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1 Introduction 
The photosynthetic process, and especially the rapid electron-trans- 
fer reactions occurring within protein-bound pigment complexes, 
has both fascinated and inspired scientists for many decades 
Following from elegant biophysical investigations, including 
mutagenesis, and allowing for X-ray crystallography, much is now 
known about the intimate structure and reaction pathways of bacte- 
rial photosynthetic reaction centre (RC) complexes * The main 
function of the RC is to generate an energy gradient, using succes- 
sive electron-transfer (ET) processes to span the cytoplasmic mem- 
brane During photosynthesis extremely long-lived, charge- 
reparated states Jt1,2> 1 s) are formed, the redox sites being widely 
spaced ( t a  70 A), with the unitary quantum efficiency for charge 
reparation (CS) being achieved by virtue of a large expenditure of 
(photonic) energy The cascade of ET steps that provides for long- 
range CS includes many individual reactions, each of which is suf- 
ficiently exergonic so as to be capable of competing with the 
inherent reverse ET process This unique feature of the RC has been 
an important stimulant in the motivation for designing artificial 
molecular systems aimed at mimicking the structure and/or func- 
tion of the bacterial photosynthetic RC We note, with interest, that 
the initial (rapid) ET reaction occurs between large macrocyclic 
ringrl * and ir followed by slower reactions that involve quinones 
and haems In the latter case, ET occurs at the metal centre, not on 
the tetrapyrrolic ring, with the fastest reaction requiring 270 ns 

Synthetic models of the RC complex have advanced consider- 
ably in recent years, especially those based on covalently-linked 
porphyrin-quinone entities,3-6 and many are able to mimic some of 
the essential features of the natural system We have concentrated 
on modelling the primary ET step between tetrapyrrolic nuclei that 
occurs within 3 ps in the RC complex,8 despite the 17 8, centre-to- 
centre separation (Figure 1 )  In particular, we have shown howjudi- 
cious incorporation of transition metals into the structure can 
influence the subsequent reactivity Our basic strategy is illustrated 
in Figure 2 where it appears that transition metal centres can be used 
either to control the electronic properties of the bridge between 
donor and acceptor, and thereby modulate the rate of ET, or to 
assemble well-oriented structures containing terminal donor and 
acceptor porphyrinic subunits Zinc(rr) and gold(nr) porphyrins 
have been selected as donor and acceptor, respectively, because of 
their highly favourable spectroscopic and electrochemical proper- 
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Figure 1 A fragment of the RC, as isolated from Rhodopsrudomonas 

1 iridrs with labels provided for the special pair of bacteriochlorophyll 
molecules (P) which acts as the primary electron donor the accewory 
bacteriochlorophyll (B)  which mediates ET the bacteriopheophytin (H) 
which is the primary electron acceptor, the menaquinone (Q,) which i$ an 
electron relay and the ubiquinone (QB) which is the hnal electron accep 
tor Note the presence of a non haem iron atom and that ET involves only 
the labelled pigments (L branch) The unmarked bacteriochlorophyll and 
bacteriopheophytin molecules (M branch) do not appear as redox inter 
mediates See refs 1 and 2 for original descriptions of the RC 

ties They represent acceptable, albeit crude, models for the bacte- 
riochlorophyll special pair (primary donor) and bacteriopheophytin 
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Figure 2 The principle whereby a tranwion metal centre (black dot) that coordinates to appropriate chelating ligands (solid arcs) can gather redox and/or 
photo active porphynns (lozenges) into a single assemblage Note the two porphynn rings, which can differ by virtue of their substitution pattern and/or 
central metal cation, may be attached to the same ligand or to separate ligands In both cases, formation of the central complex is essential In the upper 
line, it will govern the electronic properties of the spacer connecting the two porphyrinic chromophores, whereas in the second case (bottom line) the metal 
will be the assembly point necessary for formation of the multicomponent molecular set 

I :  M = 2 H  energy transfer 
2:  M = Au(lll) electron transfer 

Figure 3 Structure of the 2,9-diphenyl- 1,lO phenanthroline bndged bis 
porphyrin illustrating the oblique arrangement of the porphynn rings 
Note the bis( 3,5-ter t-buty1)phenyl groups have been omitted from each of 
the vacant meso-positions for clarity of presentation These substituents 
provide an important label for 'H NMR studies and increase the solubil- 
ity of the bis porphyrin in organic solvents At least one of the porphyrin 
rings can be selectively excited with light of an appropriate wavelength 
while the nature of the second cation (M) controls the photochemistry that 
follows absorption of a photon by the zinc(rr) porphyrin subunit 

