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DEBEF  EBEANLFYBENDIILZRELE (K 2b), 2 D4 AEEAOKEBETE. 3
ANy Y RITHETLHKFRES 2.9A4) 1WA, FEFILE () OAILKRZIIBRREFLIBFEDT
S=Y (i+4) OF7 2 FERMICHKFRHEE (2.8R) AEAIShz, S OHL 3,0/43BEANY v I XL
SHITTYSUET, 2BRETOMELZS. 6 BREORTFREMISIHA LIz, FEICELNRTF
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(4 TRBET)  HAR K
1. EMEEILFICRIT 5T VISR
WA & BT 0 A X (DR 12 iofﬁ@%hﬁﬁﬁkﬁ%%ﬂ%b %
T, @BECEIET D, QBLIU@0—HiIx&REARE Wﬁbfw%
EHEPRICEENDIGRBA A 1%, BHE OISR, E1{nE, WEEgflE e &
DOEBEREEZ R LTWD, 20X 9 7AEERNIC 76%@4ﬁ/@& 2% DI%HE
LD A B = XL E G b T D & A IR b o D, £ 2 TIEsE L& L
TEREHEBLVOZEDI 2 — % U NEFHT L HEE . EHEOERBRA A JH Y O
EERR LT T LB E R\ D FIEND D, %EIIAEENE, BB X ORISENT
BIRMEZ EORREICH 208, BTV EEAEOELUS, ERE LSHEE L ETH
FUE, LAY OFREZMEL, TOAD=XATHI ENARETH D, AiF5EIL
UGB R AIEHBAEEOBEEE LIIEF IR NI ZAOAXT Y RV X724 —ETh
% NiSOD OMEIZ >\ THH L=,

2. EMBRRE L BREEEL

HRMEAEIE 25 O D KRKE 32 Z2IHH LTV D05, BRLEEE. BERTSINEE
. BEIE(L, NS, EBEGRA AU X AR Sl Lo TARA—R—FF
R7 =42(09), #f{b/kFEMH02), & KX LT U hL(0H), 8L —EHARSE
(10972 EDIGMERRZE NV BAERT 5, 2O OIEMEIRRFED 5 HAYEEER P Kb
REWESIND0H F, AAERNTITEIZ O & EDAREMEISIT LY A L% HeOz & 20
O, BA A DIHE FIZBWTAERKT 5,

-OH I E1E & A EDRIIERS Y Z ILBAEI T WEHE TS LT LE 972, ATz
NEEETHEEEROZ LI TE RV, 22 TEMITL LA -OH ORAFTH H O
9: HzOz B, A—R—FF L RVALLZ—FEOD) D ZT—FBIZL-TTEHEITRE

ICHE L TBERELZHNTND, A== FF T FPALZ—EIL 0% Oz &
HzOZAETi/J{K'?‘ZD ZEICXVEEL, BHZ T7—BIL Ho02 % Oz & H20 ~ & A¥JME
T2,

3. NiSOD & A#FZED B H)

W R RA A EEATHS0D OO b, HEF L=y S F 2GR LY
D, 1996 FEZHHFD LT /87 T ) T inbRER SR, Z 0 NiSOD 1L F D),
(AUTRT L I 12, NidDIB KO NIUMDREEE Y1 7 LT % Z LT 02 DR Zfih
ﬁbfﬁé\&%KEﬂT“

Ni2+ + O™ + 2H* — Ni3* + Hz0: @)
Ni3* + 05~ — Ni2* + O (i1)

X AR HEERATIC L 0 . F PR TIRRENIAD IR AR > NiSOD FHE 2%, Hisl F
D N KT I/ H L BT T FHEOB 72 AL LT 2 R, 72 5N Cys2
B LU Cys6 HRDT A L — MEA, Ni(IDA A ZENL U 7= Vi 4 B iEE H o,
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I, B LR AENIAIDIR ) Tk, & HIZ Hisl H
KdA I H Y —)Vingg < FHAAEH U7 DU $ER
HEZALTNDZEBHLMNIR>TWND, Z
ZC, B 2BNIEOEICY BEMIT S L BT
L7=F#HATF FHFEOT 2 F OJF+ & Cys6 H
KOFA L — b ST, TNENKG MO
NTTF REHFHK & OB TKRERMEE LT
WD Z LR inn(H 1),

ZDO X 91T, NiSOD {EMHEH L O AR IEIZ D
WTIEH D RBREDOR ARG SN TV S A3, SOD 1k 1: NiSOD OJEM: i kERE
M %& 384 % | CT(1) Amino-Amidato-Dithiolato
RREE O MR, (2) 3 2 BUALBEIC IS 1T 5 KERES ORE, (8) NITIDIKEE TN 5
Hisl BHRDA I 4V = ORRL EIZEAL TURT L A EW SN2 > TR,

Z 2 CARMFZETIE NiSOD OiEHEF.LET UEEMZ A L. LA EDSIZHOWTEER
BRI NE 5 CRRE 21T - 72,

. A ROER EBE

AWML TiE. NiSOD OE T /AR E LT, LLF® Diamino-Dithioether 7!,
Amino-Amidato-Dithioether !, 72 & ONZ Amino- Amidato-Dithiolato %o Ni(ID#E A
1,2, 3 2EAEK LTz, ZOESACFHIMEE ZHE L, BEHROBLE L 72 [NIINoS 5

