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1-1 YA hvautra— L@

ARFFETHhI G LT DHEREMEA R DO— > TH D V7 b ¥ r v ¥ u—/ L (diketopyrrolopyrrole; DPP)iX = 7
H LDMERR LTS 2R D, I 7 = sV R T == Ve FOFFRSCT VX NVEERFOOETH
% (Figure 1-1-1),

R 0
S
HN;:E?NH
=~
o R

Figure 1-1-1. Structure of diketopyrrolopyrrole (DPP) derivative.

DPP % 1974 ££{Z Farnum B2 k> TZ UH TAR SN Y, Igbal HIZ k> TU v Ry FTAMT % ik
PBH%E S 7z (Scheme 1-1-1)% Z D14 B4 72 DPP @k 3% Sh, 7 B & 7 = = /L% ¥ A L 7= DPP®
L, Tz VEORDVICF = LA A LT DPP? 72 ERNARL STV 4 (Figure 1-1-2), % 7- DPP
DI TSEH IR EOBHILE I3 HFRIKET 5 2 ERWE SN TNDS % & 512 DPP OFEIAR
BEICHIT DI A~ bV, IR AN TRESEREY 7 M52 bHiEsnTns % o
R E Y7 M X SR OB RNS -1 A¥ v X AR & NH 2L CO J b 4y 1-RIkHE
BEOEBIILAbLDEEZ LTINS,

R']
% R200C
()
tert-CsH,,ONa
CN 51111

FeClj
teft-C5H1 1 OH

R1
Scheme 1-1-1. The general synthetic route of DPP.

Br
Figure 1-1-2. Structures of DPP derivatives.

AR CIE Morton 512 & - T furofuran ‘B 48 & #2 5 & ik 7e E 7= 72 DPP 338K DG L & s SiuC
V% (Scheme 1-1-2) /.

i) Na heat
. . O o —
CO.Et ii)l;  EtOC
° g

Scheme 1-1-2. The new synthetic route of DPP.

N,N'-dicyclohexyl-
carbodiimide,
trifluoroacetic acid
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1-2 V7 hvru e — LEE R ORE OB

DPP (%, WL E IR AOARER E OB F R 2/ T 2720 WERCEIRIA v 7 =,
RY~—HINBEELZETRBT A AT VAN T =T 4 W E =72 EOFEBAMELE L CTIEE < F
AENTW5D, E5ICK% 72 DPP FEAROBRREIC L D | b v —mFE L —V— FHEERIE b
TUVRE . AHEREER, AT L7 bar IRy U AR EOFEBRRUINOFEE MBI~
MAHERINTVD S ZoHiTlE, VW< 2220 DPP FEED AR & BEREIC OV Tk~ 5,

1-2-1 v brkoh—

Mizuguchi &%, 4-t° ) P4 F DPP AN @\ 7 1 h Bt 2> 2 L 2 R L7 %, &5k
L 7= DPP #FEfRI3me & St L. MR &% 540 nm 7> 5 580 nm Z8{k L. EAHHIAY 10™ Qem 725
10° Qem ~KIEIZHD L7z (Scheme 1-2-1)°, & 512, Pd 72 EOfE L fAADESD Z L2k, KHEH
AL B IS LRBROYMZEAL R Z 3T Z N, KFET AR —L L THIHARTHDL Z E2MEL
7= (Scheme 1-2-2) °*°,

Scheme 1-2-1.

1-2-2 7 v{enA oo —

ITAE, Tian 5 IZDPPFEEIRS 7 LA A DFFAEIZ L 0 58 OH-FF EEHIZ L > TDPPO 7 X KL
BT h AL SH, BT L ANBIICELT 2 2RI LEY, o a s ATz o L
D IREDOEIFBR SN o TeTed, ZOBREEFIH L CDPPEIE L T 5 7 v (kA A 26T 5
R T v —T NERATRETH D = & Wi L7 (Scheme 1-2-2),

Ar
Scheme 1-2-2.
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1-2-3 [EFEEFE L —F—

DPP (3 1T B @V REMEZ RO 2 & BSRE STV 5 ° £ - BERREE TV & 7”4 DPP
FEIKLWE S TS 2 Fukuda HiE. 4150 DPP D@\ ENE & BEACKAE T OIS IEEIC 35
HL., L—¥—E s LTOEMEOBRFE21T-72°% A ¥ 7 == % H$ % DPP k% ARk
L, @Y 7 —F—ZE8 L 7= (Scheme 1-2-3), {ER LY » 7 L—HF —T@mOmAEZ R L,
HEWL—F BBl SN2 L6, DPPEEEARS L——E L L THaiciligd s 2 & &
s L7 310,

CN

MeO
Scheme 1-2-3. Synthetic route for DPP derivative.

1-2-4 AHEEFNE ~ T 2 2 Z (OFET)

Nguyen 5% DPP O H G L @ U 7 BEIEZIZIER L, DPP Z W AERDR N7 v
2 Z(OFET)ZER L=, Foona AT 52 LTy V TBBEL &S, 4 d~v—b$52 &
THOEAME D= (Figure 1-2-1), Ak L7= DPP #FHERITHOEAICL Y, WRT v ANLH#E 7%
ERC& 5 Z L &2/~ L, DPPiFERA OFET ML L USHRETH D Z L2 WME LT,

Figure 1-2-1. DPP oligomer.
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1-2-5 L7 ~T Yy 7y a v (BH) UK &

R Y = — g~ DPP DAL, HOMO L~V DK T3 & 2 L, BIEEDm L% T
TOREWDON ERRTX 5™ SHIZDPP D n-7n AX v XU 712 L0 R—ABBIEO R b HiA
¥ % *° Hashimoto &3 F = =/L%H4% DPP AR Y ~—%2 B L. Z DI EMEL R D720,
PN NTa YK 7 g v (BH) R OA KRS A L% ERL L 7= (Scheme 1-2-4)'°, &7k L7~ DPP #
EK 2 G ARG E M DB RIL, 77 &7 % — L L C[6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) % W =553 2.34 % ToH ¥ | [6,6]-phenyl-C71-butyric acid methyl ester (PC70BM)D 54 1% 2.71 %
ERLIE, UL ED X SIZDPP 25 H T A KR ~—DGHNE MBI LTUCHRETH D Z L2l
B,

N
Br \ 4 S S
S A | \
Br
o” N s
Pd(PPhj3),4
§ toluene

Scheme 1-2-4. Synthetic route for DPP polymer.

1-2-6 A1 7 e /LI % vt A(OLE)

DPP (I - M2 EME & W BE TR Z S Z LG SN TW5 8, Cao H1Z2h 5o DPP O
BN NFHRFEICEE L, DPP 23kt E L THW A= L7 eI x v A(OLE)Z/ERL L
= M, ARk L7- DPP B RIT N 7= BVEEE 2 AT L TR BE T 648 nm DR VR D FE & 7k LT (Scheme
1-2-5), ARk L7-iFEik 238668 & LTIV = OLE DR ROMEEEIE 100 cd/m? TH Y . # — 2 A4 EBIE
A5V RN LG DPP 2 OLE #4EtE L TS ATRETH D 2 & ke L7z,

CN

© @ @ o
CgHq7 Br(Ph);PH,C CH,P(Ph)3Br
N O
e )< o
e
N

C,HsONa/C,H50H

CHCl,

Scheme 1-2-5. Synthetic route for DPP polymer.
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1-2-7 N7 m—7

AR, A A AT ¢ IO 5B TH ARG Z B EIZ 2 invivo F8E A F A A= 0 73R &
Tu5 8 2 = ¢ Zumbusch & (3 boron dipyrromethene (BODIPY) & DPP % 7 & dot 7= i 1 % 7> DPP
SRR DBk % AT - 7=(Scheme 1-2-6)"°, Ak L 7= DPP AEf& AR IZ MWL 73 819 nm THEKR I LI K
M83nm THHIEERLE, L n e o —/ LR DPP I3 AR IS0 3 R 2 >
ZEMONRAFA A= THMEIOR T v —TE L USHAEETH D Z & WA L,

t
Bum/
Z CN
N

POCI3,
toluene, reflux  'Bu

39%  OCgHys OCgH47 OCgH17
Scheme 1-2-6.
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ARWFFETRIG: &+ DEFEM T D —>TH S DPP 1L, 1-2 THRRZ L D ITHWIHRER X ¥ U 7%
BENER S, AL o —Oa RS, AHOREEE R o SRR AR L & LT IRSRITAFZED
EHOENTNE S ZnOOHEEMEE LTUSHT 554, BICE DYt 2F> DPP 2 HHICA
FRTCE UL, MR ORMERELCSHREEILIC D723 D L B X T, Bl 21X E 2R AT RS A AL 2 /R
T 25 BEITIE LUMO & HOMO LV 8 Zn241-3.9eV &-54 eV HTIC/EEST 5 Z L NEETHY 2,

WTARGNI IR 2 B D H5 401213 700 nm 2> 5 2000 nm ORI KB d 2 1.77 eV LA F O T F L F—
Xy o TEFHFOZENRDOEND B, ZD X HIZ HOMO/LUMO LU Z il % 7= 1213 DPP D xE
LT FX—EN OB Y . MRS PRG0N KBEL R DL, 20D iﬂ“ﬁ% ERHT L
NE ¥ 72 DPP FHEIKD G E FIREIC T D AIEDRIE TH 5, ZHE TO—AY72 DPP #HEKD Ak
ETIEEIR Y= P ABERICEBRLEZEAL, e andBo AT Ve8RS EIT ) VB
Nrot 2, LinL ZOAMER, MSEOHER LIc= M7 I/ g B Z B O8A 134K
DREETH Y 2 2R X=X % v T e EYEOREICHIR N S - 72, = Z TR ZMEIZEHE 1= DPP
FEAOEARETREICTH2EREOMELFE - OENE L,

EPTARMRETIEZZ a 2Dy TV TSR Y v 7
B DR TFER, BULAE S % DPP ICHAT 5 71k 2 Q‘[Te”acyanobutad'ene ]
VD 2 & CHSEEtE DPP OAREDBRE X BiET Click Reaction

(Figure 1-3-1), ZHFE TOHE STV RVERILZ
£ DPP #HE AR & & F7> DPP #iE k4 Gk
L. FNHDTRXNF LT R NF—F v v 7%
RN BT 5 = & T, BERENE DPP #iifkoofg  Coupling Reaction

i L DI A IR 5 2 LR TE B L E X, [5;3;?:; group ]_QR&

2O XD IZABIEDBE & W ORHE & v 5 EHENFSE Figure 1-3-1. Outline of synthetic methods

DIFFEZEATUN, BERENE DPP 358K DA RIE & oy FakETOfa#t 273 2 & T MBHMEFIT3 LT LV
RaeblebdT 2 amEie iR LTnD,

Coordinate Bonds

Boron
Platinum

A Z4ODEY THRESN TS, ETE 2 5 CIIBFHEREHFT S5 PP FEANDI/ OX
hyFY JO&EE’EFHL\T:AEﬁ;ii WZOWTIRRD, 72Xy 7Y o TRIGERWSZ LT, ZRET
W= > 7= Bt 5 R A8 A LT DPP 8RO A A RS Z LTz, H L7= DPP %ﬁﬁx TN A~
RARFEIEANRT ML K > TRl 21TV, SER BISEA L7 @A OB 156812 X - TR
WRDRMEERHARB D RBEZ D5 Z E2W 5N LT,
% 3w TIL, TCBD Bz #HT % DPP FBEMH DV ) v I RIEERAWVEEREIC VW TR D, BmWET
ZARE A R0 DPP @B I LA 1 n B8RO H B G BT B~ OIS A 23T © & 5, 1RO BRI
TIXEANRBETHD VT /) 5% 4 SFF>7 VT 07 ) 7% (TCBD)EML =A% DPP #HE k%
7 U RO CERK u‘:o TCBD ¥z F5-2 DPP & RIEY A 7 U v 7 R v A kU —=° DFT 15
DFERNOERWVETFZREBEFRFOZ EEZH LM LT,
54 %mi#«b%ij?d—twﬁamﬁééﬁ#é DPP SBFEADEREIC OV TR D, F2 L8
3EDMERMNGEHEDE NI L DMRKEROREE L7 OEAWINE0 nm Tholzlzd, IH72
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B RN RAZ FTREC T 5 IEDBRE 21T > 7=, DPP #FE(KDOHEER L7277 # A(DPP =2 7) & HHFER DM
DRUENPEREAEGTL2ERIZLEZ, ARURLT 7T L ORNAEEEFIA L, @O FeE 2+
59252 &, DPP RO RIREWINE HIE Lz, B X SIS OfE R0 5 FERICHR U HES
7T FF LEMRE A &2 FFD DPP #FE NI Em W I E RO Z E A O Lz, I ART hLSe
ATV THRNE AN —OFERENGEAT HENLICECEHLILIC L > TR/ — WAL OFHHE
NA[ETH DL Z E XN LT,

FHoECIIRMLI-AREZRALEFRNERICHRAEFEZEFE DO IPPBEEEDERIC OV TR S,
LARAREIE 700 nm 225 2000 nm O TH D | @ OHIIEE BT IEAIRREE D T2 DA A A=V T
RN FEA~DIREVEABEFE N TN D, 523 EH 3T TITEHRILIC L > TR F— AN
FETEDLZ LD MNIT LI, F12H 4 EORKERN OGRS AIC LY RIEEDORKES 7 M3l
W B 2 EEOMNC LIz, 26 O EEZEN L CTEANRE S &2 FF> DPP #FE (RIS EHIL A E AT H 2
& T, WIARAMEIRIZHE Y A2 RO DPP 338K D& E 1T > 7=,

%6 IR E A B DORBEEIIOWTIRRS,
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2-1

=
il

BrHEEZEALZY Y FErrER  Thiswork
— )L (DPP)# AR 13 5 O IR B0 3 O B I
RAFFOTD, R ERCER R L —
P—HE~OIEABHFIA TS Y ZhET
D—fzf)72 DPP DERIETIFE T~ = h
UVHERICEREZEAL, ZhEansig
T ATV EDBRALISEAT O FIEDNHW LR Pigment Red 254 Benzonitrile
T&7=(Scheme 2-1-1)% Ly =h U Scheme 2-1-1. Synthetic routes of DPP derivatives.
HERE R LTCBRALRS D6 B 55 A F5O DPP 38R DRI 725 LW\ 9 iEN B 5
(Scheme 2-1-2), BIZIL4-L 7 ==AT IV EKOGE, IFRIT15%E 2D | 4-N-AF/L-N-F 7 F L7
JHOURIT T %l72d %, ZOXIICEFGEEHEA LZBICRILEUSEIT Y 2 LIZREETH D &
ZA BALBOSEIZZ w20 v 7 RIS ERWTE G ERZEALL D L& 2T,

[COOR @
COOR

Cyclization ¢n

reaction

Coupling
reaction

R'= -$Br 43%
R Q
| A R'= 4N 15%
o @
CN
CH
R'= -$N{73
; CaHyy 7%
Scheme 2-1-2.

I ORAR TN TIE 2 DDA E RIS S5 2 LR TEX LIS TH Y | iR
/e S CEBILAZRIGICEANT LI LN TE D, FHCEBER L LT RI Uy AEAWICERNIE
FIATON TV D, TOFTHEH SN TWD RS Buchwald-Hartwig 7~ 7° ) > 7 ROGSe8AR-H 1
B 7V TR S %, Buchwald-Hartwig 77~ 7° U > 7 Kisid Pd il & W 72 IR - RBRE SR
BUGToH Y | IBMRRCH#EITT 2 %, £R8KR-E0 v 7Y v 7 SURIT SR & HEAAAE T T
BALT V=L R a AR L, RE-RFEREE ETERT S L ERIC T = = VO ST Br
FexFiD DPP #HERIC 7 v 2 v 7Y U T ROGE W TEARERILZEA LA HE S Tn
%(Scheme 2-1-3)°, L2>L Z ZTlBE LTHWS Br iz # DPP FHi K3l SN TE 6T, &
KT DUENRD D, ZHUxt LT 7 = =/ R F A7 Cl % FF-> Pigment Red 256 (X2l 2> AT
WEGThbH, D7 Pigment Red 254 Z ikt L THW, L L7 ax 7Y v 7 KISIZEWN
T Cl BiX Br X0 b ISHENEV, T mmE< &8 % 7% 2-Dicyclohexylphosphino-
2',6'-dimethoxybiphenyl (SPhos, Figure 2-1-1)% Fifi71-& L CTH /=, SPhos O 1- 8 & 7o EEITIEE D
FRACBIRT N A AR U, i S Il 7 L OB i 2 RS 5 L B2 b s ® & 5I2 DPP 7%
RO R b & EfRPEm F o> 72 012 USRI & 60-100°CICRE L7z, —75 T DPP =27 EIZ NH #
BPEET D56, KBREEZTERNR LEMIEIMES 720 | HEBORIZEHSS 78 EPMRINERIZZR 5 2
&M STV 5 (Scheme 2-1-4) ', # 2 TAMFFETIZDPP =27 £ N JRFIC_ UL EEEAT S
Z & TR DM B AR AT,
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Pd,(dba);, DPPF
t-BuONa, toluene
85°C, 24 h

)

NH

NMP, 190 °C, 10 h

Scheme 2-1-4.

PCy2
l OMe

Figure 2-1-1. Structure of SPhos.
PLE®D &5 Zifilldh o Pigment Red 254 ZHERME LT. 73/ EFETFHRHEEDOHEALI-DPP &

BEQOIORA YTV ITREERWE-EHEORE L B L Uiz, 7o ERILOE 7L 5-RE2 I
REIZG R DB WINA~T MVEEZRWTHLNNI LT,

13
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2-2 EHLE I AEFo DPP BBER DAL

2-2-1 DPP #HE(K 1 OAK

£ 9 DPP FERDOIEMNEE N LS, SUSHEE @O D T-0Ic_r Y7~ A K e KRS DPP #%
WK 1 % ARk L 7= (Scheme 2-2-1),

70 %
Scheme 2-2-1. Synthesis of DPP derivative 1.

