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It is highly required to replace fossil fuels by sustainable, renewable, and
clean energy resources such as hydrogen (H2). In spite of the availability and usefulness of H2, storage
and transportation of H2 are seriously difficult, because H2 gas is explosive and its volumetric energy
density is quite low. In high-pressure H2 tank systems, energy-consuming cryogenically-cooling equipment
is reguired to store pressurized hydrogen in a liquid form. Hence, low-cost and energy-efficient storage
of hydrogen is definitely needed for stationary and portable applications in the hydrogen-delivery
infrastructure in a small-scale micro-grid for the electric power supply in the near future. In this
context, catalytic dehydrogenation and hydrogenation reactions of organic and inorganic molecules,
especially naturally-derived compounds, in a reversible way have been studied and made possible from the
viewpoint of a hydrogen donor as sustainable and renewable energy resources.



B X C—19, F—19., Zz—19 (@)

1. WFIEBHAE 4O 5
WAARRKEKDOREGH O KKEI b2 FE
L7-2EBECTCOB IR R TIE, AR
IV —EFHT 5 EIRO AL & oy
BIRLE TR AT L2 HT 5/ BE
N (w4270 270 v R) OXLEHEE
Ri1 A1 ABBWESEINBZ EEroTz,
20114 8 H 26 HICIX [BAFEEICLDH
ARARET R X —BXR O EICBE T 2 R
WEE) DL L, 4%, BARTHR= RV
F—DERL~vA 7T Y v KOEE K
SLHESEIERZPD 2B b0 EE X
bId, Fiit, WO E O 5B
R VX —REERICHEMET D EE X
bhsb, AARIZTRLEF—HEREL LT
LBRBHCEFET 2 2 L o BREE L FAfI L
TR F — 2~ O RO E D
TW5, ALABREHMYEZ V) — = 2K —JK
ELT, KFEMH)ITRBALEH SN TN D,
T HKRRREFEM T, TEkDbaREHI K
T35k NEERLEICHRATZ XL —3
AR Ta <, BRIZRHAET 20722
E~DERBIEE>TWS, L., K#E
IEHKIR £ CRERETH 72D = R L X
—BEINEL WIREECEBEREEAE TS
7O, BRI, BT 52 S Ii3eko
R CIxmREETH 0, ki o 2 bV K&
DR MLR Y 71205, TRAX—HEEEE
DOHHEERE L LT, BHHBHO~A 707
v RNICAKFITR - 8 A2 5D 5 2 & Tl
EaARRETFR2ZENEZLNTEBY, i
FAEESN TR - B, ~A4 27 ad
AL = BREVEM EORERES, &
BEOZDOEBERERSCF v XU XTI x
T, KB - BHEIEX DA R AR EB 2 BN
TWe, - T, /MBI TR RITKFEITR -
AE 2 RBCE 5, HAEMRE CEREICHESA
U 72 Fi M BECBR B B A D/ S 72 il i SR o 2
WBER A RO BTV,

2. WMEOEW

AWFFETIL, HWIRETEK T CHAERGER K
SRSk DK FBIR 2 Bl L CKEE A S,
WHZHIRAKF T, HIEKEICEL - TEILHIZ
RIKHRDOKFBIRICE T Z LN TE LH5H

7oK TR - RS R OREEEZH L T 5,
KBRTRRIA & U CiE, 70— VIR0

RY 7= —/VH, BREAATREE TR
ExMnic, Zh b omfbik LBk L onf

W ZEHAIT A 5 RFAL « BIKFEALSUSIZ LD |

KFBORTER & BAEEIT O, BERIX,. KE
b« BikFELZH S BRGREIEK L. ATt
TRAFXF—EFHALCETBELRIET S
VT =T AGEIRRONE A RS T & ook
HRA, AKFEREZH A=y I VAR
TR E TR T A b0 L L. TG
EAYR—F ALY B PICEELRT S Z
& Ot BAIHERREE T D, 2D
OfE % AW TRKRIEDKFZ I TE S

