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AB Amyloid beta

BLA Bond length alternation

CD Circular dichroism

CIEE Crystallization-induced emission
enhancement

DMF N, N-Dimethylformamide

DNA Deoxyribonucleic acid

ECD Electronic circular dichroism

HOMO Highest occupied molecular orbital

ICT Intramolecular charge transfer

LUMO Lowest unoccupied molecular orbital

NIS N-lodosuccinimide

NMR Nuclear magnetic resonance

PDT Photodynamic therapy

PL Photoluminescence

ROS Reactive oxygen species

TBAA Tetrabutylammonium acetate

TCNE Tetracyanoethylene

TDDFT Time-dependent density functional theory

THAM Tris(hydroxymethyl)aminomethane

THF Tetrahydrofuran

TMEDA Tetramethylethylenediamine

TMSA Trimethylsilylacetylene

XRD X-Ray diffraction



L E RIS B TAREMICEE R Z & ICBAL COHRTH B, 1% DIFAED
19 iR R S, HF2 0B FAMROH L2 0 E T3S 2 2 L L 217 Y R

ICHEED B 5 2 L RSN D X D187 572, 1911 4EIC E. Rutherford 13 T4% DTELE %
FIEL 7288, 797+ — FORTHAIZIRE L 2. CHIEFEBICIIERLRET AL TERVD,
—RIC XA NZFETERcH Y, REETALEMFEENE L DTH S, 1913 4T N. Bohr
F VbW ER—T ORI ARE L 72, CHIZTH 7+ — FOE TR TG % @+
20 ERINLFTERCH Y, BTROFEEZRLEZDDOTH S, 1916 4£iCiX G.N.
Lewis SRS OB 1% [liE 7] LMY, STRRT VAL 2ofERE LcAaIbh st
HiEGOHRmEREL 72,

19 HICKRDETFOFKRIC X o TR TFOMEOIEIEE 5 1coh, R0 FihEiE»
D ThRAEBCERICEETOBE CHIL X 5 &+ 285m0 1930 F£RICHEE - 72 [THH
# T (electronictheory) | TH %, T DHEHTIL, RKIGORMZFHENGINICER, KGH
THOEMOSMOEVICEH LT, TDOLEDHD L LDy ROV WL »p2ET
Dt e L TRAITET OB TH Y, R.Robinson & C.K.Ingold & % H.DITiFFEHLTH

Nz,

ZDEZITIZARTH b HEERICHENE 2 3RS 2 0 IEE ICERTH 24, HIEE

TimD A TIEHHAANTRER RO FEET 5, ¥ n oA 277 v FANCTIHT 2 HHE

BETOWREBMEEZELERBL TRV rLTH L, AKE T mRNEZRCREHTE 0w
FERFEE (Y ERRIGE) iconwT, BTNY¥ OTHuE) 2Hw5 2 & kb Bl X
N, wmHE—IckoTHRRINET7a v T 4 THLEHB % i R. B. Woodward & R.
Hoffmann IC X o CHEIN/ZY Yy VT —F - k7~ VH[TH 3,

WA, TRICET 2 T8 %5 & PIRE) 2 & 2NEIRAEE K, BRioHEE, o
fte LIS e ARBEINTE T 5, Bl X IFELE A (dynamic covalent
chemistry) KNS E S THEERICBWTEHEI LW 2EETH 5, BTG R
HICTHD W TIER & N 2 FHERIZ B FINC R E R G % b o— T, E-CHE &0t
RIS X ) Z oS A EL S5 2 LB TE B, 572, HHEEEEMEIRIRIC B LT A1
FHXA I — F~DICHPIBIARE X 1L 2 BUEHE(CEEH S (thermally activated delayed
fluorescence: TADF) THEIY 72 B TSR A EE 4 KZE 2 R 72 LT3 L OfExH 514,
TADF 135E, BANEZIC X W 52 75%D —HIEK 2Bz AL ¥ —Ic X > C—HH



i T~ & — BB OMIEMRAEIC XV 52 2bDTHELEEZLNT W, LALAERED,
TADF 138972 & FRHEZIC X o TA L 2 RO FTED i & 72 2 FERBIR TH Y,
= HRIAPHAS T3 P RIS D B & 4 72 D b I —EIEARIRS T & 7 B D T ok i &
BWMIEBIRRAETH B LB EINTz, ThHD X I ICETHER [Bic] L5252 LT
7 SOGHRFECREM e AR Rl 2 17 5 C & ASvlREIC 72 B,

B—HEOT 7TV =7 L VEORIGHETIX, 77TV —A[B3]7 4L VDN
BILRIGET F 7 U —ARBIKRUS])Z &L v @3 — FBLRIGRTT - 72, N BILRIGT
Z7 ALY O BENEIN B TREZIC X WV BR AR 2R T2 L3S 2 ic
o7, A= FELKIETIE, 7oL v LR o AERIIC X ) B EHAELD Bond
Length Alternation (BLA) 239722 b L, (LiE#EIRN R 2 — FAFA4 v nicked &1 8
BRERD D OERW ARG 2 2 TIARVFERIEO NS Z &2 R L 72,

BoEOLNTWINGEZ T Y Y ¥ v EE RO YNGR T, VY- (D) -T2
Tx— (A) fEEERFoC ) Yoy oA KE 4 I XV 1,5-a)v ) ¥ VBT R RO Z
R REARD G EIT o7z, Y Y=V LI D-7-AME A-a-D-n-A MO _FHHEE
it A EfTo 72, o) Yoy AMIIEEHEY CTH2ETAETh Y, kT
WNREE % R L 7o ZRECAT 7 v REEAER D [FIRRIC PRI 2 R L7, E 72, =
BCAL T4 v FREE AL EIE RN R = 7 b VRIE 2 S I ERIREE X A F I 7 22 Bll$ 5 2 &
BTE, FR=EHEO R Z R 1EE  (photo dynamic therapy: PDT) ~® & A RENE %
R L 72,
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Scheme 1. Structure of carbynes
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Scheme 2. Structure of cumulene
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Scheme 3. First synthesis of cumulene
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Scheme 4. Difference of even [ n]cumulene and odd [ z#]cumulene
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LR EDPL, RIBRD% VI LV VHERALPOEODLIFEHDTEI ZLICX VL
DT,
DbEozdtky, 7avvorEhEzilbsesic 3 BB _EEARMIFTRECH 2
T, JAL VIR ANELTE L, AL VR VARICR#ET 22 L 3 S E
HThb,

7 LU VT RERICEN R C—TT, MIGHICEAT LAY TH 2 LAHBI N3, K
L HiMiZe 7 L v TH B 1,2,3-Butatriene [ZARLELRMEODO S 2 L LCIEEL, MWHIHIC
EERa Ry N == ¥ | s R/ == S P QLAY I F 72, BALAINRIG X027 v v DG



TEELTHROMEINTWET—<TH S, B [5]7 4L vicBT 2098 T, —EEHOT Vv
FVEENENRIGEE D LR CRR2IEAINKIGTIES 2 3B i R 5> /T X
VEH 25 EDMEDNDH S (Scheme 5), 100 Bz r7u 72 vyBMEon3)7RIZT VT
VI AL VEHORL ZMETKIGT 225 TH D,
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Scheme 5. Cycloaddition of tetraferrocenyl[5]cumulene

WEDOH T2 T AT v OEBEMIEOAREEIC XY GBS RZE 2 L 3Tz
25, BOGHEDE W e LCORRIERED TV v Tldh 7oL Vil ch 2 L DEZTin D
%, Zh BLA (bond length alternation) & W5 HETH Y, HdHLD 2 2D _HIEAD
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FERICIIS 4 O RE_EEATMOR S 13— Tl v o & 2 EER X BRERERT 2> & 5
PoTnd, M IEERPAERZL VI L EFZINETNO _HEIEECTETEREICELH L L
WHIIZETHD, Z7LLVORIPEBILICI s THERE LR Z e nHEIN TS, )

Ra B p By P

>=c: c= c:=< >=c c=c= c=<

even [n]cumulene odd [n]lcumulene
BLA=o-f BLA=y-p

Figure 1. Example for calculation of BLA; [4]cumulene as even cumulene, [5]cumulene as
odd cumulene

BLA 23B8b > T3 LBHRE S T B KOG F 72\ 28, BALATIIEOG 1 BLA 23886 - T
BEWRBINBRIGTH S, DT LL VY THB[3]7 &L v OBUAINE )G
LCoMFEE RS, FHCB]7 AL v ORDBBG L2 KIS, BETEMAS5CEick i
T3 LRIGA 41, KB 2 flERE I T, HEDH H[3]7 LL v OB TR
LELTICRTbOTHY, HFond ZEIRIX[3]2 4L v o R EHKEHMN O hIF+
D221 BTG L 72[4]17 ¥ T L v #&i&E<©H % (Scheme 6), [17-20
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Scheme 6. Thermal dimerization of [3]cumulene
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Scheme 7. Reported photodimerization of [3]cumulenes
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Scheme 8. Reactivity of [7]cumulene
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Scheme 9. Reactivity of [3]cumulene reported by our laboratory; a) synthesis of cyclobutene
by reaction of [3]cumulene with TCNE, b) synthesis of dihydronaphthalene by

reaction of product “a” in protic solvent
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Scheme 10. Thermal trimerization of tetraphenyl[5]cumulene reported by our laboratory
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Scheme 11. Reported thermal dimerization of tetraaryl[3]cumulene in our laboratory
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1.1. FFI37V—n3]17 L vy _BILRIG
1.1.1. %S

“l. STz X o, UIHREIE LZIENRT F 77 Y = [3]7 AL v DB
BBz avvoX_BiL2@lciEons s 7o 7 & i3 NMR, HRMS, Hifbeh X kg
AT 72 &R W72 TREEICBE L COREIZH 2 B Z DG A H = X LY o Fkt
FriEIcBI L Cifgenifrbn iz, RIETIEER 2[3]7 L L ¥ OHKIGR R E 7%
EoNICBET 25l & 1TV, S BRI O FOLRE S Bl L 72, eROGICBIL Tk, T
FC2MHEDOBIZ ALY T2 {Thb T Wi o235 R 9fEED T 77 ) —L[3]7 &
Ly RHWTRIGERS, X 5102 D[3]2 4L v D HfEG X ST 21T 5 2 & CEEl
IENOCEE) 2 FHE L 72, 157: “BAROFLRECBE L TOFHME L, & IR L <
BRIR W R DR T & 7z L i, EERIN A~ 7 P ABIE 21T 5 & TRLICEED 3 b
T DES%BIHI L 72 (Scheme 13).

R R2 R? R! R' R2
c=c — v, c ‘ c
B solid-state, rt
R'] R2 R2 R1 R1 R2
1 2

Scheme 13. Photodimerization of tetraaryl[3]cumulene 1 in the solid state
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1.1.2. #HRLEZR
1.1.2.1. JEREEK

TF TV —=A[3]7 &L v IICHRI2NCHE > TARC L 72 (Scheme 14),

Path Alll
R R R R R
W, N o\ 2§
— SnCl,*2H,0
- OH HO 2 112
o n-BuLi, CI Cl — HC_,' c=C
O Et,O/THF,-80 °C—rt, N, O O Et,O O O
R R R R
7a-f 1a-f
7a:R=H (80% yield) 1a:R=H (83% yield)
7b:R=Me (71% yield) 1b:R=Me (99% yield)
7¢c: R = OMe (28% yield) 1c: R = OMe (28% yield)
7d R=F (68% yield) 1d R=F (72% yield)
7e. R=Cl (93% yield) 1e:R=Cl (53% yield)
7f . R=Br (62% yield) 1f:R=Br (42% yield)
Path Bl
R
MeQO R
W, W, NS
+ OH conc. HCI O O R
W, W, Q_
MeO R
MeO
a-c 8a-c
a:R=H 8a:R=H (94% yield)
b:R=Me 8b: R=Me (37% yield)
c:R=Cl 8c:R=Cl (98% yield)
R
MeQO R
MeO O
50% NaOH aq. O tDI?thchl)( O O
TBAA O R —_— c=C
CHClI, \/ Et20, N
o WA,
Cl
MeO R
MeO
9a-c 1a-c
9a:R=H (55% yield) 1a- R=H (3% yield)
9b: R =Me (34% yield) 1b: R = Me (quant.)
9c:R=Cl (22% yield) 1c. R=Cl (quant.)

Scheme 14. Synthesis of tetraaryl[3]cumulene 1
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Path A Tl % 3 n-BuLi i€ X % trichloroethylene ® ) FA{LIC X W YV FAT v F L v %4t
R, Z0HBXv Y 7)) VEERNTSIET SR KIGICEY VF—n 7 Z2rET 26K
THKL 720 2D, HLAX EH#ED S 7 5 HoSnCly DIRICHIEEIC X b 7+ 77 Y —
N3 L v 1 BXET BIEECTAHAM L7z, Path B TR T A7 v & T v a— Lok
MEAIC X D T T Y 8 ZAGT I TR/, 7 nudV b bKEEF Y VLD
BICE VALY 78RV EDRIGICE Y v 7 u Ty 9 ZRGT 2 IR TR,
RBICHEIIC X BWEMKBICEI D T P 7TV =317 4L v 1 ZRIGT 2R THKL
720

17



1.1.2.2. HXZBALRIC D&t

T FEMN ZBALSUGZ R L 72 (Table 1), KIGIX[3]17 &L v 1 DFK%E 76x52 mm A
FARNH T RIEeA, HIFEE LT 400 W SRR 2@ IR, ALy 7227 4 02 —%8
L 72 5&E oM %2 1T o 72,

Table 1. Photodimerization of tetraaryl[3]cumulene 1 in the solid state
‘R"=R?=H
1 2 2 R R? 2
R R R R :R'=R%=Me
o O QUOC | am
. R1 = R2 =F
hv (>280 nm
c=c sZIi(;-state rt c ‘ c ‘RI=R*=Cl
’ ‘R'=R?=Br
o O O e,
:R'=0OMe, R% = Me
1 2 2 1 1 2 ?
R R R R RWR 'R"= OMe, R2= Cl
1 2

- TKQ =0 o 0 T o

entry compound time (h) yield (%)

1 3 10

1 1a trace trace 7 trace

2 1b 12 15 87 87

3 1c 2 6 27

4 1d quant. quant. quant. 100

5 1e 33 60 63

B LIS 28 .43 _quant 100

7 19 trace trace trace —

8 1h quant. quant. quant. —

9 1i 76 82  quant. —

Entry 1,7 D7 = = AEA G T 3[3]7 &L vV IZRISHEME L, 10 R RIGHE b PERIZR A
TT71%TH o7, Entry23 13 F F—WEREEZET 20T F 770 —1[3]7 &L v ORIG
THY, FF—HD XV KEventry3 X9 D entry2 DFAEICKE T B %157, Entry 4
6137 77 2 —MEBREEETIWNHT F 7TV —AB3]7 LL VDORIGTH Y, b T 7
7 X —HDNI VDD (entryd) L KEWDH D (entry6) Tid 10 IRl D SIS TERIICK
JEAEITT 2D DD, ZDRDMWED entry 5 TIZERMICKICIZETL R o7z, Tz,
entry 46 (FEFIEOKE I PIEICKE K 2 PIKIFFRICENT 2DbITEIARNT LA
DH o Tz Entry 7-9 DIENFRT b 77 U —[3]17 L L ¥ DRIGTIEETR L 72 Entry 7 LAZK
R X RIEDHETT 5 Z &350 h o T,
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KOG TR RO HF 2T, BRSSO 7 b OB X SRS 217
57 (Figure 2), —BEIZ VTN [3]7 &L v oo “HEiEEE L2 2B b AN 3
2L THEMLIZY v T X2y THBILBHL» Lo, HIZ, IENMT F 7TV —n
[3]17 &L v KRB _EEATMOF T A P F o 7 2=V llo “EEAPRLL &
head-to-head B D ~BATH o 72, ZBEIT V) —rEpwFhnd Loy re 72 VERIC
ML TRALNE 7arIBMTHDL I ERgr ot £, TLVENLIZY 7072 vllo—
HiAORIHK 1294, OO “HEGDOR I 235K 1.32A L#0.03A DEND > 7=,

Crystal data; yellow block

CseHa0, M = 712.88,

Monoclinic space group = P21/n, Z= 2
¥ a=09.2484(5) A

N b=21.1180(11) A, B= 93.989(3) ©
c=10.1698(5) A

V = 1981.43(18) A3, D = 1.195 g/cm?
R1=0.0341, wR2 = 0.0896
Goodness of fit indicator, 1.044

Crystal data; yellow block

C32H2802, M = 444.57,

Triclinic space group = P-1, Z=2
a=10.2438(7) A, a = 80.773(6) °

b= 10.5609(7) A, p= 79.355(6) °
c=11.4363(8) A, y=85.078(6) °

V= 1198.18(15) A3, Dc = 1.232 g/cm?
R1=0.0646, wR2 = 0.1857
Goodness of fit indicator, 1.063

Crystal data; yellow block
C30H22Cl202, M = 485.37,

Monoclinic space group = P21/n, Z = 4
a=16.0738(11) A

b=8.7632(6) A, p=91.037(4) °
c=16.8129(10) A

V = 2367.8(3) A3, D. = 1.362 g/cm?®
R1=0.0482, wR2 = 0.1529
Goodness of fit indicator, 0.953

Figure 2. Crystal data of photodimer 2

KT, HRPCTON_BILRIGEBRET Lz, RIGIET F 77V —=[3]7 LY 1 DEH
TATIC, 400 W EEKERIT 2R E LT A Ly 2 27 4 MR —%BL 2B Z1T 5 72,
ZOFER, WIFNROT P I T Y —[3]7 ALV b IERT TIEIERIGASET L 72\ 2 & 284y
7> 7= (Table 2),
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Table 2. Photochemical reaction of tetraaryl[3]cumulene 1 in solvent
R! R? R? R! R' R? 'R'=R?=H
O Q :R'=R%=Me
o O W, () crercom
R1=R2=
c=c hv (>280 nm) c ‘ c : R1 : F{2 : F
solvent, rt, 3 h :R'=R°=Cl
QO W OV It i
O O :R'=0Me, R?=H
R’ R2 R? R R! R? :R" = OMe, R? = Me
1a-i 2a-i :R"=0OMe, R?2=Cl

- JQ "0 o 0 T 9o

entry compound solvent concentration (M) conversion
1 1a toluene 5.0x103 0%
2 1b toluene 5.0x103 0%
3 1c benzene-ds —= 0%
4 1d benzene-ds —= 0%
5 1e toluene 5.0x103 0%
6 1f benzene-ds —= 0%
7 19 toluene 5.0x103 0%
8 1h toluene 5.0x103 0%
9 1i benzene-ds —= 0%
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1.1.2.3. BRISDOBREE

EAREECON BILIGICE VT I 7V =317 4L Y 1 26T L Vi ko
a7 Ry FHEREREPRRIETD ZRCFEORICBIE Z 2 D »EEL 72, S BK
JEEF T L7256 TH 2 FEAIRIETORRIE A HBGE L 72, EBRILHERE IC[3]7 2L v 1
EAR =T — =A% ANTIREET 110 “COA A L ANRITDF, B L 72REET 3 KR
FEL 720 RIGHE T2 'H NMR I TR ZREEL 7228, WInoD[3]7 AL v 1 Z{LA 7%
WZ EHRbh o7 (Table3),

Table 3. Thermal reaction of tetraaryl[3]cumulene 1 in the solid state

:R"=0Me, R?=Cl

| a:R'=R2=H
1 2 2 R1 R1 2 |
R R R R biRI=R2=Me
o O QUG | e
I d:R'=R?=F
_ ' e-R'=R2=
c=C solid-state, 110 °C, 3 h, dark c c . f;;:;:g:
O O OCED e,
| h:R'=OMe, R2=Me
R R2 R?2 R R" R
1

Entry compound yield
1 1a 0%
2 1b 0%
3 1c 0%
4 1d 0%
5 1e 0%
6 1f 0%
7 19 0%
8 1h 0%
9 1i 0%

RITHERIRECOBRICH T o 72, Z DFER, BTGB RIEEZET5([3]7 Lo
LY i DADBKIGT 52 23907020 (Table3), ZAUIZLARTYIHICE SR L 72 F5 58 & —8L
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Table 4. Thermal reaction of tetraaryl[3]cumulene 1 in toluene

R'] R2 R2 R1 R1 R2
E c=C ; toluene, reflux, 3 h, dark E c ‘ c ;
R’ R? R2 R I I R R2

entry compound yield

‘R'=R?=H
‘R"=R?=Me
R"=R?=0Me
‘R'=R?=F
'R'=R?=Cl
‘R'=R2=Br
:R"=0OMe, R? = H
:R"=OMe, R?=Me
:R"=0Me, R?=Cl

- DT KQ "0 o O T 9

1 1a 0%
2 1b 0%
3 1c 0%
4 1d 0%
5 1e 0%
6 1f 0%
7 19 0%
8 1h 0%
9 1i 22%

LEXY 777V —n[3]17 2Ly 1 o8&, FERRECORKISIb TR i 72T
TlEH 2D DDEWT COBKICTHHETT S LbhoT,
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1.1.2.4.  BfEEL X BARESEENT IC X % Schmidt Bl OFEE

ThFIT7 YV —=A[3]7 L DN BAKIGIREERECDORIELZ 572720, TFF7T Y
—V[3]7 L v 1 OfEfTRTos R % BEES X MEERITIC X VLT L2
(Figure 3, Figure 4),

Crystal data of 1a; yellow block
CosH20, M = 356.47,

Triclinic space group = P-1, Z=2
a=9.9083(5) A, =92.177(7)°

b =10.0127(5) A, = 104.836(7) °
¢=10.4372(6) A, y=105.315(7) °
V =959.17(11) A3, D; = 1.234 g/cm?
R1=0.0370, wR2 = 0.0949
Goodness of fit indicator, 1.063

Crystal data of 1b; yellow block
CaoH2s, M =412.57,

Monoclinic space group = P21/n, Z=4
a=17.5026(5) A

b =7.37329(19) A, p=92.661(7) °

¢ =18.3560(5) A

V =2366.32(11) A3, D; = 1.158 g/cm?
R1=0.0525, wR2 =0.1363
Goodness of fit indicator. 0.894

Crystal data of 1c; yellow block
C32H2804, M = 476.54,

Triclinic space group = P-1,Z=2
a=9.7466(5) A, « =83.787(4)°
b=10.7991(7) A, p=99.615(7) °
c=12.0191(7) A, y=75.835(4) °

V =1219.09(13) A3, D. = 1.298 g/cm?
R1=0.0596, wR2 = 0.1823
Goodness of fit indicator, 1.122

MeO

Crystal data of 1e; yellow platelet
Ca2sH16Cls, M = 494.25,

Monoclinic space group = P21/n, Z=4
a=17.2507(4) A

b =7.35423(16) A, B=94.666(7) °
c=18.2822(4) A

V =2311.69(9) A%, D. = 1.420 g/cm?
R1=0.0510, wR2 = 0.1221
Goodness of fit indicator, 1.150

Figure 3. Crystal data of symmetric tetraaryl[3]cumulene
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Crystal data of 1g; colorless block
C30H2402, M = 416.49,

Q Q Monoclinic space group = P21/n, Z=8
a=9.9150(8) A

c=C b=227177(16) A, #=103.138(6) °
O Q ¢ =20.3601(14) A
V = 4466.0(6) A3, Dc = 1.239 g/cm?
MeO R1=0.0533, wR2=0.1711

Goodness of fit indicator, 0.900

Figure 4. Crystal data of asymmetric tetraaryl[3]cumulene
Schmidt HliZ R D 2 D D5z iii7=3 2 Lic X Y [tk (i) R -BARIGIC XY
AL 74 VHBRIERT 2 & LREBRAITH 5,

® [itid 5 2 oD THFHEEIVATH L IIRCHATTH B

® 2w 2 oD HEAF O d 3 3.5<d<42 A
T FZ2T7V—=[3]7 L VEP LA R T EIpER L 25, BT —
2 DS NTZ[3]7 &LV FHIZ T T Schmidt Bl #7232 & 23992 > 72 (Figure 5),




[3]cumulene 1a 1b 1c 1e 19

d(A) 3.760 3.723 3.617 3.673 3.744, 3.765

Figure 5. Distance for double bonds of [3]cumulene
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1.1.2.5. HERTORBEEEICO T OB

7 b 72TV =317 &L v DK BAURIG DAL EFER S F RN T 5 2 & & S
i X BRERERRT L VS 2T Lz, L2 LA O EEOKIGTIZ[3]Z oL v EHOMmEEH
Wiz 728, Z DG % R o T 2 2 2 METT 2 72 0 FoK X#R[EHT (XRD : X-ray diffraction)
#1272 372 XRD D AR P L7 — & & HfEE T — 2 5> HHETE L 72 powder pattern % k.
95 L CRIBEKEFICE O THAEES R I N w200 %2iHliT2 2 & & LT,
LUT I B & 7 — & 22 B HETE L 72 powder pattern () & XRD DO#EHR (R) #X L CR$

(Figure 6) ,

R! R?
O O e
1b: R'=R2=Me
c=C 1c:R'=R%?=OMe
1e:R'=R2=C|
O O 1g:R'=0OMe, R2=H
R’ R2
1a
A M
5 7 9 11 13 15 17 19 21 23 25
20 (degree)
1b
5 10 15 20 25 30
20 (degree)
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1c

i U

PN

20 (degree)

1e

Y

5 10 15 20 25 30
20 (degree)

19

A A_J.k A
_,A‘ )\JA A‘L A

5 10 15 20 25 30
26 (degree)

Figure 6. Spectra of powdered tetraaryl[3]cumulene 1; (blue) Powder pattern simulated by crystal
data, (red) XRD spectra

27



[3]17 &L VD GG T — 2 5> SHEE L 72 powder pattern & XRD DHIERER % b7z &
A, BRI PO =7 DNEIT L TEY, KERICENTH[3]Z7 4L VED
RS IR LT3 Z L TR o 72,
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1.1.2.6.  FCFMETEm

B L8R 2 3R E R L b oY 21T 5 720 BT P27 ) —
N[3]7 L v EIRIREECHEEZ R T 720, $TTFI 7V —n[3]7 4L v 1 DI A
X7 b, AR v, R TIEEK O HOE O BIE % 1T - 72 (Figure 7 and Table

5
] ) 1a
R R 1b:
O O
1d:
c=C 1e:
1f :
) O w.
1h:
1 2
R R 1i
a) 50000
40000
£
© 30000
©
£
_‘_.|20000
w
10000
0
c) 1a d)

Normalized intensity
Normalized intensity

‘R'=R?=H
R'=R?=Me
R'=R?=0Me
R'=R?=F
R'=R?=Cl
R'=R?=Br

R'=0Me, R2=H
R'=0OMe, R? = Me
i :R"=0Me, RZ2=ClI

1a

200 300 400 500 600 450 500 550 600 650 700

A [nm]

A [nm]

Figure 7. Absorption spectra of 1 in CHCI; (a) and in the solid state (c¢), and fluorescence spectra of 1

in CHCI; (b) and in the solid state (d)
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Table 5. Photophysical properties of tetraaryl[3]cumulene 1 in CHCl3

compound Aabs (NM) Aem (nmM) SS (nm) D 7(ns)
1a 275,422 470 (422)? 48 0.01 0.03
1b 284,435 481 (435)2 46 0.01 0.01
1c 290, 448 496 (448)2 48 0.01 0.04
1d 272,418 463 (418)2 45 0.02 0.01 (98%), 2.7 (2%)
1e 288, 435 483 (435)° 48 0.02 0.5 (83%), 1.3 (17%)
1f 291, 438 487 (438)2 49 0.02 0.04
19 280, 437 507 (437)2 70 0.01 0.04 (98%), 3.0 (2%)
1h 287,442 499 (442)2 57 0.01 0.03
1i 289, 444 530 (444) 86 0.01 0.02
aThe values in parentheses are excitation wavelengths.
Table 6. Photophysical properties of tetraaryl[3]cumulene 1 in the solid state
compound Aabs (NM) Adem (NM) SS(nm) @ 7(ns)
1.4 (46%), 8.8 (39%),
1a 252, 340, 426 514 (340) 88 0.02 88 (14%)
0.06 (67%), 6.3 (17%),
1b 266, 363, 444 539 (363) 98 0.04 35 (16%)
0.07 (31%), 5.3 (26%),
1 269, 329, 367,452 538 (453 86 0.10
¢ (453) 19.7 (34%), 108.9 (9%)
0.04 (79%), 3.9 (11%),
1d 269, 329, 367,452 531 (350) 79 0.03 19 (10%)
0.3 (35%), 7.5 (36%),
1e 258, 344, 434 541 (361) 107 0.05 56 (29%)
0.12 (25%), 5.4 (48%),
1f 266, 328, 361,449 537 (455) 88 0.05 25 (28%)
1.8 (33%), 7.4 (50%),
19 270, 327, 364, 454 528 (371) 74 0.05 27 (17%)
1.7 (24%), 7.5 (62%),
1h 267, 368, 448 538 (368) 90 0.05 26 (13%)
.5 (54%), 2.5 (349
1i 276, 335, 452 548 (454) 96 0.04 0.5(54%), 2.5 (34%),

9.7 (12%)

aThe values in parentheses are excitation wavelengths.