2-2-2 DPP #FHE(K 2 DA K

Buchwald-Hartwig 77 ~ 7V o 7 sz AW T, B 7 + U =L DB A 51T - 7= (Scheme 2-2-2), 7 &
291y 7Y U T ROGIZE WD T—HRIZ Cl &1L Br IR TRISERNMR N 20, EE BT EERAAT
4 VBLFTH D SPhos & W Te, FIUSMEMENZOER TITIFE A ERIG LW EE 2 100C
DIRESRM T CRINEAT T2, EORER, DPP #58K 2 % 88 NDIUHE THA LT,

-

Pda(dba)s, SPhos,
BuONa, Toluene, 100 °C

N
.
88 %
Scheme 2-2-2. Synthesis of DPP derivative 2.

2-2-3 DPP #%HE (K 3 DAK
WIZESAR-ETH A >~ 7 ) v TR % AW T n-A4 7 TV IEOE A% 1T - 7-(Scheme 2-2-3), DPP #%iE (A 2
DG & FIREIC S % B 5728 60°CE4: T SPhos & HVNT U= 95 % T DPP 8k 3 2 &k L7-.

CeHi3

(HopB~ - Coftis
—_—

Pd(OAG),, SPhos,
K4PO,, THF, 60 °C

3
95 % CeH1s

Scheme 2-2-3. Synthesis of DPP derivative 3.

14
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2-2-4 DPP 8K 4 DHRL

[FRRICEAAR-BID v 7V VT RIEZAWT, n-7 FF v 7 == L EEE AL, DPP #HE(k 4 #ULR
92 % CTH Ak L7=(Scheme 2-2-4), L LD K o Ic@mm < B E AR A 7 4 VBfif T 5 SPhos ZFIIH L
a2y y 7Y OGS Z L CEFMLEE 2 A9 % DPP i5 S8R D& AL A2 BRI LTz,

Op (HO)ZB—QOQHQ
N N
Pd(OAG),, SPhos d Y/

K3PO,, THF, 60 °C

Scheme 2-2-4. Synthesis of DPP derivative 4.

2-2-4  HEEL XIS ARAT

B XTSRRI OFE RS DPP 538K 1 & 2, 3 DPP 27 &7 ==LV “HAITELEN
45°, 28°, 34°TH Y, DPPFHEER 2 N —F/N &< o TW\D, ZORMRIETT = =NV RICE G HEE
MANTHEEBTHEENETZETCmMANNSILKRDLIEEREBELTND,

c10 co
("—C\\(‘ELW
c11b\)_ S
€12 c13

cas(O)

Figure 2-2-1. ORTEP drawing of 1, 2, and 3 with thermal ellipsoids shown at the 30% probability level. Atoms
with asterisks are crystallographically equivalent to those having the same number without asterisk. Hydrogen
atoms are omitted for clarity.
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2-3 [EHRILAEFREC 2 BB

7 v v L AR T D% DPP SR DYWL A~ N VIIE 21T - 1= (Figure 2-3-1, left), /L7 41
=)V AEA T2 DPP B EK 2 O KW IUEFRIE 522 nm TH Y, DPP #FE(K 1 475 nm) &LV & 47 nm £
WET 7 FLTWe, £2EK L7 DPP FHER DMK WIS BRI EMNS 1<3=4<2 DIETH-
Too THIUCKH LT, BHIEOBFHEGREDMSIT1<3~4<2 TH Y, WRWILEE O/ E BV —%
BT, TROORRNLEFHELEOBEAIZL Y HOMO LR ER L, =X F—F v v 735k
X lpolbEZx b5, ELICEFHGEROEAC L 5T VRRED FHOMERTE -, ZNHDMHE
TN AT R LT HBLH S 7= (Figure 2-3-1, right), =724 14 L 7= DPP 358K 1-5 D3RI
F1X 0.9 FifL &\ ) v ME Z 7R~ L 72 (Table 2-3-1),

40000} ——1

e

—a—3

30000 —.—y
- 5
5 s
S 20000} >
~ 1))
c
w [0
=

10000

4

500 550 600 550 600 650 700 750
Wavelength / nm Wavelength / nm

O 1
400 450

Figure 2-3-1. Absorption spectra of 1-4 (left), and emission spectra of 1-4 (right) in chloroform.

Table 2-3-1
Absorption®® Emission (kem /MM stores shift / em™ o
AmadnM &/ Lmol*ecm®  solution®  solid™ in solution solution  solid
1 475 22000 533 554 2291 0.88 0.09
2 522 42300 578 646 1856 0.91 <0.01
3 493 28500 558 613 2363 0.86 0.11
4 494 33200 562 640 2449 0.90 0.45

[a] Absorption spectra and emission spectra were measured in chloroform. [b] Emission maximum in the powder
state. [c] All emission spectra were measured with excitation at Ay in absorption. [d] Absolute fluorescence
quantum yields in chloroform.
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2-4 BHEI & ERALFRYREOAH B

DPP FHERDBELRMEE Z W O T DIt A 35
7V 7 RNE A MY —&RE LTz (Figure 2-4-1), ik 2(5)
B LY /7 oo A2 I KEBEEMREE LT 01IM 20 b

BUNPF, 2 Va7 L. # 4 k XATe - & CIAEMRE LKL 2O

10F
TREEAT >, WEHRERFEG FLRE, AT < sf
WU 0 — 7R o T, R A, BB L LT Ag/AgT = g -

BRAZ Az, 7 xakr 0By OBMAIEAEOOV 1ol
vs. F¢" / Fo) & L CHEMT 24T - 7=, -15F
ZHEND Eyp 13 Table 2-4-1 1207, DPP i (K 1-4 :;g NS
EECRICHS T 5 &L L5520V s Fe'/Fo ofiipl 20 20 LS 20 05 09 05 10 15
TR R LR ST B S s, Bl ST B X, A Figure 2-4-1. Cyclic voltammograms of 1-4
DFENPND 1<3=4<2DIETH -T2, —J7, EHILD  in CH,Cl, (1x10° M) containing Bus;NPFg
T GREORS I 1<3=4<2 Th Y, Hikgkigo (©O1M). Sweeprate =100 mvs™,
RESERW—EZ7RT, DPP 8 CHIN S 7@ ol o i ek i3 DPP =7 R DIEITLRIG T
HY 8 EA L EREOEFIEGREIC L > T DPP 22 7 OB FHIENEIM L, Eyp SEEMANTS 7 b
L7z &2 b (Figure 2-4-2), DO Z ENHEHILOE LG REIT 7 ==V H%EZE L TDPP 27 O
FARBEICH B 5.2 5 Z L #5702 LT, £7- DPP iBE K 2 13 L5 24T 5 &, 0.274 V vs. Fc'
| Fe 2 2 ooy ol iR Bl S, 2 OERITIEIX, 2 DOFEAL T 4+ U = VEOESR
BT oMb, BRICESSHLDTHLEEZLND,

Table 2-4-1 Electrochemical datal® for DPP derivatives

Ellzred[b] Ellzox[b] HOM O[c] LUM O[d] Egopt[e]
1 -1.617V - 5.62 eV -3.26 eV 2.36 eV
2 -1.875V 0.274V 5.16 eV -2.99 eV 2.17 eV
3 -1.718V - 5.45eV -3.21eV 2.24 eV
4 -1.688 V - 5.41eV -3.17eV 2.24 eV

[a] Redox potentials were measured in CH,Cl, (1x10™ M) containing BusNPFg (0.1 M). Sweep rate = 100 mVs™.
Potential in V vs. Fc" / Fc. [b] Half wave potential. [c] Determined from the LUMO levels and EgOpt using the
equation (HOMO = LUMO - Eg°p‘). [d] Determined from the onset potentials of the reduction wave (vs. Fc* / Fc)
using the equation (LUMO = -4.80 - Eqnser™). [€] Estimated by absorption spectroscopy.

Figure 2-4-2. Redox process of DPP derivative.
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2-5 BEGEIEZH W L X —YENIZB T 5 B

DPP #iE (A 1, 21235175 HOMO KT LUMO IZ5W T, BERFEZ W THR 21T o720 F 72N
AR MV E OHBIZ LV BEEEZ RO, FTHEDORE(LEZITV., ZOBTRLF W2 R L
72, BEEmFEHEIT B3LYP/6-31G L~L T Gaussian 03 (2 X W {T- 72, #HEIC L Y al#{k L7= DPP #5E(A 1
& 2 Oy fHE % Figure 2-5-1 127~ L7z, DPP#HE{A 1 & 2 D HOMO (X DPP =27 & 7 = = /L3 FITR)
EML LTz, DPP FFER 2 TIE7 = =V EIC K D Z< OB FHUES R S, DPPFFER 1 LV b =
IENHEL WD EEZXBND,

Figure 2-5-1. Molecular orbitals of DPP derivatives 1 and 2.

BEER AT 05 H 1T Table 2-5-1 (2 F & 7=, BlimitHE N ORO = VX — N OMEMIT, 1427V »
TRINE AR =R T L X —YEN(Table 2-4-1) & BV —F AR L7-, £7/- DPP k1D
FHRIZ X o TR B2 477 nm ORI R IE, FERIED 475 nm ORI R & B<—E LTS
DPP #HE(R 2 DFFIZ L - TR H 4172 510 nm OV E X, FERIED 522 nm (ZITVWMETH W . DPP
PR 1 ORI R & i LT, 2 b>§1§u§y7 FLTWDZ EE—&KT 5,

HOMO & O LUMO O )L —¥ENT 13412 DPP 33K 2 D503\, DPP &R 2 & 1 HOMO
»7% (0.91eV) X, LUMO D% (0.74ev) b REWV, ZOZ ENLEHILOE 568X DPP @
HOMO IRV %2 5.2 . HOMO LA ERHT5EEX b, EHIZHOMO L AL EFIZED
Ny R¥ ¥y 70 EY . DPP #5354 2 /X DPP #3841 L0 bMIEENREEY 7 b T5EE2 06
N5,

Table 2-5-1
HOMO LUMO Calcd / nm Composition 1 Nature
1 -5.60 eV -2.90 eV 477 HOMO—LUMO (0.60) 0.514 - B
2 -4.69 eV -2.16 eV 510 HOMO—LUMO (0.61) 0.958 T-T* B

[a] Oscillator strengths.
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26 Y hruooro—LaiEtL-7ae ko Y—

DPP #HE (AT 5 3,6-Di-pyridin-4-yl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione |Z. E\ 7" 2 kb o BF0ME:
ORI Z LR & TE Y (Scheme 2-6-1), B U UBORRIF IS 0 b UM A Z L THEFHD
AL FEMOR ERNBZ 5, ZORMEEZTENL, BMBRICAET L2 CRIED Y bk —L
LCHIAAEETH 5 2 i sz’

Scheme 2-6-1.

—J7, DPP SR 2 IXEN T+ V= VEERTHZ NG, MW7 a b BIFEEZ RS 2 & D3 HiRE
TE D, S 5T DPP FFEMR 2 138O EREC @ W RO BT INEE % RO 72 0 R O o — A3BH 3 °]
BRThDHEBE X,

FRRIZ DPP FHEAR 2 171 M DAINT 203 E DT OICHASSE X B &E AT 21T - 7= (Figure
2-6-1), DPP ik 2 ® 4x10° M B2 2 1 7R /L A 1L.0mL IZ, B A X 2 ALKV RO 1LOM EH7 n o
RV AIRIEE 10 YEMZ Thp-o< V&7 uakVhaRETHI LICL> TAHL U PBEOETIRRD
a2, 22H O 7 1 F U (H)IFET — VU =2 L > TR, 2SN OKFITFHHE S - R ALE I
BTz, 22H O HL O IZIFZ A 7 v 2 —T =4 L LT, AX U ANVEFR— MPFEL TV, 2
O X D ITHfER X BAEEMRIT O DEAL T 4 U =D N R 27 a UL T D Z & N
7=

02 & e
G QO3 ~
&'MT(

e C14 & 04

c1r f S8

Figure 2-6-1. ORTEP drawing of 2:2H" with methanesulfonate at 50% ellipsoidal level. Benzyl groups in 2-2H"
shows one of the disordered positions. Atoms with asterisks are crystallographically equivalent to those having the
same number without asterisk. Hydrogen atoms except for H1 in 2-2H" were placed at the calculated positions
and were included in the structure calculation without further refinement of the parameters. Solvent molecules are
omitted for clarity.
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RICDPP FER 2 D7 a horrh—2fEk L7z, 7'r bk —id, £7 3% —LIZ DPP #%E
K23 1.0x10° M D7 1 vk )L AR A 72 L. 35 mmx14 mm (2] - 72 80 TLC B AR LT, A%
B SE 5 2 ETERILZ, BEART bV, BAO FICHEREZ: EICR LIZBUEREZ oD, B L
TLC it eV L S ICZD EIZT 7 v— F&2EE  TLC 7'L— F 2RI A L THIEZ1T 272,
BVITEEE A & Ee ., B o =fEE B L,

EFFTUR=TRLKT THEZITV, RIAY—CT v E=T 2, LERICTMAK TICL, JE
EiToTc, TOBHIBICFE LY I LSS T O {EKF AKX FICLTHEEZ T2, 2D
YT N EHEGRISETOLT VRS TARRTICT D2 &2 R LT, Bk Egle, MEEIC X DK
JiaTd D 7= Scheme 2-6-2 DUGNNIEZ B EEZ BN D,

> (o (o

NH

@’

Scheme 2-6-2.

F£9°365 nm O UV BEH TIZkiT 2 BHEOBETIL, 7 E=T AR T THLNTBADRIEN, ¥
7R F Tl & A PBIER SN o = (Figure 2-6-2), & HICH L TNV EHERFRA FICE S L BADR
FWENBE STz, T U= T EKQ EHALKFARR I, FROEEDEE LR, FHBAEK T TOEL
1% 10 BREEORFEA o7z, ZIUXT =T SRR LT VWO LT, SRR LI
Wk tE2 bbb,

(a) B2 (b) ERR ©) Ef

HCOOH HCI

=

Figure 2-6-2. Pictures of fluorescence of 2 on the thin silica gel sheet upon the irradiation of UV light (365 nm)
(a) in ammonia vapour, (b) in formic acid vapour and (c) in hydrogen chloride vapor.

WIZT VE=T AR E XA, WAOKFERJUIREIZE D LIZREORE AT ML ERIE LT
(Figure 2-6-3a), JihEIERIZT XTUV Z 7D E EFEL 365 nm & Lic, FWAK T TET =7
ARKF T SN RIEOBENRAD Uiz, KB ARAK FTIET VBT RK T & TR
BRPEERY 7 b5, BOT VE=TAKFICRERT &, TDANRT ML ERW—EZRT, £720
0 IR L 21T > 72 FE0> 650 nm D3EEHRE & 530 nm DOFE KGR A 7 1 > b L7=(Figure 2-6-3b), 7 > & =
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o
T ST TIE 650 nm OFESEIRE BN L, ML KRR T TIE 530 nm OFEIEIREER G LTz, FEEAK
ﬁTTiE%6®%%%H¢Ltoiﬁﬁwkbﬁﬁﬁé & TH T OFIETRE DD DB S vz,
ZAVUTFERER LI Wed, WEAMBVIKT Z LIZE > TTLC F'L— bk RICXEE L U TEREL.
Rl #57‘:@&%2 bivs,
DPP #HHE (R 2 D 2 BEFED I RE D BILIC DWW TEREIT o T2, BEORIIZ L > T a kAR
2 BePE O E Z BRI, RAFDOENL T 4+ U =T a NUBINT 5 & 7T ADOEMEH D
72Dl O —FDEALT V= VRERITm hBIMUICK K RDT2D BT, £ F AN
ICEDREAEMT, 7o hUBPMMT 52 8k »TC, 7=V EB L CDPP a7 ~ LB E 52 %
=D ThD, AT a by BMIHINT 2 E 77 ADEMEHODLTZOIC, KERIBE— A2 B AE
EN. DTNEMEHNBZ S 20N TFNEMBENC L > TARRIELICHE b D IZT Dl = 3L
X—ORE B RDIL, —DHOT 1 M AINTHRILREDOR D NEZ D EEZXLND, WFDOENLT
V=T e bR INT 5L ELLBEFAARIREICRY  BRTFE—A L FBRTHIHIND Z
LV T NERMBEIDNIEI S, FORERB 5, FIORELT 4+ U = VHETE R 2R
THHD, BABEEOFHERANBZISEEZ LN,
U EOFERNS DPP B8R 2 23 U B 7 V7 L— b BICHEFT 5 2 & TR X O RIS il s
THBREOT 0 b —AER LT,

250
O 17s
—y=—\Neak acid
200F —e— Strong acid 150
——A=—Base Q
- | O 125¢
(3] second cycle
150 IR Rp o
(0] O 100 F
O Q
(/2] (/)]
@100 o 75F
(e
(o] (¢]
3 3 50}
W 50 L
25F !
\ /
() A > H 1 2 2 0 T -
450 500 550 600 650 700 B WS BWJSBWS B WS

Wavelength / nm Atmosphere
Figure 2-6-3. (a) Emission spectra of 2 on the thin silica gel sheet in ammonia vapor (lex = 365 nm, red line) and
in formic acid vapour (purple line) and in hydrogen chloride vapour (green line). The blue line is the emission
spectrum under ammonia atmosphere in the second cycle. (b) The changes of fluorescence at 650 nm (red line)
and 530 nm (green line) under basic, weak acidic and strong acidic condition, respectively.
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2-7 5

ANF& 57 Pigment Red 254 # 5kt & L, Bt EAHT 57 FEr o v r —/L(DPP)#FERD -
027y ) T RIS E AW TG BIEERE Lo, mE < B80S 72 SPhos 2L 1-& L THWT, X
JSREE % 60-100CICRRET 5 Z & T, TNETHANKNBECTH > 7-E 5% HT 5 DPP FHE KD
B FREIC CTE 72, 2T XY DPP #FERD HH R0 ikt E BN AIREIC D B2 bbb, £
AN LT BEHIEO B HEGREOMSIC L > TRIEERNRIEE Y 7 ML, WORREDMERT 2 2 & &1
DN LT, BHEAXRT MATHRBROBRABH SN, SHIHA 7V v ZHRNZ A N —hb
%, AR L7z DPP #FE{KIL, DPP =7 HERDRICAICABLN S dv, HA L EHIEOE L5681 K
> T By WABMMANZ Y7 N Uiz, BERatEN S b EHRLOE 755812 X > T HOMO £ LUMO X
AN ERTHZEEZH LN LTz UL ED X S ICE i 53 A R DPP 8k D Gk Z B L= 2 &
TR 22T 23 PRI 72 5 T,

FLENAVNT 4V VB EATHDPPREEAR2IIT m b LRI IST AT e b —L L
TISHFATEETH D Z &2 LT LT,

BTN

[1] Qu, S.; Tian, H. Chem. Commun. 2012, 48, 3039-3051.

