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Abstract 

The atkmp@n a+ sfat&. emissi~ j&err+ of several sekctively kmlated quinone-s-t4 
porphyrin dhks and conttoI comltontkls are d&c&d. Wheteas the &sub&ined metal&e and bis&c 

’ dimers 16; B, 17, and 2fkgive rise to fluorescenceemissionapectracharac~~ 
base and xinWomainiIlg 

‘e of typiual tiomexic fme- 

display emission spectra c 
& hyrlus (e.g, W and 14), the comspondingjl @imcq (15 and $88) 

stic only of f&&ase por$lirins, indicating that rapid &&hernnc eneigy 
transfertakesplace~thcr~aad~Etlbunitsindmse~~~ hrhecasoofthe 
conttol monomers, dimct covalent attachment of a ’ 
able fluorescence emissions Sit&& results -are o 

uiuone subunit (to 
b&led zv m the case of 

e 9-4 serves tp queuch all detect- 
e metal&e (3). KS-iiiic (4). and 

I’distaP monomemlamd matu-lals (2),in either 2Wlethyl THF or tolti at nn%n v MU~dhat 

m these sysms qet elm tramfq from the,po@yr$ dhu ensun~e to die qumone is fast compan5.d to the 
zteekerce emission. In the case &f the ln~&#’ monometalated complex, 1, however, a weak but 

~~isohsavad~~the~leL~intoluaroatDom~~,~ 
eating that the built-in energy *barrier pIovid@ by the I’pro~ zinc porphyrhi sub@ is s&wing t&rate of 
net electron transfer. Nodetheless, even in the ‘case of this system, the rate of net ekctrou t&i& remains 
e~~Kigh,~gduatthc~~ulr~~~metalattd’~~~~w~.tbaa~ 
transferpmcess. ThequantuQl~l~faa~~forthismataisllin2-methylTHFis~’ 
tureindependen~iitcmasingbyonl afactai~3upon~~gfrom~m~~to77K. 

_tempem- 

thatthatnete1ecuontlnn&.rfrom X,” ’ 
% s suggests 

dM$ f&e&se Wuilit ,to .the qttinoM is not theamaby activated but 
ted process. A similar conclusion is derived from analogous 

%e?%!~‘k$%~~$8e%!!ahovvever the quantum yields for fluomscence am higher thmugh- 
out the series suggesting that net ellckni &t&&r is llower for these mom open photosynthetiti models. 

,, 

, ‘. 

Introduction 

tTik.crron transfer (ET) t‘eections play a central role in Kology.1” They are a mu&l compo~!t ‘in atide 

range of enzymatic processes and,play” an impomuu role in both photosymhesis~~~~ and mspimmry oxidative 

phosphorylationd The latter piocks is, of course, required for aembic metabolism, and heucu, ‘all hi life. 

In it, eieetks a& transported through a se&s of ~anlers consisting of: 

Coenxyme Q and the heme protein cytochrome c are welldefined, water soluble species which suve as migrat- 

ing links between the other caniers6 Unfortunately, the latter are metalloprotein aggregates with membrane 

bound prosthetic groups and have not yet proved amenable to X-ray structural analysis. As a result, much of 

our current understanding of complex mukisrep processes derives Tom studies of bacterial photosynthetic 
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reaction centers (RW7-9 At present, the RCs am the only membrane bound ET protein for which a highly 

retimed crystal structure exists. They thus represent our best chance to investigate and understand in detail a 

multistep biological ET reaction in aprutein. The extensive experimental and theoretical work on RCs over the 

past few years reflects this point of view, as does the voluminous literature on photosynthetic model systems. 

This perception has been furtber underscored by the recent announcement of the 1988 Nobel Prim in 

Chemistry: It was awarded to Johann Deisenhofer, Hartmut Michel, and Robert Huber for their work in 

determining the X-ray crystal structure of the reaction center tiom Rhudopsetuhotm viridis.7 

Two RCs, those from Rhodopseudomonm viridis7 and Rhodobacter sphaeroides,89 have now been 

characterized #$pmaUy. Six tetrapyrrolic subunits am found at the two very similar active sites; A dimeric 

bacteriochWphyll “spe@algair” (P), two “accessory” bacteriochlomphylls &hls), and two bacter@heo- 

phytins @ph& all held. in a ~ell-detlned but skewed geomet& along a C8 axis of symmetry. lhe Bchls am 

separated from P by center-to-center distances of ca 11 A and interplane angles of ca. 700. The Bphs in turn 

am separated by similar distances and angles from the Bchls. Four of these six prostheuc groups am currently 

considered to detine the relevant electron transport chain. 5 This consists in sequence of the photosensitixer 