BTG EAEALZ blclZT F I 7 2= [3]27 &L Y(a)b HikL, 27wk

BT 25 1 WY, dERRILE

HEHEDH T I HE > TRIERAL L 72, FRRICE 73K 5 2%

BEA L7 1d-Af b EFRFIGEDB T ITHE o TN, SR ERERE(LL 7=, £7-, #t¢
BTIERIIREKTH 002 THY, 1IZITEAERNERZRE hd o7,
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[3]17 2L v 1 OERIRECONFERMEZ, Zuarrahod ok gL CRINEEE T
HE YA <, HICPIRITHT 40 nm DRIERACL L 72, FOLRFIEKITRAKTO0.10 &b
T KL 72,

e T BAERDIRINA R 7 b oL, #HRAR7 bL, SR TICES X O HFa olllE %

1o 77,

a) 80000
70000
60000
50000
40000

30000

¢ [L mol'" cm™1]

20000

10000

(2)
~—

Normalized intensity

200

R2 R! R" R2

Cc 4‘} C

RZ R! R R?

2a
2b
2c
—2d
2e
—2f
235 285 335
A [nm]
2a
2b
2c
—2d
2e
—2f
300 400 500 600
A [nm]

b)

Normalized intensity

320

Q
~

Normalized intensity

440

2a:R'=R?=H
2b: R'=R2 = Me
2¢: R'=R2 = OMe
2d:R'=R%2=F
2e:R'=R?=Cl|
2f:R'=R%=Br

370 420 470 520 570
A [nm]

2a

490 540 590 640
A [nm]

Figure 8. Absorption spectra of 1 in CHCIs (a) and in the solid state (c), and fluorescence spectra of 1

in CHCI; (b) and in the solid state (d)

31



Table 7. Photophysical properties of dimer 2 in CHCl3

compound Aabs (NM) Aem (NM) SS (nm) D 7(ns)
2a 240, 309 343 34 0.02 0.02
2b 241, 315 348 33 0.02 0.13
2c 242,323 361 38 0.02 0.13
2d 241, 308 337 29 0.02 0.000713
2e 242, 315 343 28 0.01 0.14
2f 243, 317 349 32 0.09 2.28 (71%), 5.19 (29%)

Table 8. Photophysical properties of dimer 2 in the solid state

compound  Aaps (NM)  Aem (nm) SS(hm) @ 7(ns)
2a 300, 434 474 40 0.22 0.82 (88%), 53.0 (12%)
2b 293, 442 476 34 0.04 0.17 (89%), 1.83 (11%)
2c 342, 4602 499 39 0.06 0.25(34%), 1.72 (54%), 5.2 (12%)
2d 323, 4372 460 23 0.34 1.57 (89%), 83.0 (11 %)
2e 335, 432 480 48 0.56 1.08 (15%), 2.09 (85%)
2f 297, 449 488 39 0.16 0.2

a Shoulder peak

7z VEERRT 2 8Kk 2a LKL, ETHGELZEALL 2b2e DPIR, FOLEE

B IEGRED I T ICHE o TRIERAL L 720 ARRICE T RKIIFEZE AL 72 2d-f D E TR
REDSE 3 ITHE o TN, dOERREBREREL 72, £/, #ARETIEKRIIHRAT 0.09 TH
D, 2 BT CEFEICZ LW ERHL IR 5 2,

BiE2 BHEAREICENT, Zuoa kv Ao, FR~<27 b gL, $hicky
100 nm R RAL U 72, HOLE TICR IR T 0.56 & K& &flixk R L7228, —77 TR 0.04
ERELEND Y, BEEILICKE L TR 2FNEH ZR L,

FFIC 2e IZATCIRAE TIRFEE TIERD 001 &R WEZRT—/, BEAIRETIZ 056 &
BRI IR L 7ze TO X 5 IR TIHRWIENAFETH 225, ERIRETIEE VI
B A R TR IS RACEER A8 (erystallization-induced emission enhancement: CIEE)
LIEEh, TLviEEEr AT LAY T CoflE REL 7,
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1.1.2.7.

ZBEROFN A H =X LFHf
ZEBiR 2 orzuuak ah EEIRIRIEE OFRHEA N =X L RIHT 5729,

WPEPIN A~ 27+ VRIE % 4T - 72 (Figure 9) o

QU
<>

SO0

MeQ MeOQ, OMe OMe

o= Smc
MeO MeO OMe OMe
2c

Cl ¢l

bolelela
=

C
Cl ¢l cl Cl
2e

AAbsorbance ( 0.01 / div. )

AAbsorbance (0.01/ div.)

ZuauakniLf

| |

T T
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Figure 9. Transient absorption spectra of dimer 2
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R, MR IRAEZDO 22 PATH 3% R LT05, HIEDHEE, wIh
OEBRD 7 a v kL AT 740 nm fTUTIC € — 27 2384, 100 ps TREHITE Rk
Teo 7B BERENLLHPTIIVTND “EEK2 SFRNBETICRIIME 720, T 0w — 27 |3 MEH
KB ICB T 2RI CTH 2 L EZ H LD, 2a, 2e IZFEAIRAEIC 35T 740 nm 5D &
— 7251 ns BHBHITE 325, 2¢ TIX 200 fs T 760 nm FHTICHFET 2 € — 273 1 ps Tl
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680 nm L~ LB L, 100 ps TlIv— 27 I TE 2l > 72, 2a,2e 13 2¢ & LHELL,
RIRECTEH VRN ETICEZ R T 72, 740 nm DO ¥ — 7 [3IFC IG5+ 2 cd v,
680 nm D v — 7 (MR SRR ICBI 5T A — 2 TH B T L IRR I NI,
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1.1.3. A

HA2D7 F 77 ) —=1[3]7 5Ly BILRICERE L7z, EAIRIEDERIG Tl
Mc2D7 b7 7Y —nN[3]7 5L vt 'L L, | K CERMNICIGHHETL 720 7
F 2TV =317 ALy O BLRISD BRI O 7= DD S (A T oG, [H
%ﬁ%f@%&m,@ﬁ¢ﬁ@%&m>f@&mﬁ%@ﬂttacé,chumﬂﬁAv
Y DBPEEH TORIGIC X Y “RBIEETEK T 5 L3 0rh o T,

TERBIEEOKIGA = X LR RT3 -0 I TH BT NI T Y —L[3] 7 ALY
O HE S X RGN 21T o720 7 F 77V = [3]17 &L VEEIZERRE o BILK
D&M TH 5 Schmidt Il %723 2 L 23SH S 2> & 7 o 72, e\ THURE S X RS ART O BR
DA RLE DS RSP IC BT HHEFF SN T W22 % XRD T— X & DHIKIC X WIS A1

L7z, Bt 7T — % X D EHR L 72 powder pattern & SEH|D XRD 7 — & % [t _ 7z ffH v — 2
fLEIZ—E L CTE Y, JOGEMAICE T FiaEE IR L T2 & Schmidt A 2 72 L 7=
FHCTT I T U =B AL VIR ZEBIEIEL TWE T EBHL L ko7,

B L 72 ZBAROFRFHERBIE Lz & 25, Bl CIRAEWRARTICE R 5, Ffk
RECEBCRNRTINEZRT O DBFET 5 2 LB o7z, TR LFHFEAL
BiE (CIEE) LMHEh2BIRTHY, TLVHEEEZE T 2LAaAYE L TidtI® Coflitd
%,

TR 2 O AR A = X L m R 2 72 D EPEPRIN R~ 7 b OVENE & 1T o 72,
CIEE %Z/R L7z 2e (&7 v v L ApCld RN 5 @R ICB T 5 v — 7, ERRECIEH
HFRHICHET -7 ZBAIL 7z, EH 5 ORETH BTIEEDK: 2¢ 137 v kL L
Tl 2e ARk EWIEH RIHEFR BT 2 v — 7 28U L 7228, FEAIREECI3HER e icBE S
% v — 7 BIEEEHIIEIERE IOER L COART MR TR, BB rR LD 2 20
RDE N ZEPEWRINA <= 7 b ABIED SIS 2 Lz,
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1.1.4. Experimental section
1.1.4.1. Experiment equipments
'HNMR, BC NMR : JNM-ECZ400S/L1, INM-ECA500WB (JEOL RESONANCE)
UV/Vis spectrophotometer : UV-1600 (SHIMADZU)
Fluorescence spectrophotometer : RF-1500 (SHIMADZU)
PL quantum yield spectrometer : Quantaurus-QY Plus, C13534-02 (HAMAMATSU)
Fluorescence lifetime spectrometer : DeltaFlex TypeT (HORIBA)
Transient absorption spectra : homemade
Single crystal X-ray diffractometer : R-AXIS RAPID II (Rigaku) , SMART APEX II (BRUKER
AXS)
X-ray Diffractometer (XRD) : SmartLab/RA/DX (Rigaku)
High-pressure mercury lamp : UVL-400HA (RIKO)
Mass spectrometer : GCMS-QP5050A (SHIMADZU), Exactive (Thermo Fisher)
Low temperature baths : PSL-1820 (EYELA)
Automated flash chromatography : Isolera One (Biotage)
Melting point apparatus : MP-J3 (Yanako)
Silica gel column chromatography
Silica gel : Silica Gel 60 N (spherical, neutral) 63-210 mm (KANTO CHEMICAL)
TLC plate : TLC Silica gel 60 Fass (Merck)

® Transient absorption spectra measuring system

Transient absorption spectra were measured by means of femtosecond pump—probe experiments
(Figure 10). Light source was an amplified mode-locked Ti:sapphire laser (Solistice, Spectra-Physics).
The second harmonic was used for excitation pulse. Transient absorption spectra were probed by
delayed pulses of a femtosecond white-light continuum generated by focusing a signal light (at 1.3
mm) generated by an optical parametric amplifier (OPA) (TOPAS, Light Conversion Ltd.) into a CaF,
plate. Probe light was detected by a C-MOS detector (Hamamatsu, PMA-20). The temporal resolution

was ca. 150 fs.
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Figure 10. Setup of transient absorption spectra measuring system
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1.1.4.2. Synthesis

Symmetrical tetraaryl[3]cumulenes and unsymmetrical tetraaryl[3]cumulenes were prepared

according to the reported procedures.
1.1.4.2.1. Tetraaryl[3]cumulene

Path A

R

O R Yield

7a H 40%
b Me 64%

© R R
o $ ) Ty () e owe s
>—\ R OH HO 7d F 68%

mBuli — ;' — C'THF [ Li—=——L] ] P 7e CI 93%
ry et;U/ary ) -oU— o
8005 °C O O 7f  Br 62%
R R
7a-f

To a 5.3 mL of mixed solution (dry Et,O/dry THF = 1/1; v/v%) was added nBuLi (24 mmol of a
1.6 M solution in n-hexane) at —80 °C under nitrogen atmosphere. Then, trichloroethylene (8 mmol)
was added to the mixture, and the mixture was stirred for 5 minutes at —80 °C. The mixture was
stirred at room temperature for 2 hours, cooled to —80 °C, and treated with the benzophenone
derivative (8 mmol). The resulting mixture was stirred for 15 minutes at —80 °C and for 24 hours at
room temperature and diluted with ethyl acetate and a saturated NH4Cl aqueous. The mixture was
extracted with ethyl acetate. The combined organic layer was washed with brain, dried over MgSOs4,
filtered, and concentrated in vacuo. The residual mixture was subjected to chromatography on silica

gel using mixtures of hexane and ethyl acetate as eluents, and the desired diol 7 was separated in the

given yield.

R R R R
IR, ) )
SnCly+2H,0 1la H 83%
of fa HCI cmc 1b Me  99%
Et,0, rt, 3 h, N, 1c OMe 28%
oNNe OO wiE
1e Cl  53%
R R R R 1f Br  42%

7a-f 1a-f

To a diethyl ether was added SnCl,-2H,0 (1.1 equiv) and 2 M HCl in Et,O (2.2 equiv) under

nitrogen atmosphere, then diol 7 (1 equiv) was added to the mixture. The mixture was stirred at
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room temperature under nitrogen atmosphere. The resulting mixture was filtered under reduced

pressure with minimum of Et;O, affording the desired [3]cumulene 1 in the

given yield.
Path B
MeQ MeQ
O 9
ethylacetate OH conc. HCI
THF, rt, 2 h, N, Me MeOH,40°C,1h
<) <)
MeO MeO
>99% yield

To magnesium (2.6736 g, 110 mmol) with a small amount of iodine in THF (50 mL) was slowly
added p-bromoanisole (13.7 mL, 110 mmol) in THF (30 mL) at room temperature under nitrogen
atmosphere with dropping funnel. After disappearing of magnesium, ethyl acetate (4.9 mL, 50
mmol) in THF (30 mL) was slowly added for 30 minutes with dropping funnel. The mixture was
stirred at room temperature for 2 hours, quenched by a saturated NH4CI. The mixture was extracted
with ethyl acetate. The combined organic layer was washed with brain, dried over MgSOa4, filtered,
and concentrated in vacuo.

The residual in methanol (80 mL) was warmed at 40 °C. Concentrated HCI (2.5 mL) was added to
the mixture, and the resulting white suspension was stirred for 1 hour. The suspension was filtered
under reduced pressure with water and methanol. The desired 1,1-bis(4-methoxyphenyl)ethene (51.4

mmol) was obtained in >99% yield.

R R
NaBH,4
_—— OH
EtOH, reflux, 4 h

(¢}
R R
a: R =Me (>99% yield)
b:R=Cl (10% yield)

NaBH4 (1.0 equiv) was slowly added to benzophenone derivative (1.0 equiv) in ethanol (0.4
mol/L), and the mixture was stirred for 4 hours under reflux. After completion of the reaction
according to TLC analysis, the resulting mixture was quenched by saturated NH4Cl. The combined

organic layer was dried over MgSOs, filtered, and concentrated in vacuo. The residual mixture was
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recrystallized by hexane and ethyl acetate as eluents, and the desired alcohol derivative was obtained

in the given yield.

MeQ R
OH ___conc. HCI HCI
AcOH reflux, 1 h
MeO

8a:R=H (94% yield)
8b:R=Me (37% yield)
8c:R=Cl (98% yield)

AT
xm

ooTo
O3

oo
ozT
5

Concentrated HCI (3.0 equiv) was added to 1,1-bis(4-methoxyphenyl)ethene (1.0 equiv) and
alcohol (1.0 equiv) in acetic acid (0.6 mol/L), and the mixture was stirred for 1 hour under reflux.
The resulting mixture was neutralized by 10% NaOH. The mixture was extracted with
dichloromethane. The combined organic layer was dried over MgSOs4, filtered, and concentrated in

vacuo. The desired alkene 8 was obtained in given yield.

50% NaOH O
i o
__CHCly _

40 °C, 3d

CI

8a:R=H 9a:R=H (55% yield)
8b:R=Me 9b : R = Me (34% yield)
8c:R=Cl 9¢c : R=Cl (22% yield)

To chloroform (0.35 mol/L) was added ethene 8 (1.0 equiv), 50% NaOH (25.0 equiv), and
tetrabutylammonium acetate (0.07 equiv), and the mixture was stirred for 3 days at 40 °C. The
mixture was extracted with dichloromethane. The combined organic layer was dried over MgSO4,
filtered, and concentrated in vacuo. The residual mixture was subjected to chromatography on silica
gel using mixtures of hexane and ethyl acetate as eluents, and the desired cyclopropane 9 was

separated in the given yield.
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R
R
MeO O
O ¢Bu0K P,
\/

DMSO
R ——— Cc=C
Et,O, 1t, Ny, 1 h
g WA,
Cl
MeO R
MeO
a:R=Me a: R = Me (3% yield)
b:R=Cl b:R=Cl (>99% yield)

Cyclopropane 9 (1.0 equiv) in diethyl ether (0.3 mol/L with respect to cyclopropane) was added to
t-BuOK (3.0 equiv) in diethyl ether (0.8 mol/L with respect to --BuOK) under nitrogen atmosphere.
Then dimethyl sulfoxide (19.0 equiv) was added to the mixture. The mixture was suddenly turned
yellow suspension and stirred for 1 hour at room temperature. The suspension was filtered under
reduced pressure with a minimum of diethyl ether, the desired [3]cumulene 1 was obtained in given

yield.
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1.1.4.2.2. Photoreaction

® In the solid-state

R’ R2 RZ R!
c=C — v, C
- solid-state, rt, time
R1 R2 R2 R1

[3]cumulene 1 (0.1 mmol) was spread with glass slide (76x52 mm) and irradiated by 400 W high-
pressure mercury lamp. The resulting mixture was collected with chloroform and concentrated in
vacuo. The residual mixture was subjected to chromatography on silica gel using mixtures of hexane

and CHCl; as eluents, and the desired dimer 2 was separated in the given yield (Table 1).

E ; toluene rt,3h E

To a PIREX® test tube for photochemical reaction was added [3]Jcumulene 1 (0.1 mmol) and

® In toluene

toluene (20 mL) under nitrogen atmosphere, and the mixture was irradiated for 3 hours by 400 W
high-pressure mercury lamp at room temperature. The resulting mixture was collected with

chloroform and concentrated in vacuo. The results are shown in Table 2.

E ; toluene rt,3h E

[3]Cumulene 1 in benzene-ds (0.5 mL) was filtered with membrane filter. The transparent solution
was added to a NMR tube, and the solution was irradiated for 3 hours by 400 W high-pressure mercury
lamp at room temperature. The resulting mixture was collected with chloroform and concentrated in

vacuo. The results are shown in Table 2.
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1.1.4.2.3. Thermal reaction
® In the solid-state
R R2 R R! R'" R2
solid-state, 110 °C, 3 h, dark C ‘ C
R? R R! R?

R R?

[3]Cumulene 1 (0.1 mmol) was added to a test tube and stirred for 3 hours at 110 °C under dark.
The resulting mixture was collected with chloroform and concentrated in vacuo. The results are

shown in Table 3.

® In toluene

R R? R2 R! R'" R2
E c=C ; toluene, reflux, 3 h, dark E c ‘ c ;
R1 R2 R2 R1 R‘] R2

To a test tube was added [3]cumulene 1 (0.1 mmol) in toluene (1 mL), and the mixture was stirred

for 3 hours under reflux and dark. The resulting mixture was collected with chloroform and

concentrated in vacuo. The results are shown in Table 4.
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1.1.5. Spectral data

® Diols
1,1,4,4-Tetraphenylbut-2-yne-1,4-diol (7a):

Colorless solid; mp 195-196 °C; 'H NMR (CDCls): d = 2.87(s, 2H), 7.27-7.35(m, 12H), 7.58—
7.61(m, 8H).

1,1,4,4-Tetrakis(4-methylphenyl)but-2-yne-1,4-diol (7b):
Colorless solid; mp 156-157 °C; 'H NMR (CDCls): d = 2.36(s, 12H), 3.06(s, 2H), 7.14(d, J = 8.2
Hz, 8H), 7.51(d, J = 8.2 Hz, 8H).

1,1,4,4-Tetrakis(4-methoxyphenyl)but-2-yne-1,4-diol (7¢):
Colorless solid; mp 142-143 °C; 'TH NMR (CDCls): d = 2.94(s, 2H), 3.77(s, 12H), 6.82(d, J = 9.1
Hz, 8H), 7.47(d, J = 9.1 Hz, 8H).

1,1,4,4-Tetrakis(4-fluorophenyl)but-2-yne-1,4-diol (7d):
Colorless solid; '"H NMR (CDCl3): d = 2.92 (s, 2H), 6.97-7.06 (m, 8H), 7.45-7.54 (m, 8H).

1,1,4,4-Tetrakis(4-chlorophenyl)but-2-yne-1,4-diol (7e):
Colorless solid; 'H NMR (CDCl3): d =2.96-2.98 (s, 2H), 7.30 (d, J = 8.8 Hz, 8H), 7.46 (d, J = 8.8
Hz, 8H).

1,1,4,4-Tetrakis(4-bromophenyl)but-2-yne-1,4-diol (7f):
Colorless solid; mp 149-150 °C; 'H NMR (CDCls): d =2.98 (s, 2H), 7.38 (d, J = 8.9 Hz, 8H), 7.45
(d, J = 8.9 Hz, 8H); '3C NMR (CDCls): d = 73.9, 89.6, 122.5, 127.7, 131.8, 143.1.

®  Precursors of asymmetry tetraaryl[3]cumulene
1,1-Bis(4-methoxyphenyl)ethene:

Colorless solid; mp 139-140 °C; 'H NMR (CDCIl5): d = 3.83(s, 6H), 5.29(s, 2H), 6.86(d, J = 8.8
Hz, 4H), 7.28(d, J = 8.8 Hz, 4H).

Bis(4-methylphenyl)methanol:
Colorless solid; mp 58-59 °C; 'H NMR (CDCls): d = 2.14(s, 1H), 2.32(s, 6H), 5.78(d, J = 3.6 Hz,
1H), 7.12(d, J = 8.2 Hz, 4H), 7.25(d, J = 8.2 Hz, 4H).

Bis(4-chlorophenyl)methanol:
Colorless solid; mp 90-91 °C; 'H NMR (CDCls): d = 2.21(s, 1H), 5.79(s, 1H), 7.27-7.33(m, 8H).
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1,1-bis(4-methoxyphenyl)-3,3-bis(4-methylphenyl)prop-1-ene (8b):

Colorless oil; 'TH NMR (CDCl): d = 2.31(s, 6H), 3.78(s, 3H), 3.83(s, 3H), 4.75(d, J = 10.5 Hz, 1H),
6.37(d,J =10.5 Hz, 1H), 6.79(d, J = 8.9 Hz, 2H), 6.88(d, J = 8.9 Hz, 2H), 7.03—7.10(m, 10H), 7.17(d,
J =28.9 Hz, 2H).

3,3-bis(4-chlorophenyl)-1,1-bis(4-methoxyphenyl)prop-1-ene (8c):

Yellow oil; '"H NMR (CDCl): d = 3.79(s, 3H), 3.84(s, 3H), 4.75(d, J = 10.2 Hz, 1H), 6.26(d, J =
10.4 Hz, 1H), 6.80(d, J = 8.8 Hz, 2H), 6.89(d, J = 8.7 Hz, 2H), 7.03(d, J = 8.7 Hz, 2H), 7.06(d, J =
8.5 Hz, 4H), 7.16(d, J = 8.8 Hz, 2H), 7.26(d, J = 8.5 Hz, 4H).

1,1-[bis(4-methoxyphenyl)methyl]-3,3-bis(4-methylphenyl)cyclopropane (9b):

Colorless solid; '"H NMR (CDCls): d = 2.26(s, 3H), 2.36(s, 3H), 3.26(d, J = 11.5 Hz, 1H), 3.64(d, J
=11.5 Hz, 1H), 3.72(s, 3H), 3.75(s, 3H), 6.74(d, J = 8.8 Hz, 2H), 6.78(d, J = 8.8 Hz, 2H), 7.07(d, J
= 8.1 Hz, 2H), 7.14(d, J = 8.8 Hz, 2H), 7.20(d, J = 7.8 Hz, 2H), 7.24(d, J = 8.8 Hz, 2H), 7.27(d, J =
7.8 Hz, 2H), 7.32(d, J = 8.1 Hz, 2H).

3,3-[bis(4-chlorophenyl)methyl]-1,1-bis(4-methoxyphenyl)cyclopropane (9¢):

Colorless solid; mp 190-191 °C; 'TH NMR (CDCls): d =3.17(d, J = 11.3 Hz, 1H), 3.66(d, J =
11.3 Hz, 1H), 3.74(s, 3H), 3.76(s, 3H), 6.75(d, J = 8.7 Hz, 2H), 6.78(d, J = 8.6 Hz, 2H), 7.10(d, J =
8.6 Hz, 2H), 7.19(d, J = 8.7 Hz, 2H), 7.26(d, J = 8.6 Hz, 2H), 7.28(d, J = 8.6 Hz, 2H), 7.35(d, J =
8.6 Hz, 2H), 7.41(d, J = 8.6 Hz, 2H).

® Tetraaryl[3]cumulenes
1,1,4,4-Tetraphenylbuta-1,2,3-triene (1a):
Yellow solid; mp 239-240 °C; 'H NMR (CDCls): d = 7.32-7.42(m, 12 H), 7.56-7.59(m, 8 H)

1,1,4,4-Tetrakis(4-methylphenyl)buta-1,2,3-triene (1b):
Yellow solid; "H NMR (CDCls): d = 2.41(s, 12 H), 7.20(d, J = 8.0 Hz, 8 H), 7.47(d, J = 8.2 Hz, 8
H).

