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Table |

Calculated redeox potentials of some reactions relevant to water oxidution {8
Flementary icaction E (V)

HyO— OH+H" 40 3228

- Qb4 e 2191
ULO-HLO, 2 2 + e 1,931

20H —H,0,+ 2 0.896
RO 4411 Fde 1.401

40H -0, +2H,0+4e7 G.367

electrocatalysis. fuei cell applications and chemical conversion of solar energy
{1-7]. The crucial advantage of collecting redox equivalenis is to avoid free radical
reaction pathways. as these processes decrease both the fong-term siability and the
overall efficiency of any catalyiic redox system. This 1s iHlustrated {or water oxidation
chemistry by the pH indepsndent configurational potentials £, [8] given in Table |

As can be seen, the energetic situation improves with the number of electrons
exchanged. The single electron transfer reactions demand the highest redox poten-
tials. while at the same time destructive hydroxyl radicals are formed. Pathways
involving a two- or four-electron oxidation of deprotonated water molecules are
thermodyaamically most favored.

Light-induced substrate transformations in natural and artificial photosynthesis
depend strongly on the feasibility of muliielectron transfer catalysis. For example,
the fixing of carbon dioxide by the following four-electron process allows for long-
wavelength speciral sensitization down 1o a photon energy of 1.3 eV [9] correspond-
ing to a threshld absorption at about 930 nm:

C‘{}z?"}ﬁz&"‘“fg—gle‘:"gz (i}

in contrast. a minimum energy of 3.6 eV (340 nm} is needed {0 drive the reaction
in highly unfavorable one-electron eoupies {41, and two thirds of the solar frradiation
suitable for fixing O, is wasted,

The basic principles and limiting constraints of biological energy conversion
[10.11] can serve as a guideline for the development of artificial photosynthetic
redox systems. A perfect coupling of lighi-absorptivn, energy transfer (o a photore-
active center. as well as separation, stabilization und accumulation of charges is
necessary in order to induce multieleclron reactivity at a subsirate recognition site
{Fig. 1), As will be shown, coordination compounds offer a broad range of potentiali-
sies for modeling alt of these functions,

. The design of multiclectron fransfer (MET } reagents

Evolution of life on earth has resulted in a diverse array of inorganic cofactors
and prosthetic groups that enable redox enzymes to overcome the difficulties of
MET catalysis [12-14]. In Fig. 2. the various ways in which metal fons (M) may
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Fig. 1. Schematic representation of a photosystem combining s light-harvesting subunit {LH 1. 4 photore-

active core { PC), a4 redox interface {Ri) and a multielectren wranster (MET ) caralvst 0 mediste the
sefective transformaiion of substrate molecules (S into permanent photoproducts {P).

{al polynuciear systems with cooperating metal sites
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(b} redoxactive ligangs as intevmediate charge resarvours
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{c} atom or group transfer reactions

A g LK 2
e el

Fig. 7. Representation of the possible strategics 10 avcumulate multiple redos equn
g i E E
hic {u} or mononuclear coordination compounds {b.e)

perform this task are sketched for an arbitrary twe-electron oxiéati{m progess, A
widespread strategy followed in both biological and artificial systems is the stora
of charges at polvnuclear active sites [2.6,14-21]. Cn the at%u hand. mononuclear
metal complexes can act as efficient MET reagents whenever additional re
equivalents are supplied by an organic 14.22-24]. or when the complet
transfer of a coordinated fragment { X ) is possible [23-27]. Frequently the substrate
molecules {§) themselves are ,nvoheu as hgands or are attached by hydrogen
bonding m the course of their transiormation.

