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VT ) INREREETAHR - KRR OD
AR &8 TR
FTRFER STk
DS-13902 =i #E*

[#HS] —kic, P> T7 2 A (DCRE#EHT 55T

IR WET AL ZBMOM(LE B2 H T 5228 Ne_cN NG N
HMONTWSG, ZDZEMND, I nBONTT /3 A ”BU”B“
DG A HEHC V- DCF B A OB eic Bik2n#H  per VO e
= TnWb, L L2226, DCF FEENEWEFZ AN
G TE DI b oT, GROEHL IO hEBRE%
B RBIFETEM LE T /ML @O TSI 722,
AL TITHTHL 72 DCF #F8 AR DA A2 &I, (LAY 1-3
DERLE F OYEFEIZ S\ THE 21T > 72, (Figure 1)

[AE] 11X p-F o b o2 HRIEEE LT 8 BePE(INH 4%,
RaER)TELN, 2BXU03 11X, WTIhbe =L
VAR E L TENZEILS B 1%, RFEER,)FB X Figure 1. DCF and target

007 BEBE(4%, TER G2 TR bR, compounds

[#5 58 - Z2R] 1-3 ORLIE TR ZBE L7k B (Table 1), 1 O —ETENIL TCNQ
DENEIZFEFREOETH Y | WER O A H22R8 5t 2R LT b BWE T RREL R
TZERHLNE 5T, 31 HEROIERIC L 0 RITFEIZ T A EM D7 — 1 U5
I S, 1 ICHAHE = BIRETEMBEMICY 7 F Lz, 1= bz
TOT =4 U FD B (Figure 22) DIERRIC KRS LTz, Y7 =4 8 171%, sk, 8
T A7 MVB X DFT fHEOERERAE LPLO n a7 3%/ A M, T720bb s-
A R RS L LTAE LTS aJREM 2 Re 54 & /e o 7=, (Figure 2b)

Table 1. Redox potentials® (V) of 1-3
Compd. Ell/Zred E21/2red E31/2red E* 1/2red

1 -030 -0.76 -1.65 -2.14
2 092 -1.18
3 -066 084 -142 -1.64

a.vs. Fc/Fc* b. irreversible peak.

Figure 2. (a) ORTEP drawing of 1¢(CoCp,), |
(b) Plausible resonance structures of 12
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ET1E F;
1-1 BFZEHUSF

OHBILETHEEATHINTF

ML ETHUZE T 2EHSFIE. EBRZETHVESHS FHIEK I OBEEK V2
BT 2BRELELTEHLSDOHESATE, BIZIE. TRSFFZIUALU(TIF)YET

FSLUT /X AL U(TCNQ) " DERCT)BEIRKILX. EBREZEFLHVHDFHRATH
YEASENEEBHYZRTIENHAY ., EEITIEEEDT-,

@ v _on © ,
S/:\S o
SIS . c/
\—/
NC~ "CN
TTF-TCNQ CT Complex 4
(b) . . § g
O =< /

-

—h

—C

Figure 1-1-1 (a) TTF-TCNQ CT complex (b) and (c) Packing Diagram

WMETIE. A EL BAFRF(OLED)LEMERNR NS VPR F(OFET)RED & 517,
DFTNARADGAEEB LEFENBAIZITHOATING ¥, Thizf#L, et
ETXHEEEE T H5ERDIERNMITHONTET-, Figure1-1-2 [TREBHWLEFHERS LUV
BFRBMAFISDOVTRY 2912,

a)

S__S S

X CCCD o 9@
S S

\—/

S
TTF Pentacene DNTT
b)
NC CN
(0] (0] — —
OO e Liege L
a9 = hm ST
-0 .
o o) "Bu "Bu
NC CN
R =Cq3Hy27
TCNQ PTCDI-C13 DCMT

Figure 1-1-2. a) Typical electron-donating molecules and b) Typical
electron-acceping molecules
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Figure 112 IZRL-BILERFEEZE I S FE TN TR EFHREESFFATL
HOMO #4i #EFZ AU FHIEL LUMO #F5H L. ChHBEETHEZHRRT S
BEREGODTWBATTF G EITRREINLIEFHREED FEILERHHMENEETHY 5F
FNARZBEFIRBELGEDMENE < BOATLS P DIzx L. TCNQ ZEIZR
REINSEFZRUDFICHT IR RED FRAPEXLBORKTITORERE L V-T2
MO LR EERIERNL IR TLEVDOASERTH S,

BFZBMEDF

BNE-BFZRMSFERHET HICIXEL LUMO #HDEBNEETH D, EFZEN
DFOHE LTREHLEDIIT FSOT7/ X/ A8 (TCNQ)THS °, TCNQ (i
DOVTI) AFLIUNFERT DIEFRZKELDTROARERNETHICF/ 4 FEEDL
BRUE/ A FEEICEILTIELXRENE L TEVEFZRRERET S. T HHLIE
WLUMO #fZE LT3, CDEI3HBI &ML TCNQFERIZHEITIAENHEZ K
S, FIZIE 7 VRIZKDFEYPET TCNQ LY LEVWEFZEMEFERE L= TCNQF,
DHEFERLBESNATLS 2, ZOLESLHBEANSEL LUMO £ EBT S
1. EFREIMEDEBREDBEAICLLIFTENR 28R TODLONEFEZAELLT VLD
[CFBCENBRAOND, TEDEL I LR TEECEIFRLGEFZBEMS FORFEICAITT
COT ) IR UICEKRERE ST,

[Red.] FooF
NC CN ' NC CN NC CN
—_—
— — D ©
NC CN [Ox.] NC CN NC CN
Quinoid Benzenoid F F
TCNQ TCNQF,

Figure 1-1-3



1-2 227/ 7)LAR 2 (DCF)
TRy
RUVEVDEMEKTHSI LA VIE, AERNMEAMERTEDD /ORI ADI )L
CP)7=AUIZHYDTIVEEEZFTSEIL. TFXFVYAFLUEMNMMAIE, AERANE
CHFEITOAMEEALTLS, SOV EN L FEERECEEEZR T HRIL/KRDOH
TOMRZEZREDBT=612.1960-1980 FERIZM T TEAICRIGECERKICET 2HEMNTT
HhnTWL=""), (Figure1-2-1a))CD&E S B INARVFERDFTEIFYAFLUH
MICZDODY T/ EEZBTDHIIIALRY T§HHEDVT/ TR (DCRIE., TERMN
Cp FoAUIZRYPTNWITAT7OI T v I BEHEELL T/ EOEFREIMEIZEK o’C'.ET
BEFZBUNHGETE S, £EFE. COLI TR oFHRLEEFZEED FDERETIC
DEWREHAWVSZEIZEKRZ L o=, (Figure 1-2-1 b))

a) b) Electron deficient
framework
Fulvene (CgHg) Dicyanofulvene

Scheme 1-2-1 Fulvene and Dicyanofulvene

OO T /) IRy

OOUT ) IR DFBEPFOTERSINT=DIE 1974 FTHY . ULTOEHEAKE S
VERBESEDRETT P57 IL-DCF AKREREKE LTE LN, (Figure 1-2-2)
LMLGEA S, ELEGIZRRLNT DCF [ZEHT HREIFEZT D& 20 EFEﬁ'it/Ugfd:éh—c
M 2712,2000 ERIZIFEFELZFIZ L > TDCF DFEBEKRIZEET 2HEATTHIL.TCNQ
FYUBLEVWEFZEUNRADLIFEARLH LI L. TN AADIGANAFTE LA
BEEHY Michl % Ottosson [Z& Y RLVEEh TS 1020,

) NC __CN

OC\'\IAO_Q Ph™—=—"Ph _ p Ph
P >

oC NC CN Benzene

co Ph Ph

Figure 1-2-2 First reported example of DCF

2010 ££(Z, Swager LIZ& O'C*“/O ARVA DT/ VEEBERZAIRAL LTEDOIDH
R DCF FEEMAAHRE I 2, ChODRFII—BEF_BREOAHMAET (Ee =
-0.94, -1.40 V vs Fc/FcHZER I L., FRLEEFHMHOBRICERATHLI I LN REINT:
(Figure 1-2-3 a)), ¥ =R BRI D DILKEELN V%L DCF FERIEAIT—LLTLE
ST EIZDOVTHIHESTNTLVS (Figure 1-2-3 b))



a)

e} . NC . _CN NC © CN
malononitrile 126"
Ph ph TiCly, pyridine Ph Ph Ph Ph
- e—
Ph Ph Ph"  Ph
E.oq=-0.94,-1.40V
CN
b) Nc__cN NC
r.t. Ph
CN
/7 Ph
80 °C
Ph Ph Ph =/ CN
Ph

Figure 1-2-3 Synthetic Scheme of tetraphenyl-DCF and redox process

& 52 2011 £&IZ(%. Diedrich &1Z& T a)Push-Pull # DCF A\$R&E S h. CT IRIRAS
Amax = 782nm (2, BRUREHAY 1100nm (BB S Ntz 2 2012 FIZIEb)TF RS 7ILF L
DCF & U ¢)7 AL v &#E DCF A% N EFh Diedrich, Shoji HIck>THRESh, =
ERRE DB ST EOE RSB TOD CT RINAER B S ht= 22,

Me,N CN
TIPS TIPS
0 o e L o
TIPS TIPS
CO,Et
Amax = 782 nm Amax = 808 nm
E,oq =-0.45,-0.96 V Eioq=-0.57,-1.13V

Push-Pull type DCF Tetraalkynyl-DCF Azulene substituted DCF

Figure 1-2-4 Recently reported DCF derivatives

2013 FIZIZ DCF BFEARNBED IILA DV LHUL-EBRICEZR CITENARESI.E
BHOARHETHINREBRAN UV EUVEFEEMICHEDIEVIHELA L EIN:=, COLSTEAL
5F 9 F£9 DCF [CEHd BRFE AT bnnw EEZLND D,

a)

b ke e D0

Figure 1-2-5 Rearrangement of a) fulvene and b) tetraphenyl-DCF



QLT ) INAUERE ST

DCF B EENEELE LTHET 50 FIL. Bk DCF FEMR L IREBHICHIMNLE
FEZBEMNFELTHRESINTE -, $5IZ Figure 1-2-6 a)D R FIEIFE—ZET B Ereg =
0.23Vvs.SCE T#Y TCNQ(Eeq=0.22V vs SCE)¢ (ZIZRZENEZRL TS, o)B &
CA)DIEEYIMHEBOAHGETKERL BROEFERET IEAITENRTNS
ExERLTWLNG W62

Figure 1-2-6 n-Extended DCF derivatives

ZMIZHNZ T 2008 &I Marks 52k o T, Figure1-2-7 [T R L= FhE SN,
NENDERICRELGENT n RFERBLIVEMOFERE L THEHT IENRES

nNTEY. RFTNAAZAANDIGAICEERTHIENTINA TS 2%,
b) Ambipolar type

Figure 1-2-7 OFET materials of DCF derivatives

ZND&SIZ. DCF FERKRB LU HEEIC DCF BHRZET 50 FlE. BLEFZEM
PERKFEVOAPEEEET I LMD, ThODFEERFARITHE C BRI Fn D %2,
LOLGA s, AEROMROCILAREODEREICEL >T, AERLZEFRGIETIE
tiLEFZEUZEDEHO. TNEZEREAL TCEFZBAMEHRL-AIEHEY IS
nTLiELy, (Figurel-2-8)

CN e/ CN NG /CN -
fo s f s {
‘ > EWD " ——> EWD ,Oeos EWD
~ ‘Sé\ \
EWD EWD CN
NC

EWD = CN, F etc. EWD = CN, F etc.

NC

.

Figure 1-2-8 Enhancement of electron-accepting ability



UEDEEZHFZ. AARTREIIRLGCEFZEUSD FORRIZL I+ T, #:HA% DCF FE
RERTL, TOETHEMEEEFREICOVTHEL. F2ETIRA VEFEVEDETF
ZEMSF1alZD2VT, LEIETHETIzZLY, ZxF U LUK B niREDE
FEZEMRF2a LUV 3alI2DONVTERT D

Figure 1-2-9 Target compounds
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FE2HE AU HEHREFZBHSF
21 s A Y

BN-BFIRMEZEIT H5HF DCF FERZHRMTHLET, EFEFIBERELT s
A8 UICEB Lz, sA VAU 12 REBERRIEKEZTHY . FEE. RFE
RIZET AMENBAICTHOA T EESIZ. Hafner 5 IC&E > THRENE-BERTH S,
EEBAIL. 1964 EITERKEDOBRRTTOABHB SN, RFEBFEKICHXT BRI
N RSN, T0%. EFMUICRELREEN >E-FEARE LT 1980 FITERT AT
VT S /4K, 1986 FEICIEER L Bu ETREARZIGMN > FEKITOVLWTOHRELAEFL
Fh Hafner 512 & > THE SN, EFREOCREHEIZET 2HEATHT *Y, (Figure
211) ssA VAL VDRLEKREMFEERIEKARTHY BHAL_BEFETINDI L
THBD.TFItTFI-s-A o F R LT FILERIGSEDEZEFETEINT
FEEST A UDERT 2HEFHLHY . %@%uaaﬁiﬁﬁﬁﬁﬂb"bhf W3,

12x antiaromatic
hydrocarbon

Figure 2-1-1 s-Indacene and its derivatives

METIERVIBERED s-A4A 320 FhbhbA 0T/ VAL U(F)FERICET S
HENTINTULVS(Figure 2-1-2a), 1 T/ ZILA LUV 20t EFROBANRTE
EHERAEIKFZETH Y 2010 12 Haley 512 & o T indeno[ 1,2-b]fluorene B D& E 15 FE(K
(Figure 2-1-2 b))A BBt I nt=%Y, ThICiHEEHR L TOFET RUES SHILMEZRTIF

FERICET IMENBAICTOND LS TEE ", (Figure 2-1-2 ¢, d)
a) b) c)

Biradical charactor

Figure 2-1-2. Indenofluorene and its derivatives
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2-2 BEY

UEDRMNS, DCF BREET 4 VA VEERILIETDBIET s-41 V3o DEE
FHIEBEL LTOLELISTAL. MM ESSHITETINSGEICETEIRELT S
ENHIFEEINE 0. BROERERETHALTHATHDIEEEZAOND, CDKIHR
MNoltEW1aZEB L. TOETHELEFKREBIZOVWTHAET SF L LT,

NC NC
NC ) CN NC © CN Cecn
+2e" +2e;
Ly L b o
C [ CN NC NC
CN ., O°cN SN
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2-3 B
2-3-11aDER

1a DE L% Scheme2-3-1 [ZRT, p-F L UEEERERHME LT, NIHRILLTILTE
REBILKERZRAWV-TOEAFL—2avITE2T4EERLT=(58%)", < <O
VBT ATILERIZTT RS T RATILAS ZIRE 60%TER L. ShlTxt L TKERIES
O LICKBMKSBROMEBIZL DRRETOAILARUE 7T & 9B3%DINEFFI-, 7
(Xt LARY Y VBRIZKBTU—TILI S TVYTVIIEZETL., XD k2 ik 8
UK 80%BAENTEL M, SIFLVT/RRKF—FEAVEYT/EIZEST
9 ZUVE 56% TE K L,T:O

”Bu
HBr _HBraq EtOOC COOEt nB
Paraform EtOH, NaOEt
aldehyde Br (93%

p-Xylene  (58%) (60%) 2 steps) E= (_‘;OOH
5, E = COOEt 1)KOH,
H50,
6, E = COOH j EtOH
1) LDA 2) HCl aq

) E0 . .. .OEt

e 000
“(80%) 3) BF3+OEt,

THF

(56%)

Scheme 2-3-1 Synthesis of 9

RIZOOT /K9 ORBRBIPDAFLUEFBRILT 5-OICHIERIGIZOVN TR %
7otz ZBRIEELVZRAWLZEntry3DEHT10a # 53% TEKRT HZ EITHIILT=,

NC Oxidizing NC 0
agent
0T e 2oy T e
Solvent
CN 0 CN
9 a

Scheme 2-3-2 Synthesis of 10a
Table 2-3-1. Reaction conditions

Oxidaizing . .
Entry Solvent Temp. Time yield
agent
CrO3 0.2 eq Complex
CH.Cl, r.t. 5 days ]
tBuOOH aq 28 eq mixture
Se0, 0.5 eq
CH.Cl, r.t. 2 days Trace
tBuOOH aq 20 eq
3 Se0, 15 eq dioxane reflux 2h 53%
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#gonf-10alcxd L, 7R 7z F—FIEEZEITIO L Tl1aDERBRIZE1To1=, LA
AL LTHIEIEF RV ERALV- Entry2 DEEH T, B 1a = FZEEEAXRE L THDE
NTET=,

NC
NC O Knoevenagel NC / CN
condensation
T e T T
Solvent /
(0] CN NC CN
10a CN 1a

Scheme 2-3-3 Synthesis of 1a

Table 2-3-2. Reaction conditions

Entry Base Lewis acid malononitrile Solvent yield
iperidine Complex
1 PP none 11 eq EtOH _ P
20 eq mixture
ridine TiCl
2 Py ! 6 eq CHQC'Q 53%
12 eq 6 eq
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2-4 X RS RIS AR

BHEEYW 1a B LUV ZDORIEEAK 10a DEBERE TR TRV EU/IAFY L 00

AR UINEY U DBEMBUEICE > THAIENTE -, BRERFWLET—F ELUTIZRY,

Table 2-4-1. Detailed X-ray parameters of 1a and 10a

Identification code 1a 10a
Empirical formula C3oH24Ns C24H24N202
Formula weight 234.28 186.23
Temperature 173 K 173 K
Crystal system Monoclinic Triclinic
Space group P2i/c (#14) P-1 (#2)

Unit cell dimensions

Volume

Z

Density (calcd.)
Absorption coefficient
F(000)

Crystal size

g range for
data collection

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices
[/>20())]

Final R indices
[all data]

CCDC deposition No.

a=15.1235(14) A
b=8.1521(7) A
c=10.0755(9) A
a=90"°

b =102.5460(10)°
g=90"°
1212.53(19) A®

4

1.283 g/cm®
0.079 mm"

492

0.35 x 0.35 x 0.08 mm?

