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PQX
Figure 1-1. Structures of 2-[(1E)-2-(1H-pyrrol-2-yl)ethenyl]-quinoxaline
and its fluorescence in various solvents. Reproduced from Ref. 17 with permission of The

Royal Society of Chemistry.

Miller H1X7 787 % —EHAOx 7 X4V Ak LT RF—Hfié LTA > F—
NRTH T = oA T U7 ExREE S/ 72431 2-substituted-3-ethynyl quinoxalines
(EQX) % &k L 7218 (Figure 1-2) , Z D43 FIEFRICZ IO ZAR Z SR AIRETH U |
EHEE R OB TR A R=/VELOEERLX / X% U D o ik EDMTHhiT,
LL, ZRH0OHAEFICEFRDBRENVEOTYZ7ar A X 3% THY | &
FMEEE LTHES ICIEE R DB RALETHD EF XD,

R
Nn
O
/, N
N
/
EQX

Figure 1-2. Structures of 2-substituted-3-ethynyl quinoxalines

and its fluorescence in various solvents. Reprinted with permission from Ref. 18. Copyright

2014 American Chemical Society.
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DTP(a): X=N,Y=C
DTP(b): X=C,Y =N

Figure 1-3. Structures of 3a and 3b.
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=VHEAFRO B OITEEE L PBI & Holt LTI AS 126 nm KiRAL L7225, ET D34
DIZHHOLITIH SN TN D

Ar @m‘:@

o OO

Figure 1-4. Structures of 1,7-substituted PBIs
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Figure 1-5. Structures and UV-vis absorption and fluorescence spectra of acenes. Reprinted

with permission from Ref. 22. Copyright 2014 American Chemical Society.
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Figure 1-6. Structures of porphyrin, phthalocyanine, and naphthalocyanine.
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% "% indolizino[5,6-b]quinoxaline 33 & N DFEBZIRDERFHE L OVA AL

v
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e

i Tik~_7z, ICT IREEB L S BEAEBREW G S 7200 FILE B I
WD, ALy RIIR_UY a7 =/ FH V02K E LT, Rh—frs L
TYZTFNANT I T 77 F =5 E L TONVR=1E% A7 5 (Figure 2-1).,
CHCl; HC 543 nm (WL Z 7R L, 595 nm 12 61% D& T IROE N A2 /R 2 &0 DB

KA DO AR Y FE L L TR Vb TWn b,

Figure 2-1. Structure of Nile red.

o, FHODREM LT BXO X N F—8fE LT T7IFAT IV T7F
THE AL E LTCAHNR= VAR L TEY THF 7C 433 nm (2RI A 7R L, 479 nm

12 14% D mE RO E %2~ (Figure 2-2),

Figure 2-2. Structure of BXO.
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ARUTLL PR T AR — M- TH T 7o 7= (Scheme 2-1), BEANEIZ LV Gk L
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NEt3 ©: j\/ _ BuN'F ©: j\/ InCl, 1a: 28%
DMF THF

toluene

80 °C ° N
3h for 7a 7a: 76% 07C. 15 min 8a: 69% reflux SIS
6 h for 7b 7b: 34% 8b: 92% 4 hfor 1a P
or 3 hfor 1b ININES
1b:
g 38%
=
pyrrole or5 IZ aR= _NQ
T I 2a: 33%
THF benzene

~=
reflux rt,5h b:R = —N/\;@
24 h for 9a 9a: 82%
12 h for 9b 9b: 74% ©: I

2b: 59%

Scheme 2-1. Synthesis of indolizino[5,6-b]quinoxaline and its derivatives.
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2-3 Gy JEREE

B LT 0 T ORI AN A X7 fvEB KO A~T ML ZJIE LTz (Figure
2-3 BL U Table 2-1), la Y7 v r A X BT 5 b EEEMOBARRIE &
13437 nm Tho7c, Fo2a BEL2b IZBWTY 7 mr X ¥ U RTEREN 385 nm
B L UVV402 nm [ZHNIL Z FED . 400-550 nm (22T TG DRV 7 1 — R 7Y
ERFOZ EN ol

3.5
3.01

in CH,CI,

-
[

2.5¢

/M em

ex 10
"N°B / "Jul 80U82Sa.I0N|4

4
o —_ - N
o o o o

600 700
Wavelength / nm

Figure 2-3. UV-vis absorption (solid lines) and fluorescence (dotted lines) spectra of

compound 1a (red), 1b (black), 2a (blue), and 2b (green) in CH2Cl.

Table 2-1. UV-vis absorption and fluorescence peaks of 1a, 1b, 2a, and 2b.

Compounds  Aabs (NM)? A (NM)P

1a 437 532
1b 459 542
2a 385 n.d.
2b 402 n.d.

a: The longest absorption peaks; b: Agy = Agps
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la [ZHRNGT 2 ZBRGFRIRILKFETH DL Va7 v b7 Pkt BREM
DORBERWILEL RS 386 nm TH D72, ZERIEBRIRIEKFZIZICT RELZ Y ANnD
ZLIZ2LY 51 nm (04 eV) DRERGEZENRT DI LI LT, £, T
v R LT LEREMTH D528, BXO, PQX, EQX & Lhifis L CEIEMICILIL
oRLlc, THUERFT—BIOT 78 7% —%Mii e 52 &2 XY TICT OFA%
Ml S LTHICTHREZFFSZ 2R L TN D,

BT 1a B LU b &g LT 2a B LUV 2b O EFREMOWSEEE MKV EL R % | DFT
BT THEHREOMELI VB L2, 1a BELQ b [I5F2EIZEN -T2
HOMO % £5223, 2a 3L U 2b @ HOMO I & 1 — LELIZRIE LT D 2 & 0353 h
<7 (Figure 2-4), #&x b B EMORIITZ N7 HOMO-LUMO BB IZHY T2 &
FHA X VIR S, 1a OIREFHREIL = 0.1579 TH Y | 2a OIRE 7RI £=0.0166
ThoTo, AT 1a & i LT 2a ® HOMO & LUMO O#EDE /2 U /NS W,
HOMO-LUMO E& ORE) F-REN/NS <720 WINBS/NSLS ol EZx 6N D,

LY v

LUMO Dr" DM’ ’. ’:i‘ ,
Ny .- Q@ ; o ; ‘“fw

HOMO A);\‘ l‘) 4 b @ B -
, “ , "f?f ‘t’& a3

Figure 2-4. HOMOs and LUMOs of 1a, 1b, 2a, and 2b

calculated at B3LYP/6-31G(d) level of theory.

la XN Ib ITHNEFHKL, V7 ra A X o FTOMKENEEIE 532 nm 35 X0
542nm Tholo, A =27 A7 MRS 5 L2 4086 cm™ & 3336 cm™ &K
EWVEEZ R LT, ZOZ EMBWRINARY ML EEEART MLVOERVITT L
B L CTHoI/hSnZ Enb | SO HRIN AR 2 Z L2 LTz,

FENT, FHERD IR HHE 2 O A AV TIRIES X OV O S E 51T -
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7= (Figure 2-5), 1la B IV 1b 1B WT, WIN AT MVITIEBEZH RN L SN2
72o TAUTHEIERREBTORMNE ZEFTREL RN EEZREL TS, —F Tk
AT NV TITBAE R EEN R DR S L, ~F Y 02D A K ) — )V E TR D 5345
RERZDHIETRRKTE nm (03eV) DLy K7 MRERENTZ, DFTICLD
HERFIRICBW T, 1a OREEREO 531X 030 D Th 5 DIkt L ThEkigo

SIRRIL5.60D THY ., ZOfELEBW—FE R LT,

Absorbance

“JUl 80U89S8I0N|} PAZI[BWION

300 400 500 600 700

Absorbance
"JUl 82UB2S8I0N|] POZI|BWION

300 400 500 600 700
Wavelength / nm

Figure 2-5. UV-vis absorbance and normalized fluorescence intensity of (a) 1a and (b) 1b
in toluene (black), CHCI3 (purple), THF (blue), CH>Cl> (green),

DMF (cyan), CH3CN (orange), and methanol (red).
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eV TR IZ 361 T 2 a0 IR A HIE L7z (Table 2-2) , KBS T OHOY &
TUALRITIEBEDOFELR O EFIZ OB L0 EFS R S, 1a IEIEMmMEAELED |
NEUHT 5%, FET T b UHRIEREECTH D CHsCN H1C 57%., 7' b U HABMERR
WTHHLAZ ) —NVHPTILI% ThHhoTe, £/o, 1b 1L Fb= 2 H1T 80%, CH:CN
T55%, AZ /) —NVHTIE8% ThHole, A/ —/LHFITEWNTORBEEREtET
ICROE TN GID, ZIUIA Y/ — )L & DKRBREEIT L0 S JEDMEE L 7
SlebEZBND, PQX BLUEQX LT 2 & KiRICH ' FINEREZ R XD
ZEICHIAILTWD, ZHUX R —7 7 &7 % —RIDHEER S 4L TV 5 72 I BTG DS
WO 5 e & b FmEMEN M B L, PuBEMMAAERARRELS o722 dTHY | 5
HEFIELZM ESEDDICERGEBERICKFZEHREZEANT 52 L OEMMEEZ R
TRHERTH D, —FH T IEMIEELD & @SS~ L EX RO L Yy RU 7 o
THH S B L O Miller 523G L7253 F & I L TNSWEE o7z, ZHUTEEO
MBS DD Th D,

Table 2-2. Fluorescence quantum yields of 1a and 1b in various solvents.

@ (%)  toluene CHCl; THF  CH,Cl, DMF CHsCN  MeOH

1a 75 68 73 75 63 57 9

1b 80 67 75 70 63 55 8

T, by -y rana AL A4 ) — Pt dmillE %17 -7 (Figure
2-6 BL U Table 2-3), la BN Ib IZT—REAMTT7 1 v T 4 7 ST, ZHUTEoh
M= THHZEERLTND, la O MLz 2 ENFEMIT 11.6 ns, ¥
yuan AL oHIZEBIT A EEFMIL13.8ns, AKX ) —/VRICEIT D EEFHFMIT 2.5 ns
Tholo, 1b D M= HIZEBITH8EFMIFZ99ns, P/ ru XX BT 5
WeFMIL 11.8ns, AKX —/LPICBITHENEFHEMIT 1.9 THo7z,
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in toluene in toluene

0.1 ! : . 0.1 ! L L
0 20 40 60 80 100 0 20 40 60 80 100
(b) Time / ns ©) Time / ns
1000 1000F
in CH2C|2 in CH2C|2
>100 >100F
= =
5 S 10F
£ 10 £ 10
— -
T w1
1
0 20 40 60 80 100 0 20 40 60 80 100
(c) Time / ns (f) Time / ns
1000
in MeOH in MeOH
100
> >
= 100 =
o o
I= € 10
S 10f "
TR [T
1
1 “jL L 1 1 mL 1 1
0 5 10 15 20 0 5 10 15 20
Time / ns Time / ns

Figure 2-6. Fluorescence decay profiles of 1a and 1b in various solvents. Compound 1a in (a)
toluene, (b) CH2Cl, (c) MeOH; Compound 1b in (d) toluene, (¢) CH2Clz, and (f) MeOH. Agx
= 400 nm. The fluorescence lifetimes were obtained at the peak top of the each fluorescence

spectrum. The single exponential function was used to fit the experimental data (red line).
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Table 2-3. Fluorescence lifetimes of compound 1a and 1b in toluene, CH>Cl>, and MeOH.

7(ns) (42 toluene CH,Cl, MeOH

1a 11.6 (1.33) 13.8 (1.25) 2.5 (1.44)

1b 9.9 (1.13) 11.8 (1.24) 1.9 (1.35)

WL RTINS L OVEOEF @ ) & B E R ke 36 K OEHUR 96 B B I ke &
K7 (Table 2-4), 1a B L U 1b Dl HFIZEBW TTRTORMEEFIZI U CTHOECHE E
Hr & BB SR B AL R CHIB O E B FF o 2 L3y ode, bbb, X
B )= OB R TICRMEOVELH & U TR AR BMESNC 2 5 72720 T
72, EREBOFMPEL RoT2 D Th D LR I,

Table 2-4. Radiative rate constants and nonradiative rate constants of compounds 1a and 1b in

toluene, CH2Cl,, and MeOH.

kr, knr (x 107 s")  toluene CH,Cl, MeOH

K, 6.47 5.43 3.60
1a

Knr 2.16 5.93 4.21

k. 8.08 1.81 36.4
1b

Knr 2.02 2.54 48.4

MNTINEDT—FEH LT, AT MUTH L TENET ICT OES51™H
L0 EFRD IO, BLAIDHER Af IZH L TA N2 A7 N Av 270y hT5
Lippert-Mataga plot & 17 - 72" (Figure 2-7) . Belm /RIS OFHEFR I L OVEITrE
ILE o TRESNDMHETH D, HEPKZITIUTKEWIZEBDICTHEEZ AT 5, 1a
BELO b 1FELAMREIZH L TA h—27 27 MR3—RIZHB] L CHIMT 2 Btk

(Linear Solvation Energy Relationships, LSERs) 23RS Siui=, £ OFfEIL, 1a

AVIAF=2.8x10° (R=084) THY ., 1b T AvAf=35%x10° (R=0.80) & +Fy7afH &
26



EHTHZEMNBLSFOICT N /RENT,

Af

Figure 2-7. Lippert-Mataga plots for the solvatochromism of 1a (red) and 1b (black) in
toluene, CHClz, THF, CH>Cl>, DMF, and CH3CN. AV = vaps Vem,

Af = (e-1)/(2e+1)-(n?-1)/(2n*+1). e =dielectric constant, n = refractive index.

27



2-4  HSESL X AR S ARAT

BFonlenFaaiEd L <X REE & BEE A4 F 72 KAH-IARILEN K0 Bk i
AR L, X BREEMAT 21T > 72 (Figure 2-8),

Formula: C14H9N3, orthorhombic, sublimation, P212121, a (A): 4.4245(6), b (A): 13.256(2),

¢ (A): 17.600(3), ¥ (A%): 1032.3(3), Z: 4, T (K): 103, R:: 0.0628, wR2: 0.1675, GOF: 1.014

Formula: C16H1oN4, monoclinic, sublimation, P2i/n, a (A): 4.55445(1), b (A): 17.3451(5),
c (A): 15.1147(5), B (deg): 94.9123(7), V (A%): 1189.64(6), Z: 4, T (K): 123, Ry: 0.0488,

wR2: 0.1068, GOF: 1.085.