Hﬁ_kH H[_k 0 H[_k 0
n; N [
|S/’ \|S |S/' \|S S/I \S
1 2 3
2: NiSOD iEMEF DEIEE T L & L CTARL L7- Ni(dDs5 k&
KEgGoHTHER L7z Z A, NiSOD OiEMH:H LM H AL L 72 Amino-Amidato-
Dithiolate %! Ni(ID&5A& 8 737 L 7= NiUD/Ni(IID OB {big e BT A, SOD T&H M % %%
BT 2 72 DI LA D BN HIPH(0.16 ~ 0.89 V vs. NHENCIN £ 5 Z & BT - 72,
LsL72as s, NiUDEEA 8 & KK NiSOD 1 IEw KLl L= FifrBiiE 24 LT\ 5%
2 H B S NITD#EA 8 © DMSO H1Z 81T % Ni(l/IID O fg{biE e BN 1E-0.14 V (vs.
NHE)T&H D, RIKD NiSOD Db e BAL(+0.28 V) L L5 L D IRVMETH -
2o ZOX D ICE IR TEMN AR HFH L LT, RO NiSOD 12 1E Ni L CliifT
L7287 I NEBBERD O FA, BLOTF AL — b SENLICKT T B KEBFES DO E
NhDHEZZT, T CKEEEIIBITDEFZEEICKINT AT 787 % —4K
(Acceptor number: AN) D ¥.72 25k 2 IR COY A 7 U v VRNV EET T KEHIE
L& 2 A, &5 NIIUIIDEELE T, AN OB WEBEIZ 380 T L0 B WEA T
B S, FRZAKFTIHEH0.30 V & 72 0 RIRD NiSOD DR LR ITTENIZ A2 0 TV ME
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E7o7=(K3), ZNHDI &G RIRD NiSOD iEMHLOF 2 BB BT 5 K55
FOKRFEREEITIEL, @RPOOMRICENMEZ . SOD [HMHEA BT 5 1Tl 22
Fa—= U ITT BN DHZENRTHIEND,

Z O Z LIE NISOD 2332 KD 5 b miffi CHlR_R7ZORUTTEOCELER H 5 &5
265, T7bb, NIIDREIZBWTIZZ O X 9 7% Amino-Amidato-Dithiolato %!
S PUBAARIE Z D 2 S L 0 IEFITLE: d8-low spin & & 72 0 | HlBLAL 23N 12
<705, TDAh, ETHD 07 L LABMICEIET 5 EE 2 Hit, £ NiSOD ©
NiIDH Lz 31T D ERALFINC Al e BB ENR R &R A E RIS L 0 B2 S
NCHMICED D EHEE SN D, EEE. NiIDHLE D OBRBENEN. BRI RIET
L LT, A TITERT O IR A7 MVELERIET 5 Z L TRFLTEY, &
B AN OZEAIZ L - T NIIDESA 8 DENLT X RED C=0 FfFEIRE)N D = R /L¥F—(%
1554 ~ 1573 cm OFFHTEE T2 Z L 2R L TWAH(X 4, ZAUIENLT I RED
B DIERELORREZREI 5 2 L1720, ZTOE G E NidD Lo biET
EBAIH LTHERH D EEZEZ BN D, 2D XK O REMNLEIC kT 2 FEAG 5 S B AR
AL Z2o0&ET LOBGETEMICHENH D Z &13—#D NH-S kFEEEE2H6T 2
F AT — MU REIEREZ AN TORINTWABL L7223 - T NiSOD (281 % NidIDH
L OFAGREITTENMIZIIKS F 2 50 EAEREDS RIET TRV H 5137 Th 5,

041
1570/
)
I -~
z £
) °
< O 1560"
5 O
u >
1550 L L L L |
10 20 30 40 50 60 10 20 30 40 50 60
AN AN
3: acceptor number & 3 Dfi 4: acceptor number & 3 ™
(LB O FE RS C=0 fih#EIzEI DOFEES

Kz, NiSOD oG)RUHkT 2 1E#REH D720, BLE NidIDESAKIZ SV T ESR A
N7 M X o> TR 21T 272, 2 2 TBEICHE 24TV % Diamidato-Dithiolato
Ni(ID) $51K 4 2 O 7= D128 AT 5, Ni(DEEAK 8, 4 DR IFZENZENBLANZ L - T
KO\ BRI, *Hd 5 NITIDESA 8+, 4+ &£k T 5, TOIRRET N-A F L
AIFY = MeIm)E /Y D Py)E A5 EdhEdAr L, HENIRL > 3+Melm,
3+-Py, 4*-MeIm, 4+-Py 24 L %5, TNEND ESR NT A= DI 5 g & gy lZDONT
7y b L2 DOIC NIAIDIRAED NiSOD OF —# ZfHF Nz 7=t D& [K 5 1ZR LTz,
NiSOD &, FNEF @ NIIIDH 0T IE MeIm F 7213 Py 23BN L CWA Z & i g,
FEIR D > 7 FIAVNENL N RO A v (T= DIZ L Y 3 1T hyperfine splitting (hfs)
DB SN2 Z EIC X VLN THSH(|An| =2.30 ~2.50 mT), K5 IZRI7z k9
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- 4+_Py O)jfﬁiﬁ gx = gy @%%iﬂﬁd‘ﬁ]‘ 235 ¢

PED S ESR 257 ML/ H — 2 %7 % .
LTHY . ZOMORINISOD bEw | s T s
Tge>gy &> Tz, Z#E Ni(IID) B . e e

B UK 4+-Py BRI D F Vi A1 7 SCE R S
DETHECLER TS EEX LN, | NisoD (i)
Amino-Amidato-Dithiolato % Ni(ITI)

SR 8+ D% TlE MeIm, Py O W SEL ™% 28

A Lf:b;}—/a\f‘:%\ gx>gy &R Tz, 5. &4 NiIIDHE D g« & gy DA
SIHIA I XY= IVRBENL LTZRDH

