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ABSTRACT

As one of the most famous two-dimensional materials, graphene has attracted
extensive attention of scientists for its unique electronic and mechanical properties.
Large-scale graphene samples often have topological defects, such as five-membered,
seven-membered, and eight-membered rings. The generation of these defects is
usually caused by the rearrangement of carbon—carbon bonds, which significantly
affects the physicochemical properties of graphene, including electrical conductivity,
chemical stability, mechanical strength, and magnetic properties.

Azulene is a nonalternant isomer of naphthalene, and also one of the defective
units commonly observed in graphene fragments. Azulene, as a typical nonalternant
polycyclic aromatic hydrocarbons (PAHSs), possesses unique physicochemical
properties, including its molecular dipole moment of 1.08 D, narrow HOMO—-LUMO
energy gap, and anti-kasha fluorescence emission. These unique physicochemical
properties have prompted chemists to develop many functional materials with azulene
as the structural unit, such as multiple-response stimulatory materials, near-infrared
detection molecules, and semiconductor devices. Azulene units have also been widely
introduced into PAHSs to regulate their electronic structure and conformation, and
influence the chemical stability of PAHSs, providing theoretical and experimental basis
for further understanding the nature of graphene defects. Due to the limitation of
synthetic methods, the number of reported azulene-containing PAHS is very limited.
How to develop more efficient azulene synthesis methods and to synthesize more
topological structures of azulene-containing PAHSs is an urgent problem to be solved
in this field. The research focuses mainly on the development of a novel and efficient
method for the synthesis of PAHs containing azulene units, and the content includes
the following three parts:

In the second chapter, we found by retrosynthetic analysis that the two-step [4+3]
cyclization between aryl-substituted cyclopentadiene and ortho-haloaryl aldehyde can
efficiently construct the azulene skeleton. Three kinds of PAHs containing azulene,

DBA, BDA1, and NDA, have been synthesized by dehydration condensation and
v
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palladium-catalyzed coupling, starting from aryl-substituted cyclopentadiene and
ortho-haloaryl aldehyde, their nonplanar seven-membered rings lead to distortions in
the molecular structure. The weak absorption of DBA, BDA, and NDA above 500 nhm
can be attributed to the Sp—S: transition, which is similar to the characteristic
absorption of pristine azulene. DBA, BDA1, and NDA can be protonated by
trifluoroacetic acid, accompanied by redshift in absorption and enhanced fluorescence,
in which protonated BDA1 emits near-infrared fluorescence at 823 nm, which is very
rare in PAHSs. Theoretical calculations prove that the five-membered rings exhibit
stronger aromaticity than the seven-membered rings. These results indicate that the
method can be used to construct azulene PAHSs accurately and efficiently.

In the third chapter, we synthesized the pentacene isomers BDAL1 and BDA2
containing two azulene units. At both ends of BDAL1 and BDA2 are connected by
trans and cis azulene units, respectively. The single crystals are all S-type structures,
and BDAZ2 has a pair of racemates. BDA1 and BDAZ2 are yellow color in chloroform
solution which show almost no fluoresce emission, but turn dark blue and emit near-
infrared fluorescence in the protonated states. BDA1 and BDA2 have similar aromatic
properties, and Anisotropy of the Current Induced Density(ACID) plots show the
presence of global aromaticity in both. Theoretical calculations show that BDA1 and
BDAZ2 have similar HOMO energy levels, but the LUMO energy level of BDA2 is
larger than that of BDAL, which indicates that BDA2 has relatively good stability.
Therefore, although the conjugated system of BDA1 and BDA2 are the same, the
difference in group arrangement affects the molecular energy gap and stability.

In the fourth chapter, we used tert-butyl tri-indene as a template molecule,
introduced borate group to the benzene ring, and obtained non-benzene polycyclic
aromatic BTA containing three azulenes in one pot by two-step tandem method. BTA
has good solubility and chemical stability, and shows yellow fluorescence in
chloroform solution, and its Stokes shift reaches 115 nm, which indicates its potential
as a fluorescent probe. Two enantiomers possessing mirror-symmetrical PPM and
MMP conformations, respectively, could be observed in the single-crystal X-ray

superstructure of BTA, but its low energy inversion barrier prevented us to obtain its
Y%
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pure enantiomers. Bond length analysis shows that the bond lengths of BTA
molecules alternate between single and double bonds, indicating that the aromatic
character of the azulene unit in BTA molecules is weak. When NO<*BF4 was used to
react with BTA, BTA-NO:2 was highly regioselectively obtained instead of the
expected oxidation product.

In summary, the results of this thesis afford a new method for designing the
synthesis of azulene PAHSs, and provide the experimental basis for understanding the

properties of azulene PAHS.

Keywords: Azulene, Polycyclic Aromatic Hydrocarbons, Aromaticity, Acidochromic,

Nonalternant Isomers
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BREAFEPREE —HEETRBEEMER, XLHEREHLHR AT EAK
FEAERERERE L, BT AN E TR R, R R AR
MEARED., AMAERRE—MBRERHENLLEMR, TEEERATET
i, XEARE—MTAEERIKRETEFFRTEEFEERZ X,

HRBREGREA EFEE T ERUTIL. — M FERGETRAE
R B4 %H (GNR) #, GNR WL EMFH T 4 BN B £HE
, BRET R BN TEMTMEALARYFREL, F-—MFTEEAA. &
BMELRFBRBRTF, WEARFHE, WA NERER BREERIAK
FERUS, Wi, EFEREEINGBORIP NG BERTEMN—HFRE,
BAREAF, LARRF N\ARINF PR LG ERA BT TSR AL RIE i
E P E AR NR, TR T R B2 A R,

FAINGRIGT AT B FRAFINE ZFRAMX 2D AR, A EFR
EKIEFH AN, REMAFARBRAS, B0 BFHRGERMALE
RAF I, HAZEIGRES A BFLE, BT gt gwtd, Fi,
ERIFIE (PAHs) FF|I ARG IFF % KB A FH A B 2ERG
REEEMEA.

FEATHAGPKRBEERLF, BK ZHAANREEE LA L THNEN,
g #ER RNA R E T, B ZREWHF (corannulene) . BilE A B A
Ed RGN, FRANETHAENTUEXETVERTEAXFAE T, UK
EAB T, EETHREMTRE, oA EANWBEN K, w[71BE
([7lcirculene) W4, @& % el LW d-FHE L. s, E C(azulene) . R
# % (pentalene) [S1fn gz # 1% 11 (heptalene) % 4F 25 2 2 JZ 4% % 3] A2 # %
FZATEAM (Figure 1.1)
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HEANGRWEREFE, HERRWN o KANFERGER, EhEH
BABEARENA. REZENENREER. &R UUREDEER M F
7 T BV R LR #EAT

corannulene [7]circulene
azulene pentalene heptalene

Figure 1.1. Representative non-benzenoid pentagon and heptagon-containing
nanocarbon structure

12 KW R, BREIEMRE R

121 By R H M R

¥ () RFHEFE (@R -tAY : “NARMEE, LAFEREK
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WMEUR, ENTEY—RAUERNFHE 2 BEFE, cHFENEERER
ST RA(TH R EN8, F 3| 1936 4, i £ k2K, Plattner f7 Pfau &£
BIERTE, HEEnHRERT £,

Kyt R4 CeHwo, EEWE 4 FME, FHHE 10n kR T FUEN,
HEMFRET —AETHA—ADETIH. BT RAE DT, BARATK
& 7E 312 nm, T M AR BIE R E £ 585 nm, AANILRE, REAERK,
MEEGARECERD, NTEW) FHEEZERE, EEFEEEN S
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BB, XA EEMERMKAN HOMO-LUMO #i13# J B 5% — ¥ 4 &
ZEEFHREHEFERD, FHAFREFNFR, ATEEEIANE R,
HRAHBERENL, T, EEREMF L THAFESR, ATHFRE, BR
%5 108D, Jhsh, HEARE A AHEA K Kasha AL A, HA
g Kasha LI, AKX RAREEELSHAS SIEEEL So Tk
SHREE, BARARKRZASHAS TIEEELS Sofr L4k t, EXE
MR ARNEEAHASHE A S EHEEF So (Figure 1.2) . EETLH L F
BT, TUSRTRE, LAAHEM sp? & sp’, LAHE A 2HIEHE T,
X i o g B AL M IR B A R TR AL B AR, dn £ e R R A
B LS I 5 F LLR B iR B F 2

A B NP
2 E® 1 E®
0% Nk S/
— ) =
o ) wo £ ()
3
7 5 /5 4 \
6 ®
E® o
Nu
C D
Azulene
20 Naphthalene
SHARR LUMO+1
40 -]
1.54 7 b
5 c —,
| Lk g p—
= £ 20 o
1.0 1 2 s LUMO
2 10
E
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0.0 T T T T T T
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Wavelength (nm)

Figure 1.2. (A) Azulene and its resonance structure. (B) Reactivity of different
positions of azulene. (C) UV-vis spectra of azulene and naphthalene. (D) Probability
that the electrons are in the highest occupied MO, lowest unoccupied MO (LUMO),
and LUMO+1 orbital of azulene and naphthalene!?"!

1.2.2 B R AT £ el &
HEH 10n RRAWFENEY, BAFEES W ENME, EXH,EHE
AT E AR M A& 8 . B ARBE B K & i Plattner fn Pfau £ 1937 £ 0¥, 4
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M, BTEARTBFELNHEFRFET &R ERMK, Bl Z7EE N
1~ & (Figure 1.3) .

dehydrogenatlon
COOH —>

Figure 1.3. Synthesis of azulene reported by Plattner and Pfau

Anderson % AL\ S & 4 EA, i BAATH FE BN EH R, &
ZHL PP AFELSRAN, RERLLRGEMRASEHFLZE (Figure

14 .

Q 30% Pd/C distill LiAIH,4

Figure 1.4. Synthesis of azulene and its derivative reported by Anderson

20 #4. 50 41X, Ziegler-Hafner £ A 100 =k v 2 5 it e 26 o A2 46 R4 5 31
REIFBFRMN, MERL FTREINENES R, BELEAERIGF£H
SERENE, BHEReAEEENNEYWER 7%, #dk A Organic
Syntheses. % it G A % A REI R, 1Z 77 vk V] R T2 A BT JE) 9K HLAE A Rk B
BHfe B g AT £ R RN T T AR ENAT A4 (Figure 1.5)

@@ Na
D OQ
cI©
N
NT 2MeoNH Me;N €&  NaOMe

Figure 1.5. Synthesis of azulene and its derivative reported by Ziegler and Hafner
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Nozoe ¥ ABVXF A B L £H (H&, FAE, REALEF) WEm 1 &
WEERT, GEANTEFRRA (ZHIBMTE, W_BHRIB, A_8) #
F, WRE 2-2 &M 2-2 KX HWATAY 2. 3 40 4, KW, Yasunami Fv
Takase % ABUDL = BB 4 #2456 K, B A AN HBRE, [ AR EA
TEHE_AER _CBRNGFIAEE _ARE. XRTELFERATZNE
BAEME, BHAERESBE, T4 AN ET 96 R (Figure 1.6) .
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NCCH !
2COzR - OQ NH,
t-BuNH,
2 CO,R’
0 CN
P
Base
1 X 3 CN
X = halogen,methoxy,
tosyloxy COZR1 COZR1
CH,(CO,R), = CH,(CO,R"), Q
RONa o © RONa OH
4
COZR1 , COZR
NC” CN RZJ\/ A Q R
Q NH> Base
7 CN 6 RS
Figure 1.6. Synthesis of azulene derivatives from tropolones
1.3 4 ¥ PAHs By & R 5L 3t
FEHRK PAHs REARRETRUABHINAEF Ao BHMERER, &

ToRZAREEN A ELESZ PAHs FWEF &K 7%, EREME I K
BB EEFTHRE 2, KA THMETHREFEATHAFTRB AR AHHX
LEHETRREBARATHAEEE W, XHFRLA R T ERZE RN
FH., BTREENFEPAHS PEINEEHMNHA R HE.

1.3.1 DABE AR 1Y £ & SR e

AT ELBEANERR NI NEE TR WELTEN o REAW—FF
w77 33351 2018 £, Aratani f7 Yamada £ ABSME B 1,8-—JE 2 fo -4 I B B
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¥ 4T Suzuki-Miyaura % X BB E 2 LA% 9 (Figure 1.7) . ZE B KX AT #
TR TAAMT FEIREL, HRk 1L8-BFENE _RK8, mTEMWKRH
AR K, =4 8 FHANRAHBHT Y, HEETERPAFHE=SGE
B FRuTat, 15 8 EME P UMt I RIH IF B A BN EG R A

Br Br PdCly(PPhs),
+ KoCO; @
@0~ © @

Figure 1.7. Synthesis of 1,8-naphthalene-bridged azulene dimer 9

Chi R A4ABIR# T F A48 ¥ 5 s-indacene 4 # %9 PAHs 13 7 15 (Figure
1.8) . 13 #u 15 B4 & ¥ % Friedel-Crafts Jz £ 1. F4 . E& & DDQ 4
% RRL. AR F 4 132%e[SbFe ]2 A1 152*[SbFe]2 B1 NOSbFs 1. A 1%

3, Bt E KA, 12-15 e E L Fr s-indacene ¥ 704 Bl R Ffu K
Z M AFAE. s-indacene HYF A 12-15 EA B A F o F1E, KA N HADHWN & d
EUF. MECNWEE T+, RnWt ot EAALHNTEFNE, FOMET
R R iR AL R T B AR
0

r C(OH), ZCF3
Pd(PPh multi steps NO SFg @
e &Qﬂ @'9 -G
Bpin
C(OH),CF3

12r=H A
13R= CF3CO

|Pd(PPhs)s Iti st _NO-SbFs

‘ o cco s, T s
BrmBr

OHC CHO

C(OH),CF;  C(OH),CF
14R H 223 (OH),CF3
15 R= CF4CO 15%[SbFg],

132 [SbFgT,

Figure 1.8. Synthesis of diazuleno-s-indecene compounds 13-15 (An = 10-(3,5-di-
tert- butylphenyl)anthracen-9-yl)

Itami RAHPE L £ PR AR ANBEIRIES RS EH PAHs 17 F 19
(Figure 1.9) . W15 AT B A7 2 4 fk 18 F¥ FAE K — R 37 2RL 5 1R & A4

AT, 16 £ FeCla i 1E A T4 AW BT 2| b £ =9 4 4 T EMEERH = 4 17,

i B #rf A4 18 B =AY 8%, A4 17 ¥ LUAEAR ] B A A5 4 T 4R S b AT
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o FEEMABE AL, F3] 19, 28 X HEATAH 2T EH, 17 f 19 #4 #5E
FHAeY, BT HFENN AEE, BT 17 FAMLHEN=KEF 19 #RjE
WEM, WAt emushEREe T LB FREEEL) T, 28 ki
B RSN R EFEHECD S,

Figure 1.9. Synthesis of azulene-containing PAHs 19

2019 4, Takai & ABR#E T — R 5| EH 48 PAHs, 1@ f— g
TRBAANAERL, YEELILUEMRMENFERF[NEHKEHF (Figure
1.10) . FEEFEK 20 B E @ T C—H #i4k. Suzuki-Miyaura 22 X A% B fr
Wittig Y& 1 R LA Bo K T DB Fo B AL X B AR, (E AR A A Lewis
B Bi(OTf)s 1F 4 W LA, JFEIMEY 21-23. 51092 FK IR MY AA
b, EMNIKRBRERRNBEANTELA G TERILETHNERE. TAW
HOMO-LUMO # [ E & AR & . Mg, 22 fn 23 A &I 8L 7] 1 1y
R, MANZRLRE, BRACHFANGEET B EEZEL HRE
o
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@ 5”??

-

o4

Figure 1.10. Synthesis of azulene derivative from commercially available azulene
derivatives

&1, Wirthner R A A& T HAEAANRBE LR NWET A 24
(Figure 1.11) . A4 24 96 R ETH AN EBL LA 1,8-F1 3,4-1L K #9[3+3]
T RE 24 HWAN 25 K, EUi&xA LT TEWER. 5 2541,
24 AR H E W AL F A A F IR (24: dmax = 1041 nm, EFC=1.62eV; 25:
Amax = 650 nm, E¢FC =177 eV) . KoM ITHELH, 24 PHEH W
WRE R 2 ARENEKEERN, FEREENTERE.

,?\r

Bpin Bpin N0  PdCI,(PPhy), 0 0
_ PCysHBFy — Ar—p 0 O N—Ar
T Cs,cO5 Q. OO
24

Figure 1.11. Synthesis of azulene derivative by [3+3] annulation reaction

Tani & AP 3¢ Suzuki-Miyaura 38 X8 Br 78 5 10 3% Z BE T % 7 o 5| O\ 0
EEF, B3 WFEK 26, HE#EA DDQ ALt A5 B & & 4 27 (Figure
112) . E5WNF B I BRENAGES THFENT o RRAEFFLS THER
HEMEIAER, E&2F 27 £F %/ HOMO-LUMO #Ef#., BT L E8 74
M, 27 RIM AR, TELRAEFT AR N B SRR, X SR
27 B v A G B N R R
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CgHy7 CgH17
Bpin 0. N (0]
Br- Br
OO Pd(PPh)s pDQ
+ —_— —_—
Br Br Cs2C03
(0] N (@) N
CgHi7 CgH17

26

Figure 1.12. Synthesis of azulene derivative 27

2019 4, Tani RATHLAE & T oy 30wk v 28 04 Ak B9 0 4B E 4Rk B 29
(Figure 1.13) . ffTLL 3,4-—iR-2,5-— T W fn 2-FfFL B5-4,6,8- = F &£ 3
JEAH, 33T Suzuki-Miyaura 22 X BBk 753 2 IR 1L R4k 28, [ 5 28 £ DDQ #1E F
THATEMNEE, B2 T B E 29, £ AgPFe & 29 # AT ¥ Ak,
FEIEZAREDN B mAF®E F297][PFe], [297][PFe] ™ LA % i 4 T 42
EHE . LHAEILKF, [297[PFelaE 4 RSN, AFREREELH
AEETH L, XEBRTEHES FHELK,

_|_+
Bu Bu Bu
= S DDQ = s AgPFg = - PFg
Sy = =
Bu Bu Bu
28 29 [29™*][PF¢]
Bu—"~,-Bu B B

9 ~Cr ~Cr™ ~Cr™
S ool Sa o
() (3 U308 U0

Figure 1.13. Synthesis of azulene-based chiral helicene 29 and its radical cation

Uno RE B FBIRE T —FE Tbeg fn 48 B4 4 8 PAH 31 (Figure
1.14) . Fl R #EAoeleg 0 5 w8 F M R, Scholl KB4 ik 34 B2 A T a4k 30, 7% 2|
PEMEH Y 3L, EEFRLENAST, He4 31 HAT =ATE AL,
A (B 24| #-043. —0.07 f7 059 V, H+ & A eBfrfg =4 n
ML Z A B AEEE R ZE (EQC-Eg™? =066 V) , XEFH K F AT F
SMHF ERE 3%, B X HLETHINET, £ 3N2F L THHANER
ARANNRKEN, KAT ZHEE FHF A,

9
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R4

R R

Rz’CN N/j\% FeCl; R;
—_—
Rz\@N T N Q,Rz R,

R, M R,

Ry AgPFgorSbCls Rz
B — e

R, Rz

Rz R Rz Ry R: R
30 31 312+

Figure 1.14. Synthesis of pyrrole- and azulene-fused azacoronene 31 and 31%*

Gao WAIMAMARE T —FETHEMNEH B-N @MLK AEY (Figure
L15A) o HATAE B4R 32 24T & = A Ak OB 2 B-N X TR B9 = 4 33, (e
3B m KT Y 617 nm A&, X So—>S1 BRI R B AT, A4 33 % 404 nm
A RI R Kasha FLIN B R K L4, X 5vF % E4 0 2R Kasha LI K
AMEWA, g, LEBAENTEAE S MIT B Swager % AR # 7 38 31 K
¥t # Cadogan-Sundberg K il & ik 4 & H-wtee 895 & & % (Figure 1.15B) .
B X AT E T AY 35 EFTHELEN, TENL TFREEAAN
[r-nPEAR, @EERYEAN—EEH, 35 RIH P EFBAEMR, E0t
#EEIA029cm? Vs,

A CaHiy Ph CeHir
HN B—N
—_— S
/NH /N—B\
C8H17 C8H17 Ph
33
C7H15 C7H15
PPh3
/ \
C7H15 C7H15

Figure 1.15. Synthesis of azulene-based heteroaromatic (A) 33 and (B) 35

1.3.2 F| A Scholl X pi# 2 & ¥ PAHs B 77 &

Tobe RATAMOIE 2017 F 4 T — A4 Scholl KA T i & H R /& +
i # el F (Figure 1.16) . /A FeCls / MeNO2 = DDQ / Sc(OTf)s 4 22 41 g i /\
T 36 #t—F Wk 37, EHL 5-8 5 NEEEL AT ABEN 6-7-6 20

10
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BBk T — A, *F 37 et RH#ATNE, ZNEFERANTH
T JEIE (EFE 4B A-1.59 V F1-2.08 V vs Fc / Fc*) , 1% & W 2 3| 5] 3 1y
A, R ITEEAMEHTAARE.,

)
O O

Figure 1.16. Skeletal rearrangement of twisted octagon-containing PAH 36 to
heptagon-containing PAH 37

Mastalerz ¥R 22 41176 | Scholl 5L FR it 2k & i B 7/ 3E 48 A B9 4 b
PAHs (Figure 1.17) . X T(EH, ffTLL 38 KA EA, #L Suzuki-
Miyaura 28 X & 515 2| K 4 F 84k 39, 7[5/ Scholl K i #, fl FeCls 5 39
R BT 48 BAETHMANRZY 40, %8 vk FeCls o & 70k # —
F BB LT, k=T, F DDQ / TfOH 5 39 R kb, F LLEE|I R H
BAREB R &H T ELE B4 41, 42 f0 43, fm N\ T [l E# DDQ 7 &%
41, 42 Fn A3 Z A i el . B X AT AATAT A ATIESE T 43 Wy i dh R 2544 &
BRTLTHh, H#H 43 LETHNBERAXAETHENEA, XA B3 FHUERE.
41, 42 F1 43 #y UV-vis £ 620-640 nm 38 B A 7 & AR K& 3k B So—S1 R iT
AMNTEHE, AMEMNWEARKERELERR L., 41, 42 fn 3 &7
R 650 E 670 nm Z[E MK AL, BT REIA 27%, KR FHEX T
S1>SoRE R K 5T, KRAELEMTRRAEZERABA .