(P), an “accessory” Bchl, an intermediate Bph, and a quiuone acceptor (Q). In R. sphaeroides. Q is an 

ubiquinone; in R. viridis, it is a menaquinone. In both cases, Q lies roughly 13-14 A away from the corms- , 

ponding Bph center. Charge separation between P* and Bph entities is known to occur on a time scale of 2-4 

ps with neariy,‘l@k quantum efflclency. 1*JS Furkmore this prpcess~exljhits actlvationless behavior,, 

increasing ihmtc by a factor of two.at l&id helium temperatum.~o~~4 The msultlng PC-Bchl-Bph- charge 

separaa state datr$xist stably for a long period of dme, in the’normal course of events in vivo, ri subsequent 

electron trader to give P+-B&l-Bph-Q occurs in 2&l ps, also with 100% quantum yield? 

In spite’~( t$e availability of the above structural and kinetic data, many aspects of bacterial 

photosymhe&, including the rapid, activatiouless, and efficient natum of the i&al ,charge separation process, 

remain’poorly~uklerst0od.~~4~~ &ie, of the km crucial questions currently being ‘&bated is the role of the 

“intermediate” or,“aecessory” Bchl. Recent subplcosecond transient absorption wrperimnts have Wed to 

provide any e&let& ‘tb+ ‘a Pe-Bchl- state acts as a discrete intern&i@ in the in&l P”-Bchl-Bph ---> P+- 

Bchl-Bph- charge separation pmcess.lO-13 Nonetheless, it seems unlikely that the electron traverses athe ca. 17 

A cent&-to-cent& distance from the P to the Bph in a few ps without the B&l prosthetic group playing an 

important role. An attractive but as yet unproven possibility is that the Bchl facilitates transfer to the Bph via a 

“superexchange” mechanism involving a quantum mechanical mix@ ‘of a virtual Iw-Bchl- state with the 

photoexcited dimer, ~*.lj-l7 Them has been a great deal of controversy (but no definitive resolution) as to 

whether or not such a mechanism is consistent with other experimental observations, e.g. the small singlet- 

triplet splitting of the radicd pair state formed upon charge separation.16J8 Critical as the “superexchange” 

question is, it is important to realize that many other issues remain unresolved. For example, how impormut 

are chronn@ore orientations in controlling the ET rates? Why does charge sepamtion proceed primarily down 
one bran& & the. approximate Cb axis? What is the pm&e role of the protein? How can One explain the 

relatively weaktemperature dependence, the extremely slow back reactions, and the high quantum yield7 

Currently great efforts are being made to modify the natural system (e.g., via prosthetic group mph=emenk1g 

site directed mutagenesis,20 or by applying a large electric fieldzl) and thus examining some of these questions 

mom systematically. Nonetheless, there am fundamental limitations at present in our ability to manipulate such 
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a complicated natural system Model compounds which actually mimic impmtant features of the RC thus have 

a valuable mle to play in unraveling the mysteries of RC function. 

Many model compounds have been pmpamd in recent years in an effort to understand the natural 

photosynthetic systems.22~ Some of these, such as the porphyrin-free donor-acceptor dimers of Millera and 

others,~ the bicyclocctane bridged systems of Dervati and Hopfield and Bolton, capped systems of 

Staab,27 Dolphin,28 Mauzerall,29 Sanders?o and others,31.32 as well as numerous other linked systems.2333- 

35 have proved useful in exploring how various factors, such as distance,25-31 donor-acceptor energe- 

tics,25cJoJ~ and solvent,26~~33~~3~ mediate photoinduced electron transfer mactions. Other mode&~- I 
38 such as the triads and related systems of Gust and Moore36 and triptycenc-derived porphyrins of 

Wasielewski,37 exhibit interesting charge separation proper&. By and large these studies have been very 

informative; they have, for instance led to the unambiguous i&ntification of an inverted region as a function of 

driving force,~~JobJ7 an effect which was masked by diffus~onal limitations in earlier solution studies.4! 