1.38 to 27.50°.

-19<=h<=12,
-10<=k<=10
-13<=I<=12
6570

2737

2737 /0/165
1.118

Ry =0.0367,
wR, = 0.1006

Ry =0.0492,
wR, =0.1187

1013598

a=4.698(2) A
b =9.524(4) A
c=12.274(5) A
a=107.122(5) °
b = 96.442(5) °
g=99.141(5) °
2923.5(11) A®

2

1.211 g/cm®
0.077 mm™

198

0.30 x 0.20 x 0.20 mm?®

1.76 to 27.48°

-5<=h<=6
-9<=k<=12
-15<=I<=7
2880

2220
2117/0/211
1.042

Ry =0.0500,
wR, =0.1319

Ry =0.0666,
wR, = 0.1486

1013597
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BIER{A 102 Dt REE

Figure 2-4-1 [Z1R 5 1-HIBRIK 10a DD FHEEEZ RS, L&YW 10a [EFRO a7 (A
VEEUERNBVEERMEEAL T, MAT, MRICSIARVEADT ) UEEE
ELTWSIZHEH LT, FRORVEVRIZEIFERBENF LA EHA NG, FE
M 53K & = HOMA(harmonic oscillator model of aromaticity)D{E+ 0.979 ERVE UIRE
DHDITENZ EAHMN S P, LT, C2)-C7)DIEERIL CO)-COHDIEER L EEEL
T3 0.056A HIELTLEEN D, BEFMITARELAS/ARVADT/ L OLLTOF
5 %%+, Figure2-4-2 (2R & 5 7% Structure A DFENEWNEEZ 5N D,

Top view

N(1) €

1 >
(4

\O/ \9/@ ) o ~ SR
«@___ '— c5 l; !; \Q/ \’
\ :, IC(1A) \

Figure 2-4-1 ORTEP drawing of compound 10a; Selected bond length [A]:
C(1)-C(2) 1.397(2), C(2)-C(3) 1.497(2), C(3)-C(4) 1.435(2), C(4)-
N(1)1.140(2), C(3)-C(5) 1.344(2), C(5)-C(6), 1.506(2), C(6)-O(1) 1.209(2),
C(6)-C(7) 1.499(2), C(7)-C(1A) 1.401(2), HOMA value of central six-
memberd ring: 0.979

NC ] NC 0 NC 0O
0
@ "Bu CO’ "Bu |"Bu CO’ "Bu ~—>"Bu CO’ "Bu
o CN o CN 0 CN

Cyclopentadienone Structure A Structure B

Figure 2-4-2
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Figure 2-4-3 [ZHIEE(A 10a D/\y XU JH#EEFRT, 10a DFEREEEL. FLOA U5
oAy PRAFILBEETFINEDIARREERITHENOR) Yy TREA VY L. — R
N5 LBEERR LTV, MATr FERLTOEMEH#EHN 3.5 THY. HFMx-
THEERNTRESNSEREL o1z,

Figure 2-4-3 Packing diagram of compound 10a
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ZHiE A 1a i REE

Figure 2-4-4 [C1G o NT-1EZMS F 1la DR FEEZTRT . (L&Y 1a (LA 10a & (Txd
BHIZAFORLICHHDEFIOLOILBUVTALBEZ LTV, COEATAFILEL
DVUTF I/ AFLUDVT/ BEEIKRREICERTS2EDTHY .. C(1)-C(5)-C(6)-C(8)D=
AL 25.99° L N FEENKELRLATNS Z AN S, ZNIZHHEL THLORY
T URIEARABIZEATLZ, MMAT, 10a LAFIIRNVEVIRDFEERMNGKRD =
HOMA (harmonic oscillator model of aromaticity) DfE[E 10a IZEE R TEMIZHELD L TULV:
(0.915), CNIFBZLHBAEETHEID T/ INRUERICHET HIEFHNEARR
TIEHEE L UVURFDOEHELDEDTHEIEEZLND,

Top view

Figure 2-4-4 ORTEP drawing of compound 1a; Selected bond length [A]:
C(1)-C(2) 1.398(2), C(2)-C(3) 1.476(2), C(2)-C(6) 1.411(2), C(3)-C(4)
1.361(2), C(4)-C(5) 1.485(2), C(5)-C(6) 1.479(2), C(5)-C(8) 1.370 (2), C(6)-
C(1A) 1.407(2), C(8)-C(9) 1.441(2), C(8)-C(10) 1.438(2), C(9)-N(2)
1.145(2), C(10)-N(3) 1.147(2), HOMA value of central six-memberd ring:
0.915
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Figure 2-4-5 [ZiZM D F 1la DNV X U JTHEBEETRT . 1a DIEREEILHIERA 10a & (&
X FFAI(Z edge to face B[R A v Y LTz, 41 V5t a7RITTORRELBERR
EFRonGMh oz, —A.NQ)IIMDAFDL T/ EDiRF(C7) &8 L TLV=, (Figure
2-4-6)

Figure 2-4-5 Packing diagram of compound 1a
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Figure 2-4-6 molecular intraction between C(7) and N(2)
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2-5 BERBELIE
ETINEEW 1D EELV 10b [COVWTHEEREILLZTL., HREBEHENI LT oNT-1E
&L DB % L1=(Figure 2-5-1), #EHiE (1% B3LYP/6-311++G(d,p)Z AL =17,
tE&¥ 10b DRFELEEIL CHFMEER L. Bohi- 10a DIEREE & FRKICA V45
Va7 AEVEEREREL TV MATHEREFEMN L FITEMEZRL TV AL
AHIHERIARCRBL O TV, FRORNVE VRO HOMA (3 0.947 & EHI
(0.979) & Y EMIZIET L TLV=,

ILEM1b ORBEILBEILX CXMETHY . Bonhf-1a DFERBEEL CAEZEL
TW=C EEIETHBHTH D, STEICK DT CRIMICUNEL-BEE I RIILT—ZEX
4.65x10°kcal/mol & ENGRERTH o= MATRBIEBENOKRDO=-SOT/ AFL

VES EIb a7 & DZE A Figure2-5-1 c)lw L=k 51231.98°TH Y ZhITEBD
25.99° K YL FATWVEELDOMND, COLSBEEREFAEDEBEDENIFERD/ Ny F
DT —AREHDRKEIDEWVZLDIEDTHDIETREINS , F-HFRORVEY
12D HOMA (£ 0.884 £ 81(0.915) K YIETLTHY 10a & 10b DIFE LR LIERMNR S
nt-,

Top view of 10b c) Top view of 1b
b) Side view of 10b d) Side view of 1b

Figure 2-5-1 Optimized structure of a), b)10b and c), d)1b was calculated by
B3LYP/6-311++G(d,p)
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2-6 EFAXNY ML

EHEEY 1a B L VRIEF A 10a [2DOWTOIV AR A R VRTEFARY MILFRIEL
o EEM1a DARY MLIED LT/ AFLUZBALI-ETEEAMHIEL 10a ITHA
TRARY MLARERY 7 FLTUWV=, £ 10a &V 1a 0 TFhi RERAICIEL <
55U V\RYR (1, Amax = 660 NmM 10a, Amax = 540 nm)ZH L. 4%IZ 1a D 660nm D IRUN XA T
MBS IRURIRAGE L TV S5 ORINEETIVIEAY TD-DFT SHEIZELVTWLWTh
£ HOMO-LUMO ZB#(1b, Amax = 779 nm 10b, Anax = 604 nm)E RiEL D=, DR
K UL EMHLLERIELY HOMO-LUMO ¥+ v JZE#HLTWSENHMND(1a, Egp =
1.879 eV 10a, Eg,p = 2.296 eV),

e x 104

—— 10a — 1a
5 -N —— 1a i —
4 -
3 H -

) 600 700 800

wavelength (nm) )
1 -
1 —_—

300 400 500 600 700 800

wavelength (nm)

Figure 2-6-1 Electronic spectra of compound 10a and 1a in dichloromethane
solution. Inset shows expanded spectrum (x 30) of 1a (500-900 nm).

Table 2-6-1 Absorption maxima of 1a and 10a®
Compd. Conc. (M) Amax [NM]
1a 1.0x10° 660 457 292
10a 1.0x 10 540 403 388 256
a. CH.Cl, solution at r.t.
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TD-DFT &t &

B3LYP/6-311++G(d,p) - CHEEREL LI ETILEEY 1b 5L T 10b ALY, TD-
B3LYP/6-311++G(d,p)[S & 2 TEFARY LD EEIT o 1=,
(@)1a DARY LT

UV-VIS Spectrum

NC c 40000 ~0.60
N L
NC / 35000 — [o50 @
30000 5 o
CO’ € 25000 040 g_,
/ CN ‘G 20000 -0.30 ;'
NG CN W 15000 1 020 §
1b 10000 i @
5000 - [ows
0- l ! . : -0.00
200 300 400 500 600 700 800 900 1000
Excitation Energy (nm)
#99 (HOMO) #102
102 — - - - - o R
#101 o
#100 (LUMO)———— 53— -4~

#99 (HOMO) -@—@— - - - - --- L.
#98 @—@—-----

Figure 2-6-2 Energy diagram and selected molecular orbitals of 1b.

Table 2-6-2. Selected electronic transition for 1b.

Excitation energies

State (Oscillator strengths) Nature
98 -> 100 0.12177
51 779 nm (0.0296) 99 -> 100 0.69555
96 -> 100 -0.13405
S, 474 nm (0.3617) 98 ->100 0.67415
99 ->100 -0.11664
96 ->100 0.29315
Ss 318 nm (0.5341) 97 ->101 0.60421
98 ->100 0.13375
90 ->100 0.11236
Sy 286 nm (0.5217) 95 ->101 0.24003
99 ->102 0.62275
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(b)10a DR R4 kLT

#78
#77

#76 (LUMO) ———

UV-VIS Spectrum

~0.60

~0.50

ejrso

10,

1020 ®
=

—&10*3
=2

~0.00

T T
400 500

T T T
600 700 800

Excitation Energy (nm)

#75 (HOMO)-@—@— L - - -

#74 @—@—---

£ #75(HOMO)

#78

#76 (LUMO)
® ..

9

Figure 2-6-3 Energy diagram and selected molecular orbitals of 10’.

Table 2-6-3. Selected electronic transition for 10b.

Excitation energies

State (Oscillator strengths) Nature

S 604 nm (0.0262) 75 ->76 0.65540
74 ->76 0.64692

Sy 392 nm (0.1091) 75 > 78 0.16616
70 ->76 -0.32286
1 ->77 0.24655
74 ->76 -0.10284

S3 250 nm (0.6149) 74 > 79 0.18506
75->78 0.40763
75 ->79 -0.22110
62 -> 76 -0.16179
74 ->78 0.51244

Sy 211 nm (0.4855) 74 > 79 0.10729
75 ->79 0.30793
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2-7CV BLUABFARERAV-EFZEMOTE
CV HIE

itEM1ab &V 10a DEILETFHEERBELL=HICTHA )V IRILEIVA M) —
BIE 1T o 1=, Figure2-7-1 £ & U Table2-7-1 IZZD#EREF L H1-, L&Y 1a (TMEX
BE. 10a [EZEREDRAIHLETENRZ 2 EMD, TENEFNT RS T4V, O7=F
CETODETEIERLTVEIENREIND, 1a (FEEROETENRASNIzEH
b, BHODEFEZnRICREBFITHIENTESZE. MATEIETEMA TCNQIZH
RTERANSTFLTVWBSZED LR FRAILET 5FICE>TH YA Mo —DO UK
ENETLTLWA I ENDAD, SHIZ, LA 1a DE—ETERL(E 120 = -0.30 V)
LEMETHS TCNQ DE—EBTTEL El1peq=-028V EIFEFREDEETL. RV VHE
BREDOFER AE 120a=-050 V)& Y HBRMAERICS T FLTUWV =, Thix1lanAD
HAIHDOARVEVBERYKRE, FOREBBLEICO 7/ EEZBALEBEZETS-HA
S ERTEFZAUNSALLEEOTHDEEZOND Y, COLSHEND 1alEE
WEFZRM. THHBEL LUMO #41(-4.50 eV)ZEBF LTS EWLZ D,

NC X
— 10a
"Bu c ’ "Bu 1a
X CN

10a, X=0

NC : CN
NC CN

1a, X=C(CN), ISOMA

-3.0 -2.0 -1.0 0 1.0
Potential (v.s. Fc/Fc*)

Figure 2-7-1 CV chart of 1a and 10a.

A
Table 2-7-1. Redox potentials® of 1a,10a, A and TCNQ
Compd. E1/orea (V) E'2rea (V) E'12rea (V) E'vorea (V) EiLumo (€V)°
1a -0.30 -0.76 -1.65 -2.14 -4.50
10a -0.88 -1.58 -3.92
TCNQ -0.28 -0.83 -4.52
A° -0.50 -0.73 -1.28 -1.70 -4.30

a. Conditions: 0.1M "BusNPFg in THF at r.t. GC working electrode and Pt counter electrode
were used. Potentials were measured against Ag/Ag* electrode and converted to value vs
Fc/Fc*. b. Estimated from Eiymo = -4.8-(E'12rea(v.s. Fc/Fc*)) eV. c. Data from ref 19
conversion to Fc/Fc* assuming Fc/Fc*=0.46 V in SCE.
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HEFHHAE

1a (I, #ERBEELIVEZG - tHAEERALBRA SN EGEN -z, ZTDI=H. BRFTIE
MIL=-RFELTRAES EREL. ENREFAHUPS)AIEICELY HOMO # L%
KO, BFARY LB RIES 5z HOMO-LUMO ¥+ v 7#HVAET LUMO #
fiERDDIEE LTz, UPSHIEDFER LY HOMO DEFMN 7.7 eV THSHZ EHHAL
M & x> f=(Figure 2-7-2), T[T LT, EFAARY FLH SRS 5= HOMO-LUMO
vy T(1.9eV)FALEZMIZ LUMO #HiFRHD L 58V ERFEL Oz, LALKE
NORINZARY RLBKD 541 HOMO-LUMO v v FIERXEF RN REL L
FMEICHARTINESKGEEN—BHTHS=H. ED LUMO #E47(E-5.8¢V LU EHLETH
bEEZDND D,

(a) (b)

I T I T I
5
© hv=40.8eV T
> % 4.5+
= N s
E = -5.0 +
IS £ T
[0 _55 T
+
o e
@ 60+
c
.0 T
w 65+
N 1
S 10+ — Eg
-7.5+
1 — HOMO
-8.0 -+
7.7¢eV
10 8 6 4
Binding Energy / eV
(based on E, )

Figure 2-7-2 UPS of 1a
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2-8 HAESILFAITE

tEW1alZ DWW . EXENEFEBEZHLOMNIT 5O ERIEEREZIT o1,
BIE L "BusNPFs D 0.IM THF AR ZFAVVEEA Y VA BB TEERENTENLETED
BEFARIV FPILZATFELE. ol ARYT FILOKEIE
TD-(U)B3LYP/6-311++G(d,p) & AL TIT o f=, LFIZE SN R XY L& TD-DFT 55
DFERZLUTIZTRY,

AT SHLT=F i 1a”

l —— Neutral
—— 1a~(-0.5V)

Intensity (au)

500 7000 1500
wavelength (nm)

Figure 2-8-1 Electronic spectra of radical anion and neutral species in
THF solution.

