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Figure 1-1. X-ray structure of human heme oxygenase-1.
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Scheme 1-1. Heme catabolism by heme oxygenase and biliverdin reductase.
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Scheme 1-2. Chlorophyll catabolism by (1) chlorophyllase, (2) Mg dechelatase, (3) pheophorbide a

oxygenase, (4) red chlorophyll catabolite reductase.
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Figure 1-2. Structure of the Cphl phytochrome and phytochromobilin.

3



ZERMEPNEZDL, 74 b7 mrEL) CORNMER LOTm btk —2 R
B L ORFEREGHEENE L, TN Y —2 T ERRIBEIND,

MAT, V=77 b7 —/bdndfk & FRBHEE 2RO, 2 E TR FED 2
BB AMEP ~DIE 72 EOWE N2 SN TEY | Figure 1-3 (IR E 7 V= agb-1-4 210
DHSRIERIZ AL v F U T TNRA AL LTHRET D Z LN T0 D %,

a Zinc biladienone

'l i—@—\‘inurccl;\u} h]]]]]]]]] Drain(Au) —{ It

(Si02)
Gate (dopedSi)

Switching device

Figure 1-3. A schematic diagram of the FES device with an SEM image of the electrodes with a 10
nm gap (gate voltage (V,), source voltage (V5), scale bar: 100 nm)
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Scheme 1-3. Synthesis of B-substituted 5-oxaporphyrin zinc complex and 19-methoxybilinones.
Reagents: a Ac,0, Zn(OAc),, CHCl;, reflux. b CH;0H, K,COs.
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Scheme 1-4. Coupled oxidation of tetraphenylporphyrin.
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17 nm BFEY 7 MLEZZ D, BV ) CORBEREIET D Z E08HKD Z L85
Lot

F 6 ETIL 5-AF VAR NLT ¢ U VHERSERBBRIS DM SIS TH D, BBA A28 - T
B IND 19-8 ) ) b 5-AFYRLT 4 U o EESER~OMRKE, BLO19-EHfE
U oRo5-FXRYRNLT U VHSREHADE LWHIEIC DN TR TV D, 19-E8'Y /2
O 5-AXHHRNLT 4V CEBEEEROHERKICEFET LE8RBA AL ORA7 ) —=0 7 (B
R, BEMAERIC XD W OBRHEICOW TR Lz, 19007 =/ v EE2H+ 5L
J XEESR, B 3oL R ERURT D EHRMUGEIT L 5- A XY ARV T 0 U RS E
252N bhnotz, 19-7 = %Y J U UAMCHL NBIRE D /) U0 SEBREY 0T
FABREUG A EIT LTz, K/ T F=F UL 111 ORICBWT, FABRBISHEIT L7- RO 5HE
Eald D &, s ORIGOEA, 19-7 =/ F vV /3 13x10°s TH Y, NEH#H
YR SEHE Y X0 PARBUSHEE DS 330 £572° 5 3700 53> 7o, BAT S E#H A
DRHFL LT, 190D T =/ F IR U7 B0 T A RIALE T 0 07 235K &8 oAl
REVBEZECRONZ, SOICHRICEA LZERLOZE L LT, BEHE 19-7 = /FE
U UAIAVERR19-T = ) FTEY L HARS END 10 fERISHEL 78D 2 E DL
Elpolz, ZTOAVEWN19-7 =) XY ) UATH & RUG LA DA, 651 nm DHEHOE
MI100 KL, FmAEART b A—F—ZFHNWgE, 1 uM O X Vi 19-7 = /) %
7=/ FEY L 100M ORI AT 5 2 ERHRD T EBRH BN E 0T,
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7 SR L L AT T B AL B B & NS A\ Tl S & Lz,

10. Z2E&&H
Scheme 1-5 IZAGH L CHEM LY =7 7 h I r— L 5- 4 XV HR L7 0 U A2 T,
IUPAC & EIZ IS F R U T AF— L ERT,

biladien-ac-1-one

bilindione (X = O) L.
thioxobilinone (X = S) 5-oxaporphyrin zinc complex

Rq
19-substituted bilinone enolate appended bilinone

Scheme 1-5. Numbering scheme of biladien-ab-1-one, biadien-ac-1-one, bilindione, thioxobilinone,

5-oxaporphyrin zinc complex, 19-substituted bilinone and enolate appended bilinone.
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F2FE T RTITIUNERNLT 0 ) o HRBILEISZ LD U T U Y o F DAL

1. &

B VA ISR ORI TH Y | E e Y — X L R T B ORIR 1R
ELTHEERMEAY TH D, RARIFETHIE Y VU F NI TR TE e — VORI EHRIEZ
HLTWS, ZOE Y I 137 bRV T 4 ) U EEATH D ~LBA~LAF 7T —
VICL it sns 2 L TAREND L ZHICHEBILZRIEE LT, IEBILRS & FiZh
L. BALICEBEEZ AT HRNLT 1 VU UEREEREZI L L T Y A ST D RGN
Lemberg 52 L » CTHiG &N, ZOMMIRAFEORWE Y O v 25T 5013 a
HAThan, EMNHOE Y v OF v AT DITIESAR 2 HIE U 7= Z BRSO B RS M L 7
5T B, £ZAT, Er—LBFELEZEEMEL T D AT R FE(moso M EHILZ HT 5
RN T7 4R IR ARITITFEELRY, LN LZEDOERDRES S HE A D A
VB E A HETARNLT 4 ) VHERICOWTHEN RSN TE -, 20X VBEHFRL
74V ORBLEISIZOWTIEZ Y 7 a s LT Y 7 AHS N0,/ NaNO,-TFA-air®,
I/AgCIO,’, m-CPBA'", AL HN A &7 —HIERRHE 1T L DM L 7 Ch ~ eipib Al % A
W TN TE R, ZNOOBRLKSTIEIE T P ab-1-4 b L TEHRERRE 7 —L 0
ERBHEZINTODR, B U UF U RNERSN & OFEILR,

74 M AORGTHETH D E D I UHERO AN Z-E BRI 3 8E
RBLIETHD ™2, IHICE Y U A I OBKICREAFTEZ /T LA THY, 20
HHEEFHALTEFI LY L= AT AOHBES IREDF TV F—X0 ML LTRIFTE %,
F RO CENL - & L CHBRA L 2T DS, A LIS EREEZEANT S 2 &3
FHEZAC & CHEEN N5, Zhid, A VEBRE Y VU4 U i3kkx @R 2 E AT
DT EMBESITARRTHFHIED =RV F —OfEmH TON Y F o 7 852 2 &R
TE 5,

THETOETHEE LTT I T VARLT 4 U UEERO LSRRGS LT, ES
V) R UV TOERICOWTIHRE SN TR, BT VT ab- 1Al e v
VA OREE % Scheme 2-1 IR T, BBBEFIE T TOT N7 7 VLKL T 4 U U EREEIRD 53 1if
FOSIZOWTHER S & 503, AR OREEICET 258 W TS ST,

ZITHELETIEA MO T = = VORI A BRI EZHT 57 877 VLR
7 4 U SRR OISO XD U T U LR Y A O E BRENE Y VA
AN RKIETE R OWTHRET ZIT - 72,

triarylbilindione tetraarylbiladien-ab-1-one
Scheme 2-1. Structures of triarylbilindione and tetraarylbiladioen-ab-1-one.
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2. EBr

2.1, R & N
BRUTER U B AKESIES L EE T d D BOUS TIEXFIEICE > TR L ZZE L7 b 0 & Tz,
BB L ORERI WG, RO T3 Sigma Aldrich 86 J O, RAUERR O b
DEZOEFEFEMA L, oL r7u~ 777 40—3, EEILFERO7 Iy v arsa~ b7
7 7 4 —RFHERIR T U 1 7V (60N) & FURIZ V2, NMR JIEIZ BV TRV 2 BT
Cambridge Isotope Laboratories, Inc.# D & D Z i L 7=, FAB Mass A2 hHIED~ ~ U v
7 AL LTRSS D m-= b 1 VLT L 2 —/L(m-NBA) % | & 7= MALDI TOF
Mass A7 hVHIED~ h Y w7 A L LT Sigma Aldrich O 25 7 — v L < ITFEHG
WTEMRD- T /-4- R FWEEEE AWz, 72, A THRRIN A~ R VHIE
[ZRBWTHW L, Foehisk T3Sl ot il 2 2o T EHEM LT,
JFEtC 5 KRN T 4 ) ALT RT—EEHWT, ThEZnoEHREICHRT X0 X
TATE REER—NVET B A B CMBETR L CTEMR Lz, 8FL7 4 U 3Ry
7 U > L LER(IT) 2 DMF HC 6 BERIINBGETE L TR L7,

2.2. Bk

(42,92,157)-5,10,15-Tris(4-methoxycarbonylphenyl)-(21H,23H,24H)-1,19,21,24-tetrahydro-1,19-bil
indione 2a.

1000 mL O = [ JSAERIZ 200 mL O 7 v v sV A A 10 Sy RIERE T Y v 7% Lz,
ZAUZE Y T2 66.0 mL (825 mmol),
[5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphynato]iron(Ill) chloride 1500 mg (1.59 mmol),
L-(+)-7 A2V B 2 570 g (32.1 mmol) & AL, B A /N7 Y 7 LR HEIR T 1 KA
L7z ZDO#% 2MHCI % 500 mL MM X T & HIZ 60 54k Uiz, SOGHK THRAHM% /KT 2[5
Yol Lz, A2 KT Y U LA TR SE, BEZBERET 5 LRaER % -
oo ZOEBMZIAFES Y BTN a~ 87T 7 4 —(BREEIZZ vl s T2 o
=05 : S) THEHUZATV, B—HHE LTERADT T/ a v b Byt LTHFOD T T 7
2 NPT, BEOFE By EHOIEMES Y BV a~ NI T 7 0 — (BEARBILY
BE AKX TR R=85:15) THMZITo7, StV asnvrsa~ 777 40— (B
BRYAIEIE 7 v AL 2) TR 2 & B RN 68.5 mg (5.85%)fF HivT-,

'H NMR (500 MHz, chloroform-d): &/ppm = 3.85 (s, 6H; CHj3), 3.97 (s, 3H; CH3;), 6.26 (d, J=5.80
Hz, 2H; pyrrole H-2), 6.47 (d, J = 4.55 Hz, 2H; pyrrole H-7), 6.69 (d, J = 4.55 Hz, 2H; pyrrole H-8),
6.94 (d, J=5.80 Hz, 2H; pyrrole H-3), 7.45 (d, J = 8.45 Hz, 4H; 5,15-phenylene H-2"), 7.60 (d, J =
8.40 Hz, 2H; 10-phenylene H-2"), 8.04 (d, J = 8.45 Hz, 4H; 5,15-phenylene H-3"), 8.17 (d, J = 8.45
Hz, 2H; 10-phenylene H-3). *C NMR (125 MHz, chloroform-d): 8/ppm = 52.5 (OCHj3), 53.0 (OCH3),
117.7,122.0 (pyrrole C-7), 125.0 (pyrrole C-2), 129.5, 130.3, 130.4 (pyrrole C-8), 131.4, 131.6, 131.8,
137.7, 138.4 (pyrrole C-3), 139.2 (pyrrole C-4), 140.7, 141.3, 143.3 (pyrrole C-9), 153.4 (pyrrole C-6),
166.69 (C=0), 166.73 (C=0), 171.6 (pyrrole C-1). MS (MALDI-TOF): m/z = 732 [M]"; HRMS
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(FAB): calcd for Cy3H3305N, m/z 732.2220, found 732.2198. UV-vis spectrum (CHCl;, 25 °C): Apax
(Emax) 328 (2.56 x 10%), 399 (3.86 x 10%), 626 nm (2.08 x 10* M'ecm™).

(42,92,157)-5,10,15-Tris(4-methoxyphenyl)-(21H,23H,24H)-1,19,21,24-tetrahydro-1,19-bilindione
2b.

1000 mL O = [ SIS FRERIZ 250 mL O 7 v vk )LV b & A 10 S HIEEE T Y v 7% Lz,
Zhze Y ¥ 35.0 mL (438 mmol), [5,10,15,20-Tetrakis(4-methoxyphenyl)porphynato]iron(I1I)
chloride 494.4 mg (0.600 mmol), L-(+)-7" A 2 /L E 2 5.49 g (30.9 mmol) & AL, BEE A /X7 U
YU BEIRT 1 R Lo, £ D% 2 M HC1400 mL 12 T S H1IZ 60 43R L7z,
FOSHE T AR Z KT 2 [0 Uiz, AR Z BRI T b Y © A TR S E, i 2 i
FERRET D L RAEKRN KT, ZOESMENEES Y a5 a~ 757 4 —T (EBH
BT m v s TR =95 SRR ATV, BB L L THRADT T I a b
TR ELTHEROT T 7 v a Iy Tin, B0 Ry eBOIEMES Y A5 n<
NPT T 4 —(BBRRBEIIY 7 a2 X T h =85 15) THELZITo 72, & SIZIEF Y
VATV v~ 8T T 7 0 —(RBERENT Y 0okl L) TR 25 & EREAEADS 7.7 mg
(1.9%)fF b7,

'H NMR (500 MHz, chloroform-d): 8/ppm = 3.78 (s, 6H; CH3), 3.91 (s, 3H; CHs), 6.21 (d, J=5.75
Hz, 2H; pyrrole H-2), 6.51 (d, /= 4.60 Hz, 2H;, pyrrole H-7), 6.78 (d, J = 4.60 Hz, 2H; pyrrole H-8),
6.88 (d, J=8.60 Hz, 4H; 5,15-phenylene H-3"), 7.00 (overlapped two doublets, 4H; pyrrole H-3 and
S-phenylene H-3"), 7.30 (d, J = 8.60 Hz, 4H; 5,15-phenylene H-2"), 7.48 (d, J = 8.60 Hz,
2H;10-phenylene H-2"). >C NMR (125 MHz, chloroform-d): 8/ppm = 55.3 (OCHj3), 55.0 (OCHj3),
113.6, 118.8, 121.3 (pyrrole C-7), 123.6 (pyrrole C-2), 128.2, 129.2 (pyrrole C-8), 130.0, 132.8, 133.2,
137.8, 138.1 (pyrrole C-3), 139.8 (pyrrole C-4), 143.2 (pyrrole C-9), 153.2 (pyrrole C-6), 159.9, 161.1,
171.5 (pyrrole C-1). MS (MALDI-TOF): m/z = 649 [M+H]"; HRMS (FAB): calcd for C4H3,05N, m/z
648.2373, found 648.2373. UV-visible spectrum (CHCls, 25 °C): Amax (€max) 419 (2.35 x 10%), 632 nm
(1.08 x 10* M'em™).

(42,92,157)-5,10,15-Tris(4-cyanophenyl)-(21H,23H,24H)-1,19,21,24-tetrahydro-1,19-bilindione 2c.
2000 mL @ = [ SEEHT 600 mL D7 v a kv bx A, 10 5WEEFE ATV o 7% Lz,
Ziuz ey ¥ 35.0 mL (438 mmol), [5,10,15,20-tetrakis(4-cyanophenyl)porphynato]iron(III)
chloride 455 mg (0.567 mmol), L-(+)-7 A /L& £ 6.25 g (35.2 mmol)Z A, E#EZ /7Y
VT U7 NHEE T2 REEREE L, D% 2MHCI600 mL 12 T & 512 120 R Lz,
BOGHKE T A B2 KT 2 [BIVEH L7z, AR 2 BoKEE T N Y 7 AT S8, 4
JEBRET B LSRN Ko7, ZOLEMENEET Y SNV a~ N T 7 4 —T (BH
Wi I 7 aadRv s 7 =95 SERIAITVD, BB LTEROED T T/ a b E
Ty LTHEBOT T v a iy, BROFE By EBRWIEMEC Y B aw b
7T 7 4 —(BBIASITZ o ak v 7R b =100 1) TR 5 & HAEKRD 24.1 mg (6.7%)
"moni,
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'H NMR (500 MHz, chloroform-d): 8/ppm = 6.33 (d, J= 5.80 Hz, 2H; pyrrole H-2), 6.50 (d, J =4.35
Hz, 2H; pyrrole H-7), 6.70 (d, J = 4.35 Hz, 2H; pyrrole H-8), 7.01 (d, J = 5.80 Hz, 2H; pyrrole H-3),
7.51 (d, J=8.00 Hz, 4H; 5,15-phenylene), 7.64 (d, J = 7.95 Hz, 2H; 10-phenylene), 7.70 (d, J = 8.00
Hz, 4H; 5,15-phenylene), 7.82 (d, J = 7.95 Hz; 10-phenylene). °C NMR (125 MHz, chloroform-d)
d/ppm = 171.0, 153.2, 143.1, 140.5, 137.6, 132.3, 125.2, 122.3. MS (MALDI-TOF): m/z = 634 [M+H]
;s HRMS (FAB) Calcd for C40H,30,N; m/z 633.1913; found 633.1901. UV-vis spectrum: Amay (Emax)
400 (2.59 x 10%, 631 nm (1.26 x 10* M'ecm™).

(42,92,157)-5,10,15-Triphenyl-(21H,23H,24H)-1,19,21,24-tetrahydro-1,19-bilindione 2d.

1000 mL O = [ SR 250 mL O 7 1 1 AL b & AR 30 S EeE AT Y v 7% LT,
ZHAuz e Y ¥ 30.0 mL (375 mmol), [5,10,15,20-Tetraphenylporphynato]iron(III) chloride 494.4
mg (0.713 mmol), L-(+)-7 A 2 /LB 8 549 g (142 mmol) & AL, BEFEZ ATV 7 LR
1 FEf 30 43 80 °C THIEGENE L7z, ZOH=IEE THAEIL 2 M HC1400 mL 1% C X 512 60
SHRER LT, ROSKE TR AWIAZ KT 2 BV Uiz, AHEZ BKGEE T R Y 7 A Tzl s
., BEARIERET 5 LRAaBERBE T2, ZOERMEIRRT Y BV a~ N T T T
4 — (BRI madb b 78 =95 ) THEIZITW, oL LTEADT T
sa vl RBAL LTERD T TV a N T, HROE SR EOIEHES U B
Furna< 757 40— (BEEHIIY 7ua 2L 78 =85 15) THE AT 7,
SOWZNEHT Y BTSNV a~ 7T T 4 — (BEEEILZ 0o kL L) TR 5 L Ek e
K73 16.5 mg (4.12%)153 Hiv7=, AT ZnE Tlcils S/ 'THNMR BLUIMS &R U A
AT MVERL, EEERHER LY,

2.3. HIE
'HNMR & BCNMR OREEHREIT T AF AT o2 AV REBICE LT3 'H-"H COSY.
NOESY. —¥%Jt NOE 7 A-XZ /L. HMBC, HSQC A7 hLZfEH L CiiE LT,

2.4, Sy fELERHE

4y F#E F 51X MOPAC 3.0 Pro (Fujitsu Ltd.)3 & OF Gaussian 09 (Gaussian Inc.)" % AV CTAT

277,
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3. fER B OB
3. T 8T UNFRNVT 4 U U EBEEROIRBIIC I D N U T U AEY U UF DA

1a: R = COOMe 2a: R = COOMe 3a: R = COOMe
1b: R = OMe 2b: R = OMe 3b: R=0OMe
1c: R=CN 2c:R=CN 3c:R=CN
1d:R=H 2d:R=H 3d:R=H

Scheme 2-2. Coupled oxidation of [tetraarylporphyrinato]iron(IIl) chloride. Conditions: a, ascorbic
acid, O,, pyridine, rt, 1 h, b, 2 M HCI.

Scheme 2-2 (TR T K OICEANT 4 V> B UV TAINVE U RE T 1 kb AITH
s, BBEATY LN ISR TSI, £ LT I1RHEE, RISHERIZHE
W MATHET 2L T VT ab-1- A & LI O F U NERK LIz, R 7 4 U >
IX[Tetrakis(4-methoxycarbonylphenyl)porphyrinato]iron(IIT) chloride 1a,
[Tetrakis(4-methoxyphenyl)porphyrinato]iron(III) chloride 1b,
[Tetrakis(4-cyanophenyl)porphyrinato]iron(Ill) chloride 1¢, [Tetraphenylporphyrinato]iron(III)
chloride 1d Z W TiTo 7z, T DL DOHERIGISIZ L > THONL Y =TT h e —L
XZNEIERR DIBMERBUKMEZ A L TV DD TEMEMILRLHEDTTIE, BT L7 m~< b
777 4 I K ORI EY Z L ICEEb Lo, LRIOHIETE D > O DERRIC
AL T, RBBCEUSZ MBGEIRSENTIT 9 & ZZZIKE ZZEKRDE Y U F 3 11 THE
REND ZEBHESH TS T, B P4y 2d OfEEICE L TiE, 'THNNR X MS, X
HAE SR IEARATIZ & > CIRE STV D,

ARl 7 == VEICEBREATLE ) o UFOERUIZE LT, BRI A2 T
<V ERIZBWTHE Y U OFURERISND ZENDhoTn, EMBUEROSRMETIIE
Vo VA ORERMEED LT LIEAERL TS 22807, Zh6DT M7 UK
T 4 U RS 1a-1d IZO W TIRIRILEIE 21T 5 & RIBICBWTHIAMERS BY v
Fr2a2ad BAEKENTL, UL, ZOIKRICOSICE LY =77 F 78 —/LOBRKIC
BAL CHEEL VR, A TR kD LAV 70 2 2 & WAL BUS IS Z-E BN A A
LTLKDLIALDHD, SHRDFEROTIZOITIE, MMOBRICIITA R O B & HERE 1T
VHETHDHEBEZOLND, BT VT rab-1-4 03 b o & bR ERY TcHHDOT, vV
ATNAT B0~ b TT77 4 —=IZKD0BHCE D & LT 15%0 5 85%DINHE T
Lillc, BV VA UNIE TV ab-1-A v L L THEBER E < ER2EOMMETN D
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DDOENERORNE L BRI TWeled, BRIV WSV T L7a<w N7 577 4—I285
e E L L,

FEU U ORI A-T— A MITOWT, S iuE R E(B3LYP/6-311+G(d,p)) & 4T >
L ZAEY YA 2ald 66D, BULUA L 201E5.7D, U VA 21X 11D, B
Yo PF2d134.1D EleoTz, ZORRE% Figure 2-1 (2R T, B Y P4 2a, 2b, 2d 1%
BV VA EIZPRRTE— A RBRHDHDITR L, 21XV A FE OIS -
Too FTEBILICEFRBIEDOTT ) EKERATHEY VAU, bbb VAN
ALTWDRRTFE—A 2 F2FBIETHITEH 2 ERbrol,

2b (OMe) 2d (H)

Figure 2-1. Dipole moments determined with ab inito molecular orbital calculations at
B3LYP/6-311+G(d,p).

N TEY oA 2a2d BLOE T VT gb-1-4 2 3a-3d O BB R % Table 2-1 (27779,
KBRS BT DTV ab-1-4 0 b BV P F o DOINRICEA L T, EF L5 TH
HANXVIEAEANTDHE, BTV ab-1-A L OIENRE E L, BV U DICERNPME
FL7ze —=FHA RV IR NIRRT ) 7 PBREIEEZEANT S LTV ab-1-
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T DWHRMET L, BV P OB LT 2 mR R o, ZOBEBREDRFIC
DWW TOFEMITLH 3 TR 5,

Table 2-1. Isolated yields of bilindiones and biladien-ab-1-ones carrying substituents in the para

positions of the 5,10,15-aryl groups (2a-d, 3a-d).”

Substituents in the aryl groups Yield of bilindiones 2 (%) Yield of biladien-ab-1-ones 3 (%)
OMe (b) 2 85
H* (d) 4 59
COOMe (a) 6 44
CN (¢) 7 28

* Reaction with O, was carried out under reflux conditions for bilindione synthesis. The yield of the
Z,7Z,Z-isomer is shown although considerable amounts of Z,Z, E-isomer also formed. For para

subsituted bilindiones, only Z,Z,Z-isomers were isolated at room temperature.

B U OREEREIL'THNMR, &t NOEZ#EA~7 kL, “&IENMR (‘H-'H COSY
BLOHMBC), "CNMR, ¥ AA~T MLERAWTIT-72, BV U4 2aDEa—/LDp
7' b UIES =626, 6.47, 6.69, 6.94ppm [ZBLHI Sz, TCICE Y YA 2d IOV T H
NMR OIFERRELTEY ", ZNE2ZRET 5 L 6.26 ppm i% H-2, 6.47 ppm 1% H-7,
6.69 ppm |% H-8, 6.94 ppm (L H-3 TH 2 L Wi L7z, Z OJiEi% 'H-'H COSY ORI v — 7~
MOBXFF LT, i C 7 ==Lk 7 a hid 7.45, 7.60, 8.04, 8.17 ppm (2B S iz,
INEIFET HT2OIZ, —IRILNOE 22 A7 hLE -, i FR % Figure 2-2 |27~ 97, 6.26 ppm
(2L A % RS U7 BF 1213 NOE 138U & 7202 72, 6.47.6.94 ppm (2 73V A & JRET L 72 F,
7.45 ppm {Z1ED NOE Z 8 L7, & 512 6.69 ppm (273 A % faht L7-KE, 7.60 ppm (Z1ED
NOE Ml SNz, ZOZEMBbARD 7 ==V D H b, X0 EESEID 7.45, 7.60 ppm
DE Y A BEIZIT phenylene H-2° D ¥ — 7 . X VKBS MHIOD 8.04, 8.17 ppm 23 A k%
> H VIR = VLTI phenylene H-3> O — 27 ThH 5 L L7z, Ft\ T U U4 2b D
JRBEEIToT, BV A 2a LITEY, BRENETFHGETHLA FFUETH S, &
DD 'HNMR D7 = =)Lt o —/Lop7 o b RNEAL>TLE- TS, 621,651,
6.78. 7.00 ppm 232 —/L DB 1 kT 6.88, 7.00, 7.30, 7.48 ppm 37 = =)LHE DT w |
viEZOND, BV 2a bEfkIcEn—L D B FARB TS L. 621 ppm it
H-2. 6.51 ppm % H-7. 6.78 ppm iX H-8, 7.00 ppm {Z H-3 TH D L ¥IM L=, £7-7 ==L A&
DFITEY @S 7 LTz 6.88, 7.00 ppm 25 A | % 2 FEIZ4TV > phenylene H-3>, BV >
F2a & JFETFET T MEPED B IRVWMERGMIO 7.30,7.48 ppm X E Y VA U EEEIC
IT\V phenylene H-2°72 & | L 7=,
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Figure 2-2. 1D-difference NOE spectra of bilindione 2a.

3.2. USSR DAL BT D at
JuaaR/LLAFIZBWT, iBE, YV, TAaNE UERE RS ST RS IRII S8
2%, ZOWRICIEEMZ D L, A ZUUEER DT a h ARz, V=77 kT Y
O UWNERRT B T LT xS AIC L LT, T OBRERIC ST, R, FiEE. R
U7 AFaEEE L OIS DA DT R RE LR, 7 ookl AREEERE. b L
IIREED " ABR TREINIATH Z e DEmuIThHAZ L bho T,

33. HFHLUEEEIC L ALY U F L DT RAF— LUl L SRS RTINS L

BV U U EE IR SEHT S BT T e e T 4 T FHuE DT R L —
LAYV B BIEIC L > CTHIET 2 Z L ITEECTH DL EEZOND, 7=/ HKIZEAIND
BEHEIC LD B U o BRRICKT 2 BRI ROV TR ZAT 5 72 dIz, 4 FiuE
FIEZHAC TR EB Z o7z, D FHUEDO T FLX — L UL % PM3™E L O HF/6-31(D)"
IZX > TEHE L7ZH D% Table 2-2 12777,
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Table 2-2. Energy levels (eV) of frontier molecular orbitals calculated by PM3 and HF/6-31G(D).

PM3 HF/6-31G(D)
2d 2b 2a 2¢ 2d 2b 2a 2¢
(H)  (OMe) (COOMe) (CN) (H  (OMe) (COOMe) (CN)
HOMO-1 -8.823  -8735  -9206  -9.404 -8.152 -7.850  -8.415  -8.855
HOMO  -8.023  -8.020  -8370  -8.720 -6.819 -6.724  -6.819  -7.467
LUMO  -3271 -3270  -3.659  -2.155 0643 0719 0643  -0.050
LUMO+1  -2.640  -2.623  -3.044  -1359 1983  2.041 1.983 1.328

Table 2-3. Absorption maxima and oscillator strength of bilindiones obtained by molecular orbital

calculations.
Amax/NM Coefficients of CI (%) Amax/IM Coefficients of CI (%)
(Oscillator (Oscillator
strength) strength)
2d 379 (1.250)  HOMO-1 to LUMO (64%) 570 (0.257) HOMO-LUMO (94%)
(H) HOMO to LUMO+1 (26%)
2b 385(1.368) HOMO-1 to LUMO (52%) 568 (0.262) HOMO-LUMO (94%)
(OMe) HOMO to LUMO+1 (38%)
2a 380 (1.218)  HOMO-1 to LUMO (65%) 572 (0.267) HOMO-LUMO (94%)
(COOMe) HOMO to LUMO+1 (22%)
2¢ 332 (0.468) HOMO to LUMO+1 (83%) 438 (0.657) HOMO-LUMO (96%)
(CN)

Calculated by MOS-F program, CNDO/S3 CI(20,20).

v UAr2a kY U4 2d ® HOMO-1, HOMO, LUMO, LUMO+1 =R /L% — (i
UG L&, A NFUANRNVEBZEAT D ETXTOZ VXA NLE L T
WAHZ ERMDD, 2D, B I Fr 2a DB xR X — I ) U4 2d LEEE
LTWahZeEnrHans, —FH, A MXFVELZEATDHE, HOMO-1 O 3 /L F —HENLH
RLEEAT D, EDIENPOT VX —EMNITITREL KT L TR, 207k, A ¥
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Figure 2-3 (27 B R /L AHIZBIT D E YU o4 v OEA TR AR ML OFER %277,
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Figure 2-3. UV-visible spectra of bilindiones 2a, 2b, 2¢ and 2d in CHCI;. The absorption maxima
were 399 and 626 nm (2a), 419 and 632 nm (2b), 400 and 631 nm (2¢) and 400 and 616 nm (2d).

eV
E— —_— E— — LUMO
5
0 HOMO
E— T —_— —_— HOMO-1
-2

2d (H) 2b (OMe) 2a(COOMe) 2c (CN)

Figure 2-4. Relative energies of LUMO and HOMO-1 for four bilindiones 2a, 2b, 2¢ and 2d
calculated at HF/6-31G(D). In order to compare the excitation energy, the energy levels referenced to
the HOMO level are shown.
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WRKIZE ) o4 2b 2R B Y U4 U THR, BV U4 0 2b O FROE R LI,
EY S UA Y 2b OFT X —RICFIE 399 nm 205 420nm ~2lnm Ly R 7k L7z,

MOS-F ZH W= U > U4 v O4y FluE RIS X DK RIiZe Y P4 2d T 379
nm T, EU T4 2b T385nm & 72> 7= (Table 2-3), Al A AIEAFECHICL D &,

400 nm J&31 O & = R L X — IR ICE X HOMO-1 55 LUMO ¥ X OY HOMO 7228 LUMO+1 @
BB E G- L, 600 nm & DK=L F—WIEHIE I HOMO 725 LUMO IZHRT 5 &
BThsdZ Lbhol, £72 Figure 2-4 IR T X HICE Y ¥4 2b D HOMO-1 D =R /L
—WEALIMMOE Y VA L TARLEN L TNWDH DT, WINART MRy R
FL7bDEEZLND,

4. fi5

F2ETIE, T8I T IUNARLT 4 U CERBHADIEBLOSIZE D R Y T ve ) oy
I DB DN TIRART

T2 VEEDNRTALUZA PXR TV ANKRENVIERCA MV, VTV REFETH7TRTT Y
IWARNT 4 ) CEEERE 7 vV AR TSR, BV TRV VBERINISE D Z
LT R ERE L, BUBT 5L, FARI THLE T P ab-l i e ) VT
VEHBMERL 27% TARTEDL Z Enbool-, NMR X0 ARIGHRL-EY ot r o
RS RN E SN b 7= e ) U v L RIBRIC 4Z,9Z15Z Dy 7 4 A— =
YTHLHI ENRDIroT,
FLHATHEHIEOR L LT, o FHLEF R BILYP/6-311+G(d,p)IZ & D WHR7-F— A v
FNERHLIEEZA, ARFUANRoNVERA R VEEZEALTEY o4 iTeE ) v
DA FICHR T — A R HDHDICK L, T ITE Y DA S DS B
TE—A IRHLZ by, FEBLICE R KoL T VK2 HETLE0 UF
I b EEY U TUFUBE LTS E—A L NEFTHIET HICE < 2 &b
o7, BIMEETHLA N UEAEATL LY VUF L OIENEAD L, & 1RKe|H
ThHDHAMXTVHNRE NIRRT T ) BEANTLH L8 2 OICERM BT DA A
BNz, EHICEN U IPHUBRKRO-EF DT 0T 4 T IEICEREITIEELY 5 £ |
ZHUZ DWW T FHLUEFH RSN AN AN MVZ K> TR LT, A MFTHAR=
NEZBALEZEY P F b7 2= Lo Y Y4 ® HOMO-1, HOMO, LUMO,
LUMO+1 =RV FX—¥ENZ L L2 2 A, A XU DNVRoNVEEZEATLHETXTOT
ANF—ENPNZEN L TNDLZ ERNDY, ZDO—FHTA M VEELEANT S L HOMO-1
DT F XN PN REZENT D0, ZTOIENPDOT )L —HEN T EZ FIE L TV
ZENbrolt, A RFVEZBALILZEY VA OET R F—RINEIL T ==L
EY o UA L LT 399 nm 205 420 nm o~ 2l nm Ly R 7 bk Lz, ElERAEAEERGE
F(CHDOFER B, 400 nm J& O & L ¥ —WIE L HOMO-1 7> 5 LUMO ¥ X UY HOMO
226 LUMO+1 OERE )5 L, 600 nm J&L DR /L X —RIVEIZEIZ HOMO 225
LUMO ([CHETHE S TH DL B bhoTz, A MFVEEZEALLEZEY VUF D

23



HOMO-1 O )L X —HEM IO B Y o PF v & il L CARLZEIL L TWD DT, BRI A
J RNy R 7 hLTebDEBEZBND,
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AL IR~ 8 a7 A VOBILEISIZE DY =77 7 ¥ u— L OARIIIER ICHE
BERIETH 5D, Scheme 3-1 IZARTLHICT 1 FMARALT 4 U EREERTH D~ LNITFEFE A~ L
FXR =BTk o TRbEN B,
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heme a-hydroxyheme verdoheme biliverdin

Scheme 3-1. Biochemical oxidation of heme catalyzed by heme oxygenase.

