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in intramolecular porphyrin-quinone systems

Absorption and emission spectra of the doubly quinone-
bridged porphyrin cyclophanes 1~ 4 with gradually varied ac-
ceptor strength as well as of the single-bridged analogues 5—9
and 10—13 are reported. Reduction and oxidation potentials
of these intramolecular porphyrin-quinone systems have been

determined. Based on these data, fluorescence quenching as
well as time-resolved fluorescence lifetime measurements are
discussed in terms of photoinduced electron transfer to the
charge-separated zwitterionic state.

In the context of studies on photoinduced electron trans-
fer in porphyrin-quinone systems™ we reported in the pre-
ceding paper'! on the syntheses of three series of porphyrin-
quinone cyclophanes with gradually varied electron-affinity
of the quinone units. The variation of the acceptor strength
was achieved by electron-donating and electron-withdraw-
ing substituents X on the quinone rings in the doubly qui-
none-bridged porphyrin cyclophanes 1—4 and in the por-
phyrin cyclophanes with single quinone bridges linked either
to octamethylporphyrins 5—9 or to tetraethyltetramethyl-
porphyrins 10 — 13. The structures of these compounds were
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conclusively established by the analytical data presented in
ref"}; they will be discussed in further detail on the basis of
X-ray structure analyses and low-temperature 'H-NMR
studies in the following publication™. In the present paper
we wish to report on absorption and emission spectra of
these porphyrin-quinone cyclophanes and on reduction and
oxidation potentials which are directly related to results on
electron-transfer processes obtained from fluorescence
quenching measurements and by time-resolved laser
spectroscopy ™.

5: X, X' = Me |10: X, X' = Me
6: X, X' = OMe|11 : X, X' = OMe
7:X. X =H |12:X X =H
8: X=ClL X'=H 13 : X, X’ = Cl
9:X X =cCl

These porphyrin-quinone systems will be compared with
the porphyrin cyclophanes 14 —26 which contain the cor-
responding cyclophane skeleton missing, however, the elec-
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tron-acceptor property. As reference compounds, too, the
corresponding simple porphyrins 5,10,15,20-tetraphenylpor-
phyrin (TPP), 2,3,7,8,12,13,17,18-octamethyl-5,15-diphenyl-
porphyrin (27)" and 2,8,12,18-tetraethyl-3,7,13,17-tetra-
methyl-5,15-diphenylporphyrin (28) will be considered.

14 : X = Me
15 : X = OMe
16 : X = H
17 : X = Cl

Absorption Spectra: The very characteristic n—mn*-elec-
tron absorption spectra of porphyrins!” show in the region
of 380 to 420 nm the strong Soret band (¢ & 2 to 5 - 10°
M~! cm ™) of the allowed Sy, — S, transition; between 500
and 650 nm the Sy — S, transition gives rise to two less
intense absorptions Q(0/0) and Q(1/0), the latter being as-
signed to an excitation to the next higher vibrational state
of S;. Each of these Q-bands is further split into two com-
ponents for orbital symmetry reasons, thus leading to four
Q-bands [Q,(0/0), Q,(1/0), Q,(0/0) and Q,(1/0)]. For exam-
ple, 5,10,15,20-tetraphenylporphyrin (TPP), the basic por-
phyrin chromophore present in 1—4, shows the Soret band
with a maximum at 418 nm and the four Q-bands with
maxima at 515, 551, 590 and 647 nm (Table 1). Increasing
the porphyrin symmetry from Dy, to Dy, by forming metal
complexes or by diprotonation on the nitrogen atoms re-
duces the number of Q-bands from four to two. Partially
hydrogenated porphyrins show rather different absorption
spectra. Thus, the structure-dependent absorption pattern
of porphyrins is an important analytical property which, as
the following data prove, is thoroughly applicable to the
series of porphyrin cyclophanes, too. As a typical absorption
spectrum from the group of porphyrin-quinone cyclophanes
the spectrum of 5 is shown in Figure 1 which reveals the
predominance of the characteristic porphyrin chromophore
(the weak absorption band in the range 250—275 nm is
assigned to the quinone unit).