Formula: C4oH30Ns, monoclinic, CHoClo/hexane, P21/n, a (A): 13.7495(4), b (A): 12.5320(3),

¢ (A): 18.1615(5), B (deg): 113.1872(7), V (A%): 2876.6(2), Z: 4, T (K): 103, R: 0.0590,
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wR2: 0.1326, GOF: 1.086.

Formula: CasHaoNy, triclinic, CH>Clo/hexane, P-1, a (A): 9.6713(3), b (A): 10.0384(3),
¢ (A): 11.6538(4), o (deg): 65.1315(7), B (deg): 76.2275(8), y (deg): 78.7426(8),
v (A%): 991.16(5), Z: 2, T (K): 103, Ri: 0.0569, wR2: 0.1840, GOF: 1.159.

Figure 2-8. Single crystal structures of 1a, 2a, 1b, and 2b.

laB XU 2allBNT, FoFae By omcst L TENENDOS TR ENLTT
N TWD %) L7 {E, mean plane deviation Z #+5 L7=f5 5. 1a1X0.01 A | 2a (%
0.03A Tholz, ZOZ ENH laB LU 2a lIEFITFEEOFH WG T TH D EE X
Do FlNyF 7GR TO, T RIOEFEERET 1a T3.349 A, 2a T3309A T
bole, ZIULZ DD sp? RERFDT 7 T NI =V AEREOMTHD 3.4 A LV
HLENZ END, n HAERABMHNTND Z EANRBEINDS, FEESHERITE <
TP CONY XU TNETHD Z 0D FET FEORBNIIFRF CE 72720 [LTER
ZOHILEEEOW IO EREEIT 57203, FET fFHEZ2MRT 5 Z LIXTE 2o
72
1b B LW 2b 1B W T, 1b [ T5 FHEEL D mean plane deviation (£ 0.02 A TH Y |

EPEIZE WD E Do T, — 75 2b O FBHEML D mean plane deviation 1 0.10 A
Thh, HETOOTHERD, £, X/ WU AL O FEICHT 5 Z>OF
g — VER ORI ENZ10.05 A L 041 ATHY A FOE R —/LERNX ) 4
U UERALICKR L TRE S EATND Z &N g0 o T2, Z4UE BCOD ‘B ORGERAL DK

FMNAKFEE L 72 ) BCOD B — LEArA K ) T U UEL & SEH AR SN2 &
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DHEBTHD, o, B2 iTHH LS SOMEZIR -T2 D057, n FimoE
BRHIRNWE IR L2V Ry X7 LTHEY | on HAERIZHED 7202 & 03550
-7z,

INHOMAZS LT, 1a & 1b OEFFOLZHE L2 L 25, 1a TIHHEOEAHER
SN0 Teh . 1b TERERIOEBII S, TOENLETIRIT 55%Th o7
(Figure 2-9) ,

(a)

FL intensity

Ao ot il

500 550 600 650 700 750 800
Wavelength / nm

(b)

FL intensity

1 1 1 1 1 1

500 550 600 650 700 750 800
Wavelength / nm

Figure 2-9. Solid state fluorescence spectra of (a) 1a and (b) 1b excited at 390 nm.

ZOHHEE LT, lalXEERPTHE T 2RI &5 0 FEMEERAEZALTED, &
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T DER Y PRENTZOITIREFLE & 7225, 1b 1% BCOD ‘B & 23 AR E & 72
HZETHD A DL DER YNNI SHHEMEARD RN TEDITH S o
TeEBEZTND, ZORERITEERI B E L THW I Ha e & IR T
72UNH3 BCOD ‘B 23l EL 72 STARPR AL & U CRER SRSy F D43 TR HI A 72 5 A

LMD EERLTND,
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2-5  retro-Diels-Alder S in 2 K 5 —BIRD G AR L UOWE

BCOD v’ —/LE#ITEVE N2 5 Z & T retro-Diels-Alder FUGHHET L, =F L
DL & HITA VA RV EA~E B SEDLZENRRETH D, AvT7 4~
DErr—/1LORDVIZ BCOD Er— v E HWEZARLT 4 U AXIERIC L 5
retro-Diels-Alder SUGIZ KV EEINCT T XUV HRLT ¢ Vo ~EBEHT 52 LN
HMHNTND, ZHEFERROIEZ VT 1b BL U 2b %2, JBESH/LEW 10 B

KO OBNRAIRETH D &5 27~ (Scheme 2-2),

AN
= ~
2b 11 Q

Scheme 2-2. Synthetic scheme of 10 and 11.

BOSIZYest s BEERIE (TG HIE) &1T-72, retro-Diels-Alder SIS 3T 41
X, =F Lo T ORBEHIEVEERD DB SN D, 10 DAROEED, =F L it
HELCfE © PR E 20 813-94% TH U | £z 11 AR OBEO B E &) 813-13.5%
Thd, TG MEZITH Z & T, BEBD LIREOHBEZBINT 2 Z &N T, Kk

FMEOBFEATH 2N TE D, &N 1b O TG JIE 21T -7 (Figure 2-10) ,
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-30 1
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Figure 2-10. Thermogravimetric analysis of 1b.

100 °C 76 /6N DR EEBAIIFE OAHEIZL DD TH D, £72.200 °C
Z5E & LT- 2% e AR T retro-Diels-Alder SUSIZEE D =F L 23 FOBiBEIZ L 5
bOTHD, £z, MEBROY TN EfHERT DL ERTALBER~LEED->TEY,
'HNMR JliE CE— 7 BT D N TE o le, ZD0, ARWITEITKT L
TAREETHY | R E FIRFHZESRPEIT L TV D 2 VR E N7, KV T 2b

[ZDOWTARRIZ TG BIE 21T > 7= (Figure 2-11),
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Weightloss / %
W N RN o o
o (&) o (@) o

100 200 300 400 500
Temperature / °C

Figure 2-11. Thermogravimetric analysis of 2b.

1b O X 9 et R EEBNIMR S NRnoTo, ZhUIn A ABRKEL
ST DICHEEDNME T L2729 Th 5, 200 °C 252U BRI DMl Sz,

ZHIE=F LT ORBECHE D BEEED TH D, 300 °C THERAITEIET 508,
MR A RE A T-18% U FOBEERD TH Y . 0% b EEEAD TR,
ZHFERMIDAFEDL D WVFTBGIRIZ LD b D LEZ BN D,

10 B L1 FBMNIARLZE TH D AIREMED R I N TV D T2 BRI 2 DO AR TEME
FHEK T CORGH RO HND, €2 T, BRI AFHEKATBLIOCEERIAK T 7
AF 2 —=TF =7 T EMBIZ L DMASUE 27 7=, LxL 1b TIEEEHS X

SR DEIN S 40, 2b TIERE O BT H 72, 1b TIRSUSEE & bl L T/E
R D 53 FRIEE D1Z 9 A3 < 10 135 B AL o 72, £72 2b TIERIS LR DI EIE
RETHDLHT2DIT, BRGNP oTe, 2T, HIAFa—TF =7 %
WERUSSEIIRETH L L EX, v A 70T = — T RIGEBEZ AW TS E{T- 12

(Scheme 2-3),
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N\ X
_ microwave
N™ N7

_ DMSO
1b 200 °C, 30 min

12: 1%

Scheme 2-3. Retro-Diels-Alder reaction of 1b using microwave reactor.

1b O DMSO K Z T VA D37 Y o 71T X 0 A L, 200 °C T 30 43S S,
FOSZIXZIRE T3 pRBRETAHm Lz, TORE., BET5 10 135600 o7
N, Ea—D o fi T BIbL7F A ~—12 56Nz, Eua—LD o fLOfikHE
ERESBRLART D » 7 ) 702X 0 12 MERR L EHERIL TR Y . DMSO 231k
e LTEW=EEZHN%, 'TH NMR 35 X OV HR-MALDI-TOF-MS I 7E$5 & OV
fn X B IEMATIC KV REZAT 70, JFEMESEIO '"H NMR Z7~9 (Figure 2-12),

Hj 23378 h UATRVERI RO - DIC@EESE Y 7 S LTV D 2 ENynod,

35



in CD,Cl,

HY

Tl

8.8 8.4 8.0 7.6 7.2 6.8 6.4 6.0
o/ ppm

Figure 2-12. Aromatic region of 'H NMR spectrum of 12 in CD>Cl.

B XBREE AT L0 T ClE o=y MIF U AR ERWTEY | %
D " JHIE 53.72 ° T o 7= (Figure 2-13), C1-C19 M OFE S HEEEIX 1.444Q2) A TH Y |
HEESMENEmWNZ Lo Te, £7o. Kidh OO mHEEREE 3.296 A 8 L
322 ATHYVEW A XTI arBbbEBExOND, £o, 12 13kEMT T
NV UT 4 —ERD PIRE MIKNZHIZI AT T 2EEZBR L TWD Z &b
Mmole, ZEOTDITHEGET TIEM ZAEEZ RI 20 EHEI SN 5,

=
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YA

Figure 2-13. Single crystal structure and its chirality of 12. P-helicity is blue and M-helicity is

red.

12 DAL AT MBI EEART SAVHIEETT -T2 (Figure 2-14),
BHEREICHDMARINEREIZ 7 am A2 T 614 nm Th Y, KRR
13975 nm & ARSI ZE L CTUe, ZAUT T 536.6 /NS WG| R TIR
HWICREREO®RNERHSOHFThHD, DFT ZHAWVIZHEHHEORBR LV |
HOMO-LUMO ¥+ v 7% 211 eV TH Y . MRKBIER & BW—F % R L7 (Figure
2-15), F7z. A R—27 A7 NI 6030 cm! EIEFITRKEWEE Ieo7z, Zhide=
v M Z SR SHEGEZ#MIC2 =y FREHRT 5 Z LIC R0 2R VXA E T
LTWDZENRRLEEZBND,
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Abs. and norm. fluorescence int.

in CH,Cl,

400 600 800 1000 1200 1400
Wavelength / nm

Figure 2-14. Absorbance and normalized fluorescence intensity of 12 in CH>Cl.

energy (eV)

Figure 2-15. Energy levels of 12 calculated at B3LYP/6-31G(d) level of theory.
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eV TR BN IR A fERE 9 2 72 OIS TRV I T CIRIN G K OV A~ bV 2 IE L
7= (Figure 2-16) . WX AT NV OEBENRITHEGE S e o Tz, ZHUTIEERIREET
DIRIIRE L 72V & &R LTV D, DFT % V23R CHRIERIED /05313 0.10
D TholeZl L bRW—EARLZ, —J, LAY MUZEBW T HIEERIE
MR S N7einoTz, Ziuik, DFT ZH\\ 72 12 OFHE CRIEDIRRED /3= % 3.01 D T
bV 1a DRHERED5H=RIL 560 D L L TH/hEWNWZ LB FEFELRY, 2
FR D7 a7 57 Bk SNICERICRB RS RKEET 5720, b5 R D7 nEe7
+ 7 ORGFZ T HGHETHFERH LD THLEEZXBND (Figure 2-17), £72, A
Z ) =)V TR ER SN o T, — 5T, o Lt L Ty me A 4
NCBWTRIEE YT MO X O REBEHPHERE Sz, ZHUTEED EDOBEIZ RN T
b REEEICHRT S o0 = e SN ER DI LT, Y7 rne
AL HIZBWTOARERRMOREEICHRT 28— ORE I/ N
ICRERY 7 FLEXEDICRATWD Z ERnmyhnolz,

Normalized absorption
‘JUl 2UB2S3I0N|} “WION

400 600 800 1000 1200 1400
Wavelength / nm

Figure 2-16. Normalized UV-vis absorption (solid lines) and normalized fluorescence
intensity (dotted line) spectra of 12 in toluene (black), THF (blue), CH>Cl, (green), DMF

(orange), MeOH (red).
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9

Figure 2-17. Dipole moments of 12 in grand state (top) and excited state (bottom).

12 [ ZIRK P IZEBWTENAT OIS L BB LS HETe Z & N g T2, £ DJRIA
L LT, -458 eV & HOMO "EWZ LI L DL ST o2 ¢ EZ BN
%,
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2-6  fEam

ARETIT B2 REHKE L, EFAREERS V) B FEESEKE R
— VB LOZOEREREZMA SED 2 L TICT REEZEBL L, BRI REICRIE X UvH#
HEAT D0 TOEME Bfe L, RS CIEZITI ZLI2X D 1a, 1b (X ICT 4R
AR O FThD I PR TE I, BETICENTT B IR L THSR A b
—J AV 7 haR L, #OLOBFWINZMA D Z LI LIz, XY [a]7 v b T
BLOPQXBLUEQX L LT, ICTHIC K 2 RIERIITHII L, RBHhDmEmW
TR FICEAERT D Z LITHRHI L THEY | ZRAEGERILKE L BEH L LRl
B2 S % ICT /0 FICHD AND 07 WA v OFAMEZ RT 2 &N TE 72, Hikdh
X AEIEIRAT 20 D B0 FIZFIMERSIEF ITE N 2 L 2330 0 | DFT I & B 3 HAE R &
H o T HOMO-LUMO HIOHUERIOEZ2 Y 2 K& < L, REV FREOH KA S 7
WA UM ST Z LBy hro T, — 5 THA L 72 BCOD I b CaniifE &
LCfliE | BRSO T O E BIETBRICBRIE 25 & R T REsHHEEZ AT 5
NERREE L R D EHRIE AW W G E LTAERTH L Z RSN, Zhid
FERE MBS LTHWDBRIDIEAMRARMATHLEEZELTWVD, S HIT,
retro-Diels-Alder i CfF HAL72 12 1%, IERIMEICH A RT 01 Th Y . FIEH
NG IRFRE WD 3T N RGTFRNBIFFICRER DN E RO 1O

BRI LTz,
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W= N PR LR 2 FOREB LU

3-1 i
BB L I o T2 EM Z R 51212, T I AR E T HFIREAL R L
B EEETERANEZETE LB TVLEND D, BT 720 HOMO #F> K —%

il L 72BRIC b RIBR OIS L OHOE 2R 2720 12id, LRV LUMO ##52%E
T REFEFRICEDERND Z ERRDEND,
Perylene-3,4,9,10-tetracaroboxilic acid bisimide [Z-XVU L' > B A4 I K (PBI) & MRS

NHEEMEETH U n RO =GR ELE L TR b T d  (Figure 3-1),

R ——— Peripheral unit
oi,mff
| SR
N
Bay region

SN
Lfr\f/
oﬁ'm”*o
R

Figure 3-1. Perylene-3,4,9,10-tetracarboxylic acid bisimide.

