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Table J 
Calculated redox potentials  of' some reaciions r d e ; a m  m ware: oxidmion [81 

El~m,~.ntaary ~eactit,n t< ( V I 

H,O-+  O I { + H "  +¢ 3.22~ 

O H  -+ O i f q e  2.!91 
2~1a0--~{2() 24 2l[  ~ 4-2,2 1,93i 
2OH -~ H2024- 2e 0.896 
2H20~O: 4-4H + +4e  1.40i 
4OH - ~ 0 2  + 2 I { 2 0  + 4e 0.3(;7 

electrocatMysis, fuel cell applications and chemicat conversion of solar energy 
[i-71. The crucial advantage of collecting redox equivaknts is to avoidfree radical 
reactio~ pathways, as t,tese processes decrease both the long-term stability and the 
overaI! efficiency of any catalytic redox system. This is illustrated for water oxidation 
chemistry by the pH independent eonfigurationat potentials E~ [8] given in Table 1. 
As can be seen, the energetic situation improves with the number of  electrons 
exchanged. The single eiectron transfer reactions demand the highest redox poten- 
tials, while at the same time destructive hydro×yl radicals ~',re formed. Pathways 
involving a two- or fou>etectron oxidation of deprotonated water molecules are 
thermodynamically most favored. 

Light-induced substrate transformations in natural and artificial photosynthesis 
depend strongly on the feasibility of muhielectron transfer catalysis. For example, 
the fixing of carbon dioxide by the following rout-electron process allows for long- 
wavelength spectral sensitization down to a photon energy of 1.3 eV [9] correspond- 
ing ~o a threshqd absorption at about 950 nm: 

CO_, + H20~CHaO + O2 ( ! ) 

h~ contrast, a minimum energy of 3.6 eV ( 340 nm) is needed to drive die reaction 
in highly unt3vorable one-electron couples [41, and two thirds of the solar irradiation 
suitable l~r fixing CO, is wasted. 

The basic prb, ciples and limiting constraints of biological energy conversion 
[i0.,I1] can serve as a guideline !br the devetopme+?t of artificial photosynthetic 
redox systems. A perfect coupling of li.@t+ab.~'orpti~m, e~wJg}.' tra*~gi, r to a photore- 
active center, as we11 as s'epamtic, m scaNgizcrti+m a,rd accmmdatio±l (4/ chca'g'es is 
necessary in order to induce muhMectron reactivity at a substrate recognitio~ site 
( Vig. ] L As will be showm coordination compounds offer a broad range of potentiMi- 
~,ies tbr modeling air of ~hese functions. 

.2. The design of m~,tie{ectro+,~ transfer (3JIET) reagents 

Evolution of lit~ on earth has resuked in a diverse array of inorganic cofactors 
and prosthetic groups that enab!e redox enzymes to overcome the difficulties of 
MET catalysis [12-~41, ha Fig. 2, the various ways in which metal ions (M) may 
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Fig. t. S c h e m a t i c  r e p r e s e n t a t i o n  o | a  p h o t o s y s t e m  c o m b i n i n g  a ! ighl -he: rves tmg subun i !  ( L H  ). a pho~ore-  
ac t ive  core  ( P C  l, a r edox  in te r face  ( R t )  a n d  a -nmhie!eclron m~ns|izr ( M E T )  catalyst.  [a m e d i a t e  the 
select ive ~ r a n s f o m m t i o n  o f  s u b s t r a l e  mo lecu l e s  (S i  in'~o p e r m a n e n t  pho~oproduc t s  ,* P }  

{a} ~o l ,¢nue lea r  s y s t e m ~  w i t h  eoopera~inf: i  meta l  site.~ 

T .,.'Ee - ] (,"n÷n.~2 

(i~} r e d o × a c t i v e  Ii.~an,~s a s  i n t e r m e d i a t e  c h a r g e  r e s e r v o : r s  

