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7= FMEaY L I3 AERREIC X o CLRERLNIRET 5 © & ic X 0 FHF S A ST
a3+ 2eam<cd s, 2ohTcd TiEMLT 327 — 2 FMLAYIREIBE o fif
B XA IV BT 2 2L TERAABE YIS O & B 7 W22 ) iR e
THIEIC & 2 -0 RO ICE W CRICER T 2 7, il 2 130 R
LLTCBODIPY BHEZH L7 —Y Fexx Iy (1) I3, AJHEHEETH % 500 nm D
RG-S X 0 e R S R L. e R % 2 v (2) 2 3 % (Figure 1a)%, AHAZN
WKW I N7Ze 22 I ViE CRERMARI 2700, 77—V Fexx I vEHHT
5L CTHIEFIC X 2 CaBE A RpZERIMICHIHc X 2, 42, 7=V F{LEWEH)
YI~IGH L. 6% B8 L 72 5007 ¢ 365 o A BEME M E % JH PRy i iE ML 2 3 b ]
HINTWE, HlziE, ~vRESETAZHCERE IR, e A2 32 2 Lot
DA RS 27— FILEME W2 2 L CIEERESIFII NS 2 LRI
THY O I ICHERIEO I CIE, RMEYE 2T 27— MuaWz~ v
AN TS T2 2L ThRICK o THRRICE ZHETE 22 L pnEanTng 10

(@) -
O}_Cfm_f Hela cells HN—\\ Cad rise
HO £B OH HN— 500 nm &N N
0 N — @ N
Photolabile \©\, Hj Incremzzent of N .
protecting group O\n/N [Ca*]
1 0 2
Histamine
(b)
< 300 nm < 400nm

(e}
OO e
NO, NO,

//

I
HO Y N
p L
HO 0

Figure 1 (a) AN OBERE OB IC Lo T A2 I Vv ERIET 27— FLaEWY
L. eRZXIVORBICLY CaEER LR LMo ALY T L4 A= v 7R, (N.
Umeda er al, ACS Chem. Biol,, 2014) (b) S84 - T R4V EHEIE O Yotk + 2 7 — 2 P&
Y, BRFREMET, REFEEEORMNAEEEZMHAT 2L TRERDETCOT v Ir—Y
v IHAREIC TR B




HAETIZ e P ~DICHZER L, A8 - AIEDEREE I 2 AR ERME ICE N7
WEARAMEIR DI X o THEMEAL T 3 7 — 2 LAY DRFE A HED b T3 (Figure
1b) "o L2 L7%adoERER~0#IGEE 2 56, B tERHCzHE8Th -
T WU BEL D E AT & 7\, Hl 2 1F 810 nm DERISEZ ) 13.5 W TF
T25cm Dt P OFEICHS L 725G, ARNOMEL 0.6% IC F THIE L. FBi=5E7
ICHAET L 72354, 25 cm OEBEICX D 03% ICE TR T T3 2 2 AME I T3 12
WoT, WHRANRBEETHLT I LY FA - FOEHBICIVFELLBET 370,
HRRER~ DGR L L CEBIEDOREL H 2, UL b, EERERTT
— ¥ MUEW R IEHEAL X2 27201013, EARAE X D b X S 0@ I a7 S8R
WOBARBETHDLEEZOLND,

FoBER»H, 7—Y MELaEYOIHERICH W 250 e LTl X #RICEH L
Tro BEXHRIZ XFROPTHHTTALF =B L Z 10keV LA L DIGRD THBE O B
BTH Y EREEERE . B THE T 2REMNS X la A v F -1k FEIC
eV THY, TNIEENSERNNDOHFZANF—ENIET 5, ZD7DERDT
— YV FLAYITIRHAV 2 DR ICADbE, AT OIEIRRE & IIRED = 4 1
F—EBIUHHIEIBAEOIANF -2 FEL 234552 T2 2 & CHURERIC%
TR TEDL, LHAL, BXBOITFZALF T 10keV 2R 2720, Th
LOIANF—RT =% KEL LB, AESTLHAEFEHALIC W, 2079,
B X fCr — LAz IEH L X ¢ 3 720 ici3fitkor —2 FLAMTcHw s T
Z 72 FREHLEIG TE T, M X SROYIL AR IS D 78 7z e T AL R 2
ERTLMLELD D,

i X AR 230 F L AHAEMER T 2 BRIz, BRI X 2 E 7 L iR L T2 D
MAERAMFRIIE D DD, GG ALY -2 FT 2 NRETOEMEM 5 LE
R ORI I NI ET L oJFtEELch 2 a v 7 vEELEZE L
THAEMEMR L, B AL ¥ —0 " REFDEK % LE S FIIREE £ 72 13 BHERAE 2 K
T2 (Figure 2), il X % ARICBHT2 &, BN CRO BEICHEET 2 KS 15
INSLOMBEEZ T, Bt X O S N3 WHER), T, il X oEiEL -
28— N (JRFTHEIR) CTHRR L 72 4 A v Rl 2 El ORI - Bk ez e T
KB T (eag) B FEFI AT I AN (OH), KET VAN (H) & O—RiEMHED
ERRE D WELER), O O —RIGMERE X Z O RIFIE I ki L. L
RS % 4 (Lfs) 314, —#H o @R o4 U2 iE o A RINER T G2 o C
%%, GHIZ 100 eV H7- 0 O XHRIAFHC X o THRK - KIS L7207 off%k s L TER
T (BN : 100 eV) B, WEWEOERICET 2 GixSET 2L e FuF Ly
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10-15 —

l I {2
B
, |H*OH  Hy20H H,0"+'OH "OH+H, +OH *
10° ——\ }
UE2BESLO RS- BREE) |
€. ‘OH, “H, H,0, H, L@
10 ... GfE(B/100eV) 263 272 055 068 045

Figure2 i X #R1C X 2 K DOBEFR L Z I X D A U722 B LD 100eV 472 Y D4R

(G fiH)

CANRKME L FMOTEEEI Y b 5 FIEEE GETH Y EREBRE W L2355
223 (Figure 2)o 1 Ch e Fu X AT A3 28 V vs. SHE DFE(LENR % 1617, JKHI
BWT1E-29 V vs. SHE DRITEM ZF D B, JUCERE W LB b TS, fiE> T,
Io DL Z G L 72 R iR E S 2 FFE T 2 C e TcE i, XA
XOEELENE =Y MeaolkIitt 7w 552 FE2x b5, L L., KHIE
Toee FrFo Lol hnilE, ERNICENTT I Y, 2 v o828 20 oikig
W2 1 CORNIEWD T LD ICKIET 5, 2D, e FaF o7V hLe/kAlE
FickoTHlIERZ I NEICE T —Y MLaWICICH T 2 7201, MildNsF&
DIRIGE D bEWHIETH Y, »2RIEEYZ L e X9 e BN 2 R o oG
AT 208D 5,

FEREDE 2 Db &, MEEROE X i X 0 iEtts 27— FMLaEY»HE s h
TE7, flzife Fr*ongoyare S LEELT 27— MeamicowTit
TYVRPEPLT I E~DZHa B2 FRE~OT X7 F P2AH L DR IEI N
T3, 72, KHMETICBEL T N-AF S F 2, FIURT vE=v LhTF4+ v T %
LCval)=vrhdty BoREITEMALEZD OBREIN TS A, KX
T—Y FMLAYOME IZR O N TE Y 40 TG HHE L RIGERESHIR X T
% (Figure 3)o E72ZNHORIGIE. FElAICA 1 =X L E THAICHR I N T
WHDOBEEINTEY, HEM L ORKICHER D % 720 OB 7 5 kst D fa#t 2
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SLTIZ K vy ABRERER~ DG % HiE L 726 X $RCiltE s 57— MLawz byt

T5720ICiFe FaF oI yhLe/KAET LEOR GEREO S WG E R H

Tﬁﬁ?ﬁ<\%@ﬁﬁXﬁ:XAKomT%M%Téﬁgﬁ%éo
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Figure 4 S CICHREIN TV XTI —Y MW, @ ebrFo A ovhricks
TYVFVEPOLT I ) E~DZe, b)) e FeF L EE2ET25FR~OeFrF AL T7Y7
NDTXT b, (c) KNIETICXE N-AFL FOEIT, (d) €3V =7 LADEIT, (e) SHPUK
TYEZYLDBILEHKIGE LTW»5,



BEEFT— Y ML HVBRKGE LT Fe X AT P HADRIGTIE R L
KFE T OBICICICE H L7z, 2AMNE R & OREERIEREE T ICH 2 Ml ILE T ER
BICHDZEDRAMOLNT VLA | DX ) iR ehBRE I 2 AMIBICIR & 37, 8%
FERZE 2230 JBIMMERZE 2 2 EoREHIcB LT BEING, ChOLDIRET T
I, e FrF AT OAAGREOMWBLIER 26 3 2L EIZNTEED Fick o T
WP AAIRVvYINEEEZONS, £, KNEFIZFE L L CEITTRICZ 5] %
T2, e FrFxo I P ANVBIBURIGE T TR, KFEIERE BH, S99
JUAEIN 3930 BRI Y 7 E SRR ISR E & 2 2 el s CEs . EIERYI
LT v S, flziF, FT7Tovie Fuxe I3V hn b oKIGTIE. 7Y v
~ofth, B, KEFERE % EORBEERTEBOEBRM % 52 5 2 &t &
NTw3 ¥ fEoT, EHRNTHE X BRI Y 7 —Y VLAY EZRT 27201cide F
BX T VANTEBLAKNEFEZHOZRICHEE L WEEZ LN,

2015 4 Das & (%, Triton X-100 % & % 1-phenylazo-2-naphthol (3) 7KIAHK T y #i % BR5T
T35 & Taniline @) BPELDZZ L ZHELZY, CORICELET=D Vi, 7/
EBVKNEFICE > CEITWICHART 2 2 & TERLZREERD V. 7TV HEEDH
Hue)oMT 22 Tr—Y MULEM AT 2L TE DL LHE 2T, LLEDED
Z DERETIE. 1,2,3,4-tetrahydro-2-naphthol (5). cyclohexylamine (6). 1-naphthylamine (8)
RE, TREADORAEUNDRIEIC X > TEUZEIERY) b Bl X T2 (Scheme
D, XoICE#HEICET 2 y MEFHT 2000 Gy & W) EREBOSEFTITbRLTED,
BER CTHW O N2 X B E 7213 y 81 % F v 72 UR BRI O IR 25— ARV 12 60 Gy 12
}E“C‘W) Ll rEBERTLLNN TYRBGORRE T —Y MUEY~NICHT 272011

CICICHIE R @D 2B H 5, X HiC, T Ve OFHAMEREIC O W TR 75
%ﬁ#éhfw6ﬁ‘%0%%%%Hﬁéiﬁﬁ%ikméﬂfm&mo

w o O, a0, a2, Q.

s
’*o@ﬁﬁ

Scheme 1 1-Phenylazo-2-naphthol ~DH# X #REGHIC X 0 4 U7 8 MO, skt
IO FICT VIEGORBEERYOT =) vHREL S Z eBHEIN TS

in Triton X-100 aq
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DEXY, 7UEORHRIGE T — /FMA%@%&kafmmﬁét i3,
(1) 7 VG oK% @R ICHR T & 30 kel offEqr. Q)%@ﬁﬂ&%®%%\
(SEWW@lOﬁ%ﬁﬁCkWT%ﬁm#Lﬁ?%# DR, O =M RNETEE 2
gnéo

Z ZCAWIFE IR, KNET & 7 VLEMDORISIEZED 3 7201 T Ve DE
BERET T2 0 TRaHEZER L, RBRICT VGO ERE L2089 2
BEf L7z, SHOICHEXMICK 27 VG oA METF O X 5 iR cdiLc e 3
DEHOPICL, O Lo T VREGOHKEA N =X L %ICHT 5 Z & TRXHR
BT koo TH ﬂﬁﬁ#ﬂ EDE ) DT L7z, T DA 25, 7 VG DR
RIGZERA L 727 — 2 MU0 A RPZEPE I T 7o Bat 28 i AT RE 20 3Hill L 7z
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B—H: KBREAIC X 57 VS DR D M LI @) 72 8Et

T VHEE DB ILNE 2 P 5 5L LT Das D3RR L 72 RO HEEEICER L 72
(Scheme 1.1) %, Z OETIZ. 7 VEIAEHEOKERE N F =037 VGO EH T
LIKFREEERTER L, 7 /G OETEEZHBIMIUET S+ 2, ZOFER, o
RIETBH2E L 2720, FENRMHAERIC X Y KHIET & O RISHRME X 15 B
PIRRINT VD, £ T, T V/HEEDEFICOKBES FF—%2EBUREAT 22 L
KXo CT VG ORHAMERZM ETcE s E2, KFEEGNF—LLCebrF
FE 72037 I EKEEBUREA L 7t eiket Lz, 2 LCREIL 2T VL& o
HRICEN L XAREHO 7 VLAY frEs L OT ViEGORRAEZFHE L. Z
D X9 IeKFEREE KB T & 7 VG & DIRISHIFEICE 2 258 % FHf L 72,

Cn@_ OO S

Scheme 1.1 Das H D$2% L 7z 1-phenylazo-2-naphthol O 43 i
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LV DG Gk

TV AEORAEBICH I NS KA L LT, DNA BEBEEEEACTH 2 3-
aminobenzamide (3-ABA, 12) % #EIR L7z B4, Z L C220H 37 z=rFEHD>5H, hn
NEANEERZEI w7 2= HIC, KEFEG VPl e beF oy LART
I HEEBA LT Azol4 kG LTz, 2D DILEY)IE Scheme 1.2 ICfEVy, 3-ABA %
FEVESSME T CHififiE > P Y v A RIGXETY T V=7 LT L72D b, phenol (13) .
resorcinol (14), phloroglucinol (15) % 7z ( 3-phenylenediamine (16) & ZNWZ T V' h v 7
Y v 7 & T, Azol-4(17-20) %1372 (Scheme 1.2), & L 72L&V D& IX. "H-NMR,
BC-NMR., HRMS & X ITLHESITIC L o> THRIE L 72,

NaN02 R1 R2
H,N R R2 in HCl aq
0°cC N"N
+ overnight R3
CONH 3
2 R CONH,

3-Aminobenzamide R'=0OH,R2=H,R3=H 13 Azo1y. 36% 17
(3-ABA) R'"=0OH,R?=0H,R3=H 14 Azo2y. 54% 18
12 R'=0H,R?=0H,R*=0H 15 Azo3y. 45% 19
R"=NH,, R?=NH,, R®=H 16 Azo4y. 95% 20

Scheme 1.2 Azol-4 DERAF— L4
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Azol—4 DRILEN DHEIE

A7)y 7R NE YA MY — (Cyclic voltammetry; CV) IC & > T Azol-4 D=L

P& BEE L7z, Azol 33 X T Azo3 3P RN X € 7T L, Azo2 2> b IZIERTHRY 7z
RVRET T LBEONTZT & D Azol -3 IFHIESFIC B W GRITEMATFAET 5 &
& DIEE EILEMZFHEL 72 & 2 A, Azol
IV TIE-1.13 V, Az02 13-0.933 V, Az03 122\ Ti3-0.928 VCTH V. RICEMITE

JI§2> & Azo3 > Azo2 > Azol TH 5 T & HRMe X 7z (Figure 1.1a—<¢), % 7z Azo4 DIz
BALIE—2.5V E CTOHFANIC I CHIE T & 722> - 7z (Figure 1.1d)

BOOLNT2e TNENDERNLRET T LRICIT

(a) Azo1 . (b) Azo2 -«
€ =
o o
5 5
@) (®] i
Eed=_113V :[5.0 uA Ered = _(.938 :[2.0 1y
25 2 45 -1 ©5 0 05 1 15 2 25 2 45 1 05 0 05 1 15 2
Potential (V vs. SCE) Potential (V vs. SCE)
(c) Azo3 — (d) Azo4
-—
& 5 %
5 5
@] @]

E 5.0 LA
Ered=_0.933 V [sos

4.0 pA
E'*4 was not observed I
25 -2 -1I.5 -I1 -OI.S (I) OTS ;

15 2 25 2 15 4 05 0 05 1 15 2
Potential (V vs. SCE) Potential (V vs. SCE)

Figure 1.1 (a) Azol. (b)Azo2. (c)Azo3. (d)Azo4 DHRNLZET T L (KT DMF, EEHY
X TBAP ZH\W7-, KRHIZERZRL -2 HEZEZELL, FE 520G FOAN—F X OBIEIZER
DR ZR$, Azol-3 DIEE L 2 mM, Azod DIEJE 1L 4 mM THIZE L 7z, Scan rate i£ 0.05 Vs
‘—EXE ]./ 712..0 )
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¥ 72, BLFEREIC X 5 TAzol-4 ® LUMO/HOMO T 4 L ¥ —#Efr 2 HH L 7=,
LUMO T 4 v F — 3K WED HIHIC Azo3 < Azo2 < Azol < Azo4 TH Y. CV 2 b HlE
ENTBEITCEMNDIEE L G L 72458 e /e o 72, £72 HOMO =4 A ¥ —ICBAL T3 &
WD 5 Azod > Azo3 =Az02 > Azol DIIHTH o 7z(Table 1.1)e TNHD I L D6, Azod
& AZo3 IEFFIGEITL I N T W I EARB I NI,

R’ R?
Azo1 (R'=0OH,R?=H, R®*=H) 17
NN Azo2 (R"=0OH,R?=0H,R*=H) 18
R? Azo3 (R' = OH, R?=OH, R®*=OH) 19
Am4RL¢HZW*NWF$*W 20
CONH,
Azo1 Azo2 Azo3 Azod
LUMO (eV) —0.66 -0.77 -0.80 —0.36
HOMO (eV) -8.02 -7.92 —7.92 —7.23
HOMO-LUMO 7 44 715 712 6.87
gap (eV)

Table 1.1  Azol—4 ® LUMO/HOMO T+ b ¥ — (BT 0BI7X-D. FERA%IL cc-pVDZ % H
Wz, K DB K DFEEME T A IEFPCM I X - TEE L 72, )

g X SRIE % D Azol—4 TR D 57 A= i) © 5 #ir

Azol-4 % 25 uM & 72 % X 5 1T 40% MeOH % &1 pH7.4 PB ICIRfE L 72, Z Dk, T
Ty TSR L, FEREROKMNETZHAEIE2729I1C 100 Gy @ﬁﬁxﬁ%ﬁﬂﬁnto
MeOH Tt FEF ATV ANLDAARY Vv —& LTEI 720 94 Z DTl
WCAKMEF L ORIGZFHITE 2, B X #RIC X 0 FE L 2GR OIREE [RS] (reactive
species; RS) IFLA T O TEME L 72 (eq.1)o

[RS] = (GRS X dsorvent X D)/(lOOe X NA) (eq.1)

T T T Grsl3IETERED Gl (100eV 2472 9 D XFRTHEM « K& L 72201 DI EL 16/100
eV dsotvent \ITBIEDEE (g cm?) | e IFEXEE (1.6X10°C) . D IFWIFRE (Gy =]
kg ) Z LT NI T RS F B ER(6.02X10%mol™") TH 5, XARIC X > T MeOH H1TF
AT 2ET (BHAET) O GEIZ SV AMEIC X 2EE» O 11 &GN TED Y,

KPTHELZET OKFIET) O GIED 2.6 £ Y b{ENETH 5, K> T 40%MeOH %
G PBICEITBKNETD GEIZKD GEX Y bEVWEEZLNE D, ZOFE
BRiCcE T 2 KMETFORERIT 100%KFDOEETERINLKMETORL Y D74

15



WHRRETH L EEZLND, DK (eq.) 225 100 Gy DIE X FRIAHIC X Y /KFIE
T2 Azol4 L IZITFEORK2IMFEAET 2 LHIBTE %,

T X AR IR 1% D VAR % LC-MS I X D f#MT L 724558, Azol442 T DY — 7 R
L. FFIT Azo3 ® Azo2 Tl Azol *° Azod &Il L CHAF IS L2 L3 bz
(Figure 1.2),

(a) Azo1 (m/z = +242) (b) Azo2 (m/z = +258)
s 0 Gy k slo Gy h
£ 100 Gy l £ [100 Gy 1
0 1 2 3 4 5 6 7 8 9 10 11 0 1 2 3 4 5 6 7 8 9 10 11
Time (min) Time (min)
(C) Azo3 (m/z = +274) (d) Azod4 (m/z = +256)
g0 Gy L ¢lo Gy k
spoosy o, sfiooey k o
o 1 2 3 4 5 6 7 8 9 10 11 o 1 2 3 4 5 6 7 8 9 10 M
Time (min) Time (min)

Figure 1.2 1 X #RIBH AT OFLEWICBET 2 MS Z u~ + 2°F 4 (a) Azol 13 m/z =+242, (b)
Az02 1% m/z=+256. (c) Azo3 13 m/z=+274, (d) Azo4 13 m/z=+256 DfE% SR L 7=,

e T, 3-ABA DEHBBEMHLTH 2 mz=+137 D — 27 ML 7=, T X SRIEE T
TIRWITNDILEWARRD» S b mz=+137 DY —27 OmHIRED b Nk o7z, —F
<, BXHERZ TR TOT TMUEWERD D m/z = +137 O — 7 BRI iz,
(Figure 1.3), £72. ThH0 v — 7 BHIL 22 fRFFRR X, MO 3-ABA O {REFFREH
E—H Lz, TOZLOLXFRICE 5T Azol4 PR L., 3-ABA 2EKR LA &
BRI NIz,

16



(a) 3-ABA released from Azo1
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(b) 3-ABA released from Azo2
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(d) 3-ABA released from Azo4
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Figure 1.3 1 X #RIASTHTL D (a) Azol. (b) Azo2. (c) Azo3. (d) Azo4 KT D m/z =+137
Drua~ 77 LB XU XAREEZICAER L 72 3-ABA O MS A7 b,



TR L 72 Azol-4 L HUH X 72 3-ABA D € &= Al

LC-MS Cff bz 7 v~ b 77 LADMHEED b K6 L 72 Azol-4 5 X U 3-ABA DA K
EEERLT, Azol—4 DIGE T Azo3 > Azo2 > Azol = Azod DIIET% L. Azol 7% 5.9
UM, Azo2 78 9.8 uM. Azo3 725 16 uM, Azod4 2874 pM TH Y, b Fu F o oIS
WIRERICEDPERT 2 2 EBRBEI N, —77, B XARIEFZICAER L 72 3-ABA ©
BlX Azol 4 THEEF L, WIo{LEWITOWTH 2.4-3.0 uM 72 > 7z (Figure 1.4
b)o

(@) 2. (b) 25,
dedek N-S-

S 20{ —= S 201

= o =]

Il ] 0g 15 |

E 15 E

¥ 10 < 101

b <

< 51 ® 5

| L N O

Azo1 Azo2 Azo3 Azo4 Azo1 Azo2 Azo3 Azo4

Figure 1.4 (a) Azol—4 O KIGE & (b) 3-ABA D4 K& (Error bars represent SEM: n = 3, Tukey
test, ®*%p < 0.001, **p < 0.01, and *p < 0.05)

T X # B 1% o Bl 4 5K ) o i HT

TEERERLS, TV LAEYRRIG L 28I L 3-ABA OARKE DD s WRIK 2 B 5
PICT B2 0EIERIIC O TN L 72, £ DR, Azol IBEH 5 1% m/iz = +110
(Figure 1.5a), Azo2 /&A% & 1 m/z = —286 (Figure 1.5b). Azo4 iKW 2> 51t m/z = +286
(Figure 1.5¢c) D EREMILZ FoLEM B BE I 7 mz = +110 D ERY T p-
aminophenol 21) T» Y, ZHIF7 VHEGVBUEFRITEZIT CEKLZEEZOLN
%, miz=-286 % X U miz=+286 DAL Azo2 £ 7213 Azod 1T A F F T EEBMINIL 72
L&Y 22, 23 TH % &FE 2 415 (Figure 1.5d),
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(a) Byproduct of Azo1 (m/z = +110) MS spectrum of m/z = +110

\ 110.15

Intensity (a.u.)
Intensity (a.u.)