PBI ® HOMO 1%-6.3 eV, LUMO (%-3.9eV TH ¥ | LEHN 2KV LUMO % FF272 8
RO DEBF ARG EHREE L THLTWDEEZX HND, F72, PBIIX 400 nm ~ 525
nm [ZEWRINZ 7R L, S 51T 100%238 2 30 & IR 2R3 o s KOO
Bt LTHIASHOWOLNTWAILEM TH 5,
PBI DAL AHETMEIE L THWLILTW D BMICILEEO & S B3 ZE T b b,
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PBI O E AN B 132 R T O &Y LB TH D FEFBEII T TH
BT ENTED, pFHUEFE TITEHRE 1T HOMO B L TP LUMO (28T /) —
RERDTI0, JEEAITIE T G HE AT NS Wb o L 72 % (Figure 3-2),
ZDH, WHERLEL 7+ u P —HIENCHNOND ZENEL, TAFAHE T
—VEE OKBREGPENIAE G K DB AR 2 AT DB ik x 2 E s
MBI TNHEH

&> 'eJ

Figure 3-2. HOMO (left) and LUMO (right) of PBI calculated at B3LYP/6-31G(d) level of

theory.

— 5 BHEENLO BSOS SITRFEN S 1, 6,7, 126708 2,5, 8, 11 fLD — D235
N5, ZO5BRUSMEDEN 1, 6, 7, 12 (01FA = U 7 LI TS (Figure 3-1),
XA Y TIIBR S U EEHSEL 2 IR0 a S AR RIEETH D |
1,7-(1,6-) 7 0 € PBIX° 1, 6, 7, 12-7 b7 7 v 1 PBI &5kt & L ChE & 7 E ik pviE
AZINTWD, Leunge HIIAA = U 728K - Eii 7 0 2 v 70 7 ROG % AW T
a2 AL A BT 5 2 S LTV 5B (Figure 3-3), Ar F&0 R-—+
EETIEN TRIIRERM L TV D, ZOHEGEFICRIZETL T - TS
ZENDND, R RN 2,5-UA MF U T a2V EB I N4-U T =T
2 7 == VEAEE AL PBLITHEOE BTG S LTV D, UL Ar FE8 T

—ESr. PBI ST 7B E—Efr 700 A PBI DT VA Akt L 7> 7= TICT
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(XD ET BBAELLIZODEEESN TS, 2D ET 23EAET DReEIAREKE B
MEI~EISHENTEBY . B 7 4 ) U E2EA LT D-A-D 77 EREGR S TWH

% (Figure 3-4),

O N0 Ph  @&F: 0.61
OO Mesityl @g: 0.68

Ar 1-Naphtyl @g: 0.30

Ar O‘O A 4-(Ph)CegH, @¢: 0.38
4-(CHO)CgHs @:: 0.55

o N0 4-(MeO)CgH, @::0.14

2,4-(MeO),CqHs  @r: 0.08
2,5-(MeO)206H3 @F: 0

4-(Ph,N)CgH, @¢: 0

Figure 3-3. Structures of Ar»-PBIs.

Figure 3-4. Porphyrin linked PBI on bay region.

—HTPBl ZBFEBLOENMEE LTHWA=OIIC, niliESE5 2 LIk E
WELZ Hfg 3 A2 BT T\ b, PBLIZES G MICEBRImME— A M2 AT
A=, B micHF 74 L=y MRS EZ) LU EAAL I RGN
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TWBU (Figure 3-5), n Z¥E3E S22 NIE L OMEIZERE/ L, n 23 13
DX 52204 100 nm FRETORERLL TV, UL, ZOBEMBIEITEEICK
FTLTWL 72, TAMEEBRIETH S R OB TR, A =) TR E L4
AT DB TL 2,

Figure 3-5. Structures of rylene bisimides.

—5 T, B w0 ik, TROb_A U TITHEEBR MR I LS D
AR BITOIL TN D, Millen HIE_A U TIZZF L U B LU UE U ZHiER S W7
ap R EAAL IR (CBD) BLOURyYarxr A4 I K (DBCBD) OAKE
75TV 5B (Figure 3-6), HLEHT M OB ARG -E— A v N EFHT . HEEHL
DBERBNY Lrhbangr e ~EB L Z STV EREY 7 LTV, 7o,
FIREIC T A7 = A = U THEER S 72 PBI b SN TV H 0, BRIEEALIZMERR
SHTWARWEL b b 2 ) TICHFREMER S ED Z L DAL D RERL
ITEEL W2 LD,
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CBI PBI
531
80
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<60 /i
£ \
© :
£ 40—
e

300 400 500 600
Alnm

Figure 3-6. Structures and absorption spectra of CBI (dashed line), DBCBI (solid line), and
PBI (dotted line) in chlorobenzene. Reprinted with permission from Ref. 8. Copyright 2007

John Wiley and Sons.

— 5. NF—1E5FThHD NN — )L iR 72 PBLIZBW T, ICT IZHEKT
DT IR DS B LR RAE 3 reRE S =09 (Figure 3-7)
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Iy —PBI1 ” R
o =
o ‘®
£ ~ k5
O - 0.6 1 =
O ¢ g
O ‘_0 é
c 2
= 8
= e
= i
= 500 550 600 650 700 750 800
Lﬁ 0.2 wavelength(nm)
—
o
(@]
= 0.0

300 350 400 450 500 550 600 650 700
wavelength(nm)

Figure 3-7. Structures and UV-vis absorption and fluorescence spectra of carbazol-fused PBI

(Y1 and Y2). Reproduced from Ref. 10 with permission of The Royal Society of Chemistry.

ICT HEDOFEIZ L VMNNERELT D E L bic, RP—EMrE 77 &7 % —¥{r
PP BICAETET 272018 TICT 2l S, @ttt EnTunian, 37bb
ZEGERICICT Z AT L0 FREDANTHLLBELLND, Ll S E
ML, Z0art7 FERD AL PBl 2 58 & 55 0 FIEMIHm S F 03 720,
ZIT, TR TE—NLE LTPBL AW, R P—Efr e LT 77 Rh—1
IbEMTHLIATFLT =Y (DA, SHICINEILR LIS FTHL 7= ) FT
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Vv (PTZ) AU TIZHEES, SHICHRIE- 2688 L, ICT itk s E
WERINE L OS2 FORFBLIOEGHEZITV., FT—0F2fERsSE5 2
L2 XD TICT Oz X 28 EFIROm ENERTH D0 EiHli+ 5,
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3-2 DAFAT=U UFEAEPBIB IO AFILT =V UHEER PBI

VUOTNWI R L LTUAF AT =V (DA) ZHWZUAFALT =Y
fiE% PBI (fused-dimethylanilinino PBI, fDAPBI) 15 % &%t L7=,

ABUTLL TR T AR — AW > TITo 72 (Scheme 3-1), FMEERZE 700 1,7-
Y7 m%E PBI13 & B EE I, oK - B e 20y 7Y U TRISIZEY 14 %

ARk L7, R 'THNMR B X OV HR-MALDI-TOF-MS (2 X W 17> 7= (Figure 3-8),

R =
? ?
0+ _N._O y 0+« _N.__O
BpinON
\
sollt- AN TN s U T
Br PdCl,(dppf) _N O ‘ O TfOH _N
e R
Br toluene N~ o-dichlorobenzene
OO reflux, 24 h OO ‘ 150 °C, 30 min
O N (@] (e) N o
R R
13 14 15a (trans)

15b (cis)

Scheme 3-1. Synthesis of f{DAPBI.
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90 88 86 84 82 80 78 76 74 72 7.0 6.8 66
o/ ppm

Figure 3-8. Aromatic region of 'H NMR spectrum of 14 in CDCl;.

W TY 7 rBa AL R TRINA~Z MVRIGE 21T > 72 (Figure 3-9 35 X U8 Table 3-1),
DFT #5875 487 nm O AL IE PBI O n-n*ZBRIC KT 2 WILTH Y | 683 nm D
MRRWIT R F—FAr B 7 27 & 7 F — AL ~D HOMO-LUMO B/ (2 Hi k3 2 I
ThbdESHoTz, RP—8LE L T4 T 7 2=V T ) 7= Va0 zb 0k
DHRERILL TS, 2T R —a2=y FORLEM O R I S 7RG R T
bHb, —JCHICIIMER S e o7,

o1



30 + in CH,CI,

Molar absorption coefficient / x 10° M ™' cm’”
o

300 400 500 600 700 800 900
Wavelength / nm

Figure 3-9. UV-vis absorption spectrum of 14 (green) in CH2Cl,.

Table 3-1. Aas and Aem 0f 14, A, B, and C.

Compounds  Aabs (NM)? A, (NM)°

14 683° n.d.

B: Ar = i—@we All 5564 5944
Q Bl1] 573¢ 635¢
: N

cll 6534 n.d.d

>_©_< @ a: The longest absorption peaks;
b: Agx = 683 nm for 14;

Ar,-PBI c: in CH,Cl,; d: in CHCI;

IS SRR D ET OFREICE D0 E 9 M E#HRT 5 7= OIZERLEN ORI
iE&AT > 72 (Figure 3-10 33 L U\ Table3-2), R —ENICH KT 25— bkl LT

7 7S —ERALIC RS 2 5 =il SRR S T,
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FAVANE A A

-1.5 -1.0 -0.5 P.O 0.5 1.0
vs Fc/Fc 1V

Figure 3-10. Cyclic voltammogram and DPV of 14 in CH>Cl.. electrolyte: TBAPFe,

Scan rate = 0.1 V s7!. [Sample] = 0.1 mM. WE: Glassy carbon, CE: Pt, RE: Ag/AgNO:s.

Table 3-2. Oxidation and reduction potentials of 14 and PBI versus ferrocene in CH>Clo.

Compounds E',>2 E20x® E'red® E2red®
14 0.428 1.104 -1.114 -1.328
PBI - - -1.160 -1.488

a: vs Fc/Fc* (V)

WU A~ R VRIE 3 L O LR e AL IE TS Dk R & stic =L F— i
NOFHEEIT> T2 (Figure 3-11), TR /LF—HEN TR D(1)~(3)IZ77 T Rehn-Weller O
KUHE» THH L7, -AGes 1Z DA BALE L OV PBL ML OB FBE ¥ 7 X = k)L F—,
-AGRIZDA 7V HNHF AL BINPBL 7 VHNT =4 OEBEMEHBAX 7 AT X%
IVF— -AGsIE DA TP HANAF A BIONPBl 7 VW NT =4 OBLRM R HAE
I, AEoo 1ZWIX A7 RV XD 155172 HOMO-LUMO ¥ v v 7| Exx B L O Erea

53



L R =L DM LEMNIB LT 7 8 7% —EL0EICEN, el TERKE, R'E R
EDA TV INADTFUBIOPBI 7V INT =F DY, R lEDA 71T
FHBILUPBL 7 P HVT =F CRIOHHEE, &3 X e i IETTEMAIE RS LW
WAL A7 S AIERFIZAE R LTI D ERTH L, ZNHE LI 7 mr A X
RO LR L E 2 A BEIRRENN-5.11 eV, hEIREEA-3.57 eV,
ET {KEA3-3.83eV THY, 7 mu XL U PTETREAELTNDLZ LRGN, £
DI=DITEIEBHEIEEINTND Z EBHA LN ST,

[DA-PBIJ*

o o —
357 oy ™~ DA -PBI
-3.83 eV
DA-PBI
5.11 eV

Figure 3-11. Energy diagram of DAPBI in CH»Cl.

-AGcs = AEoo - (-AGcr) (1)
-AGcr = Eox - Erea + A Gs (2)

A Gs = eX(4me0)[(1/2R")F1/2R) - 1/Re)(1/es) - (/2R + Q2R ) (1/en)] (3)

F7o. HEKMBRINICHBW T, I URF(E F TONMERISSM. DDQ B LU
A AFE (Sc(OTH)3) ZHWT-RIGSEM, DDQ B L UT Ly 27 v Niig (FEfE, TsOH,
TfOH) Z MW eRISSMZ2ilhle, Rk, MBS KOV A A& W2/ T
TEEHEINTH Y, 7L AT RERZ W% TIEEERE S L OV TsOH 2 VW22 C
TEHEIR A DAV, BRSSO DDQ 8 X O TOH & HW\ 7252 D 7
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Thole, LL, RIGDBRIZVATFAT =) o=y MBI EEZ L, 7
VAKRBIOVAKBEZ 11 OEREME L THELND Z ERghoT, [AEILH
NMR (2 L V1 T-7 (Figure 3-12), H*¢C/RL7=7 v h i 4 2O 7Ly M TH
Do 15alZHRT D 2ROV 7Ly FEBIISh ICHKRT D2 KD 7Ly BT
LTI NThLEBEZLND,

Ha-d
T 1 T T I T T T T
11.0 10.5 10.0
o/ ppm
H° Hf H®
W J[ ML .
T | | |
11 10 9 8 7

o/ ppm
Figure 3-12. Aromatic region of "H NMR spectrum of 15 in CDCls.

FOSHEREIZ DWW T BT 572012 TFOH O3 L 1O DDQ D&% Il 2 TINET %
Z L THRNE RS HELT L, 14a 72D 14b WA 5 0Ol 247 - 7= (Scheme 3-2) .