(primary acceptor) present in the RC It is important to realise that, 
for this pair of porphyrins, redox chemistry occurs exclusively at the 
macrocyclic ring and not at the metal centres As such, bis-por- 
phyrins formed from these modules differ from the well-studied 
analogues containing iron(rr1) or manganese(rI1) porphyrins 

Two types of asymmetric bis-porphyrins can be envisaged, 
namely ( z )  oblique structures having both porphyrin subunits 
attache; to a single Iigand,1° giving a centre-to-centre separation of 
cu 14 A, and ( I I )  linear structures having only one porphyrin p&r 
Iigandll and in which the centre-to-centre separation is cu 30 A 
The synthetic approaches differ markedly for the two classes of bis- 
porphyrin but both involve isolation of a chelating ligand bearing 
the necessary functionality that permits subsequent construction of 
the porphyrin ring The ligand has to remain sufficiently accessible 
for complexation with appropriate metal cations so as to form well- 
defined metal complexes of correct stoichiometry 

2 Oblique Bis-porphyrins 
Oblique bis-porphyrins such as 1 and 2 (Figure 3) are obtained in 
multi-step procedures from 1,IO-phenanthroline, with controlled 
metallation of the corresponding free-base porphyrin precursor I 2  

The X-ray structure obtained for the corresponding bis-zinc (11) ana- 
logue l indicates a Znfl-Zntr separation of cu l 3 6 8, (Figure 4), the 
shortest porphyrin edge-to-edge separation being ca 8 5 8, Of 
course, the shortest through-bond (edge-to-edge) pathway exceeds 
even the centre-to-centre separation, and is estimated to be ca 22 

Figure 4 X Ray crystal structure obtained for the symmetrical bis zinc 
complex having the same organic backbone as 1 and 2 It is assumed that 
the general geometncal features of the bis-porphynn are only slightly 
dependent on the nature of the metals located in the coordination sites 
The Zn Zn interatomic distance is 13 7 A in the present structure 

A The subsequent photochemistry of the bis-porphyrin I S  con- 
trolled by the choice of the second cation M, such that rapid energy- 
(M = 2H') or electron-transfer (M = Au"+) processes dominate 
upon excitation of the appended zinc porphyrin Energy transfer 
most likely proceeds vzu Forster-type dipole-dipole transfer,I4 as 
has been observed for many other covalently-linked bis-porphyrins 
having either alkyl or aryl bridges With respect to photoinduced 
electron transfer, the oblique bis-porphyrin 2 is unique among 
model systems in that both porphyrin rings are photoactive, thereby 
permitting facile comparison of the photochemistry occurring 1. za 
singlet and triplet excited states l 5  I 6  

Laser flash photolysis studies carried out with 2 in acetonitrile 
solution at 25 "C have been used to elucidate the reaction pathway, 
together with rate constants for individual steps, following selective 
excitation of either porphynnic subunit (Figure 5 )  I The excited 
states of both porphyrins ( I  e , singlet and triplet for the zinc por- 
phyrin and triplet for the gold porphyrin) undergo intramolecular 
electron transfer to form a common radical pair, which persists for 
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Figure 5 A pictorial representation of photoinduced electron transfer in the oblique zinc(ir)-gold(1rr) bis-porphyrin 2, following selective excitation into either 
porphyrin subunit, giving the lifetime of each intermediate species as measured by transient spectroscopic studies made in acetonitrile at 25 "C 
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Figure 6 (a) Template synthesis of porphyrin stoppered 121- and [ 3 ]  rotdxanes The macrocycle (A) incorporating a coordinating fragment (thick line) inter 
acts with a metal centre (black dot) and an asymmetrical open chain chelate (B) beanng a single porphynn and a precursor function (X) which is small 
enough to pass through the nng After the threaded intermediate (C) I S  formed, the second porphynn nng is subsequently constructed, giving ri5e to the 
transition metal complex-containing rotaxanes (D) and (E) Demetallation leads to the free-ligand rotaxanes (F) and (G) from (D) and (E), respectively By 
applying the strategy described above [the hatched lozenge now represents a gold(rI1) porphyrin and the templating metal is a copper(1) cation], an asym 
metrical bis porphyrin of type (F) is obtained (white lozenge symbolizing a free-base porphyrin) (b) This free coordination site can be metallated with 
zinc(ii) to afford the [2] rotaxane 3 Owing to the synthetic procedure necessary for assemblage of these rotaxanes, the porphyrinic subunits bear different 
substitution patterns Note, the substituents on the porphyrin rings (see Figure 7) have been omitted for clanty of presentation while the overall charge on 
[2]-rotaxane 3 is + 2  

