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Irradiation of visible light to newly prepared Ru" complexes enabled C-H bond formation using water
molecules as the hydrogen source. The process for O-O bond formation through a coupling reaction of
two water molecules was detected for the first time by the Resonance Raman spectra of a dinuclear Ru
complex that has an ability to catalyze four electron oxidation of water. An Ru"'-oxyl radical complex
showed novel functionalities in the oxidation of methanol as hydrogen atom acceptor and one electron
receiver, respectively.

AT AERR
(BHAHAL = 1)
[ERESES [ e & &t
2008 4 36, 800, 000 11, 040, 000 47, 840, 000
2009 4EHE 40, 400, 000 12, 120, 000 52, 520, 000
2010 4EHE 32, 200, 000 9, 660, 000 41, 860, 000
2011 4% 17, 400, 000 5, 220, 000 22, 620, 000
0 0 0

ek 126, 800, 000 38, 040, 000 164, 840, 000

HRDE @ L

RtEOLSF - MBE - i - B

F—U— N CRURFEET, (LR, AkE BY NREE EAELE TR

Jii. NAD/NADH &5 /LB -



1. BRSO B
FEIBERAS 72 < RANEEIR &AL AR

RETHE TREL TE Lm0k,

WAIRAIZ HIER B D BR B EE & = L%
— BREAEEBT-D LI, BB
BRIZAEMRARDEE S L= WEMER & & L
Te T )L F — ORI KD Rz T
%o LIz o T, NEDFHe rlRe e th %
EHT DHITIEREER EDO AR RV X—
ZBRE) ) & UM Ny 1A A ISR
TTHIET, BARAZ R L —2(LFT X
NF¥F—L LTEEL, GO Ao
EROGTht S5 BB = R L —% o
TARNF—TRICER L 9 2 KGR OB%
DR RIR T D, (LG OMAREZ
D WIS R A A OFRLIE I
SRR E RIEM b R X — 2 B L L
RN Einn, 2 REME L TIRLFIH
SNTW5B, DX D7 2 IREMITHIFE
DIELRTELEDOER RN F— DU
B HRECTH 203, @R A A OEE
W) TRV XF—BEEN/NZ N L Ll
EOREMED G R (MFEE#E 2
T) WKIERMETHDH, £z, =¥
— B DR E IKFE o CIIATR - s
DA« 2P B BLR TR L
TWHEEZRZ TWD, LEA-T, B
TR —FERE ) & LTy A A B L
T MBETTRALX—HEEDKE 255+
IALF RNV X — 2T L, ST &
R L EEOBEX T RV F—Z2IW0 L
D HALTFET RV X —ZE W D BRS H3 0 HE
Thod, UEOBENOLAD D WVITESRT
FNF—2HWT, ZBLRFEDOLETIE
TIZ L DEILAMERE . TOWRIC
L HERTRNF— LLFET R —DH
HEBSGEOR%E Z %, BRIzl 5T
RESEOWICRE & b s,

2. HREOHMW

REEH T 1983 4F1, K. AU
BRI E2 AT 5 Ru-CO SEIRITH
KD pH 129t - T Ru-C(O)OH, Ru-CO2
PER L PR CTHIAET HZ &2 L0

IZ L7, £72, RurCO $5KIT 2 BB &
7% & Ru-CO FE& & AUl & CO
DIAET D, AT 21K 7, 5EA. Ru
EIRIX, COz Rt FTIiL CO2 &G L T
Ru-CO: ##:M LT Ru-CO $&KZHAET S
ZEARRHL, ZEMERFED 2 EFIEITCL
R —HICEBI L7z, & 512 Ru-CO $&5(KIX