BEA Y 1EET-05V OEEZEMNT D EEFNEED 1457nm ([ZEF=FRIAN D +
BN CNIETD-DFTHEXI YT =425 2 H LD SOMO A 5 LUMO ~DEFRHIE
RIN(CR)FTH D LRI SNT=, CORINAEFRNBEEIZH L Z D BFARKKRA
THESERAIELTWS I AR TEENS,

Table 2-8-1 Absorption maxima of radical anion

Compd. Amax [NM]
Exptl® 1457 1200° 658 457
Calc® 1189 1020 615 352
a. Conditions: 0.1M "BusNPF¢ in THF at r.t. Pt mesh working electrode and Pt counter
electrode were used. Potentials were measured against Pt electrode. b. Estimated by DFT
calculation (UB3LYP/6-311++G(d,p) level). ¢. Shoulder peak.
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b)CTF =4 LFE 1a*

n —— 1a~(-0.5V)
l R —— 1a%(-15 V)

Intensity (au)

1 — 1
500 1000 1500
wavelength (nm)

Figure 2-8-2 Electronic spectra of radical anion and dianion species in
THF solution.

BlEHMEBEENIT S EEFRSNEED 1457nm ORI/ RAGEK L. Hd Y [Z 920nm
DIEELZRPAEHR SN, CNIFTT =74 > D HOMO-LUMO B TH S & TD-DFT &
BEXrYHEFEINT-, MR T, 7 =4 2Id natural orbital occupation number (NOON)
FEICKYESCHILEI%) EET IENTRE SN2, OF7 =7 1EXEHRIE & A

EOD tIEBEXTRINDEEZEZAOND,
NC o . NC o . NC o

CN
cco e 000 B 000
NC
N © CN © CN © CN _
Dianion

Table 2-8-2 Absorption maxima of dianion

Compd.
Amax [NM]
Exptl? 920 315 271
Calc? 788 401 383

a. Conditions: 0.1M "BusNPF¢ in THF at r.t. Pt mesh working electrode and Pt counter
electrode were used. Potentials were measured against Pt electrode. b. Estimated by DFT
calculation (UB3LYP/6-311++G(d,p) level).
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C)ITHILMYFTZAUFE1a*

ﬂ — 1a%(-1.5V)
1a%- (-2.0 V)

Intensity (au)
—

} Y !
l‘\/"" L o

500 1000 1500
wavelength (nm)

Figure 2-8-3 Electronic spectra of dianion and radical trianion species
in THF solution.

20VETEREZMNTAETHIZ 1195nm [CIRIIRAIBNE=, CHIESTHILT =AD&
Bl#k. TD-DFTSHE XY S AL M) T A U OERFEERINCRIRINGF THD EHTE S
nit=.

Table 2-8-3 Absorption maxima of radical trianion

Compd. Amax [NM]
Exptl? 1195 445 229
Calc® 1054 566 490
a. Conditions: 0.1M "BusNPF¢ in THF at r.t. Pt mesh working electrode and Pt counter

electrode were used. Potentials were measured against Pt electrode. b. Estimated by DFT
calculation (UB3LYP/6-311++G(d,p) level).
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d)F S 7=# & 1a*

123+ (-2.0 V)
1a% (-3.0 V)

Intensity (au)

1 1 1
500 1000 1500
wavelength (nm)

Figure 2-8-4 Electronic spectra of radical trianion and tetraanion
species in THF solution.

3.0V ETEREZEZNTAETHLEICRERATORIRAEERLT 724V ETOER
ERRT AEREG T

Table 2-8-4 Absorption maxima of tetraanion

Compd. Amax [NM]
Exptl® 672 443
Calc® 628 454
a. Conditions: 0.1M "BusNPF¢ in THF at r.t. Pt mesh working electrode and Pt counter

electrode were used. Potentials were measured against Pt electrode. b. Estimated by DFT
calculation (B3LYP/6-311++G(d,p) level).
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CDEOSLBHRLY B F1ald Scheme 2-8-1 DL S HBETAF—LEZHLTLS

EEZLND,
e e _

Neutral Radlcal anion

NC@

nBu - nBu

Dianion

R

@CN @CN

Radical trianion Tetraanion

Scheme 2-8-1 Plausible redox process
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2-9 {LEHETT
BIETLERRIC. (L&Y 1a DETEZLEMETLTRAEBL I, SPHLT2F 0B &
V7 A VOREIZIE, ENENTHAAFIIL IO ELVTINIL U ZRAL,
UTIZHON-ETEOEFARY MLETRT,
BONEZETEOARY MLIEZ, TRENOEBETTHONEZT A VEDARY +
WEFEEF—HBL. ZENTNDRARY MLTSPALT=ZF2, ODTFAUNERLTNS
ErR(TET SRR EG ST,

NC FeCp*,
NC CN or

1a+(CoC
NG / oN (CoCp2)2
CN
1a
Scheme 2-9-1 Chemical reduction of 1a
——1a*(FeCp*,) ——1a+*(CoCp,),
—1a-(-0.5V) —1az (-1.5V)
3| 3
& ©
> >
= =
2]
g 5
= c
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
wavelength(nm) wavelength(nm)

Figure 2-9-1. Comparision between the electronic spectra of chemical
reduction? and spectroelectrochemistry®

a. MeCN solution at rt. b. Conditions: 0.1M "BusNPFg in THF at rt. Pt mesh working
electrode and Pt counter electrode were used. Potentials were measured against Pt

electrode.
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1a+(CoCp2). DiEmEE

aNLbEVE 1a LOBERBBHEAEITE =M ILBRSIYVERELEEREZ/BLE
MNTE-, UTICHEFENGET 25257,
Table 2-9-1. Detailed X-ray parameters of 1a+(CoCp.)2

Identification code 1a+(CoCp.)2
Empirical formula CsoH44C02Ng
Formula weight 846.77
Temperature 100 K
Crystal system Monoclinic
Space group P2+/c (#14)
Unit cell dimensions a=15117(3

Volume

Z

Density (calcd.)
Absorption coefficient
F(000)

Crystal size

g range for
data collection

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices
[/>20(/)]

Final R indices
[all data]

CCDC deposition No.

(3)
b = 25.634(4)
¢ =10.4832(18)
a=90°
b=93.160(2) °
g=90°
4056.1(12)A3
4
1.387 g/cm®
0.862 mm™
1760
0.42 x 0.15x0.10

1.35 to 24.29°

-17<=h<=17
-29<=k<=23
-8<=I<=12
17733

6457
6457/0/527
1.233

Ry =0.0678,
wR> = 0.2055

Ry =0.0774,
wR, = 0.2155

1020977
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Figure 2-9-2 [CHBONT-BERBEEEA 1a(CoCp). DR FHEEZTT ., LEY
1a+(CoCpy)2 IE C(1)-C(2)-C(3)-(16) & C(7)-C(8)-C(9)-C(20)D_HEAMNEFNFh 15.67°&
1831 THY DI T/ AFLUEELEAFILEDREIZE > TEALZEEEZ LTV, F
MEIEDIE(25.99°) IR THA L TULV=, C((3)-C(16)E LU C(9)-C(20)D#E& K 1.437
BLU1.4390A THY hHEOFKEEN.370 A)ITEEARTEEIZMHE L TULV/=(Table 2-9-2),
CHESLGHERDMIEKIE TCNQ(CoCp™). DERMBEEMATHLEHASIATE Y
C(3)-C(16)B &V C(9)-C(20)DEFEE/MMNTRE > TLVDHEFRIE L TLVSH(Figure 2-9-3)
20 F 1=, C(1)-C(2)-C(3)-(16) & C(7)-C(8)-C(9)-C(20)D_EAMH . hitFEDZNIZHART
B LTULEDIE CB)-C16)E LU C(9)-CRO)DEBEENMBERLI=CEIZCEDTAFIL
BHEDIVT/IAFLUVEDRENMIFBEINI-CLICHEXT HEEZA NS MATHRD
NERD HOMA (X 0.670 &L FHFEICLLRTRKECET LTV =S EN AR EVIREID
FEEMEMETLTWLWAZ L, AEIRDEBADVHEERICKEZLEELAANE I EMND,
FROTATIHRLET sAUFEUBEHDIVEIESCHILELTOEFESNHSEER
b1 3 (Figure 2-9-3b)), o7 =4 U DEEIZDWVWTIXESR A EAVEMALKEFAZT O
ENH 5D,

Top view %

C(19) =

Figure 2-9-2 ORTEP drawing of compound 1a+(CoCp,),
Selected bond length [A]: C(3)-C(16) 1.437, C(9)-C(20) 1.439,
HOMA value of central six-memberd ring: 0.915HOMA value
of central six-memberd ring: HOMA value of central six-
memberd ring: 0.670
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Table 2-9-2 Comparision of bond lengths (A) between TCNQ? 1a and its reduced

species.
1 1
N N N
N // //
__ /3 % Shorter than neutral -> Red
— 2 4  Longer than neutral -> Blue
7 N\ A\
N N N
2
Compd. TCNQ TCNQ?
Calc. Obs. Calc. Obs. Calc.” Obs. Calc.” Obs.®
C(1)-C(2) | 1.350 1.374 1.457 1.44 1.374 1.370 1.447 1.44
C(2)-C(3) | 1.458 1.440 1.413 1.42 1.427 1.441 1.409 1.43
C(2)-C(4) 1.430 1438 1411 1.4
C(3)-N(1) | 1.158 1.140 1.165 1.145 1.156 1.144 1.165 1.16
C(4)-C(2) 1.156 1.146 1.167 1.16

a)

Bond Ieng’—[-h
shorter (>2%) than neutral 1a — Red
longer (>2%) than neutral 1a — Blue

e B e i

@CN

NC@

© CN

Flgure 2-9-3 a) Comparison of bond lengths between 1a and 1a%

b) Plausible resonance structure of 1a?

37




1a+(CoCp.), Dt & &1L % Figure 2-9-4 [ZR T, #E&H T 1a® & CoCp, ' IEREIZRZ v
H LT =, BIZaANL hEZYLLF 2D CpBO CENEA A ELATD CR)ED
BEREIE, 3.102A LFERBITEELTVWA I EN LA FRTHRCHEEERALTLSE b
%, (Figure 2-9-5)

Figure 2-9-4 Packing diagram of CT complex 1a+(CoCp,),
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C(36)

Figure 2-9-5 Molecular interaction between 1a%- and Cobaltocenium ion
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2-10 7 —F UiEDEEREILE
ETINEEMIb L EICL TS T A U 1DYIC OV THER B ZFTL. ﬁ‘*a%*%ﬁ
NoBONEBELDLEZE LT, BERELIZIL B3LYP/6-311++G(d,p) & AL VEE
BIlLEToT-e ST7ZAVE I OREILIBEL CXAMEEZAL. Bl 1a 0)"f*naa
BiELREDPFNEALEEES LTV =(Figure 2-10-1), N2 THRAERPOEIE L D tiE
DEEROELTEHNZLEEMNBCBRL TV =N ROV VRO HOMA (F 0.630
EEBI0.670) & YEMNTIET L TV,

Top view

Side view

oo St

Figure 2-10-1 Optimized structure of 1b?
was calculated by B3LYP/6-311++G(d,p).
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Table 2-10-1 Comparision of selected bond lengths (A A) between 1a, 1b and its reduced

species.
2
Shorter than neutral -> Red
Longer than neutral -> Blue
Compd. Neutral Dianion
Calc.? Obs. Calc. ? Obs.”?
C(1)-C(2) 1.410 1.407 1.42 1.42
C(2)-C(3) 1.479 1.479 1.44 1.44
C(2)-C(9) 1.414 1.411 1.44 1.45
C(3)-C(4) 1.374 1.370 1.45 1.44
C(3)-C(7) 1.478 1.484 1.44 1.45
C(4)-C(5) 1.427 1.441 1.41 1.41
C(4)-C(6) 1.430 1.438 1.41 1.43
C(5)-N(1) 1.156 1.144 1.17 1.16
C(6)-N(2) 1.156 1.146 1.17 1.16
C(7)-C(8) 1.367 1.361 1.40 1.39
C(8)-C(9) 1.479 1.475 1.45 1.45
C(9)-C(10) 1.402 1.398 1.40 1.39

a.calcd by UB3LYP/6-311++g(d,p) b. average bond length
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2-11 NICS 5t &

NICS(0)B LU NICS(MFHEIZE>T1b IZHBIFTAPROAEBOFEHEEZREL o 1=
22.23)  thit#E 1b M NICS(0)DIE(L-6.37ppm THY . O 7 =4 L& 1b%1F+4.82ppm & Z
IELEENFRDRNVEVERDEFEENELLETLTWWSELOMNS, UEKLY,
RERIZEDEADT 2B LVHEDKRT 1bZD( VAt VBN s 1 V8V EL
TOFEEZVEINALTHALTNSEEZTEL TS,

a)

Figure 2-11-1 Molecular structure of a)1b b)1b? with
three ghost atoms

Table 2-11-1. NICSvalue?of 1b and 1b*

Compd. NICS(0) NICS(1)
1b -6.37 -8.47 (Bq1)
-7.14 (Bg2)
1b* 4.82 1.55 (Bq1)
2.46 (Bg2)

a. calculated by HF/6-311++G(d,p)//B3LYP/6-311++G(d,p)
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2-12 £&OH
BROLT I/ EEBITIHFRGA I EEFRBESFladdmill=.

NC
Several CN
steps /
EEE——
— COQ

1a
Novel electron-accepting molecule
la [FEEREOAFELGERILETKEZR LE—ETEME TCNQ ISEET S IFEDEEZT
Lz ROVIBREFZERDODFLIYLBEFIBEMAREL TV ENDAY VIEIRE
HMOoITHE MATHRRRLEICV T/ EZEATLHILE. BLEFRBUERLIEIGTH
BETHHIEERLTWLD,

NC @
- =
Neutral Radlcal anion
NC @
”B“ -~ ”B“
Dianion
NC @
“eon Coen
Radical trianion Tetraanion

REICEBETSIVIEFMETICE > TETEORARY MILIZDWNWTEHEMIZEEL.
DT A VEBICEWTCTIIERERBEIZIDOWLWTHLMNE L=,
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¥£3F Foxz=Ly, 72z F 2V L UE DCFFEK

3-1 w #k3&R 2 DCF &K

F2ETRLIEELESIZ, 4 528D DCF 581K 1a(Figure 3-1-1 a))[X, F—EXTE
fiIht TCNQ [CEBT B FEDEEZTRL. BLVETFIREZHA I HSENHALNE L ST,
2015 &, Kawase o IE n #5584 > &t & DCF FE{(K(Figure 3-1-1b)Z &R L. LLEM
SWVEFZAME n BEERE LTERHTIELEEZRVELE Y, COLSIHEBAND.
A £BZRZDKIGIC DCF BHREEA LEFEAXROYEICEENFHI-NDS, LHALKE

M5 DCF B Z n RORIFICEA LI=BlXIZTEA EMBNTULVELY,
a) b)

NC CN NC
NC / CN NC \ / CN
s T pw m <L
NC / CN Ph Ph
CN
1a
Powerful electron acceptor n-type semiconductor

Figure 3-1-1 n-Extended Dimeric DCF

T TEELIL, FR: DCF FBAREMIRT B/ ELTETI =L UICEB L, E
Jx =Ll Lothrop 512& 2T 1941 FIZARENT=2, CORIEKEFIRVEVEE
BLGALILEART 1271 RTHHAZELLFERKR. REFEOHEIZEWLNTEHS AN LH
TINTZEYY, EJzZL U, BEBOHANEARLEZ T TRLEARGOEE
REBATIOIRIGEZECTENHMONTLNDS, COLESIHBEEMS, ETZLUIEED
DCFEFERIZTTHALW I HEREET HDCFFEEREERTHALTERTHSES

Z 1 11-13)
M R R
- — *O
- el
Biphenylene etc.

