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DDQ
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DMA
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DNA
D-PBS
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DTC
EDCI
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acetyl

RAC-alpha serine/threonine-protein kinase
combustion elemental analysis

aqueous

adenosine 5’-triphosphate
tetrahydrobiopterin

benzyl

tert-butoxycarbonyl

dipyrromethene boron difluoride

broad (spectral)

tert-butyl

degrees Celsius

calculated

catalytic
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concentrated

cyclopentadienyl

cysteine
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doublet
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El electron impact

eNOS endothelial nitric oxide synthase
equiv equivalent

ESI electrospray ionization

ESR electron spin resonance

ESRI electron spin resonance imaging
Et ethyl

FA formic acid

FAB fast atom bombardment

FBS fetal bovine serum

FeTMPyP  Fe(lll) tetrakis(1-methyl-4-pyridyl)porphyrin pentachloride
FMNH, flavin mononucleotide

g gram(s)

GAPDH  glyceraldehyde 3-phosphate dehydrogenase

GHz gigahertz

GTP guanosine 5'-triphosphate
h hour(s)

His histidine

HOMO highly occupied molecular orbital
HPLC high performance liquid chromatography

iNOS inducible nitric oxide synthase

J coupling constant (in NMR spectrometry)
k kilo

L liter

L-NAME L-nitroarginine methyl ester

u micro

M molar (moles per liter)

m multiplet (spectral); meter; milli
MHz megahertz

m/z mass-to-charge ratio

MAPK mitogen-activated protein kKinase

max maximum

Me methyl

Met methionine

MGD N-methyl-D-glucamine dithiocarbamate
MHz megahertz

min minute(s)

MMP matrix metalloproteinase



MOM methoxymethyl

mp melting point

MRI magnetic resonance imaging
MS mass spectrometry

N normality

NADH dihydronicotine adenine dinucleotide

NADPH  dihydronicotine adenine dinucleotide phosphate

NANC non-adrenergic, hon-cholinergic

NF-kB nuclear factor-kappa B

NMR nuclear magnetic resonance

NNOS neuronal nitric oxide synthase

NOC7 1-hydroxy-2-ox0-3-(N-methyl-3-aminopropyl)-3-methyl-1-triazene

NOS nitric oxide synthase

Nu nucleophile

oDQ 1H-1,2,4-oxadiazolo[4,3-a]quinoxalin-1-one
PARP poly ADP ribose polymerase

PeT photoinduced electron transfer

Ph phenyl

PKC protein kinase C

PPARy peroxisome proliferator-activated receptor y
ppm part(s) per million

i-Pr isopropyl

PTEN phosphatase and tensin homolog deleted from chromosome 10
q quartet

guant guantitative

rt room temperature

S singlet

sat saturated

sept septet

SERCA  sarco/endoplasmic reticulum Ca**-ATPase
sGC soluble guanylate cyclase

SOD superoxide dismutase

SOMO single-occupied molecular orbital

Src proto-oncogene tyrosine-protein kinase Src

t triplet

TBAI tetrabutylammonium iodide

TBE tris(hydroxymethyl)aminomethane-borate-ethylenediaminetetraacetate

TFA trifluoroacetic acid



THF tetrahydrofuran

Trp tryptophan
Tyr tyrosine
uv ultraviolet

XO xanthine oxidase
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synthase: NOS) T & > THEAMK S, METLRECHI M, 7 Rl 7 S8k 2 7o A= Pigkae
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F2E NO & ONOO-

2-1 NO (nitric oxide) & ONOO™ (peroxynitrite) 122UV T

—E{t =S (nitric oxide: NO, 1) 1E=EHF 1 (N) LEFERT (O) O—2>FTonbRbH 7
V=TV ThY ., IMmENEE R MEEE 1 (endothelium derived relaxing factor: EDRF) C
bHZENRENDET, BAIBREBEWEAD D ELEZLATHZ (Fig. 2-1) ', L
L 1980 AERIZ NO X T /L ¥ =2 (2) 7235 NOSIZ L o TAEFR S, RIVEN S 7 = Vg
27—t (soluble guanylate cyclase: sGC) % {&ME(L SH % EDRF OARE L L TEIK Z & 23k
EENT 2 UM, MEROHRLP, IR POMER 1 R EARNTIELSERT 280 v
RAvE Dy —L LT, EFITLOMRMTONTE I, £ LT 1992 Fi2iE,. NO 1%
Science 550> molecule of the year® (2 & i%#(XA1, 1998 £E(Z1L NO D 7/ F UHEREAfRIA L7- &
L Murad, Furchgott, Ignarro 23/ —~LEESE « AFLRE 22 E L-, 20X 91T NO DX
DIRH ARG F-IMENTHEER SN, BER Y S FIMRESF L LTEHN TS LWV ) 53R,
IFTEXZ Lo THZ LI, TOREANDG 30 Fir 7o BITETH L < OWFSEHEIZ L - THF
FTEPTONTND,

% LT, peroxynitrite (ONOO™, 3) %, NO & superoxide (O, ,4) »3LEHGE (k= ~1x10%
Mst) TERISLTAEL DS, MARMLIEIEEZ A+ 5IEME% 3 (reactive nitrogen species:
RNS) O—HTh 5, ONOO I, 100 LA LA 6 Z DRI HATIE Y . NO & [FERIC
RETBROBICRAET HERMRIY (NOY) O—o2bAmirSh Tz, LaL, £HRNT
NO MAEA/RMEI N TN D Z EAHE S, X 51T 1990 FIZAEKNT 0 & DURIZ L - TA
U 2% ATREME R RIR LTo s "8 S CULRE £ < ORfFFEE T2 HIT K o TE DBIBRRW UG,
AABEPEIC DWW THFEM T TE T,

Oxidases or
Mitochondrial
L-Arg (2) respiratory chain

Nitric oxide
synthase
k=~1x10"" M1 .s~1
:
Nitric oxide (1) Superoxide (4)

Peroxynitrite (3)
Fig. 2-1 KN TO F72 NO & ONOO DA kAR

NO & ONOO IV 1L d RNS TH DM, FIZE D EREIIIT KT 5 SO EF 2 < B
HT2DIZ, ERICHGZHDEEG RS, LUFIZNO & ONOO OME O E % 7~1,



2-2 NOIZDW\T
2-2-1 NO O¥IEZe] - {LEMMHE

NO D& IFN=0 THI. N & O OE#ET 1.15 A ThH D, haili-164 °C TH Y |
IR ECIEARROKAKTH D, ERNIZKT 2L 15s THY | tho7 U —F
DAL B IRV 2 o L RS 0T fﬁﬂ@ﬂ%;ﬁ: WTE, ZOIK
BUREIIB L # 1.0X10  em?s L BAES b TR Y 8, ﬁﬁm I3RS £ TIC
MR 12 By OBEA BT 5 BN TNDS, £ NOIXT Y —F VAN THLTD
D7V =TGN ETOINT TV T EEIT, &R BN EREI LT <, NO
X A AN BRSOt 5 AZ TR T WD BB L S L TEES b a YL
& (metal-nitrosyl complex: M—-NO) ZJE%4 5,

2-2-2 H{KRTO NO O XiG
D& g & DORL

~ NO (341 4> (M™, 5) LGN L C&E-=hn
MM *NO — M(™*)*_NO I glE (MOD'-NO, 6) 12725 (Fig. 2-2), NO @ L

5 6 7% —Tdh % sGC I heme = Eie X /NI ETHD
Fig. 2-2 NO & &J8 O IG 23, 2 heme 25 NO & Ui LT, heme D=k m /L

PRI % (k> 1.4x10" Mtstat4°C) °, Heme =
ke VSRR LD & heme DOEREISL - Td 5 Hisl05 DEMLAI AL, Bk DS
NELL, BETHD GTP OFEEEMLNIE L 72 5 1= DITIEE SR 5 0,

E72. NO EILT HRlO&REA ¥
s, “\s,,Fes—l NO I—sFeNO ONFes—I LRIBEE LTI S v R0 B B

[—s °~s” —{ S No oN S % (Fig. 2-3), KBBHEICHEET 5L Ky
2Fe-2S cluster (7) 8 7 Az MR GARHEIR F T & 5 SoxR I
Fig. 2-3 2Fe-25 7/ 5 A % — & NO DJLJis TOV Ry 7 AP —ifre LT

154 % 2Fe-2S 77 5 2% —7 78 NO I &
=haHEERT8ICARY, HEEEhD Z ERRESATHD Y
:@i5FNO&AE&VﬂﬁEﬁ%Q¢5E\5VN7E@%%-%%ﬁ%mL\$
R REIC B E 5.2 5,

@0, & D

NO X7V —F L WNThdD, B3NN ThHD 30, 8 BHITEIE LT N,0s (9)
2720, TANBEY AR LT OmMEEE (N0, 10) 12725 (k=3-12x10° M 25~
" (Fig. 2-4) Y, *NOLIZ & HIZ NO &EJ& LTINO 54K TH 5 N,0s (11) 12720, 2k



KNORER OB EZ 1T 1212725, BLY U B{LEEE CTH D PTEN 1L S-= b e 24l
BT CRIE (LS. Foy 7 FAniEmibsins B,

302 (\

2NO — N0\ *© —> 2NO,
9 10

¥ \Nu

NO, + NO —> o’/N‘cDN\‘o —> Nu-NO

10 11 12
Fig. 2-4 NO & O, Dt

72, NOIZ O, D —BFETLETHD 0, LS LT ONOO (2725 8, Z Dz, O
AL EESE (superoxide dismutase: SOD) (2 &> T O 2384 L. 0,12 K %5 NO Dy 231
Hl &5 E NO OIFMEN FR4 5 M,

2-2-3 H{KRATONO OFEE

(DNOS 75 D NO DI/
NOS IZ7 V¥ =2 %ZHE L LTNO Z4EART 5 % NOSIZiE, ##2% NOS (neuronal
NOS: nNOS. NOS1). #:&M NOS (inducible NOS: iNOS, NOS2). % L CIfi/&% NOS
(endothelial NOS: eNOS, NOS3) D3 5DT A YV 7 4 —LNFAET D, NOS [ T~LH
WRIETHY, TAFX= %L LTNO & FvY 235, NOSICEDB T LF =29
50 NO S RUIT I 2 BEpE 705 (Fig. 2-5) ©°, 1EB:EE CIix. 3 Fe" 247 NOS
(13) »° flavin mononucleotide (FMNH,) 12X > CGEIITCEINT 1412725, TN 0, &K
Jii LT 1512729 | tetrahydrobiopterin (BH,) (E TSN TE-E R ~L4 % o FEEA 16
12725, ZOEAD HO BBEEL THELT 0 U VBN — BBt Sni- 4%k /4
R171220 17T BT AXF = ERIELT 181745, 187175 Nk KXo 7 L¥=1
(19) 23 L T 1312720, fllEd 1 7 v 240 iKd, 2BMEH Tk, 151K - 7T 19
D—EBIESINT 212725, T3 20 ORI EZ 15T 2212720, 22 /b2 ML
Uy (23) & NODSLEEL T 2412725, 24 & H' S L, HO 23 L C 13127320
i oA 27 VAR 0 R,



(i) NOS monooxygenation | reaction H2N
o OH )
o o u 0

FMNH o BH + L Arglnlne 2)
PP~Eglll _»2 PP~Eggll _2> PP\llzeIII _4> PP\llzeIII LT PPJm_>

|

; /S /S /S H.O /S
Cys Cys Cys Cys 2 Cys
13 14 15 16 17
R
H NH
N
o X
[ NH
—_— PP\Tem T> PP\Tem
S S .
cyd )NI\H cyd PP: protopor.phyrln _
18 R SO 13 FMNH,: flavin mononucleotide
H H BH,: tetrahydrobiopterin

N®-Hydroxyarginine (19)

(ii) NOS monooxygenation Il reaction

H N._NH
H N-R N‘R R”
Ho N Ho™ “\<’) x

) NH ( L- Cltrulllne (23)
0O- 19 3

o 2 Jo N N=O
CI)I ?/ | d/ - OH H+
f |
PP~Egll T» PP~ggll PP~Egll (9 PP~pgoll PP~gl
| | ' | H | |

S H S H* S S S
/ /

Cy¢ Cys Cys/ CyS/ H20 Cys/
15 20 22 24 13

Fig. 2-5 NOS |2 £ 5 7 /¥ =150 NO 340 T48 S 1 5 ki 15

NOS DG ITEE 4 7[R L » THIE S LT 5, eNOS & iINOS IZ A /VE Y = U ik
BELEZALTBY, IVEV2 ) UBKiET5E. NADPH L7 T E Y RAAL ~D
B BELILDIE SN D T2 OIIEEN BAT 5, £72. eNOS & iINOS DIEM:ITY 2
BIZE>TH EFT2 BV iNOSIZIZHAEY 2 U U R T TIHES LTRY . Z01EH
T EICEB ORI ~IVIEIFT D EEZ2 LTS 1,

NOS D RITEIL, & D& 2 /37 B OREECTIIRZ B 72 EI2 L o THIE S v T %, eNOS
1T, NEKmDZ U DI U R MU, Cysls & Cys26 DT A — /L3 /3L I A Uk %
ZF % L MWD AT LI S MR/ NS E ~ BB 5 10, M N R T
AR E N NO 1T Eiis~BE) L, sGC ZiEM b &85 Z Lok v &gz =
9, 72, nNOS 1T F T AKLEIE X X BEORSITHSD PDZ AL EHLTED .,
IS FFRCERT S P INOS 1E, w7 1T 7 — U TITE R NI AE(E LT
B, A TIELAF S Y —ACRTET D 2 E BRI TWD 22

NNOS & eNOS IZTEHFHIZIEEL L TE Y (INOS DFRIUIY A S hA 72 EORKIZ L -
THEIND, L, eNOS DFHL L ~UTIEENZ L » CTOEFRFL Y 13 EH3 %, INOS
ARRE, R, AP, B RERGZe ECHEEICEEL WD EomELH Y —HCEE
FFER L VWIHIEDICE bR ARVWEREZ L TWEEALH D B,
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F72. NOS IZITZENENDT A YV 7+ — ATHIRRFREDR SV | Bix HlIZ/FEL
T3 (Table 2-1),

Table 2-1 NOS DZFHZNDT A Y 7 4 — LMELET % i 2
AR, DR, BE RS . T OF /U A, BEB., IFRBk, B,
PRME LR, MEF 8. A
THOO77—o SOEFERH . B MAE. NR MRS, iAHESFMAE . BRI .
&?qﬂﬂh‘%*ﬁﬁ'ﬁ

ERE. EEME. RERMEE. @, iR, 5>F/9(4+
I*J&"‘HHH’FJ SEXTFERH. FEREK. RFLIRTIEM. M. BEE. BT
HARE. Ui/ \BK, IFEEEK

nNNOS

S
]

iINOS

E3C]
'

]

{8

eNOS

ZHEONOS DXk v . AKTONO OREE T M IE LCIfE-hTn g 2

@S-= Fr Y FA—Anb DR

HERND Cys 1X O FE FNO IZE»CT=bha b &N DR, AERNTIEZD S-= kb
VFA— LD SNFEANFEY VAZELZ LTNO &g+ 5 5, —o-H, Ss==hr v
F A — VIZEERHN T NO ORTER E LT TS EEX LTV 5D

@NO,; 225 D NO DFEA

AN OHREEEA 4> (NOy) 121X, RNS Bt L7=b o, & LITBmnHER S
NTEbDORFEELTWDN, 20 NO; 28 NO DRFEfAE L THEELTWD & DOHENH
% (Fig.2-6) %, 7AX = ZHE L L7- NOSIZ X% NO DAEARICIT O, DL ETH %
N ARFERIRREIZ /2D & O DA EN AT 5720 NO DELSKRENME N5, Z DR,
OHTHIRTH D NOy ALK LRI ETHDH 7 r e X X7 EHIZE - TELEHNO
2%, Tar BN E (25) 12 NOy SEMZ LT 26 (12720, 26 @ Fe'nb —EF
BEINEEX T 2712705, 27 ORI A A BHEEL T 2812720, 2 NO B
B L C 291272 %,

O\- el

+

+.
PP\FeII _O> PP\F ||> I PP‘Fe”' LT PP\Fe”' L» PP‘Fe'”

SN G TR ¢ AR O A ¢

His His His His His
25 26 27 28 29

Fig. 2-6 Heme |Z X % NOy; 75 D NO FAD T S 5 S HE

2-2-4 NO MOEEFEM

O IFFHEHWIZZ K DABIEARHE SN TVDN, UTIZEER b DETRT,
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i & HEaE Ve 2

MEWNE D eNOS 2254 T % NO (e FiEf o sGC ZiHME{b S, GTP 7»5 cGMP
~DOEWAARHET D, cGMP 1L EI8#5 D Nat/Ca* Ae#aligib ik 2 iE M L. Ca2* Mgk
HIC KDz ed, Z ol A FEfHIEMmE L, &2 IE%ET 5,

@i/ MR EESE B 1R 28

MR D NO 12 & - T sGC 23EME(L S 4L, /M D cGMP D FEAME-E S D,
CGMP 7' m7 A %7 —8 G (PKG) ZiEMAL L., barAR¥thr AySRENY g
fbahsd, ZoD, buarREH s A OFRFABIEE S, /MR I S D,

@F AR RIZIIT D ¥ T F VAR EE

NNOS |Z 3 F 7 AEEICHFEL ., Z 2 HIE L7 NO XV 7 REIHBD sGC % iE 1Al
LT cGMP DEEAMEESZIL, PKG BNEML SN D, ZAUT X 7 vF I U BO KN
RS, 7 I UBRIFEMEMR S TEMN LS D,

@RI RICBT DA *

R RICBWTIL, 7T RV T U o7 F ol Ui siEyE & LTl 2 &
D, NO TR RICEBWT, ET R U o-FE= U > (non-adrenergic,
non-cholinergic: NANC) ¥ mEEWE & L TEI< 2 &R T WD, REORMMEET
IZ. NO 7% nNOS 7> & PEAE S 4V CHERB A - i O sGC ZTEMEAL L, L4 4 5tk < 8 2 ik
REWE L LTE<,

O~ nu7y— fHERZR EIZBT 5 Rk

iINOS 1~ 7 u 77—V ER A BIBWTH A M A il Slck > TRE L,
NO % pE/ET %, [FIFIZ NADPH oxidase DI G KT 5728 O OFEANHEIM L, NO
& O MG LTI 72 b 11 %9 % ONOO 234 U, 24T ko TEMR RS D L
F72NOITHIE R ENFT D8I X XV D Fe-S 7 T AN —Z i+ 52 Licko
ThH, PIEEEEZRLTVAEEZ LTV 2,

2-1-5 NO OEMEIZDULNVT

NO 73 sGC Z{EMAL S/ 5 72 DICHERREITE 1M LRV, uM A — & —F TREN
EAFTDEEEEZRTEEZEZ LN TVD, ZOHE, NO HIEREEL RT O TIiHR <, NO
DL SN TA L DHNO, X2, O EULLTAEL D ONOO NEMEEZ RT EBEXL LN TWND

33

o
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2-3 ONOO IZ2L\T
2-3-1 H{RARNTD ONOO DFRLIZDINT

And L7z & 912, ONOO 1%, NO & Oy 2MEEE TRIGLTAEL 5 8 NO & Oy DS
LIS DA & LT, NO & 20, ORISR ENTWS ¥, 2o bsBEsE (k= 4-
9x10° M tsh) TRIGLTONOO 2525 Z LN BN TV S, NO D& RETH % HNO
D pKa 3B L F 11 LABBEETTOPH LV bENI & LV LERETALE LD 1HNo
&L RERTI W LEIAFELTND 20, & DRSHEIMENZ &5 AN T Z DORIGIC
T ONOO WA I 5 AIREMEIZIRWEB 2 bivs,

HIIPIZIUVT NO L 0 b O O &5 (NO: 0.1-5s, 0;:10°s) 3%
ONOO 1L EIZ O, BIERL SN 5T (NADPH oxidase 28 & 2SS h =2 KU 7 ORI
) THELD EEZLN TS, ERNTAEL S ONOO OFAEE |3 K T 50-100 pM/min
THHERBLONTWD YR, ZOEWEISHED =012, FEEICHERF STV DRI
MTHDEEZLNTND B,

F 72, ONOO [ LA 1 s R &L B, T =42 b7 v AR —F —band3 %2/ L T
7 A I S E ) yﬂagﬂ%%ﬁww:@mfm VLI BELDH Y ERITITHEAT
A U 7= ONOO IEMlIa =25y DEFHE (520 pm) IZFBENL 5 2D TIERWNEBZ HNTND

2-3-2 ONOO MYIBEZE] - {LFHINE

ONOO X EHR D+ TH D . N-O OHFEES O E o v ([ZHllEd 5728 cis {& (cis-ONOO,
30) & trans MK (trans-ONOOQ, 31) BHFEAET D (Fig. 2-7) . {LFFHFEIZ X U | cis (KD J5 73 trans
KLV 3kcallmol ZETH D & RFEL BN TWD, 2D cis iADZEMILX. ONOO ® HOMO
ZBIT LRI DOBR TR EOWEOHAEMOLENNRIZE DD THL LEEZX BN
w34,

-°™N 0Ny

cis- ONOO (30) trans-ONOO™ (31)

SY O

cis-ONOO~ HOMO trans-ONOO~ HOMO

Fig. 2-7 ONOO ™ cis #& & trans &

ONOO 171 b k&% & ONOOH (peroxynitrous acid) & 72 V) ROUSEA K& < 28{kd
%, BIE L7z X 912 cis-ONOO 1EZEL STV AH 72D, ONOOH @ pKa IX 6.8 Lo
hydroperoxide & X TIRVMEZ RS, AEKANO pH 1Tk L% 558 ORI TENT L7729

12



ONOO & ONOOH DWTF Db AEMRAN TR Z D 95 EEZ2 5N TW5, £7-. ONOOH
IZ% cis & (cis-ONOOH, 32). trans & (trans-ONOOH, 33) {E(ET A0, Kum/kFE & K
MR DKBREAICL D, CistROEINLETH L EEZLNTWS (Fig. 2-8) *,

1.430

cis-ONOOH (32) trans-ONOOH (33)
E, = 0.0 kcal/mol E,e = +4.7 kcal/mol

Fig. 2-8 ONOOH o cis {4 & trans {4 %2

ONOO % pH>12 DT /L7 U Mk ¥ {rﬁzqﬂffﬁf&b V. A AR AR NV TRIET
% &, 302 nm IR RN &7, ONOO @ 302 nm (235 1F A WINAR %k 1670 M emt Th
D, ZOfENEH ONOO DIREEF T H Z LN T 7;3 s,

%72, ONOOH DB TENMIZEY =12V TH Y, H0, (E’=0.94V) & H~THRVER
fbhzaa+2%,

2-3-3 ONOO™ D B #7557 %

ONOO 1T I ZEE CTd % 23, ONOOH IR Z I ERMAL IS I Z L, &R TH 5
HNO; (nitric acid) (2725 (Fig. 2-9), Z OEMALLGIE, *NO; LOH IZ L » TSNS
BT O H R 34, 35 AL TEZISEZEZBNTWS ', 20T Vh A HhiEKIT
E)’=21V &, ERaxi LI Ihn (sOH) (Ey’=23V) (CULEs 25V E L/ 2~ 1,
pH 7.4, 37°CICB W T Z D RMAVLEISED k=455 Th 5 7=, ONOO D/EFISEET TD
FEMIT 1s R THD Y,

o
|
5} > - N — HNO;
H” o
32 34 35

Fig. 2-9 ONOOH D FMALDARE S D SO
2-3-4 ONOO~, ONOOH D K iy

OFRERF LD RIE
ONOOH ITsRETFMAE < . RN D T 25 4 > (Cys, 36) RAF A= (Met, 39)

R EWMERTEAT O I VBEELEKIET D, TORIGIZE ST Cys 1FANLVT = Uk
13



(37) AL TYANLT7 4 F (38) (2, Met (39) (% 40 ML CALKEFT | 41
1272 % (Fig. 2-10), Cys ({28175 ONOOH O A /L7 ¢ RIERKIL, Db hoEmE o=
. FRED KIS 2 2 Tl b Ak#E (H02) LY b 103 5 %,

F7-. ONOOH D EMAL DML TAEL 2 BT P H VIR 34, 35 L DOISIZE D Cys
MOEFANTHLNEL D, CNTOHNNhy T o TR EIT LIk TH YR
VT 4 REET 573, 34,35 DAL D H ONOOH & F 24— LD D J5 D3N T= 0 |
FANTZHANDIERIIAF THD LB X HATND,

FRIZEBNWTTF A= & VANV T ¢ RO OERIT S X7 B OMEERIEICIER ICE
FETHY, ONOO 1L Z DISIT Lo THABREREOHIEH ZIT > TWNDH LB X BTN D,

/sm o '/\HS

_N ~N
Cys dU o —> cys”Som 3?3 — 0y S eV k=59x103 M5!
Cys (36) H* U
32 37 38
H*l}
_ O-N_
(o) Ne)
30
frwe
H _
oy R4 ¢
S N = 3p-1.e-1
Met” e O'\\HA\‘SO = MerSMe T MetSMe k=1.010"M s
Met (39
(39) 32 40 41

Fig. 2-10 Cys, Met & ONOO & D it

Q%A D= ~OYk

ONOOH D EMAb D T U 5 7 2 VIR, 5878 —EFE{LAITH H0H &
= FALAITH D NO, DT TH D728, Fig. 2-11 IZ/RT L HI2F v (Tyr,42) DK
BRI F ) Miz=FafkL, = raFai - (nitro-Tyr, 44) (2325 Y, Zo@EfETIx>
= /XTI (Tyr-Oe, 43) DAEUL DD, TV ANNDT = /) — )LD AV MLIZHEENL
L. ZOOWRKRED AU 7% RITEoFriy (di-Tyr,45) 105 %, 20308
HoFa v U EENR= hafbsivd &, Tyr OV oMl 2 v 7 BO =R gED
TS & » THBEN LT 5, Tyr DAMC . U F R 77 (Trp) . REafnfs i >,
77 ) =1 B (guanosine 5-triphosphate: GTP) *M 22 e 3= hmfb &N 5 Z & 350
LTS, EEICINOLO= b b SN m D ST Y . AERN T 5 0k
BEEZREL TV EEZ LN TWVD,

14



NO,
0
\< NH \< NH \< NH
Tyr (42) \ Tyr-O- (43) nitro-Tyr (44)
HN>\ HN>\

O

o}
G o L)
/\\JQ> — O OH

o}

\<NH \<NH
di-Tyr (45)
Fig. 2-11 ONOOH & Tyr (42) O

QEREALVINIEELEDRIG

ONOO (Z&B/-FL7 4 VLo TERMEADEESNLS Z EBNMLN TS (Fig.
2-12), 9. Fe"“RL7 1 U L 46 |2 ONOO DR T- 2B LT 47 12725, T AR
FYTAEZEZ LTNO, DEBEL ., 4812725, 48 23NO, DEFRJRT- & i LT 49 (272
0. TR DREEEA A DSBEE L TREEY A 2 L AR IRY, T DB A a e sk
WT, Fe"EL T 4 ) U OIEBICHEET D Tyr A= bafbE& a3, Ziud ONOO O #
MALROL DB THEL D NOLIZEL DA LD THHEEZ LTS, IHIT, v H-A
—XN—FF T RV ALHZ—TF (Mn-SOD) (ZBW\WTH, Mn BioFa v L 5EiENn= o
fvans B, ZoH, M=0 DX IR AF VEAEZ U TE 28 B A2 AL TNWD H L3
71X, ONOOIZ LD = hufbGZEZIFRT VN EZ I LTINS,

N” 9
N— i,
OH, & o o 5 Neo- oMo OH,
: 30 :
: H,O H
F‘P\F@III PP\F ) — PP\F v —_ PP\FlIII T2> PP\Fgm
’51 H H H . H
HN HN HN HN HN
His His His His His
46 47 48 49 46

PP: protoporphyrin
Fig. 2-12 Fe""-R /L7 ¢ U > & ONOO & D i
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@FK#ZENE L TORME
ONOO [FFRWVVREMZFFSZ E N LN TR, 7 h& /v (47) ([TREFRINBOR
R L, 48 ML CAEXT R491c3 % (Fig. 2-13) %,

o 0
0
i b~ QO - ~
\O/ O
< <o NO,~ 5
Naphthoquinone (47) 48 49

Fig.2-13 77 ~% / o~ (47) & ONOO D[ )ix

F 7=, ONOO 1% CO, IZsRAZHE L T ONOOCO, (50) (2725 (Fig. 2-14, k = 5.8x10* M~
Ls1), ONOOCO; iE. ONOOH & [AEEIC O-O #EANAEY S A& Z L TNO; &+CO5
(51) 12725 5, Z DFJiE ONOOH DFREY Y 2 LY =R AL F—ICHEFITH L7720,
CO, 1% ONOO 75 DNO, DK Z et L. = b m{bRIEDHEE L7 S5 %, «NO, &
CO3 I H OIS L CRYERIRIR K (52) 12720 | FHRA A & “F{LIRFBITHFET 5.

