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[%5 1 %] KRERWibEmMEFRLT 4 v

1-1. RERRALEW ORES

KERILEDX, SREOTBITIEWVEHREREEZ T 2 0D, i< biE
HEEDTEXZ, INETIELOMREICEL ST, vIarFxA Yy, R
74V FEOA R RERICEM DRI, FOREESHIERI ST S
7o 18, ZH LT, SHOREFENRANTRERRILEM TCHL I TU Y 2—TF
JUIE, 1967 4EIZ Pedersen 235k L, ARAEEFICIHWNTHF NI DA, U DA
BOTNAVERERET D EEWME L 4 £ 1970 FREME, 770
T—7 NVORRFHEERICESE, “tliCtE L& LT, = — e
v J A7 L= SVERRE SN, TAB T ERICIRS T, EBRERST T
— VL DO RO S AIEE & L7z (Figure 1-1),

Co)
(0] (0] |
/
o/ OH OH oH HO
18-crown-6-ether calix[4]arene

Figure 1-1. Examples of classical artificial macrocycles.

S HIZ 2010 RN BBUEITNT T, AEfbFORERIZ LY, Mobius 77 — R
> 7Lk (MCNB) 728, HFHERLOLWNIAT REEEZMHRT=> & LIzK
BRAL AN S EBHTE S iz 1218 (Figure 1-2) . 2 D X 9 I KRERIRL & D BRI %
%, BUEICBWTHEERFENR E LT, ERIIThIL TS,

Figure 1-2. Example of macrocycles composed of aromatic rings.
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1-2. RV T7 ¢ U DfES

ZIVE TICHA R REBRIMIEEMDBR SN TE TN, TOHRTHELT U
HUEFRRRKEBERICEWIL, £ OREEE & AEIER, $ERetErrEr, 1R
FEMRISOICHAOFREEN S, P CTIR L ZED TV 5D, BE ORI ZE SR
RN Lo THENTFLZERZAE L TCWDT720, B E I3 EA AT
DOFAEAERIZ L GeRT, 8o HbFERELONSEISHS N TNnD P

23

o

RIVT 4 VAL, 455D a—La=y MR 24N TAF UIRFEIC L 0 IERS
ENTREBEMREZARERILAEM TH D, AV 7 ¢ U 2 3E 72 L2X2 Y
T = MR (L2 LR = b, X1 LR =4 otk
:yk)kbf xR F A RN 5 2 & T, AmiEEi MR

[CHEERER 2RI L TWD, o FHIREEE ORI 5 5~ 20, B kic
B35 hrah ¢c EORNLVT 4 U VHEHR, MYONERICKNEATHDL /7 1
m74”%@7ﬂ)/ﬁi,ﬁ%%@TW74J/ﬁiE%W&LTﬂ%%T
V% 23 (Figure 1-3),

L: 2BEFHEEPHEI =Y +
X NBEFHER7 A VIS

- L2X2/Y (V7 =AVME) ABERCAIF
cINAAAR=I VT, HBRAEFICEEISH

porphyrin
Me
Me Me

Me  hc
heme b chlorophyll c1
[AEOPER N DIHERK

Figure 1-3. Porphyrin and natural porphyrin-metal complexes.



1-2-1. ANVT 4 U RO R

AR DOANLRL 7 v 7 ¢ VBT 2 A MCCHEEIZBE T 2009813, i< AT
bITEY, ZO—51E 100 FELL ERTIZM 5, 1864 4-1Z Stokes F, FEZEIZ2 D
DOHERLD a7 4 VINEENTND Z EE2BIE LT 20, $£12 Willstitter 51X
2O v T o VEHEEL, 1907 FETIZZ BT L VIS T XD T LN
GENTWS, Thbbruoa 7 VR X T LR THDHZ & Z2HG M
(2 L7222, F7=, Fischer 5% 1928 HZ A~ V OEERITHKRTI L T 5 2728
FEOIL, T r—BEEIIISEILE 2 2OV ER AT UMhBERIKIC
FVERTHFEEER L (Scheme 1-1), N H Y E T AT LI IR
vo— 7oy Mo iFEIN, ZORRICED T h T e — LEREHE
Z L7, %\ T Friedel-Crafts S/ SZ £ 57 Wk, Meerwein-Ponndorf-Verley &
T E DT Fr DT VT — )L ~DIRIL, 72H RT3 — /L OKZ#E THIBR
KThHdr7 e hANLT 4 U IX AR LTz, 5% 12 Fe(ll) & OEEREZRRIZ LV,
~IVOERICEPI LTz, 1900 FRAEEL D, FEHEODPRMVMHATE 7 v
T A IR D DOREERAT e b N E MR Z B U T, A7 4 U B E G
AL v r T 4 VOFEIAEERH G0, TG ORFSEICEEE L C,
Willstitter |3 1915 4512, Fischer 1% 1930 412/ — VUL REEZH LT\ 5,



OHC

Friedel-Crafts l Cyclizatlon
acylation
!\ M Ae
OH HO OH

o)

Reduce ketone
Dehydrate alcohol

H2
F (nn
—>
HO g OH

protoporphyrin IX hemin

Scheme 1-1. Fischer and Zelie’s synthesis of hemin.
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* 77, Woodward 513 1960 £l 7 a7 )L a DEFRIZOWTEHRE L T
2932 FEF LT, IZUDICHFREIKTHD ADEKERELZ, ~I U ARkE
FERIZ 2 2OV ER AT UL T NI — VEREBEST D FIEE2ER L

(Scheme 1-2) 73, WPIZ0E| L7~ = v b &k X5 5T, Fischer D~
AR EITR > TV, D AT U AEEGDER 46 AT v 7IZT A ZERK
L7z Z0%, ADDEILITEBOAT v 7 2B L, &M an” 1va
DR EIEMR LT-, Woodward |%, 7 r a7 4 /LbaDEAIZ L & LI-EME
IR A TRITB VTSR EEERE L, 1965 FI2 ) — VU LFEEZZE LT
W5a,

A chlorophyll a

Scheme 1-2. Woodward’s synthesis of chlorophyll a.



1-2-2. XFRARNLT 4 U >

BRROANLRHEN T 4 U LD X DT RKRICEET DR T 4 U D%,
FERIFROPEHANL T 4V o Th Y, A VICERELEER, 20X 5 73k
RIFRARL T 4 UL B ORT D8, 7an7 40 a X5 ICLEARANLET
bHHTD, BRPNETHLGENZ, TDIZD, GRBES THD Si Xt
DXV BHARNLT 0 ) BBELT 4 U UBIRICLIELIEHV LD, T,
5,10,1520-7 R 7 7 = =)LV T ¢ U AXARBFSEIC TER S D i B IRER 72
AVERRNVT 4 ) ThD, ZIVETIZ Rothemund 7% 33 <> Adler-Longo % 3
72 ERR 2 T B BUE D BIFE S AU TE 7225, KFIZ Lindsey B 23MfEST L 72 A i 35301,
BHLENESMEE LT RICHA SN TS, AFETH, BF; - EbO £7-1% k
U 7 A alig (TFA) 2 HWCHRLT 4 U ) —F o ik, 7rno=1Fk
X DDQ ZAbAlE LTHWD Z ETHINDA VEWBARLT 4 U FLRD

(Scheme 1-3),

BF; - Et,0 or TFA

CH,Cl,
(chloranil) (DDQ)
) )
R cl c CN R
or
Cl Cl Cl CN
) 0]
R R R
CH,ClI»
R R
porphyrinogen porphyrin

Scheme 1-3. Lindsey’s general method for the synthesis of meso-tetrasubstituted
porphyrins.

F72, 1966 4EIZ Inhoffen 512 & - CHI%E X7z 2,3,7.8,12,13,17,18-4 7 # = F
JVRIVT ) N, 1%%5’9&]’3-%@%]‘%:7]5/1/74 Jrd1oTh D38, ko
AVEBHELT ) U CIHEBRBRE D — L LT AT E REDKIEIZE > THED
No—7, B-BEHELT 4 U OBRE, offict FeF T AR LEELFT5HE
o —/LEAFIAT 5, @7 23 4- B 0 — L ARG, A VBBERLT U



ERBEDBRRIEIC LY, BROB-EHFRLT 4 ) RN G55, 234-BEHE D
— )L DOAEEEIZIE, Barton-Zard B — L& NI HWSLN D, HlxiX, =F
NAITT ) TET—re=raT7 T ORI e —L R E
W%, = FX VR = VDRI OGN 4 EREEZ1TO 2 & T, HHIDB-
%Tﬁ%’j‘/l/74’ U nfEoius (Scheme 1-4), RERGER, BRx E#f iy n —/L
DAERICHEATE D720 4, FHB-BEHRLT 0 U OERIHN ST,

Rl R?

Barton-Zard

+ [3+2]-cycloaddition Reduction
OEt ~ EtO / \
oé/\
+

N
11
C-
R2 R1
Rl R2 RY R?
Tetramerization
HO [\ -
N
: R2 R1
Rl R?

Rl = R? = Et, Ph etc.
Scheme 1-4. Synthesis of 2,3,7,8,12,13,17,18-octaethyl- and octaphenylporphyrins.

123, 72 L 7=

T7HEOTT =0, 4 OD T HEEA I RREZRR T CRBEINEEEA L,
HULEIEAR LT ¢ U AZEBRIL TV D, Ay 7131907 4R, 7 XA I KL
KEFBE DR S CAR SN FAORHMY) & L TR I 4, ZO%IBIEX
Y HI12-T7 R BB IO T A E HWT, 1,2-07 T X
BV (ZFu= NN BERTHEET, 74T =R R I T
H2 AT YT = O 1933 4EZ Linstead (2 KX - TH LM STz 4,

a7 =3, 77— MBI K VEBEREMKEE LTHE LN
%, HFIZ, Cu(l), Co(l), Ni(I)7x & DEBAE & OERIL, PE¥EEIEFICESR
Thod, BlzlE, 7% 7 =0T N—L LTHMbN M7 X as 7 =0, #
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RSO IR AR, B R OHIRIA > 7 72 ERIA<EH S TG, 74rv T =
DOELEE, WL ODDORREE “B Ik > TiThisd (Figure 1-3) 723, HIFEFEEIO
TR NENSPEE FEIMENE E o TW A ARETERIE, EARKT ZLEEE T X
n= kU ALTHD, THHEEREE, WINLHERET, o-F v L 2 b
HZ ETHLND,

)
CN
X X
CN 0
phthalonitrile Ahthalic anhydride

S
&*%

phthalocyanme \
0
NH,
NH, NH

0}
1,3—d||m|n0|somdolmes benzamldes phthalimide

Figure 1-3. Various synthetic routes of phthalocyanine.

WK 7 A NVERIRFERL, 7240y T = 8GR BERARETH
5o RPIETE, AT X VB, JRFE, B L O (CuCl, CuCly, CuCOs, CuSOs4)
PEY ST U (Y ST BT =L, ST TR ) FET
THAT 5L TEHELND ¥, —F72a= N LaHAWA5E, HFEIT
AT, WA EICEbL T 72 n= M) V&R TNET S Z & TE
%ﬂé 51,52O
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1-3. vm— g LA 74U AR

RNVT 4 U, M=y N ThHER —LOHKLK =y N O
BEEETH T L THREBILENAIRETH L7, TNETITERA 2B —/LRAR
N7 4 U A BRI TE I, IR VT 0 U i, BEr—r
BIOTATE FREDRINZEWESGIEOND ), TVTk RE&r Ml
EHTHZ & TEHELNT0F calix[4]pyrrole T 5 35, K4GFI1IRL7 1)
VERRY, XAROFMNIRRE & D LT, AP ORI BRZEE, HDHW
LT =F o R0A FoxtofmtAlE LTRSS T&E 7, £72, corrole [F4ERIC
BWTHERRERTHLEF IV By (AT V) OMRERTHY %, R
W74V A FEIZEBIT 2RENRDTFD 1 DTH D, Gross bliE, Er—/L
BIORCZT AT E REDRISIZEY, RILERRA S48 T corrole DEBES
FACEE L7 ¥, £72, Paolesse HILEPREFEHIC T R — /L7 HTNIN XT
VT B R corrole G KT 2 FIEL#E LT\ 5 8, LU corrole DE LR B
NTHERERHFR I B~ 2 WF9R1 375 381L L, norcorrole %%, corrole 2> 5 IRAE L7257 1
HZHBHFE EI TS (Scheme 1-5) 363,
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R

L2X2 type
0
I\ WLH
N " R R
H
pyrrole
R porphyrin
R R’ X4 type
(0]
RAR’ R’ R
—
R R’
R’ R calix[4]pyrrole
Ar R L2X2 type
L1X3 type
0]
Ar)LH RE
- —_—
Ar Ar
corrole R norcorrole

Scheme 1-5. Nitrogen-containing macrocycles based on pyrrole.

Nz T 2021 4F1Z, Sessler <° Inokuma & 13 3 &K calix[3]pyrrole DHALIZ DU
TG L7z ¢ Ro11%, EHEEE D KERILEYZ A%, mCPBA 7258
(Z Zn/AcOH PRI XV G DN BRIRA Y I b Wik T > E =7 AF, Paal-
Knorr B0 —/VEMIC LY B0 —VERZWET D 2 L TR LTz, AT DER
TRV — (T calix[n)]HKERIR T OHF THRKRKTH D728, TFA RN LD RE
E7RPARTH D calix[6]pyrrole % #% T, calix[4]pyrrole (ZZEHLFIHE TH 5
(Scheme 1-6),
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1) LDA N g 1) mCPBA
xﬂ)%i<fi7jxi<f17:&iw,. THF CHCl;
5 W/ v, P QY 2z

DMF — AcOH

00
o 0 NH4OACc
0 0 EtOH

calix[3]pyrrole

TFA
CHCl;

calix[4]pyrrole
Scheme 1-6. Synthesis of calix[n]pyrrole (n=3, 4).

Flo, WEARLT 0 UL, REL TR, B8 2RBNIRE e & DBk
RODEHED T2, MR K& 2BILAED TWND 87 B4 ANRKEL 725
E PRARNL T 4 VAT X DRI, S TNAKEREICE - T, HHraA
IVIRDOBLEZ & DA N H D 770, 8 o u— o=y FMEf L~
octaphyrin ¥8 (Figure 1-4) 1%, ¥ T /172 8 DT E LA T HIER LT £ U T
bV, HHEEREE A E TR T D, Bl A1, Vogel 51T PR Cu(ll) & D
EBaBIAE AL, TNUOERONERRMEERE I a~ N7 T 7 4 —I2L 05
BECx 2 LaME L7277, F72 Osuka 51, [38]octaphyrin @ Ge(IV) %48
PR A SR L, 8 DTFEE L MR LI BEMES & LTHA LA, F 7L HPLC
WX D DBENRFIRETH A EHHLMICLE B, Zokoicrr—La=y k
DOEEHERKSEL LT, BREERXS T VT 4 —%2 G H4EERLVT 0 U v
EERTHIENARETHY, - e RIEEREKELZFIHT 52 & T, 1%
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BRABEA~DISH 72 ERBIRF S LD,

Figure 1-4. The “8” shaped octaphyrins and binuclear metal complexes (M = Pd, Cu).

1-4. RV 7 0 U DOin

RVT 4 ) i b NCERSERIL, £ OO ZHEEMEND & F I kR
BHZN 72 &, 3R, T EL ikl B 2ikicble 20 CISHENTEY, B
TEIZHB W T HIEFR M 5Ext Gt & 70> T 5,

1-4-1. A L LCOIGH

RNV T 4 ) o AAFRERRNRAR =T X a7 = FEX, EEICEIN Tk
L CRRA e B IR STV a3, IT4E, BRI EM (DSSC) D4 %
IZBWT, A7 4 U aRENEEZED TS 80, LIS TSR E N
W3 %2 & T DSSC ~DISHICHE L7kt 2155415 818 2%, RrcHighR L~
74 U BRI, AHOEERAFLT ) taFEE LTUALFHESN TS ¥, =
NETIZHAENLT 4 VDA I KT —72 5N T 7 & 7% — {7 % S
5T, KEa BN SN ¥ (Figure 1-5), S LR 5 ESZICL Y,
LV RN XL ROKREWKRILT 4 U o AFELZHRETE DAREMENH D
ZENnD, BEIZBWTY, FERLIChT ATl TV 5,
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CeH130 Donor

CgH1,0
CeH130

o

C6H130

s

C6 H 13 0]
Figure 1-5. Example of porphyrin dyes.

1-4-2. FEMELE L TOISH

I L U COIGHZIRR Lo, ZHvE TITERE <IThiv TE N,
ZDOH T, HEINEH A A4 — F (OLEDs) 1%, < b EERMFIENSRE L TR
TR TN TN D 85, KRS, T RSMRFEI TR T 5 OLEDs ~D B0
2000 FARIZAD, BESTNS728088 =5 LT, 7 IRV KRLT 4 )
EIFUDETHE R — VR OBNICHIER LT R EREZA T ALk AR L7 4
Ui, REIMELE LTRERTEEZHED TE 72 399, 2007 412, Thompson
DIXEEA)T R T XUV RV T ¢ U RS, FIEE R 770 nm T2 TEARSL
AL, REERIGEIRIMERRIZIS 1T D OLEDs & L CHIH CT& % algEMEIC D
WTHRELTWD %, 1z T 2011 412, Schanze HITXHA) nftikA L~ 1V
VEEAERMEAR L, TORFEREIZ OV TN S, EEHELICL 2PMERBED
TR, —HEOAAAD) tihERL T 4 U AT, WRKIER 773-1022 nm O #i P
THItZ7r L (Figure 1-6), UT7R#+ OLEDs ~Ot & fam L7236k ke LT
D FIREMED R S Tz,
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Yo RYD
oﬁm o o
SLO A

Aem = 773 nm Aem = 891 nm
®p = 0.35+0.05 ®p = 0.15+0.001

Aem - 1022 nm
®p = 0.08+0.02

Figure 1-6. Structures of Pt(Il) n-extended porphyrins. Emission quantum yields
measured relative to zinc tetraphenylporphyrin (®r = 0.03)%8,

T, FTNANHRNLT 4 VO EIE LTOIRHEZ KRR L2 biThh
TWb, 1975 412, Gafi HikZvn 7 4 Ol A (CD) 725 NZHRE
6 (CPL) HREICOWTHIE L TRV %, X524, CPL FExH I Dk~
72X TOVRINT 4 U BT E I TTVN S 10 fil 21X, 2019 (2 Maeda <° Ema ©
X, RV T 4 VAT T T FIVEREEANLIZF T VRNV T ¢ U (Figure 1-7A)
EERL, KOG FIEATF LV BHORSIKF LT, VYV — L —HIC TV CD (n=3
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—6), 725 TN kem=650-715 nm {312 T CPL 288y (n=4-6) Z/x L7210, &7z,
2021 #:1Z Autschbach, Favereau 7% 5 TNMZ Crassous DA L7ZF T VRV 7 o
Dok, RUZ7 402 2 5Fna~loidEs a8 B I Es &
%o AOFBIEEEZ, V— L —#HEITT®BW CD, 725 N kem =670 nm {13
2T CPL Z#h %7~ L7 192 (Figure 1-7B),

A O ‘ R = (CHy),

Figure 1-7. Examples of chiral porphyrins with CPL properties. (A) Doubly binaphthyl-
strapped porphyrins (n=4-6). (B) Carbo[6]helicene-bridged porphyrin dimer.

XTIRILT 4 ) U OERKEIGIL, £ T/ 2= b OAEMERIZIR D 7220,
Z X 2018 4FIZ, Imai X Sugiura H 11X, WIRFICL>THF T VT4 —%f 5L
RVT 4V 2BIEEARL, AR CPLEBIZ R L-Z L2 HE L TWng 103
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(Figure 1-8), TOMUCH, F T AN FEAWIEMKIZ &5 CPL FiPEDHES 10 7p
&, CPLAMEZHEM LTeAR LT 4 U U EZE <AThbh T 5,

0] 0]

Figure 1-8. Structure of chiral porphyrin dimer.

1-4-3. fifi & U T OIS

WNT 4 U o E e LTS 2B, SkUDSEE =L MIDEEEZR & D
W7 4 ) UEBENHVOND, 254 BRI TEIC, DMF, DMSO, #E
BB IO Vuie COMMREETIC, AT 0 U v L &R 2RSS TR
JEEEDHZETHELILD 195

RV T 4V B REERORIEISH 2 R Lo Rstia sk <ithbihv Tk, £
O FEFEA LAkt 100, SEITAEE 107109 70 B 2207 5, bkt & LC ot H
IZBI LT, Groves b DSEERAIMIFEA & < FHlE S LT 104 223/ 51F, 39—
RINRUY o RBEFIE LTHY, WL 7 0 U kSR 2t s +54 17
4 DKL BN ZRF ALICONWTHE L TWD, ZTOHFT 1983 4T,
X TIALRNLT 4 U UEBERWZA L 7 4 DT RFIABICOWNTERE LT
W5 B R T 4 ) AT RS T TH LD, BRBERIIF T VT 4 —52F S
7208, BNRDIEY T b=y FOBEALCIAFT R EITL 5T, FT4LDF]
HET®H 5, Groves b1, 50,100,150,200-7 F T F A (0-7 X /) 7 = =)L)AR/VT 4
AT T FNERREEANTDHZ L TR IRV T 4 U UERADSEA Z A&
L, RKEEENA LT 4 VORFZRFIAMUICHEHTH S Z & 27~ L7= (Scheme
1-7),
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Me Me
Me H
NCH, [Fe-Por] R 0
toluene
67%
48% ee

[Fe-Por] =

Scheme 1-7. Catalytic asymmetric epoxidations with chiral iron porphyrins.

AWFFELARE, T ARV T 4 U U e@EEAR LTI Lo AT R A
DARGENE L < il ST D 1518 i 2 0E, 1992 4E1Z Konishi 51, F 71
ARNT T HRNVT 4 U EBLHEAERL, T~y (D) $EERRT Vo=
RE AL L THW S 1Y (Figure 1-9A) ., = O 1, Boitrel 135
L7 -7 el UEESLE AR RNT v RIS (K 19 (Figure 1-9B),
Nakagawa O3 A K L72 Ds RFRFZ LR 7 0 U 2 120 (Figure 1-9C) 72 Ekkx
IR TIIVERNT 4 U UBARF TR ALOME L UCRIH S 7,

20



NH HN

R = =(CH2)n- (n=2-4) etc.

R," R’

0/—<0
-3
0)_/0

R R

Figure 1-9. Examples of chiral porphyrin metal complexes used for asymmetric

epoxidation. (A) Mn(Ill) complex. (B) Bis-strap Fe(Il) complex containing L-proline
skeleton. (C) Ds-symmetric chiral porphyrin Fe(III) complex.

R’ = Me, Et, CH2OMe

XTNHRNT 4 U & RERERIH U7z S IR =R % ARICR S 7
VY, 2019 HEZ Zhang H1E, A7 4 U OAERZ2 DOF T LT I = k
2 A%, Co(ll) & DRI L W HIIDOX T )VFR LT ¢ U U EERE AR L 124,
AGEIRD, AF Lo ZANA LT 4 o ONIREIR 2 7 a T Abe b
T VY P AbicBWT, &7 Vit U CHET 22 2R LT

(Scheme 1-8) .
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H_ _CO,Et (R/A\(R)
©ACH2 poy e Lo \‘“AcozEt
N> PhClI
84%
88% ee
90% de

ClsC R/
\CHZ N 3 \S\\S//O [Co(P4)] ' N\S/OVCC|3
“N; PhCI Jo

94%

92% ee

[Co(P4)] =

Scheme 1-8. Co(II)-catalyzed radical cyclopropanation and aziridination.

T, HERF TR T 4 U A E VT AEEROSIZ BT AR b S S
NTWND, 142 IHIZTHAR=F F VR 7 ¢ U 2 (Figure 1-7A) OHERSEARIZL,
TRF YV FBIOZBERFBZ HOTZERIR T — R — FOEKICEBNT, 7
JUfiEE & U CRRRET 5 Z & A R L 72 101 (Scheme 1-9),
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Ph
+ CO»

1.7 MPa

Zn-Por 0.5 mol% (5-Ph
TBAB 1 mol% [\

5 o__0
50 °C, 24 h \[(
18% ')
54% ee

= (CHy)s

(D
W

(> "
O

Scheme 1-9. Synthesis of cyclic carbonate with chiral porphyrin Zn(II) complex.
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[ZE 2] "7 U A4 ROAIREWFZER X OWFE E Y

BT 4O =y hTHHE R — LA EEO~TaFEHE (U
Y, AV R—VE) AT S 2 LT, fEECENEER (L/X ) BT 5,
DI, RV T 4 U ATIEHA L NIRVEREZ R BLT 2 AR H D, 2N ET
e Yy, A R= )V r Ip~T a5/ RAEN 2=y FE LRV T 4
U /A RPRZHERFEINTET,

2-1. BV ERFRBE LAV 0 A4 R

Calix[4]pyridine |%, BV Vo 2L LIREMNRALT 2 /A4 RTHY,
1998 4£|Z Sessler LAFIDTEL LTZ 125, Ay7iE, 12-V A X x
calix[4]pyrrole D B 10— LER~D NN AFAIZ LY A L7z (Scheme 2-1), X
FfG AR IEMREAT DRE R, A FILEAIREEIZF5\U T partial cone D =227 o A
—Ya k& DI ENGNIoT, Calix[4]pyridine 72 b NI F OFE%KRIT, B D
FALOMIREICIV ALy T4 A—2 g U ARMICEL S L 2 ENAHETH
Do KOFORGLIRE, Zb05FICET M5t RE <R LT,

CCI3CO;Na

1,2-dimethoxyethane

calix[4]pyrrole calix[4]pyridine
Scheme 2-1. Synthesis of calix[4]pyridine.

F 72, 2005 412 Kanbara X° Yamamoto H1%7 2 / B U U U HEAN S Pd i
EAWTET V=T 2 ARG EBFE L, azacalix[4]pyridine &R L7 126, A
SFFEIER A R L 1Y, Cu(I) & OSERIZARIC K > TROEITREES L 128, —
U7, Zn(1l) & OFHARTZAIT & 0 FEFREE DS HER L 128129, Co(1D) & D4 BRI COs
RIS O L U THREET 2 B0 ik 2 ZREERERFMEDS I B 200272 o T D,
FREARS O —XE LT, RZNA—T70 2014 FFI2HE L 3 &E
azacalix[3]pyridine (X, ZDOH.LZERIZTT v b 2RI T 5 2 & T
FRIEFE L U CRIHARETH D 12, £ 72, EIRD azacalix[8]pyridine % & T oK FH %%
AL EREITEY, TOZERMIERI B NI/ o7z 133135 (Scheme 2-2)
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R’ CuBr
PhNO
Br~ N~ H’R 2

R = p-tolyl, p-anisyl
R’ = H or pyrrolidyl

Pd(dba)s <;:\T, \Tiigl
Xantphos Y
=N
@\ BuONa N
Z R
Br N N
H ~\N NN
R = p-tolyl
S N ' Me \E;:j/ Me
Me Me =
_ Y
Pd,(dba)s Me\g Me

dppp
BuONa — —

\/N N\/

Scheme 2-2. Synthesis of azacalix[n]pyridine (A: n=3, B: n=4, C: n=8).

1,4-dioxane

25



22. AV R—=NEH gL LAV T ) AR

2012 4£1Z, Shinokubo & 1% Ir fil 2 FIV N2 E B2 C-H AR v #EA4k 72 & TNT Pd filifi:
AW 2aZA 0y 7V o720 A4 R—)L 4 B{K tetraindole D& KK
LTco RO FIX X4 BB Z & 0, KA F— 2=y M EEEN DT
TN G L & 52, BRI TIEFRICRLETH Y, ERRETEH S
ik Uiz, =2 CTEHDIL, tetraindole (2% L C TBAF/Br, CALEE4 2 = LT, %I
DA R—/0 2 b, HULZERRIZ Ni(ID), Zn(ID),Cu(1l)Z e LB A
T D 2 & DI FREZR e 4y F A 1572 136 (Scheme 2-3),

‘Bu  Bypin, Bu  Pd,(dba);
‘Bu [IOMe)cod], Bu 3 SPhos
O N O dtbpy O O CsF, Cs,CO3
N N
H tol DMF
B H HN. BuOMe Br HN. oluene/

Bpin

‘Bu

0 L2X2 type

air-sensitive bench-stable

Bu Bu
tetraindole

Scheme 2-3. Synthesis of tetraindole (Shinokubo et al.).
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F7Z[A4IZ, Black BIXERLI T » 7V o T &4 LT EEHM tetraindole & &
%9 % Tk A2 wes U7z 7, RS Tl B O head-to-tail 7§ tetraindole (2R & 77,
head-to-head %! @ isomeric tetraindole & [FIRFIZAEHNTIRY, TOWNFEILT = =
SIS D EHAIEI KA L T2 (Scheme 2-4)

HCI
1,4-benzoquinone
CH,Cl,

MeO OMe
tetraindole (25%) isomeric tetraindole (18%)
head-to-tail type head-to-head type

Scheme 2-4. Synthesis of poly-substituted tetraindole (Black et al.)

23 RUVAIF =N EHBE LAV T 40U AR

AIEOA » R—/LRIZMAT, 42 F—/L 3 REREFICER S
VA IES =V ERHRKE =y FELERLT ) A4 REAREN TV 5D,
2002 #:1Z Taver 1%, 4 53 FDOX Y A I XV —)Lx = b % head-to-tail (ZHfE
L 72848 4 (K quaterbenzimidazole D& HIZES L Tl L7z B8, ARoy1i3, 2-7
X B3-= " RRFRERT CE=TKERPICT, EiEICIickY 23-07
2RBEBOT BT MMEEGHE, R D Al (PPA) AL LT 220°C
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[ZTHNENG 2 Z & TARL L7z (Scheme 2-5), X #kG Al ARt 28 O FE/ 2 i 1k
IREFITHOI TR T2, 'THNMR ([ CHFRAFZR KD 7 Fv (2H 43)
N6 ABHISNIZZ LD, FEHIL, 4 yrIiOR YA IFXY—)LNHDIH b,
2 7 FTIEERNES, 2 7 FTIEERIMEBICAIE L CWD &E& R T,

H
O.__OH i -] N N
10% Pd/C OO NH4 N HN<
NH, H2 NH,
5% NH3 (aq.) PPA, 220 °C
NG NH N
2 NH2 N N
) ) H

Scheme 2-5. Synthesis of quaterbenzimidazole.