In Table 1 wavelenghts and extinction coefficients of So-
ret- and Q-band maxima of the doubly quinone-bridged
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27 : R, R" = Me 28 : R=Me, R'=Et

porphyrin cyclophanes 1 —4 are compared with those of the
correspondingly substituted porphyrin cyclophanes 14—17
not containing quinone units as electron acceptors. The per-
fect agreement between these two sets of absorption data
indicates that the porphyrin chromophore is not detectably
influenced by the neighbouring quinone units; in view of the
photoinduced electron transfer occurring in these systems it
is noteworthy that the absorption spectra do not reflect
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Figure 1. Absorption spectrum of porphyrin-quinone cyclophane 5
(1073 M solution in dichloromethane)
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transannular donor-acceptor interactions. Likewise, it is re-
markable that the bridging of the porphyrin system in these
two groups of porphyrin cyclophanes does not result in a
substantial influence on the porphyrin chromophore as a
comparison of the data for the cyclophanes 1—4 and 14—17
with TPP shows. The very small red shifts and reductions
of the extinction coefficients with reference to TPP most
probably result from the rather slight deviation from pla-
narity of the porphyrin system as discussed on the basis of
the X-ray structure analysis of 3%

Table 1. Absorption bands of doubly quinone-bridged porphyrin

cyclophanes 1—4 in comparison to non-quinoid porphyrin cyclo-

phanes 14—17 and to TPP [A., in nm; € (in parentheses). 10° M ™!
cm~'; all data for 10> M solutions]

Soret  Q,(1/0) Q,(0/0) Q.{1/0) Q,(0/0) Solvent
1 420447 S15(1.7) 549 (0.5) 591 (0.5) 648 (0.2) i
421 (462) 515(19) 549 (0.5) 591 (0.6) 648 (0.3) o]
2 420(450) 514(1.7) 547(05) 591 (0.5) 647 (0.2) g
421 (@417 515(17) 547(0.5) 591 (0.5) 647 (0.2) t
3 421(380) 516(17) 549 (0.44) 593 (0.5 650 (0.2) i
4 421(49.6) 515(1.8) 547(05) 592(05) 648 (0.2) 5
14 421 (441) 515(1.8) 548 (0.6) 591 (0.5 649 (0.3) e
421 (44.4) 515(19) 549 (0.6) 592(0.5) 649 (0.3) Ll
15 421 (44.2) 516 (1.6) 549 (0.5 592 (0.5 649 (0.2) fal
422 (421) 516 (L7) 549 (0.5 592(0.5) 649 (0.2) tel
16 421 (380) 516(1.8) 549 (0.5) 592(0.5) 649 (0.2) @
17 423(482) 516 (1.8) 550 (0.6) 593 (0.5 650 (02) tb]
TPP 418 (49.0) 515(1.9) 551(0.8) 590 (0.5) 647 (0.4) @
419 (49.0) 515(19) 551 (0.8) 590 (0.5) 647 (0.4) 1

B CH,Cl,. — ™ CHCH;. — 9 CHClL,.

For the single-bridged porphyrin cyclophanes the agree-
ment between the spectra of the differently substituted por-
phyrin-quinone cyclophanes and the spectra of their non-
quinoid counterparts is similarly complete. Therefore, in-
stead of presenting a list of nearly identical spectral data for
the individual compounds, the very narrow margins of
wavelengths and extinction coefficients for the absorption
maxima of 5—9 and 10— 13 in comparison with 18 —22 and
23—26, respectively, are presented in Table 2. These data
show the very close coincidence with the respective simple
porphyrins 27 [Ag., (€ - 107% = 408 nm (22.2), 505 (1.9),
538 (0.6), 576 (0.8), 628 (0.1), benzene] and 28 [409 (16.2),
506 (1.3), 537 (0.4), 576 (0.5), 628 (0.1), toluene]. The very
small solvent dependence of the absorption bands, listed for
the doubly bridged porphyrin systems in Table 1, is also
observed for the single-bridged porphyrin cyclophanes as
well as for 27 and 28. All the absorption data thus show the
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intactness of the porphyrin chromophor in these porphyrin
cyclophanes which allows a generalization of the results on
electron-transfer reactions discussed in the following.