109‘3.¥./L..... ] iy

c 1 2 3 4 5 6 7 8 9 10 M1 100 150 200 250 300

Time (min) m/z
(b) Byproduct of Azo2 (m/z = —286) MS spectrum of m/z = —286
~ [ 286.10
5[0 Gy 3
L * >
= @
2 g
2[100 G =
B T .y r r r ' . r . r " JI. — bl ."'I" bl
001 2 3 4 5 6 7 8 9 10 M 150 250 350
Time (min) m/z
(c) Byproduct of Azo4 (m/z = +286) MS spectrum of m/z = +286
5 = 286.20
a0y 3
z =
= (100 Gy £
0 3 3 43 87 56 d0n (V1 O
Time (min) 150 250 m/z 350
(d) CONH, CONH;
g Q!
-N <N
c N < N
HO Z OH HoN Z NH>
Ex. mass = +110.06 Ex. mass = -286.08 Ex. mass = +286.13
21 22 23

Figure 1.5 (a) Azol. (b)Az02. (c)Azo4 7 LRI X N7z miz=+110. m/z=-286. m/z=+286
DIRERND 7 v~ b 77 L (k) & X ORFFRRICE T 5 MS A~7 F v () (d) it
S NTALEY) 2123 O HEE RS
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=5

bbufx o7 I HnEoKkE/AEFF—2EEET LEWICEAT S Z &
TKBMAVPEE S . T YREOEFEEIMMET L, KMEFICX 22TT8E Y
3L %bEEZ Azol4 ZEK LTz, CV OFERD»SBEITEMPUECTE Rd o7z
Azod IFRDIBITCEI NI WEE 2 b i (Figure 1.1), LUMO T 4L ¥ =472 5 3
Az0o1-4 DIRTCD TN T X% Azo3 > Azo2 > Azol >Azod DINETH 5 Z & BRB I Tz
(Table 1.1), ZDIEFRIZDFHOE Fux oot d s 2 e rb, Hitigstod
Dice Fr ¥ ERT VREEICH L OKREAEFF—L LTl E, 7 UG EETI
nedT2LE2ONS, $72, TNTNORW~DOE X FRIBHTEOERERD S
SOGE X Azo3 > Azo2 > Azol = Azo4 TH V. EICENIFEKIC tbn#/ﬁ®ﬁﬁ&w
13 EROSEDIER T 2 Z & 23R X L7 (Figure 1.4a), — /7 C. ERLL 72 3-ABA D & (X
WIhOLEYIR D BEZ I S FRE LK E - 72 (Figure 1.4b), TD T &5,

b Fe X ol A\ EICENEZ LRI 20, XX 37 VS 0ER %
RT3l oRE I, CLARKISERKRI 2 LEx NS, T I/ HoKHE
AR F—L LCOBBICBE L TId Azod DRICENM S HIEFHNICHFEL R o 72 C
L. BXUYWLUMO TALF—DIRHEVWI EEZEETLE, TI//Kde FrF i
DEIKFHE N F—L L TRFERET, TUBAGOETEMEET I 25H1F
INEWEEZOND, Azo2 BL W Azo3 TlE, b FuF L HKEL T VEAEROMH
BEIX 170 A B X 171ATH Y, FARECHHCcH L, LrL, Azod DT I 7 HKFE
LT VREAEREDOHHEIZ1.92ATHD, Azo2 B LU Azo3 LB L THI02A K\,
— MK EAE GRS I CHAEERIZTRWEEZL O NS 20, b FaF o HKE
27 I HEKFIV LT VRAEERLKIEHELZERLLYT I L2RBRL TV
(Figure 1.6),

(@) s () , © ?
Azo2 %;J B % rw .if“a
2 D " 2D
o d o ? Al & 9% a3 TP
L B . N ‘0 e 4 e P N S
J.K‘ P J/ &F P ) ® f > I "J @ b 9
f ®21701° J‘ 0%i711”° " J‘ @%1924
)

Figure 1.6 (a)Azo2. (b)Azo3 Dt Fu ¥ v HIKHE, (c)Azod DT I/ HkF L T VHiGER
[l o BEEE (FLBIEUT 0B97X-D. FEERHIEUL ce-pVDZ % N 72, IK DIEIEADFL 13K D 355k €
F NV IEFPCM 12 X » CTEE L 72, )
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Bl X FRIEE 2 D Azol DIEWE D S m/z = +110 DPYE & ICIC k3 2 B2 i @
p-aminophenol (21) 23 H X 4172 2% (Scheme 1.3a). [FIEE D B4 BPIIE Azo2—4 I5HE 5> &
BRI N o7z, T2, Azo2 2 LR X Tz miz =286 DEIEY) 22 & Azod B>
ORI 7z m/z =+286 DEIZEMY) 23 12, TN Z N Azo2 b L { IX Azod4 ICT A b F 23
DAL Tch s eE2ONDE, ZOEBRSEETIZ, XXz 227 —0
DFEHE S, F/WEAZ ) —ADP e FRFOALTOANLERNR Y LZRRICA P F v
FUANADBEL BN, 2070, 2222313 H0D Az02 BX LN AzodBA M FT T
AN DEEEZ T TEK LD D EEZ LIS (Scheme 1.3b),

H,0

HO X
-ra
\@ + y HzN HO
_N .
—_—
NH,
Azo1 CONH,
CONH, Ex. mass = +110
21
(b) X-ray | MeOH . © — e -
H,O —> OH ——> OMe (ARFISTAILDERK)
MeO')

.0 OH on OH HO -~ -OH
“SCX 5 -
%
( N"N N’;N N \©
Meci) Az02 Ex. mass =-286

CONH, CONH, 22 CONH,

|
HN NH, HN ) NH, HoN o~ NH2
[ ST UL S &
N N 2
O T "e
Ex. mass = +286
Azod

CONH;, CONH, 23 CONH,

Scheme 1.3 (a) Azol DPUFE F#RITIC & % 4-aminophenol (21) DAL E (b) A FF 2 7V AL D
Az02, Azod ~DFIIINC X % A b ¥ HAHINk 22, 23 DAEK

¥7-. Azo2 LTAIBEICE Fu o Bia o Azol D X P * o EATINA 24 35 X O Azo3
DA+ FFEDMIA 25 ZBRH XD o 72 (Scheme 1.4a), B X fRiC X 2 MIGED
Az03 >Az02>Azol TH 5 Z L, Azol l3fxd HOMO =4 L ¥ —23@ L BT nic{ w»
EEZOLNDD, Azol lZe Fu X% 1 DL Fied, RVEVEROEBETFHEED
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Az02-4 LR L TRV A FF O T VAN EDRIEHART DI K 24 F AL 75
Dol FEZ HiLD (Scheme 1.4a LB, KOIC Azo3 i Mo ¥ Uiz [A—J5 & LIC
y@ﬁtI@MOI%»#~%Am2&Hﬁﬁ@®5f® Pl &b Azo2 LRI D
ZFNLEICA MRS TUANVERIGL D 5, L LEBRICIE Azo3 D X + F 2 Eo
K25 I SN o7z, THITERL 7 2513TTD Azo3 £V b X HICEFEEIRE
VAR IV ODKERNMEL, HfELZ-DICBRHEINEr o7 F 2
55 (Scheme 1.4a T E%),

Azol WA O IEFHRAERY) 21 BB I 72 —J7 T Azo2—4 D b 1 FHZA R
Y26 IR I N o7z, TOBBICOWTD Azod DR L FOMEIC XY, B
HBRICEL T IV EPFEROEBETEELZ LRI, A XTIV 0000 0KE
PIREI NG L 7z7-D I I Nind o 72 L F 2 L5 (Scheme 1.4b),

(a)
HO . IC:OO Z |
,N MeO e ~ ,N
O
-
Azo1 # 24
CONH, CONH;
HO. OH I:oo ~ | OH
N MeO RN N MeO -
N~ - N~ —»=— Decomposition
OH JELY OH R
Azo3 CONH; 25 CONH,
*X-ray
/ -
[EDG],=— de 5 ~ MeO
4 O\N,’N —*, [EDGl Q\ —— Decomposition
NHy (n22)
Azo2—4 26
CONH,

Scheme 1.4 (a) Azol £ A F ¥ Z U AWNDRIGE XL Azo3 D X b ¥+ 7 A ATHIEK 25
A, (b) A M F T ANT KD Azo2-4 DEAZLERY) 26 D51 fiE
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FH—E D/

BETR, TMLAMIOKERE N F— & LT B2 ERIEEA L, K
BRIV T VEAOBTEE KT X2, KNETICX 2B ERL2H LT
5 LF 2T CV BLUORTCHEFHEOHE RO T MtEYF O Ve ¥ o HoHp
LIz T LA YETLIN LT D T ERRBINS, —J5 T, B X FRIES
KX 3EICldwIho 7 ViEGoRAE IIENE T, HTFHOe Fo ¥ o EHHE
M2 LRIRIGIC X BO0MMMEHEL 72 2 E RO L oz, F 72, BIERY O
W2 e Azo2 2 Azod 1A P ¥ I AADfN%EZ T AL &ptE s, 20
720, KEMEDIBRIC X > CT VHADETEERZK T ¥ 2HE. 7S
DBETLEMEET I HICBNTHMNTD 22, HEROBTEHE OB KKK
TEAMX VIV HANVORBARLEIIGEREI LT TELEZLND, iEoT
T REG OB FEESL T TR A BFROETEL DK T I X VBRLETH 5,

O MeO” Q4
(:I N L EE EZIP FEROBT
- N” ETHEEET N"N}/ 5 )

' '

RILBMD EF 7V hIIATINIC & B8R
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BB a R ROIIRICK 37 ViEEDEITLHED
rc‘-J_I:GCEﬂT%’IﬁEﬂ‘?: 7 VAR H = X L DfiREH

RIEE D HKBRADOERIC L > CT VIEGOBETFEEZKT &% 25 7kt
JEEY ORITEN E ER X5 2 LR E 8, m%77%7ﬂ—kLT@
CEMEOBFHEGMHIC X > CHEROEBEFEEOWINCRER T 2 RIS Z
PCIL RDBIERIRI N, ZDY, FELE TR TEROETFEE X EDTIC
TR EERMNOBRTINS T TE2L) D Tikat 2 ER LB 2{To72, &
DICEEHRIBH D 72 0 OFEFHEH 2T 2 720, EEEER & 2 LR o R
LKFETICX 2T VA DOREKIGA 1 = X L% ]S 5T Lz,

0—XIvEEALLETLEYDHET L A

T REEREICEI R T T Ao kL LT, s RICT VS 2 EEH A
B, TIREEDOBT 2IFREN S ¢ 2552 E L L 72 (Figure 2.1a), T DEXEITIE
KFIEF23 o &R D LUMO LHAMFRAL, 7 VG o KiGaHHuED S %fﬁﬁ
HMEDL L TERNICT JHEAMEITTINDE EEZOND, E5HIC HOMO D& 14
HEZRICIEENT 3729, Azo24 DX IR A FF AT TN X BN
IR DIt K s bHffI S, LROBEEALL, v—X I VEKEZEALZ
7 e EW E G L 72 (Figure 2.1b), v —4X I Vit o EZRBZE W0, m—43
VEIEAEINZT VALEYIDO LUMO T4 V¥ — 253 R T L, KFIE
L2BIARI VLT AZLeEZOLNDE, bl —X I VEKOFRFOIEER &
KMETOEEMAIERIC X Y KCEED EERAFTE 5,

%:f‘Tfmé%AmRmkun4&%ﬂﬁtﬁo«/k/%%@%ﬁ%®w
B Fffi T 5 729, Azo-Rho2 DR V¥ VB O AL P ZE RS LT
Fuo %3, Azo-Rho3 ICIFEFRIMEERHILL LThHLFF v EEZEAINTHS
#EF L 72 Azo-Rhol-3 D7 VHEEABAZS % & N,N-diethylrhodamine (DR, 30) %34 ik
THrETVHING,
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N ~ozT TTN=N NN
A N Ay .
- N > NH,

H,O
*X—ray O
COOCH
oy T OO0
LUMO T /L% — JFF F ElzN NH;

R=H Azo-Rho1 (27
R=O0OH Az0-Rho? N,N-Diethyl rhodamine (DR, 30)

R=COOH Azo-Rho3 (29)

Figure 2.1 (a) n &R ICT VA ZMHAAD Z LT X 3 KME T OERN 2T JHEA DR
JCo (b) B—X I VEEEAL T JLEY Azo-Rhol-3 DEE!

Azo-Rho1-3 (% Scheme 2.1 IZfif > THK L 7z, 2-(4-diethylamino-2-hydroxybenzoyl)-
benzoic acid (31) & 3-aminophenol (32) % ¥ 5 Z L TDR &%, DRE YT
' {t L phenol (13). resorcinol (14). m-benzoic acid (33) £ 7V Ay 7V v /352 &
TfF7e. &L 72LE&YiE 'TH-.NMR, “C-NMR. HRMS & X OTEHEIHTIC X > CTH
iE L7z,

I COOH MsO COOH
MsOH
0 *  HO NH, Z
90 C
Et,N OH Et,N

8h
31 32 DR ( 30)

1) NaNO,
in HCl aq O
H H
0°C COO CF,C00" COO
30 min yZ H =
P O S O oy
) Et, N

/@\ Et, N
R OH

R=H 13 Azo-Rho1 (27) R =0H Azo-Rho2 (28)
R =0H 14 R=COO0OH Azo-Rho3 (29)
R=COOH 33

Scheme 2.1 Azo-Rhol-3 DEK A F — 4
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H X HR A S 2 o A4 ) D fidHT

AL 7zbaREEbics A rRbic X W IEEME R G HERORE S
BT 2 AREM A B % (Figure 2.2a), % & TR AR 7 b v 6 HPERFE D pH IC
BOCIEERM ZFOMBRESEET 2 0 at Lz, 7 VR v ¥ viFEMEIE 300400
nm KRHBREZFFOZ LA ONTEY ¥ EERPE R RED Azo-
Rhol-3 (I Z DREHMNICRIUE K % 5o & PRI, — 7 CHEERIZ X v 7 v iEE
RO T &5 500-600 nm D FEIBIC IR K % FF0 & T X 15 (Figure2.2a), Azo-
Rhol-3 & D pH #E 2 TRINARZ PV ZHIE LTz, WO T VLEY D IER
b 500-600 nm DFEIKNIC B\ TSR K % FF2 2 L 235580 b iz, fE-> T, R
ITICHE VTS Azo-Rhol-3 DERHIC IZFHBRIRSTFAES 5 2 L SRR X L7 (Figure
2.2b—d),

0

“ O COOH O 5

Spirocyclization

‘ g O 1 O T
. AN . . P |
Et,N 0 N \I:i:l\ Ring opening g4 N 0
Amax = 900-600 nm OH
. S
BIR{A FAERIA
038
(b) 0.7 *P:gg (C) 08 —pH.0 ( ) 0.8 —pHe.0
' 2H7.5 o7 pH8.0 0.7 —pH&.0
H7.0 06 pH?.5 0.6 pH7.5
pHe 5 0.5 pH7.0 05 pH7.0
3 EHG 0 o 04 phe.S %] pHE.S
< —_pH5.0 2 pH6.0 204 pH6.0
_”H4-0 03 —pH5.0 03 —pH5.0
—ZHE:O 02 —pH4.0 02 —p:gvg
0.4 P30 04 P A e
— 0+ . - , 04 r S "
500 700 900 300 500 700 900 300 500 700 900
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 2.2 (a) Azo-Rhol-3 @ & &" v B D71 X - TH: U 72 Azo-Rhol-3 DFBR - EABR{AD
&% & O (b) Azo-Rhol, (c) Azo-Rho2, (3) Azo-Rho3 ® pH 7’1 7 7 4 )\

Azo-Rhol-3 % 40%®D MeOH % &1 PBIC 5 uM & 72 % X 5 ICIRIEL 72, % D1k,
Ty TR L, BXMRERER47Gmin' TGy BE+2 2T, 7VILEY
CIZITHERDOKN 5.4 M DKFEFARESE T, 20k, T X MIBHEHEZOBER %
HPLCIC & o THHT L7z, THEXKRIBHBZBOBRKEHER Lz 25, &2ToT JLaEY
IR DS DR HRDAREICZAL L 72 2 & 23538 ® b7z (Figure 2.3a—<), HPLC IZ X 5%
MroofE SR, 18 X MBS X 5 T Azo-Rhol-3 DRI D v — 27 OIS WA L. DR &
El— DRFFREICHT 72— 27 XL U 72 T & 2388 b L7z (Figure 2.3d—), X 51
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Azo-Rhol ¥ X OF Azo-Rho3 TIXEVERMI DO € — 7 B3 U7 T L B3FR® b7z (Figure
2.3d. s
(a) (b) ()

- - - - R

<Ar ) o e,
z i ot e/ S

0 Gy 20 Gy 0 Gy 20 Gy 0 Gy 20 Gy
Internal standard
0 Gy (Rhodamine B) e
El ’L—Jl
COOH < Byproduct— |7
)y @ 20 Gy
Et,N ‘ ’N\©\ [\
DR |
Azo-Rho1 T T T T 1 T T .
0 2 4 6 8 10 12 14 16

Time (min)

Internal standard
(Rhodamine B) Sa

~10 Gy
2
©
COOH >
/ 8oy u\
@ ox |
Azo-Rho2 T T T T T T T 1
0 2 4 6 8 10 12 14 16
Time (min)

Internal standard

(Rhodamine B)
~[0 Gy N
=2
COCH 9.’ Byproduct— {1
() i\
Et,N N |
DR ;
Azo-Rho3 i . r r : . : .
0 2 4 6 8 10 12 14 16
Time (min)

Figure 2.3 [ X #RIREH{£ D (a) Azo-Rhol. (b) Azo-Rho2. (c) Azo-Rho3 IERDEH, &%
GEOEMEE X ARIEEET (0 Gy). A2 X ARIRSE % (20 Gy) © 7 VALEVIER A - 7=
NATNEIRT, (d) Azo-Rhol, (e) Azo-Rho2, (f) Azo-Rho3 i&i®D HPLC F ¥ — b, &% %%
N D FEDME X BRIGSTET (0 Gy). HE D I (20 Gy). TE2S DR @ HPLC 7 + — 2R
T, (HIEE: L =538 nm. WEBEEHEY)E : Rhodamine B)
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Azo-Rhol-3 D e & DR DA &

HPLC ¥ — F ® &' — Z [{if&i > © Azo-Rhol-3 D& & DROAEKEZERE L 72,
Azo-Rhol-3 DGR IZZ L Z 4L 1.9 uM (Azo-Rhol) . 2.8 uM (Azo-Rho2), 2.3 uM
(Azo-Rho3) TWINIEBETH YV HEEII LI o7z, —J7T DR OEKEIZZ N
Z ., 0.66 uM (Azo-Rhol), 2.8 uM (Azo-Rho2). 0.45 uM (Azo-Rho3)TH Y . Azo-
Rho2 23 b % 2> o 7= (Figure 2.4),

(@ 5. (b) 5,
% N.S.
= 4 4 —_ 4
U]|EH| = *%
Q 3 *k
I 37 L
i y
o 2 1 2 1
2 X
DIC [m]
0] 0 1
Azo-Rho1 Azo-Rho2 Azo-Rho3 Azo-Rho1 Azo-Rho2 Azo-Rho3

Figure 2.4 (a) il X #t1C X % Azo-Rhol1-3 & Kt (Error bars represent SEM: n = 3-5, Tukey-
Kramer test) 5 X 8 (b) DR @4 k& (Error bars represent SEM: n = 3-5, Tukey test, **p <
0.01)

LC-MS 1T X 21 X fRIR S 1% D 4= i) it

LC-MS % T X SRS ICE U2 AR O B BB L2 T L 72, Z OR5E,
ETOT JTCEVERD S miz = +387 DILEYIPHBH S, ZNid DR O'E &EM
e —3 L 7z (Figure 2.5a 3 X U’ b, Figure 2.6a 35 X ' b, Figure 2.7a 5 LU b), 7%
1 X AR 8% D Azo-Rhol W 2> b IZEIER) & L T m/z =+494 (Figure 2.5a 35 X U ¢)
DiLEYIBBE E iz, TNIZTCD Azo-Rhol DEBEBEMILL L D 27717 K& WHT
O, TP _ETETINTELAEZE NIV VKB4 THEZLEEZLND,
X 51T Azo-Rho3 A b 1 m/z = +536 DEBEMILZ Fio(b&Prmti I s, <
DILEYIE Azo-Rho3 &R CEREMILTH 2 03 H 7 2 (R 2 H T2 729, Azo-
Rho3 D cis FEAR (cisAzo-Rho3, 35) DFA[REMED S 5 (Figure 2.7a B X ), % Z T,
Azo-Rhol {FH & Azo-Rho3 SR D EIEMI I T L7272 ® . 1 L D 1 mM Azo-Rhol
F X U 1 mM Azo-Rho3 IRHRICHE X #2% 100Gy HBE L, #F7L27u~= 27T 7 4 —IC
X2 EIEY O Bz il Ah 72 23, BEROILAVMBALRETH YV RET 2 LI1E T
oz,
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(a)

AZO-Rhodemine1-control
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Figure 2.5 (a) i X #RIAESHT#% D Azo-Rhol ® LC-MS 7 v~ + 7' 7 4 (EBHZ 0 Gy, TE IR
20 Gy Z/R L, ROMITDROE -2, FOMITENERKY 34 D — 27 %2KT, ) (b) T X
5% DDRDODMS A=7 P LEI W () & F TV VK34 DMS A7 b L
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(a) AZO-Rhodemine2-control
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Figure 2.6 (a) i X fRIAST A% D Azo-Rho2 ® LC-MS 7 v~ + 77 & (BB 0Gy, FE:R
20 Gy. RO DRDOE—7 %FKT, ) (b) il X #RIHH D DR D MS 2= 2 b v
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(a) pZO-Rhodemine3-20Gy
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Figure 2.7 (a) I X #RIAESHT#% D Azo-Rhol ® LC-MS 7 v~ + 7' 7 4 (LBHZ 0 Gy, TE IR
20Gy, ROMIFIDRDOE — 7, HOMIFEIERY O v — 27 %F£KT, ) (b) il X ARG % D DR
D MS A7 + v X (c) cis-AzoRho3 (35) D MS A7 |} v
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BHLFEREZ MW T VLEY) & KAE T D SO EH

BLYEIRZ T Azo-Rhol-3 KM T & DGO Y £ & 27l L 7z,
HLEHRECTIIANETOI AV F -2l T2 D2 EH L 72, KHET DR
FNC X 2 ZEL = 4 v ¥ —TH % vertical binding energy (VBE) & 7 VL&Y O & FHIH]
77 (electron affinity) % i\ > CRGHE % G4 L 72 (Figure 2.8), A1 ICIE—&E FiEIT
KR8 D IRENFEAN % K U 72 Wi EaERS I £ 5 BT BUM /1 @ adiabatic electron affinity (AEA)
EIREIEAN % F B8 L 7 W E[EES I 5 % 7B @ vertical electron affinity (VEA) D 2
OVHFHET 5, KHEFORIGHICEAL T VBA 28 VEA IGEWEE, MEEEE T8
WX BBRITICVETT 2 e RHEINTHE N, ZDdARMREITIE VEA % Hw»
TKMEF & D G % ¥ L 72 (Figure 2.8).