2-4. EEDOA~T O BFFRTHRSINDANAT Uy REFELT 0V A ROBR%

ZERIRARNVT 4 U ) A FREFBEHEICE W T, 1 EO~T 0 B HFR AL =
v hELIESTICRGT, BEO~NTaERR CHERENTZRALT ) A4 F
HEE B INTWD, B, BV VU afilia=y R LA 7D » R
RILTZ 4V )AL RTHAEURLT LU A RIZ, VU EnEET 54
EEF—TICHET D EOLEREFED D, THEKRERTERZEDTWND 139,
5l 21X, Latos-Grazynski 513 2006 412, K7 4 U o Ol =v FhTHHE
02—V %& | 3 DIHE Y T4 LT tetraarylpyriporphyrin % BH¥E L 72 140, K
DFIXE T = A MR & UTRERE L, Zn(ID) & D ) I F A UBIGE R
T Fe(l) e DY AT A BIGERZIERT D Z EDRRA LN -T, Fz,
tetraarylpyriporphyrin 3 L, VU U UEROMELEZL LIV ERLT ¢
U VHRRIR LRI SN TV B2 B U RV ) ERIRIE, B
RVT 4 VrDO—FfE RIS ENTE, Fe(ll), Fe(Il)72 5 N PAID) & D4 &
SEIRTE Ak 2 ffeRB L 7= 14219 (Figure 2-1),

28



Me

Figure 2-1. Structures of tetraarylpyriporphyrin (A), para-confused (B) and meta-
confused (C) pyriporphyrin.

Fe, RV T7 4 U ERBROBNERZE DU RLT U 4 FHEARS
LTEY, 2011 £ Millen BTN —)L LB 0% 2 453 DBRIRICHE
fi LI REBRIEEM DG RIZOWNTHE L TnD WM, KoidFastazrL
723, Co(I)H F A2 & OFHEEARIZEIC L D IEYE L= (Scheme 2-6),
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Bu Bu Bu Bu

Scheme 2-6. Synthesis of Co(II) complex of pyriporphyrinoid composed carbazole and
pyridine units.

NAT Yy FRIFENT 4 U 7 A4 ROBRFEIL, B U PR FITRE R0, 1998
fEIZ Masaki BT, 4 5 FDora—La=v hDIH | HFhA IV —ILIE
ol 728 /) THHRNLT 0 U 200 TERK LT (Figure 2-2A) , % 7=, Briickner
56 2011 FZA IX Y —NEBEFLE) THERLT 4 ) OEITHONTHE L
TV % 146 (Figure 2-2B),

Figure 2-2. Structures of imidazole-contained azaporphyrins.
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2-5. Bf=ET¥ IR~V T 2 A R
ZOLERLVT 4 U A FOBRBEMZIEOH T, BiFEETiEx /U v 2k
2=y FELERSHERERRICEMEZRIE L, TOBRERMEEZREEL TX7-,

2-5-1. Head-to-tail #5% = / U > 3 #{K TriQuinoline (TQ) 72 H ONZ TQ kxR

x> 355 F% 2 fii—8 {if T head-to-tail (2% L 7247 TriQuinoline (TQ)
WX EEREE R LD, EORSAIE 2P LZERIZBWT T B N 2RI
HTDHZ LT, mOKEEE R LU, FF Ao Mr FEeE L CHERET D 2
& C, coronene 7 5 NZ[12]CPP & Z N ZF U 4y 85K 2 k3 5 fll, TQ,
coronene, [12]CPP @ 3 fli/) 5722 3 JLESADER b BIE I N, S HIZEDRE
WAEMEEFIHA L, TQ I hARA Y AT —8 T IEMLEZICH N7 DNA (2T
HA L HZ—H L —a L REER LT,

FTo, TQ AL LTERIK L ZHAEINTEY, TQ DFF /Y o=
v N ZFRFER - TG L7 =k T4 1 oxa-TriQuinoline (0-TQ) 8%, 2-fluoro-8-
quinolinol 2> HEFEMESEMFIZ T 1 TR TEKARETH Y, Cu () I T4 it
T2 & THRANS R AL a3 T 3 A= g BB LTz, 0-TQ/Cu(l)
X, n—-n/CH-=nf HAEH ZJ L T corannulene, 7 7 — L FHER 7 5 ONZ
[12]CPP LBy FoAZ R L=, F7- AIE (BEEREIE) FtEb A L, M
BN IR LTRSS R 20 Ui, I CTRBE AR, I &g e L
L7-filit & UCHERE L, gem-¥ 7 VA0 7L = AL EOSIC B WD TRERFH &
NTCW e Eli 2R T ORI L 70 D Z L IFRF SN D,

XHIZTQ Oifkr=y N CTHDHX/ V2 1 1EXT YUY (Q) ITEH
L7255 1 Q2Qz1' 1%, TQ [AEEH.LZERRIZBWT T v U EICHIET 5, A
1%, mAREAEH %I LT coronene & By oK AT DM, 4V d~—
EIZ &Y Q2Qzl D EZELANEMEOBEERY ~—%2 AFAHETHY, AR
~ —|% benzo[a]pyrene % f 772 PAHs WA+ HREH & L COISHDBHIRF S
%o MZT, MAIMEFFRIEZEB DN TEIEFEHZED TNDHGL VT RO — R
b E L COREMENRBINTEY, RELEERERRNED N TWD
(Figure 2-3) ,
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==
) x3 —
N - 70O~ VERRE

Quinoline - B LKA M
-DNAA 5 —HhlL—5—
TriQuinoline (TQ)

BRUVH—EA BR1=y T

= - Cu(l)##ig
= _>L:3$|)Eg|%1$ - B FEaEiZEL
BH TR - PAHSIRE
fh 5 S G4V AV K
oxa-TriQuinoline (0-TQ) Q2Qz1

Figure 2-3. TQ and TQ analogs synthesized in our group.

2-5-2. Head-to-tail #5 % / U > 4 1K TEtraQuinoline (TEQ)

BB T, EFEFR 4 B FERBERICE T VT 1 — 28 AT 58T
XTSI N T 4 U 7 A AR A B L T\ 5, £DOH T TQ & Ak &
L, X/ Vra=y 1 7% 52 L72Y RS TEtraQuinoline (TEQ)
BOpx, SERE U722 HRR 4 BEENL & L TCEDORLERICHE X e B T4
T 52 LML NIT L, TEQ HIRIXE AN LRI R2NH DD, Zn(l)
EDEERIERUT LY, MOVEIEREEZ R LI Z LG, ighH 7 o — 7% 3/
FA A= T~OISARIIFRF SN D, £72, Fe(DEE{A TEQ/Fe? ITMiKHE /2 5

NCEE RIS T A iyt 2~ L7z (Figure2-4), L72>L, TEQ B#&IET
XTI SaXREE A L TWADT2®, F 7 /U RICITE RIS A X0 xRt %
KT RERH D, £z, I 4 BRI & L THEIET 2R TERLT 2 U
EMEEZRIZL TV,
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» O >
+ =
D .
/U vEm /

TriQuinoline (TQ) TEtraQuinoline (TEQ)
- BT EEE - U RILBIEE
- 70~ VR - RESEHFA VR

- Ht/Zn2+ 5B MR EIE R

- Bk R/BRR{CaEEE (TEQ/Fe2t)
Figure 2-4. Difference between TQ and TEQ.

2-6. WF9T B HIds L OV SURERK

AR DB RV T 4 Uk, ZOSRRERENED D S F S E MR 72
S, ORI Be EITIEIA TR SN TE Y, BIEICB W THIER e
KGR L72o>TND, ZOFTARFMBEIIS CPL ME~DISHEfEm L, 7
U7 4 —Z8ALTZARNLVT U ) A RIS < G SuTun 2 99103118115
2425, FEXRTARPEANT 4 U B EREF LT ETHEMERMIIC L > TH T
AL 2% BERESC octaphyrin JES° Imai H DRV T V2 2 BIRD L HIZ, Er—
N = FOHEFECHAFICL > TERICX T U T 0 — 28 AT DA K
ThbH, ZOXHIREZOT, UMIERETIE, EHER 4 ERN EEBERICE T
VT 4 —%EATHEIKICIESE,  FAAESEEZ & DN EREIARLT 0 U A
FELUTTEQ #BHFE L7, LNL, BT L 9 IC TEQ BRI T F T /172 S,
KFMEEZR L CNDT70, 7RI ERILEANLETH D, £72, TR
Arf & UTHERET B A TRV T 0 U v El3EEN R > T,

% 2 TAMIGETIE, TEQ & [RIFR DN EE F 5% 4 FERUAL T & A fEFRr LoD,
XFITIVERE DT =AM 4 RN & L COMRER TN T 50 T OaIH % B
L, 1> F— (In) 250 FBLOF U > (Q) 20 FE2xAICHER LBk
4 FfK In2Q2 1, L5 NIR Y A I XY —)L (Blm) BEIOF /U o 2HEAEL
7ToBRIK 4 B BIm2Q2 2 @ 2 FEHDHHIANA 7V v FRRERILEWME T A
v Aﬁi L7, ZIK XCT %, In2Q21 4 5HNC BIm2Q2 2 ORFEFHERE, 72

(ZHFENT LD 0B L BB BMER O LR EMEICOW TR 5, £72, 7
}I/foeﬁﬁﬁﬁt%ﬂ%ptﬁfﬂf\@mﬁﬁ Zigm L, %@Eﬁ%ﬁs@%ﬂm BRI 7R B ONT A
FEALA - EER AR & OSSR ARIC OV TRGET L7z, AT, BIm2Q22 DX/
AIXY— )=y ME, BEERMEICIY 1 B3 EERFETTe b
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VBENIAEY) LT, RV A IF Y —)L NH ODBEEZR Y A I — LR
DNE EINBCTHRICEREIZISE L THE CE 2R H 5, £ 2T, 20897
= UMERL T2 N2, NH SR OB E T 5 2 & C, FHERNL & L
TOMRELENT DX 7 NMEN & LTHHATE 223729, [F—0 2
idJE T4 v, PSR KON T4 VRIS IR O W7 DR %15 2 44
DR LI TIT> 7= (Figure 2-5),

4 N\
) ') w KR

[ Ex5LEH

—>HNEHEMFIC LD
F LD RE
. porphyrin In2Q2 1 (Indolex2, Quinolinex2)
YT A VHERRTF VP A MERNT

BIm2Q2 2 (Benzlmidazolex2, Quinolinex2)
IF A MERAF RiEECAF

.

Figure 2-5. Molecular design in this work.

A SLOF CHEMUTLL T D@ Y Th D, (FUDITH 3 FEITT, In2Q21 DAL
IZOWTRRS, B, /U v 4 fAEEOBESLEAZE A L In2Q2 FHEA
DE TR B NS X S AR ST IC X 2SR EIC O W iRk T2, B4 ET
1%, n2Q2 DOWRIY - HeLhetk, SBISEIAE O K FIBRERRICOW\WT, HS5 &=
TIE, In2Q2 FHERD I ENCE L i, FFZ, STAVDT LA ) —=
VN K0 SBESAE  BLRRROICR A L2 2Y, ABETRTRE A S 2 R o T
Z &, DFT #HEAEOKRE, THRICK L UREEFERENME, S|RICTali27 82
LSRR ST RSB L TRk 95, 5 6 ECIE, 1 DKW EskERE 2 BET 5 [
REfRRZ RS L, HEREEAT I CEROBERILZE A LS EHA In2Q2 HiHE
REGRR LT, FHEFERG, CFENS X 20872 & NG BMER D
LEMEIZ DWW TR S, 8 7 32 TlE, BIm2Q22 DA E L OMEEHEEIC OV T,
% 8, 9 T TIX BIm2Q2 D EEHEEZ: & N AR EERTERIZ OV CRER T 5, &
%IZH 10 FIZT, Rl RiET 5.
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[ 3] Ao F—n/F /U Bk 4 EK In2Q2 1 DAL

3-1. B kS

2Q2 1 GIZ&H 720, TEQ AL P ik & LIk~ E R L7z, TEQ &
% ClX, 2-chloro-8-bromoquinoline & tHFEJFELE L, ¥/ U 8§ fii~D A FF
HANR=NVEEOEN, SA-EH I m ANy TV o 72K DF 7 U 26i~DT
=V ra=y MEA, 26 NTHEEMESRM T RERT X Mok v, gffkT
HLBRIRTTIRD ZH LT-, D 25 %, Movassaghi H23#E LT I K
ZRA LYY CUBRBOBEBEEAS P Z#EAT 52 LT, ¥ U 2 44601 p-
anisyl 2£ %38 A L7- TEQ #FHE A% AR L7- (Scheme 3-1),

N > —— N~ ~Cl O
Br MeO™ S0 MeO™ S0 H,N
A B C
e
~
N
o
— NH
)T

-z
A
D

Scheme 3-1. Synthetic route of TEQ.

AFETHE, 7T RCHL 227 Py (2-Cl-Py) FEF M) 740
AL AR CEEIEARY) (THO) 2 HWAD Z & T, REFIICTEHRELTZA X/
N 77— MR ZER LR, ST LR /=) — Lo —TF )V EDOKRISIC
L0, FEOBEREAEA LY D X ) UBERKRASRT 5 2 LA
To b (Scheme3-2,3-3), MMZT, A/ M) 77— MARDHEEEZ LE L
7, 1pot CREMIZAKARETH DA BENTGMRIEE VLD,
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J— . |
1& le\ﬁ X ~2-Cl-Py
R* 70 = ~TfOH
Cl ~ OTf
R2 R

| I
le\(/C \\R4 -TfOH R1 = R4
+

Scheme 3-2. Reaction mechanism of direct pyridine-forming reactions (at the case of

alkyne).
B ] OR
R® Tf,0 ot ¥ e
2 + 3 5
HN/\/R3 2-Cl-Py Hj\ll\)\/R R
.
z& IOINTX -2-Cl-Py
RY ~0 REA ) Gy¢| -TroH
Cl
R2 R?

Scheme 3-3. Reaction mechanism of direct pyridine-forming reactions (at the case of enol
ether).

T I CARRIGZE 2Q21 ARUICHEM L, kL LT2 0701 K=
E2 DT X REEEHRTHEBRIRUT I KN 6 5%, kX 2 U UBRIE
FREOSIZE Y In2Q2 1 255 FEE2ERL LT, £7 6 X, methyl oxindole-7-
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carboxylate 3 725 3 TRETO AR ZELR L7 (Scheme 3-4),

: Yo OO
_— N _— N
N H

MeO™ O MeO™ O MeO™ O

Iz

6 In2Q2 1

Scheme 3-4. Synthetic route of In2Q2 1.

3-2. HIZEEEF 3 DGR

AR S-2, S-3 25 NT 31E, WINLEEMTH S, In2Q2 1 O HFEJFE
THDH31E TIROT > b T =LA F L S-1 10 3 TREIZTEEK L7- (Scheme
3-5), 1L UDIZEEHR DG 2 IZHE, k7 v o —n, S-1 726Nk Kef v
T X U HEEEHE Z FHU T isonitroacetanilide HEA S-2 #4157~ i\ ClEMiES &2 W
TofE A G &V isatin 8-3 2 &k L 72 193, Bie % |2 M & #A isatin 7> © Wolff-Kischner
EITIZ L D oxindole /RS 2 H1E P #2512, S3 D3N AR=VHA A
FLAERTH LT3 HEMR LT,
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OH

E: OH
Cl (1.0 eq)
NH,OH - H,0 (2.0 eq)

H>504 H,S04
N.
NH, N& OH

H,0 H 60 °C, 30 min
MeO™ X0 95 °C, 100 min MeO™ X0 41%
68%

1) NH,NH; « H,0 (1.7 eq)
0o  "BuOH,35°Cto80°C,1h O

N
H 2) Et3N (50 eq) H
7BUOH, 80 °C 10 100 °C, 4 h 100" 0
MeO™ ~O 72% in 2 steps
S-3

Scheme 3-5. Synthesis of methyl oxindole-7-carboxylate 3

3-3. MEE R In2Q2M 1a DA AL

R EALY RN N =TT I EHWE 3D 2 7 ez kY
4 ZERAE, -7 ) Tz = AR BEOBAR-EH I Ay ) T X
D, ARV AONR=NEEET I K2 EZ0RIERTEMA S 268/ L7, 5 DBRIK
7 RMEICBA LT, &R - A OREICRFT LIRS, hro o
LiHMDS % W Z SRR W TS ET L, MR TRERS T I R6
BTz, BRI, BIROE U Pr/k ) U URIBES ST ERIAL, 6 & 2-7 1
YR BNT THO MBRICE Y A X U 75— MR Z R L 721%,
TF = =T b AW BB & 0 fEE A 1n2Q21 1a 2 15%
THR L7 (Scheme3-6), AKIGNMIIBUNT, la OMIZEEARTEZBEIE K%
BAERL TN, 2007 I RO—FDHRNX /U UBREK LT AR, 1
R—/L NH #0125t L T F L B = Lo —F LNt L7 ATREMEZE 23 2% 1 B,
FREECRISSNEAEMINCAE L2 & TIERMEMSMIIE T LZEE 2 60
Do
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H,N (1.1 eq)

K>,CO3 (7.5 eq)

POBr3 (2.0 eq) Pd(OACc), (2 mol%)

O  Et3N (1.0 eq) S—pr PPh3 (2 mol%)
N N
H toluene H 1,4-dioxane/H,0 = 5/2
80 °C, 22 hr 70 °C, 25 min
M J MeO (0] )
e0” "0 67% 95%
3 4

O ) O LiHMDS (5.0 eq) HN
H 0 0]

H,N toluene NH

H

MeO 0] -78 °C to RT, 100 min N
a%

6

1) Tf,0 (3.0 eq)
2-chloropyridine (5.0 eq)
CH>Cl,

0 °C, 15 min

2) Z0FEt (10 eq)
O°CtoRT,1.5h
15%

Scheme 3-6. Synthesis of non-substituted In2Q2 1a.

3-4. F U VAN B OEBILZE A LT In2Q2 FHE (K 1b—g DE K
AIEICCER LTZBRIRS T I RIS, KT AT X 7 U UBRIRICKD,
XU ANIMEEDBEHRILEZEA L In2Q2 FfFEAE2 Ak Lz, T/%
VO BAEAINS I T —BIZE VIR Z R L TR Y B RERRIEIZ L DI
H25-41% C—1HD In2Q2 FHE(K 1b-g 5 L7 (Scheme3-7), 7 ==/ Tk
F Ly EHWIEBRLAIKISIZ LY, IEE27%T1b 257-—F, LVETEE
2T TFNTEFLUVRLWNZ 42 F =T =Y —)L DX /) U VBRIEK T
VERSPED I B L, EHEN 41%, 34% DR T 1, 1d 24572, £72, a-F ==
NIEEEAN LT le DA LT, FHEEERBROEALAETHD Z
EMVIRE NI, AT, EFFEMERG T VX v & OBRILINEIGSH RIRETH 5,
a7 TeF LR bR bR TRF L EDOX Y URIEKIT,
FHEBRERmR T VX L TRISHERORCIE T LD 00, 2R Ei 25%,
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26%DULZRIZT 1, 1g #1572, TEQ TIX 4-=F =)L T = — /)L L DERIFIKD A
RO BT —T7, ROy FIXBRILOFFEEDLHR T2, 2R BT D]
BBThDLEEXT, LN T, RETLF RS T LEE SRR LTl
AT BaREMEN D D, Bl 21X, = MV ARKERZ A% CBRERK
S EEHT A2 ET, A F—/L (In) /7Y U v (Qz) BRIK 4 &K In2Q22
EERTEDLREER S D, ==y NOETIZLY, n2Q2 &I 2k
DORBENYFETE D720, KEIRCT IR 6 2R L-FE(kicky, &5
2 BISARBEBFS NS,
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1) Tf,0 (3.0 eq)
O N O 2-chloropyridine (5.0 eq)
N CH,Cl,
H yN 0 °C, 15 min
2) =R (10 eq)

H
N 0 °C to RT, 19-24 h
Q \ 25-41%

1f 25% 1g 26%

Scheme 3-7. Scope of the quinoline-forming reactions affording In2Q2 derivatives 1b—
g.
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3-5.1n2Q2 1 @ X Hks bk ik

AR LTZ In2Q2 358K 5 5, In2Q2Pmwhthyl ¢ [n2Q2r-anisy! 1d, In2Q20E 1g |2
B L TR LN HEERITOTNS TEQ LFRIROY NABNEE CH -7 (Figure
3-1), In2Q2r-isyl 1d (2RI LT, A > R—ERF e bNCx 2 U U EHRR
FEROIFEHIZFNZEN3.8A,47A THH-7=, £72, TEQ &L L TX D& D
RN TH Y, HREEALO L A (45.4°<TEQ69.2°) 2 HNIF /U
> AN IR FE AT O BEEE (9.7 A>TEQ 3.8 A) ICB W CHHE 72 75034 51U 7= (Figure
3-2), FFE X MRS ARRREMATIX, PEM LSRR TS B O AR 2 1 2K
HE L7,

avg. torsion
45.4°

Figure 3-1. Crystal structure of 1d. ORTEP drawing of 1d at 50% probability ellipsoids.
Color codes; C: gray, N: blue, O: red. Hydrogen atoms omitted for clarity.

42



vg. torsion
45.4°

] (avg. torsion
'y 69.2°

Figure 3-2. Crystal structure of 1d (upper) and TEQ (lower). ORTEP drawing of 1d and
TEQ at 50% probability ellipsoids. Color codes; C: gray, N: blue, O: red. Hydrogen atoms
omitted for clarity.

F 72, In2Q2Pnavhiyl 1¢ 72 &5 TNT In2Q20F 1g D A& I T, HAEEALD
P THAIZOD T RENRELNT- OO, 1d FREE OB OREX, TEQ &
LTRSS Th T, LTehR > T, BEADFEI D T OMIEICRELY KT S
rNEEZILND,

3-6. N- A F LAk In2Q2 #F K 7 DAL

2Q2%Et 1g (Zxf L, AKF T MV ULAFETI VLA TFALEZHNEL Z LT,
A ¥ =)V NH #2032 F /AL ST FFER 7 Z2 @R TRz, X ik
FEMTIC LY, 2 2D AFNUILIFRFAICAE L, L2kt KRS L 5 2
7= (Scheme 3-8), X ikt &faNTIZ, MAMLARFIEATAIZE R OARFE 2
TR L T2,
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NaH (5.0 eq)
Mel (3.0 eq)

DMF
RT, 3 h
62%

Scheme 3-8. Synthesis and crystal structure of N-methylated derivative 7.

AFVEEDRITFINCALE LTS 728, il 21X 2,6-bis(bromomethyl)pyridine %

HAWTE YU ) U —%8ATHZ T 5 JEENMTFL L THET 0T

(Figure 3-3) G0N L AREMEDRH VY, KERICTHEONIZARLITII 62 50
N FER MRS ORI T 5T D LB X T,

Figure 3-3. Structure of new pentadentate ligand introducing pyridine linker.
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3-7. O-leF AR L B % ) o U RIFREK 8 DERL
n2Q2% 1g 1Zxf L, mik F v U YU Emiis Ao T iz kv, %S
T HEIK8 # A L7- (Scheme 3-9),

pyridine « HCI

Oet 180°C,22h
78%

1g 8
Scheme 3-9. Synthesis of O-deethylated derivative 8.

BoNn7- 8 ICBAL T 'H NMR ZHIE LIofE R, Wl Lo s v 7 un
Boini (Figure3-4), ¥/ v R sNIx 2 Y ) — VBRI EEREORLR T
boZ D, WK AR BEMEERDOFERIGNE LT EEZ bND, K
IZ DMSO-ds 1 CI, 2 fiHO AZRMKESY THEL Tz, — Iz, ¥/
0y 3NKFBOY T F T A-F ) ) —)V 3AAKRBITEEART LY Sk (6
ppm £1UT) (Bl &AL D Z & 156, 1BC NMR (2T 180 ppm fHITIZ VR =)L iR 5
HkEEBEZOND VT FANBRIENT-Z &, A TIR AT ML T C=0 f#
AR (1700 cm f31) Ov—27 Z8BLAI L 72 Z & 5> 5 main product |% Scheme 3-
QIR TXH /T HSD EHW L7z, —J7, minorproduct & L CEH =7z
T FIIRFER RN TEBY, MA TR/ ny 3 fiAkFERKEEZOND TS
TV E 7272, minor product (X8 D 2 53 FDOF /aDO—5RF¥ Y
J = NWHRITHEHEL TS EE 2 7= (Figure 3-5),

81X lag LR XA RORINIEEXAE & D, LA - T Si, Sn(IV)% 4 ffi 7 5
Fo & ORGSR 72 SITICHTE D A[REEN H D, £70, BNEZ M 4
O NH ZFHL, FLERADOT vRET =4 L EAEY A XD/ WT
=AU EWIRTARA Ny LCHIATE 2R L H 5,
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DMSO-ds

[N ATV YO ) T P §

MeQOD
%l JJ\J_U |
B R WY NN T

7

acetone-d;

RS TR B

120 10 80 70 60
(Ppm)

Figure 3-4. '"H NMR spectra in different solvents.

Figure 3-5. Structure of main product 8 and minor product 8> in DMSO-ds.
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[55 4 ] In2Q2 FHEARDWUN « d 4R X OV B s A

i A B AT 72 WY - 52 YRR

AR L7Z In2Q2 FER 1a—g, 72 5 NS N- A F 4k In2Q2 #FE K 7 12BIL T,
7 b= F UL CEBETRAT U7 RIUREM: 2 U 7o, W & 13 307
—342nm, TR () 1 1.46-2.95X10* M cm™! Td > 7= (Table 4-1, Figure
4-1), EhECHERE1Z, HOMO 7> 5 LUMO ~D&EBIZ X - THIHARETH Y , HOMO
ITE DDA > R—)VEB EIZEP L TWD—F, LUMO ~DiERIZ LY
XU VERENEBEIL TS (Figure4-2), L7eB->T, £ R—/LERNLF
IV VBRSO FNEMBE) (ICT) BREBREICBNTEE TS EE XL
%o MATEBIKF 28RO R L, SR R 456-527nm Th -
7= (Table 4-1, Figure 4-3), MZ T, T _XCTOFERIZB W TH VBRI EEZ R L
oo AU, O FBEERPEIERENE RS20 o 72 TEQ TIEA BV WEFE T X
T RERFMTH D, BEHT In2Q2H1a 72 b NI HEFRMEERLEL - > 707
ENAEEFT S In2Q2 FHERIITIVIE S E2 7R LTz (Dr=2.5-4.6%) —J7, In2Q20%
1g X7 F=hULHIZT O = 11.6% EmWVELEETIELZRL, i LT
IR R EMANC 7 F L, Z0UE, /7 U VRICEA LTS T b
U (BULGMEEBRIL) 12X % LUMO @ E&H (HOMO-LUMO gap OHE/N)
725 N IR R IR OIHENCERN L TWD B2 BID, AT, 7TiX1g L
BEOESFEE R LT,

Table 4-1. Photophysical data of In2Q2 derivatives 1a—g and 7 in MeCN solution (20 puM
for absorption and emission) and solid state.

in MeCN Solid state

Compound g Nabs Aem b Aem Ol
M*tecm™)  (nm) (nm) (%) (nm) (%)

la 2.46x10* 340 480 4.6 473 2.2
1b 1.57x10* 342 507 3.0 507 4.2
1c 2.38x10* 338 517 3.9 507 4.2
1d 2.67x10" 314 494 3.7 465 3.7
le 2.25x10* 314 527 2.5 512 3.1
1f 2.95%x10* 340 475 3.8 473 3.1
1g 2.07x10* 312 462 11.6 456 5.8
7 1.46x10* 307 459 13.2 443 9.8
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Abs.
15

0.5

0

250 350 450

wavelength (nm)

Figure 4-1. UV spectra of In2Q2 derivatives 1a—g and 7 in MeCN solution (20 uM).
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5 A7

0 =
In2Q2t 1a In2Q28E 1g In2Q2pshis 1d
< b H— H—
L 4 - 79% 77%8 43%
- f= 0.5508 f= 06917 f= 0.4516
386V 392 eV 3.79 eV
8 =

Figure 4-2. Orbital levels of first excitation states of In2Q2 1a, 1d, 1g at the CAM-
B3LYP-D3/6-311+G(2d,p)//6-31G(d,p)/SMD(CH3CN) level of theory (isovalue = 0.04).
H and L denote HOMO and LUMO, respectively.
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Fluorescence intensity (a.u.)

20

10 —1

380 460 540 620 700

wavelength (nm)

Figure 4-3. Fluorescence spectra of In2Q2 derivatives 1a—g and 7 in MeCN solution (20
uM, excitation at 360 nm).

4-2. Zn(I) 7 T4 & O HEE RS AT K

n2Q2 FFHERIZKT L, KN - BERERE I T4 & OSHATEEKIZ DWW CalfE
BIZIRF L7z, Zn(I) B T4 E#NE L, THEO&REEAEZ 525 2 Enyho
72o Zn(I)DAth, TEQ 2 THEARZ L L 72 Cu(ll), Co(Il), Fe(Il), Ni(II), Pd(I1) %7 7
F v, Mg(Ill), Ca(ID)ZE D7 v ) Y, 72 5 NS Pyl), H(IV)F DEBR R
N FF L ORI bR L2, Wy KSIEE T Lo 7=,

4-2-1. TVESESEA 1d/Zn, 1g/Zn DATK - HEEZA(L

VR « S O S RIS K Y, THF A LS S NS -7 F LU F o
L% W52 B0 T In2Q2risy/Zn(11) 1d/Zn 72 5 NI In2Q2°%/Zn(11) 1g/Zn
ZZNEI 18%, 54%DUERIZ THA L7z (Scheme 4-1) %7, 1g & 1g/Zn @ 'H
NMR A7 hvEET D E, &/ U2 3,772 bNIA > R—/v 3,6 fLH Sk
DY T FIWITIERBEAINC > 7 F L CWe—J, o> 7 F i@l ~o v
75, BDOWVIIIEIRENTH -7 (Figure 4-4),
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"BuLi (3.0-5.0 eq)
ZnCl5 (1.2 eq)

Y

THF

-78 °C to RT

1.5-2.5h
1d: R = p-anisyl 1d/Zn: R = p-anisyl 78%
1g: R = OEt 1g/Zn: R = OEt 54%

Scheme 4-1. Complexation of In2Q2 1d and 1g with ZnCl,.