DDQ %Mz 7% CIEEEHIMEE SN AERD N EHERIREY & L TE LI, B0
s DEFT Z v+ A RGN o -, —F T TIOH 2 7-% 2B\ T 14a
ICHSET 23 7 F L H IS Z T 14b IC kT % 2 7 F L H 23 IH NMR X 0 Bl S h

7= (Figure 3-13) .
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R R
(@) N (0] @) N (0]
D I
~ -
N/ o-dichlorobenzene '\ll l\ll
| 150 °C, 30 min
(0] N @] @) N (@]
R R

14a 14b

Scheme 3-2. Rearrangement reaction between 14a and 14b.

! .

9.0 8.5 8.0 7.5 7.0 6.5
o/ ppm

Figure 3-13. Aromatic region of "H NMR spectrum of crude mixture of rearrangement

reaction in CDCls.

Z OFEFRN D LU IR T MO TR N EI T L T D & & 2 T A0 (Scheme

3'3) o
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(0] N (0] fo) N o)
Scheme 3-3. A proposed rearrangement scheme from 1,7-dimethylanilino PBI to

1,6-dimethylanilino PBI.

T O BRMERIE 25%EEBR T F L ONFY R T Y BTSN T A e~ T
T4 —%ATH ZETHEINAIRETH D Emhole, 777 a1 BLP2LLT
BHoNTALEMORIEIZ 'H NMR A7 MVHIEIZ L W{T->7= (Figure 3-14 B L
3-15), 2,6- A VTN T 2= VIO m L, pLOT T N NEAMTH D 15a 3T
T77var2Th0 HEMTHLISbNT T 7 a1 ThdERBINT, £z,
777 var 1 bELNEEE S XSRS 2280060, 15b THDH Z &
D3RI X 4U7- (Figure 3-16) LA BN 7T 7 2 a v 1 TRHELNTE BRI 15 TH Y |
773 ar 2 TROLNTEEMERN 152 TH D LA LM ST,

S7



2H 2H

— ; | 1 '
7.80 7.70 7.60 7.50 7.40 4H

&/ ppm
2H 2H 2H

| | [ | [ | | | |
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0
&/ ppm

Figure 3-14. Aromatic region of "H NMR spectrum of first fraction in CDCls.

M

4H
4H T | T I T I T
7.80 7.70 7.60 7.50 7.40
&/ ppm
H 2H
“ 2H 2H
| | I | | | [
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0

o/ ppm
Figure 3-15. Aromatic region of "H NMR spectrum of second fraction in CDCls.
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Figure 3-16. Single crystal X-ray structural analysis of 15b.

BT Z IS DA AR IS KOO AT hVHIE 21T > 7= (Figure 3-17 35 &
U Table 3-3), 277 11 11 A R e b R ORI R 13 152 3 644 nm,
15b 728 600 nm & F/2 HMBRWINEEZ R L, 14 LR L CHEERY 7 hLTWSH Z
ENGIro T, ZAUE 14 LB LT 15a B LN 15b OF #4723 PBL 7* 5 DBCBI & 72 5
el Th D, — CRRENLEEIX 15a 23 724 nm, 15b 23723 nm TH V| 1T L A
CRICIER 2R Lz, SR TR 15a 28 10%, 15b 28 13% CTh o 72, Z OFEEM
5. EECREEIZB T HEREN VAR E N7 U RARTRR D23, FhRiEIZB W T
(TP L 2B TIRIEL 720 T D 2 ENTRRIN D, 14 TITBH S 11720 72386
BHISH=Z LD, MBRIZEY N hr—a=y NOREEREZMX 7200 T F B L' T
WEROM EICHFEFEICZRATH D Z LR LTSN, —J7T 15a BXLO 15b 1
DBCBI 55 LN Y1 LG L CTRERA M= A7 bR LTe, ZHIEE D KRE 224
EEREZRZLTWDZEaRmLTHEY, IYAFAT I EOEHAIZ KD TICT D%

X Z L amigLTnd, $72bb, 7 EOEAHEZRGT 52 L TX
59



F—=2 27 FBLOET ORAELLT I AHHEARETHL L EFR D,

-1

cm

in CH,Cl,

-1

AJIsusjul 80ua2SaI0N|) PAZI|ELWION

Molar absorption coefficient / x 10° M

300 400 500 600 700 800 900
Wavelength / nm

Figure 3-17. UV-vis absorption spectra (solid lines) and normalized fluorescence spectra

(dotted lines) of 15a (red), 15b (black), and 14 (green) in CH>Cl.

Table 3-3. Aabs, Aem, quantum yields, and Stokes shifts of 15a, 15b, 14, DBCBI, and Y1.

Compounds  Aaps (NM)? A (NM)° Q.Y. Stokes shift (cm™)

15a 644 724 10% 1716
15b 600 723 13% 2835
14 683 n.d. - -
DBCBI®! 492 505 80% 523
Y1[10] 590 626 17% 975

a: The longest absorption peaks; b: Agx = 495 nm
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fEWN T, 15a & 15b TRIER DRI REREWVR R ONT-Z &2 ZET 572012,
HE LT R 21T o 72 (Figure 3-18) . i b RIE R DOWINIE HOMO-LUMO & )q
J& &4, 400-500 nm DOWLIL T PBI #3470 n-n*EF (HOMO-2 7> 5 LUMO) (ZIRJE &
Nz, £72LUMO I 15a BL V15D EHHICBWTHEFT 7B 74— Th D
PBI ¥AZICIRAE L, = /L ¥ —HERT1X-2.79 eV BB L V-2.80 eV & IEIE[A UfEZE R LT,
—J . HOMO IZEF R T —HANTHLUATFAT =V U5 PBL ~E R > T2
BaLTEBY, ZXLF—HMIIZNEN 152 T-5.12 eV, 15b T-522 eV TH o7,
152 DIF O N XKD KRR CTRIN 2R LIRER & —H L TW\W5b, £7-15a
O PBI #.D n-n* B ZAH Y435 491 nm O W TEEE A PBI O n-n*#E% & Hfg LT
40 nm BREER R Y7 FLTWD, ZHUTEBREALALY L BN D Oy o
BARAVEEICR ST ZEICHERLTEBY, YR Y agRrx U BEXAAL I RO
HOMO-LUMO #E# (494 nm) & BW—E & /RL7z, —hTI15b Z¥ Yy amxry
EAA X RO HOMO-LUMO #F & bl L C & B IZEIR EANZ PBI HLO n-n*iB /K12
YT LW E—27 DR BN, ZIUITATF AT I EORMIZ LY 3R RKE 7R
I EFFOTDICYN Y aa R EAL I FEERRFNLTWANSTHD EEX
Lo,
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L AR ' Ak
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-5.46 eV

5 4 .

’ ‘é “ ’ *;*J ’ :

HOMO-2 ’s'?J"JJ'J" 3 ,s‘vt'é:
J‘J J. ;:'.J ':

-5.73 eV -5.94 eV
15a 15b

Figure 3-18. Energy levels and orbitals of 15a and 15b calculated at B3LYP/6-31G(d) level of

theory.
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WIZHFDICT HEZFARD IO h/vm « THF - 7 ak/L b - P7on A X
I TR RO WIE 21T > 7= (Figure 3-19 33 X (" Table3-4), 15a 3 LT 15b D
FIZRW TR ORBE FIIHERR S e hr o 72, ZHUITRECIRRRIZ B W TIEBER 2
DEVRELRNVTEDTHDLEBEZDIND, FILEIITBNT, MLy - Z ik
Wb D7 mar AR DN TEEEOFEEN LN DI ONEAEENERET D
IR NBR Sz, 2D Z 05 ICT WD R Ebics W TR IV T
D ENHER I NI, —J T THF HFCILBEERH R FIEOR B L ORER
DR ShTc, ZAUZE THF OfEFEIRFOINIEF DK FER A EZTER L T D72
ICRERIEBLOENEEFINEMET L EZEZDND,
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Abs. and norm. fluorescence int.

300 400 500 600 700 800 900
Wavelength / nm

L

Abs. and norm. fluorescence int.

300 400 500 600 700 800 900
Wavelength / nm

Figure 3-19. UV-vis absorption spectra (solid lines) and normalized fluorescence spectra
(dotted lines) of 15a (top) and 15b (bottom) in toluene (black), THF (purple), CHCl; (blue),
and CH2Cl; (green). Agx = 495 nm for 15a, 440 nm for 15b in CHCl; and THF, and 495 nm

for 15b in toluene and CH>Cl.
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Table 3-4. Quantum yields of 15a and 15b in various solvents.

@ (%) toluene CHCl; THF CH,Cl,

15a 50 18 1.9 10
15b 42 21 1.6 13
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3-3 7 x ) FT VUM PBI

GNT, ToU U ESDIRESEEN T ThE 7=/ FT VY (PTZ) ZETE

BEERCHON - FRE 21T o7, ARIZEE L, #1DIZ DFT ([ X A EHE 217

- 7= (Figure 3-20), P AFNLT =V L 2B AEBEHA L L THWZEE L gL T,

HOMO 73 R —{lZBEAL L TWD Z &R0 5, £OT-HIZE VW ICT 231

FFCE. SORDPINEBE LTHOLORBERIEDIIFF SN D,
Top view Top view
. 4
.‘0‘0 “'
J ‘0 0 ‘ ‘r' ‘* .
9 ‘ = )’ ' 0* o
ww
- N

o O o
A,
Side view Side view
o PBe03333R, .-+33W o,
-5.24 eV -3.03 eV
HOMO LUMO

Figure 3-20. HOMO (left) and LUMO (right) of 18.

BRI FIORT AR — ATt > TITo72 (Scheme 3-4), 1,7-V7AHR 7 #ExT A7 U1k

PBI 16! % MBI E IR a T2 T2 Y ATFNAT =V & AW THiBR s ORIk &
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TRt E & DRI W TIIHERR S 41T, 18 DANE LIV, T AVTHEER D SRR
FERAFALT =) gL TIRWZ ENERTH Y, 150°C T TOH Nz 7-%
IZBNT 17a lCHET 2 7 F L B IS 2 <, #7212 17b (o sk T 23 7 F 4 H

BELE1:1OFEETHNMR LV EH Sz Z &8 50N S 7z (Figure 3-21),

S Br
. OO : ;

OxN._O Ox_N._O
O i

PdCl,(dppf) H OO DDQ OO

e OO UL D) s S
Bpin toluene-H,0 s N o-dichlorobenzene s

OO 90°C, 2d OO N 120 °C, 60 min OO

|
R R é

ZT

Iz

16 17 18

Scheme 3-4. Synthesis of 18.

wJ‘\JMA

— I I | |
9.0 8.5 8.0 7.5 7.0 6.5 6.0

o/ ppm

Figure 3-21. Aromatic region of "H NMR spectrum of crude mixture of rearrangement

reaction in CDCls.

PRAZERS TR S KL OV A7 R VIIGE 21T - 72 (Figure 3-22 33 X UF Table 3-5)
Va2 H R T, L EEEMOBKEINGE R 623 nm Th o7z, iz, b
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JLx « THF » DMF 1 CEESRZHE L 722, WIERITHER SN iehoTc 2 &
5 BEERRBED 3 HITR E < RN EDRRIB S L7z, #OIE V= U R TO Bl &
I, FOMKERILT50 nm THY | @HEEFIERIT 10%THo72, Ll o
ERCIIERI SN o7, T 15 &g U CE AL GENALO R — M2 R < 72
STWDHEDIZET NI sTe bR END, 7=/ F7 VUL R —OmWER
JRFHNE 2N S BERREGE 2 RESE L TV A 720 TICT OREE AR Z L A TE ARV, L
L., Z2FF 1B LOHER O 7 X2 7V THAVID U S DS HEZERTEE T h
Do TN, 7= ) TFT VUL GE OFHERIC &0 2 FRFEF 03 U AR O giuE
& I B INLEF X O#LED LD WICT OftED, & L <% K —#BL
LT T = FICAFTET 0% ) A RO A v Z— A F &Rk
$ % PICT O T ET BAEL TV D EHERISh D, T7hb05 2R LD o LR
RF—MZm LS5 2 I 2HNMDORBERITE LW L LN,

Absorbance
“JUI @0US2S$BI0N|) “WION

300 400 500 600 700 800 900
Wavelength / nm

Figure 3-22. Absorption (solid lines) and normalized fluorescence intensity (dotted line)

spectra of 18 in toluene (black), THF (blue), CH2Cl, (green), and DMF (red).
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Table 3-5. Aabs, Aem, quantum yields, and Stokes shifts of 18, 15a, PBI, and Y1

Compounds Aabs (NM)2 Ao (NM)P Q.Y. Stokes shift (cm™)

18 638 751 10% 2358
15a 635 682 50% 1085

PBI®] 526 537 100% 389

Y1010l 492 505 80% 523

in toluene; a: The longest absorption peaks; b: Agx = Aaps
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Scheme 3-5. Oxidation reaction of 18.
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General

Commercially available solvents and reagents were used without further purification.
Microwave reaction was carried out on Monowave300 (Anton Paar).

Photoreaction was carried out with high-pressure mercury lamp (Ushio HB 50106AA-A,
500 W) with liquid filters of aqueous solution of copper sulfate. Thin layer chromatography
(TLC) was carried out on aluminum sheets coated with silica gel 60 F2s4 (Merck). Preparative
purifications were performed by silica gel flash chromatography (KANTO Silica Gel 60 N,
spherical, neutral, 40-50 um).

The 'H NMR spectra were recorded on a JNM-AL300 (JEOL) at 300 MHz and
INM-ECA600 (JEOL) at 600 MHz. Proton chemical shifts were reported relative to the
residual proton of the deuterated solvent (§ = 7.26 for CHCl;, 5.24 for CH2Cl). 3*C NMR
spectra were recorded at 75 MHz and chemical shifts were reported relative to CDCls (0 =
77.00) in ppm. Mass spectra were recorded on JMS-700 (JEOL) and JMS-S3000 (JEOL).