Energy

R AR

Figure 2.8 VBE. AEA. VEA O#iX[¥|

#®IZ Azo-Rhol-3 DL EREICOWT GRRM17 7’8 77 L% 72 sequential
fragmentation - artificial force induced reaction (SF-AFIR) i% IC X > Tk 72 & & A5 Azo-
Rhol-3 W INd trans KB RELETEHETH D LB RENT-, % T Azo-Rhol-3 D
trans RICEB T 2 IFETTRAED = % v F — & Fffi 2 JBEFIC BT 5 —EFRITAEDO T AL
F—2HHL, ZOZANVF—EH, DL VEARRD 72, ZDER, Azo-Rhol-3 i\ T'h
b 3.7eV LI VEA 2 L T\ 7z (Table 2.1), /KFAIE 7D VBE 13 3.7eV & #i5E N T
Wbl 2 Azo-Rhol-3 (F\>F b KFIET O MR E T Ic 3D Rtk
INRTWVEEZOLND, fit\WT, HloREITLI NPT EDIERFE LT LUMO T4 LF
—IZDOWCHHI L 724538, wWIho{t&Y D LUMO T4 L ¥ —(3-2.0eV (HEDETH
5 LR LTz (Table 2.1) o 72 HOMO T AL F — (3 _ v ¥ VB ICE RS [PEE
HaFEHE A X 1172 Azo-Rho3 i DKL . BTG HEIRILOE A X 17z Azo-Rho2 23
D E W EE 5 72,
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I COOH

Azo-Rho1 (R = H)

/ O R Azo-Rho2 (R = OH)
Etzﬁ o N«.N Azo-Rho3 (R = COOH)
OH
Azo-Rho1 Azo-Rho?2 Azo-Rho3
VEA (eV) 3,70 3.68 3.77
LUMO (eV) -2.00 -1.98 -2.11
HOMO (eV) -7.96 -7.85 -8.13
HOMO-LUMO gap (eV) 5.96 5.87 6.02

Table 2.1 Azo-Rhol-3 ® VEA, LUMO =41 ¥—, HOMO =3 A ¥— | L1 HOMO-
LUMO =4 A¥—F v v 7 (JLEEIZ wBI7X-D, FEERSIL cc-pVDZ % v 7=, AR IZ
KOFEERE TNV IEFPCM I X > CEE L&, )

KHBETF2MHE L, 7 VREEEBEITTL 9 208513 %729 Azo-Rhol ® LUMO ¥ X
N—E T RITIREED SOMO DEFHED M Z 5 L 72, LUMO IZETF2AY 5 5
i7" L. SOMO [ZRICEICE T BFEEL H 28 % /"3 /2%, LUMO/SOMO D&
MIEAE R 25T CKABETIC L 2BITARI 2 FEZHND, Azo-Rhol DLIERE
KOWTHERLZE 25, RETEHED trans KO T 4 v F —25+0.18 kJ mol ™ i\
trans 1, +58.13 kI mol™' & > cis A, +59.84 kI mol ' B\ cis 1R D 4 D DL EREE DITEAE
T3 Z LAREI NIz (Figure 2.9), % 2T, TRHETO—BEICIRED SOMO &I
HRICIKAED LUMO Z R L 72, Z DR, WIFhoREMEICOWTH SOMO B L U
LUMO 3u—X I vEinh o7 VHEGEMEICH T THfm L Tnb 2 EARD bz,
X 51 HOMO W IFNofEICE W TH RV VBRI LT\ 528, Gom
WKE =X I VEFICD AL TWE 2 ERRBO LN,
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—EFETKE JE:E Je ik A8

trans{k SOMO LUMO HOMO
(RLEEE) (a-130th) (a-130th) (a-129th)

(trans) — N :
T e R
T, TR e e

trans" B &
(+0.18 kJ/mol)

cisEH &
(+58.13 kJ/mol)

(cis)

-~ >
- ”
H
> 5
N
H

cis"BH&K
(+59.84 kJ/mol)

Figure 2.9 Azo-Rhol D RZEMIE % & 4> DR EMED SOMO, LUMO ¥ X OF HOMO ®
i, SOMO D FIHE CIZIEERTCIRAE D FEEEICHE WFTE L 72 (JLBIEUT wBI7X-D. FHERIHIL
cc-pVDZ % 72, VABNSIZK D FEMRE T A IEFPCM IC X » TEHE L 72, )
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=5

H_ECRETEEORIMMGER ST RIS ZI A, KMETFICX ST VEHD
HRITOFENNZR LI 27201c, 7 VG2 ERE » BERICH AL G2 F
Kl Zo k5 Ee LT —XIVERICERHL, n—X I VviEEZHT 5
7 LG Azo-Rhol-3 Z %Gl - AL 72 S 06 DLEWIET VG H, KR D
BWAF A v HEOFFRICERK L TWE20, 7 VHESDOEFAMENICIEREL
T2EEzZONE, Ebicu—X I VEKPOIEEMIZKAET & H%$$8Eﬁ5ﬁﬁ7§_’
{8 7 ﬁmwf%ﬁbéfa#fééa%x&hé Azo-Rhol-3 23/KAIE TIC X
51_71:%’ﬁ'”\ L1 %@}iﬁf [ﬂfﬁhﬁkﬁ‘%btﬁm\ T/IIZIIZI rné@@bﬁ@

BTEEPHERT 5720 ﬂ?)i‘ﬁ"] T VEEEMREILEINDE EEZOLND, - EREE

DEE R i 2 72 91T Azo-Rhol IRV ¥ VEEED AL FA7ICIKE, Azo-Rho2 (X
E Fe X, Azo-Rho3 I3V FRF o EpEAINTHS

Hg X SRS 1% D Azo-Rhol-3 ¥&iR 2> 5 DR 2RI S 7= 2 & 2> 5. Azo-Rhol-3 134
TKMEBEFICL > TT VAP HAT 2 Z L RBEI Nz, ZDORODRDOAREIT
Azo-Rho2 7b>w4> Botz, —H T, KGRI OWTIEWTEno{LEY D FERETH
> 7z (Figure 2.4), & L ICE L FARIHOME A L, VEA £ LUMO T4 L ¥ —Off ik
Azo-Rhol-3 DRI TCAKE I3RS FREEOKIGHTH 5 Z L 27K X L7z (Table 2.1),
LEDRERD O, 7 V/EEOAIUT OB CETT2E2 N5,

— BB H TR X RIS I X 0 AR L2 KRBT IC X o CT7 VA ZETEIT
%%H%:am;oftb7v/¢%%%$ﬁ¢6@mmmm@o_@tb7y/
¢ﬁ%@\Am&@l@%ﬁﬁanm=+m4®ﬂ$&%abf@ﬁéhtoit\
Azo-Rhol ® SOMO & LUMO D Lt# 2 5, KHETFOfEIZ e —& 3 viElar s
JHEE DRI T TR Z 5 2 L 23R X iz (Figure 2.10), $E-> T Azo-Rhol-3 6i
ZOWFICBWTH—DOEEEZE T 2720, BILIRICOWTLABRETH S L&
Zbhd, “EEHTRRVEVERBor FeXsEproEB 5422352 L T
Lo-EER R Z 0, © ¥ 7 VHABHZE T 5 (Scheme 2.3b), £ Z TDR i d % AKX
L72 Azo-Rho2 IRV E VIR ICe Fex s A2 2208734012 0@EENFEL,
OoF VMo FrdoErb0BEFHGIC Lo T 1L4-BEbEZ 27291 DR D
ERED Azo-Rhol 53X TF Azo-Rho3 K W b Ero7/-E2 b5, 72, T ODERIC
B2 —2DREERYTHLEF ) v A4 36) 1k, KFIET2HEHICE
F=IL% % |F p-aminophenol F5EK (21) IC7x 2 LEZ LN D,
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(a) €ag~ - E
=z H* eaq N H*
EtQNN/’NY Q Y \Q\T L
b RT3 hiik

e (Azo-Rho1h 1534 E L TigH)

(b) ( -
H 1,6-f B HN 267, HN
J@O L, OL=="0
[ C?H 36 21
H+
( v 1 4-BREk
DH,NQ©\ - > :©\NH7
Azo-Rho2 oH
Scheme2.3 7 VHEABHHDOHETE A = X L (a) KFIFETIC X 2 “FEHEICLE (b) 1,6-Tik (L

B) 7203 1LA-BEEROS (TR Ick 2% 2 v A4 2 /%QQ@EW

& 5 ITHE X FRIAET D Azo-Rho3 A2 &, JED Azo-Rho3 & [F] CEEEMLLTH
% m/z=+536 DIALEVIBBH E -, THiE. Azo-Rho3 D cis AR (cis-Azo-Rho3)
ThdbEEZOLND, TNETET VAR —EFEIT>E/13, Xfick->TE
EL7ze Faxo I P hnhoolifl ¥ 2% 2% L7 Viitao “Eiiatrkbd
. HHENBEEE2ERC D, Bt epimEINTHE, ZD7®, Azo-Rho3 X
KMEBEFICLE ~ETERICELZFANFL IS0 —EBTMRLEZ T, [k
DOBFEPHE Z cistRICEMAL L 2 TREE D 5, 2 DA, 7 /A ORKED Azo-
Rho3 & [FIFEFECTH - 72 Azo-Rhol 1B WT hH, [[IERIC cis BYEIR B & L2 AlREH:
DH 20, EERICIIME C& 72572, Azo-Rho3 l¥A4 Vv MZIc/KFEA N F—L L
THELEZANVEFCEHAFLTWAE D, TYREZRFFLENEBREEZNL, K
FAZIZRL 9 b, o T, TOKKEMAICLY cis-Azo-Rho3 (BT L E
ﬂﬁ‘éﬂ\ cis—trans FHACICHEE RIEH L = AL F =GR L 726558, cis R23H A]

REhFEmEA L EZ LN S, (Figure 2.10),

OHOH

AG > AG} gj@ @
Azo—Rho3 Azo—Rho1l TS NJN s
R& - B
OH P

¥
W

E
AGAzo—RhuB

DO
O,
S ooy

Figure 2.10 Azo-Rhol. Azo-Rho3 D cis 2> b trans ~D Bl L KFRIEE D FHF ST 2 EE
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20 Gy D X SRS CER I N ZKAETORE (5.4uM) & Eido B 1REoH
WrHEET 5L, Fﬁf27m4@DR#$WL 3, TNEIK 100% &5 &,
Azo-Rho2 7 SR & 1172 DR OUKIXIZIT 100%TH V. BEF O X fRic X v i
ANnsr— /bmA%&waf%%aﬁwﬁmwffbéa%x&méoﬂ%%
IZ. Azo-Rhol ¥ X U Azo-Rho3 @uyﬁ EENEFN24%, 17% THol-, X 0EHE
BT VRGO EFEHT 720t RS H o TEEE TR 2 F R L) 7 BTt
SEa L 2 AT 2 &#ﬁxﬂfi’é% ERBINT,

i X ARIC X 25001, 1 Gy H72 ) ORREESLAEREIC X o TRICEHERED L T %
%, 2T T, HIEED Azol-3 & Azo-Rhol-3 DG & 7 ViEE DRRMFEIT O W
T. 1 Gy 72V ORIEESB L UT VG @ﬁﬂEW%@mn3fﬁ3AmxAm-
Rhol-3 Tlt DR) DAEKED O HELL 7z (Table 2.2), & FuF o HE v ¥ VERERIC
1 OFfD Azol & Azo-Rhol % L3 2 & Azo-Rhol DIICKIFH (L 90 nM Gy ' TH b
Azol D 59nM Gy ' XV b &<, Fkkice Fa ¥ 3% 2 OFFD Azo2 & Azo-Rho2 %
[E#3 % & Azo-Rho2 DGR I 130 nM Gy ' TH D Azo2 D 98 nM Gy ' £ 0 b &
W, fEo T, B —X I VEKOE A X MRIEGHIC X 2 KISEZE® 5 2 & BRKE
ANz, 72, LUMO T AL F—D D 5 b Azol-3 13-0.80eV 2> 5-0.66 eV D
FHNT®H V. Azo-Rhol-3 TIlx-1.98 2*5-2.11 eV DHEHPFHANTH H LUMO T 4L ¥ —
PIENZ Db, TV HEEDREITTNFEIL Azo-Rhol-3 DT REW T & DEHEAER 25
R I Nz, — 7T, FREKYOLEKEIT Azol-3. Azo-Rhol ¥ X U' Azo-Rho3
DETREREIZHD) 572D Azo-Rho2 3 NHDF) 5 EDERETH 72, 2D
ORI e —XIvie FrF OB AOMGRT VG OMAEMEL S0 5 L
THEETHLIILEZRBL TS, 2L, ZNLDORIEERLEREICO VT
Azol-3 DFF X FREAGI2S Azo-Rhol-3 XV b HiREOLEMTITONLT WS 728 Azo-
Rhol-3 @ St % /NG L T 2 ATRETEDS & 5

O COOH Azo-Rho1 (R = H)

R! R?
Azo1 (R1 OH, R2 = H, R% = H) Azo-Rho2 (R = OH)
\@[N"N Aizz (R'=OH, R? = OH, R3 = H) / O Azo-Rho3 (R = COCH)
R® Azo3 (R' = OH, R? = OH, R® = OH) Etal CL
CONH, OH
Azo1 Azo2 Azo3 Azo-Rho1 Azo-Rho2 Azo-Rho3
RItE RIGE
("M/Gy) 59 98 160 ("M/Gy) 90 130 105
3-ABA&E L E DR4ERE
("M/Gy) 29 30 25 ("W/Gy) 33 140 23

Table 2.2 Azol-3 & Azo-Rhol-3 @ 1 Gy $7- ) O MItE & B A BY) o 42

37



HIEZD Azo2 BX W Azod TIEA P F L 7V ANADMIELRBH X L7223, Azo-
Rhol-3 CTlxW3Fho 7 VLaWs o b kI 2 e 7%, HOMO =4 ¥
—Z i3 5 &, Azo-Rhol IE Azol £ H HOMO T AL F—235< . Azo-Rho2 %
Azo2 X U H HOMO T AL F—2E, fit-> T, v —X I VEKDEAIX HOMO T~
ANF—%EHDOA XTI DML RN Y 23 < 72 AlHelkEs
Hb, LH L, LC-MS IT X BT DFEER, Azo-Rhol-3 AW D A P ¥ 7V H LD
A I N o772, £72. Azo-Rho2 DJLED DR A E L RIEETH %
CeHREETALAINF O IVAALRLL FE X IUATUANMICEBEIKIGED ST
VA DOBANBERNICEZ o2 EF 25N S, TOMEBIZOWT, Azo-Rhol @
HOMO DEFIFFICR VX VIRTRICFETET 223, #Homice —& I v ERKICD IFE
LTw3Z o obnd (Figure 2.9), ZD7%H, HOMO T AL ¥ -2 EH T 2
—H T, RVEVERTOE TS —-X I vEKICODIERELLL, e FrFir T
CANRCA XU T UAADPLDRIGHEMI Nz EZOND, [EoTu—X 3

BHOEANZT VLAY ZERITEELTTEET TR, 7V LDORELR
& DRI IG % K X 2 2 e B 5,

FHFE D/

H_ETIE, 7TYRAREE o HRRICHBZADR, TYRBADOETEE KT X
FL2HA TR =X I VEREEALLET LAV EER L7z, HOD LT
AKX =X b, B —X I VEKOE A IZKMETIC X 5 ETCEEDR)
Ke@mbb Il ePndEn, Ebice vuxv i ltoBE A RSHEERELIT NN &
DFIAZIET 2 2 e RB I NSz, 72, v —% I V45 HOMO DE T2 HTE
Té & CHALFEDORIRICHA G L 2 ATREE R S L7, EREOER LD, 7TV

GORZNE R FX ¢ 3 7-01Ice—X I VvEKEA L, KHIETE ORI
mb6ﬁ%iﬁ%fﬁék%ianéo

BEAAER O
- COOH

e
aq R=H Azo-Rho1
k = R R=O0H Azo-Rho2
+ =N R=COOH Azo-Rho3
Et,N 0 N
OH

LUMOT FILF¥¥—D{ETF
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BB WXBRICL3 7V RAEOREAZERIGE T3
HH| DAL I B3 5 BeEt

BHOMErL, X I VEKEEAT LI LICE > TOKNET LT VHGED
EEVDORIGHEZ @D 2 Z E BRI N, ILICHL Lo R A N =X L%
JGRH 32 2 itk o T, EHOHHEDAEEIC RS EFEZLNDE, DB, KET
X7 VG ORAPHNTREZ 2 2 2R L, & O IC X AR IC X b #H o g 230]
HED> &9 D ERRET L 72,

— i1 MIfE P DfE X ARBASIC X 2 7 Vi & DRHR

VB AR DR EAKAFE I B3 5 BT

BB XU E T, #ICHE - &L 27 Va0 nf#% HPLC £ LC-
MS 7 E DO HiBEER IC X o CTHENT L 72203, Ml ciieC 2 7 VG oA E b ogy
Wriken CEBEEHEIT 2 2 L IZEEL Vv, % 2T Azo-Rhol-3 DN EIcEH L7 TV
EAEDOIRE) - MERII IRy — A TRRZ 3 2 MG I N T WD 9657, 401/
WA —nTiRZ 2720 3, TGS HENES T ORERIHAIAEN S & dH X
D b IRENCHEL e & OBALBREALIT L. £ LA EEEEZ LS 20, o T,
X RIEH % D Azo-Rhol-3 ZHU D iAA ZZMIEN O HIE 2 MIE F 2 2 & CHRIENIC T Vi
BORAPKRZ o722 %GHiT 2 2 LB TE 5L E X b5 (Figure 3.1a),

Azo-Rhol-3% 40%D A & ) =V E &L Y VIERERKICSuM & 7 % X 5 ICAE L 72,
ok, Ty CHALBEXREZRER 4.7 Gy min ! T 20 Gy BE+2 2 & T, KAl

COOH
COOH
X RIS
EtzN QOH @ EtN /

#AAL ﬁ:‘c?‘i;L)
(d)

N
Q
(=]
8]
o
o

FL. intensity (a.u.)
g

FL. intensity (a.u.)
=

200 (C)
150
100
50
0

@
o
-
a
o

20 Gy

0G
0 /\_ Yy

P ——

20 Gy 20 Gy
0Gy o OGy
500 550 600 650 700 750 500 550 600 650 ?00 750 500 550 600 650 700 750

(41
o
o
o

FL. intensity (a.u.)

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 3.1 (a) 7 V& O FFRHEZ R L 2MENIC BT 2 7 VHG O BIZEHE /73 (b)
Azo-Rhol. (c) Azo-Rho2. (d) Azo-Rho3 Dffi X FRIRGTHiE D HI A <27 b v (BREZK: 4.7
Gy/min, HESHHE: 20 Gy, IS &K 488 nm)
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BYET VLAY EIRITFERON 5.4 yM FAE X272, B X RIS AT O e % [k L
72455, Azo-Rho2 238 D HOCHREIEM L 72, i C. I D HCHE M L 72 Azo-
Rho2 % VT, #EEMREINICHEIRE NS 2 2>5Fifi L 72, Azo-Rho2 % 40%D X X
J—=NEED I mM DY VIERRETIC S M & 7B X O ICIRR L, Ty THEAE.
fH X % 4-40 Gy W4T L 72, HPLC IC X 2 0T DGR, WINoEICHEWTDH DR &
M CARFFRFREIICHT 72 AL AP DO v — 7 BFT 72 ICE T TW» 5 2 L 235389 b 7z (Figure
32a), £ ZCTY— 72 S DR DERELY ER L 726 E, DR 5 EKFIICER L
72 2 L 3R ® b L7z (Figure 3.2b), [FIBRIC DR DHHICOWTHFHMI L 7z, &4 T v
ICENNABER L2 25, MDA EBOHEEZHT 2 L ARENICHER S L
(Figure 3.2¢), HMARZ PV ZHIE L7245 E, SRS 130 X SRIRGTHR = o B hnic £
> CTEREMICEER T % 2 & 258 S 7z (Figure 3.2d)e 2D Z &2>5H, DR DHEYEZEHW
TT7 VA ORAZFMTE 2 2 LAIRBE iz,

(a) (b)
5 -
0 Gy N
4G &l
Fja—= d =
o ay i 3 ¢
% A A ﬁ
fa)
40 Gy k 1 <
DR
................. 0 = . . . .
0 3 6 9 12 15 18 0 10 20 30 40
Time (min) Irradiation dose (min)

(d) 4000 -

S 3000 /\

s 40 Gy

=

é 2000

IS

i

w 1000

0 Gy

0 , .
500 600 700

Wavelength (nm)
Figure 3.2 (a) AR IC I 1T 21 X RIES T2 D Azo-Rho2 i D HPLC 7 B~ + 7' F L, (IR
HiR: 538 nm) (b)) DR DAERED 7' 1 v b, (c) BINETHIEE L 72 & #EICE 1T 5 Azo-Rho2
BIRDHEE, (fEh 5 0, 4. 10, 20Gy) (d) HEHEICH T 5 Azo-Rho2 DHIEA =7 F v, (il
PR 488 nm)
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HAEAN D 7 Vi & D B

Bf X ARIESTIC X D Azo-Rho2 20 HEAL 3 % DR IZHEIC X Y FHlirgECTH % 2 & »
5. ZOFEERFIFLEE X SRS cHilaMNIcE T 2 7 VA ORRE %M L 72, A
SR ZEOIME R & LCTAL WS TWw3 MOLTA4 fifld % & 7 A fllfakk & L <
RLU 7 o, MOLT-4 flifid % & L EEHIC Azo-Rho2 % 5 uM & 72 % X 5 ICiRfEL . 80 &
A vFax—FL7%z, Z2D%., BH% Azo-Rho2 % & F 72\ PBS I &2 L CHIfE LD
Azo-Rho2 % fRr\>7z, PBS ICEHL S M7= MAEENE %2 1 mL 370 (flIfEEX 1.0x10%) ~¥ 4
TAMTHEL, o W R % 10 0 BIR Z AP L, B X8R % 2.5-100 Gy I8 L 7=, %
Dk, T XARBHEROMEAETFERE M) Sy T =4GRl L. MAEN O DR H
FKDENE T —F 4 P AF)—=THIEL 2z, MIlENOL X7 2 —Xix D%
IR & & 3 723 PBS IC{Efats D —# D ERIE 134 TOKG M F T - 72,

PNy Tt OfER WBETRTOMATAEFEERIE 76%U ETh b B X HRIRET
ERICBWTH, WTFHLOBMEBLRFICE VT 70% FEoEERRR T T vz,
L7228 T, AEBRCTHGZ-HREHFIC T, B X SRS X 2 #ifgsto s
IR TNE W & ER ST N2 (Figure 3.3), —J7. MIIEA DR DGR X, T
T OWGHRRESMFICE W CIERGHE & bl L TR L 72 (Figure 3.4a), X 51T,
0-25 Gy DHiPH T3 d IR AR E KA L 722% (Figure 3.4b) 25 Gy % # 2
% AR E I T, HOEIRE I IR E RIS L7z (Figure 3.4c). KA EX D
HREANICB LT O XS IC X o C7 VA ZATE 3 2 LRI N7,

100 1
80 A
60

40 -

Cell Viability (%)

20 A

0 25 5 10 25 50 75 100
Irradiation dose (Gy)