MeOH He O

A y
[Ru(tpy)(bpy)(QH, )" | H.0 C
S

ZF—2h1 Ru_LTOCO,H 5 CHOH ~0D 5y F 7254

MR KBARIE LIS L T, oI
Ru-CHO, Ru-CH:0H % #H L T CH;OH %
Hx25Z %, &2 TORISHBEDERERSX
BAEIEMNT 21T 5 Z L THOL ML (A%
— A1), ZOFEFEFAEMRRDO NAD/NADH
RIZVCECT 5 TR A A BE 720 K B AL A3 & B 38
T5Z T, ZbRFEO 6 ETFRITICLD
flhfiEmg A 2 ) — AN EBARETH D Z &
L TWb, £/, O2Hz: BEL T 02/CH,
OH & TORREIEM TIXEMI 1374V 4R Pt
RS & T D BRSNS TW S,
[ A fid 8 G 12 2 171 C L B SO % il st L
RO LT, Syl A 7o e b BOG
TIXETOEBNUSCEE T2 Z b,
i b & @ O & BIIC D &8 UG FR
WL DIEF= R L F—LBEBRTRXNLEF—D
FEEBNFTREL 720 L HIfF S D, BREY
[l

(DEK D 5 WL FHNTFAERTRE TKIZ
IXLZETHDIN, FEOFETTIZE FU K
fhaeZ b ORIEOFIC L D W bikFE
D838 T Ui~ D B,
QFELAEMOFFALF = R F—E 2 E
MIIZCER T RV — LA I T D7D DR
EFTRE 7R 2 FE T FR AR I D B %S,



(3) HR= L X—% iz bR
FETOBEBFIRLE L TOKD 4 B
bR % B0 ) 7 S EE A 5 T T o
% 12 DOIEMEAL = 2LV F — DKL & |
B BRI R — 8 SR A A AR CRR B O e iE
2119,

3. WEOFE

Ko x L F—afbFrmr ¥ —L L
THEE - BT 22 0L S1%, +M
EBENN 1 ERETHDDOITH LT,
BRI TEBIZIIV /2 L 2ETOR
HRMERZ EICERL TS, Lib,
CO,, N, H,0 FEDMEE/ Ny T 2 EILT 5
WIZ4AE T LOBRIIHMLETHS, 18
TREOMY KL TELE RIS ETTD
ETBHE, REREHEIEZ R L — 2N
LR LR 1IEBFRBHNEZ > THA
LET VPN ER L. BIGE B
HLGL 2D, LEER->T, REETVH
VR AR TS 2 LR WEOLE T
Fe iR T ROt 2 AT S/ HITiE, gt & X
BT a N BEZESTZIRORVWE
TRBIOGS & FBLT 2 IR ORI
Th b,

b3 oo BSOS & BREh ) &3 5 M s &
OH BB W O L TEW 7298 2R B R R
X2 BT OBENRME /R L, EHIT
HARfE/RE U R (2 B
DRI Z %, WENER & &k Liz= L%
— BB E S FRE SR O — B IR
5.2 % & D& B AiEESE NAD'/NADH @
fi{biZ o Re 2 B8 L C pbn Fi\Z. ¥ (pbn :
-V UN-1,5-RVFTFIIU)E
X O ZOFHEREENL LT 5D Ru
BEAZBAZE L. B NV MIRREZ MG LT,

A B ) — RO (fEE) =¥
— A EEERT R X =L T HI20T,
KD 2 WIFIKAFAE T, fied TR 72 51
TIRFE—IKFAES OBRCIBHZEZ D 278
FE LA OB NI TH D, £ OB/LEN
o, [Ru(trpy) (@) (OH)]*" (trpy=#—tE U
DAV qQq= Y7 FNx ) )
([qRu-OH 1) D7 1 ko fifBECAEL A
WA FNEFBEICX ) BT
RAEULH3IEHERU(EIF V) (FFvL

Z V) R ([sq-Ru-0"1%) @ 2 BFERLIRIZ
LBAE ) — VOIS EI T T2 (AF— A
2)0

KD 4 EFBIVOZES L TiE,  [sq-Ru-0"]°

"
=y 9 , = ,
SRR e e
S A\ < R
=N o~ N
A s

2+

H+
pK,=5.5

-H*
pky=ca. 10.5

0
= L]

AX—Ah2. Ru-7 277 & Ru-AXINTIDNVOER

PEf O

CCo E

"N Ho
1N H |
oA

OH

N
h N™~ N~
~Ru- =
ey S Vi +Bu ,NT/HIu"N HO, HL"’EN,
: NANTTOH N I
_N N
+Bu
. (SbFy)
+Bu Bl2 N ’t \1