Nonetheless, it is important to realize that in all cases there are substantial dfferences between the models and 

the actuul RCs. Indeed, with the exception of two recently reported quinone-substituted metal-&e dimers,39,40 

(and our own worlpl+ discussed below), all photosynthetic model systems reported to date have consisted of 

a simple monomeric porphyrin substituted with one or more acceptors. Furthermore, with the exception of our 

own work, only one photosynthetic model system, the quinone-capped system of Staab, has been characterized 

structumlly.2~ As a result, model studies have so far provided only limited insight into the critical questions of 

intemhmmophore interactions and multistcp electron transfer outlined above and have failed, as yet, to provide 

much useful mechanistic information about the initial SP*-B&l-Bphe ---> SP+-Bchl-Bphe- charge separation 

process. Given the obvious importance, however, of these issues. we felt that additional model studies would 

be informative. We have therefore prepared and characterized a new series of photosynthetic models: The 

selectively metalated, quinone-substituted “gable” and “flat” dimers 1,2,5, and 6.42 These models provide 

the first “matched set” of photosynthetic models suitable for studying intcrchromophom orientation and encr- 

getic effects in biomimetic systems, and, in the case of 1 and 5, provide the first examples wherein possible 

porphyrin-based superexchange mediated charge separation proccsscs might be observed in synthetic systems. 

In this paper we present the results of static fluorescence quenching studies which are consistent with apparent 

superexchange behavior in 1 and 5; the results of corroborative femtosccond transient absorption spectroscopic 

studies am the subject of a separate report43 

Design Considerations 

An essential feature of compounds 1,2,5, and 6 is that they possess a well-dcfmed conformational 

structum. In other WC& they am not “floppy’l. Init@ estimates of,the inter-subunit orientations and distances 

could therefom be obtained from CPK space filling molecular models. The center-m-center distances between 

the unsubstitutcd “distal” porphyrin (MPd) and the quinone were estimated to be 14 A in the gable series and 20 

A in the flat compounds. Similarly, thecenter-to-center distances between the distal and “proximal” @Pp) 

porphyrin subunits were estimated to be 10.5 A and 12.5 A in the,gable and flat series respectively. Studies of 

CPK models also suggested that in both the gable and flat systems the flanking methyl substituents at positions 

3 and 7 force the porphyrins to adopt a conformation that is perpendicular to the bridging phenyl subunits. 

Moreover, for the same type of reason, the quinone was expected to he perpendicular to the proximal 
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porphyrin. ‘I%e a&able X-my stru& data, th6 full details of which will ti pm&t& elsewhere,4 axe 

consistent with these pr&ictiotis. A si&gle crystal X&y diffraction study’of the monomeiic free-base q&one 

11 has now been compietid; it shows that ‘the $&&e m&e& .&I angle c&840 witi’the po$hy& core, tid 

reveals a center-to-center distance of 6.5 A hetsveen the porphyrin and q&one subunits mgure 1). PrelimL 

nary X-ray structural i~o~tion is also availabie for the biscopper(lI) chelates of the symmetrically substituted 

bis-dimethoxyphenyl-derivitized analo8ues of 16 and 19 (Figures 2 and 3). These structured donfii the 

predicted porphyrin ‘center-to-r&&r distances: The intfam&&dar Cu-Cu separa&ns are 10.5 A atid 12.7 A 
for the gable &id flat systeti respeetiv&l$. These structures also fiveal s&era! othei‘ interestifig slructi 

features. Fat instance, in the flat dimer, the two pordhyrin macrocycles am fotind to be essentislly coplanar 

and perpendicular to the bridging ph&yl ring. In the case d the 13-phenyl Iii syitem, on the other hand, 

the two porphyrin stibunits h&ip&Sne what can be con$id&ed an &e&l “skeked” Bnangement dontained 

within the context of a’gabie-ty’p& collation. The obvious stnictnral similtuity b&ween this synthetic stmc- 

ture and parts ‘of the RC (iotablythe Bchl and Bph pair) is a feature we &nside~ td be of ‘particular interest 
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Figure 1 Figure 2 

’ Figure 3 

.I 

A secoF~&unusual feature of the selectively m~nometalated compounds 1,2,5, and 6 is that the relative 

subunit energetics.are controlled. In these system&&e lowest excited singlet state of &e.zinc(II) porphyrin 

subunit lies ea. 0.17 eV higher in energy thao that of the coxresponding *base system.~ As a result, two 

different energetic arrangements are defined for each regioisomeric pair 1 and 5, sod 2 @ 5. .This is illus- 

trated scheamtically in Figure 4: which shows the gmund and excited s@te IW@ ws*for compc+ds 1 

and 2. In compound 2 (and,@, m energy gradient exists for net electron transfer fkom t&e photoexcite$ distal 

porphyrin, wd*, through the pmxknal subunit H2Pp* (or H2Pp% to the quinone acceptor Q (Figure 4, frame 

A). In model 1 (and 5). on the other hand, the proximal ZnPp pm&rin defines an energy barrier between the 

photoexcitecldistal subunit Hzpd* and Q (Figure 4, frame 33). Systems 1 and J.thus represent the fifst photo- 

synthetic models tit mimic&e apparent energetic arrangement of the P-Ekhl-Bph RC chromoPhoxes. 
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Figure 4. 