[2] Fukuda, M.; Kodama, K.; Yamamoto, H.; Mito, K. Dyes Pigm. 2004, 63, 115-125.

[3] Surry, D. S.; Buchwald, S. L. Angew, Chem. Int. Ed. 2008, 47, 6338-6361.

[4] Moreno-Mass, M.; Prez, M.;Pleixats, R. J. Org. Chem. 1996, 61, 2346-2351.

[5] @) Zhu, Y.; Hein, I.; Tieke, B. Macromol. Chem. Phys. 2006, 207, 2206-2214; b) Guo, E. Q.; Ren, P. H.; Zhang,
Y. L.; Zhang, H. C.; Yang, W. J. Chem. Commun. 2009, 5859-5961.

[6] Biscoe, M. R.; Barder, T. E.; Buchwald, S. L. Angew. Chem. Int. Ed. 2007, 46, 7232-7235.

[7] Lunak, S. Jr.; Vynuchal, J.; Vala, M.; Havel, L.; Hrdina, R. Dyes Pigm. 2009, 82, 102-108.

[8] Mizuguchi, J.; Rochat, A. C. Ber. Bunsenges. Phys. Chem. 1992, 96, 708-711.

[9] Mizoguchi, J.; Imoda, T.; Takahashi, H.; Yamakami, H. Dyes Pigm. 2006, 68, 47-52.

[10] Ziessel, R.; Ulrich, G.; Harriman, A.; Alamiry, M. A. H.; Stewart, B.; Retilleau, P. Chem. Eur. J. 2009, 15,
1359-1369.
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31 M5

BRGNS T U AZ(OFET)IL, BETIHMENRH Y | (K2R M CORECKRmFELAARETH
DI LT ORI M AE T IR RICHISER RN TR T\ S L OFET ISV B 5 A -EikT
pAlE n ANZAHFEI DY, n AU p BUT A THEN D 72 < B eSO R L IERWERIZH 5
7o, TR EYGEE LI BTRL n BUATE & 72 D AR RO bV TW D, AR A N B S
HFEE LT, HIREHELUMO)ZE T EEL 2 ENE<MmonNTEY ., EReIMERELEZEANLTF
BBACEWHPER SN TWD, ZOBLED O FRRaIMTOAL, n BIEREE 427”355+ & LT Figure
3-1-1 DHLORET RS

Figure 3-1-1. Structure of organic n-type semiconducting materials.

—HTT I FBMEER L7 DPP O 2 7 IXE - AETH D . A n BER L UCHFREREA R T 7 X
LB AA 2R (Figure 3-1-2) L Pl A& A FFo 2 L v D, n BSER Y VOB AMEA~DIRH b G &
NTWD, ZO7, DPPFERICE RO EZHEA L TEFZARELM LTI LEFEETHLLE
%7, —J T DPP BEMITEASNOEFRIIEELE LTUIRNY 7Aa AF LI 2R ED F ERELL
ZDIFNDE TR ZEIZONTIHIZE A EHIEIN TR, ZOTOEREIFENG 2 5B Z T~
HIDIC FRUNDOEBEFRGIEEZEALL D EB2 T, T VTV T ) 7 X2 (TCBD)ENLILY T /3
AL, 7Y v 7RG E WD RIS TE AR HETH S (Scheme 3-1-1)°, ZZ T2 U v 7RIS &
T = A5 OBRALAT I (Scheme 3-1-2) D L 5 IZE IR DO @ VWVE BEHGRUE T G D Z & T
%4 F7- TCBD SO AT THNERBEIICTIC K DU ° 72 EBREVEE 2 N TE 5 L &
ZTzo LED XS TCBD BMiL%EHT S DPP FEMED I U v I RIGERAW=EREORTZ B E L
72o E£72 TCBD #BALOE A L D EFZHRER EICHOWTRIR AR Mot A 7 U w7 R)VHE A B
Y —5THS AN LT,

O
O O

Figure 3-1-2. Naphthalene diimide.
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Scheme 3-1-1. The introduction of TCBD moiety.

R1
\© @ ]
N_N:N + :—R2 —_— R\N’ \\N
R2
Scheme 3-1-2. The Huisgen cycloaddition.
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32 Vv IRISEFB LY b oo B o — LBERO A

3-2-1 DPP #FEMR 7 DHRL

Pigment Red 254 |2 A F /LA A L7 DPP 358K 5 [ZWHD v 7V 7 VWb Z & ¢, B8
BT NF= VAT HDPPFHERE A G LIz, SHICZ ) v/ USEFIAL CEFEERT VX =
NEET NT T )= F L (TCNE)Z i &85 Z & C, TDBD HB7& 8 A L 7= DPP #F8(A 7 &R
67 % TH Rk L7z(Scheme 3-2-1), 7V v 7 SULDUSFEIITY 7 mm A 2 B H T TCNE % =81 T1T
S7, L ED X I ATFRS 7 Pigment Red 254 % 3850k & L, TCBD ¥ % A9 % DPP #HEKkD 7
U v 7 RO E WA REE A BRR L=,

CHyl
NH ——
K,COj,

DMF, 120°C

PdCIy(CH3CN),,
XPhos, Cs,CO3
CH4CN, 80 °C

Pigment Red 254

62% 46% 67% N—

N—
/

Scheme 3-2-1. Synthetic route of DPP derivative 7.

3-2-5 DPP #FHEK 9 DAL
D 7= DIZEAR-Ei 7 0 A0 7V VIR EAWT R Z 7 )vd a7« =)L A8 A L7~ DPP
K 9 & A L7-(Scheme 3-2-2), IURIZ 24 % Tdh -7~

F F F
0 o
] jF - ji O | F
0 0 F F
—_— —_—
Pdy(dba)s, Pd(OAc),,
XPhos, KOAc, SPhos, K3POy,

dioxane, 110 °C THF, 60 °C

63%
Scheme 3-2-2. Synthetic route of DPP derivative 9.

3-2-3  Hiffidh X MRAEE AT

DPP 558K 5, 6, 7T D\ THLAEM X MR ERT 21T - 7= (Figure 3-2-1), HLfE & X BAEE AT Ok 5
720 DPP &R S5, 6, 7D DPP a7 & 7 = = )VEEO " HAITZNEIL45°, 33°, 42°THY ., DPP
RGN /NS, DPPFER 6 ITB TR TH LI ATNT I ) KEFiold, 7= HKOE
FRENT L EZ NS, FOFE, DPP a7 & 7 == L EOR TN S, mHANNSL R
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>7-. F£7- DPP #HE(K 7 ® TCBD EMriL> 7 /) HDONAREED - s-cis (KEZTERL LTV 5 2 L 38
Sz o7 3,

N3
@)

N N4‘\X\ i
O\(\ o8 Do
o o

12*
c1et \c15t =0 N2*
R iz
/‘/ﬁ’F_(Vj
D

Cl2

c11*

N2

ci

N3 ™~
Figure 3-2-1. ORTEP drawings of 5, 6, and 7 with thermal ellipsoids shown at the 30% probability level.
4-Dimethylaminophenyl groups show one of the disordered positions. Atoms with asterisks are

crystallographically equivalent to those having the same number without asterisk. Hydrogen atoms and solvent
molecules are omitted for clarity.

3-2-4 DPP 1A 8 O Hifkfh X MG AFAT

DPP #5351k 8 & 9 12DV CHIfE S X MRS MENT 41T - 7= (Figure 3-2-2), HL&h X S I MEHT O 5 Hoh
O DPPFFEIR8 L 9D DPP 27 &7 == /LD THAILTENLI29 °L 40 °ThoTo, N FTNF
N7 =V E T 2= VLD THMAITN42°THY . ZHIEFFEREESWEDIZRE<ALLRLTVNDS
EEZLND,

asterisks are crystallographically equivalent to those having the same number without asterisk. Hydrogen atoms
are omitted for clarity.
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33 T RIIT )T E T UEL IS G 2 B B

3-3-1 WIN AT hVRIE

2x10° M D% DPP #FE(K 7 1 11 7R /L WA % T C BRI & O bLi 21T - 7= (Figure 3-3-1), DPP
FHEAR 5-9 DWFEE T Table 3-3-1 ICF L Tz, XU F I NA 7 2= IEHT 75 DPPiFEk9 L5
LMK EA S mmERE Y 7 F Ui, FREFRWE T RSIEEEZAT D2, N ¥ 7 2= )Lk
o T HEDYEIR LI 2O E SRR EY 7 N2 E 2 bivd, TCBD #2435 DPP 5k 71X
IRV 2 50 2 & N H2MT 72 0 | 461 nm IZHWIRIN B — 7 & 535 nm (T2 72 6 R RN B — 7 &
FFoZ LWL E o7z, 461 nm ORI R (X DPP K7 DV AF LT I ) 7 = = VDO
EEZBND S FBICIRA% DFT FHE O B> 5 535 nm D 7272 5732 ILE DPP =1 7 0 -
BLEIOAFANT I ) 7 2=V G DPP a7 ~D ICT IZIRETE 5,

60000

50000

« 40000

cm

1

30000

EIM

20000
A

10000

9

O 1
400 450

L 4
500 550 600 650 700
Wavelength / nm

Fiure 3-3-1. Absorption spectra of 5, 7, and 9 in chloroform.

Table 3-3-1 Photophysical properties of 5-9

Absorption!® Emission™ Excitation  Stokes shift /cm™ B
Amax/ NM ¢/ Lmol™cm? Aem / NM spectra/nm in solution solution
5 485 19400 533 472 1857 0.87
6 522 43200 619 538 3002 0.72
7 461, 535 54500, 23900 541 526 207 <0.01
8 485 19000 543 483 2074 0.87
9 490 21900 551 493 2259 0.86

[a] Absorption spectra were measured in chloroform. [b] Emission spectra were measured with excitation spectra
in chloroform. [c] Absolute fluorescence quantum yields in chloroform.
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3-3-2 FHART M AHIE

AR L7 DPP #BEA 7 ma s )L AESHRIT o U CHOLImE 2 Bkt L, B R OWE 21T -7,
(Figure 3-3-2), > 7/ F 0w 7 = = )LHPNE A I 7z DPP FHEMR 9 (X, 5 IZH~<T 18 nm MR F i
ENT7 b LTe, ZTHUTRIN AR RV OFRER & RIFRIC F RITRWVEFREIBBEZ AT L0, R4 7=
SN LS TR ENIR LT B2 b5,

Tt E IR Table 3-3-1 ([ZF L5, DPP #FEIK 5-9 (X, 7 v w7 /L AR T Tld DPP #5814k 7
ZFRWTETO07 L EomMELZR LTz, DPP FEAR 71X 001 AT THY  1FEALEFNERS Do
72 F7-DPPFHEART DA F—2 27 F(207 em™)iZ 5 (1857 cm™)=° 9 (2259 cm™) & He TR 1T/ &
VN, DPP FBE(R 7 TIXVAF AT 2 ) 7 ==L DPP 27 ~D ICT 232 Z 7=, 10> DPP 751
REITRAR 2R NEFBERTLEZHND P, L EOFEE) S DPP FFEK 7 12 E & Rtk EDE
RONRKEL D, BEHNAEZ TWDH EEX LMD, S HIZ DPP FHEME 7 IXBERFHHE OB RN
ICT REETWDHEEZLIL, ZHCKVEC RV —DIE BRI D Z & biFE A ERNE R
STWEIH E L TEIT N5,

—v—5
—a—7
—_—— 9

Intensity / a.u.

600 650 700 750 800
Wavelength / nm

500 550

Figure 3-3-2. Emission spectra of 5, 7, and 9 in chloroform.
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3-4 HEmEHEZHW B

DPP 3@%{4:5 7. 9IZBIT WU AR RV OER & HOMO } O LUMO LU DWW THH 52T
LIl AN TEE L, FTMEORBLEZITV., TOBT XX LR L, #
i ;Hr:%-t X B3LYP/6-31G L /L C Gaussian 03 |2 & W 1T~ 7=,

FHEIC X 0 AT L L7- DPP 353K 5, 7. 9 O4yF#liE % Figure 3-4-1 7» % 3-4-3 |27/~ L7-, DPP &
K5, 7. 9 HOMO & LUMO OFET#LEITIZFE AL DPP 227 & 7 = = Lk FIC/RB7E(L L TV 7=, DPP
FHEAR 5 OFFRIC K o TRed H A7z 478 nm ORI X DPP =27 @ n-n*iE % CTd v | ERIfE D 485 nm
DRI e E1FFE—F LTV 5, DPP B8R 9 DFHEREIZ L - TR 517z 512 nm ORI & & DPP
a7 Dt EETH Y | EHED 490 nm IZUTVMEZ & 572, DPP FHEMK 7 1% 380 nm LL_E DB Fs
3 OMF(ELTc, TAUTMIN AR RV T DPP FFEIK 7 MBSV A £ Z & & Kun—EZ 7~ 3 (Figure
3-4-4), FREIC I > TRD ST DPP FEIK 7 D 626 nm OWILIEFRIL DPP =27 D n-n* &K Th v | &
HED 541 nm L0 L EHRET 7 b LTCWe, 2HUE DFT 3 E CILIBB O R 2 EE L Ty
DRI RENECTZEEBEZOND, —J7604 nm ORI EIL, AFNAVT I ) 7 ==/ DPP
a7 ~DICT ThoHEZExBND, F£72387 nm OWIEEIZ T A TF VT I ) 7 2 = VED n-nEf T

0. RILART SvD 461 nm 1233 %, TCBD #ALD n-n*#Ef1L, DPP 27 @ n-n*#ERE LD H K
TREETRELZA LT, ZORBEIIRIN ALY LT 461 nm (2K E 22U A Y hLEFFOZ
L —HT 5,

(b)

Figure 3-4-1. Molecular orbitals of DPP derivative 5. (a) HOMO (b) LUMO.
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Figure 3-4-2. Molecular orbitals of DPP derivative 7. (a) HOMO (b) LUMO (c) HOMO-2 (d) HOMO-1 (e)

LUMO+3.
(@) )) (b) /ga
Figure 3-4-3. Molecular orbitals of DPP derivative 9. (a) HOMO (b) LUMO.
Table 3-4-1
Calcd / nm Composition 1 Nature
5 478 HOMO—LUMO (0.59) 0.464 DPP =27 D n-n*i&#%
626 HOMO—LUMO (0.47) 0.318 DPP =17 @ n-n*&EHK
7 604 HOMO-2—LUMO (0.49) 0.371 ICT
387 HOMO-1-LUMO+3 (0.64)  0.691 CRAFAT )T = 2 VD B
9 512 HOMO—LUMO (0.60) 0.667 DPP =27 @ n-n*#EH

[a] Oscillator strengths.
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70000 -[" -TT* —A— 7 Calculated value
60000‘- —e— 7 Experimental value
50000

ﬁ 40000

% 30000 F

w

20000

10000

500 600 700 800
Wavelength / nm

Figure 3-4-4.

400

DPP ##E (K 5, 7. 9 D HOMO R R /L X —F v v 7T O\ T X Table 3-4-2 |2 F & 7=, TCBD HBfL
ZH 9% DPP #BE(E 7 ® HOMO & LUMO D= R/L ¥ —HENL7AS DPP #FiEA 5, 9 L TKREL Favo
Tz, FRZ LUMO O R F—HEMRRES TR, ZRXALXF—F ¥ v 7O/hSLRhoTWW e, =
UL TCBD 223 DPP @ LUMO |ZB8WHB % 5.2 572075 B2 bivb, 2D XL 912 TCBD #HBALIC &
STLUMO DL ANANKES FRY, TRXLX—Fr v IPRESTLEBZHINLD,

Table 3-4-2
HOMOW LUMOM A
5 -5.58 eV -2.91eV 2.60 eV
7 -5.92 eV -3.70 eV 1.98 eV
9 -5.63eV -3.10 eV 2.42 eV

[a] Time-dependent density functional theory (TD-DFT) calculations were performed at the B3LYP level with the
6-31G.

PLEXY DPPFFERT TILDPP 27 D n-n*BB & VAT NT I ) 7 2 = VED n-n @RI kT 5
W, ST AFAT I 7 =)L) s DPP a7 ~04r1 ICT [ZHKT 2WINE o7, W&IA
WY Z 37>, DPP #5E(K 7 1% TCBD #7725 DPP @ LUMO (23 A 5.2 | TR LX—F v v 70
RESTZZ EEH LT LT,
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35 T hIVT ) THEVZUENAEAT LYV Yo o B u— LB RO B KA SRR O AT

DPP FHE R DBELRMIRMEE Z AL NCT D720 A 7 U v 7R Z 2 A N —ZHRIE LT, ks
Jan AL ANIKFFERE L L TO01MBWNPR ¥ L, BRERZ AT Z & CRAFEFE L FRVTH
ExIToTz, WETIIERFHA T E2HEL, (EHEBIIT — R B, s Ea4eit, 2REMmRE LT
AQIAG EmAE V-, FTe7 xat D Eyy OFENZHHEQO.0V vs. Fe' [ Fe) & L TifT 24T - 7=,

30

20

10

OF

[/ uA

0 L L L L L L L
-25 -20 -15 -1.0 -05 00 05
E/Vvs.Fc /Fc
Figure 3-5-1. Cyclic voltammograms of DPP derivatives 5, 7 and 9 in CH,Cl, (1x10® M) containing Bus;NPFg
(0.1 M). Sweep rate = 100 mVs™.

DPP 358K 5 & 7, 9L DPP =2 7 Hisk D nl#fi Zp g {bis soii 3 Bl S A 7= (Figure 3-5-1), DPP §FE (K 7
VR TTANCARS 195 & 3 DO IR R LIZE T S TN E41-0.88 V &£-1.20 V. -1.98 V [ZHLHIl = 4172, -0.88
V £-1.20V DIEILIL 2 EFEILTHY, -198VIX1EFELTHD, XMkIZL 5 E-088V £-1.20V D
¥ 013 TCBD #7001 eI 7 8 S5 (Scheme 3-5-2) %, —J7. -1.98 V D& 1% DPP = 7 K DIEITIC
Jm )@ <45, DPP FFER S & 9|2k~ T DPP #E K 7 @ DPP = 7 H SR D&yt 23 bhi ) A BN 77
LTWLDIE TCBD HNLD YT =A o noDEFMEGHRICEL Db D LEZEND, LLEDOFRREND
TCBD #i & A7 % DPP &KL, GFt 5 E O HiRECN AR TCHWEFEMEEZA LTV,
K5y CH72 5 A1 DB T EFFOLAMITIEFITDTH Ly,

Table 3-5-1 Summary of electrochemical data® for DPP derivatives 5-9.