N
r(- \ = 2,2'6' 2"terpyridine

1. Ko 4 BB AR Z AT 5 28 Ru Sk

B E 2 ORF O REAEZFIHL T DMK T
DCHNVEBD T TV T RIS L D ERE R
FREAERERBE L 0,8 E%21T-o7-, &5
FRALIETTIEME 72 % /7 BT O I HifdliZe
Y VVEML T EE A U TSR E VT
PG HAE % It LTz,

4. HRBE

ABREBEFETRIE : FAAY B Y DL
F(pbn : 2-E U D1, 5-_0 S FTF Y D)
AR5 Ru-pbn 51k (1) 2B L, HepEatSersse

2+ . H 20
Moy | N~ oy |
4.
N, | h N, | H* N T H
[Ru] [Ru) . Ru]
1 RN RN 2 pK,=11.0 3
3+H:i }/3
— 2% 108 M- 22x 10° M
Y, 1
AR
RN
H
%H—N- R ] Rl |
N1l S N
N K H &
— '_4 ‘N o
1 LN T

A ¥ —24 3. Ru-pbn $5ADNFER 2 R



T, DL 925 & B8 2 IR T
%52\ F T2 e R EE{AR (Ru—pbnHH) (5) 73 A2 Bk
L7z, % DR IL Ru—pbn 851K (1) DFE
T R ENR AT O I IZ D . pbn B
ALF73 1 B3I &7z Ru—pbn~ (2) 34
L, 2 OREMERZ~DOT 1 AL TH
P72 J1 VB - & FF> Ru-pbnH §514 (3)

ERRT %, 3 DA A ZH 4% pbnH

BN 1, T o MK (3),) %
BT 5, (3), ND >0 pbnH 7 L
BN FTT e b BB Z oo E TR
Fhskd = % & BR{EM D Ru—pbn 4 (1) O F
EEPENe N B 2 HE 2T IR Ru-pbnHH £
BB)NEKTS (AF—L43), AFxF—24
3 DIISIE 1 Yo7 ORI hiE TR ZKFE
e L CIRFBIRBREAERE o7 2 &
TETENERT 24O CTONFFHIE 2 E
RIS TH D, FoE eI b
¥ L OESKUEFRBRLRIS T 2 E 1 &
7'u b EHE L CEEMICERLIA E H
9%, Ru(pbn), 3L Ru(pbn), Flogk
KTIIRHREL EFHRE 4 E T, 6 ETET
(Zo, =20 C-H fEEAR) B,
Ru (pbnHH) , 33 X TF Ru (pbnHH) , YDA A
AT 5, D0 1 CD [Rulbpy) , (pbn) ]* D
MIRTTSE 2T 9 & pbn BT D 8 f7fKR
F~OKFE (2B FRT) IFTFEERI

e

¢
¢ e

=P

He® T4

'H NMR 1*C NMR R

[1*HHP* | c8

Ru-pbnHH ||H9 H8
TEOA/H,0
_JL;J_ e

[1-DDP*
Ru-pbnDD j\ TEOA/D,0

i gl

r ] T [ S B A A |
45 40 35 30 25 37 36 35
d/ppm 8/ppm

. -:I

-

L 2% Y

ps
-

2. H:0 B LV D0 # THO[Rulbpy)z(pbn)]z+d 3t
il 2 BRSNS & D ARFARFCE

SEARER L ’ECO’C?S@ (K2), n-ntE
AHNTLIEFBENELEL TN 72 b
CHRBEIL C- Hﬁﬁﬁ)éﬁk LTWhZ %
AERA L7z, BL EOFERIE, Ru—pbn SEAILH

%% NAD/NADH [RfRIC 7 & b BB 2512 2
BELE LS N ARE ek Th 5 Z L &R
LTW3,

KA FHIH D NVITEBERAL T ER S

Ru (pbnHH) #1413 CO, & IELBUE Lo, AHETA
SRR Y AR EAATAE R T €O, &R LT
fiie 2 A2 % L 7=, Ru (pbnHH) $&54K12 & % €O, 38 70X
SR IL . RIS Ru(pbnDD) #5{AIZ T
FERAERGREE L 4.5 fFRE W &EnD, HAR
RERAREE FU F2he 00, ~DIEHTOE KU
NBEIR)ISTH D,
FILaA—)LBIERIE : [Rull(trpy)(q)(OH2)]2+(q
= DTFINF )N D oD T a bk iikE
3 5L (pK, =5.5, 10.5), Ru-O222H5% /7 s
DEFBINEZD . X T DDk
[Rullltrpy)(sq)(O)]° (sq = YT F Lt IX%
YIYMNER TS (AF — A 2),