X919 5, KipEE L A7 5 HEBHECA
YagE R T —ue Bk, RREICKSE
TR, KBS L 225 2 NI EN 5,
KRB RO KK FRIOWAKFEN L KFEE
Fl I s D i i RE A BFEAM L C B pH 2 E
L., fbiEROSHIE 2 iR T & 5, ARHEEIFZE
DOFRIZ, KFEEFIRE VDD EE LR T,
B KRR AZFRAFIHAL, 15
DR CARFEIA « FFROW T2 FBL L X5
LT AMMRIZE ORI THINEL | &)@ skk
iRl Z K B K FBAL - WK SEAL 5y TR D Jap
R L. SR FEHKFERAE - ATt
FROBEICHEA L X5 &T 2RI ARBEHE
BRI T B IERRIIE & 72 0 . RIEFIZ HERER
R VX —REORICH DR | R
BN RWICHIF SN S,

3. WFFED kL
WIEEKFCREGTFERISTH L
T, &t NV FREESCIRE 704 Jm FE A A ik
AR AR EZHRE Lz, 2D D,
HHBEN AR ESHEERTLER T D88
KRG R ZATV, HEEMATC0 o ATic K 0 A
ExATo T, BT SNT-BHEERISA L £
KRR D KFIR OB LK & pH DR 5K
OGS S CTROGMEZ el U, KBRFED
TR & R DA R DY EHRE LT, —FH. 2
DEEIR & RIRHSRDOAKFI GBIlk) & DK
S CKFEFRAENARE L 725 pH 2ILE LT-,
KEBERENEZ LRSS TH ., AL -
FHOCHEA O & . A& X o&)E )
R T A AR THWS Z & T, ek
FHREDOFHRE L 72 5 KSR ER~T-, KA
HRDKFIE KFEEDOMHALEHRNAHE &
72 % b SO G 2 R~ SO P AR TE PR
D FRBEIT, KOS Z R L, =
NOfERAZ A Y R—F 221 BICEHE
L CHRBER S 2 et Lz, SR RE X,
NMR. IR, ESI-MS. TOF-MS %017
fC X VIT72 572, RIKH KK FRIROBEALIR,
TR OFERIT tH-NMR (2 X 0170,
REKBZBOERICIIEZZ2F Y I T H X
L9255 GC &AWz, KERNMEOEN - &
EOMTE GC ZHWTITW, I T L&A
ERBETHHL, Fx U THRLELTXA
VA AR E N, AR 0Dt P N 53
IHTICIE A by 7 R 7 a—a e EqH,
-7 = 5 MYV — W — WS R4 6 B R
Rz,

4. WFFEEk R

(1) BT v a— A% BEH L T 5 NAD*
D 4 MR PR TR £ D NADH DA%
[C,N]> 7 m XA ZNALFEEA Y 20 LEEIRIL,
EHEENET Va—LEDKPRIETE R
U RS RICEBREIND Z L2 RWE L, =
DOt RV REEkLE B-=aF o T7IRTT=
YUX7 LAF R (BBEA . NADY) OGS




T, Y7 pH #IRT 52 LT, NBIET
JLa— iz kb NAD+ODE TS ST L.
1,4-NADH 2S@#IRICAER L=, T7hbb,
B 70 2 RIKH K FR IO O A B A h3 w]
BELRBDZ ENbolz, ThIX, Ta—
/vt NADH OFHARZEW A w5 T 2 — Vi
KFEREFE (ADH) OFEREE T /L O F g D4
Th b,

(2) FHEKPIZH T D pH HEIRAY AR

NADH & Hs DA Z5#a
FIEMESM T (pH6.5), [C,N]v 7 m x X
MEEEA Y 20 AEEROKEIRIZ B -==
FUTIRTT=UVRI VEF R (B
A NAD*) ZisIi L, &R CTHIT He 2k X
iATe & NADAMLE BRI T S 41, pH i%
PRI NADH GEocfl) NAER T2 &2 R
HL7Z, ZORIGTIE, &RERDKEERET
WCEVAERTAE RY FEEEKRN NADHZETT
T5H, —FH., WIRBESET oH 4.1), 4
BEEARIZ L v NADH Mtz ik S 4u.
H: & NAD*REEALARKTHI AR L
7o ZOGTIL, NADH 3 & @éikx e K
U @I LTAERLEZE R RESEAR, 7o
Mo ERIS L TAKRBEBDEAET D, il He
& FAE AT RE 72 KR SRR TR NADH o filitt
MM AEBEZITS> PO TOHITHY . pH
AR SUGEDHETTT 5, RS EE O
SO S FE R AR AT IZ K0 SO HEAE A B )
2 L7,