The wtaﬁy%:zc disruption and formation of chemical honds resulting in permanent
redox products requires a reversible cveling benveen a: feast nwo stable formal oxida-
tion stares of the svstem. while at the same time the cage-escape of metastable radical
artermediates must be suppressed. In metatloenzyme cat ai sis this delicate kinetic
balance is ‘iﬁf}aight to be controlled by additional sirain energy imposed by the

&
fold 7791 A

54
protein fold (78], A comparable situation may be achieved by the photochemical
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potential snergy

nuciaar configuration

Fig. 3. Three-welled potential energy diagram for a net two-¢lectron transfer process between reactants
(R}, metastable one-clectron mntermediates {1} and producis (P). Activanonless phoioinduced electron
transfer 1s {acilitated by a strong electronic coupling between the surfaces of the excited reactani assembly
tR*y and the intermediate state.

activation of a hght-sensitive metal complex. The promotion of an electron in a
iransition involving predominantly metal-localized orbitals of a coordination com-
pound [29,30} can be regarded as a straightforward method to change the {ormal
oxidafion state at a certain substrate binding site. However, an overall double
electron transfer [31] may be triggered only when the phominﬁuee{i '-‘*rimai‘y step
leads 10 an energy-rich miermediate state that tends {o undergo rapid stabilization
by a second ET process competing with back electron transfer. This situation is
visualized in Fig. 3, following the established concepis of single electron transfer
theory {321, A maximum probability for the desired MET cascade should occur
when the reacting centers are in close proximity. the orbital symmetries arg favorable.
and the nuctear coordinates of the excited state inv (;Eved are already distorted toward
the product geometry {adiabatic electron transfer {

Photoactive main group mmeinl ceniers [33] are the &.fzmumi of ail possible building
blocks for the deszgﬂ of redox sysiems that can be characterized by the type of
potential energy diagram depicted in Fig. 3. In coembination with charge stabilizing
lrands the Lnemmc%v namic accessibility and kinetic reactivity of odd-electron inter-
mediates in main group chemistry [34.353] allows the tatloring of mononuclear
multiclectron transfer cataiysis.

3. Porphyrin-based MET photosensitizers

Porphyring and ﬁidzei etrapyrrole corroounds represent the most importas?
ciass of sensitizers in both natural and aruficial photosynthesis [M,(}}. in addition 1o
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Fig. 4. Substrare binding sites and eloctron transfer puthways in metalloporphyrin compleses.

their excellent light-absorption pmpemw they are verv versaiile chelating reagents.
Porphyrin ligands are able to complex dlnkﬁ)Sf every metal and several other elements
of the periodic table [37]. In many cases low- and high-valent states of a coordinated
central atom are stabilized. The axial posat;gns of metalloporphyrin complexes play
a crucial role in the reversible binding and activation of subsirates (Fig. 4} By a
variation of substiiuents the redox properties of synthetic porphyrin derivatives are
readily tuned over a broad range of pmmuaic {38-40]. The relative rigidity and the
extensive delocalization of the ma#‘mcyd;c ing tend to minimize the inner-sphere
reorganization energy [31] associated with an equatorial electron transfer (Fig. 41,
which therefore is a very rapid process {41 ]. Acting as inlermediate charge reservoirs
porphyrin ligands are predestined 1o support multistep redox reactions involving
electrons of the central atom and its axial coordination sphere, dMany of ¢
features have been exploited in syntheuc MFET catalyst systems based on mono- or
polynuclear tetrapyrrole derivatives {6.22.24,42-45].

“ertain metalioporphyrins achieve an efficient fusion of the complementary fun
tions of a light-harvester. a photeredox interface, a substrate recognition siu
mediator of chemical reactions In this case a single catalvsi molecule combi
the components needed for the development of an artificial h@im}’m?ﬁ?iie ]
center {Fig. 13, Such compounds that rely on static spectral sensiization [46] m
order to trigger the homogeneous photocatalviic [47-49] multinle electron redox
transformation of subsirate mu%ecuk} have been termed pn ; g
¢ plivto j sensitizory |

[

30

4. Antimony porpityring in photoeatalviic MET reactions

P

Considering the accessibility &{ thatr formal oxidation states {33 tin, kead or
o I starting points oF the (*egiﬁ‘} i M‘( g«m}*z., 5

antimony porphyrins are the |
siizers using tetrapyrrole (ype ¥ £
antimony wmﬂﬂe&es are ionic. 3itie {aL}Q»?w“'3*3"' or E’L;bb‘i‘ﬁ }35"&"“ wizeg"r‘:
X " denotes an anjopic axial hgand. Y7 is  counlerien. and L7 stands {or the
corresponding porphyrinate
While long-lterm photocatals
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Fig. 5. Typical absorption spectral variations during the net two-clectron interconversion between low-
and high-valent antunony octuethviporphyrin complexes in ethanol solution al 298 K {531