FPALIEE DT & ZBEFEHANT, ~2D 5 iz KB L, a-b Rafi~nd LT
NDHRNLT 4 ) A~ LFEIND, ZDa-bt FaF i ~LIBE ST L B TICX
S TC—ALREDTBEL S-A X HLT 4 U VEEEERTH L Raa~ s Bk b,
Z D)L FALKFTFHONLLE X V7S —BIC Lo THBLEWNE L IHT D2 & T, K&
WV =TT h 7= L THLHEY LT g o~ BHEND, 2D OD~NLEF A7)
— Bz & o TR X DB LSOOG OTEMERE X FEOOH ThHh D EE X HLILTE Y 2 ORI
HORWRYT Da=—0 RRISTH D '

180=180 H2180
>_/4\ .
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Fdox I:dred

Pentose phosphate cycle
or Photosystem |

Scheme 3-2. Biochemical oxidation of pheophorbide a catalyzed by pheophorbide a oxygenase.
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NELDITRONE72WN, ~AAFT XU T —BIC Ko TSN D DIFEALEZIZLD ET 5B
BEHRD I TH DM, BISMAIZ A VALO—HFHT AL IVFES A FOVIEN B LT/ Eik
RNVT 4 U AAINDAF T =PI Lo TSNS Z LA STV 5EY,
F2ETHIRAZWY | Z ORI S E A VBT ST T VLRV T 0 U ATHEE L,
FRITVNARNLT 4 U UK EZ 7 naR L APICBWNT, BBE, B, TAaLe
VIR L RS SHE, BALET 5L BTV b - AR LU LIRS U =TT
FZER—AREGELRE, BTV ab-l- AR aa T VX R T A B ERERC
AVNEDRFEINAINVAR= L& LTHRYD | HERBGINTHEE T, BRSO FARM & LT
Bohd, —Hor) o oF s E, EUALT ¢ v ERI—OFEAR LTV D RBEHRL 7
4V OIEFRLOR E B2V BRI L 72D, ZOHBEBRALEISED A =X MTFELLS D
Mo TELT, AN=XLOMIITH T2 72 BREME AR OB R, MOBLEISIZ DWW THIT-
TR ABF O D AR B D,
ZIZTHIETIE, AVNMOT == VEITH 2 IR EHIE 2B AT 2 2 &I X 25 mbK
JESDOEHILH RS, %0, ° H*0 & AW TBRFRRINAKR 7 ~ AL ESR, AR LSS AR
DOREERER ENSLT 8T T VIV T U IR BBEROS A T = X 2OV TRET LT,

2. EBr

2.1, 7 & ONTRUEE

A BB U BB M EE T do 2 BOUG CTIEFIEICHE > TR L, &R L7z b 0 & iz,
BRE L OREEIC W3R 38, FoGMiZE T35 Sigma Aldrich #35 L OV, HUR LD b
DEZOEEEM LI, hT7r7u~ 0T 7 4—F, ME{LFROT7T v asu~ b7
Z 7 4 —HHPEERIR S U 1 L (60N) Z HARIZ -V 2, NMR JEIZ W THW BRI
Cambridge Isotope Laboratories, Inc. 8D & D A ffi ] L7z, FAB Mass A-X7 rMAHIED~ ~ U »
7 AL LTRSS AR D m-= b e X UL T L a2 —/L(m-NBA)% . & 72 MALDI TOF
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Mass A7 MVRIED~ F U w7 A L LT Sigma Aldrich 8D 2 Z 7 — v, L < ZFEH
WTHEARDa-> T /-4-BE RE X FWEEE Ve, £z, AR <7 ~LVHTE

IZBWTHWZEE L, Feiisk TSR e T RS2 2o EMH L7z,

SR [FINLAR T ~ AL R 2 B0 13K, B BRI OMIE 99.1% D D2 H L, H,'°0
A U < KB H B oM 98%D b DA H L7,

JFELCH D EFEARNLT 4 U LT KT —{EZ2HNWT, TNENOEHILICKHET 5 X
TATE R — a2 nbed g TMEGE L TRk Lo, 8K 7 4 U gz
74 U v LA Z DMF H T 6 KFEMEGER L CAak L7z, BT YT -ab-1-4 > 2a, 2¢,
2f, 2h BLUE Y A 3a, 3e. 3f, 3hT5F 2 BTl 7= HIEIZHWE-> TR LT,

2.2. Bk
(472,92)-1,15,21,24-Tetrahydro-19-(4-methylbenzoyl)-15-hydroxy-5,10, 1 5-tris(4-methylphenyl)-23 H-
bilin-1-one 2b and
(472,92,157)-5,10,15-Tris(4-methylphenyl)-(21H,23H,24H)-1,19,21 24-tetrahydro-1 19-bilindione 3b.
500 mL @ = HJSAFFIT 100 mL D27 waRL bz A, 10 2EEBEATY 7% Lz,
ey ¥ 28.0 mL (340 mmol), [5,10,15,20-Tetrakis(4-methylphenyl)porphynato]1ron(HI)
chloride 500 mg (0.657 mmol) 1b, L-(+)-7 A = /L B L% 2.30 g (13.0 mmol) & AL, BEFE & /7
nybﬁﬁ%iﬁflﬁﬁﬁﬁbko%@%2MHQ%ﬂ%n&%ifé%"'A%#L
Tz BOGHE THRABAHZKT 2 B Lz, AMMAAZEKIEET N U ATl RSE, B
EWIERET D LR ARERI KT, ®$m%%@ﬁvjﬁ&w7D7%7774~f
(@%@ﬁiﬁmmﬁ»A'T?F/ﬂ Uﬁ%%ﬁw —H Lt LTEHRaDT T v ay
EHE Ty LTHEAD T T v a T & élmkbfwmthmmbmn&@
(nwm?%%htofémw BozBOBEMS Y B AV a~x 87T 7 ¢ — CORBIABIX
suanuaRs 7 =9 DFRT 5 L& FAREIRE LT bilindione 3b 28 6.8 mg (1.5%)%53 5
iz,
2b: '"H NMR (500 MHz, chloroform-d) : &/ppm = 2.32 (s, 3H; CHj3), 2.38 (s, 3H; CHj3), 2.39 (s, 3H;
CH3), 2.41 (s, 3H;CHs), 6.13 (d, J = 5.75 Hz, 1H; pyrrole), 6.15-6.18 (m, 2H; pyrrole), 6.33 (d, J =
4.60 Hz, 1H; pyrrole), 6.37 (s, 1H; OH), 6.48 (d, J=4.00 Hz, 1H; pyrrole), 6.78-6.80 (m, 2H; pyrrole),
6.87 (d, J=5.20 Hz, 1H; pyrrole), 7.15 (d, /= 8.00 Hz, 2H; phenylene), 7.20-7.24 (m, 8H; phenylene),
7.37 (d, J = 8.00 Hz, 2H; phenylene), 7.40 (d, J = 8.00 Hz, 2H; phenylene), 7.77 (d, J = 8.00 Hz, 2H;
phenylene), 10.16 (bs, 1H; NH), 10.87 (bs, 1H; NH), 12.43 (bs, 1H; NH). BC NMR (125 MHz,
chloroform-d) &/ppm = 21.2, 21.3, 21.5, 21.6, 74.9, 109.8, 111.8, 119.5, 121.5, 124.2, 125.4, 125.9,
127.0, 128.6, 128.9, 129.0, 129.2, 129.3, 130.5, 131.0, 131.7, 133.4, 134.4, 134.5, 135.8, 137.8, 138.2,
138.5, 139.2, 139.9, 140.8, 142.2, 142.6, 143.1, 149.6, 150.2, 164.5, 173.3, 184.4 ppm. HRMS (FAB):
calcd for C4gHoO3N4 m/z 720.3100, found 720.3083. UV-vis (CHCl;, 25 °C): Amax (Emax) 321 (3.03 x
10%), 360 (3.26 x 10%), 568 nm (2.08 x 10* M cm™).
3b: '"H NMR (500 MHz, chloroform-d) : &/ppm = 2.32 (s, 6H; CHs;), 2.45 (s, 3H; CHs;), 6.22 (d, J =
5.70 Hz, 2H; pyrrole H-2), 6.48 (d, J = 4.60 Hz, 2H; pyrrole H-7), 6.74 (d, J = 4.60 Hz, 2H; pyrrole
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H-8), 7.00 (d, J = 5.70 Hz, 2H; pyrrole H-3), 7.16 (d, J = 8.00 Hz, 4H; 5,15-phenylene H-3), 7.25
(overlapped CHCl;, 4H; 5,15-phenylene H-2), 7.29 (d, J = 7.40 Hz, 2H; 10-phenylene H-3"), 7.41 (d,
J = 8.00 Hz, 2H; 10-phenylene H-2"), 8.23 (bs, 2H; NH), 12.05 (bs, 1H; NH). °C NMR (125 MHz,
chloroform-d) &/ppm = 21.3, 21.4, 119.1, 121.3, 123.8, 128.7, 129.0, 130.0, 131.5, 132.9, 133.9, 137.8,
138.1, 138.4, 139.9, 143.2, 153.4, 171.6 ppm. MS (MALDI TOF): m/z = 601[M+H]". HRMS (FAB):
caled for C4H3,0,N, m/z 600.2525, found 600.2532. UV-vis (CHCl, 25 °C): Amax (Emax) 351 (1.9 x
10%), 408 (3.7 x 10%), 623 nm (1.6 x 10* M cm™).

(472,92)-1,15,21,24-Tetrahydro-19-(4-fluorobenzoyl)-15-hydroxy-5,10, 1 5-tris(4-fluorophenyl)-23 H-
bilin-1-one 2d and
(472,92,157)-5,10,15-Tris(4-fluorophenyl)-(21 H,23 H,24H)-1,19,21,24-tetrahydro-1,19-bilindione 3d.
500 mL O = ASUGFEHT 100 mL O 7 v kL L A, 10 5HEEHE AT Y v 7% L,
e Y ¥ 28.0 mL (340 mmol), [5,10,15,20-Tetrakis(4-fluorophenyl)porphyrinato]iron(III)
chloride 500 mg (0.631 mmol) 1d, L-(+)-7 A /L E 2 2.30 g (13.0 mmol) & AiL, a7
Uy 7 LM BT RS L7z, 20% 2MHCl % 270 mL X TE 512 60 438#k L
Iz BROSHTHRAREMZAKT 2 BV Uiz, AHHZ BOKMiRT b U o LTS E,
ZIWIESRET D LRAEKN KT, ZOEBMENEET Y hrnvra~ ST 7 0 —(BH
mﬁiﬁmm$wA-7ﬁhfﬂ9nfﬁ%%ﬁw F—HoLtLTHREAD 7T vavtk
B L THEBD T T 7 v a lgidT, FH—8457® biladien-ab-one 2d [F¥EAEEKE L
T 346 mg (71.9%) CHELNZ, HFOOE _Eo2HWNEMY Y A5V rse~ 757 4—T
(EBAEEEE 7 v a R v I Wi = /L=1: )FES 5 & bilindione 3d A FAERE LT 14 mg
(B35%)fFH T,
2d: "H NMR (500 MHz, chloroform-d): 8/ppm = 6.15-6.17 (m, 2H; pyrrole), 6.21 (d, J = 5.70 Hz, 1H;
pyrrole), 6.31 (d, J = 4.60 Hz, 1H; pyrrole), 6.39 (s, 1H; OH), 6.47 (d, J = 4.00 Hz, 1H; pyrrole), 6.78
(d, J = 4.60 Hz, 1H; pyrrole), 6.81 (d, J = 4.00 Hz, 2.3 Hz, 1H; pyrrole), 6.87 (d, J = 5.70 Hz, 1H;
pyrrole), 7.06 (t, J = 8.60 Hz, 2H; phenylene), 7.13-7.18 (m, 6H; phenylene), 7.34 (dd, J = 8.60 Hz,
5.15 Hz, 2H; phenylene), 7.47 (dd, J = 9.20 Hz, 5.15 Hz, 2H; phenylene), 7.51 (dd, J = 8.60 Hz, 5.15
Hz, 2H; phenylene), 7.91 (dd, J = 8.60 Hz, 5.15 Hz, 2H; phenylene), 9.98 (bs, 1H; NH), 10.88 (bs, 1H;
NH), 12.38 (bs, 1H; NH). >C NMR (125 MHz, chloroform-d) &/ppm = 74.5, 110.3, 111.95, 115.0,
115.2, 115.4, 119.6, 120.0, 124.7, 125.0, 126.1, 129.0, 129.1, 130.7, 131.47, 131.54, 132.0, 132.3,
137.7, 132.8, 133.2, 133.26, 133.32, 134.5, 134.7, 139.5, 139.7, 141.6, 142.8, 149.8, 149.9, 161.7,
161.8, 162.7, 163.6, 163.7, 164.0, 164.7, 164.9, 166.0, 173.2, 183.1. HRMS (FAB): calcd for
CasHas03N4F4 m/z 736.2098, found 736.2093. UV-vis (CHCls, 25 °C): Amax (Emax) 350 (3.23 x 10%), 566
nm (2.08 x 10* M cm™).
3d: '"H NMR (500 MHz, chloroform-d): 8/ppm = 6.26 (d, J = 5.75 Hz, 2H; pyrrole H-2), 6.49 (d, J =
4.60 Hz, 2H; pyrrole H-7), 6.73 (d, J = 4.60 Hz, 2H; pyrrole H-8), 6.99 (d, J = 5.75 Hz, 2H; pyrrole
H-3), 7.08 (t, J = 8.60 Hz, 4H; 5,15-phenylene H-2"), 7.20 (t, J = 8.60 Hz, 2H; 10-phenylene H-2"),
7.36 (dd, J = 5.75 Hz, 2.85 Hz, 4H; 5,15-phenylene H-3’), 7.51 (dd, J = 5.75 Hz, 2.85 Hz, 2H;
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10-phenylene H-3"), 8.19 (bs, 2H; NH), 12.02 (bs, 1H; NH). *C NMR (125 MHz, chloroform-d)
S/ppm = 115.23, 115.35, 115.40, 115.53, 117.6, 121.7, 124.3, 130.1, 131.8, 132.6, 133.18, 133.24,
133.31, 137.7, 138.3, 138.7, 139.6, 143.3, 153.4, 162.0, 162.7, 163.9, 164.7, 171.4 ppm. MS (MALDI
TOF): m/z = 613[M+H]"; HRMS (FAB): calcd for C3;H,40,N,F; m/z 613.1851, found 613.1832.
UV-vis (CHCls, 25 °C): Amax (Emax) 338 (1.26 x 10%), 402 (2.52 x 10%), 623 nm (1.12 x 10° M cm™).

(472,92)-1,15,21,24-Tetrahydro-19-(4-chlorobenzoyl)-15-hydroxy-5,10,15-tris(4-chlorophenyl)-23 H-
bilin-1-one 2e and
(472,92,157)-5,10,15-Tris(4-chlorophenyl)-(21H,23H,24H)-1,19,21,24-tetrahydro-1,19-bilindione 3e.
500 mL O = A SUSFEHT 100 mL O 7 v ok A A, 10 5HEEE AT Y v 7% L,
Zhze Y 2250 mL (0.33 mmol), [5,10,15,20-Tetrakis(4-chlorophenyl)porphyrinato]iron(III)
chloride 500 mg (0.549 mmol) le, L-(+)-7 A /L E £ 2.10 g (12.0 mmol)& AfL, BER % N7
Uy 7 LM BT RS L7z, 0% 2MHCI 2270 mL I TE 526 ﬁf%’»ﬁﬁ L
2o BROSHTHRARMZAKT 2 BV Lz, AHHZ BOKMRT b U o LTS E, i
AWIERRET D LEAEEDI K- Te, ZOERBENERS ) AT a~ N7 T T ¢ —(JEE'%
WiI 7 ok s T =19 1)“(**%%1711\ Bl L TEREaDT7 I 7 ark
B L THEBD T T 7 v a 20Tz, FH—8457 D biladien-ab-one 2e [FEEAME K E L
T 165 mg (34.9%) CHE LN, HFOOE o2 HWEM YV A XV e~ N5 7 4—T
(EREEI L7 v a AL A FEfg T /L=1: )}E85 % & bilindione 3e 23 FA[EA L LT 11 mg
(2.8%)fF b7,
2e: '"H NMR (500 MHz, chloroform-d): 8/ppm = 6.06 (dd, J = 4.00 Hz, 2.50 Hz, 1H; pyrrole), 6.10 (d,
J =5.75 Hz, 1H; pyrrole), 6.13 (d, J = 4.00 Hz, 1H; pyrrole), 6.27 (d, J = 4.60 Hz, 1H; pyrrole), 6.41
(d, J=4.00 Hz, 1H; pyrrole), 6.43 (s, 1H; OH), 6.70 (dd, J=4.00 Hz, 2.50 Hz, 1H; pyrrole), 6.74 (d, J
=4.60 Hz, 1H; pyrrole), 6.78 (d, J = 5.75 Hz, 1H; pyrrole), 7.23 (d, J = 8.60 Hz, 2H; phenylene), 7.27
(d, J=8.60 Hz, 2H; phenylene), 7.37-7.45 (m, 10H; phenylene), 7.72 (d, J = 8.60 Hz, 2H; phenylene),
10.65 (bs, 1H; NH), 10.73 (bs, 1H; NH), 12.40 (bs, 1H; NH). °C NMR (125 MHz, chloroform-d)
&/ppm = 74.4, 110.4, 112.0, 119.65, 119.81, 124.85, 124.99, 126.3, 128.28, 128.56, 128.63, 130.5,
130.7, 131.8, 132.4, 1327, 134.51, 134.59, 134.72, 134.76, 135.6, 136.0, 136.6, 137.2, 138.1, 139.7,
141.3, 142.1, 142.7, 149.5, 149.8, 164.9, 173.1, 183.3 ppm. HRMS (FAB): calcd for C44H,505N,>Cl,
m/z 800.0916, found 800.0889. UV-vis (CHCLs, 25 °C): Amax (€max) 350 (3.55 x 10%), 567 nm (2.20 x
10*M™" em™).
3e: 'H NMR (500 MHz, chloroform-d): &/ppm = 6.27 (d, J = 5.75 Hz, 2H; pyrrole H-2), 6.50 (d, J =
4.60 Hz, 2H; pyrrole H-7), 6.73 (d, J = 4.60 Hz, 2H; pyrrole H-8), 7.00 (d, J = 5.75 Hz, 2H; pyrrole
H-3), 7.35 (d, J = 8.30 Hz, 4H; 5,15-phenylene), 7.48 (d, J = 8.30 Hz, 4H; 5,15-phenylene), 7.48 (m,
4H; 10-phenylene), 8.28 (bs, 2H; NH), 12.05 (bs, 1H; NH). BC NMR (125 MHz, chloroform-d) &/ppm
= 117.4, 121.7, 124.6, 128.6, 128.8, 130.2, 132.7, 132.9, 134.3, 135.0, 137.8, 138.8, 143.2, 153.2,
171.5 ppm. MS (MALDI TOF): m/z = 661[M+H]". HRMS (FAB): calcd for Cs;H30,N4Cly m/z
660.0887, found 660.0863. UV-vis (CHCls, 25 °C): Amax (Emax) 344 (2.05 x 10%), 404 (4.17 x 10%), 627
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nm (1.87 x 10*M™" ecm™).

(472,92)-1,15,21,24-Tetrahydro-19-(4-trifluoromethylbenzoyl)-15-hydroxy-5,10,15-tris
(4-trifluoromethylphenyl)-23 H-bilin-1-one 2g and
(472,92,157)-5,10,15-Tris(4-trifluoromethylphenyl)-(21H,23H,24H)-1,19,21,24-tetrahydro-
1,19-bilindione 3g.

500 mL @ = A SUSEEHT 100 mL O 7 v ok Az A, 10 53HEEE AT Y v 7% Lz,
AUz e Y ¥ 21.0 mL (0.27 mmol), [5,10,15,20-Tetrakis(4-trifluoromethylphenyl)porphyrinato]
iron(I1I) chloride 500 mg (0.512 mmol) 1g, L-(+)-7 A /L & £ 2.10 g (12.0 mmol) & AL, EEFE
BTV T LN LREIET R L7z, D% 2MHCI Z 270 mL 1A T & 512 60 57
1BER LT, ROGHKE THRAMEM 2 K T 2 B U7, A A2 BOKREE T R U U A TR S,
IR A WERET D LSRRI E ST, ZOERBENEHY Y ANV a~ N T T 41—
(@Eﬁi@ﬁ /A= =0 Y N cl NS [ 1)‘(#*%%ﬁb\ oL THROADTZ I
A EFE oL LTHEODO T TV v a T, #8457 O biladien-ab-one 2g |55t [
& LT 153 mg 32.0%) CTHELINZ, HFOOE o2 HWNEMS U B F Vv a~ 7T 7

4 — TR na kL L FEiE= T 1=1 : )ERL 2 & bilindione 3g N HFARFEMAKE L
T 16 mg (4.1%)fF H L7,
2g: '"H NMR (500 MHz, chloroform-d): 8/ppm = 6.08 (dd, J = 4.00 Hz, 2.85 Hz, 1H; pyrrole), 6.13 (d,
J=5.75 Hz, 1H; pyrrole), 6.15 (d, J = 4.00 Hz, 1H; pyrrole), 6.25 (d, J = 4.60 Hz, 1H; pyrrole), 6.40
(d, J=4.00Hz, 1H; pyrrole), 6.54 (s, 1H; OH), 6.71 (dd, J = 4.00 Hz, 2.85 Hz, 1H; pyrrole), 6.73 (d, J
=4.60 Hz, 1H; pyrrole), 6.78 (d, J = 5.75 Hz, 1H; pyrrole), 7.45 (d, J = 8.00 Hz, 2H; phenylene), 7.62
(d, J = 8.60 Hz, 4H; phenylene), 7.67-7.75 (m, 8H; phenylene), 7.85 (d, J = 8.00 Hz, 2H; phenylene),
10.71 (bs, 1H; NH), 10.77 (bs, 1H; NH), 12.53 (bs, 1H; NH). *C NMR (125 MHz, chloroform-d)
&/ppm = 74.6, 110.9, 112.1, 119.7, 122.9, 124.96, 125.03, 125.33, 125.40, 126.0, 126.7, 127.5, 129.4,
130.6, 130.9, 131.0, 130.9, 131.0, 131.52, 131.60, 131.8, 135.1, 137.4, 140.0, 140.3, 140.6, 140.8,
141.3, 142.7, 147.2, 148.9, 150.1, 165.3, 173.2, 183.5 ppm. HRMS (FAB): calcd for C4Hys03N4F
m/z 936.1970, found 936.1963. UV-vis (CHCLs, 25 °C): Amax (€max) 344 (3.94 x 10%), 565 nm (2.36 x
10*M™" ecm™).
3g: 'H NMR (500 MHz, chloroform-d): &/ppm = 6.22 (d, J = 5.70 Hz, 2H; pyrrole H-2), 6.50 (d, J =
4.60 Hz, 2H; pyrrole H-7), 6.71 (d, J = 4.60 Hz, 2H; pyrrole H-8), 6.96 (d, J = 5.75 Hz, 2H; pyrrole
H-3), 7.51 (d, J = 8.00 Hz, 4H; 5,15-phenylene H-2"), 7.65 (d, J = 8.00 Hz, 6H, 5,10,15-phenylene
H-3"), 7.77 (d, J = 8.00 Hz, 2H; 10-phenylene H-2"), 8.47 (bs, 2H; NH), 11.94 (bs, 1H; NH). *C NMR
(125 MHgz, chloroform-d) &/ppm = 117.0, 121.9, 122.8, 124.8, 124.9, 125.1, 125.3, 130.1, 130.6, 130.8,
131.6, 131.9, 137.6, 139.1, 139.3, 140.1, 143.1, 153.3, 171.5 ppm. MS (MALDI TOF): m/z =
763[M+H]"; HRMS (FAB): caled for C4H40,N,Fo m/z 763.1755, found 763.1764. UV-vis (CHCl,,
25 °C): hmax 397 (3.36 x 10%), 626 nm (1.53 x 10* M cm™).
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(472,142)-1,10,21,24-Tetrahydro-19-(4-methoxybenzoyl)-10-hydroxy-5,10,15-tris(4-methoxyphenyl)-
bilin-1-one 4a.

1000 mL @ = O SUSAEFRIZ 250 mL O 7 v v kb LE A, 10 3HEgEAT Y v 7% Lz,
Zhce Y ¥ 35.0 mL (438 mmol), [5,10,15,20-Tetrakis(4-methoxyphenyl)porphynato]1r0n(HI)
chloride 508 mg (0.616 mmol), L-(+)-7 A =/LE EE 5.49 g (30.9 mmol) % A+, BEFEZ /7
Y7 U GEIRT 1R Lo, BOSK TRAIAZ KT 2 [t Lz, Az MoK

g U U A TR SE, WIZRERET 2 LB AEERNEK -T2, ZOERYEZ T LI
FTHhIAru~ NTTT7 4 —(BEEET Y v oA A TEEEQD) TR 5 LA AE RN
189 mg (39%)5F H L7,

'H NMR (500 MHz, DMSO-dy): 8/ppm = 3.72 (s, 3H; OCH3), 3.73 (s, 3H; OCHj3), 3.84 (s, 3H;
OCHs3), 3.85 (s, 3H; OCH3;), 5.89 (m, 1H; pyrrole), 6.02 (m, 1H; pyrrole), 6.23 (m, 1H; pyrrole), 6.38
(m, 1H; pyrrole), 6.51 (s, 1H; OH), 6.75-6.79 (m, 3H), 6.83 (d, J = 8.95 Hz, 2H; phenylene), 6.87-6.91
(m, 3H), 7.08 (m, 4H), 7.15 (d, J = 8.25 Hz, 2H; phenylene), 7.41-7.44 (m, 4H; phenylene), 7.95 (d, J
= 8.95 Hz, 2H; phenylene), 9.62 (bs, 1H; NH), 10.16 (bs, 1H; NH), 12.70 (bs, 1H; NH). °C NMR
(125 MHz, DMSO-dy) &/ppm = 55.0, 55.1, 55.3, 55.5, 74.7, 110.1, 113.2, 113.4, 113.6, 113.8, 114.0,
118.5, 119.4, 121.5, 125.3, 127.7, 128.0, 129.3, 129.5, 129.9, 131.3, 132.2, 132.4, 134.7, 136.0, 137.1,
137.5, 137.9, 138.9, 139.4, 148.9, 158.4, 159.3, 160.3, 162.8, 171.9, 176.1, 182.8 ppm. HRMS (FAB):
caled for CygHy 07Ny m/z 785.2975, found 785.2988. IR (KBr): 3234, 2835, 1649, 1602, 1508, 1303,
1251, 1174, 1032, 806 cm’.

(42,147)-1,10,21,24-Tetrahydro-19-(4-methoxybenzoyl)-10-hydroxy-5,10,15-tris(4-methoxyphenyl)-
bilin-1-one 4a DEZALEE

100 mL O F A7 Z A 2|Z(4Z,142)-1,10,21,24-Tetrahydro-19-(4-methoxybenzoyl)-10-hydroxy-
5,10,15-tris(4-methoxycarbonylphenyl)-bilin-1-one 4a 189 mg (0.241 mmol)Z A#l, 20 mL ® 7 &
RARNLENAZT, & 6512 2MHCL % 30 mL Il 1 RERHIEER CHEER Uiz, ROGHK TR AR
KT 2 B L7, AHHEZ KRS Y U LA TIR S, BEZEERET D LKA
BRNK ST, ZOEFMEZS ) BTN T AT~ NTT 70— (BEEEIXZZ 2 adkL
L) TR 2% L4 ER & L C biladien-ab-1-one 2a 7% 180 mg (95%)1% H 417z,

(472,92,157)-1,21-Dihydro-19-(4-methoxycarbonylbenzoyl)-5,10,15-tris(4-methoxycarbonylphenyl)-
23H-bilin-1-one BEER 6f DA Ak & AL SUE

500 mL @ = 1SR ER2(42,97)-1,15,21,24-Tetrahydro-19- (4-methoxycarbonylbenzoyl)-
15-hydroxy-5,10,15-tris(4-methoxycarbonylphenyl)-23 H-bilin-1-one 2f % 500 mg (0.557 mmol) & ¥z
8 HC10,-Si0,"” % 100 mg AdL, & 22X 350 mL %buif%k L7278 B 1 B s
T Lize BUGHE T, SIRE TIMAIL, HCIOs-Si0, & A1l CHLY Fr& | A TR £ LTz,
Z ZICER TR L2 23 mM FREEEKADE Y ¥ Ui A 50 mL jJDZ\ TAAUERKE. =
BT 30 L, IR TH, BV UrzRERET LI LRARFRMKE LT
(47,92,157)-1,21-Dihydro-19-(4-methoxycarbonylbenzoyl)-5,10, 1 5-tris(4-methoxycarbonylphenyl)-
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23H-bilin-1-one 6f EREEARNG DT, ZHLL ERFCHRIT 2 Z &7 < HAERBLRISIZHH
L7z, 300 mL @ = [0 K& 4 25 (2 (42,92,157)-1,21-Dihydro-19-(4-methoxycarbonylbenzoyl)
-5,10,15-tris(4-methoxycarbonylphenyl)-23 H-bilin-1-one 6f #kEH5 (A% AiL, & Z \ZHEEE CTRIFI L7
sumuak/s 60mL &Y P 18.5mL (0.226 mol) & L-(+)-7 A = /L E iR 1.62 g (9.2 mmol)
Mz, |IRTEFEANATY 7 Lic, 1RRI%Z, 2MHCL % 150 mL WL, S 512 1 RF=R T
BEER Uz, UG T AR 2 /K T 2 [BIYEE Uiz, BHFE & BOKRREE T b U 0 A T S
WA BIERET 2 LR AaERDN KT, ZOEMMENERS Y BTV~ N 7T 7 4
—T (BEEEEXZ aaiLh 71 =95 SyEREZITWV, o s L T®RODT T
arv BB LELTHEAD T TV a IS, BEOE B EONEM T Y 7
Ny~ 7T 7 4 —(BIEET na kL7 b =25: 1) TR % L biladien-ab-one
2 NERAERE LT 80.8 mg (15.9%) & Hiv7c, HOHE oz WEHES Y B 75V s e~
NPT T 4 —(BBREEIY 7 unn A X T =85 15) THRAITo7-, & SICEM Y
VAT NI a~ 7T 7 0 —(BEIARIT 2 1okl L) TR % & bilindione 3f 78 7 (2 & (A
L LT 21.6mg(5.2%)& 57,

6f- Fe**: MALDI-TOF: m/z = 769 [M-Bz]"; FAB-MS: calcd for Cs;Hs7FeN4Oy m/z = 933.1859, found
933.1829, [M+H]".

B0, 12 & 2 AR LSO

10mL DF A7 T AT L-(+)-7 A =2 /L E 25 mg (0.14 mmol), ¥V 2> 1.1 mL (13.6 mmol),
7K(0.05 mL), 7 v AL 2.5mL & [FlEE T2 AfL, KIRZESE 2 VT 3-5 [] freeze-pump-thaw

WXV BiEEREIT 572, BO 10 mL OF A7 T 22 ZgF/NVT 4 U 2 0.03 mmol & AiL7 v

B ARV A 2.5 mL SR S RO FIE TR 21T > To, 7T A/ B U BIRK 2 R 5720k

RECARNLT 4 VU RRET VA VFERATCTMA, TATZ7 I Aa2HEIL, £0%kT7 VA

VERICT D EMEE KR T o, FAT T A ERRICEL, £ 2P0, B SmL Y vV

ZHWTAT Y 7 Lz, 2Dk, 20 KFFEBEET T L7z, £D#%, 3MHCI % SmL Iz 1

RERIR IR Lo, RUSHE T2, A Z KT 2 [IYES L7, AR A2 BOKAEE T R U ¥ AT
MRS, BB A IERRET 2 S SEABEERNE T, A E T VT T ¢ 7 TLC(EBRVEBEX
suaafR T Ry =0)THR L, ZO7 VLT 7 07 TLC % 90° Al S, X528

BIVABLC 7 o a RV A AN TEHITER LT,

2f: (MALDI TOF): m/z = 883 [M-OH]" (lactam and benzoyl-"*0,).

HRMS (FAB): calcd for Cs;HsoN4Oo[ 0], m/z 900.2778, found 900.2753.

3f: (MALDI TOF): m/z = 737 [M+H]" (1,19-"%0,).

HRMS (FAB): calcd for C43H3,N4Oq[ 0], m/z 736.2305, found 736.2302.
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3. MARBLOBR

3. T EITUNKRNLT 4 U o HEMALINIC T D E LR

Scheme 3-3 (27 = = VIO R TNLITHEA BRI EZE AN LT T T VLR LT o U 8k
BEIR 1 OREE & | RS ER CHHE TV v ab-1-4 2 LB U F L 3 O
ZRT, £7-Table 3-1 ICE TV igb-1-4 2 2 LBV P 3 DHENERE LD
DERT, BT VT ab-1-4 2 2a, 2¢, 2f, 2h BI LU P4 3a, 3¢, 3f, 3h DL
XE2EOT — X2 EHEHA LTz,

R R

QO

1) O,, L-(+)-ascorbic acid,
pyridine, in CHCI3

2)2 M HCI > R

S =

R R
1a: R = OMe 2a: R = OMe 3a: R=0OMe
1b: R = Me 2b: R =Me 3b: R =Me
1c:R=H 2c:R=H 3c:R=H
1d:R=F 2d:R=F 3d:R=F
1e:R=ClI 2e:R=Cl 3e:R=Cl
1f : R = COOMe 2f: R = COOMe 3f: R=COOMe
19: R=CF3 29:R=CF3 39:R=CF;
1h: R=CN 2h:R=CN 3h:R=CN

Scheme 3-3. Coupled oxidation of tetraarylporphyrins.

Table 3-1. Isolated yields of biladien-ab-1-ones and bilindiones.

Substituent
. Isolated yield of biladien-ab-1-one 2 Isolated yield of bilindione 3
in the aryl groups
OMe (a) 85 1.9
Me (b) 37 1.7
H (¢) 59 4.1
F (d) 72 3.5
Cl(e) 35 2.8
COOMe (¥) 44 5.9
CF;s(g) 32 4.1
CN (h) 28 6.7

ZORER, BTV ab-1-A I L TE UG EABAT D NERA A B L, ARG
AT D WP T MmN R oz, —FH., BV IF 05, B REIELE
AT 5 ENCERM EL, EFUEGEREZEAT L LICREREDT 2N R 67z, 22T,

PUIFDX )N EERBL, BV TP NIE T VT ab-1-A o 0 HFEIND O TR L,
BARNVT 4 U BRIl xDL— RN TERSND D ET D, 22T, AL T 4 b E
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ST gh-1-F DGR k. SRV T 4 U U NB B U A~DKEEE k.
RN T 4 U InDFOMOOESDISREZERRL T 4 U v k&5 & LA TF O RAL
T 5,

kq

iladien-ab-1- _ Kk _ L -1 —(ky+kpt+ks)t
[Biladien-ab-1-one] P (1 [iron porphyrin] e~ *1Fk2+k3 ) > T (t > )
eye e _ k; T . —(kq+ky+ks)t ko
[Bilindione] = P (1 [iron porphyrin]ye ~‘1F*27ks ) > T (t > )

E BITNRDOIIFRITHE DT 25, ZOWROEZANA v S OBEMIEERIE LT e
v b5 &, TFOXDPKALT D,
yield of bilindione _ E

r

~ yield of biladien-ab-1-one _ ky
logY, = logk, — logk, = Apoy,
logk, = p10p logk; = p,0, Ap =p; —p1
Figure 3-1 3 X O'Figure 3-2 IZIR DL &2~ X v F O EEILER 6,1 L Ve, I LT 7 v b
L7eb D& RT,

T T T T T T

-1.0 -05 0.0 0.5 1.0 15 20 2.5
4Gp

log(bilindione/biladien—ab—1-one)

Figure 3-1. Hammett plot of the ratios of isolated yields of bilindiones/biladien-ab-1-ones by coupled
oxidation of tetraarylporphyrins against Hammett substituent constants 4c,,. The reaction constants p =
0.22 £ 0.02. 5, (CN) = 0.66, o, (CF3) = 0.54, 5, (COOMe) = 0.45, o, (Cl) = 0.23, o, (F) =0.062, o,
(H) =0, o, (Me) =-0.17, , (OMe) = -0.27.
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log(bilindione/biladien—ab—1-one)

4Gp+

Figure 3-2. Hammett plot of the ratios of isolated yields of bilindiones/biladien-ab-1-ones by coupled
oxidation of tetraarylporphyrins against Hammett substituent constants 4c,". The reaction constants
p=0.16+0.01. 5,” (CN) = 0.71, 5, (CF3) = 0.53, 5," (COOMe) = 0.49, 5," (Cl) = 0.11, 5, (H) =
0, 5, (F)=-0.073,5, (Me)=-0.31, 5, (OMe) = -0.78.

NAy hOBBRIEEK, B LU, 1T E TIclmiE S h TV A XkiEZ AV, A hEx v hL
A=AV LTI PR AR AVEEOEERA LY, 727 R I T U ARLT 4 Y
VERSERIZIU T Y = = VEEREH L TV DL O T, BERIEER O 40,3 X W46, 1I2%F LT
Tay kLT, RIGEBApIL 40, TT 1y b LA 022 £720 | 46, T2y LIRS
12016 L7257, FI-ZNETT F I T VIILRALT U BRI IR LS D RS B L
%3 B EHIE TN OV TR e STV D5, BOSEEE X K5 A2 E AT 2 L nE S
o ZENPNro TS, ZOBUEISDISEEIZTETORISOMTH Y | 72O
BRI DS E AT 5 L LT OXDBRALT 5,
logkox = logks + logk, + logk, = (p, + p1)o,

FOGREEIZH T DA FOSISEE px=0.07 THDHZ LMD, ZNH “ODFERMNS | p=
0.08 BXUp,=0.15ThHh o L AFEHILD, & 51T Figure 3-1 & Figure 3-2 OARBIRER % b9
HE. 0, TRy FLIZHDOITHBERE 091 T, o, Ty b L72bOIFMEBEEE 097 T
Hol-DT, 6, TTFEy FLIEFNEY LOERBERMELNE, EoTp<0BLV6, T
I XWERBEEBENELNTZZ D, BT VT ab-1-F DAL, RS OEBIREEIC
BWTRUCIONADTAUNBEET DL IO MAD=ZALDNREEIND, $Top,>000h, BV &
DA DERINIRIE IR OGN E F40D 2 & DR S L7z,

32. T RITUNENT 0 U SRR IS I T DR RNAR T ~ Al 5k
TRIFTUNENLT 4 U IHEBICEISER THDHE T VT ab-1-A 3T 7 X AL
ANR=), b Faxv e LT3 RFOmBENEAINIEEZRF>, ) o F s
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H o ODTZ A LE LT 2 JTOBBANEANINTHEZFF D, 2O ORI
JEHFIZBWTED L IICHEASNIEDEZRHET D2 X, KA T =X LOMHIZAEHTH
DT, B0, Hy*0 AWM ERNIKR T UL EREIT 72, 28, KSIEA M UE
Bafk 1a B L OVA b33 BLR = VERK 1f 2 W CTiT o 72, ROSAERMW) 2 MALDI TOF MS
WX VREZITV, FETUL, B T, UTVUBERBRRE S, ATV AT IVE
R 1 OISO AR DO BT VU ab-1-4 2 2 B L OB Y U2 I OFERIZON
TFE LD H D% Table 3-2 127”7,

Table 3-2. Results from labelling coupled oxidations, expressed in units of relative intensity of the
three mass spectrum peaks corresponding with products carrying no, one or two oxygen-18 labels.