O -
4 [e) =
,N_O\ QC J O”N_O\Q o’:N+./> E NO3_
o o ———> O=< —_— o —> O”+\O) —_—
30 0~ o= _ o%\\Jo - CO,
O
S0 51 52

Fig. 2-14 CO, & ONOO D < Jitx

ONOO @ & 5 1258\ VsREZME & TRV IR TG 2 A D IE ML 1T AR RPN LIS A E L 7RV,
®IBTH LI, ZORISHET ONOO Z 9~ 272D 7 —7 55F & DRI H v
LTV D,

2-3-5 ONOO Iz & A4 perE=E
ONOO IZZ D EWWUMED 72012, 26 < DRy E BRI LT LE 9720, Fix

R TTNANY MEEL L, WEROEITICEAGT 5L BN TS (Table 2-2), LLTIC
ONOO DMliffERE DR FIZOWTER b DER LT,
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Table 2-2 ONOO | K % B {1 & & OFEFI ST *°

Action Target molecule Mechanism Consequence Ref.
o *Cu, Zn and Mn -Deleterious
Antioxidant ! : "
enzyme rseggétgléletathlone *Oxidation, nitration g]?isr:’qt\]/re—feedback cycles 57, 58
inhibition g ury
glutaredoxin *Neuroinjury
-Deleterious
Antioxidant * Glutathione, Aot positive-feedback cycles .
depletion cysteine Oxidation of injury 59-61
*Neuroinjury
- Cellular functional
*GAPDH, tyrosine -Oxidation of impairment
Cytosolic hydroxylase, creatine cvsteine residues -Inhibition of tyrosine
enzyme kinase, tyrosine n?/tration of t rosin’e hydroxylase, impaired 62—66
inhibition phosphatases, residues y dopamine production in
aconitine dopaminergic neurons
(in Parkinson's disease)
*a-Synuclein and
Protein microtubule CAvidati L Lewy-body formation,
aggregation associated tau Oxidation, nitration neurodegeneration 67,68
protein
*Direct nitraiton
(MMP2),
. S-glutathiolation
- Matrix
metalloproteinases (I\r/loMl\I;I’I:\L/lPss 9) of
(MMPs), cytochrome ?Nitration of - Shift towards a
Activation of | c, lutathione-S-transfe pro-inflammatory 6972
enzymes glutathione-S-transfer ?ase phenotype
ase, protein kinase C - Apoptotic signaling
Coe " yt(_)chrome c
- nitration
Fibrinogen *Nitrated fibrinogen
affects its
pro-coagulant activity
*Impairment of
BH;-mediated enzymes
*Inhibition of
NADH-dependent
Impairment of | . . enzymes
enzyme N'I:[t)rghydroblopterln, - Oxidation -Imbalance in cellular 73,74
cofactors pyrimidine nucleotide
levels
-Positive-feedback
cycle of cytosolic
oxidant generation
*Calcium pumps
(including SERCA), . .
Membrane Na'/K* ATP-ase, Na® | -Cysteine oxidation, | . Impairment of cellular
channel ) o ionic balance, impaired 75-79
U channel, neuronal tyrosine nitration ) i
inhibition cellular calcium handling

L-type calcium
channels

17



Table 2-2 (i % ) ONOO D RFHETEHE & 2 O KT *

Action Target molecule Mechanism Consequence Ref.
-Nitration of fatty acids may
Lipid Iefad t(t) $e<f:ondt§1ry ighibition
A of protein function by
;)r?éor?ilt?gttilgr? - Fatty acid_ o - thi(_)l—basec_i modification
Arachi donic, -_Low-depsny - Oxidation, nitration -I_\htrated _I|_p|d can also have | 80-82
acid lipoprotein dlrecf[ antl—l_nflammatory
oxidation functions via
PPARYy-dependent and
independent pathways
*Probably due to
secondary processes -Genotoxic damage,
initiated by peroxynitrite: induction of secondary DNA
DNA injury | -DNA base oxidation, nitration, repair and suicidal pathways | 83-84
deamination, adduct including activation of PARP
formation, activation of -Cell death
Ca*-Mg**-endonucleases
*Inactivation of complex I,
Il and V
. . ;ggﬁkgxﬁiiﬁﬁgnzghe *Alterations in mitochondrial
-Mitochondrial translocator and creatine electron flow and Krebs
Mitochodria | "SSP iratory chain kinase cycle . .
dysfunction -Mitochondrial - Disrupation of the -Release of mitochondrial 85-87
permeability . ‘death factors'’, secondary
. iron-sulfur cluster : i 4
transition pore - Aconitase nitration geperaﬂon of mltochqndrlal
L Lo oxidants and free radicals
*Inactivation and nitration
of 3-oxoacid
CoA-transferase

Z D X 912 ONOO 1EZ DIRVEAVTE I K D E(bIOS, FIIIAHRIETHDH = b
BICE > TE L ORERREZ 5 S 27,

2-3-6 ONOOIZ & A#HRa{RE/EA

ONOO |T Ml rEMEEZ 5l 2 = —F T, MREEEHZ T2 EbMmbin TV 5,
CIERTCTHEAIND &, ZOROELIEIE TED DR EZIT O, £7-. THERLER. R, FE
WegmR 72 ETHIRREICB W TTMRAEER 2R3 2 L3 fE ST b (Fig. 2-15),

ORIERIZEIT D HM D4y fif

IERD~ 7 a7 7 —URMHPERTII A NI A Rl 7 812 & 5 TINOS <> NADPH
oxidase 23FHE X4, NO & Oy DFEANTLET 5, & L CTHRWER L] % 5> ONOO D EE
MR S, B REIT O
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QONAFRBETFTFus v FuaTF A FF—+F Src DIEMEL

SICIZ3 DD RAAL Y (SHI-3 RAA V) oebFul X —EThy, HlgDR:
&, KE. B, SbIcBE5 LT D, T —Bl KA 4 > THD SHL X Tyrs527 28 U
Vb E D EIEMEER SO N ONOOIC L b= hafbz=id 5 Z &Ik U Uk a2 T
R0 SRR T D, Tr Y O= F e fbRIGIEIAR RN TH D720, 2 OFEE
fiEEe T %, AU LD Src FIROERNEEL S D %,

@FEAT 7 2 —BOHEICL D7 FLOiEMAL

ONOO (IR AT 7 # —BZ#HEL T, ZO TFTMOERD Y U IBLIREZHMHREF L, WD
DD T T IR TR AL T 5, IR S Lo & L Cid, # v ¥ —+E C (PKC)
IAKt #7388 SZURMER FIEME(L # o 7B X F—F (MAPK) 271 % NF-kB #%
Nl nd D, ZHOORBNEMILISND &, BEFRHE., MIaAfE, oMbl S
Z 5,

Regulation of vascular function | e

Regulation of cell
proliferation
Regulation of cell migration
Regulation of angiogenesis / Regulation of cell survival
Cell cycle regulation
\ . Metabolism
Ieceplors . / Angiogenesis
PDG FR X f/
Rog#::gton of cell / o
proli ion, r«ponu
B me @ Peroxynitrite _.@) — [
evelopme / // \ \
| Regulation of cell proliferation
Control of cell division
Production of growth factors \
Regulation of cell growth
Regulation of cell motility
Regulation of cell

Activation of immune I"Q‘POMO proliferation,

Cell migration and repair differentiation and survival

lnllammatozy response

Fig. 2-15 ONOO (T J 2 M R o 7 F- /v oo il
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2-4 NO & ONOO OHED =D I hILY—IL

At L7z & 512, AT NO & ONOO 13tk & 72> 7 v A Xy hOJRBEDHELITIZBE 5
fé_k#ﬂ%hfméo%@t@\No&cmmomkf—%m%7m—7i\$%Wf
® RNS O & 2 #4572 b O EERY — )W b L EZ2 BN 5, LLTFIZ. NO & ONOO
DD T= 8D X F1 ) — DN THER T 5,

2-4-1 NO ODHAEDI=-HDr T hILY—IL
2-4-1-1 NO K+—

NO [ZHIRFEETEMARTHY ., TOHRWHRIEFICHEETH H7-0, NO Z 7R « i T
D NO RH—2 <IN TET, UFICEOREN LD ERT,

Oy A7 /v, Hifiit= =7 /L (Fig.2-16) *%

=hta 7YtV 537 EDMEAT L (54, 55) 1Xd< Db NOFAHRIE LT, Ik
DMEDFEIEICHTHIRBEELE L THVWOR TE 2, ERNTHERT AT /113 3 E TR IT,
it 27 v (566, 57) (X1 EEITLEZIF, NO LT 57 va—nLa4EL 5,

Nitrate ester®® Nitrite ester®*
ONO; HQ H N ONO
}ONO e O\WH S /\r
2 = NN
(O\/";\e ONO2 butyl nitrite isobutyl nitrite
ONO, ONO; o (56) (57)
nitroglycerin  isosorbide mononitrate Nicorandil
(53) (54) (55)

Fig. 2-16 fife— 27 /v Hifgie— 27 VD NO RF—

Q@& B-= kv L LEEK (Fig. 2-17) ¥

Fe. Ru 72 Efkx 0B &R D= b1 v Leifk (58-61) 28 NO K —& LTHESNT
W5, Fed=ruaI Ak TchHsr=hrr 7L K (sodium nitroprusside: SNP, 58) [ Ifi%
PRI & L CHERICH STV 5, &B-= b o SUEERITAERN OEITT ISR IR ST T
K> TNO 5,

ONF/SF NO
oN" ©~s""% No

Cl<_ .NO

2Na*
a c el

NO No. |*
NC.1t _CN ot Cls R- _Cl
2Na* -Fe.
NC (IZNCN ClI” CI Cl
SNP (58)% RSS (59)% Ru(NO)Cl; (60)%” K,[Ru(NO)Cl5] (61)%7

Fig. 2-17 @ J&-= b o L RME 2 F5DO NO N —
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@S-= hu Y FA—LtEY (Fig.2-18) »

S-= hm YFA—13 (62, 63) (FF, b, b L IFERNOETRISIZE > TNO %
BT 5, £72. RSNO OERIF TN RIZBE 22 1T0T W 2dlZ, o Cys DF A —)L
IZR > TREHBEZZ T, = e VEREBET 5,

I}IO
HOOC N0 o S y
o NH HOOC\E/\)L”J;(NVCOOH
NH, o}
SNAP (62) S-nitrosoglutathione (63)

Fig. 2-18 S-= h v YV F A — L EiE%EFFDO NO R —

@YTE= LVAT— % NO K — (Fig. 2-19) *

T2 LUAT— %R NO KF— (64-67) 1THFEMITHEL TNO &4 %,
TV ) PRSI TIXLETZD, PRI T T2 9ED NO i+ 5, EERNDIET
RB, NS E LT, BREAICEER LK NO T 5, FiF8RIC L o THEH]
DI . ENENDOHIBIZE > THEWGIT 5,

- NOCS5 (64): R' = CH(CHj3),, R? = (CH,)3NH,

2 NOC7 (65): R' = CHg, R = (CH,);NHCH;

R NOC12 (66): R' = CH,CHj3, R? = (CH,);NHCH,CH,
NOC18 (67): R' = CH,CH,NH,, R? = (CH,),NH,

Fig.2-19 7 E=U ALY 47— FRKRNO R} —

®AF 2% NO FF— (Fig. 2-20) ¥

FF T LFHRNO R — (68-71) IFFPESAE T TRk S 4v. HFEAIIT NO Z i3 % NO
RI—Th b, TNENOFLERIZ L o TREIN e 5, HIgHIREEN & < . EERE)
MBI HRO0ZE L AETH D,

, .OH
r L w, NORT (68):R! = CH,0CH, R = CHy
NORS3 (69): R" = CHj, R? = CH,CHj
NO, o)
R2 N,OH Z
RMHW/@\] NOR4 (70): R' = CHg, R2 = CH,CHj
NORS5 (71): R' = CH(CHa),, R? = CH,CHj
NO, 0 o

Fig. 2-20 4%+ A% NO K —
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@®EHIER NO K —

A L7z NO R — 12\ b BRIIC, b L < IZAERN TORIGI L > T NO & fit
TOIAEMTHY . ZTOMEHIEIRETH 72, NOIZDOEI Y Ay Yy —E
AN S REER T AT HREME - T ENEBEERICRELE 2 HEEZEX
N5, =2 CHRIBEIBEIRT & LT, BEBoBIEARS 2 1) 2807 YeHE%E NO R
BRI &7 (Fig 2-21),

BNN3 (72) 442 IR 2 & N-NFEARAE Y A& #Z L, 22450 NO Ak
Hi& 45 1%, 2,6-Dimethylnitrobenzene FEIR (73) 1IEHEHIC £ 0 = s v JE S A A g — 2
TH~EHRL L, NO 2 TAEEXZHNTND 10171060 YEHNIZ L > T NO BT 5
AL TR &V D B FEE VD T LT X VRS T NO BRI TE 5, ERIC
invivo T 27U 7l Ol OflE 7 & NO OIEAZEHIEY 5 2 LIClE L T b, v
T=UAD= b I UEER (74) 1%, AR TN T NO %k T & Bkl EA
NO KF—Th 25 ',

BNN3 (72) 2,6-dimethylnitrobenzene Ru-NO complexes (74)
derivatives (73)

Fig. 2-21 SEHI4E7R NO K —

2-4-1-2 NOMDA A*—>oF77a—7J

AR L7z K 912, NOITAEERNICK T 2 EER Y 7T IMBRERTFO—>THY , £ OHEE
BT 5 Z L, ZFOV T TR AR T D72 OIZAMN TH D, NOIIRLERTZOE
BT 22 EDREHLL, ZOEEBZ BT H72DICNOZA A= 7T 520Dy —)L
DEEZ BN TE T, UTNICZEDO—E%ERT,

(DNO ® ESR At > 7 —7 (Fig. 2-22)

ESR & |3 1 A &' JLHE (electron spin resonance) O Z & Th 5, WGHIZE MR
B O EFIIFFEDO~ A 7 vl WIS D, 2D~ A 7 2 EDORINZRES 5I71ET
HY ., AEBTFORBIZHWGINLS, NMR CHEULZFETH L7720, MRICXINT D
WToDA A— 27 (ESR imaging: ESRD) IZ 6 & T 5 18, ESRHIEIZAVS H
1T, NO DUSMEEFIH L7 70— 7 R ST 5D

1,1,3,3-tetramethyl-2-indanone (75) 13 . L k 17 B —KJ&1IZ X - T o-quinodimethane 7%
RER L, ZHHANO & ¥ hr b —KIbha T 5 & R x4 A3 % nitroxyl radical %
JERET % 1%, PTIO (76) 1% NO %+NO, 2 LT, iminonitroxide [Z72 %, Z @ iminonitroxide
X PTIO &13#72 5 ESR A2 Ma AT 5720, ZhEFMALTNO OREZITH, £
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7. NO %= L <*NO;

o)

N <SS BB D720, NO i

) N—<2Fes, >N % = ®
ijig) :iﬁ R i Lt LB R

© 110 sl
% . Fe-dithiocarbamate

+

-

1,1,3,3-tetramethyl-2-indanone PTIO (76) Fe-DTC (77)

(75) complex (Fe-DTC, 77)
Fig. 2222 NO DA B> 7 —7 I NO & it L T

NO-Fe-dithiocarbamate complex (NO-Fe-DTC) ZJERkT 5, Z D&KL ESR TRHERI 72 >
JFNERT I, ZREHMLTNO ORitE T M,

@NO D7 = —7" (Fig. 2-23)

BeaRfpa e EAEE T AEKRRBHZB W THFEIZA A= 0 T 2T D66 E LT, #t
Ta— 7 RS RSN TWS, BT 2,3-diaminonaphthalene (78) 2 1%, &R IC
NO ZHHHiT& %, ZDOREEA I DAF-2 (79) ™2, DAR-4M (80) ™M 722 L iyt 7 m—
TR I TWVWD, L6 O 1,2-diaminoarene f#i&E & NO D2, O, 72 K DfE{bAl
DULETHD, i, EREKRKOBEZF D Ye—T7 BN TV 5D,
[Ru(TPP)(CO)(Ds-Im)] (81)IZ.NO U > R THSH CO L b & A I XY — /LR
LD, HOESTTd 5 dansyl 23EEET 5 1, CuFL (82) 1., U W R ThHEHRIR
FANOIZE D= bV bEZF, Cu~DEALAS N, FH T U BRERESh S M,

DL, ZLDONODOENTa—TRBINTEY, NODTATA A=V T
ZAREIC L T\ B,

NHCH;
NH,
NH, O _
NH» ‘ Z O
O NEt,
2,3-diaminonaphthalene

(78) DAF-2 (79) DAR-4M (80)

Eto

(0]
Il
4 Ph
~Z | N7 i z
/
7_N-Ru--N"_2 X
— N N
Ph = | N
N Cu—
¢ X"\
N )/ o
O\/

J
a0

CuFL (82)
[Ru(TPP)(CO)(Ds-Im)] (81)

Fig. 2-23 NO Ot 7 v — 7 D
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2-4-2 ONOO OWIED =D I hILY—IL
2-4-2-1 ONOOHEFH

ONOO DH Al ONOO D FMEAZ B/ 8570, MiutR#EIER 2 /~r7 (Fig. 2-24),

Ak L2k 912, Fe"-mRL 7 4 U L4k 83-85 | ONOO % NO5 (22543 2 s A bt
L. 203 XE< ONOO ZiETHZ EnNMbhTW5 3, £-, ELV AT THD
ebselen (86) (%, Se #% ONOOH |ZREHEZ#HE Z LT NO IZL, EL/Fv K (Se'™-0)
2725, 2OV XY NiZMlaNO 7 Vv T4 (GSH) 12X - TEIL 4T ebselen (2
Ro W, Ei-, JREE (87) HAIE L < ONOO & KsT 5725, ONOO D7l & R St 2
NERMEOHEEAIE L TG ShTung 18

SOy
FeTMPS (83) R:l—gj— k=3.0x10° M 15" ©:‘<—©
R
SOy

ebselen (86)
k=2.0x108 M~"-s7"
R R -
FeTMPyP (84) R: l—@N— k=5.0x10" M~"-s7"
O
§
NH
! /\ L1t
FP15 (85) R, k=2.0x10" M~"-s7" N NTo
e
OMe uric acid (87)
<—o o—/_ k=155 M"-s7"

Fig. 2-24 ONOO DIHEH & & O SUGH

25D ONOO TE EFNT HOWT, BIE N PR F L~ R2BI1T 5 | BER G Ok
o 1, M REEORE 2L, xRN HERSL TV

2-4-2-2 ONOO #H®E}TA—T

ONOO D L% DB LT 2RO EATIRIOERICAH TH O . ZWFEL L TOHE
MELHFFCTE D72, < O ONOO #HE 7' m— 7 NHFEI N TN\ D

HKGreen + U — X%, ONOO DR\ REEME & Rk & FIH L7-at > n»—7f&>é (Fig.
2-25), £9°. ONOO 28 h U 7 /b4 11 R %zmzmzaw% (CREE B A L, NOy DOl L &
BV AIF T R T D, 2N TFHNOE BT = =V RS AL, X/
A RiZ72 %, HKGreen-1 (88)%2, 3 (90)*** Tl% = @%/4 RSN i S du, BRI A3
KT5, £72 HKGreen-2 (89)'2 Tlx, * /A FOEIC L » TV = = VOB FHE DML
TL., SERENHRT D,
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I
o ! o) l O._ COOH N o 0
o Cl ‘ & ‘ cl
FsC Q COOH
0] B O

O

Et,NOC F~ 'F  CONEt,
HKGreen-1 (88) HKGreen-2 (89) HKGreen-3 (90)

Fig. 2-25 ONOO & . 7' = — 7 D HKGreen ¥ J — X

NiSPY-3 (91) X% E &8
it~ (photoinduced electron transfer:
PeT) #FIJH L7z, = hufbXA F L X
BHEt 7 e —7CThHbY ., ONOO 72
ElZ= P b SV THEOEIREE DS HE K
4% (Fig. 2-26) ', =k ofbsiE
Z5HNE, BTEEORWT = ) —
JVERL D> O BB 158 E O AR i Y
BODIPY ~® PeT 32 & TV 5728,
TR DE, 7 =/ — VI = R r b S 372 NiSPY-3N (92) TIXE FBENSUGA D
il & Av, HATRE KT 5,

ZDIFENTH, Bix 72 ONOO MH# 7 v —7 MBI I TE Y, ONOO O T A 7+ /L
A A=V T EARRIZ LTS (Fig. 2-27,93-97),

NiSPY-3 (91) NiSPY-3 N (92)
Weakly fluorescent Strongly fluorescent

Fig. 2-26 = b {bA b L AR EAEOE 7 17— 7 NiSPY-3

OMe

N _coo 00C_ >N
NG, BzSe-Cy (94)'27
coo 00C

DTTA-Ln3* (93)126 S/Q
\ NG

B
\
PNgop (95)28 O7z<
o0 CPy-1(97)"3°

boronate-based fluorescent (96)'2°

Fig. 2-27 ¥~ 72 ONOO # st 7 m — 7
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2-4-2-3 ONOO™ FF+—

(DONOO & A /KR

ONOO (Z 7 /v VU KEEKEF (pH>12) TLETH Y . —78 °C T ATl o> TRAFT
HZLMTED, £, FOEFEET 302 nm OWEE (6=1670 M tem™) M EHT S =
ENTE S B, ONOO GAKIRIEZIED ke LTI, MM/KER T T HNO, & Hy0, %
FOGSEDHEB & 7k UMKERT T NaNs & O 2 S S8 5 HiE 21 b 5,

@NO & Oy R 2 |23 AE S 5% (Fig. 2-28)
Mascharak © (%, JISZME NO R —T
& 7% Mn-NO $5k 98 L. O, %R L L
N/N;‘@ TxHhorForixo ¥ —8 (XO) ZFH

N(\/\“,””\ —No L7= ONOO B/ &M% LIz, = Uit
) }—>ONOO‘ T NO Ol 2475 2 £i2 kb,

% ONOO D F Al 24T 5 & D T 5 73,
Xanthine + Xanthine oxidase—» 0_,‘; O, DRABEOHIEZITH Z N TX 72

Fig. 2-28 Mascharak & OS2 ONOO F4AEFR B U,

@ H ¥ #% ONOO™ R —SIN-1 (Fig. 2-29) **

H 3o > ONOO™ K—SIN-1 (99) XA ER7: & T b A STV 25 ONOO
RF—Tdh s, EHMFE T CHELTL00IZ20, ZNRRFD 0,2 —ETELTO,
(2L, 1011272 %, 101 1E NO Z i L C 10212720, NO & Oy 23 i LT ONOO 272
%,

N\\O CI ~
SIN-1 (99) 100 101

o) H*
~ oy 2 0 o™
O\\/N‘NQNHZC' o8 K/N‘N/\CN K/)“EN/\CN f K/N‘N4\CN

Fig. 2-29 H%853fi#% ONOO™ K—SIN-1 ® ONOO F& £ it
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2-5 HIEE®

IED X512, NO & ONOO 1IZ ¥t E R L, £ D7 A X NI
HF5EB20NTED, AR I DNV —AREBIN TS,

INETEL D ONOO {HEARLH T o —T N ENTWER, FH—oRiFiE4e<
EESTWVWEEHEA TRV, Zhix ONOO NE< DFA., HikA N2 b &ET 3R
T & LTEL 2o, R =X 0 bt 7 n —7 O HEO T REmn & E 2 b T
WHTEHTHD, LiaL, ONOO IHEEE B W CHlAR#EICBE D> T Lo#HmEL H
0. Fiz, TOEWISHEDTZDICHAT HRFEMIC L > TRE S ABEENELT D %5
N5, EDT7=H, ONOO DIEH Z X 0 MR T 2 72 0121%, Z DR 2 22 i
TTXD RF—DRELE 25, £7-. 20X 5 {bEWiEL. ONOO DiEMEZFIH L 7=
T AL REANC R DA REME GBI CTE Db DD, 2D X 5 RbAWITEAR STV R,

E7-NOIZEALTix, NODREETHL 7 F ARy FOBEEEDOZDIZ, ZNETEL
OIEHFEE R F—nBR SN TE 7, O X5 2YHlE R —2 AV 25803, 2ol 4
RFBEIED & < . BEOIRW ARSI RAEE AN OB TH D720, AIR-IRAE
THIFEI ATEEZR NO R —H W OB SN TS, L L., BHEOME S 2 BB LR
HKEEALTND L0 O 3R ICEMAR IR TH D UIRIILA L —H — % M
TELWEDTHLERENMBETHoT-, TD-, BBIEEAH OB A H- TR
THIEAIEZ: NO R —0EENn T 5,

Z Z TR, WEEBEDO 2RV EHIEA ONOO K — & &RIEEH MOZAh 7 w1
PR CHIAE AT RE 72 AT HLEHI T NO R —2% RNS ORFZED = DFiT=72/r L vy —n b L
T, b LITHbFBER E LTI TE B2, 2L DILEMDBRREITo 72,

27



EIE RHIEATTEEL ONOO B LU NO FF—DEIR
3-1 2,6-Dimethylnitrobenzene #iE A9 A Hl#HE ONOO K +—DEF
3-1-1 HFE&E

Yt CHIFEIRTEEZ: ONOO™ R —Z BT 572912, B H HIZ X VBRI ThiL T X 728
#7 NO K —Td 5 2,6-dimethylnitrobenzene & A2 H L7z (Fig. 3-1, 2),

B H 5%, Fig. 3-1 {279 6-nitrobenzo[a]pyrene (6-nitroBaP, 103) 23 JEHRSHIZ K- T NO %
B+ 2 Z LR LE Y, Zhid= b r ORI S D RKFEF T OSIRFEEIC LD
= b eIV & HFEFROKEFEA TN TEY , = A7/ (104) ~DHEMHAL
FOSHEZ VT K RDL7DTHDHEZEZ B, 104 13REY A% Z LTNO & oxyl
radical (105) 12725 &EZ LTS,

”00 go e 5 G5

()
O’ + O
\b NO
6-nitrobenzolalpyrene nitrite ester (104) oxyl radical (105)