ESm) . L=
= X V.
o0 — o
(_'g;ml,lfo D u——/w]m-,o
N 4

2

TS
~ o:{_ \
. J_ﬁv / j’ .

J X 2

el

CH=0 4 W CH,0H

AF¥—hd. RUL-FFIANTOH N RIGIEERE L 3
HAHE ) —LD 2 E LK S

[Rullltrpy)(sg)(O)]° @ 1 & + & (b Ik
[Rull(trpy)(@)(O)+1E % & THL AW DRt
BAOxH LW, —F, 2 B1rmE
[Ru(trpy)(g)(0)]2+* @ O-& Ru(IDixZn <
L. CH3OH OKFIR 7ol &hx & 1B TR
k& LT (2 BrEeb) L. 7Y HHE
RERBHTDHERAX ) —IVEHRIVLET IV
F b P2t L [Rul(trpy)(@)(OH)+% F/E4
be ZORERIL, BE—T 7 TEMROEE—HE R
VRS CTERSEEAXR AT =F D0
NSRRI ZE ThH DN, 2D 2 B BALRIET
=D RAF: 2 BT ERRbIK L e T 5 2 &
NHOENE o T2,

KD ABFRRIERIS : 72 F I 4464 AW
T 3 EHEAL X VLT U H L
&, [Ru(trpy) (sq) (07)]° (A¥—L2)D 2



{EZATV, 18D T Eih M 72 K O Bl fil i
[Ru, (btpyan) (q),(OH) ,]* (TON ca. 35, 000:
Tanaka catalyst) ZBHFE L7225, EREF
HEOHIERIKTH D 255 F D KNS DOEEFH
— e FREA AR IR TE o T,
A B DOBEFERE A DOIEMEF L CaMn,0; 7 Z
A —=TFM>D Mn VA ~OEE{LET
FOGHRAKD 4 ARG O H L r
IS TWD, KD 4 EFFLRGITRTT
% [Ru, (btpyan) (q), (OH) ,1*" > fih JE 355 P 23
D& REERITH L TREREBRO—D
12, RERD CaMn,0; 7 7 A X —[AlkkIZ 4 O
O TTT A4 (o0 Rullll & — 50
XU IF ) B EETT) AR LT
D2 EMBRZOND, KD DT
® [Ru, (btpyan) (a),(0H) ,1*" D & {5 i# %
T AHAETE ) UEMNTEUE Y
VOB T E L2 2 KBS R
[Ru, (btpyan) (bpy),(OH),]* & &k L7z (X
1), [Ru,(btpyan) (bpy),(OH),]* DEX1L
FHIRRALFEIC X D KD 4 B RALSOGE
VX, [Ru, (btpyan) (q), (OH) ,]* DEE{LIARIZ
T, 2 OMEITHE SO 1 RREIED
L7223, [Ru,(btpyan) (bpy), (OH),]* D3
T AT "L Heol60O & Hel80 D 4
BB SGT %0, & 0, 384 DOFITER KIS
B S v % v(Ru-160-160-Ru) &
v(Ru-180-180-Ru) W UL H %2 . =1
824 cml & 780 cn MIZHMI L7z, Z DK
RIT 2 DT OKND OFEZE—TEFEAE
FEEE W E Lt TOWETH 5,