Although for metalloporphyrin cyclophanes interactions
between the oxygen-containing functions in the cyclophane
bridges and the metal atom most likely might have been
expected, the absorption spectra show a very close similarity
of metalloporphyrin cyclophanes with and without quinone
units in the bridges to metal complexes of simple porphy-
rins. As compared to the zinc complex of 27 [Ag. (€ - 1077
= 411 nm (48.4), 538 (2.4), 573 (1.7)], the absorption data
for the zinc complexes of 20 and the porphyrin-quinone
cyclophane 7 are 416 (47.2), 541 (2.1), 576 (1.0) and 418 (40.0),
544 (2.0), 580 (0.9), respectively. For the magnesium com-
plexes of 27, 20 and 7 very similar data were obtained [418
(54.0), 552 (2.3), 588 (0.64); 419 (52.4), 552 (2.0), 588 (0.6); 421
(44.0), 554 (2.0), 589 (0.66); all data for benzene solutions] ™.
Thus, as in the series of non-metallated porphyrin cyclo-
phanes, for the zinc and magnesium cyclophane complexes
besides a reduction in the extinction coefficients only minor
redshifts of the Soret- and the two Q-bands are observed in
comparison with the corresponding simple metalloporphy-
rins. These results confirm that here, too, the porphyrin
chromophore is not significantly influenced either by the
cyclophane bridges or by the variation of the functional
groups in these bridges.

Emission Spectra: The fluorescence spectra (excitation in
Soret band) of the three groups of porphyrin cyclophanes
correspond closely to the two emission bands observed for
TPP (Apax = 652 and 719 nm; toluene), 27 (A, = 635 and
698 nm; benzene) and 28 (A, = 630 and 697 nm; toluene),
respectively. The quinone-bridged porphyrins 1—4 and the
non-quinoid porphyrin cyclophanes 14 —17, containing the
TPP chromophore, all show two emission maxima in the
narrow range of 650—653 and 716 — 722 nm. The emission
maxima of 5—9 as well as 18 —22, containing the 27-chro-
mophore, are observed at 632—636 and 695—703 nm, and
those of 10-13 and 23—26 appear at 628—634 and
694 —699 nm in agreement with the fluorescence of 28.
Measurements in n-hexane, toluene and dichloromethane
show only a very small solvent dependence which actually
is covered within the spectral ranges mentioned.

The marked independence of the absorption and emission
spectra with regard to the presence or absence of quinone -
units and to further substitution in the cyclophane bridges
contrasts strikingly with the very strong structure depend-
ence of the fluorescence quantum yields. It is true that for
the non-quinoid porphyrin cyclophanes 14 —26 fluorescence
quantum yields are still in the same order of magnitude as

Table 2. Ranges of absorption wavelengths (Ay,, in nm) and extinction coefficients [€m., (in parentheses): 10* M~! cm~"] of porphyrin-
quinone cyclophanes 5— 13 and corresponding non-quinoid porphyrin cyclophanes 18 —26 (10~ M solutions in toluene)

Soret Qy (1/0) Q, (0/0) Q. (1/0) Qs (0/0)

5-9 410—412 (186—21.7)  507—508 (1.5—1.7)  539—541 (04—0.6) 579 (0.6—0.7) 631—632 (0.1—0.2)
18—22 411412 (208—21.6) 508 (1.7—1.8) 540— 541 (0.5) 578—579 (0.6—0.7)  631—632 (0.1—0.2)
10—13 411 (21.1-21.3) 508 (1.6—1.7) 539541 (0.5) 578 (0.6—0.7) 630—631 (0.1—0.3)
23-26 409 (16.2) 506 (1.3) 537 (0.4) 576 (0.5) 628 (0.1)

