured in CDCl; and THF-ds, but not observed.
HR-MS (MALDI): m/z = 1008.5628, Calcd for CssH7: 1008.5629 [M]"; UV-vis (CHCl3): Amax (&
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M em™']) =256 (8.9 x 10%), 283 (6.4 x 10%), 335 (6.7 x 10%), 365 (8.8 x 10%), 477 (7.8 x 10%),
550 (4.7 x 10%), 738 (0.23 x 10%) and 820 (748) nm.
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5-9-3. NMR

1l ' ' m ) e

Figure S5-1. '"H NMR spectrum of compound 5-3 in CDCls.
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Figure S5-2. 'H NMR spectrum of compound 5-4a in CDCls.
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Figure S5-3. '"H NMR spectrum of compound 5-7 in C2D>Clsat 60°C.
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Figure S5-4. *C NMR spectrum of compound 5-7 in C,D,Cls at 60°C.
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Figure S5-6. °C NMR spectrum of compound 5-8 in CDCls.
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Figure S5-7. '"H NMR spectrum of compound 5-9 in CDCls.
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Figure S5-9. 'H NMR spectrum of compound 5-10 in CDCls.
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3C NMR spectrum of compound 5-10 in CDCls.
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Figure S5-12. *C NMR spectrum of compound 5-11 in CDCls.
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Figure S5-14. *C NMR spectrum of compound 5-12 in CDCls.
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Figure S5-15. "H NMR spectrum of compound 5-13 in CDCls.
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Figure S5-16. *C NMR spectrum of compound 5-13 in CDCls.
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Figure S5-17. "H NMR spectrum of compound 5-14 in CDCls.
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Figure S5-18. *C NMR spectrum of compound 5-14 in CDCls.
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5-9-4. HR-MS

1 [1] SP-N03-00-001tas Description: 210330uehara-Az2Br4-DCTB+TFANa+PEG
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Figure S5-19. HR-Spiral-MALDI-TOF mass spectrum of 5-7.
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Figure S5-20. HR-Spiral-MALDI-TOF mass spectrum of 5-8.
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<ot 1 [1] SP-117C-00-001 tas Description: 200619ushara—Fused-Az2Phd DCTB+TFANa+PEG
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Figure S5-21. HR-Spiral-MALDI-TOF mass spectrum of 5-9.
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Figure S5-22. HR-EI mass spectrum of 5-10.
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<104 1 [1] SP-B18-00-001tas Description: 200620uehara-Az4Ph2 DCTB+TFANa+PEG
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Figure S5-23. HR-Spiral-MALDI-TOF mass spectrum of 5-11.
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Figure S5-24. HR-Spiral-MALDI-TOF mass spectrum of 5-12.
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Figure S5-25. HR-Spiral-MALDI-TOF mass spectrum of 5-13.
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Figure S5-27. HR-Spiral-MALDI-TOF mass spectrum of 5-15.
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5-9-5. X-Ray Crystal Data

Table S3-1. Crystal data and structure refinement for 5-8.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 23.497°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 20o(1)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

CesHes

859.18

103(2) K

0.71075 A

Hexagonal

P6cc

a=17.405(9) A

¢ =10.265(5) A

2693(3) A3

2

1.059 g/cm?®

0.059 mm™

924

0.300 x 0.020 x 0.010 mm?®
2.340 to0 23.497°
-19<h<19,-19<k<19,-11<1<10
22847

1305 [R(int) = 0.2112]

99.4%

Semi-empirical from equivalents
1.00 and 0.08

Full-matrix least-squares on F?
1305 /207 /171

1.026

R; =0.1122, wR> = 0.2586

Ry = 0.2155, wR> = 0.3426

0.5

n/a

0.201 and -0.219 e A
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Table S3-2. Crystal data and structure refinement for 5-9.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 2o(1)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

CesHss, 3(CHCl3)3,0059
1218.61

103(2) K

0.71075 A

Monoclinic

P2i/c

a=15.3984(4) A

b =18.7675(4) A

¢ = 20.4964(4) A
5905.8(2) A

4

1.371 glem?®

0.471 mm™

2531

0.300 x 0.030 x 0.030 mm?
2.308 t0 25.339°
~18<h<18,-22<k<22 -23<1<24
81364

10799 [R(int) = 0.0787]

99.9%

B=94.405(7)°

Full-matrix least-squares on F?
10799 /3/818

1.026

R;=0.0712, wR> = 0.1809

R; = 0.1032, wR> = 0.2003

n/a

0.895 and —0.623 e. A2
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Table S3-3. Crystal data and structure refinement for 5-11.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 2o(1)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

CosHsa

847.09

103(2) K

0.71075 A
Monoclinic

P2i/c
a=6.08997(11) A

b = 26.8258(5) A B=92.862(7)°

¢ =29.2381(5) A

4770.61(15) A®

4

1.179 glcm?®

0.066 mm™

1800

0.24 x 0.06 x 0.03 mm?

2.06 to 25.35°
-7<h<7,-32<k<32,-35<1<35
66959

8743 [R(int) = 0. 0411]

99.9%

Full-matrix least-squares on F?
8743/0/601

1.009

R;=0. 0367, wR, = 0. 0814
Ry = 0. 0491, wR> = 0. 0860
n/a

0.279 and -0.192 e A2

157



Table S3-4. Crystal data and structure refinement for 5-12.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 18.999°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 20o(1)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

CesHso, CHCl3
962.43

103(2) K
0.71075 A
Monoclinic
P2./c
a=22.39(8) A

b =9.62(3) A f=99.97(14)°

c=26.84(14) A

5693(39) A®

4

1.123 glcm?®

0.199 mm™

2016

0.100 x 0.040 x 0.010 mm?
1.847 to 18.999°
—20<h<20,-8<k<8,-24<1<24
28813

4561 [R(int) = 0.2003]

99.5%

Semi-empirical from equivalents
1.0000 and 0.0507

Full-matrix least-squares on F?
4561/1102/ 674

1.466

R;=0.1984, wR> = 0.4511

R; = 0.2614, wR> = 0.4880

n/a

0.479 and -0.409 e.A™3
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Table S3-5. Crystal data and structure refinement for 5-14.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 23.496°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 20o(1)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

CesHeo

853.14

293(2) K

0.71075 A

Orthorhombic

Pna2;

a=10.234(3) A

b =28.851(8) A

c=17.377(5) A

5131(2) A3

4

1.104 g/cm?®

0.062 mm™

1824

0.25 x 0.05 x 0.03 mm®

2.112 to 23.496°
-11<h<11,-32<k<32,-19<1<19
49165

7463 [R(int) = 0.1883]

99.9%

Semi-empirical from equivalents
1.0000 and 0.2028

Full-matrix least-squares on F?
7463 /1 /605

1.110

Ry =0.1444, wR> = 0.3318
R;=0.1947, wR> = 0.3698
—10(10)

n/a

0.780 and —0.386 e. A2
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