1,1,4,4-Tetrakis(4-methoxyphenyl)buta-1,2,3-triene (1c¢):
Yellow solid; mp 256-257 °C; 'H NMR (CDCls): d = 3.86 (s, 12 H), 6.92 (d, J = 8.9 Hz, 8 H),
7.49(d, J = 8.9 Hz, 8 H).

1,1,4,4-Tetrakis(4-fluorophenyl)buta-1,2,3-triene (1d):
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Yellow solid; mp 259-260 °C; 'H NMR (CDCL): d = 7.07-7.11 (m, 4H), 7.46-7.50 (m, 4H).

1,1,4,4-Tetrakis(4-chlorophenyl)buta-1,2,3-triene (1e):

Yellow solid; mp 297-298 °C (decomp.); '"H NMR (CDCls): d = 7.43 (d, J = 8.6 Hz, 8H), 7.37 (d,
J=8.4Hz, 8H)
1,1,4,4-Tetrakis(4-bromophenyl)buta-1,2,3-triene (1f):

Yellow solid; mp 294-295 °C (decomp.); '"H NMR (CDCls): d = 7.36 (d, J = 8.6 Hz, 8H), 7.53 (d,
J=28.6 Hz, 8H)

1,1-Bis(4-methoxyphenyl)-4,4-diphenylbuta-1,2,3-triene (1g):
Yellow solid; mp 249-250 °C; 'H NMR (CDCls): d = 2.40(s, 6H), 3.86(s, 6H), 6.92(d, J =8.8 Hz,
4H), 7.18(d, J = 8.3 Hz, 4H), 7.46(d, J = 8.3 Hz, 4H), 7.51(d, J = 8.8 Hz, 4H).

1,1-Bis(4-methoxyphenyl)-4,4-bis(4-methylphenyl)buta-1,2,3-triene (1h):
Yellow solid; mp 285-288 °C; '"H NMR (CDCls): d = 3.87(s, 6H), 6.93(d, J =8.6 Hz, 4H), 7.34(d,
J =28.6 Hz, 4H), 7.44(d, J = 8.6 Hz, 4H), 7.48(d, J = 8.6 Hz, 4H).

1,1-Bis(4-chlorophenyl)-4,4-bis(4-methoxyphenyl)buta-1,2,3-triene (1i):
Yellow solid; 'H NMR (CDCls): d = 3.87(s, 6H), 6.93(d, J =8.8 Hz, 4H), 7.34(d, J = 8.6 Hz, 4H),
7.44(d, J = 8.6 Hz, 4H), 7.48(d, J = 8.8 Hz, 4H).

® Dimers of tetraaryl[3]cumulene
1,3-Bis(diphenylethenylidene)-2,2,4,4-tetraphenylcyclobutane (2a):

Pale yellow solid; mp >300 °C; 'H NMR (CDClz): d = 7.02-7.09 (m, 16H), 7.14-7.27 (m, 24H);
HRMS (ESI-MS) m/z calcd for CssHa1 713.3203, found 713.3219.

1,3-Bis[(bis(4-methylphenyl)ethenylidene]-2,2,4,4-tetrakis(4-methylphenyl)cyclobutene (2b):

Pale yellow solid; mp >300 °C; 'H NMR (CDCl3): d = 2.28 (s, 12H), 2.35 (s, 12H), 6.88 (d, J =
7.9 Hz, 8H), 6.93 (d, J = 8.2 Hz, 8H), 7.00 (d, J = 7.7 Hz, 8H), 7.04 (d, J = 8.2 Hz, 8H); HRMS (ESI-
MS) m/z caled for CssHs7 825.4455, found 825.4457.

1,3-Bis[(bis(4-methoxylphenyl)ethenylidene]-2,2,4,4-tetrakis(4-methoxylphenyl)cyclobutene (2¢):

Pale yellow solid; mp >300 °C; 'H NMR (CDCls): d = 3.75 (s, 12H), 3.82 (s, 12H), 6.63 (d, J =
8.4 Hz, 8H), 6.75 (d, J = 8.6 Hz, 8H), 6.98 (d, J = 8.4 Hz, 8H), 7.07 (d, J = 8.4 Hz, 8H); HRMS (ESI-
MS) m/z caled for CssHs7 953.4048, found 953.4044.
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1,3-Bis[bis(4-fluorophenyl)ethenylidene]-2,2,4,4-tetrakis(4-fluorophenyl)cyclobutene (2d):
Pale yellow solid; mp >300 °C; 'H NMR (CDCls): d = 6.82-6.86 (m, 8H), 6.92-6.98 (m, 16H),
7.02—7.06 (m, 8H).

1,3-Bis[bis(4-chlorophenyl)ethenylidene]-2,2,4,4-tetrakis(4-chlorophenyl)cyclobutene (2e):
Pale green solid; mp >300 °C; '"H NMR (CDCls): d = 6.87 (d, J = 8.3 Hz, 8H), 6.98 (d, J = 8.6 Hz,
8H), 7.14 (d, J = 8.3 Hz, 8H), 7.24-7.26 (m, 8H).

1,3-Bis[bis(4-bromophenyl)ethenylidene]-2,2,4,4-tetrakis(4-bromophenyl)cyclobutene (2f):

Pale yellow solid; mp >300 °C; 'H NMR (CDCls): d = 6.79 (d, J = 8.4 Hz, 8H), 6.91 (d, J = 8.4
Hz, 8H), 7.30 (d, J = 8.4 Hz, 8H), 7.40 (d, J = 8.4 Hz, 8H).
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12. FF57V—A3]17 4Ly Da— FBLRIG
1.2.1. %S

Ry T ARV ABENE ST, BEEEMEMRIR, X X a7 SRR 4 T BT
MREINTVEDTERTH S, 2OHBERIVELZHV D VIO A4 volR{ltde, o
v LR W22 F =T b 7 = L OBR{EE R E AR & LT % (Scheme 15),

Ref.
. Ar R I
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R l2 Ar
oo " [4]
solven R
R
% \ Ar
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X cat. Cu 1
YN cat Rh R'T X
R'T + RZSON; ——> 7 (5]
|| NHSO,R?

Scheme 15. Synthesis of benzofulvene
B1Z Ly hbEKT 5FiED 2 HIEREINTVR A, WInbER T, X7 Y7 Lfl
B2, X7 X5 A4 7k fEHRT 5 RGN TH 2 (Scheme 16), [©7]
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Ph>: o= C=<Ph Pd(OAc),
PH Ph DMF, 100-120 °C
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Pd
Me
Ph
X Ph
Ph
Pd
Ph

Ph
. O‘ Ph
Ph Ph

Scheme 16. Reported reaction of [3]cumulene to construct benzofulvene scaffold

ARETIX, 7b7T7YV—=1[3]7LLvENISDI—FERILKIGICE DER, 2417
— DR ARG TORY V7 AR EEESEZ BRI L7 (Scheme 17),
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oNa v
c=c NS g O‘

solv, rt | |
R L

Scheme 17. Construction of benzofulvene scaffold from [3]cumulene 1 with NIS
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1.2.2. HRLEZ
1.2.2.1. JEREEK

FFIT7V—A[3]7 &L VIZLUT @ FE TSRk
19), 18]
Path A8

R R R

O CI>=\

I > CTHBKL 72 (Scheme 18, Scheme

R R

C 0 on ) st
) OH HQ 2502
o n-BuLi, CI” _ Cl — HCl c=c
O Et,O/THF,-80 °C—rt, N, O O Et,O O O
R R R R R
a-d a-d
a:R=H (80% yield) a:R=H (83% yield)
b:R=Me (71% yield) b:R=Me (99% yield)
C: R = OMe (28% yield) ¢: R = OMe (28% yield)
d:R=Cl (% yield) d:R=Cl (% yield)
Scheme 18. Syntheses of symmetrical tetraaryl[3]cumulenes
Path Bl
R
MeO O
_conc. HCI_ HCI O O R
AcOH —
MeO
a-c .
a:R=H a:R=H (94% yield)
b:R=Me b: R=Me (37% yield)
c:R=Cl c:R=Cl
MeQ R
5
50% NaOH aq. O t-BuOK O O
TBAA O R _DMSO_ c=c
CHClI; \/ Et20, N,
c ()
Cl
MeO R
0]
a-c a-c
a:R=H (55% yield) a:R=H (3% yield)
b:R=Me (34% yield) b: R =Me (>99% yield)
c:R=Cl c:R=Cl

Scheme 19. Syntheses of asymmetrical tetraaryl[3]cumulene
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Path A TIINY Y 72/ VEHED ) FATEFL VYD SN2 MIGICL Y A —LEBERL
Tet%, LA X LHEfED b 72 5 HaSnCly DETTHIMEEINC X OV 7 727V = [3]17 L v 1
EH L7z, PathB TR T AT v & T AL a— L OiKEEDE, Y7ru ity D
Rk v v rm7ra vk, mEBICEEIC X 2BEKECEY 7T 770 =0 [3]
JLLY1EHKRLT,
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1.2.2.2.  RIGEfERET

TFIT ) =AB]7 Ly DI FERYLRIGEIT ) ICH 720 TR 27072, ®
TAREICT b7 7 2= [3]17 5L v 1a ZAOKIGSEA O REL % 1T > 72 (Table 9),
Entry 1-4 O JUGRHHE OBES 2> b R D HHNCHE o TULR D[ B2 A S, ARG 2 K
M +oicEfT L, 3 BMCINEKIE 96%IC £ CiE L 72, Entry3, 5 © 3 7 HZFHOMCIE
NIS ¢ VFEZHEKLLEZ S, XVKREFHEICENEZI -V AT AV ZEKT S NIS O
HBRIGHEICE A TS Z EDBHL L7572, Entry 3, 6-9 DIRBRETOFEE, Kol =
FEARVRTORMED THELRISHETT 22 EBHL o7z, BLEOKR X
D EGESAFIENIS Z v, = e A x v 3IERICR To72d D e Lz, 872V V7
LY 2a 1, NMR, HRMS, S OFEL#G i X RS T 2> O W& 2 58 L 72 (Figure 11),

Table 9. Optimization for iodocyclization of tetraphenyl[3]cumulene

o0 &

+
o s O
< O YO
1a 3a
entry  [I*] source solvent time yield (%)°

1 NIS MeNO:2 0.5h 36

2 NIS MeNO:2 1h 52

3 NIS MeNO:2 2h 86
A NIS . MeNO: _ _3h . %
______ S .l MeNG: _ 2h 24

6 NIS MeCN 2h 7

7 NIS DCM 2h 8

8 NIS Benzene 2h trace

9 NIS Toluene 2h trace

aAll reactions were conducted using 0.1 mmol of [3]Jcumulene,
0.12 mmol of the [I*] source, and 1 mL of solvent at room
temperature. Plsolated yields. ¢0.06 mmol of I2.
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Crystal data of 3a; yellow needles
C28H19|, M= 482.36,

Monoclinic space group = Cc, Z= 12
a=22.7997(4) A

b=9.71819(18) A, = 99.615(7) °
c=285848(5) A

V =6244.6(2) A, D. = 1.539 g/cm’®
R1=0.0432, wR2 =0.1109
Goodness of fit indicator, 1.024

Figure 11. Crystal data of benzofulvene 3a
SOOHERE % Figure 12 O X S ICHEE L7z, ¥4, [B]Z7 4L v oL EHEAERI—FA
FAVERIGLI = F=v LA 4 R DRER, ZO%RABRRD? L OREEZZFRILT
b0 RIRICAZ VA IRT 24 VvHIIKFELG R 2L TRY V7 AR VFBREZ I
TrLEZLND,

SIS SISP- U
U UA L)

C=C

Figure 12. Estimated reaction mechanism of tetraphenyl[3]cumulene with NIS

Ar Ar Ar, Ar

Ar, Ar
>=C:C:/\ — t —
Ar Ar

Ar Ar Ar Ar

charge
separated

neutral diradical

Figure 13. Proposed electronic state of tetraaryl[3Jcumulene in solvent

TFI7T7YV—=N[3]7 L VIIRRFC LI OKRLEE L 2ETIRETH S LBREIN
fmé(m@mlﬁomNK&mf = btaxxvo=baiER3]7 L0 v OEMDEEHEE

ZEALPL_EHAOZEEAER B R EZOLND, 2O b, RARIGIR=
FE AR VR TORENRCKISHETL, [3]7 &L v Ol HEiES TENICKIG L
TWwitEZOLND,

54



1.2.2.3. EERE
RIHE MG 21T > 72 (Table 10),
Table 10. Optimization for iodocyclization of [3]cumulene 1 with NIS

R! R2 R

c=C MeN02 rt, time O‘

¢ . . O g
3

entry compound product  time (h) yield (%)

:R'"=R%?=H

‘R'= R2 Me
:R'"=R%=OMe
:R1 —R2 cl
=OMe, R?=H
= OMe, R? = Me
:R1 OMe, R? = CI

- JQ ® 0O T 9

1 1a 3a 3 96

2 1b 3b 3 >99

3 1c 3c 2 >99
_____ 4 e 8 3  ftace

5 19 3g 3 81

6 1h 3h 2 88

7 1i 3i 3 38

Entry 1-4 O BEHEIERFEANFR R [3]17 LV v B W2 RIG Tl entry 4 D& 1Rk 5 | 1 &
Thrr7uult T 5317 L1V le DAPMERINE TRy V7L 3e %5 272, Entry
57 OEAIENMARBIEEZETE3]7 L v EAWERIGT S FEIC entry 7 @ 27 1o o
%ﬁ?5m7AV/h#6 LNERVYYTIARYZIOICRIIE T L7z, ThbDZ &

BREIMEEREAET 3317 2L Vi3 22— FERIALKIGETT L OO W &30 h - 72,
FCHERZENC LT, JERIRZR[3]7 &L v 1g, 1i DRIE TRV 7 AR v EFELA 3g, 3i
FA XS 7 22 Bl S DABLL T3 2 & 2SHEEER X EERITO&EE2 505
%> & 7z o 7= (Figure 14),
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MeO qlth
cl _D i’(ﬂ

Crystal data of 3g: brown block
C30H23102, M = 542.41,

Triclinic space group = P-1,Z=2
a=10.13740 (18) A, a = 102.136(7)°
b=11.0865(2) A, p=98.119(7)°
c=11.4864(2) A, y=110.111(8) ©

V =1152.64(10) A3, D, = 1.563 g/cm?3
R1=0.0354, wR2 =0.0940
Goodness of fit indicator, 1.024

Crystal data of 3i: orange needle
C30H21Cl2102, M = 611.31,

Monoclinic space group = P21/n, Z = 4
a=10.48395(19) A

b=10.77886(19) A, p=102.103(7)°
c=22.9750(4) A

V = 2538.58(10) A3, D, = 1.599 g/cm?3
R1=0.0308, wR2 = 0.0787
Goodness of fit indicator, 1.053

Figure 14. Crystal data of benzofulvene 3g and 3i

AL Fe7 2= VDO 0BREET 2B E LC[3]7 &L v OEMEM RSB D - T
W5 Z e EWEE L, IENFRR[3] 7 oL vIF O EREE AL, —2lk A FFUHE, D
S —DlFA P F IR S EETFHEREOKGERES O WT WS, X F S HEM S
DHRFERICEL L T B 2 %, p-ruu 7= VA2 H L2317 4L ¥ e, 1i D IGH:
RN Z & h o b ETEERERD OBRICERILL T2 eEZ, RRIGIEZT Y —rEo
BTOEEIENEICEEL G ATV LERE L NS LORIGICEY) I —F=v A
MRz octh, 7YV —VH2 O DB BELZ IR 2RI, ETEERA X EH» 5

DBERINTIIGE LT B 25 2 & THB (Scheme 20),
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Scheme 20. Reaction mechanism of asymmetric [3]cumulene considering with substituent

effects

57



1224. RV IARvDraRAY ) v IRIEERE

RIBIC, REIGTRZRY V7 AR VFEERICIE I YRR D 5720, 7uxhy 7Y
VIRIGICEF 2w AT V) =& L CHIRARES SRR L 72, ET AEE L L GEA
72V ) 7 v 3a D Suzuki-Miyaura, Sonogashira 7 @ XA v 7'V v I RIGEIT -T2, %
DFER, ZNZNRV YTV 10 ZIE 95%, <V 7A_y 11 ZIEFE 38% CfF:
(Scheme 21), f37c~=v ' 7 A~ 10 (3 HfE X SRS 5 D X OGS ZERE L T
Wk, RYYTARYI0DENENDT ) —VE I IEREEEZ T 5720, v/ 7
YEBICH LI 60° $o7r<IRIZAEN TS 2 P IR 57 (Figure 15),

a) Suzuki—Miyaura cross-coupling

Pd(PPh3)4 (5 mol%)
K2003 (5 eq. ) ‘
toluene :water =9 : 1 O
90 °C, 46 h I I OMe

(2 eq.) 10

95% yield

b) Sonogashira cross-coupling

Pd(PPh3)
cu O‘
NEt3 50 °C = O
OMe

(1.1 eq.)
38% yield

Scheme 21. a) Suzuki-Miyaura and b) Sonogashira cross-coupling reaction of benzofulvene
3a

Crystal data of 10: yellow needle
C3sH260, M = 462.59,

Monoclinic space group = C2/c,Z=8
a=42.3412(14) A

b =6.2944(2) A, p=113.051(8)°

¢ =20.1580(7) A

V =4943.4(4) A3, D, = 1.243 g/cm?
R1=0.0774, wR2 = 0.1410
Goodness of fit indicator, 0.976

Figure 15. Crystal data of tetraarylbenzofulvene 10
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1.2.3. A

AKETIET F 77V —=1[3]7 L YD NIS #lwia— FEIURIGEHET L7z, 7 F 7
71:wm7Avy%%?w&maLfﬁot%ﬁﬁﬁmﬁuﬁmﬁ%,a?%ﬁ,@ﬁ
DR ZATo72 & &5, ROCKRHI RN NI M L 3 FefE# I I3 I2ITERMIC
JODSEST L 72e B URFICIIREFHEICS S L LY dREFHEICEN S NIS 073G
ICEATWSEZEHL R hoTe, 72, IBEMEI2OIE=Fr XX vy = b rAEAR[3)
7 LV DEMSMOIREEZ LENT B Z & TBR]Z L vyl EESD ZEEATES
WML b T LBRBI N,

HEEBE» S 3IENHT F 57 ) —A3]27 AL v ERWERIGICEWT, BFit5HE%
BT57)—nNE»OLOBURICHETT 2 ERHL 2L o7z, THIIRISIC X D 4E
B L7=2—F=vadfiifRics <, REFHARRILAETEE 2T Y —VHEM S E#xk
IcEZ 2 2 eI TH B LFEZT 0D

RIIGIC XV /ONDE Ry VI ARVFEBKICIII VR H 2720, 7nAxhy T
Vv o gy L7 ) - LCTHMARPREI Lz, 7y 7Y v 7RISR
Suzuki—Miyaura, Sonogashira 7 @ 27 v 7V v FRIGZER L 72 & & A, ROSIFRE X <&
L, WEdsdxvy Irxvizhbzi-,

RKIGIET P77V =317 2L v EFERE L, X207 ) —, Fifl, HEEEE L W 5 R
BHEU» OB TR Y Y INRVEBEREER T 5 B8 TE L, XYY TR VERKE
AHEES T OMFRICOHCONE b ARALT7 ) —THE L IIFRATHY, &
BEMETH D L IIRE~NDAFMBPMBENTI AT FIALERKIETH DL L WVWR D,
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1.2.4. Experimental section

1.2.4.1. Experiment equipments
'HNMR, BC NMR : JNM-ECZ400S/L1, JNM-ECA500WB (JEOL RESONANCE)
UV/Vis spectrophotometer : UV-1600 (SHIMADZU)
Fluorescence spectrophotometer : RF-1500 (SHIMADZU)
PL quantum yield spectrometer : Quantaurus-QY Plus, C13534-02 (HAMAMATSU)
Fluorescence lifetime spectrometer : DeltaFlex TypeT (HORIBA)
Single crystal X-ray diffractometer : R-AXIS RAPID II (Rigaku) , SMART APEX II (BRUKER
AXS)
Mass spectrometer : GCMS-QP5050A (SHIMADZU), Exactive (Thermo Fisher)
Low temperature baths : PSL-1820 (EYELA)
Automated flash chromatography : Isolera One (Biotage)
Melting point apparatus : MP-J3 (Yanako)
Silica gel column chromatography

Silica gel : Silica Gel 60 N (spherical, neutral) 63-210 mm (KANTO CHEMICAL)
TLC plate : TLC Silica gel 60 Fasa (Merck)

60



1.2.4.2. Synthesis

General procedure for reaction of tetraaryl[3]cumulene 1 with NIS

R! R? R’
Q O e O
o o ‘R'"=R?=Me
c=c v R ‘ :R'"=R%=0Me
MeNO,, rt, 3 h [ ‘R'=R2=Cl

R"=0OMe, R®=H
:R"=OMe, R? = Me
:R"=0Me, R?=Cl

Q ™ 0® o 0 T o

R’ R? R O O R?
3

NIS (0.12 mmol) was added to a 1 mL of MeNO> solution containing tetraaryl[3]cumulene 1 (0.1

mmol), and the mixture was stirred for 3 hours at room temperature. The resulting mixture was
quenched by saturated Na>S>03. The mixture was extracted with ethyl acetate. The combined organic
layer was washed by brine, dried over MgSQOs, filtered, and concentrated in vacuo. The residual
mixture was subjected to chromatography on silica gel using mixtures of hexane and ethyl acetate as

eluents, and the desired benzofulvene 3 was separated (Table 10).

Cross-coupling reaction of benzofulvene 3a
Suzuki—Miyaura cross-coupling

1-(Diphenylmethylene)-2-(4-methoxyphenyl)-3-phenyl-1H-indene (10)

Q B(OH), PPy Q
3/4
Qs . e QU ~
) | OMe

| toluene/water (9/1 = v/iv
3a 10

°C, 46 h
l l OMe 90 °C, 46 !

95% yield

To a 5 ml of mixed solution (toluene/H,O = 9/1) containing benzofulvene 3a (0.1 mmol) and of 4-
methoxyphenylboronic acid (0.20 mmol) were added tetrakis(triphenylphosphine)palladium (0.005
mmol) and K>COs3 (0.50 mmol), and the mixture was stirred for 46 hours at 90 °C. The resulting
mixture was extracted with ethyl acetate. The combined organic layer was washed by water and brine,
dried over MgSQy, filtered, and concentrated in vacuo. The residual mixture was subjected to
chromatography on silica gel using mixtures of hexane and ethyl acetate as eluents, and the desired

tetraarylbenzofulvene 10 was separated in 95% yield.
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Sonogashira cross-coupling

1-(Diphenylmethylene)-2-[(4-methoxyphenyl)ethynyl]-3-phenyl-1H-indene (11)

(D (D
o L e
? I NEts, 520 C348h ‘ O
DRGE. savhas
3a 1"
38% yield
To a 1.0 ml of triethyamine were added benzofulvene 3a (0.1 mmol), p-methoxyphenylacetylene
(0.11 mmol), tetrakis(triphenylphosphine)palladium (0.01 mmol), and Cul (0.005 mmol), the mixture
was stirred for 48 hours at 50 °C under nitrogen atmosphere. The resulting mixture was extracted with
ethyl acetate. The combined organic layer was washed by water and brine, dried over MgSQOs, filtered,
and concentrated in vacuo. The residual mixture was subjected to chromatography on silica gel using
mixtures of hexane and ethyl acetate as eluents, and the desired benzofulvene 11 was separated in 38%

yield.
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1.2.5. Spectral data

® Tetraaryl[3]cumulenes

See“l.l. 7 F 77V —[3]7 oL v DR BRI

® Benzofulvenes
1-(Diphenylmethylene)-2-iodo-3-phenyl-1H-indene (3a):

Orange solid; mp 146.0-147.0 °C; '"H NMR (CDClz): d = 6.46 (d, J = 7.9 Hz, 1H), 6.82 (t, /= 7.9
Hz, 1H), 7.03-7.11 (m, 2H), 7.28-7.30 (m, 2H), 7.36-7.50 (m, 13H) ; *C NMR (CDCls): d = 89.5,
119.9,123.1, 125.2, 126.8, 127.9, 128.2, 128.3, 128.6, 129.0, 129.2, 129.6, 131.2, 133.3, 136.6,
138.4, 138.5, 141.1, 142.8, 143.0, 151.3, 153.2; HRMS (APCI) m/z calcd for CogH 19l 482.0526,
found 482.0522.

1-[Bis(4-methylphenyl)methylene]-2-iodo-6-methyl-3-(4-methylphenyl)-1H-indene (3b):

Orange solid; mp 99.0-100.0 °C; '"H NMR (CDCls): d = 2.07 (s, 3H), 2.41 (s, 3H), 2.42 (s, 3H),
2.45 (s, 3H), 6.32 (s, 1H), 6.86 (d, J = 7.7 Hz, 1H), 7.01 (d, J = 7.7 Hz, 1H), 7.16-7.28 (m, 10H),
7.40 (d,J = 8.2 Hz, 2H) ; *C NMR (CDCls): d = 21.47 (2C), 21.53, 21.6, 88.4, 119.6, 123.8, 127.1,
128.6, 128.9, 129.1, 129.5, 131.5, 133.5, 133.8, 134.6, 137.9, 138.1, 138.6, 139.0, 139.1, 139.3,
140.1, 140.4, 151.0, 152.4; HRMS (APCI) m/z caled for C3,Ho71 538.1152, found 538.1147.

1-[Bis(4-methoxyphenyl)methylene]-2-iodo-6-methoxy-3-(4-methoxyphenyl)-1H-indene (3c¢):

Orange solid; mp 165.0-166.0 °C; '"H NMR (CDCl;): d = 3.49 (s, 3H), 3.87 (s, 6H), 3.88 (s, 3H),
6.17 (d,J = 2.3 Hz, 1H), 6.61 (dd, J = 8.0, 2.3 Hz, 1H), 6.93 (d, J = 8.6 Hz, 2H), 6.95 (d, J = 9.2
Hz, 2H), 7.00 (d, J = 8.6 Hz, 2H), 7.05 (d, J = 8.0 Hz, 1H), 7.20 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 8.6
Hz, 2H), 7.47 (d, J = 8.6 Hz, 2H) ; '*C NMR (CDCl5): d = 54.9, 55.1, 55.2, 55.3, 86.1, 108.3, 112.2,
113.2,113.4,113.8, 120.2, 128.9, 130.8, 133.3, 133.7, 135.0, 135.3, 136.2, 137.3, 140.2, 150.1,
151.1, 157.6, 159.2, 160.6, 160.7; HRMS (APCI) m/z calcd for C3,H27104+H 603.1027, found
603.1006.