Ellzlred[b] E1/22red[b] E1/23red[b] EonsetloX[C] Eonsetlred[d] HOMO[e] LU Mo[ﬂ
5  -1.638V 0.632V -1.561V -5.43 eV -3.24 eV
6 -1.625Vv0 0.612V -1.554 V -5.41 eV -3.25 eV
7 -1578V 0.666 V -1.503 V -5.47 eV -3.30 eV
g -1779VvlM 0.044 V -1.581V -4.84 eV -3.22eV
9  -0.878V -1.204 V -1.979 V 0.802 V -0.759 V -5.60 eV -4.04 eV

[a] Redox potentials were measured in CH,Cl, (1x10” M) containing BusNPFg (0.1 M). Sweep rate = 100 mVs™.
Potential in V vs. F¢" / Fc. [b] Half wave potential. [c] The onset potentials of the oxidation wave. [d] The onset
potentials of the reduction wave. [e] Determined from the onset potentials of the oxidation wave (vs. Fc* / Fc)
using the equation (HOMO = -4.8 - Eqneer™™). [f] Determined from the onset potentials of the reduction wave (vs.
Fc* / Fc) using the equation (LUMO = -4.8 - Eonset”ed). [g] Quasi-reversible redox process.
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Figure 3-5-2. Redox process of DPP derivative 7.
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3-6 AR TCIC K DI R D21 L,

AR, TCBD EBAE 2 £ (b&a 7S, TCBD SO ESALFHNE I L » TRO B kAT 2 & NG
Shi- o,

Scheme 3-6-1.

TCBD HRAL % £72 DPP 3K 7 & [AIERIZIETTIC K » TR RO E{bZ R" T & PRTE %, 20729
W IEAI % FIVC DPP #5EAR 7 OALFHER T L2 & & ORI AT SV OB b Z i~ T, BIRAIZ 1325
FHR T CTEITAI TH D 3,30 b (Cp,Co, Eyp=-1.33V vs. Fc™/ Fe, in CH,Cl) % 0 706 4 &5 F L
TR DU AR S VI 2B LT, 2230 b v 22 D25k T DPP #5447 0 461 nm & 535 nm
DOWIL 3D LTz (Figure 3-6-2), Z D & X OZFWRILAIE 406 nm & 623 nm Th o7, F7H LWL A
771nm IZH B b, WROE S K AN DIRAICRA ICED ST, 2790 e v OEICENL & DPP #5E
K7 OETENMNEZETHE, 290 b2 X > TDPPBER 7 O TCBD ¥ NE TIN5 &5 X
bd, SHIZDPPFHFEARTIZa L b4 ELRISLIEZEE, 7o 22 THER 2
MoT=Z &G, WROBDOZEIT TCBD ¥ 4 R TIZ XL D b0 &% 2 b b (Figure 3-5-2), i
TEIZ £ o THE U= B TEARMEIRIC £ TRATL,

Cp,Co 0Oeq.

| Cp,Co 4.0eq.

Absorbance
o
(o))

0.0 L L L
300 400 500 600 700 800 900 1000
Wavelength / nm

Figure 3-6-2. Changes in absorption spectra of 7 in CH,Cl, (2x10™ M) upon addition of Cp,Co.
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3-7 &=

AT 575 Pigment Red 254 # 35 E L, 7 77 ) 72 P (TCBD)EMi 2357 b
Dmﬁmkﬂﬂwm%§¢®79yﬁﬁﬁ%%kaﬁ%%%%bkoiﬁﬁHXﬁnyyfﬁmé
FALTE BRTNVF=NAVEEEZEAL, P/ A X WRPCT N7 72 TF Ly ERSSH
% Z & T TCBD ﬁﬁfﬁ@%]\’i’ﬁfﬁb U7z, FTWINART FVEE DR RS, TCBD Hfixf9 5
DPP 358K 7 1RSI 2B IS W & FFO 2 E B SN o T2, ZAVUTBERRETE S, DPP 758K 7
OMEIRNKINE DPP 2 7 D a-nB BT TIE RS O ATAT I ) 7 2= VED &R L AT LT
R T2V ENPBLDPP a7 ~DICTICL DD EBEZ HILD, TCBD FALOEAIZL Y, R & 7)1
ﬁu71:wﬁib%k%ﬁumov&w®ﬁTﬁw%E:émko:@%%#%NBD%Q@%A

LEVETZRENEE T EE XD, £7- TCBD Hiia A7 5 DPP #FHEIR 7 1% 5 &/ O Al i 72iE
TNAETHY, BFZEEL L TOEWRT Uy L2 HT 5, &5I2 DPP #HEMK 7 1% TCBD #iAL

T X > TR ENZLT 5 2 2D, kS rd—E LCOISHRHIEETE 5, kDX Hiz
TCBD #Ri. % A7 % DPP #HER DAL Z BTG L7z 2 & T, DPP 8K %Z I L7 AHEE T EBRR O
WEE ST D ENTET,

27 30k

[1] (@) Letizia, J. A.; Cronin, S.; Ponce Ortiz, R.; Facchetti, A.; Ratner, M. A.; Marks, T. J. Chem. Eur. J. 2010, 16,
1911-1928; (b) le, Y.; Umemoto, Y.; Okabe, M.; Kusunoki, T.; Nakayama, K.; Pu, Y-J.; Kido, J.; Tada, H.; Aso, Y.
Org. Lett. 2008, 10, 833-836.

[2] (a) Sonar, P.; Ng, G.-M.; Lin, T. T.; Dodabalapur, A.; Chen, Z.-K. J. Mater. Chem. 2010, 20, 3626-3636; (b)
Suna, Y.; Nishida, J.; Fujisaki, Y.; Yamashita, Y. Chem. Lett. 2011, 40, 822-824.

[3] (@) Michinobu, T.; May, J.C.; Lim, J. H.; Boudon, C.; Gisselbrecht, J.-P.; Seiler, P.; Gross, M.; Biaggio, L.;
Diederich, F. Chem. Commun. 2005, 737-739; (b) Michinobu, T.; Boudon, C.; Gisselbrecht, J.-P.; Seiler, P.;
Frank, B.; Moonen, N. N. P.; Gross, M.; Diederich, F. Chem. Eur. J. 2006, 12, 1889-1905; (c) Liu, H.; Xu, J.; Li,
Y.; Li, Y. Acc. Chem. Res. 2010, 43, 1496-1508; (d) Chen, S.; Li, Y.; Liu, C.; Yang, W.; Li, Y. Eur. J. Org. Chem.
2011, 6445-6451; (e) Zhou, W.; Xu, J.; Zheng, H.; Yin, X.; Zuo, Z.; Liu, H.; Li, Y. Adv. Funct. Mater. 2009, 19,
141-149; (f) Xu, J.; Liu, X.; Lv, J.; Zhu, M.; Huang, C.; Zhou, W.; Yin, X.; Liu, H.; Li, Y.; Ye, J. Langmuir 2008,
24, 4231-4237.

[4] Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem. Int. Ed. 2001, 40, 2004-2011.

[5] (@) Shoji, T.; Ito, S.; Okujima, T.; Morita, N. Eur. J. Org. Chem. 2011, 5134-5140; (b) Shoji, T.; Ito, S.;
Toyota, K.; Yasunami, M.; Morita, N. Chem. Eur. J. 2008, 14, 8398-8408; (c) Shoji, T.; Higashi, J.; Ito, S,;
Okujima, T.; Yasunami, M.; Morita, N. Chem. Eur. J. 2011, 17, 5116-5129.
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4-1 H&
WREMERTR 2 N A A A =T TMBRCE KRG EMM L L OSAT 2546, BMICEbETzx
N RN =K v TERHET L EITEETHDL, L LE2TELFEIEOHIENL T,
e e r—/L(DPP)D 5 EER b~ EHFEE A CIIINR R 50 nm LovEHEY 7 a3, =
FNX =X o TOFEIIIRERH 572, ZIULDPP 27 L ZHUTHE R 2 EFERO R UNAEREL
U D ER T L E 2 72, FEERIZ Gryko HIE DPP o1 7 & WEBR A RER A CHEIET 5 Z & TK 100 nm
DEWES 7 FBRIBZEEZRE L L —FH, SO PEEEEERT 5 -0ICiE, RE[BERLED
HAREAEOND Y ICENMREE bFRIHFTRETH S % FHIR U F L ZBROMOBRNREE ) o 8 Lz
RO FEEZTRRT 5 2 EBME SN TND 5, & LICAR Y EA~OERAILE PR EO R T T
. nBTROBTZREDN EOHFEEFIEHTZENTE D, FLAERAT v 7 ORMELHE AL
TEEEATLHZENTENIEX, —2DOENLT 4T Ty I bR D 3 VX —YEN 2> DPP
FERDOE RS FIREIL 72 Do

BN eR e LCIR TR L T 7T 2RI, RORPTISFFLOERMEELZET 5 PP FHEHED
ERGEDBAE A HAY & L7 (Figure 4-1-1), —F CEFILEETH 5 ) VLS A 7O DPP #H5K 4
AL, BRENZRVX—F v v THEICHEZ HHBLI, £ L TENMAEAIC L > TRIERO R
WEY 7 FRHRETHD 2 LM HECBIILIC L > T XX — YN DN ATRETH D Z & 2R
AR MY A 7 w7 RV Z A N —ZFN L B0 L,

Figure 4-1-1. DPP complex.
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4-2 BNIFEAEATHY7 P oo o — LB EROA R

4-2-1 &7 F & BN ST DPP FHEMR DA K

2-pyridyl JE % £7-2 DPP 358K 10 1%, 7 7 & LML & 2-pyridyl JEDEHF N0 DT =F L MED NN -
FlL— MEALFE LTHRET 2 & B2 RUEDBEAZKRG L7, £7 boron dipyrrolomethane (BODIPY)
FHIZABND BF, DEAZRATZN, 1T E A EKE L7ZeN> 7= (Scheme 4-2-1),

CH,Cl,, BF3-Et,0,
TEA, rt, 24 h

Scheme 4-2-1. Synthesis of DPP boron complex.

WIZ Curiel 512X > T B-C OFEG DU 2 RN 223 5 NN-F L— ML~ D R 7 FEOEA RN HE
ENTWDZ LD 4 BPhy & O E 7772, DPP #3E(K 10 & BPhy O SOGMTIRTE b /L > FTIT,
DPP 358K 11 % 71%DULE THH7-(Scheme 4-2-2), [FIfRIZ DPP #5E (K 13 & 15 1% 21%35 X Y 60% 7D U
ECHR LT, DPP #FE A 13 1% Br 312 X 2 RIS & FRARWEREED 7o DI RNIREETH D 2 &
5. DPP #HMlR 11 & 15 ITH~TRILER E 72572, AR L7- DPP ##EKIE 'H NMR 2512 X » CRE%
177, & LT Figure 4-2-1 |Z DPP #FiE (K 11 @ 'HNMR D 2227 MAF—Z 23T %,

(0]
JBu
(6]
0.
R! "Bu BPh;
(0]
N R —_
| ———— HN NH
=N tert-CsH{,ONa, toluene, reflux

CN  FeClj, tert-C5H,,OH,
90°C

10 R'= -§H 60% 11 R'= $H 71%

12 R'= $Br 18% 13 R'= -$Br 21%
14 R'= 4N ) 56% 15 R'= N ) 60%

Scheme 4-2-2. Syntheses of DPP boron complexes.
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DMSO

d H,O
_..lj_lx_,_ﬂbL ; ZJK sl ! o

LI L L L L L L L L I L B N B N R L I RS R I

3.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

(¢

Figure 4-2-1. *H NMR spectrum of DPP derivative 11 (400 MHz, DMSO-dg).

4-2-2 7T FF ZEAL S H 7= DPP FHEAKD AR

W D= DIZ T T FF ZENL S W72 DPP S8 KO AR EITo72, ETEWENELHFTE S
phenylpyridine Z BB A7 - & L CHV = DPP FFERD AR &7k 7=, L 2>L phenylpyridine @ C-H #%
AENYINT, TTFF~DOEARREETH - 12720 BT E 727> 7= (Scheme 4-2-3),

cis-[PtCly(dmso),)] O—@@U \ N
N o

NazoO3, THF, N82C03,
reflux, 60 h 2-ethoxyethanol,
100 °C, 48 h Bu

Scheme 4-2-3. Synthesis of DPP platinum complex.

WIZ O-H FEE BN W T =4 MBI 7 Th 5 acetylacetone % iV 7= DPP B8R D A ik 2 5 7
72o MALDI-TOF MS (2 X > T F R A B L 72723 IRERIED T2 D HBETE oo Tz,

cis-[PtCl,(dmso),] A /
O OHw_ O\Pt
X \Efo/
Nach3, THF, Nazcos,
reflux, 60 h 2-ethoxyethanol,
100°C, 48 h

Scheme 4-2-4. Synthesis of DPP platinum complex.
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acetylacetone TIIIEMRMEDME > o 72728012 & V> 'Bu ££23-o0 /= dipivaloyl mathane Z #fiBhiEe 7z 1 & L
THV - DPP #53E(K 16 DA A 1T > 72, DPP #5381k 10 & cis-PtCly(dmso), % i &, & 512 dipivaloyl
methane % i SH % Z & C DPP #538K 16 & IUE 4% CA Bk L7-(Scheme 4-2-5), &% L7- DPP 7%k
16 13 'H NMR R0t 9T & » CRIE#1T» 7=, #il& LT Figure 4-2-2 | DPP §%i#{k 11 © 'H NMR @
ARG NVT =R ETHT D, L ED X SR UFERST T FF LENEG %A T 5 DPP #HEE DA RE
R LTz,

‘Bu ‘Bu
cis-[PtCly(dmso),] Y
_ O OH
Na,COs, THF, NayCOs,
reflux, 60 h 2-ethoxyethanol,
100°C, 48 h

Scheme 4-2-5. Synthesis of DPP derivative 16.

CHCl,
d 4 ™S
88 8§ 3 5
-0 — — y—
l ‘ bi c f
A A o |Jh & ! [ & & & |h
8 6 4 2 0

Figure 4-2-2. *"H NMR spectrum of DPP derivative 16 (400 MHz, CDCl5).
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4-2-3  BLEGAL X RS ARAT

DPP 554K 11 & 16 (2D T HRGAh X S IEMT 217 > 72, DPP #53E(K 11 » DPP =17 & 2-pyridyl A
O HHAIX175°CTH Y DPP LR 16 O A1 2.74 ° L @R A FFO 2 & &2 B 522 L= (Figure
4-2-1), —7J7. DPP #HE(K 10 O [ DO FH41E 6.01° & Hidr S Tu= °, D78 DPP #EK 11 & 16
DJFH DPP #FHER 10 L0 b @V FHEEZ O LB D, Elon-n AX v XU VEOMAEERIL
DPP #FE(A 11 & 16 TIIfEFE T 720> 7= (Figure 4-2-2), ZHE DPP #EiK 11 & 16 23 &L BPh, R0
dipivaloyl mathane ZH 3 272 L& 2 b,

YU ED X DIZE R LTz DPP BRI HLAE f X SRFEEMEHT OFE R b @ WP E A2 F2 2 &L 28 520
Wz L7,

(]
: > /
"\ —
o/
N\
N\
S
.-—-< ” -
VAR
\_/ 11

Figure 4-2-1. Cystal structures of DPP derivatives 11 and 16.

/1 -, 16

Figure 4-2-2. Packing diagrams of DPP derivatives 11 and 16.
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4-3  WHIN AT RV OIS AT N T XD R O B

71w RV AEERC, 4 DPP SR ORI & ORIE A 1T > 72, DPP #HERD 7 HREMEIT Table
4-3-12F L 7=, DPP #BEAIT 0-0 B & 0-1 BRACKIIST 2 IEEEE 2 7% L 7= (Figure 4-3-1)°, &~ 7%
Z AL S B 7~ DPP 3BEK 11 ORI £ 13, DPP 3Bk 10 L R T 1B m B EL 7 ML, =
AUZxt LT 7 FF #Blfr S 17 DPP #58(K 16 D353 DPP #E/K 10 L b T 181nm O R E T 7
MBIl ST, BEER BICEREZEALZSBEOREREY 7 MIWS0nm TH Y | BAFEAICE D
RBHEYT7 NOFNREWZ EEW LN LT, —F, DPP & BRI+ & L CHWE 77 F 8RN
WA ST 5 (Fiure 4-3-2) ', BEFESEAR DM AL 13 536 nm Téh 5 7-% ., DPP HE(k 16 D E W E
7 MI RN L D@V EEEOERIC L2 b0 EEZ BN, X HICDPP#HEAK 1L L Yt DPP
FER 16 NIV EFEREY T M L2Z E0vD, DPP i8R QW R 1 3B T3 ORI L > TRt Ay
BRThdEEZILND,

40000

35000

30000

25000

-1

20000

e /M'cm

15000

10000

\.
5000 |

Sead

0 1 1 i n A s
400 450 500 550 600 650 700 750
Wavelength / nm

Figure 4-3-1. Absorption spectra of 10, 11, and 16 in chloroform.

Table 4-3-1
Absorption'® Emission"” Stokes shift in solution
Amax/ NM ¢/ Lmol*cm? Aem / NM em™

10 504 21100 514 386
11 617 34000 638 533
16 685 36300 - -

12 518 23500 527 330
13 638 34600 662 568
14 556 50800 576 625
15 615 72500 632 437

[a] Absorption spectra were measured in chloroform. [b] Emission spectra were measured with with excitation at
Amax IN chloroform.
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Fiure 4-3-2. Structure of reference complex, DPP-Pt.”