3) IBET A Va—VICk B RERDE
LR EEIC, CIv 7 v A & Ak, filigEfg sk
FRAE

[C,N] > 7 a2 X NALHA U U0 AEEIR
LAY TR ) — L OAKF G D R T
FU. B RU RESIANAER LT, Z DK
WS (4 > 340 nm) 2179 ¢, 7 ==
NEZ S UARNFEED, a1 o5
WCHYS 570 (6 = 8.00 ppm) 23
KL, [C,Clvrmxr&nifbe RU ReEK%E

LD Enbirole, NEIRREIZIBWT,

EZ U NBRO 180 EREENEE TW\WDH EE
Z6N5D, ZOEKIT, HIRMEEMEKF T,
Toa—inbEimmll EOKEERAES
WO L 22, OB, il LD CO
WEEIZE Ly, FHEAKHR &0 ) BB 5 T
TO, FHAFREZR RRERONEIET v a—
SV B ORI K TR AN D TRB LT,

@) WBREEKFTTOT I UMBEEER
KaEHWEKELEBREND OBBELKFEE
D4

ikl ED[C,N] 7 a A Z kA U VT A
PEIA L B EERK THDE T T X
7 LAF K (FMN), Sc(NOs)s % & te/KiA
R (pH 2.8) 1Z/KFELMBREBIZREZIATLZ &
2k 0. HoO2 2RI T D Z L2 R
H U7z, fllgE el dis g sG] 4 BERE C 841
EHCEL, RS 19%E, ZNETICRHS

TN D AR — R & T HIEF IR
KORWMBLRTHD Z LN Dholz, &5
2. A by 7 R7a =k XD KSF A
O3 R H R0 B 3 E Fm AT I LV O BOG
HWREZ I M2 Lz, ARG T, @RS
DOENLF I VR IVENRM T oAk L.
SR TPLBKFETINT, B FU FESA
WAL, 2 FMN #iE5c L C FMNH: &
20 TR EIREICT D EFEEFIZ FMN
DEA L MBS EITT 5, Z0RIC
Sc(NOs) s R4 2 = & T, HaO2 DS
TRFELLL M ELTE, ROSHKRIF, B—FKT
KFE LTS HoO Z il Z &8
TEZOTORTH D, (Angew. Chem.,
Int. Ed. FEOEMEH-T2,)

(5) /K 3 AT Rk [ R A B 4 o K Ak
B

[C,N]> 7 m A X A& B esiR & bl & L
THWD Z & T, BERAHIE ST Th o
FHRNVAT VT b ROBLKFEL G K
TH#EITLC, KERETDZZEEZAHLTY
B ZORIGTIH, RNITKRNLVALAT LT E KR
KPWERT A2 ETAZ YA — b
D, AZ U UF— VRO B-KFETBEIC X
STHEULEXBATEICHKZEIND Z & T,
RNVLTNVT e RBBET1FH720 245
FOKRFENFKET D, KIGEmEZREL,
MAREER DS 21TV, ZOHERD
fb I S IR 2 B 5 v LTz,

5. ERRERLE
(WFFefRFEE . WFZEsHE R O EERF 22 512
X THR)

(MERERm S0 (BH1 9 14)

1 Bottom-up and top-down methods to
improve catalytic reactivity for
photocatalytic production of hydrogen
peroxide from water and dioxygen with
a ruthenium complex and water
oxidation catalysts, Yusuke Isaka,
Satoshi Kato, Dacho Hong, Tomoyoshi
Suenobu, Yusuke Yamada, and
Shunichi Fukuzumi, J. Mater. Chem. A,
3, 12404-12412 (2015).

2 Catalytic hydrogen production from
paraformaldehyde and water with an
organoiridium complex, Tomoyoshi
Suenobu, Yusuke Isaka, Satoshi
Shibata, and Shunichi Fukuzumai,
Chem. Commun. (Cambridge, U. K.),
51, 1670-1672 (2015).

3  Size-selective incorporation of
donor-acceptor linked dyad cations into

zeolite Y and long-lived charge
separation, Shunichi Fukuzumi,
Akinori Itoh, Kei Ohkubo, and

Tomoyoshi Suenobu, RSC Adv., 5,
45582-45585 (2015).