Chem. Ber. 1992, 125, 2303—2310



2306

those of TPP, 27 and 28, but for the porphyrin-quinone
cyclophanes a drastic quenching of the fluorescence is ob-
served as in comparison with TPP (©y = 0.13, degassed
benzene®) was already discussed for 3™. Of special interest
in the context of the present work was the dependence of
this quenching on the electron affinity of the quinone units
in the series of porphyrin-quinone cyclophanes 1—13 with
gradually varied acceptor strength. Relative quantum yields
for these compounds were approximated by integrating the
emission bands using as references the respective cyclo-
phanes of the non-quinoid series 14 —26; this procedure is
especially justified in these cases due to the close coincidence
of the emission bands of these groups of porphyrin cyclo-
phanes. For the doubly quinone-bridged porphyrin cyclo-
phanes 1—4 such relative quantum yields referred to 14 —-17,
respectively, reveal an increase of the fluorescence quenching
by three powers of ten when proceeding within this series
from the system with the weakest electron acceptor (1: @
= 0.74) to its analogue with the quinone unit of the highest
electron affinity (4: @, ~ 0.77 - 107, in toluene). As meas-
urements in toluene (¢ = 2.4) and dichloromethane (¢ =
9.08) show, the fluorescence quenching is strongly enhanced
by increasing the solvent polarity [1: &, ~ 0.74 (toluene),
0.9 - 102 (dichloromethane); 2: ®.; ~ 0.21 (toluene), 0.4 -
10~2 (dichloromethane)]. Similar results with regard to the
acceptor strength as well as the solvent effect were obtained
in the single-bridged porphyrin-quinone cyclophane series,
for example for 5 [®,; ~ 0.71 (n-hexane), 9.7 - 102 (toluene),
1.1 - 1072 (dichloromethane)] in comparison with 6 [®, ~
6.7 - 10~% (n-hexane), 0.5 - 10~ 2 (toluene), 0.12 - 1072 (di-
chloromethane)]. These data on relative quantum yields of
fluorescence are consistent with results of fluorescence life
time measurements obtained for this series of compounds
by time-resolved emission spectroscopy on the picosecond
time scale (see below and ref.™).

The fluorescence behaviour of the porphyrin-quinone cy-
clophanes (P-Q) dealt with in this study is well understood
on the basis of the term scheme of Figure 2 as applied pre-
viously to inter- and intramolecular porphyrin-quinone sys-
tems: The first excited singlet state of the porphyrin chro-
mophore P*-Q in competition with fluorescence emission is
deactivated by an electron transfer from the porphyrin to
the quinone unit leading to a charge-separated state P*°-

P*_Q(S1) . |

kes AGes

ABS.| |FL.

P-Q(Sy)

Figure 2. Fluorescence emission vs. photo-induced electron-transfer
in porphyrin-quinone cyclophanes
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Q. (Deactivation of S; by intersystem crossing to the trip-
let state is considered to be irrelevant in this context because
such a process would not explain the decisive influence the
quinone units have in comparison with porphyrin cyclo-
phanes without quinone acceptors.) In accordance with the
scheme of Figure 2 the fluorescence quenching observed for
porphyrin-quinone cyclophanes differing in the electron af-
finity of the quinone units shows the deactivation route via
a charge-separated state to be the more effective, the
stronger the acceptor is. The determining factor for this
process is the free energy AG,; of the charge separation lead-
ing to a zwitterionic state composed of porphyrin radical
cation and semiquinone radical anion. The observed solvent
dependence of fluorescence intensities, is then plausibly un-
derstood as the result of the stabilization of the charge-
separated state with increasing solvent polarity.

Oxidation and Reduction Potentials of Porphyrin-Quinone
Cyclophanes: Since the free energy AG, of the electron trans-
fer depends on the first oxidation potential of the porphyrin
and the first reduction potential of the quinone units, redox
potentials of the porphyrin-quinone cyclophanes were meas-
ured. For comparison, the corresponding porphyrin cyclo-
phanes not containing quinone units as well as simple qui-
nones and porphyrins corresponding to the respective com-
ponents of the porphyrin-quinone cyclophanes were
included in these measurements. All redox potentials listed
in Table 3 with reference to ferrocene (Fc/Fct = 0.0 V)
were measured under equal conditions (dichloromethane,
“glassy carbon electrode” vs. Ag/AgCl; for details see Ex-
perimental).

For the porphyrin-quinone cyclophanes the redox poten-
tials to be considered are the first and second oxidation
potential of the porphyrin systems E. (P/P*) and E2 (P™*/
P?7), the first and second reduction potentials of the qui-
none units E4(Q/Q ™), and E%y(Q~/Q*™) and finally, as the
most negative potential, the reduction potential of the por-
phyrin E}(P/P™). The second oxidation potentials of the
porphyrin components in some cases (data in parentheses)
are not observable as reversible one-electron-steps; the same
applies to the higher reduction potentials of the porphyrin-
quinone cyclophanes for which EZ; and EZ4 correspond to
overlapping and/or irreversible steps. In the context of the
present study the discussion is focussed on the first oxidation
and reduction potentials EL (P/P*) and E.L4(Q/Q~) which
are relevant for the charge separation in the porphyrin-qui-
none cyclophanes.