Figure 3-1-2 C-C bond cleavage of biphenylene
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3-2 W

UEDESGENMS ETZLUMRERE 2a 8LV E T2 L UFEARICH L TRIEX
RIEZEAWVWT 3a 26T H5F L L, ThoDHFlE 1a [TEATHERLZENGIE
TRDOF YA b —O U REOERVNHAF SN D, AFE TIL 1 #R3RE DCF 581K 2a
XU 3azEpLl. TOEXHESLUVEFREIZOVWTIRELT,
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3-32a DA

2a D&% Scheme3-3-1 [2RY ., 7V FSZoEEEELHBLNTE 7Ly WEREL
e SOETZTZLUIZRHLIU—TFTILISITYTVLE PE LR, BEIZK SR
RIETOA AR 13"0% 5 1=(Z BB 30%), 74 K 13 [T LEILSRICE S a-TOELE
TWa-THREY bR 14 ZUNE 69% THTz, DBU IZKBHREZRIEIZK T af-Ff2F0
7hY 15a ZHBEAKE LTHZ, Sl L~vA/ Z M) ILIZKDIRTzF—4FIL
MEEZIT>ETEMY 2a ZHBHEDFREDOERLE L THT -,

1) /AmONO,
©:NH2 TFA,THF O. AICI311 C')EfBu
DCE, A
COOH )( 0] CHLCl2 ¢ |

Anthranilic acid biphenylene

o SO~ L
2 steps CHC|3 AcOEt ”Bu
30% (69%)
T|C|4 CH CN)2
pyr|d|ne
COIOO COIO‘
(quant.) (51%)

Scheme 3-3-1 Synthesis of 2a

LE® 11 l;t?‘%)wu>E§~‘)I%)L§}ﬂt\fé&‘é"of:ou‘F(:%O)x#—A&n‘tTo
TFILIOVESIFILEKBIED ) DLTHMKAEL, EEMIZDSHAILKRUEAT 25
to;hKﬂL~A7$»A7»TtFtyl?w7:/§ﬁutpj+_§EE$U~
T IVEEFER 18 ZARLE ", 19 ISR LA ZILFIETWL., BiEFAZILER
WTEIEEM 11 21]85FNTE T,

1) KOH Paraform
o o H,0 O O  aldehyde, 0 ACOH, AcCl
u _ EOH u Et,NH HOJKWB AOR AL
EtO OEt 3 Hclaq HO OH ™ ot ProH
Bu (quant.) Bu (96%) (53%)
16 17 18
0
socl,
HO Bu Bu
%)
cl

11
Scheme 3-3-2 Synthesis of 11
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MAT. 2a DREBRICVT/EZ_DEALIEEEY 2b ITOVWTH, OPF K13 %
HEREE LA £1To 1=, BIER{K 22a D& A+ —L % Scheme 3-3-3 [Z7RT, &
AR L. DBUBIUVEK M) LA AR DRIV VEEZREL OTI A 20 %45
fzo SNITHLIRSOOLAYTYITIZEDOT/RICEK2TOOT /K21 258, #i
<ER1EIC J:o’c 2b DHIER{K 22a é'fk@,fﬂk"f‘naaﬁ L CTHr=,

Zn(CN),

DBU, Tf,0 Pd( PPh
COIOQ COIOQ B
CH,Cl, DMF

(quant.) (60%)

e c@-go
(30%)

Scheme 3-3-3 Synthesis of 22a

SNT-RIEER 22a [T LIEAD IR T T —HILBEZETo1=N. WTFhiEHLTE
EYMHIRIEHEITET 2b 2B DFEEXTEHL ST,

NC CN
NC 0 Knoevenagel
condensation
s~ T e -
0] 22a CN NC

CN
Scheme 3-3-4 Attempted synthesis of 2b

Table 3-3-1. Reaction conditions of Knoevenagel condensation

Entry Base Lewis acid malononitrile Solvent yield
ridine TiCl Complex

1 il ¢ 6 eq CH.Cl, . P
12 eq 6 eq mixture
2 Al,O5 none 10 eq CH.Cl, recover
p-alanine Complex

3 none 6 eq EtOH .

6 eq mixture
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3-4 3a DERK

3a D&% Scheme3-4-1 TR, DA AR ITH LT, 41 DD LEAKE LU dppe
Lk BPBBARGETVWITF U LUBDEHY 23 #51 P, ThiIZxtL. DBU &&
U THLO ZRAWV:=FY 75— HMEIZCE-2T 24 #AML., BT THLAYTY LTI
KBDUT/IZESTOLT /K25 #5/1=. 25 ITR L ZERIEE L UIC K BBRIEIZK ST
HIBRIK 26a ZHEFRBEDENKRE L TH-, AR 26a [cxfL~vO/ Zb)ILEDIRT T
FT—TIIEEICE > THMYM3a 17T E5ENTET,

Ph
0.0’ [IrCI (o)l dppe _
toluene

(75%)

6 o o
’ " dioxane O Q
(51%) Q

24, X = OTf 26a, Y=0 CH.(CN
[Z)r|\]/(|(|::l\2)722’0/P()j(PPh3)4 TiCiE, py)r?dine
25, X =CN ’ ’ 3a, Y = C(CN), CHCl5 (51%)

Tf,0, DBU
R —
, CH:Cl
(85%)

Scheme 3-4-1 Synthetic scheme of 3a
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3-5 X R #a RIBE R

BHEEY 3a 5LV 20 DEFERIE. ThThor/OOArAZ UINFH /TR Y
. 20008 A 3 U INTHUDBRILEGEICE > THEDIENTE, BRFENLET—42
ZLUTITRY,
Table 3-5-1. Detailed X-ray parameters of 3a and 20

Identification cod 3a 20

Empirical formula CsoHasN5 CasH26F606S:2

Formula weight 733.85 636.60

Moiety formula CagH32N6*CH3CN

Temperature 120 K 173 K

Crystal system Triclinic Monoclinic,

Space group P-1 (#2) P2:/n (#14)

Unit cell dimensions a=11.398(1) A a=5.971(1) A
b=13.591(1) A b=9.325(1) A
c=13.820(1) A c=25.104(3) A
a=71.514(1)° a=90°
b =84.058(1) ° b=94.279(2) °
g=13.820(1) ° g=90°

Volume 1983.4(3) A® 1393.9(3) A®

Z 2 4

Density (calcd.) 1.228 g/cm® 1.517 g/cm®

Absorption coefficient ~ 0.074 mm’’ 0.274 mm™

F(000) 768 656

Crystal size 0.38 x 0.25 x 0.20 mm®  0.40 x 0.10 x 0.10 mm?®

g range for

data collection

1.55 to 27.50°.

1.63 to 27.50°

Index ranges -14<=h<=6, -7<=h<=3
-17<=k<=16 -11<=k<=11
-17<=l<=17 -29<=1<=32
Reflections collected 11524 7819
Independent reflections 8717 3163
Data/restraints/paramet 8717 /0 /654 3163/1/191
Goodness-of-fit on F? 1.111 1.036
Final R indices R =0.0540, R =0.0612,
[I>20())] wR, =0.1516 wR, = 0.1507
Final R indices R, =0.0785, R =0.0858,
[all data] wR> =0.1730 wR> =0.1718
CCDC deposition No. 1436342 1436343
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Figure 3-5-1 [CHEONT-LtEM20 DR FHEEETT, LEMW20 (XFRO 3T HEL
FEMEZALTL =, E7IZLYa7EBROETZIZLY BWEREFRHRERIZAEN
BWTR SEA o 1=h%, C(3)-C(4),C(4)-C(8),C(8)-C(O)DIEES I EMEMNITIRE > TLY

7“—
Zo

Top view 7

Side view

Figure 3-5-1 ORTEP drawing of compound 20; Selected bond length [A]:
C(1)-C(2) 1.426(4), C(1)-C(9) 1.371(4), C(2)-C(1A) 1.510(4), C(2)-C(3)
1.374(5), C(3)-C(4) 1.412(4), C(4)-C(5) 1.503(4), C(4)-C(8) 1.392(4), C(5)-
C(6) 1.513(4), C(6)-C(7) 1.333(5), C(7)-C(8) 1.464(4), C(8)-C(9) 1.413(5),

Table 3-5-2 Comparision of selected bond lengths (A) between 20 and biphenylene

a
e )
Compd. a b c d e f g
20 1.426 1.371 1.413 1.392 1.412 1.374 1.510
biphen 1.426 1.372 1.423 1.385 1.514
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ItE&¥ 20 D#ERHEE % Figure 3-5-2 [2RT ., L&MW 20 (IR FRIEMNRAY Y TRE v Y
LASLEEEHR LT W, 13 7RTEMER# TN I38A THY n-rHEERZ
FIFEWNEZZONS,

Figure 3-5-2 Packing diagram of compound 20
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Figure 3-5-3 [CfEbNT-1tEW3a DR FHEEEZTRT . L&Y 3aldhRrD T a7HFL
FEMEEZAELTW =, RO Tz F o L ra7IE910- 77+ Ly 92
tR2% & DCF MHEIBLTLARUEVIEBD HOMA ABEEICIETLTWA Z e D
(Table 3-5-3), % T DCF #EIRELITH S C4)-C(5)H &£ U C(10)-C(14)DHEERIL 1a
[CEERT#10.03A [T E@E L T =(Table 3-5-4), CHh(Z#EE L TLVS DCF BN e
FEERITTOWIMENBCETWEEEZ OND, AHDERIEF 72 LUES U5+
UHFTHEROATLS Y,

Top view

Figure 3-5-3 ORTEP drawing of compound 3a; Selected bond length [A]: C(1)—
C(2) 1.480(2), C(2)—C(3) 1.363(3), C(3)—C(4) 1.469(2), C(4)-C(5) 1.425(3),
C(1)—=(5) 1.474(3), C(10)-C(11) 1.465(3), C(11)-C(12) 1.363(3), C(12)—C(13)
1.481(3), C(13)-C(14) 1.485(2), C(10)—C(14) 1.419(3), C(1)—-C(21) 1.367(3),
C(13)-C(25) 1.362(3).
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Table 3-5-3 Comparison of HOMA values between 3a and 9,10-diphenylphenanthrene'.

Compd. Ring A Ring B Ring C
3a 0.730 0.493 0.716
9,10-diphenylphenanthrene 0.880 0.313 0.885

Table 3-5-4 Comparison of bond lengths (A) between 3a and 9
10-diphenylphenanthrene'®

Compd. 3a 9 10-diphenylphenanthrene
a 1.426 1.387
b 1.362 1.372
c 1.370 1.373
d 1.420 1.411
e 1.426 1.413
f 1.425 1.422
g 1.437 1.446
h 1.378 1.370
i 1.444 1.458
J 1.446 1.449
k 1.426 1.418
/ 1.429 1.411
m 1.426 1.410
n 1.373 1.371
o 1.360 1.367
p 1.420 1.394
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3a DIERBEDHERIEE % Figure 3-5-4 [TRY, LAY 3a IR FRLENARY v TRAE

VO LASLBEERA LT = SV T7/ AFLUERBIELE-YFO I F LY
AF7DLEIZZRE YO LTEBYCHEBELESFO I T7DIERIE3.363A LREL O
t=o MNZ T C(1)-C(9)# & U C(6)-C6)EINIEREITFNEFNFI34A THo=Z D H -

T HEERANH HEHRE S hi-(Figure 3-5-5),

Figure 3-5-4 Packing diagram of compound 3a
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Figure 3-5-5 molecular interaction between central & core
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36 EZ7x=L B DCF FEAXRDEERELETE
(a)2c EX U 15b DEERBELEE

EFILIEEY 2c B & U 15b [ZDULVT B3LYP/6-31G(d,p) & L MEEEE L E1T > 1= 20,
(Figure3-6-1){t &%) 15b D RxBEILEEIL Con T EZE L. BVLVTFEEZAEL TLV -,
REBNMEEBLESBSDHEESRE 1.403ATHY ., BEOE T =L (1.385A)IcHERT
HERLTWSZ EDADHMND, MATHOMA DEFAEREVHERDEIIEZZELY
DEICLERDELFLTVWAIENDL BRLE-VI/ORVA ST/ UERNEFHICH

EEEEZTWSEEZDND,

ILEY 2c DHEBEILEBEIL CAFETHY . 15b RIS VVFEMEZE LTV, HEE
BAEERE L8200 ERE 15b(1.403A) & Y £ K L TLV=(1.416A), REIRD HOMA
DEL 15b F Y HLETF LTV =, COZ EEZDCF BN/ ARVEST ) UEKEY
LETJIZLUERKIC. EFHICHRCERZSEATVSEETRELTLS,

a) Top view of 15b c) Top view of 2¢

b) Side view of 15b d) Side view of 2¢

‘«Ci iiiiiill‘ 2 —y
9 9

Figure 3-6-1 Optimized structure of a), b)15b and c), d)2c was calculated by B3LYP/
6-31G(d,p)
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(b)22b DHEEREILETE

ETILIEEY 2¢ BL U 15b ERHEIZ 22b IZDUNT . B3LYP/6-31G(d,p) & FALMEE & E
{£ %47 > 1=(Figure3-6-2), {t&¥ 22b ORBELEEIL CxitEZE L. BLVFEMEESH
LTV, AEENHEELE-BIDREARIZ 1.400A THY . 15b EEHBADE 7 =
LUICHRTEHEELTWEELNDA D, MATAERERUVUMEIRODO HOMA OEIXE 7
ELVDEIZHEARS EEMNZER L TULV =, (Table 3-6-1)

a) Top view b) Side view

Figure 3-6-2 Optimized structure of 22b was calculated by B3LYP/
6-31G(d,p)

Table 3-6-1 Comparision of HOMA values between 2¢, 15b, 22b and biphenylene

R, X
AN =
| A |B |
= NS
X Ry

2¢, R; =H, X=C(CN),
15b, R; =H, X=0
22b, R; =CN, X=0

Compd. Ring A Ring B
2c 0.858 -0.867

15b 0.900 -0.986
22b 0.900 -0.966
biphenylene 0.830 -1.081
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3-7 71+ LB DCFFEADEEREILETE

ETILIEEY 3b B KUV 26b [ZDULVT, B3LYP/6-31G(d,p)EFALMEERBEIL T 1T o 71=,
(Figure3-7-1){L &%) 26b D HRBELIBE(L C X EZA L. PFROTI7EEVVTFEMLZE
HELTW =, AEBAHELEBSDREERE1.403ATHY ., 7+ FLUBKICH
RTEELTWASZ ENDMNS, X T HOMA DIEFHEREMDANEBDEIZ T+
FLUDEIZEERS EETLTLV:,

L&Y 3b DRBELBEL C /MIMETHY . HRBEHN LB ONT- 3a DEE L RHKS
WEEME%E%E L TLV=, DCF fERE M D 1945 & K(1.425A) 1%, 3a D F9#EE K (1.4234)
EIFIFEMEZERLTULV=, X THOMA OIEFHEBRESMDAEIBDEILX. BHEDT
FURLUDEICLRSE 26b ERBFETLTWW ., COLSHERRRIY IS ML
VEBEEBEREI/ARVADI U DCF BRERITHLSHBETIM O TWAELREL
TL\5(Table 3-7-1),

a) Top view of 26b c) Top view 3b

Q

]

*'4'
gled

b) Side view 26b

9

Figure 3-7-1 Optimized structure of a), b)26b and c), d)3b was calculated
by B3LYP/6-31G(d,p)
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Table 3-7-1 Comparision of HOMA values® between 3a, 3b, 26b and 9,10-diphenyl
phenanthrene'.

26b

Compd. Ring A Ring B Ring C
3a 0.730 0.493 0.716
3b 0.719 0.472 0.710
26b 0.698 0.457 0.706
9,10-diphenylphenanthrene 0.880 0.313 0.885

a. estimated by x ray data (3a), optimized structure (3b and 26b)
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3-82a, 15a LU 22a DEFARY ML

{t&¥ 2a,15a & U 22a [ZDUVT THF A TEANARRIRA RS FILEBIE LT,
itE&W2ald1aH LU 10a & Ak K FERAIZIEL < 550L0K%IR(2a, Amax = 631 nm 152, Amax
= 456 nm, 22a, Amax = 498 nm)Z A& L. 2a ® 631nm ORI IEEFR/N BRI RINIGEEH L
TW=, Th5ORIIFETILIEEY TD-DFT SHEIZEWLWTULWTFAE HOMO-LUMO+1
EBBRERBEL DN, (2¢, hmax = 758 nm, 15b, Amax = 540 nm, 22b, Amax = 600 nm)

e X 104 -

R X

2L —22a | \ 4
—_15a nBu C0.0’ nBu

° — 2a X R,

- 2a, Ry=H, X=C(CN), 1

15a,R; =H, X=0 -
22a, R, =CN, X=0 1

wavelength (nm)

300 400 500 600 700 800
wavelength (nm)

Figure 3-8-1 Electronic spectra of compound 2a,15a and 22a in THF solution.
Inset shows expanded spectrum (x 27) of 2a (500-1000 nm).

Table 3-8-1 Absorption maxima of 2a, 15a.and 22a°®

Compd. Conc. (M) Amax [nmM]
2a 25x10™ 631 441 348
15a 2.5x10™ 456 347 308
22a 25x10™ 498 315

a. THF solution at r.t.
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TD-DFT &t &

TD-DFT S EIZIEETILEE M 2¢,15b & & U 22b (B3LYP/6-31G(d,p) CHéE i1t %

L) TD- B3LYP/6-31+G(d,p)IC & > TEtE #1T o 1=,

(@)2a DARY ~ILFHE

NG CN
\
SPgo
\
2c NC
#102
#100 -7
#99 (LUMO) ———— -

CN 10000 E

Epsilon

UV-VIS Spectrum

70000
L
60000
50000
40000 -

30000 +

20000

Fo.90

Fo.80

Fozo @
[ a
oso =
F 3
Loso S
Fow
Foao &
. [
Fo303
r .5
Fo.20

~0.10

~0.00

500 600 700
Excitation Energy (nm)

T T
400

T T T
900 1000

#98 (HOMO) -@—@— -

#97 @—@—---

#98 (HOMO)
o

#101

#100

WW%

#99 (LUMO)

Figure 3-8-2 Energy diagram and selected molecular orbitals of 2c.