(c,} a t o m  or ~ roup  t r a n s f e r  r e a c l i o n s  

I 2 SZ M r~a 
M P~ X ",._~° - 

| : ig,  _. "~ Repre~ep. ta l ion  o f  lhe poss, ib]e s t ra tegic ,  ¢ to  ;~ccumtLla~e m ; : h i a l e  ~ e~ox  eqm~m~oms . . . .  ~J>~,~, ,- poL'-.-.~:*~.>" ~ . . . . .  ' 
lie (a) o r  mo~oz~ttc!car c o o r d i n a t i o n  compou>.ds  [b.c} 

perform this task are sketched for an arbitrary two-electron oxidation process. A 
widespread strategy rot]owed in both biological and artificial systems is ~he storage 
of  charges at polynuclear active sites [2.6, !4-2l  1. Or; the oti~er hand. mo~onucIear 
metaI complexes can act as efficient MET reagen{s wher~ever additiona! redox 
equiva!ents are ~su,~.pAied by an organic !igand (L) [I4,22-24]. or when the complete 
transfer of 'a coordinated fragmen{ ( X } is possible [25-27]. Frequently the sttbstrate 
molecules IS} flaemseives a~'e involved as iigands or are attached by hydzogen 
bonding in the course of" their tra~sfc, m~aticn. 

] 'he catalytic disruption and formation of  chemica~ bonds resulting i~ pern>me~t 
redox products requires a reversil)le c3"ciiP~g be~weev_ a~ !eas.r z'4'o aeob!e f~,rma/ oaido~ 
tigm stares of {he system, while at the same time the cage-escape of metastable radical 
h~termediates must be s~ppressed, in memHoenzyme catalysis this deiicate kir~etic 
balance is :hougBt to be controlled by addi*&mai strain energy {mFosed by ihe 
proteha fold ~2~. A comparable situation may be achieved by ttae photo~:hemica1 
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Fig. 3. Three-we~ted potential energy diagram for a net two-eleciron lransfer process between reactants 
(R), metas~_able one-electron intemledmtes ',!} and produc~s (P). ActivationRss pbotoir)duced electron 
tran~;fer is facilitated by a strong electronic coupli~g between the sttrfaces of the exci~.ed reactan{ asse,nbly 
{ R+! a,r~d the intermediate stale. 

activation of  a light-sensitive metal complex. The promot ion  of  an electron in a 
transition involving predominant ly  metaMocaIized orbitais of  a coordinat ion corn- 
poured [29+30J can be regarded as a straightforward method to change the formal 
oxidation state at a certain substrate binding site. However,  an overall double 
electron transfer [31] may be triggered o~_ty whe~t the photoinduced primary step 
leads to an energy-rich intermediate state that tends to undergo rapid stabilization 
by a second ET process competing with back electron transfer. This situatim~ is 
visualized in Fig. 3, lbttowing the established concepts of  single eRctron ~ransfer 
t heow [32L A maximum probabil i ty for the desired MET cascade should occur 
when the reacting centers are in close prox,2mity, the orbital symmetries are favoraNe.  
and the nuclear coordinates o f  the excited state }nvoIved are already distorted toward 
the product  geometry (adiabatic eRctro+l tra~sfer [! 5,32]}. 

Photoact ive r+ai~:, .grou[~ m e t a l  cen ters  [33] are the smallest o f  aH possible buildh~g 
blocks for the design of redox systems that can be characterized by the type of  
potential energy diagram depicted in Fig. 3. llx combi,+atio,~ wi lh  char.ge s tabi t iz i i ,g  

li2"a;zds the thermodynamic accessibility and td,aetic reactivity of  odd-electron in~er- 
mediates it~ mare group c!~emistry [34,35] a]lows the tailorir, g of  mouormcRar  
multietec~ron transfer catalys~s. 