Figure 3.3 |} V¢ 70 — e iBid &3k & h i & IREHRENC 351 3 A 77
#, (Error bars represent SEM: n = 3)
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O oay 3.0 -
60 1
O2s5cy 2 1 ¢ .
o 2.5 -
O 56y s | .
= 40 O 106y E 0] ¢ .
5 O 256y i .
© 1 so Gy v 1.5 1 .
20 7 O7ney 5§ ,,8
= 1.0
1oy & ]
0 i o 05 T T T ]
103 104 0 25 50 75 100
FL intensity (a.u.) Irradiation dose (Gy)
(b) &0
O ooy 3.0 ] .
O 25 Gy ‘%\ 25
40 O sey g
‘g ] 106Gy £ 20 - i
8 O 2scy .
20 - 2 ]
S04
(1 ]
0 - - . 0.5 T r r T T
103 104 0 5 10 15 20 25
FL intensity (a.u.) Irradiation dose (Gy)
(c)
50 4 |:| 25 Gy 3.0 1
=
40 1 Cisoey 2 5] ¢
] O 756y c
: 2 ] *
£ 30 O1woey £ 0. }
o ] i 4
© 29 1 S 1.5 -
= ;
10 1 o 101
] (1 ]
0 - o 0.5 r r r
103 104 25 50 75 100
FL intensity (a.u.) Irradiation dose (Gy)

Figure 3.4 (a) T XARIRHZ DO 70 —F 4 b A =2 =2 0BG o n-MldodEtmEIcAd s e
A7 7L () BLU0 Gy DI O DR #5EEE % 1 & L 2RO &R IC I 1T 5 x5
HHREE, (b) FREMKAF 2 SR OB INA R Sz 0-25 Gy OfERIcE TS5 e X b7
LB L O EETRE, (o) MEKFR R HECERE DR R 6 N7 25-100 Gy DFREEIC
BIF2e R 27T LE L UHNEIEERE, (Error bars represent SEM: n = 3)
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5 H: 7RG DRHER Z I L 7= FEA o iy

T VREEDE X MBEEIC X > C B TEICERZT B & LB RTT A D
S 2, chick-T*x/ v 143 /W#%L IHlIIhBEFETINS C
LickoTT =Y VEEEARE AT S (Scheme 3.1a), ZDHITIZT VS ORISR A

H=RLxIGHL, EHlZRET 2 X5 fbtaME Gt 5,

HHNOWHIE A T O o 0GHCiE 2 7z, — D HDREHT 1L4-BiEEZFIH L 72
HAMTH B, CORGFTRT VEAOHRERDOT I 7 HoHEFHRIC L > T2
AU IR B DB % B 7023 & 3FI D WEEET % (Scheme 3.1, b), & DIRFD LK R D
ARG EEREZ Y bee—IcANIC L, RICEEZ O 5 Z L3RG TE 5,
ZOHDORFHIETEEZLZ A L 72 nitrogen mastered DiEMHELTH 5, Z DEXE

(. KHIETIC X 2RICHTIE 7 VHEEOBEFWGIMEIC X Y 7 v vz F A Eofis
L7=ZEHRIHF D lone pair BLENM I NKRELEPIZ SN TV 55, BITETIZT 2
) B EFHEHEERIL L L%, 7ouzF VEoRA L 2ERE T D lone pair
BALZEMHML, D TA S KICERZ T & cMiftEEEExRi>oT7Y )V vy=vLnT
v %4 U % (Scheme 3.1c) TDIMTIZING 2 DDREHEH ICH D T2 AR
L7z,

@ ®
COOMe H0 O a0
COOMe

*Xray *Xray )\
/ O '\4 2e5q / O 2eaq \Q
2 EtN NH, @ NR;
EFEEREM
HO
COOMe
x
Et,N
EDG
(c)

O H20

COOMe * X-ray HoN HoN \
= - /\Q‘ g ﬁ

de N S N

aq oA +

+ AN — —

Et;N () N \©\ H \
I‘\l‘/\/C\ c

Cl

Cl

Scheme 3.1 (a) 7 VHEGOMREAF — L L UEFEITTIC X 27 =V VFEEOER (b) 7/
mn%“%®7 J BB R AR L 72 1,4- 08 X 2 3ERIHERE o) 7 V57 2/
BT RkA 1Mt 514 % R L 72 nitrogen mastered O & PE(LEIE
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LA-BRBEIC X v A% i 3 2 (L a0 Gk

H1oic 1L4-BHEIC X - TEAZ BT 2 LG OA K EBET L 72, Bt 3 2 354
& LTl doxorubicin (37) Zi&EIR L 7=, v ¥ VERERICIE 1,6-HilE % (2T 2 72 il
WETHEHERETCH IO ATFAT IV EELFe PR o Er 2 DEATSC
e L., 7/{t&Y) 38, AzoNMe-Dox (39). 40. AzoOH-Dox (41) D&% 5l 7=
(Figure 3.5)

O OH o} O OH o]
OH OH
IO Yo
O O OH 0§, 0 0 O OH 9, 0o
o OH O cr OH
HN.__O HN._O
O 5 COOMe hd
o} y o}
EEp TR S O ¢ W JoooW
o0 OH o Et;N o) N EtzN o) N
|\ll/

O O OH 0§, 0

OH O OH

Doxorubicin (37) NH,

AzoNMe-Dox
(39)

O OH

o

OH

O O O©OH 0, EOI
o 3

OH

O
COOM

OH

e

=
+ -,
Et,N 0 N*
H

O

g

HN
N
o]

AzoOH-Dox
(41)

Figure 3.5 1 X #&IA4TIC X » doxorubicin (37) ZiH % & PR X h 2 {LEY) 3841

38 5 X ¥ AzoNMe-DOX (39) DAk

Mo, YVAFALT I EEEALZ 8 OARTET VY Ay 7Y v Ikic
doxorubicin (37) Z i X & 5 B KRS 2 82 L 72 (Scheme 3.2),

—EMEHDT V' H Yy 7Y v 7GR 60% TiH#EIT L, 7 /LAY 43 DAL L
oo L2LZRRS, ZEEHOOKRIGICE W T 43 L i & Al Bis (4-nitropheyl)
chloroformate (BNPC, 44) % & & & 7= 28, AR & iz 7 VL&Y 45 3G T & 37,

S5 2LEV DR DZRD b LTz,



NaNO,

TFA (1% volivol) O
in DCM/MeCN = 4/1
0°C, 1 hour COOH oK
Then OH - -
+ ~N
NH, Et,N 0 N
N7 -~
42 | 43 I\ll
60%
O3N o @Noz
OJJ\O
(BNPC, 44) O Doxorubicin (37)
Base (TEA or DIEPA) COCH DIEPA
in THF NG in NMP
- OO0, L
+ =N 0]
Et,N 0 N NO,
-~
N
45 |

Scheme 3.2 DROT VA v 7Y v ZBICKEEGH % G X & 5 & B0

NTLIm= T T7 4 —IC ko THE L ZZEIAEKY) ORE%Z '"H-NMR TRIE L.
A SIGHTD NMR F v — b & L 72458, i &SSO NMR 7+ — F Tid 4.9
ppm D X v P NAALDKFED 2H 43 23K L (Figure 3.3a). 8.2 ppm D KIS FHIE IC
B1F 5 singlet 70 b VA TH ML 72 2 L 235589 b7z (Figure 3.3b), 2D &
DHOANKA— MEDASBNREL T AT e b loz 46 BER LT £ 2 bLTz,
leoC, TV Ay 7Y v I7RBRIHERZKIEE 2 A8FRECIIHIYMZ AR TE
W ERTRBI NI,
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Figure 3.3 (a) BNCP (44) KIGHT®D 43 D NMR F % — F 3 L O (b) M HIKIGHED 46 ©
NMR F v — b,
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% ZC. doxorubicin iy % T V' A v 7Y v FOENCAT 5 A HARETICEHE L 72,
3-Dimethylaminobenzyl alcohol (42) % BNPC (44) Z i3 Al & L T doxorubicin & )t X
Bzl T A N%DILHET 48 2315 L 4172 (Scheme 3.3),

.0 O OH O/ O
O2N NO, o K‘/\(

o]
OJLO
(BNPC, 44) (Doxorubicine, 37) O‘O‘
OH DIPEA O\n/ DIPEA

o
in DCM \©\ in NMP
é\ 2h, RT é\o NO, 24 h, RT A0 OH 0, 0
—» T~
N~ 55% N~ 92% OH
|

42 47

NOBF, OH O' O

in DCM/MeCN = 4/1

o
0.5h, RT HN o
% gl Y
~ NH
DR (30) | \"/ Et,N Q O N* \é\
7

48

Scheme 3.3 7 VA v 7Y v IHICEERIZKIGX 25 /\ﬁk‘l’*%%

BewnC, 48ICL DRZT VHy FY v 75X 7-L 2 A, 38 DAL ESI-MS I

B bERw biiz, % T T RP-HPLC 1T X - T 38 it % A 7225, 38 1ZIE
WICARETDH Y m/z=+1058 DILEWNR A ICHIRET 5 2 L RO LNz, TDH
R 5 7-BHE L, DEL VIARMIGEWEICH 2 38D ALFXF U2 DB
b FoefoEoKELGZIEE, retro-aldol G D 49 2K L 72720 ThH % &
EEZX L 7= (Scheme 3.4),
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O OH

@0@0 O‘O‘ ) O‘O‘

0 6 OH G, 0 0 O OH b, o " 0 o0
%H O o O oH =

NH, COOH HN\fo cooH  HN_.O

O L T L

* N
Et,N (o] N"é\ EtzN O N
38 i i
O OH OH

- o
z v
O‘O‘ 40097 O‘O‘
0 O O 0 OH/, o P OH O o
Retro-aldol
— i
O oH =~ O o
COOCH CcO

HN\fO o HNO%H O §
= =
EtZONKS\ Et2 Né\ EtN é\
| | m/z = +1058 i
49

Scheme34 L buT A F—ARIGICK S 37 256D 49 ~D oA ¥ — L

71 VR VR D retro-aldol KIS Z ## T % 728, SEIC DR @ A F 2 X7 ALk
DR-Me (DR-Methyl ester, 50) Z &K L7z, Z D% DR-Me L 48 DT Vv 7V v 7T
X Y AzoNMe-Dox (39) % &K L 72 (Scheme 3.5), & L 72{L&#)1Z HRMS & EA (i
LY FEGE L 72,

P ®
O HCI COOMe

in MeOH
L, T OO0,
Et,N NH,  1day Et, N
DR (neutral form, 30) V- 83% DR- Me (50)
O OH (0]

NOBF, -
in DCM/MeCN = 4/1

_O OH 0, -
3h, -5° HN._O
/ RI 7% COOMe hd
+ o)
EtN

.
DR-Me (50) ELN

AzoNMe-Dox N~
39 |

Scheme 3.5 AzoNMe-Dox (39) D&EA F — L
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AzoOH-Dox (41) DK

AzoNMe-Dox (39) D EEMET 2> 5. 40 DEFITFH T D retro-aldol KIS ICHIZRT 5
BISIGHAEL B 2 ERBEREINT=7-%, AzoOH-Dox (41) DEK %t L 72, AzoOH-
Dox D& RIC BT b B SG % kE T 5 729, doxorubicin (37) & BNPC (44) % H V> 7
GRISET Yy 7Y v 7 DORNCAT - 72, 3,5-dihydroxy benzoic acid (51) D /KIER: %
SUNMEEL (52), LIAIHJC X o THAAL KR F S EEZ T A a—ITEITL 72 (53), 53 %
BNPC (44) & KIS & 2 54 Z & L. Ht\ > T doxorubicin & Mty X & 55 % A L 72, 55
Dy Y IEEFREL (56). DR-Me (50)& 56 27V hy 7V v 734352 ¢ET
AzoOH-Dox (41) % & L 7z (Scheme 3.6). &% L 72{L&Y1Z HRMS & EA X Y [Al3E L
726

TBSCI
DMAP BNPC (44)

TEA LiAIH, DIPEA
__inDCM m THF m THF
02
24 h,RT
TBSO OTBS TBSO OTBS TBSO OTBS

91% 20/ 30/

ovausne ) O‘O‘ O‘O‘

H3;COOH
in NMP OH O, (o) in THE OH O/ o
—_— —_—
24 h, RT R/\(OH 1 h, -10°C (‘/\COH
78% O\n/NH 35% O\n/NH
TBSO OTBS HO OH
55 56

0 OH 0
OH
O‘O‘ "’OH
- NOBF
c O OH &, o ‘ _0 OH &,
coome  -° . in CH,Cl,/MeCN = 4/1
_—
=z OH 2 h, -10°C - OH
17% c 0
O\n/NH o COOMe Y
o

DR- Me (50) /é\o / O
HO OH EbN
HO OH

56

EtN

AzoOH-Dox (41)

Scheme 3.6 AzoOH-Dox (41) D&KL A F — 4,
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i X ARBESTIC X B AzoNMe-Dox 3 X U8 AzoOH-Dox D It fidtr

AzoNMe-Dox. AzoOH-Dox % 50%D * 2 / — L% &t Y v ERAEMHEHIC 10 pM & &
32X ICIRRE T2, 2Dk, TAITVOIAL, BXMREZHER 2,63 Gy min' T
20-100 Gy 592 2 & T, KNETF% T LAY L 05-1.5FEDHK 5.4-16.2 uM F&
X7z, 2ok, X BRBHZOEKE LC-MS I X - THHr L7z, AzoNMe-Dox
¥ X O AzoOH-Dox 235 X ARIAS IC X - CPUE TEIC % % T % & DR-Me & doxorubicin
BERTEEEZLNG,

O H,O O OH 0
D - OH
COOMe OY ox  y Xeray O on
o . COOMe
= 4e g Y
+ _N —_— = + 0 O OH 0§, 0
Et,N 0 N N
" o Et,N o] NH, OH

R'=H, R? = NMe, AzoNMe-Dox DR-Me Doxorubicin " 2
m/z = +1131 m/z = +401 m/z = +544
R'=OH, R2=0OH AzoOH-Dox
m/z = +1121

Scheme 3.7 1 X #tA5HIC X 3 AzoNMe-Dox/AzoOH-Dox 7 & @ doxorubicin D 45 A%

Wil X ARIEEHIC X B3 AzoNMe-Dox @ SIS D WTHH L 72, AzoNMe-Dox @
HEEMILTHDE mz=+1131 D27 u~ bt 2775056, i X FRIBEHIC XY AzoNMe-
Dox DMREMRFIICIGT 5 2 &R bz, ©— 7 HBEDEVED S AzoNMe-
Dox DML EZER L 72, % DFER., AzoNMe-Dox (% 0.41-3.9 uM D HiH N TG L
72 T & D3R X L7z (Figure 3.5a),

FEEEIC., DR-Me ODEREBEMILTHE mz=+401 D27 a=+ 77 Lp 5, DR-Me 28
MERENICERT 2 Z 237D LN, DR-Me D — 27BN OERBEZEEL
72558, DR-Me (3B X #RIASTIC X - T 0.82-1.8 uM £ 3 % Z & 28R 7= (Figure
3.5b).

Doxorubicin DE BB TH L mz=+544 D7 u=<=t 77 L0 5., AzoNMe-Dox
DALEWITER L, 0 Gy IZF5 T doxorubicin D ¥ — 7 S & iz, £ ZTO
Gy Dv— 7% L5 &, &HEICH T 3 doxorubicin DAEKER TR L =, 2D
FEER. 40 Gy DIHEHREIC BT 0.23 uM @ doxorubicin 23K 7225, 0 Gy B &
' 60 Gy Tl doxorubicin 2513 & A EHEMR L 7> 2 & 2878 X u7z (Figure 3.5¢).
AzoNMe-Dox (i X #RIESHIC X o TREMKFIICKRIGT 2 2 & T 1L6-Fiffx ik L
DR-Me % £ 3 % —J7 C doxorubicin DK TV &ETZ > 7=,
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(a) Chromatograms of AzoNMe-Dox (m/z = +1131)

~| 0Gy =
e l i} 41 ¢
° 12
2| 20 Gy | X 3
g [
g T 2
£ | 40 Gy " = {
=z
g1
60 Gy < ¢
T T A T 1 0 T T T
0 5 10 15 20 0 20 40 60
Time (min) Irradiation dose (Gy)
() Chromatograms of DR-Me (m/z = +401)
5 -
0 Gy .
- %_ 4 1
5 =
I
5‘: 20 Gy I\ ﬂ 3 A *
< | 40 Gy L = .
£ 14 $
a 4 .
60 G
y L] L] I T 1 0 T T T
0 5 10 15 20 0 20 40 60
Time (min) Irradiation dose (Gy)
() Chromatograms of doxorubicin (m/z = +544) 5 -
= N.S.
_| oGy | 2 4-
; "
> 20 Gy l E 3 -
2 £
9 o 2 4
t| 40 Gy l _g
Q2 1 -
[}
60 Gy | . “ . . .
0 5 10 15 20 0 20 40 60
Time (min) Irradiation dose (Gy)

Figure 3.5 (a) AzoNMe-Dox DEEEMILTH 2 mz=+1131 D27 u~< 77 LBX0E—
7 D bR X 17z OGE (b) DR-Me O & & fwf b m/z = +401 F 72 1% (c) doxorubicin D'H
BEME mz=4544 D7 m~ 7 LB XUV — 7D OEH SN ERKE (Error bars
represent SEM, n = 3, Student’s t-test, *p < 0.05)
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AzoNMe-Dox 7> 5 @ doxorubicin DK ELVETH - 7B HZMRIAT 2720, il
X # RS D AzoOH-Dox D EIAEFKINIC DWW TN L 720 Z DFEER. miz=+736 & m/z
=+735 DEIEY) 57 5 L 88 BAEK L T3 2 & AURE X L7z (Figure 3.6a), 3

ol Le-Mitic ko THELF, v A I VIRICHRT 2ETH L LEZ LN D,

m/z = +736 DEIA ) 57 1% 20 Gy DARE TIXAEKLFED b3, 40 Gy 5 X U 60 Gy
DFERICE W T D AEKAFE® &7 (Figure 3.6b) m/z =+735 DEIEEY) 58 133
NOBMBICE VTS ERDBRD N7, DA 4 ViffElL 20 Gy & 40 Gy TlE[FIfE
ETH Y., 60 Gy TIHE T 3 2 &R & L7z (Figure 3.6¢),

(a) O Dox
O OH Y
OYDOX OH 0]
O‘O‘ e ) s IEL
= O OH O
Dox = -© © m/z = +736 - m/z = +735 N
OH |
\ 57 | 58
(b) Chromatograms of m/z = +736
0 Gy = 2 A *
3
8 * *
- © | .
3206y N
2 1l
‘® N9
5 g
£ 40 Gy e “
20.5 A
2 ¢
60 Gy 2
T T T 1 E 0 s 4 T T
0 5 10 15 20 0 20 40 60

Time (min) Irradiation dose (Gy)

—_
[¢]
~—

Chromatograms of m/z=+735

0 Gy ;: 0.2 -
- 0 *
™
8| 206y A T 0157 —
z | : §
% A \E‘ 0.1
€ | 40 Gy . ‘S
= J
E 0.05 ¢
Ieo Gy r l L r . E O r r r
0 5 10 15 20 0 20 40 60
Time (min) Irradiation dose (Gy)

Figure 3.6 (a) £

BB mz=+736 3 X U+735 DRI 57. 58 OHEEREE, (b) DR-Me

DYEBEM mz=+736 £7213 () miz =+735D 270~ 77 LB X UOKMBICE TS v —
2 5%, (Error bars represent SEM, n = 3, Student’s t-test, *p < 0.05)
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BT X HLERET . D AzoOH-Dox IR IC 2 W CTRENT L 72. AzoOH-Dox D'E &%
M TH2E mz=+1121 D27 =t 77 L0506, I X HEHICI D AzoOH-Dox 23##
BIKFICRICL 72 2 L3O b v, £ DRICEIE 2.7-4.5 uM 72 - 7= (Figure 3.7a),

a *
( Chromatograms of AzoOH-Dox (m/z = +1121) 5 - I
0 Gy I\ E& 4 - * }
= g ¢
& 12 J
> 20 Gy I % 3 ¢
g [e]
5 3 21
< | 40 Gy m T
= Q
o 1 1
N
60 Gy w <
T T T 1 0 T T T
0 5 10 15 20 0 20 40 60
Time (min) Irradiation dose (Gy)
b
(b) Chromatograms of DR-Me (m/z = +401)
5 -
0 Gy —_
- 34 :
> e :
@ | 20 Gy
2 4 .
| 406y | s 2 .
£ n'd
a 1
60 Gy
. i — . 0 . . .
0 5 10 15 20 0 20 40 60
Time (min) Irradiation dose (Gy)
(c)
Doxorubicin of DR-Me (m/z = +544) 5 .
| ooy _ 3 4 NS
5 g
= ®
> 206y | #H 3
‘0 R =
c (8]
L 5
£ |40 6y | E
% T . @
60 Gy | o °
T T T 1 0 L] T T
0 5 10 15 20 0 20 40 60
Time (min) Irradiation dose (Gy)

Figure 3.7 (a) AzoOH-Dox DE BB mz=+1131 027 vn~< 77 Lk XU — 7 HiEH
bREH I N RKIGE (b) DR-Me DEEEM L m/z = +401 ¥ 72 13 (c) doxorubicin D H & & fif
miz =+544 D m~< b7 LB XY — 7D OHEE X W24 E (Brror bars represent
SEM, n = 3, Student’s t-test, *p < 0.05)
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WTDR-Me D2 =k 5 L% % LI DR-Me DB ER L 72, * DHEHE.
DR-Me 23R EMKAFRNICSOG L. 0.82-1.8 uM Bk 35 & & 2378 X 417z (Figure 3.7b).
% 7= doxorubicin DEKBIZW TN OMEBICE W THREETH D 0.61-0.78 uM 2K
INTWB Z LRI N7z (Figure 3.7¢), Doxorubicin DAEKEDL—ETH - 72 Z & B
5. AzoOH-Dox D &I 2 W THNT L 72 B X SRERS % ORI A & m/z = +566
& m/z=+415 DREIEKY) 59, 60 235588 & M7= (Figure 3.8a), m/z = +566 D &l ) D
v — 75T 20-60Gy D CTHEEZII RS WINOBMEBEICE VW TCHRIEETH - 72
(Figure 3.8,b)e —77 C m/z =+415 DEIEEKYI D A A v 58I TR EMKAFHNTHE ML Tw»
% Z & DR X 7z (Figure 3.8¢c) > T, 2K L 72 doxorubicin (3 X FREASHIC X - T
IR L 60 2T 2 Z EBRE N, ZOAHYIIE doxorubicin D T I/ FEH
Rl L <AL= EZLNS,

@ ®
O OH o)
COOMe oH
wwia LT e o
Et,N 0 N"NKS\ -
HO OH

m/z = +366 m/z = +413 O O OH OH
59 60

—_
o
~—

Chromatograms of m/z = +566

S 0.3 -
0 Gy s N.S.
= g
3
s | 206Gy [ B
= I
iz \E 0.15 -
g | 400y | 5
%‘ . ] L
60 Gy o
T T I A T 1 E 0 T T T
0 5 10 15 20 0 20 40 60
Time (min) Irradiation dose (Gy)
(c)
06 Chromatograms of m/z= +415 —~ 04 -
g *%k
< 206y \ ¥ ¢
= N 02
g {\J . 7 ™
3 406y | s
C
= ; 0.1 -
‘@
60 Gy : : | : . ;':_.J 0 . . r
j o
0 5 10 15 20 — 0 20 40 60
Time (min) Irradiation dose (Gy)

Figure 3.8 (a) EEEM m/iz = +566 3 X U+415 DEIERW 60 | 6“%@%%4& HEE
ikl m/z = +566 L7213 (c) miz =+415 D/ u~< 77 L5 X OVEMBICE T 3 v — 7 iE
(Error bars represent SEM, n = 3, Student’s t-test, *p <0.05, **p <0.01)
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B GG D ZA I X o THEML T 5 Azo-NM D&KL

BTG/ 5 | M E B D 28 (LiC X - T nitrogen mastered & L CTHRES 2 LAY D
BHETPER O AEGEICH O E AL 72 2, 3. DR % N-phenyldiethanolamine & 7 /'
Hy TV v 7EE6l BAK LTz, 61 1L FA= X2 ) -1 E2RKIEEEE L
T Azo-NM (62) % & L 7z (Scheme 3.7), &k L 72{t&#)1E 'TH-NMR, “C-NMR,
HRMS 3 X N EA I X o CTHIE L 72,

O

NaNO,, TFA (1% viv3%)
in DCM/MeCN = 4/1

then, N-phenyldiethanolamine

SO Tann
EtoN NH,
DR (neutral, 30)

SOCls, O IXOH
in DCM, COOMe

then, CHiOH cr

=
8“/
Et,N

Azo-NM (62)

Cl

Cl

Scheme 3.7 Azo-NM (62) D&EK A F — L
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B X FRIEEHC X 2 Azo-NM D ST

Azo-NM % 50%D A X/ — L% &t ) VIBRERKIC 10 pM L 722 X 5 IEfEL .
T vIC Kk BHA%. X %E 20-100 Gy FEST LKFIE T % 0.5-1.5 % & (5.4-16.2
uM) FE X7, 2ok, i X FIBSH OB Z LC-MS IC X > THHT L7z, Azo-
NM H3PUEE T2 % 3% % & DR-Me & nitrogen mastered (NM, 63) 234E3 % L # x
b3 % (Scheme 3.8),

O H,0
COOMe *X'”ay

p ie COOMe \Q ) O oM
-]
; ‘ O N — Z N/\/ _ MeOH N
Et,N o) N \@ \
Et,N
N~

~Cl

Azo-NM kl DR-Me NM CI OMe
m/z = +631 g m/z = +401 m/z =+233 m/z =+225
63 64

Scheme 3.8 1 X #RIAETIC X 2 Azo-NM D HEE K6

Azo-NM DIEBAHRD O, Azo-NM IZFREMKFHNCKIGL 0.68-3.2 uM G % Z
& DR X N7z (Figure 3.7a), — /7 C DR-Me DAk 1 40 Gy THEfT® & 72 b 0.89-1.45
uM DR &7 5 72 (Figure 3.8b), 72, NM OE®EEMILTH 5 m/z=+233 D MS 7
B b7 LRSS, WTNOBRERICENTD mz=+233 O — 7 3BT
% ol T T NM BBERFPCTT VYV V= L AFA Vv EERLSHEL &

Z. NM @ 7 v a Ep3E O MeOH CTiEf & L7z {LEY) 64 D m/z = +225 DR % 5
Bz TH, miz=+225 DILEYIO v — 78 IS EKEICIEM L 72 2 L BED 5
7z (Figure 3.7¢)e LA LXK V| Azo-NM 23PUBEFRITZ 2 NM Z AR L 72— T,
NM BRI CTT VYV = LT v L 64 %240 52 LRIz,
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Chromatograms of Azo-NM (m/z = +566)

0 Gy L
5
© | 20 Gy h
2
3
£ 40 Gy
60 Gy L
0 5 10 15 20
Time (min)
(b) Chromatograms of DR-Me (m/z = +401)
0 Gy ‘
s
©
= 20 Gy L
‘w
o
y= 40 Gy l
60 Gy 1
0 5 10 15 20
Time (min)
(c) Chromatograms of m/z = +225
; 0 Gy
& ) i
>‘ r—
s L g b 20 Gy
3
= 40 Gy
60 Gy
0 S 10 15 20

Time (min)

Azo-NMRIS & (a.u.)