Ground and excited sfate redox potentials (volts v~fMwen~ftitii&) for dimcrs 1 and f .‘I?+e data and taken fmm 
reference42wherefluthu~lanatoayde$ilsmaybefound. 

Absorption Spectra 

The electronic spectra of the dimeric systems l-8 and 15-20 suggest that the two porphyrhwhromo- 

phoms do not act as entirely independent light absorbing entities. Rather, as has been observed in other rigidly 

linked porphyrin dimers,4~~4@9 all of these compounds show evidence of optical coupling as revealed by 

split, broadened, and/or shifted Somt bands. 3hiscoupling is most apparent in the case of the-gable-type bis- 

zinc complexes 4 and 17. For instance, while the control monomer 10 shows only one sharp &net band at 

414 nm, the Soret of thegable dimer 4 is split into two peaks of nearly equal intensity at 407 and 424 nm (Fig- 

ure 5). In addition, the dimer 4 displays a molar absorptivity that is roughly twice that of the monomer 9, in 

keeping with the greater number of ehromophoms per molecule. The his-zinc flat dimers also show evidence 

for excitonic interaction: Compound 3, for instance, shows a single strong Soret peak (3imm = 424 nm) that is 

red-shifte&.by 10 nm relative to 10 and displays only a slight shoulder at higher energy b = 412 run) Fig- 

ure 5). The origins of these splittings are well known and have been discnssed in detail by other workers;48 

they are not due to the presenciofthe @none substituent. In the case of the free-base dimers 3,7,16 and 



19, no detectable splitting of 

the Soret band is observed. 

Rather, these transitions are 

broadened relative to either 

the appropriate control 

monomer or the corms- 

ponding flat compound (c.f. 

e.g. Figure 6). Finally, the 

monometslated complexes, 

1,2.5,6,15, and 18, 

display absorption behavior 

which is intermediate be- 

tween that of the metal-free 

and bis-zinc materials. This 

is illustrated in Figure 7 

which shows the absorption 

spectra for the isomer-k 

complexes 1 and 2. Interes- 

tingly, for these monometal- 

ated materials only three 

detectable signals are ob- 

served in the visible, or Q- 

band, region of the spectrum. 
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Figure 5. 

Absorption specua of bis-zinc complexes of quiaone-substituted porphyria mouomezs 
and dimezs ia cHC13. 

Excited State Properties of Quinone-free Systems 
Before considering the excited state optical properties of the qninone-containing dimeric models 1-8, it 

is instructive to consider those of the quinone-free dimers 15-20. Irradiation of the bis-zinc complexes’17 and 

20 at the Soret maximum (or in the blue region of the visible bands) gives rise to near normal zinc porphyrin 

emission bands (such as those observed for monomer 14) that are only slightly reduced in intensity (Table 1). 

Similarly, irradiation of 16 and 19 gives rise to typical free-base emission spectra, e.g. that of 13 (Figures 8 

and 9). On the other hand, irradiation of the monozinc complexes 15 and 18 gives rise to strong emission 

bands, the wavelength of which are characteristic only of the fmeibase subunit (c.f. e.g. Figure 9). This 

irnportsnt observation implies, as has been suggested for other loosely-linked monometalated dimerspg that 

exothermic energy transfer (-AG 5 0.17 eV) takes place rapidly between the two porphyrin subunits. From the 

ratio of emission intensities at 595 nm, it is estimated that this process occurs on a subpicosecond time scale. 
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Direct fluomscence 

lifetime measurements also 

support the comention that 

rapid energy transfer takes 

place between the porphyrin 

subunits in dimers 15 and 

18. Table 1 lists the measur- 

ed lifetimes of these com- 

plexes and various appro- 

priate control compounds. 

All show monoexponential 

decays, indicative of direct 

radiative quenching of a 

single excited state. The 

monozinc compound 15, for 

instance, displays a fluoms- 

cence lifetime of 8.8 ns, 

close to the 9.2 ns lifetime 

observed for the f&base 

system 16. Similarly, 

compound 18, displays a 

fluomscence lifetime of 10.2 

ns, essentially the same 

within experimental errcu as 

that of its corresponding free- 

base 19 (9.9 ns). By con- 

trast, the bisxinc compounds 

17 and 20 both display 

fluomscence lifetimes of 

ca.2.2,ns. If energy transfer 

were not rapid in the mono- 

zinc complexes, two decays, 

with lifetimes of 2 ns and 10 

ns respectively, would be 

expected reflecting indepee ,, 

dent deactivation of the,two 

different (zinc and free-base) 

excited state components. It 

should be noted, of course, 

that due to the close prox- 

J. L. Ssss~e~ ‘er al. 

wavelength (nm) 

Figure 6. 