FeCl3/DDQ_

11
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O Br Pd,(dba);
BusPHBF, O‘
—_—

42 43

Figure 1.17. Synthesis of azulene-embedded 41-43 via oxidative Scholl reactions

Feng R AL AR 7 — iy 77 ik 22 — M % 03| PAH (Figure 1.18) .
P AR 44 7T LAE I iR 615 2] 45, 45 AR T4 Scholl TR AL e B X i fE
Flo B X STEATAHAITIESL 46 HiBEEH, BERSs FEALRFFH
Fi, EENHNE LTI RSB T FRE,

Figure 1.18. Synthesis of azulene-embedded nanocarbons 46

Chi RAAMWIRE T EFIKR @ 3T Scholl K AL E H 15 5| & 3 4 44 1
PAHs (Figure 1.19) . SLRI A# 0 W XA £ E 5| R &M EHPO, 2T (F
P {EH WA EE Scholl R &M TARBN KW EHAR., oK 47 ETHENZ
AF L& TIOH 74 T 5 DDQ R 1% 3|2 3L /=4 48a B E T A4 = & F 5

12



yil

RPN L i e VA4S =

BEAE KW =4 48b, 48b B FE R T H AT HH 5-7-7-5 WA FE., kE
VEEZF DFTIHERMBEEZHE FNF 12- K50, UREIENEH,

48a, R =Bu
48b, R = OTf

Figure 1.19. Synthesis of azulene-embedded nanographenes 48 via rearrangements in
Scholl reaction

Zhang RAAPUE &R T — M EH-TFEMIFE 52 (Figure 1.20) . 1]
KIS M EALF 4R 49 EiL FeCls - F W A @8, B DDQ AWK A A &k
FRAaLHwWE = 52, TNEFEERTY. FEETERH, 2 FHFFE
FTEEPEXRAFMEITH L, METHERERFFEAMER. RUOLHE KA
52 ] WA X MRS EE H So>S1 Tk, RAKXEEH So>Se Tak. b,
BEEMM N FHHDMER 52 RIH P BFREMR, EREBEN
0.082cm2V1st,

Figure 1.20. Synthesis of planar azulene embedded PAH 52 by Scholl reaction

13
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B, Takasu if #4124 7 3 i iF F WA IF A Scholl K A4 T
Aﬁ%m%wms@@m1m>OW%E%AmT%A%% W /2 BR A
TAm )\ DDQ 5§l & AR AL A& LA BL BE F B4R 54, FiE 1 Suzuki-Miyaura 32 X
{&Ex 7 %] 55, 55 #£ DDQ/ TfOH 4 T # 47 X i %] 56, # 6-7-7-6 £ 75
ToTFHE. BRirERH, 56 By HRB %L 5L 29.2 keal / mol, Pl
56 f£ F il T 1K A SNH BRI T RE 4B X B iR . 56 5 B RE I £ R4
fE, BT 56 SEXARE G- Ame TR, FEITHLTHHT SR
E ;8

T ) )
- (L e OO
SR "

DDQ

oL QOQ QOQ

Bu
53

R0 OO oo RoeVsel
QOQ QOQ QOQ'QOQ

Figure 1.21. Synthesis of nanographene 56 containing azulene clusters

1.3.3 A H T\ PAHs B A & KW

FEb R PAHs BI&F 7 F, MIWE N —ER AR FENAMEER
B m Ak RH9E RUE Y, 2018 4, Yasuda if AL B NUK 2k A K 57 5
AQ R R CAME FaEE, BRI L RFERMEEEERIL AR T HA
HH EArf A4 59 (Figure 1.22) . 59 #9% A W ik K £ 592 nm, E{£ % 800
nm # KA BERRESTEI, XHRBKEERLRRNEMITREN., 5
ROBM T B # 2, 59 75 300-500nm X 8] % F MBI kfE 5, XA E T
HAT NAR EZ AW RAAERITH T So—>So 1 & 4t

_Pd(PPhy);
T KePO,

14
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< O
\\ //M
a%e
57

Figure 1.22. Synthesis of 59 containing azulene units by alkyne benzannulation

4 WangP®lfo WulbolR B4 8 7 a5 5 g9 55 BN R 4 X PAHs /5,
2016 4, Tobe R EFE FHHPTT —F st iF T oy W bk B BRI LR A (Figure
1.23) . Tobe & A &A1& A B A4 62, i, 60 & LWERAT, ZIFHM
TR BTN TT A B T & F 89 PAHs 61a ¢ 61b.

Mes Mes

Mes

‘ Mes

Mes

()
»

Mes | O

60 61a 61b 62
Figure 1.23. Synthesis of 61 containing azulene units by alkyne benzannulation

VR B R LUE Y A A B PAHS B —FF 8, 2018 £, Aso A
B8 T PAH 66 B R, T E AN ELEME LRI EERE (Figure 1.24)
FEK 63 AN —HEFEAERMFERL AR LS E, HEE R
Grubbs BAFI KR T, BILFEE BT UK EERMAEY 64, AT
HriR A X 64 BitA, 455 DDQ A1 2| B Arfh A4 66, X &t & £ & 4T 4t 4 AT &
B, fbat 66 BHITTFTEWEMMPE LN EXERMAR R ENF R, #
KoM BLITHERA, AL THREMURFEFREELSTF & EF A,
23 HOMO &, HOMO-LUMO 7%, Jh4h, a4 66 A MENELLSE
B

15
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65 R 66 R
Figure 1.24. Synthesis of 66 using olefin metathesis as a key reaction step

i, Feng RAAFIG R T —HEAFANLERA B ELESH AT mEH
# PAH (Figure 1.25) . 67 % 1F T AW IER Tt 5 & £ & 68, [ /5% DDQ /
TfOH Atk R 896 fl T2 1,2- K EM AL fu &I A& B EA WA I F [
%69, FH#ELEMA-BEU-XM-ANE P R MHATTEAMN, 52 28+ E1K 70,
REH=FERME SN 70 HATERMWAK, LBEAF VAT Friedel-Crafts )it
AR A BRI 72, w54 DDQ AfiF2| 73. Z# 5 SQUID 44T &M, 1
& T3 EESHEATRELSHR. 73 WRBOLEAERLI K LI E TR
o, mATREKA 936 nm, HE B FRIEE (EPD RIE LI LEITHY
1.13eV, HERKFRFPNRFEROAL, BHEH NN ZT T ok RBRAE,

Ry R

Figure 1.25. Synthesis of 66 containing azulene units by Friedel—Crafts reaction

16
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Yasuda WRAALIZ It &R T —RAEAF R URRF F T E R M
78a—78f (Figure 1.26) . 74 it Friedel-Crafts »* #1752 ¥ [d /K 75, 75 4 X
AR ETHENERAT AR 76, FJFE HBFERLO A FEF 2| W HHE T2k
T7a—77f, ©AIF DAk — K4k L RF 2| PRy BT 7 7 4 78a—T78f, #df X M A&AT
StattRH, 78a FEMMAAEMATHE, SHM=-_FERXEETEH. §
78a ML, BT TTa WL AL MMBEREMTHML, WA T7a £HE TR
HETHFEFRRT, AEXHA 782 EAHRFEFRNME K. 78 Lo EE
WK 137 A, EoRHBRmABRBRNEER, kHZs FEE#ETH
EMABRARF D TIEEMEEFR. ZRUREBITHHERH 78 £S5 AF
BER A EERFE., LAY 78a BT 2| 934 nm A 4 F 78 M58 R ke, EE AL
# HOMO-LUMO [ [21X 1.22 eV, RHAFERA LN E L BETHEE AT .

‘ o
Me_ oF3993m CF3SO3H RMgBrorRLl HO . R

. %} L
wno.| O | o | S
- i

77a-77f 78a-78f £ %Siim

Figure 1.26. Synthesis of a series of PAHs 78a—78f containing two azulene units

i, Yasuda WAACU & & T — R 5 AL &£ BRS04 40
PAHs (Figure 1.27) . #af{k 79a-79c #it £ H & &k T 83a—83c. A+ fJE =
[EMRPH 83c, EAMEMRGWAA¥HEEN, TRTE THF BRFHFR
HA T3h, Bag X THETFEWEEM A FEEN., THELERKH, LK
EHT, RAHRENFTEHE, METHAESRET, FEERE, LBAF6
HERHMER . —F B FREHRMI, H+ 8amtFilEAA 1.14eV,

17
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AR AR H
Q'O 1) MesMgBr Q'O MesMgBr
2) DDQ Q
M
Mes

79a-79c 80a-80c
b Ar=
HBF4-Et,0
—_— Cl
c Ar=

Cl

Figure 1.27. Synthesis of planar azulene embedded PAHs 83a—83c

134 R & &M R &K PAHs By 77 i
GLpR, ERANEGRE T EMELSEENE PAHs 4K A ERE

i, AEHERKRER L EFERMERE, T TEARTHAKRE 2%
(nanographene) %44, X7 EZEF XK, FRE L. WERK. REFE.
PR ZF A E BF A ., R R RERKRWEE 5 & (on-surface
synthesis) Hus N K EMP R FHRHH ER M T — L5 Hr AN, 274
BRULEREE A RFERETOFERNE, RETRFNYFALTEREE
RARMAE, BeBROAERRLHE, RERM T EKNER, S0HA
ERARNNE L, MERFAEME (AFM) FE#pREE B HME (STM) %
BAKE, EARAKEEREEZHNABFAZARLTHA. REEREF YR —
RABBETHWRERBEERK, —H7E2ERe0E W ERALISERE, 4
BERERT AN REBIRHRH*T _RA, KEETEBEERTHENFTAR A UK

BRATMAL AL, F—MurEy RERMETNFNE S, AL R
PR EREUAR, BALIGBERATHTRLNE 2R, Dl LR R
ERNATERENNAL BGG BENARTHER, AN ERD ERREG
ZHMBEEREE SR ERKE,

2018 4, Fasel A4 VRl k@ &k T WA 7A 14k 85 #n 87 (Figure
128) , HElfk 84 fn 86 MR AANA KT EE, MEEHEEEZT (UHV)
ABTH%4E AuQll)&T, BEKE 300 °C, EHAEXKBHR L ELE L,
STM B R4 A i T £ W 7 H 44 85 fu 87, MIMEMHAAF Tt &

18
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MR, H 87wy E Fa[E (0.18 eV) H 85 (0.35 eV) K%y 50%, X k¥ IEHX
AN ERLFGINE RV KT KK PAHs 1y B F 414,

SOCON 400
OOO 0 O“‘O

84 85

ve ¢
L
9. %

86 87

Figure 1.28. Synthesis of azulene derivative by [3+3] annulation reaction®’]

Au(111)

Pascual if B4 6905 il — ML AL #031 {k 88 5 AU(LLL) R E# 7 T £ 5 /K % (8
R R, BE T MIEEH S EAAE 89, HETANNE ST AMAGEE, M
B 375 T WA TIEK, WAEH 80 XA THARE, FAT &= ARTrt
P 4 0 FLAL R BB SR AR B 4 A 00 (Figure 129) . % A BiA %
STMMZBIZ R EH R 00, B4h, Wit 45 R G AR b i 5L
T 00 W, AEE] 0 R E, THERTELME 80 E AUUI)EEE
EHEAFENNY, WAL ERENTERN, RMThEHEELER
B R TR R, BN ERE RN 00 BETEY, NTAET RS
NHHKT B I

Figure 1.29. On-surface synthesis of nanographene 90 with embedded azulene units
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Feng R A1 411094 3 7 — Fb K Loy 77 vk I ok A A& BB 49 K% 93 (Figure
130) . ERFILEF, BAFE 91l B £ 5 A RHKE, HEHFEE oL #
2 Au(111)% &, £ 300 T 16 TR W @Bk, A5 WA FERKREAMITN
ERMEEA LMK, B340 TH-FWHREFESETEH,, £
R TUE e I TIRE FE 92 o 93, 92 Fn 93 AL ¥ A AR T STM R 3E Ehk R
FABHE (ne-AFMD #ih, H 92 fn 93 R I HEF FHeEfFrEMR, 24
# 0.96 #1 0.85 eV,

Figure 1.30. On-surface synthesis of nanographene 93 with embedded azulene
units®

2019 4 Gottfried if AU E A 2,6-—J8-3 4 A4 B A, 7 Au(l1l)& @i
WEREFE 26-REE 94, A5 LU A A A& R B4 K A (Figure
131 o RABHBMNKE &H 57 FWEHN., Lo 04 LR E EXENFT
TEETETYRF AT E BN K XA HREWERET FRERY K
YK TN T R B R A R R TR T FTA B

20
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Br*Br
\Au(‘lﬁ)

_—

94

Figure 1.31. On-surface synthesis of nanographene 94 with embedded azulene
unitst™®

Klaus Miillen & fLAA| Fl & &4 77 kG2 T RGN G Bl 40K
# (Figure 1.32) . EXF & & FikF, 1EFFEA Ni(COD), (&8 17 5| X # + |4
R 95, BEJE# Au(L1) R E R H 2 RV RANEBER A M 96. /53 96 # &
—F Ok, AIF STM K nc-AFM # i\ 4 ik T F 03040 £ o 30 A8 B4R 9 70 Ao 4
HWHEFENEHREGWE. A NEHWEARERNEZRRA, ELEZTH
LT E@EMPAE, STHRLTHLE, METHEEAN

—_— g‘:‘x‘&

Au(111)
f—

Figure 1.32. On-surface synthesis of nanographene 93 with embedded azulene
unitst™!
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1.4 iy MR

ERATENRFEFHAFRIEE, REAGHERR. X2 KR,
TREAILRAETUATETWELR. ZLHH, FHHEBEARETHEX
R, HEAH, FLENTAELYMHEA THRET, ZHthE. FAFH
PHEHELEN, REFRRE., BE. BEAAKEAR. Rk, B THE
RAWREHAEM R, &FEEMN R RR L HBEA THARWIT L F,
B g FARUET R A RO R E Sk, MORM ST R R
BF] - B 45 A 9 B BT A R ] TR A g R R A IR R B R AT RO e
f Ak A P e A ot 24 808U Fn g 4137 2% % R & (Organic field-effect transistor,
OFET) 208212k | A /NG 3¢ A4 My it . RV Bom Bz AR, 2R A A PR BE Ao
A0 LI BB R E o R R #EAT 4

1.4.1 B A2 £ ¥ B AR 89 B R

HEAT SRR T AR, o dE sl AIE L 4y HIV 241
K GBS g iR e A ARG SR, A R B AT A B O R R
BT ARG F A% . Pham % AOVE & T —Fa & 18F M EAT £ 1E 0 &
MR 4T, B AR AT (COX2) 1FENFRitHr, 1FiZR4aE 45 h 35 M i 72 /N
RILAR R B AR

K RAAPIRE T —f IR ARNE-REXLIEEN 97-Z0 F0 97-22
(Figure 1.33) , R A X ER T E)x AR L 8, 97-Z1 F1 97-Z2 B A
BRI R, EEBRREBEREAT, THRIAKXEN 97-E1f 97-E2,
B RA S, EAHMEKERLIIR, HEXRHE, S0 FERKH,
AR, NBRRE, MR T2 FARFEBIRE, Bl EREHK
Ko BINMBL_BEEL T 97-22 H— EH AN, EETHAT ARG,
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'l O-R
CN

97-21 ="Bu 97-E1 R="Bu

97- 22 R= PEG2000'V| 97-E1 R= PEGZOOO'yI

330-405 nm .

633- 710 nm

-

Z- form = .

330-405 nm

633-710 nm
/' -

Vis Channel NIR Channel

Figure 1.33. Selective dual-channel imaging on cyanostyryl-modified azulene
systems with unimolecularly tunable visible near-infrared luminescencel®!l

M A F Kim Fo B8 A% Lewis #FPARE T —F &7 LML T £
Wk b4 98 (Figure 1.34) , EH Wt il & s F—MIBRER 454 . A K
(H202) Frd AT AHE # (ONOO ) ZAWIF L o I EE FE K, 98 &
HBRARKK, EXNAKRTATHBRENERT, WREREANTE R —NEE,
s FTHEARE, BRESTRNEAEEAL, SHCLHERE, HE4 98 H
HRFH R A EY S, TR AN, LY B AELFNEAKFLE
TR ER 19 Hela 48 f B, E0t 2 A& TR B

COOEL COOEL
i :I:i: DNDD
HCr @ NHs
j‘ ar HEG?
COOEL
Foa = BO00 AM
/ =
98
99

Figure 1.34. Application of two-photon bioluminescent probe 98 in bioimaging!®?
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1.4.2 3 7 R $om AR 5 B9 AL A

o B A T A v R SR R BE AR O T — R B A R B R AR Y
ZHARH . 1994 ERAKEI AR TR PHHFO, ek, MEL
REFBEWET, FAE R Bow B2 TR AR B F R AT EE . Hawker #3%
O F 4,7- R E ARG ER, 5= F EHERET Stille T BRI FEE
4 100 (Figure 1.35) . H &, BEmp i TR EETREZHIEA,
AR -ZAILBRRATHNEFAWEHT T, 100 PEETHEA FHE, &
WHBARWAY, LFHRTUELHENRTARRAT, HFEmERBHK
K, ERXMEE N IEETEN,

Hz5C 12 CyoHos . Hl?i»C\; 2 /'Cpo%
I\ = I
_— L /.;1{/ \N___J'\ /\
s” \(+) S
base /Q.,__,/f
( ~7//
100H*
320 420 520 620 .

Wavelength (nm)
Figure 1.35. Stimuli-responsive azulene-based 100 with polyaniline-like properties®!