about 600 ps before undergoing charge recombination (CR) to 
reform the original species The radical pair is formed from the 
excited singlet state of the zinc porphyrin in ca 55 ps 
(AGO = -0 75 eV, edge-to-edge distance = 8 5 A) compared to ca 
3 ps for the corresponding process in tbe RC complex 
(AGO = -0 39 eV, edge-to-edge distance = 9 5 A) l 7  Furthermore, 
whereas the rate of the primary ET reaction occurring in the RC 
complex is essentially independent of ternperature,lx 2 exhibits both 
a significant activation energy in solution (Ed = 0 009 eV)I9 and a 
1 10-fold decrease in rate of ET on moving from fluid solution at 
25 "C to a frozen glass at 77 K 20 Under the latter conditions, the 
radical pair could be detected by EPR spectroscopy 

Detailed mechanistic studies19 were found consistent with photo- 
induced ET between the terminal porphyrin subunits in 2 occurring 
via orbitals localized on the bridging 1,lO-phenanthroline spacer 
At first glance, we might find the rate of ET in 2 surprisingly slow 
if the process involves superexchange with the aromatic bridge 
since ET through such moieties can be rapid 21 In contrast, the 
protein medium surrounding the reactants in the RC may involve a 
substantial attenuation factor," causing the rate of ET to depend 

critically on separation distance For 2, there was no indication that 
CR within the radical pair involved a superexchange mechanism 
and, in fact, this process might occur through the intervening space 
occupied by solvent molecules This being so, it was considered that 
the rate of the forward ET step, but not that of CR, could be modu- 
lated by varying the energy of the LUMOs and/or HOMOS on the 
spacer moiety The latter situation can be realised by incorporating 
the bridging 1,lO-phenanthroline ligand into a [2]-rotaxane (Figure 
6) 22 Synthesis of the [2]-rotaxane 3 relies critically on the templat- 
ing role of Cul ions, a strategy used successfully to prepare molec- 
ular knots23 and other such exotica,24 with the same reaction 
favouring formation of the corresponding [3]-rotaxane 4 (Figure 
7) 2 5  

Following selective excitationz6 into the zinc(i1) porphyrinic 
subunit of the [2]-rotaxane 3 the corresponding radical pair was 
formed in ca 1 ps, a 55-fold increase in the rate of ET relative to 
the corresponding bis-porphyrin 2 In competition with CR, the zinc 
porphyrin 7r-radical cation oxidizes the central Cu' complex (Figure 
8) before the original ground-state species is restored By removal 
of the copper(1) cation from [2]-rotaxane 3, giving rise to 5 ,  and 
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Figure 7 Structure of the copper(1) containing 131 rotaxanes having a central octaalkyl diphenyl porphyrin and terminal gold(rrr) tetraaryl porphynns Note, 
subrtituents on the zinc(1r) and gold(ir1) porphyrins are the same as for the corresponding [2] rotaxane illustrated in Figure 6(b) The [3]-rotaxane 4 is 
obtained in 32% yield while the same reaction affords the corresponding [2] rotaxane 3 in 25% yield The overall charge on compound 4 is +4 
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Figure 8 A pictorial representation of photoinduced electron transfer in the copper(1) containing [2]-rotaxane 3 having terminal zinc(i1) and gold(1Ii) por- 
phyrins, following selective excitation into the zinc(l1) porphyrin subunit, giving the lifetime of each intermediate species as measured by transient spectro- 
scopic studies made in acetonitrile at 25°C Note, the central copper(1) cation is represented by a black dot and carnes a positive charge 