(6-nitroBaP, 103)
Fig. 3-1 THE X% 6-nitroBaP 7> 5 D NO Jit HiHi

% L CFig. 3-2 127”79 & 512, 6-nitroBaP 1Z351F XU AKFEIZRD D VKR E & LT A
FAEEAL, & 6&:1‘%5%%’5’“&%& L 7= 2,6-dimethylnitrobenzene #%5E4& (106) 23, [FEIERD
NO Mutttex A4 52 L& R LI Y% —noofbd®id, SeREIC & - TH#ET 2
TV (107) Z#&H L TNO %k L. phenoxyl radical (108) (2725 L EZ2 LN TV 5D,

6 hv Me homolysis Me
A
e Me Me
2,6-dimethylnitrobenzene nitrite ester *NO phenoxyl radical
derivatives (106) (107) (108)

Fig. 3-2 FH X5 2,6-dimethylnitrobenzene #5347 & D NO Ji kA

ZORREINA LT, LUFIZRT ONOO A KIS ME Lz (Fig. 3-3), AF A E
AL, MUR LTEALEICKERFE 2 A3 % 2,6-dimethylnitrobenzene 755 (& (109) X, ¢
FEEHZ K> T NO ZJt L7=%%. semiquinone FL oA (110) (2725 &2 b5,
Semiquinone (32D 0, & —FEFIEIT L T 02123 % 7=, Z ™ semiquinone o ] 4
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HARHFD 0, & —EEIL LT Oy 12 L, stilbenequinone (111) (2725 && %72, £ L TNO
& O IFHEBAHE TRUG LT ONOO Z BT D 72D, 2D & 9 A& DALE W H3 il i mT
AE72 ONOO™ R —IZi b & & 2 7,

hv(330-380 nm)

oy W
C "
= N
109 *N=0 |~ semiquinone type - stilbenequinone (111)

| intermediate (110) |

Y

ONOO™
Fig. 3-3 #8/E S 112 Ll ONOO™ RJ-— & £ D IE LRkt

% Z T, Fig. 34 T {baaEiit LT,
112: R = Me ONOO %7 = / — /WAEKE DAV MMixz =R

ON 113: R = Et
O = R 114:R = i-Pr {bTHHENH D720, Z DO K> T ONOO™
(O f1sR=t0 asilgesig 2 & &I <RDIT, ABRIEO AL |
R 117:R=0Me NICIZEHREZEATILENH D, T LT, =

Fig. 3-4 F%&F L7OGHIEET ONOO™ R — @It B A2 BT, FEx 72 EHil s
%A L/f\_'ﬂj{j\% 112—117 %_’nx n+ 1/7’:—0
3-1-2 EEWYW 112-117 DERK

HEF LA B M DERLZTT - 7= (Scheme 3-1. 2. 3), {bEMDEFIL., #EZ D 2,6-dimethyl-
nitrobenzene FEAR DA FIEE B L TYT - 7= 1027106

F 9. stilbene #&E 24555425 Horner-Wadsworth-Emmons 5D 7= 8 O @ SHI T 5
U= A7V 112e AR L7= (Scheme 3-1), 2-Nitromesitylene (112a) ® 57D X F /b
% Cro; THRML ¥ L CL BB EMA 112b I2 L, Zhz NaBH, & BFyOEL & IV 72i%
£ ¥ T 112¢ 12 L7z, 112¢ DKEERE% PBrs T7 uE{k LT 112d 12 L, Zh#% Arbuzov X
FET U Ut AT L 112e |12 L7 192

CrO3 NaBH4 BF3 OEtz
O:N ACOH rt O2N THF rt PBr3 rt O2N
—
34% COOH 82% 81%

112a 112b 112¢ 112d
P(OEt);, TBAI
120 °C O2N
—_— 1]
80% R~OEt
OEt

112
Scheme 3-1 @ HH{K 112e DERK
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ARk L7z 112e & AT 112, 113, 115-117 =46k L7 (Scheme 3-2), 2,6-Diethylaniline

(113a) % Sandmeyer )& T7 = / —/ V%8R 113b (Z L7z, 113b %, CHCI,OCH; Z H\»
7= BT 113¢ 1IC L=, F£7-. 2,6-difluorophenol (116a) % Duff 5 ¥ T I
LT 116b (ZL7=, iR, & L IEAAL7- 4-hydroxybenzaldehyde 53 (KD kg% %
MOM JLTf&# L. 112e & Horner-Wadsworth-Emmons & CTH v 7 U 7 &4, 4 N
HCI-AcOEt T MOM Z:Z lifr## L C 112, 113, 115-117 (2 L7,

NaNOZ H2804 aqg. CHC|200H3 TiCly

Bt 0°c - 90-100°C Et CH,Cl,, 0°C OHC Et
[ — . [ ——
NH, 72% OH 69% OH
Et Et Et
113a 113b 113¢
(N
Foo NN 1ea  OHC F
—>
OH 52 % OH
F F
116a 116b

MOMCI, DIPEA 112e, NaH O2N
R DwmaAP, DMAP, CHyCl 1t rt OHC R THE. O
F R —
®
OMOM

R
R
112f: R = Me 112g:R=Me 83% 112h:R=Me 75%
113c:R = Et 113d:R=Et 80% 113e:R=Et 95%
115a:R = t-Bu 115b:R = t-Bu 22% 115c:R = t-Bu 89%
116b:R=F 116c.R=F 92% 116d:R=F 91%
117a:R = OMe 117b:R = OMe 78% 117¢c:R = OMe 65%

HCI O2N
AcOEt, rt O
- =

R
1M12:R=Me 97%
1MM3:R=Et 96%
115:R =t-Bu 99%
116:R=F quant.
117:R = OMe 99%

Scheme 3-2 112, 113, 115-117 O EHK

L

OH

ZDOFREBEST HHIOHEE LT, Heck SISz WD HIET 114 Z# 458k L 7= (Scheme
3-3), I— RX_XUBUFHEAR 114a 2= buefb LT 114b #47-, 7 = / —/VifE(K 114c »
BRI AL LT 114d 12 L, 114d |2 DBU f#(E I, ~ =& 2 & @O Knoevenagel #fi A, e < it
REES G2 D Ry B TITD . 2 F L URRER 114e & L7-, 114e O/kEEFEE MOM &
TIRE L., o7 114f & 114b @ Heck Bt TAF LR UFHEIK 1149 2157-, BHohi-
114g @ |v|0|v| 5% 4 N HCI-AcOEt THifriE L C 114 1T L 7=,
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PLED X912, Heck BUNMZ Z > THHPDOBEHREBETXHZ AR,

HNOs
0°C > 50 C
—580 °C
I 23%
114a 114b
. CHCI,OCHj3 malonic acid, DBU . MOMCI, DIPEA .
i T'C|4 CHCly, 1t i toluene, reflux =z P DMAP, CH.Cl, = P
—» >
OH 75% 74% OH 46% OMOM
i-Pr i-Pr i-Pr
114c 114d 114e 114f

NEts, AgNo3 MeCN HCl 2
rt — reflux = i-Pr AcOEt, rt = i-Pr
78% O 97% O
OMOM OH

i-Pr i-Pr
114g 114

Scheme 3-3 Heck S a2 & % 114 OARL

3-1-3 {EEW% 112-117 ORHARY FILDEIE

T A DO EZIRET A2, Ak LT- 112-117 OSESN TR 2~ 27 kL Z2RE
L7- (Fig.3-5),
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112 (R = Me) 113 (R = Et)

25000 25000
:_I: 20000 /~\ :I: 20000 /.\
IE._, 15000 / \ I§_ 15000 / \
“ 10000 \ “ 10000 \
5000 5000
0 \ 0 \
300 400 500 600 700 800 300 400 500 600 700 800
wavelength (nm) wavelength (nm)
114 (R = i-Pr) 115 (R = t-Bu)
25000 25000
= 20000 £ = 20000
" o0 |/ \ " sooo |/ \
'TE 15000 / \ 'TE 15000 / \
“ 10000 \ “ 10000 \
5000 5000
. N . N\
300 400 500 600 700 800 300 400 500 600 700 800
wavelength (nm) wavelength (nm)
116 (R=F) 117 (R = OMe)
25000 25000
= 20000 [A\ = 20000
A - A\
'TE 15000 \ 'TE 15000 / \
“ 10000 “ 10000

5000 \\_\ 5000 \\

0 0

300 400 500 600 700 800 300 400 500 600 700 800
wavelength (nm) wavelength (nm)

Fig. 3-5 A% L7= 112-117 O8I o[ HIRIN AT kL ZE L DOLE YD DMSO IR DWW A~ |
IVERIE LT,

WTNOAEEW S AT VR EREHK & 2 5105 330 nm AT OWIRK 2 FH LTz,
ZO7H, 112-117 ONRE 2 E & 3 5 IR TR, LIROEOLEAEE Olympus BX-60 @
EEKERET o 12 330-380 nm DN RRA T ¢ LR —ZHEE LT, StRHZ21T-o7-,

3-1-4 ESRREV S YEVTEZRL:- NO MHEDHER
F9. AR LIALEWIT OV T ONOO it D F— BT 5 NO St 23 eI L - T
= 573, Fe-DTC W= ESR At T v o ZIETHER L 7= (Fig. 3-6) ', Fe-DTC

% NO LT % & NO-Fe-DTC |27/ %, ZHU% 1 GHz ESR THIET 5 &, 330 mT il
R 72 SAD Y 7 F vk %,
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R
SN2 ToFe
R S 2

Fe-DTC complex
‘N=0 ESR silent

Ff,'N-(-s:]';Fe-NO —J\/\/\f—
R S 2

NO-Fe-DTC complex
ESR active

Fig. 3-6 NO & Fe-DTC Dji)is & ESR A7 R LD ZEAL,

112 (R = Me)

I i Py s

114 (R = i-Pr)

118 (R=F)

AR L7zt E¥ & Fe-DTC OiRA
BRI 2170, Zov 7
DI S5 D& ~T= (Fig. 3-7),
KBS T TR 21T £ .0,
DAL, NO ZiHELTCLES &5
ZONTZDOT, ¥y NEEAL
TT NI THRENT Y 7L
eI, SR AT T2,

113 (R = Et)

115 (R = t-Bu)

117 (R = OMe)

e I L

2mT

Fig. 3-7 112-117 & Fe-DTC DIREWIER~D LG % D ESR ZA~~2 v 22 nofkad (100 uM)
& Fe-MGD (1.5mM) &V kit (10 mM, pH =7.5) (2 330-380 nm ®: (60 mW/em?) % 15

4y RS L7=, MGD: N-Methyl-D-glucamine dithiocarbamate
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Fig. 3-7 \Z/Rr Xk 912, 113, 114, 115 TNO HED L 7 FANBHI S iz, Z DOFEFRE)
5. 113, 114, 115 2YEHRENC X > T, ONOO i DB —ELETH 5 NO it A = 41k
EMTHDZENTRBENT,

3-1-5 t&¥ 112-117 DD EEDBIFE
iz, OB bR X DT B 03% . HPLC 2 AW T/~ (Table3-1), %
NENDALEY DRI CIRE 217 SeIRE 247 9 gt DKk (DMSO 1%) % HPLC

TRT LT, 2O REZ R LT,

PN PR Table 3-1 12779 L 512, 114 & 115 TE L OY4y
Table 3-1 ALEW D e/ MR- 2 2 L RS NT-. — D= L. KiE

AN
,}ﬁﬂjﬁfﬁfg R (%) HoAn Mm:m&fs%%@jc% WVER L ORE S )w:
T12 (Vo) " EAMTE S DEREZ 20 TERNNEE R,
113 (E1) 20 % Z T, 115 (DiP-DNB) % bR DO BV K —
114 (j-Pr) 98 & L. LB DIRN 24T » 120 KEEEEDF L MMLDE
115 (t-Bu) 98 BIEDOSNTRBEEN R EVIZE, N B WIEIA

116 (F) 42 FLLTFO X 9 1cE% Lz (Fig. 3-8, 9. 10),

117 (OMe) 14 KIEED AL b B N ARREE K & 3

ERNEN BN LD Tl X, KERENE Y DB
BEMOLPOMAERZL TR, ZRUCLVIEMETLTWDL EEX LD, DK
& LT, KEEE LI TH DK T L OKFRE T RWNEELR LT, BEOHREND
2,6-dimethylnitrobenzene FFEAD = Fh ikt XUBUBEORQ UNAEITRS LZ 45°L B
SILTEY 02 MoMic A RRE TS EEZLDL D, ZLTFiQ.3-8DkHIc, KYTFD
IKFBREAIZ L > CEHEAMEDNERTHOTII RN ES X T-, THUTL D, NO DI
VBEZLRHHBR T AT N~O BSOS E Z DI K Ro TV LD TIEARWn M E B 2T,

/O\
H™H HON, o oYK

o}

1

—_N

+
O /

(e}

BEHENEZ S BN LIZC LY
=NOZWHTE2 =NOZmMH LIZ< Ly

Fig. 3-8 TN BKFEMEIT L HILEM~DFE
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F7-. 2,6-di-tert-butylphenol ™ X 5 (ZKEEE IR E RNREE 2RO 7 = / —/LihiE
RIL, ZONEKEEDIZOIZ O-H FE VP ALENSNTEBY ., —EF#bkIh, 7o b
EMH L7 2 ) XUV TODNNRETHDH ZENASN TS M, Fig.3-3 IR L&
912 DIP-DNB |X NO # /4 U7tk, EIX/ LV RIOTZ AN DD, T DR,
2,6-di-tert-butylphenol #&&E N L W ZER 7 = /) VT N7 % (Fig. 3-9, 118), Z 0D
N TE 72 2,6-di-tert-butylphenol #iE D3 A BRE ) &35 2 &b FERBRE WIEEK D—
DThHEZEZDND,

hv (330-380 nm)

DiP-DNB (115)
Fig. 3-9 DiP-DNB ORI K DL ER T ¥ I DI

F7o, 116 IFHREOSHEREZ R LIZIZH D 5T, ESR TNO kD> 7 F /3 @il =
U727 o 72, 2-Halophenol (119) (35612 & » TCXFEANAE U v A& L Z L T phenyl radical
(120) 12725 Z ENWMESNTHEY (Fig. 3-10) . 116 131 & - T NO f Tz < .
CORINCE > THEL TWHAREMENREZE 2 b b,

H

\©/’ \© —>» decomposition

119 120
Fig. 3-10 2-Halophenol o 3¢45fi#

3-1-6 |EHTO—TZEAHL - ONOO DHEH
&Iz, DiP-DNB 75 Y6HREIC L - T ONOO 233844 504, ONOO DB H 7 1

— 7 Cd 5 HKGreen-3"* % N CTHEEE L 7=, DiP-DNB & HKGreen-3 OIR A TATEIZ YR %
1TV, OHEOETERE 2 HIE L,
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100
90
80
70
60
50
40
30
20
10

0

Fluorescence Intensity (a. u.)

Irradiation

- +

DiP-DNB 10 pM

Fig. 3-11 HKGreen-3 (= L % DiP-DNB 7%>5 ¢ ONOO JikHi O fezd ; DiP-DNB (10 uM)
& HKGreen-3 (10 pM) @ U > FEFEE A 15 47 E RS (330-380 nm, 60 mW/cm?)
AT 1%, IRATRROEICRE 2 E Uiz, kY : 520 nm, #1£3t : 535 nm

Fig. 3-11 (Z-~x 9 X 9 12 DiP-DNB & HKGreen-3 OIARICERE 2179 &, a2 huo—L &
e U T EmENRE SR L, 202 L5, DIP-DNB ~OYEHEE 2 & > T ONOO™
DI EN D Z ERREBENT-,

3-1-7 Stilbenequinone :FE{K 121 DERK

121

Fig. 3-12 DiP-DNB @ 48
S DIt 121

t, L DiP-DNB 723 4818 Y Ot5 R % 41U, Fig. 3-12 12~ T
MR 120 12725133 Th D, £Z T, 2D 121 AR L T
WD I i~z

9121 OESLOEKE{T -7 (Scheme 3-4), 4-F— R 7 =
J —)VikiEiR 121a OKERFEE MOM S CHRF# L. 121b 12 L7,
115b {Z CH3PPhsBr % VT Wittig Bt 21TV, AF L U #BE(k
121c (2 L7z, 121b & 121c % Heck SULTH v 7'V 7 EH T

121d IZ L, MOM %% 4 N HCI-AcOEt THifRi& L T 121e |2 L 7=, 121e # DDQ Tk L

T121 iz L7=,
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MOMCI, K,CO;
/\@\ acetone, rt MOMO
|

39%

121a 121b
121b, Pd(OAc),, PPhy
CH3PPh;Br NEts, AGNO3;, MeCN  MOMO
OHC t-Bu NaH, THF, rt = t-Bu rt - reflux O
_— = tBU g
OMOM 37% OMOM 79% O
t-Bu t-Bu OMOM
t-Bu
115b 121¢c 121d
HCI, AcoEt  HO DDQ
rt O toluene, rt
= -Bu

tB
58% O 78%
OH

t-Bu

121e

Scheme 3-4 St55fi# 121 OERK

3-1-8 HPLC Tk BIt70fEY 121 D&H

DiP-DNB DYtnfiEtzic, PRI DS \ﬁqa%mbé 121 M S5 0%, HPLC T
7=, DiP-DNB @{@{ﬁzc:;tﬁaﬁf%ﬁomﬁ Ak % HPLC Tfighr L7 (Fig.3-13. 14),

800000
600000
400000
200000

0

(@)

Abs. (a. u.)

300000
200000
100000

0 |

(b)

Abs. (a. u.)

0 5 10 15 20 25 30 35 40
Retention time (min)

Fig. 3-13 HPLC T & 2 5 O fgdT - (a) 121 100 uM OIEIK D 7 v~ 277 I (b) DiP-DNB 100 pM
WCHBH ZTo 07 a~ b7 T A, JIERET 446 nm THIE L7,

Fig. 3-13b {Z/” ¥ & 9 |2, DiP-DNB D YEHUR % DOEIK )~ HAE SO 121 @ v — 7 (Fig. 3-13a)
LA UARFFRE o &Sz, IR AT Fvd —F L7722 & 55 (data not shown) .
DiP-DNB NP4 Y Oz 2 LT\ D Z ENRB I T,
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SITHERBE S DR DT 24T o 7= & Z A, Fig. 3-14 [ ZR"4 X 912, 112f, 115a,
3,5-dimethyl-4-nitrobenzaldehyde (122) 23k H 47z, Z O, 112f & 115a 1% 121 (2 ONOO™
%SG 8B T-5 OERD B b S =729 DIP-DNB 754 U7= ONOO 728 121 & )i L
“C%Ek LiztEZHN5, 122 1%, DiP-DNB O stilbene #5354 L7 ¢ o DERS N, TB{F1E

CEDMALMIBIR AR Z L CAER LD EE X %héo EN i LRV (W iy £ 7I¥
5524‘—0) AR 50%ITTH 72 22V TR D 1T U AT RHEIC L s Tt B2 65,

hv

-
~Crr

t-Bu B
DiP-DNB (1) ONOO 121

\v (17%)
OZNJ@\ OHC t-
CHO OH CHO

t-Bu
122 115a 112f

(10%) (16%) (6%)
Fig. 3-14 DiP-DNB D YEISHZ Lo THE UTe i & 2 ORI S 1 5
BOGREH, (PN OEEIX DIP-DNB 2> 5 D=,

3-19 &=

PLEo X oz, HRPONEHIET ONOO K—"Tdh 5 DIP-DNB % B335 2 LITakh
L7, DiP-DNB 23 ERHIZEL > TNO #3252 L # ESR A F T v B /&/ffﬁﬁm
L. £7-. ONOO”Eﬁ&Hﬂ?‘é Z LAt m—7 HKGreen-3 THER LT-, & HITHREM D
RN D 3 FRXFTOBRICEE LI RIGEE Z LTS Z 3R Sz, Lz‘»b\ 53R
DOFRHTIZ LV DiP-DNB D37 ONOO & Kind % Z E R S nf=, £7-. ONOO
DEEH RIS Th HF O =k afbid it 720> 7= (data not shown) . & D7
AR~ AT 212, K0 EHEREOE <. ONOO™ & i L7 X 9 Zpfiid & R34
B R E Tz,
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3-2 N-Nitrosoaniline #&Z 89 5L HIfHE ONOO™ K F+—D I
3-2-1 7FEREt

LV HzhEE R E < AMSRIC B FTEEZEHIE ONOO™ R —%BHR 3 572012, &
BhER 72N HIAEA NO R —& L CHIBIL TV BNNs (123) 125 B L7= (Fig. 3-15), BNNs
1%, SEAVOEIREHIC L > T N-NFEADRARETY U RAZEZ L THRIO NO 2t L, REER
F O H AR 124 &M LT, kD NO T2 Z LR b Tng 10

hv (UV)
RNN(:\NO [ R. e i R.
\N) |N
D I
ON’N\R *N=0 _O‘N\’N\R ] *N=0 N\R
BNNs (123) 124 125

Fig. 3-15 Y&l f##7% NO K—BNNs ® NO i i

Z @ BNNs {Z DiP-DNB DOtttz L, AKEBREZEA LTALEMITILLT O X 5 72K
IhA i 23 & BE L. (Fig. 3-16),

(\ hv .
H —_

\N'NO Q \' 0, ~

R R R i’ R R I R
R R R™ Y R R R

OH ( 0
126 semiquinoneimine 128
I + |
ONOO"

Fig. 3-16 7= 72 JeHil#17 ONOO™ K— & Z D ik ik

~,,-NO

. L L, 12%R'=R’=H Fig. 3-16 |27k 126 (2 ERIF 2175 &L NO & figHi L
R R' 130:R'=H,R2=Me L L. N N
, , 131:R'=Me, R?=H C. semiquinoneimine 127 (2725 & 2 D, TN
L, T PERSRMePNAR) gy 0, % BT LT Ol L, 128 10K B, %

OH
Fig. 3-17 #%aF L7723t oNoo LT Oy 2M5EICAE LT NO & LT ONOO 1278 % &
K= ERT,
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z @ot VIS EE ZTbA & LT LA 129-132 %%t L7z (Fig.3-17), DiP-DNB
. RREEOSHY TH DX ) ARH ONOO & s LT D Z LIRS NIZT-0
ﬂdxlii‘ EHTHIT, RUBVRIZIEIATAREEZEA L, ZOATFNVHEEIRXUEBUERD
T 2 B semiquinoneimine 127 725 O, ~D—E BB Z IE T 57-OI b H A7 L
Ez bbb, 129-132 [ZFNF., AFLVEOBENE, BHREELEZ AW THY .
AFNVEOBEEEL T HZ LN TELHEERT,

3-2-2 &Y 129-132 DERL

e LTAbEY DGR E1T > 7= (Scheme 3-5. 6, 7).

129. 130 % Scheme 3-5 (2%t > TH AL L 7=, Benzaldehyde #53E(K 112g Dk /L 2 VA i
WFEREF U 7 AL ¥ LT 130a |2 L7=,130a % Curtius 57 312 > T 130b |2 L,
N- X F /At Z47\ >, 130c (2 L7=, 130c ® Boc #& MOM Ji% TFA Tliff# L < 130d (2
L. ZAUIN-= b ZIT->T 1301 L7z, £/, 129 1FHik® 129a # N-= ~z Y1k

L7,

NaClO,, KH,PO,4
NBoc

CHO  2-methyl-2-butene COOH DPPA, NEt; NHBoc Mel, NaH
t-BuOH, Hzo rt t-BuOH, rt — reflux DMF, rt
—
87% 71% 37%

OMOM OMOM OMOM OMOM
1129 130a 130b 130c
_NO
SNH Y
NaN02
TFA, 1t AcOH, H,0, 0 °C
D —— o
85% R R R R
OH OH
129a: R=H 129:R=H 63%
130d: R = Me 130: R = Me 56%

Scheme 3-5 129, 130 DA%
131 % Scheme 3-6 |27t > TARL L7, 4-Aminophenol 5iE /A 131a O/KEEIE A 7 & F AL

LC131bicL, 7 EZFRNL AT I MELT131c 2 L7-, 131c % LiAIH4IZ L 5iE5T
T131d 2L, 131d ® N-= ra V{b&ZiT> T 131 L7,
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NH
Ac,0, DMAP 2 HCOCOH, ACZO L|AIH4 THF
NEt3 MeCN, rt CHZCIZ reflux
>
65% 95% 41%

OAc
131a 131b 131c 131d
~,,-NO
NaNO, N
AcOH, H,0, 0 °C
_—
74%
OH

131
Scheme 3-6 131 DAk

132 (% Scheme 3-7 |Zft> TH L7z, 3-Bromo-4,5-dimethyl-o-xylene (132a) %# =k =1k
LT 132b 2 L. Pdydbag % Vo KR IE A SRS M 21T\, 132¢ 12 L7, 132¢c O = k=
5% Raney Ni TiE7c LT 132d (2 L. Ac0 & HCOOH 7> b /4 S H 7= iR AR B K Y ThL
A7 I FELT132e 2 L7, 132e % LiAIH4IZ L 585 T132f Ic L, 132f O N-=h ¥

fbZ1T>T 1321 L7,

KOH, Pd,dbas,
2-di-tert-butylphosphino- 0,

NO,BF, 2',4' 6'-triisopropylbiphenyl, Raney Ni NH,
MeCN rt H,O, dioxane, 80 °C MeOH rt
—
quant 59% 76%
OH

Br
132a 132b 132c 132d
~,,-NO
HCOOH, A%O LiAIH, NH NaNO, N
CHzclz THF, reflux AcOH, HZO 0°C
quant 0% 5%
OH
132e 132f 132

Scheme 3-7 132 D&%
3-2-3 1£&¥ 129-132 ORHERA RS ~ILDBEIFE

DWW E A ET D 72012, 129-132 O A7 hvZ2HIE L7z (Fig. 3-18),
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129 130

10000 10000
__ 8000 /f\\ __ 8000
w5000 w5000
= 4000 \ = 4000
w w
2000 N 2000 f\\
0 0
-2000 -2000
250 300 350 400 450 500 550 600 250 300 350 400 450 500 550 600
wavelength (nm) wavelength (nm)
131 132
10000 10000
__ 8000 __ 8000
® 6000 ® 6000
< T
£ 4000 = 4000
* 2000 \ “ 2000
0 N 0 N
-2000 -2000
250 350 450 550 650 750 250 300 350 400 450 500 550 600
wavelength (nm) wavelength (nm)
131 (#EK) 132 (#EK)

1500 \ 1500 \

1000 \ 1000 \

500 \ 500 \

0 \ - 0 R

250 300 350 400 250 300 350 400
wavelength (nm) wavelength (nm)

g(M-1-s1)
g (M-1's)

Fig. 3-18 129-132 DWWt A7 Fb @ WTivh DMF 0.1% % & e /KiEik & L CRIE L7z,

Fig. 3-18 IZ/R" T L 212, WINO/LEW S 350 nm T FE THTHWZN 5 W EH LTV
7e7=® ., DiP-DNB DA & [Fkk, Sl T 5wt LBEMEE Olympus BX-60 DK T o
12.330-380 nm D/ R/RAT ¢ v Z— %4855 1L 129-132 ~DO N %2179 Z LT LTz,

3-2-4 ESRREVISYEUTEZRAL NO REDORER

AR LTALBE DI IREHZ L > TONOO RADFE B TH 5 NO Dt & =900 % |
DiP-DNB D34 & 4. Fe-DTCIZ LD ESR At > T v B o VT~ Y

129-132 DWW TN DLEY & Fe-DTC OIRETAIRIZ, O DL A TH 2y
B LTT AL TART Y 7 L=#%I2, 330-380 nm D YEREST (60 mW/cm?) % 15 4y
1TV, 1 GHz ESR T 330 mT {J3r®d ESR A~7 hLZ2#E LTz,
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129 130

131 132

2mT

Fig. 3-19 129-132 & Fe-DTC DIRA TR ~D NI R D ESR A7 bV T ofba (100
uM) & Fe-MGD (1.5 mM) Z&te U L R#E AR (10 mM, pH = 7.0) {2 330-380 nm ® > (60 mW/cm?)
% 15 43 MREE L7=, MGD: N-Methyl-D-glucamine dithiocarbamate

Fig. 3-19 {TR T L 912, MEICEITH D DD, WIFho(bEYW T NO-Fe-DTC HkD
U7V EHI S L. 330-380 nm D YEHREFIZ &L o T ONOO i D85 — Bk T 5 NO Jit
DD ERRBENTZ, 130 ZHWTEEO T 7 FIVRRFIC/NE Do 7o, L,
N-nitroso-4-aminophenol @ 3 (L3 FFICSUSED /<. £z, 129 & T 130 (LA FVEEN
TOEBLTVWDIEOICETEENREL, ALTENO LT IND v TV o TIZED C-
NFEEERR E, BT DG EFMORIGEN S TREZTDTELEEZ BND,

3-2-5 |EHATO—TZEAHL\F- ONOO D&EH

129-132 7» 5 ONOO A fkt 415 7%, HKGreen-3 %z W ChEsR L 7= (Fig. 3-20),
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= 100
S 90
z 80
% 70
E 60
8 50 I
s 40
o 30 =
8 —F—
o 20
T 10

0

control 129 130 131 132

Fig. 3-20 HKGreen-3 % i\ 7= ONOO #A B D LE: ; =2 oA (10 M)

.