REZRAASIS KT - EL T = BE L THAREHLEH 101 (Figure
1.36) , &4 101 ¥R E R T EH R Kasha AL, 5250 3R A 29t i1 5 & B,
101 X MK N S3>S £F, MARKMTEKE S;>So K4, LHBER M
MNAKJE, 101 ZABEEE KL FZ AR KA, H#A SeoSo KA KA,

AAXUNEEERFERE, FERAETFEFREERS. BN MTERARK
BEEQ X AT E, B R 101 WE BT I Z B GT A0 o # 8 &

i
e
/..\41
R

7 2
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OHC

OHC )>‘
101

Si-t0-S S,-t0-S,

Figure 1.36. Hydrogen bonding-controlled molecular fluorescent switch 101
containing azulene unitst®

Klaus Milen #3% #n Stefan Hecht #8137 —F#r &L ol &8 B i k4 4
FI & 102 (Figure 1.37) o = M B ROR A T 09 A5 30 | A F T IR R 3RK,
MEHRTUAAREST T RRE, HFIRT ALEWAEEN, ATFEE
HEALETR (102HE] 103HY) , AHF A A EM BT KR ET HEE,

102

530 nm

366 nm

Figure 1.37. Light-controlled molecular switch 102 containing azulene units

1.4.3 AR AL AL s B o B L ]

AT kg (OFETs) fEA—REEWANETHMF, EEZH[THE
B, RMRTRONF. B F AR DR R RS S T Y R AR B
AT ER . FHFFHZE OFETs WE R K H 4, BEEERNFT RN
B, dnARDOSN gm0l RPHOE 2 BN —MEERNFT TR LAY, H
ok A B A R A S AT AR D A R B OFETSs 24+, 2007 4, Leeuw 7 [5] % (101
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WETE—ANETEHFREFELHAT OFETs Bl F. 2012 4, Z AKX
Wi T A4 104 2 105 (Figure 1.38) . UI#EHEL FEA LN, o T
FHEBIMALER. 28+ 104 1 105 XFMH L0 FHXFAAFTHERER,

H 105 = it B XK E] 0.05cm* Vs

B S\

|
\/S \s

104 105
—-m.- I ; ' 'l ' ) RGO Yl Y=

Figure 1.38. Linear azulene derivatives 104 and 105 used in OFETs!*02
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Figure 1.39. Four terazulene isomers and their polarity of OFETs with HOMO and
LUMO density distributions
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Figure 1.40. Synthesis of azulene-based materials 111 for OFETs
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Figure 1.41. Synthesis of azulene-based polymers 112 for OFETs
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Figure 1.42. Synthesis of azulene-based copolymers 113 and 114 for OFETs
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Figure 1.43. Application of azulene-based materials 115 in solar cell[**"]
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M FE (PAHs) B T HMRBOLEMER, EFNETIRELA ) & m
FlET B, W& EHIR R HR I, PAHs 5 HOMO-LUMO &7 & Mok HK, &%
SFREIRE. AT HIRA LK E PAHs e, M RANK L THA LTI
EEATHAME A EMGFETIN ST TGP, R G RN E o B B 1
1R o

MO BT AL T AT R, BREMERERME, B REFHER,
f4% 1.08 D BB AE . B F # HOMO-LUMO k% Fn X Kasha #L U B 7% H 4 5t
81, R Faoxseredt, MBS ZHTINE PAHs #, DUEHF B0 E R,
B RIEETI N PAHs B8 Jf 77 ik I AY, — & LA SEAT £ A 1 50 2 T
E#FIN PAHs, Z— M2/ PAHs 6 I B R AKREFR, REWE A
THEEAcmEE L2 TP AR KB &5 PAHs, EEAZNH
RS T HZze9 e, Mz T, EERET —MHER, WEASKE
1 JF B4 A B T AR B Al Al 2 B F R 6B RE DA Jr 3R 28 n 3 Jp BRI 2728
B & AR AR EN DN FTHENATAENEHRE, EE PAHs FAIFHE
BUMESER PAHs I F AR HEE. BRI XHMMEA L P EERA AN
R A s 1t EHE Scholl R R7 A 7 3 & gl 20 290 g A 5k T A Ak B F BR L
CEE R ON:E NI S

AFEF RN T — M ERAAME K PAHs B 7%, #a Ko &xHE
B 2R TR AN A A T AR IR R M e < g (K7 A B 28] 7 P [4+3] 30 L SE 3
(Figure 2.1) . XM & REBHBTERAF & — 27 &EH PAHs, (18T
TRR = e o T FF B Am B Ak 2 [ W R K 48 TY Rk AR U A 7 R i R B R K,
MEEAELEMLNS TN CH BERAELNEELEMEN PAHs, A%
dibenzo[e,glazulene (DBA). benzo[1,2-f:5,4-f']diazulene (BDA1) ## naphtho[2,3-
f:6,7-f1diazulene (NDA), REE SR T Z A A eI mB MAFER, UK
WM XA R T BRI
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Figure 2.1 Retrosynthetic analysis indicates that the fused five and seven-membered
ring skeleton of azulene might be built through a two-step [4+3] annulation approach.

2.2 LB A

2.2.1 ZBIRA 5 N#

FramaflfX Al e wIgE, TEEER. TRAER T ABR %R
XAk TRERESMEA . BEfrtbmmELEIR Y, EHAEEEENF
300-400 H & fix # 4T A & 40 M5 {F ] Bruker AVANCE NEO 500 4 # 3£ 3k (Uil
/A . ik . ROESY £ COESY #, WX A B A RAHH K EH

(CDCl) , WM EEER (TMS) , £+ 'H NMR i A CDCls #r/£1&
7.26 ppm K TMS #r# 1 0.00 ppm 5% Z4r, *C NMR i CDCls #1711 77.00
ppm EAr. B4 HE FRiE (HRMS) f£ 5 Water Synapt-G2-Si B, %% % & ATt
R, HREMEFE EZHRTNR; ZATRRRNERERAFALELE
IL7 Shimadzu UV-VIS-NIR (UV3600Plus+UV2700) i (Uil &, 1k 4 5% % %
EH 2nm; FAFELEMLARSELSR LGN (+—RKMATKHLED FSE)

(FLS1000+FS5) b 1T 5 7% 7 ot il S48 - M 2t 6 W7k & TR B A0 4
EF k% (CV) FnZE 4 fiokth 2 (DPV) IR 892 Zahner B 1b% T
vhe X &2 &N REERLBT X ¥ &4 %474 L (Bruker D8 Venture
diffractometer with PHOTON 1l detector) U % .
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Scheme 2.1. Reaction conditions: a) Pd(PPh3).Cl2, Cul , DBU, toluene, 80 <C; b)
PdCl,, CO, CH2Cly, CuCly, reflux; c) LiAlH4, AlCls, ether, 50 <C; d) NaOMe, MeOH
[ THF, reflux; e) Pd(PPhs)s, Cs2COs, toluene, reflux.

bt 2-4 HBEWERE, BEE R EK 2-5fu 2-6 RAE BB A R34,
A 2-1 W& &
a b

Bu Q = O ’BCu

2-1: 100-mL # ¥ F% +, KkMwA 18 mLFHK, 12 mL =8 FA. 21 mL
18- = A 2 WA [5.40]+ —8-7-% (DBU) A 4-H T £E % (213 g, 10.0
mmol) , A UR-fRRM# S 3K, K5\ Pd(PPhs).Cl, (421 mg, 0.06 mmol) .
Cul (95 mg, 0.05 mmol) VLK = ®EEEZ $ (790 mg, 5.0 mmol) , FHxk#A
F-BERBAR 3K, FREH/NA4HE, EAALRERFT TEENAZ 80 T
RESAR. REZERE, AHEFE, B 100mLAF, b AEEE, LK
M, JEGEA 100 mL Z 4 F ek, ER A FRERIK, AIANM,
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TARBRNTIE, ANEREET, AFEREAEENSE HRER N A
Bt , %35 1.2 g@aeEE~%2-1, % 82%. H NMR (500 MHz, CDCls)
7.45 (d, J = 8.5 Hz, 4H, Ha), 7.36 (d, J = 8.5 Hz, 4H, Hp), 1.33 (5,18H, H).

e 2-2 A B,

2-2: 1K K # & PdCl, (13.6 mg, 0.076 mmol) . CuCl, (102 mg, 0.76 mmol)
fofh &4 2-1 (443 mg, 1.53 mmol) #m )\ 50-mL TIge %, KGR — A W%
SHREBA K. REMALITEAW 15mL TR -AF K, TERELo48
G, ZBIHE 40 T, E—ENUBABTRA 24 Not, REZERfGE, AHE
=g, B 50 mLAH, i AkEBEMK, TIE, JEHA 50 mL — & F kT sk,
RER —AFRER 3 K, 6HFNME, TARBRNTE, FNEREEZT,
ML= o FIAE BT 8 iRkl 7 B il | — & F=10/125/1 , 52|39
mg % 2 & E k=4 2-2, 7 % 85%., *H NMR (500 MHz, CDCl3) on 7.26 — 7.19
(m, 8H, He ), 7.12 (d, J = 8.5 Hz, 4H, Hc), 6.87 (d, J = 8.5 Hz, 4H, Hp), 1.29 (s,18H,
Higy), 1.27 (5,18H, Higy).

A Y 2-3 B AR

2-3: 50-mL TR H &+, KK m A LiAlHs (470 mg, 12.4 mmol) 71 AICI;
(413mg, 3.1 mmol) , BZEMA 10mL L KB EME, TEHHS2H4E
HE KRR, FEE ERARFEE#MAEY 2-2 (472 mg, 0.775 mmoD)
ATEZE (10 mL) HREER, HEEH, FrimE 50 T KA 48 /M. K
MEXRE, AHEZR, ZBHEMKAKFEXRLEZEFAHEEHAE, BN 50
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mLAH, MHER, REACRIEER 3K, 6HHNME, TARBRNTIE,
ANMREZT, HEBERAEENSE CHRER b o wmit [ — & F k=40 /
1, %2407 mg & & E&=4 2-3, =% 85%. 'H NMR (500 MHz, CDCl3) 6H
7.23 — 7.15 (m, 8H, Hex), 7.12 (d, J = 8.5 Hz, 4H, Hc), 6.87 (d, J = 8.5 Hz, 4H, Hp),
4.00 (s, 2H, Ha), 1.28 (5,18H, Hi), 1.26 (s,18H, Hg); *C NMR (126 MHz, CDCls) dc
149.2, 148.9, 144.8, 138.0, 134.1, 133.8, 129.3, 127.0, 125.0, 124.6, 45.3, 34.4, 34.4,
31.3, 31.3. HRESI-MS Calcd for CasHsa: m/z = 595.4298 [M + H]*; found: 595.4323.

A 2-7 AR

2-T:FEH+, HE 2-3 (290 mg, 0.49 mmol) , 2-J& K FE 1-4 (452 mg,
2.45 mmol) Fn T 1EHy HEE4h E A (264 mg, 4.9 mmol) & T 50-mL TIg#H % =+,
FE/E A 10 mL LA FE A 10 mL Tk M Ak w, mATEE, HEFH, &
BARE 70 T KA, FFmdBy, KRAMEL ARLE, 70 T HERK N 24
INEF. RMERE, AHEEE, B 50mL A+, fHAEER, KEAT
BRZBEER 3K, AFENME, TARBRNTE, ANEREET, HE&1E
FAERN 8 GIRER A A B | —RFk=15/1% 10/ 1) #%| 260 mg # 4T
& [E K 2-7, % 69.7%. H NMR (500 MHz, CDCls) o1 7.36 (d, J = 8.0 Hz, 1H,
Hb), 7.31 (d, J = 8.5 Hz, 2H, Hy), 7.25 (d, J = 5.8 Hz, 2H, Hax), 7.02 (d, J = 7.5 Hz,
4H, Hmii), 6.84 — 6.78 (M, 8H, Hri), 6.76 (t, J = 8.0 Hz, 1H, H), 6.67 (d, J = 7.5 Hz,
1H, He), 6.51 (t, J = 7.5 Hz, 1H, Ha), 1.33 (s, 7H, Hgy), 1.23 (s, 8H, Higy), 1.21 (s, 7H,
Higy), 1.16 (s, 7H, Higy); 13C NMR (126 MHz, CDCl3) dc 149.1, 148.9 , 148.9, 147.8,
138.8, 136.9, 133.3, 132.8, 132.5, 132.4, 132.2, 131.1, 131.0, 130.3, 130.1, 130.0,
128.3, 125.6, 124.6, 123.9, 123.8, 123.8, 123.4, 34.5, 34.3, 34.2, 31.4, 31.3, 31.3, 31.2.
HRESI-MS Calcd for Cs;Hs7Br: m/z = 761.3716 [M + H]*; found: 761.3699.

46



RPN L i e VA4S

?”di
yil

&4 2-8 B & A,

2-8: FEH+, #E 2-3 (230 mg, 0.39 mmol) . 2-5 (47 mg, 0.16 mmol)
Ao F IR EE 4N E K (174 mg, 3.2 mmol) E-T 50-mL TIEHE =, HEmA
10 mL TAFEf 10 mL TANEAR®, mMATEE, HEXH, ZEFRE
70 TRE, FREET, RAFET NRLE, 70 THER A 24 /Nt KA
“XE, AHEZIR, BN 50 mL kF, MHEAEERKR, KEHTKEER
3K, EAANM, TARRNMTIE, ANAMKEET, HE S EAEEN S
B ORGSR A AR —EF%R=10/1ZF 5/ 1) 15%| 100 mg # 41 & 4K 7= 4
2-8, =% 48%. 'H NMR (500 MHz, CDCl3) du 7.29 (d, J = 8.5 Hz, 2H, Hj), 7.16
(d, J=8.5Hz, 2H, Hi), 7.00 (dd, J1 = 8.5, J> = 8.5 Hz, 4H, Hqn), 6.82 (s, 1H, Ha), 6.77
(m, 8H, Hererrig), 6.71 (S, 1H, Hb), 1.35 (s, 9H, Hisy), 1.21 (s, 9H, Higy), 1.19(s, 9H,
Htu), 1.02 (s, 9H, Hiy). 3C NMR (126 MHz, CDCl3) dc 149.1, 148.9, 147.8, 142.6,
136.8, 136.7, 135.1, 132.3, 132.2, 130.9, 130.0, 130.0, 129.9, 124.6, 124.0, 123.9,

123.8, 34.5, 34.4, 34.3, 34.1, 31.4, 31.3, 31.2. HRESI-MS Calcd for CssHs4Br2: m/z =
1443.6890 [M + H]*; found: 1443.7002.

A M 2-9 B A R

Bu
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2-9: FE4+, #EF 2-3 ((138 mg, 0.23 mmol) . 2-6 (33 mg, 0.097 mmol)
Ao IR e FEE4NE A (104 mg, 1.93 mmol) & T 50-mL TIg &+, KGN
4mL TAFEFR 4mL LANA®RE, WATEE, HEFH, ZBAERE
70 TRM, FAigdd, REAFEEL HLE, 70 THRE RN 24 /Not. KP4
Kg, AAEFIR, BN 40mL X+, THAEEE, REACRCEFR 3
K, BIHANME, TARRH TR, AIEKEET, BAFEaEAEEN S
Ol 0 B mBt: — A Fk=15/1Z5/1) /5% 29 mg # 21 & [E & =47 2-9,
=% 20%. *H NMR (500 MHz, CDCl3) dn 7.31 (d, J = 8.5 Hz, 2H, Hy), 7.28 (s, 1H,
Ha), 7.23 (M, 3H, Hy;),7.02 (d, J = 8.0 Hz, 2H, Hi), 6.99 (m, 3H, Hee), 6.77 (M, 6H,
Higid), 6.62 (d, J = 8.5 Hz, 2H, Hy), 1.34 (s, 18H, Hy), 1.34 (s, 9H, Higy), 1.20 (s, 9H,
Higu), 1.19 (s, 9H, Hisy) , 0.81 (s, 9H, Hiy); °C NMR (126 MHz, CDCls) dc 149.2,
149.0, 148.9, 147.8, 147.1, 146.4, 1425, 138.3, 135.1, 134.4, 133.5, 132.4, 132.3,
132.1, 131.5, 131.1, 130.7, 130.7, 130.1, 130.0, 130.0, 124.6, 123.9, 123.9, 123.7,
131.5, 34.5, 34.4, 34.3, 33.8, 31.4, 31.3, 31.2, 30.8. HRESI-MS Calcd for Cio2H110Br2:

m/z = 1493.7047 [M + H]*; found: 1493.6996.

144 DBA W14 R

DBA: FE#+, RKHE 2-7 (260 mg, 0.34 mmol) . W (=FE) 4
(40 mg, 0.034 mmol) Fu8%E % (333 mg, 1.0 mmol) & T 50-mL FlEH & +,
WEmAN 8 mLEAFER, WmATHEE, HEXH, ZEAEZE 120 T K 16
e, RNERE, AHEFER, B 40 mL A%, WHEK, AEALRT
BEEE 3 K, BHANAME, TARBRHTE, FNWEREEZT, BFsEAE
BATAE GhRsEF b G il | 2B Z88=100 / 1) 2% 93 mg X Z & FHE =4
DBA, 7% 40%. 'H NMR (500 MHz, CDCls) 61 7.92 (d, J = 8.0 Hz, 1H, Ha), 7.73
(d, J = 2.0 Hz, 1H, Hy), 7.50 — 7.44 (m, 2H, Hu), 7.38 (s, 1H, He), 7.37 — 7.34 (m, 1H,

Hg), 7.32 — 7.29 (m, 2H, Han), 7.28 (s, 1H, Hj), 7.16 (d, J = 8.5 Hz, 2H, Hn), 7.12 (d,
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J =85 Hz, 2H, Hy), 7.09 (dd, J1 = 8.5, J2 = 2.0 Hz, 1H, Hy), 7.07 — 7.05 (m, 2H, H)),
7.05—7.01 (m, 2H, Hi), 6.76 (d, J = 8.5 Hz, 2H, Hy), 1.35 (s, 9H, Hisy), 1.33 (s, 9H,
Htsy), 1.30 (S, 9H, Hwy), 1.26 (s, 9H, Hieu); 3C NMR (126 MHz, CDCls) dc 149.1,
148.9, 148.9, 147.8, 146.3, 146.1, 142.5, 138.8, 136.9, 134.9, 133.3, 132.8, 132.5,
132.4, 132.2, 131.1, 131.0, 130.9, 130.3, 130.1, 130.0, 128.3, 125.6, 124.6, 123.9,
123.8, 123.8, 123.4, 34.5, 34.3, 34.2, 31.4, 31.3, 31.3, 31.2. HRESI-MS Calcd for

Cs2Hs6: m/z = 681.4455 [M + H]"; found: 681.4438.