subsequent insertion of a zinc(i1) cation to form 6 (Figure 9),z7 it was 
possible to establish a good correlation between the rate of the 
forward ET process and the reciprocal of the energy gap between 
the relevant orbitals on the porphyrin excited state and on the bridg- 
ing ligand Noteworthy, 'H NMR investigationsz5 provided 
unambiguous evidence that [2]-rotaxanes 3 and 6 possess the same 
geometry, thus facilitating comparison of the two systems solely in 
terms of their electronic properties This finding is entirely consis- 
tent with a superexchange mechanism involving molecular orbital5 
resident on the bridging 1,lO-phenanthroline moiety The rate of CR 
was hardly affected by these changes in molecular architecture As 
such, this strategy permits design of systems capable of rapid 
forward ET but relatively slow CR It should be noted that, for syn- 
thetic convenience, the nature of the zinc porphyrin donor present 
in the [2]-rotaxanes differs somewhat from that used in the simple 
bis-porphyrin This change affects the driving force for the various 
ET steps and, because of adjacent alkyl substituents on the pyrrole 
rings, forces the connecting phenyl ring to become essentially 
orthogonal to the plane of a porphyrin ring 

Despite the slightly larger edge-to-edge separation and smaller 
driving force (AGO), the rate of the primary ET step in the RC 
complex is much faster than that found for 2 at 25 "C The elec- 
tronic coupling matrix element estimated for the RC complex 
(V = 25 cm- is also significantly smaller than the correspond- 
ing value (V = 85 crn-[)19 measured for 2 However, the high rate 

of ET characteristic of the RC complex arises because the driving 
force is comparable to the total reorganization energy (A) associ- 
ated with ET, such that the activation energy ir close to zero and 
reaction occurs at the apex of a Marcus-type energy-gap profile 
[Note, in its simplest form, the activation free energy change may 
be expressed as AC* = [(A + AGo)2/4A], where A is the reorganiza- 
tion energy accompanying electron transfer and AGO is the thermo- 
dynamic driving force for electron transfer This expression holds 
well for ET in the normal (z e , - AGO < A) region but needs to be 
modified to allow for high frequency quantum modes, usually 
represented by a single (average) vibrational frequency, when 
applied to ET in the inverted region ] For 2, this is not the case 
(- AGO = 0 5A) and ET occurs well within the 'normal' region of 
the Marcus-type parabola Indeed, the activationless rate of ET 
( I  e , - AGO = A) for 2, extrapolated from temperature and solvent 
dependence studies,I9 corresponds to a lifetime for the excited state 
of the zinc porphyrin of ca 6ps For the copper(1) [2]-rotaxane 3 
we note that -AGO = A so that, as for the RC complex, the rate of 
ET is at a maximum It should be noted, however, that although 
formation of the radical pair in the [2]-rotaxane 3 occurs on the 
same time scale as forward ET in the RC complex the inherent rate 
of CR (k  = 2 X lo9 s I ,  AGO == - 1 2 eV) in these various bis-por- 
phynnsz7 is much faster than that found in natural RC complexes 
( k  = 2 X lo7 s- '  AGO = -0 9 eV) This situation most probably 
anses because CR for the RC complex (-AGO = 3 6 A )  occurs well 
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Figure 9 Sequential removal of copper([) from [2]-rotaxane 3 with cyanide ions, giving rise to 5 ,  and insertion of zinc(n) into the vacant coordination we \o 
as to form the zinc(i1) containing porphyrin stoppered [2]-rotaxane 6 Lifetimes for the zinc porphyrin excited singlet state, as quenched by intramolecular 
electron transfer to the gold(rrr) porphyrin, are provided for each of the [2]-rotaxanes Note, substituents on the porphyrin rings, which are the same a\ 
shown on Figure 7, have been omitted for clarity of presentation while the overall charge on 6 is + 3  

Figure 10 Strategy used to assemble asyrnmetncal bis porphyrins around a central transition metal cation (black dot) The basic module consists of a por 
phyrin (lozenge) covalently attached to a chelate (arc of a circle) Provided the transition metal complex is resistant to Iigand-exchange processes, stepwise 
ET can be envisaged after selective illumination of a porphyrin ring 

within the Marcus inverted region whereas that for the model 
\ystems (-AGO == 1 3 h )  is much closer to the apex {Note, when 
considering ET reactions occurring deep within the inverted region 
it  I \  necessary to allow for the magnitude of the electron-vibra- 
tional coupling strength [S, = 4 / 2 ,  where A,  is the change in 
equilibrium configuration for the particular (z e , averaged) vibra- 
tional mode expresced in units of the root-mean-square displace- 
ment at the zero-point energy] For the RC, S, is small so that the 
rate of ET should decrease rapidly with increasing driving force 
For isolated porphyrinic subunits, however, S ,  3 0 5-1 such that 
the inverted effect is less pronounced and the rate of CR will 
decrease more gradually with increasing driving force } 