Absorption spccha of metal-kee quinone-substituted p&p&in mono&s 
, ,jinc! dimers in CHC13. 

wavelength (nm) 

Figure 7. 

Absorption spectra of monozinc compiexea of quinone-substituted gable-type 
porphyrin dimcrs in CHC13. 



Monometalated quinone-substi&d porphyrin dimers 4175 

imity of these values, Ieso- 

lution of the kinetic traces 

into two discrete components 

might not necessarily be 

anticipated. Nonetheless, 

biexponential-type behavior 

would be expected for photo- 

excited systems 15 and 18, 

behavior that is not obsiked 

experimentally. Thus, the 

presence of a single exponen- 

tial decay is taken as strong 

evidence for rapid.intersub- 

unit energy transfer in these 

monometalated systems. waveleh&h (nm) 

. Figam 8. 

Emission spectra of quinone-free porphyrin monomers in tolueqe et 295 K 

WdetVgth (ram) 
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studies of these quinone-free dimers were 

also performed in 2methyl THF solution at 295 K 

and in 2-methyl THF,,glasses at liquid nitrogen 

tempemk (77 K). Kesults am also given in Table 

1. In 2-methyl THF at. 295 K, the gable compounds 

16 and 15 displayed identical fluorescence lifetimes 

(8.7 vs. 8.6 ns, respectively). Upon immersion in 

liquid nitrogen, these lifetimes inc&sed to 15.3 and 

14.8 ns, respectively. In 2-methyl THF at 295 K the 

fluorescence lifetime of 19 was 9.8 ns and the 

lifetime of 18 was 11.2 ns, somewhat longer than the 

free-base. As was true for 15 and 16, in liquid 

nitrogen thet%xM&ce lifetimes for both these 

compounds increased to ca. 15 ns. In contrast, the 

bisxinc dimers 17 and 20 displayed short lifetimes 

(ca. 2 ns) in 2methyl THF at 295 K and &wed little 

tempeam~ce. .I 

Table 1. Emission FVopehes of Unsabtititted Mom- 
merit and Dimeric porphyrins. 

:: 

:: 
18 
19 
20 

a 

b. 

C. 

d. 

e. 

--~- 577 630 0.053 
643 707 0.070 88 8.6 14.8 
640 704 

., 
0.075 8.7 15.3 

595 643 0.046 
9.2 
2.2 2eO” 2.1 

633 701 633 699 zM7; ‘E 1;; ,, ;;; 

585 639 oh43 2:2 2:o 2i 

Measured in dilute solutions (< 5 x lo-’ M) UC@, 
optical density with excitation at the * 
maximuln. 
Quantumyieldsintolueneatmom8ncmtm&~~ 
to HzTpp ( (Cpp:. T 0.4” ) .50 
WeestimateaauncataintyofflO%ferthesevalues. 
Fluonsoencc life&u6 (as) re&CdedilPtdpens 
solution at room temperauue. 
Flucmx!ence lifetime (us) reccnkd in Zmethyl TW 
solution at mom tempetature. 
Fluorcgceace lifetime (ns) m.corded in Zmethyl THP 
&ssat77K. 

Fluorescence Properties of Quinone-containing Systems 

In contrast to the quinonefree systems D and 14, the quinone+substituted monomeric control wm- 

pounds 9 and 10 (and 11 and 12) show no‘detectable emission (U$S 10-S) when irradiated at the Soret 

maximum in toluene at 295 K Thus the normally strong fluorescence of the porphyrin chromophom is com- 

pletely quenched by the presence of the covalently linked quinone acceptor. Gn the basis of considerable 

precedent,51 this result isascribed to rapid exotltermic electron transfer from the excited porphytin subunit to 

the adjacent quinone (-AG I 0.69 and 1.03 eV for 9 aud 10, respectively). ~Standanl analyses (which ate 

predicated on the assumptionthat all reduction in fluomscen ce intensity is due to electron transfer),~ carried 

out using eq. 2, suggest that this is occurring in less than 1 ps (Table 2). 