Table 3-8-2.Selected electronic transition for 2c.

Excitation energies

State (Oscillator strengths) ature
97 -> 99 -0.14713
S, 758 nm (0.0314) 98 ->100 0.65601
95 -> 99 0.11434
97 -> 99 0.63536
S 478 nm (0.3720) 98 ->100 0.14160
98 ->101 -0.16403
94 > 99 0.12171
95 -> 99 -0.15842
S, 343 nm (0.9502) 96 ->100 0.59625
98 ->101 0.19704
92 >100 -0.12073
96 ->101 0.35103
S, 235 nm (0.4942) 97 ->102 0.48103
98 ->110 0.11203
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(b)15a DA R kLT

Uv-VviIS Spectrukm
60000 — 14
o 50000 | F128
£ 40000 | - 10 ,‘3':,.
,0.0‘ % 30000 E:-: o
& 20000 E - 024 %’
15b 0 10000 ’ Eo'zé
-5 ool = 0.0 T
200 300 400 500 600 700 800 900
Excitation Energy (nm)
#rr Sk #74 (HOMO) #77
#76 I - N
82
S ’ ‘M i %’ tﬁ ¢
1 83
#75 (LUMO)
#74 (HOMO) @—@— - --L-
#70 @@ ------ - -
Table #69 @—@—-------- - -

Figure 3-8-3 Energy diagram and selected molecular orbitals of 15b.

3-8-3.Selected electronic transition for 15b.

Excitation energies

State (Oscillator strengths) Nature
73->75 0.13021
Si 548 nm (0.0063) 74 > 76 0.65853
70 ->75 -0.46654
S 361 nm (0.2731) 73 ->75 0.20670
74 ->77 0.44733
70 ->75 0.49238
S3 304 nm (1.3327) 73->75 0.14768
74 ->77 0.36432
Sy 266 nm (0.1996) 69 -> 76 0.67089
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Figure 3-8-4 Energy diagram and selected molecular orbitals of 22b.

Table 3-8-4.Selected electronic transition for 22b.

Excitation energies

State (Oscillator strengths) Nature
Si 600 nm (0.0094) 86 -> 88 0.66648
Ss 410 nm (0.0722) 85->87 0.62795
86 -> 89 -0.27289
81 ->88 -0.12867
82 -> 87 0.37995
S3 316 nm (1.3065) 82 ->90 -0.10386
85 -> 87 0.16352
86 -> 89 0.46424
s, 286 nm (0.2244) 80 -> 88 -0.12574
81 ->88 0.65222
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393a B&LU26a DEFARY ML

ZMEEY 3a 5 K URIERA 26a [Z2DWVT THF FTEFARY MMLFBRIE L=,

itE&¥ 3a,26a 14 A BOET7 LR DCF FERE I BMIZ, KIERAIICIE
G BWRIREF ST, LEMEVRINE & 3 )L —E—9 &8 L TULV=(3a, Amax = 462,
560(sh) nm 26a, Amax = 385, 470(sh) nm), 3a DWRIRIFHIEHE 650nm TH o=, RIERAID
RURIEETILIEE Y TD-DFT 51 EIZH LV T, HOMO-LUMO+1 & & T HOMO-LUMO E#
(3b, Amax = 626 NM 26b, Amax =498 Nm)EHEE S NIz, UED K SIZ1a-3a DEFARY
FLIEOWT N EBERMIELY AREEICRIREZBL TV, CO &5 LHERM S, DCF
ZFim(CHEIR L - B #8133 L HOMO-LUMO ¥ v v 72 H3 5L FHELRLTL S,

e x 104

Ph Ph
6 -
v OCQ "
° [ ) S
"Bu "Bu
4 X NC -
3a, X=C(CN),
26a, X=0
3 -
2 -

1
300 400 500 600 700 800
wavelength (nm)
Figure 3-9-1 Electronic spectra of compound 3a and 26a in THF solution.

Table 3-9-1 Absorption maxima of 3a and 26a.?

Compd. Conc. (M) Amax [NmM]
3a 2.5x10™ 560(sh) 462 299
26a 25x10™ 470(sh) 385 280

a. THF solution at r.t.
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TD-DFT &t &

TD-DFT & IZIEETILIEEH 3b &5 &K U 26b (B3LYP/6-31G(d,p) THEER:#EL) & AL
TD- B3LYP/6-31+G(d,p)I= & > CEtE#1T o 1=,
(@)3a DAY ~ILFHE

UV-VIS Spectrum
50000 | - 0.30
£ 40000 | ~0-25 » ?
2 30000 ] F0203 g
a : 015 3 §
w 20000 7 010 & 8
10000 | Lo0.05 ~
g | RIS
""'300 400 500 600 700 800 900
Excitation Energy (nm)
#1161 —M — - - - — - o~ #157 (HOMO) #160
#160 —_————— - - 3
#159 Sl by
#158 (LUMO}——— 4 - - -
4
S
S, S
S,
#157 (HOMO@—@— - -
#156 @—@— - -------L.

Figure 3-9-2 Energy diagram and selected molecular orbitals of 3b.

Table 3-9-2.Selected electronic transition for 3b.

Excitation energies

State (Oscillator strengths) Nature

156 -> 158 0.14969
156 -> 159 -0.12547

S, 626 nm (0.0280) 157 -> 158 -0.28805
157 -> 159 0.60360
153 ->159 -0.11080
155 ->158 0.15160

S, 529 nm (0.2422) 155 ->159 -0.27428
156 ->158 -0.25690
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156 ->159 0.50476
157 ->159 0.22857
149 ->159 0.10504
155 ->160 -0.11226
Ss 298 nm (0.3116) 155 ->161 -0.13184
156 ->160 0.58095
157 ->161 0.20166
148 ->158 -0.27786
148 ->159 0.21407
154 ->160 -0.23869
S 284 nm (0.3497) 155 ->160 -0.26440
155 ->161 -0.14641
156 ->161 0.36353
157 ->160 -0.17283

(b)26a DR RS +ILFH

#137 ——
#136 ———

#134 (LUMOY——— 4

#133 (HOMO)@—@— -
#132 @—@— - --

UV-VIS Spectrum

50000

g 40000
E 30000
8 20000
10000

0

A ||........1..| . (S ¢

0.60
0.50
0.40
0.30
0.20
0.10
0.00

yibuans
J103e[|12s0

R o Tl
250 300 350 400 450 500 550 600
Excitation Energy (nm)

#133 (HOMO)

Figure 3-9-3 Energy diagram and selected molecular orbitals of 26b.
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Table 3-9-3.Selected electronic transition for 26b.

Excitation energies

State (Oscillator strengths) Nature
132 >134 -0.15485
S 497 nm (0.0298) 133 ->134 0.55445
133 ->135 0.34595
125 >134 20.13856
127 ->135 -0.14596
S, 427 nm (0.2970) 132 ->134 0.39746
132 >135 0.35654
133 >135 0.29195
124 >135 20.29597
132 >136 0.13100
Ss 306 nm (0.1780) 132 ->137 -0.21130
133 ->136 0.53927
131 >136 0.27208
132 >136 0.23630
S 282 nm (0.6461) 132 ->137 0.52104
133 ->136 0.10526
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3-10 BibiEmistt

t&¥ 2a,3a DEEETHEERAET 20, Y14V UV IRILE DA M) —AEELT
> t=(Figure 3-10-1, Table 3-10-1), {t&%) 2a ZBI L TIE—RBEEDALE AR TR & Aol
HETTENRA SNz, CHITHL T, 3alCEWVWTIEIREBEORIF G E—I NEA S h
f2lEDL, ENENCT A, TS T72FAUETOETENER L TLDEHTRE
&t % (Scheme 3-10-1), 07 T3ald1at® B ICHRTE=  EMETEM(3a, £ =-1.42
VE' =164 V)AERIZS T FLTWRENSHFN IR LEEBICE DA oH A o —

OVREMNERL TS EEZ b SH(Table 3-10-1),
NC

NC )
"Bu CO’
/ CN

NC

—2a(-05t0-1.1V)
—— 2a(-05t0-1.4 V)

¢ 2uA

CN
n

Bu

1 1 1 1
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4

i 5uA

Potential (v.s. Fc/Fc*)

25 -2.0 -1.5 -1.0 -0.5 0
Potential (v.s. Fc/Fc*)

Figure 3-10-1 CV Chart of 2a and 3a

Table 3-10-1. Redox potentials® of 1a, 2a and 3a

Compd. E'1/2rea (V) E'1/2rea (V) E'1/2req (V) Elvpred (V) Erumo (eV)°
1a -0.30 -0.76 -1.65 -2.14 -4.50
2a -0.92 -1.18°¢ -3.88
3a -0.66 -0.84 -1.42 -1.64 -4.14
B -0.76 -1.04 -1.85°¢ -2.15°¢ -4.04

a. Conditions: 0.1M "BusNPFg in THF at r.t. GC working electrode and Pt counter electrode
were used. Potentials were measured against Ag/Ag* electrode and converted to value vs
Fc/Fc*. b. Estimated from E_ymo = -4.8-(E'1/2rea(v.S. Fc/Fc*)) eV. c. irreversible peak
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Al ZEREEFEF COERBMNETHRIITHIEGVAHEEHZ LOHT Z &b ofz, L
LENSUEMEE TOETTRSIBEHZEOTECVOERENEL L TLWEMEEDE
TORAGESAK L CHHI=HETERL(-1.48 V)N ELE L TLV= (Figure 3-10-2),

— 1 cycle
—— 5 cycle
—— 10 cycle

¢5MA

-2.5 -2.0 -1.5 -1.0 -0.5 0
Potential (v.s. Fc/Fc*)
Figure 3-10-2 CV Chart of 3a
MZ T 3aDE—ZETER(E 1/2re0 = -0.66 V) 53K & 1= LUMO DEIF E ymo =4.14 eV T
HYlalcEXTEVLWILOD, HEPLGEFZEAMDPFELARLTLRVEFZREZE
LTWLW3ENHH S(Table 3-10-2)%"), ZD &S H#ERELY. DCF BHK %  #£ERKIHIC
BATOEFEFZBUHEEOHLILTHERLGAETHIEVRZ D,

R ="Cy3H27
Fullerene PTCDI-C13 DCMT
Table3-10-2. The LUMO level? of 2a, 3a and common electron-accepting molecules
Compd. 2a 3a Fullerene PTCDI-C13 DCMT
ELuwmo (eV) -3.88 -4.13 -3.70 -3.74 -4.01

a. The LUMO leve of 2a, 3a and common electron-accepting molecules were estimated from E, ymo
= —4.80—(E; " (vs. Fc/Fc*)) and E_ywo = —4.20—(E;"? (vs. SCE)), respectively.
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3-11 RAERIEFRIE

2a F&XU3IIODVWTEREBICATIEFREZHOAT H-HICHAERILFRE
721 AIE (L "BUNPFs D 0.1IMTHF AR ZHAVBE A v VA BB TEEZNTENS
THEOARY MILERIE LTz,
(a)2a DR AERILFEAE

%z
E

ﬂ —— Neutral

— 10V

—— -15V
=)
o
% NC CN
g /
E egagos
NC /
CN

2a

400 600 800 1000 1200 1400
Wavelength (nm)

Figure 3-11-1 Electronic Spectra of 2a and anionic species in THF
solution with "Bu,NPFg. .

HBEAY Y a1BET15VDEEZMNT S EFRINAZHVGENSHE-ERIWAIY FAN
HBE L= LALGASRERAICS DHALT A VEBICHET 2RIRERSNTILEY
NRBELTWEEEZEZ NS, CNIFECY Mo /FoNEHBRELFELEL,

Table 3-11-1 Absorption maxima

Compd.  Amax [nm]
Neutral 631 441 348
-1.5V 576" 408 286
a. Conditions: 0.1M "BusNPFg in THF at r.t. Pt mesh working electrode and Pt counter

electrode were used. Potentials were measured against Pt electrode. b. shoulder peak
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(b)3a DA HERILFBRITE
SOV T A UiE

Intensity (au)

800 1200 1600 2000
Wavelength (nm)

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3-11-2 Electronic Spectra of 3a and radical anion in THF solution
with "Bu,NPF,. Inset shows expanded spectrum (x 15) of neutral and
anionic species (500-2200 nm).

HEA Y aBIET-0.5VDEEZMNIT S E 462nm DRUNAEA L. #H1=(Z 535nm &
S UHI1800nm (25 SHILT ZF4 VREICHE T I LRIAERN =, $F(, EFRIEE
[CIRNf= 1800nm DRIRIE, T HBEREZLSBERMNERBELLLTNDEEZZOND,

Table 3-11-2 Absorption maxima of neutral and radical anion species

Amax [NM]
Neutral 560° 462 299
-0.5V ca. 1800 800 (sh) 600 (sh) 535 300

a. Conditions: 0.1M "BusNPFg in THF at r.t. Pt mesh working electrode and Pt counter
electrode were used. Potentials were measured against Pt electrode. b. shoulder peak
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— 3a(-0.5V)
— 3a%(-0.8 V)

Intensity (au)

|

800 1200 1600 2000
Wavelength (nm)

Intensity (au)

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3-11-3 Electronic Spectra of anionic species in THF solution with

"Bu,NPF;. Inset shows expanded spectrum (x 15) of anionic species
(800-2200 nm).

ILICAEAY Y AEBBT-0.8VDEEEIITS EEFINEEOBRINAR A L. #FHi=I(Z
570,502.450nm (2B RKIRURZ=H T DELORINHAENT-, CNIEPOT7 A VEIZIRES
NB3EZEZLONEERBOADY A 71X 1600nm £ TEA > TV =,

Table 3-14 Absorption maxima of neutral and radical anion species

Amax [NM]
-0.5V ca. 1800 800 (sh) 600 (sh) 535 300
-0.8V 624 (sh) 570 502 450 303

a. Conditions: 0.1M "BusNPF¢ in THF at r.t. Pt mesh working electrode and Pt counter

electrode were used. Potentials were measured against Pt electrode. b. shoulder peak
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— 3a%(-0.8 V)

3 2.0V
P
£ i
8 g
_2, =
‘»
[
Qo .
£ 800 1200 1600 2000

Wavelength (nm)

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3-11-4 Electronic Spectra of anionic species in THF solution with
"Bu,NPF. Inset shows expanded spectrum (x 15) of anionic species
(800-2200 nm).

SHIZAZAY Y AEBBT-2.0V DEEEHI TS EEREAORINARA LERERIZ
440nm QRINAENT-, CHOEESRERAICIIEZELGRINFIBAINTSIOHALNYT
—HUBOEREREFTABRIIGONEN T,

Table 3-11-4 Absorption maxima of neutral and radical anion species

Amax [NM]
-0.8V 624 (sh) 570 502 450 303
-2.0V 557(sh) 440 338 290

a. Conditions: 0.1M "BusNPFg in THF at r.t. Pt mesh working electrode and Pt counter
electrode were used. Potentials were measured against Pt electrode. b. shoulder peak
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3-12 {LZEHIETT

BRI ERERIC, EEEY 3a DETEZILFMET TRAE L, ExICEI/NLE
EUFRW, UTICHEONEETEOEFARY MLETRT, BONEZETEDRARY
FLEENZTNDERETTERONZT A VEDARY MLEFEF—HBL. ZAZTLD
ARG MVTSDANT A DT AUNERLTNAEFESTELTWSHERE

fd:OT:O

—— 3a~ (1eq CoCp.,)
= —— 3a?% (2eq CoCp,)
©
=

E) 2z

s g

> £

‘B

C

Q | — .

£ 800 1200 1600 2000

Wavelength (nm)

400 600 800 1000
Wavelength (nm)

Figure 3-12-1 Electronic Spectra of anionic species in MeCN Inset
shows expanded spectrum (x 15) of anionic species (800-2200 nm).