&4 BDAL ) 4 &

'Bu

BDALl: FE£4+, KK E 2-8 (50 mg, 0.035 mmol) . I (=ZKEHK)

4 (8 mg, 0.0007 mmol) Fn&%E 4 (68 mg , 0.21 mmol) & F 50-mL Tig#H &
o, BEMA 8mL TARXK, mATEE, HEFH, ZBEARE 120 TR
BL12 /NBY . R4 RJE, AHEZER, BN 40mLAF, FTHERKR, KEAT
BRBEZER 3K, AHANME, TARBRNTIE, ANAEREET, B~ &1E
FAEEN 28 GRkEF B bt /| — & Fle=15/1% 10/ 1) 1#F%| 29 mg FiF &
Bl #& BDAL, % 64%. *H NMR (500 MHz, CDCls) 61 7.88 (s, 1H, Ha), 7.67 (d, J
= 2.0 Hz, 1H, Hy), 7.43 (s, 1H, He), 7.33 (d, J = 8.5 Hz, 2H, Hy), 7.26 (d, J = 8.5 Hz,
1H, Hq), 7.16 (d, J = 8.5 Hz, 3H, H;j), 7.13 (d, J = 8.5 Hz, 2H, Hy), 7.06 (m, 4H, He),
6.99 (d, J = 8.5 Hz, 2H, Hy), 6.78 (d, J = 8.5 Hz, 2H, Hn), 1.35 (s, 9H, Hisy), 1.29 (s,
9H, Hwu), 1.29 (s, 18H, Hwy), 1.26 (s, 9H, Hiy); *C NMR (126 MHz, CDCls) dc
152.4, 149.7, 149.3, 149.0, 148.3, 141.6, 138.8, 137.3, 135.0, 134.7, 134.3, 133.6,
132.9, 132.8, 131.8, 131.7, 131.2, 131.0, 130.2, 130.2, 128.2, 127.0, 124.9, 124.8,
124.7, 124.1, 34.6, 345, 345, 34.4, 31.4, 31.3, 31.3, 31.2. HRESI-MS Calcd for
CosHi06: M/z = 1283.8367 [M + H]*; found: 1283.8404..
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&4 NDA B & 2

NDA: FE4F, KKHE 2-9 (29 mg, 0.015 mmol) . W (=ZFER) 4
(5.5 mg, 0.00475 mmol) 28 & % (38 mg, 0.116 mmol) & T 50-mL T 1g & &
B, BEMAN 4mL TAFXR, mATEE, HEFH, ZBARE 120 TR
K12 /NEF. RN %R 5, AHZE=ER, B 30mL kF, THERKR, REAT
BROBIZER 39k, HFHNA, TARBRNTIE, FNHEKEET, HF&E
FIAEBRN 2 & GHRAER NG R | —QF =15/ £10/ 1) %% 10 mg KiFE
Bl 4K 7= 47 NDA, 7% 40%. *H NMR (500 MHz, CDCls) d1 8.28 (s, 1H, Ha), 8.05
(s, 1H, Hy), 7.68 (d, J = 2.0 Hz, 1H, Hy), 7.51 (s, 1H, He), 7.34 (d, J = 8.5 Hz, 2H, H),
7.22 (d, J = 8.5 Hz, 1H, Ha), 7.17 (d, J = 8.5 Hz, 4H, Hin), 7.10 — 7.03 (m, 5H, Hajg),
6.75 (d, J = 8.5 Hz, 2H, Hi), 1.39 (s, 9H, Higy), 1.32 (s, 9H, Hiy), 1.30 (s, 9H, Higy),
1.26 (s, 9H, Higy); *°C NMR (126 MHz, CDCls) 6c 151.0, 149.8, 149.3, 149.0, 148.5,
142.9, 142.6, 138.7, 138.0, 135.4, 135.1, 133.6, 132.9, 132.9, 132.8, 131.8, 131.7,
131.5, 131.1, 130.9, 130.2, 130.2, 130.1, 129.5, 127.6, 124.9, 124.9, 124.8, 124.1,
34.6, 34.6, 34.5, 34.4, 31.5, 31.4, 31.3, 31.3. HRESI-MS Calcd for CiooH1os: m/z =
1333.8450 [M + H]*; found: 1333.8523

2.2.3 A A AT T %
S 3 IR«

. & #1DBA. BDALFNDAR] % Sh T Ot ¥ A0 5 6 & & 6 3 I A R &
#192.0 % 1075 mol/LBy & (7K . MIXE, EH G P v A3 mLAg A&
e, MR BOLE Fr ok k. A DBA. BDALFINDAER M & T
TR RILE A AT BIR R A7 4 2.0 < 107° mol/L# & A7 & & .
WA, EAHFENEI T A3 ML FNER, KERABRAESHEEMN=ZA
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LHEH, BRBNERFLI®, WRETUAERRAREE . BAET
P A AR A IS

B # CVADPVRIR :

. & %1 DBA. BDALANDARY B 14 2 X o A = & ke 1F A% A,
["BusN][PFe] % B 4% i1, Fc/ Fc* &2 h AR, KA E #1.0 <107 mol/L. /A
BARY, HHFEFRE NS0 mV/s, EFER THATNE, FHZBRAER: 4
22 AR g X AR, BB AR O TAE A%, Ag/AgNOsH 5 L Bk .

B H:

BrE w9 % iz (DFT) it & Gaussian 16 3 k. F7# 104 Hy il JLAT1h
HREERZ5MHT, EH BILYPIHH 7%, HAEE 6-31G(d). /s
B 45 A B AT B BR B9 55 iz B (TD-DFT) it % . & A B3LYP/6-31G(d)#E #
KFE (RMEM) HEERRTHE (GIAQ) FixitETHAEKKE. BTt
44, 7% GIAO(U)B3LYP/6-31G(d)E it A -F L+ ER G Z T ¥
(NICS) f&. B BT 4 ERE (ACID) 5% Herges™ & B 77 %,
F1£ Fl POV-Ray v3.7 R #ATE R AT MM, ERASMF BE#E (ICSS) i1H 77
EAMNT ZEREFHNERLYE (2D-NICS) 75 Z #77 M 4

23 &R 5T #

231 BRHaHe & i b RAE

AT F 8 4R 2-3 H AT P UL 28% 7= £ 15 5] DBA, ZHAHE 7%, "7
Z| N T A ETH 4 BDAL #2 NDA, £ 4514 31%7F 8%. AZE A &
“HEAFREERRATHETR L, 04, BTHERAEAN 4RTEEE,
RERHMEERSHEREANER (WWEDK. FRAM_AFR) %I
HRIFH B, TANR TR ER# AL FHERT)TE (Figure 22) .
DBA B /i F Ha 4 X E &, BDAL f2 NDA 8y F Ha o Hp Z [8] 87 = |8 #E 7,
SR H bbb HiA N B FEME. Z AT RTF Hofr He Z 18 B & F r
fah, TUNERRT Ho PRAEECAEAFH d BWFEE, URFF Ho Pl

dd &K, H4AeMRTEEKIF EHET LLE L TH-H COSY A2 NOESY i # A .
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9.19.089888.7868584838.28.18079787.7767.5747.37.27.17.06.96.8
&/ ppm

Figure 2.2. 'H NMR spectra (500 MHz, CDCIs) of (A) DBA, (B) BDAL, and (C)
NDA

232 B H¥E

BRMNZREAREGENECNWERTY KX, £EISARY #E, £ DBA f
BDAL A AERAF T, BRALFEARZEY #HEACIWATERT, 49—
ERET el ®. BEREEEF LM T RS, £EH NDA W2 RTAE
v, FRREF %, ERECKEAERE, &/ F&. &7/ LK. —4F
ol B, —ALk | FEAFE | FEETIEERRBET BT E, UWRAT
FEE, PR/ FEBE. —AlkK | FEAM ALK | CHRFERZARMEYT @07 %,
R AT X 15 2 NDA B 5 5
BRI R, a4 DBA HARAW WA, HEAE
7S |6 B P2u/n (Figure 2.3) « 2 7T H % T &48H = A LE HEENHNT
AR, EREMAH-NERFAN KT RRERNT LN, THEERET
LN FELE,, IMTHELIHT H TEAERTY, £2EFU0
BR—XABREEU LIV AFE, BEEaRTZER (M) FHEH, =
e ko aEm (P) FH4E4H (Figure2.4) .

~

=\

?\*
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Figure 2.3. Single-crystal X-ray structure of DBA at 100 K. (A) A stick model (tan).
(B) ORTEP Drawing (50% probability ellipsoids) of the refined structure (cyan).
Hydrogen atoms and solvent molecules are omitted for the sake of clarity

Figure 2.4. A pair of enantiomers existed in the X-ray superstructure of DBA. (M)-
Enantiomer is shown in tan, while (P) in sea green. Hydrogen atoms and solvent

molecules are omitted for the sake of clarity

MepEERETUEY, LI AbHL EcH T mE &, ZFHMEFH
HEZ AR (Figure 25) « B&&EM T, M EHHEENIRT EXET &
ATt FERNY L - AELNAEA, EEEESTENTH RS
THEAALER. o FHRZ BT EZELHA[CH-n]tH LI, —fE
e R, AN AR T AR E # { [C—H--n]EEAEA,
HE®H275A; E N ERENEN LA S RAAEER, E[C-H ]S
4256 A; BH—MHEETERS L THW[C-H-n]MEEH, HEH 4248 A
(Figure 2.6) .
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Figure 2.5. Packing superstructure of DBA. (A) A view of the packing superstructure
along the crystallographic c-axis. (B) A view of the packing superstructure along the
crystallographic b-axis. The (M)-enantiomer is shown in tan, while (P) in sea green.
Hydrogen atoms and solvent molecules are omitted for the sake of clarity

Figure 2.6. Intermolecular noncovalent bonding interactions between two
enantiomers in the single-crystal X-ray superstructure of DBA. The orange dot lines

indicate [C—H---xt] interactions
54



RPN L i e VA4S o

HApg MK B & BDAL A2 Atket, BT =#&ER, SHH
A P-1 (Figure 2.7) , 2T A&H 6 M EHREHNT EXE, FH@HET
EMAM N EARENEF AR T RSN, Lo THTHNEERETHAL
TANETHEN, M THEHIHL THUAEENY S B, Bhy
FRPSmAANEFREMT T WA ERFHEFC, A8 MM P FHE, X
WEMSESTHART WHRE, EEEERERFTFAEFE-—FHHA,

A B \[,f)ﬁ)
| ’ o ¥
X “ va;:) } ’ | | Ve
/\,\ AN i NN iN,/ g e '_‘),/ S
N /Ql/l) )~ T > YY

Figure 2.7. Single-crystal X-ray structure of BDA1 at 100 K. (A) A stick model (tan).
(B) ORTEP drawing (50% probability ellipsoids) of the refined structure (cyan).
Hydrogen atoms and solvent molecules are omitted for the sake of clarity

FEEGEEREN, RANLITWE NatL Zbss 7\ d &, BDALA
REUAXHERN TR, 2 FTFAREATAMET, €HFLI FTLEABER, BTK
ERHNBFERAT AL T, AERWEREENFRNLXAKGTRET *
HEEZWNER (Figure 28) , — A& ti4F ¥ LLE B 5 = 1-BDALE R E A,
3% P A [C—H--CIE EfEfl fr — M [C-H--r|H EEF, EFHMC-H-CNHEEL
ERMBEB AN, 45 #2917293 A, [C-H-nHEEAWHES $241 A
(Figure 2.9) .
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A

Figure 2.8. Packing superstructure of BDALl. (A) A view of the packing
superstructure along the crystallographic a-axis. (B) A view of the packing
superstructure along the crystallographic b-axis. Hydrogen atoms and solvent
molecules are omitted for the sake of clarity
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Figure 2.9. Intermolecular noncovalent bonding interactions between three BDA1
and one CHCIz molecules in the single-crystal X-ray superstructure of BDAL. Red dot
lines indicate [C—H---Cl] and [C—H--'x] interactions

233RFXBERAAKHAR

HpFm A REMEL L THGE T, ETHRERTF, IHEREGFEN
1k 3SR TFEE, AL THAVREHER T, X ERTFEEHT
BEGHEE S FHREMKANE N,

AFRZX—RFM Ao R, RATE RN T €19 L R,
Fra ik B E & ER (3 mL) F =R TNE. DBA ZE LI LXK T HEEFHA
R Uk &, 4B 335 nm Ao 400 nm 4b; FEE LR, BURIERTE, EM
456 nm %| 600 nm A& H —MRF @I, W T EARHE So—>S AR WIS, &
% DBA T R 7 HE{Rp i fi. DBA ARMEH LM F K (ED , HEHF
DBA # Eg®"' % 1.99 eV (Figure 2.10) . 4 #F % DBA Xt Jft F 8 & 45 57 Ju M
BA1E DBA WAGERF NP EHZALR (TFA) RARAERKEHT
IR, LA 10 uL TFA J5, ARG~ £WMBEt, #2108 HRNE
BTN, RATRARERUHE RBAIAL, SHHELH4T DBAAL, B
T DBA AR HIAFH MR U BB IE, RUEHRAMES A A 526
nm 1 618 nm. BEEMWAN TFAWEZHIE L, AAFEZHEEAF HHEEEL
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BryAE, Lm A TFA E 100 uL &, HRTHEHA L LA, ¥ DBA 5T
HARERA, MEATH ZRTBRMEMAL Y 30/, BRAENKEET K
TEG 6., KEBMAELSH (DBA+TFA) T L ERX & #H ARk, 4417 556
nm A1 672 nm. [F &, DBA+TFA By % 5% B4 2] 939 nm 175 A % 55 19 % e 52
B, X &¥ DBA+TFA (EO = 1.36 eV) H I DBA (E% = 1.99 eV) E{KHY

Eq%. # A1 % & TFA X DBA 7 otuy & v, ## 408 nm A @& K, A 500
nm FFiedi k., EFERAT, DBA B JLFFRKA, ERRZ#HMA TFA
&, DBA % 500 nm jE i IHH K AL 4TE, HEMNBRNEL I, KAELE
RAIE, YA G TFAWKBIL A 30 / 1A EIREA, Mot T WS FHA
& 4, 737 571 nm F2 690 nm 4.

Aos B 7

= CHCl
CHCETFA=300:1

——CHClz
CHCIaTFA=300:1

0.4 CHCE TFA=3002 CHCIs TFA=3002
CHCE:TFA=300.3 CHCI= TFA=300:3

| CHCE TFA=300'4 CHCIs TFA=3004

e v CHCE TFA=300'5 S CHCIs TFA=3005
Eo3l CHCE:TFA=300.6 - CHCI= TFA=3006
= CHCE TFA=3007 = CHCIs TFA=3007
s A CHCE:TFA=300.8 @ CHCIs TFA=3008
= CHCE TFA=300:9 s CHCI= TFA=3009
202 —— CHCETFA=300:10 = ——CHCI=TFA=300:10

OO T T T T T T T
400 600 800 500 600 700 800 900
A fnm »/nm

Figure 2.10. (A) Variation of UV-vis absorption spectra of DBA upon protonation
with TFA in CHCIs. Red and violet lines depict the neutral state and the protonated
state with TFA, respectively. (B) Variation of Fluorescence spectra of DBA upon
protonation with TFA in CHCIs. The excitation wavelength (Xex) is 408nm. Black and
red lines depict the neutral state and the protonated state with TFA, respectively

KATEATFE 44 Tk 7 BDAL 9%k & . (Figure 2.11) , BDAL 7 5 I,
XA BRI E TR, 44 461 nm fu 483 nm, it E 15 BDAL b e
e EgOP' 5 1.75 eV, I DBA #{K. /5 7% BDAL A& & A TFA %
EAEBRELAGTHA L, EFF A TFA thit £+, BDAL % 461 nm Fr 483
nm A& By R g R TR, BB AR KR K X ELE BT MR, SFE 500 nm
KT — A F R g SN TFA ByE5E| 100 uL &, BRAFL ML, B
et EeTRELE 6, AFBMELS (BDAL+TFA) M & AR K& &
750 nm, H BDAIL+TFA Bi{£ % 1145 nm 178 M B W Rk 5, &K % ¥
BDAL+TFA (EsP'=1.15¢eV) t BDAL (Es'=1.75eV) F(XH XL FEEIR,
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R ATEE 500 nm K H L EKRAT TFA X BDAL Mk L. FHEAHT
BDAL B JLF AR A, MAEKRZEH MmN TFA 5, BDAL £ ER ST HA
MLTSMIR K 4T, HRAEH R, SAHFMZRACBRAERLE A 30:
1 AR RFRLS, METR MEZ B A AR ATE, G —ABRERKN 693 nm B9 X 4t
g Fun — A1 58 By 823 nm B & ST IE

A°T Ty B ' R

Y —— CHCIsTFA
064 \[\ CHGIs TFA=300:1 E:Eﬂiﬁgg;
L = : -
CHCI:TFA=300:2 GHCI= TFA=300.3
CHCI: TFA=300-3
CHCI: TFA=300-4
CHCI: TFA=300°5
CHCI: TFA=300-6
CHCIs TFA=300°7
CHCIs TFA=300-8
CHCI: TFA=300-9
—— CHCIsTFA=300-10

CHCIaTFA=3004
CHCIa:TFA=300:5
CHCI=:TFA=300:6
CHCI=:TFA=3007
CHCI:TFA=300:8
CHCIl=:TFA=300:9
CHCI=TFA=300:10

Intensity / a.u

CHCI=:TFA=300:12
CHCI=:TFA=300:14
——CHCI2TFA=300:16

T T T T T t T T
400 600 800 1000 1200 600 800 1000 1200
A lnm Alnm

Figure 2.11. (A) Variation of UV-vis absorption spectra of BDA1 upon protonation
with TFA in CHCIs. Red and violet lines depict the neutral state and the protonated
state with TFA, respectively. (B) Variation of Fluorescence spectra of BDA1 upon
protonation with TFA in CHCIs. The excitation wavelength (Aex) is 500 nm. Black and
red lines depict the neutral state and the protonated state with TFA, respectively

NDA 7& ¥ LK X B % de & 78 446 nm F2 472 nm, NDA B9 XAk gEFE EgOM
4 1.76 eV, 5 BDAL #fl (Figure 2.12) . fm )\ TFA J&, NDA 7% B & &
HER, RARYOIEZH T, R EERKERKLOHIATRKE, ZEHLE,
FATAE 493 nm Fu 457 nm Lk ERZ BT M F TR R, 4 TFAWE A E 120
pL B, RRTHHRHARAEN, HERGR =R ZRAERLE A 300 /12,
K NDA ERMELFHTHRERS. ARWACANEELTRT REE, KER
7&Z& (NDA+TFAD B, E7 RERAZ 2R &, 4 7% 548 nm, 593 nm #n
749 nm, J+ HBI{E 2| 1138 nm 1778 i 55 89 K Sh ok, & H NDA+TFA A8 &
KA HAF R (B = 114 eV) . MEEHAILF 493 nm H# LK K, EF
MRS TEERZH A TFA ZET TN, ERERKH NDA £ TR
ATRBTHOAKN, ERAEBREL G TEHER, YEAFTFZATRY
BB K 300/ 12 B A BIALAS, MR I K K AT £ 812 nm,
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A 09 B
0.8 ¥ ——CHCE: A
CHCL: TFA=3001 —CHCk
07 v A CHCL TFA=3002 CHCL TFA=300 1
CHCL TFA=3003 CHCLTFA=300'2
CHCLTFA=300'3

CHCL TFA=3004
CHCl2TFA=300.4

' CHCE:TFA=3005 >

5 CHCL:TFA=3006 © CHCL:TFA=300:5

7' 0.5 CHCL:TFA=3007 E, CHC:TFA=300:6

= CHCELTFA=3008 o CHC:TFA=300:7

%0_4 CHCL - TFA=3009 E CHClTFA=300'8
= CHCEITFA=300:9

CHCL: ' TFA=300:10

CHCL TFA=300:11 CHCl'TFA=300:10

CHCIlaTFA=300:11

w03 ——CHCEL:TFA=300:12
02 ——CHCLTFA=300:12
0.1
0.0 T T T T T — T T T
400 600 800 1000 1200 700 800 900[ 1000 1100 1200
2 /nm

%/ nm

Figure 2.12. (A) Variation of UV-vis absorption spectra of NDA upon protonation
with TFA. Red and violet lines depict depict the neutral state and the protonated state
with TFA, respectively. (B) Variation of Fluorescence spectra of NDA upon
protonation with TFA. The excitation wavelength (ex) is 493 nm, Black and red lines
depict the neutral state and the protonated state with TFA, respectively

TFE % DBA. BDAL #1 NDA Jm B4 7 /5 o9 Bt An o et B (Figure 2.13)
B K 2.0 <10° mol/L. R j5, AT E R B 48 H 2 mE (Figure
2.13A) , DBA. BDAL fr NDA 1 )\ # % 5 4 TR KBRS 5 E AR K AL 54
%4 (Figure 2.13B) , H#, /5 DBA £~ 7 HEW#E €% %, NDA &1
VAL, R HTLINR KK ST

l TFA

- O —
T" o ——
- —

Figure 2.13. (A) Variation of colour of DBA, BDA1 and NDA upon protonation with
TFA in CHCIz. (B) Variation of fluorescence colour of DBA, BDAL and NDA upon

protonation with TFA in CHCI3
REFENT X =MW E 5B F S AE (Table 2.1) , AHF
DLEHEMANR UG, ZMHHEaWH ESOM ¥R AT T, HAEMANRLERIELI
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¥, FNTHAERAT KA RXH®RA, DBA ElmNBRLULEWE T~ RiA3 T
18.41%, 12 BDA1 f2 NDA % n \NB. 5 B9 7X b2 THRK, T2 3%,

Table 2.1. Summary of Photophysical Characterization

Compound Jabs I NME Jo famPl EOP  nmld SS/nmld T/ nsll @/ %l
DBA 400 - 1.99 - 491 0.02
DBA + TFA 672 690 1.36 18 6.22 18.41
BDAl 483 — 1.75 — - 0.53
BDA1 + TFA 750 823 1.15 73 1.59 2.99
NDA 472 — 1.76 — - -
NDA + TFA 749 812 1.14 63 1.856 2.49

[a] Absorption maximum at the longest wavelength. [b] Emission maximum. The
excitation wavelengths (lex) are 408 nm, 500 nm, 457 nm and 493 nm for DBA,
BDA1 and NDA, respectively. [c] Calculated optical energy gap. [d] Stokes shift. [e]
Maximum emission fluorescence lifetime. [f] Fluorescence quantum yield

2.3.4 EALE MR

AR T, AR ERAETEN QTP HTEMFEFTIRK,
DBA WK% (CV) EF Bx— &y A tiE, =45 fkFHk L% (DPV)
EoREFEEM (E®) H 0.78 V (Figure 2.14) , {E [ bt £ L B B & 7]
WE, AL E1p™ 156 V. MR BT E /R DBA B B EEFR EgEC
# 220 eV,

—CV
— DPV

J\

20 15 10 05 00 05 10 15
Potential(V) vs Fc / F¢*
Figure 2.14. Cyclic voltammogram (CV) and differential pulse voltametric (DPV)
curves of DBA measured in anhydrous CH2Cl> containing ["BusN][PFe] (0.1 M) as
the supporting electrolyte at room temperature. The scan speed was 50 mV/s, and Fc /

Fc* was used as internal reference
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W Ja ® A1 BDAL 71 NDA By e A% 1% it (Figure 2.15) . BDALl iy CV
B 2R g AL AL, DPV B R Eup™ B 45l % 0.82 41 0.99 V, X
# % BDAL #) HOMO 5 HOMO-1 #3874 f& 0y 2 % . BDAL L J& e (L By 3+ %
ML Eyp™ H-1.22 V, th DBA By R fiff, #iditH 155 BDAL B E A%
MR Eg5C % 1.87 eV, NDA By CV E H I MR I Ak B A fn — AN 7] 3 AR
W R AL, H Ewp®™ 4 Al 4 0.83 71 0.93 V, Ew™ & dk #-1.28 V., it &
/% BDAL f1 NDA # B (% §E 2 Eg5C 47 7 1.87 #1196 eV, hIX = Wy ¥
KARR, kR=FEMAFH XA LLLI, DBA. BDAL #1 NDA .51t H

B H HOMO &% (HOMO™) JLE4E, 4 54558, —557 F1-557 eV,

T EA4T LUMO 8% (LUMO™) HH B X 5|, 4 Fl#-3.38. —3.70 71-3.61 eV,

A B

—DPV ——DPV

N Mo M

—1I.5 —ll.O —0I.5 070 015 110 15 -1.5 —lI.O -0I.5 OTO 015 1:0 1:5
Potential(V) vs Fc / Fc* Potential(V) vs Fc / Fc*

Figure 2.15. CVs and DPV curves of (A) BDA1 and (B) NDA measured in CH2Cl;

containing ["BusN][PFe] (0.1 M) as the supporting electrolyte at room temperature.