5. TR

(WFFEEAE . WHFe o 18 K DN TeH
LT

CdERERm =) (20 1)
(1) Similarities of Artificial Photosystems by
Ruthenium Oxo Complexes and Native Water
Splitting Systems between Artificial and
Native Water Splitting Systems, K. Tanaka, H.
Isobe, S. Yamanaka, K. Yamaguchi, PNAS in
press. A A Y
(2) Photo- and Electrochemical Redox Behavior
of Ru(ll) Complexes having Cyclometalated
3-Phenylbenzo[b][1,6]-naphthyridine (phbn)
Ligand, S. K. Padhi, K. Tanaka, Inorg. Chem.,51,
5386-5392 (2012). HHA Y
(3) Catalytic Four-Electron Oxidation of Water

via Intramolecular Coupling of the Oxo Ligands of
Bis(ruthenium-bipyridine) Complex, T. Wada, H,
Ohtsu, K. Tanaka, Chem. Eur. J.,18 2374-2381 (2012).

EwAL ) _
(4) Drastic Difference in the Photo-Driven

Hydrogenation Reactions of Ruthenium Complexes
Containing NAD Model Ligands, H. Ohtsu, K.
Tanaka, Chem. Commun., 48, 1796-1798 (2012).
HHA Y

(5) Photo- and electrochemical redox behavior of
cyclometalated Ru(ll) complexes having a
3-phenylbenzo[b][1,6]- naphthyridine ligand, P. S.
Kumar; K. Tanaka, Inorg. Chem., 50, 10718-10723
(2011). EHAH Y

(6) Deprotonation/protonation of coordinated
secondary thioamide units of pincer ruthenium
complexes: Modulation of voltammetric and
spectroscopic characterization of the pincer
complexes, T. Teratani, T. Koizumi, T. Yamamoto,

K. Tanaka, T. Kanbara, Dalton Trans., 40, 1-8
(2011). EHAH Y

(7)  Substituents  dependent  capability  of
bis(ruthenium-dioxolene-terpyridine) complexes
toward water oxidation, T. Wada, J. T. Muckerman, E.
Fujita, K. Tanaka, Dalton Trans., 40, 2225-2233
(2011). #EFe A0

(8) Photoinduced four- and six-electron reduction of
mononuclear ruthenium having NAD* analogous
ligands, T. Fukushima, T. Wada, H. Ohtsu, K. Tanaka,
Dalton Trans., 39, 11526-11534 (2010). & #H A Y
(9) Photochemical stereospecific hydrogenation of a
Ru complex with an NAD*/NADH-type ligand, T.
Fukushima, E. Fujita, J. T. Muckerman, D. E.
Polyansky, T. Wada, K. Tanaka, Inorg. Chem., 48,
11510-11512 (2009). A #HA Y

(10)  Characterization  of redox  states of
Ru(OH,)(Q)(tpy)** (Q =  3,5-di-tert-butyl-1,2-
benzoquinone, tpy = 2,2".6',2"-terpyridine) and related
species through experimental and theoretical studies,
M.-K. Tsai, J. Rochford, D. E. Polyansky, T. Wada, K.
Tanaka, E. Fujita, J. T. Muckerman, Inorg. Chem., 48,
4372-4383 (2009). ##HA Y

(11) Metal Catalyzed Reversible Conversion between
Chemical and Electrical Energy Intended to Construct
a Sustainable Society, K. Tanaka, The Chemical
Record, 9, 169-186 (2009). & HA Y

(12) Synthesis and electrochemical reduction of a
ruthenium complex bearing an N,N-bis[(benzo-
[9][1,5]-naphthyridin-2-yl)methyl]propane- 2-amine
ligand as an NAD*/NADH-type redox site, M. Kimura,
K. Tanaka, Angew. Chem., Int. Ed., 47, 9768-9771
(2008). #EFif Y

(13) Water Oxidation by a ruthenium complex with


javascript:;
javascript:;
javascript:;
http://pubs.rsc.org/en/journals/journal/dt

noninnocent quinone ligands: Possible formation
of an O-O bond at a low oxidation state of the
metal, J. T. Muckerman, D. E. Polyansky, T.
Wada, K. Tanaka, E. Fujita, Inorg. Chem., 47,
1787-1802 (2008). #:#cA V)

(14) Mechanism of hydride donor generation
using a Ru(ll) complex containing an NAD*
model ligand: Pulse and steady-state radiolysis
studies, D. E. Polyansky, D. Cabelli, J. T.
Muckerman, T. Fukushima, K. Tanaka, E. Fujita,
Inorg. Chem., 47, 3958-3968 (2008). A&t H v