L HKGreen-3 (10 pM) DV U EEFREIRWEIZ 15 4 YERRS (330-380 nm, 60
mWicm?) %47 - 7-1% . IO ICIRE 2 1E L=, Bt : 520 nm, #B22% :
535 nm

Fig. 3-20 IZ/R 9L 91T, 132 b= L < ONOO i35 Z E AR Sz, 2o
fE 76 . N-nitrosoaminophenol ##1& % £ JLHll4#H ONOO™ R —IZ81F 5 X B B Lo R
FNFEDO BN RIE X7z,

132 3 B EFEDB B WVONOO R —Th 5 LR I 7oz LU T D ERRIT 132 (P-NAP)
ZHWTIT o7,

3-2-6 Oy DFEDKRE

NO # ESR At b T v B 7T, £7/2 ONOO 287 0 —7HETHRIFE LD T, &
Iz O, DI &7 7~ (Fig. 3-21), L7>L. DEPMPO (133) 5 BESSo (134) *® MitoSOX
Red (135) ¥ oW Oy 7o —7%HWIEHATH, O, T 52 LT TE o
7= (data not shown)

cof DaW

=P,
EtO >O F z o
N+ sl o HZ7N o
-0 o o o~ I:[ ~ PH  \—PPhs
F F
O,N o~

DEPMPO (133) BESSo (134) MitoSOX Red (135)
O, MESRFO—7J O,y D&EXTO—T RO, DEATO—T

Fig. 3-21 BHIZHW- 0, DT r—7
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ZHUE. NO & O DEJSHEN 6.7x10° M st LIEFICR W=D Z L EZ b, 207
D, NOPBEL THWDRWFTO T 52 LIXREEE X 6D, £Z T, 0, D%
AN B R 5 2 5 X 9 7240 F T NO, ONOO DO AT\, BIHEAIIC O DI A FERAT
HTEEBR,

F9°. NO ORHIZEIT D 0, DA% ~7- (Fig. 3-22) ., Fig. 3-19 ® ESR A7 hLiZ
T UFERK T TR EZIT> TELNTZ LD TH D0, AR T CRIBE 217 212
RO 0 5 0y AT TNO EJET A0 NO I &N 213 Th b, £,
RIS T I Z21T>Th, SOD BUI SN TWIUE O M ESND 72D, NO »
mHEN2139TTHDH, 2T, P-NAP & Fe-DTC DRAIAEIRIC, IHFRBISMET TOIR
BB X ORISR C SOD Ui L CoO Y 21TV, ESR {E'an%:ﬁoto

P-NAP (under argon) P-NAP (aerobic) P-NAP (aerobic + SOD)

—)) —W—

2mT

Fig. 3-22 P-NAP & Fe-DTC DIR G ~D I E#% D ESR A7 hv ; Z e o ke (100
uM) & Fe-MGD (1.5mM) @ U - ekEfEiaiE (10 mM, pH = 7.0) (2 330-380 nm @ (60 mW/cm?)
Z 15 IS L7z s (F8) 7T RPAR T TR 217 o725 () FRBSME T TR 217
o7z ; (£) SOD 1 kU/mL Z/NZ., RIS T TS %217 572, MGD: N-Methyl-D-glucamine
dithiocarbamate

Fig. 3-22 (2”3 K 91T, P-NAP [ZAFXBISA: T TS 21T 9 & NO-Fe-DTC D> 7
B ST, RIS T C SOD # RN L TR %2179 & NO-Fe-DTC O v 7L
FEHI Sz, ZOZEnD, HFREF FTHREBRZITH & 0 %A L, NO OfRHic
WBE 2D 0D ZEBNRBENT,

RIZ HKGreen-3 % I 72 ONOO™ D 2. [AIEROSMF T TiT -7 (Fig. 3-23), P-NAP
(273 R TR 217 213 O BB S 72 2D, ONOO |3 Sy, &
7=, RIS T C SOD Z i L OB 217 21X, B STz O AL E 5728
ONOO 23 S iv7ewn & TRl L7,
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Irradiation - - + +
P-NAP - + - +
Argon - - - -
SOD - - - - - +

Fluorescence Intensity (a. u.)

+

+

+ |+ |+

Fig. 3-23 HKGreen-3 % A 7= ONOO WAERBOE ; P-NAP (10 uM) & HKGreen-3

(10 pM) D U U EEFREANG I 15 4y FCHEST (330-380 nm. 60 mW/em?) %17 - 7-1%
DVEWR D EIREE 2 ] E LT, SOD 1T 1 KU/ML N U 7=, BhiEt Y6 : 520 nm, #£8 :
535 nm

Fig. 3-23 IZR" T L 21T, 7V T U FHA T TN 21T 5 & | st B O ¥ RITHl i,
ONOO [FFHAEL TWRWIZ EPRBEE T, Fo, XIS T T SOD Z i L Tt
2175 &, SOD ZMA o T-h & s, ssiE O RPN S e, 2 b OfESR
5. P-NAP ~DJRREIC K > TRHP D O IKFFRIIC O, Z TR L. ONOO ZFAEL TV 5
ZENRBENT,

IEDOFRER LY, Oy #EHEMREHT DI EITTERN TN, TOREITHEEETH X D5
HTFTORIEND, Oy WAL TWVWD Z ENEBEMITOREZEI N,

3-2-7 BHSfEE ONOO™ K+ —SIN-1 & DL#k
b ONOO ZH LT\ 5 Z L ARIBENT- P-NAP & | B34 ONOO™ KJ—SIN-1

& D ONOO BAE®D I 21T~ 7= (Fig. 3-24, 25), ONOO DOFAEED i, HKGreen-3
XD EIERE DO ROESWEIKTHZ LICL > TiTo T,
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Fig. 3-24 HKGreen-3 % i\ 7= SIN-1 7> 5 ¢ ONOO %&£ DR ; SIN-1 (10 pM) & HKGreen-3
(10 uM) D U > PEAEAET SR OO G TR EE D28V 22 BB U 72, Jabike )t © 520 nm, #i£2¢ : 535
nm

Fig. 3-24 12779 XL 912, SIN-1 & HKGreen-3 OIRA TR 0 H 58 1 X R MK FAICHE R L
7eo F72. ONOO DAEfHZ WV THERL L 72 MriEft & DIz LD . 10 uM @ SIN-1 725 5
KRT51uM D ONOO % i+ 5 Z L BRI ST,

110
5 100 *
g 90 ®
2 80 *
% 70 = *100%
£ 60 4 . = > W 25%
g 0 o 6%
g 10 —*—3 2 = - 01.5%
2 30 o 3 0 70
S 20
S 1.1z
T 10T

0

0 5 10 15 20

Irradiation time (min)

Fig. 3-25 HKGreen-3 % 7= P-NAP 7> 5 O ONOO ZA DR ; P-NAP (10 uM) &
HKGreen-3 (10 uM) DV > ERREENAIR IR 21T o 7o 1% . TR O W TR 2 HIE L7z,
JLBIN R L72% DB 1% 60 mW/em? % 100% & L 72150 FRETHEaR A, ikt : 520 nm, #i%s
Y% : 535 nm
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Fig. 3-25 (279K 912, P-NAP & HKGreen-3 DR A TRIR 085 638 B | 3 R SR I AF S
R L7z, £72. ONOO DFEM & AWV TR L7 st & Dl X v . 10 uM @ P-NAP
MBI T 4.6 uM @O ONOO % i35 Z & SR X7z,

LLE®D X 512 ONOO Dt &I, SIN-1 DTN OT NN ERNRB I, L,
P-NAP [Z SIN-1 & B2 0 | BEHEIREEIC K > T ONOO D i i FE & I FJRE T 57215 T
72, FAESHED ONOO D EOFFZEMGIHIN FRETH D, Z D 2 SIZBI L TiE, SIN-1 X
VENTWDESZD,

3-2-8 FOLUFEARD=Z FObRICDHERE

ONOO DHHERI R & LT, Z oI EPOF s RO = F a LIS F b T
W5, & Z T, N-acetyltyrosine ethyl ester (Ac-Tyr-OEt) =M\ TZ D= bk afbENiE 2
% a7 (Fig. 3-26),

P-NAP & Ac-Tyr-OEt DIEAIRIZIEIRST 21T, HPLC T= k ={bA# (Ac-nitroTyr—
OEt) Dt &7l r 7z,

(a) 40000 - ﬂ
20000 A
l 0 — . .
3 0 5 10 15 2
L
(b) & 40000
c
(14}
2 20000 -
o ﬂ A
2 A
Ko 0 A r ’
< 0 5 10 15 2
(c) 40000 -
20000
0 — : A ,
0 5 10 15 2

Retention time (min) —

Fig. 3-26 HPLC I[2 L 5= b ufbF o Okt ; (@) Ac-nitroTyr-OEt 100
uM ; (b) P-NAP 1 mM & Ac-Tyr-OEt 1 mM % & de U L FRARMEIAIRIC 15 47
EEME%  (330-380 nm, 60 mW/em?) ; (c) 7 a~ k27T 4 (b) &EL
A DIRIEZBE L, TAALTART Y 7 LB,

Fig. 3-26b |Z/R 9 & 9 1T Ac-Tyr-OEt ® = | BALRD R S 41, P-NAP 2> 542 U 72 ONOO™
IZE > TAC-Tyr—OEt ®= h e bR E 7= Z LAURIR &S Tz, £, T3 FHEA T CH
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RO 217 5 & Ac-nitroTyr-OEt (34 H S /e o 72 (Fig. 3-26¢), 2D Z &b, FK
FD O 4KAFAIIC ONOO 28 FEA L, = F kS & 72 2 L AR STz,
F7o. RERER 15 ofhEICHi- e —2

~n-NO n 0 DIFRH S 723 TV & ORIz K D |
:@( hv :Q: H20 :@i 2,3,5,6-tetramethylbenzoquinone (duroquinone,
137) D — 2 Th 5D Z &R S vz (Fig.

OH O O R o =
P-NAP (132) quinoneimine duroquinone 3-27), ZHLSMZHINL T — 7 (LR T
(136) (137) X 7otz 137 28 P-NAP D794y

Flg 3-27*ﬁmlc:ﬂfiﬁj\ﬁyf@k?]"fﬁéﬂéiﬁiﬁéﬁg ﬁg%&%i %j/bf:o 137 &i\ P_NAP ®\/§7\

fi#lZ &> TH U 7= quinoneimine (136) DMK SN TELTE LD THL B LT,
Benzoquinone i E (R T RN CRALIE TSR D OE ORI L2 L C Oy 2 AT
5. b LATERNOREAI OB R Z 10T Wbl EmEz2 R 2 enmbi s, L
22 L. duroquinone (X4 DD A FI/VEENER L TWDHTDIZE TEBENRGEGL . BTFZREN
TV, S HIZAFNVIEDSEREEFED - DITRKERHEEZ T OO VMEETH D, 2 b OB
/5. duroquinone 1% benzoquinone M THEMEDIENEDTH S EMEENTEBY 8,
P-NAP Ot e L CTALTH, ARIZE X 5B EE I BND,

3-2-9 P-NAP O KIGEFUINEDBIE

P-NAP OGS E IR @ OBIEE{T-7- (Table3-2, 3. 4), MIGETINER LT, 5%
T NA 2N L CRNE SN 72BE, BROMIGZR TR TH Y | IO Z D 0T &
DFRIEEL LTHWOI D, MET 2B OIS 2 E S 256 1%, BWIROWICEE K
& B L7 WERREE i3 2 IR i T ORI F . MO REZHE T 2 DN —KEITH 5,
P-NAP D¢t/5f#¥ T % duroquinone (137) DRk E % HPLC THIE L. & DOERKE 7L
R Opg E L7z,

F3°. P-NAP O¥EHRIZ S WS EE R O IR % VT 334 nm O YRS 21TV, 0 fif#) <
&% 137 75 P-NAP OB LT 5%IE EARKRT DRI Z G L& 2 A, 15 5 & oo
ST, FOSMTHIBE 21TV, 137 O EAHIE L7 (Table 3-2),

Table 3-2 £ L7- 137 DE&E:

137 Peak area (A. U.) 137 (uM) 137 (umol)
i 125969.7 6.180597 0.002472
ZHERE 8849.023 0.510796 0.000204

P-NAP 100 pM (400 pL) & Ye4fRS¥7-, WEIEL 3EIT 72, E— 7 BRI EUTHE » TR i
L7z : y=17324x + 18897 (y: peak area, x: concentration of DQ)

WIZ, P-NAP OB L= XD Ha kD 1=, 3T RE L7217 5% KFe(Cy04)3
WL BT IF ) A== EHNTRD, P-NAP OWLIEEE D & VR SWLIN U7 748 Ny,
Z3Rd7- (Table 3-3),
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Table 3-3 HAHF 7= ¢ 752 N, Table 3-3 IS L7274 Z& 7~ L7z, P-NAP @ 334 nm (Z

N (Hmol) BT LWHE (o) 1Z144MEem TH B Z L0265, Table 3-3
1 0.174663 DA & 0 FERASTIL L 72 Y24 Naps 15 2.87x10°° pmol & 725,
REEE | 001338 ZOfii &, Table3-2 DL U . P-NAP ® 334 nm ot 75

FERRIL 3 EIT 72, o
®pg 13 0.86+0.07 LR SN/ (Table 3-4),

Table 3-4 P-NAP O &= Opg

Produced 13 (umol)
DQ (umol) Nabs (MmMoOl)
£ 0.002472 0.86081
SHERE 0.000204 0.07114

3-2-10 DNA YIHTEEDFER

ONOO 1ZH /) 2B i ME A4 L, DNA ${Z U9 % Z L 8 b T s B, P-NAP % H
T DNA SHEIBr 3 iR T X 2 &~ 7= (Fig. 3-28).,

P-NAP & pBR322 77 2 X R DNA DIRATEIRIZIERE 217, Bk COllr iz
DNA OBl % 1T > 72,

Broken DNA

Unbroken DNA

Irradiation [ — + + + +

P-NAP(uM) || © 0 30 100 300
Fig. 3-28 P-NAP (Z 1. % DNA $HUIrEE DS ; P-NAP & pBR322
77 A3 K DNA(0.04 mg/imL) D U > BB @RI LIRS 2170
BRIKE, BAL=TF U0 A TYE L TSR EZITo 72,

Fig. 3-28 (279 & 9 1T P-NAP ~D R L - T DNASHEIE S = 5 Z &R ST,
F7-. Z® DNA UIEREIL P-NAP O HERFHIICHE R Lz, 2D Z &b, P-NAP b A
% ONOO % DNA 72 EDOAMR S E B UL L 9 5 2 EDVREB S L7,

3-2-11 #HERAR TO ONOO Hit H o il i

B AMIAN T P-NAP @ ONOO Jitt Z il T = % /3%  HKGreen-3 O 7 & F AL TH 5
HKGreen-3A % W CF~7= (Fig. 3-29),

b SRR HCT116 |2 HKGreen-3A & P-NAP 25 L, SGRRE% . el S Gia
WEE CHIRN OB BIE AT T2,
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Fig. 3-20 P-NAP Hﬂb\f:%ﬂiﬂ@lﬂf“@ ONOO HiHHil#H DR ; (a) P-NAP 10 uM, HKGreen-3A

10 uM % HCT116 (24 5- L, 15 e H 217> 7= 5 (b) P-NAP 10 uM, HKGreen-3A 10 uM
% HCT116 [2#5-L. 15%) F”ﬁﬂ Fﬁf‘j}&% L7- ; (c) HKGreen-3A 10 uM % HCT116 (24 5-L |
5 RS 21T o 72,

Fig. 3-29 (27”9 & 912, P-NAP 72&“’7—1 Lfﬁ%ﬁ’é%%ﬁommﬂa (Fig. 3-29a) TldH L
jw%ﬁg’?ézm W 21T 20> 12854 (Fig. 3-29b) . & L < 1% P-NAP JEd/# L TR M
2177254 (Fig. 3-29¢) | im;ttﬁéjw%ﬁf SN nolz, ZOZEND, P-NAP X
éﬁﬂﬂﬂavﬂf%y‘nﬁl’é%ﬂ&ﬁﬁ Z ONOO D¥AZEay b — L TEXHLAEMTH D Z LAVRIE S
iz,

3-2-12 EE - &5

PLED X 512, DiP-DNB Okt 2 Felz L7287 72 J6H#E7% ONOO™ KF—P-NAP %
BHFE LT,

P-NAP % 330-380 nm ®JEHEHZ - T NO, ONOO %#ftti 352 &% ESR A K7
BTk, wHT o —THEERAOTHER LTZ, O ERAEERIET D Z ST TE R0 -
Temy, Oy DFAITHEEZ H 25 X954 To ESR HIE, SwAMENS, O BFAL
TWVWD Z ENMERIRE SN, 72, P-NAP [ ONOO™ JF%%(EWOE&FE\@—OT‘%%)?
Y URRERO= eSS EE I Lc, ZHUEDIP-DNB Tl Z 32 LD TE 72
STERIETH Y . BHREBROBEBEMEN AR STz, S 52 P-NAP X DNA SHoUkr, Hika
NT? ONOO ikt b FIRE T > 7,

129-131 % HKGreen-3 Oz e KiL P-NAP & b _XT/hE <. ONOO fgHBEIFIR W &%
26N WTFNobEWwLFr v UFERO = U{I:Jiﬁixift = & 727> 7= (data not shown)
ZENnD, ZOX A TONRFREE ONOO R —IZBIF 5B U ED A F VIO EEM:
PR ENTZ, ZOAFNIET, BFEEOEFICED O BEOME ¥ ONOO D/
WTHDHF ) o ~OREMME > 2 <R ERFSLO LIS D,

P-NAP @ 334 nm O &I (1 086 THY ., ZOWRETHRIIpBEE-_ T2 0
RE Tz, 334 nm [ P-NAP OE /W SEARE D IEF I/ NS WERETH A3, T I Z O
BRI R 2 /TS, XUPBUBEO o OBFEBORE XV bEREMICEN ST

WKL, n— 7 " OB BRI 2NN TH D Z ERmbNTWD, 202 Enb, 334
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nm QYL N-NO O n—> n " OEFERZEELE L TEY ., Zo0DIE0WE FIEE R
Liz&EEZ2bND,
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3-3 AFEEFBIRIGICED CAIRNAFIHE NO FH—0R%
3-3-1 HFEEFBEIREIZTDONT

AIHEHIER NO R —DBAZIZ DWW TR T 2 A, JEaf & 7B 8k (photoinduced
electron transfer: PeT) (2 >W TR 5 (Fig. 3-30),

PeT &I, HHAJENNBIE S NTZE., TR X555 F#E (lower singly
occupied molecular orbital: lower SOMO) T35 D FE 15 FE D @ W EHIL ) b — B B Eh 23 E
IOHRIEDZ EThD, ZORINIHTZRNF =2 EFBENSG OB IR TE | Lh
EHDMCBOTHRA SR TS ¥, 72, Zhick->TAEU 5 EMYBEEREE (charge
separated state) Z A HTIVUXEIRZ EAETE D720, KEBFEMICHIGH I TS OtiE
Jiha) L

EDG EDG

¥
S E>
*
—1-}_ Molecular orbital of

Molecular orbital ~ benzene moiety
od Dye PeT

higher SOMO _}_//‘—1-_}— |:>

lower SOMO

EDG: electron donating group

-
I-l

charge separated state

Fig. 3-30 PeT DARIE E 45 S

PeT |2 & W TRk S 4L 2 B o BEIR BE 2 R L 7= & kst B FE 41TV % (Scheme 3-8)
PLFIZR L2 RO E RN —E R BTt & 720 | C-CREA DI ZT 5 KILTh 5,
Sehie A7z Ir(ppy)s 1d 138 225 139 ~D—E FRBENZ L L TR LT 7 P v~_"T 230
v F Y TR LT 140 12725 2, el &7z eosin Y 13141 & B FRMLL T =
SATGOHNEEL, L 142030 v Y 7 LT 143107 % BB, 144 3ol &

—EBIBIESh, ZhBNA LT 4> (145) th o7V LT 1461075 54
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CN

26 W fluorescent R3
2SNTRS light bulb
R N1 R . > RZN
R Ir(pPY)3 (0.5-1.0 mol %) R
CN NaOAc, DMA CN
138 139 140
% ﬁ eosin'Y X A\
XY 2 X A ~
| | w&bbhgm; N
RLA / |,
R =
141 142 143
1 photocatalyst R
RN R R~ visible light 1 I\EWG
1 —> R
R2 EWG \N R3
R2
144 145 146

Scheme 3-8 PeT ZFI|l L 7= C-C A TR s D

F I FATRBNT PeT 2322 5 & S omAs & 3B OfEFmE A R H 3 5 72
D, mIENWIFT L EnNmLNTWS (Fig. 3-31), ZOZ EZRALEET o —7 0
BB ENTWD, Fig. 3-31 121X D —fFlZ R LT,

NH,

H,N O
COOH

HO O o {
Et,NOC F°F CONEt,
DAF-2 (79)'13 HKGreen-2 (90)'23 NiSPY-3 (91)'25
HOOC
COOH HOOC
/~COoH

N B
l!l P
\/\o ~0"No Me,N NMe,

147 155
TG mPC Rhod2 (148)156

Fig. 3-31 PeT ZFIH L7t 7 v — 7 Dl

ZOEIITPeT L NI Ko T TO—EFBILETCEHIHT 2 ENTE DI b,
LA SN RS SR
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3-3-2 #FEET

ARG CHIBE AT REZ: NO R —Z BRI 572012, R/MEHIEAR NO R —t LTambh
Tuv% BNNs (123) 1T#%H L7, BNNs ® 14 FH® NO 13T L F—I2 L »T 123 D
N-N FEANAREY AZREZ LTRSS, 2 FHO NO Tt x ¥ —I2 &
STTIERL , REERT IV HIVHFRMR 124 BNE)FENTLZETR X / K 125 1272 DD
TRNAF—EEZBEHE LTREETNWDEEZLNTNE O 22T, T h Lk 124
ERRRDEEAIRREZ AT Ko THED 3 Z L 23 TE #UiX. BNNs @ 2 43+ H @ NO Jigt
ERBEDORE T, N-NFEANFRTY U AEEI LTNO 2+ 5 & 272,

NO

TNO spontaneous

N homolysis Ny

O T» Q@Lﬂ L
X
CNo *N
BNNs radical quinone form
(X =NR, 123) intermediate (125)
(124)

Fig. 3-32 #HE &35 BNNs @ NO fi HikktE

ZD LD BRBRLIREZEY BT 72DORIGE LT, 01N PeT IR Lz, AR L7z X
1T, PeT &3 2 W IEFH DR ZE T B E O m W EHIE DN EET 55 WOt %2 e
THLBEFBEEOREVERILENS B SN B FBINEZ 26D Z L TH
Do

W PeT Z )i H L= J6HliEAR NO R —d i & LT L FIC R s 2485 L 7= (Fig.
3-33), N-Nitrosoaminophenol #1E & #A0A A T2 (655 149 OEBFE Y &2 32 & | A
S IR BE 150 (272 0 & 1% £ D &\ N-nitrosoaminophenol #5572> & 3850 5y ~— 8 - #)
LB Z D EEZBND, ZOREECTZT UV 151 1%, TV VK 124 L REE
DEFIRETHY . ZiERFT ) 1K 152 O EZERH) /1L LT NO 2T 5B 261
Bo FERE LT, 2O X5 iEED 13RO R CHI#EAIEE/2 NO R —I22 5 &
EZT,
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O No TNO

/N ,/NQ i "
IR
A n o,
o

OH OH
x N o
D - —
ye (@) (Cove )| [-NO] (Cove )
149 150 biradical quinone form
intermediate (152)

(151)

Fig. 3-33 PeT % h U ' —& L7872 Z06HiIH NO R —o | 487E S D SUspétE

ZDEZFIEESE AR A NO KJ-— & L C . Fig. 3-34 12753 NOBL-1(153)
ZRREF L7-. NO JRHEL & LT N-nitrosoaminophenol #i&E 4 VY, AFEEALE L CTH O
FEIRIZ IR 2 A3 54080+ Tdh 5 BODIPY %V /=, BODIPY (ZiX, ¥V h LT =
FoFMEELZENSE LD T 2 A BA LT, £72, BODIPY [IAKEMEIME VE
DT THLID, KietEE LR XS5 BT NO BRHEAIC AV T U EEZEA LT,

e b & & LT, NO B AL & Fi7= 72 Mb& W) 154 #3355 LT-,

NO releasing moiety
N-Nitrosoaminophenol

Antenna moiety
BODIPY
(Strong absorption

of blue light)

NOBL-1 (153) 154
Fig. 3-34 % & L= a8 NO R —NOBL-1 & gt &% 154

3-3-3 NOBL-1. &% 154 D& RL

NOBL-1 D& k%17~ 7- (Scheme 3-9, 10, 11),

F 9 Scheme 3-9 |2V, 7/ 7=/ —/LiFE#EK153d # 8k L7-, E ReXx i X X7
LT b REBE(R 163a ORI Z N UL CHRH#E LT 153b 12 L, Wittig ST A Fig
Tk 153c (2 L7 ¥, 153c AR T CAL 7 4 v = FrEORIE, XU UKD

REZ 1T, 153d 12 L7,
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O2N CHO  BnBr, K,CO3 O,N CHO BrCH,COOt-Bu, PPhs ]
\C[ SLaL \@ sat. NaHCO/THF, t_ OZN\@\WCOC” Bu
—_—
on OBn