() 1g in THF-dk

[

(i) 19/Zn in THF-ds 3
5
| | |
80 75 70 (ppm)

Figure 4-4. (i) Partial '"H NMR spectrum of 1g in THF-ds. (ii) Partial '"H NMR spectrum
of 1g/Zn in THF-ds.

F721g 72 HONT 1g/Zn O X Bk satEfITIC L0, mME &b G IFRED Y
NABIRESE 2 LT\, 1g @ 4 DOEFZRFHIXIFITHFmRICoMm LT b
[ZHBEID ST, IMNLE R OBLEILFE — M Z W TWRW D, SR TFF
DI FTHD EEZBND, L, 1g X Zn(l) D F 4 > Z4life U p i
IR 1g/Zn & 5z 7=, WSS MLIC LV, FaEEERN b MTHIL, A D
A R=N7ebNEF /U CERFE ORI ENEI39A 05 38A, 4.8
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ADB a6 A LS hoTe, FLBEF MDY A XH 49 A NG 46A L/hs<
72> 7= (Figure 4-5,4-6), HIMEIZ CEAS NI INLE T D KRR FHRO > 7
FADPMERESNZ > 7 b LTc DI, SR RIS WV X5Ha/h L, b hsd
HKFBR N = MBI L2 & Tl R E2Z T -0 E 25
o, Foni-fliaiEx, oafetkse XLz,

Figure 4-5. ORTEP drawing of 1g at 50% probability ellipsoids. Color codes; C: gray, N:
blue, O: red. Hydrogen atoms omitted for clarity.

Figure 4-6. ORTEP drawing of 1g/Zn at 50% probability ellipsoids. Color codes; C: gray,
N: blue, O: red, Zn: purple. Hydrogen atoms omitted for clarity.

F7o, WSRO EIBEEZ R, 1LUOIZ 1g & THF-ds IZHEEL (1), -
78 °CIZTC n-7 TV F U LAEFME, 30 0 L7ZK A0 'TH NMR Z2H|E L
7= (i), &5, HEACHESTINIS 1.5 B o 'H NMR bHlE L7z, Z O
B, n-7TF N T U LENMEESRTA » R—=/VNH DY T FARERL, I
U7 B Uz, A CTHALTER RIS 1.5 FEfif% O 'H NMR Tl O
1g/Zn &> 7 Fmin—E L7 (Figure4-7), L7~ 7T, UF U LGEKREZRE L
Te USRI IZ Z 0 digheiih 2 G- 2 T & B2 bl b,
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(i) 1g in THF-ds

I II_IU\LI

(ii) 1g + 3.0 eq of nBuLi in THF-ds
L l L
LJM L.

110 100 90 80 70 (opm)

(iii) 1g + 3.0 eq of nBuLi + 1.2 eq of ZnCl;z in THF-ds

(iv) 1g/Zn (after purification) in THF-ds

(i) 1g in THF-ds

1 uu_mum l

(ii) 1g + 3.0 eq of nBuLi in THF-ds

[ I |

(iii) 1g + 3.0 eq of "BuLi + 1.2 eq of ZnCl; in THF-ds

[ O - I .J'LL__AA_@LM_

(iv) 1g/Zn (after purification) in THF-ds

------------------------------------------

Figure 4-7. (Upper) 'H NMR spectra of in situ experiment in synthesis of Zn complex
1g/Zn. (Lower) Partial "H NMR spectra at the range of 6.5-8.5 ppm.
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4-2-2. HESREEARACATAE S W « O~ DB

HEERSE LI LEY Y, In2Q2ranisyl/Zn(IT) 1d/Zn 72 5 TNZ In2Q20%/Zn(IT) 1g/Zn (%
ZAVEFL 372 nm, 366 nm OWIRKSE K2 L, $EAEAT & b TRERMIC
7 M L7, MMAT, EAEAREIT T M4 L7z (Table 4-2, Figure 4-8, 4-
9), ZOFERIE, TD-DFT FHEIZ L Y HOMO-LUMO gap 7303 2T HE/ N L 72
E—EHLTC\W5b (Figure4-11), —J5, 1d/Zn X7 b= F U A HIZCTHEE RS
7o de, HERADSEMRIL, BUAL - OFEE-CENAESICR T Lot (1
— Mg iREh &, CHEF 255 %10 F 7 13 eiss (BJEfs & i s it
12) Z5l&E 3, HEANH T A T LIE UIX CHEF iR A5 & 23729
BEARAGIZIEWEER IR SN D Z N\ 168, LavL, WlEZe Y O 2 REAL
F1ZF T HOMO-LUMO gap D/ N itl#zuatﬁﬁm@%ﬁém5%?wm%
B4 LTedo T, Ko OEIEIRIEIZ 31T 5 9655 1X HOMO-LUMO gap @
fa/MIERL TS EEZBNLD, ﬁ BARREEO SO E TIRIT 1d, 1g &
HICEWIRIRIEL D b R& Do 70, MIER Y Y UV REBINFI2B W T, skl
(ZFEVY, BEIRTORICEEFRERICHR (AIEE) (2 X > TR SN D560
2 16 7=, AT bIEBEIC AIEE (2 X 23RN A © TV 5 afREME 25 2
2o UL, BERREEDE AT FL (Figure4-10) LV, @658 TR KT
STRELIEFIT/N I W, st EFIEROEN EMETRWATRERH D, D
FERI, OFBEERTEOEREE RS2V —T7, Zn() D F A ORI L 0 ot
WA 7R TEQ & IIxfATH - 7= (Figure 4-12), TEQ (X 4 DD EFH LR
TRIEHEREAMEOBNIAEAS THEEH L TWD—7, In2Q2 1314 > R—/L4EHk
JH 7 LSRR T OB CHARBEZ R L TWD, ZILHRAEEROENDY, 5K
TERRF DOECHFFEIC B L KT L TWD EEBEZX NS,

Table 4-2. Photophysical data of In2Q2 derivatives 1d, 1g and Zn complex 1d/Zn, 1g/Zn
in MeCN solution (20 uM for absorption and emission) and solid state.

in MeCN Solid state

Compound 3 Aabs Aem O Aem O
Mtem™)  (nm) (nm) (%) (nm) (%)
1d 2.67x10* 314 494 3.7 465 3.7
1g 2.07x10* 312 462 11.6 456 5.8
1d/Zn 1.77x10* 372 N.D. N.D. 580 4.5
1g/Zn 1.13x10* 366 575 6.1 548 13.2
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Abs.

0.5

0

250 350 450 550
wavelength (nm)

Figure 4-8. UV spectra of In2Q2 derivatives 1d, 1g and Zn complex 1d/Zn, 1g/Zn in
MeCN solution (20 uM).

Fluorescence intensity (a.u.)

20
o T
'!, \\. - ]_g
! 1 ——1d/Zn
! L} ——1g/Zn
10
0
380 460 540 620 700

wavelength (nm)

Figure 4-9. Fluorescence spectra of In2Q2 derivatives 1d, 1g and Zn complex 1d/Zn,
1g/Zn in MeCN solution (20 uM, excitation at 360 nm).

55



Fluorescence intensity (a.u.)

10

380 460 540 620 700

wavelength (nm)

Figure 4-10. Fluorescence spectra of In2Q2 derivatives 1d, 1g and Zn complex 1d/Zn,
1g/Zn in solid state (excitation at 360 nm).

56



_

In2Q2H 1a In2Q; I‘—‘1 In2Q2panisy! 1d nZQIon(I) Jn{) nZBI!Zn(}
H— H—+ = 9 H—U g/Z

2 4 79% 77% 43% | 82%
Y f= 0.5508 f=0.6917 f=0.4516 f— 0 4830 f= 0.5199
3.86 6V 3.92 eV 3.79 eV 353 oV 357 eV

f‘- O 5176
3.63eV

Figure 4-11. Orbital levels of first excitation states of In2Q2 1a, 1d, 1g without or with
Zn?*" calculated at the CAM-B3LYP-D3/6-311+G(2d,p)//6-31G(d,p)(SDD(Zn))/SMD
(MeCN) level of theory (isovalue = 0.04). H and L denote HOMO and LUMO,
respectively.

In2Q2p-anisyl 1d

Aem = 494 nm, O = 3.7% =0

(in MeCN) / no photoluminescence
Zn2+
complexation
: j \ TEQ/Zn(11)
anisyl
it A = 474 0m, - = 43%
(in MeOH)

Figure 4-12. Contrasting physicochemical properties of In2Q27-*"! 1d and TEQ in
response to Zn**,
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[%5 5 &1 In2Q2 & EA D5

FFENL, A ORBE BTl CHETH D, flXIE, MrAzE
A9 B AEARBLAL ST D BINOL I3, Bk 2 e A F B S ISR ST b,
BINOL (ZIE R & & S A0 2 FEHD BUG BNARDFAET D BB E 3w
BETH Y, MFETT o F BRI LSRR OMEANL T & L THEET 5,
FHORLE R T TR I FORG, SHEERMEKE ST 2 2 L TR
FH (CPL) #EHE L CHERET 2 TREMED B 2,

L7z o THRESENX, ZHEICBOTRNT 2 EDOTERWyBERIcH
0, ZZHHFEOMISEESFNCET 2EMIERE LWESREZRT CTE e, 7
nv 7T 7 —yBEE, SRR TR aEIEE LTRSS TR, Fl
BOREWMRTFIEE LT, T v@digiks n~ 2777 1 — (chiral-HPLC)
16, FR7mw bTT 74— (GC) ENEFLND, ZhbolEE LAY
OPPEITHR IS L CHEENEINT 5 2 & T, fEIC I RRMEROSBER FIRETH
%o HFIC chiral-HPLC IXMRHEMEN & <, — MBI S D 0BHETH D,

RETIEARL L7 In2Q2 FFEKIZBI LT, chiral-HPLC (2 X 2 Y540 E) & 3 2
i, FRT 5,

5-1. In2Q2 FHEIK 1d, 1g DIFE|DMFEL

n2Q2r#nisv! 1d 72 & TNZ 1n2Q20% 1e \2BI L T, chiral-HPLC % AV 5 = & T/l
FERNC S BES I A0 LT27S, DBEICE LA o7 (Figure 5-1,52), ¥ T 070
TEAY Y == TS S A VTR L, FE L TV iziingz,
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Chromatogram 1 : IA-3 Chromatogram 2 : |1A-3

THF =100 n-Hex / THF =70/ 30
@ 7 1
S ] = - 8
T 2] 3
5] I
> g E > g i
S ] o |
] ] <]
8 o]
o T T T T T T T T T T T
0 2 4 ) 2 4 6
Time (min) Time (min)
Chromatogram 11 : IB N-3 Chromatogram 12 : IB N-3
AE =100 n-Hex / AE =70/ 30
1 3 o 2
- ol %
o~ 5 e N
o D
> > Q1
8]
_ 2]
8]
= 8]
o T T T T g T T T T T
0 2 4 <0 2 4 6
Time (min) Time (min)
Chromatogram 21 : 1C-3 Chromatogram 22 : 1C-3
DCM =100 n-Hex / DCM =50/ 50
© ] i
S 7 o T N
Sl A © | <
E v S N
> g—; >3
<E 1
¢ =
8] o
o T T T o T T T T
0 2 4 0 2 4 6
Time (min) Time (min)

Figure 5-1. Results of chiral column screening for 1d (Temperature: 25 °C).
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Chromatogram 25 : ID-3
THF =100

o~ »
o] S
2] 1
>3
o]
< ]
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N
o |
o
o T T T T T
0 2 4
Time (min)
Chromatogram 35 : IE-3
AE =100
o | &
S ] N
] <
o
=2
<
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N
o -
o
o T T T
0 2 4
Time (min)
Chromatogram 45 : IF-3
DCM =100
o] 3
= ©
o ] N
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> © |
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< |
o
N
o
o]
o T T T T T
0 2 4
Time (min)

Figure 5-2. Results of chiral column screening for 1g (Temperature: 25 °C).
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5-2. DFT #H5LIC X 5 SCHRFRRE O bt

FINART Y == TIZBWT, FEERRRFRTEBAONSRho o R %
52T 572012, 1a 12B LT B3LYP-D3/6-311+G(d,p) L'~V T DFT #H4
AT\, XHRRERE (flipping energy) Z#HH L7=, ZOHEE, TEQ & OHEIEFALL
PN BE 2 LD PAIC LT flipping energy 7% 16.6 kcal/mol & FEFIZ/NE v o
7= (Figure 5-3),

AG (kcal/mol)

TS TS
15.0-
10.0-
5.0 -
8.0 saddle mirror image saddle
' +0.0 +0.0

Figure 5-3. Calculated flipping energy of non-substituted In2Q2 1a.

A1 DERKHERIY, =R/ F—HA OV ERRIREE 72 b N E LIS 2 1%
HLTAEL D, Ao TOA, RBKERICEELZ RITTERENEA I TN
TmOBRFIHENRE T EEZ LD,

L7235 T, HFHENT X D082 FTEE & 3 D IR E A~ D E LI EA 1T
L0 KHEREEE A ) L XM ERSH D EE X T, AEE TICHE LN RIZE
D&, KisfEEED M AR L7c ZEHEA 2Q2 FHEKREZ A LT-7od, WE
IZCRER T 5,
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[%5 6 &=] KinfEEED M B2 B L= E#HA n2Q2 F
KDOE R

5
4

-1 BERT A 2 - SRR
BRI ORI HT2D, A F=VRRLNIF /U VEA~DOBEHEEA
(2 D KHRFEREA~ DB EZIH 5T 5720 :, A ¥ K= 3 (LR OE#
a3 55RO flipping energy % DFT HHEIC L W HH L7- (Table 6-1),

Table 6-1. Relative inversion barrier of In-3/Q-4 substituted In2Q?2 derivatives calculated
at the B3LYP-D3/6-31G(d,p)(SDD(Zn, Br)) level of theory.

R! H H H H OEt OEt
R’ H Br Ph Cy H Br
inversion barrier
(kcal/mol)

16.2 24.0 24.2 25.1 16.7 24.2

XU AN ~DOEBILE AL, flipping energy D[] EIZIZIFE G Ligh- 7z
I, A RS ORBIERALL fipping energy DI LI THIATEH
B2 EMREBENT, Fim, FULZEBEA~OH NI flipping energy (ZH B &
XX oo,

FENWT, A R—=L 3 bW x /Uy 3 (LICEBREEZEAN LTSS D
flipping energy %z DFT 5 X W B H L7 (Table6-2), ZDFER, > F—/L 3
LB KO/ U 3O T IZEHRILZE AL E A L7256, flipping energy 73
mETHZENThoT,
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Table 6-2. Relative inversion barrier of In-3/Q-3 substituted In2Q?2 derivatives calculated
at the B3LYP-D3/6-31G(d,p)(SDD(Zn, Br)) level of theory.

R H Br H Br
R’ H H Me Me
inversion barrier
(kcal/mol)

16.2 24.0 18.8 25.8

Mz T, £ F—= 3R bTFx /Uy 7 CEBREAEALESEEGO
flipping energy H T L72AER, 4 R—A 3B LUNX 2 U v 7O FITE
HatL A8 N U7=34, flipping energy 73K < [a] | L7z (Table 6-3),

Table 6-3. Relative inversion barrier of In-3/Q-7 substituted In2Q?2 derivatives calculated
at the B3LYP-D3/6-31G(d,p)(SDD(Zn, Br)) level of theory.

R? H Me Me Me

inversion barrier

16.2 26.4 49.3 45.3
(kcal/mol)
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UL EDFER DG, EREERALIT R 1T 18 a5 238 A~ % Bl 78 RCHR Rk oD 1) |12
%wf@%mﬁhék%zto%_f,M)4/b=w3uki0%/J/3
MA~DBEHILEN, 725N B) A v R=A3MBLOF /U TAL~DEH
FEAD 2 SO AZEZRZ L, XfIHT 2 LEHRMN n2Q2 FHEkrznth s ¥
A4« ARk LT,

HERS A TIE, -7 rERXRZ A I F (NBS) #HWieA v R—L 3D
a5k, S N T AU EHWES 2 U UBREARNICED X U VU 3NMIEE
DEMILEZEAN LT, RIS, SA-EHI/7eAhy T T2 Ay R—b
3O TaERELATEOT U —/VHEICE#R L, BROZERS n2Q2 354 &
fk L7~ (Scheme 6-1),

A4V R—=)LIMNDOBLEEA

NBSIc & 5Brit>ArEA D2
Br l

=) 0~

N N
o} "N 0 o " HN o

NH H NH H RlI——R2 R1

N N RE7ILF v

(O 7 H<

/1) V3MAOBREEA
REB7ZILF > ZFABLTIcF/ U VR

Scheme 6-1. Synthetic route of strategy A.

AW CARE L7238, 26 3 FIZ niL L/f_ n2Q2 FHER 1a-g Lk L

TH2=y b 3 fIEALLEBREOREBICLY, RBREEFFICHEE 2= &
DINARKENECD EEZBND D, }iﬁzsﬁﬁﬁ’é’%@rﬂiﬁiﬂ;ﬁﬁ b,

— IS B TIE, B3 FEICTARLIZ 4K L TATFVEEZER T =) v
=y heA-EH I a Al vV I VEAE, BIRT I KB, NBS = H
WizA v =L 3 (D7 aEll, L WNCKEFRET VX DX ) U VR
K% C HRYDZEH In2Q2 #FE (K% A% L7 (Scheme 6-2),
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Scheme 6-2. Synthetic route of strategy B.

AR CTEHR U728 RT, iR F 2 AT 2B & LTabL Ty
% BINOL, BINAP % D5 #g & # AN L TS (Figure 6-1), 4L HENZ
i, HREEALUT R O MANC B A LV D 7 O isERE S K & <, W@ ER
TTI7EIMTEZ 6720, LD o T, RFEE S FERIC KERRERE D[R] 23

FFC&E 5,
seTEseN
oot Cr™

BINOL BINAP

Figure 6-1. Structure of BINOL and BINAP.
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6-2. HEklE A 2 Ak & U7 ZEHUN In2Q2 58K 1Th—n DG AL

NBS # W21 v R—= 3D T okl 9 2514, v7=2=1T+t
FLEMNTH Y VREZBK LT, ABOSIFEIZEITL, IR 61% T
J U V3N D TNT ANLIZ T = = VA8 A LT @ In2Q2 #%84K 1h 2 &
L7z, EBICHA-EHI/aAD T U TICE DT 2= VOB A &R AT,
I, Pd filllt, WIRERMERISSRIFOREIIZEY, 14-U4F TV KIBEER
e, REET U T A7 5 ONZ Pd(dppH)Cla (30 mol%) & AW =R B\ Tk
IR T HA O EHA In2Q2 FEIA 1i 28 LT,

T 1 DERREIFITIESWT, 8aR-"E T v 7 ) o I K HEHIEEAD
A2 T~ m-ACE G B A ST m-7 = U VOB AT
(ZHETT L, BINR T 257, £, BRGMEEREZHT D 4-(FY 74
RAF)T = =M, 22BN m, pAL T N TICEMEEZE T 5 345- U A b
XUATFNT ==L (MeGal &) #E A L7CFHEER 1K 1T E HICHRE DL
RTEELNT, 5tV 2-AF N T = )bAha U BE HWTo- N U LEOE A%
7o, ESIMSICTHMIMOE— 27 Z8IH L7, B 672 Im O&EIIIEET
bolo, mEIC, L0 RKEBREEORE WHEREGHREZHIEL, o-F T U LD
A& BTz, UL, RISIEEL ETES, Pd ik, L WSSt %
Fix et L CERERA TN, BROFEER 1n 13561720 > 7= (Scheme 6-
3)o o-NLEHIED SAREEEIZ LV FOGHER KIBIIE T LTS 720, BIIOD ¥
TV T RINDET Lol B2 6D,
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1) Tf,0 (3.0 eq)
O N O O N O 2-chloropyridine (5.0 eq)
N N CH,Cl,
o H o UN o N8S@0eq) o H o uN 5 0°C, 15 min
NH CH,Cl5 NH 2) Ph—=—Ph (10 eq)
N 0 °C, 30 min N 0°CtoRT, 18 h
O &0 O
Br
6 9

ArB(OH); (5.0 eq)
Na,COs3 (8.0 eq)
Pd(dppf)Cl, (30 mol%)

1,4-dioxane/H,0 = 5/1
100 °C, 16-25 h

1h 1
NH; CF3
1i, 66% 1j, 85% 1k, 32%
OMe
OMe
\(@fOMe
11, 35% 1m, trace 0%

Scheme 6-3. Synthesis of poly-substituted [n2Q2 1h—n.

6-3. WG B & Sl & L 7oL EH In2Q2 #E(K 10 DB L

Scheme 6-2 [ZCx LA By a—/xo A7/ 14 1%, 2-bromo-3-
methylaniline 13 XV G L7c, HilAUEMITI Y 14 2 5FHHIT TARTE,
BAR-EHH I n ATy TV TR, ATFAVEEGT =) vasy MgV
R—=/L 2 fZIZHEA LTz, HE<BRT I MEZR B TNT NBS Z v A > R—)L 3
(LD T 7 BAGIZFHBICHEIT L, 224 63%, 94%DIEHET 11 72 5 NS 12 # 45
oo RBRICZ XU T R2F L EHWEX U VRERICE D, BRIO S E S
In2Q2 #%HE(L 10 Z UK 25% THEL L7~ (Scheme 6-4),
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HBpin (2.0 eq)

EtsN (3.0 eq)
Pd(PhCN),Cl; (2 mol%)
CyJohnphos (4 mol%)
CyJohnphos: P
Me NHz 1,4-dioxane Me NH;

Br 0°Cto80°C, 17 h Bpin O
13 14
N Br
N Me
H \
MeO™ ™0 4 (1.0eq) Me
Na,COs (7.5 eq) N

Pd(PPh3), (5 mol%) O N O LIHMDS (5.0 eq)
N 0

1,4-dioxane/EtOH/H,0 = 2/1/1 toluene (0.1 M)

H H
90°C, 5 h HaN -78 °C to RT N
60% in 2 steps MeO™ ~O 1.5 h, 63% O \
10
Me
11
BrMe
1) Tf,0 (3.0 eq)
O N O 2-chloropyridine (5.0 eq)
N CH,Cl;
NBS (2.0 eq) H uN 0 °C, 15 min
0
CHiCl, O"NH 2) = OFt (10 eq)
0 °C, 40 min N 0°CtoRT,21h
94% \ 25%
Me Br
12 1o

Scheme 6-4. Synthesis of poly-substituted In2Q?2 1o.

6-4. ZEH n2Q2 FHE(R 1h-1, 10 DWLIYL - w2 CHFME

AR LT —EHOZEHN n2Q2 FHER 1h-1, 1o OWIL - HECFHEIZ- DUV TH
Re, AV R=V3MICTeEREEALL 1h 725 NT 1o [TEER AL RS
o te—J7, AEEOT V — A ER L7 1 13RI - ERRE L bICE#
FARAFHNCE R & 2R L= (Table 6-4, Figure 6-3) , 1 > R —/LERIZEAE LT\
D7 OB LHRD, wAFINAF R TN EZEZ 6D, £z,
EHILIC L > CTHRIERCICERN A LN, T2 B2 E0@HE 1§ 1%, 30
FEDORZWIFRF L CTAB L2, Zoa0tmE I/ hE <, 1, 11 & [FERIZEIVVvE
WS eE R LTz, — 7, B REIMEERIETH D N Tt r A FAEEED 1K
%, 72 b= MU AHFIZTEBEHREN RS REDoTo, iz, WIRART bz
BWTIk 25T 10 2B LT, £ 301 nm, 307 nm {3 IS WRIARK % 81
P U722y, ZNLANOFFEIRTIE, WIRERWINRK 2 gl T & 72> 7= (Figure
6-2) .
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—1i

lo 1l

Aabs= 301 nm — 1

1k
Aabs = 307 nm

0.5

0

250 350 450
wavelength (nm)

Figure 6-2. UV spectra of poly-substituted In2Q2 derivatives 1h—1 and 10 in MeCN
solution (20 uM).

Table 6-4. Fluorescent data of poly-substituted In2Q2 derivatives 1i-1 in MeCN solution
(20 uM) and solid state (excitation at 360 nm).

in MeCN Solid state
Compound Aem dr Aem b
(nm) (%) (nm) (%)
1i 514 4.6 476 9.6
1j 522 5.0 492 2.1
1k 503 9.8 469 6.7
1l 527 0.2 511 5.8
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Fluorescence intensity (a.u.)

10
solution
(MeCN)
5 solid
0 - :
380 480 580 680

wavelength (nm)

Figure 6-3. Fluorescent spectra of poly-substituted In2Q2 derivatives 1i—1 in MeCN
solution (20 uM) and solid state (excitation at 360 nm).

6-5. B In2Q2 FHEIK 14, 11 72 & NT 1o D24 E

W HRIE I C ST AR L7 S EHH In2Q2 38R D 9 5, 14, 11 72 5 NI 10 1T
B L C, chiral-HPLC Z AW TRFESE 21T -T2, TNEIVEFERN o BESRM%
A LR R, DLNIORTRIFICT, SBEEEIAOSHEHISE) LT (Figure 6-4—
6-6),

mAU

PDA Multi 1 254nm,4nm

5916
7.702

400 .
] isomer-2

300

200

100

T T T T T T T T T T T T T T T T T T T
0.0 25 5.0 1.5 10.0

Retention time min

Figure 6-4. HPLC traces of racemic 1i at 25 °C (Conditions: analytical CHIRALPAK IE-
3, "hexane/THF/"PrNH, = 75/25/0.1, flow rate 1.0 mL/min, detection at 254 nm).
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mAU

14 PDA Multi 1 254nm,4nm
<
1500
1000
500
0
— ] T~ T~ T T [ T T T [ T T T T T T T 1
0.0 2.5 50 75 10.0 125 15.0 17.5

. . min
Retention time

Figure 6-5. HPLC traces of racemic 11 at 25 °C (Conditions: analytical CHIRALPAK IE-
3, "hexane/EtOAc/ = 65/35, flow rate 1.0 mL/min, detection at 254 nm).

mAU
0 PDA Multi 1 254nm,4nm
i ™
i o
2500 (+)-1o0 |
1 5
2000~ P
- o~
1 (—)-1o
1500
1000
] 1o
500
0
————————————————
0 5 10 15 20 25 30
min

Retention time

Figure 6-6. HPLC traces of racemic 1o at 25 °C (Conditions: preparative CHIRALPAK
IB-NS5, "hexane/THF/"PrNH; = 85/15/0.1, flow rate 8.0 mL/min, detection at 254 nm).

FAEBEMEMRICBE LT CD AT MUVERIE LR, ITo#EY &7
> 7= (Figure 6-7), 1i, 11 72 5N 1o 1TV T 40 252-277 nm (T I IEE DK
WU & ffERd L7z, £72 1113 342 nm 3T, 1o (% 320 nm 3712 & IEE ORI
L7,
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Ag (M1 cm-)

80 _
267 nm Li
229 nm

40
isomer-2

0
isomer-1

-40

-80

220 270 320 370
wavelength (nm)
Ae (M-1 cm-1)

30
342 nm 1l
15 277 Him isomer-2

isomer-1

250 290 330 370

wavelength (nm)
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Ag (M1 cm-)

160

232 nm 1o
252 nm
80

(+)-10

0
(-)-10

-80

-160

220 270 320 370

wavelength (nm)

Figure 6-7. CD spectra of 1i, 11 and 10 (50 uM in CH2Cl,).

6-6. B EHR In2Q2 FHEIA 1i, 11 72 & ONT 1o D EME

M EN AT o T2 EHR In2Q2 FHEIA 14, N 725N 10 (B L T, g
MARDZEMEZ R L 7=, F£7- flippingenergy (AGH) 1%, {EEDIREICHIT D85
BiREEI=E (ee%) ORFMIZEL) HHEEE (k) 2R %, Eyring DX A HWT
K&7= (Table 6-5, FEAMIZEBRTE 119 #5MR), Gk L7 EHM In2Q2 #FE (K
DL, £ R—=L3MBLOF U3 0CEREAEA L2 16103
25°C 12T 7' BB HEIT L7 (Figure 6-8,6-9), 1i, 11 @ flipping energy
1%, Z£HZE4 26.1 keal/mol, 25.7 kcal/mol & =i TZ27E 72 BINOL <° BINAP % L
L TEDEIZ/NE 2Ty — T, A F—=3BIOX Y 7 (LICER
FABEALZFFEIL 10 1%, 25 °C, 40 °C, 80 °C I TT7 & I{biTiF & A LHEITHE
7, 120°CICHIRTHE T, T {iTmERsn2h -7z (Figure 6-10), 1o @
flipping energy (%, —H D In2Q2 FHEILDOF T b mVME (AGH = 33.3 keal/mol)
Zoas Uiz, L7=23- T, BINOL X° BINAP O F#4 & F 4y BOIRA U, TS ERALIT
FHFOWMMNICERELEANT 52 & T, RIEFELZ RIFICH ESE5Z2 LR TE
BHEEZI, iz, FHREAED flipping energy & FL#E L7-FESR, 1i 72 50N 11135
BRAE & K& 72725300, 1A 1 & TRWEZ R Lom b BERER & —
L7 (Figure6-11), L2 L lo [ EFERE & K& S THEL Tz, K0 LERE
Biakfe (TS1) 2B LTI IR HEITT D BN, ERFERLE —
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T ORERBBIREBE KD DH Z LB TE 72> 7- (Figure 6-12, flipping energy @
fHICdhE Y HBE RIFIR2NF ) U 4O hF UEITEWCHE L), L
LEOFRERNG, BRI B (DWW AR, MERRICBNWTHDITH D &
ExT,

Table 6-5. Racemization experiment of 1i, 11 and 1o. Relative Gibbs free energy of TS of
In2Q2 derivatives calculated at the B3LYP-D3/6-31G(d,p) level of theory (298 K). Only
for 1o, the OEt groups omitted for convenience of calculation.