T Ni(IIDIRAED NiSOD 13f b B IFMEDEWART R TH Y | KR gy DIENEAFEIC
INE o T, gy, gy DIEIZZEINLZE I 2 — 6M (4 Edzz-dyz), 2 — 6N (4 Kdz2-dzx) TH-2 B 5 7=
D, His IO A I X — L OEIBNIC L > Tdyz & d2BEO =XKL X —F v v 70
dzx & d2BLUEDOFX ¥ v 7 XD HERENVWZEEZRLTWDS, 2O BRRFHEZRT O
% NiSOD @ Ni(IIDJ& » OB BN ZDOF L — MEEE TEETHE Lo L bxf
MEDMENZ SICEKR L TWD EE X BND, 705, NiSOD @ Ni .08 Y 1%
Amino-Amidato- Dithiolato #i&TH YV 7236 N Kb 7 2 /L & FEHFHKT I R, 7
BNZ—20D Cys FEENEDR s T-F L— MR+ THY ., b9 —2D Cys FEED T
FT7 = EFEINLMNLTEY, L — FMROFEZZ T 2NN Z & ThDd,
ZOZEIFMRDOIKITR LT, EAEERRE L NITIDH L OME ORI iR EB O
FHENHHZLEZRRLTWDIITTH S,

2235 SRR

[1] dBpfe, W, KU EERRSR, LR (1988)

[2] Youn, H. D. Youn, H., Lee, J. W., Yim, 1. Y., Lee, J. K., Hah, Y. C., Kang, S. O., Arch.
Biochem. Biophys. 1996, 334, 341-348.

[3] Ueyama, N., Sun, W., Nakamura, A., /norg. Chem., 1992, 31, 4053.
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fisdi. KFEFZ) -z A N F—JiL LT [RED 2014 24H) b LIRS TS,
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138D TA 7\
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YV YL RFEOGHNER, FORROSEE, WG % & KEBRENE ORIENED . & E
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TREAAT DN TWEY, 29 LERHDHICBWTEH SN TV AR, 2013LALY
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WIZEBlEIZE A E v, FlRiEE SRREICE AR - A 7Y v B (RESEE) 757 & Bk
2y b ELTHWGE, SEMEORE (RIbET., BRIEEE, BF8E), 70 & > 2H),
W% &) 2T RICMEEOMEDSTTRETH ) . FrL vy A TOMEERER % B
b ENTED, RO EWERTIE, ZOL=y MINET L\ L OO RRELEHE
STEMEEREZBELTHE > T, ZOMREL LTETEENE, 70 b AxEl, mEEerE.
KFEAE B 5 FEIFE. REWERE. KOS, 1> 27 Y =y MEICX 2 RE%E
FAL R EPEAICBS, T A2 EPEESIN L,

AETIE, B-EENEE T 2GR EOCREARO R ) v~ — (RS T) THEH, X
7 VEEB L O OFER T G T- & L 2 AR (RS ) 2B 5, KEREMES &
CEWTH b AEEEIC DO W TR,
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3. BEEYIEMRRDIENS5

&EMA G % AT 5 [Metal-Dimer ] FH 2 2= v b & LTHWB#IX. Metal-Dimer § 1%
W L T—BT BRI GRIG) 247749 &, WA Y Y - B - BT-HE L &0 S X EE 2N
IEATELZLIZH DY, 2=y FADOEM (R ¥ Y) 23 aERIERTEAL T 2 KT H
R TIIFFICZOREDPHEFE BN, FA—ANBLUY A~ —HOETEBEES (e fine) &
WFHZ -0 Y (U, V). A ARl (R FOERMIZE2) BL O A Ik AR
P EF 2RO FOEMIZ L Z) BT - TS (S) B EDMEHIC L > TEH LB THIA
INBY, TORKRE LT, BT 5 L) ITVART VBEBEMMEERIC BV TAZEN—E Y
ZIZE), ERHEARL L THO TOEFRENE 70 b AMREROLAERESEI S 7z,

EZAHT, HRABIREIZ L 2 HREEEROFR (OS5, 19547) 205 50 430 L 7275,
FIREA D 1957 I EEARYER & v ) REBEESEGEEEEZ HRADPERL L T2 L2 5 A
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FAmnhd Lt v, K (ERKFAEHIR) 3 EE O 308 RN T V7T v
FUfL 1% &) ZFH LT (1) O RIGEM &S5 THAEZ AR LY. 25 2 b a8k
ThoHI eI LTWEY ROMBRY ., COMOGmL (RS TOEHK. BENEEH
K) & L CIRIERMICRDFEVWEHEIET 230 TH L, ZOBROEREBKOBLEYMIEICB
R, ARERTIEIEREE. AREBEERIRA LGRS, INOHWEORE L
EH IR ST TRERERZZRITZIDICERT, RRBEVERGD RV, ZhiirE
TREG TN BRI D75 RN & BN RVG TRAEEHE2ET 201380, dE
FRTIEEFOREREITRN 72O BREEN 2 EOMNIHR 2R 5 2 EPWEER 2 £ 12 &
o LHLGHS, WS EHEVIFAYE Y05 X TRERES 2 BIRZEE) % B0 2B 2
213, B/ (RE V) RO FHNTIHERIELT 5 «r BFREREAEELR LY L, 2 FHNTRERD
R dE T REBEERO S ARG & L TUHHETH S,

4. KEREES LV 7O M RENEFTIHHE-BENTITY Y F#H

41 70O b > HERREETIFE

(LA & 0 RERE SN2 AL 7Y v FHROSA, BREMREIC L 50k
B/ AR ORI 2SR S N B . RN 2R, KFEE [ LFEEE ] 2 v TR &S
T AL S, B, B, b EONGIC X ) F o/ it A T 5 v
bOTHL, TITW) [F0iES] L3, 7 I/ EEFTHNRT YRR, 3%
MMz R (F228), AKk7 I/ RIBIEREZRT O TH LA, VAT VBRI« 3t
LROMBZICE VEBMEA R, BRI DI WT IV EOKREREITEZ L2200, #
A A I L DO THRETHL LDV TFREND, ZORD, RIFFEDT A 77 O [BEM |
Lo Twh, DF 0 VAT VRN T1E. HMWERTES NGOG (78 > O
BE - A 2B &) TR e 28T %0 B2z [ b &) ik, F8L< 2
DN-HOLFEEDZ L TH Y . [HREW]DRKE L %> T b FERICEE THlWILERE
EOYE, B LARIBAHEE ., BB L72KRI L ChEET 2 2 &3k v,