WG N LT BHEFEC K BB A G~ 7=, Br 449 % DPP 58K 13 OMKRIUE RIL, mUHFE L
BN G A 2 FF 7= 72\ DPP 358K 12 L HbT 120 nm £ & 2 7 b L7=(Figure 4-3-3), £~ L L2 A
9% Pip-B-DPP DKWL £ D4, Pip-DPP & H_TE9nm ORHEY 7 MBS, Zhb
DFRERPORWEDOEEWVITEALLEREIKET 2 ZHONC Lz, £V ELEALL
DPP #FE A 11 & 13, 15 OFNEAREITI R VR EZHEAL TRV 10 & 12, 14 & TH L5 5127
STz, ZHUFENREAIC X D m R DILIRIC L > TEAWIURK O R LI-1-h s EZ BN 5,

70000
60000
50000

_§ 40000

=
< 30000
w

20000

10000

[ §
0 ;0-0-9-g .

450 500 550 600 650
Wavelength / nm

Fiure 4-3-3. Absorption spectra of 12-15 in chloroform.

o

% DPP $Hifk 7 o v AL LS TOIIN AT R VIIGE %1T - 7=(Figure 4-3-4), &7 FEAZEA L7
DPP ##E (A 11 & 13, 15 ORI F1T 632 2> 5 662 nm (LM S v7=, DPP #E A 11 ORI
FIXDPP #HE(R 10 LV & 124 nm B E > 7 b L7z, RUFEZEA LT DPP iFEAROIAFE NI KD
NEZ XA AU & & [FIRETZ - 72(15 < 11 < 13), DPP #53EK 11 ORI e 1L 662nm THY . v 3
NV — B =713 723 nm I KXY, FEEHE R DS ARAMEEAT T ICBLAL Tz, REHRAYIC DPP 358K 16 132
B TR E RS o To, ZOBRSITHEERNL T DPP 2 H\ 7=/ U7 LgER(Figure 4-3-2) T & BLH| &
- b,
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Intensity / a.u.

500 550 600 650 700 750 800 850 900
Wavelength / nm

Figure 4-3-4. Normalized emission spectra in chloroform.

4-4 VA7V v IRV EZ A Y —Z KD ELSACEAENE O

DPP FHEARDBL MR Z A O MNCTH72DIC A 7 U v 7R Z v A Y —%HE LTz, Bikks
LI ATF AL LT I ROMRICFRFEME L LT0.1 M BuNPR 2V L, ERERZIATZ &
THHFBREROVTREZIT o7z, MEPIXERFEAK]TE2RS, EHEMIT T —R B, XA
L. ZREME LT AYAGEME AW, $27 20t 0 Ey OB A EEUE0.0V vs. Fe" /Fe) & L
TRNT 24T > 7=, DPP #HiE (K 10 & 16 OB — 27 2N XD DMF ~OIRFEIEDMERN T2 TH D,

15

/Ty A

—10
—1
—16

-15F

25 20 -15 -10 -05 0.0 0.5
E/Vvs. Fc'/Fc

Figure 4-4-1. Cyclic voltammograms of 10, 11, and 16 in DMF (1x10°° M) containing BusNPFs (0.1 M). Sweep
rate = 100 mVs™. The weak intensity of peaks for 10 and 16 corresponded to the low solubility of the compounds.
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DPP 3% (K 10-16 XA BT /] JCIE 2 B éﬂf_(Table 4-4-1), DPP #5E{K 11 [-1.089 V vs
Fc*/Fc (ferrocenium/ ferrocene)] & 16 (1 168 V vs F¢'/Fc) D& —i& eIk (E1, ™)X DPP HE A 10 D & D
(-1.396 V vs Fc'/Fc) L 0 & IETBANCBLI S iz, ZOFERITFA T ED pllE & 77 FF O d #LiE A DPP
a7 DELEHEFETCNDEEZOLND, SDICEAVEDFNT TFF LD bbA AFBIERIRNTZ0
DPP #538(K 11 OF &t X DPP 78K 16 O D XV & L 0 EEMANCEH S, NS %
FFO DPP #84A 11 & 13, 15, 16 IF LV EILESNT < R oToio®d 2 D H OB L MBI < #u7- (Figure
4-4-1)8,

— 5 7C 2-pyridyl 2 FOBEHILITIEITCEMICTRVEE L 5 X 7o (Table 4-4-1), K514 FF-> DPP 3
K 13 138 b IEBAN R TR B S 72(-0.962 V), XHRAYIC DPP #5E(k 15 1ZEH L OBt 5

BEIZ &> TR b ABNANE T B SN 7-(-0.962 V), ZH 5 DFEENS 2-pyridyl & EoEHELD
BHGREICL - TREIEINI S ol tEZOLND,

Table 4-4-1 Electrochemical datal® for DPP derivatives

E, /21r9d[b] E, /22r9d[b] HoMoM Lumo EgOpt[e]
10 -1.396 V - -5.87 eV -3.47 eV 2.40 eV
11 -1.089 V -1.585V -5.72eV -3.79 eV 1.93eV
16 -1.300 V 1777V -5.29 eV -3.57 eV 1.72 eV
12 -1.281V - -5.91 eV -3.59 eV 2.32eV
13 -0.962 VvV -1.384 V -5.70 eV -3.84 eV 1.86 eV
14 -1.656 V - -5.37 eV -3.23 eV 2.14eV
15 -1.348V -1.791V -5.48 eV -3.54 eV 1.94 eV

[a] Redox potentials were measured in DMF (1x10™ M) containing Bus,NPFs (0.1 M). Sweep rate = 100 mVs™.
Potential in V vs. Fc* / Fc. [b] Half wave potential. [c] Determined from the LUMO levels and E, Pt ysing the
equation (HOMO = LUMO - E Opt) [d] Determined from the onset potentials of the reduction Wave (Eonset™®
using the equation (LUMO = -4.80 - Eqneet ™). [€] Estimated by absorption spectroscopy.

DPP #HE RO = 3L X —HL & B 52T D 72 DI AT hILOWRIUHEN B = F L F—F ¥ v
FEMERD, $A 27V o7 RLEL AN —DBTHDOT S LR Y (Bt ™) 25 LUMO (lowest
unoccupied molecular orbital) L ~</L- % B Hi L 72 (LUMO = -4.80 - Eqneet™) %, £ 72 HOMO (highest occupied
molecular orbital) L' ~/L{E LUMO L~L & ES™ 72 63K 8 7-(HOMO = LUMO- ES™®, DPP #iE(k 11 &
16 ® HOMO L /L3 DPP #3&E{Ak 10 (2 kb~ T @0 > 7= (Table 4-4-1 and Figure 4-4-2a), Z AUXEINZAE A
Lo TDPP =7 & 2-pyridyl 2D FEMERFEE YD, # HEENIEET 5 Z L THOMO L~ ES L7
HEEZLND, —J5 DPP #EK 11 £ 16 ® LUMO L ~L{ DPP 3K 10 LV & -7, Zh
XA TFERLT T T L OFMIAESIZ LD DPP 5K LUMO L _ABNMEF L7z B X Hivd, DPP
FERLL & 16 DR LX—F ¥ » 7 TiI DPP #3811 08 A<, DPPFFEMR 11 & 16 D= R/LF
—UENT & bR D & DPP #%E{K 11 ® HOMO & LUMO L-UUEEh - 72, Z A DPP #5335k 11 DR v
FHLONA ZABEERENTZOIZ HOMO O FA5| EfE Z Sniz7ediZ e B 2 bivsd, —77, Nindigo
LD A I UEE A A LT indigo AN STV S 1% Nindigo 13 indigo #ALE A T D%
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#0725 B-diketiminate B OENL - Th 5, E{LEA 2 HFE L7oA U R ICENAL L7 Nindigo $5(&
(Figure 4-4-3)®> HOMO L~/ 3-5.60 eV Th V|, /N7 T 7 A0EAL L 72 Nindigo #i{AD HOMO L~/L
(-4.88 eV) L b HAKW 1 R EMELT L7 Nindigo SE5KDIEVY HOMO L3113 DPP (A 11 /3 kb
HIEVY HOMO L LA FFD Z & LREROMM 2R3, 2D DFRERNORVFEIIT T FF L0 brA
AFEMEREN T HOMO LSV REL, TR AXF—F ¥ v I WIS Rolo B2 bbb, fMRe L
CTARUFAENL S 72 DPPFER 111377 FF 2B S ¥ 7- DPPFFE(L16 LV K E S 7 LT,
U ED XS ITENITERE DB L D FHEEEDEHITI =RV F—F ¥ v TOMENRARETHLZ L &
BH 5Nz LTz,

WIZHA LT EREN =RV — LG 2 DB AR LT, AUEREZHEAL TRV DPP 7
K10 & 12, 14 2D L EBEOBFILERENFVIEE HOMO & LUMO L~Lid BH9% Z & 3
HNZ 72 > 7= (Table 4-4-1), [FEROMAITAR Y FEZEA L7 DPP #5E4K 11 & 13, 15 THEHI ST,
SOF Y EHILOELEHE L HOMO & LUMO @ L Lkt L Cuh7=(15 > 11 > 13, see Figure 4-4-2b),
ZOFERND 2-pyridyl & FIZEA LB BEOE FILERICL > Ty X —Hf % ERT&xH 2 b
ZHH BN LT,

LUMO

B 4 | LUMO  b) | LUMO
-3.47 eV LUMO 357V LUMO LUMO -3.54 eV
40— -3.79 eV a0+
_ 40 e > 4.0 379eV  384ev
() ~
= -5.0— > - |
S 5.0 HoMO B 5.0
2 il HOMO
S 55— HOMO  -529eVv @ 55— oMo  HOMO YTV
HOMO ——— ~A0e
| ———— 572ev - -
ey 60| 572ev  570ev
10 1 16 11 13 15

Figure 4-4-2. HOMO and LUMO levels of DPP derivatives. LUMO levels were determined from the onset
potentials of the reduction wave (Eonset®) Using the equation (LUMO = -4.80 - Egner™). HOMO levels were
determined from the LUMO levels and optical energy gaps (E,™) using the equation (HOMO = LUMO- E,™).

\ /
F,B—N,
Ph

Fiure 4-4-3. Structure of reference complex, Nindigo-B.[*!
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4-5 HERETE A HWEE

WU A2 27 [ L ORI & HOMO & O LUMO LU 2 DWW TH H2MT T 578 DPP FHEKICIHIT 5
HOMO T LUMO 225\ T, BifaatE A AW TEL L, ETHEOREILAITV. TOHTRLF
—YWENT A B U7, BERRFHRI B3LYP/6-31g(d,p) L /L C Gaussian 09 (2 L W 1T -7,

DPP #E(K 10 ® LUMO % DPP = 7 & 2-pyridyl £ EIZR1E{L L Cu 7=(Figure 4-5-1), *fHEAJIZ DPP
FHEAR 10 O HOMO (iF & A & DPP =27 EiZJmfEk L T\, [AEkD HOMO & LUMO Dfi[ri% DPP
PR 1L & 16 THEINE 7z, F7- TD-DFT FHEOFK R 5 DPP %@%ﬁk 10 & 11, 16 ORI
I HOMO %5 LUMO ~DERIZ)if B TE 5 (Table 4-5-1), =45 O EFGFHE OFE 25 DPP FHEA 10
&1, 16 ORI FIZ, DPP 27 O n-n*BRICHE L TW\Wb EEZ b5,

HEREFE SR HOMO & LUMO L L3 Table 4-5-2 (270 L 72, FlimatE N SRz FLF
—HENRT R =X v TSI A 7V v TRV Z AR SN EROT-FEREE B —FER L,
KRN ONT-BEZEE T DL LN TET,

10 11
Figure 4-5-1. Molecular orbitals of DPP derivatives.

Table 4-5-1 List of calculated electroric transitions of DPP derivatives in the gas phase

Composition of band/

Wavelength®/ nm Composition I coefficients £t
10 483 HOMOSLUMO ___(0.70) 0.436
11 639 HOMO—LUMO  (0.58) 0.423
16 699 HOMO—LUMO  (0.58) 0.383
12 498 HOMO—LUMO __ (0.60) 0.589
13 661 HOMO—LUMO  (0.71) 0.488
14 506 HOMO—LUMO __ (0.71) 0.998
15 614 HOMO—LUMO  (0.70) 0.668

[a] The wavelengths of maximum absorption simulated by Time-dependent density functional theory (TD-DFT)
calculations. [b] CI = configuration. [c] Oscillator strengths.
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Table 4-5-2 HOMO-LUMO energies and energy band gaps of DPP derivatives on the basis of the theoretical
calculation

HOMO LUMO Eg2
10% -5.41 eV -2.76 eV 2.57 eV
115 -5.24 eV -3.17eV 1.94 eV
16" -4.87 eV -2.95 eV 1.77 eV
121 -5.63 eV -3.05 eV 2.49 eV
13" -5.37eV -3.36 eV 1.88 eV
145 -4.72 eV -2.19 eV 2.45 eV
15" 471 eV -2.56 eV 2.02 eV

[a] TD-DFT calculations were performed at the B3LYP level with the 6-31g(d,p) [b] TD-DFT calculation was
performed at the B3PW91 level with the LanL2DZ.
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4-6 fEs

RURRLT T FF L ORNLHER Z AT % DPP FFEUR DA RIEZ BIHE LTz, BLALRS 812 & D @V Fimde
ZRFOMEIEDTZAUIC KD | BRI R O KiIg R R Rl & B /VRARB O R FIRRIZ I o 72, KRR Y
FAEFNL ST DPP FEAKIT T T F T 2R ST b0 X 0 bRINERE OB E Y 7 BN TE 0,
BN RO Lo TR F—F v TZ|ET HLNTEDHLEEZZHND, S HIT 2-pyridyl
K EOBEBHILEZRINT 52 L T VXN ZFETE 5,

LLED XS BELAE S %25 5 DPP FFER DA RUEZ BltH L2 2 LT XV ) 2Bl oo 3 & E i
BBRIRTHZ LICL>TDPP 3 F DR F—F v v 7 & RNV OFIE L "EEIC LTz, =L
X —WENL72 EOFFENFRETH D Z O FIEIL, HIICE DT Z R o8 L W EFEM B O GHRY
RERGETEFRRICT D2 L EZE 2 6D,

235 3k

[1] Grzybowski, M.; Glodkowska-Mrowka, E.; Stoklosa, T.; Gryko, D. T. Org. Lett. 2012, 14, 2670-2673.

[2] Fukuzawa, A.; Yamaguchi, S. Chem. Asian. J. 2009, 4, 1386-1400.
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5-1 ##

AR, ITARIMETE D ERERG B BN, A A A=V TR e LTER 28T 5, TRIME
1349 700-2000 nm DI EDIETH Y, @mOHIIEEBIESLEKOHIEEFEE S WO RBERD S 1 ZDHN
AFAA=D 2 TR & L THER S Tn s,

T ARAMEFE & LTl squaraine® =2 boron dipyrromethane (BODIPY) % 5z & L7-GENHL TH Y HHC
BODIPY [3Z ML HERN AR SN TS 3 BODIPY (Z@\W\ T/ EERE & m IO Bk %
o, AEKEERC(LY oY — A FA A=V TR LTOISAREIES TS M,
Mz T¥7 hvurr o —/(DPP)bLEH SN TV HERENEAFE D —D>TH D, DPP X7 7 ¥ L) HEER
L7ciiEZfr D, IS Y = 2 VERTF ==V EFEOFFRE RO, TOmWFE ¥ U T BEESCWOLIR
BOASTEH &, DPP XA -EARCHMAMER L L CHITRICHENED bR T 5 5 T4,
Zumbusch <2 Shimizu &2 J - T pyrrolopyrrole cyanines type 7> DPP iz AR 73 il #5175 Wr R/ ek (2 Wy
ROFENMFME 2 o = & 34T S 7= (Figure 5-1-1) ®, pyrrolopyrrole cyanines type E#% {43 BODIPY & DPP
rRlAE DT MEEZ AL TND,

OCgH17

Figure 5-1-1.The example of pyrrolopyrrole cyanine type DPP. ®

—77. DPP DML ERICH AR T 5 2 EBME SN TS S, ZD 720 2 E TIC DPP OF &
BRICVER L7 DPP FERDOAMIEZ BRI L CE /L, F2HLEEIHTIIZ a A D v 7V UV IRIGER 7 Y
I K> THFR EICEBBEZEATH I L T U 2RHE T 2L
77o B 4 FE T 2-pyridyl £:% DPP ([ZE A L, 2-pyridyl £ & DPP =t 7 DZEF T HRITH VB A B IFEA S
W5 Z & TR E OB R E b A2 AIREIC L7z, ZAUX DPP a7 & ZUTE 72 5 5 HERO o 458 %
DIERICE DR EEBEZDND, ZNHDORERNO R VR EBNL S 72 DPP FEAKD o K RE I HIC
PR TCENIT, RAIOERNMEFENERTE D EE X, T TCINETICHBLIZEEEHE LN
HMAEZFAL, RoREBUFEEZHDOIPP FEKICEEHY TY VY IRBEFALTZILFZILESE
BATSH LT, AFNMERICRETEEF DO DPP FEEXOESR LT o7,

Figure 5-1-2. Structure of the boron-coordinated DPP derivative.
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52 mBEEPWIE L=V~ P m a o — LiHE RO SR

IJaAR TV T RIGERIAL TR TR EORNMNESZ AT 2 DPP #FE8KD & YLk E21T - 72,
FPHEAETER L DPPHEK B ICE 2 ETHWESBAR-BH /e Ay 7Y I RISEFIT A 2
& CF = L8 A & 77 (Scheme 5-2-1), L7 LSCEI D 3 iR SG D 7= DI AR TE 2o 72,

Pd(OAC),, SPhos,
K3PO,, THF,
60 °C.

Scheme 5-2-1. Synthesis of DPP derivative.