pered by their Jess stable Sn{il) and Pb(IV ) oxidation states. a reversible switching
{22.51-53] between the low-valent {s%) and high-valent {s°} eleciron configurations
of antimony porphyrins is possible over many redox cycles (Fig. 53). In the course
of this photoassisted [48] process. various permanent products resulting from bimo-
lecular two-electron transfer reactions with substrate molecules can be accumulated
{Table 2). A consecutive transformation of primary products has also been achieved
[51.55]. leading 10 the following four-clectron reactions:

cyclohexene -+ H,O0 - 2-cyclohexen-1-one + dH " +4¢” {2}
O, +4H " +de7 —2H.O {3)

The formation of secondary redox produets can be controlled and widely suppressed
by a variation of the substrate to photocatalyst ratio. This is illustrated in Fig. 6
and Fig. 7 for the non-rachcal activation of dioxygen sensitized by antimony/(II])
porphyrins {311, Due to some secondary photolysis. the quantum vield for the
formation of the initial two-electron product, hydrogen peroxide, typically decreases
i the course of the reaction (Fig. 6}, While the vield of H,0, formed can be
optimized 4t low metalloporphyrin concentrations ( Fig. 7}, an overal] four-electron

Tabie 2

Somw photochenneal redos reactions sepsitized by anbimons porpharins

Substrate transformation Ret
O, + 21 + e ~iL0, [51}
IR - Bry w2 [53]
CHOCHAOH -CHOHO 28 + 2 {53
eyvclobesene » 1,0 o 2-avclohewen-1-ol+ 211 ¢ 20 RS
00 =BG, e {23l
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Fig. 9. Reaction profile for the production of hvdrogen peroxide from doxygen during the photolysis of
1.3 = 1(3 W antimany (T octaethelporphyrm in cthanot 01 298 R Grradiation at 7., = 546 am).
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Fig. 7. Caleulated product distribution for the photochemical reduction of dioxygen sensitized by anti-
mony ectaethylparphyrin. Note that the broken line corresponds 1o the experimental vonditions displayed
m Fig. 6.

process that resembies the respiratory O, transformation mediaied by cytochroms
¢ oxidase [10] according to Eq. (3} may also be favore

A similar sequence of consecutive two-clectron transfer steps is 'bsame{i during
the photolysis of antimoeny porphyrin complexes with axially o-bos atkvl substit-
uents [56.57]. For example. the photochemical oxidation of axial methyl | g&nda
can be driven to completeness. according 1o the following overall stoichiometry

CHI +3H,0-0H " +8H* +8~ +CO, (4)

This process is of considerable interest for the catalysis of low-temperaiure methare

conversion in homogensous phase, including apphcations in fuel ce% technology.
The overall efficiency of small molecule redox transformations catalvzed by MET

photosensitizers such as antimony porphyrin compiexes would sf:rmmi}f be much
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higher if ali the consecutive two-clectron steps involved could be driven at the same
substrate binding siie. In fact. this important feature might be achieved stmply by a
combination of the basic strategics described in Fig. 2. As an example, the two-
electron ph(}mmidaiion of hydroxide ions catalyzed by antimony porphyrins
(Table 2) might possibly be changed into a four-electron process by using cofacial
diporphyrin ligands [42]. Future efforts in this field therefore should concentrate on
the possibilities of incorporating redox-active main group metals into porphyrin
dimers or similar cooperating polynuciear assemblies. In this context. it is interesting
to note that first aitempts to synihesize dinuclear porphyrin complexes bearing
antimony and other main group element central atoms have recently been started
(581

3. Concluding remarks

In this review an atternpt has been made to provide some general guidelines for
the design of homogeneous multiclectron transfer { MET ) catalysts based on photore-
active metal complexes. It has been outlined that the static sensitization of MET
reagents allows a minimal structural approgch toward artificial photosynthetic and
oxidoreductase type reaction centers. Although our knowledge in this exciting field
at the crossroads of homogeneous caialysis, biomorganic chemistry, and the photo-
chemistry and photophysics of coordination compounds is still very limited. a novel
wwepi of bionic phorocatalysis seems to evolve. This promising strategy tries to
apg y light-induced instead of protein-mediated energetic and structural changes at

a substrate recogmitton site for the finctional modeling of difficult chemical trans-
formations that had been restricted 1o the expertise of metalloenzymes.