30 Porp~yria+based M E T  p|mtosensRizers 

Porphyrms and related ~etrapyrroR c(m~>und~ represen~ the m,ast important'. 
c l a s s  oJ+" ..¢n.'51~ ~.+i?or.¢ . . . . . . . .  in both na~ura! a,'~d .... :#. ..+ ~'~6 ..... mck~ photosynthesis ~.. el. iil addition to 
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Fig, 4. Subslra~e binding si:v~ and e!cctron tra,ns!'er pa~l~wa2~:, in me,~aiiopori~hsTm complexes. 

their excellent tight-absorp~ion properties° they are very versatile chelating reagents. 
Porphyrin tigands are able to complex almost every metal and severaI other elements 
of the periodic table [37]. In ma~,~y cases low- and high-valent states of a coordinated 
central atom ar-," stabilized. The axial positions of metalioporphyrin complexes play 
a cruciai role in the reversibie binding and activation of substrates {Fig. 4}. By a 
variation of subst~ments the redox properties of symhefic porphyrin derivatives are 
readily tuned over a broad rap4e of potentials |38-40]. The relative rigidity and the 
ex~tensive deloca!ization of the macroeyc!ic rh~g tend to minimize !he inner-sphere 
reorganization energy [31 ] associated wi~l~ an equatorial electron transfer (Fig. 4L 
which therefore is a very rapid process [4! ]. Acting as intermediate charge rese~'oh's. 
porphyrin ligands are predestined '~o support multistep redox reactions involving 
electrons of the central atom and its axial coordi~ation ~phere. Many of the,~e 
features have been exploited h~ synthetic MET catalyst systems based on mono- or 
polynuc!ear tetrapyrrole derivatives [6, 22, 24A2-45J. 

Certain metaltoporphy:'ins achieve an efficient fusion of the complementary func- 
tions of a tight-harvester, a photoredox imerf~ce, a ,-,ubs~.rate recognition site and a 
mediator of chemical reactim> ~n fltis case a single c;2taDst moiec~ale combines ;.fit 
the components needed for the development of an arfificia] photosynthetic :-eac!ion 
center (Fig. !), Such compounds that rely on static spectral sensi~;ization [46} ha 
order to trigger the homogeneous photoca{a!yfic [47 49] multiple electron vedox 
transformation of substrata molecules have been termed ~,~;~d~ie/ec~ron z,~n.}~< 
,," pho.*o ) ser~si* iz~'r,v [ 22 

4, A~rt{mo~5: po~'pbyrff~s in p~mtoca~:ab'~ic MET rescale.ms 

Considering ~he acce.~sibi!ity of their f<wmal oxidation states [501. ~in. iead o.r 
antimony porp~yrins are the logical starting points ~\>r ~l~e desigt~ of M}:~T pho~oser> 
si~izers ~.,sing tetrapyrrole type iigands and redox-;,.clive main group ekm~ents. The 
anth'not~y comple×es are ionic, either [(L}Sbm]*Y- o!" [{L}Sb~tX)e]-Y-~ where 
X ~ der:otes an anionic a×ia! hgand. Y- is a counterion, and L:-  stands I\~r the 
corresponding porphyrinnlo tigand. 

While long-term photoca~aly{ic applications of tin a,nd lead porphy:;'m~, are ham- 
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Fig 5. Typicat absorption spectrM vm-k~lions during the nel t~>electron iIltercollvelsto~l bel~,~een lm~.- 
and high-v~denl anlm~ony octaethvlporph}rin complexe~ in ethat],~l salulion at 208 K 1531. 

pered by their less stable Sn( Ii } and Pb( iV } oxidation states, a reversible switching 
[_2,~1-53] betweer~ the low-valent {s ~) and high-valent (s °} electron configurat ions 
of  an t imony  porphyr ins  is possible over  m a n y  redox cycles ( Fig. 5), tn the course 
o f  this photoassis ted [48] process, various permanent  products  resulting f rom bimo- 
lecutar two-eiectron translier reactions with st:bstrate molecules can be accumulated 
(Table 2 }. A consecutive iransformatim~ of  pr imary products  has also been achieved 

f [51,55], leading to the following _our-e~ectron reactions: 

cyclohexmle + H 20-~ 2-cyclohexen- 1 -one + 4 H + + 4e " { 2 ) 

O,  4- 4H " + de -  - , 2  H ,O { 3 ) 