UV/VIS/NIR absorption spectra were recorded on a UV/VIS/NIR spectrometer V-670
(JASCO). Fluorescence spectra were recorded on a FP-6600 (JASCO) and Fluorolog-3
(HORIBA). Fluorescence lifetimes were recorded on Picosecond Fluorescence Lifetime
Measurement System C4780 with excitation wavelength of 400 nm. The fluorescence
lifetimes were obtained at the peak top of the fluorescence spectra. The fluorescence quantum
yields and fluorescence of solid state were recorded on an Absolute PL Quantum Yield
Measurement System C9920-02 (Hamamatsu). Single crystal X-ray structural analysis was

performed on a Rigaku R-AXIS RAPID diffractometer using filtered Mo-Ka radiation. The
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data were corrected for Lorentz, polarization, and absorption effects. The empirical absorption
correction was applied. The structure was solved by direct method and refined using the
SHELXL-97 program. The non-hydrogen atoms were refined anisotropically by the
full-matrix least-squares method. The hydrogen atoms were placed at the calculated positions.

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.
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Materials

(i) 2-Bromo-3-(1H-pyrrol-1-yl)quinoxaline (6a)

Compound 4 (0.94 g, 4.2 mmol) in EtOH (42 mL) was added to acetic acid (1.26 g) and
freshly prepared succinaldehyde (1.45 g, 16.8 mmol). The resulting mixture was heated to
70 °C for 10 h. The reaction mixture was cooled to room temperature and transferred into a
beaker. Saturated NaHCOsaq was added carefully until the solution was no longer acidic. The
organic layer was separated, and aqueous layer was extracted with CH2CL (3 x 15 mL). The
combined organic layer was washed with water, brine, and dried over Na>SOs. After removal
of solvent, the residue was purified by a flash silica gel column chromatography with a 1:1
mixture of CH>Cl> and n-hexane to give pure compound 6a (262 mg, 0.97 mmol) as a pale
yellow solid in 23% yield. "H NMR (CDCls, 300 MHz, ppm) 6 6.44 (t, ] = 2.3 Hz, 2H), 7.55
(t, J = 2.3 Hz, 2H), 7.75-7.85 (m, 2H), 8.03—8.09 (m, 2H); '*C NMR (CDCls, 75 MHz, ppm)
0 111.34, 121.97, 128.15, 128.47, 130.42. 131.29, 132.67, 139.68, 141.19, 144.75; MS (ESI)
Calcd. 274.99, Found [M']: 274.85.

(i) 2-(1H-pyrrol-1-yl)-3-((trimethylsilyl)ethynyl)quinoxaline (7a)

A mixture of compound 6a (900 mg, 3.3 mmol), trimethylsilylacetylene (1.35 mL, 9.9 mmol),
PdCL(PPhs)2 (230 mg, 0.33 mmol), Cul (126 mg, 0.66 mmol), and triethylamine (1.35 mL,
9.9 mmol) in DMF (17.5 mL) babbled by Ar for 15 min was heated at 80 °C for 3 h under Ar.
After cooling to room temperature, the reaction mixture was diluted with CH>Cl,, washed
with aqueous NH4Cl, and dried over Na,SO4. The mixture was concentrated in vacuo and
purified by an alumina column chromatography with a 1:1 mixture of CH>Cl, and n-hexane.
The first fraction collected was concentrated to dryness to give pure compound 7a (730 mg,
2.5 mmol) in 76% yield as a pale yellow oil. 'H NMR (CDCls, 300 MHz, ppm) 6 0.33 (s, 9H),
6.40 (t, ] = 2.4 Hz, 2H), 7.67-7.75 (m, 2H), 7.93-7.96 (m, 2H), 8.04—8.08 (m, 2H); *C NMR
(CDCl3, 75 MHz, ppm) 0 —0.92, 101.17, 103.36, 110.94, 120.69, 127.85, 128.34, 129.07,
130.81,131.23, 139.32, 139.58, 145.31; MS (ESI) Caled. 291.12, Found [M]: 291.17.

(iii) 2-Ethynyl-3-(1H-pyrrol-1-yl)quinoxaline (8a)

To a solution of compound 7a (310 mg, 1.06 mmol) in THF (2.5 mL) was added 1 M THF
solution of BuuNF (1.06 mL, 1.06 mmol) at 0 °C under Ar. After stirring for 15 min, the
reaction was quenched with H>O and extracted with CH>Cl,. The organic layer was washed
with water and dried over Na>SO4. The mixture was concentrated in vacuo and purified by a
flash silica gel column chromatography with a 1:1 mixture of CH2Cl> and n-hexane to give
pure compound 8a (160 mg, 0.73 mmol) in 69% yield as a white solid. "H NMR (CDCls, 300
MHz, ppm) ¢ 3.62 (s, 1H), 6.43 (t, J = 2.4 Hz, 2H), 7.72-7.81 (m, 2H), 7.89 (t, ] = 2.4 Hz,
2H), 7.97-8.01 (m, 1H), 8.06—8.09 (m, 'H); '*C NMR (CDCls, 75 MHz, ppm) 6 80.56, 84.35,
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111.54, 120.94, 128.22, 128.70, 129.59, 130.54, 131.91, 139.92, 140.02, 145.70; MS (ESI)
Calcd. 219.08, Found [M+H"]:219.82.

(iv) Indolizino[5,6-b]quinoxaline (1a)

A mixture of compound 8a (123 mg, 0.55 mmol) and InCl3 (36.2 mg, 0.055 mmol) in toluene
was refluxed for 2 h under Ar. After cooling to room temperature, the mixture was
concentrated in vacuo and purified by a flash silica gel column chromatography with a 1:1
mixture of CH>Cl, and n-hexane to give pure compound 1a (27.0 mg, 0.12 mmol) as a yellow
solid in 25% yield. '"H NMR (CDCl;, 300 MHz, ppm) J 6.67—6.68 (m, 1H), 6.77-6.79 (m,
1H), 7.19 (d, J = 9.6 Hz, 1H), 7.56 (d, J = 9.6 Hz, 1H), 7.71-7.80 (m, 2H), 8.08—8.15 (m, 2H),
8.45-8.46 (m, 1H); *C NMR (CDCl;, 75 MHz, ppm) 6 108.57,113.67, 117.32, 119.10,
125.93, 127.84, 128.33, 128.67, 129.82, 130.31, 139.58, 139.99, 140.08, 141.10; HR-MS
(ED): Calcd. 219.0796, Found [M']: 219.0795.

(v) 2-(3-Bromoquinoxalin-2-yl)-4,7-dihydro-2H-4,7-ethanoisoindole (6b)

To a suspension of NaH (60% dispersion in oil, 0.20 g, 4.2 mmol) in THF (10 mL) at 0 °C
was added dropwise a solution of BCODpyrrole (0.55 g, 3.8 mmol) in THF. The reaction
mixture was stirred at 0 °C for 15 min. The resulting mixture was added dropwise to a THF
(75 mL) solution of 3 (2.2 g, 7.6 mmol) at 0 °C, and then heated to reflux. After stirring for 3
h, the reaction was cooled to room temperature, quenched with H>O, and aqueous layer was
extracted with CH,Cl. The combined organic layer was washed with H>O and dried over
Na>SOs. The mixture was concentrated in vacuo and purified by a flash silica gel column
chromatography with a 1:1 mixture of CH>Cl, and n-hexane. The second fraction collected
was concentrated to dryness to give pure compound 6b (0.60 g, 1.75 mmol) as a pale yellow
powder in 23% yield. '"H NMR (CDCls, 300 MHz, ppm) J 1.61-1.64 (m, 4H), 3.87-3.90 (m,
2H), 6.51-6.54 (m, 2H), 7.31 (s, 2H), 7.68—7.78 (m, 2H), 7.94-8.02 (m, 2H); '*C NMR
(CDCl3, 75 MHz, ppm) 0 26.96, 32.90, 111.88, 127.97, 127.99, 129.38, 131.03, 131.92,
132.78, 135.60, 139.70, 140.35, 145.07; MS (ESI) Calcd. 351.04. Found [M+H"]: 352.73.

(vi)  2-(3-((Trimethylsilyl)ethynyl)quinoxalin-2-yl)-4,7-dihydro-2H-4,7-ethanoisoindole
(7b)

Compound 6b (600 mg, 1.7 mmol), trimethylsilylacetylene (0.4 mL, 2.6 mmol), PdCl>(PPhs)>
(120 mg, 0.17 mmol), Cul (65 mg, 0.34 mmol), and triethylamine (0.4 mL, 2.6 mmol) in
DMF (5 mL) babbled by Ar for 15 min was heated at 80 °C for 6 h under Ar. After cooling to
room temperature, the reaction mixture was diluted with CH2Cl,, washed with aqueous
NH4Cl, and dried over Na;SO4.The mixture was concentrated in vacuo and purified by an
alumina column chromatography with a 1:1 mixture of CH2Cl, and n-hexane. The first

fraction collected was concentrated to dryness to give pure compound 7b (213 mg, 0.58
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mmol) in 34% yield as a pale yellow oil. 'H NMR (CDCls, 300 MHz, ppm) J 0.35 (s, 9H),
1.64 (s, 4H), 3.84-3.89 (m, 2H), 6.51-6.55 (m, 2H), 7.56—7.66 (m, 2H), 7.69 (s, 2H), 7.86(d, J
= 8.3 Hz, 1H), 8.01 (d, J = 8.3 Hz, 1H); *C NMR (CDCI3, 75 MHz, ppm) J —0.90, 26.90,
32.80, 101.93, 103.03, 110.77, 127.64, 128.38, 128.42, 130.63,131.18, 132.33, 135.42, 139.12,
139.73, 146.22; MS (ESI) Calcd. 369.17, Found [M]: 369.64.

(vii) Synthesis of 2-(3-Ehynylquinoxalin-2-yl)-4,7-dihydro-2H-4,7-ethanoisoindole (8b)
To a solution of compound 7b (180 mg, 0.5 mmol) in THF was added 1M THF solution of
BusNF (0.5 mL, 0.5 mmol) at 0 °C under Ar. After stirring for 15 min, the reaction was
quenched with H>O and extracted with CH>Clo. The organic layer was washed with water and
dried over Na;SO4. The mixture was concentrated in vacuo and purified by a flash silica gel
column chromatography with a 1:1 mixture of CH>CL and n-hexane to give pure compound
8b (133 mg, 0.46 mmol) in 92% yield. "H NMR (CDCls, 300 MHz, ppm) ¢ 1.63 (s, 4H), 3.62
(s, 1H), 3.88 (s, 2H), 6.51—6.54 (m, 2H), 7.62-7.76 (m, 4H), 7.91 (d, J = 8.4 Hz, 1H), 8.01 (d,
J = 8.4 Hz, 1H); '3C NMR (CDCl;, 75 MHz, ppm) 6 26.99, 32.95, 81.20, 84.15, 110.81,
127.84, 128.63, 128.67, 131.68, 132.94, 135.61, 139.36, 140.15, 146.29; MS (ESI) Calcd.
297.13, Found [M"]: 297.57.

(viii) 8,11-Dihydro-8,11-ethanobenzo|[1,2]indolizino[5,6-b]quinoxaline (1b)

A mixture of compound 8b (132 mg, 0.44 mmol) and InCl; (13 mg, 0.04 mmol) in toluene
babbled by Ar for 15 min was heated at 100 °C for 3 h under Ar. After cooling to room
temperature, the mixture was concentrated in vacuo and purified by a flash silica gel column
chromatography with a 1:1 mixture of CH>Cl> and n-hexane to give pure compound 1b (50
mg, 0.17 mmol) in 38% yield as a red solid. '"H NMR (CDCls, 300 MHz, ppm) § 1.63 (d, J =
7.2 Hz, 2H), 1.70 (d, J = 7.2 Hz, 2H), 4.07 (s, 1H), 4.13 (s, 1H), 6.59 (m, 2H), 7.05 (d, ] = 9.6
Hz, 1H), 7.49 (d, J = 9.6 Hz, 1H), 7.62—7.73 (m, 2H), 7.99-8.07 (m, 2H), 8.12 (s, 1H); *C
NMR (CDCl, 75 MHz, ppm) ¢ 26.91, 27.00, 32.47, 33.40, 107.89, 117.91,121.76, 124.54,
127.60, 127.64, 128.57, 129.53, 129.56, 134.89, 135.53, 136.03, 139.90, 140.68, 140.83,
141.37; HR-MS (EI): Calcd. 297.1266, Found [M']: 297.1258.

(ix) 2,3-Di(1H-pyrrol-1-yl)quinoxaline (9a)

To a suspension of NaH (60% dispersion in oil, 734 mg, 18.2 mmol) in THF (50 mL) was
slowly added pyrrole (734 mg, 10.9 mmol) at 0 °C. The mixture was stirred at the same
temperature for 1.5 h. To the mixture was slowly added compound 3 (500 mg, 1.73 mmol) in
THF (50 mL) at 0 °C, and the resulting mixture was refluxed for 24 h. After cooling to room
temperature, the reaction mixture was poured into ice-water, and it was extracted with CH2CL.
The organic layer was washed with water, brine, and dried over Na;SO4. The mixture was

concentrated in vacuo and purified by a flash silica gel column chromatography with a 1:1
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mixture of CH>CL and n-hexane to give pure compound 9a (368 mg, 1.41 mmol) as a pale
yellow solid in 82% yield. 'H NMR (CDCls, 300 MHz, ppm) 6 6.35 (t, J = 2.2 Hz, 4H), 7.01
(t, ] =2.2 Hz, 4H), 7.74-7.77 (m, 2H), 8.03—8.06 (m, 2H); *C NMR (CDCls, 75 MHz, ppm)
o 111.71, 120.50, 128.24, 130.16, 139.69, 140.52; MS (ESI) Calcd. 260.11, Found [M']:
260.46.