DEDOT AT TS ENRT RIS Z G ER IR . AR CER L HE & R

B i i
N\\ /S +HT HIN /S— R //S
C—Cy P C—Cy - C—0C
/ N —Ht // N —H* // N-H
-S \ \ S \
R R R

OB2 IN\7 VEEMFOTIEERM & nHZROEER
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a/pm 404.24+0.004 400.50+0.02 400.08+0.01 399.79+0.02
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FIT, I AT N0 BRE
(apo-Mb & FE5Y) | kR & 72 SO % i3 2 40 Jm B
KBS BILEMC L > TIA T 0 & HiE
T 52 Ll LT, ~AE. S A7 e mI3EH
DT I/ THDHeATF T (His93) IZEML LT
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2 Fe(Schiff base)sMb D#ERiEE

WDHDT, BAEER B HISOSICEUIT 5 Z & Ak
HREE T IUE L & B 2 7, ARSI X A
7m e OERIE, SHE 2 TWIZ EIZIE@ET
VX727 T2, ~ 2013400 nmAFIT (2 soretds & FEIZAL D
W HEAREL D R E W 72 WA 8 1) | UV-Vis A<

7 MVTCHECIZASN T2 Z ENRHRDL B FE~ L%
D FLFERIT IR 72 W DN T2 N T2 3D | TR AR )3
HR T2 B 7 & FRAE I HBT T & 220, & BT, His93
ZEEARDENL L2 & LT H, BUREMERW A, B
Bt - K 0O BERE CHEARDN R VB BT H D T REME
W< SEEREAL - & B T X BRI O AR,
B Z B BRIl A2 E 2B L
2B FRRFT DM L D,

BEOR a2 2T, K2TRT vy 7 EESEEK
ANV VAT ALY VA SR pand & W\ ERER (S PRl N
STREICEYVIAENTND Z &GS S
HBMNZ ol TDH%, KBITRT X OIT, fkx

K3 CuX RhEEEERYAATR Mb D#EREE
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Subunit

;y Rt
480 kDa
B4 TZzUFUFNDOH Ty bE2kiEE

apo-ferritin K.PdClI,
+

Pd-+ferritin
K,PdCl,

®5 Pd-Fr D¥ERL

.
NaBH,

72 BN A IE D EE RS A IS B L5 W) % apo-Mb &
T % 2 L ICRI LTV 50, i EasE» & & B
BN LI R SN N TaREAES A
&BEAEOARBRDIT B RS D BT
DD I IRZER D T2 T2 DI AFE S 7= i SO
IEMEIRIER RN b D TH - 727,

2T, JRWRSZER Rt o mAE & LT,
ST EAE CHDH 72T (Fr) J IZEBL
Too TOT AT 4 T VL BUERES R FHEHIR O By
P eAEDRETH D,

3. ZzYFURERZER D FIA

7 = U F UL, Fex ORiETERA A & ATk
TOHHBEAMHOERERE TH D, 24EDH 7
= hTHERL S 4L, NEEDKI8 nm D ER IR
RS> TWDHREREAE (M4) T, a4
VUM bRk e R A A AR AT Z b
WHIHI TS, $kA A4 %5 F e\ apo-Frd
ERRIEIAR S KD, £ 2T, PdH A 4 %
apo-FriEIZ A L, BIeAITPAO)D&R 7 7
AH =BT D Z & ZEHE LT, Pd2tA A
23apo-FriZ UV iA £ 5 B il U725 3C
DEINS T2 728 HASRMFRSE . B Pd-Fro H
BERERL B0 AN DPA2H A A D ETR &
CNETIT 2722 L DRV FIEIC T
BB H . BERYIZ, KI300fE DPA2tA A H3
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Cluster size histogram
30

apo-ferritin

2.0 3.0
Diameter (nm)
d=2.0+0.3nm

4.0

performed at 200 kV
K6 PdeFr DEFEEGRE Y SRE—H A1 XDHTH

apo-Fro NI ZERICEL Y IA £, HEERE UL 1
NENZRR £ 5 Z &N -o128),

NaBH, TiECT % &, MEHEADEIRIE A~
BT D3, PAO)IC 39 5 & JmPA DL &
ool (K5), 5 6i7cPd-Frz, ik
B FCTEMBLII Z1T o 72 & 2 A, Pd(0)i%, F5)
2 nDIEIFHE—72 7 T A X —fEEEZ R-> T
D Emyinols (K6) 9, fillftl LCA L7
S VHOHEMIE ST AT o2 2 A, KTD LD
(2, BEHIERO R E SITERGT 2 WEBRINENS
bivle, BRI, HtEOTOFIIPdY 7 2 % D
VR4 7-0 OIEETH Y | Pd-Fr7- v TX300
. T 72 B350 FEIRE DFEEE & e b,

apo-Fric itV IAEN D BE/A A 13, 32D
Ta=vy FOBAEHTITER S NS ZER (ZF
T v RV TN D) il CTEEWNEICE
VIAEND Z ERFNINLTND, £, Fr X
JNZIET ARG X VBN S FET LB, H