WIZH 3ETHWEEIHZ v 2 h v 7Y s ZFIT % Z & T phenylethynyl JEDE A 217572,
4-Ethynylanisole & 7-1% 4-Ethynyl-N,N,-dimethylaniline Z&E627 0 A h v 7'V U VRIS CTRIGSE S Z &
T e ZYE9E L7~ DPP #E(k 17 & 18 % 50% & 49%DIR TA L L7=(Scheme 5-2-2), % 7= b5
L L DPP#%itifk 6 & 11 % I L 7= (Figure 5-2-1), A& L 7= DPP #E(KIL 'H NMR 2512 & » THE %
T 7~ Figure 5-2-2 7 & Figure 5-2-5 {Z DPP #5381k 17 & 18 ® 'H NMR D A7 hLF— % Z30#i+ 5,

PACIy(CHCN),,
XPhos, C52003
CH4CN, 80 °C

13

17 R2= -§-OMe 50%

18 R2= —E-N< 49%
Scheme 5-2-2. Synthesis of DPP derivatives.

R?
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3.00

|Jlll A

P
LSS S I U PN o (N N S P E TR R S N N PR N A N R By B T P L N |

8 7 6 5 4 3 2 1 0
Figure 5-2-2. 'H NMR spectrum of 17 (400 MHz, C,D,Cly, 333K).

rr rr | rrr o ¢ | [ 1 1 1T [ T 1 T T [ T T T T [T

8.50 8.25 8.00 1.75 7.50 1.25 7.00 6.75
Figure 5-2-3. 'H NMR spectrum of 17 in aromatic region (400 MHz, C,D,Cl,, 333K).
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Figure 5-2-4. "H NMR spectrum of 18 (400 MHz, CDCly).

1.98

“PM

T
7.0
Figure 5-2-5. 'H NMR spectrum of 18 in aromatic region (400 MHz, CDCl5).
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5-3 WUV AT RV ORI AT ST K5 RO

7 v a RV SRR T, WO & OJIE 21T - 72 (Figure 5-3-1, left), DPP #HE (KD Y 2R 1%
Table 5-3-1 (2% & 7=, DPP 8k 17 & 18 1% 0-0 R & 0-1 BEO —SOIEEIKIE R0, *IRAYIC
DPP #3846 1X DPP =27 & HEBROMMEIC L 0 IREMEE 2 R 2 B2 b5 %, Z 07 DPP #%
Hik 17 & 18 OEBEEIL DPP a7 LA FROME R FRBECLI b0 BN 7,
4-(Dimethylamino)phenylethynyl 5% 3 A L 7= DPP (A 18 ORI £ (685 nm)ix, DPP #FHE (A 11
(617 nm) & LE_T 68 nm £ K 7 F L7, Z i 4-(dimethylamino)phenylethynyl JEDE A2 L5 = 3
BEDOIERIZE DL D TH D, F7= DPP #HER 18 1L 4-methoxyphenylethynyl J& %3 A L 7= DPP #5E (K
17 ORER L (667 nm) L= T 18 nm B E 7 k L7=, Z#uiZ 4-(dimethylamino)phenylethynyl H:o
MWEFHEERICE DB D EEZI LD, ZNOLDFRERND DPP 27 L FHFERD n R OILRITE
WEY 7 MIREREEBLHEZ TNWDHZ 2L LT, —F, DPPE{K 18 IIA F VA E AL
DPP #5381k 6 ORI (522 nm) & Eb~T 163 nm £ K> 7 b L7=, DPPiE{k 18 & DPP (£ 6
I% 4-(dimethylamino)phenylethynyl 225> Z Lvn, ZORKE Y 7 MIENFEE LR VERICL D b
DLEZLND P X512 DPP FHEK 18 OEAWLARE(86200 Miem™)iZ. DPP #i#Efk 11 (34000
Mlem™) &R TRI2 L 2oz, Zhb o HEROISRICE D LD EEX HND, mORREE F
D LI AA A=V TORKER FIZORNBDHEEZBND,

90000
80000

70000
60000
50000
40000
30000
20000

e /M'em?
Intensity / a.u.

10000

Y

v

600 700 800 550 600 650 700 750 800 850 900
Wavelength / nm Wavelength / nm

Figure 5-3-1. Absorption spectra (left) and normalized emission spectra (right) of DPP derivatives in chloroform.
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DPP #FE (K7 m RV LAWK T, BHAXT MO WE AT - 7o (Figure 5-3-1, right).
4-(dimethylamino)phenylethynyl £ %3 A L 7= DPP &K 18 DK E L a V¥ —E—2 3%
ZH 714 nm & 770 nm TH V| FEEHE RS ITRIMEEIZE L Tz, —J7. 4-methoxyphenylethynyl J&
ZE A L7~ DPP #EK 17 ORI R L > a V¥ —E— 27 [ ZFNF695nm & 747nm Th Y | i
IROMEIGIT A RO E 2 LT, LR EDIRZIL, WA XY M DIES| LR U2 -7z, Lk
D X DA TR EENLAE S FED DPP 58RI phenylethynyl 252 8 A L « IERAHLET 2 2 L TR
BERORERES 7 MPEZ o7,

%7- DPP %54 18 (593 cm™)D A b —27 A 7 &, DPP #iEfk 6 (3002 cm™) & bR T/h &L 2otz
(Table 5-3-1), Z AULEMLAE G IC & - CHIE 22 s 2 Ffo7e o & B 2 b5 DPP #5E(Kk 17 & 18 @
FIEFIERIT T2 053 £ 022 Th-oT-,

Table 5-3-1 Photophysical properties of DPP derivatives

Absorption® Emission®™  stokes shift /om™ o

Amax/ MM &/ Lmol cm? Aem/ NM in solution solution
17 667 67900 695 604 0.53
18 685 86200 714 593 0.22
6 522 43200 619 3002 0.72
11 617 34000 638 533 0.61

[a] Absorption spectra were measured in chloroform. [b] Emissopn spectra were measured with excitation at Apax
in chloroform. [c] Absolute fluorescence quantum yields in chloroform.
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5-4 HREmEIEZ W55

WG 2227 R L OFER & HOMO KO8 LUMO L~ULIZ DWW THA 5234 % 728 DPP #ERIcBIT 5
HOMO K TF LUMO 22\ T, Bifaitia VW THELE Lz, ETHEOREILEZITV., TO%TRLF
—YENL 2B U7e, PREREHSIE DPP #5E(k 6 & 11, 17 (%, B3LYP/6-31G(d,p) L'~/ C Gaussian 09 |Z &
ViTo7c, —J7. DPPFFEIK 18 DA 1T FEMN L <. IR L7g)y > 7272 B3LYP/6-31G L
LTS AL A2 1TV, B3LYP/6-31G(d,p) L ~L T p /L —HEN A L L 7=,

DPP #FiE A 17 & 18 @ HOMO % DPP = 7 IZ JAfE{k L T\ 7= (Figure 5-4-1), — 7 DPP #%38{k 17 & 18
@ LUMO 1% DPP =7 & 2-pyridyl J: FICAFEE LTV /=, 72 TD-DFT FHEOFSE B> 6 DPP FHilifk 17 &
18 DR KWL 1% HOMO 725 LUMO ~DER )7 )& T & 5 (Table 5-4-1), Zi 6 OFFREHHE OFKE F
735 DPP 358 {k 17 & 18 ORI EIZ. DPP 27 @ n-n*ERICHR L TWbH EE2bND, 7
DPP #53E4A 18 |3 565 nm (I ' — 7 Z 85>, ZOWNIFIEFRAEDORERN O A F AT I ) T ==
JVEEM S DPP 27 ~® charge transfer (CT) transition (2 X 5 % ® & &8 T & % (Figure 5-4-2 and Table
5-4-1) 12 DPP #i (A 18 | 4-(dimethylamino)phenylethynyl 50 &\ V&7~ R — M 723 CT BB S n-n*
B O Y,

HOMO Cga ;QD

17 -

Figure 5-4-1. Molecular orbitals of DPP derivatives.
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Table 5-4-1 List of calculated electroric transitions of DPP derivatives in the gas phase.

Simulated Ay Composition re
17 708 nm HOMO—-LUMO  (0.71)  1.056
18 720 nm HOMO—LUMO  (0.71)  1.399
552 nm HOMO-2—-LUMO (0.70) 0.547
6 581 nm HOMO—LUMO  (0.70)  1.868
11 639 nm HOMO—LUMO  (0.58)  0.423

[a] Oscillator strengths.

HOMO-2 LUMO
Figure 5-4-2. Molecular orbitals of DPP derivative 18.

FHENORDIEZTFAX—F v v F(ENIWILA ST FADLRDEZTZFAF—F ¥ v F(ESN) &
BuW—% & /R L7=(Table 5-4-2), F7- DPP ¥k 18 13 17 L tb_XT HOMO & LUMO O L~ULs ERH. L
7-(Table 5-4-2), = #Lid 4-(dimethylamino)phenylethynyl J£ D & WE - R F—MHo7-H EE2x b, &6
12 7 EEOILEIEIC L DPP §5EK 18 13 11 & 2T HOMO & LUMO ® L~ULs ES L7z, #%iC DPP
FHER 18 1d 11 & T HOMO LU RIBIZ A L7c7e®d, ZRAF—F v o 7<) | RN
HEORREY 7 bR&ZEE2z6ND,

Table 5-4-2 HOMO-LUMO energies and energy band gaps of DPP derivatives on the basis of the theoretical
calculation®

HOMO LUMO E E,/
17 -4.98 eV -3.10 eV 1.75eV 1.78 eV
18 -4.82 eV -2.96 eV 1.72eV 1.73eV
6 -4.63 eV -2.31eV 2.13eV 2.18 eV
11 -5.24 eV -3.17 eV 1.94eV 1.94 eV

[a] Time-dependent density functional theory (TD-DFT) calculations were performed at the B3LYP level with the
6-31G(d,p). [b] Estimated by absorption spectroscopy.
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Ka B LTz, U & ORNREEIC & o TRV FEPEZ (5 L7z DPP 3FERICEHEA Y v 7' & 7 BUS
ZFIH L T 4-(dimethylamino)phenylethynyl J£ 48 A4 % Z & THRCFHEZ ITRMERE TRIEE S 7 b
TEHZLEMHNIC LT, AR L7 DPP AR TIT ARME I F R 2 R0 RI2, @V IRoEREcE
FOZ oA FA A= TV E~DISHNEIRGTE %,
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R SCCIIMREEM D FERRER—IL OPP) BROEREDEEREZ B L L=

% 2 ETITIATAHES 72 Pigment Red 254 % HEE S LC, BFHEEEZET S PPEEFEDNDI/ OX
Hy TV ITRIEERWE=ERGEOREZ1T o7, 8 A L BERIEOE FEGEEOMRIIC L > T
WEENERES 7 ML, EAVEORESEART 5 Z 2O L, oL IcE TG RE2H
% DPP FHEARDOAAIEZ BT LTz 2 & TREMZRPIETG S fTREIC 7R o 7o, 2L T 4 U =L 3E%
B35 DPPHERITT v by ERWICST D72, 7 r koo —E LUSHARETH D Z & %W
SN LT,

FEIHETIETFIVT/ TR (TCBD)EMI%#ET % DPPBEEAED Y ) v/ RIEERAWVW-&RGE
DB EIT -7~ AR LT- TCBD &Mz A9 % DPP #HE(RIL 5 BF DDA /NE TN ARETH V&
SRIWELTEWRT Uy VvEFETHZEEHLMNC LT, & 512 TCBD EAL DR ITIC K - TR
ENET 20, fbFerh—L LTOIABRHfGE TS, ko X 512 TCBD iz H3 %
DPP #FE RO ARk IEZ B L= 2 & T, F A2 Tii7Za< TCBD #ir b B K51 M & L CRIHATREIZ 72
V. DPP #HEMRE B Lo AHEFH BB OIRZ AT 5 Z &N TET,

F 4w CIIERMAEEZET S DPP BEBEDERZOMIEZ1To 72, ENFEEIC L 5 FiiitEo @y i
EORIZ L0, WL R O KIE A2 B RAL & AR OB RS ATHEIC 22 > 72, BRICAR 7 FE A RAL
SH7DPPFERII T 7T T2 SO LD SWIE RO R Y 7 MR TE 720 Btk
DML > TERAF—F v v TEPFET LN TEXDHLEEZOND, 5T 2-pyridyl £ EDEHL
EaBRT 52 L TCop VTR AFETE L, DLEO LI, BNLREE %A 2% DPP 8RO G K
B L2 2 SIC L 0 ) e fi e & EHREEZRINT A Z LIk > T DPP 5 O F LT —F v
v 7L T RV RN OFHE A FTREIC LT, TR —YEN 72 EOFHENARETH 5 Z D HEIL. B
IZA DR R 2 R LOWEFEME O S B R kG 2 afRIc T 5 L5 2 b5,

%5 mCIIBRR L-AREEF A L GERMEBICHAFE %D DPP FBEDER 21T 72,
A ) TROGERIA L, AUE LRSS EZ AT 5 DPP FHEARD o1 WEEILRESTHZ LT, %
SR A ARMER E TRIEE Y 7 FTE DI EEHLMNC L, A LT DPP BRI o ok
BRIC KV I RAMEIC RO R 2 R D . MW VIRREEZ RO Z L DDA, A A= TEE~D
JISHAREIRFCE S,

Z D LD AR SCTITAMEME OBIFEIZ D72 23 B FEEEN: DPP R DA Rk & Bith L7, - 53S0
TCBD i1 % A3 % DPP #FE K%z Gk A EIC 35 2 & T, DPP &K D = 3 )L X —HENT 5 & SR B2 B
OMZTE 2, ZHCE > TR 2MEICEDETDPP 3 F a2 ikit, At 2 Z ENAREICR -T2, &
O OEEEDBR & MR & U O ST A IR AR L7 7S 1T CTld/e < . =% L F — YLD j%
B B L T D ARG EMAM AL 7 e I Ry U AMEBEOGHEE T EO B
FICHORND EEZBND, ABIZZOAMIEIC L W EREEAEMEINRE HERE L, AR ER
RN FA A=V v T EOIIEIROFRICE#RT 5 2 & 2 Le,
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Materials

Tris(dibenzylideneacetone)dipalladium (0) [Pd,(dba);] was purchased from Strem Chemicals, Inc.
2-Dicyclohexylphosphino-2',6'-dimethoxybiphenyl (SPhos) and 2-dicyclohexylphosphino-2',4',6'-
triisopropylbiphenyl  (XPhos) were purchased from Sigma—Aldrich. Dichlorobis(acetonitrile)palladium(ll)
[PACI,(CH3CN),] was prepared according to the literature method.* cis-Dichloro-bis(dimethylsulfoxide)platinum
(1) [cis-PtCl,(dmso),] was prepared according to the literature method.? Other chemicals were purchased and

used without further purification.

General Experimental Procedures

NMR spectra were recorded on Bruker AVANCE-400, 500, 600 and JEOL EX-270, ECS-400 NMR spectrometer.
Hexafluorobenzene (d = -164.9 ppm) was employed as an external standard in **F NMR spectra. IR spectra were
recorded on a JASCO FT/IR-300. Elemental analysis was carried out with a Perkin-Elmer 2400 CHN Elemental
Analyzer. Absorption spectra were recorded on a JASCO V-630iRM spectrophotometer. Emission spectra were
recorded on a FP-6200 spectrophotometer. Emission quantum yields were obtained by a Hamamatsu Photonics
absolute emission quantum yield measurement system C9920-02. MALDI-TOF MS spectra were recorded on
Kratos-Shimadzu AXIMA-CFR plus MALDI-TOF MS and Applied Biosystems SCIEX TOF/TOF™ 5800.
HRMS (ESI) spectra were recorded on UPLC/Synapt G2 HDMS. Melting points were measured on a Yanaco
MP-500D.

Electrochemical measurement

Electrochemical measurements were carried out with a standard three-electrode configuration.
tetrabutylammonium hexafluorophosphate (BusNPFg) (0.1 M) in CH,CI; or dimethylformamide (DMF) was used
as a supporting electrolyte with platinum wire auxiliary electrodes and carbon working electrodes. All
measurements were carried out under a nitrogen atmosphere, and potentials were related to an Ag*/Ag reference

electrode. The potentials were calibrated with ferrocenium/ferrocene redox couple (Fc'/Fc).

Titration experiment for DPP derivative 2 with trifluoroacetic acid (TFA)
Emission spectral titrations carried out with a solution of 2 in chloroform (2x10° M) following additions of a
solution of TFA in chloroform (0.75-3.75 M).

Solid proton sensor

Asilica gel sheet was dipped into 2 in chloroform (ca. 1x10™ M). After dryness in air stream, the sheet was placed
into the quartz cell with cotton containing ammonia solution. In order to avoid a direct contact of the silica gel
sheet to the ammonia solution, a Teflon sheet was placed between them. After a measurement of emission

spectrum, the sheet was placed in the quartz cell containing a hydrogen chloride solution or a formic acid solution.
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Computational details

The geometrical structures were optimized at the B3LYP level for 1, 2, 5, 7 and 9 with 6-31G basis set
implemented in Gaussian 03 programs suits.> Using the optimized geometries, TD-DFT calculations were
performed at the B3LYP level to predict their absorptions. The geometrical structures were optimized at the
B3LYP level for 6, 10, 11, 12, 13, 14, 15, and 17 with 6-31G (d,p) basis set implemented in Gaussian 09 programs
suits.® The geometrical structures were optimized at the B3PW91 level for 16 with LanL2DZ basis set
implemented in Gaussian 09 programs suits. Using the optimized geometries, TD-DFT calculations were
performed to predict their absorptions. The geometrical structures were optimized at the B3LYP level for 18 with
6-31G basis set implemented in Gaussian 09 programs suits. Using the optimized geometries, TD-DFT
calculations were performed at the B3LYP level for 18 with 6-31G (d,p) basis set implemented in Gaussian 09

programs suits.

Crystal structure determination

Intensity data were collected on a Rigaku R-AXIS Rapid and Bruker APEXII diffractometer with Mo Ka radiation.
A full matrix least-squares refinement was used for non-hydrogen atoms with anisotropic thermal parameters
method by SIR-92 (1, 2, 2-2H", 3,5, 7, 8, and 11), SHELX97 (6), and SIR-97 (9 and 16) program. The position of
the H1 in 2-2H" on the morpholinyl moiety was determined by a difference Fourier map. Hydrogen atoms except
for H1 in 2-2H" were placed at the calculated positions and were included in the structure calculation without
further refinement of the parameters.

Single crystals of 1, 3, 5, 9, and 16 suitable for X-ray diffraction studies were obtained by slow diffusion of
hexane into a solution of the compound in chloroform. A single crystal of 2 was obtained by slow diffusion of
diethyl ether into a solution of the compound in DMF. Single crystals of 2-2H", 6 and 7 were obtained from
concentrated solution in chloroform. A single crystal of 8 was obtained by slow diffusion of isopropyl ether into a
solution of the compound in chloroform.A single crystal of 11 was obtained by slow diffusion of ethanol into a

solution of the compound in chloroform.

