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Abstract

The absorpuon and stauc emxssxon propemes of several selecnvely mptalated qmnone—subsgmted
porphyrin dimers and control ¢omponnds are deéscribed. Wheteas the unsubstitated metal-free and bis-zin¢
dimers 16, 19, 17, and 20:give rise to fluorescence emission spectra characteristic of typical monomesic free- '
base and zinc-containing porphyris (e.g, 13 and 14), the corresponding monometalated dimers (15 and 18) .

display efnission spectra ch istic only of free-base porﬁh indicating that rapid éxothermic energy
transfer takes place betweers the metalated and free- subumtsmtheselattasysm. In the case of the
control monomers, direct covalent attachment of a quinane subumt (to ive 9-12) serves to quench all de
able fluorescence emission. Similar results are ol in the case of the metal-free (3), | bns-zmc (4), and

"distal” monometalated materials (2)in either 2~mcthyl THF o toluene. at room temperature. Thxs*suggm that -
in these systems net electron trapsfer from the porphyrin dimer ensemble to the quinone is fast compared to the
rate of fluorescence emlssion In thie case of the "proximal” monometalated complcx, 1, however, a weak but
dctecmtll)xlz:tttlﬂl buil llaimcrpmw::?mtch lxcnl:ml polx?ptlf su;t;um slo 'g:: mdlhf
cating ¢ built-in energy e 'pro zinc yrin tis rate o

net electron transfer. Nonctheless, even in theé 2yase of this system, thie rate of net electron m‘g‘sfgg remdins
exceedingly high, suggesting that the centrsi} or "proximal" metalated porphyrin serves to mediato the clectron
transfer process. The quantum yield for fluorescence for this material in 2-methyl THF is essentially tempera- -
ture independent, increasing by only a factor of 3 upon cooling from room temperature to 77 K. This suggests
that that net electron: transfer from msml" free-base subunit to the quinone is not thermally activated but -
takes place by a direct superex ted process. A similar conclusion is derived from analogous .-

studies of the "flat" compounds 5— ere, howavcr, the quantum yields for fluorescence are higher through
out the series suggesting that net electron transfer is slower for these more open photosymhetxd models.

Introduction

Electron transfer (ET) reactions play a central role in biology.1"6 They are a crucial component in'a wide
range of enzymatic procésses and play an important role in both photosynthesis!4-6 and respiratory oXidative
phosphorylation.6 The latter process is, of course, required for aerobic metabolism, and hetice; all hxghcr life.
Init, elecu’ons are tmnspmd thtbugh a senes of camers consisting of:

NADH-—-)NADH—QreductaseqcOenzymeQ—-)Qﬂz-t:yt.creducmse-—)cyt.c—-)cyt:c‘oﬁd”ascl—)Og s (1) -

Coenzyme Q and the heme protein cytochrome c are well-defined, water soluble species which serve as migrat-

ing links between the other carriers.6 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 multistep processes derives from studies of bacterial photosynthetic
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reaction centers (RCs).”9 At present, the RCs are the only membrane bound ET protein for which a highly
refined crystal structure exists. They thus represent our best chance to investigate and understand in detail a
multistep biological ET reaction in a protein. The extensive experimental and theoretical work on RCs over the
past few yeafs reflects this point of view, as does the voluminous literature on photosynthetic model systems.
This perception has been further underscored by the recent announcement of the 1988 Nobel Prize 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 from Rhodopseudomonas viridis.?

Two RCs, those from Rhodopseudomonas viridisT and Rhodobacter sphaeroides,3:9 have now been
characterized strycturally.  Six tetrapyrrolic subunits are found at the two very similar active sites; A dimeric
bacteriochlorephyll “special pair” (P), two "accessory" bacterjochlorophylls (Bchls), and two bacteriopheo-
phytins (Bphs), all held in a well-defined but skewed geometry along 3 C axis of symmetry. The Bchls are
separated from P by center-to-center distances of ca. 11 A and interplane angles of ca. 70°. The Bphs in turn
are separated by similar distances and angles from the Bchls. Four of these six prosthetic groups are currently
considered to defing the relevant electron transport chain.> . This consists in sequence of the photosensitizer
(P), an "accessory" Bchl, an intermediate Bph, and a quinone 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 corres-
ponding Bph center. Charge separation between P* and Bph entities is known to occur on a time scale of 2-4
ps with neatly 100% quantim eff‘cwﬂcy 1013 Furthermore thJ,s process exhibits acuvanonless behavm’,
increasing i yate by a factar of twoat. liquid helium temperature.10.14 The msultmg P+-Bchl-Bph' charge
separated srate can’ ex1st Stably for along period of time; in the normal course of events invivo, & subsequent
electron transfer to give P+-Bchl- Bph -Q occurs in 200 ps, also with 100% quantum ylcld.5