Table 3-12-1 Absorption maxima of chemical reduction® and spectroelectrochemistry”

Amax [nm]
3a” ca. 1800 725( sh) 605 (sh) 525
3a"(-0.5V) ca. 1800 800 (sh) 600 (sh) 535 300
3a* 570(sh) 495 443 379(sh)
3a%(-0.8V) 624 (sh) 570 502 450 303

a. MeCN solution at rt.. b. Conditions: 0.1M "BusNPF¢ in THF at rt. Pt mesh working
electrode and Pt counter electrode were used. Potentials were measured against Pt
electrode.
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313 F&H
Kiml< DCF B Z AT A HREFZEMN S F2a B LU 3a DERITHIILE:

2a B & U 3aldUWis BIES & UFTE L Y ZNZ BRI HOMO-LUMO ¥ v v 7
ZFHLTWAENRE SN,

X REREEMBITICE > THLMNEE - 3a DIEEIX, EVFEREEELTHEY. XY

VITRDRAZ Y IEEEWM > TV, F=. 3aD T+ FLUEHHD HOMA DIEILE
REBRLIYBETLTW =, COLILHERMND. DCF BRNMBIRT A LI T HER
DEFREADEENKEVNENTEINS,

CVAIELY. ZNZTIDIELEMIEVEFZERELT R L., 15 3a (FEEMEOET L T
BHEWNEFZARM(E 12ed = -0.66 VIZBH L TLV =, COEMSRIEEL S LUMO #
MIIEBEFDEFZEMESFDO LUMO £ ELEE L THEWMEZRL TLV =,

Frz.2aB LU 3a OV TERET. EEZMNETEAVSIETETENARY MLIZD
WTHHRAEZET o1,
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F4E #BIE

FHREFZEUDFOREIFKZT—<IZ. DCF BHA T RICHEE L= F 1a-3a &K
Lz Bon=ChodtEd®WiE. EFARY MLAIED S53ELY HOMO-LUMO ¥+ v 7
FETHENTEIN FICT1ab LU 2a 2B L TIXEFRNEEICRIEGEES L TULV =,
INoDHERE, mHEZERICDCF BEMNMEIRT 5F THL HOMO-LUMO F v v TH 5
WIBHIELHETRELTLD,

Mz TlEEW1a-3ald,. CVAIEIZCKYBWEFZREELZERBOBILETREET S
ENHLNE LGSz, COBRIIBFEOEFZIRUDFICURZHOETZREFTH. &
FUBZITEXTINAOTVENS ATENRTLV,

SHICEMRETX. BEUMEREMNETICE > TEREICHITHEFKEBIZOLTHEL. 1a
[CREALTECT7 A VEDBEICOVWTCEHEMICHRAE T 2ENTET,
CDESGHERKY., DCF BHREZEALETRIE. FHELEFZEEDFOERELT
BN-HHERTETLIIEAHALIE L ST,

Chapter 2 Chapter 3
CN
COO Sp=gns
\ CN
NC
s-Indacene type 1a Biphenylene type 2a Phenanthrene type 3a
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¥5% EBRHE

HE, FRAMSRTHIEICOVWTERALEZAEZERVAEEIER YNGR Y HTROLDE
FNFEZFAL=, 'HNMR R U ">CNMR 0817 (& Bruker AVANCE-11-400 (400 MHz for H,
100 MHz for *C)& & Uf Bruker AVANCE-I11-600 (600 MHz for 'H, 150 MHz for *C)Z R (>,
ERTHTEZE LTz, NEMZEZEIZ(E SiMes (n = 0.00) ZFL M=, FRNMRIRRARY MILVEAIE
FEXRDIE(HFR)D Jasco FT/IR-610 ZFEHA L =, BMAIEL Yanaco MICRO MELTING
POINTAPPARATUS Z#RWTHITE LT=. ENRRIIRARY MVRIEIZF. BARDJE(HE)
M Jasco V-560 FE1-IFEEHERM UV-3600 Plus Spectrometer Z{EH L=, BE0H
[Z(X HITCHI ® M-2500(El)$ & U8 Thermo Scientific, Exactive Plus Orbitrap Mass
Spectrometer (ESI, APC)Z{#EA L 1=, stHRADH# &L Perkin Elmer PE 2400-11 CHNA/O
analyzer ZAUVi=, X {845 REEAEH L Brucker SMART AXIS APEX-T f@frEE # ALY
T SHELXS97 T#IHiEE K& =&, SHELXL-97 THRELZEIT o 1=,
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g8
Synthesis of 4 (1.4-bis bromomethyl-2,5-dimethylbenzene)
Br
HBr aq
R ——

Paraform

aldehyde Br

p-Xylene 4
R1E/KFREL(110 mL, 570 mmol), /NZHRILLTILT E F(8.30 g, 250 mmol), p-F L
>(15.2mL, 120 mmol)ZE& L. MEERZ 28 BT o=, RIER. RIGEZEERICE
LT L-EARZ 58 LEERMZER-. Cha~nTH U EBIEAFLUNOERRZTT
WEBDOEKEET-, (20.3 g, 69.6 mmol, 58%)Data for 4: 'H NMR (400 MHz, CDCls): &
7.13 (s, 2H), 4.46 (s, 4H), 2.36 (s, 6H); *C NMR (100 MHz, CDCls) 6 136.3, 135.2, 132.4,
31.7,18.1

Synthesis of 5 (tetraethyl 2,20 -(2,5-dimethyl-1,4- phenylene)bis(methylene)bis(2-butylmalonate))

Br "Bu
)\ E
EtOOC COOEt "Bu
> E gy E
EtOH, NaOEt E
Br
E, = COOEt
4 5

FILTUEEKT. 7 FUDLI FF2 F(10.3 g, 152 mmol)® T4 / —)L(100 mL)IZ
ML, @M BITFILIAVESITFILER.8 mL, 138 mmo)&EFHTF L=, BTF&. =+
SEHLPp-FOLUDOTOEAFILIKA(20.0 g, 69.0 mmol)EMMZ . 2.5 BREIMBER%E
7otz RIS, BEEBELKEMAI—TILTHEZT oz, BHEEHEB<Y I Y
DLATERSE, BEOBERFTVECOHERMES, ChIZIZ/—ILENZ. B
HRERILL., £FEWEARDEMKE LTE, (23.3 9, 41.4 mmol, 60%) Data for 5:"H
NMR (400 MHz, CDCls): & 6.80 (s, 2H), 4.19-4.08 (m, 8H), 3.20 (s, 4H), 2.17 (s, 6H),
1.83-1.78 (m, 4H), 1.22-1.20 (m, 20H), 0.86 (t, 6H, J = 7.2 Hz); *C NMR (100 MHz,
CDCl3) 6 171.7, 134.1, 133.2, 132.2, 61.0, 58.7, 34.1, 32.4, 26.5, 22.9, 19.4, 14.0, 13.9.
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Synthesis of 7 (2,2’(2,5-dimethyl-1,4-phenylene)bis (methylene)dihexanoic acid)
E

E
-CO B
E "Bu - E 2 u .
u A E Bu
E
5, E = COOEt KOH, E = COOH
H-0, 7
6, E = COOH EtOH

T ST RTILIA5(15.0 g, 27.0 mmol) & KEEIE A1) ™2 Li(50.0 g, 891 mmol)DK(11
mL). T&/—JL(11 mLEEBRZAHEIT HFTEH L. RIER. KKOFIZREE
BeHITT, RIEFZMATpH=1IZL. BEBOXBZHHESE-, ChZzsBELEED
TESALKRUEES-, Chz, TOEFZFE 180°C ITMALFREREZSE., BMYES
BEKRE LTHE=, (9.11g, 25.1 mmol, 93%(2step))

Data for tetracarboxylic acid 6:"H NMR (400 MHz, DMSO-ds): & 6.83 (s, 2H), 3.01 (s, 4H),
2.13 (s, 6H), 1.63-1.59 (m, 4H), 1.26-1.15 (m, 8H), 0.85 (t, 6H, J = 6.8 Hz); *C NMR (100
MHz, CDCI3) 6 173.0, 133.6, 133.1, 131.8, 57,4, 33.2, 31.2, 26.1, 22.5, 19.2, 13.8.

Data for dicarboxylic acid 7: "H NMR (400 MHz, DMSO-ds): & 6.85 (s, 2H), 2.76-2.70 (m,
2H), 2.52-2.41 (m, 4H), 2.15 (s, 6H), 1.50-1.35 (m, 4H), 1.23-1.22 (m, 8H), 0.83-0.82 (t,
6H); 3C NMR (100 MHz, CDCl3) 6 176.5, 135.5, 132.7, 131.1, 45.7, 34.8, 31.6, 29.0, 22.0,
18.6, 13.8.

Synthesis of 8 (2,6-dibutyl-4,8-dimethyl-2,3,6,7 tetrahydro-sindacene-1,5-dione)
(0]
By E  ppa

my "Bu "Bu

E

E = COOH

FILIdUFEKT. KU U UEE(130 g)&PAIILKRUEE 7(5.00 g, 13.8 mmol)ZEiE& L
80°C T 5 BE#HZ1Tofz. RIGH. KKIZRIEBEREHTTY OOKRILLTHEZEST
ofz, BB EKEBANRBIEKTRSELZER, RS ~ D LTHEESE, BEEZEEL
fo, BONEEREASLIOT FT ST 4—(Si0, | CHCL)IZTHEE L. BIEEEEL
TREBDEEFEZSBT-, (3.62g, 11.1 mmol, 80%)

Data for 8:'H NMR (400 MHz, CDCls) & 3.26-3.18 (m, 2H), 2.68-2.59 (m, 4H), 2.59 (s,
6H),2.00-1.93 (m, 2H), 1.51-1.33 (m, 10H), 0.96 (t, 6H, J = 7.6 Hz)."*C NMR (100 MHz,
CDCl3): 6 210.7, 152.6, 137.3, 132.7, 48.4, 31.4, 30.6, 29.5, 29.5, 22.7, 14.0, 12.9.
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Synthesis of 9 (2,6-dibutyl-4,8-dimethyl-3,7-dihydro-s-indacene-1,5-dicarbonitrile)

1) DIPA, "BulLi
o) 2) Et0 \(IF?,.OEt NG
|
"Bu "Bu ¢>”Bu CO’ "Bu
3) BF3°OEt,
(0] CN
8 9

FILIUBEASF-78°C TOA Y FOEILT 2 (142 uL, 100 mmol)& THF(20 mL)%

MZ n-TFILY F9L(1.64 M, 610 uL, 1.00 mmol)ZE M % . 0°C ETEE L+ FE MBI L
LDA D THF A& ZHAE Lz, 7ILTUFEKT. -10°C[TREA L4 F 1K 8(1.63 g,
5.00 mmol)® THF(50 mI)i&:&I= LDA O THF S8R EMZ. TOEE 20 HMEH LIz, 20
B, 7/ RRARUECIFIL (1.65mL, 11.0 mol)ZEMZ. =BIZH & L T—KREH
Lfze BE-10°CETHAHAIL. =7 vib RO RIT—TILEER(2.51 mL, 20.0 mmol)Z 1z
T1I0REH Lz, RIGK, BEFEBELEEAFLUEKEMZ THEZIT oz, B
BEK. BANMBIEKTHRELI-E. MBI IR VLTHEL, AEZEEL CTHERY
/. CNICHBRIFILZMATHRBEOESBAZA 8L, COBRKESLITEEAFL
VINEYHUTHERT S LETEHRERKREZF -, (969 mg, 2.81 mmol, 56%)
Data for 9: Mp 210-212 °C: MS (EI) m/z = 344 (M*): "H NMR (CDCls, 400 MHz) & 3.44 (s,
4H), 2.78 (t, 4H, J = 7.6 Hz), 2.62 (s, 6H), 1.66 (quint, 4H, J = 7.6 Hz), 1.42 (sext, 4H, J =
7.6 Hz), 0.97 (t, 6H, J = 7.6 Hz); 3C NMR (CDCls, 100 MHz) & 167.2, 140.2, 136.1, 123.8,
116.6, 111.3, 40.4, 31.4, 30.8, 22.5, 144, 13.8; IR (KBr) 2213cm™; Anal. Calcd for
Ca4HogN2: C, 83.68, H, 8.19, N 8.13, Found: C, 83.44, H, 8.53, N, 8.34.

Synthesis of 10a (2,6-dibutyl-4,8-dimethyl-3,7-dioxo-3,7-dihydro-s-indacene-1,5-dicarbonitrile)

NC NC 0
8602
"Bu c ’ "By —— > "Bu C ’ "Bu
CN (0] CN

dioxane

9 10a

LT /K 9(172 mg, 500 umol). ZE&1t+t L (832 mg, 7.50 mmol)®d A ¥4 (10
mL)% 2 BREIMEER. T—TI/L. KEMAMEET o1, AH¥EZK. SBRNRIEKTHE
FL-R. BREBT M) DLTHBRIEBRELZEEL T, HERMZES-. ThEhI LY
O3 b5 57 4—(Si0,/CHLL)IZTHBL., FEFEEL THEBERKRESZ, (98 mg,
263 umol, 53%) Data for 10a: Mp 183-184 °C; MS (El) m/z = 372 (M*); '"H NMR (CDCls,
400 MHz) 8 2.77 (s, 6H), 2.54 (t, 4H, J = 7.6 Hz), 1.59 (quint, 4H, J = 7.6 Hz), 1.40 (sext,
4H, J=7.6 Hz), 0.96 (t, 6H, J= 7.6 Hz); '*C NMR (CDCl3, 100 MHz) § 194.8, 152.1, 141.7,
130.9, 130.1, 123.1, 114.6, 30.5, 24.8, 22.7, 13.7, 11.7; IR (KBr) 2223, 1714 cm™"; Anal.
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Calcd for Co4H24N202: C, 77.39, H, 6.49, N, 7.52, O, 8.59, Found: C, 77.17, H, 6.49, N,
7.48.
Synthesis of 1a (2,2'-(2,6-dibutyl-3,7-dicyano-4,8-dimethyl-s-indacene-1,5-diylidene)

dimalononitrile)

NC

NC 0] NC . CN NC / CN
TiCly, pyridine
w e T
CHJCl, /
(0] CN NC N CN
10a 1a

FILIdVEEKT. P07/ DA A 10a(60 mg, 161 umol), ¥ B/ = k1) )L(64 mg,
966 umol), E1) 2 (155uL,1.93 mmol)D> o B A2 (10 mL)BF&RZRAE LIz, £C
[CMIBIEF 2 (106 ul, 966 umol)Zp > < Y K Hh A TH L E R THEREE#H L=, RIE
‘., ooOOAF U EKEMAMEZITo-, AHEZK. AMRIGEKTHERSR. RS
F)DOLTEHBRIEBREEZEELIz, CNEATLIAT RIS T 4 —(SiO, /CHCL)IZ

THEEL., BEZBEEL THARYMZR-. £T0OR. GPC THRZITUVEZEDERKZ
B71=. (39.0 mg, 83.2 umol, 52%)
Data for 1a: Mp. 234-235 °C; MS (El) m/z = 468 (M*); '"H NMR (CDCls, 400 MHz) & 3.05 (t,
4H, J=7.6 Hz), 2.73 (s, 6H), 1.68 (quint, 4H, J=7.6 Hz), 1.52 (sext, 4H, J=7.6 Hz), 1.00
(t, 6H, J= 7.6 Hz); *C NMR (CDCls, 100 MHz) 6 163.5, 156.3, 138.5, 137.7, 130.9, 119.1,
112.5, 111.6, 86.3, 31.9, 28.2, 22.5, 20.6, 13.6; IR (KBr) 2224 cm™'; Anal. Calcd for :C,
76.90, H, 5.16, N, 17.94, Found: C, 76.85, H, 5.30, N, 18.31.
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E£=F
Synthesis of 17 (2-butylmalonic acid)

)

O
J NaOH EtOH
EtO OEt™ 5.5 _ HO OH

"Bu "Bu
17
JFILTAVEISIFIL 16(22.0 mL, 100 mmol) & KEEF k1) ™ L(18.4 g, 460
mmol)D T %/ —)L(100 mL), K300 mL)EEB&RZ=ERET—HE®R Lz, ThEI—T
ILTHHE L%, B¥EZETIERZMA TpH=1I1CLz. BUI—T/LTHE L. R
FTRUDLTEBRSE-EAEZBEELHREKXRODEMYWEFT-, (16.0 g, 100 mmol,
quant.)
Data for 17: "H NMR (400 MHz, DMSO-d) & 12.6 (s, br, 2H), 3.18 (t, 1H, J = 7.2 Hz), 1.69
(g, 2H, J = 7.6 Hz), 1.31-1.19 (m, 4H), 0.85 (t, 3H, J = 6.8 Hz); '*C NMR (100 MHz,
DMSO-dg) 6 170.9, 51.6, 29.1, 28.1, 21.9, 13.8.

Synthesis of 18 (2-methylenehexanoic acid)
Paraform

O O aldehyde, 0
N UL LR
—_—
HO OH  Acopt HO
"Bu "Bu
17 18

0°CIZkKA L= HILAR VB 17(15.0 g, 94 mmol)DEFEE T F)L(240 mL)iB&IZxt L T
CIFILT I (11.0mL, 108 mmol)EFE T Lz, ERICEL. NIRILLTILTEFR
(3.95 g, 132 mmol)EMA . MEERZE 2 BEIT o1z, TDE. RIGABREKAL. BE
BRIk >TpH=1IZ L e T—TIITHELREST M)V LATERET>TERALGA AL
ELTEMYMESBT=, (11.59, 89.7 mmol, 96%)

Data for 18; '"H NMR (400 MHz, DMSO-ds) 6 12.4 (s, br, 1H), 6.00 (s, 1H), 5.55 (s, 1H),
2.04 (t, 2H, J = 7.6 Hz), 1.42-1.35 (m, 2H), 1.28 (sext, 2H, J = 6.8 Hz), 0.87 (t, 3H, J=7.2
Hz)."*C NMR (100 MHz, CDCls) 6 172.6, 140.2, 126.8, 31.1, 30.5, 22.3, 13.9.