1-(Bis(4-chlorophenyl)methylene)-2-iodo-6-chloro-3-(4-chlorophenyl)-1H-indene (3d):
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1-Diphenylmethylene-2-iodo-6-methoxy-3-(4-methoxyphenyl)-1H-indene (3e):

Orange solid; mp 180.0-181.0 °C; "H NMR (CDCls): d = 3.42 (s, 3H), 3.87 (s, 3H), 6.00 (d, J =
2.3 Hz, 1H), 6.61 (dd, J = 8.6, 2.3 Hz, 1H) 6.99-7.03 (m, 3H), 7.29-7.31 (m, 2H), 7.39-7.47 (m,
10H) ; 3C NMR (CDCls): d = 54.9, 55.2, 85.5, 109.0, 112.9, 113.6, 120.5, 127.9, 128.7, 128.8,
129.1, 130.89, 130.92, 131.09, 133.2, 136.4, 138.5, 140.0, 141.0, 142.7, 150.2, 152.8, 157.9, 159.4;
HRMS (APCI) m/z calcd for C30H2310,+H 543.0815, found 543.0809.

1-[Bis(4-methylphenyl)methylene]-2-iodo-6-methoxy-3-(4-methoxyphenyl)-1 H-indene (3f):

Orange solid; mp 79.0-80.0 °C; 'H NMR (CDCls): d = 2.40 (s, 3H), 2.43 (s, 3H), 3.44 (s, 3H),
3.86 (s, 3H), 6.06 (d, J = 2.4 Hz, 1H), 6.60 (dd, J = 8.3, 2.4 Hz, 1H) 6.98-7.03 (m, 3H), 7.16-7.28
(m, 8H), 7.46 (d, J = 8.7 Hz, 2H) ; *C NMR (CDCl3): d = 21.4, 21.5, 54.9, 55.2, 86.0, 108.9, 112.6,
113.6,120.4, 128.6, 128.9, 129.3, 130.9, 131.3, 133.5, 136.4, 138.0, 138.3, 139.1, 139.3, 140.0,
140.2, 150.7, 152.1, 157.8, 159.4; HRMS (APCI) m/z calcd for C3,H2710>+H 571.1128, found
571.1115.

1-[Bis(4-chlorophenyl)methylene]-2-iodo-6-methoxy-3-(4-methoxyphenyl)-1 H-indene (3g):

1-(Diphenylmethylene)-2-(4-methoxyphenyl)-3-phenyl-1H-indene (10):

Orange solid; mp 148.0-149.0 °C; '"H NMR (CDCls): d = 3.62 (s, 3H), 6.23 (d, J = 8.8 Hz, 2H),
6.39 (d,J = 7.9 Hz, 1H), 6.67 (d, J = 8.8 Hz, 2H), 6.81-6.90 (m, 6H), 7.12 (t,J = 7.5 Hz, 1H), 7.17—
7.25 (m, 4H), 7.27-7.29 (m, 2H), 7.39-7.47 (m, 5H) ; 3C NMR (CDCl3): d=55.1, 112.6, 119.6, 123.5,
124.9, 126.76, 128.81, 127.4, 127.9, 128.58, 128.60, 128.8, 129.8, 130.7, 131.9, 132.0, 135.3, 135.5,
137.5, 138.3, 138.5, 141.3, 142.96, 142.98, 143.6, 149.3, 157.1; HRMS (APCI) m/z calcd for
Cs5H260+H 463.2056, found 463.2043.

1-(Diphenylmethylene)-2- [(4-methoxyphenyl)ethynyl]-3-phenyl-1H-indene (11):

Orange solid; mp 149.0-150.0 °C; '"H NMR (CDCls): d = 3.74 (s, 3H), 6.50 (d, J = 7.7 Hz, 1H),
6.646.69 (m, 4H), 6.90 (t, J = 7.6 Hz, 1H), 7.15 (t, J = 7.5 Hz, 1H), 7.35-7.51 (m, 14H), 7.81 (d, J =
7.0 Hz, 2H); *C NMR (CDCl;): d = 55.2, 85.8, 97.5, 113.4, 115.8, 119.3, 120.4, 123.7, 125.9, 127.1
(20), 127.5, 127.97, 128.03, 128.6, 128.8, 129.5, 130.8, 132.4, 132.9, 134.5, 137.18, 137.23, 141.9,
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142.0, 142.8, 149.4, 149.5, 159.0; HRMS (APCI) m/z caled for C37H260 486.1978, found 486.2002.
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1.3. 737 VU—n [5]17 L1 vD3a— FERALRIG
13.1. 5

AIEDT P77V —=A[3]7 L vDa— FERILKIGE DIRD 7280, 7 AL VEEEEIL
L7z[5]17 v v 4 23— FEAILRIG % 1T - 72(Scheme 22),

| H
Ar. Ar Iy I Ar I Ar
/L—C=C=C=C_j/ —_— +
Ar Ar  solvrt Ar Ar
Ar Ar
Ar Ar
5 6

4

Ar= -%OOMe

Scheme 22. lodocyclization of tetrakis(4-methoxyphenyl)[5S]cumulene

TNV ECERE B E 2 G 5> 70 Ry 2 P2 VB ORIEMATH % L [FF
I, 7Ry BEEPERNT L L CHESEREOGR IS I A TnE, 12 —fig
I, IAviFvraXy 2Tyl LR bEYIONEE D L < HINRILKISIC X
DERINE D, EH O EEEOFEMEIIRO T\ b 720 % BT L VI HEAEIC
BWAlifiod 2 TH b, N FFICET Y —ALERT ARV IEHEIL 7 br =7 R
MElO n BIEERE LCflibi 2 200 FEHEZED TE Y, ARTFELETIE, %
(LR ICENL 7 EILEIBHIC b 72 W e Th N T d, By X7 Y =L 7 AV, 7k
T7 2N IRV RVI) UHBLDERBHONTED, UNFHT Y -1 TRy
LY 7 eI FLYERB=y T A EYT ) AT 2 FLYDOHFENTRIGIETH
JKTE B ZEBMEINT VS, Bl —J7, [5]7 LL VDD TNV ~DIHEFEITEEH
B, RRIGICEVB/BONE IARVFIVREMNEREL TS0, 7axhy 7Y
VIRIGIC BT AT LTV = LTHWS 2L TEHRARSEIR 7 VRV O
AREICR 2 L HEZ T 5,

ZZTl, FUREAVERERISICE Y 7TV —AEDIRNE D 7 0~ v FiSHEEEL
ZRHL, ZoGEaE  CIGHICEY #HA 72,

(]
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1.32. HRLEZ
1.3.2.1. JEREEK

[5]17 &L v 4 1ZLA T OFNECICHRICHE > THRL L 72 (Scheme 23), (6]

MeO MeO

MeQ
) | e 0.,
o n-BuLi, TMSA — TMS K2CO3 —
W, 0 O
MeO

MeO MeO
12
OMe
CuCl SnCl,* 2H,0 O
TMEDA
CH20|2 EtZ O

OOO

Me

14

Scheme 23. Synthesis of tetrakis(4-methoxyphenyl)[5]cumulene

4,4’-Dimethylbenzophenone & n-BuLi IZ & D U FA1{t L 72 TMSA (trimethylsilylacethylene)
ED S RIBICX YV ERMICT v a = 12 287, i KAV 7 LI12 X% TMS

(trimethylsilyl) FEDOBREEIC X VIR 97% TT7 v a— 13 &, %7z Hay
coupling IC X VUK 53% T A —n 14 ZHK L 7z, BAZICEITTHIBEEZ TS 2 212X DI
KT71% T 7 LY 428K LTz, [5]17 5L Y 413 'H NMR, HRMS, HifG, X fk A7
Br & 0 I % RE L 72,

Hifh i X SRS E RN OAE R 2 LA ISR (Figure 16),

Crystal data of 4; Red plate
C34H2804, M = 500.56

Monoclinic space group = P21, Z =2,
a=10.913(4) A

b=7.442(3) A, p=101.62(3) °
c=16.072(5) A

V =1278.5(8) A3, D, = 1.300 g/cm?3
R1=0.1184, wR2 = 0.3523
Goodness of fit indicator = 0.933

Figure 16. Crystal data of tetrakis(4- methoxyphenyl) [5]cumulene
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1.3.2.2. RICEHEREL

517 v v 4 LIUHRFEDORIGICOWTHREI Lz, £9, RKISFEHFomE{LEITo 7
(Table 11),

Table 11. Optimization for iodocyclization of [5]cumulene 4

| H i
Ar Ar I, (3eq.) ! Ar | Ar
c=Cc=Cc=C I <::>
Ar>= a/Ar MeNO,, temp., time, N A e + N el Ar § OMe
Ar Ar i
4 5 6 '
. : isolated yield
entry 4 (mmol) temp. time (min) - .
diiodo monoiodo
1 0.21 rt 5 12 10
2 0.21 rt 30 31 23
B S - t e N
S 0.15 -25°C 30 N.D N.D
6 0.15 -25°C 480 9 27

93 v RFEOMET 21T > 7225, NIS % V72 KOG C 13 BUEERS 5L A3 IR Sk 2 48 ML L 72 SO
BAEV%HBT-, # ZCHIETO[B]Z AL vy 03— FELRIGTHGZ NIS X Y 254 vk
DIEWI—FAFFVFETHLIAVvEEH LA ER 2 2OEFEY %R L2, Entry
2 DRJEH M OG5 1330 9 Tld I — F 534 L, % D entry 24 1SR THEICY
F—-F5DOINKIFMETT2d0D, £/ I—F 6 DKM T 2 2 L3072, Tz,
'H NMR X 0 JEEID[5]7 L v 4 D BILIC X W K3 %47 7 L v (Figure 17) %
BIZERY & L CHER L 72 72 & ROGUREE DR 21T > 72, Entry 5,6 1S3, -25 "COKRSEM
TORIGEDRAIzBY I —F 5, £/ 3—FHITEIEICL &F o7, LEOER LY 2
vEFRICIIIvE BEIERSRETH B & HML 72,

69



OMe OMe

Figure 17. A by-product for iodocyclization of [5]cumulene 4

KIS DG 21T 5 72, IBBHRETCI, FED[3]7 41 v @ 3 — FER{LK G TR
BICHotz=tr A X2 v 8E, PERIZFREICHE 5 2 & 239305 7= (entry 1),
BRI % 72 Cld entry 1-3 Tl, 72 F=F VA THREDIR, 2%/ —1Tl
FOSDHEFT L7 > o 72 (BARIEATE % W 72 entry 4-7 TRV VYRR Lz Ziy
F—-F5&E/3a—F62HITEHOIEK (entry4,5) T2 Z L AHKL (Table12), F 72,
fR7zva— V5, €7 3—F 6 X HEMR X ST O b Z ORE Z 2 L T\ 2 (Figure
18),

Table 12. Optimization of solvent for iodocyclization of [5]cumulene 4

| H :
Ar. Ar I, (3 eq.) ' Ar | Ar i
\FC:C:C:C% solv,, rt, time, N * P A= _§OOM6

Ar Ar s r Ar Ar Ar
Ar Ar i
4 5 6 i

) ) isolated yield

entry solvent time (min) - :

diiodo  monoiodo
1 MeNO> 30 31 23
2 MeCN 30 16 28
3 MeOH 30 N.D. N.D.

4 benzene 30 56 27

S benzene 600 50 33

6 toluene 30 32 18

7 toluene 60 6 38
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Crystal data of 5: black platelet
Ca4Ha2gl204, M = 754.40,

Monoclinic space group = P2+/n, Z =4
a=12.4916(3) A

b =14.1803(3) A, p=103.830(7)°

c =18.3463(5) A

V = 3155.55(17) A3, D, = 1.588 g/lcm3
R1=0.0705, wR2 =0.1979
Goodness of fit indicator, 1.128

Crystal data 6: black needle
C34H29104, M = 628.51,

Triclinic space group = P-1,Z=2
a=10.24137(19) A, a = 113.529(8)°
b =11.9283(2) A, #=109.913(8)°
c=13.3381(2) A, y=93.193(7)°

V =1369.46(15) A3, D, = 1.524 g/cm?3
R1=0.0357, wR2 = 0.0915

OMe . Goodness of fit indicator, 1.077

Figure 18. Crystal data of fulvene 5 and fulvene 6
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1.323. RIEA A=K L
FmEL Dl FEZRRBIEVERT 23— F 5 OIEEREY, €E/3—F 6
DINEHHE 2 7= (Table 11, entryl—4), ZDFERPL[5]7 LL v 4 b FEFVa—F 554

BL, #0H%E) I —F 6% 522 MELE, ZDRREMIET 272104 D> DNHEEE

%#1T-> 72 (Scheme 24),

Condition A Condition B
Ar | Ar. |
| le |(31qu)
Ar 12Bed)_ No reaction Ar | Nal(Teq)  No reaction
toluene, toluene,
t, rt,
Ar” Ar 30 min Ar” Ar 30 min
5 5
Condition C Condition D
Ar. | Ar. Ar. |
Ar | e Ar _12(€d) \o reaction
toluene, benzene,
t, rt,
Ar Ar 30 min Ar Ar Ar Ar 30 min
5 15 6
85% yield

Ar= —§@0Me

Scheme 24. Control experiments to elucidate the reaction mechanism

Condition A TlZ¥ 3 — F 5 ICHZR 2 I VRDORMEIT o B OCITET L R o7, F
72, Condition B Cl¥va—Fsica—F7=F vt L<avikF F VT L2FEML 7208
FOSIEHEST L 722> o 72, —75, Condition C TIE 7 X VERIE 2 fLICl_T 1 Lo fFn 7
Ohpr—YavanedTunlpPHEIihcnzbllcprber/ a—Feldvya—Fs50
1A 7e b dr—>avEnzbDTRAVDEDHEEDITCKIGEIT> 72, Z DR, 3
— N 51T bronsted [iE& LTIV LKEZRIMLZE ZAY 7 v b v 15 UK 95% TfF72,
INEYVRPCTRAELLLEEZLONZ I VKKKV YI—F S OFa b —vavp
ETVWEIEDBHL 2L o2 FHRTRELEZVED A VKER T ARV EHED 1]
7w b Ar—vavdbllTc®/I—F6%5272%FxT\wb, Condition D TlXE /
—F 62T I—F5~DRICHHETT 2D L7, KISIFHETL kb o7z,

TNV EHO 1 ALIGERIC 78 b F— a VST 3208 5 4 DFT 5 (B3LYP/6-
31GH) %177z, aIHOFER, 3 —F 5D HOMO TIZ 7 AR VED | fiofRFICfF < 2
VHEREY 1 ORFICHNL I VRICETEEPFoTWws 2 ehb, avkRicXs 7
7bA—va VT I ORFESERVICGEE CHE 23 EZ 05 (Figure 19),
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LUMO

MeO ‘ O OMe 3 ?‘J ('2286 eV)
— -4 p
Loy g & |
Q & HOMO
2 E) 6 (-5.071 eV)

- Q :

OMe

Figure 19. Results of DFT calculation of diiode 5

EDFER XY RD X 57&[5]7L\1/‘/40)}iﬁl§}f7:7<‘A%1}%$?“5 (Scheme 25), [5]
LY 4I1FBLAICKY, RETRLEZ EHFEGI=ZEMGEHEZT TS, £ 0 Hif
IC BT RPREFRIMEZE YIRS & T CER, fi {BRILKISICX Y D1 ~, HLIERGE
DODD2TTV—NEDH BRI 22 TyI—F5IChb eHE LR, £ I—F 614
B3 5 ROCHERE & L CIIRICHFRI o E &b ice/, I—F 6 DEIGHML 722 &2 b,
FHRTRELZI VKB L > TRIEPETTLZEEZ TS,

triple-bond r’) triple-bond .I. |
character N b <'

| character .
AL AN \A % !
L Ar ~ O, \_’ 1y -
>:cfcfcfc:< A Ar +
Ar Ar Ar }f r

Ar
Ar
Ar =4-MeOC gH4

A B C
O o) . Lo A |
r
cyclization Ar Ar rearrangement .
Ar |~ Ar I Ar I Ar I
Ar” Ar AT Ar ArT A Ar” CAr
D1 D2 E

Ar, | Ar, | Ar |
/\H (T' VN
- | I
Ar | —— > Ar - Ar H
H
Ar Ar Ar Ar Ar Ar

Scheme 25. Reaction mechanism for iodocyclization of tetrakis(4-methoxyphenyl)[S]cumulene
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7, RRTHEL 23 VLKEDKFERIZZHPIHIAET KR TH S LHEEL 2, Z2C
T, RPICENKE ANTIRETS] 7 2L v 4 D3 — FEILKIGEIT > 72 (Scheme 26),

)

I D i

Ar, Ar lp, D,0 ' Ar | Ar !
j=c=c=c=c< ds, ™, 20 mi * | Arz_gOOMe

A ar  Denzene-ds, rt, 20 min A Ar A A |

Ar Ar i

Scheme 26. Control experiment for iodocyclization of [5]cumulene 4 with D,O as hydrogen source

SIS E NMR F = — 7', BIEICES V¥ v 2 0GR TR H NMR HIE %217 -
72o BREEYOYA—F 5 KMIUE/ I—F 6D 'HNMR A7 kL% Figure 20 IZ7/8 3,
OMe OMe OMe

N
o
=] b)
7]
o
8
s =]
3
]
3
<
T T T A R T T T T
7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7
X : parts per Million : Proton

Figure 20. Comparison of 'H NMR; a) product of Scheme 26, b) diiodo 5, ¢) monoiodo 6
Figure20b CTiI 7 VR VERD | fLICkEET 2 7 v b VHKD 7.0ppm (HEICH 5 v — 27 53
BT % %2 b DD Figure 20a TREICTE A2\, ZoOfELS, 5174 v 403 —FE
Ly a—F 5 AR L7z APoa v(kFRICLVE/ I —F 6 ~e &L, £0
I VAUKRDOAKKRIREAFKEKRTH 2 2 WO D L o7z,
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1324. I—FBR{tEO 7 vxh vy 7Y v I KIGHET
CH N S RUE I F 6 BV ERAEL T B E® I aR Ny 7Y v rDAT
FuALT VU =k LCHIFITTREARET L, I I Suzuki-Miyaura 7 0 271 v 7Y v 7]
JE% R L 72 (Scheme27), I — F 5L 5 YROXMIGT 57 Y —AFw Vg, filllif e
L T 5mol%® Pd(PPhs)s, ¥ IR F + U 7 L% FlV, 1,4-2 4 F 4 1k =21 1 T 100 °C,
ERFHRT T 22 RHIRE L7z, ZOFER, 74V 16a % 94%, 71~ Y 16b % 81%
DU T 7= (Scheme 27a), £7-F/ I—F 6 Ik LT b ABOERETL, 74y 17
% 52% DK G372 (Scheme 27b), LA #EHR L b =2 — FEYLIKIZZ w7V —1 2 L
RIS 2 C L BAHECTH Y, SRRASEIRT VNV IHEBRTTHETH 5 2 L B S 21T

277,

a) Suzuki—Miyaura cross-coupling reaction of diiodo 5

R

R
O OMe
Pd(PPh3), (0.05 eq.) O Q
Na,CO3 (10 eq.)
+ ROB(QH)Q > D—
1,4-dioxane/H,0 (2:1)
reflux, 22 h, N, O O
MeO O OMe
OMe

(5eq.)
5 a;R=Me 16a; R = Me (94% yield)
b; R = OMe 16b; R = OMe (81% yield)

b) Suzuki—-Miyaura cross-coupling reaction of monoiodo 6

OMe OMe

MeQO
() ’
| Pd(PPhs)s (0.05 eq.)
— Na,COs (2 eq.
D N MeOOB(OH)Q 2,005 (2e4) Q_
1,4-dioxane/H,0 (2:1)
O Q reflux, 22 h, N, O O
OMe
MeO MeO Q
OMe

6 (2eq) 17
52% yield

Scheme 27. Suzuki—Miyaura cross-coupling reaction of fulvene 5 and fulvene 6
B L 72 70~ 16b, 17 [P EL IS X 0 HfESRG o N7z 720, Bifhhh X SRS %
fro7z (Figure21), WD 7 ARV HFTRTOT Y —FiZ 7 R VERITH LTIk
FEEABT 2 L) IChEATWE I BbhoTk,
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Crystal data of 16b; Blown block
CasH4206, M = 714.86

Monoclinic space group = C2/c, Z =4,
a=23.5796(15) A

b =15.5436(10) A, = 102.796(7) °
c=11.2836(8) A

V =4032.9(5) A3, D; = 1.177 g/cm3
R1=0.1266, wR2 = 0.3261
Goodness of fit indicator = 1.261

Crystal data of 17; Blown block
C41H3605, M = 608.73

Monoclinic space group = P24/c, Z = 4,
a=10.2014(3) A

b=22.7777(6) A, f=104.068(7) °
c=14.1837(4) A

V =3196.92(17) A3, D, = 1.265 g/cm?
R1=0.0490, wR2 =0.1126
Goodness of fit indicator = 1.079

Figure 21. Crystal data of fulvene 16a and fulvene 17
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1.3.3. A

KBTI 7 LY 4L LERIENIS Z2Hv3— FBURIGEZBET L 72, NIS Ty
I—-F50APH/LN, AVRTEYI-FS5LEI—F 6 DIRAVES, KiFRiE
LCIRRICKE & B, TR DBET 21T o 72, ROCIFEORETT 1%, R0 B AN I
23 B U 3053 ARE R DIE DT 235 LFEIFIC I — F S5 D, €7 33— F 63 x 72,
IO, BERREAS X O BRSO T EICE L 22 S E AL LR Y, B
FERPRETDH o7z,

7N FREREEE D ROCHERRI O 7- O W IR 2 1T o 72, Z DFER, 7L v X7 v Pk
cLCcavibkFEEMAZ EIAVEIRULATE 32— a v ENE LB o7, ZD
729, ROSIEIvRFICE2a—FRLickhya—Fs»rER, FHcHELzavit
KFBICEIVYI—FsB7ubr—savane/ a—FeehrdLtELTNS,

AKRIGICE W BONDE 7TAXRVEFERICIZI YRGB D L5720, 7axhy TV v 7
o aF AT ) = L CHRAWREDLBET L 72 By 7Y v 7 KRKIGIC I Suzuki—Miyaura
ymaRHy 7Y v IRIGEERL 2L A, JOGIERIERE L CETL, MIGT 22y X2 R~
FHT YV —NTAXRYHBEL N,

[5]17 vy 4 Rt LAZA 7Y —, Eif, EEHEE WS EMRSEG2 > —EiET 7
MR VERE RV L 72o BITEE T AR VERTEEICITERPERE & v o 72 5403 B
AR CH o 72720, RRIGIZ T ARV EREET LAV ~OMELRET DD TH 5
EEZT0D,
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1.3.4. Experimental section

1.3.4.1. Experiment equipments
'HNMR, BC NMR : JNM-ECZ400S/L1, JNM-ECA500WB (JEOL RESONANCE)
UV/Vis spectrophotometer : UV-1600 (SHIMADZU)
Fluorescence spectrophotometer : RF-1500 (SHIMADZU)
PL quantum yield spectrometer : Quantaurus-QY Plus, C13534-02 (HAMAMATSU)
Fluorescence lifetime spectrometer : DeltaFlex TypeT (HORIBA)
Single crystal X-ray diffractometer : R-AXIS RAPID II (Rigaku) , SMART APEX II (BRUKER
AXS)
Mass spectrometer : GCMS-QP5050A (SHIMADZU), Exactive (Thermo Fisher)
Low temperature baths : PSL-1820 (EYELA)
Automated flash chromatography : Isolera One (Biotage)
Melting point apparatus : MP-J3 (Yanako)
Silica gel column chromatography

Silica gel : Silica Gel 60 N (spherical, neutral) 63-210 mm (KANTO CHEMICAL)
TLC plate : TLC Silica gel 60 Fasa (Merck)
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1.3.4.2. Synthesis

1.3.4.2.1. lodocyclization of tetrakis(4-methoxyphenyl)[5]cumulene

1,1-Bis(4-methoxyphenyl)-3-(trimethylsilyl)prop-2-yn-1-ol (12)
MeQ MeQ

(9 N

n-BuLi, TMSA

0
O THF, 4 h, -40 °C—rt, N, O
MeO MeO
12

Trimethylsilylacetylene (47 mmol) in THF (30 mL) was cooled at —80 °C under nitrogen atmosphere,
and n-BuLi (17 mmol of a 1.55 M solution in n-hexane) was slowly added to the mixture. After 4,4’-
dimethoxybenzophenone (10 mmol) was added to the mixture, the mixture was stirred for 3 hours at
room temperature. The reaction mixture was quenched by saturated NH4Cl aq. and extracted with
diethyl ether. The combined organic layer was washed by brine, dried over MgSQOs, filtered, and

concentrated in vacuo. The desired alcohol 12 was separated quantitative.

1,1-Bis(4-methoxyphenyl)prop-2-yn-1-ol (13)
MeQ MeQ

>\:\< OH K,CO, OH
—TMS — H
C§ MeOH, 3 h, rt

MeO MeO
12 13

To a methanol (38 mL) containing alcohol 12 (15 mmol) was added and K>,COs (15 mmol), and the
mixture was stirred for 3 hours at room temperature. The reaction mixture was quenched by saturated
NH4Cl aq. and extracted with dichloromethane. The combined organic layer was washed by brine,
dried over MgSOy, filtered, and concentrated in vacuo. The desired alcohol 13 was separated in 97%

yield.
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1,1,6,6-tetrakis(4-methoxyphenyl)hexa-2,4-diyne-1,6-diol (14)
MeQ MeQ OMe

TMEDA
CHoCly, 21 h, 1t

13 14
To a 40 mL of dichloromethane solution containing alcohol 13 (8.82 mmol) were added CuCl (8.82
mmol) and tetramethylethylenediamine (17.64 mmol), and the mixture was stirred for 21 hours at
room temperature. The resulting mixture was quenched by saturated NH4Cl and extracted with
dichloromethane. The organic layer was dried over MgSOs, filtered, and concentrated in vacuo. The
residual mixture was subjected to chromatography on silica gel using mixtures of ethyl acetate and

hexane as eluents, and diol 14 (4.68 mmol) was isolated in 53% yield.

1,1,6,6-Tetrakis(4-methoxyphenyl)hexa-1,2,3,4,5-pentaene (4)

MeQ OMe MeO OMe
SnCly- 2H,0 O O
conc. HCI c=c=c=C
Et,0,1h,0°C O Q
MeO OMe MeO OMe
14 4

To a 11 mL diethyl ether containing diol 14 (1.20 mmol) were added SnCl, * 2H,0 (3.60 mmol) and
conc. HCI (3.4 mL), and the mixture was stirred for 1 hour at 0 °C. The resulting red suspention was
filtered under reduced pressure with water and ethanol. [5]Cumulene 4 (0.92 mmol) was obtained in

77% yield without further purification.