Bars represent relative intensity.

experiment biladien-ab-one bilindione biladien-ab-one bilindione

2f 3f 2f 3f

. rel. Int. . rel. Int.
m/z [M-OH] m/z [M+H]
(%) (%)

oxygen-16 879 100 733 100

881 18 735 14 I n I -
oxygen-18 879 0.6 733 0.1

881 39 735 11 I I

883 100 737 100 0 +2+4 0 +2+4
1:1mixture 879 100 733 62

881 52 735 100 I I I I I I

383 95 737 46 0 +2 +4 0 +2 +4
oxygen-16° 879 100 733 100
H,'*0

881 14 735 8.6

883 0.3 737 0.03 0 +2+4 0 +2 +4

[a]: Reaction was carried out in '°0, atmosphere with 0.05 mL H,'*0 added to the reaction mixture.

v 7 Y x aab-1-4 2 2f 7 MALDITOF MS CTHIET 5 & IS0 Ru X IRt L 72 7
FIT A NOBRPRHINDODT, ZI T, 778 5L DIVER=VORBEFEIT OV Tikim

%o RSN E PO, 2 HWTT) &, BT VT ab -4 U DT X KL TLR=L
DM GFNR T ~fbaniz, £V oA bEUEL, 77 X LDHINVR=VEEZED
WHN T~ fbENT-, ZhHHDOFELY, ©IF3Vx b 1-F o 2 BLOEY P4 3f
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BN SN DHBRFRITMBE D FHETH D Z Ehbho Tz, fit\ T HEERILE %2 °0, & PO,
DO 11 EEMERNTITW, IET UK, £ TR, ¥ T UKD TREE b 2 fEt
L7c, BTV eab-1-4 2 2f OE, ETUBIR, £ TVU KR, 2T~ BIRD5R
X 2:12 Loz, BTV ab-1-A 2 2 DT 7 H A EH VRNV RFEDE— DRy
TICHKT D E, TOTHRINDHEIX 1:0:1 L7200 BIOREFE S FICHKTHE, £DT
ENDELIL 1:2:1 £722 5, %0, & 0, D 1:1 IREWC & 2 HEBRLEOS ORE R, £/
T XABIRIZKE L CIET Uik & T AR DIRIEH D TR RENWO T, ZOE T V=T
Y-ab-1-F2 U DT I HNE VR NVEERIIRBRE D FICHRT D~ A=A LT
HDHZENDNoT, L, T2 20— b HAREFETDHZ LD, RIS
REDRIKISEDREBEND, F72EV P F 3D DDT 7 X LAOBRFEIZHOWT, [Fl—D
M TICHEKTD &, ZOTRINDEEIT 1:0:1 7220, BIOREE S FICHEKT D &
ZFOPHEESNDMELIT1:2:1 L7250, & B0, D 11 HRAWIC & 2 BB S O R,
BRIZF 12:1 0OELEZRLEZENS, BV I DT 7 X ADOBEIT. BlOWSE
DFICHKTDH=NFAN=ARLTHDH I ENbhrotz, 12 H''0 & %0, & v 7= %%
LIS & W0 & 0, & AW SR B LG OFE R 2 T2 L BT Vo ab-1-4 0 26 B
Oy Uy 3 OEEIZELIZ R o T, 2B A B UEER 1a OFLEOGER
MTHHE TV agb-1-F 2 2aB LY VA 3all L TH REEDFREE LS S iz,
B-EHAARNL 7 4V v DB NT, BV A oh AL 5-AF R T 4
VEREEIR(AIL RN TH D, A VEBRANLT 0 U OHEBRLEIETIZBNTH, B Y
FOHREEE LT, 5-AF VAR T 4 U UBEHAR AR L, 5-AF VARV T o U EREE RO
MK R ZPES TEBRBRMUGIC L D B VO VAR A =X b E 2 6D, L LAKST
MG LN &b, 5-AFHHRNT 4 U UEREERONIKGIREA I = A LIZ DY
T DERITIRNEEZZDIND, oA F U =B OHA, MIGOIEERITRL T ¢
UL FeOOH THDHEBZHLIL, TN HREY VRICHALTE FrX T VD VOEME &
LT, RV T 4 VA EZRBETEAD=ALBRESNTNDS Y B RaxvIvn
WEIEMREE LIZBA, B RRX 2T O UTRTOKE ZHMKISHEZ 5, L, H'0
&0, B AW HERLIS TR, BTV ab-1-4 28 ) U UF I DE ) T AL
IR0V T AR OSEEE DIERITHER SN2 D 2T, ZDOZ D, BT V= ab-1-4
DT ITHEEDNVRZNVBRBRBIOE Y A DT 7 X AOWBFIT., BFE—RELES DR
HEMDROEIGA N =ALTHDLZ ENRBEINT, BTV ab-1-F 2 2f DFRNLVT ¢
U VBRI T DENLA~DIRFENIL 531 AT =X LD, iHh— BRGSO E D
RNWZENS, TOEARA D= ANIVA R H M 4 L< 1% Scheme 3-4 (0”77 U —F
—HE A LD AN = RANEBEZDND, 0B, ZOAHD=ALNEINLTF X —FBIsy
HEND MV TR 7 70 23-PFAXRI T F—FICLD M) T 77 o ~OBRBIRINTHEHm
WIRENTND'S,
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Scheme 3-4. Proposed criegee reaction mechanism for coupled oxidation.

33. T RITUNTNT U IARFASOS PER O B & HOERE
TRITUNKRNLT 4 U BB T BB DR E > T D, —BEFEE & LT,
JaaRV A PICBWNC, TRITUNARLT 0 U Uk ERRE, YUYy, TAILE
VB ROIGSE DG, CBFEE & LT LRGN ER A BT DS THh D, D
BB H ORI CIE, BN ERP OB A Z b7 v b Ak EREITL TV D LB %
Hivh, €T, _EMEE OB EITOTINT, BG4 R O B X ORISR E 23 T
TNE, AB=XLMRINCO N D EEZBND, 2T, A M UEBE 1a OIEERRLK
IEAE R B PRV TS BT D Z AR AT, BB OIS TR, ZaakL aME
KWL, WIEEZ R & U, BERISERIIZ ) BTSNV ECRRkA 7 7 7 v a Uk
Hx172Zemnb, UGNV ECIORAIEDEIT LI Z EBRBINT-, £ZT, T
ST LD BRI T A, FH—EHED & LT, R4 & 5 VEEEy & LT
TEDERME G 2 T2 8 R O LG E PRE X & L E OIEREEIT o1,
FPFHFEEXDIR A7 MVEHIELTZE Z A, 1649 ecm™ & 1602 e [ZFRVGWLINHE AN 72 5
Nz, ZOZENDL, ZOPMEK X ITHNVRZVEERT 7 Z LAOHEZAT D Z L IVRIE S
Nz, Wiz, AR X O THNMR Z2HlIE Lz E 245, @H OKEMEYE O "TH NMR 815k <65
% 3.72 (s, 3H). 3.73 (s, 3H). 3.84 (s, 3H). 3.85 (s, 3H). 5.89 (m, 1H). 6.02 (m, 1H), 6.23 (m, 1H),
6.38 (m, 1H), 6.51 (s, 1H), 6.75-6.79 (m, 3H), 6.83 (d, J=8.95 Hz, 2H), 6.87-6.91 (m, 3H), 7.08
(m, 4H), 7.15 (d, J = 8.25 Hz, 2H), 7.41-7.44 (m, 4H), 7.95 (d, J = 8.95 Hz, 2H), 9.62 (bs, 1H; NH),
10.16 (bs, 1H; NH), 12.70 (bs, 1H; NH) ppm ([ZBLH <172, £729.62, 10.16, 12.70 ppm (T ' 12
—/LONH b e—7 N 3ARBHISNZZ b, FRE X I8 TInz71—
R—=2{KTHDH Enbh-o7z, 3.72, 3.73, 3.84, 3.85ppm (T A ¥ HEIcHKTHE—7
THHEEZLNDDOT, FREX 1Z7 2= iE 4l Z b ho T, EPIE X
®BC NMR Z##JE L7zt 2 A, 550, 55.1, 55.3, 55.5, 74.7, 110.1, 113.2, 113.4, 113.6,
113.8, 114.0, 118.5, 119.4, 121.5, 125.3, 127.7. 128.0, 129.3, 129.5. 129.9. 131.3. 132.2,
132.4, 134.7, 136.0, 137.1, 137.5, 137.9. 138.9, 139.4, 1489, 158.4, 159.3, 160.3. 162.8,
171.9, 176.1, 182.8 ppm I[ZEIH S 47z, FFEA72E— 27 & LT 74.7 ppm ICBIH S 72 2 &
B A XA R RDS D sp’ DIRFEEFFOZ LB oTz, F72171.9 ppm < 182.8
ppm DE— 73T 7 2 ARHINVKR=IVIRFE TH D Z EDRRBR S, IR OFREREZFT5H0
Elpolz, EEMSAO 176.1 ppm D E— 7 1%, FREEX DAL T 4 ) onbibEsnd
ZEEEBEETDHE B CN-ZALTWD I ENTFIEEIND, F/-FABMS ZlEL7- &
A miz=1767,785 BB S NT-, BTV ab-1-4 2 2a b m/z=767,785 \IZ AT FLR
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Bl cND, FREEEWMLENS1T/NSWT T T2 =7 HBIIISNZ &b, FREE
X2 Rax v ERFET DL I EARB IR, UEoZ &, FlE X X3 Tl
T4 U VERMEEL, o TV ab-1-4 ) 2a OREMEOREEEF L TN D T & AURER
SNz, ' HNMRZR5E, 651 ppmiZy v 7Ly hOE—ZRBHISL TS, EFVx
Y-ab-1-F 2 2a Dt Ru ¥ VT 6.36 ppm & —xAY7e b RN 3 O B AR TR 2B =
5B, koTeslppm ICBHISH-E—2 i3t FaxiEora b ThideExbND,
Figure 3-3 (ZHE{A X @ COSY #HBE % 753, 5.89 ppm & 6.23 ppm. 6.02 ppm & 6.75-6.79 ppm.

6.38 ppm & 6.87-6.91 ppm, 6.75-6.79 ppm [f] 1=, 6.83 ppm & 7.15 ppm, 6.87-6.91 ppm & 7.41-7.44
ppm., 7.08 ppm & 7.41-7.44 ppm, 7.08 ppm & 7.95 ppm (2 FAVEFUAHEE N A H 41, X 512 9.62 ppm
(2 6.02 ppm & 6.75-6.79 ppm 2SO T L2 UFAB L 10.16 ppm (2 5.89 ppm & 6.23 ppm D25
Owu 7Ly UMEE, 12.70 ppm (2 6.38 ppm & 6.87-6.91 ppm /5D v 7 L UAHEENE L
ThHh LT, ZOZENDL, ZHUHNH EMET A7 hoRte— oo e kT
bHoHEEZSND, Figure 3-4 |[ZHEA X o HMBC %<9, 74.7 ppm & 176.1 ppm D7
—RAL6S5lppm DT F U EFHBE LTV, ZOZENS, B RaFUENERLTWD
MEILsp’ IRFE, b LIZCNRETHDLZ NN D, £7-749ppm DI —HRNE7 ==
NEOT e F LD 741744 ppm EHHEI L TV D, T ==V EO AL MIDO T R k2
MBER D ERAVNDRFITHS % 3 DR T, ZDOBEDO e — /L OofiIftE % 4 DET T
Do DI END, sp RFEIEA VLDRFETHY, MOIDAVLICE ReF U ERMHEEL
TWBHZ ENDbnolz, Mz T, 1761 ppm DA —ARr b FaxEo 7o ko s oz
HMBC MR B BN T2 2 EvD . 1761 ppm DA —R ATE T — L DoRFETH D Z & HRE
STz, EHIZHMBC L0 7 FrOANAR= VI EBDiL5 1828 ppm DI —7Hh (7 = =
NEEEDND 795 ppm D71 F U EFEENA LN, ZOZEND, T = VREITEEED
IR NVHEPFEE L TWD Z Ebrolz, Mx T, HMBC £V 77 % 5DV KR=L 5L
B d 171.9 ppm O H1—7R 5 OFHREN 6.02 ppm & 6.75-6.79 ppm ([ZHLHI S iz, k- T
6.02 ppm & 6.75-6.79 ppm ODWFTNN, T 7 X LEFERTHPALO T 1 kv H-2 3 L OVH-3
ThHhDHIENRBEINT, T 2T Figure 3-5 [ZH[EfA X ® ROESY fHB9 % 7~ 3, NOE I, 6.23
ppm & 6.75-6.79 ppm [ 7.15 ppm, 5.89 ppm & 6.38 ppm & 6.51 ppm & 6.75-6.79 ppm | X 7.41-7.44
ppm, 6.87-6.91 ppm (% 7.95 ppm (ZZ FLE 4L NOE 238l S 417=, 6.02 ppm & 6.75-6.79 ppm |
H2 BEXOH-3 TH Y, 72 6.02 ppm (£ NOE 23EH 413, 6.75-6.79 ppm (21X NOE 23 EH|
SN END, 6.02 ppm LT 7 X LD H-2, 6.75-6.79 ppm 75 H-3, & HIZ 2 & AHEAD 7
B2 T715 ppm WSO T = = )VEEDO AN MiT e R ThHhbHEEBEZLND, SMLOT ==
NVIED AV MMET 8 b E H-3 PIAMTIE 6.23 ppm & NOE AHEEAA A 5105 DT, 6.23 ppm 73
T HLROBKEOEYE— LD N H-T EBZHiLD, H-7 1% COSY FHEAN G 5.89 ppm &
FHRAL TV A DT, Zo7a PN H-8 & 725, H-8 1% 7.41-7.44 ppm O 7' &2 k> & NOE #H
BRI HNTZDT 7.41-7.44 ppm (X 10 (D7 = = )VEED AN MEDT 1 h o ThHhH EEZD
NBNONLD T = = FEDA /N MLD T 1 b X H-8 LIFMT 6.38 ppm, 6.51 ppm, 6.75-6.79 ppm
& D NOE M A 517, 6.38 ppm & 6.75-6.79 ppm DUWNFHLAS H-12 T H A3, 10 iL.D
T 2= VO MIDT e hAFBIO T 2= VO A Mo T e bl b ERS TS
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DT, BEES TR A2 720, B L, 638 ppm & H-12 &35 &, COSY B2 5 6.87-6.91
ppm A H-13 £\ 9 Z &7 %, 6.87-6.91 ppm I 7.95 ppm & NOE BN A 5305 DT, 7.95
ppm B ISHALD T = = VIO A/ MDD T v k7D 6.75-6.79 ppm 28 H-17, H-18 £\ H =
Lz b, LL 7.95 ppm i3 6.75-6.79 ppm & NOE fHESZ R &2V T, Z DIREITEE
S5, 6.75-6.79 ppm % H-12 &£ 9% & COSY FHEH 5 6.75-6.79 ppm 73 H-13 &£\ 9 Z &(C
72%, 6.75-6.79 ppm % 7.41-7.44 ppm & NOE FHBIR A 5315 DT, 7.41-7.44 ppm 1% 10 /7 &
I5ALD7 = = VDAV MIDT v b BNS /2o TNDZ &b, ISLDT7 = =/LED
AV MLOT 8 X E 51T 6.38 ppm (2 NOE FHEI NI S 4172 DT, 6.38 ppm 73 H-17 &\
9 Z &b, H-17 1X COSY BN D 6.87-6.91 ppm 73 H-18 £ 72 %, & 512 H-18 (X 7.95 ppm
L NOEHHBI L TWA DT, H-18 IZITWHF D E R — L Dafific_> > A VEENEH L TV E =
EDRB I, LEDFERN L E r — /LOBALO 7 1 k2 1E 5.89 (H-8). 6.02 (H-2), 6.23 (H-7).
6.38 (H-17), 6.75-6.79 (H-3, H-12 and H-13), 6.87-6.91 (H-18 and phenyl) ppm &72%, 7t K
XIS E 102D A VALIZER L TWAAREMENH 5728, NHrboua L 7Lk
I T B U BERMRORESE S I0NICERL TWDZ ENRBREIN-, 202
LB, A X % Figure 3-6 (Z7597°(42,142)-1,10,21,24-tetrahydro-19-(4-methoxybenzoyl)-
10-hydroxy-5,10,15-tris(4-methoxyphenyl)-bilin-1-one 4a (£7 V= -ac-1-4 ) TH D ERIE L
oo 2B, AF NV AT VEBIKIFICE L CTHRRICE T U= eac-1-4 VIS HEEC X 7203,
BB ARLE T HNMR 72 SIZ X ARG REN TE 2o Tz,

‘ Mt e AV WSV I )

R
T

130 120 10 100 90 80 70 60 50 5/ppm
Figure 3-3. COSY correlation of intermediate X.
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Figure 3-4. HMBC correlation of intermediate X.
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Figure 3-5. ROESY correlation of intermediate X.
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NOE
<«—> Long-range COSY
T3 HMBC

Figure 3-6. COSY and NOE correlations of biladien-ac-1-one.

34. T I TVUINERNT 4 U o SEERAV S PR O & BERRINAR 7 ~ AL 52k

Scheme 3-5 2R T LT T T VKRNV T o U o AE@BGEOST A THIET P
cac-1-4 2 4a 7 0 o )V AR S, BB ALT ) L BT U eab-1-4 2 2a AR
L7,

2 MHCI

4a

Scheme 3-5. Reaction of biladien-ac-1-one 4a with 2 M HCI

T ENL FERMOE TV ab-1-A 213 T VU mge-1-F 0 da NERL L T2 1%
FRALER AR 45 Z E R & Tz, £ %0, & %0, DIRAW T CHEBRL UG ATV,
B Vx ac-1-A 2 HBEL . FAB MS ZHIE L7, #5HR% Figure 3-7 1IZ~7, T~k
RITEBEEBME 767 12 OH Mk 727 7 7 A > b — 27 (IM-OH]). 784 (255 A A & —7
(IM]). 807 (27 b U 7 AfHINMAD B — 7 (IM+Na] )N EnE Bl S iz, Zhbioxt LT,
4~ ARENWTIL, 6 v AKEUT90, 6 ¥~ AKE\ 813 NENLTNEBIHISNTZ, ZOFERMN
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5, B FeX I EaBid X COBBIEIMESFHRKRTHLZ ERbhrol, 6232 T
HIRRT= K H e TV ab-1-A DT I Z L TINER=NVIEE 1 A=A LITLY
HAZIID, FAB MS OfERMNL L ET VU ac-1-F v 4ad 1 3 A=A LTHERLT
WHZENDhoT, EHIZZD P08 0, TT AL LTEE T PE v ac-1-4 2 4a HERAL
L., HO'FABMS Z#IE L7z, #E%% Figure 3-8 (29, BT VX ae-1-4 2 LRI,
T ~ALIRITE BB ML 767 (2 OH WNkiT7-7 7 7 A > s ¥—27(IM-OH]"), 807 {ZF KV
U AMEIED B — 7 (IM+Na] B Z L E B S i, B &L 780-800 1350 A A4 &7
0 N AR DIRG & 72 DM AT NV E G 2T, TIHIZK LT, 4 v AKRE W 771,
4w AREVGI NENENER SN, ZORE TV ab-1-4 Ok R 8T,
YOH TH 2 Z L3y | BAHEFIRTOKRNOLFEIND Z EIRE S LT,

790
771

767

810 820 m/z

Figure 3-7. FAB MS spectrum of labeled biladien-ac-1-one 4a. Coupled oxidation of 1a was carried

out in a '%0, and '*0, mixture.

7?1

767

Figure 3-8. FAB MS spectrum of labeled biladien-ab-1-one 2a. Coupled oxidation of 1a was carried
outina 1602 and 1802 mixture and obtained labeled biladien-ab-1-one 4a was treated with 2 M HCI.
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3.5. BT YV eab-1-A L DERR A J1 = X I

34MBET VT ab-1-4 2 22138 T VT eae-1-4 2 4a DAL, BRALEET D Z L T4
L7z, BT VT ac-1-A4 2 4a lZHBAISNHBEHLITT X THHE S THEKTH L Z b
D, F1T77FZLENVAR=VEITR—EEE, £ ReX T RIdhomEHRTHL Z LR
BENTZ, RNV T 4 VU MBET VT cac-1-A U NERT DB, B D ORI I ERSE
DEANSNDDIZDOWTRFZITO 72012, 8L 7 4 ) v 1laB LI ICx L TYEDORR
F T L R ST, BB T D 7 v v AR )L LTk D BRI ST 2 Y, 2R
ML7e7 vm AL b CHREFIRE U ROSHK T# . Z O % % FABMS ZIE L7z, #t % Figure
3-9 2R T,

a) Reaction mixture of 1a 788

805

{ ¥|l J

! |
‘ ﬂ!ll |:?E:II| \
el db i s [ k_“g_w_( EERTALTREALAACT R LI | INTYRE IR ELIY) NITTO L st bbb Aabahsin o bankitn

730 750 770 790 810 830 850 nmv/z

b) Reaction mixture of 1f 900

917
N A—
'\.LM“M e bl L 'tLALLj\EMwM s,
860 880 900 920 940 960 m/z

Figure 3-9. FAB MS spectra of reaction mixture of coupled oxidation. Coupled oxidation was carried

out in 1 eq dioxygen atmosphere.

EEEM 788 B L V900 1IEkAR LT 4 U v laB LI Oxt 7 =42 Th HHFEN KT -
77T A FPE—=IM-CI"Ch D, —F, BEEML IS BILUNT IFEALT 2 U DR
VAL E Fo U CEM SN AEE(A b ¥R M = CyHiN,OsFe calc. 805, A F/L— A
T JWAK: M = Cs;H3;N4OoFe calc. 917) & [Rl—DE EERILL TH -7z, BiARNLT7 0 U o OEHENE
Ra U RICERINZESF LT 0V b AV e Fax R EF—O-E&EM TR D (A
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2 K M = CysH37N,OsFe cale. 805, A F /LT 2T JL{K: M = Cs,H3;N4OoFe calc. 917), L1,
RN T 4V ATEE LT IMMDOAI T A THLHDOT, b Fax ARl Lo E E
AF AL LIZK WEEBZ BND, BUZ, M7 =4V BEROGEITEEN KT T7 T 7 A
=7 L LTAF T D, S6IC, TNETT M T 7 ==l 7 4 U ik o

thallium(I1I) trifluoroacetate < thallium(III) nitrate (= & 2B LSBT, A VALIZH U T A
DT = A D= LTSRN 7 4 U U FEARNER SN D Z ENHMESN TN DY,
PlEoZ emb, SRV 7 4 VDA NN E RaxiAb LIz E8RNE 34T 5 &5 %
5415, Scheme 3-6 BRIV T 4 U VB ET U aab-1-A L AEROIBE S NND A T = AL
Y, SRR T 0V UngHE, BV TRANEUBERIGL, BRALDPDOIEER L
FERLTzt2, AV E Rax i b L7 fbEmIcHFE D, £D%, & Rexifbani
AINEDFKHUD A NP EFRIC LY  BR L, E TP ac-1-A 05220 EF26N5,
ZOBEDATN=ANTIT ) —F—ff ROV AFXFE R EDA DAL ENEZBND,

BT VT ac-1-A U E BRI K o TIHREHIIZE T P veab-1-4 U NCHEEEIND EE 2D
nob,

O,, L-(+)-ascorbic acid,
pyridine, in CHCI3

Scheme 3-6. Proposed reaction mechanism of biladien-ab-1-one formation from iron porphyrin
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3.6. 19-X Y A Y ) U BREEHA D IR ER L SR

3280V T HF D ODT T B AEZTRIOBET IR T D ERbho T
Do RNT 4 VoMb EY U VFUNERTHZLEER DL, —EMBRITE o> THAL
AN OB LS NAUE, BY o UF U RERT D LB DL, ToRTEAE 19-X0
ANEY ) UBREER EUE LTz, & 2 CHRPEIIR 19-X A Ve Y ) U 8kEEK % Scheme 3-7
IR T ERRL— N TR LTz,

HCIO,-SiO, Fe(OAc),
benzene, reflux R pyridine

5a: R =0Me
: 5¢c:R=H :
2f : R=COOMe 5f : R=COOMe 6f : R=COOMe

Scheme 3-7. Synthesis of 19-benzoylbilinone iron complexes.

BT VX eab-1-F X T VE CIBAMEAFAE N TNV 2 Lk L, 19-_v Y A vel ) v
WERT D ERFEINTND D, ZORIEEBEIEL, X8 HT HCI0-SI0, & N
BUPBKTDZETARLE, SO 19XV A e ) ) i) V0 i CHEEEL) &
PORESHEDZ & TI9-N Y ANE Y ) UEEERE EENICHET 2 Z LA TE 7, Scheme
3812 19-_2 V' A e ) UEREER OB IR 2R T

1) O,, L-(+)-ascorbic acid,
pyridine, in CHCI3

2) 2 M HCI

2a:R=0Me :R=
2c:R=H SRR
2f : R=COOMe 3f : R= COOMe

Scheme 3-8. Coupled oxidation of 19-benzoylbilinone iron complexes.

19-X Y A NEY ) USSR RS T 4 U ERREO SR CHAERLIGEITY & BT
YT rab-1-Ar, B UF B IONEOMOEBENER ST, Table 3-3 (2 19X A
el J UERBEARIERIL NS L > TR BN E T Y ab- 14 B Y U O L
W ZRT,
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Table 3-3. Isolated yield of biladien-ab-1-one 2 and bilindione 3 from 19-benzoylbilinone iron

complexes 6.

substituents isolated yield (%)
in the aryl groups biladien-ab-1-one 2 bilindione 3
OMe (a) ~0 0.68
H (¢) 11.9 2.8
COOMe (f) 15.9 5.2

Huyyﬁy@iﬁ LT, AYMDT7 == VKICE G REEZEAT D & NERBED

@¥ﬁ5%%%AT6kW¢ﬁﬁifékw5?F77JWﬁw74UV%%%@i&
Emﬁmkﬂﬁ@@ﬁﬁﬁ%hto_@ LMD, 19-RU VAN Y SRR T IR
FOSIZEBWT, BV VA OffiRE R0 25 BZ1x 605, —FH, €7V -ab-1-4
DA ﬁ%fﬁﬁ%%ﬂﬁékﬂﬁhﬁwb B IRAEAT D EICERN LT 5 L
WO T RTTUNERNLT ¢ U BRI LSS & DM A R iz, 3.4 THik~7
koic, vz ab-1-4 ke 7‘/I/-ac-1-7l‘/73>5577;%=é3’b5 EEZOLND, FElTH
RN, FOBEIHIA E Fa X i bd 50— MRS OBIRYER A B 72072
BT VT aab-1-  DUEENEAD U, A RBENERLTLES EBX 61D,

3. BV UG U DERA T = X A

35 THBRRZEEHCE Y A ORIBMEIX 19-X Y A LY UEREER D [RENEN &
Do 19-_U AN ) UEREER 6FIZBE LT P00 L DIRE T UL EBR AT T L T A,
EU U VF DTSR EE ) TR & T UL BIRD BRI 45:100:16 & 7r o T, T
DI EMNBHT 7 X NI 2 DEEFR I HEANSIILD T & B/RE 4172, Scheme 3-9 12 19-
RUSANEY J UERBEAN L E ) U UF U DAERICE LT BESN D A= XL ERT,

O Ar
AN (oo

9

/

“_\O

FeIII

'Ou

Scheme 3-9. Proposed reaction mechanism of coupled oxidation of 19-benzoylbilinone iron complex.

Only D-ring is shown.

FOGOIEHFE L FeOO TH 5 & TSI, FeOO B A )V D IIVR =V I a2 RIZHE L |

NRA Y —E V) H—RNHNTHZ & T, 19-R_U A F R Y ) UNER L%, MK

REfENE Y U OF U NERT D E TIRESND, HFHRERICKT D34 v —8 U T—#5001%

EHILICE LGN B 5 Mﬁ#%%L%ﬁw@mﬁ&Ehé%Huyyﬁyiﬁ%&

BRZBAT D LWRNHDT D, ZHUT19-_ VAL E Y ) RN SN DR, 7
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= VAN BE NG Lo R0, 19X A FXR Y ) o DERNDRL DT
HEZBZOLND, IHIT3.1 TR RA Yy FOBEBRIEHNENS, BV U4 v OERITIE
REWZ2RICHEEND Z EDNRBINTEY | ZDORISIE FeOO N Y A )LD I )L R=
NEEZREBETLLOTHLEEZEZX LD, BV I DIROE ST 19-X VA vE
U UERER DA RN DR & BITEBILIC Lo TIERME(LT 2 D13 ¥ —E Y H—
WNLDORG SIFT 2 b0 LTINS,

4. f55

EIETILT NI T VWAL T 4 U U EREER DO ILBLFBAC IS A 1 = X LITDOW TR,

AINDT = =)VEIT kR 2 L 28BN L, RGOS Z T o7& 2 A, Bt AL
HEANTLHE, BTV ab-1-A  OWERD A E L, BV DA OIERDEA T S i m 53
oI, FEEARGIEEZEATLHEET VT ab-1-4  DIERNFD L, BV o PF D
RN LT AR L R olz, EBICE TV rab-1-4 0 L B D F U DILERD AN A
v NOBEBILERICKH LT ry F Lz A ERBERAE LN, EHICTE T YT ab-1
FUAEBIZE LT, NAy MORINERITADEL 720 | S HITNRA y FOEWEER, T
Ty NLZIEO N, L0 BVWEMRBHERAE LN Z LD, JUGOEBIREIZE VTRV
ONHFF MR ET DL I RAD=ZALNRBE N, BV U OERICBE LT,
Ay FORISEEITIEDME & 720 | KBRS EEND Z DRIz,

B0, & AW RIS D, BT V- 1-F DT 7 B2 L E VR =V EEOREFE T
[l —MEZE S ICHET L2 RN, BV PF D50 7 % AOMBFITZENZNH
DIEFRTFIZHRT D Z Enbirolz,

Flo. A RNXVEBAEOT NT T VIVENLT ¢ U U EREER D IR SO AR ) & R ALER
HPIECTAIF AT Lra~v T 7 4 —IZLVEBEL, —&Jt NMR X° K 7C NMR, MS
R IR & W THEE 2 Bt 7ok, £ O/E 1
(42,147)-1,10,21,24-Tetrahydro-19-(4-methoxybenzoyl)-10-hydroxy-5,10,15-tris(4-methoxycarbonyl
phenyl)-bilin-1-one (7 V= -ac-1-4 ) TH 5 Z E b oTz, B0, & AV iz AR LG
IZED, 10Ok REX T RFMEHRKTHLZ N0, S LICHBUETHZ LT, v
TV g 1- A ANTFE SN, ZOZEND, BTV ge-1-A4 T R ER LSS O
WA THDZ ERRBENT, SHITERLT U s LT 1 B EOERE & FV 72 5 mR
EERIZRBNT, A VAR E Rad i bESniarRin T o U B EIRO RN FABMS X Y oR
BRI, b Red i bInic A VAL ORHUN S SIZHIOBRFEIZL B, 7 U —F
—HEALH LIV AF X D HOBEA D= AMMIL Y ET VT ac- -4 ZHESND
EEZ LD,

EBIZ19-_UY A e ) ok E T Vb 1-A B AR L. B S %
fTolt 2Ah, BT VT ab-1-A 02Ol hic, BV IFrNERLE, 20
ZEMB 19NV ANEY ) UEREER P IR BR ST N T E Y P  ORIBRATH
LD ENRBEE T, IEHREIL FOO®H D EBE X L, OB Y A ND VR =)V EE%E R
BB LA Y —E U DO S 2 o T 19-_U Y A VA F v el ) U RAR LT
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%, MBI XL > THRMEMICE Y U O F NNTHFEINDPUEA N =ALTHDLZENBERL
Do NA Y NOBHENENS Y P v DAERRICKREI RSN G END Z LD,
CORIGEA T =R LN KR &SNz,

ZOT NITINENT 4 U o IEBILRISE, B X7 —EBU A —8
DT D) BRSO AFIFFICE Z 2B LW Th o 72, S HICHOBLS TR S nane
VoA B RIBHCAEREINT-, L LE T VT ab-1-4 08 ) A DA DOBFEIZE
L COMFHIAT ATV, ZOMOARDOHEEMRITAEDIX, 7 T T UARLT 1 U v
WS D A =XKL T, EHRIMANELND EBZ O, S HIZHELT S
LIS DR 72727 R 7 B — LA b AR RERBELND Z ERHIFTE 5,
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BAE NUTUAEY U F NI A VEBRS- A YR T 4 U CHEREEHAD AR L ¥
Y772 )EB—va v

1. ¥65

BARLT 4V U EBBICEL > TRILT D Z S IE~LEHICB W THEER S TH D, 20
FOSFEBIZBWT 5-8 KXY RL 7 4 U (Y 7r ) )R 5-4 %R 7 ¢ U o gkbl
ROV RANLDYREREND Z RN TWS, ZHET 5S-AXVRLT 1 U DORIGHE
RPNV IR N FF I, #fx R N—T12 KD 5-AFH R T 1 U OFRM
WA SN TE T, Jackson HIZL > TAF Y 7a ) O AEZ L) U P TEREIC LV R
T5HZETS-AFIRNLT ¢ U U EBREEARDO G RN HRE 4TV 5% Fuhrhop HIZk - T, A
7B F N o VF AR, KM L BUS S L L LI, AV X F A F Y
7u Y ONBIIC L DB-A 7 X =TV 5-AXHRLT ¢ U U HEREER O AR X T
W53, Saito HICK > TAHZ ZF e ) U v aRiieek, SKEHE, BV D0 LGS
BT L TR-A T ZTF NS5 FXRHRLT 4 U OREPREENTNDY FESERLT 4V
VifRFELET AaNE VRS LLIEe R U UIFEE F TR 5 2 & T 5-AF VR 7
AU UBRBEEN AR END ZE b MEEN TV, SBIZR LT 4V v OBIZE D 5-F %
PARNLT 4 U220 MEERSE OSSR O AL HE ST 5,

5-F XV ARNT 4 U ATREHNCK L TEWRISEE A LT D, filxiX, S-A xR L7
#4 U VHSRSERIIT L a ks RRORME T N UL T U= T R ELKIETH T LT 19-E R
EY ) R5S-FTHRLT 4 ) 5-THRILT U U NCGFHET L 2 L RNk 5. %4
RNT 4 VAT F—=NR N A=V E G ST 5 ) ) o F A=) ) Y v—
BORTHZEBHRA MY E7m 5 AT YR T ¢ U UEREHARL 2 L N EERSOHRSE R D sk
BRI X A BBV RIS B U LT ¢ VAERICBIT 5T VRIS E LT HE
ENTNDY,

W2 ERHEIETHORAZEBY, A VMICEBRBLEAL AT L8RV T ¢ U o 2+
HZETE TV ah-1-A M0 ) O VPO R AERE Lz, BT 4 U R ERIL
DEALE THIT 5 ERE S 2B, —2i3 7 v hARLT 4 ) Ui Eem—Lop
NAICERIEEZGT DR AT X TAXANRLT 4 VT VT 7 2=Vl T 4 U i EEk
DA INNCEBRILZGTLHT 8T T IVIVELT 4 Vo ThHD, 2O 2 FEORLT 4V 0%
IR DA R LU B L CWATILF L 7 = = VEORBIC L VRV T 4 ) B
DEARERENRKES BRSTND, B-ATXTAIARLT Vbl T hTTV
NENLVT 4 UV AFBROESTHY ., EBICT7 == VEICHEA REHRLLEA LSS, B
BOBEBFIREZHIE LT WREERD, T b I T UARLT 0 U EB-A 7 X T L%
VRV T 4 VR0 ma X R M Lm i 8 ORI T D EIRE S B W T
N Eu— LR EFRITE R OREMEAT LY, B THEE D Y577 Chk 4 IR 2 A
THZEDRHREINTVD, ZNEFTHESINTELE VAR S-AFHERLT 4 U v
TN TBILICEHE LA L THE Y | A YEBEROGHIZT M7 B — b F OIS 572
LSRE TR TmBFREROERICENR D LEZBND,
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ZITCHABETETAYICERELZGTHEY O b A ViR S-AXHRLT 1V
VHgREERZ G L. T OMESOLFERIMEE IS OV TRE LTz,

2. EBr

2.1, BB & N

BRUTER U B ARESIES L EE T d D BOUS TIEXFIEICE > TR L, ZZE L7 b 0 & iz,
BB L ORERI WG, oM T3 Sigma Aldrich $83s LY, AURUBEAEL D &
DEZOEFEFEMA L, W72 7u~ 777 40—, EEFER—OT7I v arua~v b7
Z 7 4 —HAFPEERIR S Y B 2 V(60N) A FEARIZ V2, NMR HIEIC BV TRV BRI,
Cambridge Isotope Laboratories, Inc.#4 D & D Z i L 7=, FAB Mass A2 hHED~ ~ U v
7 AL LTRSS D m-= b v PV T L 2 —/L(m-NBA) % | & 7= MALDI TOF
Mass A7 MAHIED~ N Y » 7 AL LT Sigma Aldrich BT 27 7 — /v L < 3FneHl
LMD T /-4- e Wk Wi, £z, SENTHIIA~Z R VHIE
[ZRBWTHW L, Froehisk T3l e ot il 2 2 o T MM LT,

FUTUNAEY o DF AL 2 EORFTIE > TERR LI b D& L7,

2.2. Bk

[21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-23 H-5-oxoniaporphyrinato](trifluoroaceta
to)zinc(II) 3a.

