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Introduction

In natural photosynthetic systems, a redox nH*
reaction having a positive free-energy change, iR hy ! N,jif,:”‘ o
which HO is oxidized to @ and NADP is 7777; 2 EL& NA
reduced to NADPH, proceeds with the aid of ligk g?@ - W 5 e ﬁmmﬂ ﬁﬁ
energy using the phospholipid bilayer membranes ZPQHZCQCE \Cytba >A1
as a reaction field (Figure 1). The photosyntheﬂﬁ f Bép%ﬁkmyj M W{:’ MMM!M MMM

4H* pC

support molecules that participate in light:° FOoar

‘PS I} complex‘ ‘Cytochrome be/f complex‘ ‘ PSI complex‘ ‘ATP synthase complex‘

absorption and charge separation, but also act as a

Figure 1. Schematic diagram of photosynthetic system in
green plants.
reaction between photogenerated oxidized and

barrier to inhibit the charge recombination

reduced species. Therefore, bilayer membranesasighsicle membranes are thought to be a fasainaaction
field to construct artificial systems mimicking oedl photosynthetic system, in which light energn de
converted into chemical potential with high effiody.

Vesicles are approximately spherical bilayer memésaformed by self-organization of amphiphiles sash
phospholipids. Although vesicular systems for pbb#anical reductions such as hydrogen productionG@gd
reduction have been reported, those for photoctemeater oxidation have been scarce and not cosiplet
explored due to the difficulty of 4-electron oxidet to generate &from H,O. Recently, water oxidation catalysts

such as Ru, Ir, Mn, Fe, Co and other metal comgldwe been reported. Among them, a ruthenium @mpl



Ru(bda)(pic) (H.bda = 2,2’-bipyridine-6,6’-dicarboxylic acid, pic 4&picoline) reported by Suet al. has high
catalytic activity toward chemical and photocherhicater oxidatiod™ | decided to employ this type of Ru
complex for photochemical water oxidation in vefacisystems because of not only its high cataftiiciency
but also facile chemical modifications includingraduction of substituent groups such as alkyl mh&b increase
the affinity to the vesicle membranes. With the afnsonstructing whole water splitting system irsieées, which
is capable of producingand Q simultaneously, | studied photochemical water ati@h using the above Ru

complex embedded in vesicles.

Substituent effects on water oxidation in homogeneous system

Prior to the incorporation of the Ru catalyst intesicles, | R

investigated the substituent effects at the 4-positf the axial pyridine ﬁj

ligand on electrochemical properties and catalytitivity toward water J \l N 1: R = OMe
oxidation in a homogeneous solution. Ru compleXe$ were ﬁ')\l % %;Si'\Hﬂe
synthesized in 2558% vyields by the reaction of Ru(bda)(DMsp)O o/R_u\o © éfgf?;[) .
which was generated in situ from Ru(DMQOl) and Hbda in the /lil 6 R;CF: ©
presence of excess triethylamine, and the correbpgm-substituted X l

pyridine in MeOH. In cyclic voltammetric measurerheeach Ru R

complex gave a reversible oxidation wave that sgaed to the RY'  Figure 2. Chemical structure of
couple. The electrochemical data shown in Tabledicate that the ruthenium complexes-6.
electron-donating ability of the substituent on plyeidine ligand was reasonably reflected in HOM@ngy level

of the complex.

Chemical water oxidation experiments were carged as follows: UV-Vis absorption change of the
solution containing complet—6 (1.0 uM) and Ce(NH)2(NO3)s (1.5 mM) as an oxidant in aqueous nitric acid
(0.1 M) with 3% acetonitrile was measured at 360, mvhere the absorption intensity corresponds to the
concentration of Ce(lV). From the initial rate btCe(lV) consumption, the chemical water oxidatiate was
estimated using first-order exponential fitting. #{sown in Table 1, it was found that Ru comple%e8, which
have electron-withdrawing groups at the 4-positdrpyridine ligands, exhibit notably high cataly@ctivity.
Noteworthily, complexl having the most electron-donating group in theeseof substituents, OMe, showed
relatively high catalytic performance rather tiZaand3.

Next, photochemical water

Table 1. Electrochemical properties of the compleXe$ and kinetic
oxidation experiments were carried outlata of chemical and photochemical water oxidati@talyzed byl—6.

. - R E A Chemical Photochemical
as follows: a solution containin 1/2(0xdm)

W Ut ning (vs. FC/Fc) v, /M s TOF / K
[Ru(bpy}]** (0.85 mM), $SOs (5.0 — OMe ) ~0.09 0.829 80.5
mM), and complexl—6 (17 uM) in 1:1 Me (2) ~0.06 0.381 334

H (3) -0.03 0.449 56.8

acetonitrile/aqueous borate buffer (40  Br (4) 0.01 4.62 85.2
; ; COMe (5) 0.05 4.87 114
mM, pH 8.0) was irradiated by a xenon CF: (6) 0.08 503 111

arc lamp equipped with a cut-off filter 2Fc = ferrocene

(>390 nm). The amounts of,@volved were determined by GC analysis. Thdd@mation started immediately
on the irradiation and ceased after 120 min. Thalyi& activity of complexe4—6 was evaluated with the initial
turnover frequency (TOF) for yeneration. The TOF values fbr6 are collected in Table 1. CompleXeand6



with the electron-withdrawing groups showed esplyciagh catalytic activity. In addition, complek catalyzed
the reaction more efficiently thak and 3. These results qualitatively parallel to thosenfrehemical water
oxidation described in the above paragraph, initigahat a step accelerated by the electron-dagpatioups also

contributes to the overall rate of both chemical photochemical water oxidation.