General procedure for reaction of [S]cumulene with iodine

OMe OMe
MeQ OMe
ga ¥
| |
T S s
c=c=c=C - +
i solv., rt, time O O O O
O MeO Q OMe Meo Q OMe
MeO OMe
OMe OMe
5 6

4
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To a 5 mL solution containing [5]cumulene 4 (0.15 mmol) was added iodine (0.45 mmol), and the
mixture was stirred for 30 minutes at room temperature. The resulting mixture was quenched by
saturated Na»S,03 and extracted with ethyl acetate. The organic layer was washed by brine, dried over
MgSOs., filtered, and concentrated in vacuo. The residual mixture was subjected to chromatography
on silica gel using mixtures of ethyl acetate and hexane as eluents, and 3,4-diiodo-1,2,6,6-tetrakis(4-
methoxyphenyl)fulvene (5) and 3-iodo-1,2,6,6-tetrakis(4-methoxyphenyl)fulvene (6) were separated.

These results are shown in Table 12.
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1.3.4.2.2. Control experiment

Control experiment using diiodo (Condition C)

1,2,6,6-tetrakis(4-methoxyphenyl)fulvene (15)

OMe

HI aq.
toluene, rt, 30 min

85% vyield

To a 6 mL toluene solution containing fulvene 5 (0.03 mmol) was added hydroiodic acid (0.6
mmol), and the mixture was stirred for 30 min at room temperature. The resulting mixture was
quenched by saturated Na»>S,03 and extracted with ethyl acetate. The organic layer was dried over
MgSOs, filtered, and concentrated in vacuo. The residual mixture was subjected to chromatography

on silica gel using chloroform as an eluent, and fulvene 15 was separated in 85% yield.

Control experiment using D>O

MeQ OMe
I, D,O
c=c=c=C z 2 ,
benzene-dg, rt, 20 min
MeO OMe

4
To a benzene-ds (0.5 mL) was added [5]cumulene 4 (0.015 g, 0.03 mmol), iodine (0.012 g, 0.09
mmol), and D,O (0.013 g, 0.66 mmol) in NMR tube, the mixture was stirred for 20 minutes at room

temperature. Then, the resulting mixture was measured by 'H NMR. The result was shown in Figure

20.

82



1.3.4.2.3. Suzuki-Miyaura cross-coupling of fulvenes

1,2,3,4,6,6-hexakis(4-methoxyphenyl)fulvene (16a)
1,2,6,6-tetrakis(4-methoxyphenyl)-3,4-bis(4-methylphenyl)fulvene (16b)

OMe

OMe
o O
Pd(PPh3)4 O O
O S+ o8
21 4-dioxane/H,0 (2:1)
reflux, 22 h, N, O O
MeO Q

OMe
OMe
5 a:R=Me 16a: R=Me (94% yield)
b: R = OMe 16b: R = OMe (81% yield)

To a 21 mL mixed solution (1,4-dioxane/H,O = 2/1) containing fulvene 5 (0.04 mmol) and 4-
methoxyphenylboronic acid (0.20 mmol) were added tetrakis(triphenylphosphine)palladium (5 mol%)
and NaxCOs3 (0.5 mmol), and the mixture was stirred for 22 hours under reflux. The resulting mixture
was poured into water and extracted with ethyl acetate. The organic layer was dried over MgSOs,
filtered, and concentrated in vacuo. The residual mixture was subjected to chromatography on silica
gel using mixtures of ethyl acetate and hexane as eluents, and the fulvene 16 was separated in given

yield.

1,2,3,6,6-pentakis(4-methoxyphenyl)fulvene (17)

OMe

OMe
Pd(PPh3)4

-
| g
— Na,CO
Q + MeOOB(QH)z a2 Q—
1,4-dioxane/H,0 (2:1)
Q reflux, 22 h, N, O
MeO
OMe MeO Q
OMe

OMe

T

Me

6 17
52% vyield
To a 21 mL mixed solution (1,4-dioxane/H,O = 2/1) containing fulvene 6 (0.04 mmol) and 4-
methoxyphenylboronic acid (0.20 mmol) were added tetrakis(triphenylphosphine)palladium (5 mol%)
and Na;CO3 (0.4 mmol), and the mixture was stirred for 22 hours under reflux. The resulting mixture

was poured into water and extracted with ethyl acetate. The organic layer was dried over MgSOs,
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filtered, and concentrated in vacuo. Then, the residual mixture was subjected to chromatography on
silica gel using mixtures of ethyl acetate and hexane as eluents, and the fulvene 17 was separated in

52% yield.
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1.3.5. Spectral data

1.3.5.1. Todocyclization of tetrakis(4-methoxyphenyl)[5]cumulene

[S]lcumulene 4 and its precursors
1,1-Bis(4-methoxyphenyl)-3-(trimethylsilyl)prop-2-yn-1-ol (12):

Colorless solid; "H NMR (CDClz): § = 0.22 (s, 9H), 2.68 (s, 1H), 3.79 (s, 6H), 6.84 (d, J = 9.1 Hz,
4H), 7.49 (d, J = 9.1 Hz, 4H).

1,1-Bis(4-methoxyphenyl)prop-2-yn-1-ol (13):
Colorless solid; 'H NMR (CDCl3): 8 = 2.70 (s, 1H), 2.86 (s, 1H), 3.79 (s, 6H), 6.86 (d, J =15 Hz,
4H), 7.50 (d, J =15 Hz, 4H).

1,1,6,6-Tetrakis(4-methoxyphenyl)hexa-2,4-diyne-1,6-diol (14):

Yellow oil; '"H NMR (CDCls): & = 2.86 (s, 2H), 3.78 (s, 12H), 6.84 (d, J = 9.1 Hz, 8H), 7.44 (d, J
= 9.1 Hz, 8H); 3C NMR (CDCl3): 8 = 55.3, 70.9, 74.2, 83.0, 113.6, 127.4, 136.4, 159.2; HRMS
(APCI) m/z caled for C34H3006—OH 517.2010, found 517.1998.

1,1,6,6-Tetrakis(4-methoxyphenyl)hexa-1,2,3,4,5-pentaene (4):
Red solid; mp 260.0-262.0 °C; '"H NMR (CDCls): 6 =3.86 (s, 12H), 6.92 (d, J = 9.2 Hz, 8H), 7.51
(d, J =9.2 Hz, 8H); HRMS (ESI) m/z calcd for C34H2304 500.1982, found 500.1974.

Fulvenes
3,4-Diiodo-1,2,6,6-tetrakis(4-methoxyphenyl)fulvene (5):

Red solid; mp 100.0-101.0 °C; '"H NMR (CDCl3): & = 3.57 (s, 3H), 3.65 (s, 3H), 3.76 (s, 3H), 3.91
(s, 3H), 6.26 (d, J = 8.8 Hz, 2H), 6.41 (d, J = 8.8 Hz, 2H), 6.52 (d, J = 8.8 Hz, 2H), 6.75 (d, J = 8.8
Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H), 6.98 (d, J = 8.8 Hz, 2H), 7.03 (d, J = 8.8 Hz, 2H), 7.29 (d, J/ = 8.8
Hz, 2H); '3C NMR (CDCl3): § = 55.00, 55.01, 55.2, 55.5, 93.2, 112.5, 112.6, 112.8, 113.8, 115.8,
128.9,129.8,131.6,132.0, 133.4, 134.2, 136.1, 136.2, 136.5, 143.1, 144.9, 156.7, 158.4, 158.5, 161.3,
162.2; HRMS (ESI) m/z calcd for C3sHasO4l2+H 755.0150, found 755.0134.

3-lodo-1,2,6,6-tetrakis(4-methoxyphenyl)fulvene (6):
Red solid; mp 135.0-136.0 °C; '"H NMR (CDCls): & = 3.61 (s, 3H), 3.65 (s, 3H), 3.78 (s, 3H), 3.89
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(s, 3H), 6.30 (d, J = 8.6 Hz, 2H), 6.38 (d, J = 8.6 Hz, 2H), 6.54 (d, J = 8.6 Hz, 2H), 6.70 (s, 1H), 6.77
(d,J = 8.8 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 6.93 (d, J = 8.6 Hz, 2H), 7.06 (d, J = 8.6 Hz, 2H), 7.31
(d, J = 8.6 Hz, 2H); 3C NMR (CDCL): 5 = 55.00, 55.04, 55.1, 55.4,95.1, 112.5, 112.6, 112.8, 113.2,
128.66, 128.74, 131.78, 131.84, 131.9, 132.3, 134.4, 134.5, 135.01, 135.05, 141.6, 143.3, 154.2, 156.8,
158.3, 160.3, 160.8; HRMS (ESI) m/z calcd for C34Ha0O4I+H 629.1183, found 629.1170.

1,2,6,6-Tetrakis(4-methoxyphenyl)fulvene (15):

brown solid; mp 175.0-176.0 °C; '"H NMR (CDCls): & = 3.667 (s, 3H), 3.670 (s, 3H), 3.76 (s, 3H),
3.87 (s, 3H), 6.31 (d,J = 5.4 Hz, 1H), 6.34-6.41 (m, 4H), 6.68 (d, J = 8.8 Hz, 2H), 6.71-6.73 (m, 3H),
6.82 (d, J = 8.8 Hz, 2H), 6.90 (d, J = 8.8 Hz, 2H), 7.10 (d, J = 8.8 Hz, 2H), 7.28 (d, J = 8.8 Hz, 2H);
3C NMR (CDCls): 8 = 55.07, 55.09, 55.3, 112.3, 112.97, 113.03, 113.2, 127.5, 129.5, 129.9, 129.95,
129.98, 130.7, 131.9, 132.3, 134.0, 134.2, 135.6, 142.3, 142.9, 153.7, 156.9, 158.1, 159.7, 160.4 ;
HRMS (ECI) m/z calcd for C34H3004+Na 525.2036, found 525.2037.

1,2,6,6-Tetrakis(4-methoxyphenyl)-3,4-bis(4-methylphenyl)fulvene (16a):

Black solid; '"H NMR (CDClz): 8 =2.09 (s, 3H), 2.21 (s, 3H), 3.62 (s, 3H), 3.66-3.66 (m, 6H), 3.70
(s, 3H), 6.30 (d, J = 8.6 Hz, 2H), 6.36 (d, J = 8.6 Hz, 2H), 6.39 (d, J = 8.6 Hz, 2H), 6.53—6.62 (m,
12H), 6.79 (d, J = 8.0 Hz, 2H), 6.93-6.96 (m, 4H).

TOF-MS (ESI) m/z Caled M+ for C4sH3605 683.3161, Found 683.3180.

1,2,3,4,6,6-Hexakis(4-methoxyphenyl)fulvene (16b):

Brown solid; mp 224.0-225.0 °C; 'H NMR (CDCls): 8 = 3.63 (s, 6H), 3.66 (s, 6H), 3.71 (s, 6H),
6.30 (d, J = 8.8 Hz, 4H), 6.39 (d, J = 8.6 Hz, 4H), 6.53-6.63 (m, 12H), 6.94 (d, J = 8.6 Hz, 4H); 13C
NMR (CDCl3): 8 = 54.9, 55.0, 55.1, 112.29, 112,34, 112.6, 128.7, 130.5, 132.1, 132.3, 133.6, 134.6,
135.2, 141.9, 142.1, 154.8, 156.2, 157.3, 160.1; HRMS (APCI) m/z calcd for C4sH4206+H 715.3054,
found 715.3040.

1,2,3,6,6-Pentakis(4-methoxyphenyl)fulvene (17):

Brown solid; mp 223.0-224.0 °C; '"H NMR (CDCls): 8 = 3.63 (s, 3H), 3.66 (s, 3H), 3.74 (s, 3H),
3.77 (s, 3H), 3.86 (s, 3H), 6.32 (d, J = 8.9 Hz, 2H), 6.36 (s, 1H), 6.38 (d, J = 8.9 Hz, 2H), 6.59 (d, J
= 8.9 Hz, 2H), 6.65 (d, J = 8.6 Hz, 2H), 6.72 (d, J = 8.9 Hz, 2H), 6.82 (d, J = 8.9 Hz, 2H), 6.85 (d, J

86



= 8.6 Hz, 2H), 6.90 (d, J = 8.9 Hz, 2H), 7.02 (d, J = 8.9 Hz, 2H), 7.33 (d, J = 8.9 Hz, 2H); '*C NMR
(CDCls): §=54.986, 54.990, 55.09, 55.13, 55.3, 112.2, 112.5, 112.7, 113.0, 113.1, 123.4, 128.8, 129.3,
129.5,129.7, 131.8, 132.0, 132.6, 133.4, 134.0, 134.2, 135.7, 141.0, 143.1, 143.3, 152.9, 156.5, 157.8,
158.3, 159.7, 160.3; HRMS (APCI) m/z caled for C41HscOs+H 609.2636, found 609.2617.
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HoE SNTFRINEZRT © Y v HEE O &Y T
2. &

BERGTEEEFRIIDNA 2 EOERS FICHEIEL TE Y, EEBCEBESKICE
THEERZRE YO, 20HhTHh ) YV idS L DEMERSTICETNIBRTH Y,
B X IV Bz & LTHIS LS nicotinic acid P FREA| & L CTHIS 15 paraquat?, A {R5r1-&
L THI S35 NAD (nicotinamide adenine dinucleotide) BliZ Wb i FHIC e ) & v Eg %
> (Figure 22).
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Figure 22. Examples of nitrogen-containing heterocyclic aromatic compounds

Y ¥V HH&IT paraquat % NAD @O X 5 IR T v =7 23 () v =v i) OF
THwbh2Z b by, WICT s L TRBEELKIFICH L2, ©) Y=y iifid
Menschutkin S 678 EiC X D icAME L, ARERBEE Tl (i I T E 7z, oY
MRECTHOLUATL W EERABIFEERROMELZIToTED, 4 I X V1,54 ) ¥ viFE
A2 Hela Ml = v K94 + =3 2~ —h — 0N R38R & L COoHRETH
52 L xE LT3 (Figure 23a, Figure 24), 8] —&{f#iE%H 3 % 1,1°-diphenyl-3,3’-
bisimidazo[1,5-a]pyridine (Z-54 A4 X =L v ZICH W2 HNFEMWE E LCHEHTH 3

LTz DNA #85EED A L T\w/- (Figure24), X 51, HeLa i (v F TESEHAA
i) % Mz e B C 3O O FEIC X Y ilaAmERICHEE R 2R fER L
#r)12¢98E  (PDT: Photodynamic therapy) 37l & L COJSHBARFCE 2 2 L 2 L Tw»
% (Figure 24), B1E 72, BERMEAERTH 24 I XV [12-a) ) ¥ VEFERD S T libkiC
XD Hela il I Fa vy FUTAA—Y v 7Rl LTHETZ2ZEOMEL TV

(Figure 23b), ) 26 D#ERITMIFFEE TH Y I 5 GERFTERERRICEVHBERIC

A LR 8 LCRRMR S 2 2 L 2R L T %,
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a) b)
1
R R i
\ N~ NC‘JaMe \ NI/N(?Me E
1
NTSN-Me N" N i
4 ® © 7N !
= R == R E
R = H, Ph, p-MeOCgH, | R = Me, Et, n-Pr, n-Bu
Ref. [71 [8] El

imidazo[1,5-a]pyridines imidazo[1,2-a]pyridine

Figure 23. Reported nitrogen-containing heterocyclic aromatic compounds in our laboratory

Irradiation for 10 min. Irradiation for 30 min.
'I-‘ “.‘v (I} F‘F“.‘?HF"" B
I =l
‘ y g w0 .;?‘;': ‘ﬂ"r :
e

Figure 24. a) 1,1°-Diphenyl-3,3’-bisimidazo[1,5-a]pyridine, b) DNA photocleaving ability of the

compound, and c)observation of cell damage depending on the UVA-LED irradiation time

AR, PDT 3FEH ST 3, ZAVIIEEICERRE L 72 &ALV — v — 2 IBaT L, ¥
A L 7 iE RS TR (ROS: reactive oxygen species) 1€ & o CHEEMIE A S & &, (KE2HO T
% Z b7 KR EZELY bR IHRIRMIEENARGE TH 5, PDT (T 7= & D 3XEHESE &
L TlE@E\ ROS AE AR 0 28 & HWESHM~ DR H 0, & ROS EMAIFRE O FEH
KRG CRERTEZEAT LW HERD L, HETFE2EAT L L TRY V- jEHA
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ERIC X 0 —HIH & Z8EHIHO mixing 258 2 0, Jihie—EERED S i = EIERE~DE

BOHEBRENK I VLT B2 00 ThHb, LerLadd, HETFZEE T LIXLIE
WHEEErs &R T oo, MBHICEFTF2EAT S 2 L ZERFHAEZBIEEST 271
ELTEFELVWHETHZ L akvy, EHETFEZEERVARE L CHBZES 5457
TE LT, AVFRoABEETFA IR ATRICT 2 2 & CRIKRNE —EIERE & KT
“HIEREO I ALF —F v v TERED S8, SR I CHEMRERT O TG AR
nTw? (Figure25a), % 72, HJFET7 J —ToOfE W ROS £ % mTLaWo—o
& LT BODIPY DffFEA T T35, BODIPY FHEARNIC FF— - T 7w 7 2 —fidi%
WEXE2 Tt —BHEE IR -"EEHOI AN F—F v v 7 2ld, —EHERELZ
RIKCERLEIE I DbDTHE, ZOMETIIEETFZETE Lo —HEKERE
BUNEARA 0872 LG I NTEBY, FF— - T2 v 72 —HWiE2 ROS EBUCH N 725
TiEtch b &z b b (Figure 25b), 4

a)
o] S i
Bu—N Bu—N i
d O g
Band gap 4.15eV 3.00eV E

@, = 0.872, in CHsCN

Figure 25. Heavy-atom-free compounds showing high generation efficiency of ROS

¥ 7z, PDT TRIEL 72 2 D IEIEA 2 N 3 2 Yt oiidE@ErEcH 5, wE OJEg%
Al 700 nm LAT 0 ARSI COliE T H 2 23, % DR O MAE @Y I T,
ERE IR RS ICRE TN T L £ 5, M AR DSt iRk 1T F IR RIE &
BROERREL & . 2000 nm BA_E ORI v — 2 200 TIRENC X 2 ARIMBRINOHEIC X -
TH72H X4, 1000-1700 nm DIEFRINERIL TAZIEKT 5, & DILEEMED &R
FH <o [ERoE] L LTAILNTW S, [ERORE] IMigEEERE -0, FHIE
CHBEE R I X0 BEGE IR ERE T 2 REMET, AHICHEE 2 ZBRICEE~
DAERD T WIEEE L R 2HBEZOND, 2O [EFRORE] ZFHATXEHSI LT
LDV NF IR TH 5,

%I & B O — T Tk 7 <, R UBIEIREEICENE S 5 72 0 I BB D KT
ZWINL THE T 2 BIRTH 2, Bl 21E, @HEO TR T 1 2D T4 1 20 NT %
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WL L CINCIRAEICE 2 28, ZHTWINT 20 Fix 1 2D0FH 2 DONT %2 WXL Tl
RCIRFEICE 5, B URMRIREBIC E3 3 &35 &, — T RING 290 I lb_ TN S %
DTFETOIANT DN TS 2 2 L3 T& % (Figure 26),

o

Excited state —g—— Excited state —g——
hv
2hv Virtual state -~ E—
hv
Ground state —— Ground state ——
1PA 2PA

Figure 26. Schematic description of an elementary multiphoton-induced molecular transition
process. Solid lines represent real eigen states; dashed lines represent intermediate

states.

L L, BT IEFIIIC X 2l — TRl RIZ E A LR b7 v, Z DB
i%, Figure 26 IC/RT R TIRINICEHEWT 1 DONT 2RI L 7= BB Rt 4 2 (AR RE
(Virtual state) & XA 2 IRFED FH st TV & RN TH 5, JifFIRFE (Bxcited
state) 1CZ % 1T IX{RAVIREE D & FLECIRAE (Ground state) ICHEFIZ N B HTICD 5 —DDHT %
W3 2 A B % 7o, (RAVREED F o3 & 2RI T H A RING 2 & & 234
LWy, 2DO7 0w 2% XD 3 720 ICBHER N TW 3 FEIE, S REDE W7
T LML —F %N T THL, N T =L L —F -5 2 LT
IR ONTEERE L 2 0, AR EED & BRI T 2 AT T H AN T &
%,

TN (5) 1 e TRINEED R X AR T B DT, HALIE GM(1GM=105cm?*
s photons™) TH 5, —HFRIIE IS FOREICDEAIN, IRETOMEICI D E
W ISHETRINAE R 2 720 T DR 2 WAL O OB IRE S Tw 3, 12812 R e LT
FRFRE R FEEZ O L BB TN B, FCEEERLZDD (D FF—-T2727
£ =12 X % Push-Pull R K (ID LR L 72 n iR 2N A -fEx o L Th 5,
(D FF—+TF27%7%—I1C X% Push-Pull B3R : ST TINREILE THE S X OSLyBhE
FEOBIE & FNEMSE) (ICT: intramolecular charge transfer) W& & ZHZICBIR L T
%, BICTIZRNF— D) 7277 & — (A) &7 b EHRIEAICES < Push-Pull F15%IC X
DRIV LT RDZILBHLNTWS, ICT TE5HTLZDIDOKE X ORARIIEEL 21t
Ay cHEEE N TH Y, Figure 27 ITRT X HIC trans-AFAXVICEF— - T 7T X —
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Figure 27. Difference in  of trans-stilbene introducing D, A substituents
(D 7% DY « ek R AR L 722 70 FNEMSE 2 /il 3 5 2 & Tk
RN X ¢ %, Figure 28 IC/R3 X 51C, Ry VI T IINGER R, §=0GM &
o TW5, 200XV E VYRR LS 7 XL VI38=09GM TH Y, IS RO
RICK D DF I T RINGEZ R T X 510k 2, T HIHRNREI N trans-A F XV Tl
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Figure 28. Increasing of § by expanding -conjugation
%NS RTRE R T R F —Bffii & 7 7 v 72 —Efricinz, 2oz a 7Y v
TBIDERDH D LINT WD, 10 ERE D-g-A BN DogA—z D RII210 A_g
Dz A B2 283EE, AR E N, Z ONYHEEESHE TN T VB, ST
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JhEES & BLHISE 2308 0, 15 5 0 2 R DARIREE DI T 235 23, Stokes 7 P2 K& F 252 L
TZ O % ik LA R BRI 5 5, L, Stokes & 7 P AR E bR A

FAA=V VTR LTRBETH S EEZ DN TS,

ARETI, INETICHREINTE AL TRINGELH T 59 T ORED b #7850 F
#ixal L7 (Figure 29), #XatDgfflldSIH TR 253, RV V' F7 VvV —nEffiiz N —,
YV LN ET /e T2 —L Lz D-a-A M) v =7 L (Figure 29a), ¥ T b
FOT7 AR N F—, YV LN ET 7T x—L Lz A DAY ) Y
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Figure 29. Designed compounds;a) D—z —A type benzothiazole 1, b) A—n—D-n—A type pyridinium
salt 2, ¢c) A—D—A type tridentate boron complex 3
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21. ZHFRUOENRFFIETEER Da-A BV YFT7V—1 11k 37 Iv4 Nk
D4 fE
21.1. #%

il

TN A = — i 2R ARREERE S L 20 DR T 20 5 TR IR A IR R T H ),
TR RN R BREE DR SEC EENTEH Y, ZDFAME L LT7 2 v 4 FBAP)
BHILGNT WS, ABIRFI40 DT I JBEEL LR ZTFFTHY, nTHEETEC L
THMERBEER R (7 I 4 FiRME) L7025, BEEL 72 AP MR MR L <tk %2+ b,
HMISEZ 5 2§72, WM CEET 2 Lick i meBEEN ICHEEL RITT,

TAIANA 2 —JRIIMNTD AR DEEE - ERMVBFRIEDIRKCTH 2 Z &2 n, AP EED
L, 72 3REL 72 AB 2R IKBRET B2 BT A YA = — i DRARTBRRERIG L L
TEZLNTWS, L LAaBbLAEERNICIZT I a4 PR DK% K okErE 2 v o<
CEDPIIEL, TIvnA FOLZERNICHBT 2B TERINEAT7X2—F v M)
RICL2BDRRIKIEHRE 2 2 L3 E 2 b5 b, 2016 4F, Taniguchi & I3 & E R HIHEH
FRCTHINVYF TV —AEREET T4 7 7€ v 2 6HEH (Figure 30a) % v,
JMRIC X o T ABREMEZ 59D 2 Z & 2t L T2, 1 2 OMRANT AR BERMA &HEIR
PCRIGT 27 e =T LCTHIOGNEFA 7 7Y THOEM%5TE Y (Figure 30b),
target-sensing catalyst activation (TaSCAc) 7 7'0 —F % F\» T AP BEEMR % BN IC /0 fiF L

T,
a) b)
Br s Me S Me
N® N® Me
Me Me

Thioflavin T

Figure 30. Benzothiazole derivatives behave to A fibrils

Z DT AP BEER L S 2 E MR IR SRETE (ROS) ©—>TH 2 —HIHEHR T
Bb, XvIFT V=1, BIERTIEBETIC X L 28, 27 Blin-e o N BB
B, WEHERIERCICXVIREREICR S, LALAaRD, ApD 7 a X BEEOHICAS
T & CHAEEE AT &, o TEBI SIS 0D, 2 OFER, TALF—-DBEEAIZ S R,
Jihfe— IR B 2> & e = B R EEA~TH S A MEE S B, 2 O o i = EIHREE
b HJE—EIEHRE~ DM 7' v & A DMRICHEFR ST (ZHIEEER) & —HIEER~ L AT
2, TOXVFTVY) Y LEOMIEIT XY, ROS 25 AP BEERENRT 2 2 LR E N
oo TNRFRYIFT I =VEROFEFOT ALY N~ —fHiaHEE L L CoatEE R L
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TWw3,

LBLAROXYYFT =) Py, wFho B IKIGS At comitc
B Y ERR~ OGO BIC XA AEERYE DK X 2ME & S, ERHERRICEIS 3 5 1T i3aa Rt
JCINE AT BE 72 SEAMBAY E D RGH BSETH 5,

DEozenrs, 5T7EEIC AP BEAR~DIRAELFETE 2V V' F 7 V= EiK,
ARG %2 381 U 7238/ (T Fi) mlREZR 7 RS (D-n-A B KUK
AL T 7T —tEom EREHKE Lz N-TAFA e ) Y=y W2 llaGbE =~
YIFT V=1 %G L7z (Figure 31),

@ES -
/ N—Et
N N\ /

Figure 31. Designed benzothiazole 1 to degrade Ap fibrils
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2.12. WRLEZR
2.1.2.1. TDDFT §H8IC & % ICT H:3F