Temp. Time ee t1)2 k AG* (expt) AG* (calc.)
Compound
(°0) (h) (%) (h) (sh (kcal/mol) (kcal/mol)
1i 25 24 92.8 329 5.0x1077 26.1 24.1
24 86.9
1l 25 183 i -6 25.7 23.2
52 71.7 1.0x10
25 38 >99 - -
1o 40 38 >99 - - 33.3 49.3
80 15 >99 - -
120 24 64.4 66.8 2.5%x10°°
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mAU

300 g PDA Multi 1 254nm,4nm
1 isomer-1 ||° Oh
200~
100+
07
L ‘ ‘ ‘ ‘ T ‘ ‘ ‘ ‘ T ‘ ‘ ‘ ‘ T
00 25 5.0 75 .
Retention time min
mAU
500~ @ PDA Multi 1 254nm,4nm
, <
] isomer-1 24 h
400
300
200+
) 1i
100
] g
1 =~ isomer-2
0]
L ‘ ‘ ‘ ‘ T ‘ ‘ ‘ ‘ T ‘ ‘ ‘ ‘ T
0.0 25 5.0 75

Retention time min

Figure 6-8. Racemization experiment of 1i at 25 °C (Conditions: analytical CHIRALPAK
1E-3, hexane/THF/"PrNH, = 75/25/0.1, flow rate 1.0 mL/min, detection at 254 nm).
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mAU

I @ PDA Multi 1 254nm,4nm
50— o
I - Oh
isomer-1
25—
ON\,JWJ
_257
P L N N
0.0 25 50 75 10.0 12.5 15.0 17.5
. . min
Retention time
mAU
© PDA Multi 1 254nm,4nm
™
b o~
200 24 h
150
100
50 _
T . o
1 isomer-2 g
0
~50- L S A R L R
0.0 25 5.0 15 10.0 12.5 15.0 17.5
min

Retention time

Figure 6-9. Racemization experiment of 11 at 25 °C (Conditions: analytical CHIRALPAK
IE-3, hexane/EtOAc/ = 65/35, flow rate 1.0 mL/min, detection at 254 nm).
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mAU

25; S PDA Multi 1 254nm,4nm
i o
: : 0h
201
: (—)-1o
15
10
5]
0
L T 7 T U T T
0.0 25 50 15 10.0 12.5 .
Retention time min
mAU
% PDA Multi 1 254nm,4nm
1 >
4 o
2 24 h
] (—)-1o
15
101
] S
] =
, 1o i
7] (+)-10
0-
T T T T T ‘ T T T T ‘ T T T T ‘ T T ‘ T T T T ‘ T T T T
0.0 2.5 5.0 7.5 10.0 12.5
min

Retention time

Figure 6-10. Racemization experiment of lo at 120 °C (Conditions: analytical
CHIRALPAK IB-N3, hexane/THF/"PrNH, = 85/15/0.1, flow rate 1.0 mL/min, detection
at 254 nm).
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AG* (kcal/mol)

35 4
In2Q2Phs 1i
30 - In2Q2PhaMeGal2 1]
TS (C1)
25 - +24.1
VTR s e g
+232 A
20 Int (C))
+20.1
15
10 4
5 -
MS (C2) MS (C2)
0 +0.0 +0.0
MS (Ca) MS (C2)
+0.0 +0.0

Figure 6-11. The transition-state energy for the flipping of In-3/Q-3 substituted In2Q2 1i
and 11 was calculated at the B3LYP-D3/6-31G(d,p).

AG (kcal/mol)
50 4

T51
+49.3

40 -

30 1

Int1
+282

20 A

Global
Scaffold

Ci Ci Cy Ci C1 Cy Ci
Ci Ci Ci Ci Ci C Ci

Figure 6-12. The transition-state energy for the flipping of In-3/Q-7 substituted In2Q2
was calculated at the B3LYP-D3/6-31G(d,p).
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Flipping energy |21 2, In2Q2 D787 % StrainViz fEHT 18 (B3LYP-D3/6-31G(d,p))
IZ RV FHA~T, EEEA n2Q21 1a TR L TH T OEAZMATAEER, 1a DR
E A (41.8kcal/mol) 725 NI KEHA (2.4kcal/mol) 1% TEQ & b TREVVE
%o L7- (Figure 6-13), 5 BB 2 AT 54 o F— /L~ DI L B L
[P, BRI O JRFTH 2B A (FRIZ, 4 v R— 2 ik KO 7 U > 8 0EhE
L) ICENPAECTZEZEZBNDDY, 43 F DEIZ flipping energy (Z[ELHEEILR L
e, 20X, ORI R 3B LR 2 U v 7 LB A A
U7 S In2Q2 #55MK 10 13, 1a L AIREOHIEL ELrboLEZbID
73, flipping energy [Z¥4 Kk L7= (Figure 6-14), L7235 T, S FDOEEM T X
NX—% T 2546, BAET TR, ¥/ UV UEHELE A F—/L NH MO
HARAR, BB C-H FEOM NS5 & BT 508N 5,

BN
-

e
'—l

total strain: 41.8 kcal/mol
max strain: 2.4 kcal/mol

(=Y
co

N
I
=

e
'—l

TEQ total strain: 30.2 kcal/mol
max strain: 1.8 kcal/mol

Figure 6-13. StrainViz analysis was performed on non-substituted derivatives of In2Q2
1a and TEQ!*’. Red color denotes strained part.
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AG* (calc.) = 16.6 kcal/mol AGH (expt.)= 33.3 kcal/mol

Figure 6-14. Inversion barrier of non-substituted In2Q2 1a and poly-substituted In2Q2
lo.

80



[FF7E] VA XY — /% U UBRIK 4 &K BIm2Q2
2 DERLE X O SEHEE

ARETIE, In2Q21 &HFETT Y1 > LIZERIK 4 BF BIm2Q2 2 DA KR 5T
IZ NMR <° DFT #7512 K % 2 OfEHEE IOV TR 5,

F2EIZTHI LTIz A 2 XY — LERIR 4 81K quaterbenzimidazole ® 4 »
FrDR_ A IF =)V NH B, 2 7 T DN b NZERIMBIZAIE LT
7= 38 (Figure 7-1) X912, XUV A I XY —UiZ, 1 ii7e 5N 3R
Mo7 o b BENE Y EERMENAE U D AREMEND 5, BE BRI
Y, F 3 BEIITHFER L/ nr X 2 U 2T 00 L LB EHRESRRIL
B ESL L ODILEMZTHELIBRTH D, TOHF TRV A I —)VEE
ZETHILAEWICBET 2581, ARIEORECHEERENS T LTHY, BER
PEIZBET 290X 2 < — 5 LG ST e o 7z, Liang Hi%, X2 YA 2
B = )VERIZBET DAL EWICEE L C, AERMIC T DA R - 5 O
Z NMR {£ ("HNMR, BCNMR, {&EFZE NMR) (2 £ 0 faf L7z 19, ZOfER,
RIEARITEC A TN D NS FRIOAKFBREAICERNT 57 I vy 7 FOE
bZBIR LT, FH DI, BUROFHERCKERMBE 2T 2 IR A2 Bk
KO K& B A 5 2, FEEANEICE Y BEEBRMEEOFELNE
b DrEEERN DD Z LR LT,

I=z

Figure 7-1. Structure of quaterbenzimidazole synthesized by Tauer.
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7-1. BIm2Q2 #53E1K 2a, 2b D E K

B3 EICTHIR L7 In2Q2 OERIEESHZIT L, 23-U T X ) BEHFMRATF IV
15 % H3EERE T2 5K IC L 0 —H D BIm2Q2 #HE (K 2a, 2b # 5 L7

(Scheme 7-1) , BESR DKt " ANZHEV NN - IVR =)L A 2 X —)L (CDI) %
HnTi16 6%, ARV bR NI =T AT I EHW=T 1%
BIZ X0 17 25 LTz, SR HEEZRE A2 R LIRS, AR TIE1,2-v 7 |
0T UNREIAEETCH o1, #i 22T 2 ) Tz =R n VR E OB
BARHy Y TIZE 018 ZE AL, BRIRT X MEIZ X 5 19 OF R ERAT,
BT B ONTIEEEIZ B LTRSS Z A L72fE S, DMF (0.02 M) 72 5 TNT
NaHMDS % W= 5H10 T, b EWIETERIRY 7 I K 19 257, #Hi\ T
In2Q2 [AIEE, Movassaghi H23#RE L7=F% 7 U U EBALRIGIZ X 0, BIm2Q2 DA K
AT, 1T U HIT In2Q2 &k & [FEED SISHRMIC TR R AR TZh, BRO
BERNE LN ST, FERFZIToT, TORER, 2-7rn) v
% 50eq 5 10eq, THO % 3.0eq 5 8.0eqIZEKTHZ LT, HIDOF /7 V
VERIEEICEKRTI L2, L2rL, THNMR [Z TR Y A X — VBB NTF /
VUBRKBHKRO V7 FANRBRIESNZHLOD, XA I XY —)L NH O
T FNANBII SN2 Do T, AT ESI-MS OB — 27 28, FRICK L TREVE
R LTcle®), MEREZITo T, ZORER, XUV AIFXY—/UNHB MY 7
UV CHRE S 72 BIm2Q2 F53E(K 20a, 20b THH Z L3 o7, F NMR
T TN L ABIENTZ8 0, 20a,20b OERE R LZ, £V UBIE
BRI AW THRO ™RV A I XY —)UNH D b 7V R #EICE S L= &%
XD, £70 In2Q2 Bk & FIERDZEME (THO3.0eq) (ITTH /U VEBRIEADE
L2700, bU 7 U VRHEIZ THO 28 EE S, &/ U VBB SICTH
BHEND THO DU ENRTHTHolzlzbE&Ex-, U 7 U VIS
TR L0 R IR ENFIRETH H, £ T, 2 M NaOH (aq.) 1T &
% Y7 U NEOBUREEZTT, HIO BIm2Q2 #HE (K 2a, 2b 2 Ak L 7=,
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NH2 //\N)J\N/\\

H
N N N POBr3 (2.0 eq)
Nt = =/ leq N\Fo Et;N (1.0 eq)
e N0 E?FZS ] H 1,2-dichloroethane
e ) 70°C, 17 h
68% MeO™ ~0 56%
15 16
H>N (1.1eq)
K>COs3 (7.5 eq)
N Pd(OAC), (5 mol%) N\
S—Br  PPh; (5 mol%) N>—© NaHMDS (5.0 eq)
N
H 1,4-dioxane/H,0 = 5/2 H H,N DMF
MeO™ X0 90 °C, 2 h MeO”™ YO —-78 °Cto RT
64% 1.5 h, 68%
17 18
1) Tf,0 (8.0 eq)
2-chloropyridine (10 eq)
CHZCIZ
0 °C, 15 min
2) —
< > R (10 eq)
\ 0 °Cto RT, 16-19 h
N
19 20a: R = OMe 29%

20b: R = Me 14%

2 M NaOH (aqg.)

THF/H,0 = 1/1
RT, 2.5-3.5 h

2a: R = OMe 88%
2b: R = Me 35%

Scheme 7-1. Synthesis of BIm2Q2 derivatives 2.
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7-2. 2D NOESY A7 hVHIEIZ L B RV A 2 2 —)L NH O EHEE
AIROWEY, NV I ZY — VT EERMIC LY 147, 3MERERFHTT
o hUBEIEZED FREM NS DT, XY A I F Y —)L NH OALE A S )
295 Z LITHERED R CTHETH D, £ T2D NOESY A~ hLZHIE
TAHZETRUYAIFXY =V NHONEEZHE LI, NH &%/ U2 7TAKHE
& DT NOE BN SN=8E, XA 24 —/L NH BRI ET S
LBz b5 (Figure 7-2),

Figure 7-2. Possibility of NOE observation between NH moiety and hydrogen of
quinoline 7-position.

HRIOMHEE — 7 2R3 DI2HhD, 1T LDICK T T LDlREEIT- T,
COSY A7 ML CBIM SN MEEAY —2 12z, ¥/ V23—V A3
B =)V 6 fLKFBIRLNTF /U SALKFEp-T =2 )V HKkE (a) LMY
— 7 28I L, M/KFEMIZTNOE 238l iz, BLEX Y& 7 F 1, Figure
73 DX HITIRE LT,
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80 75  (ppm)

Figure 7-3. Partial 2D NOESY spectra of 2a in DMSO-ds (7.0—8.5 ppm).

FROBBICESE, XUV AIFY—/LNH &F U v 7 AKEMOFEES
V7 ZRER L2, WA ICHBIEA LN -7 (Figure 7-4), FHESA 55 < KR
HTE R oA EEME B B FE L, NH S BERIMTICAAAE L T 5 Al RetE & HEBR
TERWVWHDOD, MHGEOMHEAY —7 BB Nl ENb RV A I
Y —)V NH DERWEBIAFTE L CW D AREMED & 5, X Brfk s & T 12 & DA%
EPRENEE L 725708, B CREST ATRE R UG S 2 15 B TR,
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(Ppm)
9.0
11.0
NH-
NH— = i1 13.0
13.0 11.0 9.0 (ppm)

Figure 7-4. Partial 2D NOESY spectra of 2a in DMSO-ds (8.0-13.0 ppm).

7-3. DFT #HRIC L D HEE

RV A I XV —) NH DBENEEIIBRASIIE T ENEhoa 7
F+ A= a B LT, DFT % (B3LYP-D3/6-31G(d,p)) (Z & 0 Z2E M % FAf
L 7=, & DOfESE, NH outside %1% NH inside % & bk ~<T 19.6 kcal/mol K & )>o 7=,
Z DFERN S ES AR L, NH inside ! & NH outside ! D FFELIT 25 °C
IZBWTC, $12.6X10%1 &7eo7-, L7z - T, NH BEBRNEBICAET D2~
F A= a VN EETHDH I ENREIILT- (Scheme 7-2), HITHD NOESY A
7 MR DFT RHEIC K DEEHEEN D, XY A I 4 Y —)L NH BERNENIC
METDHALTH A= a V CREICHFELTWD EE X,
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—_—

BIm2Q2 with NH inside BIm2Q2 with NH outside

Scheme 7-2. Stability of tautomers.
7-4. '"HNMR ZFI ] U 7= B2 SO Bt

T-4-1. IRBERD AT K D HZE B DR

WD BT E 5 AARM 2R 5720, BIm2Q2 58 (K 2a (2B L CIAl/E:
® 'HNMR ZZnFrHIE L7 (Figure 7-5), DMSO-ds, DMF-d7, CDyCl 732 5
NZ MeOD HIZTC, AEBMEKBEEMESZZ OND Y 7 VB S 7o
7278, CDoClL HIZEBWTEH Y T FnT7ra— ML TwWiz, Iz <, I v
V7 b (BRI, RUVA I H T4 6 IKFEDO T TFI) BRELS BB LT
¥, CD:Cl P CITAZEMENE X TV D A[REMENH D,

Oy

N~
H
N _/_' OMe
\"\46 DMSO-ds
-5

CDsCls

]

. MJ Il M

80 70  (ppm)
Figure 7-5. Partial 'H NMR spectra of 2a in different solvents at 25 °C.
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7-4-2. JEEIC K D HEBMEORR

AR OE Y, HAEBEMIROFELEL DN R ITRAE L CEBAL T B aREMEN H 5 7=
¥, Bk L7z BIm2Q2 #E (K 2a 2 VT CD;0OD HIZ TIKIR « iR - iR T
BIT5H 'HNMR =N HE L= (Figure 7-6), 7 X W7 L L=y
TFVHRERTE 2, R & RRk, AARMEAEREEBZ 6N HHY 7o
REEDOEITHER I N2 -T2, L7223 -> T, CD;OD HFIZBWCIREIZXL DA
BERMEIZELL TN EEZEZ BN,

N wdtm M
P u_wdkm M

M lww |

g0 715  (ppm)

Figure 7-6. Partial "H NMR spectra of 2a in CD3;OD at different temperature (A: 60 °C,
B:25°C, C: -9 °C).

INHDOFERND BIm2Q2 2 (X, CD:CL HFIZHBWTHZRMENEE T\ D7
REMEDRH D72, 5%, 'HNMR ZH]H LT, CD:CL FIZE T HIREFEICL S
VIFTNOEERETH LT, EERENEE THDENE I I LT
60
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[75 8 ] BIm2Q2 538 /K D pH 4K A7 as Yot

A% L7z BIm2Q2 #E KD H B, BIm2Q2r-2msy1 2a |2 B L C DMF 12 THE A
AT MVERE LTRSS, k7 & QNS HRER - SRR Ic TEn L R
DA 2 s Uc, HRYE T CITE eIk & 438 nm O F a2 gl L7z —
J7, #fgE LC3MHClin MeOH (50 pL, HAHEE 30 mM) Z ¥R L 7= 45 58,
ORI RIFRERMICS 7 L (Aem=438nm—473 nm), =& IICERITH
20%H K L=, —J7, st L C 2MKOH in MeOH (50 puL, #ci&iEE 20 mM)
EUINUT26, SRl RISIRBAIRE L 0 b R&E S REREMIZC 7 L
72 (hem=438nm—508 nm) 7%, #OCEFUHEITIZE A EL(L L2 o7 (Figure
8-2), F7=, WMINAT RV TIE, 340 nm UL ORIV £ AS SRR TR NF 1
FEAEEN LD o Te—0, SRR L RERANZ 7 M L7Te (s =
372 nm, Figure 8-1), LA EOFRERNG, BetE - fk - BEMEEIE L Z Iz 0
T pH IZHEAF L T d YRR O B L3 R S iz,

Abs.
1

Acidic

Neutral

MAabs = 340 nm

Basic

Aabs = 372 nm

0.5

0

270 370 470
wavelength (nm)

Figure 8-1. UV spectra of 2a in DMF under acidic, neutral and basic conditions (20 uM).
For acidic conditions, 3 M HCIl in MeOH (50 puL, final: 30 mM) was added (contained
1% MeOH). For basic conditions, 2 M KOH in MeOH (50 pL, final: 20 mM) was added
(contained 1% MeOH).
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Fluorescence intensity (a.u.)

80
Neutral Acidic Acidic
Aem = 438 nm Aem =473 nm Natra]
O = 14% ®r = 33% )
Basic
40
Basic
Aem = 508 nm
O =13%
0
380 480 580 680

wavelength (nm)

Figure 8-2. Fluorescence spectra of 2a in DMF under acidic, neutral and basic conditions
(20 uM, excitation at 360 nm). For acidic conditions, 3 M HCI in MeOH (50 uL, final:
30 mM) was added (contained 1% MeOH). For basic conditions, 2 M KOH in MeOH (50
pL, final: 20 mM) was added (contained 1% MeOH).

AR pH I MARIESHE, 7R F— R, BERTEMES < OMaFR 26T 5
FTEEREHEZRIZLTWD, EFMRTIE, VY Y —ADpH H4555, 2
Far RUT®pH L 7.9-8.1 THD N8 pHICERENAECT-5GE, Ml
REfEEZGIEE T 17, Lo, MlaN pH 2E5=4—7 52 &I34AEKE
HOMRE 72 & N IEME 72 IREERZ NS D72 RN 5,

pH ZHET 5 FEIIES < FET DM, R pH IKGFMEEOE Y v — T 1 &k
B, B, (RWOHIRR SRS < OFLERZE T b, ZhvE T4/ SR TR
ARER T n — T NS BRI TE T, D% En—4 3, BODIPY
% (Figure 8-3) EN/-wNFEE BT o ~T af H{bEWMEEE L L TARKS
NTnWD 7 FIZIE, m—X I Eghwmitr n—71%, BRI Caotiy
RN SN DN, BIEEMICE Y 20 pH ISEHMEEZTHE T 5, ZNETIZ
Rxlhn—Z I _R=208NT o —T NI TEERN, TD%L O pH G
ERIPHIL, 2.0-6.0 OFRPEFEIRICHEF L T2 1751860 [EEEIZ BODIPY % & et
Ta—7 8194, BRI 2 IS 2 2 L C pH IS HLH & B 5 IR RTRE T
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5, BODIPY X—Z D7 v — LN #EPH D pH, 72 bEgtEh &t ik
¥ CpH INE#HZ LT D 2 ENTE DN, sty CORBUIIEF IR
THDHONBURTH D, Lieh-T, Bethn b FEMEFPH £ CafErIC R "l He
72 pH IRAFVEROE 7 1 — T OBRARIZ 2 W A~AT D TH Y, WS IR 5§
AR BICFITEL B2 6N5, AEEGMR LT Blm2Q2 #HE A IFMED
O M AEMESEI E TR A REREOE T m— 7 & L COREHS R I N D20,
buffer RIZIBWT, pH IIZINE LIcaOtReE D2 b &2 di~ T,

BODIPY

rhodamine B

Figure 8-3. Representative fluorescence probes.

8-1. MIEFIHED FiE b,

HIHEHEICHTZ0, 1T COICHITEED kA BAY & L DMSO/KIR AR
[ZBT DA AT, 12 U0 DMSO/KIESIEBIZBWT, ik -
PG T OHE AL MV EJIE L, DMF HIMAR PR Ot 227 kL & ik
L7z (Figure 8-5), M FIZ8V T DMF H35 X Y DMSO/KIR SR FIZ 3T
HEFRE DT DRENI ST (Figure 8-5, blue), & 512 DMSO/KIE A TR
i, KDENE % 0% 5 30%F TEIL S 72 (UK 40% TIHL AT H L72) 23,
PR« HREEME TIC CRE & IX A LD o 7= (datanotshown), 7z, WKILA
A7 N AT TRVEBER] TG 722 B QNSRRI AL 5 WIS & D2k
KE 772 TH B> 7= (Figure 8-4),
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Abs.
1 Asbs = 340 nm == Neutral (DMSO/H,0)

«===: Neutral (DMF)
=== Basic (DMSO/H-0)
""" Basic (DMF)

", Aabs= 372 nm
0.5

0

270 370 470
wavelength (nm)
Figure 8-4. UV spectra of 2a in DMSO/H>0 = 90/10 vs DMF solution under neutral and
basic conditions (20 uM, excitation at 360 nm). For basic conditions, 2 M KOH in MeOH
(10 uL, final: 4.0 mM) was added in DMSO/H20 = 90/10 and DMF solution.

Neutral (DMSO/H,0)

Fluorescence intensity (a.u.)

80 e Neutral (DMF)
Basic (DMSO/H,0)
Aem=438nm ... Basic (DMF)
£ "N Aem=503 nm
0 & 2o
380 480 580 680

wavelength (nm)

Figure 8-5. Fluorescence spectra of 2a in DMSO/H>0O = 90/10 vs DMF solution under
neutral and basic conditions (20 uM, excitation at 360 nm). For basic conditions, 2 M
KOH in MeOH (10 pL, final: 4.0 mM) was added in DMSO/H20 = 90/10 and DMF
solution.
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VTR FICEB I 2 ®IEART MAVERE LT-, £ O/EE, DMF H & [tk
(ORI R DN R EANC S 7 b L7, AKOESITHERIE L TERIEGHREN D
TMNKT L7z, F72, DMSO Hl & b ~CKEINT K 0 g ek s K% Bl
WZhF iz 7 b Lz (Figure 8-6), 72 DMF H1 & 2720, BT 58
JEHIRIIMERR TE R o To, KOBWERRNERTH Y, FEFRIZ DMFIKIESH
BRI CERTE FICRIT DAY FOVEIE LA R, 2OEME 72 & ONCH®
Y B UNHEIL DMF & HE_CIE5 L TR Y (Figure 8-7), ZH LD AFEMEE X
L7,

Fluorescence intensity (a.u.) DMSO/H,0
40
—70/30
~—80/20
—90/10
—100/0
Aem = 486 nm
20 Aem = 450 nm
0
380 480 580 680

wavelength (nm)

Figure 8-6. Fluorescence spectra of 2a in DMSO/H>O = 70/30 to 100/0 under acidic
conditions. 2 M HCI (aq.) (10 pL, final: 4.0 mM) was added (20 uM, excitation at 360
nm).
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Fluorescence intensity (a.u.) DMF/H,O

80
—60/40
70/30

Aem = 454 nm

Aem = 473 nm —80/20
60 90/10
—100/0

40

Aern = 488 nm
20
0 L
380 480 580 680

wavelength (nm)

Figure 8-7. Fluorescence spectra of 2a in DMF/H,O = 60/40 to 100/0 under acidic
conditions. 2 M HCI (aq.) (10 pL, final: 4.0 mM) was added (20 uM, excitation at 360
nm).

LLEDFERD G, M FIZRB W TEOBME A i b K& 22> 72 DMSO/7K=90/10
7l G E &M Lz, iV T buffer ORET 21T 072, BEMOER B 6 S5
L, PBSbuffer 72 5 TNZ HEPES buffer Z & & L CZF 72, 1% U ®IZ DMSO/PBS
buffer TEEWEIHELZ 32~ 72 2%, PBS buffer 'O 3T H 2 S HIEREE L L TR
T o7z, —J HEPES buffer 2 /=454, HEPES OHTHZITE = 57270 »
7, HEPES buffer /& PBS buffer & 2720 F NV U MEO AR E G 7=, &FA 4
YIEIC K D EEHIE A~ DB DIV i b E[E L, HEPES buffer & Il EHLE
ELTE®ALE,

8-2. DMSO/HEPES buffer = 90/10 HZ351F 5 pH KAFHI 7228 62 ks K ORI
BIm2Q27-is¥! 22 @ DMSO ik (Zxf L, T pH & #i% L 7= HEPES buffer (pH
=1.0,2.0,3.0,4.0,5.0,6.8,9.1,10.0, 10.9, 12.0, 13.0) % ¥/l L DMSO/HEPES buffer
=90/10 &£ 95 Z & TH pH O T NVERIK 2 Fi% L7, Figure 8-8-8-13 T/ 9 i
D, pHIZHRAT L7 72 & NS HOERE O B (L2 BlgE LT, HtEns b B9t Atk
FEIRIZ 2T T (pH 6.8-10.9), =L & A EEL Lo 7-—J, pH12.0
IZTCTHABRIEEDNERREMNIZSZ P L (hem =440 nm—509 nm) . pH b IZFE
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WHOESRIE N9 MR Lz, A ¢, WK E b EREMICY 7 Lz
(Aabs = 340 nm—373 nm), N2V A I XYV —)VEREZTEAEYORIN - HO
FREICEE T 2 EOMEIC T, R (pH > 12) (28T 2RI - #EmK
WREOREREY 7 F 195, AR5 Y A I F Y —)L NH OB 1 b AR EE
9 HOMO-LUMO gap DK T 0 ;s S Cnvd, KO HI2B8WThH, RO E
RNZ&Z W AR NAVEEDRAE LT B2 HILD, £, DO 55 MEfEk (pH
3.0-6.8) 22T T, pH DR FIZ EVVEEIREE AN L, 512, pH2.01ZT
IR ENEEMANZ 7 L (kem =440 nm—477 nm), pH 23 & HITIKT
T HIZHONT, HABRKOEWKEA hem =477 nm—488 nm) 72 & NI FEoRE
DOWIREHEZE L=, Ko7 LRFROY ARG A9 25 TEQ Tk, TRERTRIN
D SN RE R ORRE Y 7 MPHER I TW D 5% 2a 4, TEQ & [AIERIC
7'a b AICEE Y EA AT MBI E LT EE NS, — 07, RS
PEFEIBIZ BV TIRIN AT MV KR E BT A B> T-, 4%, DFT it
BaEHRAWTINH AR MAEALOER ZFHEMICENT T 5, UL EORERNG,
FEMEFICIZ pH 11-12 D THIED AL v F o IR ETNDH EE B, M
WIEMREICB T pH B v 7 LCRIHTE D A[REMER B D, A C, pH
23 DRIZBWTHH DAL v F U TNRE =2 L, MERMEEREICBIT S
pHE U7 L LTHAIHATED EEX LD, pH 4.0-9.0 £ ClIa ket
IZRE RN BN T2 Tz, BIRE S TIRARA~OIS I I E LI E AT,
KEVER X DR 5B NETH DM, A1, B &M E T
FECE=42 ) V7 RER T —T L L CHIATE D alRetEnid 5,
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Abs.

1.5
—pH 1.0

—pH 2.0

pH 1.0-10.9 —pH 3.0
Aabs = 340 nm pH 4.0
pH 5.0
pH 6.8
—pH 9.1
—pH 10.0
—pH 10.9
—pH 12.0
—pH 13.0

pH 12.0-13.0
Aabs = 373 nm

0.5

0

270 370 470
wavelength (nm)

Figure 8-8. UV spectra of 2a in DMSO/HEPES buffer = 90/10 at different pH (20 uM).

Fluorescence intensity (a.u.)

80
pH 3.0-10.9 —pH 1.0

\ Aem = 440 nm —pH 2.0

pH 1.0 ==pH. 30

Aem = 488 nm pH 4.0
pH 5.0

pH 6.8
—pH 9.1
—pH 10.0
—pH 10.9
—pH 12.0

60

40

pH 12.0-13.0
Aem = 509 nm
20

380 480 580 680
wavelength (nm)

Figure 8-9. Fluorescence spectra of 2a in DMSO/HEPES buffer = 90/10 at different pH
(20 uM, excitation at 360 nm).
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Abs.

15

pH 6.8

—pH 9.1

pH 6.8-10.9 —pH 10.0

3 Aabs. = 340 nm —pH 10.9

—pH 12,0

pH 12.0-13.0 130

Aabs = 373 nm R T
0.5
0
270 370 470

wavelength (nm)

Figure 8-10. UV spectra of 2a in DMSO/HEPES buffer = 90/10 at pH 6.8-13.0 (20 uM).

Fluorescence intensity (a.u.)

80

Aem = 440 nm pH 6.8

60

40

20

0
380 480 580 680

wavelength (nm)

Figure 8-11. Fluorescence spectra of 2a in DMSO/HEPES buftfer = 90/10 at pH 6.8-13.0
(20 uM, excitation at 360 nm).

97



Abs.

15
—pH 1.0
—pH 2.0
—pH 3.0
1 . Aabs = 340 nm oH 4.0
pH 5.0
pH 6.8

0.5

0 \o
270 370 470

wavelength (nm)

Figure 8-12. UV spectra of 2a in DMSO/HEPES buffer = 90/10 at pH 1.0-6.8 (20 uM).

Fluorescence intensity (a.u.)