In the first lines of Table 3 the reduction potentials are
listed for the simple quinones 29 —32 representing substi-
tution patterns corresponding to the quinone units in the
porphyrin cyclophanes. The different electron affinity is re-

0
Me X 29 : X = Me
30 : X = OMe
31 : X H
X Me 32:x=ocl
0
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Table 3. Redox potentials of porphyrin-quinone cyclophanes and reference compounds [dichloromethane, potentials quoted with reference
to ferrocene E(Fe/Fe*) = 0.0 V; for details see Experimental]

2

ox2 Eéx El!ed E%ed E?ed
(P*/P%) (P/P*) (QQ7) (Q~/Q*) (P/P7)

29 — - —1.30 —1.86 —
30 — — —1.16 —1.82 -
31 — — —1.10 —1.75 -
32 - - —0.84 —1.57 -
TPP +0.79 +0.55 -~ - —1.66
14 [irrev.] +0.51 - — —1.86
15 [irrev.] +0.53 - - —1.89
16 [irrev.] +0.51 - — —1.89
17 [irrev.] +0.49 — —_ —1.85

1 +0.97 +0.54 —1.42(2¢) [~ —1.86, irrev.]

2 +0.92 +0.54 —1.27(2¢) [~ —1.93, irrev.]

3 +0.87 +0.52 —1.23(2¢) [~ —1.82, irrev.]

4 +0.86 +0.53 —0.95(2¢) [~ —191, irrev.]

18 +.066 +0.31 - — —1.99
19 +0.63 +0.34 - - —1.99
20 [irrev.] +0.32 — - —-2.00
22 +0.64 +0.32 - - —1.98

5 +0.64 +0.36 —1.45 [~ —1.99, 2¢]

6 +0.62 +0.35 —1.30 [~ —2.04, 2¢]

7 +0.58 +0.33 —1.26 [~ —1.98, 2¢]

9 +0.64 +0.36 -0.95 —1.72 —2.00
28 +0.58 +0.38 - - —1.87
23 +0.64 +0.34 - - —2.00
24 +0.63 +0.34 - - -2.01
25 [irrev.] +0.34 — — [—2.01]
26 +0.64 +0.36 - - [—2.02]
10 +0.63 +0.36 —145 [~ —1.99, 2¢]

11 +0.62 +0.36 —1.31 [~ —2.04, 2¢]
12 [irrev.] +0.36 —1.25 [ —1.94, 2¢, irrev.]
13 —0.64 +0.36 —0.99 [ ~202, 2e, irrev.]

flected by the range of about 450 mV between the first re-
duction potentials of duroquinone (29) and 2,5-dichlorodi-
methyl-p-benzoquinone (32). As a comparison of these po-
tentials with those of the three groups of porphyrin-quinone
cyclophanes 1—4, 5—9 and 10—13 shows, this range of
gradually varied acceptor strength is maintained in the por-
phyrin-quinone cyclophane systems (the observed shift of
110— 150 mV to more negative values is most probably due
to sterically hindered solvation of the semiquinone anions).

In contrast to the reduction potentials of the quinones,
the first oxidation potentials of the porphyrin units in the
porphyrin cyclophanes agree rather well with those of the
corresponding simple porphyrins. The doubly bridged por-
phyrin cyclophanes containing 5,10,15,20-tetraphenylpor-
phyrin units show first oxidation potentials in the narrow
range of +0.49 to +0.54 V, only slightly reduced in com-
parison with TPP itself (E}, = +0.55 V). The two single-
bridged series of porphyrin cyclophanes contain, as stronger
donors than TPP, octaalkyldiphenylporphyrins; the oxida-
tion potentials of all porphyrin cyclophanes of these two
groups (El, = +0.31 to 0.36 V) correspond very well with
that of 28 (E,, = +0.38 V) as a suitable reference. Within
each of these series the oxidation potentials of porphyrins
are nearly constant, and there is neither a significant differ-
ence between corresponding non-quinoid and quinoid com-
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pounds nor a perceivable influence of the different substi-
tution on the quinone rings. In Figure 3 the cyclovoltam-
mograms of 9, 7, 6, and 5 in the order of decreasing electron
affinity of the quinone units demonstrate the constancy of
E!, of the porphyrins and, on the other hand, the intended
variation of the EL, potentials of the quinone units. Con-
sequently, the difference between these two redox potentials
can indeed be used for an assessment of the driving force of
the electron transfer in dependence of the acceptor strength
of the quinone units.