10

11

Influence of pH on the decay of
fB-carotene radical cation in aqueous
Triton X-100: A laser flash photolysis
study, Ali El-Agamey, Maha A.
El-Hagrasy, Tomoyoshi Suenobu, and
Shunichi Fukuzumi, J. Photochem.
Photobiol. B, 146, 68-73 (2015).

Catalytic oxidation of formic acid by
dioxygen with an organoiridium
complex, Tomoyoshi Suenobu, Satoshi

Shibata, and Shunichi Fukuzumai,
Catal. Sci. Technol., 4, 3636-3639
(2014).

Long-Lived Charge Separation and
Applications in Artificial
Photosynthesis, Shunichi Fukuzumi,

Kei Ohkubo, and Tomoyoshi Suenobu,
Acc. Chem. Res., 47, 1455-1464 (2014).
Formation of Long-Lived
Charge-Separated State of
9-Mesityl-10-methylacridinium Cation

Incorporated into Mesoporous
Aluminosilicate at High Temperatures,
Shunichi Fukuzumi, Akinori Itoh,

Tomoyoshi Suenobu, and Kei Ohkubo,
J. Phys. Chem. C, 118, 24188-24196
(2014).

Direct Synthesis of Hydrogen Peroxide
from Hydrogen and Oxygen by Using a
Water-Soluble Iridium Complex and
Flavin Mononucleotide, Satoshi
Shibata, Tomoyoshi Suenobu, and
Shunichi Fukuzumi, Angew. Chem.,
Int. Ed., 52, 12327-12331 (2013).
Selected as a “Front Cover”:
Angew. Chem., Int. Ed., 52, 12195
(2013).

Assembly and Stepwise Oxidation of
Interpenetrated Coordination Cages
Based on Phenothiazine, Marina
Frank, Jakob Hey, Ilker Balcioglu,
Yu-Sheng Chen, Dietmar Stalke,
Tomoyoshi Suenobu, Shunichi
Fukuzumi, Holm Frauendorf, and
Guido H. Clever, Angew. Chem., Int.
Ed., 52,10102-10106 (2013).
Hydrogen storage and evolution
catalysed by metal hydride complexes,
Shunichi Fukuzumi, and Tomoyoshi
Suenobu, Dalton Trans., 42, 18-28
(2013). (Perspective)

The long-lived electron transfer state of
the 2-phenyl-4-(1-naphthyl)quinoli-
nium ion incorporated into nanosized
mesoporous silica-alumina acting as a
robust photocatalyst in water, Yusuke
Yamada, Aakifumi Nomura, Keil
Ohkubo, Tomoyoshi Suenobu, and
Shunichi Fukuzumi, Chem. Commun.
(Cambridge, U. K.), 49, 5132-5134

12

13

14

15

16

17

18

(2013).

Production of hydrogen peroxide as a
sustainable solar fuel from water and
dioxygen, Satoshi Kato, Jieun dJung,
Tomoyoshi Suenobu, and Shunichi
Fukuzumi, FEnergy Environ. Sci., 6,
3756-3764 (2013).

Redox-induced reversible metal
assembly through translocation and
reversible ligand coupling in
tetranuclear metal sandwich
frameworks, Tetsuro  Murahashi,
Katsunori Shirato, Azusa Fukushima,
Kohei Takase, Tomoyoshi Suenobu,
Shunichi Fukuzumi, Sensuke Ogoshi,
and Hideo Kurosawa, Nat. Chem., 4,
52-58 (2012).

Catalytic interconversion between
hydrogen and formic acid at ambient
temperature and pressure, Yuta
Maenaka, Tomoyoshi Suenobu, and
Shunichi Fukuzumi, Energy Environ.
Sci., 5, 7360-7367 (2012).
Water-soluble  mononuclear cobalt
complexes with organic ligands acting
as precatalysts for efficient
photocatalytic water oxidation, Dachao
Hong, Jieun Jung, Jiyun Park, Yusuke
Yamada, Tomoyoshi Suenobu,
Yong-Min Lee, Wonwoo Nam, and
Shunichi Fukuzumi, Energy Environ.
Sci., 5, 7606-7616 (2012).