80
6.8 pH 3.0-6.8
Aem = 440 nm —pH 1.0
—pH 2.0
0 —pH 3.0
pH 4.0
pH 5.0
10 pH 6.8
FEN pH 1.0
3.0 lf; "‘-{_\: Aem = 488 nm
20 / i r 1.0
/ pH 2.0
/ Aem =477 nm :
0
380 480 580 680

wavelength (nm)

Figure 8-13. Fluorescence spectra of 2a in DMSO/HEPES buffer = 90/10 at pH 1.0-6.8
(20 uM, excitation at 360 nm).
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8-3. pH K S D EIK]

RIEIC TR Lo 82 L O ER & 5y TS OB DET 22 L 2 HIY &
LT, %NMR%%%ﬁotoit%@MA%kbf Figure 8-14 |Z7" 4 FEER IR
A BIm2Q2 21 72 & NT N- A F /U4l BIm2Q2 #5E K 22 Z AR L, HOGHIE Z217

o7,

acyclic BiIm2Q2 21 N-methylated BIm2Q2 22

Figure 8-14. Structure of acyclic BIm2Q2 21 and N-methylated BIm2Q?2 22.

8-3-1. 'H NMR & (Z L 2 HEE

2a D DMSO-ds IRIEIZXT L 1.0-5.0 eq @ TFA 72 5 ONZKER LA U w7 X &SI
95 2 & CHlEE - SR IEMERRIIC 31T B EOEE L O K & 4y TS HHERI L
Too EEMETICIZ TFA 2 1.0 eq iRINIT 52 & T, A =R LRI Y
A XX —IVEBRIKFZD Y 7Dk TR RANZ Y 7 R Lc, £D% 2.0-5.0
eq & BEPEAYIZ TFA 23N L TV IZ o T, BEIKFENTE ¥ 7 TV oMERES,
iz 7 b L7z (Figure 8-15), 'H NMR ZFEBROHE RN S AZHEE N KE N L&
2B, 7a hABICE D AN TH LS Z LITH LN R ST b DD, E D5
M (B 7' hARK, 7 a R AR EOERITHE D OB E D D) 1
BRI CAHTH 5,

—771.0-5.0eq DKEEILT YV U LZTIMLT84E, 1.0 eq IR T 7 v
DNEHEIL U SRMEDS BRIV T= S 7 T VN B T \ICHBL L= 2 & v D, 2 4 A DX
VYA IHF—)L NH OO b7 e hAbEhie® ) T =4 UK TH D
EEZT, Fio, 20eq BRI E ) T =4 KEDT =4 KOREMTH D
EEBEZOND, ED%3.0eq ETHRIMTHZ LT, H—DILEMITIR LT, s
AT & LT T T ARNEBEGIC 7 FLTEBY, M TRy A I
V=)V NH O 7 FIVBRER LT, XA IXY—)L NH OB e kv
btk (7 =F1K) L& 27 (Figure8-16), L7=n~> T, B/ 7T =4 K%
HL, &Y T =4 ARICEREND Z ETEAENE/Ib LIz EEZBND,

VLEDOFERMNS, B TR0t 7 e b AR E LR TH 5 e
PEDS R ShTe, —J7, SREEEEME T OaO R MEIE Y oA I 4 —/L NH O~
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2R ABICHE Y B TH D LB AT,

none

+TFA
1.0 eq

5.0 eq

120 100 8.0 (ppm)

100



85 80 715  (ppm)

Figure 8-15. Partial 'H NMR spectra of 2a + 1.0-5.0 eq TFA in DMSO-d.

none
D ||LJ aI
sKOH
Hoe AMJMN&Au__
ke
LJAL_AJ__
7 lhl I
5.0 eq o m |
140 120 100 80  (ppm)
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none

o
o

b
M N
+KOH

Mw(/‘w
M Mo i@mMWLW___“MMML_MJM

M A J\MM M
" M %D$ML MMM_m#
80 75 7.0

(ppm)
Figure 8-16. Partial 'H NMR spectra of 2a + 1.0-5.0 eq KOH in DMSO-ds.

8-3-2. FEERIN BIm2Q2 21 DA,

3-Bromo-1,2-diaminobenzene 23 |Z%f L E A VR L A AR U EEY 2 —L
T AT )L 24 ~DFHEA A REH LT, 2-bromo-8-methylquinoline 25 & D &5 A~ i
JaAR YT 20 A LT, < BEFHEKT, 8-F /UL
NIVT R REORAIXT—VEBREMRIZED, /U 8 (LI ATF VAL
A3 % BImlQ2 27 Z &k L7z, 27 I2%f L Wohl-Ziegler RFE v Z @A+ 52 & T
U7 R 28 AL, 10%KREET b U T AKEEIRIZ TR iEST 5 Z & T,
HRIOT VT B RK29 #5LT-, RERICI2-T=2=L o U7 I DRy
A IV VBRIEARIZ L 0 BROIEERIRM BIm2Q2 21 45k Lz, @D Y
HTNHTETa~ 8T T 7 40— L0 ERERBTZN, Rl OkkE I EEH
L7=, =07z, HPLC (Inertsildiol 3 um) & X 2HERAZFT0, IR 11%I2C 21
%157~ (Scheme 8-1),
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Br
Bopin, (1.1 eq) Me 25 (1.0 eq)
NH, KOAc (3.0 eq) NH>| Pd(PPhs)4 (5 mol%)
Pd(dppf)Cl; (5 mol%) K2COs3 (7.5 eq)
NH2 1 4-dioxane NH2| 1,4-dioxane/H,0 = 5/2
Br 80 °C, 24 h Bpin 80 °C, 24 h
23 60% in 2 steps

24

NH, “
‘ NH, éj(l\lj AIBN (20 mol%)
CHO (1.1eq) p NBS (2.5 eq)
under O, CCly
toluene 80°C,4h
110 °C, 16 h
78%
_ (I
N\
N
10% Na,COs3 (aqg.
NG/ 2€0s@a)_ L N/
1,4-dioxane/H,0 |
Br 80°C,19h AN CHO
45% in 2 steps O
29

NH, (1.1 eq)

under O,
toluene

110 °C, 16 h
11%

acyclic BIm2Q2 21

Scheme 8-1. Synthesis of acyclic BIm2Q2 21.
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8-3-3. N- A F /L4t BIm2Q2 #HE(K 22 DEFK

93BT CHER L7 In2Q20F 1g D N- A F AR D AR TR = SO R %
BEFIL, IR 79%ICCHAIDFEEIR 22 Z2AR LTz, X Bk S T ok 5,
2 D A FIVILITBRANERICALE L CTUN= (Scheme 8-2) ., X Bifs mbAs & fEAT 1,
WA FEFTAIRZE B O ARFE & = (o L 7=,

NaH (5.0 eq)
Mel (3.0 eq)
e

Scheme 8-2. Synthesis and crystal structure of N-methylated BIm2Q2 22. ORTEP
drawing of 22 at 50% probability ellipsoids. Color codes; C: gray, N: blue, O: red.
Hydrogen atoms omitted for clarity.

8-3-4.21,22 DAY FOVHIE

FEERRA BIm2Q2 21 1%, 2a & HE72 0 etk - T THOLRI 2RI 2o T
—J7, HEEMETFICT 2a FEREOEREEZ R L, #ABRKEENEREMIZT 7 K
L7 (Figure 8-18), F7=WUL AT MUZEBWT, Bt - PE FIC TRE 2L
SRR SR Do 7o — 0, R FIC T 2a [RIRR, TR AR B Bl Rl
7 & (habs = 340 nm—370 nm) L 7= (Figure 8-17), WL 2a & b N TEEH
[INEDoTe, LLEXD, 2a OFEYE - M T OEOCRREIZ I 2 BRSO 2
FENRH ST T,

—J7, N-AF AT BIm2Q2 #HE (A 22 1%, EeM: - Mk FIcBW\ T 2a & [AkE
DOEJEHEZ R LTe, — 8, AN T Tid2a & B2 0 8 eRrEic 2 < B A
5T, T E RO EEFEEN 2R Lz, (Figure 8-20), 7=, Fihi LUK
FEME TN O A T S AZEALD B B 72 x> 7 (Scheme 8-19), Z OFEFRIE,
W EEME T DR EN R Y A4 I # Y —)L NH O 1 b ARICERT 5 2 &
R LT,

104



Abs.

1.5
1 Mabs = 340 nm 2a —pH 13.0
pH 13.0
MAabs = 373 nm

0.5
0
270 370 470
wavelength (nm)
Abs.
1
—pH 1.0
pH 6.8 iR
' Aubs= 347 nm P o
—pH 13.0
H1.0
A - pr 14.9
sbs Aab5= 370 nm
05 ‘ N
N
N
' =\ Ny
H
N/ H
()~ T
N
21
0
270 370 470

wavelength (nm)

Figure 8-17. UV spectra of 2a and 21 in DMSO/HEPES buffer = 90/10 solution under
acidic, neutral and basic conditions (20 uM).
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Fluorescence intensity (a.u.)

80

60

40

20

0

pH 6.8
Aem = 440 nm _PH 1.0
pH 1.0 pH 6.8
Aem = 488 nm —pH13.0
pH 13.0
Aem = 509 nm

380

460 540 620 700
wavelength (nm)
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80
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20

0

—pH 1.0
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-—pH 13.0
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Aer = 508 nm O N\
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wavelength (nm)

Figure 8-18. Fluorescence spectra of 2a and 21 in DMSO/HEPES buffer = 90/10 solution
under acidic, neutral and basic conditions (20 uM, excitation at 360 nm).
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Abs.

1.5
1
pH 13.0
Aabs = 373 nm
0.5
0
270 370 470
wavelength (nm)
Abs.
1
—pH 1.0
pH 6.8
pH 1.0, 6.8, 13.0 —pH 13.0
Aabg = 336 nm
0.5
MeO 0
0
270 370 470

wavelength (nm)

Figure 8-19. UV spectra of 2a and 22 in DMSO/HEPES buffer = 90/10 solution under
acidic, neutral and basic conditions (20 uM).
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Figure 8-20. Fluorescence spectra of 2a and 22 in DMSO/HEPES buffer = 90/10 solution
under acidic, neutral and basic conditions (20 uM, excitation at 360 nm).
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[%5 9 %] BIm2Q2 &k E A D digndh ATk

9-1.2a O FFPETESNEE(R 2a/Zn DA K72 5 NS H T4 L RISER A R O Fa st

I, VRIS ROR SR 2 Tl 4 i L7 ks S, DMF HkFE(b hU oA, ik
HEn &2 ORI B W Tl b S IR Tl ghE5 1K 2a/Zn =457~ (Scheme 9-1),
n2Q2 [FIERkARSH LA O B « B J& e 3R (Co(1D), Cu(1l), Ni(Il), Mg(ID), Pt(I1)%)
& OSSR b RA TN, SRR Z R CE I2DITHE DA THh o7,

W2 EICCRAEY, KOy T =4 R X ORI 0 BT Ok
RERZATORN & LTHHATE D AleER o 5720, itk h F A o hEong
NhoEERE 525 & PRENS, £ZC, 'HNMR 725 WNZ ESIMS 12X 9,
RO EBAR LT, 'HNMR KV XY A I 4 —)UNH DY 7, g
RIERRZICIHIR L TR Y, M Tx /U 3 AAKFBHKD > 7T 0 BRG]
IZKE< 7 b L7 (Figure 9-1), & 512, ESI-MS (& CHIMESEIATE A 2 Rz 4
HY—27  (IM+H]"761) Z#WeR L7172 L& b - menssAixhmsiikcb
BHEZEZT,

NaH (5.0 eq)
ZnCl; (2.0 eq)

DMF
RT, 16 h
74%

Scheme 9-1. Synthesis of neutral Zn complex 2a/Zn.

(i) 2a in CD2Cl; Q-3

@ ) AN AL

(ii) 2a/Zn in CD,Cl; »

A

160 85 8.0 7.5 7.0 6.5 (ppm)

Figure 9-1. (i) Partial '"H NMR spectrum of 2a in CD>Cl. (ii) Partial '"H NMR spectrum
of 2a/Zn in CD,Cl.
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FENWT A F A RISHAG R Z BRI L, WAL L2 WS TEREZ A
7= (Scheme 9-2), HEEIEUSINC LV N-Zn GFE AR EEERINE: & LE~_T
BETIZSWEEB X, DT FURHEATER D AR & 725 2 & 2 M]IF Lo, REMEI
TR LI EEARIT 'H NMR (IS CTHERINEHIC TR LN T F L bl TT
n— RELTEY (Figure 9-2), F£72 ESI-MS IZTHTFAVEIGEKRLEEZ BV
2lif A e —2 (M2CI1*381) ZHERLT=Z &b, IFFRgERE LT
PFONIATREMED B 5, 4%, fmlbomR oI LV ERELXITH 2 & T,
NFHBGERTH D Z EEHALNTT D,

2a [2a/zn]?*

Scheme 9-2. Synthesis of Zn complex [2a/Zn]** without base.

(i) 2a in CD2Cl2

(ii) 2a/Zn in CD2Cl2 (with base)

J_L_M_N__A_M__/L A

(iii) [2a/Zn]2+* in CD2Cl2 (without base)

e AN N

8.5 8.0 75 70 65 (ppm)

Figure 9-2. (i) Partial '"H NMR spectrum of 2a in CD>Cl. (ii) Partial '"H NMR spectrum
of 2a/Zn in CD>Cl, with base. (iii) Partial "H NMR spectrum of 2a/Zn in CD,Cl, without
base.
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9-2. P HESNEEIA 2a/Zn DOERI KT DL EME

SREEEININSARIC T, BRIO T MEHEERSEIR 2a/Zn 3G Do 7o, HERITKE
T HREEITHRAE O E PHREIND D, BT 2 LRERIIFRAThH o7, &
2T, WEBIRINGIFICIT D 2a/Zn DL EM A TH NMR FEERIC X0 3 L 7=,
5REE & L C TFA % 5.0 eq &£ CHRERIRIN L72fE R, 1R 2 (IS8R DO HEEAT L,
5.0 eq AN L72WEmC 2a/Zn (3~ THOME LT, 2a kL, TFA & 5.0 eq ¥R
MUTRED S 7 F L b BB L2 L= (Figure9-3) = &5, 2a/Zn |L30EEIC
SLTARLZETH Y, TFA IINZENTF.OORSR L, 2a ITR-ST2EERXD
N5,

* " N TN |

2a/Zn
VA J\M e
TFAOQ.2 eq
M . M_M__J'\_A P bl
0.5eq
Py, W J N
1.0 eq
M A A A
3.0eq

N .
2a+TFA (5.0 eq)
L ox ) JL.J"L #@J

9.0 8070(ppm)
Figure 9-3. Partial '"H NMR spectra of 2a and 2a/Zn + 0.2-5.0 eq TFA in CD2Cl.

9-3. PIMEMEHSEIAR 2a/Zn DWRIT « 5 CHRE

53 DAV YRR SRS R 2a/Zn DAY MV ZRNE LT2RER, In2Q2 dighé
IR & RRRICEOEB A R IT RN EMNA~E 7 b L, 3O I35 L=, In2Q2
TEHEE IR & [FARIZ, HOMO-LUMO gap OAK FIZFE D BOEs N AE L EE 26
N5, £72, 300nm & 341 nm AU S 72 2 DOMKIRIE RIT & HITR
W R (habs=317nm, 375nm) (27 b L, EARNEREITEA L7 (Table 9-
1, Figure 9-4, 9-5),
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Table 9-1. Photophysical data of BIm2Q2 derivative 2a and 2a/Zn in DMF (20 uM for
absorption and emission, excitation at 360 nm).

in DMF
Compound € Aabs Aem o2
Mtcm™  (nm) (nm) (%)
. 4300
2a 3-45x10 438 14.2

4.41%x10* 341

) 4 317
2a/Zn 3.21x10 532 7.8

3.66x10* 375

Abs.
1
—a
2a/Zn
T
0.5
0
270 370 470

wavelength (nm)

Figure 9-4. UV spectra of BIm2Q?2 derivatives 2a and neutral Zn complex 2a/Zn in DMF
(20 uM).

112



Fluorescence intensity (a.u.) -
60
2a

30 :

|

2a/Zn 3
g a
0 ¥
380 480 580 680

wavelength (nm)

Figure 9-5. Fluorescence spectra of BIm2Q2 derivatives 2a and neutral Zn complex
2a/Zn in DMF (20 uM, excitation at 360 nm).
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[5 10 =] #5im

AEFFETIE, &/ U2 4 BIRK TEQ & RIARDNIRLEHR 4 BB 1 (B KL
A WEEEHERF LoD, BRRBEERNXT VT 0 —2 /T DHH 4 EENL DA
MEHEL, ~T o FERENA T Yy NIZEE LA F— (In) - X/ U
v (Q) B4 EERM2Q21 25T Y A I XY —/L (Blm) - ¥/ U VBRIR
4 BiA BIm2Q22 AR L7z, In2Q2 358 K 1la—g X, 23 F DA F—L b 2
FTOT 2 FEEZAT RN T I Rb, 27l 2B THO 1
T, BT NLF /=)o —T DX ) Y UBIERICED AR LT, £S5
BRI, BEHRIEITERAT U7 - SRR, 72 5 ONTHiER & O PSS IATE Ak BE
AL, L L PRICK L CRERREEEAE < (AGH=16.6 keal/mol), 5 ENC
LD BN ARARE CTH o7 To®, KislERED R E2 BiE L7-FElbe LT, 1~
R— b« % U S EAL TR B AL A A L 72 S B In2Q2 753K 1h—o
AR L, ZHSFEEIAIL, chiral-HPLC (2 X 2 S EINARETH Y, #85
5 BAEARIZ BV TREFR7: CD A2 M AT, S IRBRICL Y, 1 F—
NWINMEBEIOF U2 TALICEBRIEZE A LT In2Q2 #5E(K 10 13, HRFEAED
Kbgzm = U7z (AG=33.3keal/mol), 5%, 1o ZHJE & L7c#FE b7 b NI
BESRILIZ XV, REMBESEE~DOIEANPHGFES LS,

—7J7, BIm2Q2 2%, 25 F DRV A I XY=L 2 yFROT I NEGEEH
THERIKRTT I RD In2Q2 & RO FIECTEKR Lz, A1k, BEERME
XY I BXIO3IMEZFEHTTa hoBEIZHED ATREMNH 5, RIS
ORI LD BRI 2 LR, AERMERREMEZS A bV
FIVITBLH S 722035 1273, CDLCl 1S T HZE RO ATREME S RIR S iz 720,
At%, CD.CL HHIZBIT DIREEILIC & D HAERMEZFR5, NOESY A7 kL
72 5 ONE DFT RHEIC K D2 REMFHNIC LY, 2 13X Y A I XY —)L NH 5
WEBICALE T D3 T4 A —3a U TREICHFEL TWD &3 X2 72, BIm2Q2 7%
BRI, T OFICERT 2 pH KFHEEIEFEE R L, 58 - 9RIEEAEIIC
BWTHEERMEO B MR LT=, 72, U7 =4 MR & PRI DM
FOMREAE TN T DX T VBN & L COREEMEEZ/RT T2, dHentEiRD &Rk
TR Uiz, TOREE, WEOAMEIC X v SEATER 2 HI#H < X 5 TREME VR
e ST, A X B ESERATIC L - T, BIm2Q2 72 b N HigNGE R E N Z
NOWEZRETHZ &T, DT =F WM& PPERML T 0 B I7 OERE %2 iS¢
HZEHERT, ET2EFXF TN TFTHDZ Enb, 5% IEF0ENT L 5008k,
GBS S ONCHOE B IR oM L2451 L7-F B kic L v, RAMBER
a2 pH & 771 CPL A B IS TX 27 REMEN H 5,
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In2Q2 1 poly-substituted In2Q2 1o
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Figure 10-1. Summary of this work.
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[ 11 Z£] Experimental section

11-1. General methods

11-1-1. Reactions and purifications

Unless otherwise noted, all reactions were carried out under an inert atmosphere and
were stirred with Teflon-coated magnetic stir bars. All work-up and purification
procedures were carried out with reagent-grade solvents under ambient atmosphere. Thin
layer chromatography (TLC) was performed on Merck TLC plates (0.25 mm) pre-coated
with silica gel 60 F254 and visualized by UV quenching. Flash column chromatography
was performed on a Biotage Isolera One.

11-1-2. Characterizations

Infrared (IR) spectra were recorded on a JASCO FT/IR-4700 Fourier transform
infrared spectrophotometer, ATR PRO ONE. NMR spectra were recorded on a Bruker
AVANCES500, a Bruker AVANCE NEO 600 and a Chemical shifts () are given in ppm
relative to residual solvent peaks!®’. Data for 'H NMR are reported as follows: chemical
shift (multiplicity, coupling constants where applicable, number of hydrogens).
Abbreviations are as follows: s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet
of doublet), dq (doublet of quartet), ddd (doublet of doublet of doublet), tt (triplet of
triplet), m (multiplet), brs (broad singlet). High resolution mass spectra (ESI) were
measured on a JEOL JMS-T100LP. Melting points were measured on a Yanagimoto
Seisakusho Micro Melting Point Apparatus. HPLC analysis was conducted on a
Shimadzu HPLC system Nexera XR equipped with Daicel chiral-stationary-phase
columns. Optical rotation was measured using a 2 mL cell with a 0.5 dm path length on a
JASCO polarimeter P-1030.Single-crystal X-ray data were collected on a Rigaku R-
AXIS RAPID II imaging plate area detector with graphite-monochromated Cu-Ka
radiation. UV-Visible absorption spectra were recorded using a 0.1 dm cell on a Jasco V-
660 spectrophotometer. Fluorescence emission spectra were recorded using a 0.1 dm cell
on a Jasco FP-8600 spectrofluorometer, with which absolute fluorescence quantum yields
were measured with a Jasco ILF-835 unit (100 mm integrating sphere). TG-DTA spectra
were recorded on a Rigaku TG-DTAS8122 under ambient atmosphere. Circular dichroism
(CD) spectra were recorded on a JASCO J-1100 spectrometer.

11-1-3. Solvents and reagents

Unless otherwise noted, materials were purchased from commercial suppliers and
were used without purification. Anhydrous toluene, DMF, CH2Cl> and phenylboronic
acid were purchased from Kanto Chemical Co. Ltd. Ethyl vinyl ether was purchased from
FUJIFILM Wako Pure Chemical Corporation. Methyl anthranilate S-1, 2-chloropyridine,
trifluoromethanesulfonic anhydride, 4-ethynylanisole, 2-ethynylthiophene,
ethynylbenzene, cyclopropylacetylene, 4-ethynyltoluene, iodomethane, pyridine
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hydrochloride, 3-aminophenylboronic acid, 4-(trifluoromethyl)phenyl boronic acid,
3.,4,5-trimethoxyphenyl boronic acid, methyl 2,3-diaminobenzoate 15 and 1,2-
phenylenediamine were purchased from Tokyo Chemical Industry Co. Ltd. 2-
Ethynylnaphthalene was purchased from Tokyo Chemical Industry Co. Ltd. or BLD
Pharmatech Co. Ltd. Ethoxyacetylene was purchased from Sigma-Aldrich. 2-bromo-3-
methylaniline 13, 3-bromo-1,2-diaminobenzene 23 and 8-quinolinecarbaldehyde were
purchased from Combi-Blocks.

11-1-4. Computational investigations

All quantum chemical calculations were performed using the Gaussian 16
program!®%, Density functional theory (DFT) calculations employed an ultrafine integral
grid (99 radial shells, 590 angular points). Structural optimizations were conducted at the
level of theory specified in the corresponding section. Frequency calculations confirmed
the identity of geometry minima (no imaginary frequencies) and transitions states (one
imaginary frequency). All transition state structures were verified to connect the reactant
and the product of interest by performing IRC calculations. Zero-point energies and
thermal corrections were obtained at 298 K and are unscaled.

11-2. Preparation of macrocyclic diamide 6

11-2-1. Synthesis of methyl (E)-2-(2-(hydroxyimino)acetamido)benzoate S-2'%2

To a round-bottomed flask were added methyl anthranilate S-1 (20.0 g, 132 mmol),
chloral hydrate (21.9 g, 132 mmol), hydroxylamine hydrochloride (18.4 g, 265 mmol),
H>0 (450 mL) and concentrated H2SO4 (9.0 mL), and the resulting mixture was stirred at
95 °C for 100 min. After the reaction was completed, the precipitated solids in the reaction
mixture were filtered out to afford the title product (20.1 g, 68% yield) as a cream-colored
solid. Although I could not find the literature data, I determined from the '"H NMR that it
was the target product and proceeded to the next step in the synthesis.

IH NMR (600 MHz, CDsCN) & 11.78 (brs, 1H), 9.92 (s, 1H), 8.69 (dd, J = 8.5, 1.0 Hz,
1H), 8.07 (dd, J = 8.0, 1.6 Hz, 1H), 7.74 (ddd, J = 7.9, 1.6 Hz, 1H), 7.52 (s, 1H), 7.19~
7.16 (m, 1H), 3.92 (s, 3H).

11-2-2. Synthesis of methyl 2,3-dioxoindoline-7-carboxylate S-3'%3

Methyl (E)-2-(2-(hydroxyimino)acetamido)benzoate S-2 (10.1 g, 45.5 mmol) was
slowly added at room temperature to a round-bottomed flask containing concentrated
H>SO4 (36 mL). After the addition of S-2 was finished, the resulting mixture was stirred
at 60 °C for 30 min. Then the reaction mixture was cooled to room temperature and
poured into the cracked ice, and the precipitated solids were filtered out. The filtered
solids were dissolved in NaHCOs (sat.), and the resulting mixture was extracted with
CH:>Clz, and combined organic layers were washed with brine, and dried over anhydrous
NaxSO4. Volatiles were removed under reduced pressure to afford the title product (3.82
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g, 41% yield) as a yellow solid. Although I could not find the literature data, I determined
from the '"H NMR that it was the target product and proceeded to the next step in the
synthesis.

IH NMR (600 MHz, CDCls) 8 9.41 (brs, 1H), 8.13 (dd, J = 8.0, 1.3 Hz, 1H), 7.79 (d, J =
7.4 Hz, 1H), 7.18 (dd, J= 7.8, 7.6 Hz, 1H), 3.98 (s, 3H).

11-2-3. Synthesis of methyl oxindole-7-carboxylate 3'%*

To a round-bottomed flask were added methyl 2,3-dioxoindoline-7-carboxylate S-3
(3.45 g, 16.8 mmol) and "BuOH (100 mL). After hydrazine monohydrate (1.4 mL, 28.8
mmol) was added dropwise at 35 °C, the reaction mixture was stirred at 80 °C for 1 h.
Then Et3N (117 mL, 844 mmol) was added at 80 °C, and the resulting mixture was stirred
at 100 °C for 4 h. After the reaction was completed, the reaction mixture was cooled on
an ice bath, and the precipitated solids were filtered out and washed with ethyl acetate to
afford the title product (2.32 g, 72% yield) as a cream-colored solid. Although I could not
find the literature data, I determined from the '"H NMR that it was the target product and
proceeded to the next step in the synthesis.

IH NMR (600 MHz, DMSO-de) 5 10.20 (brs, 1H), 7.69 (d, J = 8.1 Hz, 1H), 7.44 (d, J =
7.4 Hz, 1H), 7.04 (dd, J= 7.9, 7.4 Hz, 1H), 3.85 (s, 3H), 3.56 (s, 2H).

11-2-4. Synthesis of methyl 2-bromo-1H-indole-7-carboxylate 4

To a two-necked flask were added methyl oxindole-7-carboxylate 3 (924 mg, 4.83
mmol), toluene (40 mL), and EtzN (670 pL, 4.83 mmol) under N,. After phosphoryl
bromide (2.77 g, 9.66 mmol) in toluene (6.0 mL) was added at room temperature, the
reaction mixture was stirred at 80 °C for 22 h. The reaction mixture was diluted with ethyl
acetate and NaHCOs (sat.) was added to quench the reaction at 0 °C. The resulting mixture
was extracted with ethyl acetate, and combined organic layers were washed with brine,
and dried over anhydrous Na>SOs. Volatiles were removed under reduced pressure and
the resulting residue was purified by column chromatography on silica gel (eluent:
"hexane/ethyl acetate = 98/2 to 80/20) to afford the title product (827 mg, 67% yield) as
a light yellow oil.

Methyl 2-bromo-1H-indole-7-carboxylate (4)

N\ Br IR (neat) 3416, 3066, 2953, 2850, 1691, 1264, 1136, 771, 623 cm".

H "H NMR (500 MHz, CDCl3) § 9.80 (brs, 1H), 7.84 (dd, J= 7.6, 1.0

MeO™ "0 Hz, 1H), 7.74 (d, J=7.8 Hz, 1H), 7.15 (dd, J= 7.8, 7.6 Hz, 1H), 6.59
4 (d, J = 2.3 Hz, 1H), 3.99 (s, 3H). 3C NMR (126 MHz, CDCL;) &

167.67, 136.29, 129.82, 125.21, 124.33, 119.89, 112.14, 110.15, 104.80, 52.16. HRMS
(ESI) m/z caled for C1oH7"BrNO; [M—H] : 251.9660, found: 251.9672.
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11-2-5. Synthesis of methyl 2-(2-aminophenyl)-1H-indole-7-carboxylate 5

To a sealed tube were added methyl 2-bromo-1H-indole-7-carboxylate 4 (502 mg,
1.98 mmol), (2-aminophenyl)boronic acid (298 mg, 2.18 mmol), K.CO3 (2.05 g, 14.8
mmol), Pd(OAc): (8.9 mg, 0.0396 mmol), PPh3 (10.4 mg, 0.0397 mmol), 1,4-dioxane (14
mL), and H>O (5.6 mL) under N> and the resulting mixture was stirred at 70 °C for 25
min. After the reaction was completed, H>O and ethyl acetate were added to quench the
reaction. The resulting mixture was extracted with ethyl acetate, and combined organic
layers were washed with brine, and dried over anhydrous Na>;SO4. Volatiles were removed
under reduced pressure and the resulting residue was purified by column chromatography
on silica gel (eluent: "hexane/ethyl acetate = 98/2 to 80/20) to afford the title product (498
mg, 95% yield) as a yellow oil.

Methyl 2-(2-aminophenyl)-1H-indole-7-carboxylate (5)
O > O IR (neat) 3431, 3355, 3035, 2949, 2846, 1686, 1271, 747 cm™!.