The zinc porphyrin cyclophanes, as expected, are consid-
erably stronger electron donors (for example, 5 - Zn: E,, =
+0.16 V; 7 - Zn: E,, = +0.14 V); in contrast, however, to
metal-free porphyrin-quinone cyclophanes the first reduc-
tion potentials of the quinone units depend significantly on
specific interactions with the porphyrin part. As compared
to the zinc-free parent compounds the first reduction po-
tentials of the quinone units are less negative by about
300mV (5 -Zn: Ey = —117V; 7 - Zn: Ey = —093);
obviously, zinc exerts, due to transannular interaction, a
stabilizing effect on the semiquinone radical anion.

In the case of the porphyrin-quinone cyclophanes the de-
pendence of the driving force AG of the photoinduced elec-
tron transfer on the redox potentials E., and Els can ap-
proximately be described by the following simple equation
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Figure 3. Cyclovoltammetry of 5, 6, 7 and 9 in dichloromethane
(for details see Experimental)

in which AEgy is the S, — S, excitation energy of the por-
phyrin chromophore: AG,; = (El,—Ely)—AEy.

These approximated free energy values (AGY) are based
on the simplifying assumption that for a comparison of the
charge-separation processes Coulomb energy and electronic
interaction terms can be neglected because of the corre-
sponding geometries within the respective series of porphy-
rin-quinone cyclophanes. Furthermore, solvent reorganiza-
tion terms are assumed to be reasonably well taken into
account if the redox potentials are measured in the respec-
tive solvents. AEy was derived from absorption and fluo-
rescence spectra as 1.91 and 1.96 eV for cyclophanes con-

H. A. Staab, G. Voit, J. Weiser, M. Futscher

taining tetraphenylporphyrin and octaalkyldiphenylpor-
phyrin chromophores, respectively. With these data and the
redox potentials of Table 3 AG;, values were obtained which
for each of the three groups of porphyrin-quinone cyclo-
phanes are listed in Table 4 in the order of increasing elec-
tron affinity of the quinone components. For the systems
with the weakest electron acceptor this approximation leads
to AG,, values which are close to zero (5 and 10) or even
positive (for 1 containing, within the horizontal row, the
weakest electron donor). Within each of the three columns
the increasing acceptor strength leads to more negative AG;
values in correspondingly similar steps.

Table 4. Approximated AG;, values for photo-induced electron-
transfer in porphyrin-quinone cyclophanes (solvent: dichlorome-

thane)
AGy, AGy, AG
1: +0.06 5 —-015 10: —0.15
22 —0.10 6. —0.31 11: —-0.29
3 —016 7. —037 122 —0.35
4 -043 9: —0.65 13: —0.61

Table 5. Fluorescence lifetime (in ps) of porphyrin-quinone cyclo-
phanes 5—9 and their solvent-dependence (two figures for lifetimes
indicate biexponential fluorescence decay for which the relative am-
plitudes in percent are quoted in parentheses; for experimental
details and the evaluation of these measurements see ref.™)

Solvent (g) 5 6 7 8 9
n-Hexane 9200 432 (82)
(1.88) 19 (18)
Toluene 1360 (82) 32 (25) 31(10) 1(99) 1(9%)

(2.38) 120 (13) 8(73) 3(89)
Dichloromethane 2028) 18 (5 199 1097 1097
(8.93) 3(711) 2095

Acetone 3030) 30 (7) 2(99) 1(98) 2(94)
(20.7) 57 489

Dimethylformamide 21 (29) 18 (7))

36.7) 4 (65) 3(92)

For the zinc porphyrin-quinone cyclophanes with the ox-
idation and reduction potentials mentioned above and with
Eyw = 2.14 eV (for 27 - Zn) approximated AG, values of
—0.81 and —1.07 were obtained for 5 - Zn and 7 - Zn, resp.,
showing in comparison with 5 and 7 the stronger driving
force for the electron transfer occurring in zinc porphyrin-
quinone cyclophanes.

Certainly, the significance of these AG values as a meas-
ure of the free energies of the electron-transfer processes
remains questionable, at least as far as the quantitative
meaning of the figures are concerned. On the other hand,
these data, easily obtainable from redox potentials, are rea-
sonably well suited to interpret relative trends of the struc-
ture dependence of photoinduced electron transfer reactions,
as will be shown by a discussion of some results of time-
resolved fluorescence decay measurements details of which
were reported recently in a separate publication!.