The scan speed was 50 mV/s, and Fc / Fc™ was used as internal reference

Table 2.2. Summary of Electrochemical Characterization

Compound E1o®® B Epne®™ Eoneet®™®™ HOMO™ LuMO™ EgjEC

P v v v v eV eV eV

DBA 0.78 -1.56 0.78 -1.42 -5.58 -3.38 2.20

BDA1 822 -1.22 0.77 -1.10 —5.57 -3.70 1.87
0.83

NDA 0.93 -1.28 0.77 -1.19 —-5.57 -3.61 1.96

[a] Ex2™ and E12™ are half-wave potentials for oxidation and reduction waves with
Fc / Fc* as reference. [b] Eonset™ and Eonset™ are onset potentials of oxidative and
reductive wave, respectively. [c] EqEC denotes electrochemical energy calculated
according to equations: HOMOE® = —(4.8 + Eonset™), LUMOFC = —(4.8 + Eonset®)
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235 BRIt HE

RAVES DFT It EHBIE M@y TEM G, ¥4 DBA fo BDAL
MEM G EEMEN, HMAFETFEEN. RIE LR NEHITHERE DBA.
BDA1 ## NDA # HOMO-LUMO &£ % &, DBA #) HOMO & %% £ % 47 £ 4T
HAETHAMETHAFWER L, k9% DBA tWETHARALHE RN, W
DBA #1 LUMO &% = B 5 B B e T H % 5-7-6 71 £ (Figure 2.16) . DBA
B HOMO-LUMO gt = (ES) # 2.82 eV, HARUL#E (1.99 eV) FafEIR
KLt E (220eV) BEIWEERR.

? 9,

')\f R,

2 9 LUMO+1
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-9 2, 9
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"\J’Ju
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J ,‘5‘ 930 sy
Pl 4 2 7%

Figure 2.16. The frontier molecular orbitals (FMOs) of DBA, which were calculated

using the optimized geometry. The HOMO-LUMO gap was calculated to be 2.82 eV
(isovalue: 0.02)

Fl#, BDAL #1 NDA # HOMO Fr LUMO &k % # A8 L # 4%, HOMO %,
#HEFHFAFMETIHRIFFE L, LUMO Hu a8 I 3 3 7 o 4 i 77 A~ 3 Ao 2 A7
A% £ (Figure 2.17 = 2.18) . BDA1 2 NDA # HOMO-LUMO & % =
E 4B A 2.41 ¢ 2.40 eV, X RKEAX T BDAL £z NDA, ¥ in 4 ¥ o 4] 8 3K 3%
F R LK E 4 FE# HOMO F2 LUMO #Eff . 48t T DBA 0.62 eV # HOMO #u
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ByEa s, 3t R T R BDAL 1 NDA 7 A4 % U1 i A g,

8
:C, -
9
,‘g}%
HOMO-1
-4.90 eV

Figure 2.17. FMOs of BDAL, which were calculated using the optimized geometry.
The HOMO-LUMO gap was calculated to be 2.41 eV (isovalue: 0.02)

Figure 2.18. FMOs of NDA, which were calculated using the optimized geometry.
The HOMO-LUMO gap was calculated to be 2.40 eV (isovalue: 0.02)

64



RPN L i e VA4S B

A8 A1iH % T DBA. BDAL #1 NDA #94 # 544k (Figure 2.19) , Bl
kAT G A AT BE R B, EF Triphenylene. Tribenzotetraphene
#1 Tetrabenzotetracene Y E/S & R IA M L WA T T (K, (EEE X T
Tetrabenzotetracene, T ES S 41k %] 2.98 eV, t DBA # E. S & . 5 BDAL
Fo NDA 75 £ ey ES 1~ F, Tribenzotetraphene #u Tetrabenzotetracene
B EC 2RI A, XEFHEEMWTIAKET PAHs WEMKFR, ZEFWT
AT AR R M .

9 9

-2.04 eV

=546 eV ES =420 eV Ege =298 eV

-5.85eV -5.57 eV

- 4% ZGag
o v

Triphenylene Tribenzotetraphene Tetrabenzotetracene

Figure 2.19. DFT calculations of molecular orbitals and energy levels of model
molecules Triphenylene, Tribenzotetraphene, and Tetrabenzotetracene at the
B3LYP/6-31G(d) level. Orange lines mean LUMO levels, while violet lines indicate
HOMO levels (isovalue: 0.02)

FATLA A TD-DFT R L4F Wb, AR NIRRT E FHERRK
TR TEH B ER IR AN BT F AL (Figure 2.20) . £ DBA HI%
WOEE F, AT 456 nm XI0H R A e 5%, X xf iz T TD-DFT i+ & # 569
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Figure 2.20. UV-vis absorption spectra of (A) DBA, (B) BDA1 and (C) NDA in
CHCl3 at 25 <C. Calculated UV-vis absorption spectrum of compound (D) DBA, (E)
BDAL and (F) NDA based on TD-DFT at the B3LYP/6-31G(d) level

2.3.6 e F TR

FEMR-ANEFENRS, FHAFTEENTERS, FWE Hickel FL
SN Ant2 Fl R ik, BiZzrnlatBARANERE, Wik REHT
FHIRST. BEUHEAFWRE, BFEXNAETESW T ERINFTE
M, W 24 (Nucleus Independent Chemical Shift, NICS) . £
B RS B %5 £ (Anisotropy of the Current Induced Density, ACID) LR A4 B
¥ & (lsotropic Chemical Shielding Surface , ICSS) % . ¥ & T Hjasrry ik
g, RATAFETA LW T EURFEAREZR. ERNTHFRN2FE
WK B\ PAHs j5 DBA. BDAL 1 NDA #) 75 & M4 1E .

TE = % DBA. BDAL f2 NDA & NICS(1)f&# ACID & (Figure 2.21) .
Z NICS()¥, ZFFKF EWHEHURA, XRARPHM DTRG0 T S,

66

400 500
Wi

600
avelength (nm)



RPN L i e VA4S o

{EJ DBA %| NDA, -+t T m#EERINM T B WH BRI Ep, WHEE =10
FHETH O RRFNF M, LT NICSQUWEE/LFELET 0, ErH
BREWFEFME. N ACID B RINLZA, BALTHTEN K —IRE 4 H T
W, BEREX=AFHEARTANELETA—ANARAKAFE, EHTLE
#rkAriE, XitEH DBA. BDAL 1 NDA# R R T 4 F 77 & WAy M .

Figure 2.21. NICS(1) value of (A) DBA, (C) BDAL and (E) NDA calculated at the
B3LYP/6-31G(d) level. ACID Plot of (B) DBA, (D) BDA1 and (F) NDA. The
direction of the ring current was shown by red arrows (isovalue: 0.05)

M ICSS(L)z; EF A UMER L TR P OREBRXE, XKALTHANTE
MR, ITH EABEERAHTEN, EELRELAARTMHE, X
BT A B4 R ILEH (Figure 2.22 F7 2.23) &
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Figure 2.22. Isotropic chemical shielding surface at 1 A of the Z-axis (ICSS(1).;) for
DBA. The orange region shows aromaticity
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Figure 2.23. 1CSS(1),, for (A) BDA1l and (B) NDA. The orange region shows
aromaticity
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Figure 2.24. 'H NMR Spectrum (500 MHz, CDCls) of 2-1
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Figure 2.25. *H NMR Spectrum (500 MHz, CDCls) of 2-2
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Figure 2.27. 3C NMR Spectrum (126 MHz, CDCls) of 2-3
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Figure 2.28. *H NMR Spectrum (500 MHz, CDCls) of 2-7
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Figure 2.29. 3C NMR Spectrum (126 MHz, CDCls) of 2-7
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Figure 2.32. *H NMR Spectrum (500 MHz, CDCls) of 2-9

345
34.4
343
33.8
31.4
313
31.2
30.8

J
K

MiﬂL_J_LLLUUL)JJI ‘ Ik |

T T T T T T T T T T

90 80 70 60 S50 40 30 20 10 0
&/ ppm

Figure 2.33. 'H NMR Spectrum (500 MHz, CDCls) of 2-9

150 140 130 120 110 100

73



RPN L i e VA4S

?”dﬁ
yil

DM NO DO NN -~ R @M SRR -~ONWNT O ONnN wmo e
DO A FTTTOONOOOORON - R TN o mm oo
L A A e e S e e A e A S e A A e A e el R A S - - T - -
D N i i ——— P B — —y

e
dm jml

L JuJ U M _Ju N

79 7.7 7.5 7.3 71 6.9 6.7

_1_]_.LU M_l M

SEEEPIEES o r

oo
-

80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0
o/ ppm

Figure 2.34. *H NMR Spectrum (500 MHz, CDCls) of DBA
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Figure 2.35. 3C NMR Spectrum (126 MHz, CDCls) of DBA
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Figure 2.40. *H-'H COSY NMR Spectrum (500 MHz, CDCls) of DBA
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Figure 2.45. HRMS Spectrum of compound 2-3. The experimentally obtained
isotopic distribution pattern (red) correlates well with the calculated patterns (black),

respectively
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Figure 2.46. HRMS Spectra of compound (A) 2-7, (B) 2-8, (C) 2-9, (D) DBA, (E)

BDA1, and (F) NDA. The experimentally obtained isotopic distribution pattern (red)

correlates well with the calculated patterns (black), respectively
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Table 2.3. Crystal data and structure refinement of DBA

Parameter DBA

Empirical formula Cs2Hss

Molecular weight 680.96

T/K 100.00

Crystal system monoclinic

Space group P21/n

alA 25.0321(16)

b/A 14.3448(6)

c/A 14.2832(7)

al © 90

pl< 97.526(2)

yl 90

V/A3 8583.6(7)

z 8

Ppealc / mg mm~3 1.054

wlmm 0.059

F(000) 2944.0

Crystal size / mm? 0.22 x0.21 x0.1

26 range for data collection / © 3.888 t0 54.102
—18<h<18

Index ranges -18<h<18
—54<1<52

Reflections collected 142102

Independent reflections 18668 [Rint = 0.0763]

Data / restraints / parameters 18668 / 66 / 962

Goodness-of-fit on F2 1.082

Final R indexes [1>20 (1)] R1=0.0815
WR2 = 0.1822

Final R indexes [all data] R1=0.1001
WR2 = 0.1932

Largest diff. peak/hole / e A~ 0.55/-0.37

CCDC No 2163554
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Table 2.4. Crystal data and structure refinement of BDAL

Parameter BDA1
Empirical formula CogH106*CHCl3
Molecular weight 1802.33
T/K 100.15
Crystal system triclinic
Space group P-1

alA 15.0982(9)
b/A 17.965(2)
c/A 20.104(2)
al © 84.181(3)
pl< 70.158(3)
yl° 69.009(3)
VA3 4787.4(9)
z 2

peaic | mg mm™3 0.973
wlmm 1.157
F(000) 1504.0

Crystal size / mm?3

260 range for data collection / ©

Index ranges

Reflections collected
Independent reflections
Data / restraints / parameters
Goodness-of-fit on F2

Final R indexes [1>20 (1)]

Final R indexes [all data]

Largest diff. peak/hole / e A3
CCDC No

0.18 x0.12 x0.12
4.674 10 135.816
~13<h<17
21<k<21
-23<1<23

58272

16874 [Rint = 0.0758]
16874/ 21/ 1054
1.048

R; = 0.0860

WR2 = 0.2509

R; = 0.0940

WR2 = 0.2612
0.73/-0.68
2163555
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Table 2.5. Summary of the TD-DFT calculation results of DBA

Wavelength (nm)

Osc. Strength(f)

Major contributions

568.8914
412.6754

362.9939
349.2119
339.1902
329.2286
322.7158
315.2087

309.7127

307.5539

0.0306
0.2125

0.1155
0.2549
0.1402
0.0484
0.0675
0.0093

0.1846

0.1234

HOMO—LUMO (99%)
H-1->LUMO (81%), HOMO—>L+1
(15%)

H-2—LUMO (64%), HOMO—>L+1 (27%)
H-2—LUMO (30%), HOMO—>L+1 (47%)
H-3—LUMO (82%)
H-4—LUMO (98%)
H-5—LUMO (87%)
H-6—LUMO (84%), HOMO—>L+2 (10%)
H-7—LUMO (19%), H-6—LUMO (10%),
HOMO—>L+2 (62%)
H-7—LUMO (57%), H-1—L+1 (18%),
HOMO—>L+2 (17%)

Table 2.6. Summary of the TD-DFT calculation results of BDAL

Wavelength (nm)

Osc. Strength(f)

Major contributions

662.4503
643.5388
495.3226
437.1644
426.5609
424.0225
412.4557
389.9242
388.3122
382.7854

0.0245
0
0.9936
0
0.1993
0
0.1071
0.2744
0
0.4753

H-1>LUMO (97%)
H-2—LUMO (94%)
HOMO—L+1 (91%)
H-4—LUMO (10%), H-1—>L+1 (86%)
H-3—LUMO (86%)
H-4—LUMO (83%), H-1—L+1 (11%)
H-5—LUMO (30%), HOMO—>L+2 (64%)
H-2—L+1 (32%), H-1—L+2 (59%)
H-5—LUMO (65%), HOMO—>L+2 (28%)
H-6—LUMO (49%), H-2—>L+1 (33%)

Table 2.7. Summary of the TD-DFT calculation results of NDA

Wavelength (nm)

Osc. Strength(f)

Major contributions

652.7202
634.0929
487.9731
457.6582

456.9835

442.532

426.3849
414.2334
409.8922
385.2714

0.029
0
1.4081
0

0.0104

0.0452

0.6927

0.1491

HOMO—-LUMO (96%)
H-1—>LUMO (96%)
H-2—LUMO (93%)
HOMO—L+1 (93%)

H-3—-LUMO (71%), H-1—>L+1
(24%)
H-3—-LUMO (21%), H-1—>L+1
(68%)
H-4—LUMO (80%), H-1—>L+2
(14%)
HOMO—L+2 (85%)
H-4—LUMO (12%), H-2—L+1

(15%), H-1—L+2 (68%)
H-5—>LUMO (90%)
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E-F FOANFAARE T ELERNEN A REEEETER

315|%

F7& (acenes) AR i & M gk A o K IR s By PAH, e Eakfn i A A& F
Az xER, BRERARRLNIF RS T, HPFHF LK (pentacene) B
FEBHHRRTFEBEETHMEN—F P BANLREMH, ATHERE. R
ERRAANENEFES, JREFAELRNETFEN., AELERIES. £
BAMERREN, BRERNAALRNENRETBHERAR. BEREEESH
HZk: (D ALMEGREIRRFALELN HET, i THIFLHREN
[v-mlHEER, BRMERZE, BALRXREGNWARELL) TREETEAMN
RE&R LT E, AACEEHRERARFLRY H R TFIHmLEEEmEE
W, FHREEGAERPREL, () FIANFRFER, 4o BII NI G-
WA R TN o £HEA, ERRFHINARHLSBA o #R], KmHde
HERFEW. D BALEFTHATHERYEITAKETH, FRTHN
SINT iy FrydE, B HRF RS T o2 D, Miaol®HR A4 47t
BT —f 6-5-6-7-6 WALAHFLEXRMEKAA (Figure 3.1A) , ZH64
HAFFLRMEEN 22n AR, EXHETTFENE, ExHETRFTEHE, 7
WHRT P REFS AR, YR IME, HO0 G FHMBRNER, #5L
EABRETI N AEKZ P, Takai 1§ H AR E T — 5 7-5-6-6-6 th 544
H A (Figure 3.1A) , KEZ SR LEMENIFERLEM F . LN A &AM F
BVERI R E A TR B H BN . B/ HOMO-LUMO #[&f & & i
P, R I A R A Ak T R I AR A R 3 R R T

F—FRNNBT —HERAREEBSEF KN T, ARYART &
EAANEETHA LR FHAE BDAL, EAEF, RIVARBNA R T EHE
7 BDA2. BDAL fu BDA2 & —*f e xf B 244k, ©A1% 8 7-5-6-7-5 By &4
A ULE YA AR FAAE (Figure 3.1B) . # {147 %F BDAL #= BDA2 4%
M, AREARRR T FUHAP AT T #— SR,
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azuleno[2,1-a]phenanthrene azuleno[2,1-alanthracene

OGP P

benzo[1,2-f.5,4-f]diazulene

eee

pentacene

v
Sy

benzo[1,2-f.4,5-f]diazulene

4
gk

Figure 3.1. (A) Chemical structures of pentacene and its analogues; (B) Two typical
nonalternant isomers of pentacene

3.2 LB

321 R FEHNH

Fraw Rl A A mH A e gL, o HEEM. LRER N TAER %R
XU ATRERGFREN. BERNAMNEAEIRS, ERAEEEE LT
300-400 H & g #4745 & ;% A Bruker AVANCE NEO 500 £ &% 3£ 9 (U]
‘A, ik, ROESY fo COESY #, MXAWARALZ A AREH
(CDCly) , WAt AW EEEKR (TMS) , E+ H NMR # f CDCls #7 % 1
7.26 ppm K TMS #r7£% 0.00 ppm & £ 4x, *C NMR i f CDCls x££ 77.00
ppm EAr. B HE FiE (HRMS) £ 5 Water Synapt-G2-Si &, 7% & &, 5 K AT At
] i, BERmAARE FEE BT BT RN EEERF AL HELE
I 7= Shimadzu UV-VIS-NIR (UV3600Plus+UV2700) ¢3S &, %4 % &%
BEA 2mm; AAERELERSBEST AL EN (+— KA A LEN FSE)
(FLS1000+FS5) E10 F 7 ok il B4R I 2 Ak K& TR EFRK K F 4
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BIh% (CV) MmEpFkm k% (DPV) Mk (# A & Zahner B4t T4
Wio X A& HE @M HE 2 @ T X B & 4 44T 510 (Bruker D8 Venture
diffractometer with PHOTON Il detector) Y% .