In spite.of the avaﬂabﬂny of the above structural and kmeuc data, many aspects of bacterial
photosymhcsxs, including the rapid, activationless, and efficient nature of the initial charge separanon process,
remairi poorly understood.14.5 Orie of the thore crucial questions currently bemg debated is the role of the
"intermediate” m"acecssory" Bchl. . Recent subpicosecond transient absorpuon experiments have failed to
provide any evidence thata P+-Bchl- state acts as a discrete intermediate in the initial P*-Bchl-Bph ---> P+-
Bchl-Bph- charge sepamuon process.10-13 Nonetheless, it seems unlikely that the electron traverses the ca. 17
A center-to-center distance from the P to the Bph in a few ps withant the Bchl prosthetic group playing an
important role. An. attractive but as yet unproven possibility is that the Behl facilitates transfer to the Bphviaa

“superexchange" mechanism involving a quantum mechanical mixing of a virtual P+-Bchl- state with the '
photoexcited dimer, P*.15-17 There 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 radical pair state formed upon charge separation.16:18 Critical as the "superexchange"
question is, it is important to realize that many other issues remain unresolved. For example, how important
are chromophare orientations in controlling the ET rates? Why does charge separation proceed primarily down
one branch of the, approximate C3 axis? What is the precise role of the protein? How can one explain the
relatively weak temperature dependence, the extremely slow back reactions, and the high quantum yield?
Currently great efforts are being made to modify the natural system (e.g., via prosthetic group replacement, 19
site directed mutagenesis,20 or by applying a large electric field21) and thus examining some of these questions
more systematically. Nonetheless, there are fundamental limitations at present in our ability to manipulate such
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a complicated natural system. Model compounds which actually mimic important features of the RC thus have
a valuable role to play in unraveling the mysteries of RC function. )

Many mode! compounds have been prepared in recent years in an effort to understand the natural
photosynthetic systems.22-44. Some of these, such as the porphyrin-free donor-acceptor dimers of Miller23 and
others, 2 the bicyclooctane bridged systems of Dervan and Hopfield?S and Bolton 26 capped systems of
Staab,27 Dolphin,28 Mauzerall,2? Sanders,30 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,25¢.30.350 and solvent,26,30.33,34b,35b mediate photoinduced electron transfer reactions. Other models,36-
38 such as the triads and related systé:ms of Gust and Moore36 and triptycene-derived porphyrins of
Wasielewski,37 exhibit interesting charge separation properties. By and large these studies have been very
informative; they have, for instance led to the unambiguous identification of an inverted region as a function of
driving force,23.25¢,30b,37 an effect which was masked by diffusional limitations in earlier solution studies.
Nonetheless, it is important to realize that in all cases there are substantial differences between the models and
the actual RCs. Indeed, with the exception of two recently reported quinone-substituted metal-free dimers,39:40
(and our own work#1-44 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
structurally.27b As a result, model studies have so far provided only limited insight into the critical questions of
interchromophore interactions and multistep electron transfer outlined above and have failed, as yet, to provide
much useful mechanistic information about the initial SP*-Bchl-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 interchromophore orientation and ener-
getic effects in biomimetic systems, and, in the case of 1 and §, provide the first examples wherein possible
porphyrin-based superexchange mediated charge separation processes might be observed in synthetic systems..
In this paper we preseht the results of static fluorescence quenching studies which are consistent with apparent -
superexchange behavior in 1and 5; the results of corroborative femtosecond transient absorption spectroscopic -
studies are the subject of a separate report.43