(x) Dipyrrolo[1',2':1,6;1",2'":4,5]pyrazino|2,3-b]quinoxaline (2a)

A benzene solution (300 mL) of 9a (1.5 g, 5.7 mmol) in the presence of I, (36 mg, 0.3 mmol)
under Ar was irradiated with light for 12 h. After quenching with NaHSOsaq, it was extracted
with CH2Cl,. The combined organic layer was dried over Na)SOs. The mixture was
concentrated in vacuo and purified by a flash silica gel column chromatography with a 1:1
mixture of CH>Cl, and n-hexane. The first fraction collected was concentrated to dryness to
give pure compound 2a (500 mg, 1.88 mmol) in 33% yield as an orange solid. '"H NMR
(CDCls, 300 MHz, ppm) 6 6.55-6.59 (m, 4H), 7.67-7.70 (m, 2H), 7.99-8.02 (m, 4H); 1*C
NMR (CDCls, 75 MHz, ppm) ¢ 104.29, 114.05, 114.88, 124.22, 127.70, 128.76, 134.45,
138.81; HR-MS (EI): Calcd. 258.0905, Found [M']: 258.0901.

(xi) 2,3-Bis(4,7-dihydro-2H-4,7-ethanoisoindol-2-yl)quinoxaline (9b)

To a suspension of NaH (60% dispersion in oil, 150 mg, 3.8 mmol) in THF (10 mL) was
slowly added BCODpyrrole (500 mg, 3.44 mmol) at 0 °C. The mixture was stirred at the same
temperature for 0.5 h. To the mixture was slowly added 2,3-dibromoquinoxaline (3) (325 mg,
1.13 mmol) in THF (30 mL) at 0 °C, and the resulting mixture was refluxed for 3 h. After
cooling to room temperature, the reaction mixture was poured into ice-water, and it was
extracted with CH2Cl,. The organic layer was washed with water, brine, and dried over
Na>SOs. The mixture was concentrated in vacuo and purified by a flash silica gel column
chromatography with a 1:1 mixture of CH2Cl, and n-hexane to give pure compound 9b (140
mg, 0.34 mmol) as a pale yellow solid in 30% yield. '"H NMR (CDCls, 300 MHz, ppm) ¢
1.56—1.58 (m, 8H), 3.78 (s, 4H), 6.47-6.49 (m, 4H), 6.63 (s, 4H), 7.61-7.65 (m, 2H),
7.91-7.94 (m, 2H); *C NMR (CDCls, 75 MHz, ppm) ¢ 27.17, 32.90, 110.59, 127.78, 129.09,
132.70, 135.53, 139.20, 141.31; MS (EI) Calcd. 416.20, Found [M']: 416.20.

(xii) 8,11,12,15-Tetrahydro-8,11:12,15-diethanodiisoindolo [2',1':1,652'"',1'':4,5]
-pyrazino[2,3-b]quinoxaline (2b)

A benzene solution (300 mL) of compound 9b (113 mg, 0.27 mmol) in the presence of I (69
mg, 0.27 mmol) under Ar was irradiated with light for 5 h. After quenching with NaHSOsaq,
the organic layer was separated and the aqueous layer was extracted with CH>Cl. The
combined organic layer was dried over Na>SO4. The mixture was concentrated in vacuo and

purified by a flash silica gel column chromatography eluted with a 1:1 mixture of CH>ClL, and
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n-hexane. The first fraction collected was concentrated to dryness to give pure compound 2b
(65.8 mg, 0.16 mmol) in 59% yield as an orange solid. 'H NMR (CDCl;, 300 MHz, ppm) ¢
1.64—1.75 (m, 8H), 3.95 (s, 2H), 4.36 (s, 2H), 6.57-6.62 (m, 4H), 7.54=7.56 (m, 2H), 7.68 (s,
2H), 7.85-7.87 (m, 2H); '*C NMR (CDCls, 75 MHz, ppm) ¢ 26.55, 26.70, 26.72, 26.83, 33.11,
34.28, 34.37, 105.54, 105.58, 115.35, 125.20, 125.29, 127.18, 127.59, 135.32, 135.34, 135.38,
135.44, 135.49, 138.59; HR-MS (ESI): Calcd. 414.1844, Found [M+H"]: 415.19243.

(xiii) 12,12'-Bibenzo[1,2]indolizino[5,6-b]quinoxaline (12)

All purification was carried out under red light. A dimethyl sulfoxide solution (3 mL) of
8,11-dihydro-8,11-ethanobenzo[ 1,2]indolizino[5,6-b]quinoxaline (1b) (11 mg, 0.034 mmol)
under Ar was heated at 200 °C in microwave reaction machine for 30 min. The solution was
poured into brine and extracted with CH>Cl. The organic layer was dried over Na>SOs. The
mixture was concentrated in vacuo and purified by a silica gel column chromatography eluted
with CH>Cl. The second fraction collected was concentrated to dryness to afford
12,12"-bibenzo[1,2]indolizino[5,6-b]quinoxaline (10) (1 mg, 0.0019 mmol) in 11% yield as a
blue solid. "H NMR (CD>ClL, 600 MHz, ppm) 6 6.64 (d, ] = 8.8 Hz, 2H), 7.24—7.27 (m, 4H),
7.35—7.41 (m, 6H), 7.60 (d, J = 8.0 Hz, 2H), 7.75 (d, J = 8.0 Hz, 2H), 8.23 (d, ] = 8.0 Hz, 2H),
8.42 (d, J=9.2Hz, 2H); HR-MS (MALDI): Calcd. 536.1749, Found [M']: 536.1744.
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Spectra

(i) 2-bromo-3-(1H-pyrrol-1-yl)quinoxaline (6a)
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Figure S1. 'H and '*C NMR spectra of compound 6a in CDCls
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(ii) 2-(1H-pyrrol-1-yl)-3-((trimethylsilyl)ethynyl)quinoxaline (7a)

TMS

\ ¢J

/

\

0.0

20

3.0

4.0

5.0

Ik

6.0

70

PPM

0EE0

66E'9
LOF9
Siv9
L99°L
eLyL
LLOL
£69°L
669°L
boL'L s
02LL -1
GeL'L
leL'L
shiL
LZ6'L
GEB'L
Zv6'L
9G6'L
196°L
€96'L e
108 IE———
£v0'8
6¥0'8
£90'8 — §
108
PLO8

crog ]

20.0

|

0.0
I

260

40.0

60.0

Figure S2. 'H and '*C NMR spectra of compound 7a in CDCl;
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(iii) 2-ethynyl-3-(1H-pyrrol-1-yl)quinoxaline (8a)
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Figure S3. 'H and '*C NMR spectra of compound 8a in CDCl;
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(iv) indolizino[5,6-b]quinoxaline (1a)
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Figure S4. 'H and '*C NMR spectra of compound 1a in CDCl;
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(V) 2-(3-bromoquinoxalin-2-yl)-4,7-dihydro-2 H-4,7-ethanoisoindole (6b)
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Figure S5. 'H and '*C NMR spectra of compound 6b in CDCl;
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(vi) 2-(3-((trimethylsilyl)ethynyl)quinoxalin-2-yl)-4,7-dihydro-2 H-4,7-
ethanoisoindole (7b)
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Figure S6. 'H and '*C NMR spectra of compound 7b in CDCl;
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(vii) 2-(3-ethynylquinoxalin-2-yl)-4,7-dihydro-2H-4,7-ethanoisoindole (8b)
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Figure S7. 'H and '*C NMR spectra of compound 8b in CDCl;
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(viii) 8,11-dihydro-8,11-ethanobenzo[1,2]indolizino[5,6-b]quinoxaline (1b)
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Figure S8. 'H and '*C NMR spectra of compound 2b in CDCl;
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(ix) 2,3-di(1H-pyrrol-1-yl)quinoxaline (9a)
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Figure S9. 'H and '*C NMR spectra of compound 9a in CDCl;
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(x) dipyrrolo[1',2':1,651",2'":4,5]|pyrazino[2,3-b]quinoxaline (2a)
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Figure S10. 'H and '*C NMR spectra of compound 2a in CDCls
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(xi) 2,3-bis(4,7-dihydro-2H-4,7-ethanoisoindol-2-yl)quinoxaline (9b)
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Figure S11. 'H and '3C NMR spectra of compound 9b in CDCls
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(xii) 8,11,12,15-tetrahydro-8,11:12,15-diethanodiisoindolo[2',1':1,6;2'',1'":4,5]
pyrazino[2,3-b]quinoxaline (2b)
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Figure S12. 'H and '*C NMR spectra of compound 2b in CDCl;
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(xiii) Synthesis of 12,12'-bibenzo[1,2]indolizino[5,6-b]quinoxaline (12)
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Figure S13. "H NMR spectrum of compound 12 in CD>Cl,
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X-Ray Crystal Data

Table S1. Crystal data and structure analysis result for 1a, 1b, 2a, 2b, and 12.

la 1b 2a 2b 12
formula Ci4HoN3 CaoH30Ng CisHioN4 CasHxnNy C36H20Ns
cryst syst orthorhombic monoclinic monoclinic triclinic monoclinic
space group P2,2,2, (No. 19) P2,/n (No.14) P2,/n (No.14) P-1 (No.2) P2,/n (No.14)
R 0.0628 0.0590 0.0488 0.0569 0.0435
WR, 0.1675 0.1326 0.1068 0.1840 0.1122
(all data)
GOF 1.014 1.086 1.085 1.159 1.081
a(A) 4.4245(6) 13.7495(4) 4.55445(1) 9.6713(3) 12.9175(3)
b(A) 13.256(2) 12.5320(3) 17.3451(5) 10.0384(3) 12.1457(3)
c(A) 17.600(3) 18.1615(5) 15.1147(5) 11.6538(4) 16.5562(4)
o (deg) 90 90 90 65.1315(7) 90
f(deg) 90 113.1872(7) 94.9123(7) 76.2275(8) 102.4428(7)
7 (deg) 90 90 90 78.7426(8) 90
V(A3 1032.3(3) 2876.6(2) 1189.64(6) 991.16(5) 2536.52(10)
z 4 4 4 2 4
T(K) 103 103 123 103 103
cryst size 024 x0.10x0.02  0.12x0.10x0.10 0.13 x0.02 x 0.02 0.16 x0.08 x 0.02  0.07 x 0.05 x 0.03
(mm’)
Deata (g cm®) 1411 1.373 1.442 1.389 1.405
CCDC No. 929004 927909 927911 927910 1038091
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Cartesian coordinates for the optimized structures

(i) indolizino[5,6-b]quinoxaline (1a)

T T DI T T I DT T OO00O00O000O0zZo0czZzooaoooaaaon

-4.371299
-4.039395
-2.723956
-1.684132
-2.016278
-3.383286
-0.385811
0.525341
0.213540
-1.052256
1.870749
2.910949
2.579654
1.284010
2.408959
3.781901
4.103820
-5.415670
-4.834653
-2.446883
-3.609001
3.396110
1.008649
1.761383
4.481494
5.090825

0.133207
-1.246521
-1.653532
-0.690284
0.704984
1.090674
-1.097967
-0.154032
1.259747
1.660022
-0.520161
0.423605
1.812014
2.226163
-1.789964
-1.666114
-0.283834
0.430343
-1.985920
-2.702675
2.151996
2.526896
3.274335
-2.651208
-2.490109
0.156404

0.000027
0.000021
0.000022
0.000013
-0.000011
0.000008
0.000023
-0.000019
-0.000059
-0.000043
-0.000033
0.000079
0.000018
-0.000064
-0.000019
-0.000137
0.000177
0.000047
0.000014
0.000024
0.000011
0.000073
-0.000117
-0.000030
-0.000274
0.000289
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(i) dipyrrolo[1',2':1,6;1'",2'":4,5]|pyrazino|2,3-b]quinoxaline (2a)
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-9.942454
-9.853639
-8.642571
-7.474430
-7.564117
-8.819500
-6.277120
-5.228496
-5.319279
-6.454555
-3.983366
-2.813243
-2.903462
-4.157240
-3.683285
-2.336506
-1.782981
-1.994203
-2.707692
-4.029123
-10.905166
-10.749266
-8.549494
-8.862535
-4.463546
-1.795059
-0.749260
-0.936705
-2.287283
-4.894491

0.535943
-0.858298
-1.510359
-0.784477
0.623332
1.267098
-1.433949
-0.716818
0.707907
1.351026
-1.327775
-0.630569
0.785034
1.400283
-2.670024
-2.823187
-1.547204
1.767236
3.000326
2.756988
1.031041
-1.416369
-2.577833
2.336273
-3.365643
-3.756148
-1.325315
1.616063
3.965770
3.396964

0.738217
0.966466
0.867171
0.534364
0.303856
0.412463
0.437224
0.127036
-0.106348
-0.018855
0.014255
-0.314580
-0.546568
-0.432865
0.196115
-0.014885
-0.336137
-0.879216
-0.969456
-0.693048
0.821242
1.221885
1.037558
0.232991
0.455741
0.052869
-0.557597
-1.039542
-1.213064
-0.652218
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(iii) 12,12'-bibenzo[1,2]indolizino[5,6-b]quinoxaline (12)

OO0 ZZoozZzooooooooooonoonononononozzZzoozoooooom=m

-0.936705
-1.687701
-2.594534
-2.152073
-0.778248
0.140515
-0.349862
-0.344723
0.933362
1.877212
1.457169
1.413753
2.766395
3.671438
3.258615
0.710801
1.634218
2.923726
1.486865
2.594534
3.872929
4.046792
1.687701
2.594534
2.152073
0.778248
-0.140515
0.349862
0.344723
-0.933362
-1.877212
-1.457169
-1.413753
-2.766395
-3.671438
-3.258615

1.616063
3.606258
2.862558
2.177633
2.212681
2.962730
3.657423
1.532453
1.598429
2.358426
3.019142
0.918832
1.004252
1.743551
2.403554
0.146614
-0.241064
0.283700
-1.039179
-1.275714
-0.745033
0.022348
-3.606258
-2.862558
-2.177633
-2.212681
-2.962730
-3.657423
-1.532453
-1.598429
-2.358426
-3.019142
-0.918832
-1.004252
-1.743551
-2.403554

-1.039542
4.105592
3.304132
2.194951
1.844234
2.650601
3.790062
0.751778
0.469069
1.267176
2.345194
-0.661959
-1.024710
-0.230304
0.892154
-1.579052
-2.571351
-2.223995
-3.735772
-4.516953
-4.174439
-3.044232
4.105592
3.304132
2.194951
1.844234
2.650601
3.790062
0.751778
0.469069
1.267176
2.345194
-0.661959
-1.024710
-0.230304
0.892154
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-0.710801
-1.634218
-2.923726
-1.486865
-2.594534
-3.872929
-4.046792
-2.060336
-3.646636
-2.825704
0.362218
4.709233
3.934096
0.516471
2.500692
4.721822
5.025879
2.060336
3.646636
2.825704
-0.362218
-4.709233
-3.934096
-0.516471
-2.500692
-4.721822
-5.025879

-0.146614
0.241064
-0.283700
1.039179
1.275714
0.745033
-0.022348
4.138386
2.836519
1.601956
4.219057
1.776379
2.979306
-1.448609
-1.882929
-0.956555
0.418604
-4.138386
-2.836519
-1.601956
-4.219057
-1.776379
-2.979306
1.448609
1.882929
0.956555
-0.418604

-1.579052
-2.571351
-2.223995
-3.735772
-4.516953
-4.174439
-3.044232
4.976535
3.573611
1.567611
4.386682
-0.547720
1.514253
-3.999272
-5.413204
-4.818772
-2.787789
4.976535
3.573611
1.567611
4.386682
-0.547720
1.514253
-3.999272
-5.413204
-4.818772
-2.787789
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General

Commercially available solvents and reagents were used without further purification. Thin
layer chromatography (TLC) was carried out on aluminum sheets coated with silica gel 60
F2s4 (Merck). Preparative purifications were performed by silica gel flash chromatography
(KANTO Silica Gel 60 N, spherical, neutral, 40-50 um).