DR-Me£ M2 (a.u.)

+225 (a.u.)

Intensity of m/z

5 b *%
4 s
*
3 A { {
2 4
1 4
¢
0 T T T
0 20 40 60
Irradiation dose (Gy)
2 =
*
1.5 4 ® o
" ¢
0.5 A
0 T T T
0 20 40 60
Irradiation dose (Gy)
0.03 - .
S
0.02 A
0.01 1 ¢
'y S
0 20 40 60

Irradiation dose (Gy)

Figure 3.9 (a) Azo-NM OEEEMItmz=+631D 7~ 7 LEX N -7 HE,»OHE

H & 7z KGR (b) DR-Me DB BB m/z =+401 £ 7213 (c) NM 3 fRE W) 65 D'E

I=N=E
H

fif

temez =+2250 27 v~ 77 LEX P —275ED 7 v v b (Error bars represent SEM, n = 3,
Student’s t-test, *p < 0.05, *p <0.01)
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DR-Me OAEBEDHITH L e o B ZHO 20T 2720, 1 X FREEHNE D Azo-
NM D EIEEPNC DO GTHT L Tze Z DFER. miz=+625 & m/z=+611 DEIERLY) 65.
66 D3 X 1172 (Figure 3.8a), Z 45 DREIEEY)IE Azo-NM D 7 m wHHs X b ¥ o0
Foke b RicERINZEETChHI EEZLLNS, £7-. 2o DEIAER
YDA F VB TR Y 40 Gy THEIT S & 72 5 7= (Figure 3.8b. ¢).

? ®
COOMe O COOMe
o8¢ ¢
EtN 0 N"N\©\ o Et,N ‘ o O N—.N\©\
HETEREE N S NN
m/z = +625 N m/z = +611 N
65 cl 66 Cl
(b) Chromatograms of m/z = +625
_ 0 Gy L:;, 1 1 *
= Q —
© 0.75 A
= | 206y . ¢ t ]
[ N
5 g 0.5 1
£ |40Gy | 5
S 2 0.25 -
2
Q
60 Gy . . - , E 0 . . .
0 5 10 15 20 0 20 40 60
Time (min) Irradiation dose (Gy)
(c) Chromatograms of m/z = +611
R
~| o6y <
3 % 0.75 *
2| 20 Gy I $
bt N
2 T 05 4 ; ¢
£ | 40 Gy 5
5 E 0.25 1
60 Gy | 2
T T T 1 E 0 T T L]
0 5 10 15 20 0 20 40 60
Time (min) Irradiation dose (Gy)

Figure 3.20 Azo-NM {5 2> b X 7z (a) B EBML m/z = +625 B X U m/z = +611 ORI
B 65, 66 DHETEREE, (b) HEBME miz=+566 £721% (c)miz =+415D 270~ 7" F I
BLUOEMEICE T 5 v — 758 (Error bars represent SEM, n = 3, Student’s t-test, *p < 0.05)
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fiE X ARIEE 1T X 5 Azo-NM D BURHRIE &) FL I B 3 2 Mt

RITEZ> &5 Azo-NM ~# X #t % WBE 3 & 7 VA 2IUE THEIC 22T NM % U
TEHZLDWRENT, T72. NMDOGFREY) D v — 7 58E 2> 5 NM D B BT RRE K
FIICHR T 2 Z L 2RB I Nz, £ 2T Azo-NM ZHU D A E & 7= Ichl X fr % 1a
B3 2z ec, BRI NM BSHEREEMEE2E 3 2 2851 L 72,

RN I TFA Y, VAT A YV, TR
AN VIBRERETETINS 2D, Azo-NM 100 A
D AERPNEITCHNC T 3 2 LEE % 5 L 72,
Azo-NM % 10 uM & L 72 V v BERR R IC 77 v
RFAv, VATFA v, TRarve vigrhn

o]
o

Azo-NM ZZTFE (%)
o
o

ATz, %Dtk EiRT 24 FFEEEHE L HPLC I 40
FoTREXREZER L, ZOMER, win 20
DEMETH Azo-NM 13 76%LL FERIFL T3 & .
& DO b7z (Figure 3.11), Glutathione Cysteine  Ascorbic

acid
Azo-NM DIETTANC I 2 REE AR S 7z Figure 3.11 Glutathione. cysteine.

72% . Azo-NM D JETHRIE AN SR % 5 L 72, ascorbic acid (1 mM) F#7E T iCd1) % 24
Hela Ml & AS49#ifE% ScmX5ecm D F 4 v & KRR D Azo-NM DA (Error bars
2 ICHERE L. 5 BRI ICHIIEAS T 4 v o 2 represent SEM, n=3)

L7722 & RERE. 250 nM D Azo-NM 2SIAMR L 7= R5Hc scHfa L 1 R4~ F 2~
—bL7, 2Dk, BEXHZ 225Gy BB L, av=—=7 vt AICX o CTHIlEAERE
ZEHE L7,

an=—7 v A DRSS Hela MITOM X SRIES-+HHGF FHRE O ML fE R 13
ROV EIRI NIz, LA L, B X BRSSO M0 238 & BT
50072729 Azo-NM (% Hela MAEIC N3 2 R R ME W 2 L AR I h
7o —J7. AS49 MR CIIEE X BREESEEEAIOF R O M AE AR S oL D D AR
IR W Z AR E N2 T & A5 (Figure 3.12). Azo-NM (3 A549 fllfdicxf L C gt
BRI R 2 H o Z L SRR I N7z,
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(a) Hela i . _ (b) A549

100 A 100 -
—. 80 1 .80
s X
Z 60 A Z 60 A
e} 0
8 ©
Z 40 Z 40 -
[0 Q
(@] O
20 1 20 -
0 - 0 -
X-ray (2.5 Gy) - + - + X-ray (2.5 Gy) - + - +
Azo-NM — - + + Azo-NM - - + +

Figure 3.12 (a) Hela flfids X OF (b) AS49 MIfEOBE X SREGETRE, SHIAMBE, 1 X
FREG ST + SEHNOF FHE & oMl fEE

B3

ARETIE, B X MO X 27 VGG ORA»MIENCEZ 205 L. 7Y
DR A B = X LD EEKF 2T 5 X O efLaWzixst - &L, X
FRIC X o TZN o DILEYDFERET 5 23 L 72,

Azo-Rho2 % MOLT-4 MfICHL 0 A F #7121l X #RAIRE 3% &, MildN® DR
DENBEML 7z, MREANICIZT I VBB v N7 e, KNETFOAIR VY
Y — e DGRV LEAET 5, Pl e MIWET AT I VIRV AL T 4
FREEDRITIC X o TKFRIE T 2T 2 3, 20 L9 RBRETICEWTSH DR DOH
HHMBRD SN2 Z & h o, MIEND X 5 ICRMYIBTEET 2 X 5 ABEICE L
THHEE X FRIASHIC X o CTT VA ORRBFER I N LR E iz, T2, Mg
N DR DHNHRIE X 25 Gy #IRAEE LTE R EOMETIIHRAICEKTL
(Figure 3.4), F VU Ny 7N —ethDfER 5 i X FRIES % o Mg AL 7R 12 R S Rl
LERETH 72T L #EET 5 L (Figure 3.3). & DFEEBRSIFICEHE T X HRIEE
IC X o THE I N2 MIEEAREG CHIRt 0Bl NS weE 2 b b, fiE>7T, DR
D HFEHRE D IR IZMIIEE DR IC X b DR SIS ~TRHE L -0 cidZa <. Mg
ICFETET 5 Azo-Rho2 D3RG L& o 7255, DR 23 X #REESTIC X o CTRAEL 7215
W MG LI niz-ochdtE2oN5,

B X ARHRETIC X B 1,4-EE s %2 M L 72 365 23] gEA>EFFH 3~ % 72 ® . doxorubicin
%3 A L 72 AzoNMe-Dox & AzoOH-Dox % &% L 7z, AzoNMe-Dox IZfiffl X #r IR 5T % i
B9 22 Licko>T, 40 Gy DFETIE doxorubicin 2V EMH T N5 & L ATRKE X
N7z, ofETIRIZE A EERITRD b h - 7= (Figure 3.5). m/z = +736 &
m/z=+735 DRIEEY) 57 5 L 58 AL L 72 Z & 5> H AzoNMe-Dox DRE X FHa s %
DGR DO FICHETS % & & 2 b4 5 (Figure 3.6),
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DI, AzoNMe-Dox 28 ~E FEICA 2T T 1,6-Miltx e 2 LA T ZZ<T
HUTF 7 vP4 2 Uk 67 13KNIE %#%h%&ﬁmﬁﬁiﬁhkwfmm’%
BT L, mez=+735D 58 %4 L %, 40Gy LABEDOFRETIIF 7 v 4 I viko 8
HRICHHEZ Y miz=+736 D 68 34K T 5 (Scheme3.9), T DEILHAHZ 2ICH S
doxorubicin DEKEL Vo HAICOWTIZ, P AFAT I HoEE I X 5

I RORMEREL o R, AN — P ARBKBER L, BER
vv7¢57%$mttt@f%5&%x6xéo@éﬁ%@4ﬁyﬁﬁmﬁtf\
67 DK RERTH 5 58 DA A ViR (m/z = +735) 1340 Gy THITH L 72 0 |
M@:%%ﬁﬁwnm%?é@@4ﬁyﬁﬁmm:¥3® EHREARAERICHE I L 72,
Zhid 68 D mb?fffﬂiwbmk/\ﬁ@aﬂm L7zlhoThireEILND, HE

ﬁﬁﬂﬁﬂlﬁ@;ﬂ’#—*lﬁ%m@%f: TILHEY) BRI EREE A EA TS C
fﬂe/ vYA4 I vk ‘Eﬁ:'ﬁbafa%m&b\ T RERORMEEREBEES XD

TR DBVETH B k%x L5N%,

/QQDOX o] OH
é - @ooo o

0D 0._D 0 O OH G, o
Y ox Y ox ZEiaq | RI
© 2e'aq © m/z=+736 I OH
AN — 68 ?
N SN
| | HZO o) Dox
AzoNMe-Dox 67 Y OYDOX
m/z = +1131 0 NH
© \N/@/OH
| m/z=+736
m/z=+735 o7
58

Scheme 3.9 AzoNMe-Dox D )tz A F — A

AzoOH-Dox ~Dfifl X #RHAH OFER TIZ, WIFNDHREICE T D doxorubicin 234
X 723, EEIZFIRRE 2 5 72 (Figure 3.7). BIEBMIZT L7728 25 m/iz =
+566 & m/z=+415 DEIERY) 59, 60 23 ERL L CT\iz Z & 3588 6 L7 (Figure 3.8),
60. 61 D EIERYIDHEEREED S, AzoOH-Dox 2> ©H @ doxorubicin D LH! i3 AzoNMe-
Dox 2> 5 DR & 13 R 2 RO CHEITT 2L EZ DL X 5,

P11 AzoOH-Dox AVKFIEFIC L o CTT7 VHEMEITL I N, b F 7Y v 69
ZEL S, ZOWR, e NI VHEDLL AN = ~NEBFBHIAL Z & T 1,4k
PHEC Z Y doxorubicin Z 42K 3 %, Doxorubicin (X FF Vv v & T I HPEIK
MO LEEEET 2, AZ7u—2x4 ) affic X ey Mafs2L7 /) ~—
Ll DKFR DT VANV IR, ~I T 2 X2 — VAR T 5 2 L 23k
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EINTWD 45, fEoTmz=+415D 61137 I /WD T/ ~ — (il fF DKFED A
FERUTUANBER LTI RPN 72DICERLZEEZONS, T2, mk
= +566 O 59 1% 1,4-WifEL D 70 B SOGHRH D MeOH 2> 5~ 4 7 M %Z T AR L
7e&FE 2 b D (Scheme 3.9), LA EDFIHE X V. AzoOH-Dox 1 “EFiEIL% XS
doxorubicin ZXH 3% 23, XH X 4172 doxorubicin (Xi#H X FRIGH CHEL LT, &
RITEE XHRICH T 2 REMLZEE L EA 2 EAT 2 LERDH 5,

MeQH

Dux @] (‘Dcx
s \
2€74 H T “oH
/( —_— -N — ,l( .N\(
NU Mo oK &, o

HO HO OH HO OH on
AzoOH- Dox 69 70 Doxorubicin yy,
m/z = +1121

MeO" ,L
O COOMe ( Q@ OH
Wee stk Ni:i 15 Serer

OH 6H
DR-Me m/z = +566 m/z = +415
59 60
Scheme 3.9 AzoOH-Dox D It A F — A
AzoNMe-Dox ¥ X OF AzoOH-Dox 1. RN v ¥ VEREICE 7 2 E it 5 &R 238

Aéht?i%é%ﬁ@éo7Y%ﬁ:%%§ﬁ%§wfzk7/%« s h
7-t%. AzoNMe-Dox Tl L6-IiBEICHEIT L, v F 7 VEMA~E T2 ILATL 2
OGRS 5, —J/. AzoOH-Dox Tld., b F 7 VEDETHEIC X - T,
A NN A — FENL~BTDBmAAT 2 & T 1 4-BEE2EfT L. EHIH E 5,
CORERBEMDZERIL, YAFAT I/ EP e Fed o Iy binETHt5Tts
RIZEICRERNT I EEZONS, ThbbH, AzoNMe-Dox TIEY A F LT I /A&
o F7VHE~DEFHESESRL Y, R LT L6-HEEREEE NS,
7. AzoOH-Dox Tlikt F 7 VEDP L AN ANRX — I ~DE B ELL., 14-
e IC X 2 SRR ANEFT 3 5

Z DREHEREICEED < & AzoNMe-Dox TIIHAH ICE 2 £ CIcAEHMNETO
BRIV ETH 555, AzoOH-Dox TlI & THRICD A TH ﬁmﬁ#T EThb, C
DERIT, Ry VBEoBREDOE FHESEDE G ICER L. 5P D5
E@%%ﬁf%%n;11@%%#%%?6@mﬁb\%%Mﬁﬁ@ﬁw\@éw
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FEFRGMEEBRE 2B AL 2561001 L4 BB ETLL T R 2E 2D
N5, foT, RvEVEIHICETHREEOEWERE, b L < RERGIMEER
BAEANT 2 LT LABEESIC 2 E IR ICEES 2 o Faxat 217 2 13, (KHRE S
T IC W TH RN A ASERK T & 2 TREME D S %,

Azo-NM ~DHF X #RIBE O FER T3, NM ORI A -2 & 55 NM
DI 72 2 L 3R b L7z (Figure 3.9), LA L. 7 VHEEORAEBYITH 5
DR-Me DAEKEIZ40Gy & 60Gy TIZ & A EED LT, EFREITIX 1,6-BiE DT
PREE I K e B AREE S RIB & 7z, Azo-NM DEIERY & LT, Azo-NM @ 7 1
OHENRA N FORTIFe e F o RRICEEINZ 655 L6607 biL/zC & i
& (Figure 3.20), ffl X FRIAHHC X 2 Azo-NM DO MIGIRLI T D X 5 745 & E 25
na,

HIOIT Azo-NM BT EIL2Z T e F 7Y vk 71 24T %, RICHEH (a)
Tl ZvazFAER w7 I Erb0EFHEICEY L6-TEE»iEZ Y, 7
VA RHHE TS5 L TDR-Me & NM 24T %5, NM O 7T 2/ &iZmwE Tt s
HEREE L@z, 7eu 5 VEDHG L 72EHR D lone pair AL EL L Sn2 X
JGCBMEEE N, TV YT L ATFAH Y (12) 2EKT 5, COTV VY= LhF
F VIR T2 0 ORBBE L Z THERT 228, b 5 —HFEEOBENSEZ 5
ETmiz=4225D 64 DER L7 EZOND, —JTRIEE (b) Tlde F 7 VENE
TR EHEERE L LT, Z2un o VEBEA LZEHED lone pair AFERICAH
LZEAL. Lo-BiHtofb I S RIGZEZ T, ZORELETYI V=T LhT
AV LI D X 2 ) =2 30KBMML, ZREtEZ T 52T mke=
+625 £ 721F m/z = +611 DEIERD) 65 & 66 BEK L= Ex b, #E-> T, Azo-
NM ~E X RZ RN T2 & 7 VREORRALE So ISk 2TV ) vy=v L hFt v
DB A L. DR-Me DAEKAHEINZLEZOND,
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MeOH or H,O

A 2e (H /{NH 0 A
\©\N/\/CI iq\-fAH{ ,S‘L B " H \©\N/_\‘) 1] \Q\N/\/R

v N A
Cl 71 (b) cl Cl
¢ R =0H 65
R = OMe 66
(a)l

® .

DR-Me

HoN HoN
\©\ A~ OMe -—— \Q /\/OME -~ O\ j~OMe —-—— O\ j7~-OMe
H? H?
OMe
64

MeOH

Scheme 3.10 Azo-NM D & A F — L

Azo-NM % i\ 72 Mg 52ER 1 35> T, HeLa M C I3RS A R 13380 b L7z
Do 72—77. A549 M TIZIBAI R R I Nz T DE WX, HeLa fAd et
WO YT X L, AS49 MifEIC BT 2 NIEEERER O X OEWIGERT 2 & F 2
533, HeLaffifidix HPVIS 3D L1, E6. E7 DB T ZHOMICREEL T3 C
ERHONT WS, TDIBE6 X p53 #2xeFFvibL, p53 D7 0T 7TV — L%
Rz lfeET 2% 2 H 5 7, ZD7/=®, Hela ficiZBFAEM p53 B2 HIHL
TW3ICh2rbbd ., p53 ODEREL - ICHEI I kv, & 51T nitrogen mastered
I X BMRESEIC T pS3 IRFI e 7 R b — 2 ARG 35 Z e G I RT3
809 Z D720, TD p53 DA T 25 HeLa & A549 OMiEfEMEDE W ICHS L 7-
AIREMED B 5, F 72, AS49 ML C XA HEMEBEGHEIC B T O ML AEFE DK 60%
FTETLTED, Azo-NM HIRICHIEEELRS 2 2 b 3mB I iz, Z oML
L C AS49 ffifdiz 7 Vv &7 2 —¥ D—>Tdh % NAD(P)H: quinone oxidoreductase 1

(NQO1) ZEREHL TWBZ EBMEINTVE I LHH OB NQO1 DFEIC X
D Azo-NM D7 VHEGHIIEANCEZ L, NM BRS¢ E2 b5, A549 fl
HEIC 351 2 3R G+ 18 X AR CHISE & 7 i R sh S 13, 1 X ARl ic
X VAL NM ISl 2T, NQO1 12 X » THIlEW AKX L7z NM DIER b 255
LCWAAREERH 2, 200513, M X MBI X > THiZicERE N3
NM HHHRESEIC 5 2 % 5o % . WIRIMEEESR IC X 2 BAZREOG & Xl L CREME I FFfifi 3
LRENRD B,
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BB D/

BT, X REHIC X 27 VHEEDOBZ. MlEN D X 5 R I B W
THRIVELZ»Z2RFTILLHIC, COT VHEEOHEA =X L %IGHT 3
T & T, B XARIC X 2 AN OIEMAL S AIRETH % 2> & FHM L 72,

Azo-Rho2 ZHU D JA F & 7=l ic i X #R 2 S L 72 & 2 5, #MildNicH T 5 DR D
HHARE DN T 2 Z L BRI NIz, TOMEL» L, MAAREICE W THIE X
MIBHIC X > CT7 VS oRAZHIEHCTE 2 2 L 29R & L7z, F 72, doxorubicin %
3 2365 & L CaEXET L 72 AzoNMe-Dox 5 £ UY AzoOH-Dox ICi# X #f % BE&f L 7=
R, WIho{tEYH 5 b doxorubicin 23K XD T &R E s, LaL,
AzoNMe-Dox Tl 7 VAR BRICERT 27 2 7 B o8 A — b ERALIC KL
B9 2REI)CHHET L. doxorubicin DAEREIIMEICE EFE o7z, TDILh b,
SBIIHAEBICAERT 27 2 7 HOKREEZ KRS & 20 FRXer 2 BEAT 5 4E
»HbEEZLND, —J. AzoOH-Dox Tl —E FiEITIC X o T doxorubicin 234K
3255 DD, doxorubicin ® 7 I FEERAWIEES 5 2 L 3R LTz, TORERIT
S D doxorubicin 23508 X MM ST CHEEZZIT > 52 L 2R LTk D
TR I 2 AN BRDOREICONWT O EET A LERDH BT L RZRBL T
%, THIT, Azo-NM ICHE X #t% BH L 7226558, 7 VR 2HA T 2 2 L TNM 28
AR EIND T LHBRRINT, AT, MRERORES S, Azo-NM 13 A549 lfig
WXt U T RIS R SR 2 R T S B HO b e o 72, DL EDORER XD EHIE
wA@é&téﬁL%W%ﬁﬁiﬁ@&%kmot& BEIhL b0, 4
FHNEIRICE VT 7 VHIAORAZ NS 2 2 & ©, i X #RIRENIC X 2 EH DiE
Iift%ﬁ?ﬂﬁﬂf X B A[REMED R S Nz,