1) #&Exn

H H ng% H, H
H 2
Hzc-?c\c’N‘H P f’ ST HSC’C\C’N""R
I %3 é] I
(o] (o]
80 R=H
= 60 - -Pr
=
[
© 40 - t-Bu
20 Gly-OMe
0 Ala-OMe

Conditions; [Pd]=30,M, [Substrate]=3mM, H,=1atom, in 0.07M NaClD,0, for 1h, pD=7.6

7 PdeFriz&k 374 L7 4 v DEMIZET

B TR ZOFy X Lvaz@mindbdEEx o
TW5, o T, EHOI A ANKETEL L
F X X EEE LD 6L 20 BICRISTEMED
&< 2%, £72. WHICHIVR U BEEZEANT D
L. BILRISIRIFE A CEIT LAV,

Pd2+A A2 OHLY IAHLEEROIBFE T, 1) BV
AENDPAHA A DEN—EML LI 5
RN b 2) B IAE NP2 A A i, B
BoORBMEBRE TERAEABICEE>TWnD 2
Eoh, BAEOWNERIIIIPA2T A A v 3ENL
THENL, PIZIES AT A R AF VUi y
MENLF & L TER LTV D AlEEMERNE 2 5
nic,

Pd2* A 4> D VI AudtA 4 % apo-Fr
WHEALTEEZ A, BARRERA A EITH
200 fECH Y, FEEYA b Pd A A2 L —HER
RBHZENDLNY ) PdA AL AuAF D

TR
o

[Pd]Au)-Fr

[Au](Pd)-Fr

AF—L2 apo-FriZAU-PdAAUEMATERT S FETI ITLH5EE (AuPd) fERRE. TERER] IT&
537 -2z)L (AUa7 -PAdYLELUPAdIT - Au L) DEYRIT
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HFHLARETHD Z ERTHIS N, £ T,
apo-Fr BT Au-Pd /N1 A X VR T72
b, @Q&aeEr HE L, Fr WEIZ Au A1 4>
ERA%, SHIZPd A AU EHALTETLT
HHEETE) & (b)= 7 v = ufiEz HER L T
Au TR AEWNE LTZ Fric Pd A 4 & ffi A
BLT 5 [BIREITL] Z1T7o70 (AF¥F—L42),
HIEIC Tl AP DA ERMT D D3, BIKIE
DA, Au & Pd 2Nz 2IEHFIZ L - T Au
N7 b [Au(Pd) & Pd 23T BT S
[PAI(AU)DAE Y Z3 T R ATRE & 72 B,
TEMBEIEN 5. apo-FrNERIZ Z N Z412.240.2
nm, 2.4+0.3 nmOK FIEA MR STz, 5
IZ, HRTEM, EDSHIEEMN S, FricNE S 1TV
HRLFIEAEmMETH Y . Au, PAIZE Y NA R
AL L TWbH Z EnRahie, £, €L
NaEft s U358 OKFBAL ST, 27
= VBRI AU-PARL - NEFrCliE, £/ A X J)LDPd
B NELFr & bl UCiEERm B L7z, —5,
AATICIIREREEOM LR oo
T2e ZOEWE, 37 Y 2 VR TITRI R &
PAFR T ME - TS 72 IEE A S 3Gkl
RSB EEZ B 5HL0),

X 5|2, apo-Fr %7-1 50 M ED Pd2t A 4>

%N Z 77 PA-Fr 8 &R0 X #hE b &M 75 5 |

Pd A A AEREVIMIB B OBIZICKE) Lz, £
D1k, apo-Fr NI~ Pd 1 4 > HE R AR
O A B L. 14571 apo-Fr %47= v 100 4
B, 200 ¥ ED Pd A 4 2HERME 7 Pd-Fr
BEERD X Bk s 21772, X 81

50Pd**-apo-Fr 100Pd* -apo-Fr 200Pd?*-apo-Fr

[Ste1lorn  ew. e rgTih P
D AT SN

-

by % * el
SRemtalhy (\eanshall (et
4 e \‘-h S /O \‘:-‘F/Q!*_"-‘_ . 5 (:"\- Eus, N

apo-Fr 50Pd#-apo-Fr 100Pd**-apo-Fr  200Pd?**-apo-Fr

8 FrNZRZERIc#ES L= Pd 4 4 v DiEREE

FERERLTWAN, JBXR Pd2rA 4 OFEE
BN Fr47-0 144, 192, 264 » AT &ML T
WADEETFI D D3 bivd, £, #IHERE TIX
FEEYA M2 AT CHT=MN. BEA A D
B> TR 0S4 P2 B L T
%, X8 (FEB) 2L, AV A 2 TPdA
FUBEAETHT R BAEE TR LTS 1),
T, 50 MED P2t A AL BI85,
FRICEBEICR Y A ENT-&RBA A 5,
EIEA A RE (ICPHIE) CEAEENLHR
HEND70, 08T 3643 TH-7=, 100
W, 200 HED Pd A A CUELZEAT
X, FREI 9247, 23943 fH L 720 | AEAnAE
ENLEONTREREITER IR E -
720 ¥R, FEET DEBA L DD IRNIFICE
DN > TREV, L, Frs 24 f@o
VT 2=y MBS NS RO B ER
RHEEZ B> T D Z LTS 5,
Flzix, K9 (EFH) - T Lo, EAE
KT 3 DOEEA A DRI DEALICEAL L
T 5, ZOMEERS L BohaY T
=v hLkiz, 24 OV T 2=y FE2TEER
bl bt 7=y FY DI EH I
TEFEENEON, MRE LT, 37FTD&
BA T OREAN—oDOY T 2=y  EIZH
N5 &%, bHAA, BFEEITIMIGIZ
BVMEE 725, 62, R—07 I 7 BRI
B OG5 2 5F270 5, K 8 DFEA
P A F2ITRINTV D Gluds Z 2 H Y 7
THEUTDE ST D,