Here I,, and r. mpresent the observed emission intensities (florescence quantum yields) and measured fluores- 

cence lifetimes for the control (unsubstituted) monomers 13 and 14, and I tepmsents the observed emission 

intensity for the quinone-substituted system in question. 

No detectable fluorescence is observed for the distal monorinc gable monoquinone 2. or the free-base 

and bis-xinc analogues 3 and 4, when irradiated as a dilute solutions in toluene at 295 K. This absence of 

emission may be readily understood in terms of the control experiments described above and the energetic 

arrangements of the chromophores: For all thme systems rapid energy transfer is possible between the porphy- 

rin subunits in the overall dire&on of the quinone. Fast photoinduced charge separation may tltemfore take 

place either by rapid exoergic energy migration followed by fast electron transfer, or, in the mom trivial case, 

by direct excitation of the proximal subunit and subsequent electron transfer. It is not surprising therefore that 
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ZIIP&H$‘~-Q en., *,SUP~-H~~*-Q & zdi&H$‘p+p 

(2.13) 

I / 

<I.%>’ ! (1.270,. 
\ 
‘1 

hv hv \ \ 

=‘d-Hflp-Q 

(0) 

Zt&H2Pp-Q 

(0) 

(3) 

Qualitatively, the flat distal mtmozinc monoquinone, the flat m&aMhx, ad flat his-zinc cumpotmds 6- 

8 have the same energetic arrangcx&np as the cones@mding gable an&gues. .It is not drprising thenfon 

that sub&nt@l fluoresceip quenching is also observed for these systetns. In contrast,to the gable materials, 

however, slight but detectable fluorescence signals 9 observed in .&is &es.’ This is presd&ly the result of 
the farther distance and/or less fatible cw interactions whichprtaiu in the flat systems. Impor- 

tantly, the observed fluareynce signals ax always characteristic of the distal subuW(c.f. Figure 10). This 

,. 

n 

600 650 700 760 800 
wavelength (nm) 
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impliaodrat~tberateaf~obd~~~subunit~~a~~~~e~~~to$lequisontisao~ 

longer “mfmitely” f&t compa& to therttte d.&rescence. Thus, ‘as wpected.on the basis d&e meduurism a 

presented in eq. 3. some diml subunit emission is therefore obsen& : $Tabla 2 gives a listing of the quantum 

yields for these systems and the eg net electron transfer~quenching rates derived using eq: .2. Here, 

the values of IO and 2, refer to the emission intensities and lifetimes of either the unsubstituted (quinone-free) 

free-base or bis-zinc controls 19 or 20, as appropriate. 

The proximal monometalated complexes 1 and 

5 differ substantially Corn the systems discussed so 

far: The energetic arrangement of the chromophms 

in these systems creates a ca. 0.17 eV barrier for net 

Table 2. ’ FJwpxqnue F3Dpatiw of Quinpns-substitu~ 
Dimers aad Control Comp0unds.a 

Comp’d Emission w kr (s-‘Y 
Maxima (MU 

electron transfer Corn the distal porphyr@ ring m the I 

quinone via a thermally activated energy uansferpath- 

way. As shown in Figure 4, frame B, this barrier is 

defined by the &Xw&nal z#inc-c~ ring (ZSp). 

Not surprisingly, these systems display excit& state 

behavicr that is.ma&edly differentfrom the systems 

discussed above and, indeed, from all other photo- 

synthetic models reported to date. This is :3pparent in 

both the static fluorescence studies pm~nted here; as 

well as in the femtosecond transient absorption 

measurements discussed in a separate reportP3 

Both compound 1 and 5 show modest but 

detectable fluorescence emission from the distal tk.e- 

base subunit in toluene at room temperature (@$ = 1.7 

x 10-4 and 7.7 x lti respectively). These emission 

1 642 705 1.7 x 10-i ’ 5.4 t lolo 
2 d d S 1 x 10-5 z? 10’2 
3 d d s 1 x 10-5 2 7.5 x 1011 
4 d S 1 x 10-S r 10’2 
s 631’ $2 > . 7.7 x lt@ ’ 1.1 x 1010 
6 587 637 _1 35x.10-5 zi 10’2 
7 632 ’ 701 3.9 x lo!4 2.2 x ‘kilo 
8 585 636 s 2.3 kWs ’ r*-rd’l 
9 d d 1s Ix 10-S 
10 d d 5 1 x 10-5 

; :-S&2” 1011 

H2P2Q’ 4’i’lb6 

a. Meakedatmomtempeiaturkindilutet&ene 
solutions wirh excitation at the Som maximum. 