(£ (Fh641F)

(1) K. Tanaka, “Photo-induced Multi-
electron Transfer and Water Oxidation
Aimed to Build a Sustainable Society”,
France-Japan Coordination Chemistry
Symposium, Rennes University (France),
June 29, 2011.  (FAFFHIE)

(2) K. Tanaka “Four-electron Oxidation of
Water Catalyzed by Dinuclear Ru Complexes”
Inaugural (1%) International Conference on
Molecular and Functional Catalysts, Singapore,

July 12, 2010.  (¥A7FafTE)
(3) K. Tanaka “Development of Metal
Complexes Aimed at Storage and

Conversion of Chemical Energy”, 240th
Annual Meeting of American Chemical
Society, Boston, Aug. 27, 2010. ($AfFi#
{i#)

(4) K. Tanaka “Electronic structures of dinuclear
Ru-dioxolene complexes and reactivity toward
four-electron oxidation of water,” 11" Eurasia
Conference on Chemical Sciences EUASC,S-11.
Jordan, Oct. 8,2010.  (#A#3:#7H)

(5) K. Tanaka “Conversion between chemical
and electrical energies aimed to construct
sustainable society, Symposium of
Coordination Chemistry, Taiwan University,
May 30, 2009. (A1)

(6) K. Tanaka “Metal Catalyzed Reversible
Conversion between Chemical and Electrical
Energy Intended to Build a Sustainable
Society,” Pre-symposium of 18" International
Symposium on the Photochemistry and
Photophysics of Coordination Compounds,
Tokyo, July 3, 2009.  (¥A7FifkiH)

(7) K. Tanaka “Approach to Six-electron
Redox Reactions between CO, and CH;OH
Intended to Build a Sustainable Society,”
Japan-Canada Joint Symposium of
Coordination Spheres, Banff, Canada, July 10,
2009. (FHfFaTE)

(8) K. Tanaka “Multi-electron Reduction of
Carbon Dioxide Catalyzed by Homogeneous
Catalyst,” The First Chemical Sciences and Society
Symposium, Kloster Seeon, Germany, July 24, 2009.
(ARl

(99 K. Tanaka “Photochemical multi-electron
redox reactions to build a sustainable society”, The
59" Annual Meeting of Coordination Chemistry,
Nagasaki University, Sept. 26, 2009. ({2133 1#)

(10) K. Tanaka “Approach to Metal Catalyzed
Conversion  between Carbon Dioxide and
Methanol through Six-electron Redox Reactions”,

The 14"™ Japan-Korea Joint Symposium on
Organometallic and Coordination Chemistry,
Nagoya University, Oct. 9, 2009.  (#45z#1#H)

(11) K. Tanaka “Reduction of Carbon Dioxide
and Oxidation of Methanol through Six-electron
Redox Reactions Intended to Build a Sustainable
Society” (¥4¥:#7#H) The 2" Asian International
Conference on Coordination Chemistry, Nanjing,
Nov. 3,2009. (¥AFFaf )

(12) K. Tanaka “Reversible conversion between
CO, and CH3;OH through six-electron redox
reaction aimed to construct a sustainable society,”
Singapore International Chemical Conference 6
Singapore, Dec. 17, 2009. (33433 1#)

(13) K. Tanaka “Oxidation of Alcohols Aimed at
Power Generation from Chemical Energy in
Homogeneous Reactions”, 235 ACS National
Meeting, New Orleans, USA, April 9, 2008.  (#1
AHETE)

(14) K. Tanaka “Water Oxidation through
Ru(I)-oxyl Radical Coupling,” 7th Japan-China
Joint Symposium on Metal Cluster Compounds.
Hokkaido University, October 22, 2008. (#A%Fi#
i)

(Z Dfh)

AR B U
http:// sakutai.ims.ac.jp/lab/tanaka-G/

6. WFFTHRAE

(D) AFgeREH

T 5 (TANAKA KOJI)

S FREFRRRT - A SRSy R IR SR Rk -
itz

WF7EE %5 00029274