322 A A R

R 3.3 R R BDA2 R
R 25% R R 45% R

Scheme 3.1. Reaction conditions: a) NBS, BPO, DCE, 85 <C; b) AgNOs, EtOH,
90 <C; c) NaOMe, MeOH / THF, reflux; d) Pd(PPhs)s, Cs,COs, toluene, reflux.

&% BDAL KW AN ARELZEEFRR.
a4 3-1 AR

Br. Br
Br\g@(&

Br Br

3-1: 250-mL # FE mE P, A 15-—H-24-—HEXHE X (339, 12.6
mmol) , NBS (31 g, 17.6 mmol) Fiid & ft.%X ¥ Bt (243 mg, 1 mmol) , A
120mL 1,2-Z AWM, ZEBMWAE 8 T, EARRERY T KA F /N,
W5 B\ F B BT S K FEE (243 mg, 1 mmol) , 85 T 4L R v 8
NEE, R ZRE, BN 100mL A, T AEEK, TERAED, REAA
BEECOHESE, KWEEE, EERERANER, BFESEAEENIE (it
A mEr) , 5% 59 AEERZ 3-1, 7% 68%. 'H NMR (500 MHz,
CDCls) 1, 8.67 (5,18H, Hp), 7.71(s,18H, Ha), 6.97 (5,18H, Ho).
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A4 3-2 WA R

Br Br
3-2: 100-mL ¢k EF, mALAEY 3-1 (348 mg, 0.6 mmol) , FHEL4R
(449 mg, 2.64 mmol) F1Z. B (10 mL) , A FE 90 T K AL 40 440, =4 &
wY. REZRGE, BAKIE, TREMRTEY, BHERCEBRE, KRR
R, BExhEER, HRAECKES S, 53 99 AaeEE~Y 3-2, 7%
60%. 'H NMR (500 MHz, CDCls) du 10.32 (s,18H, Hp), 8.39 (s,18H, Ha), 8.04
(s,18H, Hc).

2 3-3 WA K

3-3: FE4F, HE 2-3 (260mg, 0.44mmol) , 3-2 (58 mg, 0.2 mmol) #1
TR F BN E R (216 mg, 4 mmol) E T 50-mL T2+, FiEm A 10
mL A FEEM 10 mL TANEAR®, mATEE, HEXH, ZEARE
70 TRE, FREBF, KRAFERE HRLE, 70 THER A 24 /N, R
gRGE, #NEFIR, BIAS0MLAFT, fHAEEEK, AEHCRIBEERS3
K, BB, TARBRNTE, ANEEREET, EFREALENMLE

ORI A6 B | — 4 F=15/1F5/1) 52| 70 mg # 40 & & & = 4y 3-3,
7= 24%., H NMR (500 MHz, CDCls) 6+ 7.33 (d, J = 8.5 Hz, 4H, Hy), 7.30 (s, 1H,
Ha), 7.15 (d, J = 8.5 Hz, 4H, H;), 6.98 (dd, J;: = 10.0, J> = 8.5 Hz, 8H, Heq), 6.71 (dd,
J1 = 8.5, J2 = 3.5 Hz, 16H, Huing), 6.56 (s, 1H, Hc), 6.11 (s, 1H, Hp), 1.34 (s, 18H,
Htgu), 1.21 (s, 18H, Hisy), 1.20 (s, 18H, Hgy), 1.02 (s, 18H, Higy); *C NMR (126 MHz,
CDCls) dc 149.0, 148.9, 148.9, 147.8, 146.9, 142.6, 137.5, 137.2, 135.3, 134.3, 133.3,
132.5, 132.4, 132.2, 132.1, 130.8, 130.6, 130.0, 129.9, 124.7, 123.9, 123.7, 121.5,
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34.5, 344, 343, 34.1, 31.4, 31.3, 31.3. HRESI-MS Calcd for CogH108Br2: m/z =
1443.6890 [M + H]+; found: 1443.6816.

144 BDA2 W14 &

BDA2: FE4+, KK E 3-3 (19.7 mg, 0.0136 mmol) , W (=FEEH)
4% (3 mg, 0.0027 mmol) F & B4 (26 mg, 0.0816 mmol) & F 50-mL T/ # &
B, BEMASML AAFR, mATERE, HEFH, EEAERE 120 TR
R12 /NEf. RENEER)E, AHEZFim, B 30mL AT, fTHEWER, AEHAT
BMBEER 3 K, AHANME, TARBRMNTE, FNMEREEZT, HFRE
FAEEM2E GRER A @E | —4AFk=15/1F10/1) %2 8 mgAKEE
B & 7 41 BDA2, 7% 45%., H NMR (500 MHz, CDCl3) on 8.34 (s, 1H, Ha), 7.73
(d, J = 2.0 Hz, 3H, Hy), 7.50 (s, 1H, Hs), 7.33 (m, 4H, Hes), 7.28 (d, J = 8.5 Hz, 5H,
Hi), 7.22 (d, J = 8.5 Hz, 5H, Hp), 7.14 — 7.08 (m, 10H, Hieig), 7.06 (d, J = 8.5 Hz, 4H,
Hj), 6.76 (d, J = 8.5 Hz, 4H, Hi), 1.33 (s, 36H, H'gy), 1.32 (s, 18H, H'sy), 1.26 (s, 18H,
H'sy); **C NMR (126 MHz, CDCls) dc 150.9, 149.7, 149.2, 149.0, 148.4, 143.0, 141.8,
139.9, 136.9, 136.4, 134.9, 134.2, 133.8, 133.7, 133.1, 133.0, 131.8, 131.6, 131.1,
130.2, 128.8, 127.0, 125.1 124.9, 124.9, 124.1, 34.7, 34.5, 34,5, 34.4, 31.4, 31.4, 31.3.
HRESI-MS Calcd for CogH106: m/z = 1283.8367 [M + H]*; found: 1283.8370.

3.23 e A AT IR A &
S 3 IR«

1k 4-#1BDALF BDA2HY & 4R ok 3 A 5% K & 5 K3 7£2.0 < 107° mol/L#
AATERN G . MR, 786 3 & I hm A3 mL iy £ VAR & 1 ) 2 ol ok
WAL, LA BDALFBDA2EER M A T X 6 X LA Z NH R + A
F B9 2 AT #2.0 % 107° mol/LHy &7 & . MIART, A @ I F A3 mL
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HAENER, REFABREIMEEBMAZRLBRER, BRAWNEEY — 4
o, WAERBEEI LA EL . EXNETFREARSHKINE.

B % CVADPV IR :

k. 4 %1 BDAL #1 BDA2 By m, 4L % MU 3K 62 B &k — & F b 1 4 % A,
["BusN][PFe] 7 #.#% i, Fc / FcHk R 4 puar, MR E H1.0 <1073 mol/L. {£ A
BARY, FRHEFRE N0 MV, EERTHTNE, FAZERAER: 4
22 AR Ay X AR, AR A TEEAR, Ag/AgNOs A &t Bk .

BRI

BrE W% iz (DFT) it & H Gaussian 16 3 k. F7# 104 Hy il JLAT £
WHREEAZFMHT, ®AH BILYPHH 7k, HLA®E 6-31G(d), /s
B 45 H BE AT B (B AR B 55 Bz B (TD-DFT) it &, {# F B3LYP/6-31G(d)#E
KFE (RMEM) e ERRTHE (GIAO) FkitEm RukikE. BT
%1, 7 GIAO(U)B3LYP/6-31G(d)E AT Lit B EZ I hF A (NICS)
B, RMNBREENELEEFENE (ACID) 5% Herges?d I % th 7=, FH 1
POV-Ray V3.7 #4745 RA WM. EF S ¥ FikEm (ICSS) I H 77 & oA
ZHBFSHNFEAE (2D-NICS) I Z 47 mH o .

33&REit#

331 Bt et e R REHKE TR

R E—Z=W %, RAINFEE 2-3 HAHFF 2 BDAL f2 BDA2 (&
eE B h 31%F 11%) , H+ BDA2 I 3-6 WK E A (K, X AR K
K 33WEMAARKRETESGH B, BDAL 72 BDA2 B AWK THEHK
E, BEAMASANEA FHL T HREWEME., ZHERTT, BDAL ¥+
B RN FEFRAA— /M5, T BDA2 FEXF LR MR T h FHERET
AfERAME#ESTE, &F BDA2 ¥ H A Z A FHAEFRT Ho T AHE,
BHARAWRG LA, T BDA2 F Hr i TR A X #2271 Lo 48 4 & 7
#f1# (Figure 3.2) . BDAL #1 BDA2 ¥ i 7 Hp f2 He Z [8] & £ |8 #B 4, 7]
DREEIRF Ho P REECEESH dEFE, UKFRTF H 8 dd i,
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Figure 3.2. 'H NMR spectra (500 MHz, CDCIs) of (A) BDA1 and (B) BDA2

3.3.2 B &FE R

A# R BDAL #1 BDA2 B4, BATE 78 & U EA & o R A
BDAL MW ¥ & FEEAE mitih, XEXE /% BDA2 WE KL, Hif—
FHHATHI, BDA2 WEGATEA I | FEEARZR LAY #k%52 . BDA2
HEHREAWMNEY, ZA &K, THEHN PL. 5 BDAL XM, LA mEFE
A58 BDA2 4 T4 SE T WM, XHTWENTHL, TAA BEFIKE,
BDA2 #y 8 & & — Xt xfik B M & (Figure 3.3) , T BDAL N & F 1 F A4k
Y HE

Figure 3.3. A pair of enantiomers existed in the X-ray superstructure of BDA2. Two
enantiomers are shown in different colors wherein (M)- and (P)-enantiomers are
depicted in tan and sea green, respectively. Hydrogen atoms and solvent molecules
are omitted for the sake of clarity

m RERE LR, BDA2 T L& Nakt b r Ml &, AFHEME
FHHEZEHAR (Figure3.5) . BDA2FHW = A Z & T LT E g &+ 4
FIERT AWM LR S, 5BDALE Ei# 1 [C—H-n]#[C-H-Cl]#h 48 &
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AKX FE, BDA2GEAERF T UNEZE| —fshE AL, F FE, A
HFRA[e-nfEFIRELHRE, WREFEFHEN, [n-na]ZHEE 5340 A
(Figure 3.4) .

side-on view top view

Figure 3.4. Side-on and top views of a racemic supramolecular dimer in a
geometrically complementary manner in the single-crystal X-ray superstructure of
BDA2 formed from the (M)- (tan) and (P)-enantiomers (sea green) by means of
complementary intermolecular noncovalent bonding interactions. Up: The (M)-
enantiomer is depicted as a stick model superimposed with its semitransparent space-
filling model, while the (P)-enantiomer as a stick representation. Down: Both
enantiomers are depicted in space-filling representations. The orange dot arrow
indicates [=---xt] interactions
A

|

¢ ¢ | g
Figure 3.5. Packing superstructure of BDA2 composed of racemic dimers. (A) A
view along the crystallographic b-axis. (B) A view along the crystallographic a-axis.
For the sake of clarity, these racemic dimers are highlighted in orange and cyan colors,
while hydrogen atoms and solvent molecules are omitted
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3IZREXELERHKARFAR

AH R BDAL fo BDA2 B AW F W, RATMIR T X # A LA Aoy £ 50
W, FrEBERHEZRAH THAHEAER (3mL) FilE. BDAL 8155 ik
FELr—FE4WHE, XEEAHR BDA2 EMELAGETH L/, FHT_F
ML 3. 72 BDA2 By E AR U o, 405 nm A& & AR Y4, K& 650 nm
et T 0, AR T BIRHE So—>Si AR URIE, FB BDA2 BIKHY ¥ e
fE (EgOP) . @it &% BDA2 By E%' 7 1.89 eV, [ /5 #. (17 BDA2 & 17 &
BEMADLEWN ALK (TFA) , FREFERN TR E . EimA 10 pL
TFAFFER 1 o4 5, WK R Y, X3 BDA2 EKE KX HIAHHR
Woig, WA MANBRWEEA S, B IR AR OBOE F HTAL SEEREE R K
BB L, YA TFA WEXE| 200 pL B, Z4% U F~F & (Figure
3.6A) , WHEAS FERELSH THRNKTRA, BRAMENE 6T RE
. 4 BDA2 HEIRAQAR, W ERmARKEAE 680 nm 4, HEHZ|
1020 nm 1758 #5569 & 4Rk, BRALJE BT EQOP O 1.27 eV, MtAh, RAILEE
TBEBRAST TFA X BDA2 K X R A HI . HATEEF TR A (457 nm)
BRBEK, EFERATEH, DBABR/LIFLL B, SHERAZH M TFA
&, WIRAE 700 nm EAEAERLIR AR AL A, BE TFA 2R, KH

AHHEELY, YAHFZRTBREERILAA 15/ 1 HRIEA, T
LLAS B — A 749 nm MR L X AT, HRKRERNBRAE T EH/H = € (Figure
3.6B) .

¥ BDAl f1 BDA2 #ATH I &S, AHEFTRERTHEHNEEC,
BDA1 #1 BDA2 s A X KIS EF AR XA, 4A% 483 nm #1405 nm,
X {15 BDAL B € B B 1% %, BDAL L BDA2 AL eEm(K, AnER 3%
KR OA &K 4TI L H BDA2 E v #  (Figure 3.6C #1 3.6D) .

#ATE4 T BDAL fu BDA2 By L 41 (Table 3.1) . wAT#E F &4
TETHFEFFEHRARERET X (@), YHERATFLE, © EHF
BRI, 24N 2.99%F 4.85%, Hiv \BREHHATEmATCHEAE 70 nm £
o
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Figure 3.6. (A) Variation of UV-vis absorption spectra of BDA2 upon protonation
with TFA. (B) Variation of Fluorescence spectra of BDA2 upon protonation with
TFA in. The excitation wavelength (Zex) is 457 nm. (C) UV-vis spectra of BDAL and
BDAZ2 in CHCIs in the neutral state (solid line) and after protonation by TFA (dash
line). Inset: photographs in the neutral state (left) and upon addition of TFA (right).
(D) Fluorescence spectra of BDA1 and BDA2 in CHClIs in the neutral state (dash line)
and after protonation by TFA (solid line). Inset: photographs in the neutral state (left)
and upon addition of TFA (right) upon 365 nm UV light irradiation

Table 3.1. Summary of Photophysical Characterization
Compound  Jas/nmB e /nmPl ELCP/ nm(d SS/nml@ T/ nsl @/ %lf

BDA1 483 — 1.75 — — 0.53
BDA1 + TFA 750 823 1.15 73 1.59 2.99
BDAZ2 405 — 1.89 — — 0.24
BDA2 + TFA 680 749 1.27 69 3.70 4.85

[a] Absorption maximum at the longest wavelength. [b] Emission maximum. The
excitation wavelengths (lex) are 500 nm and 457 nm for BDAl and BDAZ2,
respectively. [c] Calculated optical energy gap. [d] Stokes shift. [e] Maximum
emission fluorescence lifetime. [f] Fluorescence quantum yield
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3.3.4 BALE MR
BDAL W ¥ MR ES —E O HThH, XELHEHA., BDA2 HEAF
WREFEN TR AT IRERFIR, BHRRE (CV) BF B RETHEH
A, 24k REE (DPV) SR A &R s (Ep™) #H 4
0.78 V, (BH LR dE (LA 1, L) # % AL v —1.45 F1-1.66 V. [
Ja B AV LAY B AL E ) BDA2 B AL BEFR EqEC 4 2.11 eV (Figure 3.7B)
B F i & I, BDAL f1 BDA2 #y# — A LIk iy fe bbb i LT A8

I, BDAL #7 BDA2 #9113 HOMO (HOMO™) 8% JLF—#, 4 %% 557 fo
5.54 eV, BDAL #u BDA2 48 #1#y 7 A L& & ¥ 4 F 1 HOMO ## HOMO-1 #
# 5, fE#. {2 BDAL f1 BDA2 8 % LUMO #i (LUMO™ ) A4 ff
Z5, a4l A 370 f1 343 eV, DPV %4 B8 BDA2 B0 R B L5 5 A
~1.45 f1-1.66 V, 1 BDAl #hiL R i& R A —/, KB BDA2 # LUMO #
LUMO+1 g% % tt. BDAL /IN, X i8] BDAL f1 BDA2 WA AL A E B Z & m T ©

{IT#7 LUMO #,38, 12xf HOMO g8 & # & ms 3/ (Table3.2) &
A B

—CV
—DPV

—CV
——DPV

=

T T | | T
15 1.0 0.0 1.0 15 15 1.0 05 0.0 0.5 1.0 15 2.0
Potentlal(V) vs Fc/ Fc Potential(V) vs Fc / Fc*

Figure 3.7. Cyclic voltammograms (CVs) and differential pulse voltametric (DPV)
curves of (A) BDAL and (B) BDA2 measured in anhydrous CH2Cl> containing
["BusN][PFs] (0.1 M) as the supporting electrolyte at room temperature. The scan
speed was 50 mV / s, and Fc / Fc* was used as internal reference
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Table 3.2. Summary of Electrochemical Characterization

Compound Ev®™ Err®® Eonee®™ Eonset®® HOMO™™ LuMO™ Eggec
V V V V eV eV eV
0.99
BDAL o -l22 077 110 557 370 187
095 -145
BDA2 078 L 66 0.74 -1.37 —5.54 -3.43 2.11

[a] E12® and E12"® are half-wave potentials for oxidation and reduction waves with
Fc/Fc* as reference. [b] Eonset™ and Eonset™ are onset potentials of oxidative and
reductive wave, respectively. [c] EgEC denotes electrochemical energy calculated
according to equations: HOMOE® = —(4.8 + Eonset™), LUMOFC = —(4.8 + Eonset®)
3.3.5 bt

# 117 B3LYP/6-31G(d) %+ T it & 7 BDAL f2 BDA2 i s KA B 4644 if
BRIy TEMERREMEMN, H SAEH, BLEHRMITHFE
HOMO-LUMO & %, * % BDA2 # HOMO #i £ B 4 7 & B 03 R I 4T By
AL, X% BDA2WETHAHHABHE €, T BDA2 8 LUMO ## + %
BEHAELSTHEL 5-7-6 3 ., BDA2 #§ HOMO-LUMO £ (E%) % 2.65 eV,
Bl kg (1.89eV) Fufgiffk % (2.11eV) Fria#iEE (Figure 3.9)

Bl £, BDAl 1 BDA2 # HOMO #f2 LUMO %3 & 48 fileh 4~ 4 (Figure
3.8) , HOMO #if& # & WMl & T3 K £, LUMO | 747 48 [&] 1Y 7 /> 3 A
HER G EA L, ELea P E T4 UA KR BDAL 1 BDA2 & T X
ERAEHEMATHMEMEHNERLE, H LUMO T E&EFEH LM  (Figure
3.10) . BDAL F BDA2 # HOMO #1 LUMO fE% £ 4 5| 4 2.41 %1 2.65 eV, %
YR B B A 8 175 Fr 1.89 eV, TEIAR LT SEH EFSC 4 Al 1.87 Fn
211 eV, HHHEF MM, s, BDAL fr BDA2 7 HOMO 1 HOMO-1 #£ 4
Z4 A A 007 A1 0.03 eV, X&ZH £ BDAL 1 BDA2 4 7+ HOMO #n
HOMO-1 4 T #i8 F & e e 3, Wi T A + BDAL 2 BDA2 7 A
B EAMNIE, FEB, BDAL f2 BDA2 # LUMO F1 LUMO+1 8% = 7 5l 4
0.88 f1 0.17 eV, X5 NWFHERTFITE.,
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Figure 3.8. FMOs of BDAL, which were calculated using the optimized geometry.
The HOMO—-LUMO gap was calculated to be 2.41 eV (isovalue: 0.02)

s, HOMO-1 , _ HOMO
> 9 f‘f 3 asrev -4.84 eV
Figure 3.9. FMOs of BDA2, which were calculated using the optimized geometry.
The HOMO—-LUMO gap was calculated to be 2.65 eV (isovalue: 0.02)
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Figure 3.10. DFT calculations of electrostatic potential (ESP) map of (A) BDAL and
(B) BDA2 at the B3LYP/6-31G(d) level