Chem. Ber. 1992, 125, 2303 —2310
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In Table 5 fluorescence lifetimes (in picoseconds) of the
porphyrin-quinone cyclophanes 5—9 for solvents of differ-
ent polarities are listed. Under the conditions of these meas-
urements the fluorescence lifetime of the non-quinoid ref-
erence compound 20 was determined to be 11—13 nano-
seconds not showing a significant dependence on solvent
polarity. The porphyrin-quinone cyclophanes 8 and 9 with
monochloro- and dichloro-substituted quinone units as
strong electron acceptors show a monoexponential fluores-
cence decay with lifetimes of 1 —2 ps within the experimental
limits of measurement independent of solvent polarity. For
7 virtually the same fluorescence lifetimes (of order of
1—2 ps, monoexponential decay) are observed in the polar
solvents acetone and dichloromethane whereas in toluene a
second component with a considerably longer lifetime
(31 ps) shows up with about 10% amplitude. This trend is
also perceivable for 6 which in polar solvents still shows a
strong predominance of the fluorescence component with
short lifetimes whereas in toluene the contribution of the
slower process is increased, and in n-hexane the amplitude
ratio is even reversed with the slow component (432 ps), now
accounting for an amplitude of 82%. The porphyrin-qui-
none cyclophane 5 containing the weakest electron acceptor
in this series shows in n-hexane as well as in isooctane mono-
exponential fluorescence decays with lifetimes in the order
of 10 nanoseconds as found for porphyrins not containing
quinone components as acceptors; in toluene the slow flu-
orescence component with a lifetime >1 ns still prevails,
and only in solvents of higher polarity predominant contri-
butions of the picosecond process are observed.

For the fluorescence behaviour of 5—9 and especially its
dependence on acceptor strength and solvent polarity the
following interpretation is suggested which is supported by
the approximated free energy values AG, for the electron
transfer: The missing fluorescence quenching of 5 in non-
polar solvents is attributed to a positive free energy of the
charge separation; thus, the electron transfer from P*-Q to
P*°-Q™" cannot compete with the normal fluorescence
emission from the excited porphyrin chromophore. The in-
creasing stabilization of the charge-separated state with ris-
ing solvent polarity, however, makes the charge separation
increasingly competitive. Stronger electron acceptors, too,
like higher solvent polarity shift the charge separation to
more negative free energies (see Table 4). In an intermediate
range, i.e. for 6 and 7 in non-polar solvents, the charge-
separated state will energetically be close to the P*-Q state.
This is the range for which biexponential decays with slow
and fast components are observed; as a plausible explana-
tion for this effect it is suggested that in these cases the
charge separation is followed by a thermally activated back
reaction from the charge-separated state, to the P*-Q state,
thus leading to a fast and a delayed fluorescent component.
For 7 in polar solvents, however, the charge separation proc-
ess is sufficiently favoured so that the deactivation of P*-Q
by electron transfer leads to only one very short decay time
in the order of 1 —2 ps. For 8 and 9, containing the strongest
electron acceptors in this series, such short decay times are
observed even for solutions in non-polar solvents. The elec-

Chem. Ber. 1992, 125, 2303 —2310

2309

tron transfer rates k. for these systems are higher than 5 -
10" s™'. On the basis of time-resolved emission and ab-
sorption spectroscopy the lifetimes of the charge-separated
states were estimated to be in the order of 10 to 100 ps™>,

In conclusion, the following results can be summarized
for the series of porphyrin-quinone cyclophanes with grad-
ually varied electron-acceptor strength: Wavelengths and in-
tensities of absorption bands show porphyrin and quinone
chromophores in these systems not to be significantly influ-
enced by transannular interactions. The fluorescence behav-
iour of these compounds, on the other hand, is characterized
by the potentiality of a deactivation of the porphyrin S, state
by an electron transfer from P* to the quinone component.
The extent to which this charge separation can compete
successfully with the deactivation by the regular fluorescence
emission strongly depends on the acceptor strength of the
quinone unit and on solvent polarity. The simple relation
to the difference between E), and E!, and to the approxi-
mated free energies AG, derived therefrom surprisingly well
describes the photoinduced electron transfer occuring in
these systems, considering the fact that any specific electro-
static and electronic coupling terms as well as reorganization
energy terms are neglected. These simplifications are obvi-
ously justified by the specific and within the series un-
changed structural features of these porphyrin-quinone cy-
clophanes as discussed before'. It may be of interest that
these porphyrin-quinone cyclophanes simulate some aspects
of the primary charge separation step in biological photo-
synthesis due to the accidental fact that relevant electron
transfer parameters are similar to those in biological
systems!,

We gratefully appreciate an excellent cooperation and many
stimulating discussions with M. E. Michel-Beyerle, H. Heitele, F.
Péllinger, and coworkers (Technische Universitat Miinchen).