&R
&

Fr: 24-mer

%5

Average Structure

£ 0""}:3\
qﬁyﬂ%

9 Fr2fRICEELEPdAA VA T2y k
LFIZERONTEFT SN A —D L, BiTShi-E
B OBAIHEE (50 BEWNIE Pd-Fr DFEEY Ak 2)
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50 H¥ETHUH L TH LT Pd-F 2251, 144
DFEETA FRROMY VT 2=y FY7=D
6 1D Pd A AL MNREIFFZHES L TV DA
A—=URELND, —FH, @REENDL, Fr
W20 36D Pd A A BNEVIAEN, T 2
=y MR T, FH 15D Pd A A LnE
BRICIZIFAE L TWARWZ 2272 D, - T, i
B A b 212iF, R LED PAd A A LnE
BRIz iﬁ”bﬂ\m\ fam S LD, 9Tl
N9z, S 24 oY T =y b
DOEREDOE L UTHT SN, R—7 X /7 Bl
Ik L CHEEOBENMSEOND, 29 L2
%8 L C 50 Y& TP L7z Pd-Fr 2o\ T
Mg Z RT3 5 &7 EH K9 RIS
£ 972 Pd A A D 3 FIHOBNAEE D HEE S
b 1),

FRlZ, &BA A OEOEITHIE LT, B
MNT BT BAEONENRE S AL T
BO, %9 Lf:iikfoc%ifz%fmi\ BREEIZIR U
&R A A VI IAHREZRREIZL TWAH DT
HAH9,

4. Jz)FUORNEERICERERBILEYEEA
ZZETIE, BMineR A 2T 2 ) F U
WEIZEA L7228 258 L C & 7223, Pd(allyl)
4’2‘/%%]\ LT RIZ DWW TR T 512,
R TH 5 [Pd(allyl)Cl], % apo-FriZ st L T
1004 &M TREST DL, IFFTEEMIC
pd(allyl)-FriE &A1 5N 5, & IR1.70A

96 Pd/apo-Fr 4 Pd/Monomer
ip, 9
+2. 8 &th‘;iﬁ?".\:"'
% ﬁ:‘ % t“'\ 3-old Channel P ""I‘
43; Nt ..J £8%
4 ! P F AP
LT -310|d cr-annel N & " v §
S Mf oe e’
a5 ":1:‘-_._. S __-_-‘_-_.‘_i% I '_‘""V‘{'-" "
i ;s:-+..'x@?>’$f+ N ‘*,,&w"@
L ey ) Qe
- (/1 Accumulation Centes

10 Fr AERZERMICEES L1z Pd(ally)D s RiEE

36

WT_3-fold Channel H114A_3-fold Channel

Pd1 = o; '
)
y Pd2 >
His14 Ticysizep, B

11 =[EEF v )LD His114 #HIR L CTRES N
f= Pd(ally)? 5 X4 —1&&

\ﬁ’iﬁéfﬁ%ﬁf‘% X0ITR T K D 1220 FTORE
BENLIN Do T, 7 2=y N YT AEHD
Pd(allyl)4’ AU EAL L Fri 72 U iR R4 X 24=96
B DA A NEFEN TN D, AEEHTF v RILERSy
OENIEEZFELS D L, VAT A VHEKD
SHIL2ME DPdA A > #44E L TE L | allylkk
EHis114 (Pd1)& 2\ iZallyld: & 7k sy 1 (Pd2)
2 L DA R E 2 B> T D, — 5, EHA
BNER O LB IBUK B 7R BRBEEAL T H ., A R
VAT A N LD EBRHEENER STV D
(¥10), 7V —{REEDPA2* A 4> (IX8) &K
LR DENEETHD Z Lid, & PHEL
NS TRERTH 5,
72k, SEIEHTF ¥ KL DOENLF I TWD
Hislld4% 7 7 = NZE# L7722 = & > R Z1ER
L7l ZA 32507 2=y DOV RT A RN
MEDPAA A > LG L7350 T A X — DR
L7z (¥11), ZofE&E, ErmERTLCA
W D8k - Wik T AKX —DET IV ERRTZ
EHLTE, VAT A VOREZEYNCERGTE
T, LMY 22 —iEEEEY BT S

R
&g

e
NaOH

b
NH,

|G"ﬁ + Qﬂimla

Conditions : [Pd(allyl)-ape-Frs] = 0.025 uM, [IPhNH,] = 2.5 mM, [PhB(OH),] = 2.5 mM,
[NaOH] = 4.5 mM, in 0.15 M NaCl (pH3-10) at 50 °C for 12h.

Product Substrate

12 Pd(allyl)- Fric& 28K H vy TU V5 Kb
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ZELHEEEZLND,
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Electrons in molecular solids are in general strongly correlated because of the narrow
width and anisotropy of energy bands reflecting characteristic features of molecular orbitals.
This results in various dramatic phenomena due to strong correlation, such as Mott tran-
sition and charge ordering. With metallic ions, typically d-electrons, such effects of strong
correlation in molecular solids can have different features, some of whose examples will be
introduced in this paper. A possible and natural extension of such studies to bio-related
molecular systems, such as metallo-proteins, is discussed briefly.

§1. Pursuit of conducting molecular solids

Science of conducting molecular solids has experienced remarkable progress in
past years. After the observation of semiconducting properties in dyestuffs?):2) and
doped perylene®) similar to typical semiconductors like Si the important step was the
realization of truly metallic state (in contrast to semiconductors with very low carrier
density and then without well defined Fermi surface) by charge transfer between
two different kinds of molecules, called charge transfer salts.?) At the same time
not only metallic but also many superconducting systems have been synthesized
so far.®) A remarkable achievement in this context is the realization of metallic
states in molecular solids consisting of a single kind of molecule,®) single component
molecular metals, [M(tmdt)s] with M = Ni, Au. The existence of the Fermi surface
in single component molecular metals has been indeed identified by de Haas van
Alphen oscillations.”)