90% OBn quant.
153a 153b 153¢
Pd-C, H,
MeOH, rt H2N COOt-Bu
\(:(\/
79% OH
153d

Scheme 3-9 7 3 / 7 =/ —/LViFER 153d DAL

KIZ Scheme 3-10 (ZHEV, 7/ B 1 — VB8R 1531 2 ARk L7 ', 7'V v v ik 153
@ Boc H: &g CHLPR#E L C 153f (2 L, 153f & 3-aminocrotononitrile & /it & T 153g (2 L
7-. 153g % MeMgBr & [t &8 T 153h (2 L. 153h % NaOEt TERL &+ T 153i 2 L7-,

| HBr | 3-aminocrotononitrile
OxgNan”  AcOH, 1t OgyNanr EtOH. 1t N o~
j’ o7 I, j/ 0
quant. 96%
BocHN BrH3;N °
153e 153f 153g
MeMgBr NaOEt NC
THF -10°C EtOH, rt
91°/ 90% N
H
153h 153i

Scheme 3-10 7 / ¥ o — L35k 153i DA

S 512 Scheme 3-11 |2V, NOBL-1 % &k L7z, Terephthalaldehydic acid (153j) &
N,N -dimethylhydroxylamine % & &+ C 153k (2 L7z, 153k & Eettsefth T Co 1530 & Offs
4. DDQ IZ X Bk, BF, DIEAKISE AU Ry R TITV, 1631 #457-, 1531 DT I R&
Schwartz #3E T3 E ™ L C7 /L7 & F153m i L,153m & 153d TETLH T 2 /{LEITV,

153n #%5%7=, 153n @ t-Bu = A7 V2 ClifA# L C 1530 (2L, 1530 # N-= hz V1K
LT NOBL-1 |z L7,

57



I
COOH NHMeOMe+HCI 0 N‘o
N-methylmorpholine

EDCI*HCI, CH,Cly, rt

~ 153i, TFA, CH,Cl,, rt;
then, DDQ, rt;
then, BF3*OEt,, DIPEA, 0 °C

67% 64%
CHO CHO
153 153k 1531
H
N
CHO \C[HECOO#BU
Cp,ZrHCl, 153d, AcOH, CH,Cly, rt; OH
THF, rt then, NaBH(OAG)s, rt
Y o —_—
70% 83% NG AN CN
\_N
FF
NaN02
HCI, AcOE, rt AcOH/H,0, 0 °C
_—— _———

44% (2 steps)

1530 NOBL-1 (153)

Scheme 3-11 NOBL-1 D&%

T, EILEWMTH D 154 ZE L L7- (Scheme 3-12), Benzaldehyde (154a) & 153i
DOERMESAE T TOMEA . DDQ IZ X (k. BF, DA% T R > FTITW, 154 215372,

153|Y TFA, CH2C|2, rt;
then, DDQ, rt;
then, BF3*OEt,, DIPEA, 0 °E

CHO 48%

154a
Scheme 3-12 154 D4k

3-3-4 BHIERARY FILEEHLEARY FILOBIE

NOBL-1, 154 OW AT FL @AY RV ORIEET1T -7 (Fig. 3-35), 154 13/K
BMHEDMED N> 72728, DMSO 1 CTARY MLVORIEZEIT -T2,
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(a) 120000 (b) ~ 100
A >
100000 ;
S 80 JA N
& 80000 2 / \ / \
= 2
o 60000 g 60 L4 \}
S 40000 - "\
< = 40
w L)
20000 / o //
=)
20000 T 0 -
300 400 500 600 700 800 480 500 520 540 560 580 600
wavelength (nm) wavelength (nm)

Fig. 3-35 WL A~Z hL L HOEANY B O (R NOBL-1, JKEHL : 154) ;5 (a) WIXLARY
Rb (b)) HOEAAZ B (bt 500 nm)

Fig. 3-35a (Z/°9° & 912, NOBL-1 & 154 DWW b 6 BODIPY #idEHkE ZE2 b5
500 nm 13T D FRWLU MBI X 47z, F 7=, NOBL-1 @ 500 nm £F3UT D 58U XK IERR IS
BWTHEHIENZ, ZDZ L5, NOBL-1 O NO DD JHEE LT, Xe 77
FEPFIZ 470-500 nm DR KRR T 4V H —%EEL-bDEHANDLZ L LT,

WL A7 RV Tk, NOBL-1 & 154 [ZIFIEE U ALY ML E /R LR, #HEALT b
JL T, NOBL-1 O#EHIEIT 154 L HA~EEI L T\ D Z & AR stz (Fig. 3-35b) . 0k
Iz T PeT ML Z 5 &, 924 U Hilafe & 135 OiEfe COMRRRF IIENE Z 5 Z &
NG EENEEITH 2 ENMLENTND P, 202 £vs, NOBL-1 2BV THyFN PeT
DEETWDZ EDRBENTZ, £7-. 154 ® DMSO i1 580 nm T2 8 Yk K 238l
HENF2, 2154 Do F o ~—HkOoW N ThLEEZ2 NS,

3-3-5 ESRREVISYEUTEZRAL NO REDORER

NOBL-1 23 AIfRYEIZ > TNO 2752 &% Fe-DTC #HH\WW/2ESR A T v ¥
V7 WETCHERR L= (Fig. 3-36) M,

NOBL-1 & Fe-DTC D #RIZ 470-500 nm DJEMUN 217\, 1 GHz ESR T 330 mT L d
A7 M ERAIE L, £72. NOBL-1 @ NO HEMOMED L E2HT 5
N-methyl-N-nitroso-4-aminophenol (Fig. 3-37, 129) (22T & [A4RIZ 470-500 nm T NO % JiX
H3 2 0% if~7,
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NOBL-1 129

2mT

Fig. 3-36 A% & Fe-DTC DIEIE~DHIE %D ESR A2 hv 5 TREhofbad (100 uM)
& Fe-MGD (1.5 mM) @V »EEfE@E AR (10 mM, pH = 7.0, DMF 1%) (Z 470-500 nm @Y (200
mW/cm?) % 15 23 [EIRES L 7= ; (7£) NOBL-1 100 pM OIEEIERES % D 2~ 2 kv () 129 100
UM DOFRIRI S FRE D 27 kL : MGD: N-Methyl-D-glucamine dithiocarbamate

Fig. 3-36 |27k T X 9 IZ . NOBL-1 DIEIRICHERE 21T o728 2 A,
NO NO-Fe-DTC Hi2k D > 7 F /L3 EL < #u, NOBL-1 7% 470-500 nm @
/NO\ FRREHZ L > T NO &35 2 ERRe &z, —J. NOBL-1
OH D NO S HEALCAR Y 3 D& A2 A 5 129 OEEHRIZ 470-500 nm

129 SRR 24T 5 7228, NO—Fe-DTC HsED > 7' F /LT S L7 hho
Fig.3-37 129 D& 7=, Z D Z L5 NOBL-1 ORRILENL T % BODIPY #idEd &
EMENURER ST,

3-3-6 NOBMHEHENTEE

NOBL-1 23 NO # i35 Z L oVRIB I nT-7=, = Okt &E % HIE L7z (Fig. 3-38, Table
3-5),

HREDFRINO R —Tdh 5 NOCT IF#hHE L < 2 U EDNO Z T 5 Z ENA BTN
%% 22 TNODHN T u—7Th 5 DAR-AM™ L B IAAID NO R —Td % NOCT
ZHOCTHERZIEMR L (Fig. 3-38), £ L T, NOBL-1 28 100%%5fiE SN 5544 FC
NOBL-1 & DAR-4M DIEGVEIRICIEIR 21T EOaCiEE 2 1E U, MEft & g4
5 EIZE > TNOBHEDHIEZTIT-7- (Table 3-5),
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y =22.974x + 1.6672
R2=0.9995

Fluorescence Intensity (a. u.)

0 1 2 3 4 5 6 7 8 9 10
NO concentration released from NOC7 (uM)
Fig. 3-38 NOC7 & DAR-4AM 2 L B f s ; Jihd Dt 560 nm, #1Z2% 575 nm

Table 3-5 NOBL-1 2254 U % NO DJE &

NOBL-1 DEE 15 RERE
0 uM 5.329 0.729
10 uM 181.998 25.862
(10 uM D1E)-(0 uM D FHfE)  176.669 25.862
NO REICHE (uM) 7.62 1.13

Fig. 3-38 & Table 3-5 OfER L V10 uM @ NOBL-1 /S KT 7.6 uM @ NO Z ¥ 5
Z e oT,

3-3-7  NO it o B ] il 1]
NOBL-1 {2 X Y NO DOt S Al EA % . DAR-4M % VT~ 7= (Fig. 3-24),

DAR-4M & NOBL-1 OIEASTEIRIZWEEHIIZ 470-500 nm O SRR 247U 723 5 . DAR-4M
DO EFERE Z1T - 72,
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Fig. 3-24 DAR-4M D TR DOFFEIZEAL : DAR-4AM & NOBL-1 D& 2 470-500
nm O J¢:RR A Mgt I 4T - 72 (Dark : 470-500 nm SRS 72 L, Light : 470-500 nm
FHREH V) ; R RET (A) & 100%& LT, (B) 50%. (C) 20%. (D) 0%

Fig. 3-24 |77 L 912, NOBL-1 & DAR-4M DIRATAIRIZ ML HIIZ 470-500 nm O St FE
BT & T A, FREIFFUKFIICEERE SR Lz, Fio, 2 OSBRI PR
9% 470-500 nm DJEFREE|TARAFE L CHI L=, 2 OFEERN D, BREDEO RS, StssE
(2 & > TNOBL-1 75D NO ftth & A flH Al gE7R 2 & DR S,

3-3-8 HHERANI T NO JH D Z2 & il 1]

NOBL-1 Z VT, AN T NO D 23 22 [E il v sE A~ & Fi~ 7= (Fig. 3-25),

b NGRS R HEK293 (2 DAR-4M O 7 & k%3 A F )L = A7 VK TH % DAR-AM
AM™ & NOBL-1 Z# 5 L, M St HMsio 7 v = L—4 — (488 nm) T, Fig. 3-25a
DY =27 ) ORNMNZER RN SRR 21TV #OBIE 21T - 72, Fig. 3-25b, d iZZh £,
SR A2 OWIREF OEIR TH 5,
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Fig. 3-25 DAR-4M AM % i\ 7= HEK293 flliaN T? NOBL-1 (2 & % NO kBl oGt : (a) SefRst
ATOEIEE 5 (b) YERRFATOAHEEES ; () (2) OV —Z7ANIZT /LT L—F— (488nm) T
SRR OHOLER ; (d) (@) O — 27 VNITOLRRG % OB Eif%, Scale bar =20 pm

Fig. 3-25¢c IR T L 912, L=V —MEZAT o 72 JEIA DA T NO Ot & =38 e o
WRMBIZ SN2, NOBL-1 2N A o> T Il TlE, 20X 5 Rustid@ifll S e o7
ZES, NOBL-1 B &N NO IC L o THEEMEDOHE ANEXT-EEZ BN D,

ZDZ EB, NOBL-1 Z HWW T NO Ot 2 B a2 N CZEMHIE vl aE 72 2 & R &
iz,

3-3-9 NOBL-1 # AL\ = 1MEfthiz D & EH

I E 5 @ soluble guanylate cyclase (sGC) Z{EMEL S5 Z L12 LY cGMP DJE
é’a‘:@%&b MG 2RSS ED 2 ENMONTWD ®, 2 oMmE EilihshElEH % .
NOBL-1 & W CTHIEI AT RE 2 i~ 7=  (Fig. 3-26)

7 v NOKEBIREI T &2~ 7 X AENICERE L, NRMEDO NO &k i35 72912 NOS
DFLEHITH % L-NAME (L-nitroarginine methyl ester) *®° 2 5. L7=, /L7 R I/ﬂ‘ IV
IM/8 2 [0HE S &, NOBL-1 Z 5 L 7212 (Wit i LU 217 > 72,
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Fig. 3-26 ~ 7 X AFERIZ L 5 NOBL-1 % AW 7= A g Sl E OfE ; (@) LNAME 10 pM, / V7 K
LF U (NA) 10 uM 2%, NOBL-1 10 uM % /il 2 72#1Z 470-500 nm OY:HRET (15 mWiem?) %
fT-7=; (b) L-NAME 10 yM, ODQ 10 uM, / /L7 RLF U (NA) 10 uM Zf1z, NOBL-1 10 uM
N Z 1212 470-500 nm DYEHES (15 mWicm?) %477 ; (b) LNAME 10 uyM, /A7 RLF U v
(NA) 10 pM %2, DMSO 10 uL &N Z 724412 470-500 nm OSEREST (15 mWicm?) %17 -7= ; (d)

L-NAME 10 uM, V7 KLU (NA) 10 uM ZA0%, fluorescein 10 uM % 1 X 72 #2112 470-500 nm
DFEIS (15 mwiem?) &7 -7z,

Fig. 3-26a (2~ 9 &L 91T, SEHEHMKAFRIC IS ORI BB L, g ihEsE Z 5 2 &2
IRENTZ, Fl2. TOIGH sGC R L TWD Z & 2R T D721, sGC DOPHLEA|T
& % 1H-1,2,4-oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) ' Z#¢5.- L THo WM A4T~7- &
A, ZomEMEEATIZIEREICHE 27z (Fig. 3-26b) . F 72 itk & LT, DMSO
G LS 21T > 7223, NOBL-1 Z# 5 L7-BED X 9 721 & shfR I IfesE S e oo 7

(Fig. 3-26c), =52, ZDOIEMD NOBL-1 D JERINENL TdH 5 dicyanoBODIPY ¢ Hijk
ERIZE D LD TN & 2RI 572D, dicyanoBODIPY X U & 58\ EHERIER % 7R~
T2 LA 2 K TU S fluorescein A TN B ICRBI 24T - 72728, A AR ITIE & A
CHeR SN0 7= (Fig. 3-26d)

PLEOFER NS Z OIMmEFEIL NOBL-1 22545 U7z NO 12 X - T sGC 23 &ML &4,
HEbDOTHDZ ENRBEINT,
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3-3-10 NOBL-1 OB DOHERR

NOBL-1 Ot Dt 217 > 7= (Fig. 3-27),

(a) 1000000 (©) 133
S 800000 () 80
& 3 70
g 600000 NOBL-1 > 60
8 (b) (c) @ 50
3 c
£ 400000 3 40
2 l £ 30
=1
< 200000 20
l l 10
0 " 0
0 10 20 30 40 100 200 300 400 500 600 700
Retention time (min) miz
100 100 CHO
(b) 9 (d) g
80 80
g0 — g7
> 60 > 60
% 50 % 50
§ 40 § 40
£ 30 £ 30
20 | | 20
10 l 10
0 lI 0 o e A L l
00 200 300

400 500l 600 700 100 200 300 400 500 600 700

m/z miz

Fig. 3-27 LC-MS |Z & 5 NOBL-1 O Ofstt 5 (@) NOBL-1 100 uM DOFEEHRIZ 470-500 nm D
5 (200 mW/iem?) % 15 53 RfT > 7% D7 v< ~ 75 & (A: 496 nm) ; (b)—(d) Q) D ZFNZFNDE— 2 D
< AANT RV

1

NOBL-1 O YEHUR % DK % LC-MS TR L7 & 2 A, ER0michikd %3250
E— 7 BB ST, ENHDTAANRYT MVEMAT LT Z A, miz 567, 403, 402 DY
— 7 BRI E iz, ENENOS T8 ETRIND KSHEMED G Fig. 3-27 IR T HEiE DL
AW 155, 156, 157 TH D EHEHI Sz, b DofiEIE. Fig. 3-28 1R L7-LH1ck
XX A I VDOARERIEERTECTWD EB XD,
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fﬁf
OH
—
\©i Antenna
m/z 596 (156)
Dlsmutalton

Antenna PG N\\@R NH,
Semiquinone form 9 i
q > Hydrolysis

Antenna

Antenna

¢ m/z 403
(155)

é OH Hydrolysis
—

Antenna Antenna

m/z 402
(157)

R: CH,CH,COOH

Antenna :

Fig. 3-28 AL S 415 NO Jitti#% > NOBL-1 O3 fit

3-3-11 NOBL-1 52 FUNEDBIE

WD Z D RLT SO TH D, fiFE T ICE Ogee DREZIT-7- (Table 3-6, 7).,

F. AR RF5300 O SEIR Z VT, NOBL-1 28 10%F /3 fif 4~ 5 4otk % i~
72, 488 nm OYeE 1 RIHRE 925 & 10%FEE N L2720, Z OS5 F THRIEH 2170,
Y — 7 DIV RN SR LTV E R LT,

Table 3-6 NOBL-1 10 pM D Y¢S # D 43 il B

HPLC (E—/~ m#E)  HREET (10 uM) R 3 SfE=E (umol)
Tty 412999 369183 1.07E-04
ZHERE 430971 382855 7.42E-05

NOBL-1 (10 uM, 100 uL) D5yfi#f% HPLC THH L7z, 3 BT OREZITV, FE & A HE R
ZRH U, HREIZRETOEKOE (10 uM, 200 uL) & HPLC O ¥ — 7 A RN S HH L
72
F 7o, 2 OB ST 5% RS T T Ka[Fe(C0a)s] Z V2 Z LT K L
7= ¥, F72 NOBL-1 0 488 nm DOWRULAREL > B NOBL-1 A3 L 7= T4 % sk H . NOBL-1
@ﬁv\ﬁ’fﬁ%?ﬂﬂ’ﬁ Dyec %;%-Hj L/7L:o
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Table 3-7 NOBL-1 D43 fif & UL R Ogee D ELH

- Za = = =
Noil‘%lﬁlz ()ﬁlrgoiht 2fEE (umol) EFRED
Tty 0.044631 8.49E-05 1.91E-03
ZERE 0.004442 1.91E-05 4.30E-04

Table 3-7 2R L72 X 912, NOBL-1 @ 488 nm DYEHRENT kT B 5 fEE TR Ogee |1
1.91x10° Ch B LB I,

3-3-12 NOBL-1 OfifaNBIEDFEE
NOBL-1 23fAZICE D A E N TV D A M S e BAMEE T L7= (Fig. 3-29),

HEK?293 Hifin iz B2 e a3 SYTO 61 Red Fluorescent Nucleic Acid Stain (SYTO 61) &
NOBL-1 ¥ 5 L. £ v FaX—3 3 OO ENBIEAIT- T,

Fig. 3-29 NOBL-1 DN JHTEDORERS ; HKE293 iz SYTO61 (5 M) & NOBL-1 (10 u M)
EEEHEL, A Fax— g, ?5‘5%%@ (D-PBS 2 mL X 3) Ol % A St W BaM S TR Lz ;

(a) 488 nm ThHhEE L, Fkad e a@Ei L7z ; (b) 633nm Tt L., Rz 8ig L7z ; (¢) (a)
& (b)) ZEREDET,

Fig. 3-29a (2R3 L 912 NOBL-1 i3k & B 2 b b fktad eniilaN Cllg Sz, %
e L7-Eifg (Fig. 3-29b) L EAQAE-EE (Fig. 3-29¢) 725, NOBL-1 (FHZDOIMANZAF
FELTEY, MEIZHFEEL TND I ERNRBE I,

3-3-13 EE

PLEo X oz, HENTHIERTEEZ #7272 NO K+ —T&® % NOBL-1 #BA%+25Z LIZ
R L7z, NOBL-l MECHRFFICLSTNO ZHHTHZ LIX ESRAE S R T v BT
EEHOIEIC L VR E 7=, NOBL-1 % AT, NO JitH OfGHE 72 B 22 R I 81 28 7] RE T &
D EEEMIEICEBW TS B um OFIPHO NO i 2635 Z E N AEEThH o T=, T2,
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NOBL-1 % fV T, exvivo IZ3 T NO O FE 72 EBEEED — > Th 25 MAF MR IEMA & & EE
M fREEZ b > TRHIET2 Z N ARETHh o 72,

NOBL-1 @ NO fitti O7=DIZHEWINT 2T > 7 FEMLTH 5 BODIPY &N EETH
% Z &1, Fe-DTC % HV /= ESR IEICH VT, NO S EMZ O B D& 2 A1 5 129 105
ENIRE 21T > TH NO B SN2 bR S 7z, BODIPY #iENRKLETH D =
Enb, HELIEY OB FBEIRICHEG T2 RN E X b, ok, EFBEIRIG
DR FEIC OV TN L7z~ — 0 AH Bic kv, 2o X5 RRIEICE, EF2AE -
e ERDE L, TNENDOENLOERE, WOl 72 EhE 4 2B RPEELEZEZX L
NTEY, 5%k, BExoEEOFEREZER L, TOMLFEISEEBAE L, LV 2
N = R LR HAT O BN D,

I & 3R 21T - 72 3BR IZHBV T, NOBL-1 8 5- L TW R WEAIZBWT L, BT Ok
DRI ST, ZauE, ERNO RSNO BHEIZ K-> TRz = L, NO 2l L7272 72
LEZLND, ODQ Z#HE LI-SHAIiZZob i b malcifl SnTngd Z & hn
5 . RSNO IZHIkT H2NKMED NO 28 sGCIZEH L T\ % &35 2 b, ERRITAKIN O RSNO
% NO McHiJRE L TR Lz, Stic X a Mg ER b#@E Sn<Tns ™ UL, 2o
& 9 A RN O SEHIER NO JR & L C D RSNO 134~ 72 22K (NOS D, NOS DAifi[K+
DY, 0y DD L) 1Tk - TR % ', s L, JeflER NO N —I3EE D
BE EEORZERICKRH S 2R TE 5720, NERMHEDO NOJREZFIHT 5 HEL D b,
B TEE S 25,

NOBL-1 @ 488 nm IZ351F % @gec 1T 1.91x107°3 & FEH ITRVMEA R L=, LA L. 488 nm
[Z81F D NOBL-1 DM SEAR%13 20000 2B 2 2ETH Y . Z OWRINEhER D & SHIZ, ex vivo
WCHEHAEEZ2 NO R —& LT\ B 265,
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FA4E A

Vb Y, RIS CHIEIFTEEZ: ONOO™ R —DiP-DNB & P-NAP. A {5 CHil4E ]
fE72 NO R —NOBL-1 #BA% L7,

S AT EE 7 ONOO™ R —IZ 2N E THME D> 72/bEWMTH D . ONOO DHFFE % %
BRI LTOOEERY —)VIZe b LT 5, £ DG HIEA NO R —NOBL-1 13,
BE A ML R NSO AR KA, © NO it O R 22 fiI i 24T 5 2 & A TE /22 & 725, NOBL-1 I
NO DIEHZHRD 720D — L& LTET TR, TOMET L7 A4 Xy s &IGA
L2 b ERI oM E LTHLAWSN S Z & 2 W1 5,
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General Method

Melting point was determined using a Biichi 545 melting point apparatus or Yanaco micro melting
point apparatus. Proton nuclear magnetic resonance spectra ("H NMR) and carbon nuclear magnetic
resonance spectra (*C NMR) were recorded on a JEOL JNM-A500 spectrometer in the indicated
solvent. Chemical shifts (8) are reported in parts per million relative to the internal standard,
tetramethylsilane. Elemental analysis was performed with Yanaco CHN CORDER NT-5 analyzer,
and all values were within £0.4% of the calculated values. The MS spectra (EI-MS or FAB-MYS)
were recorded on a JEOL JMS-SX102A mass spectrometer. UV-visible-light absorption spectra were
recorded on an Agilent 8453 spectrometer. All reagents and solvents were purchased from Aldrich,
Tokyo Chemical Industry, Wako Pure Chemical Industries, Nacalai Tesque, Kanto Chemical, Kishida
Chemical, Junsei Chemical, Dojindo, and used without purification. Flash column chromatography
was performed using silica gel 60 (the particle size was 0.046-0.063 mm supplied by Merck in
chapter 3-1, and 0.032—0.075 mm supplied by Taiko Shojiin chapter in chapter 3-2, and 3-3). UV
irradiation was performed using the light source of an Olympus BX-60 fluorescence microscope with
a WU filter (330-380 nm band-pass filter). Blue light irradiation was performed using the light
source of an MAX-302 (Asahi Spectra, Tokyo) with a 470-500 nm band-pass filter. Before the
irradiation under an argon atmosphere, the 3 mL sealed cuvette containing samle solution was
bubbled with argon (200 mL). ESR spectra were recorded on a JES-RE2X spectrometer (JEOL Co.
Ltd., Tokyo, Japan). All DMEM for cell treatments was mixed with 5% FBS and supplemented with
streptomycin and penicillin.

Experimental Section

Preparation of 3,5-dimethyl-4-nitrobenzoate (112b)
To a slurry of CrO3 (20.0 g, 200 mmol, 3.2 equiv.) in AcOH (220 mL) was added 2-nitromesitylene
(112a) (10.2 g, 61.8 mmol) dissolved in AcOH (30 mL). The mixture was stirred at room
temperature for 12.5 h. The mixture was poured into ice-water on ice-water bath to precipitate a
colorless solid, which was collected by filtration and dissolved in CHCI3. The solution was extracted
with 2 N NaOH, and the aqueous layer was acidified with concd. HCI, and extracted with CHCls.
The CHCI; layer was washed with brine and dried over Na,SO,. Filtration, evaporation in vacuo
gave 4.03 g (34%) of 112b as a colorless solid: *H NMR (CDCls, 500 MHz, &; ppm) 7.90 (2H, s),
2.38 (6H, s).

136

Preparation of (3,5-dimethyl-4-nitrophenyl)methanol (112¢)**'

To a slurry of NaBH, (2.36 g, 62.3 mmol, 3.0 equiv.) in THF (40 mL) was added 112b (4.03 g, 20.7
mmol) dissolved in THF (30 mL) followed by BF3 OEt, (2.26 g, 15.9 mmol, 0.77 equiv.). The
mixture was stirred at room temperature for 8 h. The mixture was poured into water and extracted
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with CHCIs. The CHCI; layer was washed with brine and dried over Na,SO,. Filtration and
evaporation in vacuo gave 3.08 g (82%) of 112c as a yellow solid: *H NMR (CDCls, 500 MHz, §;
ppm) 7.12 (2H, s), 4.69 (2H, s), 2.32 (6H, ).
Preparation of 5-(bromomethyl)-2-nitroxylene (112d)**

A mixture of PBr; (14.4 g, 53.2 mmol, 3.1 equiv.) and 112c (3.08 g, 17.0 mmol) was stirred at room
temperature for 2 h. The mixture was poured into water and extracted with CHCIls. The CHCI; layer
was washed with brine and dried over Na,SO,. Filtration, evaporation in vacuo and purification of
the residue by silica gel flash column chromatography (n-hexane/AcOEt = 6/1) gave 3.29 g (81%) of
112d as a yellow solid: *H NMR (CDCls, 500 MHz, &; ppm) 7.15 (2H, s), 4.41 (2H, s), 2.31 (6H, ).
Preparation of diethyl (3,5-dimethyl-4-nitrobenzyl)phosphonate (112e)'%

Tetrabutylammonium iodide (413 mg, 1.19 mmol, 0.080 equiv.) and triethylphosphite (2.98 g, 17.9
mmol, 1.3 equiv.) were added to 112d (3.29 g, 13.7 mmol). The mixture was stirred at 120 °C for
4.5 h, then cooled to room temperature and purified by silica gel flash column chromatography
(n-hexane/AcOEt = 1/9) to give 3.34 g (80%) of 112e as yellow oil: *H NMR (CDCls, 500 MHz, &;
ppm) 7.06 (2H, d, J = 2.3 Hz), 4.06 (4H, m), 3.09 (2H, d, Jpy = 21.9 Hz), 2.30 (6H, s), 1.28 (6H, t, J
=7.3Hz).