Synthesis and characterization

Synthesis of DPP derivative 1

A suspension of Pigment Red 254 (357 mg, 1.0 mmol) and K,CO;3; (1.52 g, 11 mmol) in DMF (18 mL) was heated
at 120 °C under nitrogen atmosphere. At this temperature and under vigorous stirring, a solution of benzyl
bromide (1.19 mL, 10 mmol) in DMF (8 mL) was dropped slowly. The mixture was stirred for 70 min at 120 °C.
After cooling to room temperature, the mixture was diluted with chloroform and water. The organic layer was
separated and washed with water and brine. The product was isolated by column chromatography on silica gel
using chloroform as an eluent (378 mg, 70%). '*H NMR (270 Hz, CDCl3) 6 = 4.96 (s, 4H), 7.17-7.20 (m, 4H),
7.27-7.35 (m, 6H), 7.41 (d, 4H, J = 8.6 Hz), 7.70 (d, 4H, J = 8.9 Hz); *C{*H} NMR (68 Hz, CDCl3) = 45.7,
109.8, 126.0, 126.5, 127.5, 128.8, 129.2, 130.3, 137.0, 137.6, 147.8, 162.4; MALDI-MS Calcd for C3,H2,CI,N,0,
[M+H]" 537.1, Found 537.5. Anal. Calcd for C3,H,,CI,N,0,: C 71.51, H 4.13, N 5.21, Cl 13.19; Found : C 71.23,
H 4.35, N 5.14, Cl 13.26.
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Synthesis of DPP derivative 2

A mixture of Pd(OAC), (9.2 mg, 0.010 mmol), SPhos (12.3 mg, 0.030 mmol), morpholine (105 pL, 1.2 mmol),
'‘BuONa (115 mg, 1.2 mmol) and 1 (215 mg, 0.40 mmol) in toluene (8 mL) was stirred for 12 h at 100 °C under
nitrogen atmosphere. After cooling to room temperature, the mixture was diluted with chloroform and water. The
organic layer was separated and washed with water and brine. The product was isolated by column
chromatography on silica gel using chloroform/ethyl acetate (5/1) as an eluent (105 mg, 88%). ‘H NMR (270 Hz,
CDCly) 6 = 3.24-3.28 (m, 8H), 3.83 (t, 8H, J = 4.9 Hz), 5.04 (s, 4H), 6.86 (d, 4H, J = 8.9 Hz), 7.24-7.35 (m, 10H),
7.79 (d, 4H, J = 8.9 Hz); *C{*"H} NMR (68 Hz, CDCl3) § = 47.7, 66.6, 77.2, 114.0, 118.3, 126.4, 127.1, 128.7,
130.7, 137.9, 147.7, 152.5; MALDI-MS Calcd for CyH3N,04 [M+H]" 639.3, Found 639.7. HRMS (FAB):
Calcd for CyoH3sN,04 [M]* 638.2898; Found 638.2893. Anal. Calcd for C4H3gN4O4: C 75.21, H 6.00, N 8.77;
Found: C 74.78, H 5.92, N 8.68.

Synthesis of DPP derivative 3

A mixture of Pd(OAc), (8.3 mg, 0.037 mmol), SPhos (30.4 mg, 0.074 mmol), trans-1-octen-1-ylboronic acid (290
mg, 1.9 mmol), 1 (400 mg, 0.74 mmol) and K3PO,4 (634 mg, 3.0 mmol) in THF (tetrahydrofuran, 8 mL) was
stirred for 22 h at 60 °C under a nitrogen atmosphere. After cooling to room temperature, the resulting mixture
was extracted with chloroform and washed with water. The product was isolated by column chromatography on
silica gel using chloroform/hexane (4/1) as an eluent (443.2 mg, 95%). *H NMR (600 Hz, CDCl5) ¢ = 0.89 (t, 6H,
J =6.9 Hz), 1.28-1.36 (m, 12H), 1.46 (quintet, 4H, J = 7.1 Hz), 2.22 (dt, 4H, J = 7.1, 6.8 Hz), 5.00 (s, 4H), 6.33
(dt, 2H, J = 15.8, 6.8 Hz), 6.38 (d, 2H, J = 15.8 Hz), 7.22-7.33 (m, 10H), 7.38 (AA'BB', 4H) 7.73 (AA'BB', 4H);
BC{'H} NMR (68 Hz, CDCls) 6 = 14.2, 22.7, 29.0, 29.2, 31.8, 33.2, 45.8, 109.4, 125.9, 126.1, 126.5, 127.2,
128.7, 128.9, 129.3, 134.0, 137.5, 140.9, 148.4, 162.7. MALDI-MS Calcd for C,gHs3N,0, [M+H]" 689.4, Found
689.3. Anal. Calcd for CygHs,N,O,: C 83.68, H 7.61, N 4.07; Found: C 83.53, H 7.62, N 3.94.

Synthesis of DP Pderivative 4

A mixture of Pd(OAC), (2.1 mg, 0.0093 mmol), SPhos (7.6 mg, 0.019 mmol), 4-butoxyphenyl boronic acid (109
mg, 0.56 mmol), 1 (100 mg, 0.19 mmol), K;PO, (156 mg, 0.74 mmol) in THF (3.7 mL) was stirred for 23 h at
60 °C under nitrogen atmosphere. After cooling to room temperature, the resulting mixture was extracted with
chloroform and washed with water. The product was isolated by column chromatography on silica gel using
chloroform/toluene (50/1) as an eluent (132 mg, 93%). *H NMR (600 Hz, CDCl3) 6 = 0.99 (t, 6H, J = 7.4 Hz),
1.48-1.53 (m, 4H), 1.79 (quintet, 4H, J = 7.0 Hz), 4.01 (t, 4H, J = 6.4 Hz), 5.06 (s, 4H), 6.97 (AA'BB’, 4H),
7.23-7.34 (m, 10H), 7.54 (AA'BB', 4H), 7.63 (AA'BB', 4H), 7.85 (AA'BB', 4H); *C{"H} NMR (68 Hz, CDCls) &
=14.0, 19.3, 21.6, 31.4, 45.9, 67.8, 109.5, 114.9, 125.8, 126.5, 126.7, 127.3, 128.1, 128.7, 129.5, 131.9, 137.5,
143.6, 148.5, 159.3, 162.8. MALDI-MS Calcd for Cs;HagN,O, [M+H]" 765.4, Found 765.6. HRMS (FAB):
Calcd for Cs,HigN,O4 [M]* 764.3614; Found 764.3611. Anal. Calcd for Cs,HigN,O4: C 81.65, H 6.32, N 3.66;
Found: C 81.11, H 6.39, N 3.72.
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Synthesis of DPP derivative 5

A suspension of Pigment Red 254 (1.07 mg, 3.0 mmol) and K,CO3 (4.56 g, 33 mmol) in DMF (50 mL) was
heated at 120 °C under nitrogen atmosphere. At this temperature and under vigorous stirring, a solution of methyl
iodide (1.87 mL, 30 mmol) in DMF (24 mL) was dropped slowly. The mixture was stirred for 3 h at 120 °C. After
cooling to room temperature, the mixture was diluted with chloroform and water. The organic layer was separated
and washed with water and brine. The product was isolated by column chromatography on silica gel using
chloroform as an eluent (398 mg, 35%).'"H NMR (270 MHz, CDCls) J = 3.32 (s, 6H), 7.49 (d, 4H, J = 8.9 Hz),
7.83 (d, 4H, J = 8.9 Hz); *C{*"H} NMR (100 MHz, CDCl3) 6 = 29.4, 109.4, 126.2, 129.2, 130.4, 137.6, 147.4,
162.4; MALDI-MS Calcd for CyHiCILN,O, [M+H]" 385.1, Found 385.0. Anal. Calcd for
C20H14CI,N,0,+1/2H,0: C 60.93, H 3.83, N 7.11; Found : C 61.12, H 3.92, N 7.20.

Synthesis of DPP derivative 6

A mixture of 5 (116 mg, 0.3 mmol), 4-ethynyl-N,N-dimethylaniline (218 mg, 1.5 mmol), Cs,CO3 (255 mg, 1.3
mmol), PdCI,(CH3;CN); (3.1 mg, 0.012 mmol) and XPhos (17.2 mg, 0.036 mmol) in acetonitrile (6.0 mL) was
stirred for 30 min at room temperature under nitrogen atmosphere. The mixture was heated at 80 °C for 12 h.
After cooling to room temperature, the mixture was diluted with chloroform and water. The organic layer was
separated and washed with water and brine. The product was isolated by column chromatography on silica gel
using chloroform/ethyl acetate (20/1) as an eluent (82.9 mg, 46%). Analytical pure sample was obtained by the
recrystallization from concentrated solution in chloroform.*H NMR (270 MHz, CDCl3) & = 3.02 (s, 12H), 3.38 (s,
6H), 6.68 (d, 4H, J = 8.9 Hz), 7.44 (d, 4H, J = 8.9 Hz), 7.63 (d, 4H, J = 8.6 Hz), 7.91 (d, 4H, J = 8.6 Hz); *C{'H}
NMR (100 MHz, CDCls) 6 = 29.8, 40.2, 87.5, 109.3, 109.6, 111.8, 126.5, 129.0, 129.3, 130.4, 131.4, 133.0, 147.8,
150.4, 162.6; MALDI-MS Calcd for C4H3;N40, [M]* 602.3, Found 602.3. Anal. Calcd for Cy4oH34N40,: C 79.71,
H 5.69, N 9.30; Found : C 79.63, H 6.01, N 8.87.

Synthesis of DPP derivative 7

Tetracyanoethylene (TCNE, 38.4 mg, 0.30 mmol) was added to a solution of 6 (60.3 mg, 0.10 mmol) in CH,Cl,
(5.0 mL) under nitrogen atmosphere. The mixture was stirred for 3.5 h at room temperature. The solvent was
removed under reduced pressure at room temperature. The product was isolated by column chromatography on
silica gel using chloroform/ethyl acetate (5/1) as an eluent (54.0 mg, 63%). Analytical pure sample was obtained
by the recrystallization from concentrated solution in chloroform. *H NMR (270 MHz, CDCl3) & = 3.20 (s, 12H),
3.39 (s, 6H), 6.76 (AA'BB', 4H), 7.82 (AA'BB', 4H), 7.88 (d, 4H, J = 8.6 Hz), 8.09 (d, 4H, J = 8.6 Hz); *C{'"H}
NMR (150 MHz, CDCl3) 6 = 29.9, 40.2, 74.3, 88.5, 111.0, 111.4, 111.7, 112.5, 113.4, 114.1, 117.6, 129.9, 129.9,
130.0, 132.5, 134.0, 147.1, 154.6, 162.0, 162.3, 167.6; MALDI-MS Calcd for Cs,H34N1,0, [M+H]* 859.3, Found
859.3. Anal. Calcd for Cs,H34N1,0,+2CHCI3: C 59.09, H 3.31, N 15.31; Found : C 58.90, H 3.71, N 14.27.

Synthesis of DPP derivative 8
A mixture of 5 (385 mg, 1.0 mmol), bis(pinacolate)diboron (1.78 g, 7.0 mmol), KOAc (687 mg, 7.0 mmol),
Pdy(dba); (45.8 mg, 0.050 mmol) and XPhos (11.9 mg, 0.025 mmol) in dioxane (2.0 mL) was stirred for 4 h at

110 °C under nitrogen atmosphere. After cooling to room temperature, the mixture was diluted with chloroform
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and water. The organic layer was separated and washed with water and brine. The product was isolated by column
chromatography on silica gel using chloroform/ethyl acetate (10/1 — 8/1) as an eluent (360 mg, 63%). ‘H NMR
(400 MHz, CDCl5) ¢ = 1.37 (s, 24H), 3.32 (s, 6H), 7.85 (d, 4H, J = 8.4 Hz), 7.96 (d, 4H, J = 8.4 Hz); *C{*H}
NMR (150 MHz, CDCly) ¢ = 24.6, 29.4, 84.2, 109.8, 128.1, 130.3, 135.1, 148.5, 162.5; MALDI-MS Calcd for
CaH3gB2N,0, [M+H]* 569.3, Found 569.3. Anal. Calcd for CayH3gB;N,0,+H,0: C 65.6, H 6.88, N 4.79; Found :
C 65.8,H 6.52, N 4.77.

Synthesis of DPP derivative 9

A mixture of 8 (114 mg, 0.2 mmol), pentafluoroiodobenzene (235 mg, 0.8 mmol), K;PO, (170 mg, 0.8 mmol),
Pd,(dba); (2.2 mg, 0.010 mmol) and SPhos (8.2 mg, 0.020 mmol) in THF (4.0 mL) was stirred for 22 h at 60 °C
under nitrogen atmosphere. After cooling to room temperature, the mixture was diluted with chloroform and water.
The organic layer was separated and washed with water and brine. The product was isolated by column
chromatography on silica gel using chloroform as an eluent (30.6 mg, 24%). *H NMR (600 MHz, CDCl;) 6 = 3.41
(s, 6H), 7.63 (AA'BB', 4H), 8.06 (AA'BB', 4H); *C{*H} NMR (150 MHz, CDCl;) 6 = 29.6, 110.1, 114.8-115.0
(m), 128.7,129.4, 129.4, 130.7, 138.0 (dm, Jg = 253.1 Hz), 139.5 (dm, Jr = 182.6 Hz), 144.2 (dm, Jg = 248.7 Hz),
147.8, 162.5; F NMR (376 MHz, CDCls) 6 = -144.7 (4F, dd, Je = 22.6, 7.5 Hz), -157.1 (2F, t, J¢ = 21.1 Hz),
-163.3— -163.5 (4F, m), MALDI-MS Calcd for CsHyF1oN,O, [M+H]" 649.1, Found 649.1. Anal. Calcd for
C3oH14F10N,0,: C 59.27, H 2.18, N 4.32; Found : C 58.96, H 2.64, N 4.25.

Synthesis of DPP derivative 10°

Under nitrogen atmosphere, sodium (2.76 g, 120 mmol) and FeCl; (0.13 g 0.78 mmol) in dry tert-amyl alcohol
(60 mL) were heated at 90 °C until the sodium was dissolved. The solution was cooled to about 50 °C, then
2-cyanopyridine (6.259g, 60 mmol) was added, and the mixture was heated to 90 °C. A solution of
di-n-buthylsuccinate (5.53 g, 24 mmol) in dry tert-amyl alcohol (25 mL) was added dropwise for 1 h at 90 °C.
After stirring for 24 h, acetic acid (25 mL) was added. The mixture was then heated to 120 °C. After stirring for
1 h, the precipitate was filtered and washed with water, methanol, and CH,CI, repeatedly, and dried under vacuum
to obtain a red solid. Yield: 4.17 g, 60%. 'H NMR (400 MHz, DMSO-ds, 333K) 6 = 7.54-7.57 (m, 2H),
8.05-8.10 (m, 2H), 8.76 (d, 2H, J = 4.4 Hz), 8.97 (d, 2H, J =7 .6 Hz); Carbon peak of 10 was not observed due to
low solubility in *C{*H} NMR. IR (KBr, cm ™) vmax 3222 (NH), 1691 (amide C=0 stretch), 1615, 1569, 1480,
1448, 1417; MALDI-MS Calcd for CyH11N4O, [M+H]" 291.1; Found 291.1. Anal. Calcd for CyH1oN4O,: C
66.20, H 3.47, N 19.30; Found: C 66.10, H 3.55, N 19.33; mp >300 °C.*

Synthesis of DPP derivative 11

A mixture of 11 (29.0 mg, 0.10 mmol) and triphenylborane (122 mg, 0.50 mmol) in toluene (6.0 mL) was stirred
for 48 h at reflux temperature under nitrogen atmosphere. After cooling to room temperature, the volatiles were
evaporated to dryness in vacuo. A purple solid was purified by column chromatography (silica gel, CHClz/ethyl
acetate 10/1). The product was washed with hexane and dried under vacuum to obtain a purple solid. Yield:
44.1 mg, 71%. 'H NMR (400 MHz, DMSO-dg) 6 = 7.02-7.07 (m, 12H), 7.13-7.16 (m, 8H), 7.77 (t, 2H,J =
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6.2 Hz), 8.20 (d, 2H, J = 7.6 Hz), 8.39 (t, 2H, J = 8.2 Hz), 8.69 (d, 2H, J = 5.6 Hz); *C{"H} NMR (100 MHz,
DMSO-dg, 353 K) 0 = 114.9, 123.2, 126.2, 126.9, 127.2, 132.2, 134.0, 141.8, 143.4, 144.1, 144.7, 160.0; IR (KBr,
cm %) vimax 3068, 3045 (aromatic C—H stretch), 1658 (amide C=0 stretch), 1616, 1562, 1470, 1430; MALDI-MS
Calcd for CaoH20B2N40, [M+H]* 619.3; Found 619.3. HRMS (ESI): Calcd for CaoH20B2N4O, [M+H]" 619.2477;
Found 619.2466.

Synthesis of DPP derivative 12°

Under nitrogen atmosphere, sodium (385 mg, 17 mmol), FeCl; (17.3 mg, 0.11 mmol), and dry tert-amyl alcohol
(8.4 mL) were heated to 90 °C until the sodium was dissolved. 5-bromo-2-cyanopyridine (1.53 g, 8.4 mmol) was
added and then the mixture was heated to 90 °C. A solution of di-n-buthylsuccinate (769 mg, 3.3 mmol) in
dry tert-amyl alcohol (3.3 mL) was added dropwise for 1 h. After stirring for 24 h, acetic acid (3.3 mL) was added.
The mixture was then heated to 120 °C. After stirring for 1 h, the precipitate was filtered and washed with water,
methanol, hexane, and CH,CI,, and dried under vacuum to obtain a dark red solid. Yield: 264 mg, 18%. 'H NMR
(400 MHz, DMSO-dg) 6 = 8.40 (d, 2H, J = 8.4 Hz), 8.88 (s, 2H), 8.92 (d, 2H, J = 8.8 Hz), 11.38 (s, 2H); Carbon
peak of 12 was not observed due to low solubility in *C{*H} NMR. IR (KBr, cm ) vinax 3166 (NH), 1645 (amide
C=0 stretch), 1613, 1458, 1413; MALDI-MS Calcd for CysHoBr,N,O, [M+H]" 448.9; Found 448.9. Anal. Calcd
for C16HgBIr,N4O,: C 42.89, H 1.80, N 12.50; Found: C 42.51, H 1.41, N 12.31.