&A1 A TD-DFT kit & BDAL f1 BDA2 Wy U i, 51530 £ 4K
W 5% 45 £ICE (Figure 3.11) . 7 TD-DFT i+ & & BDAL R tE+, %
THEB R FREFFEHN SooSt R g, THEEE 495 nm Lk FRE
FEHEH HOMO-LUMO+L W RE R K, KF LN Soo>S Bk, i
TR+ WA E| 461 nm Fr 483 nm F AT s, £ BDA2 By F ot , 500
nm DL _E 55 ey Rk & Xt B2 T TD-DFT & # 599 nm & So—S1 B9 R ki, &
B HOMO—LUMO #.# SRt 5wk, ¥k T3ERMK, RA 00115, BDA2 X457
o B AU 405 nm, X £ E T4 HOMO-3—-LUMO #ii# K if, HikF
5% F 1A 5 0.9749, X ML 7 BDAL f1 BDA2 &R Ui A F B EF
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Figure 3.11. UV-vis absorption spectra of (A) BDAL and (B) BDA2 in CHCI3 at
25 <C. Calculated UV-vis absorption spectrum of compound (A) BDA1 and (B)
BDAZ2 based on TD-DFT at the B3LYP/6-31G(d) level
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BDAL #1 BDA2 X3 E iy NICSU)EH & A, XEAXINAME T T RIFNF
#t. BDAL f1 BDA2 £ 03 NICSQL)E/LF#4# T 0, BardREHF &,
AL NICSQU)ERE®TELH, BRHRFHFEFE, E/RTEI (Figure
3.12A #1 3.12C) . M ACID B 7] LLE i, &AL T &Rk — A e 4 8
T, EREXHASTFEHUMETERTF AT - HALNIRAFE (AFAL
&8 kA7 0E) , X k&P BDAL fr BDA2 #E o~ T 4B % &R MR (Figure
3.12B 7 3.12D) . A ICSSL) . A+ UFEH LI F N EE, KALTHH
FEEWRE, ATARBERG, WHALTHERALT FEME, EELBEL
Bl R DL LA B % B SUE #0E B BDAL o BDA2 AA A8 MH 7 &
M RAE (Figure 3.13) .

o

Figure 3.12. NICS(1) value of (A) BDA1 and (C) BDA2 calculated at the B3LYP/6-
31G(d) level. ACID Plots of (B) BDAL and (D) BDA2 The direction of the ring
current was shown by red arrows (isovalue: 0.05)
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Figure 3.13. Isotropic chemical shielding surface at 1 A of the Z-axis (ICSS(1).) for
(A) BDA1 and (B) BDA2. The orange region shows aromaticity
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3.4 RFE/NE

GERR, RATKA L —FR W7 ERITHF A6 & T BDAL 1 BDA2,
XA UEYTENANEFREMEH ARG TR, HUBNERTMAS
HEATHESARUARE, URERBE TEIAETRBNFLLZ. Wi,
BDAL 7 TFA eN{EF T 7 & 5T 44 823 nm By 437 X . B fk 2 Au it S AE BF
BDAL f1 BDA2 #§ HOMO #1 HOMO-1 #i.4 & 7+, H BDA2 #y HOMO-LUMO
Z AT BDAL, Z%H BDA2 X BFH ¥R . BDAL #1 BDA2 897 &
WAEAR, H#E ACID # AT NEZRLBFERMNFE. AFELARHL
AKHEEFHE, ARCNWEMEFFHRETFEFRERREE, FHRITE
S EERFHRENIERL PAHs 4T L An 3 36 A,
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Figure 3.14. *H NMR Spectrum (500 MHz, CDCls) of 3-1
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Figure 3.15. *H NMR Spectrum (500 MHz, CDCls) of 3-2
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Figure 3.16. *H NMR Spectrum (500 MHz, CDCls) of 3-3
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Figure 3.17. 3C NMR Spectrum (126 MHz, CDCls) of 3-3

105



RPN L i e VA4S

9T\
[450 Sl
mmé\

00°L|

6.8

7.2

8.0

8.4

»,2'8l

Rsz'95

001

80 75 70 65 6.0 55 50 45 40 35 3.0 25 20

1.0 0.5 0.0

1.5

S/ ppm

Figure 3.18. 'H NMR Spectrum (500 MHz, CDCl3) of BDA2
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Figure 3.19. 3C NMR Spectrum (126 MHz, CDCls) of BDA2
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Figure 3.20. 'H-tH COSY NMR Spectrum (500 MHz, CDCls3) of BDA2
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Figure 3.21. HRMS Spectrum of compound 3-3
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Figure 3.22 HRMS Spectrum of compound BDA2
Table 3.3. Summary of the TD-DFT calculation results of BDA2
Wavelength (nm) Osc. Strength(f) Major contributions
598.6972 0.0115 H-1-L+1 (15%), HOMO—LUMO (83%)
593.5950 0.0315 H-1-LUMO (85%), HOMO—L+1 (13%)
526.7182 0.0113 H-1-LUMO (13%), HOMO—L+1 (82%)
507.6326 0.193 H-1—L+1 (83%), HOMO—LUMO (15%)
4441012 0.0503 H-2—LUMO (91%)
436.1034 0.4288 H-2—L+1 (84%)
418.6674 0.9749 H-3—LUMO (88%)
381.3255 0.0284 H-3—L+1 (85%)
367.3388 0.0325 H-4—LUMO (74%)

364.7023 0.4875 H-5—LUMO (84%)
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Table 3.4. Crystal data and structure refinement of BDA2

Parameter BDAZ2

Empirical formula CogH106°C2H2Cl4

Molecular weight 1451.66

T/K 100.00

Crystal system triclinic

Space group P-1

alA 17.1130(15)

b/A 18.2901(16)

c/A 18.4162(13)

al © 68.142(2)

pl< 80.228(2)

vl < 72.428(2)

V/A3 5089.5(7)

z 2

pealc | mg mm™3 0.947

wlmm 0.154

F(000) 1388.0

Crystal size / mm?® 0.31 %0.22 x0.16

26 range for data collection / © 3.96 to0 50.258
—21<h<21

Index ranges —23<k<23
—23<1<23

Reflections collected 148171

Independent reflections 22439 [Rint = 0.0722]

Data / restraints / parameters 22439/ 12 /972

Goodness-of-fit on F2 1.064

Final R indexes [1>20 ()] R1=0.0796
WR2 =0.2179

Final R indexes [all data] R1=0.1220
WR2 = 0.2503

Largest diff. peak/hole / e A3 0.76 / —0.96

CCDC No 2163556
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FHE —PHRSH AELEHNRIFFTERELERFR

415]%

FJL+4%k, PAHs E ¥, WEFM BB AW EAFET ) 2BFR
4, BEARTE. WHEEKR., REERFANEFENEY, EXBENLF
WRARMRT X, R PAHs BF — e FE&MP R, b
HX T2 % PAHs AR EH HOMO-LUMO #:F%, 3% PAHs T A4 7=
Hy e R, B AR Y e T AR AT R B A R

HAEN—FHEAWEREK PAHs, ETEMEE AR T RERE, FEHK
HRAEBHRN— AL, b THEMEENER, Ko ZNAT o B
#4002, AW R A BFAH AT E, B ENMNER
MK B Fr g R A 7 Bon B AR A0,

Bal ¥R RHIRF T EET AR T &, BAARENFN T E UK
AR LA A EEME PAHSI, (E 37 1§ B R AR LW T A A REN
PAHs W fl F 1 H £ WM, EHEINSANEERMAFTEFHHFERR DR
2U, fl4n, Mastalerz R P3% 3 T A Scholl K ALA m& T # N\ A b 47 2R 55
BB AAKE T, Zhang RAHRYSG R T —# BH K Kasha & 4t f1 & = it
RN EATA 5-7 F K% PAHs. Yasuda if 2141233 3T (8 o2 )R it 4
BT — R BEAFRE R T EERFEA G EEN,

Z R (truxene) £—NM=X-FmmA &4 (Figure 4.1) , & & E M
aldol fit K% &K FHBl, ZRUGEFAAHEM, FHER _EMRHWEET
Bk, @B ERFRE LI, TREAEEHE PAHs, 4 Mastalerz
WA R — 5 i B S )\ T B PAHSEE,

EAREF, RNURTE=ZREGAERS T, BRXERT EERII AWK

FRLH Y 7 E—HEEEH = NEHERKL PAH BTA. A BTA
BREANNERZ L) FEAERFE. BTA EARFLXEHARWE L, LiEE
TFAMH RS LY, RKAEARFHNAFREE. RERINLEH NOBF,

x BTA #HATE M, B8 T Z#HE =4 BTA-NO2.

T
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truxene isotruxene truxenone

Figure 4.1. Truxene and its derivatives
4.2 L4 ¥4

4.2.1 EREA 5 X EH

FraaflfX BB e wIgE, TEEERA. TRAER T ABR %R
XA TRERERMEA . BEftbmmELEIR Y, EHAEEEENF
300-400 H & fix # AT A & 40 M5 {F ] Bruker AVANCE NEO 500 4 # 3£ 3k (Uil
FEE. #ig. ROESY f1 COESY i, M1k A mmARA A mARat (CDCly) ,
WAR AW FERERE (TMS) , £+ H NMR i i CDCls #7/£1& 7.26 ppm X
TMS #7414 0.00 ppm & 4%, °C NMR i 5 CDCls #7114 77.00 ppm E A7, 4
T & B9 R R A 54 Bl O AR AT B BR AT B R U U (MALDI-TOF-MS)
TR FEKXFATNR; LA LR WM EFE A E M A EE A Shimadzu
(UV2700) i EME, HEFTEXEN 2 nm; A ELEIAE Edinburgh
KAXEN (F35) METRALS: AAXLENAERITHEST L ALEN (+
— R ki FS5)  (FLS1000+FS5) LillE T A#c & F R A3t
HFE A EHRE (CV) FoZz4fiodkxiE (DPV) MR A # 2 Zahner &
¥ TfEsh, X A& B &N AKEREL X 82 &4 %474 (Bruker D8
Venture diffractometer with PHOTON 111 detector) U £
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4.2.2 A4 8 A K,

Scheme 4.1. Reaction conditions: a) 2,2-dimethyl-1,3-dioxane-4,6-dione, EtsN /
HCOOH, 100 <T; b) PPA, 100 <C; c) PTSA, propionic acid, toluene, reflux; d) Bzpin,,
[Ir(OMe)COD],, dtbpy, THF, reflux; e) 8-bromo-1-naphthaldehyde, Pd(PPhs)a,
Cs2CO0s, toluene, reflux

B 4-1 70 4-2 AR A8 IR A B R 120,
e 4-3 W6 K

e
d Bu

4-3: 30-mL FEHHEF, RAMALAEY 4-2 (1.1 g, 585 mmol) , *f
FE B — A f4 (3.99, 205 mmol) , EiwA 1.7 mL mEF 5 mL FIEH F
¥, MEEAAABETEBAEE 135C, Run®. REZEXE, AHEE
M, AT AEEEK, EEA AT REMR, Fim 50 mL ok, —AFRER 3
K, &N, TARRNTE, FNWEREET, HFERERALENLB
Gtk 2B 7 B B | — S F k=50 / 1) , 152|262 mg & & &k 4-3, =% 76%.
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IH NMR (500 MHz, CDCls, 298 K) 61 = 8.02 (d, J=2 Hz, 3H, H.), 7.67 (d, J =8.0 Hz,
3H, Hd), 7.46 (dd, J1 = 8.0, J2 = 2.0 Hz, 3 H, H), 4.28(s, 6H, Hy), 1.51(s, 27H, He).

A 4-4 WA R

4-4: FAKP T, TIEHHE FHKKMWA[I(COD)OMe], (30 mg, 0.09
mmol Ir) 4,4-— - T #Exwk s (24 mg, 0.089 mmol) #u /b & B Bk B B2 47 Al B B
(69 mg, 0.27 mmol) , B A 2mL WA KHAEMAEZR TR 34, H
FHERENKLE, MEEANEMLEY 4-3 (430 mg, 0.84 mmol) #u Bk 4 B2 A1
ANEEBE (920 mg, 3.62 mmol) B 4 mL WEAHART. HEFHEFEE
80 TRMHEK. RNZEXRE, WREFR, RNRAERET, HFRAFE
REk#&, TH, /5% 860 mg &€& =4 4-4, % 90%. 'H NMR (500 MHz,
CDCls, 298 K) 814 =8. 24 (d, J = 1.75 Hz, 3H, Ha), 7.86 (d, J = 1.77 Hz, 3H, Ha), 4.54
(s, 6H, Hp), 1.54 (s, 27H, Hc), 1.46 ppm (s, 36H, He).

1A% BTA A R

BTA: FE£#+, KAHE 8-IR-1-ZEB (94 mg, 0.4 mmol) . I (=K
£ 4 (17 mg, 0.015 mmol) . # B4 (325 mg, 1.0 mmol) #7 4-4 (89 mg,
0.1 mmol) & F 50-mL FIE# &+, A 8 mL Lk DMF, #H%EFH, &g

WBZE 110 TR 40 /Net. RN R, AHEZFR, B RN =HE N ZE 50 mL
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AF, MHEER, KERTBRIEER 3K, AFENME, TARBRNTE,
BEHARREET, MFRERAEENSE kAN A mE /| —&F =10/ 1)
53|25 mg % # & Bk BTA, &% 27%. H NMR (500 MHz, CDCls, 298 K) d4
= 8.33(s, 3H, Ha), 8.08 (s, 3H, Hi), 7.71 (d, J = 8.0 Hz, 3H, He), 7.65(m, 3H, Hy), 7.62
(d, J=8.0 Hz, J = 8.0 Hz, 3H, Hc), 7.54 (t, J = 8.0 Hz, 3H, Hy), 7.26 — 7.27 (m, J =
8.0 Hz, 9H, Hgun), 1.34 (s, 27H, Hj) *C NMR (126 MHz, CDCl3) dc = 153.81,
138.60, 138.11, 137.94, 136.59, 136.53, 136.48, 134.88, 134.87, 134.73, 133.85,
132.19, 129.40, 128.87, 128.64, 127.99, 126.94, 125.69, 119.98, 35.18, 31.50;
MALDI-TOF MS m/z calcd for Cr2Hss [M]*: 918.3393, found:918.4225.

4.2.3 -t oA 5 WA 7 i

3 PR

14 HBTAFIBTA-NO2#] % SR UK K 3 Fn 5% K & 5T 6 3% UK BT B4R R 4 %
1.0 < 107° mol/L#y A LA . T F b W F i \ 293 mLEy R MlE g E, ik
HER OB S Fe Rt . X E T R A M K AE2.0 < 107° mol/Leh & 17 i
&

WL ¥ CVADPVH R :

k. 4 #1 BTA F1 BTA-NO2 # . 4L 2 Il %X 6 Al & A — & % 1 % 7,
["BusN][PFe] % . #2 51, Fc/ FcHA R H AR, MHREE #1.0 x107° mol/lL. & A
R, FHAERE H100 mV/s, EZRE THTNE, EH_ERKR: #H£
AR N X AR, BBk AR A TR, Ag/AgNOsH 5 H ER .

BRI

FrA #5528 (DFT) & A Gaussian 16 3. Frg & #r el JLAT 4
WHREEELZLMET, #F BLYPHHE 7%, HLAKE 6-31G(d). Mkt /E
BA) 45 A AT B AR B9 5 iz B (TD-DFT) it# . A A B3LYP/6-31G(d)# it
KFE (RMEH) e ENRTHE (GIAQ) FxitETHREKKE. Bl
fF A (NICS) E#E M4 T & GIAOU)B3LYP/6-31G(d)# it A F £ it
EHE., REBRTENEHFE (ACID) 5% HergesPVF % #1773, H1E

117



RPN L i e VA4S FIYE

Fl POV-Ray v3.7 St # AT 4 R A M. EREMFERE (ICSS) 44T —4£&Z
FSHNFEAME (2D-NICS) W Z %77 16 89 - A

4.3 R 53t

431BTAWA R ST

[3+4]
cascade
annulation

Scheme 4.2. One-step synthesis of BTA

Table 4.1. Screening of the [3+4] cascade annulation conditions?

Entry Catalyst Base T/ < t/h Result
1 Pd2(dba)s KoCOs 80 24 no reaction
2 Pd(PPhs)4 KoCOs 100 overnight complex
3 Pd(PPhs).Cl; KoCOs 100 overnight complex
4 Pd(PPhs)4 K3PO4 100 24 trace
5 Pd(PPhs)s K3PO4 110 24 10% yield
6 Pd(PPh3)s Cs2CO3 110 40 27% yield

2 The reactions were conducted with compound 4 in DMF solution with argon
condition

A E BTA B+, A1 4838 Suzuki-Miyaura 2 X B 575 5| = B
EvlEk, BRIL)FARAEERLER BTA, AMAEEZRIREFHEH L
AR R BE A R, ZIRT 2 ARAEHE, £ MALDI-TOF 4 Il 2| E 4%
P4 BTA BFE, XRALEBRIAEFT LA T[BHINET R, LI —4H
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BE|HARTY, AIMAEE, ERERAT (ZRER) EAEMAMA. BRE
18 H B BN 41 T 8895 DL 27%WX £ /5 2| BTA.

432 BEEMITH

Kt —FHHR BTAMEH, HAZRERERZUNENE W ERT K,
WK ok, EATE | AHRR, A—FAEHE BTAR R, &EREEY
VA4 RAEW F &M% (Table. 4.5) .

BEEMPITUEEMAAY BTA BB A6, 240K, SHEHFN
P2lic, # THAGHFANERERFARKRARNTHEN, THEEXET L
THANETFEEN, XATEHENEL, FEINERFE, LG TREE —
AATBREMAL L1 WA FE, KEGBRT MMP FHEMH, &6 RT
PPM F 454 (Figure 4.3)

Figure 4.3. A pair of enantiomers existed in the X-ray superstructure of BTA. (M)-
Enantiomer is shown in tan, while (P) in sea green. Hydrogen atoms and solvent
molecules are omitted for the sake of clarity

HAERE LR, Nakhs @&, PPMAIMMPF ## 5t Bt 7 A (R 52 & HE A
(Figure 45) . B@&M+T, RTEMETHANFERH L, THRE— N
flo A FZAEMREFERBL[C-H-n)f[n-nltH LA LI, ETNEH—F
T, BERAM [-nBEER, BB A 4370 Af3.35 A, [C-H-n]tE &
e BE 8 % 2.47 A (Figure 4.4) . Ib4k, /T T @ 3 ALY & 4R 78 U @ A2 7 4
FrAEBL[C-H-n]tH B, HEHHE2705|2.80 AL%,
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Figure 4.4. Intermolecular non-covalent bonding interactions between two adjacent
enantiomers in its single-crystal X-ray superstructure. The red dot arrow indicates
[C—H---x] interactions, The dark arrow indicates [n---x] interactions.

Figure 4.5. A view of the packing Single-crystal X-ray superstructure of BTA along
the crystallographic a-axis. Both PPM (sea green color) and MMP (tan color) handed
enantiomers exist in the superstructure. Hydrogen atoms and solvent molecules are
omitted for the sake of clarity

KL R TBTAE L M PR K . 2 52 M & B BT A AR IR 4
MBEKHELL ALL, FHEBMNBBRIHUR L. MEXAHNRKAT TS,
FEARZR, HPBTARKKHW#EKELTH £, Cl2-CI3W# Kk 5(1.49 A,
EUH ERKAERK AL48 A, XELMATLIAA, ERTHREEENES.
T CH L IR A K 4 A 9 1.41491.35 A (Figure 4.6) .
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Bond lengths of BTA
Atom Atom Length/A Atom Atom Length/A

C1 C2 1.476 C13 C14 1.407
C2 C3 1.347 C14 C15 1.387
C3 C4 1.459 C15 C16 1.395
C4 C5 1.387 C16 C17 1.387
C5 C6 1.401 C17 C18 1.477
C6 C7 1.356 C18 C1 1.420
C7 C8 1.413 C2 C19 1.460
C8 C9 1.414 C13 C19 1.389
C9 C10 1.357 C17 C19 1.407
C10 Cl1 1.404 C4 C20 1.451
Cl1 C12 1.383 C8 C20 1.434
C12 C13 1.488 C12 C20 1.438

Figure 4.6. Bond lengths in single-crystal X-ray structure of BTA

- FEEFHEBTARE — S A, FEPPMAMMPH ff R4,
MNEBE=AERFEFOCRMMANRRRITE _TA, %R0 75 474064,
38.074156.77°, It B # ff R 1R1F 209k H = 4| (Figure 4.9)
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Dihedral Angles of BTA

PPM MMP

Ring | Ring | Angel/®° Ring | Ring | Angel/°

Al Bl 40.64 A2 B2 40.64
C1 D1 38.07 C2 D2 38.07
El F1 56.77 E2 F2 56.77

Figure 4.7. Curvature analysis of the X-ray superstructure of compound BTA. Values
shown in upper table is angles between the different planes.