500 mL @ = 1 SR #512(42,92,157)-5,10,15-Tris(4-methoxycarbonylphenyl)-(21 H,23 H,24 H)-
1,19,21,24-tetrahydro-1,19-bilindione 2a 23.2 mg (0.0313 mmol), EEELHEH 11.0 mg (0.0546 mmol)
EMNMz, 2T I VRN aair ABiesy 2 — VEREE) 100 mL, #EKEERE 0.6 mL (6.35
mmol) % AL 80 °C THMBGE L7z, 1 KIS S ¥, | THAIL, KT2[E. AHEH
YR LTc, AMAZMET Y O LATHAKL, WEAEET D L, EOEERS KT, |
M VBTN T A~ N7 77 4 —(BEGBHEIZIY Z7en 220 7% b
TFA=20:1:0.1) kA T o7z, SREADT T 7 > a & /KT 1 EES L, A% 6~ Y
UATHAKL, AR ET D & FEAEERD 26.5 mg (99.8%)15F b L7z,

'H NMR (500 MHz, chloroform-d): 6/ppm = 4.04 (s, 3H; CH3), 4.06 (s, 6H; CH3), 7.76 (d, J = 4.45
Hz, 2H; pyrrole H-12), 7.92 (d, J = 4.45 Hz, 2H; pyrrole H-13), 7.94-8.06 (m, 6H; 10,15,20-phenylene
H-2%), 8.09 (d, J = 4.75 Hz, 2H; pyrrole H-3), 8.22 (d, J = 4.75 Hz, 2H; pyrrole H-2), 8.31 (d, J = 8.45
Hz, 2H; 15-phenylene H-3"), 8.34 (d, J = 8.45 Hz, 4H; 10,20-phenylene H-3"). 5C NMR (125 MHz,
chloroform-d): & /ppm = 52.50 (CH3;), 52.53 (CHs3), 120.0 (pyrrole C-3), 128.2 (phenylene C-3’), 128.5
(phenylene C-37), 130.6 (meso), 130.8 (pyrrole C-12), 132.4-133.8 (phenylene C-2”), 134.5 (pyrrole
C-13), 135.9 (meso), 138.6 (pyrrole C-2), 140.7, 143.0, 143.8 (pyrrole C-1), 144.3, 150.0 (pyrrole
C-14), 154.6 (pyrrole C-11), 165.4 (pyrrole C-4), 166.76 (C=0), 166.81 (C=0). "’F NMR (471 MHz,
chloroform-d): 8/ppm = -75.4 (CF;COO). MS (MALDI-TOF): m/z = 777 [M-CF;COO]"; HRMS
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(FAB): calcd for C43Hy007N**Zn m/z 777.1328, found 777.1344. UV-vis (CH,Cls, 25 °C): Amax (Emax)
323 (2.13 x 10, 391 (3.89 x 10%), 601 (1.05 x 10%), 644 nm (4.57 x 10* M'em™).

[21,23-Didehydro-10,15,20-tris(4-methoxyphenyl)-23 H-5-oxoniaporphyrinato](trifluoroacetato)
zinc(II) 3b.

200 mL @ = A K& 412(42,92,157)-5,10,15-Tris(4-methoxyphenyl)-(21 H,23 H,24 H)-

1,19,21,24-tetrahydro-1,19-bilindione 2b 4.5 mg (0.0072 mmol). FEELHEN 2.6 mg (0.014 mmol) % Il
ZLEZIWET I VI aa kR A2 2 —VEREE) 25 mL, BEZKEERE 0.14 mL(1.5 mmol)
Z AX 80 °C THIEGENE L7-, 1 BEMUG S 721k, |IRTWHAIL, KT2EGHE LT-, A%
AT RY 7 ATHKL, WEEEET D&, BEENEKST-, EH Y BTV 5
Lrv~ N7 T7 4 —(BEEEIZY 7 aa X2 7% R TFA=20:1:0.1) TR AT 5 7=,
FREDT T 7 a kKT EBEERL, AEHELRES R oL THAKL, BEAEET D
& FEER 4.2 mg (72%) 0355 B L7z,
'H NMR (500 MHz, acetone-dy): 8/ppm = 4.04 (s, 3H; CHs), 4.05 (s, 6H; CH;), 7.29-7.33 (m, J = 8.60
Hz, 6H; phenyl), 7.83 (d, J = 4.60 Hz, 2H; pyrrole), 7.84-7.92 (d, J = 4.75 Hz, 6H; phenyl), 8.00 (d, J
= 4.60 Hz, 2H; pyrrole), 8.16 (d, J = 4.60 Hz, 2H; pyrrole), 8.31 (d, J = 4.60 Hz, 2H; pyrrole). °C
NMR (125 MHz, chloroform-d): 8/ppm = 55.5 (CH3), 112.0, 118.8, 130.7, 131.0, 132.5, 134.5, 134.9,
137.4, 138.8, 142.3, 143.8, 150.6, 155.1, 160.2, 160.3, 164.9, 166.76, 166.81 ppm. °’F NMR (471
MHz, chloroform-d): &/ppm = -75.5 (CF;COO0). MS (MALDI-TOF): m/z = 693 [M-CF;COO]";
HRMS (FAB): calcd for CyoH9004N,**Zn m/z 693.1480, found 693.1454. UV-vis (CH,Cl,, 25 °C): Amax
(Emax) 437 (6.08 x 10%), 587 (1.22 x 10%), 643 nm (6.42 x 10* M'em™).

[21,23-Didehydro-10,15,20-triphenyl-23 H-5-oxoniaporphyrinato](trifluoroacetato)zinc(Il) 3e.

200 mL @ = 1 SR 4512(42,92,157)-5,10,15-Triphenyl-(21H,23H,24H)-1,19,21,24-tetrahydro-
1,19-bilindione 2¢ 16.5 mg (0.0296 mmol), FEEZHEEH 11.0 mg (0.0601 mmol)Z %, & 227
Lying aadsr Al ¥ 2 —/VEEEE) 100 mL, #EKEERZ 0.6 mL (6.35 mmol) % AL 80 °C
THEGERE L7z, 1 RIS S B, IR TWmAIL, /KT 2 Bl AHHAZES LT, A%
MmO LTHRAL, WHEZEET L L, fAEIRNES 72, B ) 7N 5
Lrv~< N7 T7 4 —(BEEIIY 7 na X2 7T® b2 TFA=20:1:0.1) TR 21T - 7=,
TREDT T 7 ara2/KRT 1 EERFL, AEMHEZHET Y A THAKL, WHEE2EETD
&L FRAERDS 14.1 mg (66.5%)45F H i,

'H NMR (500 MHz, dichloromethane-d;): 6/ppm = 7.63-7.74 (m, 9H; phenyl), 7.82 (d, J = 4.60 Hz,
2H; pyrrole), 7.84-7.95 (m, 6H; phenyl), 7.98 (d, J = 4.60 Hz, 2H; pyrrole), 8.05 (d, J = 4.50 Hz, 2H;
pyrrole), 8.25 (d, J = 4.50 Hz, 2H; pyrrole). °C NMR (125 MHz, chloroform-d): &/ppm = 112.8,
126.8-127.4, 128.7, 128.8, 130.7, 132.5-133.4, 134.5, 137.2, 138.6, 138.8, 140.0, 142.0, 143.8, 150.4,
155.0, 165.1. "’F NMR (471 MHz, chloroform-d): 8/ppm = -75.4 (CF;CO0O). MS (MALDI-TOF): m/z
= 603 [M-CF5COO]"; HRMS (FAB): calcd for C3,H,30N,**Zn m/z 603.1163, found 603.1142. UV-vis
(CH,Cl, 25 °C): Amax (Emax) 388 (4.80 x 10%), 415 (5.52 x 10%), 587 (1.03 x 10, 641 nm (5.44 x 10*
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M'em™).

2.3, JE

1D NMR 3 & OV 2D NMR O#I7E 1E JEOL ECAS500 spectrometer % FHVNTIT o7, SR/ AT
UL A7 RV OREIT SHIMADZU MultiSpec-1500 spectrophotometer 33 J T8 Agilent 8453
UV-visible spectrophotometer Z U\ T1T o 72, 8 A T L OJIEIL SHIMADZU RF-5300PC
spectrophotometer % > T{1T->72, MALDI TOF MS A-X7% /L% Bruker Daltonics Autoflex
Speed spectrometer % VN TIT>72, FAB MS A-X7 K L|L JEOL JMS-700 spectrometer VT
iTo7=,

'HNMR & “C NMR OWNEHERE LT b T A F T v, PF NMR OPNEIEHEL kU
TNFa AF R R (-63.7 ppm) & AV R B L CiE 'H-"TH COSY. ROESY,HMBC,
HMQC A~7 RV H L CTHE LTz,

24. S FHLEFHE
4y FHE FH R X MOPAC 3.0 Pro (Fujitsu Ltd.)35 & O Gaussian 09 (Gaussian Inc.)* % i\ CT4T

277,

3. MR BIUEZE
3.1.5-AF VR N7 ¢ U USSR DAY

Ry

R1
1a: Ry = COOMe 2a: Ry = COOMe 3a: Ry = COOMe
1b: Ry = OMe 2b: R; = OMe 3b: Ry = OMe
1c:R1=H 2c:Ry=H 3c:Ry=H

Scheme 4-1. Synthetic route to [21,23-didehydro-23H-5-oxaporphyrinato](trifluoroacetato)zinc(II)
3a-c. Reagents: a O,, ascorbic acid, pyridine in CHCl; at rt. » 2 M HCIl ¢ Ac,0, Zn(OAc),,
ethanol-free CHCl;, reflux. d 0.1%TFA

AVEHEVTINEY o PF T 2 ECHRAIZARITEHE > THEMR LTz, 5-4 %Y
ANV T 4 U DEHIEE Fuhthop 512 &> THEES N FE P 2BEIC, NI TYAEY v
DI A WS & EAEIE L Ty v a R AT Z ) — )R 1 RRIINEGER 21T 5
T L CERMICAMT D 2 L ASHIKTZ (Scheme 4-1), AL 3 FHAOD 4-4 R LA AR=LT
==L AR NF YT 2= 7 == L& A T 5 [21,23-didehydro-
23H-5-oxaporphyrinato]zinc(Il) 3a-¢ [Z DWW THFTZ1To72, YU BTN I T s a~ NI T 7
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4 —DREBEEAEY 7o A&7 N TFA =20:1:0.1 Z W5 Z & TREABEED 5-4 %
YRV T 4 % TFAYE E U CHEEL /-, Table 4-1 12 5-AF% YR/ 7 ¢ V2 3a DEMERR
Tafigtt & ZEM T,

Table 4-1. Solubility and stability of 5-oxaporphyrin 3a in various solvents and in air.

solubility stability solubility stability
Hexane AN O acetonitrile O O
Toluene O O DMF O X
Diethyl ether O O DMSO O O
Chloroform O O 2-Propanol O X
Ethyl acetate O O Ethanol O X
Dichloromethane O O Methanol O X
THF O O Water AN X
acetone O O air — O

O: soluble /\: poorly soluble O: stable X: reacted

ZO5-FXYHRLT 4 3ali by, VEFAT—T), JrBEKRNLA VR BE AKX
v, Eig=F /2, THF, 7 >, 7 =KV /L, DMF, DMSO, A%/ —/L xTX ) —
Jb, 2-F R ) — VTR LT, TV a— LR DMF T CIIAELE Th D = nF kot
HV=TT 7 — BN ER LT LEST, EloKEANTH ATITIZEAETER L2 0>
oo 5-AFHHRNLT U2 3a D M AR HEEMEITRIRICBNT42£0.1 gdm™ Th
72, I, Dechaine HIZ K> TBR-A 7 ZTAFNHRNLT 4 U & meso-7 8T 7 = =)L)V
74V OBERREICOWTHEN R IN P, M U HPIZE W TEDOBEMREILZ T 0.202
gdm® & 268 gdm® TH D, Lo T5AFHHRLT 0 U 3aldp-427 X TILFNRLT 4
e meso-T N T T 2= )LIRLT 4 U R0 B EWVIEIEMN 2 R T2 E N o T,

eV T Figure 4-1 128 Y oAy 2a & S-AXHHRAL T ¢ U2 3a OERIVATHIKUL AT K
NEIRT, 5-AFPRLT 4 U 2 3a (391 nm (B band) & 649 nm (Q band) (2 KA A2 IV & 7R
L7z TDOARZ VX Fuhrhop 512 X o THils S 472 [B-octaethyl-5-oxaporphyrinato]zine(ID)
DAL MV EFRL LIfER L 7e o7z ) 5o FHHRLT 4 U2 3a D Q N2 ROENL
REIT N7 7 2= VARV T 0 U CHEEREEIR D Qo N RPL IS5 LB K E 25K EVVE
ERLT, ZOQNAY FRHATIHEBE LT DDA =RLRNEZLND, —DIEAY
MEDRBNBHEICEREIND Z LTI VFRILT 4 U 0 HOMO/LUMO DOFEENMFEIET % 2
ETQ ARV RRBHIER TR RDIADT=ALLED §H —21% 05-C-15 ([CH KT 5ERE
KPR FE—A L FIRA I NLDBRDEETHMT HZ L THRTDIAI=ALTHD, =
ZT 5FFIHRNLT U 3ac DENFHRRINARY FVICBET 50 B R Z1TV,
Table 4-2, 4-3, 4-4 |ZE B LX— REIFOBI, BREXMIGE— A FE2RT, Q
Ny ROBEBELIIR-E—A L NOFMERLS &, C-10-C20 i 720 L TWA DT Q
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N2 RO RKIEZ HOMO/LUMO DFEiRRBENT HA = AL THDHEEZOND, £71-H 9
— DD 2RI T D B /3 RIZITHHEN RSN D, Z DO FIRITIHEE /5 L 7=
ZODER 05-C-15, C10-C20 R DT RXNFX—2FOZ LICHKTIHEEZLND,

0.4 — 2a
— 3a
o 031
O
[
3
S 0.2
3
<C
0.1
O'OAY T T T T 1
300 400 500 600 700 800
Wavelength/nm

Figure 4-1. UV-visible spectra of bilindione 2a and 5-oxaporphyrin 3a (1 x 10° M) in chloroform
at 298 K.

Table 4-2. Time-dependent RHF/6-31G(d,p)//RHF/6-31G(d,p) calculation of excited states of
5-oxaporphyrin 3a.

Excited Amax/nm  Oscillator Main Configurations Direction of the transition
states strength f electric dipole moment
HOMO-LUMO (66%)
1 607.13 0.2906 C10—C20

HOMO-1-LUMO+1 (22%)

HOMO-LUMO+1 (64%)
2 35286 0.1553 05—C15
HOMO-1-LUMO (23%)

HOMO-1-LUMO (60%)
3 324.48 1.3001 05—C15
HOMO-LUMO+1 (23%)

HOMO-8-LUMO (44%)
4 292.22 0.5693 C10—C20
HOMO-LUMO+1 (32%)

HOMO-8-LUMO (40%)
5 274.73 0.9502 C10—C20
HOMO-LUMO+1 (34%)
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Table 4-3. Time-dependent RHF/6-31G(d,p)//RHF/6-31G(d,p) calculation of excited states of
5-oxaporphyrin 3b.

Excited Amax/nm  Oscillator Main Configurations Direction of the transition
states strength electric dipole moment
HOMO-LUMO (65%)
1 585.47 0.2548 C10—C20

HOMO-1-LUMO+1 (20%)

HOMO-1-LUMO (62%)
2 349.99 0.6161 05—C15
HOMO-2-LUMO (14%)

HOMO-LUMO+1 (66%)
3 338.73 0.7744 05—C15
HOMO-2-LUMO (11%)

HOMO-1-LUMO+1 (37%)
4 312.1 1.0283 C10—C20
HOMO-3-LUMO (30%)

Table 4-4. Time-dependent RHF/6-31G(d,p)//RHF/6-31G(d,p) calculation of excited states of
S-oxaporphyrin 3c.

Excited Amax/nm  Oscillator Main Configurations Direction of the transition
states strength electric dipole moment
HOMO-LUMO (66%)
1 600.59 0.2685 C10—C20

HOMO-1-LUMO+1 (22%)

HOMO-LUMO+1 (63%)
2 348.71 0.1239 05—C15
HOMO-1-LUMO (26%)

HOMO-LUMO+1 (60%)
3 326.98 1.2235 05—C15
HOMO-1-LUMO (25%)

HOMO-8-LUMO (41%)
4 29272 0.5554 C10—C20
HOMO-LUMO+1 (34%)

HOMO-8-LUMO (44%)
5 275.87 0.5814 C10—C20
HOMO-1-LUMO+1 (28%)

5-FAF VAN T7 4V 3a & MALDI TOF MS (X VW IELZEZ A, miz = 777
(IM-CF;COO0T") (M = CysHyoF3N,OoZn) MBI & du 7=, 5-4FH7R/L~7 ¢ U 3a @ 'HNMR %
ETDHE, Er—nNOBO7r kX 7.76, 7.92, 8.09, 822 ppm I[ZEHl STz, BY LY
A 2T —LOBMLOT B h S 626, 6.47, 6.69, 6.94 ppm (ZBIHI D Z EnD, 5-
xRV HRNVT 4V 3aldBLE Ldppm EiES S 7 FLTWDL Z &R bnrd, ZHid5-4+F
PAHRNT 4 Uy 3a ICHEHREDE D Z & AR LBRERDRICIVEREEO T v b v 2K
By 7 hMLEEEBZZLR D, L L [510,15,20-tetrakis(4-methoxycarbonylphenyl)-
porphyrinato]zinc DBALDO 7 1 k% 8.8 ppm IZBIHI D Z LB HFEHEMLEOESWIZT b
FTVINHENT 4V SRR L 0 /N Ko7, £72 COSY OFHEIN S 7.76 ppm & 7.92 ppm
D7k 8.09ppm & 822 ppm DV 1 hUFFE—E R —/V RIZH D Z EbroTl, £

60



5-4F BT U 3a® PCNMR iE 120.0, 130.6, 130.8, 134.5, 135.9, 140.7, 143.0, 150.0.
154.6, 165.4, 166.76, 166.81 ppm [Z#IHI X 7=, HMBC IZ X % & 166.76, 166.81 ppm D £ —
TIFEA TNV AT NDA FFTE4.06 ppm & 4.06 ppm EFERIL TWDH Z & E, 2D DD
E—=Z I AF VT AT ADANR=NVRKITIwE SN D, S 52 HMBC 725 165.4 ppm D B —
73—/ 8.09 ppm & 8.22 ppm [ZAHBEAN A Bz, L, 2 EOIREBICEE L Tix
— It NMR X° /K 5E NMR 721F TIERE T E 7o 72O T, 43 T #E 75 (HF/6-311+G(2d,p))
EHAWTHEZ1To7-, ZHICEY 8.09, 822 BLT 1654 ppm #FhHFh H-3, H-2, C-4
LimE LT,

32.5-AFHHRNT ¢ U HERSEIR D X B A S AT

5-FFHARLT ¢ U2 3a DEFEIT 3a D ML UERIRICY 7 a oY U AR S B TER
L7z, Tabled-5{Z 5-AFHVHRL7 4 U 3a DFEEMICET 55 —# %2779, £7= Figure 4-2 I
5-4F VA7 ¢ U2 3a® ORTEP X & 7~ 97, X B bl & fRHT O f e %t 7 =4 @ CF,C00
FITH OO FENTEINL L 7 TF OFE A IEBE Zn-0 1% 2.010(4) A TH - 7=,

Table 4-5. Crystallographic data for 5-oxaporphyrin 3a.

Formula CsoHaoF3N4O9Zn v, A’ 4446.99(16)
formula wt. 952.14 VA 4

color and habit green plate T,K 113(2)

crystal system monoclinic dealed, ME cm’ 1.422

space group P2,/n radiation, (1 A) Cu K, (1.54187)
a, A 21.2044(4) 4, mm’! 1.415

b, A 10.4376(2) range of transmission factors 0.6683 to 0.7448
c, A 21.7778(5) R/ 0.0852

a deg 90 WR, 0.2359

p, deg 112.6870(10) GOF 0.986

7, deg 90

a Ry =Y||F,|-|F/2IF,|. b wR2 = [X[W(Fy-F2)* Y SIw(F.H]"2

L

By e
e PAES RS ”
d gg 5 4
d
Figure 4-2. ORTEP view of 5-oxaporphyrin 3a.
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Figure 4-3. Perpendicular displacements of each atom of 5-oxaporphyrin 3a out of the mean

oxaporphyrin core plane in units of pm.

Figure 4-3 (24X YR/ T 4 U A EHN LD AL ZRT, 5-AFHRLT 4 U o BRITIZIET
T, FOOMHENIEREND 056 AZZHTEY, F—2RoOMEEZ & 52 LR nhoiz,
AVPICER L7 2= AV A T RLT 0 U A FmICkH L TR EEEL &0, 20
14 C(pyrrole a)-C(meso)-C(phenyl ipso)-C(phenyl ortho) % 60—66° Th ~>7=, Z OEIEIX
KT =A D CFCO0 RD 7 v L EES 12T 4 AA— X — % &tk L 7o o 72, Figure
4-4 & Table 6 |2 5-AFHHR/LT7 ¢ U 3a DfERHEEEZRT, SMLOBELERT—/LDKREL
DOFEAIEREX 1.335(7) A & 1.364(7) A TH o7z, —fxB972 VR =)VIEEORE S IEEEIL 1.23 A
ThHrZ LG, :h%@ﬁ‘kAziﬁ/vﬁ:/V%i DHLEWRERE T, HRDHEBEEET
D T-DIT, LB L EAEEOR BT o 72, S-AFHHRLT 4 U2 3a DFERK
% IEREERAY ) %%Lﬁﬁmnn%3M@wmmm@nqm F V0 RDOFER % Figure 4-5 12
R, SALOEEFR L B u—)LDRFE L DOFREREIT 1.02 Thole, TNETT T OEEFE—
IRFEEDFESRINZ OV T, AMI ERERIESC MP2 15722 IV TSR 2SN TRBY, 20
FEARKITENZN 110 & 098 THD, MA T, 77 OFAHHEHCOWT~A 7 o<
BYEFICEVBREN R EN TS, v 7 alzE VTR L D & #EFE— IREMORE
AHEEX 136 A ThH D, 5-AFTHRALT 4 U OB RE L ESHERHL Y 7 -l %2 R
LIZZ EMmB5-FFHRILT 4 U 3aD5SMDMEHE —REFEAILTT T o DI —REEAIC
FRILTWD Z Enbool,

AVNLDRSE L B —/LR#E L DFREBITHOWVT, C-9—C-10 DFEATEREIX 1.379(7) A, C-10
—C-11 OFEAEEEX 1.422(7) A TH -T2, 2D 728D, C-9—C-10 DFEARELD 73 C-10—C-11
DFEEWI LV KREL poTe B 2 LD, IR A FH A (B3LYP/6-31G(d)IZ LV &
BB A Figure 4-4b (27”9, 72 Figure 4-6 |2 5-4 9K 7 ¢ U o odkiefgis %
R, X BRSSO 0 THLE R R L AR A IO SRR LY, bo b b
5ﬂk%w&%z%hé@ih%%mlfﬁészéoé%mﬁwm¢ﬂziﬁ%%ﬁw7
4V 3aDNBO F¥—V%RT, C4 & C-6ITERMITFALNETS-AFHR LT U
B O T—FEDTF A HERENDITHFLOHEITH 72,
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Figure 4-4. Bond distances (A) of 5-oxaporphyrin 3a. (a) X-ray data, and (b) ab initio calculations at
B3LYP/6-31G(d).

Table 4-6. Selected bond distances (A) of 5-oxaporphyrin 3a.

Zn(1)-0(8) 2.010(4) C(8)-C(9) 1.452(7)
Zn(1)-N(2) 2.064(5) C(9)-C(10) 1.379(7)
Zn(1)-N(3) 2.040(4) C(10)-C(11) 1.422(7)
Zn(1)-N(4) 2.103(4) C(11)-C(12) 1.445(7)
Zn(1)-N(1) 2.084(5) C(12)-C(13) 1.351(7)
N(1)-C(1) 1.419(7) C(13)-C(14) 1.445(8)
N(1)-C(4) 1.317(7) C(14)-C(15) 1.413(7)
N(2)-C(6) 1.311(7) C(15)-C(16) 1.408(8)
N(2)-C(9) 1.411(7) C(16)-C(17) 1.422(7)
N(3)-C(14) 1.370(6) C(17)-C(18) 1.346(8)
N(3)-C(11) 1.349(7) C(18)-C(19) 1.410(7)
N(4)-C(19) 1.415(7) C(19)-C(20) 1.438(7)
N(4)-C(16) 1.419(8) C(20)-C(1) 1.353(7)
0(1)-C(6) 1.364(7) C(1)-C(2) 1.465(7)
0(1)-C(4) 1.335(7) C(2)-C(3) 1.320(7)
C(6)-C(7) 1.459(8) C(3)-C(4) 1.426(8)
C(7)-C(8) 1.345(8)

Figure 4-5. The bond order of 5-oxaporphyrin 3a.
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N N—/o.
///0.680\ + /—0.679\

Zn1.313

0218 0167 70,049 0218

Figure 4-7. The NBO charges of 5-oxaporphyrin 3a.

TNECRILCEREA AT D 5- AR T 4 U TSRO X Hfs b fAT 23 i &
ENTWD 0 L LBESHTE 5-4FVRLT 4 VoD 5 MOBBITICT 4 A4 —4
=RV | BB T 50T L, — 5, BAICEBEA AT L S-AX R LT o =
2L RNEEIRD X B R SEREITIC OV TCT 4 AA—F =R REECHE SN TR Y, 5L
D L B u— L ORER OFESHERET 1.340 A & 1.348 A T C4-05-C6 DFEA 1L 124.8° T
o7, Table 4712 5-AFHHRILT 4 VU v 3a DfEGAERT, ZOFEND, 5-A4 %K
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T 4 U 3a lEPEI 5-AFVRALT 4 U o as L MK LEL LB TH D 2 LN
o,

Table 4-7. Selected bond angles of 5-oxaporphyrin 3a.

O(8)-Zn(1)-N(2) 110.47(18)  C(4)-N(4)-Zn(1)  128.1(4) C(14)-C(15)-C(16) 126.3(5)
O(8)-Zn(1)-N(3)  100.47(17)  C(1)-N(4)-Zn(1)  124.6(4) N(3)-C(16)-C(15) 123.5(5)
N(2)-Zn(1)-N(3)  90.43(18) C(6)-O(1)-C(4) 124.9(5) N(@3)-C(16)-C(17)  108.6(5)
O(8)-Zn(1)-N(4)  97.40(17) N(1)-C(6)-O(1) 126.2(5) C(15)-C(16)-C(17) 127.9(5)
N(2)-Zn(1)-N(4)  152.02(19) N(1)-C(6)-C(7) 115.0(5) C(18)-C(17)-C(16) 107.3(5)
N(@3)-Zn(1)-N(4)  86.75(18) O(1)-C(6)-C(7) 118.9(5) C(17)-C(18)-C(19) 108.4(5)
O(8)-Zn(1)-N(1)  105.72(17) C(8)-C(7)-C(6) 103.5(5) N(3)-C(19)-C(18)  110.0(5)
N(2)-Zn(1)-N(1)  87.53(18) C(7)-C(8)-C(9) 108.6(5) N(3)-C(19)-C(20) 123.5(5)
N(@3)-Zn(1)-N(1)  152.72(19)  C(10)-C(9)-N(1)  124.3(5) C(18)-C(19)-C(20) 126.4(5)
N(4)-Zn(1)-N(1)  82.50(18) C(10)-C(9)-C(8)  126.9(5) C(1)-C(20)-C(19) 127.0(5)

C(6)-N(1)-C(9) 104.2(5) N(1)-C(9)-C(8) 108.8(5)  C(20)-C(1)-C(2)  128.9(6)
C(6)-N(1)-Zn(1) 127.3(4) C(9)-C(10)-C(11)  125.2(5) C(20)-C(1)-N(4)  124.6(5)
C(9)-N(1)-Zn(1) 126.0(4) N(2)-C(11)-C(10)  125.4(5) C(2)-C(1)-N(4) 106.5(5)
C(11)-N(2)-C(14)  107.5(4) N(2)-C(11)-C(12)  109.8(5) C(3)-C(2)-C(1) 109.2(5)
C(11)-N(2)-Zn(1)  127.94)  C(10)-C(11)-C(12) 124.8(5) C(2)-C(3)-C4) 105.1(5)
C(14)-N(2)-Zn(1)  124.1(4)  C(13)-C(12)-C(11) 106.7(5)  N(4)-C(4)-O(1) 125.0(5)
C(19)-N(3)-C(16)  105.6(5)  C(12)-C(13)-C(14) 107.1(5) N(4)-C(4)-C(3) 114.2(5)
C(19)-N(3)-Zn(1)  127.8(4)  C(15)-C(14)-C(13) 124.7(5) O(1)-C(4)-C(13)  120.8(5)
C(16)-N(3)-Zn(1)  125.2(4) C(15)-C(14)-N(2)  126.4(5)

C(4)-N(4)-C(1) 105.0(5) C(13)-C(14)-N(2)  108.9(5)
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Figure 4-8. UV-visible spectra of 5-oxaporphyrins 3a-c in chloroform.
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Figure 4-9. Simulated UV-visible spectra of 5-oxaporphyrins 3a-c. Absorption maxima (Amax) and

oscillator strengths (f) were calculated by time-dependent RHF/6-31G(d,p), and each peak was
assumed to be Gaussian function of the form 4 = £ exp(-(A-Amax)*/295).
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Table 4-8. Selected MO energies (eV) of 5-oxaporphyrins 3a-c calculated at the B3LYP/6-31G(d)

level.

3a 3b 3c
LUMO+1 -5.58 -5.09 -5.37
LUMO -6.26 -5.76 -6.05
HOMO -8.67 -8.06 -8.51
HOMO-1 -9.01 -8.17 -8.83
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Figure 4-10. Fluorescence spectra of 0.15 uM of 5-oxaporphyrin 3a, 3b and 3c at 298 K in toluene

where the samples were excited at 590 nm.
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Figure 4-11. Fluorescence spectra of 5-oxaporphyrin 3a in various solvents at 298 K. The excitation

wavelength was 590 nm.

Table 4-9. Fluorescence data of 5-oxaporphyrin 3a, 3b and 3¢ in toluene.

Aem (NM) Aabs (nm)  Stokes shift (nm) Fluorescence quantum yield
3a(COOMe) 657 646 11 0.071
3b (OMe) 657 646 11 0.050
3¢ (H) 657 645 12 0.071

Table 4-10. Fluorescence data of 5-oxaporphyrin 3a in various solvents.

Solvent Aem (NM) Aabs (M) Stokes shift (nm) Relative fluorescence intensity
toluene 657 646 11 4.84
THF 653 642 11 2.92
CH,CL, 657 645 12 2.18
CHCl, 657 649 8 2.00
DMSO 653 642 11 1.85
acetone 653 641 12 1.26
CH;CN 653 638 15 1.00
4. fHE
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REEFF T OROARICEN D EEZLND,

S ETIEA VBB S-AXYHRLT 0 U CEEE R EPREE LT, ZORBAICL -
THEIND A VEBE Y ) L OFRK L Z OREIEMRITC0 CFHIEE ORGT B8RO 5-4 %
TRV T 4 U HEREER D RGO E R IR FHZ DWW TR 5,

2. SR

2.1, PR B ONTEAER

BB U B AKESEEDS LB T o 2 SOS TIXFAEICHE > TIAK L AR LT b O & Wz,
AR X ORI W33, FoGMiZE T35, Sigma Aldrich 35 KO8, B LD
DEZOEFHERH Lz, #7L7u~ NI 7 4—1F, BHERbFEROT7 T v arma~ N7
7 7 4 —RHPEEIR S U 1 7 (60N) &2 HARIZ AV 2, NMR HIEIZIB W THW I BT,
Cambridge Isotope Laboratories, Inc. 8D & D Z i L 72, FAB Mass A7 MBEIED~ MY >
7 A& LTRSS AR D m-= b 1 _ P17 )L 21— )b (m-NBA) % . % 7= MALDI TOF
Mass A7 MLVHIEED~ N VU » 27 A& LT Sigma Aldrich DY 27 7 —v4 L < IEFEHl
WTHEHRDA-T /-4-E FrX T WERE Wz, 7o, SRR AR R VlE
IZB W THWZ BB, Fbhisk TEMASHR e AR L 20 E EHEH L,

FUTULEY v PFE YT UL S A VRN T ¢ U BRI 4 EOARKITIE
> TAM LD EHEH LT,

2.2. Ak
(472,92,157)-1,21-Dihydro-19-methoxy-5,10,15-tris(4-methoxycarbonylphenyl)-23 H-bilin-1-one 3a.
100 mL @ = [ K ks & % (2 [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-
23 H-5-oxaporphyrinato](trifluoroacetato)zinc(Il) 2a % 11.5 mg (0.0129 mmol)Z AL, & ZIZA X
J = (AK) 30 mL IZ¥E L7 R U 7 A X FF%T K% 3.0 mg (0.0555 mmol)/ll 2., 30 syt
L7z D%, 10 %Hifb7 o E =7 2KERZ 20 mL Mz, 508k L7z, £20% 7 moiR
/b 50mL A, 10 %3ALT 8 =0 LOKEHET 1A, 1M O HCI T 1 [El fafnfifik T
1 B, AHMELZE L, AEHELZmET ) O LATHKL, BEEEET L L. HFAREIK
WS TN v a~ N7 57 ¢ —(BEEENZ 7 v a kv L) TR 2 &l
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K25 5.3 mg (55%)& H 7=,

'H NMR (500 MHz, acetone-ds): 8/ppm = 3.73 (s, 3H; OCHj3), 3.96 (m, 9H; COOCHs;), 6.24 (d, J =
4.80 Hz, 1H; pyrrole H-18), 6.28 (d, J = 4.60 Hz, 1H; pyrrole H-2), 6.39 (d, J = 4.15 Hz, 1H; pyrrole
H-13), 6.54 (d, J = 4.15 Hz, 1H; pyrrole H-7), 6.59 (s, 1H; pyrrole H-12), 6.81 (d, J = 4.80 Hz, 1H;
pyrrole H-17), 6.95 (d, J = 4.15 Hz, 1H; pyrrole H-8), 7.15 (d, J = 5.50 Hz, 1H; pyrrole H-3), 7.62 (d,
J = 8.25 Hz, 2H; 5-phenylene H-2"), 7.71 (d, J = 8.25 Hz, 2H; 15-phenylene H-2"), 7.75 (d, J = 7.55
Hz, 2H; 10-phenylene H-27), 8.13-8.34 (m, 6H; 5,10,15-phenylene H-3"), 10.27 (s, 1H; NH), 13.06 (s,
1H; NH). "C NMR (125 MHz, chloroform-d): 8/ppm = 52.30 (COOCH;), 52.36 (COOCHj3), 52.41
(COOCH3;), 55.7 (OCH3), 117.3, 119.7 (pyrrole C-13), 120.2 (pyrrole C-18), 123.8, 125.6 (pyrrole
C-2), 127.8 (pyrrole C-7), 129.09, 129.14, 129.3, 129.6, 130.0, 130.2, 131.0, 131.1, 131.2, 132.1,
134.9 (pyrrole C-8), 136.58, 136.64 (pyrrole C-3), 138.3, 138.8 (pyrrole C-17), 141.1, 141.2, 141.4,
141.8 , 142.3 (pyrrole C-4), 149.1 (pyrrole C-16), 151.9 (pyrrole C-9), 166.58 (COOCH;), 166.66
(COOCH3;), 166.74 (COOCH3;), 166.79 (pyrrole C-6), 170.2 (pyrrole C-1) , 177.1 (pyrrole C-19). MS
(MALDI-TOF): m/z = 746 [M]"; HRMS (FAB): calcd for Cy44H34,05N, m/z 746.2377, found 746.2356.
UV-vis (CHCLs, 25 °C): Amax (Emax) 324 (3.69 x 107), 404 (4.36 x 10%), 645 nm (1.90 x 10* M'em™).

(472,97,157)-19-Ethoxy-1,21-dihydro-5,10,15-tris(4-methoxycarbonylphenyl)-23 H-bilin-1-one 4a.

500 mL O = A KA 452 (42,9Z,15Z)-5,10,15-Tris(4-methoxycarbonylphenyl)-(21H,23 H,24 H)-

1,19,21,24-tetrahydro-1,19-bilindione 1 23.2 mg (0.0313 mmol), HEELHEH 11.0 mg (0.0546 mmol)
Mz, ZZIZ7maRV A% %/ —/VEA) 100 mL, HEKEEEL 0.6 mL (6.35 mmol) & A
AUMBGEGE LTz, 1 FFEBUS S ¥ 72t%, S|IRTHAIL, KT 2 |, AEMEABES L, A
FZmiET ) U LATHRAKL, WHEZEET L L, fAERNKo 72, B ) D705
Lra~ 7T 7 0 —(BRABEIZZ oa ARV ) THE L, B2 L35 &, HFABEKER
14.6 mg (61.1%)%F H 417z,
'H NMR (500 MHz, chloroform-d): &/ppm = 1.11 (t, J = 6.90 Hz, 3H; CH3), 3.97 (m, 9H; COOCHj),
4.07 (bs, 2H; OCH,), 6.18 (d, J = 4.60 Hz, 1H), 6.26 (d, J = 5.75 Hz, 1H), 6.34 (bs, 1H), 6.47 (d, J =
4.60 Hz, 1H), 6.54 (bs, 1H), 6.79 (d, J=5.15 Hz, 1H), 6.84 (d, /= 5.15 Hz, 1H), 7.00 (d, /= 5.75 Hz,
1H), 7.48 (d, J = 8.00 Hz, 2H), 7.63 (m, ,4H) , 8.12-8.15 (m, 6H), 10.27 (s, 1H; NH). °C NMR (125
MHz, chloroform-d): &/ppm = 14.7, 52.3, 52.4, 64.7, 117.4, 119.6, 120.6, 123.9, 125.8, 127.7, 128.9,
129.1, 129.6, 130.0, 130.2, 131.1, 131.4, 132.1, 134.9, 136.5,135.6, 138.0, 138.9, 141.1, 141.4, 141.6,
141.8, 142.4, 149.4, 151.9, 166.6, 166.7, 166.8, 170.3, 176.7 ppm. MS (MALDI-TOF): m/z = 760
[M]"; HRMS (FAB): calcd for C4sH3s0sN, m/z 760.2533, found 760.2551. UV-vis (CHCls, 25 °C):
Amax (Emax) 326 (3.90 x 10%), 401 (4.82 x 10%), 650 nm (1.99 x 10* M'em™).