b. Quantum yields were measured relative to H2’lPP (@I 
0.111 ?O Estimated mlceltainly: *lo%. 

c. Estimated using eq. 2 using the lifetime and quaatom 
yield values for 16,17,19. aad 20 ghen ia Table 1. 

d. Emission for tbe.ae. samples could not be detected. 
e. ‘Obtained by fluorescence quenching (reference 25a). 

intensities am substantbdly higher than those observed for the distal monometalated complexes or the cones- 

ponding bis-zinc or metal free materials 24 and 6-8 (Table 2). Indeed, compound 1 is the only member of 

the quinone-substituted gable series to show any detectable emission. Moreover, the emission intensity ob 

served for 2 is the highest of any of the flat series of photosynthetic models. From the ratio of emission inten- 

sities of 1 and 5 relative to 16 and l9f respectively, net electron transfer rates of 5.4 x lOJo s-1 and 1.1 x lOlo 

s-1 (k& may be derived for i and 5. These rates are ca. 100 times slower than those obtained for 2 and 6. 

This indicates that the presence of a central energy barrier (znp,) slows down the rate of charge separation. 

These data also support the conclusion given earlier that the net electron transfer rates am noticeably slower for 

the more open flat systems. Thus both unfavorable orientations and energetics can serve to slow the rates of 

electron transfer in a series of congruent models. 
: _ 

Important as the above conclusions am, it is critical to realixe that the net electron transfer rates for 1 and 

5 am still exceedingly fast. For instance, the JET value for 5 is oyer 2000 times fatter than that obwvedfor a 

bisbicyclooctane-derived modelprepared by Joran et al. (cot&und H2p2Q in Table 2),za wherein the free- 

base porphyrin-to-quinone separation’appikdmke~ ih& HzP;lto Q distance fonnd in 5. Clearly direct through 

space (or through solvent) electron transfer is 11or the dominant photochemical quenching pathway in systems 1 
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and 5. Rather, charge sepa- 

rationismcBia&dbythe 

celltral(m~rn _ 

porphyrin. This doesnot 

appeartooccurviaather- 

mallyaciivatE!dpmcess~The .& - 

quantumyieldsforfl B . : 

cence(in2-nkthylTHF)ofl ~ 5 * 

aud5increase,byfactorsof2 $ 

and 3, nzspectively upon ,’ ~INP.MelHF6L4S6 

cooling the samples ltam 
VK) 

,, 

roomtempemmto77K 

(c.f. Figure 11); an increase 

of almost 103 (cotresponding 

toa108Winnetelec- 

tron transfer rate) would be 

expected for a simple 

,‘ ; . 
. . . . I ! * , III,,,,, ,I,,,.1 

<SO iioo 550 000 rho 700 m ,600 
wavelength (nm) 

Arrhenius-type process with 

an analogous 0.17 eV 

barrier, l%iscriticalnsult I ,’ ‘, ‘: , +=ll. 

rules out a simple two-step * -~fP-mfs@whw. -‘~noipooa-~ 

chargsscparation- 
gable-typepolpllyrindime-rsiIl2-n)ethylTHF. 

(analogous to thatof eq. 3); 

involving endoergic energy transfer (fiomH2P* to Znp) Mowed by ex6e1@ elamm transfer (from Z@ to 

Q). Rather, electron transfer fmn I$Pd* to Q is appamd@aking placc.by u &mr supem&mge prmxss . 

mediated by the proxim&ZnPp miety.. This is shown schematic&~ in eq. 4 for thee case of 1. 

Here, the excited distal free-base sub&it (I-Z2Pd*) could ark fkom both direct pbmcim and rap@, mu?- 

thermic energy tram* from ZnPp*. once formed, the charge.se$m&d state k&&?-&P& pmumably 

returns to the gr&nd state by a series of norhadiative processes; Althoogb not demmimd by the curmt 

experiments; we consider it likely on the%usis aE energ&% that this pmcess occurs by hok tnigration (to give 

&P&nPp+-Q-), fokmed &y Si&ipk Charge lectxt&w ?@wtt4ax immtigation of ihiS maRex is cumntly in j 

progress. 
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Conclusion 

compO~& 1-2 and 5-6, which contain the key biomimetic components, metalloporpbyrin, *base 

porphyrin, and quinone, provide an unpmcedented “matched set” of photosynthetic models suitable for study- 

ing inEtmauocycle otientation and energetic effects in multistep photoinduced electron uansfer reactions. 