Synthesis of DPP derivative 13

A mixture of 12 (44.8 mg, 0.10 mmol) and triphenylborane (121 mg, 0.50 mmol) in toluene (4.0 mL) was stirred
for 24 h at reflux under nitrogen atmosphere. After cooling to room temperature, the volatiles were evaporated to
dryness in vacuo. A blue solid was purified by column chromatography (silica gel, CHClz/ethyl acetate 5/1). The
product was washed with ethanol and hexane repeatedly and dried under vacuum to obtain a blue solid. Yield:
16.6 mg, 21%. 'H NMR (600 MHz, CDCls) § = 7.28-7.33 (m, 14H), 7.37 (d, 8H, J = 6.6 Hz), 8.27 (d, 2H,J =
8.4 Hz), 8.38 (d, 2H, J = 8.4 Hz), 8.55 (s, 2H); Carbon peak of 13 was not observed due to low solubility in
BC{'H} NMR. IR (KBr, cm ) vinax 3048 (aromatic C—H stretch), 1664 (amide C=0 stretch), 1604, 1465, 1432,
1400; MALDI-MS Calcd for CuH,7B,Br,N,O, [M+H]" 777.1; Found 777.1. HRMS (ESI): Calcd for
CaoH27B,Br,N,O, [M+H]" 777.0666; Found 777.0674; mp 293 °C (decomp.).

Synthesis of 2-cyano-5-(1-piperidinyl)pyridine

A solution of Pd,(dba)s (91.5 mg, 0.10 mmol), XPhos (191 mg, 0.40 mmol), K3PO,4 (2.12 g, 10 mmol), and
5-bromo-2-cyanopyridine (732 mg, 4.0 mmol) in 1,2-dimethoxyethane (29 mL) was stirred and degassed with
nitrogen for 10 min at room temperature. Piperidine (375 mg, 4.4 mmol) was added. The mixture was heated at
80 °C under nitrogen atmosphere and stirred for 24 h. After cooling to room temperature, the product was isolated
by column chromatography on silica gel using CH,Cl,/methanol (9/1) as an eluent (yellow oil, 674 mg, 90%). *H
NMR (400 Hz, CDCls) & = 1.69 (s, 6H), 3.38 (s, 4H), 7.05 (dd, 1H, J = 8.4, 3.2 Hz), 7.47 (d, 1H, J = 8.4 Hz), 8.28
(d, 1H, J = 2.4 Hz); “C{*H} NMR (100 MHz, CDCls) § = 24.0, 25.0, 47.8, 118.5, 118.9, 120.1, 129.0, 138.0,
148.1; MALDI-MS Calcd for C1;H14N3 [M+H]" 188.1; Found 188.1. Anal. Calcd for C1;H13N5: C 70.56, H 7.00,
N 22.44; Found: C 70.32, H 7.26, N 22.09.
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Synthesis of DPP derivative 14

Under nitrogen atmosphere, sodium (115 mg, 5.0 mmol), FeCl; (5.2 mg, 0.032 mmol), and dry tert-amyl alcohol
(2.5 mL) were heated to 90 °C until the sodium was dissolved. 2-Cyano-5-(1-piperidinyl)pyridine (468 mg,
2.5 mmol) was added and then the mixture was heated to 90 °C. A solution of di-n-buthylsuccinate (230 mg,
1.0 mmol) in dry tert-amyl alcohol (2.0 mL) was added dropwise for 2 h. After stirring for 24 h, acetic acid
(1.0 mL) was added. The mixture was then heated to 120 °C. After stirring for 1 h, the precipitate was filtered and
washed with water, methanol, and Et,O repeatedly, and dried under vacuum to obtain a purple solid. Yield:
255 mg, 56%. "H NMR (400 MHz, DMSO-dg) 6 = 1.63 (s, 12H), 3.47 (s, 8H), 7.49 (dd, 2H, J = 9.2, 2.8 Hz), 8.38
(d, 2H, J = 2.8 Hz), 8.83 (d, 2H, J = 9.2 Hz), 10.69 (s, 2H); *C{*H} NMR (100 MHz, DMSO-dg) 6 = 23.8, 24.8,
47.4,108.9, 112.0, 126.1, 134.1, 136.1, 141.7, 147.0, 161.8; IR (KBr, cm %) vmax 3201 (NH), 2934, 2852 (alkane
CH stretch), 1664 (amide C=0 stretch), 1604, 1572, 1491, 1462, 1449, 1424; MALDI-MS Calcd for
Ca6H28N60; [M] 456.2; Found 456.2. HRMS (ESI): Calcd for CasHagNgO; [M+H]™ 457.2352; Found 457.2338.

Synthesis of DPP derivative 15

A mixture of 14 (91.3 mg, 0.2 mmol) and triphenylborane (242 mg, 5.0 mmol) in toluene (8.0 mL) was stirred for
24 h at reflux under nitrogen atmosphere. After cooling to room temperature, the mixture was evaporated to
dryness in vacuo. The mixture was filtered and washed with hexane, methanol and a small amount of ethyl acetate,
and dried under vacuum. The product was isolated by column chromatography on silica gel using
CHCly/methanol (10/1) as an eluent. Yield: 94.2 mg, 60%. *H NMR (400 MHz, CDCl3) 6 = 1.66 (s, 12H), 3.31 (s,
8H), 7.23-7.30 (m, 14H), 7.42 (d, 8H, J = 6.4 Hz), 7.88 (d, 2H, J = 2.4 Hz), 8.22 (d, 2H, J = 9.2 Hz); Carbon peak
of 15 was not observed due to low solubility in *C{*H} NMR. IR (KBr, cm ) vmax 3051, 3005 (aromatic C—H
stretch), 2936, 2846 (alkane CH stretch), 1635 (C=0 amide stretch), 1604, 1558, 1500, 1431; MALDI-MS Calcd
for CsoH47B2NgO; [M+H]" 785.4; Found 785.5. HRMS (ESI): Calcd for CsoH47B;NgO, [M+H]" 785.3947; Found
785.3972.

Synthesis of DPP derivative 16

A mixture of 10 (407 mg, 1.4 mmol), Na,CO3 (1.19 g, 11 mmol) and cis-PtCl,(dmso), (1.18 g, 2.8 mmol) in THF
(88 mL) was stirred for 60 h at reflux temperature under nitrogen atmosphere. After cooling to room temperature,
the volatiles were evaporated to dryness in vacuo. 2-Ethoxyethanol (42 mL) and dipivaloylmethane (1.43 puL,
7.0 mmol) was added. The mixture was heated at 120 °C under nitrogen atmosphere and stirred for 48 h. After
cooling to room temperature, the mixture was diluted with CHCI; and water. The organic layer was separated and
washed with water and brine. The product was isolated by column chromatography on silica gel using
CHCly/ethyl acetate (2/1) as an eluent (53.2 mg, 4%). ‘H NMR (400 MHz, CDCl3) ¢ = 1.26 (s, 18H), 1.33 (s,
18H), 5.90 (s, 2H), 7.26-7.32 (m, 2H), 7.98-8.02 (m, 2H), 8.70 (d, 2H,J = 5.6 Hz), 8.43 (d, 2H,J =
7.6 Hz); *C{*H} NMR (100 MHz, CDCl3) ¢ = 28.4, 40.4, 41.7, 93.6, 119.3, 123.7, 125.3, 138.8, 144.7, 153.6,
155.2, 166.2; IR (KB, cm*l) vimax 2961 (alkane CH stretch), 1637 (amide C=0 stretch), 1600, 1554, 1542, 1530,
1496, 1473, 1455, 1395; MALDI-MS Calcd for CagHaN4OgPt,[M+H]™ 1045.3; Found 1045.4. Anal. Calcd for
CasH4sN4Og Pt,: C 43.68, H 4.44, N 5.36; Found: C 43.87, H 4.28, N 5.36; mp 280 °C (decomp.).
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Synthesis of DPP derivative 17

A mixture of 13 (233 mg, 0.30 mmol), 4-ethynylanisole (198 mg, 1.5 mmol), Cs,CO3 (255 mg, 1.3 mmol),
PdCIy(CH3CN); (6.2 mg, 0.024 mmol) and XPhos (23 mg, 0.048 mmol) in acetonitrile (15 mL) was stirred for 10
min at room temperature under nitrogen atmosphere. The mixture was heated at 80 °C for 24 h. After cooling to
room temperature, the volatiles were evaporated to dryness in vacuo. A dark purple solid was isolated by column
chromatography on silica gel using chloroform/ethyl acetate (20/1) as an eluent. The product was obtained by the
recrystallization (chloroform / hexane), and dried under vacuum to obtain a dark purple solid (133 mg, 50%). *H
NMR (400 MHz, C,D,Cl,, 333 K) 6 = 3.83 (s, 6H), 6.90 (d, 4H, J = 8.4 Hz), 7.28-7.33 (m, 12H), 7.41 (d, 8H, J =
7.6 Hz), 7.50 (d, 4H, J = 8.6 Hz), 8.21 (d, 2H, J = 8.2 Hz), 8.41 (d, 2H, J = 8.4 Hz), 8.48 (s, 2H); “C{"H} NMR
(100 MHz, C,D,Cl,, 383 K) ¢ = 55.3, 79.6, 99.5, 114.3, 114.4, 120.2, 123.2, 125.1, 126.9, 127.5, 127.7, 130.8,
132.8, 133.3, 133.6, 134.3, 139.0 145.2, 151.7; MALDI-MS Calcd for CsgH,1B,N40, [M+H]" 879.3, Found 879.3.
HRMS (ESI): calcd. For CsgH.1B,N,04 [M+H]" 879.3314; Found 879.3332.

Synthesis of DPP derivative 18

A mixture of 13 (23.3 mg, 30 pmol), 4-ethynyl-N,N-dimethylaniline (21.8 mg, 0.15 mmol), Cs,CO;3 (25.5 mg,
0.13 mmol), PdCI,(CH;CN), (0.6 mg, 2.4 umol) and XPhos (2.3 mg, 4.8 umol) in acetonitrile (1.5 mL) was
stirred for 10 min at room temperature under nitrogen atmosphere. The mixture was heated at 80 °C for 21 h.
After cooling to room temperature, the volatiles were evaporated to dryness in vacuo. A dark blue solid was
isolated by column chromatography on silica gel using chloroform/ethyl acetate (20/1) as an eluent. The product
was obtained by the recrystallization (chloroform / hexane), and dried under vacuum to obtain a dark blue solid
(13.2 mg, 49%). 'H NMR (400 MHz, CDCls) 6 = 3.03 (s, 12H), 6.64 (d, 4H, J = 9.2 Hz), 7.30-7,33 (m, 12H), 7.39
(d, 4H, J = 9.2 Hz), 7.43 (d, 8H, J = 8.4 Hz), 8.10 (d, 2H, J = 8.2 Hz), 8.41 (d, 2H, J = 8.8 Hz), 8.47 (s, 2H);
Carbon peak of 18 was not observed due to low solubility in *C{"H} NMR. MALDI-MS Calcd for
CeoH47B2NGO, [M+H]" 905.4, Found 905.4. HRMS (ESI): calcd. For CgoH47B:NgO4 [M+H]™ 905.3947; Found
905.3932.
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Table 1 Summarized crystallographic data of land 2.

1

2-(CH3),NCHO

Empirical Formula
Formula Weight
Crystal Color
Crystal System
Lattice Type
a[A]

b [A]

c[A]

B

VA%

Space Group

Z value

Dcalcd. [glcms]
F(000)

i (Mo-Ka) [cm™]
No. of Reflections
Measured

Structure Solution
Reflection/parameter ratio
Ry [1>2.006(1)]

R (All reflections)

WR; (all reflections)
Goodness-of-fit Indicator

Csz Hz, CIN,0,
537.44
yellow
monoclinic
Primitive
8.4020(5)
10.0382(7)
14.7375(8)
92.8933(17)
1241.38(13)
P2./c (#14)
2

1.438

556

2.963

Total: 11649

Unique: 2782
(Rint = 0.049)

Direct Methods (SIR92)

11.38
0.0407
0.0556
0.995
0.995

C40H3eN404+ (CH3),NCHO
711.86
purple
monoclinic
C-centered
27.5662(18)
9.2606(6)
15.4655(9)
112.9650(17)
3635.1(4)
C2/c (#15)

4

1.301

1512

0.861

Total: 17081

Unique: 4111
(Rine = 0.093)
Direct Methods (SIR92)
6.38
0.0833
0.1226
1.002
1.002
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Table 2 Summarized crystallographic data of 2-2H"and 3.

2:2H"-CH3S05-3CHCl;

3

Empirical Formula
Formula Weight
Crystal Color
Crystal System
Lattice Type
a[A]

b [A]

c[A]

B

V [AY

Space Group

Z value

Dcalcd. [glcms]
F(000)

i (Mo-Ka) [cm™]
No. of Reflections
Measured

Structure Solution

No. Observations
(1>2.006(1))
Reflection/parameter ratio
R1 [1>2.000(1)]

R (All reflections)

WR; (all reflections)

Goodness-of-fit Indicator

CuoH3sN,04-2H -CH3SO;3-3CHCI;  CygHs, N,O,

1189.10
orange
monoclinic
C-centered
37.9898(19)
8.3612(4)
16.5922(9)
94.2820(18)
5255.6(5)
C2/c (#15)
4

1.503

2448

6.170

Total: 22990

Unique: 5980
(Rint = 0.079)
Direct Methods (SIR92)

5980

17.49
0.0638
0.1100
0.1544
1.002

688.95

red
monoclinic
Primitive
10.2584(10)
14.8429(11)
25.116(2)
93.096(3)
3818.6(6)
P2i/c (#14)
4

1.198

1480

0.721

Total: 36180

Unique: 8706
(Rint = 0.149)
Direct Methods (SIR92)

3122

4.61
0.0483
0.0462
0.909
0.909
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Table 3 Summarized crystallographic data of 5, 6, and 7.

W
g
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5 6-2CHCl; 7-4CHCl;
Empirical Formula Con14C|2N202 C40H3402N4'2CHC|3 C52H3402N12'4CHC|3
Formula Weight 385.25 841.49 1336.43
Crystal Color yellow red black
Crystal System monoclinic triclinic orthorhombic
Lattice Type Primitive Primitive Primitive
a[A] 9.687(2) 9.4194(13) 11.1785(5)
b [A] 13.872(3) 10.9720(17) 22.7758(10)
c[A] 12.729(3) 20.385(3) 23.2958(12)
o] 77.849(4)
B[] 107.339(5) 83.644(3)
v[] 71.787(4)
VA% 1632.8(6) 1954.1(5) 5931.1(5) A®
Space Group P2i/n (#14) P-1 (#2) Pbca (#61)
Z value 4 2 4
Deaica. [g/CM’] 1.567 1.430 1.497
F(000) 792 868 2712
i (Mo-Ka) [cm™] 4.156 4.821 6.131
No. of Reflections Total: 14717 Total: 19349 Total: 53663
Measured

Unique: 3540 Unique: 8826 Unique: 6752

(Rint = 0.164) (Ring = 0.211) (Rint = 0.159)

Structure Solution Direct Methods (SIR92) (D;Leétygg;ods Direct Methods (SIR92)
Reflectlon/parameter 15 19.97 18.2
ratio
Ry [1>2.000(1)] 0.1571 0.1766 0.0825
R (All reflections) 0.2104 0.3606 0.1459
WR; (all reflections) 0.4188 0.5244 0.2573
Goodness-of-fit Indicator  1.273 1.171 1.084
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Table 4 Summarized crystallographic data of 8 and 9.

M

8 9-CHCI;-C3H;
Empirical Formula C3H3sN,B50g C32H14F10N202'CHC|3'C3H7
Formula Weight 568.28 810.92
Crystal Color orange orange
Crystal System monoclinic triclinic
Lattice Type Primitive Primitive
a[A] 10.5488(19) 9.777(6)
b [A] 11.991(2) 11.856(7)
c[A] 12.115(2) 14.401(8)
o] 80.053(7)
B[] 108.602(4) 89.410(7)
v [ 85.507(7)
VA% 1452.4(5) 1639.1(17)
Space Group P2i/c (#14) P-1 (#2)
Z value 2 2
Deatca. [9/cm’] 1.299 1.643
F(000) 604 818
i (Mo-Ka) [cm™] 0.879 34.058
No. of reflections measured Total: 13595 Total: 17938

Structure Solution
Reflection/parameter ratio
R1 [1>2.000(1)]

R (All reflections)

WR; (all reflections)
Goodness-of-fit Indicator

Unique: 3297 (Ri; = 0.142)
Direct Methods (SIR92)
17.26

0.1139

0.1914

0.2739

1.041

Unique: 7137 (Ri; = 0.098)
Direct Methods (SIR97)
15.52

0.1605

0.251

0.456

1.49
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Table 5 Summarized crystallographic data of 11 and 16.

M

11.2CHCl;

16-2CHCl3-CgHi4

Empirical Formura
Formula Weight
Crystal Color
Crystal System
a[A]

b [A]

c[A]

al’]

B

v [°]

vV [AY

Space Group

Z value

Dcalcd. [glcm3]
F(000)

1 (Mo-Ka) [em™]
No. of reflections measured

Structure Solution
Reflection/parameter ratio
Ri [1>2.000(1)]

R (All reflections)

WR; (all reflections)
Goodness-of-fit Indicator

C40H2882N402'2CHC|3
857.06

purple

triclinic

8.6342(9)

9.1785(9)

13.483(2)
103.0880(10)
93.3030(10)
102.9130(10)
1007.7(2)

P-1 (#2)

1

1.412

438.00

4.684

total: 11504

unique: 4350 (R = 0.1613)
Direct Methods (SIR92)
17.19

0.1125

0.1226

0.3352

1.488

C38H45N406Pt2 . 2CHC|3 . C5H14
1369.92

mazarine

monoclinic

15.815(3)

15.469(2)

10.9272(17)

102.665(2)

2608.2(7)

P2,/c (#14)

2

1.744

1344.00

56.914

total: 26186

unique: 5618 (Ri = 0.021)
Direct Methods (SIR97)
19.37

0.0389

0.0517

0.0932

1.217
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