The '"H NMR spectra were recorded on a JNM-ECX400 (JEOL) at 400 MHz,
JINM-ECP400 at 400 MHz, and JNM-ECA600 (JEOL) at 600 MHz. Proton chemical shifts
were reported relative to the residual proton of the deuterated solvent (0 = 7.26 for CHCl).
13C NMR spectra were recorded at 75 MHz and chemical shifts were reported relative to
CDCl; (0 = 77.00) in ppm. Mass spectra were recorded on JMS-700 (JEOL) and JMS-S3000
(JEOL).

UV/VIS absorption spectra were recorded on a UV/VIS spectrometer V-670 (JASCO).
Fluorescence spectra were recorded on a FP-6600 (JASCO). The fluorescence lifetimes were
obtained at the peak top of the fluorescence spectra. The fluorescence quantum yields were
recorded on an Absolute PL Quantum Yield Measurement System C9920-02 (Hamamatsu).
Single crystal X-ray structural analysis was performed on a Rigaku R-AXIS RAPID
diffractometer using filtered Mo-Ko radiation. The data were corrected for Lorentz,
polarization, and absorption effects. The empirical absorption correction was applied. The
structure was solved by direct method and refined using the SHELXL-97 program. The
non-hydrogen atoms were refined anisotropically by the full-matrix least-squares method. The
hydrogen atoms were placed at the calculated positions.

All DFT calculations were performed with a Gaussian 09 program package. The geometries
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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.
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Materials

(i) V,N'-Bis(2,6-diisopropylphenyl)- 1,7-bis(V,V'-dimethylaniline-4-yl)
-perylene-3,4,9,10-tetracarboxylic acid bisimides (14)

To a mixture of N,N'-(2,6-diisopropylphenyl)-1,7-dibromo-perylene-3,4,9,10-tetracarboxilic
acid bisimides (520 mg, 0.6 mmol), N,N'-dimethyl-4-(1,3,2-dioxaborolane-2-yl) aniline (1.2 g,
4.8 mmol), KoCO3 (190 mg, 1.8 mmol), and toluene (2.0 mL) was added and degassed by
freeze-pump-thaw cycle for 3 times. Then, PdCL(dppf) (17 mg, 2.5 mol%, 0.015 mmol) was
added under Ar flow and stirred for 24 h at 80°C. After cooling to room temperature, the
reaction mixture was extracted with CH>Cl,. The organic layer was washed with brine and
dried over Na;SO4. The mixture was concentrated in vacuo and purified by a flash silica gel
column chromatography eluted with CHCI3 and recrystallized from CHCl; / methanol to give
pure compound 14 (228 mg, 0.24 mmol) as a green solid in 40% yield. "H NMR (CDCls, 400
MHz, ppm) 6 1.16 (d, J = 6.4 Hz, 24H), 2.76 (sep, 4H), 3.08 (s, 12H), 6.79 (d, J = 10.5 Hz,
4H), 7.33 (d, J = 8.2 Hz, 4H) 7.45-7.53 (m, 6H), 8.13 (d, J = 9.0 Hz, 2H) 8.21 (d, J = 9.0 Hz,
2H) 8.71 (s, 2H), *C NMR (CDCls, 100 MHz, ppm) 6 24.05, 29.09, 40.32, 113.40, 121.32,
121.91, 123.98, 124.11, 128.08 129.36, 130.05, 130.21, 130.67, 132.61, 136.10, 136.26,
141.61, 142.88, 145.61, 150.44, and 163.74. HR-MS (MALDI): Calcd: 948.46091, Found
[M']: 948.46145.

(ii) NV,N'-Bis(2,6-diisopropylphenyl)-4,12-bis(dimethylamino)benzo|a,j]coronene
-1,8,9,16-tetracarboxilic acid bisimides (15a)

and N,N'-Bis(2,6-diisopropylphenyl)-4,13-bis(dimethylamino)benzo|a,j]coronene
-1,8,9,16-tetracarboxilic acid bisimides (15b)

To a mixture of 14 (50 mg, 0.10 mmol) and 2,3-dichloro-5,6-dicyanobenzoquinone (60 mg,
0.50 mmol), o-dichlorobenzene (50 mL) was added and babbled by argon for 20 min. TfOH
(0.10 mL) was added and stirred for 30 min at 150 °C. After cooling to room temperature, the
reaction mixture was neutralized by triethylamine, and it was extracted with CH>CL. The
organic layer was washed with water, brine, and dried over Na;SOs. The mixture was
concentrated and purified by a flash silica gel column chromatography with CH>Cl,. Then, the
mixture of 15a and 15b was purified by three times of a flash silica gel column
chromatography with a 1:3 mixture of ethylacetate and n-hexane to give pure compound 15a
(0.5 mg, 0.001 mmol) and 15b (1 mg, 0.002 mmol) as a dark green solid in 1% and 2% yield
respectively. 'H NMR (CDCls;, 400 MHz, ppm) 15a; 6 1.27 (d, ] = 4.4 Hz, 24H), 3.01 (sep,
4H), 3.40 (s, 12H), 7.45 (d, J = 6.0 Hz, 4H) 7.58 (t, J = 6.0 Hz, 2H), 7.68 (d, ] = 5.0 Hz, 2H),
8.52 (s, 2H), 9.39 (d, J = 6.2 Hz, 2H) 10.53 (s, 2H) 10.53 (s, 2H), HR-MS (MALDI): Caled:
944.42961, Found [M']: 944.42999. 15b; 6 1.26-1.30 (m, 24H), 2.96-3.06 (m, 4H), 3.40 (s,
12H), 7.45 (d, J = 6.0 Hz, 4H) 7.59 (t, ] = 6.0 Hz, 2H), 7.68 (d, J = 5.0 Hz, 2H), 8.53 (s, 2H),
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9.39 (d, J = 6.2 Hz, 2H) 10.41 (s, 2H) 10.67 (s, 2H), HR-MS (MALDI): Calcd: 944.42961,
Found [M"]: 944.43003.

(iii) V,N'-Bis(2,6-diisopropylphenyl)- 1,7-bis(10H-phenothiazine-3-yl)
-perylene-3,4,9,10-tetracarboxylic acid bisimides (17)

To a mixture of N,N'-(2,6-diisopropylphenyl)-1,7-dibromo-perylene-3,4,9,10-tetracarboxilic
acid bisimides (138 mg, 0.144 mmol), 3-bromo-10H-phenothiazine (80 mg, 0.288 mmol),
K>COs3 (200 mg, 1.44 mmol), TBABr (5 mg, 0.0144 mmol), toluene (2.5 mL), and water (2.5
mL), was added and degassed by freeze-pump-thaw for 3 timers. The mixture was stirred at
90 °C for 3 h and toluene (2.0 mL) was added and degassed by freeze-pump-thaw cycle for 3
times. Then, PAClL(dppf) (12 mg, 0.0144 mmol) was added under Ar flow and stirred for 3 h
at 90°C. After cooling to room temperature, the reaction mixture was extracted with CH>Cl,.
The organic layer was washed with brine and dried over Na;SOs. The mixture was
concentrated in vacuo and purified by a flash silica gel column chromatography eluted with
CH:Cl; and recrystallized from CH2Cl> / methanol to give pure compound 17 (64 mg, 0.24
mmol) as a green solid in 40% yield. "H NMR (CDCls, 400 MHz, ppm) J 1.13-1.20 (m, 24H),
2.76 (sep, 4H), 3.08 (s, 12H), 6.16 (s, 2H) 6.49 (d, J = 7.8 Hz, 2H), 6.60—6.70 (m, 2H), 6.84 (t,
7.8 Hz, 2H), 6.92-7.04 (m, 4H), 7.34 (d, J = 8.7 Hz, 4H) 7.49 (t, ] = 8.7 Hz, 2H), 8.19 (d, J =
8.7 Hz, 2H) 8.31 (d, J = 8.7 Hz, 2H) 8.65 (s, 2H), HR-MS (MALDI): Calcd: 1104.37375,
Found [M']: 1104.37295.

(iv) Phenothiazine-fused PBI (18)

To a mixture of 17 (120 mg, 0.11 mmol) and dichlorodicyanoquinodimethane (126 mg, 0.55
mmol), o-dichlorobenzene (20 mL) was added and babbled by argon for 20 min. TfOH (0.10
mL) was added and stirred for 90 min at 120 °C. After cooling to room temperature, the
reaction mixture was neutralized by triethylamine, and it was extracted with CH2CL. The
organic layer was washed with water, brine, and dried over Na;SOs. The mixture was
concentrated in vacuo and purified by a flash silica gel column chromatography eluted with
CH>Cl and recrystallized from CH>Cl, / methanol to give pure compound 18 (14 mg, 0.013
mmol) as a dark green solid in 12% yield. '"H NMR (CDCls, 400 MHz, ppm) § 1.21-1.32 (m,
24H), 2.99 (sep, 4H), 6.58 (s, 2H), 6.69 (d, J = 8.0 Hz, 2H), 6.90 (t, 2H), 7.04-7.11 (m, 2H),
7.47 (d, J = 7.4 Hz, 4H), 7.61 (t, J = 7.4 Hz, 2H), 8.44 (s, 2H), 9.02 (s, 2H) 10.36 (s, 2H)
10.40 (s, 2H), '3C NMR could not be measured because of the low solubility. HR-MS
(MALDI): Calcd. 1100.3430, Found [M]: 1100.3392.
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Spectra

(i) NV,N'-Bis(2,6-diisopropylphenyl)- 1,7-bis(V,/V'-dimethylaniline-4-yl)
-perylene-3,4,9,10-tetracarboxylic acid bisimides (14)
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Figure S14. '"H NMR spectrum of compound 14 in CDCl;,
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Figure S15. 3*C NMR spectrum of 14 in CDCl;.
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(ii) N,N'-Bis(2,6-diisopropylphenyl)-4,12-bis(dimethylamino)benzo|a,j]coronene
-1,8,9,16-tetracarboxilic acid bisimides (15a)
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Figure S16. '"H NMR spectrum of compound 15a in CDCls,
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N,N'-Bis(2,6-diisopropylphenyl)-4,13-bis(dimethylamino)benzo|a,j]coronene
-1,8,9,16-tetracarboxilic acid bisimides (15b)
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Figure S17. "H NMR spectrum of compound 15b in CDCl;.
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(iii) V,NV'-Bis(2,6-diisopropylphenyl)- 1,7-bis(10H-phenothiazine-3-yl)
-perylene 3 4 9 10- tetracarboxyhc acid bisimides (17)
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Figure S18. '"H NMR spectrum of compound 17 in CDCl;,
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(iv) Phenothiazine-fused PBI (18)
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Figure S19. "H NMR spectrum of compound 18 in CDCl;,
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X-Ray Crystal Data

Crystal data and structure refinement for 15b

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°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

CCDC No. 1534264.

Ce4Hs6N4O4
945.12

90 K

0.71073 A
Monoclinic

P21
a=10.9335(9) A
b =13.6371(12) A
¢ =22.866(2) A
3369.2(5) As

2

0.932 g/cm?
0.058 mm-!

1000

0.500 x 0.300 x 0.300 mm?

1.744 to 26.000°
-13<h<12,-16<k<16,-17<1<28
19412

12991 [R(int) = 0.0266]

99.4%

Semi-empirical from equivalents
0.983 and 0.852

Full-matrix least-squares on F2
12991/45/730

0.940

R1 =0.0797, wR2 = 0.2100

R1 =0.1190, wR» = 0.2357

0(3)

0.686 and —0.267 e. A3

S =98.801(2)°
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Crystal data and structure refinement for 18

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 = 23.500°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [/ > 20(])]

R indices (all data)

Largest diff. peak and hole
CCDC No. 1534265.

C72H52N404S2
1101.29

103(2) K

0.71075 A
Triclinic

P-1
a=10.5479(11) A
b=12.3384(13) A
c=16.2391(17) A
1821.6(3) A3

1

1.004 g/cm’

0.117 mm™!