L
EtN o N"N\@ X-ray e ~ 07 ™ NH;
E;;;;B on DROTH e

o X-ray
E——
Et NN"N>O EH O
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KeE

AL TIE, XIS X o TRtk e n s 77— Fe&YoE = i e L=,
ZD7=dIC, TYREOHRAKIGICERL, 7TVREGEZEITIELT T IE0F
FHc Xk oT. BHEMEEZ S 3 2 L S HRERIHE L 72, X bic, ARG E RIE 2
T, B XARMESNIC X VMBI O X 5 ARFHERICE W TS T VRS O SIC D HEST
TE20%B L. ZORIGEMEAT 2 2 & CEABMIHAEETH 2 2HEEL 72,

1. FBEOMEHIL, KFBHEICLoTT VS @%%7F%ﬁTé&5kmo
TEXEHI T VA OEICEMNE FREE 3T, T VA ORI 1T
9, HEROE ?7ﬁ@ﬁmkil?éiF%/7/ﬁw®ﬁm&k®ﬂﬁm

EHMXE 2 E#HLIT LT,

2. FEOMERIS, ‘j“‘ﬁz‘\i/ *ﬁ%’%ﬂ]\jﬁé ETCT VHABDETEEZKT
T EVINTHEHT, KHEFICXL DT VA ORITTIEEZFED 5 2 L &2
ST L7z, éfoo:?’/“f BOHHAH =L (1) B FRILICLD e F T
vHERDIERK & (2) BTG EESRE A 5 D 1.6-BilEo R CiEfTT A 2 &
ZHO I L7z, £72, HOMO O#ES AL H —X I VEKOE AL, RV
CYVIROBETEEEZBETITEILETA MY IVALDMMERZ DIT T
5Ha[RetEZBH D 2 Ic L 72 75,

3. BEEOMPELOMIANICE T T VG ORA A X FRIBFIC X -T2
52 LERL7Z, ¥72 AzoNMe-Dox. AzoOH-Dox % L T Azo-NM (i X #f %
WE3 22T VA DR ZR Z L, doxorubicin % NM 7¢ & @ 3 % i
TEDZLHRLE, £72. Azo-NM it AS49 MK L, HUTHRIEIEAN R % F5
DL EWHLHITL T,

LAFED#REI Y, B XHRICX 2T Va0 ERETORBICHE T -7 —Y F
LBV OIEHAL DHERIE L 72 5 L F 2 O v, ERERRIC B\ CTEA O IEE % Hil i
T2 2 L CRHIWEH 2R & & 2 #i7- miniRiE~ DSR2 R T2 b D TH %,
S8 T VLAY ok EE R E X, BIYERA LI X VI X SRIBE IR
H X N7 B F D IRIERN R % 3l 4 3 2 & CHIRIGH ~181 7= 7 & DB & Fl
Lo —v MeaYzizEd 5,
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Chapter1: Materials and methods

Reagents and general information

Azol-4 were synthesized via azo coupling of 3-ABA with phenol, resorcinol,
phloroglucinol, and m-phenylenediamine. All reagents used in the syntheses were purchased from
FUIJIFILM Wako Pure Chemical Corporation (Tokyo, Japan) or Kanto Chemical Co., Inc. (Tokyo,
Japan) and were used as received without further purification.
'H and C NMR spectra were recorded on JNM-ECX400P and JNM-ECS400 spectrometers
(JEOL, Tokyo, Japan), operating at 400 MHz for "H NMR and 100 MHz for '*C NMR. Chemical
shifts were referenced to residual solvent signals or trimethyl silane and are reported in parts per
million (ppm).

LC-MS system (Shimadzu Corporation, Kyoto, Japan) equipped with a reverse-phase
Inertsil ODS-3 column (2.1 mm x 50 mm; GL Sciences Inc., Tokyo, Japan). Eluent A consisted
of 0.1 M HCOONHs aq., and eluent B consisted of MeCN containing 1% water. The flow rate
was set to 0.10 mL min™, and the gradient of eluent B was programmed as follows: 1% (0 min)
— 1% (3 min) — 80% (9 min) — 80% (11 min).

Hard X-ray irradiation was performed using a medical linear accelerator (CLINAC;
Varian Medical Systems, Palo Alto, CA, USA). EA were conducted using a CHN analyzer
(CE440; Exeter Analytical Inc., MA, USA), and HRMS measurements were obtained using an
Exactive Plus instrument (Thermo Fisher Scientific Inc., MA, USA). EA and HRMS
measurements were carried out at the Global Facility Center, Hokkaido University. 'H NMR
spectra were acquired on either a INM-ECX400P or JINM-ECS400 spectrometer (JEOL, Tokyo,
Japan) operating at 400 MHz. Chemical shifts were referenced to TMS or residual solvent signals

and are reported in parts per million (ppm).

Hard X-ray irradiation to Azo1-4

X-ray irradiation was conducted using 40% MeOH because of the low solubility of
Azol-4. Because MeOH can work as a hydroxyl radical scavenger, the reaction caused by
hydrated electrons should be evaluated under these conditions. Each solution of Azo1-4 (25 pM)
was prepared via dissolution in a mixture of 1 mM phosphate buffer (pH 7.4) and (PB/MeOH =
3/2,2 mL). After the solution was deaerated with argon gas through the spectrum cap of the sealed
vial for 10 min, it was irradiated with X-rays (100 Gy) using a CLINAC (dose rate: 4.7 Gy min™",
tube voltage: 6 MeV). Each irradiated solution was mixed with 1 mM PB (pH = 7.4) containing
10 uM fluorescein of the same volume and analyzed by LC-MS.
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Cyclic voltammetry

Cyclic voltammetry (CV) was conducted to measure the redox potentials using
tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte. Azo1-3 (2 mM) or Azo4
(4 mM) was dissolved in DMF, which contains 0.1 M TBAP, and bubbled with argon gas. The
working electrode, which had a Pt disc with a surface area of 0.020 ¢cm?, the counter electrode
made of a Pt wire, and the Ag/AgCl reference electrode were soaked in DMF. Voltage was applied
at a scan rate of 0.05 V s™!. All the reduction potentials are shown vs. a SCE and by standardizing

with ferrocene at +0.403 V.
Quantum chemical calculations

Density functional theory (DFT) calculations were carried out with a Gaussianl6
program, using the long-range corrected ®B97XD functional (including Grimme’s dispersion
correction) and cc-pVDZ basis set. The solvent effect of water was considered by using the
integral equation formalism variant of the polarizable continuum model (IEFPCM). For each
Azo1—4 derivative, equilibrium structures were systematically searched by the single-component
artificial force induced reaction (SC-AFIR) method implemented in GRRM17 software, and then
the lowest energy structure was employed for HOMO and LUMO energy.
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Synthesis

Preparation of Azol (17)

To a solution of 3-ABA (12, 350 mg, 2.57 mmol) in a mixture of 1 M HCl aq. (10 mL)
and water (30 mL), a solution of NaNO, (228 mg, 3.30 mmol) in water (1 mL) was gradually
added at 0 °C. After stirring for 20 min at 0 °C, a solution of phenol (13, 331 mg, 3.52 mmol) in
EtOH (2 mL) was added to the reaction mixture. After stirring overnight while gradually reaching
room temperature, the precipitate was collected by filtration and recrystallized with water and a
small amount of EtOH to obtain Azol (S1, 200 mg, 0.829 mmol) as a yellow solid in 36%
yield; "TH-NMR (400 MHz, CD;OD): § 8.15 (s, 1H), 7.87 (d, J= 7.8 Hz, 1H), 7.80 (d, J=7.8 Hz,
1H), 7.72 (d, J = 8.0 Hz, 2H), 7.45 (dd, J= 7.8 Hz, 7.8 Hz, 1H), 6.81 (d, J = 8.0 Hz, 2H); 1*C-
NMR (100 MHz, DMSO-ds): 0 167.82, 161.76, 152.57, 145.71, 136.08, 129.85, 129.72, 125.54,
125.06, 121.80, 116.54; HRMS (ESI) Ci3Hi1N302: [M — H]™ calcd =240.0779, found = 240.0785;
anal. calcd for Ci3H11N3O2-1/10H,0: C, 64.36; H, 4.57; N, 16.94, found C, 64.24; H, 4.64; N,
17.29.

Preparation of Azo2 (18)

To a solution of 3-ABA (12, 497 mg, 3.65 mmol) in a mixture of water (4 mL), | M
HCl aq. (12 mL), and EtOH (4 mL), a solution of NaNO> (280 mg, 4.06 mmol) in water (4 mL)
gradually added at 0 °C. After stirring at 0 °C for 20 min, a solution of resorcinol (14, 444 mg,
4.03 mmol) in EtOH (4 mL) was added to the reaction mixture. After stirring overnight while
gradually reaching room temperature, the precipitate was collected by filtration and recrystallized
with water and a small amount of ethanol to obtain Azo2 (18, 504 mg, 1.96 mmol) as a yellow
solid in 54% yield.; '"H-NMR (400 MHz, CDs;OD): 6 8.31 (s, 1H), 7.99-7.92 (m, 2H), 7.72 (d, J =
9.2 Hz, 1H), 7.62 (d, J = 8.0 Hz, 1H), 7.62 (dd, /= 7.8 Hz, 7.8 Hz, 1H), 6.54 (d, /J=9.2 Hz, 1H),
6.32 (s, 1H); *C-NMR (100 MHz, DMSO-ds):  167.76, 163.87, 157.25, 151.29, 136.08, 132.89,
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129.92, 129.67, 129.33, 124.69, 121.32, 109.78, 103.52; HRMS (ESI) Ci3H11N30;: [M — H]
~caled =256.0728, found = 256.0729; anal. calcd for Ci3H11N305-1/4H,0: C, 58.54; H, 4.09; N,
15.85, found C, 58.62; H, 4.26; N, 15.78.

Preparation for Azo3 (19)

To a solution of 3-ABA (13, 2.01 g, 14.7 mmol) in a mixture of water (16 mL), 1| M
HCl aq. (48 mL), and EtOH (10 mL), a solution of NaNO, (1.08 g, 15.7 mmol) in water (16 mL)
was gradually added at 0 °C. After stirring at 0 °C for 20 min, a solution of phloroglucinol (15,
2.08 g, 16.5 mmol) in EtOH (16 mL) was added to the reaction mixture. After stirring overnight
while gradually allowing it to reach room temperature, the precipitation was collected by filtration.
The precipitates were recrystallized with water and a small amount of ethanol to obtain Azo3 (S8,
1.80 g, 6.59 mmol) as a yellow solid in 46% yield; '"H-NMR (400 MHz, CD;OD): § 8.42 (s, 1H),
8.06 (d,J= 7.7 Hz, 1H), 8.04 (d, J= 7.7 Hz, 1H), 7.64 (dd, J= 7.7 Hz, 7.7 Hz, 1H), 5.95 (s,
2H); PC-NMR (100 MHz, DMSO-ds): 6 167.78, 166.38, 159.29, 150.25, 136.00, 129.90, 128.62,
124.28, 123.47, 120.70, 95.57; HRMS (ESI) C3Hi1N304: [M — H] ~ caled = 272.0677, found =
272.0676; anal. calcd for Ci3H11N3O4-1/4H,0: C, 55.96; H, 3.84; N, 15.35, found C, 56.22; H,
4.17; N, 15.13.

Preparation for Azo4

To a solution of 3-ABA (13, 497 mg, 3.65 mmol) in a mixture of water (4 mL), 1 M
HCI aq. (2 mL), and EtOH (4 mL), a solution of NaNO> (279 mg, 4.04 mmol) in water (4 mL)
was added at 0 °C. After stirring at 0 °C, a solution of m-phenylenediamine (16, 448 mg, 4.14
mmol) in EtOH (6 mL) was added to the reaction mixture. After stirring overnight while gradually
reaching room temperature, the precipitation was collected by filtration and recrystallized with
water and a small amount of EtOH to obtain Azo4 (20, 882 mg, 3.18 mmol) as a yellow solid in
95% yield; 'H-NMR (400 MHz, CD;OD): 6 8.21 (s, 1H), 7.87 (d, J= 8.0 Hz, 1H), 7.79 (d, J=
6.6 Hz, 1H), 7.54-7.49 (m, 2H), 6.13 (d, J= 8.8 Hz, 1H), 5.98 (s, 1H); *C-NMR (100 MHz,
DMSO-ds): 0 168.30, 154.14, 153.65, 135.68, 129.89, 129.42, 126.80, 124.01, 120.36, 106.44,
96.93; HRMS (ESI) C13Hi3NsO: [M + H] " caled =256.1154, found =256.1191, [M + Na] * calcd
=278.1012, found = 278.1009; anal. calcd for C13Hi3Ns0-2/3H,0: C, 58.55; H, 5.12; N, 26.24,
found C, 58.42; H, 5.42; N, 26.20.

75



Chapter2: Materials and methods

Reagents and general information

Azo-Rho1-3 were synthesized via azo coupling of DR. HPLC analyses were performed
using an HPLC system (Shimadzu Corporation, Kyoto, Japan) equipped with a reverse-phase
Inertsil ODS-3 column (4.6 mm x 250 mm; GL Sciences Inc., Tokyo, Japan). Eluent A consisted
of an aqueous solution containing 0.1% TFA aq, and eluent B consisted of MeCN containing 1%
water. The flow rate was set to 1.0 mL min™'. LC-MS analyses were conducted using an LC-MS
system (Waters Xevo G2-XS QTof; Waters Corporation, MA, USA) equipped with a reverse-
phase ACQUITY UPLC® BEH C18 column (2.1 mm x 50 mm; Waters Corporation). Eluent A
was 1% HCOONHj, aq., and eluent B was MeCN containing 1% water. X-ray irradiation was
performed using CLINAC (Varian Medical Systems, Palo Alto, CA, USA) or an X-Rad iR-225
system (Precision X-Ray, North Branford, CT, USA). Emission spectra of the compounds were
recorded using a spectrofluorometer FP-8550 (JASCO, Tokyo, Japan). 'H NMR spectra were
acquired on either a JNM-ECX400P or JNM-ECS400 spectrometer (JEOL, Tokyo, Japan)
operating at 400 MHz. Chemical shifts were referenced to TMS or residual solvent signals and

are reported in parts per million (ppm).
Hard X-ray irradiation to Azo-Rho1-3

Each Azo-Rhol-3 was dissolved at a concentration of 5 uM in 1 mM PB (pH 7.4)
containing 40% MeOH to improve solubility, and the solutions were prepared in sealed vials.
Prior to irradiation, each solution was purged with argon gas through a septum cap to remove
dissolved oxygen. The deoxygenated samples were then irradiated with X-rays at a total dose of
20 Gy using CLINAC (dose rate: 4.7 Gy min, tube voltage: 6 MeV). After irradiation, each
sample was mixed with an equal volume of phosphate buffer (pH 7.4) containing 1% DMF and 1
uM rhodamine B as an internal standard. The resulting solutions were analyzed by HPLC and
LC-MS. HPLC analysis was performed using a gradient elution of solvent B from 40% (0 min)
— 40% (4 min) and — 100% (13 min), with an injection volume of 150 uL and detection at 538
or 558 nm. LC-MS analysis was conducted using a gradient of solvent B from 20% (0 min) —

20% (2 min) and — 100% (5.5 min), with an injection volume of 5 pL.
Quantum chemical calculations

Density functional theory (DFT) calculations were carried out with a Gaussianl6

program, using the long-range corrected wB97XD functional (including Grimme’s dispersion
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correction) and cc-pVDZ basis set. The solvent effect of water was considered by using the
integral equation formalism variant of the polarizable continuum model (IEFPCM). For each
Azo-Rho derivative, equilibrium structures were systematically searched by the single-
component artificial force induced reaction (SC-AFIR) method implemented in GRRM17
software, and then the lowest energy structure was employed for the vertical electron affinity
(VEA) calculation. The VEA is calculated as the energy gap between non-reduced (NR) and one-

electron-reduced (OER) states at equilibrium.
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Synthesis
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31 32 DR (30
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N / SOUS S OO0
+ - N
R OH OH OH
R=H 13 Azo-Rho1 (27) R =OH Azo-Rho2 (28)
R =OH 14 R =COOH Azo-Rho3 (29)
R=COOH 33

Preparation for N, N-diethyl rhodamine methane sulfonic acid (DR, 30)

2-(4-Dietylamino-2-hydroxylbenzoyl) benzoic acid (31, 2.19 g, 7.00 mmol), 3-
aminophenol (32, 763 mg, 7.00 mmol) were added to methane sulfonic acid (10 mL) in a round
bottle flask and reacted at 90 °C for 7 h. The reaction solution was then dissolved in water and
salted out using potassium chloride. The salted product was recrystallized using 100 mL of toluene
to obtain red crystals of the target compound (30, 982 mg, 2.03 mmol) in 29% yield. No further

purification was performed.
Preparation for Azo-Rhol (27)

DR methane sulfonic acid (27, 100 mg, 0.207 mmol) was dissolved in water (8 mL),
MeCN (8 mL), and 1 M HCI aq. (4 mL) in the round bottle flask. After cooling, sodium nitrite
(28.6 mg, 0.414 mmol) was added, and the reaction mixture was stirred at 0 °C for 15 min. Then,
phenol (13, 39 mg, 0.415 mmol) was dissolved in MeOH (2 mL), and this MeOH solution was
added dropwise to the previous mixture and allowed to react over 15 min. Next, 0.1 M agq.
ammonia was added until pH 6—7 was reached. After removal of all the volatiles under reduced
pressure, the residue was purified by column chromatography using silica gel (MeOH: DCM =
1:50) to afford the target compound (27, 90.3 mg, 0.178 mmol) in 86% yield; '"H-NMR (400 MHz,
CDCl3): 0 8.06 (d, J= 7.6 Hz, 1H), 7.80 (d, /= 12.0 Hz, 1H), 7.73-7.61 (m, 3H), 7.47 (d, J= 8.8
Hz, 1H), 7.22 (d, J= 8.0 Hz, 1H), 6.92 (d, J =9.2 Hz, 2H), 6.86 (d, /= 8.4 Hz, 1H), 6.62 (d, J =
9.2 Hz,1H), 6.50 (s, 1H), 6.39 (d, J=9.2, 1H), 3.70 (q, J = 7.2 Hz, 4H), 1.18 (t,J = 7.2 Hz, 6H);
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BC-NMR (101 MHz, CDCls): 6 170.4, 159.6, 154.4, 153.6, 153.5, 152.8, 150.3, 147.4, 135.5,
130.1,129.3,129.1, 125.8,125.5, 124.6, 121.2, 118.1, 116.4, 111.3, 109.8, 105.1, 98.1, 84.8, 45.0,
13.0; HRMS (ESI) C30H25N304: [M] * calcd. for 492.1918, found, 492.1916 (—0.2 mmu); Anal.
Calcd. for C30H2sN3OsCI*H20: C; 65.99%, H; 5.17%, N; 7.70%, found C; 66.08%, H; 4.91%, N;
7.45%.

Preparation for Azo-Rho2 (28)

DR methane sulfonic acid (30, 100 mg, 0.207 mmol) was dissolved in water (16 mL),
acetonitrile (16 mL), and 1 M HCl aq. (3 mL) in a round bottle flask, and the solution was cooled
to 0 °C. Subsequently, sodium nitrite (28.6 mg, 0.414 mmol) was added, and the mixture was
allowed to react at 0 °C for 15 min. Then, resorcinol (S3, 45.6 mg, 0.415 mmol) was dissolved in
MeOH (2 mL), and this MeOH solution was added dropwise to previously prepared solution, and
the mixture was allowed to react for 15 min. Next, 0.1 M NH; aq. was added until pH 6-7. After
removal of all the volatiles under reduced pressure, the residue was purified by column
chromatography using silica gel (MeOH/DCM = 1:50). Further purifications were carried out by
RP- HPLC using 0.1% TFA aq. and MeCN as mobile phase (MeCN conc. : 30% (0 min) — 30%
(2 min) — 50% (4 min) — 55% (13 min) — 60% (15 min)), evaporated and target compound
were obtained in 71% yield (28, 72.7 mg, 0.147 mmol); '"H-NMR (400 MHz, CDsOD): 6 8.40 (d,
J=17.6 Hz, 1H), 7.96-7.85 (m, J = 12.0 Hz, 3H), 7.74 (d, /= 9.2, 1H), 7.60 (d, /= 9.2 Hz, 1H),
7.51(d,J=9.2 Hz, 1H), 7.20 (dd, J=9.2 Hz, 9.2 Hz, 2H), 7.03 (s, IH ), 6.55 (d, /= 9.2 Hz, 1H),
6.23 (s, 1H), 3.76 (q, J= 7.2 Hz), 1.37 (t,J = 7.2 Hz, 6H); *C-NMR Spectra (101 MHz, CDCI3):
0168.2,167.7,162.0, 160.3, 156.0, 155.8, 136.0, 135.2, 134.4, 133.5, 132.3, 131.9, 131.8, 131.3,
131.0, 122.8, 119.7, 118.9, 113.1, 109.8, 98.0, 47.9, 13.0; HRMS (ESI) C30H25N3Os: [M] * calcd
for 508.1867, found, 508.1868 (+0.1 mmu); Anal. Calcd. for Cs,H26N307F3 ¢ 1/2CF;COOH: C,
58.41%; H, 3.94%; N, 6.19%, found C, 58.79%; H, 3.98%; N, 6.25%.