The format ion  oi" secondary redox products  can be controlled aud widely suppressed 
by a variat ion of  the substrate to phoiocata lys t  ratio. This is illustrated in Fig. 6 
and I:ig. 7 for the n(m-radical activation of  dioxyaen sensitized by a m  mony{ Il l  ) 
porphyrins  [5t] .  Due to some secondary photolysis,  the quan tum yield for the 
!\~rmation of  the initial two-electron product ,  hvdroeen pero,cmc, typically decreases 
in t~e course or  ~[ae reaction (Fig. 6}, While the yield of  H~Oe lk~rmed can be 
optimized al low metailo]>orphyril~ concentra~tions ( Fig. 7 ), an overall four-elecu'on 

Tablc 2 
~-L'qtl~' !7h{ll{.',E'!iC, ~ t t2 I1 I~*¢!~v'~ lcdt,7[]¢~rt% ~.g'n4iIiY~2',~] ~3  ~11][tll!i?li} ~,Ol-] ' l | l}l ' i l l~,  

0,~-2i~' +2e -,!I_.O. 
3Br *Br~ -~2e 
Ct  I -CI  { : 0 t  I ~ r . ' l  t g ' t  i { )  + 2~ i " .~. 2~: 
cyclol~cxcnc ,. i I,O -~2.c',dohc,vn-I -~1 , 21t " .~ 2c 
20[{ ..... I{:O: .~- 2e 

I54 i  
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process tha~ resemb!es the respiratory O, tra~sformation mediated by cytochrome 
c oxidase [101 according to Eq. (3t may also be favored. 

A similar sequence of consecutive two-electron transfer steps is observed during 
the photolysis of antimony porphyrh: complexes with axially ,-7-bonded a!kyl substit,- 
uents [56,57]. For example, the pho~ochen,,ical oxida~,:ion of axiai methyl liga~ds 
can be driven to com.pJete~ess., according to the f'o~!owing overall stoichiometry: 

CH~ ~ + 3 H , O - , O H -  +SH+ +Se~ +CO~ ~4) 

This process is of considerable imerest for the eata!ysis of low-tempera~.ure ,:nethave 
eonversio~ in homogeneous phase, including applications in fuel cell te.ch~oiogy, 

The overall efficiency of  ,~malt molecule redox transforma~ior~s ca~.a!yzed by MET 
photosensitizers such ~s antimony porphyrin compiexes woe~d certa[~ly be mv~ch 
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higher if all the consecutive two-electron steps involved could be driven at the same 
substrate binding site. ha fact. this important feature might be achieved simply by a 
combination of the basic strategies described m Fig. 2. As an example, the two- 
electron photooxidalim~ of hydroxide ions catalyzed by antimony porphyrins 
(Table 21 might possibly be changed i~lto a four-e!ectron process by using cofacial 
diporphyrin ligands [42], Future efforts in this field therefore should concentrate on 
tt~e possibilities of  incorporating redox-active mare group metals into porphyrin 
dimers or simiIar cooperating polynuclear assemblies. In this context, it is interesting 
to note that first attempts to synthesize dinuclear porphyrin complexes bearing 
antimony and other main group element central atoms have recently been started 
[58i. 

5. C~ne~uding remarks 

In this review an attempt has been made to provide some general guidcIines tbr 
the design of homogeneous multietectron transfer (MET)  catalysts based on photore- 
adive meta! complexes, it has been outlined that the sta{ie sensitization of MET 
reagents allows a minimal structural approach toward artificial photosynthetic and 
oxidoreductase type reaction centers. Although our knowledge in this exciting field 
at the crossroads of homogeneous catalysis, bioinorganic chemistry, and the photo- 
chemistry and photophysics of coordination compounds is still very limited, a novel 
cot?cept of bionic photoca:.at'~,sL; seems to evolve. This promising strategy tries to 
apply light-induced instead of protein-mediated energetic and structural changes at 
a substrate recog~ition ske for the,fi~ncHona[ modeling of difficult chemical trans- 
formations that had been restricted ~o the expertise of metal!oenzymes. 
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