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TOTNDUCED TRANSFER OF OXYGEN FROM WATERS

AN ARTIFICIAL, PHOTOSYNTHETIC SYSTEM

The photoinduced splitting of water into hydrogen and oxygen has evoked.

at interest in recent years as a means for energy storage and fuel produc—

tion. 1-4 Photoinduc

ed reduction of water to

ydrogen, using visible light, has

s

n described using heterogeneous or h@f@gar@usg catalysts. However, the

anplementary part involving the oxidation of water to oxygen is required in

order to create a cyclic artificial "photosynthetic” fuel Systgm The major
difficulty associated with the photooxidation of water involves the requirement

repwise ong-electron

hydroxyl radicals. Very recently, it has been reported that R&@z can serve as

rogeneous charge storage catalyst for agygen E:r@ducticnelog 1

On the
basis of our limited knowledge about natmgal photosynthesis, in which manganese

ions play an important role in oxygen mluticnyé synthetic manganese camplexes,

particular dimeric complexes, have been proposed as potential catalysts

for omygen pf@d@@ti@mlz So far, efforts directed toward this goal have been

Consequently, using a manganese camplex, we attempted to

perform a @h@t@uﬁmaﬁ oxidation of water whereby the active oxygen is transferred

to a trapping substrate. In such a way, the regquirement for a dimerization

2

- process to evolve molecular axygemé is avoided. We wish to report a photoinduced

ox cycle sensitized by a manganese porphyrin, 5-(4'-hexadecylpyridinium)-10,
15,20~tri (4" -pyridyl) -porphinatomenganese (ITT) (1) (abbreviated to an%miﬂ) 16
in which the resultant reaction is the oxidation of water and trapping of the

single oxygen atom by a substrate (triphenylphosphine) .
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phosphate buffer (0,25 ml, pH 4.5, 0.364), Pn-Mn 1"

wl (2.75 ml), aqueous
(9 x 107%) methylviol w2t -3 i i
p Iy ogen ( » 1.5 % 10 Efi} , and triphenylphosphine (PPj;tgg,i_

3.25 x 1@532 M) . Illumination of the solution, sealed in a cuvette under

osphere, with a 900-W xenon arc lamp filtered through a cupri

1fate solution (330 mm < A < 560 rm) results in the formation of methylviologen

of t}‘ie

radical cation @ivf} ‘as well as changes in the

A = 435 M (€ = 1.7 x 10%);

it

9 x l@g) , 18 consistent with the formation

tion of Pr-Mnlt

570 mm (e = 1.5 x 1093 615 m (e

T with NaBH 4 results in similar




wes, and the assigment is further supported by published spectra

17,18

eso-substituted manganese (I1I) porphyrins. Further illumination

ixture results in a continuous reduction of MV‘2+ to its radical cation

19

(MVe) . The production of Wt is monitored sg metrically

and the rate of

duction is displayed in Fig. la. Excluding triphenylphosphine from the

ITT IT

= results in a considerable decrease in the rate of Pn=Mn — =to=-Pn-Mn

conversion as well as in the rate of Myt production (Fig. 1b). Thus, triphenyl-
tion of MV‘2+,

arison of the sensitizer concentration (9 x 10@535) with the amount of va

phosphine plays a central role in the photosensitized reduc

anism in which the sensitizer is recycled.

widizes mf*: +0 MVZ+ and Pi’lsf'mII to

PnaMnHIg The visible absorption spectrum of the aerated sample reveals no
ge in the initial concentration of Pnai»mzn;a Thus, .the sensitizer is pre~

2+

=d quantitatively in the redox cycle. On the basis of the rate of W

reduction an approximate guantum yield of MVZ'" reduction of 0.01 is calculated.

ration of MVt together with Pn-dn"’ implies that triphenylphosphine

dized in a redox cycle. Since neither Pn-Mn’ Tt nor Pnamﬂ oxidizes

The fo

PPh,, while M -porphyrins do oxidize PPh, (vide infra), and because of the

high oxidation potential of Dmlvp;oz@hyrinszo we propose the me

anism outlined

ne 1 as & possible pathway for the photochemical redox

cycle. In this

cycle, MV% is involved in two photochemical steps.- Initially, photoexcited

Pn MY reduces .MX72+9 producing Pnn’’. The axidizing agent thus formed

izes water and the active oxygen so produced as Pn-dn-(xide is transferred
to PPhB to produce Pna%inzz and triphenylphosphine oxide. Recently reported

en transfer reactions to triphenylphosphine using organcme

tallic oxo-complexes

iary formation of a manganese oxide. It should be

“noted that the proposed use of Mn=Porphyrins in oxygen ;pmdwtionm is ba




L except that the

on a pathway similar to the one ¢

1 todimerize to a binuclear peroxide. In
the present case, triphenylphosphine provides an alterante pathway by scavenging

the proposed Pn-Mn-oxide through an axygen trans

fer reaction. The following

ohol glass at 77K is quenched

", thus implying an o hing of the sensitizer wher

Pn%ﬁﬁlv

Pn-dn"'T to PrnMn™, monito
(Figure 2).

(b) The &

we find that the rate of reduction of

troscopically, depends on Mvz + concentration

'8 that an axygen

umulate the oxidation product,

dation of MVb is requir

luction of water-at pff 4.5. Indeed, I@f reduces water to hydrog
5,7

ence of Pt or PtO, as catalystse Hence, a mixture containing 10 ml

of methanol, 1 ml of phosphate buffer (0.03 M) (pH 4.5), W' (1.6 x 107> M),

triphenylphosphine (94.3 fg; 3.3 x 107 M) ,~and Pndn™™F (1 x 107> M) was

illuminated while beiry stirred in a

sealed flask under nitrogen in the presence.

lams catalyst) . No formation of MV, was obs erved, ai,lt}”@@h
IT

é8 0 Pn-Mn~, suggestihg that WZC# was geing recycled.