Preparation for Azo-Rho3 (29)

DR methane sulfonic acid (30, 100 mg, 0.207 mmol) was dissolved in water (8 mL),
acetonitrile (8 mL), and 1 M HCl aq. (3 mL) in the round bottle flask. After cooling, sodium nitrite
(22 mg, 0.319 mmol) was added, and the mixture was allowed to react at 0 °C for 15 min. Then,
m-hydroxyl benzoic acid (33, 36 mg, 0.295 mmol) was dissolved in MeCN (2 mL), and this
acetonitrile solution was gradually added to the previous solution, and the stirring continued for
15 min. Next, 0.1 M NH3 aq. was added until pH 6-7. After removal of all the volatiles under
reduced pressure, the residue was purified by silica gel column chromatography (MeOH/DCM
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=1:9 — 1:1). Further purifications were carried out by RP-HPLC using 0.1% TFA aq. and MeCN
as mobile phase (MeCN conc.: 42% (0 min) — 42% (7 min) — 85% (18 min)), evaporated and
target compound 29 was obtained in 31% yield (50.5 mg, 0.0787 mmol); 1H-NMR (400 MHz,
CD;OD): 6 8.27 (d, J = 7.8 Hz, 1H), 7.94 (s, 1H), 7.83-7.71 (m, 4H), 7.39 (d, /= 7.8 Hz, 1H),
7.24 (d,J= 8.8, 1H), 7.17 (s, 1H), 7.08 (s, 1H), 7.03 (s, 1H), 6.91 (d, J=9.2 Hz, 1H), 3.70 (q, J
=7.2Hz,4H), 1.26 (t,J=7.2 Hz, 6H); *C-NMR (101 MHz, CDCl5): 5 146.1, 144.5,137.2, 136.1,
135.5, 133.6, 125.1, 118.7, 117.4, 116.1, 115.1, 114.6, 114.3, 113.8, 108.7, 106.4, 106.2, 105.4,
104.2, 103.8, 103.0, 99.3, 83.3, 47.9, 20.0; HRMS (ESI) C3;H26N3O¢: [M] * calcd. 536.1816,
found, 536.1828 (+1.2 mmu); Anal. Calcd. for C33H26N30sF3 « 1/2H20: C, 60.18%; H, 4.13%; N,
6.38%, found, C, 60.29%; H, 4.03%; N, 6.05%.
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Chapter3: Materials and methods

Reagents and general information

HPLC analyses were performed using an HPLC system (Shimadzu Corporation, Kyoto,
Japan) equipped with a reverse-phase Inertsil ODS-3 column (4.6 mm x 250 mm; GL Sciences
Inc., Tokyo, Japan). Eluent A consisted of an aqueous solution containing 0.1% trifluoroacetic
acid (TFA), and eluent B consisted of acetonitrile containing 1% water. The flow rate was set to
1.0 mL min™'. LC-MS analysis were performed using LC-MS system (Shimadzu Corporation,
Kyoto, Japan) equipped with a reverse-phase Inertsil ODS-3 column (2.1 mm X 50 mm; GL
Sciences Inc., Tokyo, Japan). Eluent A consisted of 0.1 M HCOONHa4 aq., and eluent B consisted
of MeCN containing 1% water. The flow rate was set to 0.10 mL min™, and the gradient of eluent
B was programmed as follows: 1% (0 min) — 1% (3 min) — 80% (9 min) — 80% (11 min). X-
ray irradiation was performed using X-Rad iR-225 system (Precision X-Ray, North Branford, CT,
USA). Emission spectra of the compounds were recorded using a spectrofluorometer FP-8550
(JASCO, Tokyo, Japan). 'H NMR spectra were acquired on either a JNM-ECX400P or JNM-
ECS400 spectrometer (JEOL, Tokyo, Japan) operating at 400 MHz. Chemical shifts were

referenced to TMS or residual solvent signals and are reported in parts per million (ppm).
Dose dependency of DR release from Azo-Rho2

A 5 uM solution of Azo-Rho2 was prepared in 1 mM PB (pH 7.4) containing 40%
MeOH in a sealed vial. The solution was purged with argon gas through a septum cap to remove
dissolved oxygen and subsequently irradiated with X-rays at doses of 4, 10, 20, and 40 Gy using
CLINAC (dose rate: 4.7 Gy min™', tube voltage: 6 MeV). After irradiation, fluorescence emission
spectra of the solutions were recorded with an excitation wavelength of 480 nm to evaluate the

dose-dependent release of DR.
Investigation of intracellular azo bond cleavage induced by X-ray irradiation

The human leukemia cell line MOLT-4 was obtained from the RIKEN Cell Bank
(Tsukuba, Japan). MOLT-4 cells were cultured in RPMI-1640 medium supplemented with 10%
FBS and 1% penicillin—streptomycin and maintained at 37 °C in a humidified atmosphere
containing 5% CO.. Cells were subcultured when the cell density reached 1.0 x 10* cells mL™.
For X-ray irradiation experiments, 3.0 x 107 MOLT-4 cells were suspended in 30 mL of RPMI-
1640 medium containing 10% FBS (final cell concentration: 1.0 x 10° cells mL™). To prepare the
Azo-Rho2-containing cell suspension, 150 pL of a 1 mM Azo-Rho2 solution in MeOH was first
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mixed with 600 uL. of RPMI-1640 medium containing MOLT-4 cells. The resulting 750 pL
suspension was then stepwise diluted with 29.25 mL of RPMI-1640 medium. This stepwise
dilution procedure was employed to prevent precipitation of Azo-Rho2 in the culture medium.
After incubation with Azo-Rho2 for 80 min, the cells were collected by centrifugation at 400 g
for 5 min, and the supernatant was removed. The cells were subsequently resuspended in 30 mL
of PBS, yielding a final cell concentration of 1.0 x 10¢ cells mL™. The cell suspensions were
transferred to sealed vials and purged with nitrogen gas for 10 min to remove dissolved oxygen,
followed by X-ray irradiation at doses of 0, 2.5, 5, 10, and 25 Gy at a dose rate of 4.37 Gy min™".
Low-energy X-rays were removed using a 0.3 mm copper plate as a filter. After irradiation, each

sample was transferred to a measurement tube and analyzed using a CytoFLEX flow cytometer.
Hard X-ray irradiation to Azo-Rho1-3

Hard X-ray irradiation of Azo-Rho1-3 was carried out following the protocol described
in Chapter 2. The solutions obtained before and after hard X-ray irradiation were placed in a

cuvette with an optical path length of 1.3 mm X 1.3 mm and excited at a wavelength of 488 nm.
Hard X-ray irradiation to AzoNMe-Dox/AzoOH-Dox/Azo-NM

Each AzoNMe-Dox, AzoOH-Dox and Azo-NM were dissolved at a concentration of 10
uM in 1 mM PB (pH 7.4) containing 50% methanol to improve solubility, and the solutions were
prepared in sealed vials. Prior to irradiation, each solution was purged with argon gas through a
septum cap to remove dissolved oxygen. The deoxygenated samples were then irradiated with X-
rays at a total dose of 20—60 Gy using X-rad iR225 (dose rate: 2.63 Gy min’, tube voltage: 200
keV, beam filter: 0.1 mm Cu plate and a 1 mm Al plate). After irradiation, each sample was mixed
with an equal volume of PB (pH 7.4) containing 0.5% DMF and 0.5 uM rhodamine B as an
internal standard. The resulting solutions were analyzed by LC-MS using a gradient of solvent B

from 20% (0 min) — 20% (2 min) — 100% (5.5 min), with an injection volume of 60 pL.
Stability test of Azo-NM

Azo-NM was first dissolved in DMSO to prepare a 5 mM stock solution. The stock
solution was then diluted with phosphate buffer containing 50% MeOH to obtain a final Azo-NM
concentration of 10 uM. Subsequently, glutathione, ascorbic acid, or cysteine was added to the

solution to a final concentration of 1 mM, and the mixture was stirred at room temperature for 24
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h. After incubation, the samples were analyzed by HPLC, and the remaining fraction of Azo-NM
was quantified based on the peak area of Azo-NM.

Cell Study

The human cervical cancer cell line HelLa and the human lung cancer cell line A549
were obtained from the RIKEN Cell Bank (Tsukuba, Japan). HeLa cells were cultured in DMEM
high glucose medium, whereas A549 cells were cultured in RPMI-1640 medium. Both media
were supplemented with 10%FBS and 1% penicillin—streptomycin. Cells were maintained at
37 °C in a humidified atmosphere containing 5% CO: and subcultured when the cell density
reached 1.0 x 10* cells mL™". HeLa and A549 cells were seeded in 5 cm x 5 cm culture dishes at
a density of approximately 100 or 200 cells per dish in 5 mL of the appropriate culture medium
and incubated under standard culture conditions. After 5 h, cell adhesion to the culture dish was
confirmed, and the culture medium was replaced with DMEM (for HeLa cells) or RPMI-1640
(for A549 cells) containing Azo-NM at a final concentration of 250 uM. The cells were further
incubated for 1 h. Subsequently, the cells were irradiated with hard X-rays at a dose of 2.5 Gy
using an X-Rad system (dose rate: 1.37 Gy min™', tube voltage: 200 kV). After irradiation, the
cells were incubated for an additional 14 days, after which colonies were fixed and counted to

determine cell survival using a clonogenic assay.

Synthesis
Preparation for Azo-Rho1-3

Azo0-Rho1-3 used in this chapter were synthesized according to chapter2.

HClin
COOH /@\ H3PO, MeOH - COOMe
0 + T140°C O O T e0C Z
O HO NHz2 4o Et,N NH,  Reflux .
tz

Et,N 1day

31 32 28% DR (neutral form, 30) 83% DR-Me (50)

Preparation for DR (neutral form, 30)

2-[4-(Diethylamino)-2-hydroxybenzoyl] benzoic acid (31, 3.14 g, 10.0 mmol) and m-
aminophenol (2.12 g, 20.0 mmol) were dissolved in phosphoric acid (HsPO4, 40 mL), and the resulting
mixture was stirred at 140 °C for 12 h. After completion of the reaction, the mixture was poured into

3 M aqueous NaOH and extracted with DCM (400 mL x 3). The combined organic layers were
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concentrated under reduced pressure, and the crude product was purified by silica gel column
chromatography (AcOEt/MeOH = 100:0 — 50:50). The target compound, DR (neutral form, 30), was
obtained as a pink solid in 28% yield (MW = 387.4 g mol™, 1.10 g, 2.84 mmol); "H-NMR (400 MHz,
CD;0D):= 88000(d, /= 7.8 Hz, 1H), 7.67-7.59 (m, 2H), 7.28 (d, /= 9.1 Hz, 1H), 7.25 (dd, J= 7.3,
1.4 Hz, 1H), 7.19 (d, /= 9.1 Hz, 1H), 7.00 (dd, J= 9.4, 2.5 Hz, 1H), 6.91 (s, 1H), 6.74-6.80 (m, 2H),
3.65 (q,J=7.2 Hz, 4H), 1.29 (t, J = 7.2 Hz, 6H); €523 = 88000 M cm' in MeOH .

Preparation for DR-Methyl ester (DR-Me, 50)

DR (30, 1.0 g, 2.5 mmol) was dissolved in anhydrous MeOH (50 mL) containing 1 M
HCI, and the resulting solution was refluxed at 70 °C for 24 h. After completion of the reaction,
the solvent was removed under reduced pressure, and the crude product was purified by silica gel
column chromatography (DCM/MeOH = 100:0 to 50:50) to afford DR-Me (50) as a red solid in
82.5% yield (S19, MW = 436.9 g mol™, 931 mg, 2.1 mmol); '"H-NMR (400 MHz, CD;OD): §
8.33(d,J=6.7Hz, 1H), 7.88 (dd, /= 7.4, 6.7 Hz, 1H), 7.82 (dd, /= 7.4, 7.4 Hz, 1H), 7.44 (d, J
=7.4Hz, 1H), 7.12 (d, J= 9.6 Hz, 1H), 7.06-7.00 (m, 3H), 6.85 (d, J= 1.8 Hz, 1H), 6.80 (d, J =
11.0 Hz, 1H), 3.69 (q, J = 7.2 Hz, 4H), 3.64 (s, 3H), 3.34-3.38 (2H), 1.32 (t, J = 7.2 Hz, 6H);
HRMS (ESI) C25H25N,03: [M] * caled. 401.1854, found, 401.1860 (+0.6 mmu).
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Preparation for 47

3-(Dimethylamino) benzyl alcohol (42, 5.0 mmol, 1.51 g) was dissolved in anhydrous
DCM (10 mL) at room temperature. BNPC (44, 7.5 mmol, 3.42 g) and DIPEA (7.5 mmol, 0.97
g, 1.30 mL) were added to the solution, and the reaction mixture was stirred at room temperature
for 2 h. The reaction was quenched and the solvent was washed with sat. NH4Cl aq. (200 mL x
2), sat. NaHCO3 4, and brine (200 mL). The organic layer was collected, dried over anhydrous
Na2SOs,, filtered, and concentrated under reduced pressure. The crude product was purified by
medium-pressure liquid chromatography (MPLC) using hexane/AcOEt as the mobile phase
(AcOEt content: 7%) to afford the desired product S21 as a white solid (1.74 g, 55% yield); 'H-
NMR (400 MHz, CDCls): 0 8.26 (dd, J=9.9, 2.7 Hz, 2H), 7.37 (dd, J = 9.9, 2.7 Hz, 2H), 7.26
(dd,J=7.9,7.9 Hz 1H), 6.78-6.72 (m, 3H), 5.25 (s, 2H), 2.97 (s, 6H); HRMS (ESI) C31H26N3Os:
[M] * caled. 536.1816, found, 536.1828 (+1.2 mmu).



Preparation for 48

47 (406 mg, 0.468 mmol) and doxorubicin hydrochloride (37, 290 mg, 0.341 mmol)
were dissolved in NMP (20 mL) at room temperature. DIPEA (110 mg, 0.86 mmol, 150 puL) was
then slowly added to the reaction mixture, which was stirred at room temperature for 24 h. The
reaction mixture was diluted with AcOEt/hexane (3:1, 300 mL) and washed with sat. NH4ClI aq.
(300 mL X 2) and brine (300 mL). The organic phase was separated, dried over with anhydrous
NazS0s4, filtered, and concentrated under reduced pressure. The resulting red oil was redissolved
in cosolvent of AcOEt (50 mL) and MeOH (5 mL), after which hexane (150 mL) was added to
induce precipitation. The precipitation was collected by filtration and dried under reduced
pressure to afford the target compound as a red solid in 92% yields (464 mg, 0.275 mmol). The
desired product was used for next reaction without further purification; "H-NMR (500 MHz,
CDCl) 6 8.00 (d, J=8.1 Hz, 1H), 7.83 (t, /= 8.1, 8.1 Hz, 1H), 7.52 (d, /= 8.1 Hz, 1H), 7.15 (t,
J=17.8 Hz, 1H), 6.69-6.65 (m, 3H), 5.45 (d, /= 3.3 Hz, 1H), 5.21 (s, 1H), 4.97 (d, J = 4.5 Hz,
2H), 4.22 (d, J = 6.6 Hz, 1H), 4.07 (s, 3H), 3.89 (d, J= 10.5 Hz, 1H), 3.61 (d, /= 9.6 Hz, 1H),
3.17 (d, J=18.4 Hz, 1H), 3.02 (d, J= 18.4 Hz, 1H), 2.90 (s, 6H), 2.70 (s, 1H), 2.38 (d, /= 14.4
Hz, 1H), 2.20-2.16 (m, 1H), 1.91 (td, /= 12.9, 3.9 Hz, 1H), 1.80 (dd, /= 12.9, 4.8 Hz, 1H), 1.28
(d, J= 6.3 Hz, 3H); HRMS (ESI) C37H4N2013: [M + Na] * calcd. 743.2423, found, 743.2409 (—

1.4 mmu).
Preparation for AzoNMe-Dox (39)

DR-Me (50, 52.4 mg, 0.12 mmol) was dissolved in a mixed solvent of dichloromethane
and acetonitrile (4:1, v/v; 10 mL). The solution was cooled to —5 °C, and nitrosonium
tetrafluoroborate (NOBF4, 14.0 mg, 0.12 mmol) was added. The reaction mixture was stirred at
—10 °C for 1 h to effect diazotization. Subsequently, 48 (72.0 mg, 0.10 mmol) was added, and the
mixture was stirred for an additional 10 min. Water (2 mL) and sat. NaHCO:s aq. (2 mL) were then
added, and stirred for a further 10 min. The reaction mixture was poured into DCM (150 mL) and
washed successively with sat. NaHCOs aq. (150 mL) and brine (150 mL). The organic layer was
dried over anhydrous Na:SQs, filtered, and concentrated under reduced pressure. The resulting
blue solid was washed with anhydrous THF, and after complete removal of THF, the solid was
further washed with water. Purification by silica gel column chromatography (DCM/MeOH =
100:0 — 92:8) followed by a second silica gel column chromatography under modified conditions
(DCM/MeOH = 100:0 — 88:12) afforded the target compound as a blue solid in 27% yield (MW
=1249.7 g mol™, 330 mg, 0.026 mmol); '"H-NMR (500 MHz, MeOD/CDCl;=2/1) § 8.43 (d,J =
2.5 Hz, 1H), 8.10 (s, 2H), 7.96-7.86 (m, SH), 7.53-7.53 (m, 2H), 7.42 (d, J= 7.5 Hz, 1H), 7.35 (d,
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J=28.9 Hz, 2H), 7.20 (d, /= 10.2 Hz, 1H), 7.08 (s, 1H), 6.87 (s, 1H), 6.76 (d, J = 8.9 Hz, 1H),
5.70 (s, 2H), 5.54 (s, 1H), 5.33 (s, 1H), 4.80 (s, 2H), 4.22 (d, /= 14.4 Hz, 1H), 4.12 (s, 2H), 4.02-
3.96 (m, 1H), 3.90-3.81 (m, 4H), 3.73-3.68 (m, 4H), 3.27 (s, 6H), 3.14-3.02 (m, 2H), 2.41 (d, J=
15.9 Hz, 1H), 2.22 (d, J=12.4 Hz, 1H), 1.98-1.86 (m, 2H), 1.50-1.43 (m, 6H), 1.33-1.32 (m, 4H);
HRMS (ESI) Cs2H62Ns5O16: [M] " caled. 1132.4200, found, 1132.4186 (—1.4 mmu); Anal. Calcd.
for CsxHe2CINsO16 ¢ 7/2H,0: C, 59.59%; H, 5.73%; N, 5.60%, found, C, 59.64%; H,5.59%; N,
5.59%.
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Preparation for 52

Methyl 3,5-dihydroxybenzoate (51, 19.0 g, 0.113 mol) and TBSCI (36.0 g, 0.238 mol)
were dissolved in DCM (250 mL) in a 500 mL one-necked round-bottom flask equipped with a
magnetic stir bar. After the mixture became homogeneous, TEA (32 g, 0.32 mol) and 4-
dimethylaminopyridine (DMAP, 5.2 g, 42.6 mmol) were added, and the reaction mixture was
stirred at room temperature for 16 h. The reaction mixture was diluted with DCM and washed
with water (200 mL x 2) and brine (200 mL). The organic phase was then washed sequentially
with sat. NaHCOs aq. (200 mL) and brine. The organic layer was separated, dried over with
anhydrous Na>SOs, filtered, and concentrated under reduced pressure to afford a crude residue.
The crude product was purified by silica gel column chromatography using hexane as the eluent
to afford 52 as a colorless viscous liquid in 91% yield (41.0 g, 0.103 mol); 1H-NMR (400 MHz,
CDCl3) 6 7.11 (d, J = 2.3 Hz, 2H), 6.51 (t, J = 2.3 Hz, 1H), 3.87 (s, 3H), 0.97 (s, 18H), 0.20 (s,
12H); HRMS (ESI) C2H3604Si,: [M + Na] * calcd. for 419.2045, found, 419.2044 (0.1 mmu).
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Preparation for 53

Anhydrous THF (100 mL) was placed in a 500 mL one-necked round-bottom flask
equipped with a magnetic stir bar and cooled to 0 °C using an ice bath. Lithium aluminum hydride
(LiAlH4, 1.40 g, 36.9 mmol) was added very slowly in portions of approximately 100 mg to
minimize vigorous reaction or ignition. After completion of the addition, 52 (15.0 g, 37.8 mmol)
was added, and the reaction mixture was stirred at 0 °C for 24 h. Upon completion of the reaction,
the mixture was carefully quenched at 0 °C by the dropwise addition of 1 M HCI aq. (10 mL),
followed cautiously by water (10 mL) and an excess amount of AcOEt. The resulting suspension
was stirred for approximately 30 min until a white-to-beige precipitate formed. The organic layer
was separated and concentrated under reduced pressure. The resulting viscous residue was
purified by silica gel column chromatography using hexane as the eluent to afford the target
compound 53 as a colorless viscous liquid in 52% yield (7.22 g, 19.6 mmol); "H-NMR (400 MHz,
CDCL): 6 7.09 (s, 2H), 6.49 (s, 1H), 3.85 (s, 2H), 0.952 (s, 18H), 0.175 (s, 12H), HRMS (ESI)
C19H3605S1,: [M + Na] * caled. for 396.2096, found, 391.2095 (0.1 mmu).

Preparation for 54

BNPC (44, 12.0 mmol, 3.68 g) and 53 (10.9 mmol, 4.02 g) were dissolved in THF (40
mL). DIPEA (2.23 g, 17.3 mmol 3.0 mL) was added, and the reaction mixture was stirred at room
temperature for 24 h. The reaction mixture was poured into a hexane/AcOEt (1:1, v/v) solution
and washed with sat. NaHCOs aq. (200 mL x 3) followed by brine (200 mL). The organic layer
was dried over with anhydrous Na>SO., filtered, and concentrated under reduced pressure. The
crude product was purified by silica gel column chromatography using hexane/ethyl acetate (99:1,
v/v) as the eluent to afford the target compound 54 as a white solid in 93% yield (4.97 g, 9.3
mmol); 'H-NMR (400 MHz, CDCls) 6 8.25 (d, J = 8.9 Hz, 2H), 7.36 (d, J = 8.9 Hz, 2H), 6.53 (d,
J=2.2Hz, 2H), 6.34 (t,J=2.2 Hz, 1H), 5.16 (s, 2H), 0.97 (s, 18H), 0.20 (s, 12H); HRMS (ESI)
C26H30NO7Siz: [M + Na] * caled. 556.2158, found, 556.2149 (—0.9 mmu).

Preparation for 55

55 (831 mg, 1.30 mmol) and doxorubicin hydrochloride (37, 754 mg, 1.30 mmol) were
dissolved in NMP (10 mL). The solution was cooled to 0 °C in an ice bath, after which DIPEA
(203 mg, 1.57 mmol, 273 pL) was added. The reaction mixture was stirred at 0 °C to room
temperature for 24 h. After completion of the reaction, the mixture was washed with sat. NaHCO;
ag. (500 mL x 2), water (500 mL X 2), and brine (500 mL). The organic layer was dried over

anhydrous Na>SOs, filtered, and concentrated under reduced pressure. TLC analysis indicated the
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presence of unreacted starting materials. Therefore, the concentrated NMP residue was
redissolved in AcOEt (500 mL) and washed successively with sat. NH4Cl aq. (500 mL x 2), sat.
NaHCO:s aqg. (500 mL), and brine (500 mL). The organic layer was dried over anhydrous Na>SOa,
filtered, and concentrated under reduced pressure. The resulting residue was dissolved in AcOEt
(50 mL), and hexane was added to induce precipitation. The red precipitate was collected by
filtration and dried under reduced pressure to afford the target compound 55 as a red solid in 78%
yield (1.06 g, 1.13 mmol); HRMS (ESI) C47Hs3NO;sSiz: [M + Na] ™ caled. 960.3629, found,
960.3622 (0.7 mmu).

Preparation for 56 (Deprotection of 55)

55 (695 mg, 0.74 mmol) was dissolved in anhydrous THF (50 mL). A solution of 1.0 M
TBAF in THF (1.75 mL) and acetic acid (84 mg, 1.4 mmol, 80 pL) were added, and the reaction
mixture was stirred at —10 °C for 1 h. The reaction mixture was poured into AcOEt (500 mL) and
washed successively with sat. NaHCOj3 aq. (500 mL), sat. NH4Cl aq. (500 mL x 2), and brine (500
mL). The organic layer was dried over anhydrous Na:SOs, filtered, and concentrated under
reduced pressure. The crude product was purified by silica gel column chromatography using
DCM/MeOH as the eluent (DCM/MeOH = 100:0 — 70:30) to afford the target compound 56 in
87% yield (MW = 709.7 g mol™, 456 mg, 0.64 mmol); 'H-NMR (500 MHz, MeOD) 6 7.71-7.68
(m, 2H), 7.39 (d, J = 7.6 Hz, 1H), 6.23 (s, 2H), 6.14 (s, 1H), 5.38 (s, 1H), 5.02 (s, 1H), 4.76 (s,
1H),4.27 (d,J=6.6 Hz, 1H), 4.12 (q,J= 7.1 Hz, 1H), 3.94 (s, 3H), 3.66 (s, 1H), 3.02 (d, /= 18.2
Hz, 1H), 2.84 (d, J = 18.2 Hz, 1H), 2.36 (d, J = 14.8 Hz, 1H), 2.14-2.10 (m, 1H), 2.03 (s, 1H),
2.00-1.91 (m, 1H), 1.81 (d, J=14.8 Hz, 1H), 1.30-1.25 (m, 5H); HRMS (ESI) C25H3sNOs: [M +
Na]* caled. 732.1899, found, 732.1892 (=0.7 mmu).