Mechanistic Borderline of One-Step

Hydrogen Atom Transfer versus
Stepwise Sc3+-Coupled Electron
Transfer from Benzyl Alcohol
Derivatives to a Non-Heme
Iron(IV)-Oxo Complex, Yuma
Morimoto, dJiyun Park, Tomoyoshi

Suenobu, Yong-Min Lee, Wonwoo Nam,
and Shunichi Fukuzumi, Inorg. Chem.,
51, 10025-10036 (2012).

Efficient catalytic  interconversion
between NADH and NAD+
accompanied by generation and
consumption of hydrogen with a
water-soluble iridium complex at
ambient pressure and temperature,
Yuta Maenaka, Tomoyoshi Suenobu,
and Shunichi Fukuzumi, J. Am. Chem.
Soc., 134, 367-374 (2012).

Hydrogen Evolution from Aliphatic
Alcohols and 1,4-Selective
Hydrogenation of NAD* Catalyzed by a
[CLN] and a [C,C] Cyclometalated
Organoiridium Complex at Room
Temperature in Water, Yuta Maenaka,
Tomoyoshi Suenobu, and Shunichi
Fukuzumi, J. Am. Chem. Soc., 134,
9417-9427 (2012).




19 Formation of a

1

2

3

(FRFER]

long-lived
electron-transfer state in mesoporous
silica-alumina composites enhances
photocatalytic oxygenation reactivity,

Shunichi  Fukuzumi, Kaoru Doi,
Akinori Itoh, Tomoyoshi Suenobu, Kei
Ohkubo, Yusuke Yamada, and

Kenneth D. Karlin, Proc. Natl Acad.
Sci. U. S. A., 109, 15572-15577 (2012).

(G161

Tomoyoshi Suenobu, Kinetics and
Mechanisms of Hydrogen Storage and
Evolution in Water Catalyzed by Metal
Complexes, The 11th  Korea-Japan
Symposium on Frontier Photoscience —
2015 (KJFP-2015), June 27, 2015
(Invited Lecture); Jeju, Korea

Yusuke Isaka, Dachao Hong,
Tomoyoshi Suenobu, Yusuke Yamada,
and Shunichi Fukuzumi, Enhancement
in  Photocatalytic  Efficiency  for
Production of Hydrogen Peroxide as a
Solar Fuel from Water and Dioxygen,
27th International Conference on
Photochemistry (ICP 2015), June
28-July 3, 2015 (accepted); Jeju, Korea
Yusuke Isaka, Kohei Oyama,
Tomoyoshi Suenobu, Yusuke Yamada,
and Shunichi Fukuzumai,
Photocatalysis of Transition Metal
Complexes for Production of Hydrogen
Peroxide from Water and Dioxygen
Utilizing Molecularly Defined Water
Oxidation Catalysts, PACIFICHEM
2015, December 15-20, 2015 (accepted);
Hawaii, USA;

JEU A - TR RIRORET - REE NS -
B B, 7= AADEER & k¥
Y ART DRI K DK DR
b & et U7z il bk B4R, 56 27 Bk
AL B DI b Fitiwe, 201648 A 7
H~8 H 9 R(¥iE), A7+ A=
a vk g— GBigliRk)

I R e RIE N - fEH TEH -
WA B, B Ll g I E Ik
RIPT £DBASE & ER 4w S A 0 i %
I - RO RIRFAIE . 5 27 [BIEAA LS D
JelbFEtime, 20154:8 H 7T H~8 H 9
ACFE), HlEA 7 A—a by
22— (HrRIR)

JEU dhdl - RIE FIFE - (LHE AT -
Wi B, VT RGEBAIE S L
REKROBILEE - U CTHWA K EMEE
B OIBEE LK FE Okt A B sOG,  H
AAEF2EH 90 FFF=, 2015 4 3 1 26
H, AARKRY (THR)