3 Linear Bis-porphyrins 
Having demonstrated, by virtue of [2]-rotaxane 3 being a reason- 
able model for primary ET in the RC complex, the efficacy of transi- 
tion metal ions like Cul towards tuning the electronic properties of 
the bridge, it is opportune to expand the role of the metal complex 
Thus, the transition metal cation used to modulate electronic cou- 
pling between donor and acceptor can be employed also as a tem- 
plate, capable of gathering and orienting the two porphyrinic 
components 25, The Iigand to be attached to each porphyrin and the 
binding mode used to assemble the two modules into the final con- 
jugate were selected so as to facilitate strict stereochemical control, 
especially with regard to the distance between the various electro- 
and photo-active components It was further considered that uni- 
dimensional structures were particularly well adapted to accommo- 
date multistep ET reactions, eventually leading to long-lived and 
spatially-remote CS states Although there have been several 
 report^^()-^^ describing porphyrin-metal complex dyads it was 
decided that linear, rigid structures could be achieved most readily 
using 2,2’ 6’,2’’-terpyridine as the chelating ligand This required 
access to novel materials bearing appropriate functional groups 

The general strategy for making these one-dimensional multi- 

component molecular systems is illustrated in Figure 10 In princi- 
ple, a single complexation step should facilitate assembly of a bis- 
porphyrin by gathering two relatively simple (porphyrin- 
containing) molecular modules around the central transition metal 
In addition to serving as a bridge between the terminal porphyrins, 
the metal complex so formed could also act as an electron relay 
Indeed, in the corresponding mono-porphyrinic dyads 7 and 8 
(Figure 11) it was observed3S that fluorescence from the porphyrin 
was extensively quenched due to rapid electron transfer to the 
appended metal complex The presence of a phenyl ring between 
porphyrin and terpyridyl ligand plays a crucial role since, by decou- 
pling the reactants, it slows down the rate of CR from fs to ns time- 
scales For example, with ruthenium(1r) bis-(4’-phenylterpyridyl) d\ 
spacer, CR is sufficiently slow ( I  e , 2 ns) to permit engineering of 
triads in which successive ET steps can compete with CR (Figure 
10) In these latter triads, excitation into the terminal zinc por- 
phyrin results in ET to the central ruthenium(I1) bis-terpyridyl 
complex, followed by secondary ET to the appended gold(m) 
complex (Figure 12) 36 Consequently, ET occurs by two consecu- 
tive steps over a ZnlI-AuIil separation of ca 30 A, rate constants for 
individual steps, as determined from laser flash photolysi, studies, 
are indicated in Figure 13 It is interesting to compare the lifetime 
of 33 ns measured for the ultimate charge-separated state in the triad 
with the value of 2 ns found for that in the corresponding ruthe- 
nium(I1)-containing dyad since this illustrates the advantage of 
using a multistep ET pathway Light absorbed by the central ruthe- 
nium(ii) complex in 9 is transferred to the appended porphyrin,, 
most likely via a Dexter-type electron-exchange mechanism 

In triad 9, the primary ET step leading to reduction of the central 
Ru” complex (AGO = -0 25 eV, edge-to-edge separation = 7 A) 
requires 50 ps at 25 “C and is essentially quantitative 36 This rela- 
tively slow rate of ET arises because of an almost orthogonal align- 
ment of the bridging phenyl ring, which restricts electronic coupling 
between the reactants (V = 12 cm I ) ,  and from the fact that ET 
occurs well within the ‘normal’ region (-AGO = 0 5h) However, 
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7 M = Rh(lll) 8 M = R ~ ( l l )  

Figure 11 Structures of the photoactive dyads 7 and 8 containing zinc(1r) porphyrin and rhodium(1n) bis-terpyridyl subunits A bridging phenyl ring can be 
used electronically to decouple the redox-active subunits, as can be seen by examination of the relevant rate constants for charge separation (k,J and charge 
recombination (kJ measured in acetonitnle solution for 7 (kcs = 3 X 10" s-', k,, = 8 X lo9 s I) and the analogue not having the bridging phenyl 
nng (kcT = 2 X 1 0 ' 2  s-I, k,, > 4 X lo1* s-I) The tripartite compound 7 is classified as a dyad, rather than a tnad, since it contains only two different redox 
centres Note that rhodium(r1r) can be replaced by ruthenium(I1) with only a slight modification in the observed rates of electron transfer 