Preparation for 41

DR-Me (60.7 mg, 0.14 mmol) was dissolved in a mixed solvent of dichloromethane and
acetonitrile (DCM/MeCN =4:1, 10 mL), and the solution was cooled to —10 °C. NOBF (16 mg,
0.12 mmol) was added, and the reaction mixture was stirred at —10 °C for 1 h to effect
diazotization. Separately, 56 (73.6 mg, 0.104 mmol) was dissolved in a mixed solvent of MeOH,
DCM, and MeCN (MeOH/DCM/MeCN = 1 mL/8 mL/2 mL). This solution was added
portionwise to the diazonium solution. After confirming that the reaction mixture became
homogeneous DIPEA (26.7 g, 0.207 mmol, 36 pL) was added dropwise, and the mixture was

stirred for an additional 1 hour at —10 °C. The reaction mixture was poured into DCM (500 mL)
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and washed successively with sat. NaHCO3 (500 mL), water (500 mL x 2), and brine (500 mL).
The organic layer was collected, dried over with anhydrous Na.SOsa, filtered, and concentrated
under reduced pressure. Any precipitates formed during the workup were also collected by
filtration and combined with the organic residue obtained after concentration. The crude product
was purified by MPLC using DCM/MeOH as the eluent (solvent A: DCM; solvent B: MeOH; B
conc.: 0—14%). The blue fractions were collected and further purified by a second silica gel
column chromatography with same condition to afford the target compound 41 as a blue solid
(30.6 mg, 0.025 mmol) in 18% yield; 'H-NMR (500 MHz, MeOD/CDCl; = 2/1) § 8.29-8.26 (m,
1H), 7.95-7.76 (m, 4H), 7.55-7.37 (m, 3H), 7.12-6.76 (m, 5H), 6.17 (d, J=26.0 Hz, 1H), 5.51 (s,
1H), 5.35-5.20 (m, 3H), 5.05 (s, 1H), 4.76 (s, 2H), 4.03-3.92 (m, 3H), 3.67-3.60 (m, 8H), 3.20-
3.12 (m, 1H), 2.96 (t, J = 15.9 Hz, 1H), 2.36 (d, /= 12.8 Hz, 1H), 2.15 (d, J=22.1 Hz, 1H), 2.00
(s, 1H), 1.82 (d, J = 12.8 Hz, 1H), 1.31-1.24 (m, 13H); HRMS (ESI) CsoHs7N4O15: [M] " caled.
1121.3693, found, 1121.3698 (+0.5 mmu); Anal. Calcd. for CsoHs7CIN4O,5 * 7/2H20: C, 59.04%;
H, 5.29%; N, 4.59%, found, C, 59.04%; H, 5.66%; N, 4.46%.
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Preparation for 61

DR (neutral form, 30, 1.06 mmol, 400 mg) was dissolved in a mixed solvent of DCM
and MeCN (DCM/MeCN = 4:1, v/v; 40 mL), an TFA (400 uL, 1% v/v) was added. NaNO: (106
mg, 1.54 mmol) was then added, and the reaction mixture was stirred at 0 °C for 30 min to effect
diazotization. Subsequently, N-phenyldiethanolamine (1.27 mmol, 230 mg) was added, and the
reaction mixture was stirred at 0 °C for 24 h. After completion of the reaction, the solvent was
removed under reduced pressure, and the crude product was purified by silica gel column
chromatography using (DCM/MeOH = 98/2 — 92/8) to afford the target compound 61 as a
yellow solid in 45% yield (MW = 692.7 g mol™, 324 mg, 0.46 mmol); 'H-NMR (400 MHz,
CDCl) ¢ 8.02 (d, J= 7.7 Hz, 1H), 7.86 (d, J=9.5 Hz, 2H), 7.71 (d, J = 1.9 Hz, 1H), 7.66-7.61
(m, 2H), 7.49-7.46 (m, 1H), 7.16-7.22 (1H), 6.86 (d, J = 8.6 Hz, 1H), 6.77 (d, J= 9.1 Hz, 2H),
6.60 (d, J=8.6 Hz, 1H), 6.49 (d, J= 2.7 Hz, 1H), 6.37 (dd, /=9.1, 2.7 Hz, 1H), 3.95 (q, J= 5.0
Hz, 4H), 3.73 (t, J = 5.0 Hz, 4H), 3.37 (q, J = 7.1 Hz, 4H), 1.18 (t, J = 7.1 Hz, 6H); HRMS (ESI)
C34H35N40s: [M] * caled. 579.2602, found, 579.2589 (—1.3 mmu).

Preparation for Azo-NM (62)

61 (95.0 mg, 0.137 mmol) was dissolved in DCM (30 mL), and thiony] chloride (SOCl.,
150 pL) was added. The reaction mixture was refluxed at 45 °C for 1.5 h. MeOH (20 mL) was
then added to quench excess thionyl chloride, and the mixture was further refluxed for an
additional 1 h. After completion of the reaction, the solvent was removed under reduced pressure,
and the crude product was purified by silica gel column chromatography (DCM/MeOH = 100/0
— 50/50) to afford the target compound Azo-NM (62) as a blue solid in 68% yield (65.3 mg,
0.098 mmol); 1H-NMR (400 MHz, CDs;0OD) ¢ 8.37 (d, J = 8.4 Hz, 1H), 8.00 (s, 1H), 7.93-7.83
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(m, 5H), 7.52 (d, /= 7.2 Hz, 1H), 7.33 (d, J = 8.4 Hz, 1H), 7.26 (s, 2H), 7.14 (s, 1H), 6.91 (d, J
=9.1 Hz, 2H), 3.92-3.89 (m, 4H), 3.82-3.74 (m, 8H), 3.63 (s, 3H), 1.40 (t, /= 7.1 Hz, 3H), 1.29
(t, = 7.1 Hz, 3H); HRMS (ESI) C3sH35CLbN4Os: [M] * caled. 629.2081, found, 629.2073 (-0.8
mmu); Anal. Calcd. for C3sH3sCI3N4O; » 5/2H,0: C, 59.12%; H, 5.67%; N, 7.88%, found, C,
58.93%; H, 5.84%; N, 7.75%.
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Appendix

Table S1 Cartesian coordinates (in A) of the lowest energy (most stable) structure of Azol in the
NR state. The potential energy of the NR state (charge = 0, spin multiplicity = 0) is —816.4907694
Hartree. Computational level was @B97XD/cc-pVDZ | IEFPCM (solvent = water).

Atom X y z
N -3.70185 -0.92515 0.051102
C 0.223668 0.585841 -0.15956
C -0.02317 -0.77831 -0.02454
C -2.40191 -0.3484 -0.03028
C -1.3337 -1.24652 0.037444
C -0.84493 1.491504 -0.23261
C -2.15381 1.021333 -0.15402
N -4.63593 -0.11098 -0.10124
H -1.54989 -2.31077 0.143255
H -2.98493 1.723821 -0.1894
C -5.93535 -0.66207 -0.01251
C -6.99114 0.233828 -0.20074
C -6.21641 -2.01361 0.247417
C -8.31109 -0.19755 -0.13457
C -7.52724 -2.45133 0.315831
C -8.58416 -1.54511 0.125304
H -9.1305 0.508575 -0.28445
H -7.76184 -3.49729 0.517861
H 1.256109 0.938127 -0.179

H 0.810382 -1.47851 0.040176
C -0.65471 2.980982 -0.3562
O -1.55251 3.76243 -0.06221
N 0.561365 3.401635 -0.78472
H 0.669299 4.392135 -0.96683
H 1.19425 2.777449 -1.2662
O -9.83876 -2.03609 0.205982
H -10.4754 -1.3232 0.064143
H -6.75926 1.281071 -0.40146
H -5.38968 -2.7083 0.394629
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Table S2 Cartesian coordinates (in A) of the lowest energy (most stable) structure of Azo2 in the
NR state. The potential energy of the NR state (charge = 0, spin multiplicity = 0) is —891.7110271
Hartree. Computational level was @B97XD/cc-pVDZ | IEFPCM (solvent = water).

Atom X y z
N -3.68144 -0.93736 0.0469

C 0.232581 0.59204 -0.15545
C -0.00419 -0.77366 -0.01625
C -2.3844 -0.36359 -0.03017
C -1.30992 -1.25434 0.042667
C -0.84349 1.487412 -0.23536
C -2.14915 1.007527 -0.15845
N -4.6382 -0.13016 -0.08515
H -1.51032 -2.3217 0.149714
H -2.98463 1.704437 -0.19886
C -5.91612 -0.67307 -0.00394
C -6.98198 0.231674 -0.1565
C -6.20837 -2.05031 0.218798
C -8.29758 -0.17882 -0.09534
C -7.53956 -2.46564 0.281471
C -8.57336 -1.54313 0.126949
H -9.11368 0.535176 -0.21663
H -7.76588 -3.51812 0.45252
H 1.262068 0.952679 -0.17327
H 0.834586 -1.46706 0.053312
C -0.66716 2.978339 -0.36458
0 -1.57346 3.751778 -0.07567
N 0.545518 3.40881 -0.79208
H 0.644669 4.39963 -0.97741
H 1.185963 2.78878 -1.26887
O -9.83224 -2.01568 0.19982
H -10.4581 -1.28884 0.082177
O -5.24534 -2.95986 0.370909
H -4.38703 -2.46369 0.291858
H -6.7318 1.280011 -0.32644
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Table S3 Cartesian coordinates (in A) of the lowest energy (most stable) structure of Azo3 in the
NR state. The potential energy of the NR state (charge = 0, spin multiplicity = 0) is —966.9260566
Hartree. Computational level was @B97XD/cc-pVDZ | IEFPCM (solvent = water).

Atom X y z
N -3.66631 -0.96891 0.003426
C 0.232488 0.584285 -0.28098
C 0.006458 -0.75911 0.010915
C -2.37831 -0.3855 -0.10167
C -1.29482 -1.24532 0.103717
C -0.85121 1.449637 -0.48472
C -2.15307 0.958717 -0.40939
N -4.63682 -0.16512 -0.04994
H -1.48666 -2.29474 0.33341
H -2.98831 1.631827 -0.59583
C -5.90307 -0.69625 0.033102
C -6.95467 0.25888 -0.02325
C -6.22519 -2.07963 0.164118
C -8.28086 -0.13916 0.043827
C -7.55684 -2.47471 0.230827
C -8.5671 -1.50754 0.169816
H -9.07485 0.606855 0.000152
H -7.81038 -3.52931 0.330013
0O -6.65965 1.559708 -0.14218
H -5.68734 1.619892 -0.16973
H 1.258773 0.941644 -0.37658
H 0.850692 -1.43302 0.160451
C -0.68739 2.907588 -0.82803
O -1.59688 3.542928 -1.34989
N 0.518337 3.461675 -0.54906
H 0.609376 4.461544 -0.68288
H 1.158311 3.027848 0.102316
0 -9.83278 -1.95698 0.239248
H -10.4465 -1.2124 0.184812
O -5.26335 -2.99962 0.222484
H -4.40121 -2.50848 0.161392
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Table S4 Cartesian coordinates (in A) of the lowest energy (most stable) structure of Azo4 in the
NR state. The potential energy of the NR state (charge = 0, spin multiplicity = 0) is —851.9877013
hartree. Computational level was ®B97XD/cc-pVDZ | IEFPCM (solvent = water).

Atom X y z
N -3.58283 -1.02221 0.123933
C 0.268348 0.673596 -0.16567
C 0.086794 -0.69687 0.007117
C -2.31522 -0.38969 0.016161
C -1.19779 -1.22821 0.0934

C -0.84658 1.519575 -0.2508
C -2.13043 0.987234 -0.14565
N -4.56394 -0.23576 -0.01303
H -1.35229 -2.3006 0.226479
H -2.99451 1.6477 -0.19181
C -5.83989 -0.75054 0.082418
C -6.8745 0.199801 -0.08578
C -6.20356 -2.11786 0.332042
C -8.20459 -0.13078 -0.02241
C -7.57205 -2.44517 0.397702
C -8.5699 -1.48429 0.223555
H -8.97864 0.6259 -0.15848
H -7.85383 -3.48339 0.589574
H 1.281773 1.075777 -0.20475
H 0.953677 -1.35494 0.081203
C -0.73164 3.011877 -0.41884
O -1.66142 3.759992 -0.13623
N 0.458024 3.478313 -0.87574
H 0.514197 4.466481 -1.09066
H 1.112397 2.870248 -1.34905
H -6.56702 1.230893 -0.27082
N -9.89575 -1.83842 0.234923
H -10.134 -2.71629 0.680321
H -10.5637 -1.09981 0.418498
N -5.2602 -3.06846 0.503916
H -4.28702 -2.78199 0.448473
H -5.52763 -4.02604 0.679273
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Table S5. Cartesian coordinates (in A) of the lowest energy (most stable) structure of Azo-Rhol
in the NR state. The potential energy of the NR state (charge = +1, spin multiplicity = 1 [singlet])
is —44175.9193366963 hartree, and that of the OER state (charge = 0, spin multiplicity = 2
[doublet]) is —44179.6221391412 hartree. Computational level was ©B97XD/cc-pVDZ |
IEFPCM (solvent = water).

Atom X y Z
0 -0.33056500 1.28443600 -0.06788900
0 -2.51066000 -4.04318900 2.69122300

0 -1.65312200 -2.04574700 2.15681100

N -4.50872400 3.48131600 0.03240200
N 4.08483200 -0.63948200 -0.15197500
C -1.53370600 -1.22463600 -0.37428200
C -2.30598000 -0.08067600 -0.29694100
C -0.10706200 -1.10178200 -0.32559700
C -1.67105000 1.19238900 -0.12715700
C 0.45075900 0.18190900 -0.16854400
C -3.79360200 2.35436700 -0.07614200
C 2.66636200 -0.71350800 -0.20433800
C -2.15662200 -2.55574400 -0.62321000
C -2.37497400 2.36757000 -0.02163000
C 1.82365800 0.38892400 -0.10725700
C -3.73970700 -0.07476600 -0.34793500
C 0.77410000 -2.20094000 -0.42359500
C -4.45125300 1.07457700 -0.24636400
C 2.13651800 -2.00970000 -0.36174800
C -3.87402000 4.77727600 0.29011800

C -5.96995600 3.50877900 -0.09714200
N 4.52718700 0.52680500 -0.05470700
C -2.45567900 -3.46392900 0.40679000

C -2.43688400 -2.89917300 -1.94744300
C -3.43233400 5.47859800 -0.98906500
C -6.68117300 3.25888100 1.22693400

C -3.03177900 -4.69888000 0.09291600

C -3.00851100 -4.13397000 -2.24887400
C -3.30639400 -5.03501500 -1.22894500
C -2.15998100 -3.09466900 1.82018700

H -1.80649500 3.28703700 0.08567400

H 2.22662200 1.39251800 0.01469600

H -4.26207100 -1.02425500 -0.46380400
H 0.36347000 -3.20271500 -0.54832300
H -5.53622400 1.01949100 -0.27505500
H 2.82831000 -2.84860600 -0.43370200
H -4.61033000 5.38976900 0.82778300

H -3.03282800 4.63684400 0.98160600

H -6.23082200 4.50058800 -0.49045300
H -6.28443500 2.79022800 -0.86438600
H -2.20358700 -2.19366400 -2.74611700
H -2.68232100 4.88503200 -1.53209400
H -4.28851600 5.64714100 -1.65881900
H -2.98974900 6.45435100 -0.74356100
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Table S5 continued

H -6.45092500 2.25830300 1.62185300
H -6.38089800 4.00241700 1.97998000
H -7.76862500 3.33298900 1.08443100
H -3.26404500 -5.39567600 0.89702500
H -3.22160000 -4.38878900 -3.28774000
H -3.75491900 -6.00110700 -1.46219400
H -2.28179500 -3.72010000 3.57784100
C 5.92812600 0.63824000 0.00494300
C 6.81988300 -0.44907000 -0.03199900
C 6.43186100 1.93956200 0.10828500
C 8.18257300 -0.23024800 0.03353000
C 7.80008000 2.16759500 0.17444300
C 8.68223600 1.08061200 0.13736200
H 6.42211500 -1.46040800 -0.11253100
H 5.72788600 2.77268000 0.13583000
H 8.88912500 -1.06060100 0.00648300
H 8.18704000 3.18541800 0.25491800
O 10.01979600 1.22267700 0.19742900
H 10.24602300 2.15979100 0.26622000
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Table S6 Cartesian coordinates (in A) of the lowest energy (most stable) structure of Azo-Rho2
in the NR state. The potential energy of the NR state (charge = +1, spin multiplicity = 1 [singlet])
is —46222.621147698 hartree, and that of the OER state (charge = 0, spin multiplicity = 2
[doublet]) is —46226.296237795 hartree. Computational level was ®@B97XD/cc-pVDZ | IEFPCM

(solvent = water).

Atom X y Z
0 0.96292700 -1.61943000 -0.02415200
0 2.01216300 4.06982100 2.69297700

0 1.56099700 1.93821400 2.17958700

N 5.53292700 -2.81092700 -0.00546600
N -3.68969300 -0.96290900 0.02406300

C 1.55700900 1.09584400 -0.34802700
C 2.57213100 0.15742900 -0.28465500
C 0.19929600 0.65172200 -0.27006400
C 2.24719300 -1.22544800 -0.10665900
C -0.04646300 -0.72230200 -0.10435600
C 4.57801600 -1.87567700 -0.09672600
C -2.41604900 -0.35399800 -0.08705000
C 1.85683000 2.53181200 -0.61322300
C 3.20104600 -2.21071300 -0.01745700
C -1.34031600 -1.22948000 -0.01189600
C 3.96774400 0.47746600 -0.36082300
C -0.91645200 1.52074000 -0.34213700
C 4.92392900 -0.48026900 -0.27354300
C -2.19817000 1.03440400 -0.25215400
C 5.21406000 -4.21761100 0.25446200

C 6.95946400 -2.50399500 -0.15684200
N -4.65296700 -0.17061300 -0.11789800
C 1.98643300 3.48760300 0.40871000
C 2.00531000 2.92289000 -1.94559600
C 4.91939000 -4.99753900 -1.02152000
C 7.61336000 -2.09375200 1.15683900

C 2.26473200 4.81778300 0.07876000

C 2.27913500 4.25198300 -2.26298600
C 2.40911400 5.20064600 -1.25098600
C 1.82880400 3.06812800 1.83021900

H 2.85723900 -3.23488200 0.09661900

H -1.50579200 -2.29813700 0.11851200

H 4.25889300 1.52057100 -0.48351500
H -0.74538300 2.58989200 -0.46861400
H 5.96740700 -0.17995300 -0.32056800
H -3.05144500 1.70708200 -0.30314200
H 6.08030500 -4.64837200 0.77444100

H 4.37632700 -4.27429400 0.96193100

H 7.43484000 -3.41102500 -0.55428800
H 7.09021200 -1.73460700 -0.92816900
H 1.90467800 2.17970900 -2.73786300
H 4.04311200 -4.58992000 -1.54661800
H 5.77829800 -4.96313700 -1.70793500
H 4.71675300 -6.04956500 -0.77558900
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Table S6 continued

H 7.16385100 -1.17237500 1.55584900
H 7.50346000 -2.88476100 1.91341500
H 8.68639500 -1.91505500 0.99866700
H 2.36761700 5.55228300 0.87621200
H 2.39213200 4.54326000 -3.30794500
H 2.62470400 6.24087900 -1.49664200
H 1.88946200 3.70826300 3.58579000
C -5.92669200 -0.71223900 -0.00704500
C -6.97748200 0.21837200 -0.18473600
C -6.23516300 -2.06090000 0.26146500
C -8.30620200 -0.19773400 -0.09317000
C -7.54368200 -2.47653600 0.35299100
C -8.58481300 -1.53704800 0.17515700
H -5.41276300 -2.76340600 0.39556000
H -9.10581700 0.53148400 -0.23247800
H -7.80073500 -3.51489400 0.56102900
O -9.84010000 -2.00546000 0.27901100
H -10.47220900 -1.28632500 0.14532200
O -6.71779300 1.50640500 -0.44243500
H -5.74803300 1.59254200 -0.46649600
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Table S7 Cartesian coordinates (in A) of the lowest energy (most stable) structure of Azo-Rho3
in the NR state. The potential energy of the NR state (charge = +1, spin multiplicity = 1 [singlet])
is —49306.3085245246 hartree, and that of the OER state (charge = 0, spin multiplicity = 2
[doublet]) is —49310.0753422999 hartree. Computational level was ©B97XD/cc-pVDZ |
IEFPCM (solvent = water).

Atom X y Z
0 1.367682000 -1.674115000 -0.074695000
0 1.792818000 4.172191000 2.453511000
0 1.597056000 1.987550000 2.006743000
N 5.968493000 -2.677746000 0.251838000
N -3.300184000 -1.193793000 -0.386726000
C 1.879867000 1.051118000 -0.467732000
C 2.920704000 0.158585000 -0.303383000
C 0.533771000 0.552244000 -0.461414000
C 2.638402000 -1.231708000 -0.093614000
C 0.332889000 -0.822927000 -0.258820000
C 4.987418000 -1.785206000 0.077590000
C -2.039100000 -0.548679000 -0.411193000
C 2.138208000 2.488122000 -0.766242000
C 3.620816000 -2.172562000 0.090225000
C -0.942753000 -1.382994000 -0.245275000
C 4.306779000 0.532679000 -0.301347000
C -0.602323000 1.369605000 -0.660364000
C 5.290626000 -0.381965000 -0.123857000
C -1.869784000 0.835321000 -0.635320000
C 5.689248000 -4.087363000 0.543473000
C 7.389561000 -2.322572000 0.161077000
N -4.255805000 -0.445893000 -0.097469000
C 2.092990000 3.492175000 0.216281000
C 2.419630000 2.831624000 -2.090239000
C 5.491052000 -4.919131000 -0.718204000
C 7.963872000 -1.858440000 1.493655000
C 2.330655000 4.822068000 -0.144081000
C 2.652101000 4.161022000 -2.438481000
C 2.607215000 5.157355000 -1.465889000
C 1.803559000 3.121877000 1.630638000
H 3.311025000 -3.205520000 0.221104000
H -1.073904000 -2.453932000 -0.096722000
H 4.564283000 1.582591000 -0.439209000
H -0.463365000 2.434958000 -0.843284000
H 6.322793000 -0.041776000 -0.114689000
H -2.737124000 1.468755000 -0.813440000
H 6.543293000 -4.465774000 1.121010000
H 4.818847000 -4.153344000 1.209173000
H 7.914262000 -3.221353000 -0.190053000
H 7.529278000 -1.567721000 -0.622677000
H 2.453968000 2.051518000 -2.852004000
H 4.628972000 -4.563467000 -1.301291000
H 6.382975000 -4.875056000 -1.360460000
H 5.314606000 -5.969212000 -0.445522000
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Table S7 continued

H 7.463877000 -0.944897000 1.847810000
H 7.845824000 -2.634985000 2.263785000
H 9.036327000 -1.645170000 1.381416000
H 2.298683000 5.593885000 0.623585000
H 2.870095000 4.414757000 -3.476577000
H 2.790104000 6.197860000 -1.735697000
H 1.597091000 3.839269000 3.344475000
C -5.540828000 -1.024835000 -0.099328000
C -6.628560000 -0.201467000 0.271814000
C -5.770715000 -2.359273000 -0.461304000
C -7.911502000 -0.734914000 0.267961000
C -7.050803000 -2.882017000 -0.459004000
C -8.133912000 -2.067472000 -0.093694000
H -4.921054000 -2.978008000 -0.746921000
H -8.752817000 -0.104179000 0.551346000
H -7.218294000 -3.923097000 -0.742063000
O -9.403257000 -2.506225000 -0.072226000
H -9.438147000 -3.434030000 -0.341374000
C -6.523344000 1.253576000 0.687167000
O -7.511506000 1.903718000 0.947044000
O -5.315363000 1.796607000 0.769082000
H -4.643001000 1.119079000 0.502536000
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