N

LEVAN TH NMR (500 MHz, acetone-ds) & 10.48 (brs, 1H), 7.86 (d, J =
MeO™ O 7.8 Hz, 1H), 7.84 (dd, J= 7.6, 1.1 Hz, 1H), 7.44 (dd,J=7.7, 1.5

5 Hz, 1H), 7.17 (dd, J= 7.7 Hz, 1H), 7.16-7.13 (m, 1H), 6.93 (dd,

J=8.1, 1.0 Hz, 1H), 6.81 (d, /= 2.3 Hz, 1H), 6.80—-6.77 (m, 1H), 4.91 (brs, 2H), 3.98 (s,
3H). 3C NMR (126 MHz, acetone-ds) 6 168.07, 146.55, 138.87, 136.64, 131.34, 130.15,
129.93, 126.48, 124.60, 119.95, 118.72, 118.45, 117.49, 113.35, 101.56, 52.21. HRMS
(ESI) m/z calcd for C16H15sN202 [M—H] : 265.0977, found: 265.0972.

11-2-6. Synthesis of cyclic diamide 6

To a two-necked flask were added methyl 2-(2-aminophenyl)-1H-indole-7-
carboxylate 5 (436 mg, 1.64 mmol) and toluene (16 mL) under N>. LiHMDS (7.4 mL,
8.2 mmol, 1.1 M in THF) was added dropwise to the reaction mixture at =78 °C. After
the reaction mixture was warmed up to room temperature and stirred for 100 min, NH4Cl
(sat.) was added to quench the reaction. The mixture was extracted with ethyl acetate, and
combined organic layers were washed with brine, and dried over anhydrous Na>SOs.
Volatiles were removed under reduced pressure and the resulting residue was washed with
CH:Cl: for 3 times to afford the title product (343 mg, 89% yield) as a light orange solid.
The above CH>Cl: solution was evaporated under reduced pressure and the resulting
residue was purified by column chromatography on silica gel (eluent: "hexane/ethyl
acetate = 94/6 to 60/40) to afford additional amount of the product (23.8 mg, 6% yield)
as a light orange solid. In total, 95% of 6 was obtained.
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cyclooctaphane-4,8-dione (6)
HN M.p. 208-209 °C. IR (neat) 3306, 3006, 2990, 2922, 1634, 1276,
751 cm™'. "THNMR (500 MHz, acetone-dc) 6 11.60 (brs, 2H), 9.61
N (brs, 2H), 7.76-7.72 (m, 6H), 7.60-7.54 (m, 6H), 7.08 (dd, J=17.7,
O O 7.6 Hz, 2H), 6.56 (d, J = 2.2 Hz, 2H). 3C NMR (126 MHz,
6 acetone-ds) & 171.75, 139.28, 135.92, 135.77, 135.07, 132.59,
130.74, 130.65, 130.43, 129.24, 124.91, 121.03, 119.55, 118.79, 101.83. HRMS (ESI)
m/z calcd for C3oH20NsNaO, [M+Na]*: 491.1484, found: 491.1482.

O N O 1'H,5 H-3,7-Diaza-1(2,7),5(7,2)-diindola-2,6(1,2)-dibenzena
N
H

11-3. Synthesis of [In2Q2 1

11-3-1. Synthesis of non-substituted In2Q2 1a

To a sealed tube were added cyclic diamide 6 (46.8 mg, 0.0100 mmol), 2-
chloropyridine (46.8 uL, 0.500 mmol), and CH>CL (10 mL) under N,. T£,0 (49.4 uL,
0.301 mmol) was added dropwise at 0 °C, and the resulting mixture was stirred at the
same temperature for 15 min. After adding ethyl vinyl ether (95.3 pL, 0.992 mmol), the
resulting mixture was warmed up to room temperature and stirred for 1.5 h. EzN was
added to quench the reaction and the residue after evaporation was purified by column
chromatography on silica gel (eluent: "hexane/toluene = 50/50 to 25/75) to afford the title
product (7.3 mg, 15% yield) as a yellow solid.

11H,23H-4,6:16,18-Di(epiethane[1,2]diylidene)-10,12:22,24-di
(metheno)tetrabenzo|b,f,j,n][1,5,9,13]|tetraazacyclohexadecine
(1a)
M.p. >300 °C (decomp.). IR (neat) 3469, 3051, 2925, 2852, 1309,
794,742 cm™!. "TH NMR (600 MHz, acetone-ds) 6 11.41 (brs, 2H),
8.54 (d, /= 8.6 Hz, 2H), 8.07 (dd, J = 8.1, 1.5 Hz, 2H), 7.96 (dd,
la J=172,1.5Hz, 2H), 7.92 (d,J=8.6 Hz, 2H), 7.71 (d, J= 7.8 Hz,
2H), 7.68 (dd, /= 8.1, 7.2 Hz, 2H), 7.43 (dd, J = 7.4, 1.0 Hz, 2H), 7.20 (dd, /= 7.8, 7.4
Hz, 2H), 6.74 (d, J = 2.2 Hz, 2H). 3C NMR (151 MHz, acetone-ds) & 160.29, 146.86,
140.19, 138.48, 135.84, 133.80, 132.98, 130.54, 129.39, 128.24, 126.99, 125.60, 123.38,
123.36,121.97, 120.33, 104.03. HRMS (ESI) m/z calcd for C34H21N4 [M+H]*: 485.1766,
found: 485.1761.
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11-3-2. Synthesis of substituted In2Q2 1b—g

General procedure

To a sealed tube were added cyclic diamide 6, 2-chloropyridine (5.0 eq) and CH>Cl»
under N». T,0 (3.0 eq) was added dropwise at 0 °C, and the resulting mixture was stirred
at the same temperature for 15 min. After adding alkyne (10 eq), the resulting mixture

was warmed up to room temperature and stirred for 19—24 h. EizN was added to quench
the reaction and the residue after evaporation was purified by column chromatography on
silica gel.

27,30-Diphenyl-11H,23H-4,6:16,18-dietheno-10,12:
22,24-di(metheno)tetrabenzo|b,f,j,n][1,5,9,13]tetra
azacyclohexadecine (1b)
Followed by the typical procedure from cyclic diamide 6
(12.3 mg, 0.0262 mmol), 2-chloropyridine (12.3 pL,
0.131 mmol), THO (129 pL, 0.0787 mmol),
1b ethynylbenzene (28.9 pL, 0.263 mmol), CH2Cl, (600
pL) and the residue after evaporation was purified by column chromatography on silica
gel (eluent: "hexane/toluene = 50/50 to 33/67) to afford 1b (4.5 mg, 27% yield) as a yellow
solid. M.p. >300 °C. IR (neat) 3472, 3006, 2923, 2851, 1276, 1259, 749 cm™'. '"H NMR
(500 MHz, DMSO-ds) 6 11.92 (brs, 2H), 7.97 (dd, J= 8.4, 1.4 Hz, 2H), 7.92 (dd, /= 7.1,
1.4 Hz, 2H), 7.75 (s, 2H), 7.72 (d, J = 7.8 Hz, 2H), 7.70—7.62 (m, 10H), 7.60-7.57 (m,
2H), 7.48 (dd, J= 7.4, 1.0 Hz, 2H), 7.18 (dd, J = 7.6 Hz, 2H), 6.72 (d, J = 2.1 Hz, 2H).
13C NMR (126 MHz, DMSO-ds) & 157.99, 148.84, 146.04, 139.23, 137.63, 134.34,
133.04, 131.92, 129.60, 128.93, 128.82, 128.71, 126.36, 125.78, 124.98, 124.38, 122.45,
122.25,120.92, 119.29, 102.52. HRMS (ESI) m/z calcd for C46H20N4 [M+H]": 637.2392,
found: 637.2391.

27,30-Di(naphthalen-2-yl)-11H,23 H-4,6:16,18-
dietheno-10,12:22,24-di(metheno)tetrabenzo
|b,1,j,n][1,5,9,13]tetraazacyclohexadecine (1¢)
Followed by the typical procedure from cyclic diamide
6 (37.2 mg, 0.0794 mmol), 2-chloropyridine (37.2 pL,
0.396 mmol), TH0 (39.1 pL, 0.239 mmol), CH>Cl>
1c (1.6 mL), 2-ethynylnaphthalene (121 mg, 0.795 mmol)
in CH2Cl, (400 puL) and the residue after evaporation was purified by column

chromatography on silica gel (eluent: "hexane/toluene = 50/50 to 33/67) to afford 1¢ (23.9
mg, 41% yield) as a yellow solid. M.p. >300 °C. IR (neat) 3470, 3006, 2989, 2847, 1276,
1260, 749 cm™!. 'TH NMR (600 MHz, THF-ds) & 11.19 (brs, 2H), 8.16 (s, 2H), 8.07 (d, J
= 8.4 Hz, 2H), 8.04 (dd, J = 8.4, 1.4 Hz, 2H), 8.00-7.98 (m, 4H), 7.96 (dd, /= 7.1, 1.4
Hz, 2H), 7.94 (s, 2H), 7.74 (dd, J = 8.3, 1.5 Hz, 2H), 7.68 (d, J = 7.7 Hz, 2H), 7.59-7.55
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(m, 6H), 7.48 (dd, J = 7.4, 1.0 Hz, 2H), 7.16 (dd, J = 7.6 Hz, 2H), 6.74 (d, J = 2.1 Hz,
2H). BC NMR (151 MHz, THF-ds) 6 160.17, 150.48, 147.67, 140.44, 136.93, 136.16,
134.66, 134.51, 134.27, 132.68, 130.85, 129.71, 129.10, 129.01, 128.60, 128.24, 127.49,
127.46, 126.96, 126.85, 126.80, 125.56, 123.99, 123.52, 121.92, 120.12, 104.22. HRMS
(ESI) m/z calcd for Cs4H33N4 [M+H]*: 737.2705, found: 737.2711.

27,30-Bis(4-methoxyphenyl)-11H,23H-4,6:16,
18-dietheno-10,12:22,24-di(metheno)tetra
benzo|b,f,j,n][1,5,9,13]|tetraazacyclohexa
decine (1d)

Followed by the typical procedure from cyclic
diamide 6 (69.6 mg, 0.149 mmol), 2-
chloropyridine (69.6 pL, 0.742 mmol), TH:0
(73.4 pL, 0.447 mmol), 4-ethynylanisole (192 uL, 1.49 mmol), CH>Cl> (3.0 mL) and the
residue after evaporation was purified by column chromatography on silica gel (eluent:
"hexane/toluene = 50/50 to 20/80) to afford 1d (34.8 mg, 34% yield) as a light yellow
solid. M.p. >300 °C. IR (neat) 3478, 3006, 2989, 2825, 1276, 1260, 748 cm™'. 'H NMR
(600 MHz, DMSO-ds) 6 11.89 (brs, 2H), 8.02 (dd, /= 8.4, 1.4 Hz, 2H), 7.91 (dd, J="7.1,
1.4 Hz, 2H), 7.714 (s, 2H), 7.710 (d, J = 7.8 Hz, 2H), 7.66 (dd, J = 8.4, 7.2 Hz, 2H), 7.64
(d,/=8.7Hz, 4H), 7.47 (dd, J=7.3,0.9 Hz, 2H), 7.19-7.17 (m, 6H), 6.71 (d, J=2.1 Hz,
2H), 3.88 (s, 6H). 3C NMR (151 MHz, DMSO-ds) § 159.70, 157.97, 148.57, 146.14,
139.30, 134.34, 133.01, 131.82, 130.98, 129.76, 128.91, 126.19, 125.87, 125.18, 124.47,
122.34, 122.18, 120.85, 119.27, 114.32, 102.46, 55.35. HRMS (ESI) m/z calcd for
CssH33N402 [M+H]": 697.2604, found: 697.2588.

27,30-Di(thiophen-2-yl)-11H,23H-4,6:16,18-dietheno-10,
12:22,24-di(metheno)tetrabenzolb,f,j,n][1,5,9,13]tetra
azacyclohexadecine (1e)
Followed by the typical procedure from cyclic diamide 6
(13.4 mg, 0.0286 mmol), 2-chloropyridine (13.4 pL, 0.143
mmol), THO (14.0 puL, 0.0854 mmol), 2-ethynylthiophene
le (28.8 pL, 0.288 mmol), CH>CL (600 pL) and the residue
after evaporation was purified by column chromatography on silica gel (eluent:
"hexane/toluene = 50/50 to 33/67) to afford 1e (6.7 mg, 36% yield) as a yellow solid. ML.p.
258-259 °C. IR (neat) 3464, 3095, 3048, 3006, 1277, 1012, 765 cm™'. 'H NMR (600
MHz, THF-ds) 6 11.07 (brs, 2H), 8.39 (dd, J= 8.4, 1.5 Hz, 2H), 7.95 (dd, J=7.1, 1.5 Hz,
2H), 7.92 (s, 2H), 7.70 (dd, J = 5.1, 1.2 Hz, 2H), 7.67 (d, J = 7.8 Hz, 2H), 7.62 (dd, J =
8.4,7.1 Hz, 2H), 7.53 (dd, J= 3.5, 1.2 Hz, 2H), 7.42 (dd, J= 7.4, 1.0 Hz, 2H), 7.28 (dd,
J=15.1,3.5Hz, 2H), 7.15 (dd, J= 7.6 Hz, 2H), 6.71 (d, J= 2.1 Hz, 2H). 13C NMR (151
MHz, THF-dg) 6 160.09, 147.84, 142.80, 140.30, 139.91, 136.07, 134.68, 132.91, 130.82,
129.87, 128.68, 128.51, 127.14, 126.50, 126.27, 125.29, 124.00, 123.46, 122.01, 120.16,
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104.28. HRMS (ESI) m/z calcd for C42HasN4Sz2 [M+H]": 649.1521, found: 649.1532.

27,30-Dicyclopropyl-11H,23H-4,6:16,18-di(epiethane[1,2]
diylidenee)-10,12:22,24-di(metheno)tetrabenzo(b,f,j,n|
[1,5,9,13]tetraazacyclohexadecine (1f)
Followed by the typical procedure from cyclic diamide 6 (31.6
mg, 0.0674 mmol), 2-chloropyridine (31.6 uL, 0.336 mmol),
T£20 (33.4 pL, 0.204 mmol), cyclopropylacetylene (57.2 uL,
1f 0.675 mmol), CHxCl, (6.5 mL) and the residue after
evaporation was purified by column chromatography on silica gel (eluent:
"hexane/toluene = 50/50 to 20/80) to afford 1f (9.4 mg, 25% yield) as a light yellow solid.
M.p. 231232 °C. IR (neat) 3473, 3053, 2921, 2843, 1562, 905, 742 cm™'. 'TH NMR (600
MHz, acetone-de) & 11.30 (brs, 2H), 8.55 (dd, J= 8.4, 1.5 Hz, 2H), 7.93 (dd, /= 7.2, 1.5
Hz, 2H), 7.70 (dd, J= 8.4, 7.2 Hz, 2H), 7.68 (d, J = 7.8 Hz, 2H), 7.53 (s, 2H), 7.39 (dd, J
=7.3, 1.1 Hz, 2H), 7.16 (dd, J=17.8, 7.3 Hz, 2H), 6.70 (d, /= 2.3 Hz, 2H), 2.70-2.64 (m,
2H), 1.28-1.20 (m, 4H), 1.08-1.04 (m, 2H), 1.00-0.95 (m, 2H). 3C NMR (151 MHz,
acetone-ds) 6 160.06, 151.53, 146.90, 140.57, 135.83, 134.35, 132.68, 130.43, 128.60,
126.64, 125.87, 125.41, 123.18, 121.74, 120.21, 119.13, 103.83, 13.15, 8.56, 8.30.
HRMS (ESI) m/z caled for C40H20N4 [M+H]": 565.2392, found: 565.2395.

27,30-Diethoxy-11H,23H-4,6:16,18-dietheno-10,12:22,24-di
Q (metheno)[b,f,j,n][1,5,9,13]tetraazacyclohexadecine (1g)

EtO ‘ Followed by the typical procedure from cyclic diamide 6 (141

O ot mg, 0.301 mmol), 2-chloropyridine (141 pL, 1.51 mmol), Tf,0

‘ (149 uL, 0.907 mmol), ethoxyacetylene (288 uL, 3.00 mmol),

CH>Cl (30 mL) and the residue after evaporation was purified

1g by column chromatography on silica gel (eluent:

"hexane/toluene = 50/50 to 10/90—"hexane/ethyl acetate = 90/10) to afford 1g (44.5 mg,

26% yield) as a yellow solid. M.p. >300 °C. IR (neat) 3466, 3048, 2978, 2930, 1352,

1089, 743 cm™!. 'H NMR (500 MHz, THF-ds) & 11.06 (brs, 2H), 8.29 (dd, J = 8.3, 1.6

Hz, 2H), 7.87 (dd, J = 7.2, 1.6 Hz, 2H), 7.62 (d, J = 7.8 Hz, 2H), 7.52 (dd, J = 8.3, 7.2

Hz, 2H), 7.36 (dd, /= 7.4, 1.0 Hz, 2H), 7.26 (s, 2H), 7.10 (dd, J= 7.6 Hz, 2H), 6.64 (d, J

= 2.1 Hz, 2H), 4.46 (dq, J = 9.6, 7.0 Hz, 2H), 4.36 (dq, J = 9.6, 7.0 Hz, 2H), 1.59 (dd, J

= 7.0 Hz, 6H). 13C NMR (126 MHz, THF-ds) 6 162.85, 161.82, 148.10, 140.52, 135.95,

133.88, 132.79, 130.71, 126.28, 125.58, 122.98, 122.65, 121.59, 121.48, 119.82, 103.78,

102.73, 65.21, 14.77. HRMS (ESI) m/z calcd for C3sH20N4O, [M+H]": 573.2291, found:
573.2284.
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11-3-3. Synthesis of poly-substituted In2Q2 1h—m, 10

11-3-3-1. Synthesis of Br-substituted cyclic diamide 9

To a round-bottomed flask were added cyclic diamide 6 (161 mg, 0.344 mmol),
CHxClz (17 mL) and N-bromosuccinimide (122 mg, 0.685 mmol) and the resulting
mixture was stirred at 0 °C for 30 min. After the reaction was completed, the mixture was
removed under reduced pressure and the resulting residue was washed with ethyl acetate
to afford the title product (144 mg, 67% yield) as a light yellow solid.

Br 13,53-Dibromo-1'H,5'H-3,7-diaza-1(2,7),5(7,2)-diindola-2,6
N (1,2)-dibenzenacyclooctaphane-4,8-dione (9)

O N M.p. 228-229 °C (decomp.). IR (neat) 3338, 3263, 3064, 2985,
o H o bN o 2927, 1704, 1509, 1215, 763 cm™'. 'H NMR (600 MHz, DMSO-
NH ds) 0 11.48 (s, 2H), 10.64 (s, 2H), 7.78=7.76 (m, 4H), 7.69-7.66 (m,
Q N O 4H), 7.63 (ddd, J=17.5, 1.5 Hz, 2H), 7.60 (dd, J= 7.8, 1.4 Hz, 2H),
) 7.25 (dd, J = 7.7 Hz, 2H). 13C NMR (151 MHz, DMSO-ds) &
Br 169.35, 135.46, 134.17, 132.74, 132.33, 130.44, 130.19, 129.53,
J 128.02, 127.89, 122.42, 122.34, 119.83, 117.50, 89.05. HRMS

(ESI) m/z calcd for C3oH13”"BraNsNaO> [M+Na]*: 646.9694, found: 646.9694.

11-3-3-2. Synthesis of poly-substituted In2Q2 1h

To a sealed tube were added Br-substituted cyclic diamide 9 (129 mg, 0.206 mmol),
2-chloropyridine (96.7 pL, 1.03 mmol), and CH>Cl> (4.0 mL) under N,. T,0 (101 pL,
0.617 mmol) was added dropwise at 0 °C, and the resulting mixture was stirred at the
same temperature for 15 min. After adding diphenylacetylene (367 mg, 2.06 mmol) in
CH:Cl: (4.0 mL), the resulting mixture was warmed up to room temperature and stirred
for 18 h. Et;N was added to quench the reaction and the residue after evaporation was
purified by column chromatography on silica gel (eluent: "hexane/CH2Cl> = 50/50 to
25/75) to afford the title product (118 mg, 61% yield) as a light yellow solid.

25,28-Dibromo-26,27,29,30-tetraphenyl-11H,23H-4,6:16,18-
di(epiethane[1,2]diylidene)-10,12:22,24-di(metheno)tetra
benzo|b,f,j,n][1,5,9,13]|tetraazacyclohexadecine (1h)
M.p. >300 °C. IR (neat) 3251, 3060, 3033, 3024, 2922, 1222,
770 cm™!. TH NMR (600 MHz, CDCl3) 6 9.54 (s, 2H), 8.01 (dd,
J=17.1, 1.5 Hz, 2H), 7.63 (dd, J = 7.4, 1.5 Hz, 2H), 7.52-7.48
1h (m, 4H), 7.40 (ddd, J=7.6, 0.8 Hz, 2H), 7.34 (d, /= 7.8 Hz, 2H),
7.19 (tt,J=17.5, 1.3 Hz, 2H), 7.02 (dd, J = 7.6, 0.8 Hz, 2H), 6.97-6.78 (m, 8H), 6.67 (dd,
J=1.7,7.6 Hz, 2H), 6.62 (d, J = 7.6 Hz, 2H), 6.55-6.52 (m, 4H). 3C NMR (151 MHz,
CDCl3) 6 171.35, 157.82,149.11, 145.79, 138.44, 137.04, 134.91, 134.72, 134.11, 131.83,
130.94, 130.54, 130.29, 129.78, 128.49, 128.43, 128.21, 127.65, 127.61, 127.47, 127.24,
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126.56, 126.38, 126.27, 123.45, 119.64, 119.23, 93.02. HRMS (ESI) m/z caled for
CssHas™BraNy [M+H]": 945.1229, found: 945.1238.

11-3-3-3. Synthesis of poly-substituted In2Q2 1i-1

General procedure

To a sealed tube were added 1h, boronic acid (5.0 eq), NaxCOs (8.0 eq), Pd(dppf)Cl>
(30 mol%) and 1,4-dioxane/H,0 = 5/1 under N; and the resulting mixture was stirred at
100 °C for 1625 h. After the reaction was completed, H>O and CH>Cl, were added to
quench the reaction. The resulting mixture was extracted with CH2Clz, and combined
organic layers were washed with brine, and dried over anhydrous Na>;SOs. Volatiles were

removed under reduced pressure and the resulting residue was purified by column
chromatography.

25,26,27,28,29,30-Hexaphenyl-11H,23H-4,6:16,18-
di(epiethane[1,2]diylidene)-10,12:22,24-di(metheno)tetra
benzo|b,f,j,n][1,5,9,13]tetraazacyclohexadecine (1i)
Followed by the typical procedure from 1h (14.7 mg, 0.016
mmol), phenylboronic acid (9.5 mg, 0.078 mmol), NaxCOs3
(13.2 mg, 0.125 mmol), Pd(dppf)CL (3.4 mg, 4.7 umol), 1,4-

1i dioxane (500 pL), H,O (100 pL) and the residue after
evaporation was purified by column chromatography on silica gel (eluent:
"hexane/toluene = 25/75 to 15/85) to afford 1i (9.7 mg, 66% yield) as a yellow solid. ML.p.
>300 °C. IR (neat) 3243, 3056, 3033, 2979, 2933, 1220, 771 cm™'. 'H NMR (600 MHz,
CDCl3) 6 9.52 (brs, 2H), 7.57 (d, J = 7.6 Hz, 2H), 7.53 (d, /= 7.6 Hz, 2H), 7.51-7.48 (m,
4H), 7.39 (ddd, J = 7.6, 0.8 Hz, 2H), 7.31-7.29 (m, 4H), 7.21-7.17 (m, 8H), 7.09 (tt, J =
7.3, 1.3 Hz, 2H), 7.05-6.84 (m, 10H), 6.68-6.62 (m, 6H), 6.57 (dd, J=17.5, 1.1 Hz, 2H).
I3C NMR (151 MHz, CDCl3) & 158.43, 148.93, 146.30, 138.81, 137.33, 135.66, 135.64,
134.84, 134.50, 134.34, 132.01, 130.95, 130.59, 129.90, 128.42, 128.32, 128.29, 127.53,
127.49, 127.28, 127.17, 126.43, 126.24, 125.82, 125.72, 123.32, 119.48, 119.12, 117.71.
HRMS (ESI) m/z caled for C70HasN4 [M+H]": 941.3644, found: 941.3648.

NH,  3,3'-(26,27,29,30-Tetraphenyl-11H,23H-4,6:16,18-
0 di(epiethane[1,2]diylidene)-10,12:22,24-di(metheno)tetra
Ph benzo|b,f,j,n][1,5,9,13]|tetraazacyclohexadecine-25,28-diyl)

Ph ‘ dianiline (1j)
' p, Followed by the typical procedure from 1j (5.2 mg, 5.5 pmol),
0 Q Ph 3-aminophenylboronic acid (4.3 mg, 28 umol), I\.IaZCO3 (4.7 mg,
44 umol), Pd(dppf)Cl2 (1.2 mg, 1.6 umol), 1,4-dioxane (300 uL),
NH; H>O (60 uL) and the residue after evaporation was purified by

column chromatography on silica gel (eluent: toluene/ethyl
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acetate = 90/10 to 80/20) to afford 1k (4.5 mg, 85% yield) as a yellow solid. M.p. >300 °C.
IR (neat) 3369, 2955, 2918, 2852, 1443, 1219, 769 cm™!'. 'H NMR (600 MHz, acetone-
ds) 6 11.12 (brs, 2H), 7.75 (d, J = 7.6 Hz, 2H), 7.63 (dd, J = 7.6 Hz, 2H), 7.57-7.52 (m,
6H), 7.44 (dd, J= 7.6, 0.8 Hz, 2H), 7.39-7.29 (m, 4H), 7.17-7.06 (m, 4H), 7.01 (dd, J =
7.3, 1.3 Hz, 2H), 6.98-6.87 (m, 4H), 6.85 (d, J = 7.6 Hz, 2H), 6.82-6.74 (m, 4H), 6.70—
6.66 (m, 4H), 6.50 (ddd, J = 7.6 Hz, 2H), 6.45 (ddd, J= 7.5, 1.1 Hz, 2H), 4.53 (brs, 2H).
13C NMR (151 MHz, acetone-ds) 6 158.72, 149.29, 147.20, 139.81, 138.19, 137.11,
136.37, 135.38, 135.33, 134.60, 133.78, 131.76, 130.42, 129.53, 129.04, 128.45, 128.24,
128.09, 127.71, 127.50, 127.14, 126.94, 125.38, 124.83, 120.05, 119.71, 119.04, 117.48,
116.82, 112.85. HRMS (ESI) m/z calcd for C70H47Ne [M+H]": 971.3862, found:
971.3869.

CF3  26,27,29,30-Tetraphenyl-25,28-bis(4-trifluoromethyl)
phenyl)-11H,23H-4,6:16,18-di(epiethane[1,2]
diylidene)-10,12:22,24-di(metheno)tetrabenzo
[b,1,j,n][1,5,9,13]tetraazacyclohexadecine (1k)
Followed by the typical procedure from 1h (5.0 mg, 5.3
pmol), 4-(trifluoromethyl)phenylboronic acid (5.0 mg,
26 umol), Na,COs3 (4.5 mg, 43 umol), Pd(dppf)Cl, (1.2

mg, 1.6 umol), 1,4-dioxane (300 pL), H>O (60 pL) and the residue after evaporation was

purified by column chromatography on silica gel (eluent: "hexane/toluene = 50/50 to

40/60) to afford 1k (1.8 mg, 32% yield) as a white solid. M.p. >300 °C. IR (neat) 3485,

3058, 3035, 2920, 2849, 1322, 1224, 772 cm™'. "TH NMR (600 MHz, acetone-ds) & 11.34

(brs, 2H), 7.76=7.74 (m, 4H), 7.66—7.65 (m, 2H), 7.63—7.59 (m, 8H), 7.57-7.52 (m, 6H),

7.47 (dd, J = Hz, 2H), 7.38 (brs, 2H), 7.32 (tt, /= Hz, 2H), 7.19-7.10 (m, 4H), 7.04 (tt, J

= 7.3, 1.3 Hz, 2H), 6.95 (brs, 2H), 6.82—6.77 (m, 6H). 13C NMR (151 MHz, acetone-d)

0 168.01, 158.64, 149.61, 147.30, 138.73 (q, Jc-r = 238 Hz), 136.88, 135.59, 135.25,

134.63, 133.48, 132.97, 132.03, 131.73, 131.05, 130.43, 130.33, 129.65, 129.09, 128.54,

128.38, 128.26, 127.90, 127.36, 127.21, 126.00, 125.77, 125.23, 119.93, 119.15, 115.42.

YF NMR (471 MHz, acetone-ds) & —58.49. HRMS (ESI) m/z calcd for C72H42F¢NsNa

[M+Na]*: 1099.3211, found: 1099.3212.

26,27,29,30-Tetraphenyl-25,28-bis(3,4,5-trimethoxy
trimethoxyphenyl)-11H,23H-4,6:16,18-di(epiethane
[1,2]diylidene)-10,12:22,24-di(metheno)tetrabenzo
1b,f,j,n][1,5,9,13]tetraazacyclohexadecine (11)
Followed by the typical procedure from 11 (11.7 mg,
0.0124 mmol), 3,4,5-trimethoxyphenylboronic acid
(9.5 mg, 0.062 mmol), Na,CO3 (10.5 mg, 0.0991
mmol), Pd(dppf)Cl> (3.4 mg, 3.7 umol), 1,4-dioxane
(500 pL), H2O (100 uL) and the residue after evaporation was purified by column
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chromatography on NH silica gel (eluent: "hexane/ethyl acetate = 25/75 to 15/85) to
afford 1m (4.8 mg, 35% yield) as a yellow solid. ML.p. >300 °C. IR (neat) 3386, 2953,
2922, 2852, 1222, 1119, 781 cm™!. TH NMR (600 MHz, CDCl;3) 6 9.65 (brs, 2H), 7.68—
7.66 (m, 4H), 7.62 (dd, J= 7.4, 1.5 Hz, 2H), 7.55-7.53 (m, 2H), 7.39 (dd, /= 7.6, 7.5 Hz,
2H), 7.36 (dd, J=8.4,7.1 Hz, 2H), 7.29 (tt, J=17.5, 1.5 Hz, 2H), 7.14-7.09 (m, 4H), 7.05
—6.96 (m, 6H), 6.80—6.73 (m, 6H), 6.69 (dd, J= 7.5, 1.1 Hz, 2H), 6.58 (s, 4H), 3.86 (s,
6H), 3.67 (s, 12H). 3C NMR (151 MHz, CDCl3) § 158.29, 153.05, 149.05, 146.36,
138.70, 137.19, 136.42, 135.57, 134.70, 134.54, 134.32, 131.93, 131.15, 130.86, 129.87,
128.48, 128.25, 127.63, 127.59, 127.42, 126.98, 126.51, 126.32, 125.83, 123.32, 119.56,
119.13, 117.72, 107.87, 61.08, 56.26. HRMS (ESI) m/z caled for C;6Hs6N4NaOg
[M+Na]": 1143.4098, found: 1143.4100.