Desngn Considerations

An essential feature of compounds 1,2,5,and 6 is that they possess a well-deﬁned conformational
structure. In other words they are not "floppy". Imual estimates of the intersubunit orientations and d1stances ,
could therefore be obtained from CPK space filling molecular models. The center-to-center distances between
the unsubstituted "distal” porphyrin (MPg) and the quinone were esnmated tobe.14 A in the gable series and 20
A in the flat compounds. Similarly, the center-to-center distances between the distal and "proximal” (MPp)
porphyrin subunits were estimated to be 10.5 Aand125Ain the gable and flas 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 lie perpendicular to the proximal
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porphyrin. The available X-ray structural daita, the full details of which will be preseénted elsewhere, 44 are
consistent with these predictioris. A single crystal X-ray diffraction study of the monoméric free-base quinone
11 has now been completed; it shows that the quinone makes an angle of 849 with the porphyrin core, and
reveals a center-to-center distance of 6.5 A between the porphyrin and quinone subunits (Figure 1). Prelimi-
nary X-ray structural information is also available for the biscopper(lI) chelates of the symmetrically substituted
bis-dimethoxyphenyl-derivitized analogues of 16 and 19 (Figures 2 and 3). These structures confirm the
predicted porphyrin center-to-ceftér distances: The intramolecular Cu-Cu separations are 10.5 A and 12.7 A
for the gable and flat systems fespectively. These structures also reveal séveral other interesting structural
features. For instance, in the flat ditmer, the two porphyrin mactocycles are found to be essentially coplanar -
and perpendicular to the bridging phenyl ring. In the case of the 1,3-phenyl linked system, on the other hand,
the two porphyrin subunits hélp define what can'be considered an overall “skewed" arrangement contained
within the context of & gable-type configuration. The obvious striictural similarity between this synthetic struc-
ture and parts of the RC (notably the Bchl and Bph pair)is a feature we consider to bé of patficular interest.



Monometalated quinone-substituted porphyrin dimers 4771

" Figure 1 o Figure 2

Figure 3

A second unusual feature of the selectively monometalated compounds 1, 2, 5,.and 6 is that the relative
subunit energetics are controlled. In these systems, the lowest excited singlet statg of the.zinc(II) porphyrin -
subunit lies ca. 0.17 eV higher:in energy than that of the comresponding free-base system.42: As a result, two
different energetic arrangements are defined for each regioisomeric pair 1 and §, and 2 and 6. ‘This is illus-
trated schematically in Figure 4 which shows the ground and excited state redox potentials for compounds 1
and 2. In compound 2 (and 6), an energy gradient exists for net electron transfer from the photoexcited distal
porphyrin, ZnPg", through the proximal subunit HQPP* {or HoPyp), to the quinone acceptor Q (Figure 4, frame
A). In model 1{(and 5), on the other hand, the proximal ZnP), porphyrin defines an energy barrier between the
photoexcited-distal subunit HoPg" and Q (Figure 4, frame B). Systems 1 and 5 thus represent the first photo-
synthetic models that mimic the apparent energetic arrangement of the P-Bchl-Bph RC chromophores.
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Figure 4. :
Ground and excited state redox potentials (volts vergus ferrocene/ferricinium) for diiners 1 and 2 Thése data are taken from
reference 42 where further explanatory details may be found. - -+~

Absorption Spectra

The electronic spectra of the dimeric systems 1-8 and 15-20 suggest that the two porphyrin-chromo-
phores do not act as entirely independent light absorbing entities. Rather, as has been observed in other rigidly
linked porphyrin dimers, 4}, 4649 all of these compounds show evidence of optical coupling as revealed by
split, broadened, and/or shifted Soret barids. This coupling is most apparent in the case of the.gable-type bis-
zinc complexes 4 and 17. ‘Forinstance, while the conirol monomer 10 shows only one sharp Soret band at
414 nm, the Soret of the-gable 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 chromophores per molecule. The bis-zinc flat dimers also show evidence
for excitonic interaction: Compound 8, for instance, shows a single strong Soret peak (Amax = 424 nm) that is
red-shifted by 10 nm relative to 10 and displays only a slight shoulder at higher energy (Amax = 412 nm) (Fig-
ure 5). The origins of these splittings are well known and have been discussed in detail by other workers; 8
they are not due to the presence of the quinone substituent. In the case of the free-base dimers 3, 7, 16 and
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19, no detectable splitting of
the Soret band is observed.
Rather, these transitions are
broadened relative to either -
the appropriate control ,
monomer or the corres- .
ponding flat compound (c.f. i
e.g. Figure 6). Finally, the 4
monometalated 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 1
spectra for the isomeric

€/105 M1 cm-1

complexes 1 and 2. Interes- :
[ s

tingly, for these monometal- T B e w70 o o
ated materials only three wavelength (nm)

detectable signals are ob-
served in the visible, or Q-
band, region of the spectrum.

Figure 5.