(47,92,157)-1,21-Dihydro-5,10,15-tris(4-methoxycarbonylphenyl)-19-(1-methylethoxy)-23 H-bilin-1-
one Sa.

100 mL @ = 0O K & % #+ 2 [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-
23 H-5-oxaporphyrinato](trifluoroacetato)zinc(Il) 2a % 20 mg (0.0223 mmol) % AfL, & Z(Z2-7'1
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X —)V(BiK) 50 mL 2B L7ZF U DA 2-7rRF Y R4 3.7 mg (0.045 mmol)il . 10
R LT, D%, 10 %HALT =T AOKIEIRE 20 mL N Z., SR L=, To%s
2 e/ AZ200mL 12, 1M @ HCLT 1 [E, fafiflKT 1B, GEMHEEZER L, A%
FZFEET NV O ATHAKL, WHERHET L L, HAaBE Ko7, IEHE Y Vo m
~ 777 4 —(BRRBEILZZ v a kAL L) TRET 5 L HABKRD 8.9 mg (40%)15 5T,

'H NMR (500 MHz, acetone-ds): 8/ppm = 1.13 (d, J = 5.75 Hz 6H; CHs), 3.95 (m, 9H; COOCHj3),
4.88 (m, 1H; CH), 6.19 (d, J = 4.60 Hz, 1H), 6.28 (dd, J = 5.75 Hz, 1.70 Hz, 1H), 6.34 (dd, J = 4.60
Hz, 2.3 Hz, 1H), 6.55 (d, J = 4.60 Hz, 1H), 6.59 (bs, 1H), 6.78 (d, J = 4.60 Hz, 1H), 6.93 (d, J = 4.60
Hz, 1H), 7.19 (dd, J = 5.75 Hz, 1.70 Hz, 1H), 7.64 (d, J = 8.00 Hz, 2H), 7.70 (d, J = 8.00 Hz, 2H),
7.73 (d, J = 8.00 Hz, 2H), 8.15-8.19 (m, 6H), 10.57 (s, 1H; NH). °C NMR (125 MHz, chloroform-d):
8/ppm = 22.0, 52.4, 72.4, 117.4, 121.1, 123.9, 125.7, 127.6, 129.1, 129.5, 130.1, 131.1, 131.3, 131.4,
132.2, 134.7, 136.4, 136.6, 137.8, 139.0, 141.0, 141.1, 141.4, 141.8, 149.6, 152.0, 166.6, 166.7, 166.8,
170.6, 176.0. MS (MALDI-TOF): m/z = 774 [M]", 731 [M-CH(CHs),]"; HRMS (FAB): calcd for
C6H3305N, m/z 774.2690, found 774.2692. UV-vis (CHCls, 25 °C): Amax (€max) 324 (3.68 x 10%), 401
(4.29% 10%), 648 nm (2.28 x 10* M"'ecm™).

(4Z,97,157)-1,21-Dihydro-5,10,15-tris(4-methoxycarbonylphenyl)-19-phenoxy-23 H-bilin-1-one 6.

100 mL @ = A & & & # (T [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-
23 H-5-oxaporphyrinato](trifluoroacetato)zinc(Il) 2a % 122 mg (0.137 mmol) % A% Z {2 THF(fi
AK)x 50 mL MMz7=, £727 =/ —/L 129 mg (1.37 mmol) & KFE(LT U 7 L (60% oil
dispersion) 60 mg (1.50 mmol)%Z THF(Bi/K)10 mL {2z 7=, ZD7 = /¥ RIFK 2 mL % 5-
FHRHPRNVT 4 U CEHRICH T UERT 5 o L, RS THR e/ A% 50 mL
AL, 1M @ HCLT 1IE, KT2E, AHEHEZTE L, AHEZmET Y DL THAKL,
W2 ET 5 L. FOEKR KT, EH D BTV a~ 757 ¢ —(RRAEEILZY 7
BEAZ TR M =10:)THE LZE, SOIKEE Y DSV a~ N7 77 ¢ —(RFE
I 7 v m L ) TR 5 & FAERDY 89.7 mg (81.1%) 1% HAv7-,

'H NMR (500 MHz, chloroform-d): 8/ppm = 3.95 (s, 3H; COOCH3), 3.96 (s, 3H; COOCHj3), 3.97 (s,
3H; COOCHs), 6.17 (overlapped two doublets, 2H; pyrrole H-2 and H-18), 6.32 (m, 1H; pyrrole H-12
or H-13), 6.38 (m, 1H; pyrrole H-12 or H-13), 6.41 (d, J = 4.60 Hz, 1H; pyrrole H-7), 6.83
(overlapped three doublets, 3H; pyrrole H-3 or H-8 or H-17), 7.05 (m, 1H; phenol), 7.15 (m, 4H;
phenol), 7.34 (d, J = 8.45Hz, 2H; 5-phenylene H-2"), 7.60 (d, J = 8.45 Hz, 2H; 10 or 15-phenylene
H-2%), 7.66 (d, J = 8.40 Hz, 2H; 10 or 15-phenylene H-2"), 8.09 (d, J = 8.45 Hz, 2H; 5-phenylene
H-3’), 8.15 (m, 4H; 10 or 15-phenylene H-3"), 10.5 (s, 1H; NH), 13.1 (s, 1H; NH). 3C NMR (125
MHz, chloroform-d): &/ppm = 52.3 (COOCHj;), 52.4 (COOCHj;), 117.7, 118.5 (pyrrole C-2 or C-8),
120.0 (phenoxy), 120.3 (pyrrole C-12 or C-13), 123.0 (pyrrole C-12 or C-13), 125.0 (phenoxy), 125.4
(pyrrole C-2 or C-18), 128.3 (pyrrole C-7), 129.06, 129.11, 129.3 (phenoxy), 129.7, 130.4, 131.0,
131.3, 131.4, 132.1, 132.2, 135.0 (pyrrole C-3 or C-8 or C-17), 136.8 (pyrrole C-3 or C-8 or C-17),
137.5 (pyrrole C-11 or C-14), 137.9 (pyrrole C-3 or C-8 or C-17), 138.3, 140.6 (pyrrole C-11 or C-14),
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141.1, 141.2, 142.0, 142.3 (pyrrole C-4 or C-16), 148.3 (pyrrole C-4 or C-16), 152.6 (phenoxy), 154.1
(pyrrole C-9), 166.6 (COOCHj;), 166.8 (COOCHj;), 167.9 (pyrrole C-6), 170.9 (pyrrole C-1), 174.6
(pyrrole C-19). MS (MALDI-TOF): m/z = 809 [M+H]"; HRMS (FAB): calcd for C4H3sOsN, m/z
808.2533, found 808.2551. UV-vis (CHCls, 25 °C): Amax (€max) 328 (3.84 x 10%), 409 (5.05 x 10%), 651
nm (1.52 x 10* M'em™).

(47,92,152)-19-Amino-1,21-dihydro-5,10,15-tris(4-methoxycarbonylphenyl)-23 H-bilin-1-one 7.

200 mL @ = 0O X & & # 2 [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-

23 H-5-oxaporphyrinato](trifluoroacetato)zinc(Il) 2a % 25.0 mg (0.0280 mmol) % AiLZ 227 & |k
(WK% 60 mL Mz 7=, ZOWHKIZT =T A% 55, |RIETREIAALL, 7%
=T HAL28%T =T KA ME L CTHRA ST RIS TH 7 m kL L% 50mL I,
AKT2[E, 1 MOHCITI1 R, fafgigKFET MU v ATILEL ERMEEKTE, AHH
AU LTc, ARMEZmET Y DA THAKL, BEEZEET D L REBEERIEST2, |
U BTN ra~ 8777 0 —(BEEEIL 7 g v i L) TS 2 Lk aE RS 16.0 mg
(78.0%) % B L7,
'H NMR (500 MHz, chloroform-d): 8/ppm = 3.96-3.98 (m, 9H; COOCHj), 4.57 (s, 2H; NH,), 6.09 (d,
J = 5.75 Hz, 1H; pyrrole H-2), 6.27 (d, J = 4.60 Hz, 1H; pyrrole H-18), 6.40 (d, J = 4.00 Hz, 1H;
pyrrole H-13), 6.45 (d, J = 4.00 Hz, 1H; pyrrole H-7), 6.57 (s, 1H; pyrrole H-12), 6.85-6.87
(overlapped two doublets, 2H; pyrrole H-8 and H-17), 7.05 (d, J = 5.75 Hz, 1H; pyrrole H-3), 7.52 (d,
J = 8.05 Hz, 2H; 5-phenylene H-2"), 7.63-7.65 (overlapped two doublets, 2H; 10,15-phenylene H-2"),
8.10-8.16 (overlapped three doublets, 6H; 5,10,15-phenylene H-3"), 9.89 (s, 1H; NH), 13.16 (s, 1H;
NH). ®C NMR (125 MHz, chloroform-d): &/ppm = 52.1 (COOCHj3), 52.2 (COOCH3), 118.1, 118.8
(pyrrole C-13), 121.2 (pyrrole C-18), 124.4 (pyrrole C-12), 124.7 (pyrrole C-2), 127.0 (pyrrole C-7),
128.8, 128.9, 129.4, 129.7, 129.8, 130.7, 131.4, 132.0, 134.4 (pyrrole C-8), 135.7, 136.1 (pyrrole C-3),
138.5, 138.7 (pyrrole C-17), 139.7 (pyrrole C-4), 141.4, 141.7, 142.4, 143.2, 151.0 (pyrrole C-9),
153.3 (pyrrole C-16), 165.2 (pyrrole C-6), 166.6 (COOCH3;), 166.8 (COOCH3;), 167.6 (pyrrole C-19),
170.6 (pyrrole C-1). MS (MALDI-TOF): m/z = 731 [M]’; HRMS (FAB): calcd for C43H330/N5 m/z
731.2380, found 731.2398. UV-vis (CHCls, 25 °C): Amax (€max) 331 (3.57 x 10%), 408 (4.51 x 10%), 673
nm (1.59 x 10° M"'em™). IR (KBr): 3323, 2950, 2883, 1716, 1697, 1635, 1427, 1278, 1114, 962 cm™.

(472,92,157)-19-N-Butylamino-1,21-dihydro-5,10,15-tris(4-methoxycarbonylphenyl)-23 H-bilin-1-one
8.

200 mL @ = O K & & & 1T [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-
23 H-5-oxaporphyrinato](trifluoroacetato)zinc(Il) 2a % 26.2 mg (0.0293 mmol) Z AIE 22T 7 1
A& (BK)Z 100 mL Mz 7=, & OWHRIZ -7 F 07 2 > 1mL Mz, RiE T2 FEEHE#
L7ce BUSHTH, 1 MO HCIT 1 [al, fafRHAR T 1|, A2 Lo, AT 2 K
W1 U o LTHAK L., W28 ET D L. sBEIKNE- T2, BT Y S ru~< 875
7 4 —(BBEEIT 7 v a AL H) TR 5 L RRAEIAD 20.1 mg (86.9%)15F HALT,
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'H NMR (500 MHz, acetone-ds): 8/ppm = 0.71 (t, J= 6.85 Hz, 3H), 1.12 (q, J = 6.85 Hz, 2H), 1.40 (m,
2H), 3.23 (bm, 1H), 3.94-3.95 (m, 9H), 6.13 (d, J = 5.70 Hz, 1H), 6.31 (d, J = 4.60 Hz, 1H), 6.36 (s,
1H), 6.54 (d, J = 4.00 Hz, 1H), 6.61 (bs, 1H), 6.74 (d, J = 4.55 Hz, 1H), 6.87 (d, J = 4.60 Hz, 1H),
6.98 (bs, 1H), 7.04 (d, J = 5.70 Hz, 1H), 7.57-7.75 (m, 6H) , 8.11-8.18 (m, 6H), 10.38 (s, 1H; NH),
13.62 (s, 1H). ®C NMR (125 MHz, acetone-ds): &/ppm = 13.9, 20.7, 32.3, 43.0, 52.49, 52.56, 52.64,
117.4, 118.1, 121.1, 124.2, 125.3, 125.8, 127.5, 129.7, 129.9, 130.2, 130.5, 130.6, 131.9, 132.5, 133.3,
134.5, 135.8, 137.6, 138.1, 139.2, 142.4, 142.6, 143.6, 143.7, 145.1, 151.9, 156.0, 166.0, 166.97,
167.03, 167.1, 169.9, 170.7. MS (MALDI-TOF): m/z = 788 [M+H]; HRMS (FAB): calcd for
C47H4,07Ns m/z 788.3054, found 788.3084. UV-vis (CHCL;, 25 °C): Amax (Emax) 336 nm (3.72 x 10°
M'em™), 420 nm (4.21 x 10* M'em™), 699 nm (1.67 x 10* M'em™).

(47,97,157)-1,21-Dihydro-5,10,15-tris(4-methoxycarbonylphenyl)-19-N-phenylamino-23 H-bilin-1-on
e9.

200 mL @ = [ X & & % 2 [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-

23 H-5-oxaporphyrinato](trifluoroacetato)zinc(Il) 2a % 27.0 mg (0.0303 mmol) %= AL Z 212V 7 &2
v A% (BAK)Z 100 mL Nz 72, ZOEWKRIZZAE L7 =1V > 9.15 mL (0.100 mol)Z /Il 2.,
10 FRFRINBERGE L7z, BOGHE 7T, |ILETRL. 1 M O HCI T 2[5, fafnatfiK T 2 [,
BHEFEZ DR LTz, AWHZREET Y O ATHKL, BRIEEEET D L. FREBERE-
Teo B U AT NI v~ 87T 7 0 —(BRESIZ 7 vadkvs 7T Fo=173)THE L
Tete, SBIINEFES Y v s a~ 7T 7 0 —(BRRBEEILZ v a iR L L) TRE-T 5 L ke
B 23 20.8 mg (84.9%)5F H 417z,
'H NMR (500 MHz, chloroform-d): 8/ppm = 3.97 (m, 9H; COOCHj;), 6.07 (d, J = 5.70 Hz, 1H), 6.42
(overlapped three doublets, 2H), 6.50 (d, /= 4.60 Hz, 1H), 6.56 (d, /= 4.00 Hz, 1H), 6.85 (d, /= 5.70
Hz, 1H), 6.91 (overlapped three doublets, 3H), 7.05 (m, 2H), 7.12 (m, 4H), 7.68 (m, 4H), 8.01 (d, J =
8.00 Hz, 2H), 8.14 (m, 4H), 9.89 (s, 1H; NH), 13.0 (s, 1H; NH). BC NMR (125 MHz, chloroform-d):
&/ppm = 52.26, 52.30, 52.4, 117.9, 119.2, 119.4, 123.4, 124.3, 124.6, 126.0, 127.7, 128.8, 129.0,
129.12, 129.16, 129.6, 129.9, 131, 131.5, 131.6, 132.4, 134.2, 136.4, 136.6, 137.8, 138.1, 139.1, 140.5,
141.3, 142.0, 142.5, 142.8, 151.5, 164.4, 165.7, 166.68, 166.77, 166.90, 170.2. MS (MALDI-TOF):
m/z = 808.0 [M+H]"; HRMS (FAB): calcd for C4H330,Ns m/z 808.2766, found 808.2766. UV-vis
(CHCls, 25 °C): hmax (Emax) 366 (4.09 x 10%), 433 (4.46 x 10%), 706 nm (1.23 x 10* M'em™).

(47,92,157)-5,10,15-Tris(4-methoxycarbonylphenyl)-(21H,23 H,24H)-19-thioxo-1,19,21,24-tetrahydro
bilin-1-one 10.

200 mL @ = O K & & % 1T [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-
23 H-5-oxaporphyrinato](trifluoroacetato)zinc(I) 2a %z 20.8 mg (0.0280 mmol) % A% Z {27 & k
VA2 100mL % 72, Z OFEHRIZ 2.6 M ORifb/KkFET N U o AKEKR % 2 00 L Z 1 2 EiR T
30 hHEHE L7z, BOGK T, 7 rad/b % 50mL iz, 1M @ HCL T 1[E], fafififikT
1 B, AHFAZE Lo, AWML mEET Y U ATHKL, B2 EET 2 & fEaEE
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NS Te, WMV A TNV v~ N7 57 4 —(RBAEBEIZZ n ol ) THRE L%, &6
WNEFES Y s a~ N7 77 4 —(BEEEI XY 7aa A2 0 A% 7 —)/L=30:1)Tr5H
L7z, BIBICT VNI T 4 7 TLCEBRGEIEEIX Y 7 v A X v BEfR— T /L=20:1) TH#LT 5
& RRAE IR 11.3 mg (53.9%)5 S 7=,

'H NMR (500 MHz, chloroform-d): 8/ppm = 3.92 (s, 3H; COOCHj), 3.95 (s, 3H; COOCHj;), 4.00 (s,
3H; COOCHs;), 6.08 (d, J=5.20 Hz, 1H; pyrrole H-2), 6.66 (d, J = 4.60 Hz, 1H; pyrrole H-7), 6.72 (d,
J =5.15 Hz, 1H; pyrrole H-18), 6.82 (d, J = 4.60 Hz, 1H; pyrrole H-12), 7.04-7.06 (overlapped two
doublets, 2H; pyrrole H-8 and H-13), 7.16 (d, J = 5.20 Hz, 1H; pyrrole H-3), 7.26 (overlapped CHCl;
peak, 1H; pyrrole H-17), 7.51 (d, J = 8.00 Hz, 2H; 5-phenylene H-2), 7.64 (d, J = 8.00 Hz, 2H;
10-phenylene H-2"), 7.74 (d, J = 8.60 Hz, 2H; 15-phenylene H-2’), 8.10 (d, J = 8.00 Hz, 2H;
S5-phenylene H-3), 8.14 (d, J = 8.00 Hz, 2H; 10-phenylene H-3"), 8.23 (d, J = 8.60 Hz, 2H;
15-phenylene H-3"), 11.05 (s, 1H; NH). C NMR (125 MHz, chloroform-d): 8/ppm = 52.3 (COOCHS5),
52.4 (COOCHs), 117.3, 118.2 (pyrrole C-13), 123.25 (pyrrole C-2 or C-17), 123.31 (pyrrole C-2 or
C-17), 124.6 (pyrrole C-12), 126.7, 129.4, 129.5, 129.6, 130.2, 130.4, 130.5, 130.6, 131.2, 131.8,
132.1 (pyrrole C-8), 134.4 (pyrrole C-17), 136.2, 138.1 (pyrrole C-3 or C-4), 138.2 (pyrrole C-3 or
C-4), 140.6, 141.1, 142.9 (pyrrole C-9), 144.1(pyrrole C-16), 145.1 (pyrrole C-11 or C-14), 152.0
(pyrrole C-6), 152.9(pyrrole C-14), 166.5 (COOCHj;), 166.6 (COOCH3;), 170.6 (pyrrole C-1), 188.6
(pyrrole C-19). MS (MALDI-TOF): m/z = 749 [M+H]"; HRMS (FAB): calcd for C43H330:N4S m/z
749.2070, found 749.2059. UV-vis (CHCls, 25 °C): hmax (Emax) = 332 (2.78 x 10%), 360 (3.34 x 10%),
444 (4.75 x 10%), 676 nm (1.62 x 10* M'em™). IR (KBr): 3124, 2954, 2881, 1722, 1608, 1540, 1508,
1435, 1278, 1191, 1145, 1113, 966 cm’.

(47,97,157)-19-Butylsulfanyl-1,21-dihydro-5,10,15-tris(4-methoxycarbonylphenyl)-23 H-bilin-1-one
11.

100 mL @ = O K & & % 12 [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-
23 H-5-oxaporphyrinato](trifluoroacetato)zinc(Il) 2a % 25.2 mg (0.0.0283 mmol) % A& Z 227
no XXy (HAK)E 20 mL Nz 7=, £/ n-7 % > F4—/L 30 uL (0.274 mmol) & KFHE{LT b
U 7 25(60% oil dispersion) 40 mg (1.00 mmol)% THF(i/K)10 mL (2% 7=, ZDOF A7 — FE
2 mL & 5-AFYARNLT ¢ U EHRICH T LERT 1 oM Lz, SOSH TH. KT 1
B, 1 MOHCIT1[E, KT2MHE, Mz L, AMHEZRRT Y 7 A TERAKL,
W2 ET D L&, EaBERP KT, EE VSV a~ s 7T 7 0 —(REEEIL S o
2RV LK) TS 2 & REBEIRD 14.3 mg (62.9%)15F H iz,

'H NMR (500 MHz, chloroform-d): &/ppm = 0.62 (t, J= 7.60 Hz, 3H; CH3;), 0.99 (septet, J = 7.60 Hz,
2H; CH,), 1.37 (sextet, J = 7.60 Hz, 2H; CH,), 2.57 (bs, 2H; SCH,), 3.98-3.99 (m, 9H; COOCHs),
6.09 (d, J = 5.50 Hz, 1H; pyrrole H-2), 6.52 (d, J = 4.80 Hz, 1H; pyrrole H-18), 6.53 (m, 1H; pyrrole
H-13), 6.59 (m, 1H; pyrrole H-12), 6.65 (d, J = 4.80 Hz, 1H; pyrrole H-7), 6.95 (d, J = 4.80 Hz, 1H;
pyrrole H-17), 6.98 (d, J = 4.80 Hz, 1H; pyrrole H-8), 7.04 (d, J = 5.50 Hz, 1H; pyrrole H-3), 7.53 (d,
J = 8.25 Hz, 2H; 5-phenylene H-2"), 7.68 (d, J = 8.95 Hz, 2H; 10-phenylene H-2"), 7.72 (d, J = 8.25

78



Hz, 2H; 15-phenylene H-2), 8.15-8.18 (m, 6H; 5,10,15-phenylene H-37), 9.63 (s, 1H; NH), 12.51 (s,
1H; NH). “C NMR (125 MHz, chloroform-d): 8/ppm = 13.3 (CHj), 22.2 (CH,), 30.7 (CH,) 31.2
(SCH,), 52.31 (COOCH3;), 52.37 (COOCH3;), 52.42 (COOCHs;), 116.8, 120.6 (pyrrole C-13), 123.7
(pyrrole C-12), 124.9 (pyrrole C-2), 126.9 (pyrrole C-18), 128.3 (pyrrole C-7), 129.09, 129.12, 129.5,
129.9, 130.3, 131.1, 131.6, 132.5,135.0 (pyrrole C-8), 136.4 (pyrrole C-17), 136.8 (pyrrole C-3), 137.4,
137.5 (pyrrole C-11 or C-14), 141.1, 141.3, 141.6 (pyrrole C-11 or C-14), 142.3 (pyrrole C-4), 152.2
(pyrrole C-9), 152.9 (pyrrole C-16), 166.6 (COOCH;), 166.7 (COOCH3;), 166.8 (COOCH3;), 167.0
(pyrrole C-6), 170.1 (pyrrole C-1), 172.7 (pyrrole C-19). MS (MALDI-TOF): m/z = 805 [M+H]";
HRMS (FAB): calcd for C4Hy1O/N4S m/z 805.2696, found 805.2721. UV-vis (CHCl;, 25 °C): Amax
(Emax) 346 (3.45 x 10%), 427 (4.17 x 10%), 668 nm (1.07 x 10* M'em™).

(47,97,157)-1,21-Dihydro-5,10,15-tris(4-methoxycarbonylphenyl)-19-phenylsulfanyl-23 H-bilin-1-one
12.

100 mL @ = O KX & & % 2 [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-

23 H-5-oxaporphyrinato](trifluoroacetato)zinc(Il) 2a % 25.2 mg (0.0283 mmol) = AILZ 22V 7 &
AKXy (BiAK)E 20mL MMZ 7, £72F 47 =/ —/128.8 uL (0.281 mmol) & kFE(LF ~ U ¥
2\ (60% oil dispersion) 40 mg (1.00 mmol)% THF(i/K)10 mL (22 7=, ZDOF A7 — AWK 8
mL % 5-AF PRV T 4 U CERIRICHE T LEIR T S iR Lic, )OS TH. KT1E 1M
O HCIT1[al, KTI1IE, AH¥MEEoLE Lz, AEMHZMERT N 7 LA TRAKL, Witz
ET DL, wOEERPES T, B Y AV a~ 7T 7 40 —(BEIREILZ n kL)
TH®E L, S5V TT 0 7 TLC(BEEIX Y 7 an X & 2 BiEET F /L= 40:1) CH
T 5 L RRAE RIS 12.5 mg (52.5%)FF HivTz,
'H NMR (500 MHz, chloroform-d): 8/ppm = 3.96-3.98 (m, 9H; COOCHj), 6.11-6.13 (overlapped two
doublets, 2H; pyrrole H-2 and H-18), 6.52-6.54 (overlapped two doublets, 2H; pyrrole H-7 and H-13),
6.57 (d, J=3.45 Hz, 1H), 6.85 (d, J = 4.15 Hz, 1H; pyrrole H-17), 6.94 (d, J = 4.15 Hz; pyrrole H-8),
7.09 (d, J = 6.20 Hz, 1H; pyrrole H-3), 7.38-7.47 (m, 3H; phenyl), 7.43 (d, J = 7.60 Hz, 2H; phenyl),
7.54 (d, J = 8.25 Hz, 2H; 15-phenylene H-2"), 7.67 (d, J = 8.25 Hz, 2H; 10-phenylene H-2"), 7.69 (d, J
= 8.25 Hz, 2H; 5-phenylene H-2’), 8.12-8.16 (m, 6H; 5,10,15-phenylene H-3"), 9.79 (s, 1H; NH),
12.76 (s, 1H; NH). °C NMR (125 MHz, chloroform-d): 8/ppm = 52.3 (COOCH;), 52.4 (COOCHj3),
117.8, 121.4 (pyrrole C-7 or C-13), 123.1 (pyrrole C-12), 124.8 (pyrrole C-18), 125.2 (pyrrole C-2),
128.8 (pyrrole C-7 or C-13), 129.07, 129.10, 129.2, 129.5, 129.8, 130.3, 130.4, 131.0, 131.4, 131.5,
131.7, 132.3, 134.4, 135.2 (pyrrole C-8), 135.8 (pyrrole C-17), 137.2 (pyrrole C-3), 138.2 (pyrrole
C-11 or C-14), 140.5 (pyrrole C-11 or C-14), 141.3, 141.6, 142.3 (pyrrole C-4), 152.8 (pyrrole C-16),
152.9 (pyrrole C-9), 166.7 (COOCHj3;), 166.8 (COOCHj;), 168.0 (pyrrole C-6), 170.8 (pyrrole C-1),
173.5 (pyrrole C-19). MS (MALDI-TOF): m/z = 825 [M+H]"; HRMS (FAB): calcd for C4H3,07N,S
m/z 825.2377, found 825.2389. UV-vis (CHCls, 25 °C): Amax (€max) 342 (3.74 x 10%), 430 (5.47 x 10%),
667 nm (1.23 x 10* M'em™).
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(47,92,15Z,19E)-19-(1-Ethoxycarbonyl-2-oxopropylidene)-5,10, 1 5-tris(4-methoxycarbonylphenyl)-(2
1H,22H,24H)-1,19,21,24-tetrahydrobilin-1-one 13.

100 mL @ = 0O K & & % 2 [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-

23 H-5-oxaporphyrinato](trifluoroacetato)zinc(Il) 2a % 30.4 mg (0.0283 mmol) % AiL%E Z T
THF(Bi/K)% 20 mL iz 7=, F£727 & MEEEET=F /L 100 uL (0.785 mmol) & KE{LF ~ U 7 A
(60% oil dispersion) 33.3 mg (0.833 mmol)Z THE(i/K)l mL {2z 7=, ZDxT /) F— MNEHk %
5-AFVARNT 4V UREDBFRAD DAL HE TH T L. EDO% 10 2 MEIR TR L,
OB T#, 7 aaAh% SO0mL x, I M@ HCLT 1 [a, KT 1R, AHHEZ kR L,
AHEMAZREET Y O LATHKL, WIEAREET D L AaEEP KT, EES Y 7L
sn~ b7 7 4 —(REIABITZ 0ok L) TR S L EBEIAD 18.7 mg (65.8%)15 5
niz,
'H NMR (500 MHz, acetone-d): &/ppm = 1.24 (t, J = 6.90Hz, 3H; CH3), 2.00 (s, 3H; COCHj), 3.88 (s,
3H; COOCH3), 3.93 (s, 3H; COOCH3;), 3.96 (s, 3H; COOCH3;), 4.19 (q, J = 6.90Hz, 3H; COOCH,),
6.18 (d, J = 5.40 Hz, 1H; pyrrole H-2), 6.65 (d, J = 4.30 Hz, 1H; pyrrole H-12), 6.69-6.71 (m, 1H;
pyrrole H-7), 6.85-6.89 (overlapped two doublets, 2H; pyrrole H-8 and H-17), 6.97 (d, J = 4.350Hz,
1H; pyrrole H-13), 7.07 (d, J = 5.40 Hz, 1H; pyrrole H-3), 7.48 (d, J = 5.75 Hz, 1H; pyrrole H-18),
7.54 (d, J = 8.60 Hz, 2H; 5-phenylene H-2"), 7.60 (d, J = 8.60 Hz, 2H; 10-phenylene H-2), 7.77 (d, J
= 8.60 Hz, 2H; 15-phenylene H-2"), 8.03 (d, J = 8.60 Hz, 2H; 5-phenylene H-3"), 8.12 (d, /= 8.60 Hz,
2H; 10-phenylene H-3), 8.19 (d, J = 8.60 Hz, 2H; 15-phenylene H-3"), 8.28 (s, 1H; NH), 11.61 (s,
1H; NH), 11.89 (s, 1H; NH). C NMR (125 MHz, acetone-ds): 8/ppm = 14.6 (CHs), 31.0 (COCHs),
52.5 (COOCH3;), 52.6 (COOCH;3;), 60.8 (COOCH,), 103.9 (methylene), 116.6, 120.7 (pyrrole C-7),
122.5, 124.2 (pyrrole C-2), 127.2 (pyrrole C-8 and C12), 129.8, 129.9, 130.0, 130.9 (pyrrole C-18),
131.0, 131.8, 132.6 (pyrrole C-17), 132.8, 133.3, 134.2 (pyrrole C-13), 137.9, 138.2 (pyrrole C-3),
138.8 (pyrrole C-6 or C-9), 139.7 (pyrrole C-4), 142.5, 142.6, 143.0 (pyrrole C-16), 146.4 (pyrrole C-6
or C-9), 150.4 (pyrrole C-11), 157.8 (pyrrole C-19), 161.2 (pyrrole C-14), 166.9 (COOCH;), 167.9
(COOCHy,), 171.1 (pyrrole C-1), 195.5 (COCH;). MS (MALDI-TOF): m/z = 845 [M+H]"; HRMS
(FAB): caled for C4oH41010N, m/z 845.2823, found 845.2824. UV-vis (CHCl;, 25 °C): Amax (€max) = 371
(4.19 x 10%), 463 (4.82 x 10%), 706 nm (1.75 x 10* M'em™).

(47,92,157)-19-(2,4-Dioxo-3-pentylidene)-5,10,15-tris(4-methoxycarbonylphenyl)-(21 H,22 H,24 H)-
1,19,21,24-tetrahydrobilin-1-one 14.

100 mL @ = O K & & % 1T [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-
23 H-5-oxaporphyrinato](trifluoroacetato)zinc(Il) 2a % 20.7 mg (0.0232 mmol) = AL % Z T
THF(Bi/K) % 20 mL Nz 7=, £7-7F LT+ h 100 pL (0.984 mmol) & kKFE{LF F U v A
(60% oil dispersion) 40 mg (1.00 mmol)% THF(Ji/K)l mL (2% 7=, ZD=/ 7 — MR % 5-
FXHHRNVT 4 U PR ED G EAIZRHETH N L, 0% 10 FEIRTHE L,
FOSK T, Zvnadbh% 50mL Az, 1M O HCLT 1 [a], KT 1 [E, AH#HE 25 L,
AHMHEEZREET R O LATHKL, WEERET 5 &, AEENEK-T-, EES Y 7L
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sua~ N7 7 4 —(BEEEIX 7 5ok L)y RS 2 L RHEEED 12.3 mg (65.0%)75F 5

iz,

'H NMR (500 MHz, acetone-ds): &/ppm = 1.99 (s, 3H; COCHa), 2.34 (s, 3H; COCHa), 3.93 (s, 3H;
COOCH;), 3.95 (s, 3H; COOCHj3), 3.96 (s, 3H; COOCHs), 6.19 (d, J = 5.70Hz, 1H; pyrrole H-2), 6.61

(d, J = 4.60 Hz, 1H; pyrrole H-12), 6.68-6.71 (m, 1H; pyrrole H-7), 6.84-6.89 (overlapped two
doublets, 2H; pyrrole H-8 and H-17), 6.94 (d, J = 4.60 Hz, 1H; pyrrole H-13), 7.11 (d, J = 5.75Hz, 1H;
pyrrole H-3), 7.19 (d, J = 5.70 Hz, 1H; pyrrole H-18), 7.55 (d, J = 8.60 Hz, 2H; 5-phenylene H-2"),
7.60 (d, J = 8.60 Hz, 2H; 10-phenylene H-2"), 7.77 (d, J = 8.60 Hz, 2H; 15-phenylene H-2"), 8.04 (d, J
= 8.60 Hz, 2H; 5-phenylene H-3"), 8.12 (d, J = 8.60 Hz, 2H; 10-phenylene H-3"), 8.19 (d, J = 8.60 Hz,
2H; 15-phenylene H-3"), 8.47 (s, 1H; NH), 11.63 (s, 1H; NH), 12.17 (s, 1H; NH). BC NMR (125 MHz,
acetone-ds): &/ppm = 31.3 (COCHj;), 52.4 (COOCHj;), 52.5 (COOCH;), 115.2 (methylene), 116.7,
120.4 (pyrrole C-12), 121.9, 124.4, 126.8 (pyrrole C-8), 127.2 (pyrrole C-12), 128.9 (pyrrole C-18),
129.9, 130.0, 130.9, 131.8, 132.6, 132.7, 132.9 (pyrrole C-17), 133.2, 134.3 (pyrrole C-13), 137.8,
138.2 (pyrrole C-3), 138.7 (pyrrole C-6 or C-9), 139.5, 139.6 (pyrrole C-4), 142.5, 143.0, 144.1

(pyrrole C-16), 146.2 (pyrrole C-6 or C-9), 150.6 (pyrrole C-11), 155.8 (pyrrole C-19), 161.9 (pyrrole
C-14), 166.9 (COOCHj;), 171.3 (pyrrole C-1), 194.7 (COCHj;), 199.6 (COCH;). MS (MALDI-TOF):

m/z = 814 [M]"; HRMS (FAB): calcd for C4H33010N, m/z 814.2639, found 814.2657. UV-vis (CHCl,

25 °C): Amax (Emax) =331 (2.94 x 10%), 371 (3.55 x 10%), 459 (4.09 x 10%), 706 nm (1.49 x 10* M'em™).

(42,92,15Z,19E)-19-((E)-1-Acetyl-2-0x0-4-phenyl-3-butenylidene)-5,10, 1 5-tris(4-methoxycarbonylph
enyl)-(21H,22H,24H)-1,19,21,24-tetrahydrobilin-1-one 15.