These dimers do not act like the sum of their constituent monomers. Rather, all show very low emission 

intensities when irradiated at the Somt maximum. This suggests that rapid net electron transfer quenching&&es, 

place from the dimer to the quinone. CompatGons to simpler photosynthetic mudel systems in&ate thatnet 

electron transfer from the distal subunit (to the quinone) is not occurring by a simple tbtoughsp~ or through 

solvent pathway. Rather, charge separation is apparently media&d by the central (or proxit4) porpHyrhr 

subunit. In the case of 2 and 6, a straight YownhiV gmdient exists for electron transfer from the distal xinc- 

porphyrin photodonor to the qtiinone accepti and charge separation from this excited subunit proce4s via 

energy migration followed by electron transfer. In the case of 1 and 5, which contain a built-in energy barrier, 

temperature dependent fluorescence quenching studies rule out a thumally activated process. Insti they am 

consistent with a charge separation mechanism wherein the central (proximal) iinc porphytin acts as an : 

effective superexchange mediamr for the overall photoinduced electron transfer. Our findings thus support 

recent suggestions that a R&l molecule could beplayhtg a similar& in the natural phomsyn@dc maction 

centers. 

Experimental 

Steady-state fluorescence spectra’bu~? taken on a SPEK FLUOROLOG 2 equipped with a Hamamatsu 

JR-21 photomultiplier tube aud a “da&mate” workstadon, and warestored on an HP-85 usjng the “tra spex” 

program supplied by the Webb& g&p at UT. Austin. To prevent product decomposition, the fore slit was 

keptnowiderthan1.25mm. Theaftslitwasallowedtobeaswidess5mm. ‘Ihe”rightsngle”modeofthe 

spectrophotometer was used for all data collecdon Photomultiplier voltage settings wem as follows: For the 

measurements in toluene, S I* 900 volts and,& f 35O:vohs; for the 2methyl ,q’HF measmemottt& Sl w loo0 

volts and S2 = 400 volts. Measurements at 77 K twem pe&rmed with the use of a quark Dewar flask supplied 

by the Webber group and appropriate suppordng equipment to insure a light-tight fit. Dry N2 gas was blown 

into the spectrophototm%er housing to prevent Costing of the Dewar flask. 

Samples were prepared and characterized as described elsewhem.~ Prim to fluorescence emission or 

lifetime studies, the quinone-containing samples were reoxidixed with DDQ and repurifii by careful ~hrdmato- 

graphy on silica gel followed by recrystallization from chloroform-hexsnes. For measurements in tohtene no 

special precautions were required: Solutions measuring 0.200 f 0.002 A.U. were made up using dry toluene 

(freshly distilled ftom NaK alloy), placed in a 1 cm quark fluorescence cell, and measured within one hour. 

Measurements *mvolving the q&o&-substituted porphyrins in 2-methyl THE however, required careful 

handling to insure that the prepamdsolutions did not come&to contact with the outside air. (Such an event 

inevitably m&sj in a rapid increase in fluomsmnce with tim;&bd to contamination with water, which 

was found by independent expeiimnt tolead to rapid hydmquinone foimation.) AR &niOns WCE therefore 
prepared using dry 2methyl THR (freshly distilled fmm NaK alloy) and calibrated to between 0.2 and 0.3 

AU. at the &net maximum in an inert atmosphere “dry box” capable of sustaining an atmosphem of 4 1 ppm 

Hz0 (or w. Special 25 cm quartz probes, made from 0.8 cm o.d x 5 cm length square quartz tubing and 
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Aty@ddatacol%c&mwe@agfollows:Uptosevenide&alspectmofthcsamesamplewere 

nzorde& avemgedaadarn%t&using.&edatamate”COR” aKmmmd. ‘wbaa,appn+iateithe samplewas 

thencooledandtheprocarkpcakd. Tbesan@lewastbencam&dlywarmedfiomthetopdowntoprevent 

bxeakageofthecell,andanother masunmentwasmadetodetermine the extent of quinone nductkni. If the 

fluorescence was substantially greater than before cooling, the nsults &he et were discounted and a 

new sample was Inepared and the process *ted. In &y m all nsnlts citkd here are the result of at least 

three independent measmements fmm at least two independently mared and purifkl samples. 

Nanosecond lifetimes ‘were me&ued by Drs. Steve Atherton and &fan Hubig at the Center for Fast 

Kinetic Research, University of Twcas’ti Austi using using a Hamamatsu stmak c~mtr& The setup was 

configured as described earl&~ with the exception that a 532 nm, 30 ps (fwhm) pulse Finn a Quantel YG 402 

laser was used as the excitation somce. Enors in these measurements are considered to be less than f 10%. 
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