9 
hv 

Figure 12 Structure of the bis-porphynn-containing triad 9 with the time scales of important ET steps being indicated The central ruthenium(l1) bis-ter 
pyridyl complex serves to gather and onent the terminal porphyrins and to act as a redox intermediate in the ET pathway leading to formation of an inter- 
porphyrin radical pair This complex is not involved as a redox intermediate in interporphyrin charge recombination 

(2 10 
I I  
I I  88 eV) 

331 ns 
I 

ground state 

Figure 13 Overall reaction scheme for the ET pathway that follows upon 
illumination of the zinc(I1) porphynn subunit in tnad 9 The various 
energy levels are obtained from spectroscopic and electrochemical 
measurements while the lifetime for each ET step has been determined by 
transient spectroscopy 

primary CR IS also slow becduse reaction occurs deep in the inverted 
region (-AGO = 4h) and this permits secondary ET, resulting in 
reduction of the gold(ir1) porphyrin to occur with a yield of ca 60% 
Ipterporphyrin CR occurs over an edge-to-edge separation of ca 20 
A and takes place on the same time scale ( k  = 3 X lo7 s AGO = 
- 1 2 eV) as primary CR in the RC complex, despite the much larger 
separation that prevails for the model system Again, this situation 
can be explained in terms of a Marcus-type energy gap profile since 
CR in the tnad (-AGO = 1 7A) is expected to occur near to the apex 
It is interesting to note that in the corresponding triad having a free- 
base porphyrin in place of the zinc porphyrin the initial light-induced 
ET reaction still takes place despite an unfavourable driving force 
(AGO = 0 eV) In this case, interporphyrin CR is slower ( k  = 1 X lo7 
s-1 AGO = - 1 4 eV) than found for 9 It is also noteworthy that for 
9 the interporphyrin radical pair survives for several microseconds in 
an ethanol glass at 77 K 

4 Conclusion 
We have indicated that photoinduced ET between terminal por- 
phyrins can occur across an interspersed metal complex, the Iatter 
species appearing as a virtual or real redox intermediate, over dis- 
tances relevant to the RC complex (Figure 14) Our model systems 
developed to date, although capable of high rates of ET, do not 
possess optimal thermodynamic properties with respect to the 
mutual relationship between AGO and h which is an integral feature 
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Figure 14 Companson of natural and artificial porphyrin assemblages (a) Fragment of the RC showing the primary electron donor (P) and acceptor (H), 

together with the bndging bactenochlorophyll (B) (b) Corresponding porphyrin stoppered [2]-rotaxane 3 where the donor IS a zinc porphynn, the accep- 
tor is a gold(m) porphynn, and the copper(1) bis 1,lO-phenanthroline complex serves as the bndge (c) Bis-porphynn based triad 9 where the donor is a 
zinc porphyrin, the acceptor is a gold(ir1) porphynn, and the interspersed ruthenium(1i) bis-terpyndyl complex provides the bndge Only in the latter case 
does the bridge also act as a redox intermediate in the forward ET process 

of the RC Future model systems will need to take better advantage 
of this relationship in order to maximize rates of CS and, at the same 
time, minimize rates of CR It is also apparent that close attention 
must be given to the preferred orientation of any bridging phenyl 
rings since this can influence the extent of electronic coupling 
between appended redox-active subunits Indeed, the inadvertent 
positioning of alkyl substituents on the tetrapyrrolic macrocycle 
may make a major contribution to this effect, we have, however, 
demonstrated the necessity for such bridges Even so, triads such as 
9 can be considered as belonging to a family of molecules that 
represents a genuine modular approach to construction of multi- 
component molecular arrays having a logical and well-defined 
arrangement of the subunits, as in the RC, and which allows for a 
cascade of ET events The availability of a gradient of redox centres 
is an important, if not essential, aspect of designing molecular 
systems capable of circumventing CR and, thereby, realizing long- 
lived, widely-spaced CS states 37 3x The modular approach advo- 
cated here represents a viable and highly versatile alternative to the 
common, and successful, practice of using only covalent bonding to 
assemble giant arrays It provides new opportunities for the 
construction of elaborate molecular architectures that closely 
resemble the RC complex In particular, the methodology can be 
readily adapted to synthesize higher-order oligomers possessing 
quinoid and/or haem-like redox centres that could serve to extend 
the ET sequence so as to cover many redox partners 
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