100 mL @ = O K & & % 1T [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-
23 H-5-oxaporphyrinato](trifluoroacetato)zinc(Il) 2a % 25.2 mg (0.0283 mmol) Z#= AL % Z IZ
THFE(fli/K)% 15 mL 1 % 7=, & 72(E)-6-phenyl-5-hexene-2,4-dione 56 mg (0.298 mmol) & /K& 1L

N U 7 & (60% oil dispersion) 40 mg (1.00 mmol) Z THF( i 7/K)5 mL Z 1 2 7=,
(E)-6-phenyl-5-hexene-2,4-dione |% Z /L E THEIZH 2 GBS THIK LY, o=/
7 — MR % 5-A XY RV T 0 U VRPN O EAIZR D E TR F L, £0% 5 0=
TR LT, UG TH, Z7erdi/L Lz S0mL Mz, IM®HCITI1[E, KTI1E, f
PR Z VR L7, AR 2T B O A TR L, WA ET 5 & feEE»E - T,
RS Y s e~ N7 7 4 —(BEEEIX 7 aadRvs 7 My = 20:1)THREL,
BT VRTT 47 TLCOEBRIABLI Y 7 una A 2 TR by = 20:1)T 5 Lk {ANn
18.3 mg (71.7%)45 H L7z,

'H NMR (500 MHz, chloroform-d): &/ppm = 2.07 (s, 3H; COCHs), 3.92 (s, 3H; COOCHj;), 3.96 (s,
3H; COOCH;), 4.00 (s, 3H; COOCH3;), 6.17 (dd, J = 5.50, 1.35 Hz, 1H; pyrrole H-2), 6.55 (d, J=4.80
Hz, 1H; pyrrole H-7), 6.76 (d, J = 4.80 Hz, 1H; pyrrole H-12), 6.79 (d, J = 15.8 Hz, 1H; C=CH),
6.87-6.88 (overlapped two doublets, 2H; pyrrole H-8 and H-17), 6.95 (d, J = 4.80 Hz, 1H; pyrrole
H-13), 7.06 (d, J = 5.50 Hz, 1H; pyrrole H-3), 7.13 (d, J = 5.75 Hz, 1H; pyrrole H-18), 7.35-7.41 (m,
S5H; phenyl), 7.52 (d, J = 15.8 Hz, 1H; C=CH), 7.54 (d, J = 8.25 Hz, 2H; 5-phenylene H-2"), 7.59 (d, J
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= 8.25 Hz, 2H; 10-phenylene H-2"), 7.73 (d, J = 8.25 Hz, 2H; 15-phenylene H-2"), 8.01 (d, J = 8.25
Hz, 2H; 5-phenylene H-3"), 8.13 (d, J = 8.25 Hz, 2H; 10-phenylene H-3"), 8.21 (d, J = 8.25 Hz, 2H;
15-phenylene H-3), 11.36 (s, 1H; NH), 11.95 (s, 1H; NH). >C NMR (125 MHz, chloroform-d):
&/ppm = 29.9 (COCH;), 52.28 (COOCHj;), 52.34 (COOCH3;), 52.4 (COOCH;), 113.0, 117.4, 121.3,
122.7 (pyrrole C-7), 123.7 (pyrrole C-2), 124.5 (pyrrole C-12), 127.5 (pyrrole C18), 128.1, 128.3,
128.5, 128.9, 129.0, 129.2 (pyrrole C-8 or C-17), 129.4, 130.21, 130.24, 130.6, 130.6, 131.0 (pyrrole
C-13), 131.2, 131.7, 131.8, 132.0, 132.1, 132.4, 134.5 (pyrrole C-8 or C-17), 136.8, 137.1 (pyrrole
C-3), 137.4 (pyrrole C-4), 141.1, 141.4, 141.7, 142.7 (pyrrole C-9), 143.1 (PhCH=), 145.8, (pyrrole
C-10 or C-14), 151.5 (pyrrole C-6), 155.6 (pyrrole C-10 or C-14), 156.6 (pyrrole C-19), 166.53
(COOCH3;), 166.56 (COOCH;), 155.60 (COOCHs;), 170.0 (pyrrole C-1), 191.7 (COCH=), 194.9
(COCHs;). MS (MALDI-TOF): m/z = 903 [M+H]"; HRMS (FAB): calcd for CssH4300N4 m/z 903.3030,
found 903.3039. UV-vis (CHCls, 25 °C): Ainax (Emax) = 372 (4.54 x 10%), 480 (5.18 x 10%), 723 nm (2.12
x 10* M 'em™).

2.3. JiE

1D NMR 3 1 O 2D NMR O#I7E1E JEOL ECAS500 spectrometer % AN TIT o7, SR/ AT
X A7 R v OBIEIX SHIMADZU MultiSpec-1500 spectrophotometer 33 & U8 Agilent 8453
UV-visible spectrophotometer % V> T1T>72, MALDI TOF MS A-X7 /L% Bruker Daltonics
Autoflex Speed spectrometer % H V> T1T > 72, FAB MS A7 k/L{X JEOL JMS-700 spectrometer
AT o 72,

'H NMR & PC NMR OWNEIEREIZT b7 A FL T &2 i, BB LTE 'H-'H
COSY. NOESY, ROESY, HMBC, HMQC A7 ML &EFEH L CTHRE LT,

24, SyrEEFHE

4y FHE FH 51X MOPAC 3.0 Pro (Fujitsu Ltd.)35 & O Gaussian 09 (Gaussian Inc.)** % i\ CT4T

277,
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3. fER B OB
319 EHRE Y DA

c d
R R=COOMe
1:X=0 10: X=8

R R=COOMe

3a:Nu=OMe 7:Nu=NH, 11:Nu=SBu
4a: Nu=OEt 8:Nu=NHBu 12: Nu=SPh
5a: Nu=OPr 9:Nu=NHPh

6 :Nu=OPh

Scheme 5-1. Synthesis of 19-substituted bilinone 3-12. Reagents: a Ac,O, Zn(OAc),, ethanol-free
CHCIl,, reflux. b 0.1%TFA. ¢ corresponding nucleophiles. d 1 M HCL

AVEBEBNITIAEY) o DFEAVEBR N T UV 5-FFHRLT 4 U o dEnsiiRIT
F2EBIOYW 4 B TR FECHENAK Lz, 19 @YY ) o O&GIT 5-AF R L7
4 U v 2a EREAIE ZROGSE, BT 5 Z L THAZ VLS EER LT,

19-A FF2 Y ) 3ald, 5-AFYARLVT7 20T FIULA MY REnSE
%HZ & THR LT, MALDITOF MS XY | m/z=746 (M', M = C44H3N,Og) M S L F D' #
A LR Lz, £7219-A FF2EY /0 3a D 'HNMR 2HIEL7ZE Z A, Bt 7 ko
1% 6.24, 6.28, 6.39, 6.54, 6.59, 6.81, 6.95, 7.15ppm [ZEM i, 7 ==/NFEDA /L MLD
7'a b 7.62, 7.71, 7.75 ppm IZBLUHI S dv7c, & 51T 3.73 ppm (3H) & 3.96 ppm (9H)IZ B —
IS, 2RO =27 IA TNV AT VB I NIIMLICEBR LA RV ETHD &
Il L7, HMBC X ¥ “C NMR @ 170.2 ppm {Z 6.28 ppm & 7.15 ppm 7> 5 ORI H Tz,
BV N DT T E DTNV =VHFT 1T ppm THDHZ LD, 19-A hF B >
DZ 7B LDIVAR =V HIT 1702 ppm Th D L L7z, 2 XV BALD 6.28 ppm & 7.15
ppm O b T H2 B L UH-3 THDHZ ERNohnD, £72NOESY (2L Y NOE ZHlE L7z
EZ A, BALD 6.54 ppm & 7.15 ppm 1T 7 = =V HD AV MMLD 7.62 ppm, BAHLD 6.54 ppm &
715 ppm | X7 = =V ED AV MED 7.75 ppm, BALD 6.39 ppm & 6.81 ppm |L 7 = =/LED A
v MLD 7.71 ppm IZEALER NOE DI STz, ZORENGRALOT v M ATENER
6.24 (H-18), 6.28 (H-2), 6.39 (H-13), 6.54 (H-7), 6.59 (H-12), 6.81 (H-17), 6.95 (H-8), 7.15 ppm
H-3)THDH ¥ LTz, SHICT ==V EOANV MIO T v b XS 5 572 >DOBAL D
7u M EENEIWNOE NALINDZ &G, (429Z152)Da T A —ark bbbl &
DRE ST,

&3



19- 72 8V ) TS AXVRLT 4V 2T VBT HAERGESEDZ ETH
% L7=, MALDI TOF MS X ¥ m/z =731 (M", M = CisHssN;O) DB S, = OfiE 2 LR L
72 F7219-TX /Y 2 TO'HNMR ZJIE Liz & ZABMOT 1 ki 6.09,6.27,6.40,
6.45. 6.57. 6.85-6.87 (overlapped two doublets), 7.05 ppm (ZHEH S, 7 = =/VED AV ML
D7\ k% 7.52,7.63-7.65 ppm (B K72, HMBC £ ¥ °C NMR @ 170.6 ppm (Z 6.09 ppm
& 7.05 ppm O OMHEBEANA LT, 19-2A hXTEY 2 3a DT 7 X LD T /VAR=/VHET
1702 ppm THY |, 19-TI )V ) T DT 7 ZLDOANKR=VEGLFE U LS b5 7 b
BELDZENTREND, £5TI19-TI BV ) TDT X LOHNEAE=HT 170.6
ppm T, ZILEAHEIT DBALD 6.09 ppm & 7.05ppm D7 1 kT H2 B L OH-3 Th D &
Wrl7-, £72ROESY 2LV NOE ZHIFEL7=E Z A, BALOD 6.45 ppm & 7.05 ppm (7 = =)L
FD AV MLOD 7.52 ppm, BALD 6.57 ppm & 6.85-6.87 ppm X 7 = = /L FD AV MMLD 7.63-7.65
ppm. PALZOD 6.40 ppm & 6.85-6.87 ppm (X7 = =/LIHD AL "MLD 7.63-7.65 ppm (ZZLEH
NOE MMl S iz, Z OFER N B 7 1 b ATZEZEH 6.09 (H-2).6.27 (H-18).6.40 (H-13),
6.45 (H-7), 6.57 (H-12), 6.85-6.87 (H-8 or H-17), 7.05 ppm (H-3) T&H 2 & flWr L7z, 19-7 3/
BV T b7 2= VO MO T e N R T D 500D T r L ENE
NWNOE NI HNDZ LD, AZ9Z152) DAy T A—vara s b I Eimlani-, ¥
=7 m— K7 —27 8 4.57 ppm CHAEHI S 4L, SHIZIR A7 RV XY 3323 em™ 127 12
— R —7 bBHISNZ b, 19-TI Y )3T ERERLTWDZ b
277,

5 F VP RNLT 4V 2a LHALKFET N ULEZUSSETZEY /210 b REEIC—RIT
NMR, —-7kJt NMR.MALDI TOF MS {Z & Y #i& R E 21T > 72o MALDI TOF MS K Y m/z =748
(M', M = CyHyuNsOS)NBLUAI S, T oEEE2 KR L7z, £728U /10 ® 'HNMR % HlE
L& ZABLOT H k13 6.08, 6.66, 6.72, 6.82, 7.04-7.06 (overlapped two doublets), 7.16,
7.25 ppm (IS, 7 == VDAV MIO T 1 b E 7.50, 7.63, 7.74 ppm (ZBLAI S
72o HMBC X ¥ “C NMR ® 170.6 ppm {Z 6.08 ppm & 7.16 ppm 7> 5 DFHBEN 2 H A7z, 19- 4
FEIBEY 2 3aX019-T7 /8 ) DT 7 X LDV AR=/VEEIE 170 ppm T I EH <
NHZZEMB BV 210 DT 72D HNVR=NVIEERERIT L) by 7 Mz s b2 L
NFPREND, T-oTEV 210 DT 7 X LDHVHE=VEIT 170.6 ppm T, Zi & FERES
BHBALD 6.08 ppm & 7.16 ppm D72 F T H2 B L OH-3 TH D LHIWr L7z, F7- ROESY
IZ& Y NOE ZHIE L=t Z A, BALD 6.66 ppm & 7.15 ppm (L7 = =/LEED AL LD 7.50
ppm, BLD 6.82 ppm & 7.04-7.06 ppm (L 7 = = /LIED AL MMLD 7.71 ppm, BAHLD 7.04-7.06 ppm
& 725 ppm (X7 = = VEED AV LD 7.71 ppm IZENZE N NOE BBl Sz, Z OfE R0
SBALOT 1 b ATENZEI 6.08 (H-2), 6.66 (H-7). 6.72 (H-18), 6.82 (H-12). 7.04-7.06 (H-8 or
H-17), 7.16 ppm (H-3), 7.26 ppm (H-17)TH 2L L fWrL7z, BV /10 & 7 = =1 DA /v
MIDOT T b AT 5 572 ODBiD 7 a F it FREFH NOE R bnd Z b,
(BZ9ZN52) D T A—a skt DI ENRB S, £72 SH 7'u b AT S 7 m
SN, BV 2 EENEO NH 7 1 k223 8.47, 11.63, 12.17 ppm O =TI EHl & 7=,
FLIR AT bV ZRIELTYH SH OMFEIREI Z 5845 Z LIXTE R ole, bk &
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mhH, BY 281X 19-FAF VY -1-A L THD LMW LT,

OH, NH; 5 XU SHIZ X B BRSNS ERMNITENETNT 7 X L-TF 7 F L HEERMNE, A4 3
V- IVEERBMEBIOA I )T AT R ) FAVEERMEICL Y W oD EAR
PEREEMFAET 5, Figure 5-112EY /21, 8, 10 O HAERME VM ZRd, 19-8 Krf v
EY ) VERLETH LD TEDORERMEVHEIIE Y U OF UIFi> TV D, —RAIIZA
VHBERMRIT = IV AEERMEER LV RETH LN, 2-7 I /Y DU 2-(1H)-E Y Y
AIVEVEETHDE, 19-72 /) )V §FRFOTFIVENIL2-T 2/ EY DT
BRI L-ETH D, 'H NMR CIR A7 MG 19-7 2 7B Y 2 8IiE T 2/ HofE
ENRENTWD, LLEDZ ENH19-T 2 7 BV /v 8= F 2 v B BRI A AN -
TWhEEZLND, £72EU /210 D 'H NMR ° IR A~37 kLB i% SH FEOFFEEIT R
ENnolz, £FAFYEY 210D PC NMR LV C-19 L IEbn 5 ikFED 188.6 ppm
WCBHIS, ZOMEIF19-7 2 7B U /2 8D C-15° C-19 DR &~ 20 ppm (k&S >~
L TW%, 2(1H)-pyridinethione @ C=S RFE DL 7 MEIZ 180 ppm TH VY, C-19 D1k
FUT7 MEEEBPLTWD, BLEDZ Enn, XV EY 101 3F 47 I NAZ BMER
I AME-> CnD EEZBND, LinL, 'HNMR L0 F47 I RAZERMERLSN OB
BMERO 7F A BBHISNTEY . ZOEPHRENLIB LE 85%NTF AT I NAZEREME
ThdEEZLND,

Figure 5-1. Tautomeric structures of 19-substituted bilinones.
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ZOMD 19-EHEY /4, 5, 6, 8, 9. 11, 12 2oV T HIAEKEIC—kot NMR, &kt
NMR, MALDI TOF MS 2 LY ZDOHiE L MR L7z, RO, RNH,, NH;, RS/ & DREEH &
5-F PR T 4 U 2a% BUG ST & & 21H23H D HAERMRNESNIZ(EY /329,
11, 12), SHE 5-AFHHRLT 4 U2 2a 63728 &, 21H23H24H H A RVER &
21H22H24H HZEBMEROIREH & L THE LT,

32.19-2 X E U J O X A S AT

19- 4 R EY /2 3a OHEFEIE3 DY 7 nu XA X UERICY 7 oS U AR S
{ER% L7z, Table 5-1(219-A hF T BV /> 3a OFEFHICET 55— %, Table 5-2 12 19- £ K
X v /2 3a OFESHERE Table 5-31219-2 b B Y /2 3a OfEA . Table 5-4 |2 19-
ARFTEY 2 3ad HAERT, £7- Figure 5-2 12 19- A ¥ ¥V J > 3a O ORTEP
B %~

d d >

0 SR
O@\ém‘ Q
T8

Figure 5-2. ORTEP view of 19-methoxybilinone 3a.
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Table 5-1. Crystallographic data for 19-methoxybilinone 3a.

formula C47H40N4Oy v, A’ 1996.62(8)
formula wt. 788.83 Z 2

color and habit blue plate T,K 123(2)

crystal system triclinic deaes, Mg cm’” 1.312

space group P-1 radiation, (1 A) Cu K, (1.54187)
a, A 7.6123(2) 4, mm’! 0.739

b, A 12.0814(3) range of transmission factors 0.6655 to 0.9640
c, A 22.5696(5) R/ 0.056

a deg 83.4051(13)  wR,’ 0.1482

p, deg 83.9689(12) GOF 1.093

7, deg 76.2855(12)

a Ry = Y||F|-|F/ZIF,|. b wR2 = [S[W(F-F2*Y SIw(F]"

Table 5-2. Selected bond distances (A) of 19-methoxybilinone 3a.

0(1)-C(1) 1.222(3) C(5)-C(6) 1.462(3)
0(2)-C(19) 1.327(3) C(6)-C(7) 1.442(3)
C(1)-N(1) 1.384(3) C(7)-C(8) 1.349(3)
C(4)-N(1) 1.385(3) C(8)-C(9) 1.446(3)
C(6)-NQ) 1.336(3) C(9)-C(10) 1.391(3)
C(9)-N(Q2) 1.392(3) C(10)-C(11) 1.425(3)
C(11)-NQ3) 1.370(3) C(11)-C(12) 1.412(3)
C(14)-NQ3) 1.357(3) C(12)-C(13) 1.371(3)
C(16)-N(4) 1.419(3) C(13)-C(14) 1.408(3)
C(19)-N(4) 1.304(3) C(14)-C(15) 1.447(3)
C(1)-C(2) 1.471(3) C(15)-C(16) 1.373(3)
C(2)-C(3) 1.337(3) C(16)-C(17) 1.462(3)
C(3)-C(4) 1.457(3) C(17)-C(18) 1.340(3)
C(4)-C(5) 1.370(3) C(18)-C(19) 1.456(3)
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Table 5-3. Selected bond angles (degree) of 19-methoxybilinone 3a.

O(1)-C(1)-N(1)  125.02) C(10)}-C(9}-N(2)  122.52) C(15)-C(16)-C(17)  128.4(2)
O()-C(1)-C(2)  130.12) C(10)-C(9)-C(8)  128.72) N(4)-C(16)-C(17) 109.00(18)
N(1)-C(1)-C2)  104.92)  N(2)-C(9)-C(8)  108.69(19) C(18)-C(17)-C(16) 106.8(2)
C(3)-C(2)-C(1)  108.8(2) C(9)-C(10)-C(11)  123.42) C(17)-C(18)-C(19) 105.8(2)
C(2)-C(3)-C(@)  109.3(2) N@3)-C(11)-C(12) 105.76(19) N(4)-C(19)-0(2)  125.1(2)
C(5)-C(4)-N(1)  1252(2) N@B)-C(11)-C(10) 124.2(2) N(@4)-C(19)-C(18)  113.6(2)
C(5)-C(4-C(3)  129.5(2) C(12)-C(11)-C(10) 129.92) O(2)-C(19)-C(18)  121.3(2)
N(1)-C(@)-C(3)  1052(2) C(13)-C(12)-C(11) 108.422)  C(1)-N(1)-C(4)  111.8(2)
C(4)-C(5-C(6)  121.4(2) C(12)-C(13)-C(14) 108.02)  C(6)-N(2)-C(9)  106.65(18)
N(Q)-C(6)-C(7)  110.92) N@3)-C(14)-C(13)  106.6(2) C(14)}-N(3)-C(11)  111.3(2)
NQ)-C(6)-C(5)  121.52) N@G3)-C(14)-C(15)  122.7(2)  C(19)-N(4)-C(16) 104.78(19)
C(7)-C(6)-C(5)  127.5(2) C(13)-C(14)-C(15) 130.7(2)  C(19)-0(2)-C(20) 116.60(19)
C(8)-C(7)-C(6)  106.7(2) C(16)-C(15)-C(14)  122.4(2)

C(7T)-C(8)-C(9)  107.0(2) C(15)-C(16)-N@)  122.6(2)

Table 5-4. Selected dihedral angles (degree) of 19-methoxybilinone 3a.

0(1)-C(1)-C(2)-C(3) 180.9(2) C(10)-C(11)-C(12)-C(13) 185.0(5)
C(1)-C(2)-C(3)-C(4) 359.7(3) C(11)-C(12)-C(13)-C(14) 359.1(8)
C(2)-C(3)-C(4)-C(5) 182.1(1) C(12)-C(13)-C(14)-C(15) 179.3(9)
C(3)-C(4)-C(5)-C(6) 170.0(6) C(13)-C(14)-C(15)-C(16) 166.1(6)
C(4)-C(5)-C(6)-C(7) 169.4(6) C(14)-C(15)-C(16)-C(17) 172.8(5)
C(5)-C(6)-C(7)-C(8) 182.5(2) C(15)-C(16)-C(17)-C(18) 180.9(1)
C(6)-C(7)-C(8)-C(9) 359.6(8) C(5)-C(6)-C(37)-C(42) 132.5(4)
C(7)-C(8)-C(9)-C(10) 182.8(7) C(9)-C(10)-C(29)-C(34) 125.7(3)
C(8)-C(9)-C(10)-C(11) 170.9(6) C(14)-C(15)-C(21)-C(26) 130.2(9)
C(9)-C(10)-C(11)-C(12) 163.2(8)

19-2 & EY /v 3a OFFEBEITIOEARTH Y . ZZZsynsynsyn 7 F-A b F S BPER
R T IRIETIZBIT 5 19- 4 B /2 3a D NOESY DiERAE2 LT LD TH -1,
AVANOT7 =T EY BRI L TR EEEEZ LY, 20 HA
C(pyrrole)—C(meso)—C(phenyl ipso)—C(phenyl ortho)|% 47—54° T >7c, 77 X LD AR L '
—/V O B ERIZFE—FmE Licd 523, BEE CEB. CERE DRITRUNIMEEL L > TV,
19NED A P HEDAFAMAIET 7 Z LD ABRD FITMEL, SHIZEY 2 BT
BNZ MW TW Tz, B FHIZIE PAAE MIEOA R Y 2 o OW A& Y, Figure 5-3
WCRTEIICHELXFTZ VT 0 —%FFD 19-A b vV UREIERERFCTHOREARICNZ
LAEMEL TV,
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Figure 5-3. (Top) Cell packing of 3a along the a-axis. (Bottom) Structure of spiral column made up of

helical molecule. The phenyl groups are omitted for clarity.

M) 722 BV VA rOA, ABRONH EBEET RO ) 4O DEO I ILAR
SIS ARBEEAEZERTA2OT, BEROREXFTIAN T LERKT D2 LRI T
59, UL, 19-4 R Y 2O DBRICIENH BZR2VWO T, BT Y 2 o LKER
BEIEET 2 ZEMTERN, 207D, 19-A MFT BV 2 3a (IfE5 T ToFKERR
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BTHZERLMANTETTLERKTHEBEZOND, ZHUETBICT VX VEELFT D
19- 2 FF B ) U OFERBEERRE SN TNDES, ZHEHETHE 19-X RF Y ) v
3aD, HLEADE v FITATHOWL o TWH I LRGN oT-, C-5 & C-15 DIEREE 19-
ARFUEY 2 3aM7.03A T, BEH19-A R FEY L (6.82A0)L0EN-T-, £/27
I BELDOHINVE=NEETEE 19 fLD A XU EOBESE & OBBEL 19-2 R EU /2 3a R
4.14 AT, BEHL19-A P FEY /(394 A) LV EN-T-, A VNLEFKT D C4-C5-C6,
C9-C10-C11, C14-C15-C16 DAEDNYHNE 19- A FF T BV /2 3a ) 122.4° T, BiE#h 19-
ARUFEY 0D 1267° L V/NEL o TNDHIENLLHADE vy FRAIZRY, &5
IZABREDBROERD BREL 2o EEX BN,

33.5-AFYHRNT 4 U2 LIRFREA & ORIG

BRBEOHF AL E2HTHEY VT LAHIFT T = R/ ) = — Lk, =/ 7 — ) **
CRIST DI ENMBEN TS, ZTHET Balch HiIZk > TR-A4 7 X =F)N-5-FFH R/
A VW™ T NI TTFAT E=T LY T = RERIETHIET 19- 7 /EY RS bIC
FOGSEIT L2 10,19-03 7 2 B ) ) R 15,19-P3 7 B J UREKREND Z &S
ENTWDY, 22 T5-AXYRLT 4V 2a b7 ) =v— ik 7EFIU K, =) TF—
N7 EDIRFREEA & DBRRBUSIZOW TG 21T o7, 7V =Y —/AEE & ORUSIZIE
10,15,20- b U 7 = = )L-5-AFHR L7 ¢ U U HEREEIK 2¢ 2V TIT > 72, 50 mM O BAL—=F
N TR T LE 5-FFHHRILT ) %80 °C TRIGSHT- & AL BB NG I
TLEWV, 19-=F e ORI TE 2o Tz, 5-AF VAL 7 0V 2a k20 mM D
LiCCTMS & O FUS TSR Dk D DI AA~D AN R ST 23 BRI DB CTE 6
WCERISEHEEZ D, BV A1 BRELND I EnbroT-,

Scheme 52 IR T L DT, 5-AFHFARLT 4V 2a%7 8 M= TFLE /=) T — R
TEFATERIN AR/ )T NeRIGSEDEZ ) T—MRIILZEY 22 13 BXIO
14 3567,

13: R, = COOMe, R, = OEt
14: R, = COOMe, R, = Me
15: Ry = COOMe, R, = CH=CHPh
Scheme 5-2. Synthetic route to enolate appended bilinones. a corresponding enolates. » 1 M HCL
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v'Y /13 13X MALDI TOF MS X ¥ m/z =845 (M", M = CyoHyoN,O o) DB S 41, = D%
XFFL7z, FEY 13O ' HNMR Z2JIE L2 & ZABMO T 1 ki 6.18, 6.65, 6.70,
6.85-6.89 (overlapped two doublets), 6.97, 7.07, 7.48 ppm |[ZBIH S 4L, 7 = = /)LD F /L ML
D7\ kX 7.54,7.60, 777 ppm (IZBIHI S, 7 = = VEDO A Z o7 v k21X 8.03, 812,
8.19 ppm (B S, BEENEO NH 71 ko1 8.28, 11.61, 11.89 ppm (ZEHI S NT-, 7=
7% MEEBE =T AL O 7 e ki iE 1.24 (3H), 2.00 (3H), 4.19 (2H) ppm (&L S 41, 1.24 ppm
E4.19ppm OE—7 (X hFX I, 200ppm OE— 7 (T FNVIETHD EHBT L7z,
J 13 O PCNMR #JIE L7z & Z A, 103.9, 120.7, 124.2, 127.2, 130.9, 132.6, 134.2, 138.2,
138.8, 139.7. 143.0. 146.4, 150.4, 157.8, 161.2, 166.9. 167.9, 171.1, 195.5 ppm 72 (2%}
MENT, S5RDBERTEEITH 72HIZ, COSY, HMBC, HMQC, ROESY DHIE %17 -
72o HMBC X » C NMR @ 166.9 ppm (Z 3.88-3.96 ppm 7> & DFAREN A H 72 2 & 75 166.9
ppm DIRFIIAFIVZAT VDI NR=NIETHDL EEZHND, 72 PCNMR D 167.9 ppm
W hFUEOAF LT FTHD 419 ppm 226 OFEN A HNTZZ & 226, 167.9 ppm
DRFELT ¥ MR F VDT AT VDI LR A TH DL EEZBND, “C NMR O
195.5 ppm & 103.9 ppm (27 B F L TH 5 2.00 ppm 226 OFAEN A SN2 Z &b, 1955
ppm DRFZFLT ¥ MR FILVENL DT B F LD D VR =V THDH EEZ B, 103.9
ppm DRFBIZITTFNVIZ AT IV ET EFMEEENTZ AT LV DRFETHLEZ 2 bNDL, &
512 BCNMR @ 171.2 ppm (2 6.18 ppm & 7.07 ppm 2> 5 OAHERH BN, BV ) DT 7 X
LDII VAR = VFIT 170 ppm FAEIZBIAI S NAD Z E B THRINLOT, Y 2 13D 7 #
DTN AR=)VENT 171.2 ppm T, ZHEAHBET HBALOD 6.18 ppm & 7.07 ppm D 7w k&
H2 B X OH-3 THh % &l L7-, £7- ROESY 12X W NOE Z#llliE L7- & 2 A BALD 6.70 ppm
L 7.07 ppm (X7 = = /LD AV MLOD 7.54 ppm, BALD 6.65 ppm & 6.58-6.89 ppm |L 7 = =)L
FLD AV MLOD 7.60 ppm, PALD 6.58-6.59 ppm & 6.97 ppm 1L 7 = =LV ID AV MLOD 7.77 ppm
\ZFNZEHNOE BEIHl Sz, X 512200 ppm O T EFNVIEIL T = = VEEDO AL MT 7.54
ppm 2 NOE Nl STz, ZORERNOBLOT v h iz nZi 6.18 (H-2), 6.65 (H-12),
6.70 (H-7). 6.585-6.89 (H-8 or H-17), 6.97 (H-13), 7.07 (H-3), 7.48 ppm (H-18)C& % & HI¥r L
2o BV 13 b7 2= VEOA N MO T 8 R FEEET D ST oDBN DT e b E
WEIUNOE A B, 7T N T VDO T BT NVEE SO T = =/)LHIZ NOE NI 5
HIZEMMND (BZ9ZINS5ZI9E)D A T F A—a ke DI ENIRIBENT, Scheme 5-3 (2™
J = MPmeY 13 OB RMAEE 2R,
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OEt OEt OEt

H
o o} o
e
O / e} OH
DS
C-alkylation C-alkylation C-alkylation
(RS)-p-diketo p-diketo NH enol
0] 0]
OEt
EtO
— —
O O
H H

O-alkylation 1 O-alkylation 2

Scheme 5-3. Tautomeric structures of enolate appended bilinone 13. Only D-ring is shown.

104 ppm (2B SN D VR = VBRI EN T AT LU RFEIT, HMQC LW Eoo7m kv
EHBHBEL TWRNWI LB 4 MRFETHDLZ ERbhrole, TITAF L URRIZT B

N ZRO(RS)-B-T 77 MELE O-T IV F WAL DO B BMERIT Z Z TS vd, COSY LY

6.18 ppm (H-2) & 7.07 ppm (H-3)IZ 828 ppm O NH 7’12 kb om > 7 L2 A, 6.70 ppm
(H-7)& 6.85-6.89 ppm (H-8)IZ 11.89 ppm ® NH 7' &2 b or 7 L PR, 6.85-6.89
ppm (H-17) & 7.07 ppm (H-18)iZ 11.61 ppm ® NH 7' &2 kb owv 7 L o PN A L vz,
UbozZ bz I—MUME Y /213 O 5 HZEBMERORE T Figure 5-4 12784 B-

P ENHBTHL Z ERbhroT,
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NOE
<—> lLong-range COSY
COOCH; <~ HMBC

Figure 5-4. COSY and NOE correlations of enolate appended bilinone 13.

E SIS FHUERF(B3LYP/6-31G(D) L 0 7 F L HEDEE#E L DO NH 711 b v 23 KERE
B RV B ESNDEEP RR I N, ZOBEITIT BT NVEDOATFIVEN SO T7 ==
VRIS DT, NOE OFREZXFFT 20D E /-7, LrL, 'THNMR XV o H2 5
PEED Y 7 F NV HBRI SN TEY . EOESREN OB LZ 10%I3 o AERMEETH L &
EzoNb, TOMOT ) T — MIMEY /> 14, 15 12OV THEERIC—K I NMR, X
JG NMR, MALDI TOF MS IZ LV ZOE LR LT, =/ T — & 5-AFPRLrr 40U
2a ZSEETEE, = T— MENE Y 03 21H,22H24H HAERMERE LTE LN,
e Z Llc= ) I — MY 2 15 2B L T, 19 (O NARKED E K72 D) Z 1K 72D
23X NMR 7> BB 2320372 3o 7

34.5-FF VRN T 4 U DINT v —Vofig b 2 OiEIRE

NUTUAEY U 1 ZROKEREE, BEfEHidh & SOS SH 5- AR L7 2 U 2a ks
T HER. WL LT 1% ) — v EEte s na RV AR TCRISEIT) &, 5S-FF VR
4V 2a b 5-AFXHHRLT 4 U2 2a LVBEORNEAOBENGE LN, ZOFBEOH
#1Z 'THNMR ° MALDITOFMS |[ZL V| 19-= hF BV /v 4a THDHZ LRtz X
JARE A 30 012D & S-A TR T 4 U 2 2a DY 50%[EII S4B DTk L, SRR % 60
ST HEN19-m FX e v da P EAEP E LT 61%DIEETH LN, ZOREERND
T2 — VREMENWFFICBWTHS- ARV T 4 U 2aldm¥ ) — e T5HZ &
DRI ST,

ZHVETIIBEI S-AFVARALT 4V VHSREERIIT L ax s ROT I FAT— K
JET A BT LTINS P02 o g L LRSS T L3 LTV RN, F 2T
FOGPEDIRN A 2 ) — e, =X ) —)b, 2-T X)) —)b 2-AF)N2-FaX)—, K&
5-F XV ANT 4V L DRINMI DOV TG L7z, Figure 5-51225 °C, A% J —/VHIZEIT
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5 5-FFXHAHRNT 4 U 2a DI FTHBIL AT R VORRFELE RS,

0.2+

0.1

Absorbance

=

300 400 500 600 700 800 900
Wave length/nm

Figure 5-5. UV-visible spectral changes of 5.0 x 10° M of 2a in MeOH at 303 K. Spectra were

recorded every 1 min.

5-FFYARNLT 4 V2% AL ) — VIS ED & 5-AFHARLT 4 U 2alliikT 5
388 nm & 639 nm DWW L, #H-72—2 & LT 334 nm & 801 nm DOWLIL D HI KA
BINTe, FTWINART MAEAERERIEZED Z b EY /2 16a DA EMI I
42 L ARMEE T, Table 5-5 12 5-AF BRIV T 4 U 2 2 Ok & R 31T D IRy iR
ISR EZ T, Flo5-AFVHmL7 40 ) e vY ) ol KOS % Scheme 5-4 (27K

o

Table 5-5. The first order rate constants of the ring-opening reaction of 2a-¢ in MeOH, EtOH
iso-PrOH, tert-BuOH and water.

Solvent

kis”, 2a (COOMe)

kis™, 2¢ (H)

k/s™, 2b (OMe)

T/K

EtOH
MeOH
iso-PrOH
tert-BuOH
H,0’
EtOH
MeOH

(7.5+0.5)x 107

(1.03 £0.03) x 107

(82+0.3)x 107
(3.0+0.3)x 10°
(8.6+1.0)x 10”
(5.8+0.1)x 107
(4.6+0.1)x 107

(1.1+0.1)x 107
(22+0.1)x 107
(3.2+0.1)x 10"
a
a
(9.0+0.2)x 107
(7.8+0.8)x 10™

(3.3£0.3)x 107
(1.0£0.1)x 107
(8.7£0.3)x 107
a
a
(2.1£0.2)x 107
(4.1£0.1)x 10™

303
303
303
303
303
298
298

a Not determined. » Hydrolysis was performed in 5%(v/v) CH;CN in water. Both the zinc complex of

bilindione and the free base bilindione were formed.
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2a: Ry = COOMe 16a: Ry = COOMe, R, = OMe 3a: Ry = COOMe, R, = OMe

2b: Ry = OMe 16b: R, = OMe, R, = OMe 3b: Ry = OMe, R, = OMe
2c:Ry=H 16¢: Ry = H, R, = OMe 3c: Ry =H, R, = OMe
17a: Ry = COOMe, R, = OEt 4a: Ry = COOMe, R, = OEt
17b: R; = OMe, R, = OEt 4b: Ry = OMe, R, = OEt
17¢c: Ry = H, R, = OEt 4c: Ry =H, R, = OEt
18a: Ry = COOMe, R, = O'Pr 5a: Ry = COOMe, R, = O'Pr
18b: R; = OMe, R, = OPPr 5b: Ry = OMe, R, = OPr
18c: Ry = H, Ry = OPr 5c: R =H, Ry = OPr

Scheme 5-4. Synthetic route to 19-alkoxybilinone zinc complexes 4-6 and their free bases 7-9.
Reagents: a various alcohols R,OH. 5 1 M HCl.

30 CIZBITD5-AFXFYHRNLT oV 20l AHF ) —, =F ) —) 2-7ax)—/LEDK
JEHEE IR Z 4 0.0103, 0.075, 0.0082 s' Tholz, £ 5-AFVHELT 4V 2aDT L
I — /L COREINT 10 B0 5 90 BT o 72, SR 5-A4 B R 7 U 2a & 2-AF
N2-7a ) =K EDRISITE THEBWEERE R oT2, Lo TT v a— Wk % St
PRITEE— > > =R Tho7e, TNHORERND 5-AFHHRLT7 40U rne Kax
VHEDO VAR E B DT ADIZEATHLEEZOND, TNETHINAR=T LA A
ET N A=K E DRI DOV TREIR 72 S 4L, T2 —RoKIZH T B RO A Z 7
=S H )= N ) = LIRS AT )L 2- TR ) — L DIETIKR T 5 Z ERHES
NTWBER, DT 2= VIR AA A D 2-FasR ) —)bl 22 AF 2T a8 ) —L b
DR EIL 4.5 THHN, 5-FF YR LT7 4 U 2aD2-T a8 ) —)L b 2-AF)N2-T 1
IR =)V EDROGERE I 2700 TH D, Lo TP T 2=V INR=T AA F v L 54
FHARNLT 4V 2 2alTEmNE A/E GBI EZHT 5 Z B bhoTz,
&ﬁ%%fw74UVﬁ%WﬂEEUVyﬁyﬂwwﬁimbﬁ%v5+~ﬁ’iof%
BEXND UL RANLDBHE Y LT ¢ U A~DOEBICB T 5T ARG E U TR A= T
b%ﬂw-Aﬁ%vﬁf~?i%$%M%$f%D — T ORFEENWUET TV R L%
BV ANULT BT D Y Table 5-5 IR L2 X DI S-A PR T 0 U 2a bKEDK
JRIEA X )= LB L CHTBEWER Th -T2, ZORRND, ~LA T —8idn
KOGFREESR TRV D T, BB LEETEZHOTUL RALEHERT 2HIEZ & 20Tz
mEBEZHIND,

3.5.5-FF VRN T 0 U OB A T = A A

ZHNET Balch HICH ST 5-AFHRLT 4 U b7 = NIZEDBABRKISIZONT, —
FELT = RN S5-FAFXYRVT 4 U DAL U7z RREEADR AR L7214, C-4—0-5 DFEA
DORAHEESTI19-2 T = REY ) U e RDAD=ALPIREINTND Y, 04, NHy
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R NMe,, OH, CN' & 5-4F VRV T 4 U U DORIGIZOWTOHEGHEARE STV DY,
CONTEGEREICE D L, T4 N S-A R T 4 U D 4 LORFBITRIEIE L,
—EREREZTER L0, BRREAZRTEY 2 VHEE R~ LIS, ZZTT L
a—)L & DORZ DU T Scheme 5-5 [IZ PRI N SR A T = XA ZRT,

+ ROH

19 20d: R = Me 21d: R = Me
20e: R ="Pr 21e: R ="Pr
20f: R ='Bu 21f: R ='Bu

Scheme 5-5. Reaction of 5-oxaporphyrin with alcohol via alcohol adducts (20) to afford

19-alkoxybilinone zinc complexes (21).