Absmption spectra of bis-zinc complexes of quinone-substituted porphyrin monomers
: and dimers in CHCl3,

Excited State Properties of Quinoné-free Systems
Befare considering the excited state optical properties of the quinone-containing dimeric models 1-8, it
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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 porphyrili‘
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 free:base subunit (c.f. e.g. Figure 9). This
important observation implies, as has been suggested for other loosely-linked monometalated dimers,49 that
exothermic energy transfer (-AG = 0.17 V) 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 fluorescence
lifetime measurements also
support the contention 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 mon@exponential
decays, indicative of direct
radiative quenching of a AR

single excited state. The ° NG, :

monozinc compound 15, for : wavelength (nm) * :

instance, displays a fluores- ; .

cence lifetime of 8.8 ns, ‘ Figure 6.

close to the 9.2 ns lifetime Absorption spectra of metal-ree quinone-substituted porphyrin monomers

observed for the free-base - _and dimers in CHCl3. o : .
system 16. Similarly,

compound 18, displays a 5
fluorescence lifetime of 10.2

ns, essentially the same

within experimental error as s
that of its corresponding free-- o
base 19 (9.9 ns). By con-
trast, the biszinc compounds
17 and 20 both display
fluorescence lifetimes of ,
ca.2.2.ns. If energy trénsfc:
were not rapid in the mono-
zinc complmges, two decays, 1
with lifetimes of 2 ns and 10 . L t:
ns respectively, would be s e ’ Y e
expected, reflecting indepen- : " =0 0 4;;; "“ sso? mo ey —
dent deactivation of the two ; . wavelength (nm)
different (zinc and free-base) ' o
excited state components. It

should be noted, of course, Absorption spectra of monozinc complexes of quinone-substituted gable-type
porphyrin dimers in CHCI3.

105 Mt em1, -

——— e,
.,

€/105 M1 cm-1

—

Fun,,

Figure 7.

that due to the close prox-



imity of these values, reso-
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 observed
experimentally. Thus, the
presence of a single exponen-
tial decay is taken as-strong
evidence for rapid intersub-
unit energy transfer in these
monometalated systéms.
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Emission spectra of quinone-free porphyrin monomers in toluene at 295 K. -
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Figure 9.

‘Emission spéctra of:ietal-free, mondginc, and bis-ginc gable-type porphiyrin dimers in toluehe: at 295 K.
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Studies of these quinone-free dimers were
also performed in 2-methy! THF solution at 295 K
and in 2-methy1 THF glasses at liquid nitrogen -
temperature (77 K) Rcsults are 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). Upgn immersion in
liquid nitrogen, these lifetimes increased to 15.3 and
14.8 ns, respectively. In 2-methyl THF at 295K, 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 theﬂuomsccncc lifetimes for both these
compounds increased to ca. 15 ns. In contrast, the
biszinc dimers 17 and 20 displayed short lifetimes
(ca. 2 ns) in 2-methyl THF at 295 K and showed little

J. L. Sesster et al. -

Table 1. Emission Properties of Unsubstitated Mono-

C 20

meric and Dimeric Porphyrins.
Compd - Emission @pb 1° i g
L Maxima (nm)2 '
13 630 697  0.15 )
14 577 630 0.053 - T '
15 643 707 0070 88 - 86 148
16 640 704 0075 92 87 153
17 595 643 0046 - 2.2 20 21
18 633 701 0079 102 112 ..150
19 633 699 0.091 99 98 155
585 639 0043 22 .20 22
a.. Measured in dilute solutions (< 5 x 10-7 M) of eqhal-
- optical density with excitation at the Soret N
maximum., ‘
b. Quantum yields in toluene at room measured relative-
- 1o HyTPP (tetraphenylporphyrin) (®F, = 0.11).50
'We estimate an tncertainty of +10% for these values.
¢.  Fluorescence lifetime (ns) recorded intoluene. .~ -
solution at room temperature.
d.  Fluorescence lifetime (ns) recorded in 2-methyl THF

solution at room temperature.

. Fluorescence lifetime (ns) recorded in 2-methyl THF

glass at 77 K.