D-7-ARBINYVYVFT V=N 1DEKICH T, DFT R Z TV T OB IREE#EE T
%2 & T ICT 2FBEATHEDFHN L 72, %72, FREMKTEE EEJLBISGE (TDDFT, Time-
Dependent Density Functional Theory) #I5f%F 0> O FfCEfE ¢ O2EE) 2 57l L 72, 1w, 3
TOFHEIC B THEEBIBUILBISUC B3LYP/6-31G (dp) &V 72,

vd b

@ we
) 29 e
-3 R '
J“J 9 Jf‘)

2

2 ) X 9
EN ) o P9
HOMO-1 (-8.580eV) [ ) Je 2w
D) @ ©9 )
> o o 9
Figure 32. TDDFT calculation of D-n—A type benzothiazole 1

Table 13. Transition probability of benzothiazole 1 by TDDFT calculation

Transition Oscillator strength () Eg? (eV)
HOMO — LUMO 0.0270 2.50
HOMO-1 — LUMO 0.3032 2.56

HOMO — LUMO+1 0.0328 3.73

@Calculated energy bandgap

HEOFEE, LUMO+ XU LUMO 13v ) Y= AEMICRELTHEY, HOMO M
HOMO-1 3R v V' F 7 V=AM J{7E L T 7z (Figure32), BE O ) 3+ X 2R T
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filiC» 2 IRE) 758E (Oscillator strength : ) & AL ¥ —X % v 7 (E,) % Table 13 IC/R T,
Figure 32 & Table13 XV, 3 D0Z R IZINd FF—EMiThH IV FT V=105
Tre7R2—HTHI ) Y=y A~DEMEB M, HOXY Y F7 V=111
JIIFZIRREIC 5T ICT 2SFAHET&E 2 2 LAV I Nz, 72, =W ICT PRI % e T IRINAE
ERTDFICALND Z b, SHTIIC X B D HfRFcE 5,
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2.1.2.2. AR
HHDOD-7-ABIXyYFT7 =11 2L TORKTCERL 72,

S K3PO, S
+ CBr B
@EN/> *  DMF, 120 °C, 5h, N, @E,\%_ r

4
43% yield
S HO < s
@E />_Br + BOBr PA(PPha)s. 200_3 @[ / Br
N HO THF, H,0, reflux, overnight, N, Nj ( )
5
34% yield
S HO /= Pd(PPhs)s, K,COs S =
/ Br + B \ N - / \ N
N HO Y, THF, H,0, reflux, overnight, N, N Y
6
55% yield
S Y
> < > < - : EtBr __ r
@E { \_ ° N-E
N MeCN, CH.Cly, rt, 48 h, N, N/ \ y t
1
71% yield

Scheme 28. Synthesis of D—x —A type benzothiazole 1

WRORY V' FT V=% DMFH, CBry IC X YV RFLFTE L TRY YV FT V-4 %
IV 439% Cf37z, XV /' F T V' — 4 & 4-bromophenylboronic acid % Suzuki-Miyaura 2 7
A1y 7YV IRIGIC LYK 34% TRy S FT V=N § 21537z, XYV FT/—N 5k
4-pyridylboronic acid % Suzuki-Miyaura 27 B 271 v 7'V v ZRIGIC L Y PEK 55% TRV VT
TV =6 Bl RIBICRY Y FT V=N 6% EBric kY zF T2 L THIOR
VIFT V=1 ZIE T1% TRz,
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2.1.2.3.  JCFERHE ST
o N HE AR b L

AL ey FT = 1 JOHITE R 6 DRI K N A~ 27 b AVHIGE % 170> (Figure
33Figure 34) ,Table 14 iIc £ & ® 7=,

40000

2
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- ©
g 20000 E
-l ©
@ 10000 g

=

0 —

230 280 330 380 430 480 530
A [nm]

Figure 33. (solid) Absorption and (dashed) fluorescence spectra of precursor 6 in MeOH

30000 4 2
= PN ——H,0 @
S VI —MeOH &
€ 20000 K { £
< /i \ g
g ' \ N
a I \ S
= 10000 Iy \ £
w A \ 5

y N Z
y ~~
O S
230 330 430 530 630
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Figure 34. (solid) Absorption and (dashed) fluorescence spectra of benzothiazole 1; (blue)in
water, (red) in MeOH

Table 14. Data of spectra for precursor 6 and benzothiazole 1

Compound solvent  Aaps[nm]  Aem[nm] SS [nm] Dem
6 MeOH 319 382 63 -
o MeOH 346 480 134 041 (330)°
H.0 341 478 137 0.28 (330)

@Excitation wavelength.
MEDAR ) = AR TDRART PRS2 L, XV FT7 V= 1 IR 6 1okt L
TINAZ =Y P, HHERRZ PALEHICL Yy o7 FRERI N, FRICHER <27 P
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DLy Py 7 FBBEEFICHEN, KPTIEBRIERA D 341 nm, HEHRA DY 478 nm TH 72 C
ED, A=A 7 MIB3TmICETELRE, 2O EnH, )Yyt~ &
$a+ 22 L CICT BEMICHRINLZLEZ LN S,

RIEXY YV FT =0 1 OHTWINR =T IRIEEZ FHl L 72o T IRINR 0=

HTFRINAE XX v V' F TV = 1 DKERR (1.0x10° mol/L) 1 680 nm KT 1023 nm D 7 =
LML —F—HE A L, dOLEBE TRy YT T Y v 1 o HENREANE
(490 + 30 nm) DHEY ' FNEME L7z, Bllic L —3 =S, Htshic dotmEE o
MxE % & 57227 7 % Figure 35 1O T, ZTNZIUHZ A 1.97 KU 287 TH -7 &h
SALEY 1 OEH Y 7 F ) TREKEE, SEEFEER R L, ST RO TIRINIC
X BWMNIENPIZ o TVWB RS L o T2,

a b
) )106
10° A
® Experimental data
'5 > — Fitted result
[ 2
$ 10 g
= £ 10°
& Slope: 1.97 &
ope: 1.9171
210t = S | slope:r287
(] (=]
- -
® Experimental data
5 — Fitted result 1
10 10
1 10 10 100
Log (mW) Log (mW)

Figure 35. Log-log plot of fluorescence intensity of benzothiazole 1 vs. input laser power (a)

at 800 nm, (b) at 1023 nm
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2.1.2.4. AP BEEERD S IFNFBREE
i DFT FHEKR I « FHARTZ FPADL Yy FY 7 X ORVYYVFTYV—A 113
ICT L3 W eI Lz, ICT L3 Wit idiie—EIE L il =HEHO = 4 L F
—DEIPNEI 705 2 L CHBIZEMEES L, —HEBRZERLLT WL OWMELRD
%, 23 P Eoc e X, HHEHAIE R EERIREL APEEERD N ER & L T DFFl
T o7z, TTMHT 2 APEEEREZIHEL 72, 40uM @ ABy <7 F I (Peptide Institute,
Inc., Osaka, Japan) & THAM (tris(hydroxymethyl)aminomethane) % Tris-HCl X v 7 7 —
(pH 8.0) 1, 37 °C, 5%D CO, 5T T 12 HIEIREE L C AR A EEE S ®, T 2
¥ T34 °C CRE L7z, KU 13.3 uM @ APEHEM & IKIEFE 66.7 uM DRV V' F7 V' —
V1 KIEIR % R, UVA-LED % =i 1 KRS L 72, WERERE LTy Y57V —
N1 ZEE VIR~ H L= v 70, K UVA-LED JERST T Tco¥ v 7' il
L7z, v 7%y 77 —[0.2 mg/mL bromophenol blue, 80 mg/mL sodium dodecyl
sulfate (SDS), 0.2 g/mL sucrose, 250 mM Tris-HCI (pH6.8), 10%(v/v) ethanol, 20% (v/v) 2-
mercaptoethanol] % F \» THIREEIC L, Ny 7 7 —[25 mM Tris, 1.44%(w/v) glycine,
0.1%(w/v) SDSITHEL 72 1.5% (w/v) 7H 8 =27 V% e TERKE 21T -7, ER
KBk, 7a v ¥ v o8y 7 7 —[5% (w/v) of skim milk in 0.1%(v/v), Tween 20 containing
Tris-buffered saline (TBS), pH 7.5 (T-TBS) |+, 1 Kfff], il CHEE L 72 ABEESEAZ W,
PVDF (PVDF : Poly Vinylidene Di-Fluoride) ¥ LTV = 2 & v 7wy F {757, 4 A
J7ay T4 v ZiciE, ABe YU (clone 6E10, Mouse IgG1, Biolegend; 5,000-fold diluted
in blocking buffer) & % T 1 Kfffl D%, 4°C TG & ¥ 72, RIC KPR [peroxidase-
labeled affinity purified antibody to mouse IgA + IgG + IgM(H + L), Kirkegaard & Perry
Laboratories, Inc., Gaithersburg, MD, USA; 5,000-fold diluted in blocking buffer] & & T
T 1 RS & 272, AR ORHIZILFFEF v b (Immobilon western chemiluminescent
HRP substrate, Merck Millipore) & LAS-UV4000 mini (Fujifilm, Tokyo, Japan) % i\
AL 70y T4y ZBREER L7z, ZDRER, ~v V' F TV —A1%H»TUVA-LED
W (R 365nm, 1.1 W) %47 7249 v 7T ABEEEIR DK % HEFE L 7= (Figure 36).
CRESY Y FT V= 1 7 UVA-LED BSELE T ABEHERE MR L7 & 2R LT
Wb, Toic, KRZEMRICHET =YY F7 Y= 1 & ThT & O ABRHEARI FGE % STl
L7z ThT ZH 723 v 7 vCld 30 7[0S Cid £ 72 ABEESEIR D if 2 s C 2 7n
WDIRL, RYVFT V=1 EHAGEY Y FATIE 5 B0 RS C ApEELRE 1318
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o

FRLCWB 2 ERHE LI o7z (Figure 37), T, vV F7 /= 11% AR
H T 2HE 28 ThT ICHERTENL T W B 2 EDRBE LTz,

i

+ LED -LED

Th-T w/o Th-T wlo
F 3 )]

ol S !’

"e

St > - - <« MEK

MK

Figure 36. The immunoblotting detection for AB4; aggregates. The A4 aggregates after 1-
hour irradiation using UVA-LED in the absence of benzothiazole 1 as negative
control (Lane 1), in the presence of benzothiazole 1 (Lane 2), and in the presence
of ThT as a positive control (Lane 3), respectively. And the A, aggregates without
irradiation in the absence of benzothiazole 1 (Lane 4), in the presence of

benzothiazole 1 (Lane 5), and in the presence of ThT (Lane 6), respectively.

Irr. time (min) 0 1 5 10 30

ThT - - W
7 N s 5 i \\
1 » ® | ;oo oA '

Control & ® » - )

Figure 37. Time-dependent photo-degradation capacity of benzothiazole 1.

105



2.1.3. @

RIETIE, AB DN fEE HIY & LT T RIS T DRl 2 M A A 72 D-m-A BIX
YIFT =1 iGN AR EIT o7 AL XY Y FT Y = 1 RO Z ORI 6 1T
DWTHINH PHEHAR 7 PV ERE L AR, v FT7 =N 11K E 7 Stokes 7
FERL, ICT DFLA/RE X N7z TDDFT DFER & —E L 72, LT IiillE ok R 6
X, RYVFT VNN BT OR BT ENTMET 2 2 L8O L 0T, 72,
RYVFT V= LT T AR BRI L2 & © 5, BERAONMBETEEL 72, M
FXY, RyVFT V-1 3L TRINAEL AR B DM ROME N2 5 Z & D
b, AMARFHRRICEIG S 2 ARSI AT RE 72 AR E 1 72 5 L HARF T & 2,
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2.1.4. Experimental section

2.14.1. Experiment equipments

'HNMR, '3C NMR spectroscopy : INM-ECZ400S/L1, JNM-ECA500WB (JEOL RESONANCE)
UV/Vis absorption spectroscopy : UV-1600 (SHIMADZU)

Fluorescence spectroscopy : RF-1500 (SHIMADZU)

Absolute PL quantum yield : Quantaurus-QY Plus, C13534-02 (HAMAMATSU)

Fluorescence lifetime : DeltaFlex TypeT (HORIBA)

Single crystal X-ray diffractometer : R-AXIS RAPID II (Rigaku) , SMART APEX II (BRUKER
AXS)

X-ray Diffractometer (XRD) : SmartLab/RA/DX (Rigaku)

High-pressure mercury lamp : UVL-400HA (RIKO)

Mass spectrometer : GCMS-QP5050A (SHIMADZU), Exactive (Thermo Fisher)

Melting point apparatus : MP-J3 (Yanako)

® Two-photon excitation experiment

To perform two-photon excitation experiment, we used a home-built multi-photon microscope, as
shown in Figure 38. A wavelength-tunable femtosecond optical parametric oscillator (Spectra-
Physics, Inc., InSight DeepSee; tuning range, 680—1300 nm; pulse duration, = 110 fs; repetition rate,
80 MHz) was used for the light source of multiphoton microscopy. The central wavelength was set to
be 680 nm for two-photon excitation experiment, whereas it was 1023 nm for three-photon excitation
experiment. The output laser power was controlled by the combination of the half-wave plate and
polarizer. The focal spot is two-dimensionally scanned onto a sample by use of a pair of GMs, a pair
of relay lenses, and an objective lens (Nikon, Inc., CFI Plan 50X; magnification, 50; NA, 0.9; working
distance, 350 um; oil-immersion type). Forward-propagated fluorescence light was collected via the
condenser lens and then was separated from the excitation laser light by a dichroic mirror (Semrock,
Inc., FF640-FDi01-25x36; reflection band (Ravg > 95%), 350—-629.5 nm; the transmission band (Tavg
> 93%), and an optical band-pass filter (Semrock, Inc., FF01-490/60-25; the transmission band (Tavg
> 90%), 460-520 nm). Finally, the fluorescence signal was detected using a photon-counting

photomultiplier (Hamamatsu Photonics, K.K., H8259-01) connected with a pulse counter.
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Figure 38. Experimental setup for multi-photon microscopy. HWP: half-wave plate; P: polarizer;
GM: galvanometer mirror; RL1 and RL2: relay lenses; OL: objective lens; CL: condenser

lens; DM: dichroic mirror; BPF: optical bandpass filter; PC-PMT: photon-counting
photomultiplier.
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2.1.4.2. Synthesis

2-bromobenzothiazole (4)

S K5PO S
) + CBr . >—Br
N DMF, 120 °C, 5 h, N, N

4

43% yield
To DMF (2 mL) were added carbon tetrabromide (0.525 g, 1.58 mmol), potassium phosphate (0.645
g, 3.03 mmol), and benzothiazole (0.11 mL, 1.01 mmol) at room temperature under nitrogen
atmosphere, and the mixture was stirred for 5 hours at 120 °C. The reaction mixture was extracted
with CH2Cl2 (100 mLx3). The combined organic layer was washed with water, dried over MgSOs,
filtered, and concentrated in vacuo. The residual mixture was subjected to chromatography on silica
gel using mixtures of hexanes and ethyl acetate as eluents, and the desired benzotiazol 4 (0.0939 g,

0.439 mmol) was separated in 43% yield.

2-(4-bromophenyl)benzothiazole (5)

S HO S
\ Pd(PPh K
@[ )—Br + B@Br (PPhg)g, 200_3 @E />—©*Br
N HO THF, H,0, reflux, overnight, N, N
5

4

34% yield

To a two-necked 100 mL round bottom flask were added benzotiazol 4 (0.089 g, 0.401 mmol), 4-
bromophenylboronic acid (0.040 g, 0.201 mmol), potassium carbonate (0.070 g, 0.504 mmol) and
Pd(PPh3)4 (5 mol%) under nitrogen atmosphere. Then THF (10 mL) and H20 (5 mL) were added
sequentially. The mixture was stirred for 5 hours under reflux, the reaction mixture was extracted with
diethyl ether (100 mLx3). The combined organic layer was washed with water, dried over MgSO4,
filtered, and concentrated in vacuo. The residual mixture was subjected to chromatography on silica
gel using mixtures of hexane and ethyl acetate as eluents, and the desired benzotiazol 5 (0.0196 g,

0.0675 mmol) was separated in 34% yield.

2-(4-(4-pyridyl)phenyl)benzothiazole (6)

S HO = Pd(PPha)s, KoCO4 S =

/ Br + B \ N - / \ N

N HO Y THF, H,0, reflux, overnight, N, N Y
5

6

55% yield
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To a 15 mL of mixed solution (THF/H,O = 2/1; v/v%) were added benzotiazol 5 (0.049 g, 0.167
mmol), 4-pyridylboronic acid (0.029 g, 0.236 mmol), tetrakis(triphenylphosphine)palladium (0.010 g,
0.0085 mmol), and potassium carbonate (0.046 g, 0.334 mmol) at room temperature under nitrogen
atmosphere, and the reaction mixture was stirred for 18 hours at 70 °C. The reaction mixture was
extracted with diethyl ether (100 mLx3). The combined organic layer was washed with water, dried
over MgSQy, filtered, and concentrated in vacuo. The residual mixture was subjected to
chromatography on silica gel using mixtures of dichloromethane and ethyl acetate as eluents, and the

desired benzothiazole 6 (0.092 mmol) was separated in 55% yield.

4-(4-(benzothiazol-2-yl)phenyl)-1-ethylpyridinium bromide (1)

©
Cr-O-COr s Y OO
/
N \_/"  CH,Cl,, reflux, 96 h, N, @EN/)—®—<\://\N—B
1

6

71% yield

To a 10 mL of dichloromethane solution were added benzothiazole 6 (0.031 g, 0.329 mmol) and
ethyl bromide (0.39 mL, 19.8 mmol) under nitrogen atmosphere, and the mixture was stirred for 96
hours under reflux. After the ethyl bromide was evaporated in vacuo, the residual mixture was
subjected to chromatography on silica gel using mixed solutions (ethyl acetate/dichloromethane = 1/1;
v/v% and methanol/dichloromethane = 1/10; v/v%) as eluents. As a result, the desired pyridinium salt

1 (0.235 mmol) was separated in 71% yield.
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2.1.5. Spectral data

2-bromobenzothiazole (4)*
Yellow oil; "H NMR (CDCls): 6 = 7.42 (t,J = 7.7 Hz, 1H), 7. 48 (t,J =7.0 Hz, 1H), 7.81 (d, J= 8.6
Hz, 1H), 7.99 (d, J = 8.8 Hz, 1H).

2-(4-bromophenyl)benzothiazole (5)5!
White solid; 'H NMR (CDCls): & = 7.40 (t, J = 7.7 Hz, 1H), 7.50 (t, J = 7.7 Hz, 1H), 7.62 (d, J = 8.6
Hz, 2H), 7.90 (d, J = 8.2 Hz, 1H), 7.96 (d, J = 8.6 Hz, 2H), 8.06 (d, J = 8.2 Hz, 1H).

2-[4-(4-pyridyl)phenyl]benzothiazole (6)

White solid; mp 238-239 °C; 'H NMR (CDCl;): 6 = 7.42 (t, J = 6.8 Hz, 1H), 7.51-7.57 (m, 3H),
7.78 (d, J= 8.2 Hz, 2H), 7.93 (d, /= 8.2 Hz, 1H), 8.11 (d, J= 8.2 Hz, 1H), 8.22 (d, J = 8.6 Hz, 2H),
8.71 (d,J=6.3 Hz, 2H); *C NMR (CDCls): =121.5, 121.7, 123.3,125.4, 126.5, 127.6, 128.2, 134.2,
135.1, 140.4, 147.1, 150.4, 154.1, 167.0; HRMS (ESI-MS) m/z calcd for CigHi12N>S+H 289.0794,
found 289.0789.

4-[4-(benzothiazol-2-yl)phenyl]-1-ethylpyridinium bromide (1)

Pale yellow crystals; mp 286287 °C; '"H NMR (methanol-d4): 8 = 1.69 (t,J= 7.3 Hz, 3H), 4.67 (q,
J=17.3 Hz, 2H), 4.87 (H20), 7.46 (t, J=7.7 Hz, 1H), 7.55 (t,J= 7.6 Hz, 1H), 8.00-8.03 (m, 2H), 8.10
(d, J= 8.6 Hz, 2H), 8.24 (d, J = 8.6 Hz, 2H), 8.40 (d, J = 7.0 Hz, 2H), 8.98 (d, J = 7.0 Hz, 2H); 1*C
NMR (CDCls): & =16.7, 57.7, 123.2, 124.3, 126.1, 127.2, 128.0, 129.5, 130.0, 136.4, 137.2, 137.6,
145.6, 155.1, 156.2, 167.8; HRMS (ESI-MS) m/z caled for CyH;7BrN»S-Br 317.1107, found
317.1101.
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22. A-m-D-m-ABYY V= LEORNRETMME L NA A A ATV T
22.1. #§

AT, HbiIc M —8 e L CETFEE AN EER, My 7+ 72 -5 s 7% %
N-TAFACY Y=g L) v =L TAF v EHAAATE, “1. 57T CT xmm
5 & HTWINGED AT % i R7, FNERBEILE S0 T E 2 LatE TN
RPFELIETT 22 epMOoNT S, AIHTHE L ALAEWIZFLIEDHIFFL Tw 3
7%, FF—fncidswEFGEERiov Lt F o Ry E VYRRV, EidoZ e &b
TR A-n-D-n-A BRI 2550 G L, ZoXYME%FHG L 72 (Figure 39),

o OEt ©
Br Br
Et—N - — - — o N@Et

N/ — N/ — \ /4

EtO

Figure 39. Designed A—n—D-n-A type pyridinium salt 2

A-n-D-n-A BOM & LT, “RTIRINGEZ D D2 WMEOREmTFA v Thoir Ll
LiThlz, DAL HE L TR BIEA > TR 2 e BT ons, AELAYIZ
IR EHEIRT 5 2 & TR - SOEIRR O RIERACA AR & 2 —77, V) B AL A
LR EKEEDIR T BRI NDE, 22T, N-TAdFav ) v=vy niix 2 Off il
TETHEVKAEZERTE L EE X, T, WWT 72T 2—RbNFH M N~
TRTL—=VvEBATEILICK > TN ICT OFRIHGFTE 5,
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222. FERLEZR

22.2.1. SFHGEEE

A-z-D-z-AM ) V=7 L2 OHEKICH Y, DFT §HEETWH T OB TIREZ HEE

T8 T ICT % fED G-l L7z, ¥ 72, TDDFT 25 JiliCiBfe < o %8 % J¥fi L 7=
(Figure 40, Table 15), i, 3T D EHEIC IV TRJEBISUILBESIC B3LYP/6-31G (dp) %

w7z,

LUMO (-7.71 eV)

HOMO (-10.11 eV)

HOMO-1 (-11.20 eV)

Figure 40. TDDFT calculation of pyridinium 2
Table 15. Transition probability of pyridinium salt 2 by TDDFT calculation

Transition Oscillator strength (f) Eg (eV)
HOMO — LUMO 0.4885 2.40
HOMO-1 — LUMO 1.3025 3.49

aCalculated energy bandgap

v Y=y A2 O HOMO IZHF LDV I FF IRy VEMICHEELTED, LUMO 1
DTEWICIERIEAL L Tz, v Y=y LML OLED K & < 72 o Tz (Figure 40),
v Y= A 2 O HOMO & LUMO 12522 ICh8f L Tidwia b o, EREEITEH
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f#C% %, £7- TDDFTatE Z21T\y, BREROG X 2R HTH 2 IRE) T8 (Oscillator
strength) D K ¥ 723F% 13 HOMO—LUMO & * HOMO-1—LUMO T® > 7z, W 1LDER D
b K =02 DGO 7 7 & 7 2 = ~OEMRBE LD 22253, ICT o E W
JihSIRRE DS LT B LR & LT,
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2222, AR
v Yoy a2 2 TR A L 72 (Scheme 29),

/

Pd(PPhs), Cul
4 4 4
N Negr — MSA__ N — qys KOH N V=
— Et:N, THF. N, — MeOH, CH,Cly  \—
7 8
94% yield 98% yield
OH OFt OFt
KOH, CH3CH, | HslOg, I
e — | |
DMSO MeOH
HO EtO EtO
9 10
85% yield 92% yield
OFt OFt
N2 | PdPPho. Cul N/ \< =
-/ EtN, THE, N, \—/ >=/ — \
EtO EtO
8 10 1
87% yield
OEt 5O OFt
r
TN _— § =\ _EB L 87N\ _— .
-/ >_/ — N\_/ CHC —/ = =/ — N\
EtO EtC
1 2
70% yield

Scheme 29. Synthesis of pyridinium salt 2

%9, p-bromopyridine & trimethylsilylacetylene (TMSA)® Sonogashira 77 v 7'V v 7'iC X
D)y 72K I4%TEML, #i< MRFEIC X Y ethynyl pyridine % XK 98% THEK L
72 % 7z, hydroquinone & iodoethane @ Sny1 SGIC K D ¥ + F & 9 ZUUEK 85% THAK, i
CavHRICLh YT bF2 10 2K 2% TEHK L 7z, KICT PA(PPhy)y Wz ) ¥ v
8L YT b F 10D SonogashiraZ? v 7'V v 7T X W VT b F 1 ZINEK ST THKL 72,
RBICY T P ¥ 11 & ethylbromide IC X 2 T A FAALIC X Y v ) =7 22 ZIE70%

THRL 77,
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2223, FEOCKHEFE
B LY Y =7 L4 2 O UV-vis RUHH AT P AHIE %17 - 72 (Figure 41, Table
16),

_ 6.00
= Z
§ 5.00 5
by 3
3 4.00 5
= 3.00 a
< =)
S 2.00 5]
X 2
= 1.00 2
0
250 450 650

wavelength [nm]

Figure 41. (solid) UV-vis and (dashed) fluorescence spectrum of pyridinium salt 2

Table 16. Photophysical properties of pyridinium salt 2

Aabs (NM) Aem (NM) SS (nm)  @em? s (ns) ki (x108s")  knr(x108 1)

284, 344,430 577 (337)°> 147 0.01 (430) 2.72¢ 3.68 3.64

aAbsolute PL quantum yield. PExcitation wavelength. ¢In MeOH.

v Y=y LIE, 284,344,430 nm ICWRIN DBl X L7z, DFT dHE DR X ) HOMO-1
— LUMO ;. Uf HOMO — LUMO IZ#H2 3 2 E1Ef% 14 335 nm MU 517nm TH h i d
TRBEETH o7, LoT, 344 nm OWILF HOMO-1 — LUMO IZXIG L, 430 nm DHRIY
X HOMO — LUMO IZHfIG3 % & &2 b b, £72, 577 nm THREHAHHE T A, 147nm D
RKEBRAI—=VAL 7 ER L, 2RIEEY V=T L2 O ICT I N L EL
FFLCTw3, HEETFICEMOWE R E LCTR X h #EEER (k) B X OIS
HEER (k) ZKD7- (Table 16),

ks 1
K + oy Ky + Ky

Doy =

SRR LY =3.68x 1008, ke =3.64x 10851 TH o7z, TD I L D5 MHHHJIE A
BEEHTH 2 2 LB BETICRDETICORmB > TWBE T b oTz,
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2.2.2.4. T IRINREFTAT

RICE ) Y=g L 2 O S FIRIRGEZ BT L 72, Dt FRINEEIR e ) =7 L5 2 ©
DMSO & (1.0x 103 mol/L) 1 800nm @ 7 = & ML — % —t % RS L 7248, #CTamME:
FRHOTY Y Y= v Ll 2 OHEEHREMIT (565+66.5 nm) OHIYEY 7' F A EHIE L 72,
fifj 1 L — 9 —SRIEH T, i SO O MiN %R & 572 2T 7 % Figure 42 ISR T, fHE
25196 THoZl b, VY= 2 odty i “RERIREEE R L, =
FTF AU X B HHAFEHA 2T B 2 E AL DI 572,

107
® Experimental Data
— Fitted Result
z
(2}
8
=
-}
2
[}
S
Slope: 1.96
10° , 4 4 —
20 30 40 50 60 70
Log (mW)

Figure 42. Log-log plot of fluorescence intensity of pyridinium salt 2 vs. input laser power at

800 nm.
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2.2.25. MREGEEE OB

v Y=y A2 13K E W Stokes ¥ 7 b & TR TIRINGE, KEMEE IR L2720, N4 A
ARX=Y v 7RI LCHAPRETE 2, S 3EEEOHIE LT HeLaffifldz vy v =
v LHE 2 & 3IT 37 0C, 1 ], 5% D LR FFI AT CRiE T 5 2 itk b WST-1 &/
W 7 MRS R R IE % 1T - 72, Figure 43a Offtifiic 4EFK, Hihicvy )y =v a2 @
REZRLTWS, et L 72 EE#HIFH PN 0.16x104-5.0x10 mol/L) (T 35\>T HeLa Mg it
T2EAMFEERRD Nl o7z, KRicv ) Y=y L2 ol atk#HN: 25+ 2 720
HeLa ffifld % v ) & =7 235 2 & 3 37 °C, 24 WifHl, 5% D ALK B FHR T THEL
7= Figure 43b Offtlilic 77, Hic v ) =7 L2 DEERZRLTW5, 7771
X DI, 1.25x10* mol/L & Y b EREEIEIC 35> T HeLa Mt it 3 2 M2 PE a4 %
L7,

a) b)
100 - 100+
80 __ 8o
> 60f 2 60
8 s
S 40 > 40t
20 + 20+
A L L . . A ol ) . L .
0.16 0.31 063 125 25 50 0.16 0.31 063 125 25 5.0
Conc. (x10° M) Conc. (x104 M)

Figure 43. The viabilities of HeLa cells incubated with various concentrations of pyridinium

salt 2 after a) 1 hour for acute toxicity assay and b) 24 hours for subacute toxicity

assay.
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2.2.2.6. MfEREEER

vY Y=y a2 w7z HeLa fllE O #HHANA A A X =2 v 7%l Biz, £F, Hela
Ml % SR (5.0x104M) v ) = Al 2 LI 370C, 1 B, 5% D g Lik
FEHKT CRiE L2/, Bl c& b o7z (Figured44aandb), L2 L7728
5, HeLafifid% 24 FFfHCHEE L 72 & &5, UV ARG N CHE ORI BN X vz
(Figure 44c and d),

a) Brsght Field b) WU filter

Figure 44. Photographs of HeLa cells incubated with pyridinium salt 2 for 1 hour (upper
images) and for 24 hours (lower images); a) and c) are bright fields, and b) and d)

are observed fluorescence images through WU filter.