ZOT NI AR 20 £ 19-T v a X e Y 2 CHEEREER 21 12OV T, FERERI S 7 iE
FHRL(B3LYP/6-31G(A)IC & & EMIE & =X —Z2HH L, Z DR % Figure 5-6 3 LY
Table 5-6 |Z7"7,

Figure 5-6. Optimized geometry of a: 20d, b: 20f, c: 21d, d: 21f at the B3LYP/6-31G(d) level.
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Table 5-6. Energies of 5-oxaporphyrin alcohol adduct zinc complexes (20) and 19-alkoxybilinone
zinc complexes (21) calculated by ab initio (B3LYP/6-31G(d)).

Oxaporphyrin alcohol AE,\, 19-alkoxybilinon AE,,"
adduct (20) (au) (kcal mol™) e (21) (au) (kcal mol™)
MeOH -2919.17727 24.1 -2919.20569 6.3
iso-PrOH -2997.81386 25.5 -2997.83848 10.1
tert-BuOH -3037.11831 33.8 -3037.15562 10.4

a AE, = E(11) + E(CF;COOH) — E(10) — E(ROH), b AE, = E(12) + E(CFsCOOH) — E(10) — E(ROH).

AR ) =R 20d & S-AF VAR LT 419 EDTRKIVX—FEAE L, 2-T asX ) —)L
RN 20e & 5-FFHHRLT )19 EDOTRILX—FEAE T EAER U THoZMN, 2-4
FIL2-T R ) — VAR 20F & 5-AF VR AL T 4 U 19 E DT FILF—2ETFE LL mho
T2 TDO—FH T, AX ) —AAHE20d & 19-2 R B J VlgHsER 21d & D=L F—
FEAE, X, 2-7 a8 — UK 20e & 19-E7 ) 2 U HEERSEIR 21e & D= R ILX—FEAE, K 2-
AT N2-Ta R ) — VAR 20 & 19-B° Y 7 HESREEIR 21F & D= R VX —FEAE, LV K<
7257z, Table 5-5 ITRTISIEEDFERN S, 5-AFHRLT 1V 2a & AK ) —)LR 2-
7BN/—W&®ﬁmTiL%%%’%PT%ULki*w¥~%%O*&ﬁ%i%héﬁ\
2-AFN2-TFasN ) =& DORSTITEBIREBIZCB T 2 =2 L X —0NIERICEm< 2o TV D

ETEENS, ko T, 7 a— AR 20d- f@%Lc‘: ERBRREN LY BN—FHE e L
Ezohb,

3.6.5-FF VRN T 4V o ORISHET T 5 B HEL D T

T v 3 — VG RRIZ BT D BEHIEON R ARG T 272012, 5-AFVHRLT7 1 U v 2a-¢ &
AW THHF 21T o7z, Table 5-5125-AFVRLT7 4V 27 Nha— DN HEELZE LD
Th %, F7= Figure 5-7 12 5-AF VRV T 4 Vo OINT N 3 — VRO SEEZ N A > B
DEBILERIZH LTy FLIEbDERT, NA vy FOEBEER, XZiE TICHE
SNTWDCEMEZ WV, A P AV R=VEICE L TiE= b VR = VRO 2
LTS, E5-AF RN T 4 VATEDFHT 7 = = VERE#R L T DO T, BHRILERD
F3c,l2xt L CF' 1y ~ L7z, Figure 5-7 225, N7V 20— Vo3 iR 0D B i i%@ﬁ%nﬁi&
R U CRARERBEENSE LN, FTMEEINEOMERT I END, KISOEBIRREIZ
W, IEBRAWT DI EARENTZ, 25 °CIZ 75WTW3WWAM®ﬁmEﬁpiX
B )= LBIORTZ ) —/LHT0.029 eV, 2-F 1% —LHFT0.039 eV &ERoT-, ZNET
Kadish HIC K> ThEA REBBEA AT L NNTEBT N7 7 2= VHRVT 4 U o BEEROREL
TNCL DT AL T hN, DhHTFH, T=Fr TN, VT =4 OAERKSIZD
WTHENRRENTEY ., ST 0.05-0.09 eV 725 Z L RbhosTHEY, Zhbd
— BB OIS EL L M7 Va2 — RO RS ESITEI L TE Y . :@*&ﬁ6\&j
FHRNLT 4 VU ORINIZENTE, EBRREICBNTBEZE—EFoOABRMBFEELT
Wb EEZBND, BTFANED 5-AFHHELT 4V ‘/733\':]3‘@0)7/1/:1»—11/1#73[1{43 (AL S
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NDISA T = ALWBNAy h Ty L L IFFESNHERE o7z,

-0.05-
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Figure 5-7. Hammett plots for the rate constants of the reaction of oxaporphyrins with MeOH (black
circle: 298 K, white circle: 303 K), EtOH (black square: 298 K, white square: 303 K), and iso-PrOH
(white triangle: 303 K). p/eV = 0.039 £ 0.003 (EtOH at 298 K), 0.0375 + 0.0004 (EtOH at 303 K),
0.029 + 0.004 (MeOH at 298K), 0.028 = 0.001 (MeOH at 303 K), and 0.056 £ 0.006 (iso-PrOH at 303
K). o, (COOMe) = 0.45, o, (H) = 0, 5, (OMe) = -0.27.

5-AFHARNT 40 U DOBRRKISIZOWNWT, ML FIZENTT b a— L& RS S H,
ZORIGHEEER AR L, #EE% Table 5-7 12”7,

Table 5-7. The first order rate constants of the ring-opening reaction of 2a-¢ in 1 M MeOH, in 1 M
EtOH, and in 1 M iso-PrOH in toluene at 303 K.

Nucleophile kis”, 2a (COOMe) kis™, 2¢ (H) k/s™, 2b (OMe)
EtOH (3.65+0.04)x 10 (1.83 £0.05)x 10™ (7.0£0.1) x 107
MeOH (7.5+0.1)x 10 (2.0+0.1)x 10" (7.3 £0.4)x 107

iso-PrOH (7.8+0.4) x 10” (4.0+0.4)x 10” (1.17+£0.04)x 107

Toa— L HOLGE . KISEITT S ) — N>R 5 ) —)>2-T7 /X ) —)L>>2- A F)L2-7 X
J—VONEIZED 7 R, v o zB WL, A% ) —~xF ) —)>2-7 1)
—IVONETHISHER D Uz, 5-AF VR L7 4 U 2a% IMAZ ) —)LT ¥ b= kU A
P CRSSETE EOSEEIX(1.4£02)x 10%s" L7220 MU PTRIGEETZIED
D 5.4 5L SUSPEITT D 2 & bno e, MM AIZ 35N TR EE DA 03 72 H i
22D B SDOEBIRETEBRMPEDT D L RIEA T = AL E IR HRER L2
7,

SO, BRICEAT L EBEORIZ OV TR Z1T O 20ic, PIICEREZA T
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5-A %R/ 7 ¢ U [3,7-bis(2-acetoxyethyl)-21,23-didehydro-2,8,13,17-tetraethyl-12,18-
dimethyl-23 H-5-oxaporphyrinato](chloro)zinc(Il) 22 % Z V£ THE 2 D HIEIZHEWER L7 ™,
5-AF BT 4 U222 D30°C=H ) —)LHEIZEBIT 5 BBRG OB 9.2 +0.1) x 107 s
Tholz, Lo TAYVEWS-FAXVHRNLT 4V 2a¢ LY RISHEMENZ ERNGhoTz, B
AT 5 2 5 BTG EENIE r— VOBMLIZ T VX NI E S AREAN L2 OD N, A VALIZ
AR T 2=V EEZEEALZLD LD &EoTz, o FiuEHFEBILYP/6-31G)IC L 5~
U DR TEMATET D8 5-FFHRLT 0V 2a, 2¢, 22D C4 BLOC6 DFTE
FHIEZENZH 0475, 0494, 0493 L72 0 5-F4F VKL T 4V 2a B bREFHTHY
INE TORISHEEDRER L —FK LT,

3.7.5-FFHHRNT 1 U v Okk & 22 KZHINT 3T 5 RO

5-FF VRNV T 4V o ERRA TR & OIS BRETT 272012, NPT ra—)L,
RUVUNT IV, RUUNVANA TR T )=, T2V, FHET7= /)= LD 5-
FXPARNT 4 U 2a OBBRKISETT 72, Figure 5-8 1230°C, 1M X2 U7 La— Lk
VT URIRICBIT D 5-A X YRV T ¢ U 2 2a DEESNFHERIN A7 " VELERT,

0.20

0.15+

0.10+

Absorbance

0.05

\ T T T T T e
300 400 500 600 700 800 900
Wavelength/nm
Figure 5-8. UV-visible spectral changes of 5 x 10° M of 5-oxaporphyrin 2a in 1 M BnOH in toluene

at 303 K. Spectra were recorded every 5 min.

398 nm & 645 nm @D 5-AF W R T ¢ U U OWIAED L, Hi721Z 324 nm & 800 nm DWLIY
DHAR LTz, XUV T UK DBHBRKISIISSERN E D> 72D T 1 mM @ b b ¥R
G, ORI X BB OV TIX I M O h LV R IER P CIT o 72, 30°C 128
T 5-AFYHRLT ) 2a b _UDNTIVa—L RUDILT I RV A VH T H
V. T )=, T2V, FET )= O— RIS E T % Table 5-8 12777,
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Table 5-8. The first-order rate constants of nucleophilic ring-opening of 5-oxaporphyrin 2a in 1 M of
BnOH, BnSH, PhOH, PhNH, and PhSH and in 1 mM of BnNH, in toluene at 303 K.

Nucleophile kis™ Nucleophile kis™
BnOH (3.0£0.2)x 10™ PhOH (2.6+0.2)x 10™
BnNH, (3.6+04)x 10" PhNH, (12+0.2)x 107
BnSH (6.1£0.6)x 10™ PhSH (52+0.1)x 107

5-F XV ARNT 4 U2 2a ORBEANZKTT HRUCNEIZNOVT I U>>F 4T 2 ) — A>T =
Jo>RUDNT I V>NV TIa— A>T = ) — )L lpolo, XUUNT I T ORE:
FlE R 1000 (5 G L, 7=V 00T A4 —/b, 7L a— VORGSR 1 ZEELL L 725G
RL o7z, Pearson HITEEA ZasREAIE I LA F VL DRUSIZOWTHE L TWD®, =
TEA TN EDRISIZBIT D AR ) — e TFH 7 ) —)VOKSEELIX 50000 THY ., 7
=V TFF T2 ) VORISEERIT 12 THD, —FH, 5-FXFHRLT7 4V 2a DK
JRCBIT BT A= v e FH T = )= VDORSEERIT 16 THY, 7=V & T4
T x ) I)VORSEEIZ 43 ThoTo, ZO/RENL I LA TF VLR 5-AF R LT
4 U 2alTE VDT TN a— /IR L TEWRIEEZ R 2 L3> 72, HSAB BT &
HEL RUULT T LRR DT R UIEVREAITH D, XUV A LI T H T
WD DN REERICTH HY, a b A TN E R DBREZ RT LD, 54XV HRLT 41
Y2alEF VLA TF L L VEVREB LA THDL EEZXHND,

Z ZC Scheme 5-6 [ZPHEINDINA = AL AT, 3.5 TR L HI2, MmAHRFEAE
DOLEEMENOSEE EAHRE Lz, 2 ERU X D ICUEAEFFIAE BV 2 s HElhgs iz
THERRBR Sy FHE R (B3LYP/6-31G(A)IZ L W Ik B EHE L T3 VX —2HH L=, $/-
5-FAFYARNT 4 U oo b UEARPEIE~OBBIRE & WA HENb v ) 2 CHnshk
~DOBRIREEIZ DWW T b IRy FHLE FHE BILYP/6-31G(A)Z & 0 B L7, st R O# A
L AVEDT = = VHRITKETEBE L, REAOX DAV EIIATFARLE LTEHR L,
FNENDOREEREE Rl & & REFOMMEISITRO L5 5, Flzid, 2%/
— VDA, AKX ) —IVORFZRTL 5-AXVARLT 0D Ch RFEOHEET 1.667 (1),
1.400 (I1), 1.351 (Il1), 1.337 AAV)EZ L L, 5-AFH RNV T 4 VD ChfrRFEL 05 RFEDIHE
BiE1E 1.384 (I). 1.460 (I). 1.783 (III), 3.445 A (IV) & Z{k LT\ %, %7z Table 5-9 |[JEBIKFE
RMUmE AR, BV 2 CHEERSERO X = R VX — AT, DU A RSO B A A ik
MDA AT ORBANCB O CTREARIE T - 7o, BRI miR o AR 2 B4 2 BT,
B4 BETHRRELICE'GTHD 5-AFVRLT 4 U UBER LA RLT 4 ) oDl
BIREDR KOS ATELEEZ bV, DRfThNI 5-AF R L7 ¢ U CHEREEARD OH,
NH,. NMe,, CN72 EDOREHNT X D BRBRISIZOWT O FHuEFRIC L 2 & WiEfkd
IR D AERUTHESUE T - 72 %, 2 Z TR A AR EKIZ DUV T MeO™=° PhOIZ 2T
b FPUEFHR 21T > 72 MeOIZ DWW TIIFESUR & 72 5 7275, PhO TIEREUG & e o 72,
OH'., NHy, NMe,, CN72 & CiTo 7o FHLERIEIL S-AX R v o4 Vi hFA oL
LCERELTWDA, SEATS 20 FRUERIRIZT =4 UMD CF,CO00 % U Ty RiZHoH
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Moy e LTRE L, 2o FHUERED O WERFEIRDOERIZIZT =4 Mo
KERIOTTR, 5-AFYHNT 4 ) OFEFEHREEZRD ZLICE DT R —HBRIIT LI
DT, FEARILE 725 Z ERbhroTz,

ETORBENCE D 5-F 2V RN7 1 U L EENGEAR O BIBR T 361 5 H0s B P 13 U i
HER ST 5L ZI2hH 0 ZOHRIZITTW S D C-0 fEEDe*flElZ O, N, S 1D
A E AR OFNIALRNEH 5, Table 5-9 7> & VU EHAH A 58 5 BERIRAED = KL F
—IEN>0>S DIET/HhEL 720 REMIEREAI D703 FEBREA LD /NS <o Tnd,
Table 5-8 [Z/R T SN, EHREAIE ORIETHLS . Z ORI FIEFHHE & b —%
LCWB, BRFERIZA, Wi REANIICIEE & o7, TRl RER] & 5 F R RER TIiX
T U TIIEIED T INE S T2, FA—NOBREITRHRERE ool ZORIEREE
E AR EMROAR—EOFK E LT, #ligh bV H > RSO F—(Z 5 L
TWDH, BEIRRENT TIETF v VU H Y RARLTRHELTND Z &0, 71 hmeok
FAREEOWRBEAN 722 N EBIREBICEE 5 X TWD Z BB BD,

For neutral nucleophile, RXH_

R=Me, X=0
R=Ph,X=0
R =Me, X=NH
R =Ph, X=NH
R=Me, X=S
R=Ph,X=8

1 19-Substitued bilin-1-one zinc complex (V)
Scheme 5-6. An intermediate and transition states of the ring-opening reaction of 5-oxaporphyrin.
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Table 5-9. Energies (kcal/mol) of the transition state of tetrahedral intermediate formation (I), the
tetrahedral intermediate (II), the transition state of tetrahedral decomposition (III), and ring-opened
bilinone (IV) calculated by ab initio at the B3LYP/6-31G* level relative to the starting 5-oxaporphyrin

and nucleophiles.

Transition state of Transition state of
tetrahedral Tetrahedral tetrahedral
Nucleophile . . . . . . 19-Bilinone (IV)
intermediate intermediate (1) intermediate
formation (I) decomposition (I11)
MeOH 12.4 24.1 28.5 6.3
PhOH 17.2 27.4 35.1 10.8
MeNH, 4.8 25.1 26.9 1.9
PhNH, 9.3 27.4 31.1 6.7
MeSH a 27.9 36.4 12.8
PhSH a 27.0 37.7 11.4
MeO -39.3° -37.1°
PhO" -17.1° 4.8°

a No transition state geometry was obtained. » There is no proton on X in structure I. ¢ CF;COO’ is

formed together with II.

38. 19 BEHLE Y L DRI AHHIRIL A~ h v

Absorbance

T T T T I 1
300 400 900 600 700 800 900
Wavelength/nm
Figure 5-9. UV-visible spectra of 3 x 10 M of 19-substituted bilinones in CHCl; at 25 °C.

Figure 5-9IZ 19EHE Y / D7 v v ARV LAY 25 °CIZ 31T DA AR AR T R L%
T, 21H23H AZEBRMERE Y ) v O RMOWINHEIL 19-A F¥F T B Y /2 3a (324 nm,
404 nm), 19-7F /L7 I /Y /2 8(336 nm, 420 nm), 19-7F /L ALT 7 =LY /11
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(346 nm, 427 nm)DIETRIEER > 7 ML, RERMOWIHFIL19-A FF Y /2 3a (645
nm), 19-7F /L ANLT 7 =LY /11 (668 nm), 19-7F /L7 I /Y /> 8(699 nm)DJIA
TREEY 7 N LT, 21H22H24H HZAERMEREY 2 ThoH =/ 77— MIEY 7 13 O
HERMEE I VA1 ERUTHD, =/ 77— MEIEY 2 > 13 OondtZix7 & b
HEA =T VAL E THLRES N TWA DT, BV U4y 1 ORI E T2 & HiEEMo
WA 1% 399 nm 725 463 nm 12 64 nm B R 7 b L, BHEEMOWINE X 626 nm 7> 5 706

miZ80 nm R Ev 7 MLz, Flexm /) I7— MIMEY 2 13 L0 S HICHERBILE L
ki/7~FHME)//15i\§&§@ WIHE 2313 K0 &5 17T mEFEY 7 L
7o

4. f55

F 5 ETIE S-AFVARNLT ¢ U AR DBBRRISIZ L D 19 B LY /) DGR E 5-
FXHHRNVT 4 U DRISHEIZ DWW TR T2, A V@ S-A X RV 7 ¢ U 2 E RO ,RNH,,
RS72 EDREEH & G LBIERT 5 2 & T21H,23H AEREMKD 19-BH Y /&R 40~
85% CHT D Z EARMHNTz, 1900ICA FFUEEZEALZ 19-2A FF BV / 2L NOESY
B KO X Mkt s & MEAT > DA% & 3 (42,92,15Z)-syn,syn,syn 7 b A R ¥ U BMEIKTH L Z L
DroTe, FTZI9MDOA MFTEDAF U FITARD FICMLEL, EHIZEY 2 EHKRO
HUOMAN & DN TV, BAZES THIZIE PR E MARD 19-A R B 2 URRIELTED,
RUXZ7 VT —%FO8) JURIENRAZ 7 L, WD T AEE D2 ERDho
oo BT, BALICERILZ D 19-A hF B ) R D e A VN EERKT D AN
1224° L /NEL ABREDEROER Y BRED-T2, ABROINVR=VEEFZ L 190D A FF
TWEFEDOEBEIL 7.03 A TRALEHAL I, BEEA R o TWe, TNHDO/RRED | 2
VEEA X e ) CORER y FIIPEMAR LV A THL I ERbho T,

FI5-FXHARNT 40U IENH;°NaSH & b ISLBERT A Z & T Y J UG 6Tz,
19-7 2 /Y v OEEIX 'H NMR R IR OFERND, 72 KOFENHER S, S5
TIRIE NMR 226 (42,92,152)- 21H23H =5 X U HRIH R RMRTH D Z L BNbhoTz, 19-F4
XYV rOfEEIT 'H NMR X° IR OfE R SH EOFENHER ST, "C NMR XV
188.6 ppm |2 C=S ([CHIRT 5 v 7 FANRBRI SNz, & HIZKIC NMR 76 (4292,152)- F
A7 2 RARIC21H22H24H 3 KON 21H23H,24H O HIEBMEARPNRIEL TWD Z Enbooiz,

SOOI SAXYARLVT 4 V37| Mg~ TF L= ) 77— T BT AT R N ) T —
M EORBREAE LIS LEERELTE Y J ongoniz, 7k M= T L=/ T — |
MDA L7ZEY 7 > oL —%ot NMR ° &t NMR, 2 FHUEFFE O RN D
(42,92,15Z,19E)-21H,22H24H-B- /7 MU HIBBRMEIRTH D Z L vbh-o T2,

AVEW 5-A XV RNV T 4 U ATBWVREAITH DL A X ) — o Z ) —)v 2-TasR)
— AR EERIS LT 52 LT ) ClignEE R E 5 2 T, € ORIGHEITE k., 5 k.
B =R DML 72 o7z, 85 /8 RO RISEEE T 2700 & 720 | mVEE k5 ik
PEZHELTWD Z e bnrolc, BICEAT ZEMEOR LD L, A& 7 —Lh
IZBWT, AVLUCA MRV HNR=NT 2= VB HT D 54TV RLT 0 U o ORSHE
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MbobLbE<, AU A X TVHEFT D 5-FFHHRALT7 4 U K0 10 F30 < BIGA
AT LTz, ETPALCEBREZET D 54XV AL T ¢ U L A VESS- AR T
4 U U DRUSHEIT 3~80 @ oTz, S HIC MV TORISIZBWT, 5-4FHRL7
AV DRUDNVT N T— R0 DIV AT T H KT B SOSEIFEL LR L 72 o
o, NUVAT I UEEIRB LD 1000 EEWRISEE R LTz, 3 B ATV E R TL
T RT IR L TEWRIMEE R LT Z D, 54X R L7 0 U 3V RE
FTHDZ ENRBRINT,

19 EHEY ) O vri/Lh25°CICBIT D8RRI A R M UZDOWT, 21H,23H
AIERMEEEY 7  OBEREMORIEX 19-2 bF B Y 7 2/(324 nm, 404 nm), 19-7 F /L
7 /EY 336 nm, 420 nm), 19-7F /AL T 7 =LY J (346 nm, 427 nm)DJIET
FBiREY7 ML, BIERMOWINEIL19-2 RX BV /(645 nm), 19-7F VAL T 7 =)L
B J (668 nm), 19-7F LT 2 Y (699 nm)DIETEREY 7 Lz, 7% M=
FAAME Y ) o ORI 7 & MR F A TR SN TWAEDO T, B v IoF D
WRY & il g2 &L IR OWIN A X 399 nm 25 463 nm (2 64 nm B R 7 L. Eif
FAM O 1 626 nm 7> 706 nm {2 80 nm £k K> 7 b LTz, 727t MEEEE= F L4400
EY R0 SBICHERDIE LT T— MIINE Y 2 %, REEMORIE D S 5
W17TmEREY 7 T2 En3bhholz,

BRI 5-AX Y ARLT7 0 VU ZBRTLHZEICEVEONDEY 2 U HighEhARIX 800 nm
VABRIZWRIN 2 A9 DUEIEL A TH Y . REAI &L SOSSE LT TREICERRE KD, 72
TV —=_R=2KDOEY ) b BRIFRIERTHEKRT 52 2 L08R, BATLEBREICL->TE
DOWIARY Mz ay ha—L$5 2 Entiksd, ZORBRRKIGEFIHT S Z &%, ¥k
RIEREVEM B OBRICHF A Th D LB b,
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Fow BEALT NI STHRIND 19-BY ) onb 5-AF VR NVT ¢ ) o &mebik~oD
PHER B

1. ¥65

EERNICHIET DMESRA 4 NTEMFNR T 2 ACB W TEEREEZH LTV,
HEN S KO ERIC IR TAEKRNT 2 FH, 3 HHICZWEBEE TH D, FriCHEnE 300
R DX VR EIZEEND 2T T e 2&E GBS, 7R F—v27)
MWHIHNTWD, FMigpIy o R ERICHFIET 2720 T, BHEICHHES, b L
URIEREDIRREDHESN A A > D37 L1 <AFHE L, MRS 0O CA3 /e & O ARG 135
REOHENA A2 ET/Nand v . ZOmehA A Wi & ORI K0 fiash~h
HENsZ EbHESNTNDY, —FTHRANRRZTDE, L OX R EORBIHE
rhz, N—=F Y PRRT NN, v EEREHERBICL TG TH RO N
TW5D, HishA A ITENAEN Y 7T a2 S WALLER TH L O T, HighE KIS LT
BT H e —T ORI TOITE T,

FEENMDRDICEBNT, 1D THRE SNZHEREE 70— 71X TSQ TH 50, ZhLisk,
TSQ D/KIEMEZ ] | & 7= zinquin 72 KD/ U U FRKICH T HllighaOE T 1 — T =y
NX—=BENCESS Ly A A N v 7 T a—T7 zinpyr I EDT A LA L ER—RITL
THEighHE T e =7 SRR S AT e — T ZOMER & 2B TOEOE IS B
KT BT 0 —TERNRIE SN TE 72, R zinquin 137 R b — 2 AR D MR SN
e LR AR I T A HENA A L OBFEEEITICRIH S TS Y Lz
DX Y B EN—R L LTEot 7 n — 7%, RS SEIMEIC S 572012, ikt
(2 L DM ESe, MEPNICIEIET DE%ER° NADH 72 & O NIRME DS M E O B % 10
TWVEWI -, BTOBRFRENI KD REORAD 2 PRESAbAE LTS, £
zinpyr 72 EDORBOLENE, FIHEIIED T e — 7 b I ERMEIC XD RIS T <A
RZIEPEDPMERNO T, RENTIEWERS LB 2 2 & B HDBRZR WV, % 2 TR /R Ik
WCRNEAT DENET B —TNEH IR TS, FTH 650 nm H 5 900 nm D FEIE DITHRI4
HaEHOCDREEIL, ~LRORA T =G, Kie EOERERERT 29EIC L AR D7
WO THERGIEER R, EOICAEKROBOBFEIEHEWEILTH Y /A ZADOFIK L 722
Ny 7 770y REEPNERIRD 720, I OREBLZ RS Z L HkD L ShTwn
58, IHECHMARMR L CIRMEERT AT r— T BRI TEY, Ll
oD —T 3 R AT RO 7V —_R—= A Kb WA T 5D T, woemRN &
I LTHEA LTLE S, HAENICIIRERAT IS 230 TR ICHOE N R % turn-on
ROEE T 0 —TORENLEND,

4 BT RAMEEIC R A A2 A VB 5-A XV R LT 0 U UHEERERIA DGR
WCHR ARz, 54X WAL T 0 U UHSRERIIE U U I HERR TSN, EOKEERS %2 BOG S
B, BT HZIETARTAZERHESS, Vo PF r2Eah Y =77 I n—"9%
BT HEEEM B oML FM R OB T O RG  E 0T 7V r—v a U STV DB
MM EICH D, M EaETH D, F£72 Tamiaki HIZL->TY =77 7 Er—/Villigh
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BER LR NOFETHDL ZEPMESNTVEY, 20O ) v IF v nd 524 HELT 1)
SR EEIR ~D AR RS Z RS turn-on B O dEgR s e v L U SR TE A0 LI
RN, B VA ANTEOBEBEEAN AL E R Z LY U UA AR S DI EK
MR 2 LB L T A D TISHREE L,

ZIZTEV U UF DI EREAITEBLIZEY  ZEH Lz, 8 5 BT HiR 72
D, BT S-AFYRALT 4 U U kA 7R REER & BOG L CRIBR T 5 2 & T I A AR
THZENTEDL =TT IR —ATHE, ZRETEY /) VOBBRKIGEIZ DN TOWH
EHNZ 1 BIOHRTHY, BEHL19-A R U B AY ) — )L CEEE 23V b &t L
THBRL 5-AF VAR L7 4 U ra L MEARAER S5 2 &8 Balech HIZ L » Tl SN
7220 LA UBMEHE 19-4 P B Y o EEmR S & G LT B BB L2V T & N S
THY M F-19-BY 2 onb 5-FFXFFRALT 4 U o ~OBBRKISICOWVWTHELWT &
XX LA EDho T2,

Z 2 CH 6 ECIIMBE KA, BFRREA, BFREA], RFEREAICTEBR L 19-87
YD 5-AFYRALT 4 U A~ORARKISIZEIT D, WEEEORE, BiEs LOoey 2 v
B EOBEBILONE, WEE., &EiRIRM, turn-on Bt 7 v — 7 ~OISHIZ OV TR
L7,

2. iR

2.1, BT & ONT AR

A RUZER U BB 2T d 2 BOG TIEFEIEICIE > THAK L R L7z b 0 & iz,
BRE X ORI W33, FoGMiZE T35, Sigma Aldrich 35 KO8, HUR LB D b
DEZOEFEFEH L, W72 7u~ T 77 0—F, EBEFEROT7T vy arua~ b7
7 7 4 —HHEEERIR > U 1 7 V(60N) & AR AV 2, NMR HIEIZERB W CHW - EE T
Cambridge Isotope Laboratories, Inc. 8D & D Z i L 7=, FAB Mass A7 MMBEIED~ MY >
7 A& L THEHERMR S AR D m-= h 1R 2L 7 L 2 — /L (m-NBA) % | % 7= MALDI TOF
Mass A7 MLVHIEED~ N VY » 27 AL LT Sigma Aldrich D27 7 —v4 L < IEFneHl
WTEMHD->T /-4-t FaxfWEgaE vz, £72, SRR A~ FVHIE
[CBWTHW B, Froamisk T2 at iyttt R e 2o F M LT,

FUTZULEY P F e YT UL 5AFHR 7 0 U Mg RITE 2 R L0 4
BOERRITIEHE > TERLEZbDOZMER Lz, B-BE#h 5-4 VRV 7 ¢ U gk se
BRICTEWE R L= b D& ER L=

2.2. Ak
7= ) R VR R EIE AT 2 19-8Y ) DB

100 mL @ = 0O K & % # 2 [21,23-Didehydro-10,15,20-tris(4-methoxycarbonylphenyl)-
23 H-5-oxaporphyrinato](trifluoroacetato)zinc(I) Z 25.0 mg (0.0280 mmol) % A#1-E Z 2 THF(JiL
K)yz 50 mL MMz 7z, £%)ET 57 =/ —1(0.5 mmol) & KFEILT KU 7 A(60% oil
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dispersion) 40 mg (1.0 mmol)Z THF(A)IO mL (ZINx 7=, 2D 7 = / F 3 NEWK 2 mL % 5-4
FHRNVT 4 U BRI T LR T 5 i U7z BUSHKS T2 1M O HCL % 50 mL %,
S Bz muRv Lz 50 mL A, AEHEICHIE L, KT20E, A2 Lz, AHEMHE
EWiET N U LATRKL, WA ET L L, FaEERI Ko7, B U 5V s a~
N7 4 —(BBEEIIY 7aa X2 TR ) TER L%, LETHNIEE SIZIEM
VUBTNIaw N7 4 —(BIEBEIIY a2 TR hYTRERTHEEY v
W BTz,

(47,92,157)-1,21-Dihydro-5,10,15-tris(4-methoxycarbonylphenyl)-19-(4-methoxyphenoxy)-23 H-bilin
-1-one 10.

Yield: 67.3%. "H NMR (500 MHz, chloroform-d): 8/ppm = 3.67 (s, 3H; OCHa), 3.96 (m, 9H; OCHs),
6.14 (overlapped two doublets, 2H; pyrrole), 6.28 (m, 1H; pyrrole), 6.36 (m, 1H; pyrrole), 6.28 (m,
1H; pyrrole), 6.41 (d, J = 4.15 Hz, 1H; pyrrole), 6.64 (d, J = 8.95 Hz, 2H; phenylene), 6.80-6.82
(overlapped three doublets, 3H; pyrrole), 7.11 (d, J = 8.95 Hz, 2H; phenylene), 7.37 (d, J = 8.25 Hz,
2H; phenylene), 7.60 (d, J = 8.25 Hz, 2H; phenylene), 7.65 (d, J = 8.25 Hz, 2H; phenylene), 8.07 (d, J
= 8.25 Hz, 2H; phenylene), 8.13 (overlapped two doublets, 4H; phenylene), 10.5 (s, 1H; NH), 13.2 (s,
1H; NH). *C NMR (125 MHz, chloroform-d): 8/ppm = 52.3, 55.5, 114.1, 117.6, 118.6, 120.1, 121.0,
123.1, 125.3, 128.1, 129.0, 129.1, 129.4, 129.7, 130.3, 131.0, 131.3, 131.4, 131.7, 132.2, 134.9, 136.8,
137.4, 137.9, 138.4, 140.8, 141.16, 141.22, 142.0, 142.3, 147.8, 148.5, 152.5, 156.4, 166.6, 166.7,
167.8, 170.9, 175.2. MS (MALDI-TOF): m/z = 839 [M+H]"; HRMS (FAB): calcd for CsoH33s0oN4 m/z
838.2638, found 838.2641.

(47,92,157)-1,21-Dihydro-5,10,15-tris(4-methoxycarbonylphenyl)-19-(4-methylphenoxy)-23 H-bilin-1
-one 11.

Yield: 56.7%. '"H NMR (500 MHz, chloroform-d): 8/ppm = 2.21 (s, 3H; CHs), 3.96 (m, 9H; OCHj3),
6.15 (overlapped two doublets, 2H; pyrrole), 6.31 (m, 1H; pyrrole), 6.38 (m, 1H; pyrrole), 6.40 (d, J =
4.15 Hz, 1H; pyrrole), 6.80-6.82 (overlapped three doublets, 3H; pyrrole), 6.95 (d, J = 8.25 Hz, 2H;
phenylene), 7.04 (d, J = 8.95 Hz, 2H; phenylene), 7.35 (d, J = 8.25 Hz, 2H; phenylene), 7.61 (d, J =
8.25 Hz, 2H; phenylene), 7.66 (d, J = 7.55 Hz, 2H; phenylene), 8.07 (d, J = 8.25 Hz, 2H; phenylene),
8.13 (overlapped two doublets, 4H; phenylene), 10.5 (s, 1H; NH), 13.2 (s, 1H). ¥C NMR (125 MHz,
chloroform-d): &/ppm = 20.8, 52.3, 52.4, 117.6, 118.4, 119.8, 120.2, 123.0, 125.3, 128.1, 129.05,
129.10, 129.3, 129.7, 129.8, 130.2, 131.0, 131.3, 131.4, 131.9, 132.1, 134.5, 135.0, 136.8, 137.4,
137.8, 138.3, 140.7, 141.2, 141.3, 141.9, 142.3, 148.4, 152.0, 152.6, 166.6, 166.8, 167.9, 170.9, 174.9.
MS (MALDI-TOF): m/z = 823 [M+H]"; HRMS (FAB): calcd for CsoH300sN, m/z 823.2768, found
823.2770.

(47,92,152)-19-(4-Bromophenoxy)-1,21-dihydro-5,10,15-tris(4-methoxycarbonylphenyl)-
23H-bilin-1-one 12.
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Yield: 20.8%. '"H NMR (500 MHz, chloroform-d): 8/ppm = 3.96 (m, 3H; OCH3), 3.97 (m, 6H; OCHj),
6.16 (m, 1H; pyrrole), 6.20 (d, J = 4.15 Hz, 1H; pyrrole), 6.30 (m, 1H; pyrrole), 6.36 (m, 1H; pyrrole),
6.16 (m, 1H; pyrrole), 6.42 (d, J=4.15 Hz, 1H; pyrrole), 6.80 (d, J=4.15 Hz, 1H; pyrrole), 6.80-6.84
(overlapped two doublets, 2H; pyrrole), 7.19 (overlapped two doublets, 2H; phenylene), 7.31 (d, J =
8.25 Hz, 2H; phenylene), 7.60 (d, J = 8.25 Hz, 2H; phenylene), 7.65 (d, J = 8.25 Hz, 2H; phenylene),
8.13 (overlapped two doublets, 4H; phenylene), 10.4 (s, 1H; NH), 13.1 (s, 1H; NH). °C NMR (125
MHz, chloroform-d): 6 = 52.30, 52.34, 52.41, 117.5, 118.8, 120.5, 121.4, 123.1, 125.4, 128.3, 129.07,
129.13, 129.4, 129.8, 130.4, 131.1, 131.2, 131.4, 132.1, 132.2, 132.6, 135.1, 136.8, 137.6, 137.9,
138.3, 140.4, 140.9, 141.0,142.0, 142.1, 148.0, 152.6, 153.1, 166.6, 166.7, 170.7, 173.9. MS
(MALDI-TOF): m/z = 887 [M+H]"; HRMS (FAB): calcd for C4H3s0sN, " Br m/z 887.1716, found
887.16091.

(47,92,152)-19-(4-Trifluoromethylphenoxy)-1,21-dihydro-5,10,15-tris(4-methoxycarbonylphenyl)-
23H-bilin-1-one 13.