4.3.3NO*BF: &t BTAH &

NO*BFs & —F# W oy £ o FAMA, ¥ LLE PAHs R A& B EEERE T,
F B ATEHE NOBFa 5 BTA R, FAke K BTA AN 4. 5FHW &
B EERRN YR, EhATER 98w =4 BTA-NO2 (Scheme 4.3) .

Scheme 4.3. The oxidation of BTA with NO<BF4
BTA-NO2 By & ik ¥

BTA-NO2: F£4 %, # & BTA (5mg, 0.00544 mmol) 7 #if % T} THF
B F, MG NO<BF, (3.8 mg, 0.0326 mmol) , B#E HiKLTE, Hi
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EERTRMN 5 44, ANEREET, BFRABEEALENSE GRER
HA B ZEFR=3/1Z1/1) 5% 2.3 mg L@ E &4 BTA-NO2, 7
£ 40.1%. *H NMR (500 MHz, CDCl3, 298 K) dn = 8.42(dd, J = 7.0 Hz, J = 2.0 Hz,
1H, He), 8.31 (s, 1H, Ha), 8.08 (s, 1H, Hn), 7.92(d, J = 8.0 Hz, 1H, Hr), 7.75 — 7.85 (m,
2H, Hea), 7.33 (s, 1H, Hg),7.24 (s, 1H, Hp), 1.34 (s, 9H, Hj); *C NMR (126 MHz,
CDCls) 6c = 155.3, 146.7, 141.1, 139.9, 138.4, 138.1, 137.1, 137.1, 136.8, 136.1,
134.5, 131.5, 130.2, 129.3, 129.2, 129.1, 127.9, 123.4, 123.0, 120.6. MALDI-TOF-
MS m/z calcd for C72Hs1N30s [M]*: 1053.3778, found:1053.3427.

B ERGA

AEEFEYNREN, RN#AT 5 248G, FREGKRZREEZAT, &K
AAFRRLEHHEIA, EEREENE, QA FEARAEEL AL &,
—RAEAMELe Rk, ZXERBENLA, BRINIRAEINLENTY, £
MR Y, R EARTAL T A AL, HAATENRBGEFMS,
it H &8, HOMO f2 HOMO-1 ## & F, ATl BTA E&NFH LW RN
BH—R, XHEMEREESWERE. § BTA lt, BTA-NO: 2 & T4
X RAE, ERHESHN PPM 1 PPP AL, B G H3M 4 0 2R
B, NEFWEKFNZEE BTA-NO:2 JE R IRHY £ 1 F 4 R I B 25 Ly 2
WM. HP#KREN 138A, HKN 150A.

Figure 4.8. Two configurations in the single-crystal of BTA-NO2: PPM configuration
(sea green color) and PPP configuration (tan color). Hydrogen atoms are omitted for
the sake of clarity.
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Figure 4.9. A view of the packing Single-crystal X-ray superstructure of BTA-NO:2
along the crystallographic b-axis. Both PPM (sea green color) and PPP (tan color)
handed enantiomers exist in the superstructure. Hydrogen atoms and solvent
molecules are omitted for the sake of clarity.
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Bond lengths of BTA-NO:2
Atom Atom Length/A Atom Atom Length/A

C1 C2 1.460 C13 C14 1.399
C2 C3 1.390 Cl4 C15 1.431
C3 C4 1.480 C15 C16 1.400
C4 C5 1.390 Cl6 C17 1.419
C5 C6 1.390 C17 C18 1.450
C6 C7 1.391 C18 C1 1.400
C7 C8 1.391 C2 C19 1.451
C8 C9 1.375 C13 C19 1.400
C9 C10 1.460 C17 C19 1.400
C10 Cl1 1.410 C4 C20 1.390
Cl1 C12 1.390 C8 C20 1.391
C12 C13 1.490 C12 C20 1.505

Figure 4.10. Two configurations in the single-crystal of BTA: PPM configuration
(sea green color) and PPP configuration (tan color). Hydrogen atoms are omitted for
the sake of clarity.

4.3.4 A F AL F B FT R

A RAAY BTA M KAFER R, HATEAE SRS HE THATER TN
BT BRSO, EANTOK E BT EAE 475 nm AAH BOKR IR, VEIREE A
=HE B (Figure 4.11) , HFEER (EPD % 2.33eV,

H T4 BTA £ 365 nm £AMTRA TR B F G KL, EAHERT, £
FRKA B AT TZ N AW LS, ®F 365 nmEX B LK, ERET
KA A 500 nm A A T 6 R, f£ 562 Fr 590 nm AL AN B A AHIE,
XEFTLRTFAFHANRIEGBRTARENSHTRER, HRAEL.
RFKGHET B2 BT BTA BIR 30 6L R & 4R 50 R 1

FEAR R B AT, RATEE R T B A B BTA R A & 5B #201
NAER: BB, DMF, 2. &1, FEMECK GZEREAKE/NETD
W kB BTA, #IRITUOEE R IBEA X BTA B RE i & LA L #
W, RARURESE 475 nm L. ERAEE S, MMUEER T BTA B1
RS BT T ALK AT, R S R BN A, T AL R BB R AT R
TEX 5.
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ERAFERFRANFET BTAWRK L ET~E 4 3.68% (Table 43) , &
590 nm #K X &4 A 9.45 ns (Table 4.2) . BTA B A % 442 F 590 nm 4,
KAV E LI m A L2 115 nm, 1A~ EREEA A BTA BYATHE T8 fr
BRHEEFH, HE 120 mitE, HFZANKRHCBEHAEFTERR &,
K 124nm, 4T BTAfE FEE A% =,

WG RATEA R 44 TR T BTA-NO2 B 4Nk Fa it 6 & 4 638, &
A HEHEF, BTA-NO2 #i 5 AR & T 508 nm, AKX 44T 683 nm,
& BTA-NO, tWHT4E w47 (0443 B| 175 nm (Figure 4.12) . X &I L KLH: 1)
HMEWINERE T 5 FORE, $BYTFHRALETRE, NTHE%
—H RS, 2) BT RN, # BTA-NO2 & AR k& 48t T BTA
%7 33 nm. BTA-NO: (WXt & T A 2.20%, XRATKEAH 5 E
BRFBEHARIRE, ZOBEBET FAERAHE ARG LHENRE (Table 4.3)
R K AT AT LA M &K P BTA F2 BTA-NO2 7] LUME N —FHi X L B
B A
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Figure 4.11. UV-Vis absorption and Fluorescence spectra of BTA in Different
Solution at the concentration of 1 < 10 M at room temperature. (A) hexane, (B)

toluene, (C) CHCls, (D) MeCN, (E) DMF, and (F) MeOH
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1 —— Abs of BTA
—— Abs of BTA-NO,
054  EmofBTA
Em of BTA-NO,

0.4

£/10°Mcm
o
w
1

0.2

Normalized Intensity

0.1

0.0 T T T T T T T T T T
300 400 500 600 700 800
A/nm

Figure 4.12. UV-Vis absorption (solid line) and Fluorescence spectra (dash line) of
BTA (black dot) and BTA-NO: (red dot) in CHCI3 at the concentration of 1 <107 M.
The excitation wavelengths (1ex) are 365 nm for BTA and BTA-NO:2

Table 4.2. Photoluminescence lifetime (t) of BTA and BTA-NOz in CHCls. <t>
represents the average .

Compound Solvent ~ Wavelength[nm]  ti[ns]  Al[%] t2[ns] A2[%] <t>[ns]

BTA CHCls 590 2.7560 90.55 96.20 78.0804 9.45

BTA-NO2 CHCIs 683 0.0014 9345 0.0592 6.55 0.76

Table 4.3. Photoluminescence quantum efficiency (@) of BTA and BTA-NO: in
CHClIs at the concentration of 2 x107% M

Compound Jabs[nM]2P] Jem[nm]@el  EOPeV]A  SS[nm]El  @/%!N
BTA 475 562 /590 2.33 115 3.68
BTA-NO2 508 683 2.08 175 2.20

[a] Measurements carried out in CHClz at room temperature. [b] Absorption
maximum at the longest wavelength. [c] Emission maximum. [d] Optical energy gap
calculated from the corresponding intersections between the normalized absorption
and emission spectra. [e¢] Stoke’s shift. [f] Fluorescence quantum yield

BTA BB M RAR AR THAT. ETEHN AT+, BTAW CV
FERE & s, DPV DoR R AMMERF R B (En®™) A 0.78 eV,
EET R AT, R EH I B B H-1.56 eV, FE/ERA(TELIHE
72| BTA B b2 86 IR EgEC % 2.38 eV (Figure 4.12)
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—CV
— DPV

VAVAN BVAVAN

T T T T T T T
20 15  -10  -05 0.0 05 1.0 15
Potential(V) vs Fc / Fc'

Figure 4.12. Cyclic voltammogram (CV) and differential pulse voltametric (DPV) of
compound BTA measured in 0.1 M ["Bus][NPFe] in dry CH.Cl at room temperature.
The scan speed was 100 mV/s, and Fc / Fc* was used as internal reference

Table 4.4. Summary of Electrochemical Characterization

HOMO™® LUMO"® £ £

]
eV
evl® v O ]

[o)'¢ [a] red [a] [o)'¢ [b] red [b]
Compound E1/2 [V] E1/2 [V] Eonset [V] Eonset [V]

0.94 153

BTA 1.20 0.74 -1.38 -5.54 -3.42 2.38
132 -1.83

[a] E12% and E12"® are the half-wave potentials for respective oxidation and reduction
waves with Fc / Fc* as reference. [b] Eonset®™ and Eonset™ are the onset potentials of
oxidative and reductive redox wave, respectively. [c] E45C denotes electrochemical
energy were calculated according to equations: HOMOEC = —(4.8+ Eonset™), LUMOE®
=—(4.8+ Eonsetred)

435 BRUHEFFRITH

A1 L NICS. ACID LK ICSS %% BTA f1 BTA-NO2 W9 % & . %
NICS(0)#, ETHftTAWHKEMAT 0, KRACNMILILFEETFH.
£ NICS(L)F LB R &R LWBERA 7R, RARAAMETERIFHFT
T, ITHETTRENFTEE, EHH NICSQWMHENE, Br—x
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1R 57 & M AFAE (Figure 4.13) . ACID B B R £ 03 7T 7 f i Bt 4F R0, EBA
HAH - RFEFME, 18 BTA 4 F F HE %7 &R A% £ 4215 (Figure
4.14) . A ICSS(1)z B+ FTLAM £ E BTA &2 BTA-NO: E tHF O EH &,
HETHFEFERE, EARCRATREN T FHE, AONEXRHITER

HHyF &% (Figure 4.15) .

Figure 4.13. NICS(0) (red) and NICS(1) (purple) values of (A) BTA and (B) BTA-
NO:2 calculated at the B3LYP/6-31G(d) level

Figure 4.14. ACID plot of BTA calculated at the B3LYP/6-31G(d) level
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Figure 4.15. Isotropic chemical shielding surface at 1 A of Z axis (ICSS(1).) for (A)
BTA and (B) BTA-NO2. The orange region shows strong aromaticity
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MMM 98, BT E e B4 dk 2 A0t 3K, 5| 17 kcal mol™* (Figure
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Figure 4.16. Calculated diastereoisomerization of BTA with relative Gibbs free
energy at the B3LYP/6-31G(d) level of DFT
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WM KTHR, WHNR WD 475 nm AR AT RIEFEFEAH T
a2 BT (Figure 4.17) o it &8 BTA-NO, R Uk &2k | # 508 nm
Y B A 9% Uk & £ B T 517 nm #7 529 nm HOMO—LUMO. HOMO-1—LUMO+1

PL K HOMO—LUMO+1 i % 3# BRIt X (Figure 4.18)
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Figure 4.17. UV-vis absorption spectra of (A) BTA in CHCIz at 25 <C. Calculated
UV-vis absorption spectrum of compound (B) BTA based on TD-DFT at the
B3LYP/6-31G(d) level
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Figure 4.18. UV-vis absorption spectra of (A) BTA-NO2 in CHCI; at 25 <C.
Calculated UV-vis absorption spectrum of compound (B) BTA-NO:2 based on TD-
DFT at the B3LYP/6-31G(d) level
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Figure 4.19. The frontier molec ular orbitals (FMOs) of BTA, which were calculated
using the optimized geometry. The HOMO-LUMO gap was calculated to be 2.78 eV
(isovalue: 0.02)
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Figure 4.20. The frontier molecular orbitals (FMOs) of BTA-NO2, which were
calculated using the optimized geometry. The HOMO-LUMO gap was calculated to
be 2.63 eV (isovalue: 0.02)
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Figure 4.21. *H NMR Spectrum (500 MHz, CDCls) of 4-3
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Figure 4.22. 'H NMR Spectrum (500 MHz, CDCls) of 4-4
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Figure 4.23. 'H NMR Spectrum (500 MHz, CDCl3) of BTA
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Figure 4.24. 3C NMR Spectrum (126 MHz, CDCls) of BTA
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Figure 4.25. 'H NMR Spectrum (500 MHz, CDCl3) of BTA-NO:
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Figure 4.26. 3C NMR Spectrum (126 MHz, CDCls) of BTA-NO2
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Figure 4.27. *H-H COSY NMR Spectrum (500 MHz, CDCl3) of BTA
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Figure 4.28. 'H-'H COSY NMR Spectrum (500 MHz, CDCl3) of BTA-NO:

Figure 4.29. 'H-'H ROESY NMR Spectrum (500 MHz, CDCls) of BTA-NO:
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Figure 4.31. *H-13C HSQC NMR spectrum (500 MHz, CDCls) of BTA
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Figure 4.32. VT-'H NMR Spectrum of BTA measured in CDCls3
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Figure 4.33. VT-'H NMR Spectrum of BTA measured in CDCI.CDCl,

140



RPN L i e VA4S FIYE

918.3393

BTA

Cr2Hs,

(M*]

[Found 918.3393]
[Calcd 918.4225]

918.4225
T T

T T T T T T T T T
918 919 920 921 922 923
m/z

Figure 4.34. MALDI-TOF-MS Spectrum of BTA
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Figure 4.35. MALDI-TOF-MS Spectrum of BTA-NO:2
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Table 4.5. Crystal data and structure refinement of BTA

Parameter BTA

Empirical formula Cr2Hs4

Molecular weight 919.22

T/K 200(2)

Crystal system monoclinic

Space group P 21/c

alA 15.628(3)

b/A 15.251(3)

c/A 21.048(5)

al® 90

pl° 96.099(14)

yl° 90

V/A3 4988.4(19)

Z 4

pealc / mg mm~3 1.224

wlmm? 0.522

F(000) 1944.0

Crystal size / mm?® 0.3 x0.24 %0.1

26 range for data collection / ~ 7.172 t0 141.046
-19<h<19

Index ranges -18<k<18
—25<1<25

Reflections collected 53953

Independent reflections 9483 [R(int) = 0.0613]

Data / restraints / parameters 9483/ 45/ 689

Goodness-of-fit on F2 1.038

Final R indexes [1>24 (1)] R1=0.0435
wWR2 = 0.1092

Final R indexes [all data] R1 =0.0598
WR2 = 0.1198

Largest diff. peak / hole / e A3 0.24 / —0.22
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Table 4.6. Crystal data and structure refinement of BTA-NO:2

Parameter BTA-NO:2

Empirical formula C144H102N6O12

Molecular weight 2108.31

T/K 110.00

Crystal system triclinic

Space group P-1

alA 15.625(3)

b/ A 19.051(3)

c/A 23.050(4)

alo 94.877(5)

plo 99.821(5)

yl o 112.108(5)

V/A3 6179.6(19)

Z 4

pcalc / mg mm—3 1.133

pu/ mm—1 0.072

F(000) 2208.0

Crystal size / mm3 0.16 x0.13 x<0.1

20 range for data collection / ° 3.988 to 50.054
-18<h<18

Index ranges —22<k<22
—27<1<27

Reflections collected 105708

Independent reflections 21713 [Rint = 0.1285]

Data / restraints / parameters 21713/ 476/ 1542

Goodness-of-fit on F2 1.384

Final R indexes [[>20 (1)] R1=0.1381,
wR2 =0.3709

Final R indexes [all data] R1=0.2198,
WR2 = 0.4295

Largest diff. peak / hole / e A3 0.82/-0.92
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Table 4.7. Summary of the TD-DFT calculation results of BTA

NO Wavelength Osc. Strength(f) Major contributions
(nm)
1 529.3041 0.0007 H-1-LUMO (45%), HOMO—L+1
(52%)

2 505.1918 0.1979 HOMO—LUMO (73%)

3 504.1852 0.2703 H-1-LUMO (44%),
HOMO—LUMO (14%),

HOMO—L+1 (35%)

4 493.4105 0.0629 H-1—L+1 (86%)

5 471.7097 0.1352 H—-2—LUMO (88%)

6 469.5481 0.1068 H-2—L+1 (87%)

7 454.6708 0.1197 HOMO—L+2 (91%)

8 449.4949 0.1094 H-1—L+2 (90%)

9 4241821 0.0007 H-4—-L+1 (11%), H-3—-LUMO
(12%), H—2—L+2 (66%)

10 401.5032 0.0008 H-4—LUMO (30%), H-4—L+1

(13%), H-3—LUMO (23%),
H-3—L+1 (22%)

Table 4.8. Summary of the TD-DFT calculation results of BTA-NO:2

NO Wavelength Osc. Strength(f) Major contributions
(nm)

1 570.9084 0.0 H-1-L+1 (48%), HOMO—LUMO
(48%)

2 547.4882 0.2844 H-1->LUMO (41%),

HOMO—L+1 (41%)

3 547.4882 0.2845 H-1-L+1 (41%), HOMO—LUMO
(41%)

4 529.9828 0.0314 H-1—-LUMO (48%), HOMO—L+1
(48%)

5 515.5911 0.3719 HOMO—L+2
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6 515.5696 0.372 H-1—L+2 (89%)

7 503.0601 0.0676 H—2—LUMO (86%)

8 503.0601 0.0676 H-2—L+1 (86%)

9 4746714 0.0194 H—2—L+2 (80%)

10 442.4214 0.0009 H-4—LUMO (38%), H-3—>L+1

(38%), H-2—>L+2 (18%)
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RPN i el VA4S CiFin

.

benzo[1,2-f:5,4-f]diazulene

O
pentacene

\%

i
H

3

benzo[1,2-f:4,5-fldiazulene

EE=ZH T, RIOURTEZREAERS T, AEFINHREE
Al )G, HITH P BT R R AH =N IE KT PAH: BTA. BTAR R
W RER N EREE, EARFAHECRALBLE R T BRANFE AT LB,
BTA % & ¥ WEB LB e FHFME, EELRERBEELERNTERL
FUHFEIRIEE —FUHHNAHENR, BTA WEEEFLLRALTLALRE L
THAME R T RENF . RAZREH NOBFs &t BTA, 52 =Z#E B
TR =41 BTA-NO2, AR5 R+ EoR H 175 nm w7 £ 5w AT (L 5 .

[3+4]
cascade
annulation
—_—

52 TERE

HEMENEEFEFBTERLORETLA, TR UFIRA 20F 7 BT
MR R, AT REETal, hFRAUEURAFELR., EEHARE
BEKAT, AROeRFE-EZASELARNEERER, WM ES
AEERRAFIANEEA -—ERRIIBMFRMNRENKBRFEA. KK T
ERETEBMAZLNEERINEM, RET —MIH TR 06 R A%,
MELTHETUFE e RENFE, FHATEMEE PAHs WNE R 6K, &
AUARFRNEGHERE SRR MBLNFERHEELE LR ER.
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RPN i el VA4S VR 8 1 S AR S0 B BT RRR

(-

FTEE, B, AEFELEA, 2011 4 9 AZ NAH IEFRARIEL ¥
3, 2015 FAMEVEH#N LR A ¥ EAE SN F TR ¥ RIUEM L #10,
HEWAR T HAFNRB R E0 FRIMESHEETE, 2018 FHLE LV ER
A EEHRAETEREAF KRB LFM, AR FTEANGERAR T BROHER
HME R R
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Wi H F R KRB F AR X
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