FeoMiEHEEEBROMBEL Y vy Yoy a2 3HAHEE AR T L BHL IR
T3, TR, HEOHEEEZRLEZEFCEeTr Y Y=y alf2 glat#HEE2RL <
WiHEEZOLNE D, VYV v A2 3MEEREL TWE EE X T,

ZZTRICE ) Y=y L35 2 BMIEZ R LT 2 0 RFEER 2T o 72, Z DR,
HCI C HeLa #ifd 2L 2 2 L ic X Y iz stfifidic L%, vIv=v a2t 1
REfEIRG 2 U 720, kO #OCRBI S iz, $72, SEME 2 REEt ot d 2 2 L 28
Mon<Twdavikrmeyy oot EESTo7 (Figure45), #EE, v v=
v L2 IS A B L T B 2 EBHL 2 & T o 7z,
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a) Bright Field b) WU filter c) WIY filter

Figure 45. Photographs of HelLa cells incubated with pyridinium salt 2 and propidium iodide;
a) bright field, b) observed fluorescence image through WU filter, and c) observed

fluorescence image through WIY filter

e T, HCUBROSEHINICN Z T, 7R P —> R %278 L 2Mgic b8/ < % 2 2%
L7 (Figure 46), 1 mg/mL @ Mitomycin C (7 & b — & RFHEHAEK) 77 T ©—MhiE
L 7= HeLa flfEIC 5% D COL f74E F, 37°CTY ) =7 LM (0.5x10° mol/L) % 2 WFHIfE
SR 76R, 7R =2 2APFES N7 & RN & 2 MBI s TG
BEIN, COoZlrb, TRV REZFELZMBOREGICERGECHL L%
AL 7ze 7 b= ZFFEMATOBIRIL, —MRIICIZT R b — > 29I Hliashic JEH
INDZTHRT7FINE) VEMENIWE 2 8L L CBIZEL, TR —v 2k
ey filEoRH T 2Milas 2 vik7rey vy A okeaT s 2 Lic X hEsk
ERTI2ORFAOTCHEL TS, Thic LT ) Yoy AEIFEMTT R - 2
FEMEE X O TRAET LKL 20, 200 ~—h—F B HLE IR
WV, 72, 7ARTZ 7 FUNEY vOBEIEMIEN DR, IV T ey LIKDBD
Rt chs—7, vV Yoy aidfillekrfanfgEch i vy, BIEOTH -
A AEM I IR IC R ZH L T\, 72, Stokes ¥ 7 FRIKEL ANV I ST

Y FOFEr VIR b MEREISEL TWw 5,
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Conc. Bright field WU filter Conc. Bright field WU filter
5.00x10" 1.95x10°

mol/L mol/L
1.25x10" 4.88x10"

mol/L mol/L
3.13x10°

0

mol/L
7.81x10°

mol/L

Figure 46. Photograph of HeLa cells incubated with various concentrations with pyridinium

salt 2 and Mitomycin C

H— DR CEROMNOERRT 2~V F T =4 H 4 2= v 73 %
HRAbE 3Ll R2EBETLILBTELOEMATERETH S, I SEAEKL
7o) Y =7 LT Stokes ¥ 7 PSR E Wz, TIROHENETRLED~LTF T — 4 F
ARV IR TH B L E 2T, T2 TIE, HIROEMIERERIECH 2 Calcein-AM
RN L 72, EERJEIL 0.IN HCLALHIC X U HeLa AAZ O SEAIAE % 4481 L 7-#%, HelLa #l
el o M % BB X Sl —MEE L 72 @I 37°C, 1 W, 5%D CO,fFfE T Ty Yy
= v LR U Calcein-AM % Z 1% 41 5.0x10% mol/L, 1.0x10% mol/L TIEF & &, #HLE %
BE L7 (Figured47), ZofER Y V= v AEHKOBHGFIE L Calicein-AM HK DO fF(h
D F—DFENE BT 5 L3k, Afildoticy ) v =y 24 L ik
DiFtHEE R A G b THHT 3 2 & T, H—oJiifd)t % V72 HeLa #ifd o L4
fa e CFEAE D 7 v v 2y FHEA A=Y v 7R R -,
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-

a) Bright Field b) WIB filter

%\ 54 —
Figure 47. Photographs of HeLa cells incubated with pyridinium salt 2 and Calcein-AM; a)
bright field and b) observed fluorescence image through WIB filter
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223. @

RIETIE, TARISERIE % FTRE & 3 2 EbkretE o T ORI 2 Hi e LT ICT & KTl
JIWCEHL, 2N %2 0T T4 VICHY Anzv ) v =v 2362 25GH G%EfTo 72,
BRLAEY) Y=y L 2 1O TR HE AR 7 PV ZBIE L 72#5%, 147 nm DK
XA —27 A7 P &IRL, ICT DFFEL/RE X 172 TDDFT OffR & —EH L7z, i
FF—is LT 72 7 2 =G 2 flAAALERICMEZ, Tr¥viken) vh—2 LTH
WTHRNET 2 2 L THTOMBAMEEI N, ICT BAFRINHMETHIEExZONS, %
7o, €U Y=7 L2 % 800nm D 7 = & YL —F =R E 72 oL FIRINEERNE % 1T
272 TANTWINDRHLTH 2 HN > 7 F A DN ZF KA 2 TR L 72, VKA
DA TWB Z &Eh 5 HeLaflifdZ W2 A A4 XA =2 v 7 ~DICHZ AR 745 R, 5E
MR RERAICRELTHE L 2R L2, 51T, TR =2 22FHE L 2flldo gt
DARETH D Z L il L7z, 2D b, HIMERED R L T2 TR b — v ZAHH
AL CIEBERE L 72\ PI 72 & OSEAIAI R ke & 3 I WIRECTH 2 & & B O H T 7r o 7z,
T, A & SO R F T I TiE, IR AR RS L o mIc X ) B
WEMRICX 27 vy ay b~ATFHhT—A4 XA =2 v 7 X BASCHENTRETH - 7=,
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2.2.4. Experimental section

2.24.1. Experiment equipments

'HNMR, '3C NMR spectroscopy : INM-ECZ400S/L1, JNM-ECA500WB (JEOL RESONANCE)
UV/Vis absorption spectroscopy : UV-1600 (SHIMADZU)

Fluorescence spectroscopy : RF-1500 (SHIMADZU)

Absolute PL quantum yield : Quantaurus-QY Plus, C13534-02 (HAMAMATSU)

Fluorescence lifetime : DeltaFlex TypeT (HORIBA)

Single crystal X-ray diffractometer : R-AXIS RAPID II (Rigaku) , SMART APEX II (BRUKER
AXS)

X-ray Diffractometer (XRD) : SmartLab/RA/DX (Rigaku)

High-pressure mercury lamp : UVL-400HA (RIKO)

Mass spectrometer : GCMS-QP5050A (SHIMADZU), Exactive (Thermo Fisher)

Melting point apparatus : MP-J3 (Yanako)

® Two-photon excitation experiment

To perform two-photon excitation experiment, we used a home-built multi-photon microscope, as
shown in Figure 38. A wavelength-tunable femtosecond optical parametric oscillator (Spectra-Physics,
Inc., InSight DeepSee; tuning range, 680—1300 nm; pulse duration, = 110 fs; repetition rate, 80 MHz)
was used for the light source of multiphoton microscopy. The central wavelength was set to be 740
nm for two-photon excitation experiment. The output laser power was controlled by the combination
of the half-wave plate and polarizer. The focal spot is two-dimensionally scanned onto a sample by
use of a pair of GMs, a pair of relay lenses, and an objective lens (Nikon, Inc., CFI Plan 50X
magnification, 50; NA, 0.9; working distance, 350 pum; oil-immersion type). To further expand
tHeLateral imaging region, we scanned the sample position using a stepping-motor-driven translation
stage every time an image was obtained by the GM optics. Forward-propagated fluorescent light was
collected via the condenser lens and then was separated from the excitation laser light by a dichroic
mirror (Semrock, Inc., FF640-FDi01-25x36; reflection band (Ravg > 95%), 350-629.5 nm;
transmission band (Tavg > 93%), 652-950 nm) and an optical band-pass filter (Semrock, Inc., FF01-
490/60-25; the transmission band (Tavg > 93%), 460—520 nm). Finally, the fluorescent signal was
detected by a photon-counting photomultiplier (Hamamatsu Photonics, K.K., H8259-01) connected

with a pulse counter. Using the above setup, two-photon image of a 280 pum by 280 um region,
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composed of 256 pixels by 256 pixels, was also acquired at a rate of 0.25 image/s.

BPF Lens

PC-PMT I

2D stage
74

Femtosecond
laser

GM
4} (X,Y)
Figure 48. Experimental setup for multi-photon microscopy. HWP: half-wave plate; P: polarizer;

GM: galvanometer mirror; RL1 and RL2: relay lenses; OL: objective lens; CL: condenser

lens; DM: dichroic mirror; BPF: optical bandpass filter; PC-PMT: photon-counting
photomultiplier.
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2.2.4.2. Synthesis
4-[2-(Trimethylsilyl)ethynyl]pyridine (7)

7 Pd(PPh3),4, Cul 7
N/\:\>7|3r- HCI + =—TMs (FPha)s, Cul_ N/\:\>%TMS
— Et3;N, THF, reflux, overnight, N, —

7

94% yield

To two-necked 100 mL round bottom flask was added 4-bromopyridine hydrochloride (2.50 g, 12.9
mmol), trimethylsilylacethylene (2.00 mL, 14.2 mmol), tetrakis(triphenylphosphine)palladium (0.372
g, 0.323 mmol), and copper iodide (0.0630 g, 0.323 mmol, 2.5 mol%) under nitrogen atmosphere, then
triethylamine (20 mL) and THF (10 mL) at room temperature. The mixture was stirred for 22 hours
under reflux. The reaction mixture was filtered through Celite, the filtrate was concentrated in vacuo.
The residual mixture was subjected to chromatography on silica gel using mixtures of hexane and

ethyl acetate as eluents, and the desired pyridine 7 (2.12g, 12.11 mmol) was separated in 94% yield.

4-Ethynylpyridine (8)

2 7
N H—=—1ms KOH N D=
— MeOH, CHzClg, I‘t., 3h —

7 8

98% yield

To a methanol (15 mL) and dichloromethane (10 mL) were added pyridine 7 (2.12 g, 12.1 mmol)
and potassium hydroxide (1.37 g, 24.2 mmol), and the mixture was stirred for 3 hours at room
temperature. The reaction mixture was extracted with dichloromethane. The combined organic layer
was dried over MgSO4 and concentrated in vacuo. The desired ethynylpyridine 8 (1.23 g, 11.9 mmol)

was obtained in 98% yield.

1,4-Diethoxybenzene (9)

OH OEt
KOH, CH3;CHl
DMSO, rt, 1 h
HO EtO
9
85% yield

To a DMSO (45 mL) were added hydroquinone (2.40 g, 21.8 mmol), potassium hydroxide (5.01
g, 89.3 mmol), and the mixture was stirred for 10 minutes at room temperature. The reaction mixture
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was extracted with dichloromethane. The combined organic layer was washed by water, dried over
MgSO04, and concentrated in vacuo. The residual mixture was subjected to chromatography on silica
gel using mixtures of hexane and ethyl acetate as eluents, and the desired diethoxy 9 (3.09 g, 18.6

mmol) was separated in 85% yield.

1,4-Diethoxy-2,5-diiodobenzene (10)

OEt OEt
@ H;slOg, I, | ;:E |
MeOH, reflux, 4 h
EtO EtO
9 10
92% yield

To a methanol (10 mL) was added orthoperiodic acid (1.31 g, 5.76 mmol) at room temperature, and
the mixture was stirred for 10 minutes. The reaction mixture was added iodine (2.74 g, 10.8 mmol) at
room temperature, and the mixture was stirred for 10 minutes. Finally, the reaction mixture was added
diethoxy (1.496 g, 9.0 mmol) and stirred for 4 hours under reflux. The reaction mixture was quenched
by saturated sodium thiosulfate aqueous. The solid was collected by filtration under reduced pressure.

The desired diiodo 10 (2.12g, 12.11 mmol) was separated in 92% yield.

4,4°-[(2,5-Diethoxy-1,4-phenylene)bis(ethyne-2,1-diyl)]dipyridine (11)

OEt OFt
N//\:\>{ + | Pd(PPhs)s, Cul N S={ N = \_ N
— Et;N/THF, 55 °C, 24 h, N, — >=/ /
EtO EtO

8 10 1
87% yield

To a solution of diiodo 10 (0.97 mmol) in a THF (20 mL) was added ethynylpyridine (0.97 mmol),
tetrakis(triphenylphosphine)palladium (0.025 mmol), copper iodide (0.029 mmol), and triethylamine
(20 mL) at room temperature, and the reaction mixture was stirred for 24 hours at 55 °C. After the
reaction mixture was filtered through Celite, the filtrate was concentrated in vacuo. The residual
mixture was subjected to chromatography on silica gel using mixtures of dichloromethane and acetone

as eluents, and the desired diethoxy 2 (0.425 mmol) was separated in 87% yield.
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4,4°-[(2,5-Diethoxy-1,4-phenylene)bis(ethyne-2,1-diyl)]bis(1-ethylpyridin1-ium) dibromide (2)

OEt ) OEt o
7 N\ 7\ — EtBr Br® 7\ // \< — ®Br
N — — \ N —— > Et—N — — \ N—Et
— — 4 CH,Cl,, 1t, 1d — — 4
EtO EtO
1 2
70% vyield

To a 5 ml of dichloromethane solution containing 0.813 mmol of diethoxy 11 was added 0.5 ml of
bromoethane at room temperature, and the reaction mixture was stirred for 24 hours at room
temperature. Then, the precipitate was collected and washed with dichloromethane. As a result, a 0.659

mmol of pyridinium salt 2 was obtained in 70% yield without further purification.
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2.2.5. Spectral data

4-[2-(Trimethylsilyl)ethynyl]pyridine (7)
Yellow oil; 'H NMR (CDCls): & = 0.27 (s, 9H), 7.31 (d, J= 6.1 Hz, 2H), 8.56 (d, J = 6.1 Hz, 2H).

4-Ethynylpyridine (8)
Colorless solid; mp 96-97 °C; 'H NMR (CDCls): 6 = 3.30 (s, 1H), 7.35 (d, J = 5.2 Hz, 2H), 8.60 (d, J
= 5.2 Hz, 2H).

1,4-Diethoxybenzene (9)
Colorless solid; mp 70-71 °C; '"H NMR (CDCls): 6 = 1.39 (t,J = 7.0 Hz, 6H), 3.99 (q, /= 7.0 Hz, 4H),
6.82 (s, 4H).

1,4-Diethoxy-2,5-diiodobenzene (10)
colorless solid, mp 148-149 °C; 'H NMR (CDCls): 6 = 1.45 (t, J= 7.0 Hz, 6H), 4.01 (q, J = 7.0 Hz
4H), 7.19 (s, 2H).

4,4’-[(2,5-Diethoxy-1,4-phenylene)bis(ethyne-2,1-diyl)|dipyridine (11)

Yellow solid; mp 202-203 °C; '"H NMR (CDCl5): & = 1.50 (t, J = 7.0 Hz, 6H), 2.18 (acetone), 4.12
(9, J=7.0 Hz, 4H), 7.05 (s, 2H), 7.40 (d, J= 6.0 Hz, 4H), 8.62 (d, J = 6.0 Hz, 4H); '*C NMR (CDCls)
d: 14.8, 65.1, 90.2, 92.3, 113.6, 116.9, 125.4, 131.3, 149.7, 153.6; HRMS (ESI-MS) m/z calcd for
C24H2002N2+H 369.1598, found 369.1590.

4,4’-[(2,5-Diethoxy-1,4-phenylene)bis(ethyne-2,1-diyl)|bis(1-ethylpyridin-1-ium)dibromide (2)

Yellow solid; mp >300 °C; '"H NMR (methanol-dy): = 1.49 (t,J= 7.2 Hz, 6H), 1.68 (t, J=7.5 Hz,
6H), 4.19 (q, J=7.2 Hz, 4H), 4.67 (q, J = 7.5 Hz, 4H), 4.88 (H,0), 7.36 (s, 2H), 8.12 (d, /= 6.6 Hz,
4H), 8.97 (d, J= 6.3 Hz, 4H); 1*C NMR (methanol-dy): 8 =15.1, 16.7, 58.3, 66.5, 92.0, 100.9, 114.9,
118.5,130.7, 141.5, 145.5, 155.7, HRMS (ESI-MS) m/z calcd for C2sH3002N2Br2-Br 505.1485, found
505.1475.
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2.2.6. Reference

[1] T. Kogure, S. Karasawa, T. Araki, K. Saito, M. Kinjo, and A. Miyawaki, Nat. Biotechnol. 2006,
24,577-581.
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23. 4 IXV5-alv) P VBT EFOF Y BEADOAK
23.1. #§

FEHMERRN T IR VL~ DGRBS N TE Y, FTd o % RIC
FURRFEEAT S L THRYINEHESH LT 2 2 e G S hTn s, IBRE
7 G E A 7 KR D—>2 & LT BODIPY 2881 H 4T\ % (Figure 50a), BODIPY (> &
OxATVEERERKE LRV T 2Ry R TH Y, ZoENZRIEETICE
HERTEMED D KR4 B8RPG S, BRI X A A — FURERZWTEED), S5
FEO~ DDA TN T %, BODIPY iFEADH T Z RN F 27 tawdd v,
H AR LML BEEBIFOLES, *u 77 4 A ARFEN 07 LR IR T L ORED D B,

\\N\/B?N\\
FF

Figure 49. Basic scaffold of BODIPY

LUEE T N T BEo T Y Rk E A, Z OREFHETH 2 8HE L Tw 2 O,
KIETEZOFYHEAL VIIERD T L 705 X5 sy HA3 255 ALz, &7
TR 3 1IA S XV 15-a8 ) P VEi R N —, AR ET 227X —THB L h
bFF— T 772 —WEICHRT 2 SRTIEEZIAR L 7o AT A VAR BT 2LEY
BIPavFYITIRERETIZLIFICHMONTWE L THY, BODIPY FHEMICEIL
THHHERDH 5, 308 22T, ZHICT L THRYRBRATFA VLR Ibay
FUT7ICHERET % &% 272 (Figure 50a,b),

a) b)

Figure 50. a) Imidazo[1,5-a]pyridine, b) designed tridentate boron complex 3
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23.2. WRLEE
232.1. AR

& 7 FHK 3 13 1,3-diiodoimidazo[1,5-a]pyridine 7> & 3 Bt CEARLL 72 (Scheme 30)., 1,3-
diiodoimidazo[1,5-a]pyridine (X 3CHRI'0% ZE ICH R L 72, 1,3-Diiodoimidazo[1,5-a]pyridine &
o-methoxyphenylboronic acid @ Suzuki-Miyaura 7 @ A7 v 7'V v ZRIGIC K D ¥ A+ F 4k
12 ZICK 61% THM L 720 RIC=RALFTFREA A4 Rfe L THGWIB A FARIc kb ¥
B FE X AR13 ZIR 70% TRz mBRICT 2 =R a Ve OBRT AT AERIC LY,
HI D+ v K 33 2 I8 90% TfF 7=,

| Pd,(dba);
B(OH) [(t-Bu)3PH]BH,4 OMe
N~ DMF, 80°C,24 h, N, '\, N7
OMe

12
58% yield

OMe OH
= N= BBr; Z—
/) N /) N
N CH,Clp, 1t, 24 h, N, XN
OMe OH

13
71% yield

B(OH),
OH © 0
= N Za— /
: -0
N7 NEts, toluene, reflux, 24 h, N, X N~ \
3

90% yield
Scheme 30. Synthesis of boron complex 3
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2.3.2.2. BAGEEL X ARG RRNT

B L7=F T EERIEZY 7 an X2 v~ VIRGERED RT3 2 L TR
iR A SR L, HALE X ARSI 2 > 2 oS 2 12 L 72 (Figure51), 7 ==+ n
VEED BV RIRTIA I X V[1,5-al€ ) Y VNI T O s BRI T-L 20D o-k FuF T
T NEDOMBEIRTL AR L TWE T R br o7z, N-BEADREXIZ 1.547A TH Y,
1.475A &£ 1463A D O-B#EG LV DT 2ICRS hoTni, £/, 4 IX V1,54l ) ¥
VBT OFE IS L CHR Y EEF FO 7 s = AIZEEICELCEY, ok yHEHE
WAV B FEAFFLLTE2F 7V T4 2HALTC0EIERHL 2L RS2,

Crystal data of 3; yellow block
Ca255H17BCIN202, M = 429.69,
Monoclinic space group = P21/n, Z =4
a=11.3434(3) A

b =14.0488(4) A, p=107.982(8) °
c=13.7721(4) A

V =2087.53(13) A3, Dc = 1.367 g/cm?
R1=0.0820, wR2 = 0.1917
Goodness of fit indicator, 1.053

Figure 51. Crystal data of boron complex 3
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2.3.23. WRINKR A=  ABIE

FITEML 728 T B 3 O O H AR 7 V% HIE L7 (Figure 52, Table 17).