576

0.150 x 0.040 x 0.020 mm®

3.195 to 23.500°
—11<h<11,-13<5k<13,-18</L18
20855

5349 [R(int) = 0.1433]

99.4%

Semi-empirical from equivalents
0.9140 and 0.3370

Full-matrix least-squares on /2

5349 /29/395

1.001

R1=0.0911, wR> = 0.1591

R1=0.2158, wR> =0.1938

0.259 and —0.179 e. A3

o = 82.196(6)°
B=T72.123(5)°
7= 64.915(5)°
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Cartesian coordinates for the optimized structures

(i) NV,N'-Bis(2,6-diisopropylphenyl)- 1,7-bis(V,/V'-dimethylaniline-4-yl)
-perylene-3,4,9,10-tetracarboxylic acid bisimides (14)

C 2.215786 -2.930692 -0.813532
C 2.256028 -1.536140 -0.777379
C 1.184963 -0.760674 -0.315637
C -0.055269 -1.431421 -0.031482
C -0.075404 -2.862431 -0.063491
C 1.076579 -3.604661 -0.413105
C -1.277168 -0.708971 0.200177
C -2.492484 -1.437497 0.277664
C -2.447691 -2.845326 0.361429
C -1.276091 -3.554302 0.216901
C 1.276604 0.706919 -0.196231
C 0.054775 1.429182 0.037019
C -1.185113 0.758238 0.321824
C 2.491272 1.436190 -0.276870
C 2.445670 2.844012 -0.360438
C 1.274266 3.552623 -0.212662
C 0.074450 2.860186 0.069902
C -1.077097 3.601818 0.422293
C -2.215460 2.927284 0.824281
C -2.255590 1.532806 0.786404
C -1.317253 -5.034835 0.260662
N -0.130624 -5.710249 -0.046387
C 1.073408 -5.086190 -0.410689
O 2.065123 -5.743054 -0.702439
O -2.328221 -5.664593 0.546061
C 1.314876 5.033184 -0.255664
N 0.128722 5.708017 0.054479
C -1.074307 5.083336 0.421052
O 2.324975 5.663437 -0.543041
O -2.065539 5.739718 0.715541
C -0.183278 -7.174656 -0.006982
C 0.180840 7.172464 0.015942
C -4.855601 -1.148174 1.120288
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-3.868034
-6.163472
-6.555602
-5.565271
-4.263245
-7.849124
-8.877667
-8.257743
3.867833
4.850888
6.159778
6.557509
5.571774
4.268626
7.852078
8.267000
8.876205
3.075710
3.159346
-3.372516
3.370037
-3.074804
-3.158318
-0.477170
-0.926111
0.806288
0.472625
-0.808324
0.924993
-4.595295
-6.880738
-5.814428
-3.534431
-8.626396
-9.820159
-9.036231
-8.195341
-9.291422

-0.873497
-0.695926
0.053632
0.299507
-0.150594
0.528473
0.093685
1.134763
0.873553
1.145424
0.694811
-0.050053
-0.292895
0.155500
-0.523389
-1.123230
-0.090780
-3.501295
-1.051643
-3.400382
3.399338
3.497441
1.047513
-7.506661
-7.538936
-7.547573
7.505210
7.544909
7.536516
-1.719471
-0.934986
0.837769
0.057969
0.380718
0.580808
-0.996082
0.437361
1.474310

0.163481
0.976403
-0.156152
-1.138604
-0.974278
-0.298907
0.631086
-1.554912
-0.166631
-1.128820
-0.988952
0.144733
1.132522
0.972221
0.283575
1.540626
-0.652304
-1.147359
-1.112255
0.476568
-0.477936
1.160351
1.121910
0.991668
-0.721144
-0.261166
-0.983079
0.272369
0.728846
2.008063
1.752221
-2.045098
-1.752915
1.659495
0.374625
0.610882
-2.405279
-1.467379
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-7.641250
4.586158
6.873481
5.825416
3.543391
8.207864
7.652402
9.300570
8.620552
9.034165
9.820134

2.011120
1.713242
0.931577
-0.827436
-0.050679
-0.421810
-1.999008
-1.462306
-0.381241
0.999157
-0.576529

-1.788529
-2.017518
-1.768744
2.039969
1.754839
2.387927
1.781262
1.449966
-1.678650
-0.636254
-0.398523

115



(ii) N,N'-Bis(2,6-diisopropylphenyl)-4,12-bis(dimethylamino)benzo|a,j]coronene

-1,8,9,16-tetracarboxilic acid bisimides (15a)

ool oNeololNolol4ololJeololNoNeoNoNoNoNoNoNoNo o oo oMo NN eI

1.911513
1.429968
0.082136
-0.871397
-0.436690
0.965145
-2.255153
-3.182835
-2.797246
-1.410189
-0.965142
0.436693
1.410192
0.871401
2.255156
3.182839
2.797251
-1.911514
-1.429965
-0.082133
0.353274
1.740161
2.724512
-0.353271
-1.740157
-2.724509
0.441567
-3.910017
-0.441562
3.910019
2.222618
-2.222618
-3.781468
-3.330072

-2.124831
-3.456926
-3.742513
-2.695901
-1.347801
-1.065379
-2.986693
-1.966966
-0.606592
-0.298495
1.065372
1.347793
0.298488
2.695893
2.986684
1.966958
0.606584
2.124823
3.456918
3.742505
5.161362
5.390268
4.391909
-5.161371
-5.390276
-4.391917
-6.092719
-4.700550
6.092711
4.700539
6.775216
-6.775221
0.472219
1.823530

-0.011313
-0.015592
-0.019028
-0.017959
-0.014770
-0.012724
-0.021479
-0.020069
-0.014119
-0.013423
-0.012597
-0.014747
-0.013523
-0.017925
-0.021594
-0.020343
-0.014321
-0.011045
-0.015354
-0.018890
-0.024203
-0.027931
-0.027347
-0.024241
-0.028350
-0.027123
-0.025064
-0.030473
-0.025264
-0.031288
-0.033548
-0.033956
-0.009020
-0.005397
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-5.163754
-6.130284
-5.663178
-4.316128
3.781468
3.330073
5.163763
6.130294
5.663178
4.316131
7.482909
-7.482843
8.453454
7.930409
-8.453553
-7.930394
2.106849
-4.224510
4.224513
-2.106845
1.353175
2.842964
2.832850
-1.353160
-2.838928
-2.836905
-5.493253
-6.363978
-4.019196
5.493237
6.363966
4.019204
8.363288
9.458877
8.353234
7.536209
7.623649
9.019640

0.202542
1.216763
2.560728
2.837982
-0.472230
-1.823536
-0.202558
-1.216764
-2.560724
-2.837986
-0.933882
0.933860
-2.004012
0.445393
2.004176
-0.445439
-4.301715
-2.260996
2.260989
4.301708
7.428389
6.954242
6.950910
-7.428383
-6.955909
-6.949265
-0.825250
3.386341
3.880166
0.825239
-3.386346
-3.880172
-2.753330
-1.583644
-2.519426
1.050501
0.919231
0.473836

-0.002087
-0.000041
0.014659
0.009297
-0.009313
-0.005770
-0.002326
-0.000501
0.014124
0.008802
-0.016015
-0.015317
0.150192
0.084917
0.148461
0.084942
-0.017775
-0.024525
-0.025020
-0.017507
-0.030058
0.848019
-0.922881
-0.035323
0.850151
-0.920767
0.004747
0.032019
0.021431
0.004835
0.031353
0.020866
-0.646144
0.093109
1.117506
-0.741059
1.029927
0.026357
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-8.354105
-8.362788
-9.458918
-7.537234
-7.622554
-9.019694

2.521013
2.752361
1.583695
-1.050073
-0.919944
-0.473718

1.115087
-0.648898
0.091265
-0.741920
1.029240
0.027747
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(iii) NV,N'-Bis(2,6-diisopropylphenyl)-4,13-bis(dimethylamino)benzo|a,j]coronene

-1,8,9,16-tetracarboxilic acid bisimides (15b)
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-2.429123
-2.475727
-1.248102
-0.002188
-0.004120
-1.233980
1.245325
2.470600
2.419965
1.223343
-1.248464
0.001469
1.249796
-2.472267
-2.418894
-1.222938
0.003392
1.232120
2.426592
2.475941
1.243063
-0.006950
-1.249875
-2.283472
2.285004
-1.243823
0.006236
1.249181
-2.286408
2.283385
-0.041741
0.040967
3.743722
3.728150
4.976700

3.091727
1.675576
0.960498
1.661104
3.077648
3.776936
0.963678
1.682586
3.098475
3.781774
-0.474087
-1.172506
-0.470919
-1.196109
-2.608622
-3.294812
-2.589165
-3.289950
-2.601877
-1.189083
5.266301
5.908871
5.259820
5.916293
5.909143
-4.777325
-5.420108
-4.770870
-5.420586
-5.427772
7.375135
-6.886166
-0.463995
0.960957
-1.144171

-0.000082
-0.000064
-0.000053
-0.000053
-0.000052
-0.000046
-0.000074
-0.000110
-0.000189
-0.000128
-0.000052
-0.000108
-0.000091
-0.000021
-0.000002
-0.000094
-0.000171
-0.000350
-0.000323
-0.000133
-0.000203
0.000204

-0.000113
-0.000433
-0.000531
-0.000046
-0.000425
-0.000568
0.000245

-0.000801
0.000240

-0.000585
0.000005

-0.000054
0.000205
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6.207238
6.174935
4.977432
7.406580
8.664471
-3.730988
-3.742323
-4.982220
-6.177738
-6.205814
-4.973295
7.414924
-7.403089
-7.407069
-8.663176
-3.333000
3.322553
-3.319707
3.328701
0.986235
-0.568017
-0.577614
-0.987085
0.573235
0.570964
4.976751
7.095719
5.012994
8.771178
9.489407
8.771090
-5.020873
-7.100202
-4.970232
6.915991
8.447065
6.915634
-6.906402

-0.473752
0.949083
1.625082
-1.155863
-0.427708
0.950086
-0.474912
1.610553
0.931050
-0.491879
-1.158660
-2.608886
-1.177608
-2.630651
-0.453256
3.687519
3.695971
-3.208614
-3.200164
7.729803
7.733137
7.732350
-7.240673
-7.243717
-7.244120
-2.223595
1.519638
2.708152
0.209091
-1.141646
0.209182
2.693523
1.498890
-2.238073
-3.020251
-2.962193
-3.019565
-3.040826

0.000282
0.000155
0.000008
0.000487
0.000513
-0.000078
-0.000016
-0.000117
-0.000088
-0.000040
0.000039
0.001035
-0.000105
0.001081
0.000707
-0.000109
-0.000285
0.000078
-0.000525
0.005567
-0.888024
0.882986
-0.001853
-0.885421
0.885486
0.000319
0.000214
-0.000036
0.889899
0.000420
-0.888807
-0.000154
-0.000082
0.000124
-0.887747
0.001375
0.889933
-0.887264
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-6.907036
-8.438143
-8.771691
-8.771826
-9.485952

-3.039510
-2.987062
0.182584
0.183925
-1.169682

0.890413
0.000930
0.890569
-0.888142
0.000175

121



(iv) Phenothiazine-fused PBI (18)
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2.460976
2.491265
1.257317
0.019495
0.038434
1.275025
-1.237218
-2.453218
-2.385557
-1.180453
1.237221
-0.019491
-1.257314
2.453221
2.385561
1.180456
-0.038431
-1.275021
-2.460972
-2.491262
-3.743576
-3.720967
3.743580
3.720971
4.992398
6.194813
6.168723
4.958459
-4.992394
-6.194810
-6.168721
-4.958456
7.409505
8.603825
8.840270
7.677568

-2.817887
-1.403584
-0.699574
-1.416406
-2.832586
-3.519885
-0.733987
-1.469131
-2.883618
-3.551213
0.733985
1.416404
0.699571
1.469128
2.883615
3.551210
2.832583
3.519882
2.817884
1.403581
0.662805
-0.760812
-0.662808
0.760809
-1.320422
-0.630848
0.786766
1.448389
1.320418
0.630845
-0.786769
-1.448391
-1.314917
-0.795809
0.589457
1.709024

0.192895
0.186334
0.187439
0.189543
0.193551
0.195728
0.189232
0.193351
0.197988
0.197872
0.189236
0.189547
0.187435
0.193351
0.197947
0.197870
0.193570
0.195738
0.192861
0.186322
0.182657
0.190727
0.182669
0.190739
0.155904
0.179954
0.214541
0.194474
0.155896
0.179936
0.214509
0.194446
0.186168
-0.336742
-0.347673
0.415080

122



T T I I T T DI I T D ITITZD IO 00z00zoaonn0z

-7.409499
-8.603829
-8.840274
-7.677563
-1.173971
0.078783
1.317753
1.173975
-0.078780
-1.317750
9.580816
10.779370
11.005494
10.027808
-9.580831
-10.779394
-11.005517
-10.027822
2.371115
-2.197948
2.197951
-2.371109
0.065652
-0.065651
3.370629
-3.279554
3.279557
-3.370625
5.033461
4.976929
-5.033457
-4.976926
7.327947
-7.327940
9.396813
11.529098
11.931920
10.188541

1.314917
0.795814
-0.589452
-1.709034
-5.034368
-5.664868
-5.003752
5.034366
5.664864
5.003749
-1.657793
-1.152359
0.223776
1.090427
1.657805
1.152379
-0.223756
-1.090413
-5.628056
-5.704606
5.704605
5.628058
-7.132006
7.132000
-3.404557
-3.494371
3.494368
3.404555
-2.403492
2.531481
2.403489
-2.531484
-2.322128
2.322128
-2.730144
-1.838565
0.624385
2.164754

0.186147
-0.336741
-0.347689
0.415030
0.203719
0.205340
0.201855
0.203629
0.205740
0.201858
-0.849902
-1.350758
-1.374264
-0.882797
-0.849868
-1.350710
-1.374235
-0.882798
0.203264
0.207251
0.206721
0.202926
0.211634
0.212061
0.198629
0.201747
0.201639
0.198550
0.119896
0.198911
0.119902
0.198872
0.131689
0.131677
-0.849954
-1.733719
-1.774102
-0.901201
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-9.396829
-11.529129
-11.931951
-10.188556
-0.457683
-0.462552
1.098654
0.461837
0.458398
-1.098655

2.730157
1.838591
-0.624359
-2.164740
-7.493151
-7.500582
-7.471671
7.492874
7.500874
7.471644

-0.849906
-1.733645
-1.774061
-0.901215
1.100214
-0.670955
0.210404
1.098241
-0.672928
0.215458
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