Fluorescence Properties of Quinone-containing Systems

In contrast to the quinone-free systems 13 and 14, the quinone-substituted monomeric control com-
pounds 9 and 10 (and 11 and 12) show no detectqble emission (@f < 10-5) when irradiated at the Sorét
maximum in toluene at 295 K. Thus the normally strong fluorescence of the porphyrm chromophore is com-
pletely quenched by the presence of the covalently linked quinone acceptor. On the basis of considerable
precedent,5! this result is ascribed to rapid exothermic electron transfer from the excited porphyrin subunit to
the adjacent quinone (-AG = 0.69 and 1.03 eV for 9 and 10, respectively). Standard ana_\]'yses (which are
predicated on the assumption that all reduction in fluorescence intensity is due to electron transfer),252 carried
out using eq. 2, suggest that this is occurring in less than 1 ps (Table 2). :

kgt = /It - 1/%0

@)

Here ], and 7, represent the observed emission intensities (florescernice quantum yields) and measured fluores-
cence lifetimes for the control (unsubstituwd) monomers 13 and 14, and I represents the observed emission

intensity for the quinone-substituted system in question.

No detectable fluorescence s observed for the distal monozinc gable monoquinone 2, or the free-base
and bis-zinc 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 three systems rapid energy transfer is possible between the porphy-
rin subunits in the overall direction of the quinone. Fast photoinduced charge separation may therefore take
place either by rapid exoergic energy migration followed by fast electron transfer, or, in the more trivial case,
by direct excitation of the proximal subunit and subsequent electron transfer. It is not surprising therefore that
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no detectable emission is observed for these systems: Net electron transfer froo the photoexcited dimer to the
quinone acceptoris simply fast compared to the rate of fluorescence emission.  This is illustrated in eq. 3 for

the specific case of 2. Here, the values-in parentheses represent the state energies: (in ¢V) of the species-in
question in CH2Cla, ‘dehved from the data: ngcn in thum 4, uncorrected for any possible canom!nc or solvent

effects.

ZnPg*-HoPp-Q S0 Mig> ZnPd-Hzpp .Q_EI.> Zn“Pd-Hsz+-Q
(2.13) 196) az2n~ - : '
. \\ ' &
hy  hv \\ ‘ T
ZoPy-HoPyQ ZoPdHoPyQ
©) R (V2

Qualitatively, the flat distal monozinc monoquinone, the flat métal-free, and flat bis-zinc compounds 6-
8 have the same energetic arrangements as the corresponding gable analogues. It is not surprising therefore
that subétanﬁzil fluorescence quenching is also observed for these systems.  Incontrastito the gable materials,
however, slight but detectable fluorescence signals are observed in this series. ' This is presumably the result of

the farther distance and/or less favorable chmmpphmc interactions. which pertain in the flat systems.” Impor-
tantly, the observed fluorescence signals are always characteristic of the distal subunit (c.f. Figure 10). This:

R T

relative intensity

L P
E -

)
PR —

500 6§50 600
wavelength (nm)

Figure 10. ‘
. Emission spectra of quinone;sgbsti‘nmd ﬁm-typc paphynn dimers in tolueng at 295 K,I
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implies that the rate of excited distal pofphyrin subunit deactivation by.net electron transfer 1o the quinoneisno |
longer "infinitely" fast compared to the rate of florescence.. Thus, as expected on the basis of the mechanism «
presented in eq. 3, some distal subunit emission is therefore observed.:Table 2 gives a listing of the quantum
yields for these systems and the corresponding net electron transfer quenching rates derived using eq; 2. Here,
the values of Ip and T, 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 . - Table 2."Fluorescence Properties of Quinome-substituted
5 differ substantially from the systems discussedso - Dimers and Control Compounds *

far: i hromophores '
.ar' The energetic arrangement of the ¢/ omop ores Compd Emission Wy S T
in these systems creates a ca. 0.17 eV barrier for net Maxima (am) .

electron transfer from the distal porphyrin ring to the .

. ) ) _ 1 642 105 17x10% " 54 %1010
quinone via a thermally activated energy transfer path- 2 d d <1x105 2 1012
way. As shown in Figure 4, frame B, this barrier is i g g : : x }g: : ZOSI; 101!

- . » . x ) |
defined by the proximal zinc-chelated ring (ZnPp). § 6320 020 U T7x104  L1x1010
Not surprisingly, these systems display excited state .~ 6 - 587 . 637 35x10° =101z .
behavior that i . ‘ 7 632. 701 39x104  22x1010
avior that is markedly different.from the systems 8 585 636 < 23%x10°5 ¢ g2 o

discussed above and, indeed, from all otherphoto- .. - 9. d d srx105 - 275x101!