20000
pd
< 15000 S
P 3
5 5
T o
‘5 10000 o
£ 5
_l —
il 0]
- 5000 @.
<

0
270 370 470 570 670

A [nm]
Figure 52. (blue) UV-vis and (red) fluorescence spectrum of boron complex 3 in DMSO

Table 17. Photophysical properties of boron complex 3 in DMSO

Compound  Jabs [nm] Aem [NM] SS [nm] @Dem w[ns] K- [x107s"  Kar [x107 7]

3 373 479(350)° 106  0.34(360)2  5.01 6.78 13.1

aExitation wavelength

B L 72k v AR 3 ORISR X 373 nm, FEEHK L 479nm TH Y, Stokes ¥ 7 + 2%
106nm & K% <, BAETIED 0.34 & WIRIE W ETH - 72, LAETARK L 724 I £ V[1,5-
alv )Y v ERT Y EHERTH S 1-(o-hydroxyphenyl)imidazo[1,5-a]pyridine VAT H T Fem =
0.71 DEWFERBETUEZ R L7zD I, SRIG L 72+ v FBEARIZER T C Fen=0.34
EIEWLDTH o7z,
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2.3.24. 7 x b FEERINARZ FVEIE

X ORI IR IED &4 F 2 2 R B WL PICT 720, 7 = L FIEERILZ <2 b
NHIE % 4T o 72, (Figure 53a), JIEEIET 690 nm AU ICWRIGH 2358 & ., # ORFEEIZ
480 ps TH -7z (Figure 53b), I LB H D5 TWIRE) = 4 v F —FEC5 (intramolecular
vibrational redistribution: IVR) X 9V 33, ICTICL2bDTHBZ LERBL TS, [8
F 72, 690 nm {3 ORI 2394 3 2 1ICD 4 545 nm ICHT 72 ICRIHT 23RN 72, 545 nm D
WRIER 2 B HE R L 0 D RLFEET 3720 Z O@EMERIN A <= 27+ U IIERZE 2 L =i =
HEIREBICERT 20 TH 25 L E 2 % (Figure53c), HEIRZE X CT oM X - T
FXANBAEEMED D B 72019, SREIFE L 7= S0 & 7 FEHAIZ PDT @ 72 0 O SEHI&H] &
L CHIfFC % 2,

a) b)

5 ng 12x10°

3 o

~ 1ns 2 4l
2 § g
° 100ps g ©
g -I 1 1
= 10 ps 0 2000 4000 6000
. - c)

s ] ;
§ PS 10 x10° 20x10°
© > — 1ps
£ jnai. 200fs & °7 —sns [ 155
? N 6 20 ns 2

[22]
< ofs & g
5 S 9 4 ' i
g 8
d ] 4
-400fs 8 T
T I T I T I T g 0 ;
999 son L 2 %0 60 700 800 900
Wavelength / nm g Wevslsnglh i

Figure 53. (a) and (c) Femtosecond transient absorption spectra of boron complex 3 in DMSO after
excitation at 400 nm. (b) Transient absorption decay profile (scattered points) at 693 nm

and fit (solid line) with an exponential function with a time constant 480 ps
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2.3.2.5. SEEIEMETH
B X BEAT ORGSR A B, RV RIEHA I F T AVEEEZ A L T3 2 e A0 o7,

Z T, ¥ INH T L E G THEH50E % 17 (CHIRALPAK IB; hexane/chloroform = 3/1 (v/v),
flow 0.5mL/min) ZNENDTF vV FA~v—%HEEL /-, HEIL7zzF v FA~—2HHl
TEL72CD A2 F 3320, 370 nm CTIEED = v b VAR %R L7 (Figure 54, 45 1),
Bl L 722 F v F A~ — 3 HERE2E2 2R TE TR LY, L X RS I
X B MRS IRRETH D, Z Z CTTDDFTRIRICK 22 F v FA~—DF 7Y 7 1 Oiff
Ex#ITH T & & Lz, TDDFT #8513 Gaussian 09 7’1 2" L% Flv, ERkE{Lo®kic
B3LYP/6-31G(d) L NIV TiTo 72, sIHICK VIE SN2 ECD A= 7 b v & FEHID CD A7
FAERHEL, 27 PGB —EH T E2b0 2Rz FvFA~—TH b LYW LT, £
TR ROFHIIC DO WCTTH 225, EMLFHHEI VKD ZZPINA~Z P iz 350
nm fHEICHRZHi b, FKOIIRTH 2 2 L h ot BRI L EZ TV, &
HDCD 2=27 FALFHE L VKD ECD Z=27 b I RS — L T3 2 & h
b, KFSEI ROV v F A~ — (Former) X R, RO R W)V F
A~ — (Latter) 13 SATH 2 LEZT2% (Figure54),
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——Former
—— Latter

Abs.
CD [mdegq]
N N
o o o
N

A [nm]

A [nm]

-40 A [nm]

(R)-3 (9)-3
Figure 54. a) Measured absorption spectrum of boron complex 3 and b) its CD spectra, c) calculated

absorption spectrum of boron complex 3 and d) its ECD spectra, and ¢) these boron

complex 3

¥ 72, TDDFT it8Eic & Y 57 & v F#ifk 3 © HOMO X UF LUMO % Figure 55 I/~ 3,
HOMO Z&MICIER/EL L TWw 328, LUMO 134 2 & V[1,5-a) Y ¥ vEbfric /e L T

W3, TDZERD, FUHREKIZHOMO-LUMO BB T4 I XV 1,5-ale ) ¥ viElfiz 7

I TR —LLZICTR2T BT LRREBINS,
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L F 12 e
iNgo‘@ H{*&, YPIE>.

}J .
o
LUMO HOMO
(-2.13 eV) (-5.44 eV)
Figure 55. HOMO and LUMO of boron complex 3 by TDDFT calculation

Table 18. Transition probability of boron complex 3 by TDDFT calculation

Transition Oscillator strength (f) Eg? (eV)
HOMO — LUMO 0.1155 2.76

aCalculated energy bandgap
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2.3.2.6. AEPiEHEEHE

ERE I ERFIR 25 2 2B E LWIEE TRV, 2 2T, & 7 RS 3 © HeLa
fiel i x4 2 WS C o kRt e OVl 2 EE VR O F & 1T > 72, HeLa fllfEIZ A 7 KA 3 &
10% 7 ¥ BRI (FBS), HUEME (penicillin G and streptomycin) D77E I Eagle's minimal
essential medium (EMEM) H, 37°C, 5% CO, FZFPASUT CTHEE L 72, —Iik5# L 72%%. HelLa
MAE 2 AL 724 7 R 3 2 v 1R (BdEdt) £ 7213 24 el (2N 4 v
Fax—} L7k, £FEIECCK-8 (Dojindo) ZWCFHIiL 72, 3, 2 MEFEZ ML
7zl T ARV R 3 OMRE L 2 imEIRE GRIREE 50 mM) 1< 35\ T b iR v 1 g
T& b o7 (Figure56a), ¥ 7z, HMAatEEHEMEICOWTD & v REK 3 OMET L 72 REEE

(IR 50 mM) 1 35\ T b MfEREE X fERR © & 722 > 72 (Figure56b), LA L X V., HelLa
MR L CclEE RS R L 3b o 7z,

100 1 100
a) 80 &9 80
= 60 260
g 3
> 40 S 40

20 20

0 0

Conc. (uM) Conc. (uM)

Figure 56. The viabilities of HeLa cells incubated with various concentrations of boron complex 3

after a) 1 hour for acute toxicity assay and b) 24 hours for subacute toxicity assay.

SR U HREHA 3 IR IR T o0, N A A X =T v TAlE L CHI A RED> HeLa
WCHIlE B EER 2 1T o 72, Hela i % & v KA 3 OFFAET 37 °C, 5%D kit

RIC
fic % F
FERRTCIRfEEE L 2A, v T vBOHNZEBIMIL 72 (Figure 57),

S8

R
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1hrfE B (37°C, 5% CO,& ) overnight{E F (37°C, 5% CO, &)

2(2.5x10° M) arvkA—)L 2(2.5%x105M) arvka—i

(BEER)

BB
(10%b1%)
50pm

r =

LT

Z TR YRR 3 OMIENTORTEZHL»ICT 5720, FAHATv—h—%Hw
Te Pt LR 21T o 72, D BODIPY (BRITEFHEP K7D I Fa v P 7ICRIE
FTHHEMH 2 L WEIN TV OB EEBROA AN A T~ —H— LTI tav
Y 7~—7— (MitoTracker Red, ThermoFisher Scientific) %R L 7z, 20 HeLa flfd% & v
FWARI LI P av P T~v—A—DFET 37°C, 1, 5% COFMHTTHELLL
A, FUEME 3 fikor T vkt S ba v R 7e—h—dikoRk@iotoR
TEZME L 72 (Figure58), ZDZ &b R T HRIEARIIZI Fa v FY 7 2B RWIc @l
TWB I LeBHL LIRS T,

BRREHG 2(WU, BREER) ShaVRYT(WIYER) WUEWIYDOEhREDLER

! ~Y |

o

Figure 58. Double staining of boron complex 3 and MitoTrackerRed

HMNRE (A A% F) OFCTTHE L — v ZOMEHLICEE A KSR -3 I bav P
V7%, PDT % i%at 2720 0B EAENE L C#EhTnwd, 3 22T, +7%
FR 3 @ UV LB T T HeLa MR 3 2 MRS 51 2 5Ffi L 72, HeLa M0 % & v 3
#k 3 (5.0x10° mol L) DFFEET, 37°C, 1B, 5% CO, &M T ohiE L 2%, Miiux
e, Yett L 7= HeLa Mlf@IC R L€ 37 °C @ CO, 5 FC UVA-LED (365 nm, 1.1 W) %
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Bt L7z, & v R 3 TRY( D HeLa MIE~ UV &2 IBET L 72, HIIEEGROMKT 136
AT o720, FUEMKRI CYAE L7 HeLafligic v LT UVREABE L& 2 A8
FHRFRETIC TR IIE T LT v E, 60 i 3G = o fifas 2808 L 72 (Figure

59).
120 ‘ly

I | l+ """ Bl B #12#B18: HeLa (RIKEN RCB0007)
X 80 2.0x 104 cells/well, 2-overnights
E 60 EE B EMEM(10% FBS & ILERIEH)
s {ER%M: 2:5.0X 105 M,
> 401 37°C, 5% CO,7F1E T, 185M]

56 SH St CCK-8% AL o iR 3 HIRIE

SLEE R NN6053 (20D 5 87 JITE
- (Z8BE&:600nm)
1hr w/o 1hrw/o 1hr w/o 1hrw/o 2

0 min 10 min 30 min 60 min  UV-LED

Figure 59. Cell viabilities of HeLa cells after UVA-LED irradiation with (+) or without (—) staining

by boron complex 3.

A+ REER 3 O S TIRINGE R G S % & & TG TR PDT 201 & L C ORI o Al #E
PEZMREE L 72, & 7 R 3 2 DMSO & H, 7 = & P 2L —F —% v 740nm T
L7 & 2 A, Zod e v —3F— oM 7 e v M iE 1.92 OfHZX DEMRTH
272, TD T L IEA YRR 3 AT IINEEZ A LT 5 2 & &n LTy % (Figure 60).

6
10" -Stoper1.92 /‘,¥/
5 [
)
c
=
=
= 10°
-
o
o
'
® Experimental data
= Fitted resuit
10* A |
1 10
Log (mW)

Figure 60. Log-log plots of fluorescence intensity of boron complex 3 vs. input laser power at 740

nm. Fluorescence emission was observedat 490+30 nm.

ZZCHRUEMHAKI L HelLaflildD N FA X =2 v 7 %fTo728 2 5, Hela fifldo
HEREBET 2 2 &3 TE - (Figure 61), % K, 7 FBEEA 3 132 6T bE &R % 35 FH
452 LRI EE IV PDT IGH O BAfF % 3,
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Figure 61. Two-photon imaging of HeLa cells stained by boron complex 3 excited a 740 nm.

Fluorescence emission was observed at 490+30 nm.
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23.3. HEi

KIETIE, ZFEOA I X V[1,5-alv ) ¥ VBT O & 7 FEEk 3 #5%GH, ALz, 7
FBEMR 3 (3 Stokes ¥ 7 23 106 nm &K%, FEOERERTICED 034 L& NETH -
72 DFT GHHEOFER 2 & LUK & 72 Stokes &~ 7 MR ICT KR T 2 b D& E z 72, % 72,
FUREER 3 I VREFEY CFIARBREAER L Q0 izizy, HEnEEfToz e T
ARFRD CD ZA=27 P ADPEHIE Nz, £/, FURBEKRIFI P a v P Y 7T ~0EREK
BRI S MfE RO T 2 L, EET 7V — A L LClred 2 2 L asb
Dotz, MBGEEIZROSICLZ2DDTHLEEZTEY, WERINA~2 P AHIE XY
FUHREAR 3 PERTZETRVICD 2200 T CT LK > THEREL TS Z LA
KRB XNz, TN, PDTICHZRAZ I ba v FY 7 2EW & 32 PDT EHPE & LT
OReEE R L7, £/, “HTICXZMEZIT) 2L DARETH o 72728, X D AR
HA~FRE LT WRER o s #iffcx 5,
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2.3.4. Experimental section

2.3.4.1. Experiment equipments

'HNMR, '3C NMR spectroscopy : INM-ECZ400S/L1, JNM-ECA500WB (JEOL RESONANCE)
UV/Vis absorption spectroscopy : UV-1600 (SHIMADZU)

Fluorescence spectroscopy : RF-1500 (SHIMADZU)

Circular dichroism spectrometer : J-820 (JASCO)

Absolute PL quantum yield : Quantaurus-QY Plus, C13534-02 (HAMAMATSU)

Fluorescence lifetime : DeltaFlex TypeT (HORIBA)

Single crystal X-ray diffractometer : R-AXIS RAPID II (Rigaku) , SMART APEX II (BRUKER
AXS)

X-ray Diffractometer (XRD) : SmartLab/RA/DX (Rigaku)

High-pressure mercury lamp : UVL-400HA (RIKO)

Mass spectrometer : GCMS-QP5050A (SHIMADZU), Exactive (Thermo Fisher)

Melting point apparatus : MP-J3 (Yanako

®  Transient absorption experiment

Transient absorption spectra were measured by means of femtosecond pump—probe experiments.
Light source was an amplified mode-locked Ti:sapphire laser (Solistice, Spectra-Physics). The second
harmonic was used for excitation pulse. Transient absorption spectra were probed by delayed pulses
of a femtosecond white-light continuum generated by focusing a signal light (at 1.3 mm) generated by
an optical parametric amplifier (OPA) (TOPAS, Light Conversion Ltd.) into a CaF, plate. Probe light
was detected by a C-MOS detector (Hamamatsu, PMA-20). The temporal resolution was ca. 150 fs.

This experimental setup is shown in Figure 62.
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1.3 pm

a O Short-cut filter
/ff ‘f ” 01 PMA-20
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:I \ . Q J/ Chopper
N Supercontinuum "* \
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BBO Cell

TOPAS, OPA

Solistice, 1 kHz, 3.5W fs laser

Optical Delay Line |

800 nm | :Mirror ( :Parabolic Mirror O ‘Lens

Figure 62. Experimental setup for femtosecond transient absorption spectra

® Two-photon excitation experiment

To perform two-photon excitation experiment, we used a home-built multi-photon microscope, as
shown in Figure 63. A wavelength-tunable femtosecond optical parametric oscillator (Spectra-
Physics, Inc., InSight DeepSee; tuning range, 680—1300 nm; pulse duration, = 110 fs; repetition rate,
80 MHz) was used for the light source of multiphoton microscopy. The central wavelength was set to
be 740 nm for two-photon excitation experiment. The output laser power was controlled by the
combination of the half-wave plate and polarizer. The focal spot is two-dimensionally scanned onto
a sample by use of a pair of GMs, a pair of relay lenses, and an objective lens (Nikon, Inc., CFI Plan
50X; magnification, 50; NA, 0.9; working distance, 350 mm; oil-immersion type). To further expand
the lateral imaging region, we scanned the sample position using a stepping-motor-driven translation
stage every time an image was obtained by the GM optics. Forward-propagated fluorescent light was
collected via the condenser lens and then was separated from the excitation laser light by a dichroic
mirror (Semrock, Inc., FF640-FDi01-25x36; reflection band (Rave > 95%), 350-629.5 nm;
transmission band (Tavg > 93%), 652-950 nm) and an optical band-pass filter (Semrock, Inc., FFO1-
490/60-25; the transmission band (Tavg > 93%), 460-520 nm). Finally, the fluorescent signal was

detected by a photon-counting photomultiplier (Hamamatsu Photonics, K.K., H8259-01) connected
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with a pulse counter. Using the above setup, two-photon image of a 280 mm by 280 mm region,

composed of 256 pixels by 256 pixels, was also acquired at a rate of 0.25 image/s.

BPF Lens

PC-PMT I

2D stage
s

Femtosecond
laser

Figure 63. Experimental setup for multi-photon microscopy. HWP: half-wave plate; P: polarizer;
GM: galvanometer mirror; RL1 and RL2: relay lenses; OL: objective lens; CL:
condenser lens; DM: dichroic mirror; BPF: optical bandpass filter; PC-PMT: photon-

counting photomultiplier.
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2.3.4.2. Synthesis

1,3-Bis(2-methoxyphenyl)imidazo[1,5-a]pyridine (12)

| sz(dba)g,
B(OH). [(t-Bu)sPH]BH,4 OMe
Zac— N+ OMe KOH A N
N7 DMF, 80°C, 24 h, N, X N-¢
OMe

58% yield

To a 30 mL of DMF solution containing 1,3-diiodoimidazo[1,5-a]pyridine (1.1108 g, 3.0 mmol),
which was prepared according to the literature,” were added o-methoxyphenylboronic (1.0107 g, 6.6
mmol), Pdy(dba); (0.1385 g, 0.15 mmol), tri-fert-butylphosphonium tetrafluoroborate (0.0884 g, 0.3
mmol), and potassium hydroxide (1.1211 g, 19.8 mmol) at room temperature, and the mixture was
stirred for 24 hours at 80 °C under nitrogen atmosphere. After the reaction mixture was poured into
water and extracted with ethyl acetate, the organic layer was washed with brine, dried over MgSO4
and concentrated in vacuo. The residual mixture was subjected to chromatography on silica gel using
mixtures of ethyl acetate and hexane (1 : 2) as eluents, and 1.74 mmol (0.5736 g) of dimethoxy 12 was

separated in 58% yield.

1,3-Bis(2-hydroxyphenyl)imidazo[1,5-a]pyridine (13)

OMe OH
= — BBr3 = — N

N
xoN~¢ CHoCly, 1t, 24 h, Ny X, N~¢
OMe OH

71% yield

To a 8 mL of dichloromethane solution containing dimethoxy (0.2624 g, 0.79 mmol) was added
boron tribromide (1 mol/L solution in dichloromethane, 2.4 mL, 2.4 mmol) at 0 °C under nitrogen
atmosphere, and the mixture was stirred for 24 hours at room temperature. After the reaction mixture
was poured into water and extracted with dichloromethane, the organic layer was washed with brine,
dried over MgSO4 and concentrated in vacuo. The residual mixture was subjected to chromatography

on silica gel using mixtures of ethyl acetate and hexane (1 : 2) as eluents, and 0.56 mmol (0.1685 g)
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of diol 13 was separated in 71% yield.

9,10-dioxa-9a-phenyl-14c¢,151*-diaza-9al*-boraindeno[ 1,2,3-fg]tetracene (3)
B(OH),
OH

O i
N ///‘Q

N N—B
N7 NEts, toluene, reflux, 24 h, N, XN~ \
OH 0

90% yield

To a 5 mL of toluene solution containing diol 13 (0.0911 g, 0.3 mmol) were added phenylboronic
acid (0.0466 g, 0.36 mmol) and triethylamine (0.14 mL, 0.9 mmol) at room temperature, and the
mixture was stirred for 24 hours at room temperature under reflux and nitrogen atmosphere. After the
reaction mixture was concentrated in vacuo, the residual mixture was subjected to chromatography on
silica gel using mixtures of dichloromethane and hexane (2 : 1)as eluents. As a result, 0.27 mmol

(0.1067 g) of tridentate 3 was separated in 90% yield.
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2.3.5. Spectral data

1,3-Bis(2-methoxyphenyl)imidazo[1,5-a]pyridine (12):

Brown solid; mp 151.0-152.0 °C; 'H NMR (CDCl;s) d: 3.82 (s, 3H), 3.89 (s, 3H), 6.52 (t, J = 6.6
Hz, 1H), 6.74 (dd, /= 9.3, 6.6 Hz, 1H), 7.01-7.12 (m, 4H), 7.31 (t, /= 7.3 Hz, 1H), 745 (t, J="7.3
Hz, 1H), 7.57-7.61 (m, 2H), 7.69 (d, J = 6.6 Hz, 1H), 7.82 (d, J = 6.6 Hz, 1H); *C NMR (CDCls) d:
55.4, 55.5, 110.96, 111.03, 111.8, 118.2, 119.2, 120.3, 120.9, 121.1, 123.1, 124.1, 128.0, 128.36,
128.40, 130.6, 131.6, 132.9, 136.1, 156.2, 157.3; HRMS (ESI) m/z calcd for C21HsO2N>+H 331.1441,
found 331.1433.

1,3-Bis(2-hydroxyphenyl)imidazo[1,5-a]pyridine (13):

Brown solid; mp 152.0-153.0 ° C; 'H NMR (DMSO-ds) d: 6.83-6.87 (m, 1H), 6.93-6.97 (m, 2H),
7.01-7.05 (m, 2H), 7.10 (dd, J= 8.2, 0.9 Hz, 1H), 7.16 (ddd, /= 8.3, 7.2, 1.6 Hz, 1H), 7.42 (ddd, J =
8.3,7.4,1.7Hz, 1H), 7.54 (dd, J=7.7, 1.7 Hz, 1H), 7.87-7.90 (m, 2H), 8.12 (d, /= 9.4 Hz, 1H), 10.40
(br, 1H), 12.11 (br, 1H); *C NMR (DMSO-ds) d: 113.4,115.7,116.3,116.7, 118.6, 119.0, 119.3, 119.6,
120.8, 124.2, 126.0, 126.5, 127.6, 128.2, 131.1, 131.5, 134.2, 155.3, 155.5; HRMS (ESI) m/z calcd
for C19H1402N>+H 303.1128, found 303.1122.

9,10-dioxa-9a-phenyl-14a,151*-diaza-9al*-boraindeno[ 1,2,3-fg]tetracene (3):

Yellow solid; mp 281.0-282.0 ° C; 'H NMR (DMSO-ds) d: 6.93-7.04 (m, 6H), 7.08-7.14 (m, 3H),
7.18-7.25 (m, 2H), 7.30 (dd, J = 9.5, 6.6 Hz, 1H), 7.36—7.40 (m, 1H), 7.96 (dd, J= 7.7, 1.4 Hz, 1H),
8.15(dd,J=17.9, 1.1 Hz, 1H), 8.37 (d, J=9.5 Hz, 1H), 9.01 (d, J= 7.3 Hz, 1H); *C NMR (DMSO-
ds)d: 112.8,116.3, 117.5 118.2, 119.5, 119.6, 119.67, S4 119.73, 120.1, 123.7, 124.27, 124.33, 124 .4,
125.6, 126.6, 127.1, 127.7, 130.0, 130.5, 132.1, 154.6, 156.5; HRMS (ESI) m/z caled for
C2sH170,2N2B+H 389.1456, found 389.1452.
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3. M5

FBETRTFIT7 V=7 AL VOB FHEEICEE L7 RICH & ORI %2 17
277,

T FZ2T7V—=N[3]7 AL v TBILRIGTIE, ZD[3]7 4L v OfEMEED Schmidt
%72 L, B BURIC 2R 35 Ch s L BHL 2L o7z, S HIT, 2
BRI RLARA R (CIEE) 2322 AHLE, FFITV—1[3]27LL VD
3— FELRIGTIE, BIZ7 LV voRdDEBEBTEER_EFHGLI—FNIFLAVBRILT S
TeHREEERY, BABERKICIC X > TRY Y I AXRVEEERRIGONE Z E E RHL
Teo IDIC, BTBBERT Y —AEH OoERWICERLICT 22 L b LIk o7, T F
ZT7 V=517 LL vy DI — FERLKIGTIZ I — FERALKISICH K 7V — A ofinfs % £
v, TARVESKRE G2 LR R,

BB CIRIREEIC ST 2B THEE L ER L L 2 EER T HERERRILEYH O
FRREBHR ICHL 0 fHA 72,

DA BNV YFT7 V= AFERICEZT Iv 4 FiliftoafEcly, 7Iv4 F BEE
thkoJeorfdx Hit & L TGN A L7 DA BIx v 57V — L FERIE T RO =
HFRINGEZ AT 5720 CTh, REFHTTT InAF g EESKENFECEZ 2R
L7ze An-D-n-A M) 2= MEOFOCKERHE & A A A A X =PV 7 TlE, v V=
7 LA D K E W Stokes &7 b & THTIRINGE, KEMEEZR L, SEMfegEaiEE e L CFIA
AHECH B Z R R L7z, 4 2 X V1,5-a)€ ) ¥ VIR T %2 =+ v FZfER O & T
iE, THEZR AT XY B = EEIRAE 3 A K LA & L ChRES 2 2 & & R L 72, Hela
RS D Y i KR T OSEAMRES EEFEEROAER, I ba v PV TEENE LE®T ) 2T 4
vy 7o LCOIHPGTE s 2 L 2 RiL 7,

PLEXY, BiaE rRERIEICER T2 2 8T, 7 4L VEHOH - R bt 2,
ERICHICE T 2 BEER A HIRERBRLAYIE O S TREHEH 2R 2 LTI L 7=,
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E:if

AWFZENE, EERFRAEE SCImBRA8aE T Y E o R 7 L TAER AL EHREER]
Ao — 2 YEHEBILE AL, A3FERRICTITONZd DTY, KR ZEITIICHRY, %<
DIRICTHNITAEE £ L7,

KR EHED 512H7- 0 Al GEPE L A3 GEEE, 2 DO TR 2TV, 8% K dkd
ICTIRE W2 & E L2 IR L BT 9, 280 4 44 2 & L AT T AL G
THE KRRt A RE P LA 9e il (B Lop ) 2% AT (RESSEZE, [RIBFC ERahAm
PEN BB, FIFFEEBIE LK) S URT sod, MR T3 A3 FEEEIC CH
oz SH Rided, FFFEEmEdE il B seA, R EsdE I 25k
Jerk, FIFZEMERE KT Bt icsiaiichy £ Lk,

Al FEEORRD THEHE & LA eAdicidz 20 Y DA X %28 LTI 8I50 5
B ETCTIRE W2 E F L, ASFEOKRO FHEHE & L CHHEAICIXIER R
FEROFE, FEREBLENE TOME,» LMY E CIHRBEWALEE L, Al A3
MREEEIC BT, BIFEEHE & L C/UKTEAEIC IR ICBI 3 2 REETEAR D 72 0 o B
BARE WL B ELHEICOR Y 5FRTIRE W22 F Lz, ASFBEOROT N
AF—HB L L TRINEECIMEERPMERTOYEHFLEL CHEVAZEE L,
e, PARNEAICD RECOMGEEEZ Y R — P LCnizZ & % L, Lid6 /ot
FID X VIEHBR L BT,

AWTFE I RIEEE O LE, R, REOMNBPBEARRIRCTLE, FICE—-FEDOTFF7 Y
—n[5]7 s v oa— FEALRIGTIRZH MK, £ 80 D-2-A XV Y7LV
ERRFZECIRMA —EK, A-a-D-z-ARv Y o =7 2 CIIEL)I HEFR, 432
ZV(1,5-al v ) ¥ v IRGLT % FE0 Sk v RRADIE CIEREK KRERICS K i %
WEREEELACLOLOXVEHHBL BT ES, b FREAREE TR LT
Wz KR, EERE ORI OD X W IREHR L BT,

AMEZITIICHT Y a—RINDOBL S DFTLZICH Tk gd g L, TERFEKR
FHRTHAMRER AR A B T A IO = — 2807 Ak BELAE, Fl=a—2#K
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B =B Fed, Fla— 2B W REeEIC I EES X BieEiT, EEOmTE
MEEIC 72 0 & L7z, fER KRR EBA R E M T2 (B T2 ) B Wil M)A,
FIBFFEERBIE Rl BWERE T I RIN R ~ 7 P VRIECHHEEC R ) £ L7, fEKR
FRAGAL RPEREM THIE R (Y EIRE R A BIR  BoR FWed, R
M B2 58 MR ERHE, ~ A A A X =Y v 7 ERTcBHEEICR Y $ L, #EXR
FRAALLED 7+ b =27 RWPRFTRHEBIA BR  RBLECILE TR ER CHil
AR E Lz, UbEoRAEFCZoBE2ME Y TL X VEH#B L BT XS,

RIS, TNETRHZLITHDDIGHE L TS NAFKEITLA2OIEH L 5,

20224 1 H
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