After two hours of "illumination, 32 mg of triphenylphosphine oxide (32% yield)

were isolated., The high turno mber of about 1000 on Pn-Mn reveals that

a photoinduced cycle wheréby an oxygen trx

sfer from water to the trapping

substrate has been ac




1yg ifl an

parphyrin is indeed capable of oxidizing PPh, in a two-electron oxidation
IIT

riment, Mn T ~TPP-acetate dissolved in benzene was oxidized

to Mo V-TpP by Na,S.0, and KOH solubilized by the aid of 18-Crow

=6 ether.

ition of PPh3;t© the MnIv@‘i?P solution resulted in a quantitative reduction

I

o Mnr-TeP.

The major importance of our proposed cycle is that ooo

ized photochemically. As this reaction can be couwpled to hydrogen genera-

ion, the system may be considered as an artificial photosynthetic unit. The

fer to substrates other than triphenylphosphine

possibility for oxygen trans

- is of considerable interest. Indeed, we find that substituting an olefin, e.g.

cyclohexene, for the triphenylphosphine results in similar behavior, i.e.

rates of reduction of Pn-Mn T" and w2t o

to the system without

added oxygen acceptor. Other oxygen traps which function similarly on these

enzene and phthalic acid. We believe that such oxygen transfer

ortant in developing fuel sources (1

wdrogen) coupled to

wrther possibility rests on

the utilization of the oxygenated products as a precursor for a subsequent

catalytic evolution of cxygen. The possibility of initiating pmtcsensitizéd

axidation of organic substrates using manganese porphyrins as well as the

ism elucidation are now being explored. Furthermore, the results:

wrage continued search for binuclear manganese com

plexes as catalysts for

=nt of Energy under Contract W=7405-Eng-48.

nn Institute of Science for a Chaim




.%Aut}mx‘ to whom

otk

Willner*
John W. Otvos
William E. Ford
Howard Mettee
Melvin Calvin

Lawrence Berkeley Laboratory-
Laboratory of Chemical Biodynamics
University of California

Berkeley, California 94720




1., Balzani V., Maggi L., Manfrin M. F., Bolleta F., and Gleria M., Science

14.
15.

16.

17.

1975, 189, 852-856.

Bolton J. R., Science 1978, 202, 705-711.

Calvin, M., Acc. Chem. Res. 1978, 11, 369-374.

Harriman A., Barber J., "Photosynthesis in Relation to Model Systems

Barber, J. Ed., Elsevier North-Holland, Inc.: New York, 1979, pp. 243-280
eg cited therein.

ouyal, E., Keller, P., and Kagan, H., Nouw. J. Chim. 1978, -2,

547-549.

iehn, J. M. and Sauvage, J. P., Nouv. J. Chim., 1977, 1, 449-451.

CUE Ksi KiWip Jeg m &atzelp .Maﬁ HGIVGvChm; A@‘tﬁ, 1978g slg

2720-2730.

Henglein, A., Angew. Chem. Internat. Edit. 1979, 18, 418.

rown, G. M., Brunsc

hwig, B. S., Creutz, C., Endicott, J. P., and Sutin, N.;

Arer, Chem. Soc. 1979, 101, 1298-1300.

Iehn, J. M., Sauwvage, J. P., and Ziessel, R., Nouv. J. Chim. 1979, 3, 423-425.

Kiwi, J. and Gratzel, M., Chimia 1979, 33, 289.

Calvin, M., Science 1974, 184, 375-381.

an, I. A., Harriman, A., and Porter, G., J. Chem. Soc., Farads

ansactions 1978, 1920-1925.

cter, G., Proc. R. Soc. Lond. A. 1978, 362, 281-303.

Cooper, S. R., and Calvin, M., Science 1974, 185, 376.

Okuno, Y., To be published.

Chem. Soc. 1976,

-. B, M., Weschler, C. J., and Bas

98, 5473-5482.



i8.
19,
20.
21.
22.

23.

shi, I. and Koga, N., J. Amer. Chem. Soc. 1979, 101, 6456-6458.

teckhan, E. and Kuwana, T., Ber. Bunsenges 1974, 78, 253-259.

Ioach, P. A. and Calvin, M., Bicchemistry 1963, 2, 361-371.

Moyer, B. A., and Meyer, T. J., J. Amer. Chem. Soc. 1978, lDQg 3601-3603.

Moyer, B. A. and Meyer, T. J., J. Amer. Chem. Soc. 1979, 101, 1326-1328.

Tovrog, B. 8., Diamond, S. E., andMares, F., J. Amexr, Chem. Soc. 1979,

101, 270-272.



Figtme Captions

Figure 1: E@thyiviglofgen radical production as a function of cumilative
$

nation time: (a) with PPhy, 3.25 x 1073, (b) without PPh,.

Initial concentrations: [Mvz +1 = 1.5 % l@ggzvi; [PnaMnIII]g 9 x J,.OMSMe

parphyrin photoreduction: dependence on methylbiologen

entration. O, [MP*] = 9.0 x 107 £\, [?*] = 4.8 % 107%;

1, Emg* ]1=24x% 1074, Initial concentrations of Mn 't

(0.7 x 10™M) and PPh, (7.5 x 10~ M) were the same i

density filter to 18% of that us

| in data of Figure 1.
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Figure 2 Willner et al.
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Scheme 1 Hillner et al.
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