Synthesis of 19 (2-(chloromethyl)hexanoic acid)

0] iPrOH, AcOH, 0] Cl
AcClI

HO HO

"Bu "Bu
18 19

0°CIZkA LT=. 7% 1) LB 18(5.00 g, 39.0 mmol)& 4 ¥ FH EJLF JLa—IL(27.0 mL,
351 mmol)DBERIZR L. —FFREIH T TE®/IE 7 £F )L (25.0 mL, 351 mmol) & EFEE(1.5 mL)
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DBKRZEFET LIz, ZET T4 BREIEH LR, RIEBERZKICETI—TILTHEZIT
of, AHEBZMES M) VLTEEL., PEZBELEREYOL MLV EF-. BERE
MZEBEZERBEL.120°C/ 10 mmHg DB Z L H5FETHMMZERGA ML E L TH,
(3.41 g, 20.7 mmol, 53%)

Data for 19: '"H NMR (400 MHz, CDCl3) & 3.74 (dd, J = 7.9 and 10.9 Hz, 1H), 3.64 (dd, J =
5.2 and 10.9 Hz, 1H), 2.76-2.82 (m, 1H), 1.61-1.79 (m, 2H), 1.30-1.39 (m, 4H), 0.90-0.93
(m, 3H); *C NMR (100 MHz, CDCl3)  178.4, 47.8, 44.0, 29.5, 28.9, 22.4, 13.8; IR (KBr):
3043, 2960, 1713, 1446, 1245, 941, 734, 637, 542 cm™; HRMS (APCI) calcd. for C7H1105
[M-H.CI]" 127.0754 , found 127.0752.

Synthesis of 11 (2-(chloromethyl)hexanoyl chloride)
O ¢l 500, o I
HO — > ¢
"Bu By
19 1
7L B 19(3.00 g, 18.0 mmol)IZH; L F A4 =)L (5.35 mL, 45.0 mmol)&Z MMZ TERT
20 BREIREH LR BRIDIRIEF AL EZBELERGH AL E L THMMZERFT-.(3.18
g, 17.4 mmol, 97%)
Data for 11: '"H NMR (400 MHz, CDCIs3) 6 3.78 (dd, J = 7.84 and 11.4 Hz, 1H), 3.70 (dd, J
= 5.0 and 11.4 Hz, 1H), 3.13-3.20 (m, 1H), 1.66-1.91 (m, 2H), 1.32-1.40 (m, 4H), 0.91-0.94
(m, 3H): 3C NMR (150 MHz, CDCl3) 5 174.2, 59.0, 43.1, 29.4, 28.4, 22.3, 13.7; IR (KBr):
2960, 2864, 1797, 1467, 1382, 1292, 1211, 1179, 1106, 1014, 911, 858, 804, 731, 667,
643, 564, 506 cm™.
Synthesis of biphenylene

i
COOH 1) '"AmONO,
CL,, s (I
EEE—
NH, 2)1,2-dichloro
ethane, A
Anthranilic acid biphenylene

72 b3 Z)LE(6.85 g, 50.0 mmo)E K U k) T)LA OEEER(2 drop)d THF &k % KiA
THREALGACHEERA V7 L1111 mL, 825 mmo)Z@ T L1z, TDRAEDEREZE
18-25 °C IZRLD2D 1 HEE#H L=, RIEBERZ 10 °C ITHHIL. T L TELEHN
EHLGVWESICLGAEBLD700T 2 VERAVWESELE, Bon-BE&%E 1,2
o000 VERVWTI 7 —RAMNORLUEE LBEARE Lz, CORBREZ FHM
BERLIZ12-2900I 2 VIZHETDOMAT, fonf-B&REEEL. A5L90O7
FJ5 74 —(SiO/Hex)ZAVWVTHE LAERDERZH=, (1.37 g, 9.00 mmol,18%)
Data for biphenylene: 'H NMR (400 MHz, CDCl3) & 6.76-6.71 (m, 4H), 6.65-6.60 (m,
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4H)."*C NMR (100 MHz, CDCl3) § 151.4, 128.2, 117.4.

Synthesis of 12 (1,1'-(biphenylene-2,6-diyl)bis(2- (chloromethyl)hexan 1-one))

AICl3, 11 “ O O
0.0 CHZCIZ "Bu . Cl
biphenylene
FZILIUEHEKT. EZz=L2(824 mg, 542 mmol) DP9 B0 AR ViRiKR(7T5 mL)(Z

BIET LS =) L\(3.47 g, 18.9 mmol). E&IRIEH 11(2.17 g, 16.3 mmol)Z N Z =R T—H
B L=, KOFIZRIGARZMAYV T UFLI-ER, O/00A2 0 THE L=, BHEE
ZERAMBIEKTHEHSEL., BT M) VLTRBESERER, BEZBELEREYMES .
NEHTLUBT T ST4—(SIO/CHLL)THRE LHFLGREAFMILE L TEMY
#1¥1-, (1.67 g, 3.75 mmol, 69%) Data for 12: 'H NMR (400 MHz, CDCl3) & 7.60 (dd, J =
1.2 and 7.4 Hz, 2H), 7.35 (s, 2H), 6.88 (dd, J = 0.8 and 7.3 Hz, 2H), 3.87 (dd, J = 8.2 and
10.2 Hz, 2H), 3.65-3.71 (m, 2H), 3.61 (dd, J = 5.2 and 10.2 Hz, 2H), 1.71-1.80 (m, 2H),
1.54-1.63 (m, 2H), 1.21-1.35 (m, 8H), 0.86 (t, J = 7.1 Hz, 6H); 3C NMR (100 MHz, CDCls)
0 200.1, 155.5, 150.2, 138.0, 132.5, 117.9, 117.4, 48.5, 44.7, 31.2, 29.0, 22.7. 13.8; IR
(KBr): 2957, 2859, 1673, 1589, 1445, 1393, 1274, 1188, 1116, 1062, 941, 905, 843, 732,
670, 497, 413 cm;HRMS (APCI) calcd. for CyeH31Cl,0, [M+H]" 445.1696 , found
445.1700.

Synthesis of 13 (2,7-dibutyl-2,3,7,8 tetrahydrodicyclopenta[b h]biphenylene-1,6- dione)

Cl "Bu
H,SO
g —Etem COIOQ
"Bu Cl

O
12 13

T VIR 12(1.39 g, 3.13 mmol)IZERRER(70 mL)Z 0 X —B5fE 80 °C THME L =%, K
BB EKRKIZCEF TV I UF L AEYZO/O0A 2 THEL. EO-AHEZ
IBKTHE. RERT M) O LTHBLARZREET HAETHBENMER-. CNEHIL
903 b5 74 —(ALOs/CHCL)THRE L. BfE&(CHCl-Hex)Z1T5ETRERBER
L LTEMYMER, (608 mg, 1.63 mmol, 52%) Data for 13: Mp = 226-227 °C; 'H NMR
(400 MHz, CDCl3) & 7.06 (s, 2H), 6.87 (s, 2H), 3.16 (dd, J = 7.2 and 17.7 Hz, 2H),
2.57-2.68 (m, 4H), 1.89-1.95 (m, 2H), 1.30-1.48 (m, 10H), 0.92 (t, J = 7.1 Hz, 6H); 3C
NMR (100 MHz, CDCls) & 207.3, 160.4, 157.0, 147.9, 137.3, 116.6, 113.3, 47.0, 33.9, 31.3,
29.5, 22.7, 14.0; Anal. Calcd for Cy6H250,: C, 83.83, H, 7.58, O, 8.59, Found: C, 83.95, H,
7.47; IR (KBr): 2955, 2929, 2860, 1699, 1590, 1464, 1435, 1300, 1212, 1199, 1176, 1146,
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1045, 980, 898, 864, 775, 733, 650, 602, 569, 439, 420 cm™; HRMS (APCI) calcd. for
CosH2002 [M+H]" 373.2162, found 373.21509.
Synthesis of 14 (2,7-dibromo-2,7-dibutyl-2,3,7,8-tetrahydrodicyclopenta[b,h]biphenylene-1,6-

O
CuBr, By Bu
ny —_————
o~ _TT )™ G, ot o .OIO’
@)
13

O k4K 13(50 mg, 134 umol)® - B BRIV L-BFEE T F)L(1:1)EA AR (20 mL)(Zxt
L CuBrz (120 mg, 537 umol)Z#h0 &z . MEERZ LA b —EIER Lz, Rib&k., €5
A FMEBLAKZRBEET AL THBEYMESR-. ChEHASLI)AI NI ZT4—
(SiIO./CH.ClL) THRE L. HEEARE L TEMYMZSET=. (49 mg, 92.4 umol, 69%) Data for
14. Mp = 192-193 °C; "H NMR (400 MHz, CDCl3) 6 7.19 (d, J = 0.6 Hz, 2H), 6.87 (d, J =
0.6 Hz, 2H), 3.34-3.55 (m, 4H), 2.17-2.25 (m, 2H), 1.87-1.94 (m, 2H), 1.50-1.60 (m, 4H),
1.27-1.44 (m, 6H), 0.93 (t, J = 7.0 Hz, 6H); 3C NMR (100 MHz, CDCl3) & 198.9, 158.0,
156.5, 148.5, 134.0, 116.5, 114.8, 63.7, 44.6, 38.7, 28.0, 22.7, 13.9; Anal. Calcd for
CaeH26Br20,: C, 58.89, H, 4.94, Br, 30.14, O, 6.03, Found: C, 59.12, H, 4.88. IR (KBr):
2954, 2870, 1704, 1589, 1439, 1308, 1206, 1156, 1051, 961, 867, 728, 677, 506, 420
cm™; HRMS (APCI) calcd. for CogH27Br20, [M+H]™ 531.0352, found. 531.0355.

dione)

Synthesis of 15a (2,7- dibutyldicyclopenta[b h]lbiphenylene-1,6-dione)

5a

a-7 OE{K 14(500 mg, 947 umol) D~ 00O A R ViAE#K(100 mL)IZxt L DBU(1.41 mL,
947 mmol)ZMA. ERT—REREE Lz, RIGEEMITKZMA., /00 A2 TH
HET . ARELZRIEKTHESF LB IRV LTHBRIE-RBELTEE LM
EYEE 7"_o NEHSLYAT LTS5 T 4—(Si0/CH.CL)THEL., HEBEAKRE LTH
HI¥ % 15 1-. (348 mg, 9.44 umol, quant.) Data for 15a: Mp 203-204 °C; "H NMR (400 MHz,
CDCI3) 6 6.890-6.889 (m, 2H), 6.71 (s, 2H), 6.42 (d, J = 0.92 Hz, 2H), 2.20-2.25 (m, 4H),
1.46-1.53 (m, 4H), 1.36 (sext, 4H, J = 7.6 Hz), 0.92 (t, 6H, J = 7.2 Hz); "*C NMR (150 MHz,
CDCI3) 6 197.8, 157.2, 149.6, 148.0, 140.3, 139.3, 128.8, 112.4, 112.1, 30.1, 24.3, 22.4,
13.8; Anal. Calcd for CysH2402: C, 84.75, H, 6.57, O, 8.68, Found: C, 84.46, H, 6.56; IR
(KBr): 3080, 2952, 2924, 2871, 1701, 1553, 1464, 1441, 1370, 1292, 1272, 1228, 1216,
1125, 1098, 1019, 978, 928, 902, 875, 795, 748, 716, 684, 668 cm™'; HRMS (ESI) calcd.
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for Ca6H240, [M™] 368.1771, found. 368.1767.

Synthesis of 2a (2,2'-(2,7-dibutyldicyclopenta[b,h]biphenylene-1,6- dinidene)dimalononitrile)

TiCly,CHA(CN),
e St
OIOO N

o f-FEFY k A?k 15a(150 mg, 407 umol). ¥ A/ = f~ 1 )L(161 mg, 2.44 mmol)® <
H00448 EREA00 ML) L E Y (393 ul, 4.88 mmol). FEE{LF 4 (268 ul,
244 mmol)EMZ . BB C—HMER L, RIGEEWMICKEMZ., /00442 0 TH
HET o BREZBIBKTERSFLRE ST M) DLTEBRESE-RAEEEE LERKE
MEF/z. ChEYYIXAL—HEL. FohfzBAREHZL7OT LTS T 14—
(SIO2/CH.ClL) THEEY 5 Z & THREREAE L TENYMEST-. (96 mg, 207 umol, 51%)
Data for 2a: Mp >300 °C (dec.); "H NMR (400 MHz, CDCls) 6 7.51 (s, 2H), 6.556-6.558 (m
4H), 2.62-2.66 (m, 4H), 1.59 (quint, J = 7.6 Hz, 4H), 1.43 (sext, J = 7.2 Hz, 4H), 0.97 (t, 6H,
J = 7.6 Hz). Low solubility of the compound hampered a measurement of *C NMR. IR
(KBr): 3102, 2957, 2928, 2860, 2225, 2214, 1557, 1531, 1465, 1444, 1420, 1289, 1268,
1224, 1146, 1127, 1025, 934, 882, 856, 709, 679 cm™'; HRMS (ESI) calcd. for C32H24N4
[M]" 464.1995, found. 464.1996.

Synthesis of 20(2,7-dibutyl-3,8-dihydrodicyclopenta[b,h]biphenylene-1,6-diylbis(trifluoromethane

sulfonate))

0 oTf
Tt,0, DBU
Wosrga i Ry gy
” 4 CH,Cl,
o TiO

TH k4K 13(140 mg, 376 umol)M o OO A& VAR (25 mL)IZxt L DBU(168 mL,
1.13 mmol) & U TH,0 (245 mL, 1.50 mmol)# Mz . EET—HREER Lz, RIGEEYIC
KEMZ, SO0 OAR U THHEEIT>-, AREBEZBIEKTREELREIIRIVLT
RS- BAREEBELEAREMESRS-, CNEHAZLYVBRMNIZT 14—
(SIO2/CH.ClL) TR L. HBEEAL L TEMYMZHFT-, (239 mg, 375 umol, quant)

Data for 20: Mp = 162-163 °C; '"H NMR (400 MHz, CDCls3) 6 6.68 (s, 2H), 6.61 (s, 2H), 3.29
(s, 4H), 2.48 (t, J = 7.6 Hz, 4H), 1.53 (quint, J = 7.5 Hz, 4H), 1.38 (sext, J = 7.5 Hz, 4H),
0.94 (t, J = 7.3 Hz, 6H); 3C NMR (100 MHz, CDCls) d 149.6, 148.2, 141.8, 140.2, 137 1,
136.3, 118.6 (q, Jor = 318.0 Hz), 114.4, 108.0, 37.9, 30.9, 26.4, 22.6, 13.8; F NMR (376
MHz, CDCI3) 6 -68.7; Anal. Calcd for CsH26Fs06S2: C, 52.83, H, 4.12, O, 15.08, F, 17.91,
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S, 10.07, Found: C, 52.43, H, 3.94; IR (KBr): 2933, 1635, 1419, 1320, 1205, 1136, 1056,
991, 847, 741, 646, 616, 583, 493, 423 cm™"; HRMS (APCI) calcd. for CogHasF06S2 [M-H]
635.099, found. 635.102.

Synthesis of 21 (2,7-dibutyl-3,8- dihydrodicyclopenta[b h]lbiphenylene-1,6- dicarbonitrile)

7L UFEEKT OTf K 20(200 mg, 314 umol), 7 > 1L#EHE$R(147 mg, 1.26 mmol)$H
FUTFSHER M) T VKRR T 4 22859 L(36 mg, 31.4 umol) DMF(15 mL)i&
B%x 120 °C —BsREIE#H Lz, RIGBRITKZMZ O/ 00 A2 O THHE L1=&. BiIEK.
MBI IR LATEHRBRETVWEERERICLK >THREYMZF. ChEh>LoAT
957 14 —(SiO/CH.CL) TR L., KkFEREAEL L THNYMEST=, (73 mg, 187umol,
60%) Data for 21: MS (ESI) m/z = 389 ([M-H]); '"H NMR (400 MHz, CDCl3) § 6.76 (d, 2H, J
= 0.8 Hz), 6.71 (d, 2H, J = 0.8 Hz), 3.42 (s, 4H), 2.70 (t, 4H, J = 7.6 Hz), 1.65-1.57 (m, 4H),
1. 39 (sext, 4H, J = 7.6 Hz), 0.96 (t, 6H, J = 7.2 Hz)."*C NMR (100 MHz, CDCl3) § 165.1,
149.8, 148.3, 141.1, 1404, 114.5, 1141, 112.1, 109.9, 42.2, 31.4, 30.6, 22.5, 13.7. IR
(KBr): 2219cm™ HRMS (ESI) calcd. for CagH2sN2 ([M-H]') 389.2012, found. 389.2024.