. s . 10 d d s1x103 ‘21012
synthetic models reported to date. - Thig is-apparentin: . .- - HszQ° . L L g 106
both the static fluorescence studies presented here; as L

. dl wd i 8. Measired at room tempemmre in dilite tolene
well as in the femtosecond transient absorption solutions with excitation at the Soret maximum.
measurements discussed in a separate report.43 b.  Quantum yields were measured relative to HyTPP (&p

0.11).50 Estimated uncertainty: +10%.

Both compound 1 and 5§ show modest but ¢. Estimated using eq. 2 using the lifetime and quantum

detectable fluorescence emission from the distal free- yield values for 16, 17, 19, and 20 given in Table 1.

Emission for these samples could not be detected.
‘Obrained by fluorescence quenching (reference 25a).

e A

base subunit in toluene at room temperature (OF = 1.7
x 104 and 7.7 x 104 respectively). These emission
intensities are substantially hlgher than those oebserved for the distal monometalated complexes or the corres-
ponding bis-zinc or metal free materials 2-4 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 § relative to 16 and 19; respectively, net electron transfer rates of 5.4 x 101051 and 1.1 x 1010

s-1 (kg) may be derived for 1 and 5. Thcse rates are ca. 100 times slower than those obtained for 2 and 6.
This indicates that the presence of a oenm ¢nergy barrier (ZnPp) slows down the rate of charge separation.
These data also support the conclusion given earlier that the net electron transfer rates are noticeably slower for
the more open flat systems. Thus both unfavorable orientations and energetlcs can serve to slow the rates of
electron transfer in a series of congruent models.

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

5 are still exceedingly fast. For instance, the kET value for 5 is over 2000 times faster than that observed for a
bisbicyclooctane-derived model prepared by Joran et al. (compound H,P2Q in Table 2),258 wherein the free-
base porphynn-to—qmnonc separation’ approxlmates the HoPg to Q distancé found in 5. Clearly direct through
space (or through solvent) electron transfer is not the dominant photochemical quenching pathway in systems 1



and 5. Rather, charge sepa-
ration is mediated by the - .
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central (or proximal) metalio- -

porphyrin. This does riot. .
appear to occur via a thet-
mally activated process:. The
quantum yields for fluores~ .

cence (in 2-methyl THF) of 1 -

and 5 increase by factors of 2
and 3, respectively upon
cooling the samples from
room temperature to 77 K
(cf. Figure 11); an increase
of almost 103 (comresponding
to a 108 decrease in net elec-
tron transfer rate) would be
expected for a simple
Arthenius-type process with
an analogous 0.17 eV
barrier. This critical result -
rules out a simple two-step
charge separation mechanism
(analogous to that of eq. 3),

involving endoergic eénergy transfer (fronmx HaP* to ZnP) followed by exoergic electron mmsfer (from ZnP" to

* relative intensity
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Figure 11.

i

gable-type poxphynn dimers in 2-methyl THF.

quinone-substituted -

Q). Rather, electron transfer from HyPg* to Q is apparently taking place.by a direct superexchange process .
mediated by the proximal Zan moiety. This is shown schematically in eq. 4 for the.specific caseof 1. -

Hde-Zan -Q
(2.13)
{1hv

HyPyZnPy-Q

Here, the excited distal free-base suburiit (HzF.d*) could: arise from both direct photoexcitation and rapid, exo-

thermic energy transfer from ZnPp”*. Once formed, the charge. separated state HyPg*-ZnPy-Q presumably

5> HoPy®-ZnPp-Q ~SuRi £XChe.” > HyPyt-ZnPp-Q
ass)y - - . . (1.19)

4)

returns to the ground state by a séries of norradiative processes.: Although not determined by the current

experiments, we consider it likely on the basis of energetics.that this process occurs by hole migration (to give

HyPy-ZnPp+-Q°), followed by s:mple charge recombinatioh. Further investigation of this matter is cunently in .