11-3-3-4. Synthesis of poly-substituted In2Q2 1o

11-3-3-4-1. Synthesis of methyl 2-(2-amino-6-methylphenyl)-1H-indole-7-carboxylate
10

To a sealed tube were added 2-bromo-3-methylaniline 13 (464 mg, 2.49 mmol),
Pd(PhCN)>Cl> (19.1 mg, 0.0498 mmol), CyJohnphos (35.0 mg, 0.0100 mmol) and 1,4-
dioxane (5.0 mL) under N». Pinacolborane (718 pL, 4.99 mmol) was added dropwise at
0 °C, and the resulting mixture was warmed up to 80 °C and stirred for 18 h to afford the
crude 14. To a solution of crude 14 in dioxane (5.0 mL), methyl 2-bromo-1H-indole-7-
carboxylate 4 (634 mg, 2.49 mmol), NaxCOs (1.98 g, 18.7 mmol), Pd(PPh3)4 (144 mg,
0.125 mmol), EtOH (2.5 mL) and H>O (2.5 mL) were added and the resulting mixture
was stirred at 90 °C for 3.5 h. After the reaction was completed, H>O and ethyl acetate
were added to quench the reaction. The resulting mixture was extracted with ethyl acetate,
and combined organic layers were washed with brine, and dried over anhydrous Na>SOs.
Volatiles were removed under reduced pressure and the resulting residue was purified by
column chromatography on silica gel (eluent: "hexane /CH>Cl> = 50/50 to "hexane/ethyl
acetate = 75/25) to afford the title product (422 mg, 60% yield) as a pale-brown solid.

Me Methyl 2-(2-amino-6-methylphenyl)-1H-indole-7-
A carboxylate (10)
O N O M.p. 179-180 °C. IR (neat) 3423, 3345, 3033, 3002, 2953, 2846,
H N 1686, 1219, 772 cm™'. TH NMR (600 MHz, CDCl3) 8 9.72 (brs,
MeO 010 1H), 7.91 (dd, J = 7.6, 0.9 Hz, 1H), 7.87 (ddd, J = 7.8, 0.9 Hz,

1H), 7.19 (dd, J=7.7 Hz, 1H), 7.14 (dd, /= 7.8 Hz, 1H), 6.73 (d,
J=7.5Hz, 1H), 6.66 (d,J=8.0 Hz, 1H), 6.58 (d, J=2.4 Hz, 1H), 3.98 (s, 3H), 3.79 (brs,
2H),2.19 (s, 3H). BC NMR (151 MHz, CDCl3) § 167.90, 145.97, 139.02, 136.23, 135.03,
130.06, 129.71, 126.08, 124.29, 120.07, 119.30, 118.20, 112.92, 112.60, 103.14, 52.05,
20.73. HRMS (ESI) m/z caled for C17H17N20,2 [M+H]": 281.1290, found: 281.1293.

127



11-3-3-4-2. Synthesis of Me-substituted cyclic diamide 11

To a sealed tube were added methyl 2-(2-amino-6-methylphenyl)-1H-indole-7-
carboxylate 10 (304 mg, 1.09 mmol) and toluene (11 mL) under N». LiHMDS (5.5 mL,
5.5 mmol, 1.0 M in THF) was added dropwise to the reaction mixture at =78 °C. After
the reaction mixture was warmed up to room temperature and stirred for 1.5 h, NH4Cl
(sat.) was added to quench the reaction. The mixture was extracted with ethyl acetate, and
combined organic layers were washed with brine, and dried over anhydrous Na>SOs.
Volatiles were removed under reduced pressure and the resulting residue was washed with
CH:Cl: for 3 times to afford the title product (170 mg, 63% yield) as a white solid.

28,65-Dimethyl-1'H,5'H-3,7-diaza-1(2,7),5(7,2)-diindola-2,6
(1,2)-dibenzenacyclooctaphane-4,8-dione (11)
O ’\T O M.p.>300 °C. IR (neat) 3263, 3061, 3032, 2997, 2979, 1708, 1220,
H 772 cm™'. TH NMR (600 MHz, DMSO-ds) 5 10.90 (s, 2H), 10.23
O™ \H H O (s,2H), 7.71 (d, J = 7.8 Hz, 2H), 7.59 (dd, J = 7.6, 1.0 Hz, 2H),
N 7.50-7.45 (m, 4H), 7.30 (d, J = 7.7 Hz, 2H), 7.04 (dd, J = 7.6 Hz,
O \ O 2H), 6.54 (d, J = 2.2 Hz, 2H), 2.40 (s, 6H). 13C NMR (151 MHz,
Me DMSO-ds) & 169.93, 138.51, 136.47, 134.62, 133.50, 132.65,
11 129.87, 129.23, 128.94, 127.01, 123.75, 120.39, 118.46, 116.76,
102.25, 20.86. HRMS (ESI) m/z calcd for C3:H24N4sNaO> [M+Na]*: 519.1797, found:
519.1796.

11-3-3-4-3. Synthesis of Me/Br-substituted cyclic diamide 12

To a sealed tube were added Me-substituted cyclic diamide 11 (152 mg, 0.306 mmol),
CHxCl> (15 mL) and N-bromosuccinimide (109 mg, 0.612 mmol) and the resulting
mixture was stirred at 0 °C for 40 min. After the reaction was completed, the mixture was
removed under reduced pressure and the resulting residue was washed with ethyl acetate
to afford the title product (188 mg, 94% yield) as a white solid.

13,5%-Dibromo-2%,6°-dimethyl-1'H,5' H-3,7-diaza-1(2,7),5(7,2)-
\ diindola-2,6(1,2)-dibenzenacyclooctaphane-4,8-dione (12)
O O M.p.>300 °C. IR (neat) 3361, 3270, 3065, 3034, 2981, 1705, 1220,

BrMe

H oun 771 em™'. 'TH NMR (600 MHz, CDCl3) & 10.60 (brs, 2H), 7.66 (d,

O"NH |, O J=179Hz 2H),7.51 (dd,J="7.7 Hz, 2H), 7.47-7.45 (m, 4H), 7.43
O N O (dd, J = 7.5, 1.0 Hz, 2H), 7.31 (d, J = 7.7 Hz, 2H), 7.13 (dd, J =
\ 7.9, 7.5 Hz, 2H), 2.41 (s, 6H). *C NMR (151 MHz, CDCls) &

Me B 169.80, 140.87, 135.58, 133.79, 133.74, 131.28, 130.97, 130.48,

12 128.71, 127.09, 123.22, 120.43, 119.61, 116.91, 91.79, 20.51.

HRMS (ESI) m/z caled for C32Ha2"BraNsNaO, [M+Na]*: 675.0007, found: 675.0006.
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11-3-3-4-4. Synthesis of poly-substituted In2Q2 1o

To a sealed tube were added Me/Br-substituted cyclic diamide 12 (101 mg, 0.154
mmol), 2-chloropyridine (72.4 pL, 0.772 mmol), and CH>Cl; (3.0 mL) under N». Tf20
(76.2 pL, 0.464 mmol) was added dropwise at 0 °C, and the resulting mixture was stirred
at the same temperature for 15 min. After adding ethoxyacetylene (270 uL, 1.54 mmol)
in CH2Clz (3.0 mL), the resulting mixture was warmed up to room temperature and stirred
for 21 h. 2 M NaOH (aq.) was added to quench the reaction and the resulting mixture was
extracted with CH>Clo, and combined organic layers were washed with brine, and dried
over anhydrous Na>SQO4. Volatiles were removed under reduced pressure and the resulting
residue was purified by column chromatography on silica gel (eluent: "hexane/CH>Cl, =
35/65 to 20/80), and washed with Et;O for 3 times to afford the title product (29.7 mg,
25% yield) as a white solid.

25,28-Dibromo-27,30-diethoxy-1,13-dimethyl-11H,23 H-
4,6:16,18-di(epiethane[1,2]diylidene)-10,12:22,24-
di(metheno)tetrabenzo[b,f,j,n][1,5,9,13]tetraazacyclo
hexadecine (10)
M.p. >300 °C. IR (neat) 3453, 3045, 3033, 2974, 2931, 1220,
773 cm™!. TH NMR (600 MHz, CD,Cl») & 9.61 (s, 2H), 8.29
1o (d, J= 8.5 Hz, 2H), 7.60 (d, J = 7.8 Hz, 2H), 7.50 (d, J = 8.5
Hz, 2H), 7.47 (dd, J=17.5, 1.1 Hz, 2H), 7.28 (dd, /= 7.9, 7.3 Hz, 2H), 7.10 (s, 2H), 4.40
(dq, J=9.5, 7.0 Hz, 2H), 4.33 (dq, J = 9.5, 7.0 Hz, 2H), 2.46 (s, 6H), 1.60 (dd, /= 7.0
Hz, 6H). ®C NMR (151 MHz, CD>Cl») 6 162.63, 159.56, 148.53, 141.95, 133.75, 133.60,
128.14, 128.10, 127.16, 125.72, 122.77, 122.13, 120.29, 119.42, 118.31, 101.25, 93.94,
64.67, 20.69, 14.32. HRMS (ESI) m/z calcd for CsHs317"BraN4O> [M+H]": 757.0814,
found: 757.0814.

11-4. Modification of In2Q2°F! 1g

11-4-1. Synthesis of N-methylated In2Q2 7

To a sealed tube were added NaH (4.0 mg, 0.10 mmol, 60% in oil), In2Q2 1g (11.4
mg, 0.0200 mmol) and DMF (1.0 mL) under N and the resulting mixture was stirred at
room temperature for 15 min. lodomethane (3.7 uL, 0.059 mmol) was added dropwise
and the resulting mixture was stirred at the same temperature for 3.5 h. After the reaction
was completed, NH4Cl (sat.) was added to quench the reaction. The resulting mixture was
extracted with CH>Clo, and combined organic layers were washed with brine, and dried
over anhydrous Na>SO4. Volatiles were removed under reduced pressure and the resulting
residue was washed by ethyl acetate to afford the title product (7.4 mg, 62% yield) as a
white solid.
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27,30-Diethoxy-11,23-dimethyl-11H,23H-4,6:16,1-di
(epiethane|[1,2]diylidene)-10,12:22,24-di(metheno)tetra
benzo [b,f,j,n][1,5,9,13]tetraazacyclohexadecine (7)
M.p. >300 °C. IR (neat) 3049, 2954, 2918, 2850, 1590, 796
cm™!. TH NMR (600 MHz, DMSO-ds) 6 8.35 (dd, /= 8.4, 1.6
Hz, 2H), 7.87 (dd, J= 7.0, 1.6 Hz, 2H), 7.67 (dd, /= 8.4, 7.0
7 Hz, 2H), 7.59 (dd, J= 7.7, 1.3 Hz, 2H), 7.44 (s, 2H), 7.17 (dd,
J=17.4,1.2Hz, 2H), 7.12 (dd, J = 7.5 Hz, 2H), 6.52 (s, 2H), 4.52 (dq, J = 10.0, 7.0 Hz,
2H), 4.45 (dq, J = 10.0, 7.0 Hz, 2H), 3.04 (s, 6H), 1.55 (dd, J = 7.0 Hz, 6H). *C NMR
(151 MHz, DMSO-ds) 6 161.58, 160.86, 147.05, 142.91, 136.57, 132.57, 131.32, 129.89,
127.08, 125.08, 124.40, 122.94, 120.73, 119.69, 119.14, 102.89, 102.47, 64.57, 35.48,
14.35. HRMS (ESI) m/z calcd for C40H33N402 [M+H]": 601.2604, found: 601.2606.

11-4-2. Synthesis of quinolone-type In2Q2 8

To a sealed tube were added In2Q2 1g (28.5 mg, 0.0500 mmol) and pyridine
hydrochloride (2.88 g, 24.9 mmol) under N> and the resulting mixture was stirred at
180 °C for 22 h. 2 M NaOH (aq.) was added to quench the reaction. The resulting mixture
was adjusted pH to 7 with 6 M HCI (aq.) and extracted with CH>Cl,, and combined
organic layers were washed with brine, and dried over anhydrous Na;SOs. Volatiles were
removed under reduced pressure and the resulting residue was purified by column
chromatography on silica gel (CH2Clo/MeOH = 95/5) to afford the title product (20.3 mg,
78% yield) as a light yellow solid.

SH,11H,17H,23H-4,6:16,18-Di(epiethan[1]yl[2]ylidene)-10,12
:22,24-di(metheno)tetrabenzo|b,f,j,n][1,5,9,13]tetraazacyclo
hexadecine-27,30-dione (8)
M.p. >300 °C. IR (neat) 3374, 3146, 3098, 3064, 2928, 1617,
1437, 741 cm™'. Major quinolone tautomer: 'H NMR (600 MHz,
DMSO-ds) o 11.78 (s, 2H), 10.44 (s, 2H), 8.31 (dd, J = 8.0, 1.6
8 Hz, 2H), 7.79 (dd, J = 7.3, 1.6 Hz, 2H), 7.77 (d, J = 7.8 Hz, 2H),
7.49 (dd, J = 8.0, 7.3 Hz, 2H), 7.31 (dd, J = 7.3, 1.2 Hz, 2H), 7.19 (dd, J = 7.9, 7.3 Hz,
2H), 6.75 (d, J = 2.0 Hz, 2H), 6.26 (d, J = 1.7 Hz, 2H). Major quinolone tautomer: 3C
NMR (151 MHz, DMSO-ds) & 176.81, 150.03, 138.52, 135.22, 134.71, 134.45, 129.12,
125.83, 125.53, 123,31, 122,98, 122.35, 122.21, 119.70, 119.18, 110.13, 103.16. HRMS
(ESI) m/z calcd for C3sHi9N4O2 [M—H] : 515.1508, found: 515.1505. The quinoline
moiety of 8 was in tautomerism of 4-hydroxyquinoline and 4-quinolinone according to
'H and '3C NMR spectra, and the ratio of two tautomers may be changed depending on
the solvent used.'*® The major tautomer is characterized by downfielded 3-H proton and
4-C carbon signals, indicating the 4-quinolone form.
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11-5. Synthesis of BIm2Q?2 2

11-5-1. Synthesis of methyl 2-0x0-2,3-dihydro-1H-benzo[d]imidazole-4-carboxylate
16170

To a two-necked flask were added methyl 2,3-diaminobenzoate 15 (2.08 g, 12.5
mmol), N,N’-carbonyldiimidazole (2.23 g, 13.8 mmol) and THF (30 mL) under N>, and
the resulting mixture was stirred at room temperature for 23 h. After the reaction was
completed, the mixture weas removed under reduced pressure and the resulting residue
was washed with ethyl acetate to afford the title product (1.64 g, 68% yield) as a white
solid.

IH NMR (600 MHz, DMSO-ds) & 10.95 (brs, 1H), 10.72 (brs, 1H), 7.48 (dd, J=8.1, 1.1
Hz, 2H), 7.16 (dd, J = 7.7, 1.1 Hz, 2H), 7.04 (dd, J = 7.9, 7.8 Hz, 2H), 3.87 (s, 3H).

11-5-2. Synthesis of methyl 2-bromo-1H-benzo[d]imidazole-7-carboxylate 17

To a two-necked flask were added methyl 2-o0x0-2,3-dihydro-1H-
benzo[d]imidazole-4-carboxylate 16 (1.50 g, 7.81 mmol), 1,2-dichloroethane (30 mL),
and EtzN (1.1 mL, 7.8 mmol) under N». After phosphoryl bromide (4.48 g, 15.6 mmol) in
1,2-dichloroethane (10 mL) was added at room temperature, the reaction mixture was
stirred at 70 °C for 17 h. The reaction mixture was diluted with CH>Cl, and NaHCO3
(sat.) was added to quench the reaction at 0 °C. The resulting mixture was extracted with
CH:>Cl,, and combined organic layers were washed with brine, and dried over anhydrous
Na>SO4. Volatiles were removed under reduced pressure and the resulting residue was
purified by column chromatography on silica gel (eluent: CH2Cl2/MeOH = 100/0 to 98/2)
to afford the title product (1.12 g, 56% yield) as a pink amorphous.

N\ Methyl 2-bromo-1H-benzo|d]imidazole-7-carboxylate (17)
N>7Br IR (neat) 3393, 3372, 3033, 2985, 2946, 2841, 1704, 1220, 778 cm™

H 1. TH NMR (600 MHz, CDCl3) & 10.92 (brs, 1H), 7.87—7.84 (m, 2H),
MeO™ "0 7.25 (dd, J = 7.9, 7.8 Hz, 1H), 3.95 (s, 3H). 13C NMR (151 MHz,
17 CDCl) & 166.55, 144.28, 135.26, 127.73, 125.16, 124.32, 122.13,

113.20, 52.43. HRMS (ESI) m/z caled for CoHg””BrN>O, [M+H]": 254.9769, found:
254.9766.

11-5-3. Synthesis of methyl 2-(2-aminophenyl)-1H-benzo[d]imidazole-7-carboxylate 18

To a two-necked flask were added methyl 2-bromo-1H-benzo[d]imidazole-7-
carboxylate 17 (1.12 mg, 4.39 mmol), (2-aminophenyl)boronic acid (661 mg, 4.83 mmol),
K2COs (4.55 g, 32.9 mmol), Pd(OAc): (49.3 mg, 0.220 mmol), PPh3 (57.6 mg, 0.220
mmol), 1,4-dioxane (30 mL), and H>O (12 mL) under N and the resulting mixture was
stirred at 90 °C for 2 h. After the reaction was completed, H,O and CH>Cl, were added
to quench the reaction. The resulting mixture was extracted with CH2Cl, and combined
organic layers were washed with brine, and dried over anhydrous Na>;SOs. Volatiles were
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removed under reduced pressure and the resulting residue was purified by column
chromatography on silica gel (eluent: CH2Clo/MeOH = 99/1 to 97/3) to afford the title
product (750 mg, 56% yield) as a yellow oil.

N\ Methyl 2-(2-aminophenyl)-1H-benzo[d]imidazole-7-

N carboxylate (18)

H H,N IR (neat) 3440, 3294, 3034, 2951, 2846, 1694, 773 cm™!. TH
MeO™ ~O NMR (600 MHz, acetone-ds) & 11.19 (brs, 1H), 7.94 (dd, J =

18 8.0, 1.5 Hz, 1H), 7.91 (dd, J = 8.0, 1.1 Hz, 1H), 7.85 (dd, J =

7.7, 1.1 Hz, 1H), 7.29 (dd, J= 7.8 Hz, 1H), 7.19 (ddd, J= 8.4, 1.5 Hz, 1H), 7.03 (brs, 2H),
6.92 (dd, J=8.3, 1.2 Hz, 1H), 6.68 (ddd, /=8.2, 8.1, 1.2 Hz, 1H), 3.98 (s, 3H). BC NMR
(151 MHz, acetone-ds) 6 166.99, 154.61, 149.55, 145.33, 134.31, 131.83, 128.58, 125.07,
124.42, 122.14, 117.20, 116.33, 114.03, 110.78, 52.41. HRMS (ESI) m/z calcd for
C15H14N302 [M+H]": 268.1086, found: 268.1075.

11-5-4. Synthesis of cyclic diamide 19

To a two-necked flask were added methyl 2-(2-aminophenyl)-1H-
benzo[d]imidazole-7-carboxylate 18 (750 mg, 2.81 mmol) and DMF (140 mL) under No.
NaHMDS (14.0 mL, 14.0 mmol, 1.0 M in THF) was added dropwise to the reaction
mixture at =78 °C. After the reaction mixture was warmed up to room temperature and
stirred for 1.5 h, NH4Cl (sat.) was added to quench the reaction. The mixture was
extracted with ethyl acetate, and combined organic layers were washed with brine, and
dried over anhydrous Na>SO4. Volatiles were removed under reduced pressure and the
resulting residue was washed with CH>Cl» for 3 times to afford the title product (448 mg,
68% yield) as a light yellow solid.

1'H,5'H-3,7-Diaza-1(2,7),5(7,2)-dibenzo[d]imidazola-2,6(1,2)-
dibenzenacyclooctaphane-4,8-dione (19)
M.p. >300 °C. IR (neat) 3240, 3034, 2918, 2853, 1649, 1220, 772
cm!. TH NMR (600 MHz, DMSO-ds) 6 13.87 (s, 2H), 12.26 (s,
2H), 8.01 (dd, J=17.7, 1.1 Hz, 2H), 7.90 (d, J = 8.2 Hz, 2H), 7.86
—7.84 (m, 4H), 7.63 (dd, J="7.8, 7.7 Hz, 2H), 7.52 (brs, 2H), 7.47
—7.41 (m, 6H), 7.35 (m, 2H). 13C NMR (151 MHz, DMSO-ds) &
163.18, 151.53, 140.81, 135.56, 134.92, 130.19, 130.04, 127.50,
125.30, 123.70, 123.31, 122.68, 121.53, 116.09. HRMS (ESI) m/z calcd for
C2sH1sN¢NaO, [M+Na]": 493.1389, found: 493.1388.
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11-5-5. Synthesis of Tf-protected BIm2Q?2 20a, 20b

General procedure

To a sealed tube were added cyclic diamide 19, 2-chloropyridine (10 eq) and CH>Cl.
under N». T,0 (8.0 eq) was added at 0 °C dropwise, and the resulting mixture was stirred
at the same temperature for 15 min. After adding alkyne (10 eq), the resulting mixture

was warmed up to room temperature and stirred for 16—19 h. After the reaction was
completed, EtsN was added to quench the reaction and the residue after evaporation was
purified by column chromatography on silica gel and washed.

(11Z2,237)-27,30-Bis(4-methoxyphenyl)-25,28
-bis((trifluoromethyl)sulfonyl)-4,6:16,18-di
(epiethane[1,2]diylidene)-10,12:22,24-di
epiminotetrabenzolb,f,j,n][1,5,9,13]tetraaza
cyclohexadecine (20a)
Followed by the typical procedure from cyclic
20a diamide 19 (188 mg, 0.400 mmol), 2-
chloropyridine (375 uL, 4.00 mmol), TH,0 (525 pL, 3.20 mmol), CH>Cl; (8.0 mL), 4-
ethynylanisole (518 pL, 4.00 mmol) and the residue after evaporation was purified by

column chromatography on silica gel (eluent: toluene/ethyl acetate = 25/75 to 15/85) and
washed with Et;O to afford 20a (110 mg, 29% yield) as a pale-brown solid. M.p. 218—
219 °C. IR (neat) 2977, 2925, 2875, 2851, 1608, 1130, 768 cm!. 'H NMR (600 MHz,
CDCl3) 6 8.13 (dd, J=8.5, 1.4 Hz, 2H), 7.97-7.96 (m, 2H), 7.84 (d, /= 7.2 Hz, 2H), 7.68
(s, 2H), 7.64 (d, J = 7.6 Hz, 2H), 7.55-7.49 (m, 8H), 7.08 (d, J = 9.0 Hz, 2H), 3.91 (s,
6H). 13C NMR (151 MHz, CDCIl3) 6 160.12, 156.94, 150.57, 149.09, 147.62, 142.09,
135.08, 133.56, 131.04, 130.37, 129.06, 126.32, 126.12, 125.67, 124.87, 122.32, 119.60
(q, Je-r =325 Hz), 114.62, 114.29, 55.58. PYFNMR (471 MHz, CDCl3) § —76.13. HRMS
(ESI) m/z calcd for C4sH29FsNsO6S2 [M+H]": 963.1494, found: 963.1495.

(11Z,237)-27,30-Di-p-tolyl-25,28-bis((trifluoro
methyl)sulfonyl)-4,6:16,18-di(epiethane[1,2]
diylidene)-10,12:22,24-diepiminotetrabenzo
[b,f,j,n][1,5,9,13]tetraazacyclohexadecine (20b)
Followed by the typical procedure from cyclic
diamide 19 (100 mg, 0.213 mmol), 2-
20b chloropyridine (199 pL, 2.12 mmol), THO (279
pL, 1.70 mmol), CH2Cl; (2.0 mL), 4-ethynyltoluene (247 mg, 2.13 mmol) in CH>Cl> (2.0
mL) and the residue after evaporation was purified by column chromatography on silica
gel (eluent: toluene/ethyl acetate = 100/0 to 95/5) and washed with Et2O/"hexane to afford
20b (27.2 mg, 14% yield) as a white solid. M.p. 193—194 °C. IR (neat) 3034, 2918, 2854,
1408, 1209, 768 cm™!. TH NMR (600 MHz, CDCl3) & 8.13 (dd, J= 8.5, 1.4 Hz, 2H), 7.98
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(brs, 2H), 7.86 (d, J = 7.2 Hz, 2H), 7.71 (s, 2H), 7.66 (d, J = 7.5 Hz, 2H), 7.57-7.53 (m,
4H), 7.47 (d, J= 7.6 Hz, 4H), 7.38 (d, J = 7.5 Hz, 4H), 2.50 (s, 6H). 3C NMR (151 MHz,
CDCls) & 156.91, 149.38, 147.58, 142.10, 138.64, 135.18, 133.57, 129.70, 129.66, 129.57,
129.50, 129.06, 128.63, 128.29, 128.17, 126.22, 126.10, 125.64, 124.88, 122.29, 21.47.
1F NMR (471 MHz, CDCls) & ~73.69. HRMS (ESI) m/z caled for CasHaoFsN6O4S:
[M+H]": 931.1596, found: 931.1597.

11-5-6. Synthesis of BIm2Q?2 2a, 2b
General procedure

To a sealed tube were added Tf-protected BIm2Q2 20, THF and 2 M NaOH (aq.),
and the resulting mixture was stirred at room temperature for 2.5-3.5 h. After the reaction

was completed, NH4Cl (sat.) was added to quench the reaction. The solids were filtered
out and washed with H>O and CH>Cl,.

26,29-Bis(4-methoxyphenyl)-5H,17H-4,6:16,
18-di(azeno)-10,12:22,24-di(epiethane[1,2]
diylidene)tetrabenzo|b,f,j,n][1,5,9,13]tetra
azacyclohexadecine (2a)
Followed by the typical procedure from 20a (110
mg, 0.114 mmol), THF (4.0 mL), 2 M NaOH
2a (aq.) (4.0 mL) and the solids after filtration was
washed with H,O and CHCl; to afford 2a (70.2 mg, 88% yield) as a white solid. M.p.
>300 °C. IR (neat) 3391, 3070, 3034, 2992, 2937, 1219, 770 cm™'. 'TH NMR (600 MHz,
DMSO-ds) 6 13.08 (brs, 2H), 8.26 (d, J=6.9 Hz, 2H), 8.17 (dd, /= 8.4, 1.2 Hz, 2H), 7.89
(s, 2H), 7.87 (d, /= 7.9 Hz, 2H), 7.78 (dd, J = 8.3, 7.3 Hz, 2H), 7.73-7.69 (m, 6H), 7.40
(dd, J=7.7 Hz, 2H), 7.21 (d, J = 8.8 Hz, 4H), 3.89 (s, 6H). 3C NMR (151 MHz, DMSO-
ds) 0 159.87, 157.63, 152.39, 149.09, 145.82, 144.19, 133.03, 132.89, 131.15, 130.24,
129.41, 127.70, 126.43, 125.36, 124.86, 123.57, 122.16, 121.93, 119.98, 114.38, 55.38.
HRMS (ESI) m/z caled for C4sH31N6O2 [M+H]": 699.2509, found: 699.2512.

26,29-Di-p-tolyl-5H,17 H-4,6:16,18-di(azeno)-
10,12:22,24-di(epiethane[1,2]diylidene)tetra
benzo|b,f,j,n][1,5,9,13]tetraazacyclohexadecine
(2b)

Followed by the typical procedure from 20b (27.2
mg, 0.0292 mmol), THF (300 uL), 2 M NaOH
(aq.) (300 uL) and the solids after filtration was
washed with H O and CHCl, to afford 2b (6.8 mg, 35% yield) as a white solid. M.p.
>300 °C. IR (neat) 3406, 3035, 2984, 2949, 2846, 1271, 767 cm™'. 'TH NMR (600 MHz,
DMSO-ds) 6 13.08 (brs, 2H), 8.26 (dd, J = 7.2, 1.5 Hz, 2H), 8.14 (dd, J = 8.4, 1.5 Hz,
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2H), 7.89 (s, 2H), 7.87 (d, J= 7.9 Hz, 2H), 7.78 (dd, J = 8.4, 7.2 Hz, 2H), 7.72 (d, J = 7.5
Hz, 2H), 7.64 (d, J = 8.1 Hz, 4H), 7.47 (d, J = 8.1 Hz, 4H), 7.40 (dd, J = 7.8, 7.7 Hz, 2H),
2.46 (s, 6H). 3C NMR (151 MHz, DMSO-de) 5 157.62, 152.35, 149.38, 145.73, 144.21,
138.47, 134.37, 133.06, 132.88, 130.24, 129.65, 129.45, 127.65, 126.49, 125.26, 124.80,
123.56, 122.17, 121.92, 120.00, 20.91. HRMS (ESI) m/z caled for CaeHsiNg [M+H]":
667.2610, found: 667.2609.