Acknowledgements

Financial support provided by the Deutsche Forschungsgemeinschaft is gratefully

acknowledged. The author is indebted to Prof. K. Akiba, Hiroshima University,
who kindly offered sampiles of organometallic antimony porphyrins, and to Prof, A,
Vogler, University of Regensburg. for support and stimulating discussions,

References

] AL Board, MOAL Fox, Aco Chem. Res. 28 (1995 141

P} DG Nocers, Ace. Chem. Res. 28 (1995 209

] V. Balzam. F. Scendola. Supramolecuiar Photochenustry, Ellis Horvood, Mew York. 1991

1 T4 Mever, Acc. Chem. Res. 22 {1989) 163,

315 Wiliner, B, Willner. Top. Curr. Chem. 159 (1991 154

5} 1P Coliman. P.S. Wagenknecht, LE. Hutchison. Angew. Chem. Int. Ed. Engl 33 (19943 1537,
| K. Kordesch, G. Simader, Fuel Colls und their Applications, VOCH, Weinhebn, 1994,

B W, Ritunger, G.C. Dismukes, Chen, Rev, 97 (19975 1.



G Rndr - Coordivarion Chemistey Reviews 171 1 1908y 681 70 H9

{91 G, Porter. J. Photochem. Photobiol. A Chem, 102 (1996 ]

{10} . Balischellsky (Ed.y. Ornigin and Evolution of {quiggmm Energy Conversion, YOH Publishers,
New York, 1996

{111 G.T. Bakock. BA, Barry, RJ. Debus. CW, Hoganson, M. Atamian, L. Mcintosh, L Sithole, C.F,
Yocum, Biochemisiry 28 (19897 9557,

(1211 Reeduik (Fdo. Bioinorganic Catalysis. Dekker. New York, 1993,

[83] 1 Bertim. H.B. Gray. §.F. Lippard. LS. Valeaune t Eds b, Bromorganie Chemistry, University Science
Books, Milt Valley, 1994,

{14 HUH. Thorp. V.L. Peeoruro (Eds.y. Mechanistic Bicinorganic Chemstry. Advances in Chemistry
246, ACS. Washington. 1995

FIS] V. Baizani, A, Juris. M. Venturi, 8. Campagnue. 5. Serroni. Chem. Rev. 96 £1996) 759 and refer-
ences therein

{161 KM Harrup, L. Hilll J. Mol Catal. A Chem. 106 (1098, 37,

[17] G.L. Ehzarova. L.G. Matvienke. V.L. Kuzneisov, DI Kochubey, V.N. Parmon. 1. Mol Catal. A:
Chem. 103 (1995 43

18} M. Abe, ¥ Sasaki, ¥. Yamada, K. Tsukahara. 5 Yano. T. I, Inorg, Cham. 34 {1995 3496,

19} S.M. Molnar. G. Nallas, 1.5, Bridgewater. K. Brewer. . Am. Chem. Soc. 116 (1994) 3206,

()} E. Teuchida { Ed i, Macromolecular Complexes, VOH, Mew York, 1994,

21 M. Zhou, BW. Plenmig. J Steiger, D0 Van Engen. AB. Bocarsly. Inorg. Chens. 29 11990) 2456,

221G, Kndr, A, Vogler, 5. Roflia, F. Paolucor, V. Balzani, Chem. Commun. (1596) 1643

23 Y-H Lu. YO ‘Su Chem, Commun. {1997) 753,

243 D, Wohrle, I Schiettwein. G, Schourpfel, G Schneider, B Karmans, T Yoshida, M. Kaneko,
Polym. Adv. Tegémel. 6 {1995) 118

{251 R.H. Holm. Chenr. Rev. 87 (1987} 1401,

[26] K.A. Jorgenson. Chem. Rev. 89 (1989 431,

[27] LK. Weo. Chem. Rev. 93 (1993) 1125

{287 R.LP. Williams, J. Mol Catal. 30 (1985) 1.