§2. Strong correlated electrons in molecular solids

Through these studies on conducting molecular solids it has become clear that
electrons in molecular solids are in general strongly correlated leading to Mott tran-
sition and charge ordering with particular spatial pattern. This is due to relatively
narrow width and anisotropy of energy bands reflecting a small overlap between
molecular orbitals, which have strong spatial anisotropy.

Theoretically, electronic states of conducting molecular solids are properly de-
scribed by tight-binding approximation based on molecular orbitals as was originally
clarified by the activities of Kobayashi group.®) Actually the results of analysis of de
Haas van Alfven oscillations agree well with the first principle band structure calcula-
tions together with tight-binding approximation based on molecular orbitals in both
DCNQI,Cu® ™) and [Ni(tmdt)s].”»'?) In accordance with these findings the effects
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(a) (b)

Fig. 1. Two characteristic insulating state in the quarter-filled bands depending on the degree of
dimerization; charge ordering (a) or dimer Mott (b) for weak or strong dimerization, respectively.

of strong Coulomb interaction have been systematically studied’® 1% in terms of

extended Hubbard model with not only on-site but also inter-site interactions on top
of one-particle states derived from tight-binding approximation.

Experimentally, molecular solids consisting of BEDT-TTF (abbreviated as ET)
molecules are of particular interest, which have a composition ET9X with molecules,
X, working as anions with valence —1. In this family of ET2X, which show two-
dimensional conductions, there exist many possible spatial arrangements of ET
molecules in the unit cell and corresponding diversity of electronic properties have
been revealed experimentally.!” In ET»X where the energy bands are quarter-filled,
one can expect interesting competition between different types of insulating states
resulting from strong correlation, charge ordering and Mott (dimer Mott) insulators,
depending on the degree of dimerization as schematically shown in Fig.1. More-
over it turned out!® that, besides the degree of dimerization, there is another key
parameter which characterizes the degree of frustrations represented by transfer in-
tegrals t and t’ as shown in Fig.2; square lattice for ¢'/t < 1 and triangular one for
t'/t ~ 1. In the latter case of triangular lattice together with strong dimerization,
i.e. in frustrated dimer Mott insulators, the spin liquid state, which has been pre-
dicted by Anderson many years ago,'®) has first been observed experimentally in
k-ET9X.19:20)  On the other hand in a-ET9X (X =1I3) with weak dimerization the
phase transitions as a function of temperature to charge ordered states have been
observed with sharp drop in magnetic susceptibility.2!) For the metallic state in this
system, a very interesting fact has theoretically been indicated that electronic energy
spectra near the Fermi energy are those of massless fermions described by the “tilted
Weyl equation”?2):23) as shown in Fig.3, which fact is expected to resolve the long
standing experimental mysteries observed in transport properties.2!)

§3. p-d interactions in molecular solids

As described in Sec.2 electrons in molecular solids are in general strongly corre-
lated leading to various typical phenomena resulting from strong Coulomb interac-
tions between conduction electrons. Moreover there are cases where such conduction
p electrons are interacting with d electrons. In the presence of such p-d coupling
even more interesting features are expected depending on the degree of localiza-
tion of d electrons, which act like localized spins if the wave functions are localized,
while d electrons hybridize strongly with conducting p electrons if d states are not
so localized, each of which will be discussed separately in the following.
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Fig. 2. Basic transfer integrals, ¢ and #', bridg- Fig. 3. The energy spectra described by tilted-

ing between square (¢'/t < 1) and triangular Weyl equation for a-ET-I3.
(t'/t ~ 1) lattices. Each circle stands for ei-
ther an ET molecule or its dimer.

3.1. d electrons as localized spins

The typical examples of p-d coupled systems, where d electrons works as local-
ized spins, are as follows; Two-dimensional &-BETSy(FeCly) with Fe3* in high spin
state, S = 5/2, is antiferromagnetic insulator?¥) where coupling between conduction
p electrons and localized Fe spins is effective.24):25)  This system shows supercon-
ductivity under high magnetic field applied precisely parallel to conducting layers,26)
which has been ascribed to Jaccarino-Peter mechanism.

Another example is one-dimensional phthalocyanine, TTP[FePc(CN)a]2,?”) with
similar Fe3* but in the low spin state, S = 1/2, where localized spins exist on ev-
ery lattice site (periodic Kondo systems) but density of carriers (holes) are half.
Here interesting interplay between charge localization and magnetic ordering is ex-
pected,?®)  though further clarifications both experimentally and theoretically are
needed for this interesting problem.

One of the typical examples of p-d coupling with localized d spins, though not
in molecular solids, is the copper oxides (cuprates) high temperature superconduc-
tors, where the doped holes couple strongly with localized spins of Cu?* leading to
Zhang-Rice singlet??) supporting the superconductivity with help of super-exchange
interaction, .J, between Cu spins.39)-31)

3.2.  Strong hybridization between p and d electrons

There are several cases where the d electrons hybridize strongly with p electrons
and then valences of d electrons fluctuate quantum-mechanically, whose examples
will be introduced in the following.

The metal-insulator transitions in DCNQI>Cu are remarkable both as a function
of temperature and pressure.!!) In metallic states the average valence of Cu is known
to be 4/3 from photoemission experiment.??) The insulating state sets in by the
charge ordering of Cu ions with spatial pattern of valence(+41, +1, +2)33)734) which
collaborates together with the charge density wave transition of p electrons with the
same spatial periodicity. This concomitance of spatial periodicity in the ordering3®
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will be the cause of metal-insulator transition, which is strongly of first order with
large hysterisis.