11-6. Synthesis of comparative compounds 21, 22

11-6-1. Synthesis of 3-(8-methylquinolin-2-yl)benzene-1,2-diamine 26

To a sealed tube were added 3-bromo-1,2-diaminobenzene 23 (203 mg, 1.09 mmol),
Bopinz (303 mg, 1.19 mmol), KOAc (320 mg, 3.26 mmol), Pd(dppf).Cl» (39.7 mg, 0.0543
mmol) and 1,4-dioxane (3.0 mL) under N>, and the resulting mixture was stirred at 80 °C
for 24 h to afford the crude 24. To a solution of crude 24 in 1,4-dioxane (6.0 mL) in a
sealed tube, 2-bromo-8-methylquinoline 25 (241 mg, 1.09 mmol), K»CO3 (1.13 g, 8.18
mmol), Pd(PPhs)4 (62.7 mg, 0.0543 mmol) and H,O (1.2 mL) were added and the
resulting mixture was stirred at 80 °C for 24 h. After the reaction was completed, H>O
and ethyl acetate were added to quench the reaction. The resulting mixture was extracted
with ethyl acetate, and combined organic layers were washed with brine, and dried over
anhydrous Na>SOs. Volatiles were removed under reduced pressure and the resulting
residue was purified by column chromatography on silica gel (eluent: "hexane/ethyl
acetate = 90/10 to 67/33) to afford the title product (162 mg, 60% yield) as a yellow solid.

NHz  3-(8-Methylquinolin-2-yl)benzene-1,2-diamine (26)

O M.p. 112-113 °C. IR (neat) 3439, 3391, 3034, 2976, 2950, 2920, 1220,
772 cm. "H NMR (600 MHz, CDCl3) & 8.18 (d, J = 8.8 Hz, 1H), 7.91
7N (d,J=8.8 Hz, 1H), 7.66 (d, ./ = 8.0 Hz, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.43
N Me  _7 40 (m, 2H), 6.83-6.78 (m, 2H), 6.28 (brs, 2H), 3.51 (brs, 2H), 2.84 (s,
O 3H). 3C NMR (151 MHz, CDCls) & 158.20, 145.89, 137.25, 136.94,
26 136.40, 135.59, 129.94, 126.20, 125.96, 125.55, 122.67, 121.36, 120.27,
118.06, 117.44, 18.60. HRMS (ESI) m/z calcd for CicHi6N3 [M+H]:

250.1344, found: 250.1344.

NH;

11-6-2. Synthesis of 8-methyl-2-(2-(quinolin-8-yl)-1H-benzo[d]imidazol-7-yl)quinoline
27

To a sealed tube were 3-(8-methylquinolin-2-yl)benzene-1,2-diamine 26 (120 mg,
0.481 mmol), 8-quinolinecarbaldehyde (83.2 mg, 0.529 mmol) and toluene (16 mL), and
the resulting mixture was stirred at 110 °C for 16 h. After the reaction was completed, the
mixture was removed under reduced pressure and the resulting residue was purified by
column chromatography on silica gel (eluent: "hexane/ethyl acetate = 90/10 to 67/33) to
afford the title product (146 mg, 78% yield) as a yellow solid.
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8-Methyl-2-(2-(quinolin-8-yl)-1H-benzo|d]imidazol-7-yl)
quinoline (27)

/ M.p. 165-166 °C. IR (neat) 3339, 3040, 3008, 2949, 2917, 1373,
1112, 786, 724 cm™!. THNMR (600 MHz, CDCl3) & 13.87 (brs, 1H),
9.17(dd, J=7.4, 1.4 Hz, 1H), 8.94 (dd, J=4.2, 1.8 Hz, 1H), 8.25—
8.22 (m, 2H), 8.04 (d, /= 8.6 Hz, 1H), 7.99 (d, J= 6.9 Hz, 1H), 7.90
(dd, J = 8.0, 1.3 Hz, 1H), 7.83 (d, J = 7.3 Hz, 1H), 7.73-7.70 (m,

2H), 7.62 (d, J = 7.9 Hz, 1H), 7.47-7.42 (m, 3H), 3.01 (s, 3H). ®*C NMR (151 MHz,

CDCl3) 6 156.22,151.98, 150.31, 147.33, 145.60, 144.61, 137.37, 137.30, 137.08, 133.40,

131.30, 130.16, 129.94, 128.90, 127.04, 126.91, 126.22, 125.83, 124.47, 122.44, 122.22,

121.31, 120.90, 119.31, 18.88. HRMS (ESI) m/z calcd for Co¢Hi1oN4 [M+H]": 387.1610,

found: 387.1611.

11-6-3. Synthesis of 2-(2-(quinolin-8-yl)-1H-benzo[d]imidazol-7-yl)quinoline-8-carbald
ehyde 29

To a sealed tube were added 8-methyl-2-(2-(quinolin-8-yl)-1H-benzo[d]imidazol-7-
yl)quinoline 27 (50.8 mg, 0.131 mmol), N-bromosuccinimide (58.5 mg, 0.329 mmol),
azobisisobutyronitrile (4.3 mg, 0.0262 mmol), and carbon tetrachloride (2.0 mL), and the
resulting mixture was stirred at 80 °C for 4 h. The solvent was removed under reduced
pressure to afford crude 28. 10% Na,COs3 (aq.) (6.0 mL) was added to a 1,4-dioxane (6.0
mL) solution of crude 28 in a sealed tube, and the resulting mixture was stirred at 80 °C
for 24 h. After the reaction was completed, the resulting mixture was diluted with H.O
and CH2Cl> and extracted with CH2Clz, and combined organic layers were washed with
brine, and dried over anhydrous Na;SOs. Volatiles were removed under reduced pressure
and the resulting residue was purified by column chromatography on silica gel (eluent:
CH2Cl2/MeOH =99/1 t0 97/3) to afford the title product (23.9 mg, 45% yield) as a yellow
solid.

2-(2-(Quinolin-8-yl)-1H-benzo|d]imidazol-7-yl)quinoline-8-
carbaldehyde (29)

M.p. 158-159 °C. IR (neat) 3332, 3048, 29234 2868, 1681, 1217,
775 cm™'. "TH NMR (600 MHz, CDCls3) & 14.15 (brs, 1H), 11.86 (s,
1H), 9.22 (dd, J = 7.4, 1.5 Hz, 1H), 8.87 (dd, J = 4.3, 1.8 Hz, 1H),
8.48 (dd, J=17.2, 1.6 Hz, 1H), 8.41 (d, J= 8.7 Hz, 1H), 8.30 (dd, J
= 8.0, 1.6 Hz, 1H), 8.22 (d, J = 8.7 Hz, 1H), 8.19 (dd, /= 8.0, 1.6
Hz, 1H), 8.04 (d, /= 8.0 Hz, 1H), 7.96 (dd, /= 8.0, 1.4 Hz, 1H), 7.91 (d, J= 7.2 Hz, 1H),
7.77-7.73 (m, 2H), 7.54 (dd, J = 8.2, 4.2 Hz, 1H), 7.48 (dd, J = 7.9, 7.6 Hz, 1H). 3C
NMR (151 MHz, CDCIl3) & 193.02, 158.58, 152.59, 150.89, 147.84, 145.72, 144.78,
137.67, 137.48, 134.56, 133.34, 131.50, 131.17, 130.54, 130.14, 129.11, 127.39, 126.88,
126.35, 126.14, 123.47, 122.63, 122.58, 121.84, 121.58, 120.44. HRMS (ESI) m/z calcd
for C26H17N4O [M+H]": 401.1402, found: 401.1403.
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11-6-4. Synthesis of acyclic BIm2Q2 21

To a sealed tube were 2-(2-(quinolin-8-yl)-1H-benzo[d]imidazol-7-yl)quinoline-8-
carbaldehyde 29 (20.0 mg, 0.0500 mmol), 1,2-phenylenediamine (6.0 mg, 0.0555 mmol)
and toluene (1.0 mL), and the resulting mixture was stirred at 110 °C for 16 h. After the
reaction was completed, the mixture was removed under reduced pressure and the
resulting residue was purified by column chromatography on NH silica gel (eluent:
toluene/ethyl acetate = 80/20) and HPLC system (eluent: "hexane/ethyl acetate = 5/95,
column: Inertsil Diol 3 um) to afford the title product (2.8 mg, 11% yield) as a light yellow
solid.

8-(1H-Benzo|d]imidazol-2-yl)-2-(2-(quinolin-8-yl)-1H-benzo
[d]limidazol-7-yl)quinoline (21)

M.p. 150-151 °C. IR (neat) 3306, 3054, 2953, 2926, 2849, 1220,
773 em™'. TH NMR (600 MHz, CDCl3) & 14.61 (s, 1H), 12.99 (s,
1H), 9.18-9.15 (m, 2H), 8.50 (d, J = 8.7 Hz, 1H), 8.17 (d, J = 8.7
Hz, 1H), 8.10 (d, J = 8.0 Hz, 1H), 8.04 (dd, J = 8.1, 1.6 Hz, 1H),
7.87 (d, J=17.5 Hz, 1H), 7.83-7.81 (m, 3H), 7.73 (dd, /= 8.1, 1.6
Hz, 1H), 7.68 (dd, J = 8.0, 7.3 Hz, 1H), 7.55 (dd, J = 8.0, 7.5 Hz, 1H), 7.52 (d, J = 8.1
Hz, 1H), 6.88 (dd, J = 8.2, 4.3 Hz, 1H), 6.79 (ddd, J= 7.4, 7.3, 1.6 Hz, 1H), 6.35-6.31
(m, 2H). 3C NMR (151 MHz, CDCl3) 8 157.64, 153.25, 150.66, 148.65, 145.46, 145.04,
144.96, 142.65, 138.99, 136.64, 133.99, 133.01, 131.54, 130.38, 130.29, 130.06, 128.40,
127.95,127.06, 126.43, 126.27, 125.30, 124.20, 122.98, 122.88, 122.23, 121.78, 121.68,
121.19,120.57, 118.83, 110.30. HRMS (ESI) m/z calcd for C3,H21Ne [M+H]*: 489.1828,
found: 489.1827.

11-6-5. Synthesis of N-methylated BIm2Q2 22

To a sealed tube were added NaH (2.8 mg, 0.071 mmol, 60% in oil), BIm2Q2 2a
(10.0 mg, 0.0143 mmol) and DMF (1.0 mL) under N> and the resulting mixture was
stirred at room temperature for 15 min. lodomethane (2.7 pL, 0.044 mmol) was added
dropwise and the resulting mixture was stirred at the same temperature for 22.5 h. After
the reaction was completed, NH4Cl (sat.) was added to quench the reaction. The resulting
mixture was extracted with CH,Cl», and combined organic layers were washed with brine,
and dried over anhydrous Na>SOs. Volatiles were removed under reduced pressure and
the resulting residue was washed by ethyl acetate to afford the title product (8.2 mg, 79%
yield) as a white solid.
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(11Z2,237)-27,30-Bis(4-methoxyphenyl)-25,28
-dimethyl-4,6:16,18-di(epiethane([1,2]
diylidene)-10,12:22,24-diepiminotetrabenzo
[b,1,j,n][1,5,9,13]tetraazacyclohexadecine
(22)

M.p.>300 °C. IR (neat) 3033, 2958, 2926, 2837,
1248, 1219, 772 cm™'. TH NMR (600 MHz,
CDCl3) 6 8.00 (dd, J=8.4, 1.4 Hz, 2H), 7.75 (s, 2H), 7.71 (dd, J= 6.7, 1.4 Hz, 2H), 7.55
—7.52 (m, 6H), 7.46—7.43 (m, 4H), 7.35 (dd, /=8.0, 7.3 Hz, 2H), 7.08 (d, /= 8.7 Hz, 2H),
3.91 (s, 6H), 3.83 (s, 6H). 3C NMR (151 MHz, CDCl3) & 159.89, 159.05, 152.69, 148.59,
148.14, 137.36, 133.41, 131.96, 130.67, 129.94, 128.10, 126.84, 124.67, 123.06, 122.87,
122.08, 114.17, 110.35, 55.57, 31.67. HRMS (ESI) m/z calcd for C4gH3sN¢O> [M+H]*:
727.2821, found: 727.2823.

11-7. Synthesis of Zn complexes

11-7-1. Synthesis of Zn complex 1d/Zn

To a sealed tube were added In2Q2 1d (19.8 mg, 0.0284 mmol), THF (1.0 mL) under
Na. "BuLi (91.0 puL, 0.142 mmol, 1.60 M in hexane) was added at —78 °C dropwise and
the resulting mixture was stirred at the same temperature for 30 min. After adding ZnCl,
(4.6 mg, 0.034 mmol) in THF (0.4 mL), the resulting mixture was stirred at the room
temperature for 2.5 h. MeOH was added to quench the reaction and the mixture was
filtered to afford the title product (16.9 mg, 78% yield) as an orange solid.

27,30-Bis(4-methoxyphenyl)-11H,23H-4,6:16,
18-dietheno-10,12:22,24-di(metheno)tetra
benzo|b,f,j,n][1,5,9,13]|tetraazacyclo
hexadecine zinc(II) (1d/Zn)

M.p.>300 °C. IR (neat) 2955, 2931, 2869, 2835,
1246, 1030, 748 cm™'. "TH NMR (600 MHz,
DMSO-ds) 6 8.04 (dd, J=7.1, 1.5 Hz, 2H), 7.94
(dd, /= 8.3 Hz, 1.5 Hz, 2H), 7.92 (s, 2H), 7.73 (d, J = 7.6 Hz, 2H), 7.70-7.67 (m, 6H),
7.60 (d, J=7.3 Hz, 2H), 7.21 (d, J= 8.8 Hz, 4H), 7.09 (dd, J = 7.5 Hz, 2H), 6.87 (s, 2H),
3.89 (s, 6H). BC NMR (151 MHz, DMSO-ds) 5 160.49, 159.93, 150.04, 147.49, 144.59,
142.21,133.49, 131.81, 131.78, 131.04, 129.47, 126.78, 125.38, 124.69, 123.02, 122.42,
121.71, 117.78, 114.38, 103.85, 55.38. HRMS (ESI) m/z caled for CigH31N4O2Zn
[M+H]": 759.1739, found: 759.1746.

1d/Zn
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11-7-2. Synthesis of Zn complex 1g/Zn

To a sealed tube were added In2Q2 1g (23.3 mg, 0.0407 mmol), THF (1.0 mL) under
N». "BuLi (78.3 uL, 0.122 mmol, 1.60 M in hexane) was added at —78 °C dropwise and
the resulting mixture was stirred at the same temperature for 30 min. After adding ZnCl.
(6.7 mg, 0.049 mmol) in THF (0.8 mL), the resulting mixture was stirred at the room
temperature for 1.5 h. MeOH was added to quench the reaction and the mixture was
filtered to afford the title product (13.9 mg, 54% yield) as a yellow solid.

27,30-Diethoxy-11H,23H-4,6:16,18-dietheno-10,12:22,24-
di(metheno)|b,f,j,n][1,5,9,13]tetraazacyclohexadecine
zinc(Il) (1g/Zn)
M.p. >300 °C. IR (neat) 3114, 3041, 2979, 1042, 999, 849,
657 cm™'. 'TH NMR (600 MHz, THF-ds) 6 8.21 (dd, J = 8.1,
1.6 Hz, 2H), 8.00 (dd, J = 7.3, 1.6 Hz, 2H), 7.64 (dd, J = 7.7,
1g/Zn 1.0 Hz, 2H), 7.53 (dd, J = 8.1, 7.3 Hz, 2H), 7.39 (dd, J = 7.4,
1.0 Hz, 2H), 7.38 (s, 2H), 6.99 (dd, J = 7.5 Hz, 2H), 6.79 (s, 2H), 4.52 (dq, J=9.5, 7.0
Hz, 2H), 4.39 (dq, J = 9.5, 7.0 Hz, 2H), 1.60 (dd, J = 7.0 Hz, 6H). 1*C NMR (151 MHz,
THF-ds) § 164.64, 163.36, 148.95, 146.55, 144.28, 134.86, 133.56, 132.70, 126.03,
124.53, 122.16, 121.79, 121.58, 121.08, 118.12, 104.43, 103.33, 65.47, 14.76. HRMS
(ESI) m/z calcd for C3sH27N402Zn [M+H]*: 635.1423, found: 635.1433.

11-7-3. In situ experiment of synthesis of 1g/Zn

To an NMR tube were added In2Q2 1g (11.4 mg, 0.0200 mmol), THF-ds (0.7 mL)
under N». "BuLi (39.5 pL, 0.0600 mmol, 1.51 M in hexane) was added dropwise at —
78 °C and the resulting mixture was stirred at the same temperature for 30 min, and
checked '"H NMR (ii). After adding ZnCl, (3.3 mg, 0.024 mmol) in THF-ds (0.3 mL), the
resulting mixture was stirred at the room temperature for 1.5 h and checked 'H NMR (iii).
MeOH was added to quench the reaction and the mixture was filtered to afford the title
product as a yellow solid.

11-7-4. Synthesis of neutral Zn complex 2a/Zn

To a sealed tube were added NaH (4.0 mg, 0.10 mmol, 60% in oil), In2Q2 1g (11.4
mg, 0.0200 mmol) and DMF (1.0 mL) under N and the resulting mixture was stirred at
room temperature for 15 min. lodomethane (3.7 uL, 0.059 mmol) was added dropwise
and the resulting mixture was stirred at the same temperature for 3.5 h. After the reaction
was completed, NH4Cl (sat.) was added to quench the reaction. The resulting mixture was
extracted with CH>Clo, and combined organic layers were washed with brine, and dried
over anhydrous Na>SO4. Volatiles were removed under reduced pressure and the resulting
residue was washed by ethyl acetate to afford the title product (7.4 mg, 62% yield) as a
white solid.
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26,29-Bis(4-methoxyphenyl)-5H,17H-4,6:16,
18-di(azeno)-10,12:22,24-di(epiethane([1,2]
diylidene)tetrabenzo|b,f,j,n][1,5,9,13]tetra
azacyclohexadecine zinc(II) (2a/Zn)
M.p. >300 °C. IR (neat) 3033, 2956, 2929, 2837,
1248, 1219, 771 cm™'. 'TH NMR (600 MHz,
2a/Zn CD:Cl) 6 8.47 (d, J=17.3 Hz, 2H), 8.38 (d, J =
8.2 Hz, 2H), 7.92 (dd, J = 7.9, 7.7 Hz, 2H), 7.84 (s, 2H), 7.68 (d, J = 8.1 Hz, 4H), 7.36
(d,J=7.7Hz, 2H), 7.22 (d, J= 8.1 Hz, 4H), 6.93 (d, J= 7.9 Hz, 2H), 6.36 (brs, 2H), 3.96
(s, 6H). HRMS (ESI) m/z calcd for C46H20NsO2Zn [M+H]": 761.1643, found: 761.1643.

11-8. TG-DTA analysis of non-substituted In2Q2 1a
TG-DTA analysis indicate the decomposition of In2Q2 1a, resulting in sample
weight loss of 62% from 101 °C to 383 °C (Figure 11-1).
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Figure 11-1. TG-DTA analysis
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11-9. Racemization protocol

11-9-1. Racemization protocol of poly-substituted In2Q2 11 isomer

To a 1.5 mL vial was added poly-substituted In2Q2 1i isomer solution (400 pL, 1.0
mg/mL in CH2Cl), and the mixture was stated at 25 °C. Then 10 pL of the solution was
taken at 0, 1.0, 2.0, 3.0, 5.0, 16, 24 h for each analysis, and this solution was directly
injected into the HPLC system to determine the enantiomer excess. CHIRALPAK IE-3
column, "hexane/THF/"PrNH, = 75/25/0.1, flow rate 1.0 mL/min, detection at 254 nm.
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Figure 11-2. Plots of In (ee%) vs time 25 °C.

Enantiomeric excess (ee) of one enantiomer decays via first order kinetics with a rate
constant 2k.
So, k=5.0x107 5!,

According to Eyring equation:

AG* was estimated as 26.1 kcal/mol.

11-9-2. Racemization protocol of poly-substituted In2Q2 11 isomer

To a 1.5 mL vial was added poly-substituted In2Q2 11 isomer solution (1.0 mL, 1.0
mg/mL in CH>Cl), and the mixture was stated at 25 °C. Then 10 pL of the solution was
taken at 0, 24, 52 h for each analysis, and this solution was directly injected into the HPLC
system to determine the enantiomer excess. CHIRALPAK IE-3 column, "hexane/EtOAc
= 65/35, flow rate 1.0 mL/min, detection at 254 nm.
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Figure 11-3. Plots of In (ee%) vs time 25 °C.

Enantiomeric excess (ee) of one enantiomer decays via first order kinetics with a rate

constant 2k.
So, k=1.0x10°s".

According to Eyring equation, AG* was estimated as 25.7 kcal/mol.

11-9-3. Racemization protocol of poly-substituted In2Q2 1o isomer

To a 1.5 mL vial was added poly-substituted In2Q2 1o isomer solution (1.0 mL, 1.0
mg/mL in "butyl acetate), and the mixture was heated at 120 °C. Then 100 pL of the
solution was taken at 0, 1.0, 2.0, 4.0, 8.0, 12, 24 h for each analysis, and added to CH>Cl,
(900 pL). Then the solution was analyzed with the HPLC system to determine the
enantiomer excess. CHIRALPAK IB-N3 column, "hexane/THF/"PrNH, = 85/15/0.1, flow
rate 1.0 mL/min, detection at 254 nm.
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Figure 11-4. Plots of In (ee%) vs time 120 °C.

Enantiomeric excess (ee) of one enantiomer decays via first order kinetics with a rate

constant 2k.
So, k=2.5x10°s".

According to Eyring equation, AG* was estimated as 33.3 kcal/mol.

11-10. pH-Dependent fluorescence of BIm2Q?2 2a, acyclic BIm2Q2 21 and N-methylated
BIm2Q2 22

The HEPES buffer (500 pL) in pH 1.0-13.0 and DMSO (4450 pL) were added to
the solution (50 uL) of 2a, 21 and 22 in DMSO (2.0 mM) and then the fluorescence was
monitored at excitation 360 nm and emission was recorded in the interval of 330-750 nm
on a Jasco FP-8600 spectrofluorometer.
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11-11. Crystal structures

11-11-1. Crystal structure of 1c

Single crystals of 1¢ were obtained by solvent layering from solution in
"hexane/THF at room temperature. A suitable crystal was selected and the sample was
measured on a Rigaku R-AXIS RAPIS II diffractometer using multilayer mirror
monochromated Cu-Ka radiation (A = 1.54184). The data were collected at 93.15 K.
Refined structure and crystallographic parameters are summarized in Table 11-1 and
Figure 11-5. CCDC 2225400 contains the supplementary crystallographic data.

B 05

Figure 11-5. ORTEP diagram of le.
Thermal ellipsoids are set at 50%
probability. Color code; gray: C, white:
H, blue: N (Disordered THF molecules
are removed for clarity.)

Table 11-1. Selected crystal data of 1c.

Empirical Formula
Formula Weight

Crystal Dimensions

Crystal System
Space group
Lattice Parameters

144

C74H70.94N40Os
1096.28

0.2 x 0.05 x 0.05 mm
monoclinic

P2/c

12.13800(10) A
21.82450(10) A
22.21660(10) A
90°
103.5820(10)°
90°

5720.72(6) A3
4

0.0824

0.2459

1.273 g/cm?
2332.0



11-11-2. Crystal structure of 1d

Single crystals of 1d were obtained by solvent layering from solution in

cyclohexane/THF at room temperature. A suitable crystal was selected and the sample
was measured on a Rigaku R-AXIS RAPIS II diffractometer using multilayer mirror
monochromated Cu-Ka radiation (A = 1.54184). The data were collected at 293(2) K.
Refined structure and crystallographic parameters are summarized in Table 11-2 and
Figure 11-6. CCDC 2287239 contains the supplementary crystallographic data.

Figure 11-6. ORTEP diagram of 1d.
Thermal ellipsoids are set at 50%
probability. Color code; gray: C, white: H,
blue: N, red: O.

Table 11-2. Selected crystal data of 1d.

Empirical Formula
Formula Weight

Crystal Dimensions

Crystal System
Space group
Lattice Parameters

145

C24H16N20

348.39

0.1 x 0.05 x 0.05 mm
monoclinic

12/a

18.1349(6) A
10.9274(4) A
17.1561(6) A
90°
102.700(3)°
90°
3316.6(2) A3
8

0.0531
0.1604

1.395 g/cm?
1456.0



11-11-3. Crystal structure of 1g

Single crystals of 1g were obtained by solvent layering from solution in

"hexane/CH>Cl, at room temperature. A suitable crystal was selected and the sample was
measured on a Rigaku R-AXIS RAPIS II diffractometer using multilayer mirror
monochromated Cu-Ka radiation (A = 1.54184). The data were collected at 93.15 K.
Refined structure and crystallographic parameters are summarized in Table 11-3 and
Figure 11-7. CCDC 2221855 contains the supplementary crystallographic data.

Figure 11-7. ORTEP diagram of 1g.
Thermal ellipsoids are set at 50%
probability. Color code; gray: C, white: H,
green: Cl, blue: N, red: O.

Table 11-3. Selected crystal data of 1g.

Empirical Formula
Formula Weight
Crystal Dimensions
Crystal System
Space group
Lattice Parameters

146

C77H58C12NgO4
1230.21

0.05 x 0.05 x 0.05 mm
monoclinic

P2i/n

15.8480(2) A
23.2249(2) A
16.2783(2) A
90°
90.2680(10)°
90°
5991.46(12) A
4

0.0672
0.2175

1.364 g/cm?
2568.0



11-11-4. Crystal structure of 7

Single crystals of 7 were obtained by slow evaporation from solution in
CHCL/Et,O/EtOH at room temperature. A suitable crystal was selected and the sample
was measured on a Rigaku R-AXIS RAPIS II diffractometer using multilayer mirror
monochromated Cu-Ka radiation (A = 1.54184). The data were collected at 93.15 K.
Refined structure and crystallographic parameters are summarized in Table 11-4 and
Figure 11-8. CCDC 2314312 contains the supplementary crystallographic data.

Table 11-4. Selected crystal data of 7.

Empirical Formula  C4oH32N4O:
Formula Weight 600.69
Crystal Dimensions 0.1 x 0.1 x 0.02 mm

Crystal System trigonal

Space group P-3

Lattice Parameters

a 19.01520(10) A
Figure 11-8. ORTEP diagram of 7. b 19.01520(10) A

o C 15.69450(10) A

Thermal ellipsoids are set at 50% o 90°
probability. Color code; gray: C, white: H, 90°
blue: N, red: O. p

% 120°

v 4914.50(6) A3

Z value 6

R 0.0364

WR> 0.0947

Dealc 1.218 g/cm?

Fooo 1896.0
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11-11-5. Crystal structure of 1d/Zn

Single crystals of 1d/Zn were obtained by solvent layering from solution in
MeOH/THF at —20 °C. A suitable crystal was selected and the sample was measured on
a Rigaku R-AXIS RAPIS II diffractometer using multilayer mirror monochromated Cu-
Ko radiation (A = 1.54184). The data were collected at 93.15 K. Refined structure and
crystallographic parameters are summarized in Table 11-5 and Figure 11-9. CCDC
2292275 contains the supplementary crystallographic data.

Table 11-5. Selected crystal data of 1d/Zn.

Empirical Formula  C49H34N4O03Zn
Formula Weight 776.13

Crystal Dimensions 0.1 x 0.02 % 0.02 mm
Crystal System triclinic

Space group P-1

Lattice Parameters

‘i ey
. %

Figure 11-9. ORTEP diagram of 1d/Zn. a 12.1593(2) A
Thermal ellipsoids are set at 50% b 12.4966(2) A
probability. Color code; gray: C, white: H, ¢ 16.4554(2) A
blue: N, red: O, purple: Zn. o 72.1220(10)°
B 68.9490(10)°
% 75.4500(10)°
v 2192.70(6) A3
Z value 2
R 0.0498
WR> 0.1430
Decalc 1.176 g/cm?
Fooo 800.0
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11-11-6. Crystal structure of 1g/Zn

Single crystals of 1g/Zn were obtained by solvent layering from solution in
"hexane/THF at —20 °C. A suitable crystal was selected and the sample was measured on
a Rigaku R-AXIS RAPIS II diffractometer using multilayer mirror monochromated Cu-
Ko radiation (A = 1.54184). The data were collected at 93.15 K. Refined structure and
crystallographic parameters are summarized in Table 11-6 and Figure 11-10. CCDC
2287240 contains the supplementary crystallographic data.

Table 11-6. Selected crystal data of 1g/Zn.

Empirical Formula  C21H17N201.5Zno s
Formula Weight 354.05

Crystal Dimensions 0.1 x 0.01 x 0.01 mm
Crystal System monoclinic

Space group 12/a

Lattice Parameters

Figure 11-10. ORTEP diagram of 1g/Zn.

. a 16.3273(2) A
Thermaill. ellipsoids are set at . 50% b 12.45810(10) A
probability. Color code; gray: C, Whlte: H, c 16.6206(2) A
blue: N, red: O, purple: Zn. (Disordered o 90°
THF molecules are removed for clarity.) B 105.9520(10)°
% 90°
\Y 3250.56(6) A3
Z value 8
R 0.0372
WR> 0.0937
Dealc 1.447 g/cm?
Fooo 1472.0
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11-11-7. Crystal structure of 22

Single crystals of 22 were obtained by solvent layering from solution in

cyclohexane/CH2Cl at room temperature. A suitable crystal was selected and the sample
was measured on a Rigaku R-AXIS RAPIS II diffractometer using multilayer mirror
monochromated Cu-Ka radiation (A = 1.54184). The data were collected at 93.15 K.
Refined structure and crystallographic parameters are summarized in Table 11-7 and

Figure 11-11.

Table 11-7. Selected crystal data of 22.

Empirical Formula
Formula Weight
Crystal Dimensions
Crystal System

& Space group
Lattice Parameters

a
Figure 11-11. ORTEP diagram of 22. D
Thermal ellipsoids are set at 50%  ©
probability. Color code; gray: C, white: a
H, green: Cl, blue: N, red: O. B

Y

\Y%

Z value

Ri

WR>

Dcale

Fooo
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Cs2H4sC12NgOs
907.86
0.1 x0.05 x 0.05 mm

monoclinic
C2/c

30.2185(2) A
9.32390(10) A
33.5479(2) A
90°
101.6490(10)°
90°
9257.58(13) A3
8

0.0887

0.2795

1.303 g/cm?
3808.0
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