Preparation of 4-(methoxymethoxy)-3,5-dimethylbenzaldehyde (112g)*®

To the solution of 112f (5.00 g, 33.3 mmol) in CH,CI, (250 mL) was added DMAP (88 mg, 0.720
mmol, 0.02 equiv.), DIPEA (7.5 mL, 42.0 mmol, 1.3 equiv.) and MOMCI (3.5 mL, 36.9 mmol,
1.1equiv.). After stirring at room temperature for 3 h, the solution was washed with 0.1 N HCI and
dried over Na,SO,. Filtration, evaporation in vacuo and purification by silica gel flash
chromatography (n-hexane/AcOEt = 4/1) gave 5.37 g (83%) of 112g as colorless oil: *H NMR
(CDCl3, 500 MHz, 3; ppm) 9.89 (1H, s), 7.57 (2H, s), 5.03 (2H, s), 3.62 (3H, s), 2.36 (6H, s).

Preparation of 5-{(E)-2-[3,5-dimethyl-4-(methoxymethoxy)phenyl]vinyl}-2-nitro-m-xylene
(112h)

To a slurry of NaH (60% in oil; 335 mg, 8.38 mmol, 1.0 equiv.) in THF (5 mL) was added a solution
of 112e (2.47 g, 8.20 mmol) in THF (5 mL). The mixture was stirred at room temperature for 3 h,
and then a solution of 1129 (1.70 g, 8.75 mmol, 1.1 equiv.) in THF (5 mL) was added. The reaction
mixture was stirred at room temperature for 24 h, then poured into water and extracted with CHCl.
The CHCI; layer was washed with brine and dried over Na,SO,. Filtration, evaporation in vacuo and
purification of the residue by silica gel flash column chromatography (n-hexane/AcOEt = 20/1) gave
2.11 g (75%) of 112h as a yellow solid: *H NMR (CDCls, 500 MHz, §; ppm) 7.22 (2H, s), 7.19 (2H,
s), 7.03 (1H, d, J = 16.3 Hz), 6.91 (1H, d, J = 16.3 Hz), 4.98 (2H, s), 3.62 (3H, s), 2.34 (6H, s), 2.32
(6H, s).
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Preparation of 2,6-dimethyl-4-[(E)-2-(3,5-dimethyl-4-nitrophenyl)vinyl]phenol (112)

To a solution of 112h (2.04 g, 5.96 mmol) in AcOEt and CHCI3 (15 mL and 5 mL) was added 4 N
HCI-AcOEt (20 mL). The mixture was stirred at room temperature for an hour, then poured into
water and extracted with AcOEt. The AcOEt layer was washed with brine and dried over Na,;SO,.
Filtration and evaporation in vacuo gave 1.72 g (97%) of 112 as a yellow solid, which was
recrystallized from AcOEt to give 464 mg (27%) of 112 as yellow crystals: mp 230.2-234.2 °C; H
NMR (CDCls, 500 MHz, §; ppm) 7.20, (2H, s), 7.16 (2H, s), 7.02 (1H, d, J = 16.1 Hz), 6.86 (1H, d, J
=16.1 Hz), 4.71 (1H), 2.34 (6H, s), 2.28 (6H, s); *C NMR (CDCls, 125 MHz, &; ppm) 152.7, 150.3,
139.7, 131.1, 130.3, 128.9, 127.3, 126.4, 124.1, 123.4, 17.9, 16.0; Anal.Calcd for CigH19NO3 ;
C:72.71, H:6.44, N:4.71. Found ; C:72.71, H:6.55, N:4.78; MS (EI) m/z 297 (M").

Preparation of 2,6-diethylphenol (113b)’

2,6-Diethylaniline (113a) (3.00 g, 20.0 mmol) was dissolved in water (60 mL) and concd. H,SO,4 (40
mL) in a 1 L flask with a stirring bar on an ice-water bath. NaNO; (1.54 g, 22.3 mmol, 1.1 equiv.)
was dissolved in water (40 mL), and the solution was added slowly to the reaction mixture. The
solution turned light orange, and bubbles of N, were observed. The solution was added to 50%
sulfuric acid (50 mL), and the mixture was heated to 90-100 °C for 15 min. After cooling, the
reaction mixture was extracted with CHCI3. The organic layer was washed with brine and dried over
Na,SO,. Filtration, evaporation in vacuo and purification of the residue by silica gel flash
chromatography (n-hexane/toluene = 4/1 — 3/1) gave 2.18 g (72%) of 113b as a colorless solid: *H
NMR (CDCl;, 500 MHz, &; ppm) 7.00 (2H, d, J = 7.6 Hz), 6.84 (1H, t, J = 7.6 Hz), 4.65 (1H, s),
2.63 (4H, q, J = 7.6 Hz), 1.25 (6H, t, J = 7.6 Hz).
Preparation of 3,5-diethyl-4-hydroxybenzaldehyde (113c)*®®

To a solution of 113b (2.18 g, 14.5 mmol) was added TiCl, (6.06 g, 31.9 mmol, 2.2 equiv.) followed
by CHCI,OCH3; (1.84 g, 16.0 mmol, 1.1 equiv.) on an ice-water bath. The reaction mixture was
stirred at room temperature for 3 h, then poured into water on an ice-water bath and extracted with
CHCIs. The organic layer was washed with brine and dried over Na,SO,. Filtration, evaporation in
vacuo and purification of the residue by silica gel flash chromatography (n-hexane/AcOEt = 6/1)
gave 1.78 g (69%) of 113c as a yellow solid: *H NMR (CDCls, 500 MHz, &; ppm) 9.85 (1H, s), 7.57
(2H, s), 5.29 (1H, s), 2.69 (4H, g, J = 7.6 Hz), 1.29 (6H, t, J = 7.6 Hz).

Preparation of 3,5-diethyl-4-(methoxymethoxy)benzaldehyde (113d)

To a mixture of 113c (254 mg, 1.43 mmol), DMAP (5 mg, 0.0041 mmol, 0.03 equiv.), DIPEA (304
mg, 2.35 mmol, 1.7 equiv.) in CH.Cl, (10 mL) maintained at 0 °C (ice-water bath) was added
MOMCI (137 mg, 1.71 mmol, 1.2 equiv.). After complete addition, the reaction mixture was allowed
to warm to room temperature and then stirred for 2 h, followed by treatment with 0.1 N HCI. The
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organic layer was separated, washed with brine, and dried over Na,SO,. Filtration, evaporation in
vacuo and purification of the residue by silica gel flash chromatography (n-hexane/AcOEt = 4/1)
gave 253 mg (80%) of 113d as yellow oil: *H NMR (CDCls, 500 MHz, §; ppm) 9.93 (1H, s), 7.62
(2H, s), 5.00 (2H, s), 3.63 (3H, s), 2.75 (4H, q, J = 7.6 Hz), 1.27 (6H, t, J = 7.6 Hz).

Preparation of 5-{(E)-2-[3,5-diethyl-4-(methoxymethoxy)phenyl]vinyl}-2-nitro-m-xylene (113e)
To a solution of 112e (517 mg, 1.72 mmol, 1.5 equiv.) in THF (8 mL) was added NaH (60% in oil;
110 mg, 2.75 mmol, 2.4 equiv.). The mixture was stirred at room temperature for 15 min, then 113d
(253 mg, 1.14 mmol) in THF (5 mL) was added and stirring was continued at room temperature for
2.5 h. The reaction mixture was poured into water and extracted with CHCIs. The organic layer was
washed with brine and dried over Na,SO,. Filtration, evaporation in vacuo and purification of the
residue by silica gel flash chromatography (n-hexane/AcOEt = 6/1) gave 401 mg (95%) of 113e as a
yellow solid: *H NMR (CDCls, 500 MHz, &; ppm) 7.24 (2H, s), 7.23 (2H, s), 7.09 (1H, d, J = 16.3
Hz), 6.93 (1H, d, J = 16.3 Hz), 4.97 (2H, s), 3.62 (3H, s), 2.71 (4H, g, J = 7.6 Hz), 2.35 (6H, s), 1.27
(6H,t,J=7.6 Hz).

Preparation of 2,6-diethyl-4-[(E)-2-(3,5-dimethyl-4-nitrophenyl)vinyl]phenol (113)

To a solution of 113e (401 mg, 1.09 mmol) in AcOEt was added 4 N HCI-AcOEt (5 mL). The
mixture was stirred at room temperature for an hour, then poured into water and extracted with
CHCIs. The organic layer was washed with brine and dried over Na,SO,. Filtration and evaporation
in vacuo gave 338 mg (96%) of 113 as a yellow solid, which was recrystallized from
n-hexane/toluene/AcOEt 221 mg (65%) to afford a yellow solid: mp 158.5-162.8 °C; 'H NMR
(CDCls, 500 MHz, 8; ppm) 7.22 (2H, s), 7.18 (2H, s), 7.07 (1H, d, J = 16.3 Hz), 6.88 (1H, d, J = 16.3
Hz), 4.84 (1H, s), 2.66 (4H, q, J = 7.6 Hz), 2.34 (6H, s), 1.29 (6H, t, J = 7.6 Hz); *C NMR (CDCls,
125 MHz, 8; ppm) 151.8, 150.3, 139.7, 131.4, 130.3, 129.6, 129.1, 126.4, 125.4, 124.1, 23.1, 17.9,
13.9; Anal. Calcd. for CyoH23NO3: C, 73.82; H, 7.12; N, 4.30. Found: C, 73.79; H, 7.24; N, 4.40.
Preparation of 5-iodo-2-nitro-m-xylene (114b)*®

To concd. HNOj3 aqg. (7 mL) was added 5-iodo-m-xylene (114a) (2.00 g, 8.62 mmol) at 0 °C. The
mixture was heated to 50 °C for 9 h and 80 °C for 12 h, then poured onto ice, neutralized with sat.
NaHCOj3 and extracted with Et,0. The Et,O layer was washed with brine and dried over Na;SO,.
Filtration, evaporation in vacuo and purification of the residue by silica gel flash chromatography
(n-hexane/toluene = 20/1) gave 542 mg (23%) of 114b as a yellow solid: *H NMR (CDCls, 500
MHz, 6; ppm) 7.51 (2H, s), 2.27 (6H, s).

Preparation of 4-hydroxy-3,5-diisopropylbenzaldehyde (114d)'"

To a solution of 2,6-diisopropylphenol (114c) (150 mg, 0.840 mmol) in CH,Cl, was added TiCl,
(351 mg, 1.85 mmol, 2.2 equiv.) followed by CHCI,OCHj3; (106 mg, 0.924 mmol, 1.1 equiv.). The
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reaction mixture was stirred at room temperature for 3 h, then poured into water and extracted with
CHCIs. The organic layer was washed with brine and dried over Na,SO,. Filtration, evaporation in
vacuo and purification of the residue by silica gel flash chromatography (n-hexane/AcOEt = 6/1)
gave 112 mg (75%) of 114d as a yellow solid: *H NMR (CDCls, 500 MHz, &; ppm) 9.87 (1H, s),
7.63 (2H, s), 5.39 (1H, s), 3.17 (2H, sept, J = 7.0 Hz) 1.31 (12H, d, J = 7.0 Hz).

Preparation of 2,6-diisopropyl-4-vinylphenol (114e)'"

To a solution of 3,5-diisopropyl-4-hydroxybenzaldehyde (114d) (403 mg, 1.96 mmol) and malonic
acid (1.19 g, 11.4 mmol, 5.8 equiv.) in toluene (10 mL) was added DBU (298 mg, 1.96 mmol, 1.0
equiv.). The reaction mixture was stirred at reflux temperature (120 °C) for 16 h. After cooling, the
reaction mixture was added to AcOEt, and washed with an aqueous solution of sat.NaHCOg3. The
organic layer was washed with brine and dried over Na,SO,. Filtration, evaporation in vacuo and
purification of the residue by silica gel flash chromatography (n-hexane/AcOEt = 20/1) gave 296 mg
(74%) of 114e as colorless oil: *H NMR (CDCls, 500 MHz, &; ppm) 7.12 (2H, s), 6.66 (1H, dd, J =
11.0 Hz, 17.6 Hz), 5.61 (1H, d, J =17.6 Hz), 5.11 (1H, d, J = 11.0 Hz), 4.81 (1H, s), 3.14 (2H, sept, J
=6.9 Hz), 1.28 (12H, d, J = 6.9 Hz).

Preparation of 3,5-diisopropyl-4-(methoxymethoxy)-styrene (114f)

A magnetically stirred mixture of 114e (296 mg, 1.45 mmol), DMAP (4 mg, 0.0327 mmol, 0.02
equiv.), and DIPEA (300 mg, 2.32 mmol, 1.6 equiv.) in CH,ClI, (5 mL) maintained at 0 °C (ice-water
bath) under an argon atmosphere was treated dropwise with MOMCI (280 mg, 3.48 mmol, 2.4
equiv.). After complete addition, the reaction mixture was allowed to warm to room temperature and
then stirred for 4 h. The reaction mixture was added to CHCI3 and extracted with 0.1 N HCI. The
organic layer was washed with brine and dried over Na,SO,. Filtration and evaporation in vacuo
gave 165 mg (46%) of 114f as colorless oil: *"H NMR (CDCls, 500 MHz, &; ppm) 7.15 (2H, s), 6.69
(1H, dd, J = 10.6 Hz, 17.7 Hz), 5.67 (1H, d, J = 17.7 Hz), 5.19 (1H, d, 10.6 Hz), 4.92 (2H, s), 3.62
(3H, s), 3.33 (2H, sept, J = 7.0 Hz), 1.24 (12H, d, J = 7.0 Hz).

Preparation of 5-{(E)-2-[3,5-diisopropyl-4-(methoxymethoxy)phenyl]vinyl}-2-nitro-m-xylene
(1149)

To a solution of 114f (162 mg, 0.650 mmol) in MeCN (6 mL) was added a solution of 114b (200 mg,
0.721 mmol, 1.1 equiv.) in MeCN (4 mL), Pd(OAc); (15 mg, 0.0668 mmol, 0.1 equiv.), PPh3 (34 mg,
0.131 mmol, 0.2 equiv.), NEt; (66 mg, 0.651 mmol, 1.0 equiv.), and AgNO3 (122 mg, 0.715 mmol,
1.1 equiv.). The mixture was stirred at room temperature for 1.5 h, heated at 100 °C for 3 h, then
filtered and poured into water. After extraction with CHCI3, the organic layer was washed with brine
and dried over Na,SO,. Filtration, evaporation in vacuo, and purification of the residue by silica gel
flash chromatography (n-hexane/toluene = 1/1) gave 202 mg (78%) of 1149 as a yellow amorphous
solid: *H NMR (DMSO-ds, 500 MHz, &; ppm) 7.54 (2H, s), 7.40 (2H, s), 7.37 (1H, d, J = 16.6 Hz),
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7.21 (1H, d, J = 16.6 Hz), 4.91 (2H, s), 3.52 (3H, s), 3.29 (2H, sept, J = 7.2 Hz), 2.29 (6H, s), 1.21
(12H, d, J = 7.2 H2).

Preparation of 4-[(E)-2-(3,5-dimethyl-4-nitrophenyl)vinyl]-2,6-diisopropylphenol (114)

To a solution of 114g (189 mg, 0.476 mmol) in AcOEt (3 mL) was added 4 N HCI-AcOEt (3 mL).
The mixture was stirred at room temperature for 1.5 h, then poured into water and extracted with
AcOEt. The organic layer was washed with brine and dried over Na,SO,. Filtration and evaporation
in vacuo gave 162 mg (97%) of 114 as a yellow solid, which was recrystallized from
n-hexane/toluene to yield 113 mg (70%) of 114 as yellow crystals: mp 160.2-163.0 °C; *H NMR
(CDCls, 500 MHz, &; ppm) 7.24 (2H, s), 7.23 (2H, s), 7.11 (1H, d, J = 16.1 Hz), 6.88 (1H, d, J = 16.1
Hz), 4.91 (1H, s), 3.17 (2H, sept, J = 6.8 Hz), 2.35 (6H, s), 1.31 (12H, d, J = 6.8 Hz); *C NMR
(CDCls, 125 MHz, §; ppm) 150.6, 150.3, 139.8, 134.1, 131.8, 130.3, 129.1, 126.4, 123.9, 122.3, 27.3,
22.7, 17.9; Anal. Calcd. for C,0H23NOg3: C, 74.76; H, 7.70; N, 3.96. Found: C, 74.44; H, 7.70; N,
4.05; MS (El) m/z 353 (M").

Preparation of 3,5-di-tert-butyl-4-(methoxymethoxy)benzaldehyde (115b)

To a solution of 3,5-di-tert-butyl-4-hydroxybenzaldehyde (115a) (6.03 g, 25.7 mmol) and DMAP
(32 mg, 0.258 mmol, 0.01 equiv.) in CH,CI, (150 mL) was added DIPEA (5.66 g, 43.8 mmol, 1.7
equiv.), and then to this mixture was added MOMCI (2.46 g, 30.6 mmol, 1.2 equiv.). The mixture
was stirred at room temperature for 19 h, and then treated with 0.1 N HCI. The organic layer was
separated and the aqueous solution was extracted with CHCI;. The organic layer was washed with
brine and dried over Na,SO,. Filtration, evaporation in vacuo and purification by silica gel flash
chromatography (n-hexane/AcOEt = 20/1) gave 1.55 g (22%) of 115b as a colorless solid: *H NMR
(CDCls3, 500 MHz, 3; ppm) 9.92 (1H, s), 7.81 (2H, s), 4.94 (2H, s), 3.66 (3H, s), 1.48 (18H, s).

Preparation of 5-{(E)-2-[3,5-di-tert-butyl-4-(methoxymethoxy)phenyl]vinyl}-1,3-dimethyl-2-
nitrobenzene (115c)

To a suspension of NaH (60% in oil; 302 mg, 7.54 mmol, 2.7 equiv.) in THF (15 mL) was added
112e (1.01 g, 3.37 mmol, 1.2 equiv.) on an ice-water bath. The mixture was stirred at room
temperature for 25 min. Then, to this mixture was added a solution of 115b (780 mg, 2.80 mmol) in
THF (10 mL). The reaction mixture was stirred at room temperature for 5 h, poured into water on
ice-water bath, and extracted with CHClI3. The organic layer was washed with brine and dried over
Na,SO,. Filtration and evaporation in vacuo and purification by silica gel flash chromatography
(n-hexane/AcOEt = 20/1) gave 1.06 g (89%) of 115c as a yellow solid: *H NMR (CDCls, 500 MHz,
8; ppm) 7.42 (2H, s), 7.25 (2H, s), 7.10 (1H, d, J = 16.3 Hz), 6.90 (1H, d, J = 16.3 Hz), 4.92 (2H, s),
3.66 (3H, s), 2.35 (6H, s), 1.48 (18H, ).

Preparation of 3,5-di-tert-butyl-4-[(E)-2-(3,5-dimethyl-4-nitrophenyl)vinyl]phenol (115)
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To a solution of 115c¢ (1.06 g, 2.50 mmol) in AcOEt (5 mL) was added 4 N HCI-AcOEt (10 mL).
The mixture was stirred at room temperature for 2.5 h. The mixture was poured into sat. NaHCO3
and extracted with AcOEt. The organic layer was washed with brine and dried over Na;SO..
Filtration and evaporation in vacuo gave 944 mg (99%) of 115 as a yellow amorphous solid, which
was recrystallized from n-hexane to yield 676 mg (72%) of 115 as yellow crystals: mp 168.7—
169.5 °C; *H NMR (CDCls, 500 MHz, &; ppm) 7.35 (2H, s), 7.23 (2H, s), 7.10 (1H, d, J = 16.3 Hz),
6.85 (1H, d, J = 16.3 Hz), 5.35 (1H, s), 2.34 (6H, s), 1.48 (18H, s); *C NMR (CDCls, 125 MHz, §;
ppm) 154.4, 150.2, 139.8, 136.3, 132.1, 130.3, 127.9, 126.4, 123.8, 123.7, 34.4, 30.3, 17.9;
Anal.Calcd for Cy4H3;:NO;3 ; C:75.56, H:8.19, N:3.67. Found ; C:75.38, H:8.24, N:3.59; MS (EI) :
m/z 381 (M").

Preparation of 3,5-difluoro-4-hydroxybenzaldehyde (116b)*"

A stirred solution of 2,6-difluorophenol (116a) (2.11 g, 16.2 mmol) and hexamethylenetetramine
(2.35 g, 16.7 mmol, 1.0 equiv.) in TFA (30 mL) was heated at reflux temperature under an argon
atmosphere for 24 h, then cooled to room temperature. The solvent was evaporated in vacuo and the
crude residue was suspended in CHCI3. The suspension was washed with an aqueous solution of sat.
NaHCOj; and the separated aqueous layer acidified with concd. HCI. The aqueous layer was
extracted with CHCIs. The organic layer was washed with brine, dried over Na,SO,, filtered and
evaporated in vacuo to afford 1.33 g (52%) of 5b as a colorless solid: *H NMR (CDCls, 500 MHz, &;
ppm) 9.82 (1H, t, gy = 1.8 Hz), 7.49 (2H, d, Jry = 6.4 Hz).

Preparation of 3,5-difluoro-4-(methoxymethoxy)benzaldehyde (116c)

A stirred mixture of 116b (300 mg, 1.90 mmol), DMAP (8 mg, 0.0655 mmol, 0.03 equiv.), and
DIPEA (392 mg, 3.04 mmol, 1.6 equiv.) in CH,Cl, (15 mL) maintained at 0 °C (ice-water bath)
under an argon atmosphere was treated dropwise with MOMCI (183 mg, 2.28 mmol, 1.2 equiv.).
After complete addition, the reaction mixture was allowed to warm to room temperature and then
stirred for 1.5 h. The reaction mixture was added to CHCl3 and washed with 0.1 N HCI. The organic
layer was washed with brine and dried over Na,SO,. Filtration and evaporation in vacuo gave 351
mg (92%) of 116¢ as yellow oil: '"H NMR (CDCls, 500 MHz, &; ppm) 9.86 (1H, t, Jey = 1.8 Hz),
7.47 (2H, d, Jey = 8.2 Hz), 5.29 (2H, s), 3.60 (3H, 3).

Preparation of 5-{(E)-2-[3,5-difluoro-4-(methoxymethoxy)]vinyl}-2-nitro-m-xylene (116d)

To a solution of 112e (471 mg, 1.56 mmol) in THF (3 mL) was added NaH (60% in oil; 95 mg, 2.36
mmol, 1.6 equiv.). The mixture was stirred at room temperature for 10 min, then 116¢ (303 mg, 1.50
mmol) in THF (2 mL) was added, and stirring was continued at room temperature for 2 h. The
mixture was poured into water and extracted with CHCI3. The organic layer was washed with brine
and dried over Na,SQO,. Filtration, evaporation in vacuo and purification of the residue by silica gel
flash chromatography (n-hexane/AcOEt = 4/1) gave 476 mg (91%) of 116d as a yellow solid: *H
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NMR (CDCls, 500 MHz, &; ppm) 7.23 (2H, s), 7.06 (2H, d, Jr = 8.8 Hz), 6.97 (1H, d, J = 16.1 Hz),
6.91 (1H, d, J = 16.1 Hz), 5.18 (2H, s), 3.61 (3H, s), 2.35 (6H, 9).

Preparation of 2,6-difluoro-4-[(E)-2-(3,5-dimethyl-4-nitrophenyl)vinyl]phenol (116)

To a solution of 116d (476 mg, 1.36 mmol) in AcOEt (5 mL) was added TFA (5 mL). The reaction
was stirred at room temperature for an hour, and then poured into water and extracted with AcOEt.
The organic layer was washed with brine and dried over Na,SO,. Filtration and evaporation in vacuo
gave 497 mg (quant.) of 116 as a yellow solid, which was recrystallized from n-hexane/AcOEt to
afford 173 mg (35%) of 116 as yellow crystals: mp 214.7-218.3 °C; *H NMR (CDCls, 500 MHz, §;
ppm) 7.21 (2H, s), 7.07 (2H, d, Jgy = 8.8 Hz), 6.95 (1H, d, J = 16.4 Hz), 6.87 (1H, d, J = 16.4 Hz),
5.81 (1H, s), 2.35 (6H, s); **C NMR (CDCls, 125 MHz, &; ppm) 152.8, 150.9, 132.7, 130.4, 129.1,
128.9, 127.2, 126.8, 109.9, 109.7, 17.7; Anal.Calcd for Ci¢H13F,NO3-1/2H,0 ; C:61.15, H:4.49,
N:4.46. Found ; C:61.12, H:4.43, N:4.30; MS (El) m/z 305 (M").
Preparation of 3,5-dimethoxy-4-(methoxymethoxy)benzaldehyde (117b)*"

A stirred mixture of 3,5-dimethoxy-4-hydroxybenzaldehyde (117a) (512 mg, 2.81 mmol), DMAP (4
mg, 0.0327 mmol, 0.01 equiv.), and DIPEA (586 mg, 4.53 mmol, 1.6 equiv.) in CH,Cl, (10 mL)
maintained at 0 °C (ice-water bath) under an argon atmosphere was treated dropwise with MOMCI
(271 mg, 3.37 mmol, 1.2 equiv.). After complete addition, the reaction mixture was allowed to warm
to room temperature and then stirred for 1.5 h, and then added 0.1 N HCI (15 mL). The organic layer
was separated, and the aqueous layer was extracted with CHCI3. The organic layer was washed with
brine and dried over Na,SQO,. Filtration, evaporation in vacuo and purification of the residue by silica
gel flash chromatography (n-hexane/AcOEt = 3/2) gave 497 mg (78%) of 117b as a colorless solid:
'H NMR (CDCls, 500 MHz, &; ppm) 9.88 (1H, s), 7.14 (2H, s), 5.23 (2H, s), 3.93 (6H, s), 3.60 (3H,
S).

Preparation of 5-{(E)-2-[3,5-dimethoxy-4-(methoxymethoxy)phenyl]vinyl}-2-nitro-m-xylene
(117¢)

To a solution of 112e (629 mg, 2.09 mmol) in THF (5 mL) was added NaH (60% in oil; 117 mg,
2.93 mmol, 1.4 equiv.). The mixture was stirred at room temperature for 15 min, then a solution of
117b (495 mg, 2.19 mmol) in THF (5 mL) was added, and stirring was continued at room
temperature for 5 h. The mixture was poured into water and extracted with CHCI3. The organic layer
was washed with brine and dried over Na,SO,. Filtration, evaporation in vacuo and purification of
the residue by silica gel flash chromatography (n-hexane/AcOEt = 5/1) gave 342 mg (65%) of 117c
as a yellow solid: *H NMR (CDCls, 500 MHz, &; ppm) 7.25 (2H, s), 7.07 (1H, d, J = 16.3 Hz), 6.92
(1H, d, J=16.3 Hz), 6.75 (2H, s), 5.15 (2H, s), 3.91 (6H, s), 2.35 (6H, S).

Preparation of 4-[(E)-2-(3,5-dimethyl-4-nitrophenyl)vinyl]-3,5-dimethoxyphenol (117)
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To a solution of 117¢ (520 mg, 1.39 mmol) in AcOEt (15 mL) was added 4 N HCI-AcOEt (5 mL).
The mixture was stirred at room temperature for 2 h, then poured into water and extracted with
AcOEt. The organic layer was washed with brine and dried over Na,SO,. Filtration and evaporation
in vacuo gave 456 mg (99%) of 117 as a yellow solid, which was recrystallized from
n-hexane/AcOEt to yield 359 mg (79%) of 117 as a yellow solid: mp 217.2-219.2 °C; *H NMR
(CDCls3, 500 MHz, &; ppm) 7.23 (2H, s), 7.06 (1H, d, J = 16.4 Hz), 6.88 (1H, d, J = 16.4 Hz), 6.76
(2H, s), 5.61 (1H, s), 3.95 (6H, s), 2.35 (6H, s); *C NMR (CDCls, 125 MHz, &; ppm) 150.5, 147.3,
139.3, 135.5, 131.4, 130.3, 128.2, 126.5, 124.8, 103.7, 56.4, 16.8; Anal.Calcd for C;gH19NOs ;
C:65.54, H:5.81, N:4.25. Found ; C:65.46, H:5.90, N:4.26; MS (EI) : m/z 329 (M").