Synthesis of 22a (2,7-dibutyl-3,8-dioxo-3,8-dihydrodicyclopenta[b,h]biphenylene-1,6-dicarbo

2a

nitrile)

LT /K 21(28 mg, 72.0 umol)& ZE{Et L (119 mg, 1.08 mmol)D A FH (15
mL)B &R Z —FREMBERLKZMATO700A 2 O THEEIT >z, AREZRIEK
EHRBIR IR LTHBRSE-%,. FEZBELEBREYMES-. ChEtAh5 L0087
b5 7 4 —(SiO/CH.CL) THRE LZRBEAXRE LTENYMZESRT-, (9 mg, 21.5 umol,
30%) Data for 22a: Mp > 300 °C (dec.); MS (ESI) m/z = 417 (IM-H]); '"H NMR (400 MHz,
CDCls)  6.87 (d, 2H, J = 0.4 Hz), 6.74 (s, 2H), 2.51 (t, 4H, J = 7.6 Hz), 1.64-1.59 (m, 4H),
1.39 (sext, 4H, J = 7.6 Hz), 0.95 (t, 6H, J = 7.2 Hz)."*C NMR (100 MHz, CDCl3) 6 193.4,
157.8, 149.9, 149.3, 145.6, 127.5, 128.6, 113.6, 112.7, 111.6, 30.4, 25.1, 22.6, 13.6. IR
(KBr): 2218cm™, 1708cm™; HRMS (ESI) calcd. for CgH21N20; ([M-H]) 417.1598, found.
417.1604.
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Synthesis of 23(2,9-dibutyl-5,6-diphenyl-2,3,9,10-tetrahydrodicyclopenta[b,h]phenanthrene-1,8-

Ph
0.0’ [IrCI (cod) ]2 dppe
toluene

7ILIUFEEKRT. [IrCl(cod)]2 (72 mg, 107 umol) & dppe (86 mg, 215 umol)D kLT >
BREEBETSNEBLIEE,. oA 1K 13(200 mg, 537 umo) &P Tz ZILTEFL YV
(383 mg, 2.15 mmol)Z N Z 4.5 BEIMBERZ1ToT-. RIDABRNLOBEEZEE LR,
h5Lo0O7Thk 7‘5 7 4 —(SIO/CHLL) B LUV BHRZHVTHET IETAHEEDE
th& LTHEBMEBT. (222 mg, 403 umol, 75%)Data for 23: Mp = 204-205 °C; 'H NMR
(600 MHz, CDCl3) 8 9.24 (s, 1H), 8.94 (s, 1H), 7.98 (s, 1H), 7.57 (s, 1H), 7.19-7.29 (m, 6H),
7.09-7.15 (m, 4H), 3.60 (dd, J = 8.2 and 17.2 Hz, 1H), 3.39 (dd, J = 8.3 and 17.4 Hz, 1H),
3.09 (dd, J=4.2and 17.4 Hz, 1H), 2.90 (dd, J = 4.4 and 1.75 Hz, 1H), 2.76-2.82 (m, 2H),
1.96-2.04 (m, 2H), 1.34-1.52 (m, 10H), 0.90-0.94 (m, 6H); 3C NMR (100 MHz, CDCls) &
209.2, 208.8, 150.3, 149.7, 141.1, 138.8, 138.3, 137.8, 137.2, 135.8, 135.3, 134.6, 131.3,
130.8, 130.5, 128.9, 127.83, 127.81, 127.0, 126.8, 125.1, 124.1, 120.2, 119.4, 48.2, 48 .1,
32.7,31.32, 31.25, 29.5, 22.7, 22.6, 13.93, 13.91. IR (KBr): 3057, 2927, 2855, 1711, 1614,
1492, 1432, 1379, 1329, 1280, 1226, 1177, 1091, 895, 698, 419 cm™'; HRMS (APCI) calcd.
for C4oH390, [M+H]" 551.2945, found. 551.2947.

dione)

Synthesis of 24 (2,9-dibutyl-5,6-diphenyl-3,10-dihydrodicyclopenta[b,h]phenanthrene-1,8-diyl

bis(trifluoromethanesulfonate))

o‘o

CHZCIQ

T k4K 23(222 mg, 403 umol)M o OO A 4 iRk (25 mL)IZxt L DBU (180 uL,
1.21 mmol) & U Tf,0 (245 uL, 1.50 mmol)&# Mz . EET—HREER Lz, RIGEEYIC
KEMAZ, /00X U TCHBZET oz, BEBEZRIEKTREELEEI I RIDLT
BRI BRBREZEE LEABREYMZES. CNhZH5LBOI RIS T 40—
(SIO2/CH.CL) THHE L. REREARL L TEMMESFT, (280 mg, 344 umol, 85%). Data
for 24: Mp = 217-218 °C; "H NMR (400 MHz, CDCl3) 6 8.78 (s, 1H), 8.67 (s, 1H), 7.54 (s,
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1H), 7.39 (s, 1H), 7.20-7.29 (m, BH), 7.12-7.18 (m, 4H), 3.70 (s, 2H), 3.46 (s, 2H),
2.58-2.62 (m, 4H), 1.57-1.63 (m, 4H), 1.36-1.47 (m, 4H), 0.93-0.98 (m, 6H); "*C NMR (100
MHz, CDCls) d 142.14, 142.06, 139.8, 139.51, 139.47, 139.37, 137.6, 137.3, 137.1, 137.0,
136.29, 136.26, 131.4, 131.0, 130.9, 130.4, 129.4, 128.5, 127.7, 127.6, 126.57, 126.55,
123.1, 118.8 (q, Jor = 318.1 Hz), 118.4 (q, Jcr = 318.5 Hz), 117.9, 116.0, 110.8, 37.0, 36.8,
30.6, 27.0, 26.8, 22.6, 13.8, 13.7; "°F NMR (376 MHz, CDCls) § -68.7, -68.4; Anal. Calcd
for C4oH3sFs06S2: C, 61.91, H, 4.45, 0, 11.78, F, 13.99, S, 7.87, Found: C, 61.61, H, 4.62;
IR (KBr): 2959, 2863, 1647, 1420, 1333, 1205, 1140, 1101, 1020, 853, 750, 698, 651, 607,
575, 500, 412 cm™; HRMS (APCI) calcd. for CaHarFeOsS2 [M+H]* 815.1930, found.
815.1928.

Synthesis of 25 (2,9-dibutyl-5,6-diphenyl-3,10-dihydrodicyclopenta[b,h]phenanthrene-1,8-dicarbo

nitrile)

Ph Ph

6 Pd(PPh3), 6
O B
24 TO

7SV BEST OTf ik 24(156 mg, 191 umol). 7 S ALESA(90 mg, 766 umol)Es & U
FRSER MY TTIKRRT 4 2785 L(22 mg, 19.1 umol)d DMF(15 mL)i&ik %
120 °C —BffEIE#H L1z, RIGHERICKZMA D/ 0OA 2 O THE L&, BIEK, &
YR LATHBEETVEEREERIZE >THBREMES-. ChEhSLV AT YT
2 7 4 —(SIO/CH.CL)THEHE L., REBEAKELE L TEHNMERT=. (79 mg, 139 umol,
72%) Data for 25: Mp = 267-268 °C; '"H NMR (600 MHz, CDCls) & 8.92 (s, 1H), 8.78 (s,
1H), 7.56 (s, 1H) 7.55 (s, 1H), 7.28-7.18 (m, 6H), 7.15-7.12 (m, 4H), 3.83 (s, 2H), 3.60 (s,
2H), 2.83-2.81 (m, 4H), 1.66-1.72 (m, 4H), 1.47-1.43 (m, 4H), 1.00-0.96 (m, 6H); 3C NMR
(150 MHz, CDCls) 6 167.8, 140.1, 139.9, 139.8, 139.2, 138.9, 138.7, 137.6, 137.2, 131.5,
131.0, 130.9, 130.5, 128.6, 127.8, 127.7, 126.9, 126.5, 122.9, 118.00, 117.97, 114 .4,
112.8, 112.3, 112.1, 41.2, 41.1, 31.2, 31.12, 31.05, 31.01, 22.53, 22.50, 13.75; IR (KBr):
2930, 2224, 1586, 1467, 1382, 755, 707 cm™'; HRMS (ESI) calcd. for CgoH3eN2 [M]*
568.2873, found 568.2872.
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Synthesis of 26a (2,9-dibutyl-3,10-dioxo-5,6-diphenyl-3,10-dihydrodicyclopenta
[b,h]phenanthrene-1,8-dicarbonitrile)

Ph Ph

b S o S
O O’ “dioxane ' ’
"Bu
(0] 26a NC

$7 /4K 25(79 mg, 139 Mmol)&:ﬁ§1tt L2231 mg, 2.08 mmoh® S# %4 (15
mL)B&KZ—BEMEBERLKEMA TS/ 00242 O THE£21To1-, BEBZERIEK
EHRBT IRV LTEHBREIE-%, BEZBELEBREYMES-. ChEHh5 L0087
95 7 4 —(SIO/CH.CL) THRHE LEBFEEAL L TEMYMZHT-, (42 mg, 70.4 umol,
51%) Data for 26a: Mp > 300 °C (dec.); MS (ESI) m/z = 596 (M*); 'H NMR (400 MHz,
CDCl3) 8 8.90 (s, 1H), 8.44 (s, 1H), 7.76 (s, 1H), 7.32 (s, 1H), 7.25-7.27 (m, 6H), 7.04-7.09
(M, 4H), 2.59-2.64 (m, 4H), 1.70-1.62 (m, 4H), 1.38-1.47(m, 4H), 0.94-0.98 (m, 6H); '3C
NMR (150 MHz, CDCI3) 8 193.23, 193.19, 154.8, 154.5, 143.3, 140.2, 137.7, 137.5,
137.44, 137.39, 137.3, 135.2, 132.7, 130.5, 130.4, 130.3, 128.2, 128.1, 127.8, 127.7,
127.6, 126.2, 126.1, 125.6, 120.7, 120.1, 114.9, 113.0, 112.7, 30.31, 30.29, 25.3, 23.0,
22.7,22.6, 13.7; IR (KBr): 3062, 2960, 2931, 2873, 2224, 1715, 1628, 1589, 1494, 1466,
1441, 1417, 1383, 1358, 1332, 1299, 1231, 1179, 1135, 1100, 1073, 1031, 998, 968, 938,
901, 872, 778, 759, 701, 653, 619, 568, 523 cm™'; HRMS (ESI) calcd. for C42H32N20, (MF)
596.2458, found. 596.2465.

Synthesis of 3a
(2,2'-(2,9-dibutyl-3,10-dicyano-5,6-diphenyldicyclopenta[b,h]phenanthrene-1,8-diylidene)dimalononit

rile)

NC

OOO O T|CI4 pyr|d|ne

CH20|2 "Bu

7 Ak 26a(76 mg, 127 umol), ¥ B/ =k 1JJL(51 mg, 764 umol)DP o/ OO AR Y
SBTE0 mL)IZH L E Y S2(122 ul, 764 umol). FEEIEF & (84 ul, 764 umol)E M X .
FERT—HBREERLE, RIGESYIC/KZNZ., /0042 O CHEZTo1-, BHE
FRIBKTHELHBE T M) VLTERSIELEBREZEELEREYER-. ThEt Y
YHORL—HHL. GoNEEEXKEHS LI O LTS T 4 —(Si0/CHCL)THRET S
ETHEABERE L TEMYZEZH=(50 mg, 72.2 umol, 57%), Data for 3a: Mp =
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266-267 °C; 'H NMR (400 MHz, CDCl3) 6 9.75 (s, 1H), 8.59 (s, 1H), 8.45 (s, 1H) 7.42 (s,
1H), 7.27-7.31 (m, 6H), 7.07-7.11 (m, 4H), 3.01-3.05 (m, 4H), 1.63-1.73 (m, 4H), 1.47-1.57
(m, 4H), 1.02-0.97 (m, 6H); *C NMR (100 MHz, CDCl3) & 159.6, 159.5, 155.2, 154.7,
144.0, 140.8, 137.2, 136.9, 136.8, 136.6, 133.9, 132.9, 130.4, 130.3, 130.0, 129.9, 129.7,
128.7, 128.4, 128.3, 128.0, 127.9, 123.8, 123.6, 123.5, 121.2, 115.7, 113.5, 112.4, 112.34,
112.28, 112.0, 111.9, 81.3, 81.1, 32.1, 28.0, 22.44, 22.39, 13.7; Anal. Calcd for C4sH32Ne:
C, 83.21, H, 4.66, N, 12.13, Found: C, 83.39, H, 4.65, N, 12.15; IR (KBr): 2959, 2873,
2225, 1620, 1560, 1460, 1366, 1153, 902, 762, 702, cm”; HRMS (ESI) calcd. for
Ca2H32Ne(M*) 692.2683, found 692.2698.
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[#1§%] 1b DiETiED TD-DFT 5tEHER
(a)Simulated electronic spectra of 1b™ from TD-DFT calculation
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Table 1. Selected electronic transition for 1b™.

State Excitation energies
(Oscillator strengths) Nature (selected)

100A ->101A 0.82977
S 1189 nm (0.0565) 98B ->100B -0.25025
99B ->101B -0.44823

100A ->101A -0.4319

S, 1020 nm (0.0482) 98B ->100B 0.28407
99B ->100B 0.84248
97A ->101A -0.28189

100A ->101A 0.34176

Ss 615 nm (0.3900) 97B >101B  0.14774
98B ->100B 0.86502

97A ->101A 0.62673

Sa 352 nm (0.2320) 97B ->101B  0.63851
100A ->107A 0.51455

Ss 300 nm (0.1215) 95B ->101B 0.40204
99B ->102B -0.40809
95A ->101A -0.36363

Se 298 nm (0.4072) 100A ->107A  0.73085
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(b)Simulated electronic spectra of 1b* from TD-DFT calculation
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Table 2. Selected electronic transition for 1b?".

Excitation energies

State (Oscillator strengths) Nature (seledted)

100A ->101A 0.72124

S; 788 nm (0.4720) 100B ->101B -0.72124
97A ->101A  0.56338

97B ->101B -0.56338

S, 401 nm (0.1600) 96A ->101A 0.34485
96B ->101B -0.34485

96A ->101A 0.58004

97A ->101A  -0.37428
S; 383 nm (0.0441) 96B ->101B -0.58004
97B ->101B 0.37428
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(c)Simulated electronic spectra of 1b* from TD-DFT calculation
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Table 3. Selected electronic transition for 1b*".

Excitation energies

State (Oscillator strengths) Nature (selected)

98B ->101B 0.26935

Si 1054 nm (0.2005) 99B ->101B 0.96019
101A ->106A -0.15108

S, 566 nm (0.0399) 101A ->110A 0.24584
97B ->101B 0.93425

101A ->105A 0.68787

S3 490 nm (0.0586) 101A ->106A 0.36363

101A ->110A -0.39946
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(d)Simulated electronic spectra of
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Table 4. Selected electronic transition for 1b*.

Excitation energies

State (Oscillator strengths) Nature (selected)
S 762 nm (0.0037) 100 ->103 0.70416
97 ->102 -0.40492
S 628 nm (0.0140) 98 ->102 -0.26542
99 ->103 0.50935
S; 506 nm (0.0547) 100 ->105 0.70350
97 ->106 -0.16814
97 ->108 0.31358
98 ->106 -0.10213
St 454 nm (0.0098) 98 >108 0.18052
99 ->104 0.55102
99 ->110 -0.10636
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ARARETIICHEY. TORKREP|RGEREZEA TV EE FEHRENTOME
EHECEATKEE>-EREBHIRICECHABLLETFET,

T, FIRETIIIHELT, HELDT FNA REL EES > X BRUGAZIRIZOH,
HEEBIELETES,

AHARETIICEL T, ERIEE. BIERIEDT FNAA RAPOHARBEEZEZ TZE»
EREBNELTEMICODMADEBEBELETES,

ARRICEITEIRRIGETAARY MLEZRAELTWEEBLALEFTFEMNTELEE X
FEEM. SHMEH. tHEHMEK, AEEBMBITECREHHNLET,

AABRIEEREDERICHNBEZE L TN RREMAASIR, TRENFHEERICE
KRNV LET,

ARARICEVWTABEFARAZRE LT =EEF LI-BHBMEER. /\KBIBIZK, 0H
BRERICEC B LET,

FARETAREROBICEL - 1-%kE. RZE, BEINTOERITEREBLET,
REIC, EFCMZOLOOREEXZA TSI >-AEDERR. EHEERK. BOEHE
B ARBOEE=H. EHEXFEINEDEBOERICRECEHELET,
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