progress.
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Con clusnon

Compounds 1-2 and 5-6, which contain the key biomimetic components, metalloporphyrin, free-base
porphyrin, and quinone, provide an unprecedented "matched set" of photosynthetic models suitable for study-
ing intermacrocycle orientation and energetic effects in multistep photoinduced electron transfer reactions.
These dimers do not act like the sum of their gonStimgnt monomers. Rather, all show very low emission -
intensities when irradiated at the Soret maximum. This suggests that rapid net electron trarisfer quenching takes.
place from the dimer to the quinone. Comparisons to simpler photosynthetic mode] systems indicate that net
electron transfer from the distal subunit (to the quinone) is not occurring by a simple through 'space or throngh
solvent pathway. Rather, charge separation is apparently mediated by the central (or proximal) porphiyrin-
subunit. Tn the case of 2 and 6, a straight "downhill” gradient exists for electron transfer from the distal zinc-
porphyrin photodonor to the quinone acceptor and charge separation from this excited subunit proceeds via -
energy migration followed by electron transfer. In the case of 1 and 5, which contain a built-in encrgy barrier,
temperature dcpendeg’t fluorescence quenching studies rule out a thermally activated process. Instead, they are
consistent with a charge separation mechanism wherein the central (proximal) zinc porphyrin acts:as an’:
effective superexchange mediator for the overall phowmduced electron transfer. Our findings thus support .-
recent suggestions thata Bchl molecule could be playmg a similar role in the natural photosynthmc reaction
centers. ‘

Experimental
Steady-state fluorescence spectra were taken on a SPEX FLUOROLOG 2 equipped with a Hamamatsu
IP-21 photomultiplier tube and'a "datamate" workstation, and were stored on an HP-85 using the "tra spex”
program supplied by the Webber group at U.T. Austin. To prevent product decomposition, the fore slit was -
kept no wider than 1.25 mm. The aft slit was allowed to be as wide as 5 mm. The "right angle" mode of the
spectrophotometer was used for all data collection. Photomultiplier voltage settings were as follows: For the
measurements in toluene, S = 900 velts and Sz = 350:valts; for the 2-methyl THF measurements, Sy = 1000
volts and S7 = 400 volts. Measurements at 77 K were performed with the use of a quartz Dewar flask supplied
by the Webber group and appropriate supporting equipment to insure a light-tight fit. Dry N2 gas was blown
into the spectrophotometer housing to prevent frosting of the Dewar flask.
~ Samples were prepared and characterized as described elsewhere 44 Prior to fluorescence emission or
lifetime studies, the quinone-containing samples were reoxidized with DDQ and repurified by careful chromato-
graphy on silica gel followed by recrystallization from chloroform-hexanes. For measurements in toluene no
special precautions were required: Solutions measuring 0.200 + 0.002 A.U. were made up using dry toluene
(freshly distilled from NaK alloy), placed in a 1 cm quartz fluarescence cell, and measured within one hour.
Measurements involving the quisione-substituted porphyrins in 2-methyl THF, however, required careful
handling to insure that the prepared solutions did not come:into contact with the outside air. (Such an event
inevitably resulted in a rapid increase in fluorescence with time, ascribed to contamination with water, which
was found by independent experiment to lead to rapid hydroquinone formation.) All solutions were therefore
prepared using dry 2-methyl THF (freshly distilled from NaK alloy) and calibrated to between 0.2and 0.3
A.U. at the Soret maximum in an inert atmosphere "dry box" capable of sustaining an atmosphere of < 1 ppm
Hz0 (or O2). Special 25 cm quartz probes, made from 0.8 cm o.d. x 5 cm length square quartz tubing and
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blown onto a 0.3 cm. 0.d. round quartz filler tube, were filled in the dry box with.an elongated Pasteur pipette
and sealed with the aid of a wooden applicator tightly wrapped with parafilm to achieve as airtight a seal as
possible. Samples were then measured as rapidly as possible and in all ‘cases within one hour of preparation.

A typical data collection went as follows: Up to seven identical spectra of the same sample were
recorded, averaged and correctell using the datamate "COR" comman. ' Where appropriate, the sample was
then cooled and the process repeated. The samiple was then carefully warmed from the top down to prevent
breakage of the cell, and another measurement was made to determine the extent of quinone reduction. If the
fluorescence was substantially greater than before cooling, the results of the experiment were discounted and a
new sample was prepared and the process repeated. In any case, all results cited here are the result of at least
three independent measurements from at least two independenitly prepared and purified samples.

Nanosecond lifetimes were medsured by Drs. Steve Atherton and Stefan Hubig at the Center for Fast
Kinetic Research, University of Texas'at Austin ﬁsing using a Hamamatsu streak camera. The setup was
configured as described earlier2 with the exception that a.532 nm, 30 ps (fwhm) pulse from a Quantel YG 402
laser was used as the excitation source. Errors in these measurements are considered to be less than + 10%.
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