Preparation of 5-iodo-2-(methoxymethoxy)xylene (121b)

To a solution of 2,6-dimethyl-4-iodophenol (121a) (1.66 g, 6.70 mmol) in acetone (15 mL) was
added K,COg3 (1.87 g, 13.5 mmol, 2.0 equiv.). This mixture was stirred at room temperature for 15
min. To this solution, MOMCI (1.08 g, 12.7 mmol, 1.9 equiv.) was added slowly. After complete
addition, the mixture was warmed to reflux for 5.5 h. Again, the reaction mixture was cooled to room
temperature. After removal of excess K,COj3 by filtration on a Kiriyama funnel, the solution was
poured into water and extracted with AcOEt. The organic layer was washed with brine and dried over
Na,SO,. Filtration, evaporation in vacuo and purification of the residue by silica gel flash
chromatography (n-hexane/AcOEt = 20/1) gave 771 mg (39%) of 121b as a colorless oil: *H NMR
(CDCls, 500 MHz, 8; ppm) 7.35 (2H, s), 4.93 (2H, s), 3.59 (3H, s), 2.24 (6H, s).

Preparation of 3,5-di-tert-butyl-4-(methoxymethoxy)styrene (121c)

To a suspension of CH3zPPh3Br (1.79 g, 5.01 mmol, 1.0 equiv.) in dry THF (10 mL) was added a
suspension of NaH (60% in oil; 262 mg, 6.55 mmol, 1.3 equiv.) in dry THF (10 mL) and 121b (1.39
g, 5.00 mmol) in dry THF (10 mL). The reaction mixture was stirred at room temperature for 2 h,
then poured into water and extracted with CHCI3. The organic layer was washed with brine and dried
over Na,SO,. Filtration, evaporation in vacuo and purification of the residue by silica gel flash
chromatography (n-hexane/AcOEt = 40/1) gave 506 mg (37%) of 121c as yellow oil: *H NMR
(CDCls, 500 MHz, &; ppm) 7.31 (2H, s), 6.67 (1H, dd, J = 10.9 Hz, 17.7 Hz), 5.63 (1H, dd, J = 0.7
Hz, 17.7 Hz), 5.17 (1H, dd, J = 0.7 Hz, 10.9 Hz), 4.89 (2H, s), 3.64 (3H, s), 1.45 (18H, s).

Preparation  of  5-{(E)-2-[3,5-di-tert-butyl-4-(methoxymethoxy)phenyl]vinyl}-2-(methoxy-
methoxy)xylene (121d)

To acetonitrile (15 mL) were added 121b (506 mg, 1.83 mmol), 121c (590 mg, 2.02 mmol, 1.1
equiv.), Pd(OAc), (44 mg, 0.196 mmol, 0.1 equiv.), PPhs (103 mg, 0.393 mmol, 0.2 equiv.), NEt;
(185 mg, 1.83 mmol, 1.0 equiv.), and AgNO3 (355 mg, 2.09 mmol, 1.1 equiv.). The mixture was
stirred at room temperature for 1.5 h, heated at 100 °C for 3 h, then filtered. The filtrate was poured
into water and extracted with CHCI3. The organic layer was washed with brine and dried over
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Na,SO,. Filtration, evaporation in vacuo and purification of the residue by silica gel flash
chromatography (n-hexane/toluene = 6/1) gave 636 mg (79%) of 121d as brown oil: *H NMR
(CDCl3, 500 MHz, 6; ppm) 7.39 (2H, s), 7.18 (2H, s), 6.97 (1H, d, J = 16.1 Hz), 6.88 (1H, d, J = 16.1
Hz), 4.97 (2H, s), 4.91 (2H, s), 3.65 (3H, s), 3.62 (3H, s), 2.31 (6H, ), 1.47 (18H, 3).

Preparation of 4-[(E)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)vinyl]-3,5-dimethylphenol (121e)
To a solution of 121d (636 mg, 1.44 mmol) in AcOEt (5 mL) was added 4 N HCI-AcOEt (5 mL).
The mixture was stirred at room temperature for an hour, then poured into water and extracted. The
organic layer was washed with brine and dried over Na,SO,. Filtration, evaporation in vacuo and
purification of the residue by silica gel flash chromatography (n-hexane/AcOEt = 6/1) gave 295 mg
(58%) of 121e as a brown solid: *H NMR (CDCls, 500 MHz, &; ppm) 7.31 (2H, s), 7.15 (2H, s),
6.92 (1H, d, J = 16.1 Hz), 6.83 (1H, d, J = 16.1 Hz), 5.23 (1H, s), 4.60 (1H, s), 2.27 (6H, s), 1.47
(18H, s).

Preparation of  4-[2-(3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-yliden)ethylidene]-2,6-di-
methylcyclohexa-2,5-dien-1-one (121)'"

To a solution of 121e (295 mg, 0.837 mmol) in toluene (10 mL) was added DDQ (199 mg, 0.877
mmol, 1.0 equiv.). The mixture was stirred at room temperature for 1.5 h. The solvent was removed
by evaporation in vacuo. The residue was purified by silica gel flash chromatography
(n-hexane/AcOEt = 6/1) to afford 229 mg (78%) of 121 as a red solid, which was recrystallized from
n-hexane/AcOEt to afford 168 mg (73%) of 121 as a violet solid: mp 196.0-197.0 °C; *H NMR
(DMSO-ds, 500 MHz, &; ppm) 7.98 (1H, s), 7.89 (1H, d, J = 13.4 Hz), 7.80 (1H, d, J = 13.4 Hz),
7.70 (1H, s), 7.43 (1H, s), 7.29 (1H, s), 2.02 (3H, s), 1.98 (3H, s), 1.31 (9H, s), 1.28 (9H, s); **C
NMR (CDCl3, 125 MHz, &; ppm), 182.2, 158.3, 150.3, 150.0, 138.2, 137.7, 137.6, 136.7, 134.1,
133.3, 133.3, 128.2, 124.4, 99.0, 94.7, 84.8, 63.0, 35.8, 35.4, 29.6, 29.6, 17.0, 16.4; Anal.Calcd for
C24H300; ; C:82.24, H:8.53. Found ; C:82.04, H:8.53; MS (EI) m/z 350 (M").

Preparation of 4-(N-methyl-N-nitrosoamino)phenol (129)*"

129a (482 mg, 3.91 mmol) was dissolved in 6 mL of acetc acid on ice-water bath. Then, a solution
of NaNO; (280 mg, 4.06 mmol, 1.0 equiv.) in water (30 mL) was added to the solution. The reaction
mixture was stirred on ice-water bath for 1.5 h and neutralized by sat. NaHCOj3. The resulting
solution was extracted with AcOEt. The organic layer was washed with brine and dried over Na;SO,.
Filtration, evaporation in vacuo, and purification by silica gel flash chromatography
(n-hexane/AcOEt = 2/1) gave 335 mg (56%) of 129 as brown solid. The solid was recrystallized
from n-hexane, AcOEt, and MeOH to afford 210 mg (63%) of 129 as dark brown solid: mp 140.3—
141.5 °C; *H NMR (DMSO-ds, 500 MHz, &; ppm) 9.78 (1H, s), 7.41 (2H, d, J = 8.7 Hz), 6.89 (2H, d,
J = 8.7 Hz), 3.37 (3H, s); *C NMR (DMSO-ds, 125 MHz, &; ppm) 156.9, 133.9, 121.6, 115.7, 32.4;
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Anal.Calcd for C;HgN,O, ; C:55.26, H:5.30, N:18.41. Found ; C:55.07, H:5.36, N:18.15; MS
(FAB) : m/z 154 [(M+2)"].

Preparation of 4-(methoxymethoxy)-3,5-dimethylbenzoate (130a)

To the solution of 1129 (5.37 g, 27.6 mmol) and 2-methyl-2-butene (9 mL, 84.7 mmol, 3.1 equiv.) in
t-BuOH (25 mL) was added the solution of NaClO, (5.08 g, 56.1 mmol, 2.0 equiv.) and KH,PO4
(36.1 g, 278 mmol, 10 equiv.) in water (250 mL). The reaction mixture was stirred at room
temperature for 24 h. The mixture was extracted with CHCl3. The organic layer was extracted with 2
N NaOH. The aqueous layer was acidified with concd. HCI. This mixture was extracted with CHCls.
This CHCI3 layer was washed with brine and dried over Na,SO,. Filtration, evaporation in vacuo
gave 5.04 g (87%) of 130a as a colorless solid: *H NMR (DMSO-ds, 500 MHz, &; ppm) 7.63 (2H, s),
5.00 (2H, s), 3.51 (3H, s), 2.27 (6H, s).

Preparation of N-tert-butoxycarbonyl-4-(methoxymethoxy)-3,5-dimethylaniline (130b)

To a solution of 10a (5.04 g, 24.0 mmol) in t-BuOH (150 mL) was added NEt; (4 mL, 28.7 mmol,
1.2 equiv.). After stirring at room temperature for 30 min, to this mixture was added DPPA (7.5 mL,
34.8 mmol, 1.5 equiv.) and stirred at reflux temperature for 2.5 h. After cooling, the reaction mixture
was added AcOEt and washed with sat. NaHCO; and brine, and dried over Na,SO,. Filtration,
evaporation in vacuo and purification by silica gel flash chromatography gave 4.81 g (71%) of 130b
as a colorless solid: *H NMR (CDCl3, 500 MHz, &; ppm) 7.02 (2H, s), 6.36 (1H, s), 4.91 (2H, s),
3.59 (3H, s), 2.26 (6H, s) 1.50 (9H, ).

Preparation of N-tert-butoxycarbonyl-N-methyl-4-(methoxymethoxy)-3,5-dimethylaniline
(130c)

To a slurry of NaH (60 % oil; 3,98 g, 99.4 mmol, 5.8 equiv.) in dry DMF (120 mL) was added 130b
(4.81 g, 17.1 mmol). After stirring under an N, atmosphere on ice-water bath for an hour, this
mixture was added Mel (6 mL, 96.3 mmol, 5.6 equiv.). This reaction mixture was stirred at room
temperature under an N, atmosphere for an hour. The reaction mixture was quenched with water and
extracted with CHCIs. After evaporation in vacuo, the residue was added AcOEt and washed with
water. The organic layer was washed with brine and dried over Na,SO,. Filtration, evaporation in
vacuo and purification by silica gel flash chromatography (n-hexane/AcOEt = 10/1) gave 1.85 g
(37%) of 130c as clear oil: '"H NMR (CDCls, 500 MHz, §; ppm) 6.88 (2H, s), 4.94 (2H, s), 3.61 (3H,
s), 3.20 (3H, s), 2.27 (6H, s), 1.45 (9H, ).

Preparation of 4-(methylamino)-2,6-dimethylphenol (130d)

A solution of 130c (1.85 g, 6.27 mmol) in TFA (10 mL) was stirred at room temperature for 15 min.
The solvent was evaporated in vacuo and the residue was added to sat. NaHCOg, and this mixture
was extracted with CHCI;. The organic layer was washed with brine and dried over Na;SO,.
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Filtration, evaporation in vacuo and purification by silica gel flash chromatography (n-hexane/AcOEt
= 2/1) gave 809 mg (85%) of 130d as a pale orange color solid: *H NMR (CDCls, 500 MHz, §;
ppm) 6.31 (2H, s), 4.07 (1H, s), 2.78 (3H, s), 2.21 (6H, S).

Synthesis of 2,6-dimethyl-4-(N-methyl-N-nitrosoamino)phenol (130)

To a solution of 130d (600 mg, 3.97 mmol) in AcOH (20 mL) was added a solution of NaNO, (304
mg, 4.41 mmol, 1.1 equiv.) in water (60 mL) on ice-water bath. The reaction mixture was stirred on
ice-water bath for 10 min. The reaction mixture was poured sat. NaHCOj3 and extracted with CHCls.
The organic layer was washed with brine and dried over Na,SO,. Filtration, evaporation in vacuo
and purification by silica gel flash chromatography (n-hexane/AcOEt = 4/1) gave 457 mg (64%) of
130 as a pale orange color solid. This solid was recrystallized from n-hexane/AcOEt to obtain 287
mg (63%) of 130 as pale orange color crystal: mp 108.8-111.5 °C; *H NMR (CDCls, 500 MHz, &;
ppm) 7.14 (2H, s), 4.75 (1H, s), 3.43 (3H, s), 2.31 (6H, s); **C NMR (CDCls, 125 MHz, §; ppm)
151.9, 134.8, 124.3, 120.3, 32.6, 16.1; Anal.Calcd for C;HgN,0, ; C:59.99, H:6.71, N:15.55. Found ;
C:59.79, H:6.67, N:15.33; MS (FAB) : m/z 181 [(M+1)].

Preparation of 4-acetoxy-2,6-dimethylaniline (131b)*"

To a solution of 4-amino-3,5-xylenol (131a) (4.00 g, 29.1 mmol) in MeCN (250 mL) was added
NEt; (5 mL, 35.9 mmol, 1.3 equiv.), DMAP (41 mg, 0.221 mmol, 0.03 equiv.) followed by Ac,0 (1
mL, 10.6 mmol, 1.5 equiv.). After stirring at room temperature for an hour, the reaction mixture was
evaporated in vacuo, and the residue was dissolved in AcOEt. The solution was washed with water,
brine, and dried over Na,SO,. After filtration, the solution was passed through silica gel. The filtrate
was evaporated in vacuo to obtain 3.39 g (65%) of 131b as a brown solid: *H NMR (CDCls, 500
MHz, 3; ppm) 6.67 (2H, s), 3.51 (2H, brs), 2.25 (3H, s), 2.16 (6H, s).

Preparation of N-(4-acetoxy-2,6-dimethylphenyl)formamide (131c)

The mixture of HCOOH (3 mL) and Ac,0 (3.5 mL) was stirred at 0 °C for an hour. This mixture was
added to a solution of 131b (3.39 g, 18.9 mmol) in CH,Cl, (50 mL). After stirring at room
temperature for 40 min, the mixture was washed with sat. NaHCOg, brine, and dried over Na,SOs.
Filtration, evaporatin in vacuo gave 3.71 g (95%) of 131c as a pale orange color solid: *H NMR
(DMSO-ds, 500 MHz, 3; ppm) 9.46 (1H, brs), 8.25 (1H, d, J = 1.5 Hz), 6.85 (2H, s), 2.25 (3H, 3),
2.14 (6H, 9).

Preparation of 3,5-dimethyl-4-(methylamino)phenol (131d)*"’

To a slurry of LiAlH,4 (2.04 g, 84.8 mmol, 4.7 equiv.) in dry THF (20 mL) was added a solution of
131c (3.71 g, 17.9 mmol) in dry THF (70 mL) on ice-water bath under an N, atmosphere. The
reaction mixture was stirred at reflux temperature under an N, atmosphere for 4 h. After cooling, the
reaction mixture was poured into water (2 mL), 2 N NaOH (4 mL), water (6 mL), sequentially and
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slowly. After stirring for 30 min, the precipitate was filtered by Celite. After evaporation of the
filtrate, the residue purified by silica gel flash chromatography (n-hexane/AcOEt = 2/1) gave 1.11 g
(41%) of 131d as a pale orange color solid: *H NMR (DMSO-ds, 500 MHz, &; ppm) 8.65 (1H, s),
6.34 (2H, s), 2.48 (3H, ), 2.12 (6H, s), 1.99 (1H, s).

Preparation of 3,5-dimethyl-4-(N-methyl-N-nitrosoamino)phenol (131)

To a solution of 131d (1.11 g, 7.32 mmol) in AcOH (20 mL) was added a solution of NaNO, (653
mg, 9.46 mmol, 1.3 equiv.) in water (60 mL) on ice-water bath. After stirring for 15 min on ice-water
bath, the reaction mixture was alkalized with 2 N NaOH and extracted with CHCI;. The organic
layer was washed with brine and dried over Na,SO,. Filtration, evaporation in vacuo and purification
by silica gel flash chromatography (n-hexane/AcOEt = 3/1 — 1/1) gave 981 mg (74%) of 131 as
pale orange color solid. The solid was recrystallized from n-hexane and AcOEt to obtain 650 mg
(66%) of 131 as pale orange color crystal: mp 118.1-123.4 °C; *H NMR (CDCls, 500 MHz, &; ppm)
(6:5 mixture of two rotamers) (major) 6.58 (2H, s), 4.84 (1H, s), 3.98 (3H, s), 1.96 (6H, s), (minor)
6.65 (2H, s), 4.89 (1H, s), 3.32 (3H, s), 2.10 (6H, s); *C NMR (CDCls, 125 MHz, &; ppm) (major)
156.1, 137.2, 133.7, 115.2, 35.2, 17.9, (minor) 156.3, 136.0, 115.3, 102.3, 40.0, 17.6; Anal.Calcd for
C7HgN20, ; C:59.99, H:6.71, N:15.55. Found ; C:59.86, H:6.57, N:15.38; MS (FAB) : m/z 181
[(M+1)7].

Preparation of 3-bromo-4,5-dimethyl-6-nitro-o-xylene (132b)'"®

To a solution of 2,3,5,6-tetramethylbromobenzene (132a) (1.81 g, 8.50 mmol) in MeCN (30 mL)
was added NO,BF, (1.49 g, 11.2 mmol, 1.3 equiv.). The mixture was stirred at room temperature for
10 min. The reaction mixture was quenched with water and extracted with CHClI3. The organic layer
was washed with brine and dried over Na,SO,. Filtration and evaporation of the filtrate in vacuo
gave 2.28 g (quant.) of 132b as a colorless solid: *H NMR (CDCls, 500 MHz; &, ppm) 2.44 (6H, s),
2.21 (6H, s).

Preparation of 2,3,5,6-tetramethyl-4-nitrophenol (132¢)'"®

To a solution of 132b (2.28 g, 8.85 mmol) in 1,4-dioxane (20 mL) were added Pd,dbas (84 mg,
0.0917 mmol, 0.01 equiv.) and 2-di-tert-butylphosphino-2’,4°,6’-triisopropylbiphenyl (75 mg, 0.177
mmol, 0.02 equiv.), followed by 1 N KOH (20 mL). The reaction mixture was stirred at 90 °C under
an N, atmosphere for 24 h. After cooling, the reaction mixture was acidified with 2 N HCI and
filtered. The filtrate was extracted with AcCOEt. The organic layer was washed with brine and dried
over Na,SO;,. Filtration, evaporation of the filtrate in vacuo, and purification of the residue by silica
gel flash chromatography (n-hexane/AcOEt = 9/1) gave 1.01 g (59%) of 132c as a yellow solid: *H
NMR (CDCls, 500 MHz; 6, ppm) 4.95 (1H, s), 2.18 (6H, s), 2.15 (6H, s).

Preparation of 4-amino-2,3,5,6-tetramethylphenol (132d)*®
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To a solution of 132c (1.01 g, 5.19 mmol) in MeOH (15 mL) was added a catalytic amount of Raney
Ni. The reaction mixture was stirred at room temperature under an H, atmosphere for 14 h and then
filtered through Celite. The filtrate was evaporated in vacuo to afford 650 mg (76%) of 132d as a
brown solid: *H NMR (CDCls, 500 MHz; 8, ppm) 4.15 (1H, s), 3.35 (2H, s), 2.20 (6H, s), 2.17 (6H,

S).

Preparation of N-(4-hydroxy-2,3,5,6-tetramethylphenyl)formamide (132e)*

A mixture of Ac,0 (446 uL, 4.72 mmol, 1.2 equiv) and HCOOH (594 pL, 15.7 mmol, 1.2 equiv) was
stirred at room temperature for 1 h. The mixture was added to a slurry of 132d (650 mg, 3.93 mmol)
in CH,Cl, (40 mL). The reaction mixture was stirred at room temperature for 10 min, MeOH was
added, and the mixture was evaporated in vacuo to afford 770 mg (quant.) of 132e as a colorless
solid: *H NMR (CDCls, 500 MHz; &, ppm) 9.21 (1H, s), 8.20 (1H, d, J = 1.2 Hz), 7.97 (1H, s), 2.08
(6H, s), 1.99 (6H, s).

Preparation of 2,3,5,6-tetramethyl-4-(methylamino)phenol (132f)

To a slurry of LiAlH, (940 mg, 25.0 mmol, 6.3 equiv) in dry THF (20 mL) was added a slurry of
132e (770 mg, 3.99 mmol) on an ice-water bath. The reaction mixture was stirred at reflux for an
hour and then allowed to cool, and water (1 mL), 2 N NaOH (2 mL), and water (3 mL) were added
successively. The mixture was stirred for 20 min and then filtered through Celite. The filtrate was
evaporated in vacuo. Purification of the residue by silica gel flash chromatography (n-hexane/AcOEt
= 4/1) gave 215 mg (30%) of 132f as a pale orange solid: *H NMR (CDCls, 500 MHz; &, ppm) 4.40
(1H, br), 2.63 (3H, s), 2.24 (6H, s), 2.18 (6H, s), 1.60 (1H, br).

Preparation of 2,3,5,6-tetramethyl-4-(N-methyl-N-nitrosoamino)phenol (132)

Asolution of 132f (195 mg, 1.09 mmol) in AcOH (5 mL) was added to a solution of NaNO, (75 mg,
1.09 mmol, 1.0 equiv) in water (6 mL) on an ice-water bath. The reaction mixture was stirred on the
ice-water bath for 10 min and then quenched with sat. NaHCO3; and extracted with CHCI;. The
organic layer was washed with brine and dried over Na,SQO,. Filtration, evaporation of the filtrate in
vacuo, and purification of the residue by silica gel flash chromatography (n-hexane/AcOEt = 4/1)
gave 147 mg (65%) of 132 as a colorless solid. This product was recrystallized from AcOEt/MeOH
to afford 116 mg of 132 as colorless needles: mp 162.4-163.9 °C; 'H NMR (CDCl3, 500 MHz; 3,
ppm; 3:2 mixture of two rotamers) (major) 4.77 (1H, s), 3.96 (3H, s), 2.16 (6H, s), 1.90 (6H, s),
(minor) 4.84 (1H, s), 3.31 (3H, s), 2.22 (6H, s), 2.01 (6H, s); **C NMR (CDCls, 150 MHz; &, ppm)
152.5, 152.5, 133.9, 132.4, 130.8, 130.7, 120.5, 120.3, 77.5, 40.4, 35.5, 14.9, 14.7, 12.3; MS (FAB)
m/z 209 [(M+1)"]. Anal. Calcd for C1;H16N,O,: C, 63.44; H, 7.74; N, 13.45. Found: C, 63.18; H,
7.58; N, 13.29.

Preparation of 2-benzyloxy-5-nitrobenzaldehyde (153b)*%
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To a solution of 2-hydroxy-5-nitrobenzaldehyde (153a) (1.00 g, 5.99 mmol) and K,COj3 (997 mg,
7.21 mmol, 1.2 equiv.) in DMF (30 mL) was added BnBr (860 pL, 7.19 mmol, 1.2 equiv.). The
mixture was stirred for 2 h at room temperature, and further BnBr (215 pL, 1.80 mmol, 0.3 equiv.)
was added to it. Stirring was continued at room temperature for a further 1.5 h and the mixture was
diluted with AcOEt and washed with water. The organic layer was washed with brine and dried over
Na,SO,. Filtration, evaporation and purification of the residue by silica gel flash chromatography
(n-hexane/AcOEt = 3/1 — 2/1) gave 1.39 g (90%) of 153b as a colorless solid: *H NMR (CDCls,
500 MHz, &; ppm) 10.52 (1H, s), 8.73 (1H, d, J = 2.8 Hz), 8.41 (1H, dd, J = 2.8 HZ, 9.2 Hz), 7.45—
7.38 (5H, m), 7.18 (1H, d, J = 9.2 Hz), 5.33 (2H, s).

Preparation of t-butyl 3-(2-benzyloxy-5-nitrophenyl)prop-2-enoate (153c)

To a slurry of 153b (1.39 g, 5.39 mmol) and tert-butyl bromoacetate (1.42 mL, 9.74 mmol, 1.8
equiv.) in sat. NaHCO3 (30 mL) and THF (10 mL) was added PPh3 (2.13 g, 8.13 mmol, 1.5 equiv.).
The mixture was stirred at room temperature for 1.5 h, then diluted with water and extracted with
CHCIs. The organic layer was washed with brine and dried over Na,SO,. Filtration, evaporation in
vacuo and purification of the residue by silica gel flash chromatography (n-hexane/AcOEt = 8/1)
gave 2.17 g (quant.) of 153c as colorless oil: *H NMR (CDCls, 500 MHz, §; ppm, 10:7 mixture of
two isomers) (trans) 8.44 (1H, d, J = 2.8 Hz), 8.18 (1H, dd, J = 2.8 Hz, 9.1 Hz), 7.94 (1H, d, J =16.2
Hz), 7.42-7.37 (5H, m), 7.02 (1H, d, J = 9.1 Hz), 6.55 (1H, d, J = 16.2 Hz), 5.27 (2H, s), 1.53 (9H, s),
(cis) 8.39 (1H, d, J = 2.7 Hz), 8.18 (1H, dd, J = 2.7 Hz, 9.2 Hz), 7.42-7.37 (5H, m), 7.03 (1H, d, J =
12.4 Hz), 6.99 (1H, d, J = 9.2 Hz), 6.03 (1H, d, J = 12.4 Hz), 5.21 (2H, s), 1.40 (9H, 9).

Preparation of t-butyl 3-(5-ami—hydroxyphenyl)propionate (153d)*%*

Asslurry of 153c¢ (164 mg, 0.462 mmol) and 5% Pd-C (97 mg) in MeOH (5 mL) was stirred at room
temperature under H, for 18 h. The reaction mixture was filtered on Celite and the filtrate was
evaporated in vacuo. The residue was purified by silica gel flash chromatography (n-hexane/AcOEt
= 1/1) to obtain 86 mg (79%) of 153d as a pale yellow solid: *H NMR (CDCls, 500 MHz, &; ppm)
6.95 (1H, s), 6.72 (1H, d, J = 8.4 Hz), 6.49 (1H, dd, J = 2.8 Hz, 8.4 Hz), 6.45(1H, d, J = 2.8 Hz),
3.36 (2H, s), 2.77 (2H, t, J = 6.3 Hz), 2.60 (2H, t, J = 6.3 Hz), 1.41 (9H, s).
Preparation of 2-amino-N-methoxy-N-methylacetamide hydrobromide (153f)*%°

A mixture of N-(tert-butoxycarbonyl)glycine N'-methoxy-N'-methylamide (153e) (4.94 g, 22.6
mmol) in 25% HBr in AcOH (19.2 mL) was stirred at room temperature for 30 min. To the mixture
was added Et,O (50 mL) to precipitate a colorless solid. This was collected by filtration to obtain
4.47 g (quant.) of 153f as a colorless solid: *H NMR (DMSO-dg, 500 MHz, &; ppm) 8.04 (3H, ),
3.90 (2H, s), 3.72 (3H, s), 3.17 (3H, 3).
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Preparation of 2-{[(E)-2-cyano-1-methylethenyl]amino}-N-methoxy-N-methylacetamide (153g)
125

A mixture of 153f (4.41 g, 22.2 mmol) and 3-aminocrotononitrile (3.83 g, 44.8 mmol, 2.0 equiv.) in
EtOH (250 mL) was stirred at room temperature for 24 h. The reaction mixture was evaporated in
vacuo. The residue was purified by silica gel flash chromatography (n-hexane/AcOEt = 1/2) to
obtain 3.89 g (96%) of 1539 as a colorless solid: *H NMR (DMSO-ds, 500 MHz, &; ppm) 6.89 (1H,
s), 3.89 (2H, s), 3.78 (1H, s), 3.70 (3H, s), 3.12 (3H, s), 2.03 (3H, 3).
Preparation of (E)-3-(2-oxopropylamino)but-2-enenitrile (153h)*?