Photochemical water oxidation in vesicular system

Taking into account the fact that electron-withdrayvgroups such as GMe and Ck largely enhance the
catalytic activity, | designed amphiphilic Ru compbR (Figure 3), which has a long alkyl chain connedigan
ester bond at the 4-position of the pyridine liga@dmplex5R was synthesized by a modified procedure for
preparation 06. The intermediate complex Ru(bda)(DM$@jepared from Ru(DMSQQZI, and Hbda in MeOH
was isolated, and the complex was treated with quinelar mixture of methyl isonicotinate and octagde
isonicotinate in THF to giveR in 27% yield.

Vesicle solution containingR was prepared by the following procedure. In a dgpiexperiment, the
solution of5R (0.520umol) and phospholipid DPPC (12.0nol) in CHCE was evaporated to form a thin film,
and the film was treated in borate buffer (40 mM,§0) with ultrasonic process to give small unidlar vesicle
solution. Complex5R outside the vesicles was removed by gel filtratotumn chromatography to obtain 11.4
mL of the vesicle solution, which was used in plebtmical reactions. In a typical vesicle prepargti3.4% of
5R used in the preparation was incorporated intovésicles while comple® was not incorporated almost at all.
The concentration @R in vesicles was roughly controlled by the amourR® used in the thin film formation.

In the presence of [Ru(bp})" (0.85 mM) and decomp.  S,04%

_ : W
S04 (5.0 mM) in the outer aqueous phase, the %ﬁ 7
A R 7% \_/

\ -
vesicle solution containingR was irradiated (>390 c@i&?’\\é\o % /_\ (IRu(bpy)3I*)
nm), and the generation of,as observed by GC.§$ Co%éoo [Ru(bpy)sl®* hy

—0
Comparing with the experiment under the identicdE=3 == K'

. ) ) . == == [Ru(bpy)al**
condition using5 in a homogeneous solution, th%% (g:g (\HZO
turnover number of @production with respect to theco@%:%> <(§§o° Lo o

1o, +
Ru catalyst in the vesicular system is more thanew "f/{f%, N 2

as much as that in the homogeneous solution (Figjure
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The dependence of the initial rate of @roduction on

CO,Me
the catalyst concentration was examined both in the @
vesicle solution and in the homogenous solution / \Nf/
—N N
(Figure 5). The initial rate in the vesicle solutio ? = oX Ri_ o
o~ i To
increased with an increase BR] up to ~30uM. The _N ‘
rate in the homogeneous solution also linearly N
. . . . CO2(CHy)17CH3
increased with an increase d].[ The TOF in the 5R

homogeneous system is only a half of that in theigure 3. Schematic diagram of the photochemical
water oxidation catalyzed by amphiphilic ruthenium

vesicular system up to ~3tM, but the efficiencies of complex5R embedded into the vesicle membrane and
both systems are comparable in the highéhemical structure diR.

concentration range due to an unexpected decnealse vesicle solution.

Moreover, the fact that the initial rate of @roduction is linear to the catalyst concentratiaticates that the



rate-determining step of water oxidation is thedatibn of Ru(IV)-OH species of the catalyst by [Roy)]*" to
form Ru(V)=0.
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Figure 4. Turnover number of Oproduction in the Figure 5. Dependence of the initial rate of,0O
vesicular system or in the homogeneous solution. production on the concentration of the catalyst in

photochemical water oxidation in the vesicular egst
or in the homogeneous solution.

Conclusions

Ru complexed—6 with different substituents were successfully bgstzed. The electron-donating ability of
the substituent group at the 4-position of the lagiaidine ligand influences the electrochemicabperty and
catalytic activity toward chemical and photochermiaater oxidation. The electron-withdrawing groujagrly
enhanced the catalytic activity, whereas OMe gexipbits a small positive effect on the catalytitiwty.

Ru complex5R embedded into vesicle membranes catalyzed theogietical water oxidation in the
presence of a sensitizer and a sacrificial elecmeptor in the outer aqueous solution. It is agmrtant to note
that incorporation of the Ru complex into vesiclemibranes enhanced its catalytic activity. The TOPp
production in the vesicular system is larger thaat tn the homogeneous solution by a factor of nioae two in
the concentration range up to [cat] ~ @M. These studies will contribute to reaching theafigoal, the
construction of vesicular systems which can spidthto H, and Q using solar energy.
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