JEU dh - RIE I - (LHE AT -
fafE R—, YA XL 72T kLTl
B2 AWK EBEFE DD OB KFE A

10

11

12

13

14

15

16

%GRS, 55 26 [RIECAL L B8 DSk
FRliRe, 20144 8 A 6 H, EHHLARZEH
L CRER)
%Eﬂ IIIIJ|_4 EE@ %ﬂ%'*gﬁf {41#,
AV O LS RAE B L THWD
FIRAKFIZE T D HiEESRE NADH 12X 5
2R ) USRI OR IR, B
AALEEH 94 FEFL, 2014 3 A 27
H, A&HEKRSE (ZmR)
U Hhl - RIE A - WwE B,
BOKB T RNV X B REGT D
mk@$#5®ﬂ&mm%¢ﬁﬁ%ﬂﬁ
i, AALFEEE 94 FEES, 2014 4
3A27TH, AERE (BHE)
%Eﬂ IIIIJ|_4 EE@ %ﬂ%'*gﬁf {41#,
AV 20 NEEIR A R & 92 5 KR
ﬁ¢mﬁﬁé¥& kamFED 2E L
F 4 BEFELCKIE, AARLESE 94
FFES, 201443 A 27 H, 4 HEK
7 (E )
%Eﬂ IIIIJ|_4 EE@ %ﬂ%'*gﬁf {41#,
AV U0 LA XUV 7 B Uil
FHRAR A S U TRV EKE L
e 327> & O LK B AR SHERE, o

L% 6 3EHEES, 2013 4F 11
H 2 H, BRERAZ: (PR
g BRI W - BE B, A

AV DT DR E T ITKEEIEA Y VD
LIAF T TORZEFIRE T HMFE DN

18 IT OT K 2 SR A e (b K 38 A Rk,
HARMILSFS 9 3EFEFHESL, 20134 3
A 25 H, SifERT BEEYX v /3N (K
B

%Eﬂ IIIIJ|_4 EE@ %ﬂ%'*gﬁf {41#,

75&&%4’ UV LEEREfEE L THWD

WIEAKFIZBIT 2 7 7 o wilgFE
f%ﬁwwk% iéﬁﬁk@?ﬂﬁ’}uﬂ@ﬂbk
FAERR, BARILFS B9 IEFFR,
2013 4F 3 H 25 A, i K5 B v
VR (EEE)

RHOEE - KIE L - BE R,
HARKTIZRB T 2688A VU0 L6 KR

L7 T v MR AR A il & LT
HunaksE s Haﬂa- 7 6 ORI E R K
FARBEL, 4 50 BILKSTmE,
2m2$11ﬂ175,%ﬁ%ﬁﬁk%%
e (ZHniR)

Satoshi Kato, Tomoyoshi Suenobu,
Shunichi  Fukuzumi, Acceleration
effect of rare-earth metal ions on
selective  formation of hydrogen
peroxide in photocatalytic reduction of
dioxygen by water as an electron
source, International Symposium on
Rare Earths in 2012, 2012 4F 11 A 08
H, @ N—N—Ea—r Ty 7T

(Fh#EIR)

Tomoyoshi Suenobu, Toward Catalytic
Interconversion between Hydrogen and
Chemical Fuels with Metal Complexes




at Ambient Temperature, $&A{LFS
6 2FFfime YR Y YL (R
#), 201249 H 21 A, &ILKY it
Fyonx (B

(MF] GF41)

1 Kinetics and Mechanisms of Reduction
of Protons and Carbon Dioxide
Catalyzed by Metal Complexes and
Nanoparticles, Shunichi Fukuzumi,
Tomoyoshi Suenobu, and Yusuke
Yamada, In “Organometallics and
Related Molecules for Energy
Conversion (Green Chemistry and
Sustainable  Technology  Series)”,
Wai-Yeung Wong (ed.) Chap. 11, pp
313-345, Springer-Verlag Berlin
Heidelberg (2015).

2 Artificial Photosynthesis, Rt %155,

[ - (bFEFEV R=27 (1)
{t.% %% | Chap. 3, Part 3; {LZ[E A
(2014).

3 COz BEyolflt, Rt sk - wmfE #—
TANTEARKR — AT AEEICmIT T
DEFEAMEm & JRE—) 5 6 & —=
Ly — Rt (2014).

4 V=T —RELE LT oMbk, KiE
mE - mE B— TATEGk —v X
7T LRI WMIT COsFEEIm & R
— #1103 v—x Ay — RS
(2014).

(ZDfth)
R— b= U
http://www—etchem. mls. eng. osaka-u. ac. jp/

6. BFZTHHRE

() RFTE
RIE %01z (SUENOBU, Tomoyoshi)
KRR « KEBE T20F58 R - BhE
W7+ 90271030