Another example is the single component molecular metals introduced in Sec.1,
[M(tmdt)s] whose molecular structure is shown in Fig.4. The transition metals,
M, are located at the center of this molecule and band structure calculations®®):37)
have disclosed the fact that d states are strongly hybridized with molecular orbitals of
tmdt’s located on both sides of M. In the case of M = Au a magnetic phase transition
has been identified by NMR experiment®®) whose origin has been analyzed based
on both first principle band structure calculations®” and the extended Hubbard
model?? deduced there-from.

Recently it has been clarified that
in clusters of transition metals sand- S S S S-S S
wiched by benzene molecules arrayed <I >=< I ;\ﬁ I >=< /|\[:>
one-dimensionally, (MnBz, 1), magnetic S S S
moments could align ferromagnetically
up to some length, e.g. n ~ 4 for V Fig. 4. The molecular structure of [M(tmdt)s]
ions.*®) The electronic structure calcu- with M = Au.
lations*")  have disclosed that the hy-
bridizations between d orbitals and Bz p orbitals are crucial for ferromagnetic align-
ment.

Moreover it is interesting to note that in electronic states near the Fermi energy
of the recently discovered Fe oxypnictides superconductors??) the hybridization be-
tween Fe d orbitals and pnictides (typically, As) p orbitals are very strong.*3)

It is to be noted that the spatial coordination between metallic ions and sur-
rounding p orbitals is similar to those of planar phthalocyanine, MPc, shown in Fig.5,
which have been widely studied so far.**) Here it is known that stacking pattern
and then crystal structure vary depending on M.

§4. Myogblobin

It is important to note that the relative spatial
location of metallic ions and p electrons in Figs.4
and 5 is in essence similar to myoglobin as shown /U\
in Fig.6, a typical and important protein containing N N
metallic ions (metalloproteins) at the action center. / \
Hence it is expected that understanding of electronic }
states in p-d molecular solids will give important
clues for the understanding of functionalities of some N N
kinds of proteins. Here knowledge of local structure = 2
and associated electronic states (spectroscopies) are —
crucially important. However experiments have not
been carried out on these subjects because of var-
ious experimental difficulties. Now Shin and col- with a metallic ion M at the

laborators* have succeeded in observing d-d tran- center.
sitions in soft x-ray emission spectroscopy (SXES)

—2Z

V4

—
7

z
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in myoglobins and identifying the existence of strong mixing between Fe d or-
bitals and porphyrin p orbitals. To the knowledge of author this is for the first
time that experimental results of the energy scheme of d states in hemeproteins
have been clarified. This is very encouraging and expected to open a new direc-

tion in condensed matter science, which may be called “Bio-material science.”*6)
§5. Toward Bio-Material Science
It is true that bio-materials, whose
typical elements are proteins and DNA, R
are condensed matters since they consist & cH
of molecules which are coupled together ¢ 3
strongly.  Their structures, however, do CH; CH=CH,
not have spatial periodicity and have rooms N
to accommodate large structural changes. ud 4 -
Even in such cases without lattice peri-
odicity one may hope, encouraged by the N
success in molecular solids, that the elec- CH; c CH3
tronic states of bio-related materials can ty, H ty
. . . 2
be studied once a proper version of tight- 'CH2 CH,
binding approximation is introduced. If this COOH COOH

is achieved,*” research studies similar to
those in conventional solid state will become
possible to such bio-related materials. To
implement this view it is crucial, though not
easy, to identify important and at the same time feasible research targets to be at-
tacked based on the viewpoint of condensed matter science both experimentally and
theoretically. Preliminary results of efforts in this direction are as follows;*®)
Local structures and electronic states of

1. DNA

2. metallic ions in proteins

3. metallic clusters (e.g. Fe4S4) in proteins

4. functional molecules(e.g. retinals) in proteins
In order to substantiate efforts, however, collaborations among various disciplines,
physics, chemistry, biology and electro-engineering are necessary.

Fig. 6. A schematic planar representation
of myoglobin in the vicinity of a Fe ion.
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Electrode immobilization of ruthenium complex having multipod anchoring ligand and

its photocurrent responses
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Reducible Functionalities

[Pd] @—[ Reducible Functionalities ]— [Os]

R-OTBDMS(TES) Benzyl alcohol/

Pd/Clen)) par—

R-OBn ArCOR aromatic-N-Cbz

. C Pd/Fib ——
epoxide 4 olefin

alkyl-N-Cbz | ar-x AriNoO,

aromatic-N-Cbz  olefin

alkyl-N-Cbz

acetylene

acetylene

BReEEIRNETR G CEa

pacen)] LI - e
en \ -"0Bn H, (1 atm), MeOH, 24 h OBn 1)Pd/C(en) H. Sajiki, K. Hattori,
yield 91% K. Hirota, J. Org. Chem., 63,7990
Pd/Fib 7 {1998
Pd/Fib /©)k/\ ' /©)‘\/\Ph 2Pd/Fib  H. Sajiki, T. Ikawa, H.
Hz (1 atm), MeOH, 20 h o , Yamada, K. Tsubouchi, K. Hirota.,
yield 98 %
Tetrahedron Lett., 44, 171 (2003).
Pd/PEI Ph - q
Pd/PEI Ph—=—=—ph Ph Ph o, \— . Ph‘/\Ph 3)Pd/PEI H. Sajiki, S. Mori, T.
ey L atm), 24 1 Ph Ohkubo,T. lkawa, A. Kume, T.
eOH + dioxane (1: 1) ) )
o7 : ! : 2 Maegawa,Y. Monguchi, Chem.
02N
"0s/C | O B 096, NHAH, Hu0 (oxcess) Eur. J., 14, 5109 (2008).
MeOH, 60 °C, 4 h
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