{291 A. Vogier. H. Runkely, inn K. Kalvanasundauram. M. Gritzel {E£ds). Photosensitization and
Photocatalysis Using Inorganic and Organometallic Compounds. Kluwer, Dordrecht. 1993,

[20] O. Horvath, K. L. Stevenson. Charge Transfer Photochemstry of Coordination Compounds, VUH,
Wew York, 1993,

[3}] R.D. Cannon. Electron Transfer Reactions. Butterworth. London. 1980,

{321 H.B. Gray. W.R. Ellis in Refl [13].

{33] A. Vogler. A. Paukner. H. Kunkely, Coord. Chera. Rev. §7 (1950 285,

{341 D.M. Stanbury, Adv. Inorg. Chem. 33 (1939; 69,

{351 G. Tuck. Coord. Chem. Rev. 112 (1992) 215

{361 A. Harriman. in: M. Gratzel (E4). Energy Resources through Photachemistry and Catalysis.

Academic Press, New York, 1983

{371 W, Buchler. in: I3. Dolphin (Ed.). The Porphyrins vol. 1. Academic Press. Mew York, 1978

[38] LA Shelnutl. V. Orizz, J. Phys. Chem. 89 (19881 4733,

139] R.A. Binstead. ML), Crossley, NS, Hush, Inerg. Chiem. 30 (19511 1259

[40] P.G. Gassman. A, Ghosh, . Almlof, J Am, Chem Soo. 113 (19923 9900,

{41] DK, Lavallee. Coord. Chem. Rev 61 {1083) 55

{421Y. Maruta. M. Sasayvama, K. Ichihara, ! Mol Catal A: Chem. 117 (19971 115

{431Y. Le Mest, C. Intsan. A, Laouénan. M. L'Her, 5. Id'd!ﬂ“ﬂﬂ MLOED Rhalifa. LY. Sadlard, B Am,
Chem. Soc. 119 (1997} 6095,

E"»ﬂ ¥. Grass, D, Lexa. J-M. 8avéant. 1. Am. Chem. 8o, 119 (1997

{45] R.A. Sheldon {Ed.). Mesualloporphynns in Catabvtic {Jvéduom

{46] #H. Hennig, . Rehorek, R.D. Archer. Coord. Chem. Rev. 61 (1%

(471 N. Serpone. E. Pelizzett {Eds.y. Fhotocatalysis — Fundamentals
York, 1989,

[48] B. Hennig, R. Billing. Coord. Chem. Rov. 125 (1953) 89,

{401 €. Kutal. im €. Kutal, M. Serpone {Eds.). Phetosensitive Metul-Orgamc Systems. Advances in
Chemistry 238, ACS, Washington, 1991

3

Mene Yerk, 19894,

and Appheavens, Wiley, New



70 G. Kndr i Coordination Chemistry Reviews 171 ( 1998} 61 70

{501 P. Sayer, M. Gouterman. C.R. Connell. Acc. Chem. Res. 15¢1982) 73.

[31] G. Knor, A. Vogler, Inorg. Chem. 33 (1994} 314,
{521 Y.H. Liy, M.-F. Bénassy. 8. Chojnacki. F. D’Souza. T. Burbour, W.I. Belcher, P.J. Brothers, K. M.

Kadish, Inorg. Chem. 33 {1994 4480.
[53] G. Kndr, Dissertation, University of Regensburg, 1994,
[54] T. Shiragami, K. Kubomura. U, Ishibashi, H. Inoue, J. Am. Chem. Soc. 118 (1996} 6311,
{551 8. Takag, T. Okamoto, T. Shiragamt. H. Inoue. J. Org. Chem. 59 (1994) 7173
[56] G. Knor, J. In{. Recording 23 (1996) 59
{571 G. Knbr. K. Akit-1in preparation,
1581 G. Yamumoto. B. NMadano. W. Satoh. ¥. Yamemoto. K. Akibu, Chem. Commun, (1997) 1325