To a solution of 1539 (3.89 g, 21.2 mmol) in dry THF (150 mL) was added 3.0 M MeMgBr in Et,0
(7.5 mL, 1.1 equiv.) at =10 °C under an N, atmosphere. The mixture was stirred for 50 min, and 3.0
M MeMgBr in Et;,0 (15 mL, 2.1 equiv.) was added to it. Stirring was continued at —10 °C under an
N, atmosphere for a further 2 h. The reaction mixture was quenched with water (200 mL) and
extracted with AcOEt. The organic layer was washed with brine and dried over Na,SO,. Filtration
and evaporation in vacuo gave 2.67 g (91%) of 153h as a pale yellow solid: *H NMR (DMSO-dg,
500 MHz, &; ppm) 7.00 (1H, s), 3.90 (2H, d, J = 5.5 Hz), 3.74 (1H, s), 2.10 (3H, s), 2.02 (3H, s).
Preparation of 3-cyano-2,4-dimethylpyrrole (153i)*%°

To a slurry of 153h (2.67 g, 19.3 mmol) in EtOH (75 mL) was added NaOEt (273 mg, 4.01 mmol,
0.2 equiv.). The reaction mixture was stirred at room temperature for 30 min. After evaporation in
vacuo of the reaction mixture, the residue was taken up in water (100 mL) and extracted with AcOEt.
The organic layer was washed with brine and dried over Na,SO,. Filtration, evaporation in vacuo
and purification of the filtrate by silica gel flash chromatography (n-hexane/AcOEt = 3/1) gave 2.09
g (90%) of 153i as a colorless solid: *H NMR (CDCls, 500 MHz, &; ppm) 7.94 (1H, brs), 6.37 (1H,
s), 2.38 (3H, s), 2.14 (3H, ).

Preparation of N-methoxy-N-methyl-4-formylbenzamide (153k)*®*

To a slurry of terephthalaldehydic acid (153j) (5.00 g, 33.3 mmol) in CH,Cl, (200 mL) was added
N-methylmorpholine (3.66 mL, 33.3 mmol, 1.0 equiv), followed by EDC-HCI (7.68 g, 40.1 mmol,
1.2 equiv) and NHMeOMe-HCI (3.60 g, 36.9 mmol, 1.1 equiv). The mixture was stirred at room
temperature for 4.5 h, and then evaporated in vacuo. The residue was taken up in Et,O and the
mixture was washed with water and brine. The organic layer was dried over Na,SO,. Filtration and
evaporation in vacuo gave 4.31 g (67%) of 153k as a yellow oil: '"H NMR (CDCls, 500 MHz, §;
ppm) 10.07 (1H, s), 7.93 (2H, d, J =8.3 Hz), 7.81 (2H, d, J = 8.3 Hz), 3.54 (3H, s), 3.39 (3H, 3).

Preparation of
4-(2,6-dicyano-4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacen-8-yl)-N-methoxy-
N-methylbenzamide (153lI)
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To a solution of 153k (1.26 g, 6.51 mmol) and 153i (1.55 g, 12.9 mmol, 2.0 equiv.) in CH,ClI, (50
mL) was added TFA (0.2 mL). The mixture was stirred at room temperature for 19 h, and then DDQ
(2.21 g, 9.71 mmol, 1.5 equiv.) was added to it. Stirring was continued for a further 20 min, then
BF; OEt; (8.5 mL, 32.4 mmol, 5.0 equiv.) was added, followed by DIPEA (6.0 mL, 34.4 mmol, 5.3
equiv.) on an ice-water bath. Stirring was continued for a further 10 min on the ice-water bath, then
the reaction mixture was quenched with water and filtered. The organic layer was separated, and the
water layer was extracted with CHCI3. The combined organic layer was washed with brine and dried
over Na,SO,. Filtration, evaporation in vacuo and purification of the residue by silica gel flash
chromatography (n-hexane/AcOEt = 1/1 — 1/2) gave 1.92 g (64%) of 153l as a dark red solid: *H
NMR (CDCls, 500 MHz, &; ppm) 7.88 (2H, d, J = 8.3 Hz), 7.35 (2H, d, J = 8.3 Hz), 4.28 (4H, q, J =
7.1 Hz), 3.51 (3H, s), 3.42 (3H, s), 2.84 (6H, s), 1.68 (6H, s), 1.33 (6H, t, I = 7.1 Hz).

Preparation of
8-(4-formylphenyl)-2,6-dicyano-4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene
(153m)

To a solution of 153l (206 mg, 0.447 mmol) in dry THF (10 mL) was added Cp,ZrHCI (142 mg,
0.551 mmol, 1.2 equiv.). The mixture was stirred for 5 min, and then quenched with water. The
mixture was extracted with CHClI3. The organic layer was washed with brine and dried over Na,SO,.
Filtration, evaporation in vacuo and purification of the residue by silica gel flash chromatography
(n-hexane/AcOEt = 2/1) gave 126 mg (70%) of 153m as a red solid: *H NMR (CDCls;, 500 MHz, §;
ppm) 10.37 (1H, s), 8.31 (2H, d, J =8.2 Hz), 7.74 (2H, d, J = 8.2 Hz), 4.51 (4H, q, J = 7.1 Hz), 3.07
(6H, s), 1.87 (6H, s), 1.55 (6H, t, J = 7.1 Hz).

Preparation of t-butyl
3-{N-[4-(2,6-dicyano-4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacen-8-yl)-pheny
Imethyl]-5-amino-2-hydroxyphenyl}propionate (153n)

Asolution of 153d (130 mg, 0.549 mmol, 1.0 equiv.), 153m (221 mg, 0.550 mmol), and AcOH (0.5
mL) in CH,Cl, (5 mL) was stirred at room temperature for 2 h, then NaBH(OAc);3 (353 mg, 1.67
mmol, 3.0 equiv.) was added to it and stirring was continued for 10 min. The reaction mixture was
quenched with water and extracted with CHCI3. The organic layer was washed with brine and dried
over Na,SO,. Filtration, evaporation in vacuo and purification of the residue by silica gel flash
chromatography (n-hexane/AcOEt = 2/1 — 3/2) gave 283 mg (83%) of 153n as a dark green solid:
'H NMR (CDCls, 500 MHz, &; ppm) 7.61 (2H, d, J = 8.1 Hz), 7.22 (2H, d, J = 8.1 Hz), 6.96 (1H,
brs), 6.75 (1H, d, J = 8.6 Hz), 6.43 (1H, dd, J = 2.9 Hz, 8.6 Hz), 6.38 (1H, d, J = 2.9 Hz), 4.43 (2H,
s), 2.76 (2H, t, J = 6.2 Hz), 2.72 (6H, s), 2.58 (2H, t, J = 6.2 Hz), 1.59 (6H, s), 1.42 (9H, 3).
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Preparation of
3-{N-[4-(2,6-dicyano-4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacen-8-yl)-pheny
Imethyl]-N-nitroso-5-amino-2-hydroxyphenyl}propionate (153)

A solution of 153n (273 mg, 0.438 mmol) in 4 N HCI AcOEt (7 mL) and AcOEt (3 mL) was stirred
at room temperature for 19.5 h. The reaction mixture was neutralized with 2 N NaOH and sat.
NaHCOg3, and extracted with AcOEt. The organic layer was washed with brine and dried over
Na,SO,. Filtration, evaporation in vacuo and purification of the residue by silica gel flash
chromatography (CHCI3/MeOH = 100/1 — 30/1 — 10/1) gave 247 mg (crude) of 1530 as a dark
green solid. A solution of 1530 (crude 247 mg) in AcOH (6 mL) was added to a solution of NaNO,
(34 mg, 0.493 mmol) in water (6 mL) on an ice-water bath. Stirring was continued for 10 min, then
the mixture was diluted with AcOEt and washed with 10% citric acid. The organic layer was
evaporated in vacuo. The residue was taken up in sat. NaHCO3; and extracted with CHCl3. The
organic layer was washed with brine and dried over Na,SO,. Filtration, evaporation in vacuo and
purification of the residue by silica gel flash chromatography (n-hexane/AcOEt = 2/1 — AcOEt
only — AcOEt/MeOH =100/1 — AcOEt/MeOH = 20/1) gave 113 mg (44%) of 153 as a red solid.
This was recrystallized from n-hexane and CHCI; to obtain 75 mg (66%) of green crystals: mp
195.3-198.3 °C; 'H NMR (DMSO-ds, 500 MHz, &; ppm) 12.08 (1H, brs), 9.82 (1H, s), 7.36 (2H, d, J
=8.2 Hz), 7.32 (2H, d, J = 8.5 Hz), 7.29 (1H, d, J = 2.6 Hz), 7.15 (1H, dd, J = 2.6 Hz, 8.4 Hz), 6.82
(1H, d, J = 8.4 Hz), 5.38 (2H, s), 2.75 (2H, t, J = 7.8 Hz), 2.63 (6H, s) 2.48 (2H, t, J = 7.8 Hz), 1.39
(6H, s); *C NMR (DMSO-ds, 125 MHz, &; ppm) 173.7, 158.8, 154.9, 149.1, 147.1, 137.1, 132.0,
130.7, 130.7, 129.2, 127.7, 127.5, 123.3, 120.9, 114.9, 113.3, 105.4, 46.8, 33.1, 25.2, 13.5, 13.3;
Anal.Calcd for Cs3;H27BF;Ng04-4/3H,0 ; C:60.01, H:4.82, N:13.55. Found ; C:60.29, H:4.79,
N:13.28; MS (FAB): m/z 597 [(M+1)"].

Preparation of
8-phenyl-2,6-dicyano-4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (154)*%

To a solution of benzaldehyde (154a) (100 uL, 0.981 mmol) in CH,Cl, (10 mL) was added 153i
(118 mg, 0.982 mmol, 2.0 equiv.), followed by TFA (3 drops). The reaction mixture was stirred at
room temperature for 12 h, and DDQ (223 mg, 0.982 mmol, 2.0 equiv.) was added to it. Stirring was
continued at room temperature for 20 min, and then DIPEA (854 ulL, 4.90 mmol, 10 equiv.) was
added, followed by BF3;-OEt, (1.31 mL, 4.91 mmol, 10 equiv.). Stirring was continued at room
temperature for 10 min, and the reaction mixture was quenched with water. The mixture was
extracted with CHCI3. The organic layer was washed with brine and dried over Na,SO,. Filtration,
evaporation in vacuo and purification of the residue by silica gel flash chromatography
(n-hexane/AcOEt = 8/1) gave 87 mg (48%) of 154 as a dark green solid. This solid was washed with
AcOEt to obtain 58 mg of 154 as a brick-colored solid: mp 279.6-282.5 °C; *H NMR (CDCls, 500
MHz, §; ppm) 7.62-7.61 (3H, m), 7.27 (2H, m), 2.73 (6H, s), 1.58 (6H, s); *C NMR (CDCls, 150
MHz, 6; ppm) 159.7, 149.5, 147.1, 132.6, 131.5, 130.6, 130.1, 127.0, 113.5, 106.5, 13.8; Anal.Calcd
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for C;1H17BF:N, ; C:67.40, H:4.58, N:14.97. Found ; C:67.24, H:4.75, N:14.75; MS (EIl): m/z 374
[M].

ESR analysis of 2,6-dimethylInitrobenzene derivatives by using iron dithiocarbamate complex
A solution (total volume 200 uL) of FeSO4-6H,0 (1.5 mM), N-methyl-D-glucamine dithiocarbamate
(6 mM) and one of 2,6-dimethylnitrobenzene derivatives (100 uM) in phosphate buffer (DMF 1%)
was photoirradiated (330-380 nm, 60 mW/cm?) at room temperature for 15 min as a sample for ESR
studies. When appropriate, SOD (1 kunit/mL) was added to a sample solution or irradiation was
conducted under an argon atmosphere. The measurement conditions were follows; microwave power,
10 mWw; frequency, 9.4200 GHz; field, 330 mT; sweep width, 7.5 mT,; sweep time, 4 min;
modulation width, 0.125 mT; time constant; 0.10 s.

Detemination of decomposition ratio of 2,6-dimethylnitrobenzene derivatives

A solution (total volume, 200 pL) of one of 2,6-dimethylnitrobenzene derivatives (100 uM, DMSO
1%) was photoirradiated (330-380 nm, 60 mW/cm?) at room temperature for 15 min for HPLC
analysis. An aliquot of each solution (20 puL) was loaded onto a Senshu Pak C18 column (5 mm; 150
x 4.6 mm) fitted on a Shimadzu HPLC system, and the eluates were monitored with a photodiode
array detector. Gradient condition; 112: 0 min (A 50 % + B 50%) — 30 min (A0 % + B 100 %) —
40 min (A0 % + B 100 %) — 50 min (A : 50 % + B 50 %), 113: 0 min (A 40 % + B 60%) — 30
min (A0 % + B 100 %) — 40 min (A0 % + B 100 %) — 50 min (A: 40 % + B 60 %), 114: 0 min
(A30% + B 70%) — 30 min (A0 % + B 100 %) — 40 min (A0 % + B 100 %) — 50 min (A:
30 % + B 70 %), 115: 0 min (A 30 % + B 70%) — 30 min (A0 % + B 100 %) — 40 min (A0 %
+ B 100 %) — 50 min (A:30 % + B 70 %) 116: 0 min (A 50 % + B 50%) — 30 min (A0 % + B
100 %) — 40 min (A0 % + B 100 %) — 50 min (A : 50 % + B 50 %), 117: 0 min (A50 % + B
50%) — 30 min (A0 % + B 100 %) — 40 min (A0 % + B 100 %) — 50 min (A: 50 % + B
50 %). (A = milli-Q water, B = MeOH)

Detection of ONOOQO™ release from DiP-DNB (115) by a ONOO™ fluorescence probe HKGreen-3
The fluorescence spectra were recorded with a Hitachi F4500. Samples containing 10 uM DiP-DNB
and 10 uM HKGreen-3 in potassium phosphate buffer (100 mM, pH 7.4, DMF 1.1%) were irradiated
for 15 min under aerobic or anaerobic condition. The fluorescence intensity was determined at 515
nm with excitation at 490 nm. The slit width was set to 2.5 nm for both excitation and emission. The
photomultiplier voltage was 950 V.

HPLC analysis to determine the photodecomposition of DiP-DNB (115)

A solution (total volume, 200 pL) of DiP-DNB (100 uM, DMSO 1%) was photoirradiated (330—-380
nm, 60 mW/cm?) at room temperature for 15 min for HPLC analysis. An aliquot of each solution (20
ulL) was loaded onto a Senshu Pak C18 column (5 mm; 150 x 4.6 mm) fitted on a Shimadzu HPLC
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system, and the eluates were monitored with a photodiode array detector. Gradient condition; 0 min,
(A30% + B 70%) — 20 min, (A 0% + B 100%) — 30min, (A 0% + B 100%) — 40 min, (A 30%
+ B 70%) (A: MilliQ water + 0.1% TFA, B: acetonitrile + 0.1% TFA). Chromatograms were
recorded at 446 nm.

ESR analysis of N-nitrosoaminophenol derivatives by using iron dithiocarbamate complex

A solution (total volume 200 pL) of FeSO4-6H,0 (1.5 mM), N-methylglucamine dithiocarbamate (6
mM), and one of N-nitrosoamiphenol derivetives (100 uM) in phosphate buffer (pH 7.0, DMF 1%)
was photoirradiated (without attenuation) at room temperature for 15 min as a sample for ESR
studies. When appropriate, SOD (1 kunit/mL) was added to a sample solution or irradiation was
conducted under an argon atmosphere. ESR spectra were recorded on a JES-RE2X spectrometer
(JEOL Co. Ltd., Tokyo, Japan). The measurement conditions were follows: microwave power, 10
mW; frequency, 9.4200 GHz; field, 330 mT; sweep width, 7.5 mT; sweep time, 4 min; modulation
width, 0.125 mT; time constant, 0.10 s.

Detection of ONOO"™ release from N-nitrosoaminophenol derivatives or SIN-1 by a ONOO™
fluorescence probe HKGreen-3

A sample solution (total volume 1 mL) containing one of N-nitrosoaminophenol derivatives (10 uM)
or SIN-1 (10 uM) and HKGreen-3 (10 uM) in phosphate buffer (pH 7.4, DMF 0.2%) were irradiated
or incubated in the dark. The fluorescence intensity was determined with an RF5300-PC (Shimadzu)
at 535 nm, with excitation at 520 nm. The slit width was set to 3 nm for both excitation and
emission.

HPLC analysis for detection of Ac-nitroTyr-OEt and duroquinone

A sample solution (total volume 200 puL) of P-NAP (1 mM) and N-acetyl-L-tyrosine ethyl ester (1
mM) in phosphate buffer (pH 7.0, DMF 2%) were irradiated. An aliquot of each solution (20 uL)
was loaded onto a Senshu Pak C18 column (5 mm; 150 x 4.6 mm) fitted on a Shimadzu HPLC
system, and the eluates were monitored with a photodiode array detector. Gradient conditions were
as follows: 0 min, (A 70% + B 30%) — 20 min, (A 20% + B 80%) — 30 min, (A 20% + B 80%)
— 35 min, (A 70% + B 30%) — 40 min, (A 70% + B 30%) (A: MilliQ water + 0.1% TFA, B:
acetonitrile + 0.1% TFA).

Determination of duroquinone formation quantum yield of P-NAP (132) (®pg)

Determination of the quantity of photodecomposition: A solution of P-NAP (100 uM) in milliQ
water (400 uL, DMF 1%) placed in a quartz cell (0.5 cm optical path length) was irradiated with 334
nm for 15 min. Photoirradiation was performed by using the light source of RF5300 (slit width 1.5
nm). The irradiated solution was loaded onto a Senshu Pak C18 column (5 mm; 150 x 4.6 mm) fitted
on a Shimadzu HPLC system and the eluates were monitored with a photodiode array detector. The
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peak area of around 15 min was determined. Milli-Q water containing 0.1% TFA (A) and MeCN
containing 0.1% TFA (B) were used as developing solvents. Gradient conditions were as follows: 0
min, A 70% and B 30% — 20 min, A 20% and B 80% — 30 min, A 20% and B 80% — 35 min,
A70% and B 30% — 40 min, A 70% and B 30%.

Determination of the quantity of the irradiated photons: A solution of potassium ferrioxalate (12
mM) in 0.05 M H,SO, (400 pL) placed in a quartz cell (0.5 cm optical path length) was irradiated
with 334 nm for 15 min. Irradiation was performed by using the light source of RF5300 (slit width
1.5 nm). To the irradiated solution was added 0.1% buffered phenanthroline (500 pL). An absorption
spectrum was recorded on UV-Visible spectrophotometer. (0.1% buffered phenanthroline: a solution
of AcONa 2.25 g and phenanthroline 10 mg in 0.5 M H,SO4 10 mL)

Assay for DNA strand breaks

Sample solutions (total volume 20 pL) of phosphate buffer (pH 7.0) containing 0.04 mg/mL of pBR
322 DNA, 0.3% DMF, and 0, 30, 100, or 300 uM P-NAP were photoirradiated with UV-A (without
attenuation) or incubated at room temperature in the dark for 15 min. The reaction mixtures were
treated with 5 pL of loading buffer (100 mM TBE buffer, pH 8.3, containing 30% glycerol, 0.1%
bromophenol blue). Horizontal gel electrophoresis was carried out in 89 mM TBE buffer (pH 8.3)
for 60 min at 100 V. The gel was stained with ethidium bromide (1 mg/mL) for 30 min, destained in
TBE buffer for 30 min, and photographed with UV transillumination.

Detection of ONOO™ generated from P-NAP (132) in HCT116 cells

HCT116 human colon cancer cells were treated in the same manner as in the confocal microscopy
experiments. Briefly, the cells were plated on 3 cm glassbottomed dishes at 1.0 x 10° cells/dish with
2 mL of McCoy’s 5A culture medium supplemented with FBS containing streptomycin and
penicillin, and then incubated at 37 °C in a humidified 5% (v/v) CO;incubator for 2 days. The cells
were treated with 10 uM HKGreen-3A and incubated at 37 °C in a humidified 5% (v/v) CO,
incubator for a further 2 h. The cells were treated with 10 uM P-NAP for 15 min and subjected to
photoirradiation for 15 min with the light intensity attenuated to 25%. The dishes were subsequently
washed with DMEM three times, and the culture medium was replaced with 2 mL of DMEM. After
washing, the cells were subjected to confocal fluorescence microscopy (LSM 510, Carl Zeiss Japan
Co. Ltd., Tokyo, Japan).

ESR analysis of NOBL-1 (153) using iron dithiocarbamate complex

A solution (total volume 200 pL) of FeSO4-6H,0 (1.5 mM), N-methylglucamine dithiocarbamate (6
mM) and NOBL-1 (100 uM) in phosphate buffer (pH 7.0, DMF 1%) was photoirradiated (470-500
nm, 200 mW/cm?) with MAX-302 at room temperature for 15 min as a sample for ESR studies. The
measurement conditions were follows: microwave power, 10 mW; frequency, 9.4200 GHz; field, 330
mT; sweep width, 7.5 mT; sweep time, 4 min; modulation width, 0.125 mT; time constant; 0.10 s.
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Fluorescence measurement of DAR-4M

A sample solution (total volume 2 mL) containing NOBL-1 (10 uM) and DAR-4M (10 uM) in
phosphate buffer (pH 7.4, containing DMSO 0.3%) were irradiated or incubated in the dark. The
fluorescence intensity was determined with an RF5300-PC (Shimadzu) at 575 nm, with excitation at
560 nm. The slit width was set to 1.5 nm for both excitation and emission.

Detection of NO in HEK?293 cells

HEK293 cells were plated on 3.5 cm glass dishes at 2.0x10° cells/dish with 2 mL of DMEM. The
cells were incubated at 37 °C in a humidified atmosphere of 5% (v/v) CO; in air for 2 days. The
medium was replaced with 2 mL of fresh DMEM. The cells were incubated with 10 uM NOBL-1
(DMSO 0.1%) or DMSO for an hour under the above conditions. Then, the medium was replaced
with 2 mL of fresh DMEM, and the cells were washed with 2 mL of DMEM twice and treated with 5
uM DAR-4M AM (DMSO 0.1%) for 30 min under the above conditions. The medium was replaced
with 2 mL of Dulbecco’s PBS containing Mg®* and Ca?* (D-PBS). The cells were washed with 2 mL
of D-PBS and irradiated with a MAX-302 (470-500 nm, 25 mW/cmZ) for 5 min. After irradiation,
the cells were examined under a differential interference contrast microscope (Olympus, IX71).

Spatial control of NO release in HEK293 cells

HEK293 cells were plated on 3.5 cm glass dishes at 2.0x10° cells/dish with 2 mL of DMEM. The
cells were incubated at 37 °C in a humidified atmosphere of 5% (v/v) CO; in air for 2 days. The
medium was replaced with 2 mL of fresh DMEM. The cells were treated with 10 uM NOBL-1
(DMSO 0.1%) or DMSO (2 L) for an hour under the above conditions. Then, the medium was
replaced with 2 mL of fresh DMEM, and the cells were washed with 2 mL of DMEM twice and
treated with 5 uM DAR-4M AM (DMSO 0.1%) for 30 min under the above conditions. The medium
was replaced with 2 mL of Dulbecco’s PBS containing Mg?* and Ca”* (D-PBS). The cells were
washed with 2 mL of D-PBS, and subjected to confocal fluorescence microscopy (LSM 510, Carl
Zeiss Japan Co. Ltd., Tokyo, Japan). A region of interest of a dish was selected and bleached with an
argon laser (488 nm, output 70%, number of scans 1000, light intensity attenuated to 30%).

Modulation of vasodilation by NOBL-1 (153) under blue-light irradiation

A rat aortic strip was placed in a Magnus tube filled with Krebs buffer (10 mL) at 37 °C. The tension
was recorded on a LabChart 7 (ADInstruments). The strip was treated with L-NAME (10 uM) or
ODQ (10 uM) before addition of noradrenaline (10 pM). After equilibration, NOBL-1 (1 uM or 10
uM) or DMSO (10 pL) or fluorescein (1 uM) was added, and the tube was irradiated with a
MAX-302 (14.5 mW/cm?) or a 1 mW green laser pointer.

Quantitative determination of NO
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Standard curve for quantitative measurement of NO generated from NOBL-1 (153): Solutions
(total volume 1 mL) of NOC7 (0, 0.5, 1, 2.5, or 5 uM) and DAR-4M (10 uM) in phosphate buffer
(10 mM, pH 7.4, containing DMSO 0.3%) was incubated in the dark at room temperature for 2 hr for
the standard curve. The fluorescence intensity was determined with RF-5300PC (Shimadzu) at 575
nm, with excitation at 560 nm. The slit width was set to 1.5 nm for both excitation and emission, and
the sensitivity was high.

Quantitative measurement of NO generated from NOBL-1 (153): A solution (total volume 1
mL) of NOBL-1 (0 or 10 uM) and DAR-4M (10 uM) in phosphate buffer (10 mM, pH 7.4,
containing DMSO 0.3%) was photoirradiated with MAX-302 (Asahi spectra) for 15 min. After
photoirradiation (150 mW/cm?), the fluorescent intensity was measured as well as the standard
curve.

Determination of photodecomposition product

A sample solution of NOBL-1 (100 uM) in water (DMSO 1%) was irradiated with a MAX-302 (200
mW/cm?, 470-500 nm). An aliquot of the solution (4 pL) was loaded onto an Imtakt US-C18 column
(5 mm; 150%2 mm) fitted on a Waters ACQUITY/Quattro Premier XE system. MilliQ containing
0.1% formic acid (A) and MeCN containing 0.1% formic acid (B) were used as developing solvents.
Gradient conditions were as follows: 0 min, A 70% and B 30% — 20 min, A 20% and B 80% —
30 min, A 20% and B 80% — 35 min, A70% and B 30% — 40 min, A 70% and B 30%; ion mode,
positive; cone voltage, 10 V.

Determination of photodecomposition quantum yield (®gec)

Determination of the quantity of photodecomposition: A solution of NOBL-1 (10 puM) in
phosphate buffer (10 mM, pH 7.0, DMF 1%) placed in a quartz cell (0.4 cm optical path length) was
irradiated with 488 nm for 1 min. Photoirradiation was performed by using the light source of
RF5300. The irradiated solution was loaded onto a Senshu Pak C18 column (5 mm; 150 x 4.6 mm)
fitted on a Shimadzu HPLC system and the eluates were monitored with a photodiode array detector.
The peak area of around 15 min was determined. Milli-Q water containing 0.1% FA (A) and MeCN
containing 0.1% FA (B) were used as developing solvents. Gradient conditions were as follows: 0
min, A 70% and B 30% — 20 min, A 20% and B 80% — 30 min, A 20% and B 80% — 35 min,
A70% and B 30% — 40 min, A 70% and B 30%.

Determination of the quantity of the irradiated photons: A solution of potassium ferrioxalate (12
mM) in 0.05 M H,SO, (100 pL) placed in a quartz cell (0.4 cm optical path length) was irradiated
with 488 nm for 1 min. Photoirradiation was performed by using the light source of RF5300. To the
irradiated solution was added 0.1% buffered phenanthroline (400 uL). An absorbance spectrum was
determined by UV-Visible spectrophotometer.
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