Yield: 17.1%. 'H NMR (500 MHz, chloroform-d): 8/ppm = 9.36 (s, 3H; OCHs), 9.37 (s, 3H; OCHs),
9.38 (s, 3H; OCH3), 6.18 (dd, J = 5.50, 1.40 Hz, 1H; pyrrole), 6.24 (d, J = 4.80 Hz, 1H; pyrrole), 6.35
(m, 1H; pyrrole), 6.39 (m, 2H; pyrrole), 6.82 (d, J = 5.50 Hz, 1H; pyrrole), 6.85 (d, J = 4.10 Hz, 1H;
pyrrole), 6.88 (d, J = 4.80 Hz, 1H; pyrrole), 7.22 (d, J = 8.25 Hz, 2H;phenylene), 7.38 (s,
4H;phenylene), 7.61 (d, J = 8.25 Hz, 2H;phenylene), 7.67 (d, J = 8.25 Hz, 2H;phenylene), 7.22 (d, J =
8.25 Hz, 2H;phenylene), 8.07 (d, J = 8.25 Hz, 2H;phenylene), 8.13-8.16 (overlapped two doublets,
4H;phenylene), 10.4 (s, 1H; NH), 12.9 (s, 1H; NH). °C NMR (125 MHz, chloroform-d): 8/ppm = 52.3,
52.4,117.4, 118.8, 119.8, 120.8, 123.1, 125.5, 126.66, 126.69, 128.5, 129.1, 129.2, 129.4, 129.9, 130.5,
131.1, 131.3, 132.2, 133.3, 135.2, 136.7, 137.8, 138.1, 138.3, 140.3, 140.8, 140.9, 141.98, 142.01,
147.7, 152.7, 156.5, 166.55, 166.67, 166.70, 168.0, 170.6, 173.4. MS (MALDI-TOF): m/z = 877
[M+H]"; HRMS (FAB): calcd for CsoH35s05N,F3Na m/z 899.2304, found 899.2305.

(42,92,157)-1,21-Dihydro-19-phenoxy-5,10,15-triphenyl-23 H-bilin-1-one 14.

200 mL O = [ SR E2(42,92,157)-5,10,15-Triphenyl-(21 H,23H,24H)-1,19,21,24-tetrahydro-
1,19-bilindione 20.6 mg (0.0369 mmol), FEEEHESH 15.2 mg (0.0754 mmol)Z Mz, £ 2T I L
w7 v a RV LW S 7 — V) 100 mL, HEKFEE2 0.6 mL (6.35 mmol) &2 AFUANENET L
7o 1 BESE Stk |ETHAIL, KT 2 B, AH¥FHEZEE L, A Z R b
U LTHAKL, WEZEET L L SEBESFRD . 22 THR(K)Z 50 mL Nz 7=,
F727 = /—/L 38.0 mg (0.404 mmol) & /K3 kT~ VU 7 L (60% oil dispersion) 20 mg (0.50
mmol)Z THF(LAK)S mL iIZMZ 72, 2D 7 =/ %2 FIER 2 mL % 5-F X%V R V7 4 U U8R
23 T LR T S R Lz, RIS THRZ madk/l A% 100 mL iz, 1 M ® HCI T 1
[, KT 1A, AHHEEREE L, AEEEZET MY U ATHKL, WEERHETD &,
HBOEAPE ST, B Y BV a~ N7 77 0 —(BEREIT Y 7 aa 2 % v~
2=10:1-10:0) THELT 2 & H KA 16.4 mg (70.1%)75F Bz,
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'H NMR (500 MHz, chloroform-d): 8/ppm = 6.11 (d, J = 5.20 Hz, 1H), 6.16 (d, J = 4.80 Hz, 1H), 6.37
(m, 1H), 6.41 (m, 1H), 6.45 (d, /=4.80 Hz, 1H), 6.85 (d, /= 5.20 Hz, 1H), 6.87 (d, J = 4.80 Hz, 1H),
6.89 (d, /=4.80 Hz, 1H), 7.00-7.04 (m, 1H), 7.12-7.16 (m, 4H), 7.27-7.29 (m, 2H), 7.37-7.39 (m, 3H),
7.44-7.47 (m, 5H), 7.48-7.50 (m, 1H), 7.52-7.54 (m, 2H), 7.57-7.59 (m, 2H), 10.45 (s, 1H; NH), 13.06
(s, 1H; NH). BC NMR (125 MHz, chloroform-d): o/ppm = 117.58, 117.62, 119.0, 120.2, 120.4, 123.0,
124.63, 124.66, 124.8, 127.74, 127.78, 127.83, 127.98, 128.5, 129.2, 129.5, 131.25, 131.29, 132.3,
133.6, 135.0, 136.58, 136.63, 137.1, 137.91, 137.94, 138.23, 139.78, 140.9, 141.4, 148.0, 152.6, 154.2,
168.0, 171.0 (pyrrole C-1), 174.2 (pyrrole C-19). MS (MALDI-TOF): m/z = 635[M+H]"; HRMS
(FAB): calcd for C43H300,N4 m/z 634.2369, found 634.2388. UV-vis (CH,Cly, 25 °C): Anax (Emax) 332
(2.78 x 10%), 408 (4.41 x 10%), 642 nm (1.28 x 10* M'em™).

(47,92,157)-1,21-Dihydro-5,10,15-tris(4-methoxyphenyl)-19-phenoxy-23 H-bilin-1-one 15.

200 mL @ = [ G 2RI1T(42,9Z,157)-5,10,15-Tris(4-methoxyphenyl)-(21H,23 H,24 H)-
1,19,21,24-tetrahydro-1,19-bilindione 22.0 mg (0.0339 mmol). FEELHESH 18.0 mg (0.0893 mmol) % Il
. T I VRN v a kv A 2 — VD) 100 mL, BEKEEEE 0.6 mL (6.35
mmol)Z ANUINEGEE L7z, 1 REREISS S8 721%, | THA L, KT 2B, HHHEZ B L
oo AHMHZIIET R O LATHAKL, WA ET L & REEERFKY | 242 THE(I
AK)& 50 mL Nz 7z, £727 = /—/L 38.0 mg (0.404 mmol) & /KFE LT kU 7 L(60% oil
dispersion) 20 mg (0.50 mmol)% THF(ii/K)S mL (2N X 7-, Z D7 = / ¥ NIEK 2 mL % 5-4
FHRLT ¢V ARKICH T LS T 5 oM Ulc, ROSK TR 27 v ad/r L% 100 mL N
Z. I MOHCITIL[E, AKRTI1IE, GH¥HEZESR L, GEHEZmET RY 7L THAL,
W2 ET 25 L. FOEE KT, EHC VBV a~ 8757 0 —(BEEEILY 7
rR ALy TR = 10:12100)THE L, SHIEMRS Y A5V~ 7T 7 4 —(&
BREIEIZ Y 7 mm X & 0 7k b r=40:1)THRRT 2 & FEAERDN 5.5 mg (22.3%)15 b LT,
'H NMR (500 MHz, chloroform-d): 8/ppm = 3.86 (s, 3H; OCH3), 3.88 (s, 3H; OCHs3), 3.89 (s, 3H;
OCHa), 6.11 (d, J = 5.50 Hz, 1H), 6.18 (d, J = 4.80 Hz, 1H), 6.44 (m, 1H), 4.49 (m, 1H), 6.51 (d, J =
4.15 Hz, 1H), 6.88 (d, J = 6.20 Hz, 1H), 6.91 (d, J = 8.25 Hz, 2H), 6.94 (d, J = 4.10 Hz, 2H),
6.97-7.00 (m, 5H), 7.08-7.13 (m, 4H), 7.19 (d, J = 8.25 Hz, 2H), 7.50 (overlapped two doublets, 4H),
10.36 (s, 1H; NH), 12.86 (s, 1H; NH). >C NMR (125 MHz, chloroform-d): 8/ppm = 55.3 (OCHj3),
55.4 (OCHs), 55.5 (OCHs), 113.2, 113.38, 113.41, 117.3, 118.8, 120.2, 120.3, 123.0, 124.3, 124.7,
127.8, 129.0, 129.2, 130.5, 132.5, 132.7, 133.6, 134.1, 134.8, 137.1, 138.0, 138.2, 139.9, 140.99,
140.01, 147.8, 152.2, 154.2, 159.3, 160.0, 161.1, 167.5, 170.1 (pyrrole C-1), 173.8 (pyrrole C-19). MS
(MALDI-TOF): m/z = 725 [M+H]; HRMS (FAB): calcd for C4H3;0sNy m/z 725.2763, found
725.2740. UV-vis (CH,Cly, 25 °C): Amax (Emax) 315 (2.14 x 10%), 424 (4.75 x 10%), 642 nm (1.31 x 10*
M'em™).
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(47,97,157)-2,18-Bis(2-acetoxyethyl)-3,8,12,17-tetraethyl-1,21-dihydro-7,13-dimethyl-19-phenoxy-2
3H-bilin-1-one 16.

100 mL @ = [ SA 2R 1Z[3,7-Bis(2-acetoxyethyl)-21,23-didehydro-2,8,13,17-tetraethyl-

12,18-dimethyl-23 H-5-oxaporphyrinato](chloro)zinc(I) = 41.2 mg (0.0568 mmol) % AiL% Z T
THF(Bi/K)% 40 mL Nz 7=, £7-7 =/ —/L 90 mg (0.96 mmol) & /KFE(LT b U 7 L (60% oil
dispersion) 36 mg (0.90 mmol)% THF(Jii/K)20 mL (2% 7=, 2D 7 = / F 3 RIEK 10 mL % 5-
AxXY AT 4 U ST LSRR T 20 0 [ #R L7z, SOSH T 1 MHCL & 50 mL il
S HIZ7 maAL L% 50 mL N AR L7z, A2k T2 0, P Lailk) b Y
TATHRAK LI, WiEZRBET DL, FREENEK-T, BHS Y BTNV a~ 7T 7
4 —(BBRREITY 7 nn XA %20 T8 b= 20:0-20:1) TR 2 & FikE@BEADN 16.3 mg
(40.0%)1F H L7z,
'H NMR (500 MHz, chloroform-d): 8/ppm = 1.06 (t, J = 7.55 Hz, 3H; 3-methyl), 1.11-1.16 (m, 4H;
8,12-methyl), 1.24 (t, J = 7.55 Hz, 3H; 17-methyl), 1.89 (s, 3H; 7-methyl), 2.00 (s, 3H; COCHs;), 2.04
(s, 3H; COCH;), 2.10 (s, 3H; 13-methyl), 2.39 (q, J = 7.55 Hz, 3H; 3-methylene), 2.48-2.58 (m, 6H;
8,12,17-methylene), 2.60-2.65 (m, 4H; 2,18-methylene), 4.14-4.19 (m, 4H; 2,18-methylene), 5.24 (s,
1H; meso H-5), 6.39 (s, 1H; meso H-15), 6.47 (s, 1H; meso H-10), 6.88 (t, J = 7.60 Hz, 1H;
phenoxy-para), 7.06 (t, J = 7.60 Hz, 2H; phenoxy-ortho), 7.69 (d, J = 8.25 Hz, 2H; phenoxy-meta),
10.37 (bs, 1H; NH), 13.22 (bs, 1H; NH). °C NMR (125 MHz, chloroform-d): &/ppm = 8.8
(13-methyl), 9.4 (7-methyl), 15.1 (3-methyl), 16.0 (8,12,17-methyl), 16.2 (8,12,17-methyl), 16.4
(8,12,17-methyl), 17.5 (3,8,12,17-methylene), 17.6 (3,8,12,17-methylene), 17.87
(3,8,12,17-methylene), 17.91 (3,8,12,17-methylene), 21.0 (COCHj), 23.56 (2,18-methyl), 23.85
(2,18-methyl), 62.85 (2,18-methylene), 62.93 (2,18-methylene), 97.5 (meso C-5), 111.4 (meso C-15),
114.6 (meso C-10), 119.2 (phenoxy-meta), 123.3 (phenoxy-para), 124.1 (pyrrole C-18), 125.5 (pyrrole
C-14), 128.4 (pyrrole C-2), 128.8 (phenoxy-ortho), 131.6 (pyrrole C-7), 132.8 (pyrrole C-11), 134.9
(pyrrole C-12 or C-13), 135.6 (pyrrole C-12 or C-13), 142.8 (pyrrole C-4), 145.5 (pyrrole C-8), 147.6
(pyrrole C-16), 147.9 (pyrrole C-3), 149.3 (pyrrole C-17), 151.8 (pyrrole C-9), 154.6 (phenoxy-ipso),
167.0 (pyrrole C-6), 170.84 (COCH; or pyrrole C-1), 170.93 (COCH; or pyrrole C-1), 171.06 (COCH;
or pyrrole C-1), 173.3 (pyrrole C-19). MS (MALDI-TOF): m/z = 719 [M+H]'; HRMS (FAB): calcd
for C43Hs 106Ny m/z 719.3808, found 719.3837. UV-vis (CH,Cly, 25 °C): Amax (Emax) 382 (4.56 x 10%),
669 nm (1.24 x 10* M'em™).

2.3. MIE

1D NMR $ X O 2D NMR O#IJE 1% JEOL ECAS500 spectrometer % VN TIT o 72, R4 Al 1R
WA S ORIEX SHIMADZU MultiSpec-1500 spectrophotometer 5 & T8 Agilent 8453
UV-visible spectrophotometer % F V) C1T > 72, dE A7 ML OHIEIL SHIMADZU RF-5300PC
spectrophotometer % HVNT4T 572, MALDI TOF MS A2 /L% Bruker Daltonics Autoflex
Speed spectrometer Z VN T{T>72, FAB MS A~~7 /L% JEOL JMS-700 spectrometer T
1T-7,
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'HNMR & “C NMR ONIHEAELT F T A F AT &2 B0 IREICE LT 'H-'"H COSY.
ROESY. HMBC., HMQC A-X7 kL& L CiiE Lz,
PABR R JE 1T ERA TR A T R LB L O AT MLV ORRRFZAL BRI LT,

3. FERB LB
3.1, Bkx eliBER AT 28 2 o OFRKIG

19 (& FEFRIZAICEI LY /v, ERREAITEBRLIZEY /2 HidRER CE
HaL7=vV v, IRFEREHCTEELIZEY /o ORiE% Scheme 6-1 127, B U ) DOH
Xy T 72 V- g IS E TR,

R R=COOMe R = COOMe
1 :L=0OPh 5 :L=NHPh R
2:L=OMe 6 :L=NHBu
3:L=0OEt 7 :L=SPh 9
4 :L=0OPr 8 :L=SBu

Scheme 6-1. Structures of bilinones having alkyloxy, phenoxy, alkylthio, phenylthio, amino, and

alkylidene groups at 19 position.

KITE b= =VRAEEQDTTEY /19 L 0.1 mM BRI Z S SE 7, v ) 1
I Mg*, Ca*", Mn®, F&’*, Sr*", Pd*'. Ag'. Ba*'., Pb*I3$EE it Ni*" & Cd*i13g&4bm]
BRI AT h L X0 $EE RIS RERR S =23, BABREUSITEIT L2 so 7, — ., Zn’ i3k
RATHRNRIY A7 R L ORREEE E(Figure 6-D)ZHIELT-E ZAE Y v 1 & OSERIAE.,
v CHERSERICHEKT D S-AF AR T ¢ U CHEERSERIZHE KT D 635 nm OWLIUEK
N S UBABRBOSEAETT LT, F£72 Cu™ICBI LT b RIS TR A~ 7 B L DT
AL 6 639 nm DYWL K 2B S 7= (Figure 6-1), Z O FiX, Lier Sk » THE S
TBEHA VR T ¢ U A LR LRI AL R LT W, £ 72 MALDI TOF MS
236 m/z = 776 [CHpONCCul VBl S NTZ 2 & 006 5-FFF RV 7 4 U SR DB D
TR 3R Lz, S HIT Co M ITB LT b RBRICERAN AT A~ 7 bV DRRRFZE LD 639
nm OWLIHE K23 & AL 7= (Figure 6-1), Balch &2 K » TS SN ZBEH A FHARLT ¢ U
YA MR EFERL LT RILA XY R THY . 72 MALDI TOF MS 76 m/z = 772
[CasHaoONLCOl VB E T2 Z LD 5-A RV T7 ¢ U EREEIR DB DR A S0EE L 722,
EY V581200V Th Zn®, Co I EBABRBUE A HEST L7223, BV 2 2-4,9 (2B L CRHABRIX
RMTEIT Lo iz,
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Absorbance

Absorbance

Absorbance

Figure 6-1

500 700 800 900
wavelength/nm

T T T 1
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wavelength/nm
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0.4+
034/~
0.2+

0.1+

0.0

I I I - 1
300 400 500 600 700 800 900
wavelength/nm

. UV-vis spectral changes of 1 x 10° M 1 and 0.1 mM zinc acetate in 50%(v/v) acetonitrile
in water at 25 °C. (top) Spectra were recorded every 5 minutes. UV-vis spectral changes of 1x10° M 1
and 0.1 mM copper (II) acetate in 50%(v/v) acetonitrile in water at 25 °C (middle). Spectra were
recorded every 2 s. UV-vis spectral changes of 1x10° M 1 and 0.1 mM cobalt (IT) acetate in 50%(v/v)

acetonitrile in water at 25 °C (bottom). Spectra were recorded every 30 min.
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OF-as Mn2+ Fe?*

100+ <!
absorption 1 absorption

80- unchanged i changed
o 60 i
L 1
~ |
" 404 |
20+ i

a———- ___—_:___

FB Mg Ca Mn F& Sf Pd Ag Ba Pb? N Cd Co" CU zn”

250+
200+
150+
100+

90+

Fluorescence intensity(a.u.)

0 — T T T T = T
600 620 640 660 680 700 72 740
wavelength/nm

Figure 6-2. (top) Photographs of the 1x10”° M 1 in the presence of different metal ions at 0.1 mM
concentration. Photographs are taken under UV illumination at 360 nm. (middle) Relative
fluorescence intensity of 1x10° M 1 in the presence of different metal ions at 0.1 mM concentration.
(bottom) Fluorescence spectral changes of 1x10° M 1 in 0.1 mM of zinc acetate in 50%(v/V)
acetonitrile in water at 25 °C. The excitation wavelength was 590 nm.

Spectra were recorded every 5 min.
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Fio, BU U1 ICE LT, FHEGEE L ORISHOER, FHExied i, fih & X
I ST & X OHE AT MV ORRIFE{L A Figure 6-2 (23, B U 1, 5-8 (T4 704
B &SGR, HEROAREENEZFHE LT, BV /v 1 EHlinE R &BE & ORISTIEE S
ROERNBAL 727213 D72y, figh &G LTz & & OB 100 FREH KT 5 2
ENbhote, ZLOHENT v —T OAE, C&TE RIS L TENEZRT 2B Z 0
$oSelIb2alb bt LB U CaTEEEER L Ch, WA RS RVOT, ZHUEER
WHigh BRI Z R L2 D B2 6ND,

3219 FIRE Y /2D SAF AT 1 U BRI OPIBRIE A T = X

19 B Y 7 13 Zn®, Cu¥'\ COP RNTEIET B IO B BB ST L 5-A4F R 7 ¢ U
VINERR LTz, TRETHMIGTHD 5-AFHRLT 4V omb el ) &R~
FUSICOWTEEN RS TNG 0B 8w s mThiRk~7 B0, 54XV HLT 4 U~
DBRBRBIED A T =X LI LT, %EE S OMFFES /L—7 X Bahrami b I3FtRLER TiE%
WG Z &0 ko T 54X Y HAT 1 U RIS & o C— B A P R
RS, €V VHESER L RDIEA N = AL ERBLTND, 19-E) J ohb 5-4 %
YARNT 4 U ~OMBRMIG S MR AP REZRBE L TREZ 2 b0 #RINs, ZOHE
S35 BSOS % Scheme 6-2 12777,

Zinc acetate
or
Copper acetate
or
Cobalt acetate

Scheme 6-2. Proposed mechanism for ring-closure reaction of 19-substituted bilinone

to 5-oxaporphyrin metal complex.
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FOGOmfEE LTk, £719-8) /7 U@ BESRZ BT D5, #HWT 19-8Y /U e)E
SEOR AU A R A 2 TR 9~ 2 BSOS IS 19 MO EHIL BB L C 5-A R 4 U v
BREEEPER T D2 RISICOIT b D, 9. BT 2 EHIEONRIZ OV TG L7z,

100 uM OFEfEHEEN & U < IXFERESHADAFAAE T, 25°C, K : 7 h=bF U =11 128175 10
UM B Y 2 1-10 OEESN AR A7 RV ORRREE L, b L IZEE AT RV ORRIEA
BB SOSHE 2R U7z, 8% Table 6-1 (2377,

Table 6-1. The first-order rate constants of ring-closure reaction of bilinones 1-9 in 0.1 mM of zinc

acetate or copper acetate in 50%(v/v) acetonitrile in water at 25 °C.

k[s']

Bilinones Zn(OAc), Cu(OAc),

1 (OPh) (1.3£0.1)x 10 (1.0£0.1)x 10™
2 (OMe) a a

3 (OEY) a a

4 (O'Pr) a a

5 (NHPh) (9.5£0.5)x 107 (9.1£0.5)x 107
6 (NHBu) (3.5+0.5)x 107 (3.7£0.1)x 107
7 (SPh) (4.0+0.2)x 10° (2.5£02)x 107
8 (SBu) (1.0£0.3)x 10° (9.3£0.5)x 107
9 (acac) a a

a: not reacted

THAAXY FTEBMLIZEY /224 BIOWHRBEIRE Y /> 9 [THiNEH SN, FERRHI(IDIEIC
PABREUGITEIT Lo To, ET- NEHRE Y /5 6 BLONSEHREY /> 7, 8 ITHERRHER .
FEREER(D LI PAER SOSITEAT L2 ligh D56, BV 2 1 K0 330 5525 3700 5523
B, OHALEY 21 L0 115D 1075 (58 - T0, BRIy 2=V e f

LCWOERTNVFRNVEZET DL bHARMCEMELT-, pKa "D&EXDHET =/ —L
X988 CTFA 7= /=L 6.6 THDLHMN, BV 21 DHFNKISITE N, EHIZTEFALTE
Ko ® pKalx 9 TH D NHERE T, pKa O T 2 B L CAUisi B3RO 25 BHER SOt A3 1
T35, 5-AXHHRNLT 4 UV AIZOERND 1 lOEN - THY ., SEERL&RITT
T2MMObDEEHLTWD, ZDld, WSS 7 =4 & 5-FFHR LT 4 ORI
B EERNM ZENTREN, ZORT v FRRICEHEICEEL 52 TnD Z &
MHERIND,

FoEY 2 VIZEL T, ARKIGEEZ S, i, 2L N THELZSGE, il oKk
SV HSR & DO LY 77 53 < PABRSSDHEIT LTz, F£7280 2 1 L a5 b E DMK
JEHEIX(1.3£02)x 107s! T, Hifh & T 5 & 10 5B ST D2 Enbhotz, ko T
FAER B IENEIRAEI T D Z &b o T2,

%W T, Scheme 6-3 (2T, 19 (DT = ) FLIEDARTANCEBRILEZFTHED J 0,
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A EDBERIENRE 2D 7 = ) %) v PAMICEBREZ AT L7 2 /XY ) o 2h
i U DPABREOGIZ 31T 2 @D FAT DV TR L 72,

10 : R{=0OMe, R,=COOMe
11 :R;=Me, R,=COOMe
12 : R1 = Br, R2 = COOMe
13 :R;=CFs, R,=COOMe
14 :R;=H,  R,=H

15 ZR1=H, R2=OMe

AcO © OAc

16

Scheme 6-3. Structure of meso-substituted 19-bilinones 10-15 and B-substituted 19-bilinone 16.

F3°100 pM OFFERFESNFIE T, 25 °C. 10 pM E U/ > 1, 10-13 DS FIHRIL A= 2 kL
OREGEALEAK : T =NV =1:1, T =V, FEER=F L CHIE LS EE %
FH L7z, fER% Table 62 1Z/R L, 7oAy N7 a v % Figure 6-3 128, EHIELEE
o, IX McDaniel 512 Ko THE S/l Z V7%,

Table 6-2. The first-order rate constants of ring-closure reaction of bilinones 1, 10-13 in 0.1 mM of

zinc acetate in ethyl acetate, acetonitrile and 50%(v/v) acetonitrile in water at 25 °C.

bilinone k[s] k[s] k[s]
(substitutent) ethyl acetate acetonitrile acetonitrile : water = 1:1
10 (OMe) (6.2+0.5)% 10 (8.7+0.7) x 107 (12+0.1)x 10
11 (Me) (6.8+0.1)x 10 (1.5+0.1) x 10 (1.0£0.1)x 107

1 (H) (1.3+0.1)x 10 (3.8+0.1)x 10 (1.3£0.1)x 10
12 (Br) (4.8+0.1)x 107 (1.0£0.1) x 107 (2.8+£0.2)x 107
13 (CF») (2.1£0.1)x 10> (4.3+0.2) x 10 (2.9+0.1)x 10
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Figure 6-3. Hammett plots for rate constants of the ring-closure reaction of 19-bilinones 1, 10-13 with
zinc acetate in ethyl acetate (red), acetonitrile (blue) and 50%(v/v) acetonitrile in water (black). p=
2.0+ 0.2 (red), p=3.6 = 0.4 (blue), p=0.6 £ 0.2 (black). 5, (OMe) =-0.27, o, (Me) =-0.17, 5, (H) =
0, o, (Br) = 0.23, 5, (CF5) = 0.54.
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S HITHEMNC G 2 5 EHIEOEZ RETT 272912 100 uM OFEFEREENFIE T, 25 °C,
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® UV-vis L Z K . 78/ =~ U b=1:1 THIE LSS Z R Uz, #5 5% Table 6-3
2R, E£lonAy M7y % Figure 6-4 127”7,

Table 6-3. The first-order rate constants of ring-closure reaction of bilinones 1, 14-16 in 0.1 mM of

zine acetate in 50%(v/v) acetonitrile in water at 25 °C.

substituents k[s"]
1 (trismethoxycarbonylphenyl) (1.3+0.1)x 10
14 (triphenyl) (9.2+0.2)x 10™
15 (trismethoxyphenyl) (5.9+02)x 10
16 (B-octaalkyl) (1.2+0.2)x 10"
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Figure 6-4. Hammett plot for rate constants of the ring-closure reaction of 19-bilinones 1, 14 and 15

with zinc acetate in 50%(v/v) acetonitrile in water. p= 0.15 + 0.03. ¢, (OCHj;) = -0.27, o, (H) = 0, o,
(COOCH3;) = 0.45.
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Figure 6-2 K1V 1uM B U / 113 100 pM F#7E F KT F= R U b=1:1 {ZH\ T 651 nm
DHEOEA 100 f5HEIR L7z, #eh 7' m—7 & L THW L& LT, HEniREIS 3 5B
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ZPE L, EOFER% Figure 6-5 12777,
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Figure 6-5. Plot of first-order rate constants of ring-closure reaction of 1 x 10°M 1 in 50%(v/v)

acetonitrile in water at 25 °C versus concentrations of zinc acetate.
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Figure 6-6. Time course of fluorescence intensity of 1 x 10°M 1 in 50%(v/v) acetonitrile in water at

25 °C at various concentrations of zinc acetate. The excitation wavelength was 590 nm.
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Figure 6-7. Plot of first-order rate constants of ring-closure reaction of 1 x 10° M 1 in 50%(v/v)

acetonitrile in water at 25 °C with 100 uM of zinc acetate versus the concentration of HCI.
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Figure 6-8. Fluorescence spectral changes of 1 x 10® M 16 in 0.1 mM of zinc acetate in 50%(v/v)
acetonitrile in water at 25 °C. The excitation wavelength was 590 nm. Spectra were recorded every 30

min.
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2= VAR AR RERISEOND Z LR/ TE B,
FAFETEIAVEREY UL 0D 5-FXHARNLT ¢ U VHEEEROA K & ORES
SHFHIEEIZDONWTIRRTz, A VEBRYE Y o UF o 2 BokFi:, Filpdigh & o7 n ek
JbV AHTTINEGE T 5 2 & C[meso-triaryl-21,23-didehydro-23 H-5-oxaporphyrinato]zinc(Il) % &
L., TFA #E & U CHEET 2 Z &R TE o, X B ERIT OB EN D, RT7T =42 Th
% CFCOOL 5-AF Y ARNLT ¢ U O RICEHAL L TWD 2 ERHA LN E R o7z, &S
BT — VA2 806 L OB SRR 1% X RS S & AT 0 0 THLE R OFE RN S |
TV OBRBICHMULEE M HBEE Lo TND I ERbhoT, 5-AFVHRALT ¢ U illigh
BEARIIAR 2 R AMREBLC B IEME L. S DICIEMMEEECH D M= hicksnwWTid, 7 hF
Tz VRNV T 4 Y oRF T FZTFNRNLT 4 U X0 bEWEREZ R~ T Z RN E
TRolz, FTERFETAREEME LT AR S-AXTRALT ¢ U RS IRITE N E KT D 2
EBRHALMNERY A NKF U INR=NEERT D 5-AXYARLT 0 AT M ED
HERBPEIABE I T, FIMBKR 657 nm, 7 & b= b U /L7p E ORI 12 380 TR
K653 nm &7 LT, & OaOIREIFIEMMEEEH C @ < | MR 5 LR 22 2 &2
FoTe, AVER S-AXHRNLT 4 U OEEETIERITA R HNVR=)VT = =/LH
BT 2=V EE2HTHHDOTO07L A M7 2=V EEFHTHHDTO0.050 Lol
AV EE S-AFXHARALT 0 ) CHESERIIA VIERE Y U UL REGICEKTHZ LN
ARET. ZOBOETFIRIER S A VANDO T 2 = /VIRICERBILAZEATHZ L2k,
T2 ENTED, 55FFYARALT 4 U DERIIADTF A M THLZ LD, BFA
HARNT 4 U LHEMERT 5 DNA 72 EOAERS T & O AEMZ 812 BRA 2 5,
B 5 BT S-AXIARNLT ¢ U MR DBRERRISIZ L D 19 B LY V) L DERE 5-
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FXYHRNLT 4 U DRIEHEIZDONWTIR Rz, AV EBR S-A XY RLT7 o) 37 vaxy
R, 7y, FAL— M EORER & SOG LR T2 2 & T 21H,23H BEARMRD 19-i#
) ) R 40~85% CHMLT D2 ERHK, 19 I A MR HEABEA LR 19-2 b
XU BY J I NOESY 36 L OY X #ifh Sh i it 7> & H3& 53(42,92,14Z)-syn,syn,syn 77 b A b
XURMEETHY, I9MNDRA FXF VD AF A ZITABRBOTICNEL, E5ICE) 2 F
EOHMUZTINTND ZEBRHLNER ST, B FHIZIZ P ARE MED 19-2 R
Y UNRELTEY, RLXT7 V7T 4 —%2Ffo8 Y JVRIERAZ v 7 L, fH\N=H T
LEEE LD DR oTe, F 5-AXYARALT 4 U ET BT RONEAKE T Y T
LAERIGLBERT A ZETEY 2 U ELNTZ.NMR IR LV 19-7 2/ BV /) OfiEIT
(4292142)-21H23H —F I VI ELERBMEAKTHY | 19-FAF VY EY ) U OMEEI
(4Z9Z,142)-F 47T 2 RRIC21H22H24H 3 S O 21H,23H,24H D HIEFMARDNBEL TV D 2
EMbhroTz, BT 5-AXFHHRLT 4V 37| MR TF L= ) T — T ®F AT &
o) 7= bR EDRFEREAIE GISLBHBRELTEY J UoRGEond Z e 6N E R
S, 7k M= F LT ) T— EBPHIMLTZE Y > OfEEIT k5T NMR <° 7%kt NMR,
SFELEFE ORI, (42,9Z2,14Z,19F)-21H,22H24H-B- /7 NI HEBMARTH D Z L2
Do, AVEERS-FAXFRLT 0 U ATEWEIGHEEZ R L, BV RERTHDL A Z ) —
NRTH ) —)b 2-T7an ) — A B IGLERT A Z T UHEigh A E B 2 72,
BT V3 — V=TV 3 — )V O RO EE TR 2700 £ 720 @S TR SR =g R
AL TWDLZERHLNE o, BIICEAT LIEBEONR LD L, AFZ ) —1
HIZBWT A VEBRS-AXTHRLT 0 U 3P EREEZ TS 5-AF R L7 Uk
He BOGEMN 3~80 5@V 2 ERHE Bt 7o, S HIZ MV TORISIZBWT,
5-FFXHHRENLT 4 UL DRDILT LT —)LR0R DIV A LA T X ST B RO A
L7z 7o oTeld, XUV T I U035 LD 1000 FEEWRISHEE R LTz, 3 vi{b AT
LR T a— AT I L TEWRISEE R LT Z b, 5-AF AR LT 4 Y
VNIEEVCREBFHITH D Z EPRB ST, MATI9MLICEAT L EHRLZ LT H &
WZEoT 19-BHLY )07 u T 4 7 o f B A HHRICHE CTE 2 Z LBl LNE 25
720 21H23H BAEFMEAARE Y /7 > O EA ORI 19- 2 F¥ T BV / 2(324 nm, 404 nm),
19-7F L7 2 7 BV J (336 nm, 420 nm), 19-7F /L AL T 7 =)L U J (346 nm., 427 nm)
DIETEREY 7 L, BREMOWRINAHIL 19-2 FF2 U /7 2/(645nm), 19-7 F /L AL 7
7 =)LEU /(668 nm), 19-7F /LT I/ EY (69 nm)DIETERES 7 F Lz, 7k b
Mz~ F AT E Y /) o Ordi&i3 7 & M= F VS £ TIRIRESNTWH DT, B Y
A2 OWRIL & g5 & A ORI AETIE 399 nm 225 463 nm 12 64 nm KRV 7 b L,
EW BRI OV L 626 nm 225 706 nm (2 80 nm B KT 7 M L7, 727 & Mg =F L
ey 2 X0 SHICHERPILE L= 7 — MPMe Y 7 i, B EMOWIRR A
EHIC 1T mEREY7 T2 ERNbotz, S-AXYARLT 4 VU EBRTDHZ LICK
VLD EY ) UHEEREEARIE 800 nm LAREICRIN &2 H T DI E LA TH 0 | SKEZH & RS
SELETTESICAHH KRS, 7V —_"—2KDEY ) b BFRINRTEET S Z
EHIR, MATHEBRILIZ L > TEOBEBTFRELRGICay b —LT5Z LBRH*KD, =
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ORRBRMIGZEFRAT 2 Z 1%, Hize ) =77 b7 Er— L O EEMM B ORRICH
HAThdExLND,

H6 ETIXS5-AFHARNT 4 U SRRSO SIS TH D, @BA AL~ T
FEEND19-8Y ) 2ipb 5-AF R NVT 4 U @ESHAE~OMRKIEG, 38 L0 19-EHRE
U oRS5-AXYARNT 4 U U HERSEROH LWFRIRIEIC W T~ 72, 1960127 =/ F v
Kafm+oEY 2 a3disn, ., =290 R ERIGT D L RKGEIT L 5-A4F R 7 4
U aRERE B2 D2 ERbhotz, KITE =RV LI ORICBWT, ARG
TLEROMGEE Z 5 &, #eh s 19-7 = v v J > ORGSO RS E L
13x10°s' THH  NEHE Y ) o0 SEHRE Y 7 > X0 BABRBUSERE DS 330 fi52>5 3700 {5
HWroTe, BATLHEHIEORE LT, 190D T = / F U HRITEN U EHRAZRIT A
W OB E GORBR I VBEEICA OGN, SOIERICEANLZEREORE L
T, BEHIY 7= /XY AT AVER19-T = /XY ) LRSS ED 10 f57
JGEL IR D RGN E o, TOA VEW9-T = ) T U & S LT
BB DI, 651 nm OHIEN 100 fHER L, FEwHEART bprA—F—E WA, 1uM
DAVEHN9-T = /) F 72 /FTEY 0310 aM OFgn R T25 Z LRk Z &
M BN E 7R olz, 5-AFXHHRNLT 4 U CHlEREERITERINCES L2 /T A HmTH Y |
B R REETHD, ZOEY rnD S-AXTRALT 0 U SR ~D B X
S Ze F 9 A00E L I N O #ES) % turn-ON B O IS SRS 20 LR, L,
SEEA LY 2 AIREHETH Y . MRS OEEIN G 7 = 2 F ) 2 138 9
S EBRV, SHBILT = = VEIKEMEEREZ G AT 5 2 L TRBMELZES L, S bcHih
& DFUSHE DR R7p EER DBEDBBETH L EEZ DD,

INFETYV =77 b — /MIBMLICEREEG T H L ONEL | A VAT ERLZ G
LbDIFFEAERESN TR, %DV =77 F 7 e — /U EFREDTZOIZIE, A
VBRI HAAD I L AR OE FICEREZGE T2V =77 F 7R —LDH
RN EEND, BlZIX, 56 HTHRARCA Vg 5S-A XAV T U CHighef RO E R E
X650 nm L THY | ELFNRIEAEZ 2D L, SHIZS0mmIEEEIEFENL Y Ko7
NTBHZENEE LV, ZNEFRET L OESOT 7o —F L LTHRLT 4 U VEORE
REPIET D ENEZOND, TF I T2 AR_XUPFRLT 4 VL NET T 7 2= LRL
T4 U kD HEBERPIIES N TWA DT, ZOHE06IE 700 nm (ITICBHl S D2, A RO
BV =5 A XY AT ¢ U CHERSEIRORNZE O F FiEH T XA 700 nm (2 A 3T
% turn-ON B OHight o —~DISH B HFFTE D, TO7OITIL, KL TR T M T
T VIRV T 4 U BRSSO RIS S DICIER LT N T T 2 = LR UR LT
4 ) ORBRA SO LD BRIERM Y U OB EEND, T T T 2=y
PARNT 4 ) OIERRACBOS AL EN S HERPILRIND Z EMTFRTEHD T,
Hignt v — LA OEEEMM BB OBEN O bREETH L EEZ LN D,
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