Experimental

UV/Vis absorption spectra: Cary 2300 (Varian). — Fluorescence
spectra: Fluorolog F 112 XE (Spex, Grassbrunn); 103 M solutions
in toluene and dichloromethane, ~10~¢ M solutions in n-hexane;
emission correction. — Cyclic voltammetry: Potentiostat PAR 362
(EG & G Princeton Applied Research); “glassy carbon electrode™,
reference electrode Ag/AgCl (3.5 M KCl/water); 0.2 M solution of
tetrabutylammonium perchlorate (puriss., Fa. Fluka) in dichloro-
methane (purified by washing with conc. sulfuric acid, dried with
calcium hydride, fractional distillation under argon); concentration
of measured compounds 107*—10"*M; voltage increase rate
200 mV s~ !; all measurements performed at 20°C; reference fer-
rocene [Eo, (Fc/Fe™) = +0.54 + 0.01 V1.

U Part 6: H. A. Staab, J. Weiser, M. Futscher, G. Voit, A. Riicke-
mann, C. Anders, Chem. Ber. 1992, 125, 2285—2301; preceding
paper.

P H, A. Staab, J. Weiser, E. Baumann, Chem. Ber. 1992, 125,
2275—2283.

BI C. Krieger, G. Voit, M. Dernbach, A. Déhling, T. Carell, H. A.
Staab, Chem. Ber., to be submitted.

¥ H. Heitele, F. Pollinger, K. Kremer, M. E. Michel-Beyerle, M.
Futscher, G. Voit, J. Weiser, H. A. Staab, Chem. Phys. Lett.
1992, 188, 270—278.



2310

Bl W. Frey, R. Klann, F. Laermer, T. Elsaesser, E. Baumann, M.
Futscher, H. A. Staab, Chem. Phys. Lett. 1992, 190, 567—573;
see also P. O. J. Scherer, S. F. Fischer, Chem. Phys. Lett. 1992,
190, 574 —580.

I H., K. Hombrecher, G. Horter, Liebigs Ann. Chem. 1991,
219-227.

M Review: M. Gouterman, in The Porphyrins (Ed.: D. Dolphin),
vol. III, Academic Press, New-York, San Francisco, London
1978, p. 1.

® For these compounds an additional, less intensive absorption
with Ay, ~510 nm is observed which is assigned to a Q(2/0)
transition (see ref."™).

®ID, J. Quimby, F. R. Longo, J. Am. Chem. Soc. 1975, 97,
5111 —-5117.

H. A. Staab, G. Voit, J. Weiser, M. Futscher

% For comparable results on less rigid porphyrin-quinone systems
see M. P. Irvine, R. J. Harrison, G. S. Beddard, P. Leighton, J.
K. M. Sanders, Chem. Phys. 1986, 104, 315.
[160/92]
CAS Registry Numbers

1: 142294-23-3 / 2: 142294-24-4 / 3: 91295-89-5 / 4: 142294-25-5 /
5: 140188-24-5 / 6: 140188-25-6 / 7: 103548-74-9 / 8: 140188-26-7 /
9: 140208-85-1 / 10: 142294-26-6 / 11: 142294-27-7 [ 12: 142294-
28-8 / 13: 142294-29-9 / 14: 142294-30-2 / 15: 142294-31-3 / 16:
104182-02-7 / 17: 142294-32-4 / 18: 142319-21-9 / 19: 142294-33-5 /
20: 103548-73-8 / 21: 142294-34-6 / 22: 142294-35-7 / 23: 142294-
36-8 / 24: 142319-22-0 / 25: 142294-37-9 / 26: 142294-38-0 / 28:
101325-63-7 / 29: 527-17-3 / 30: 5691-54-3 / 31: 137-18-8 / 32:
46010-98-4

Chem. Ber. 1992, 125, 2303 —2310



